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Abstract

Enantioselective synthesis is vital in the construction of many biologically and com-

mercially relevant molecules. Despite having potentially wide-ranging applications,

routes to synthesise enriched heteroatomic stereocentres have received less consid-

eration than carbon-based analogues. The use of nitrogen as a stereocentre is com-

monly neglected due to its ability to readily pyramidally invert at room temperature,

enabled by quantum tunnelling. In 1899, Pope and Peachy achieved the first suc-

cessful resolution of a quaternary ammonium salt, establishing a conformationally and

configurationally stable nitrogen stereocentre.1 However despite this, a general enan-

tioselective methodology to access these stereogenic elements remained elusive until

recently.2

Novel work by our group pioneered the enantioselective synthesis of N-stereocentres

as the sole stereogenic element in a molecule. This methodology was made possible

through the integration of a supramolecular recognition event and in situ racemisation

within a crystallisation-induced asymmetric transformation (CIAT). The supramolecular

recognition was facilitated by 1,1′-bi-2-naphthol (BINOL), which played a crucial role

in orchestrating the molecular interactions and directing the desired stereochemical

outcome.

To better explore the utility of the CIAT and increase both the scope and applica-

tion of this methodology, initially the the supramolecular recognition phenomenon is

investigated on a diverse library of achiral ammonium salts. The salts form ternary

complexes with BINOL, which serve as supramolecular recognition units in solution.

These recognition units assemble into a dynamic and flexible hydrogen-bonded net-

work of (R)-BINOLs and counterions. Subsequently, this network is abstracted into
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the solid phase, manifesting as a crystalline helical host that encapsulates ammo-

nium cations. These hosts create discrete isostructures, adapting to offer a suitable

multipoint recognition environment for the cation to which they are presented. Re-

markably, quaternary ammonium cation complexes access a lower energy solid-state

compared to their less substituted counterparts, resulting in their selective abstraction

from solution, even under aqueous conditions. This discovery challenges selectivity

based on hydrogen bonding ability and cation-π interaction strength, marking a poten-

tial paradigm shift in the field through use of the solid state.

Due to the significance of the crystalline state to a CIAT-like methodology any ma-

nipulation of its morphology has pronounced effects on the products synthesised. As

such, it was established that consideration of both solvent selection and the enan-

tiopurity of the chiral resolving agent is imperative to precisely control the solid-state

end-point of the recognition process.

Leveraging an improved understanding of solid-state recognition phenomenon, this

study integrates knowledge into the enantioselective methodology, shedding light on

the influence of isostructure selection on enantiopurity. Furthermore, empirical ob-

servations on ammonium salt·BINOL complexes reveal that positioning steric bulk in

close proximity to the stereocentre and minimising functionality on substituent groups

are important factors in enhancing enantioselectivity. Analysis of the thermodynamic

parameters dictating enantiomer selection in microcrystalline solids illuminates how

the stereoselectivity is dictated through multiple mechanisms based on diastereomeric

interactions in the solid-state. The study also reports a chiral High-Performance Liq-

uid Chromatography (HPLC) methodology to determine the enrichment levels of the

newly synthesised ammonium salts. Finally, a newly synthesised ammonium salt (N-

allyl, N-methyl, N-phenylacetyl anilinium bromide) was successfully applied to direct

the stereochemistry of a substituted atropoisomeric scaffold, showcasing its potential

as valuable tool for precise control over molecular chirality in complex chemical struc-

tures.
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Chapter 1

Introduction

1.1 Chirality

The term chirality, first introduced by Lord Kelvin in 1893 during a Robert Boyle lec-

ture, pertains to a phenomenon inherent to certain rigid entities. Specifically, chirality

describes the geometric attribute of an object to possess non-superposability upon its

mirror image.3 This characteristic underpins the fundamental notion that such objects

exist as distinct left- and right-handed variants, a property with profound implications

across the spectrum of scientific disciplines. The term chirality has since become an

indispensable cornerstone of synthetic chemistry.

Before being coined chirality, Louis Pasteur termed the occurrence as ’dissymme-

try’ when he first encountered the phenomenon while investigating tartaric acid salts.4

Pasteur observed crystallisation of the sodium ammonium salt of paratartaric acid

((±)-tartaric acid) into a mixture of hemihedral and enantiomorphous crystals, whose

optical activity measured in solution was equal in magnitude but opposite in direc-

tion. He concluded that (±)-tartaric acid was structurally dissymmetric. Subsequent

research in this field unveiled helical or tetrahedral atomic configurations as plausible

explanations for the phenomenon of dissymmetry.5,6

Despite Le Bel and van’t Hoff communicating potential explanations for dissymme-

try in 1874, leading to the derivation of the Le Bel-van’t Hoff rule,7 the term ”chirality”

remained predominantly associated with physics until its formal integration into the

field of chemistry by Mislow in 1962.8 The current definition of chirality, which con-

cerns structural dissymmetry, emerged as a result of this pioneering work by Mislow

and Prelog.9,10 It is now understood that many molecules possess the attribute of chi-

rality with the specific chirality exhibited contingent upon the geometric configuration

and orientation of these molecules (see Figure 1.1.).
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1.1. CHIRALITY

Molecular Chirality
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Figure 1.1: The different types of molecular chirality.

The manipulation of molecular chirality poses a significant challenge for synthetic

chemists.11 In the early 1900s numerous attempts, with varying levels of success,

were made to create optically active compounds from achiral substrates by utilising

enzymes or moulds.12 Later successful non-enzymatic approaches began to emerge.

In 1913 Bredig and Fiske detailed the first well established, non-enzymatic enantios-

elective synthesis by reporting the synthesis of mandelonitrile with approximately 8%

enantiomeric excess (ee) from benzaldehyde and HCN, employing quinine or quini-

dine as chiral catalysts.13 Subsequent research involved the development of catalytic

chiral metal complexes. A fundamental development in 1956 demonstrated that the

adsorption of palladium chloride onto silk fibroin fibres could be utilised for synthesis-

ing chiral amines and amino acids, marking the inaugural utilisation of this method-

ology.14 More recently, Knowles, Sharpless and Noyori achieved pioneering develop-
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1.1. CHIRALITY

ments in enantioselective hydrogenation and oxidation reactions, meriting them the

Nobel Prize in Chemistry in 2001.15 Knowles’ primary objective was to establish a

scalable, enantioselective catalytic synthesis, with the aim of producing the rare amino

acid L-DOPA,16 recognised for its therapeutic value in the treatment Parkinson’s dis-

ease. In 1968, Knowles reported a chiral phosphine ligand, a rhodium PAMP catalytic

complex,17 later evolving it into a DiPAMP ligand.18 Subsequently, Noyori contributed

to the field by devising RuCl2·(R)-BINAP, a superior and more versatile enantioselec-

tive catalyst.19,20 Building upon these seminal achievements, many diverse variations

of enantioselective catalytic syntheses have since found application in an abundance

of important industrial processes.

Carbon, owing to it being the most common stereogenic atomic centre and its

ubiquity in Nature, has been most extensively studied in the field of enantioselective

synthesis.21 Presently, there is a growing interest in exploring the stereogenic poten-

tial of heteroatoms such as boron,22 nitrogen,1 silicon,23 phosphorus,24,25 sulfur,26

and oxygen,27 due to their capacity to also act as stereogenic elements. Given its

prevalence as the second most frequently encountered stereocentre in Nature and

the evident utility of heteroatoms in enantioselective syntheses, nitrogen stereocen-

tres stand out as an obvious choice for organic chemists seeking a tool to impart and

control stereochemistry in syntheses.28

3



1.2. NITROGEN STEREOCENTRES

1.2 Nitrogen stereocentres
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Figure 1.2: Rapid pyramidal inversion of amines in contrast to conformationally and

configurationally locked quaternary carbon stereocentres.

The potential for nitrogen to act as a stereocentre is often overlooked due to its propen-

sity for rapid pyramidal inversion and frequent quantum tunneling at room temperature

(see Figure 1.2.).29 Where quaternary carbon stereocentres are locked, the confor-

mational instability of amines limits the prospect of enantioenriching molecules which

contain nitrogen as the sole stereogenic element. Nonetheless, it remains possible to

resolve and isolate certain enantiomers whose chirality originates from a stereogenic

nitrogen by locking the lone pair in a stable conformation and configuration.

There are numerous examples reported which lock the stereochemistry of a ni-

trogen stereocentre. These methods include: the use of N-bridgeheads;30 strained

systems;31,32 coordination to metals;33,34 the formation of N-oxides;35 and the syn-

thesis of quaternary ammonium salts (see Figure 1.3.).36 However, the development

of resolution techniques in this context has been relatively restricted and until recently

no general methodology existed to enantioselectively prepare a nitrogen stereocentre

as the sole stereogenic element.2,37

Bridgeheads serve as effective tools to prevent inversion of the nitrogen lone pair

by making such inversion impossible without disrupting the integrity of the ring. This

effect is exemplified in the Cinchona alkaloid family, where the N-bridgehead is con-

figurationally locked, rendering the nitrogen atom stereogenic. This property, coupled

with the presence of four additional carbon stereocentres, makes these compounds

highly suited for precise control of chirality in synthetic processes. Notably, compounds

such as quinine and quinidine, members of the Cinchona alkaloid family, have been

employed as ligands in enantioselective synthesis, particularly in the dihydroxylation
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1.2. NITROGEN STEREOCENTRES

of alkenes.38

Coordination to a metal centre or a Lewis acid offers another method to immo-

bilise the configuration of an amine. The formation of a dative bond traps the amine

lone pair, establishing configurational stability at the N-stereocentre. In this context,

the presence of the nitrogen stereocentre may introduce chirotopicity about the metal

centre, enabling the chiral metal complex to convey stereochemical information during

synthetic processes.39

Simple alkylations to produce quaternary ammonium salts also produce nitrogen

stereocentres which are conformationally and configurationally stable. This method is

the most common and the simplest way to prevent lone pair inversion, due to the ease

of alkylating nucleophilic nitrogen with a range of electrophiles.40

N

Locked

Conformationally stable

Bridgeheads

QuinineN

HO
N

H
O

Strained systems

N NN

Quaternary ammonium salts

N+

Coordination to metals

M

N

X−

Figure 1.3: Methods to lock the N-lone pair into a stable conformation and configura-

tion.
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1.2. NITROGEN STEREOCENTRES

1.2.1 Aziridines and strained ring systems

Due to their ring strain, aziridines are highly activated for ring-opening reactions under

mild conditions and serve as valuable synthons in organic synthesis. Gabriel’s early

work in 188841,42 and Wenker’s well-known synthesis in 193743 marked the inception

of aziridine synthesis. Prior to 1891, literature reviews did not evidence stereoselec-

tive aziridine synthesis nor subsequent isolation of the nitrogen stereocentre; however,

ensuant examples have emerged, facilitated by the application of chiral ligands and

auxiliaries and by the functionalisation of amino acids and sugar derivatives.44,45

Aziridines, owing to their substantial ring strain, exhibit a significantly reduced rate

of pyramidal inversion at nitrogen, enabling the isolation of these compounds as single

enantiomers.44 The constrained C-N bond angle within the aziridine ring (60◦) deviate

significantly from the optimal bond angle for sp3 hybridised centres (109.5◦). During

the inversion process, the bond angle of the nitrogen sp2 intermediate exhibits an

even greater deviation from the optimal trigonal planar geometry, further destabilising

the transition state relative to the ground state (see Figure 1.3.). Consequently, highly

strained rings exhibit heightened levels of conformational and configurational stability

in contrast to their more flexible ring counterparts and acyclic amines. This stability

arises from the necessity to traverse a high-energy intermediate state for inversion to

take place. The elevated energy barrier to inversion enhances the effectiveness of

aziridines in stereoselective processes by enabling their synthesis with precise enan-

tiocontrol, thus facilitating subsequent regio- and stereoselective ring-opening reac-

tions.

The energetic barrier to pyramidal inversion of nitrogen centres substituted within

saturated ring systems can be rationalised by considering the same principles explain-

ing the retarded rate of inversion observed in aziridines.29 The deviation from optimal

bond angle in the ground state versus the deviation from optimum bond angle in the

transition state must be reasoned alongside the relative torsional strains imparted onto

the system via passing through a trigonal planar intermediate. In the context of ring

systems, the presence of a ring typically augments the barrier to nitrogen inversion in

comparison to analogous acyclic counterparts. If n equals the number of members in a

6



1.2. NITROGEN STEREOCENTRES

saturated ring system containing a nitrogen centre, then the relative inversion barriers

of these species follows: n = 3 >> 6 > 4 > 5 > 7 (see Figure 1.4.).46–50

>> > > >N

101.3

kJ mol-1

N

O

39.7

kJ mol-1

N

37.6

kJ mol-1

N

33.4

kJ mol-1

Ring size
acyclic

N

31.4

kJ mol-1

>

36.4

kJ mol-1

N

Barrier to inversion (ΔH‡)

1 2 3 4 5 6

Figure 1.4: Energy barriers to inversion (∆H‡/ kJ mol-1) of various cyclic amines with

different ring sizes.

Pyramidal inversion proceeds through a planar transition state, where the lone pair

of the tertiary amine resides in a p orbital. In the tetrahedral ground state, the lone pair

adopts an sp3 hybridisation with greater relative s character compared to the transi-

tion state. Pi (π) electron donation towards the nitrogen atom destabilises the trigonal

planar transition state due to electron donation into the already occupied p orbital. In

contrast, because the lone pair occupies an sp3 orbital in the ground state, it is less

destabilised than the transition state by π electron donation. Consequently, resonance

from electron-donating groups toward the nitrogen centre generally increases the bar-

rier to inversion. Conversely, π electron-withdrawing groups have the effect of reducing

the barrier to inversion (see Figure 1.5.).29

π electonics

N OCH3 N N Cl

N

CF3

N NO2N CF3

> >

> >

>

57.3 kJ mol-1 51.5 kJ mol-1 50.6 kJ mol-1

49.4 kJ mol-1 46.0 kJ mol-1 37.7 kJ mol-1

π
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N
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π electron
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N
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orbital character Decreased inversion barrier

N

π
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Barrier to inversion (ΔH‡)
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Figure 1.5: Energy barriers to inversion (∆H‡/ kJ mol-1) of various cyclic amines with

different substituent electronics.
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1.2. NITROGEN STEREOCENTRES

Sigma (σ) electron-withdrawing groups, typically characterised by electronegative

atoms, exert a dual influence on the barrier to inversion through two divergent mecha-

nisms. Firstly, they elevate the s-character of the nitrogen lone pair, thereby reducing

its ability for the sp3 to p transition, essential for pyramidal inversion. In contrast, the

repulsion between lone pairs on electronegative atoms and the lone pair of electrons

on a tertiary amine destabilises the ground state, thus reducing the barrier to pyra-

midal inversion. In most cases, the former inductive effect prevails in significance,

with inductive electron-withdrawing functionalities commonly elevating the barrier to

inversion in tertiary amines see Figure 1.6.).47,51–55

NN NH2N OCH3

NN ND2

D

D
DN OH

O
N

NC
OCH3

COOCH3
COOCH3

84.5 kJ mol-1ΔG+ = >92.0 kJ mol-1
+

ΔG+ = >92.0 kJ mol-1

= >

120.1 kJ mol-1 69.0 kJ mol-1 39.3 kJ mol-1 34.3 kJ mol-1

>>>

N Cl

119.2 kJ mol-1

>
σ

σ

Increased inversion barrier

σ withdrawing Nσ
X

Decreased inversion barrier

σ donating Nσ
X

σ electonics

Barrier to inversion (ΔH‡)

13 14 15 16

17 18 19 20

Figure 1.6: Energy barriers to inversion (∆H‡/ kJ mol-1) of various cyclic amines with

different substituent σ electronics.

The introduction of steric bulk in the vicinity of the inversion centre results in a re-

duction of the energy barrier for the pyramidal inversion process by causing greater

destabilisation of the tetrahedral ground state compared to the trigonal planar transi-

tion state. This phenomenon arises from the fact that during the transition state, the

substituent groups are held farther apart than in the ground state, thereby magnifying

the destabilising steric effect in the ground state. Furthermore, the impact of ster-

ics varies depending on the proximity of the substituents to the inverting centre, with

bulkier groups positioned α to the nitrogen atom exerting a more pronounced influence

than those positioned β to it (see Figure 1.7.).46,47,49,56,57
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Barrier to inversion (ΔH‡)

Steric effects (α)

Steric effect (β)
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> N N>
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Figure 1.7: Energy barriers to inversion (∆H‡/ kJ mol-1) of various cyclic amines with

different steric substituents.

Understanding the relative energetic barriers associated with amine pyramidal in-

version is crucial for establishing nitrogenous stereogenicity. In certain instances, ter-

tiary amines can be isolated with well-defined stereochemistry, a concept proven in

the case of aziridines.54,56 When considered, the factors governing pyramidal inver-

sion can be harnessed to access other classes of compounds enriched with nitrogen

stereocentres. An illustrative instance is the 5-membered ring system, N-methoxy-

3,3-di-methoxycarbonyl-5-cyan-1,2-oxazolidine (17), which can be synthesised as two

distinct and separable diastereomers that remain unaffected by pyramidal inversion at

room temperature, thus enabling their isolation.55
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1.2. NITROGEN STEREOCENTRES

1.2.2 N-oxides

Tertiary amine oxides are species in which a sp3 hybridised nitrogen atom, originat-

ing from a tertiary amine, forms a dative bond with an oxygen atom (see Figure 1.8.).

Pinner and Wolffenstein first reported their synthesis in 1892,58 and their structural

confirmation through X-ray crystallography was subsequently achieved by Lister and

Sutton in 1939.59 Due to the tetrahedral geometry about the nitrogen centre, tertiary

amine oxides can feature stereogenic nitrogen when all substituent groups bound to

the nitrogen atom are different.60

The most common way to prepare N-oxides is from direct oxidation of the cor-

responding tertiary amine using reagents such as: hydrogen peroxide,61 alkyl hy-

droperoxides,62 peracids,63,64 molecular oxygen,65 and oxaziridines,66 with oxidation

using m-CPBA, a peroxycarboxylic acid, being utilised as the primary method in recent

years.63 The reverse-Cope cyclisation, can also be used as an alternative strategy for

amine N-oxide synthesis and was first delineated by Cope and Le Bel in 1960.67 Fur-

thermore, the alkylation of hydroxylamines with alkyl halides, initially documented by

Dunstan and Goulding in 1899, remains a noteworthy technique for the generation of

tertiary amine N-oxides.68

The first resolution of an N-oxide was achieved by Meisenheimer in 1908, via frac-

tional crystallisation of N-ethyl, N-methyl, aniline N-oxide with 3-bromocamphor-8-

sulfonic acid, yielding an isolable diastereomer of 28 ([α]D= +67◦).69 Subsequent iso-

lation of the N-oxide HCl salt (29) showed optical activity owing to the N-stereogenicity

of the moiety ([α]D= +17◦). Drabowicz et al. later conducted NMR investigations on 29,

employing thiophosphoric acids as chiral resolving agents, to confirm the chirotopic-

ity of the system through revealing distinct shifts for diastereotopic N-CH3 protons.70

Numerous methodologies have since emerged for the resolution and synthesis of N-

oxides, such as the use of enantiopure BINOL by Toda et al. to resolve a range of

N-oxides related to those initially studied by Meisenheimer.71

In addition to resolution, oxidation of tertiary amines can proceed diastereoselec-

tively to produce the desired sense of the N-stereocentre in an N-oxide. For exam-
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1.2. NITROGEN STEREOCENTRES

ple, oxidation of N-benzyl proline derivatives can be employed to yield syn N-oxide

products due to forming an intramolecular hydrogen bond between O- and NH on the

amide. This hydrogen bond is a crucial requirement for the observed stereoselectiv-

ity.72,73 The resulting products have found use in many versatile transformations such

as, Meisenheimer rearrangements,74,75 Cope rearrangements, Polonovski reactions,

co-ordination to metal complexes and as catalysts.62,76
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Figure 1.8: Synthesis, resolution and rearrangements of N-oxides.
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1.2.3 History of nitrogen stereogenicity

In 1891, Le Bel proposed the existence of stereogenic nitrogen after reporting the

optical activation of N-methyl, N-ethyl, N-propyl, N-isobutyl ammonium chloride 34

by Penicillium glaucum ([α]D = –0.30, see Figure 1.9.).77 Le Bel suggested that the

nominal enantioenrichment observed in solution resulted from an excess of one pen-

tavalent nitrogen stereocentre relative to its enantiomer. However, Marckwald and von

Droste-Huelshoff’s attempts to replicate Le Bel’s findings were unsuccessful, leading

them to question Le Bel’s conclusions.78 Le Bel, in turn, argued that their findings and

observed lack of enantioenrichment could be attributed to the order of alkylation of the

nitrogen centre.79 However, this assumption by Le Bel was subsequently disproven

by Pope and Read in 1912.80 They not only confirmed that the order of alkylation did

not yield different salts but also established that the observed optical rotation was at-

tributable to an impurity introduced by the microorganism, rather than the presence of

a stereochemically enriched nitrogen stereocentre.

Le Bel’s attempted resolution
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Et
Me

iBu

Cl−
+

[α]
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 = −0.30° 
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Willgerodt 

(1888)

Burch & March 
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Werner
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N+
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N

X

N

XX

N

XXX

N

X

34

Figure 1.9: Le Bel’s attempted resolution of 34 by Penicillium glaucum and the different

bonding models proposed about a nitrogen centre.

Le Bel’s belief that the order of alkylation impacted the products molecular struc-

ture can be attributed to the prevailing model of ammonium salt bonding during his time

(see Figure 1.9.). During that era, the accepted model depicted ammonium cations as

pentavalent, with the counterion directly bound to the nitrogen centre.81 This pentava-

lent model was described in various geometric forms, including tetragonal pyramidal
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(as proposed by Bischoff in 1890), trigonal bipyramidal (suggested by Willgerodt in

1888 and by Burch and March in 1889), or even cube-shaped (as presented by van’t

Hoff in 1887).82

Further investigations into Le Bel’s salt (34) involved efforts to resolve tetraalkylam-

monium hydroxides using optically active acids, as exemplified by Edgar Wedekind.36

Despite Wedekind’s unsuccessful attempts to resolve benzylphenylallylmethylammo-

nium hydroxide with tartaric and camphoric acid, his research proved valuable in re-

vealing discrepancies with the accepted pentavalent bonding model.83 Within his re-

ports, Wedekind documented instances in which the order of reagent addition led to

the formation of the same compound, demonstrating that the structure could not ad-

here to a pentavalent configuration. Notably, by employing a unique order of addition,

in which methylation occurred in the final alkylation step, Wedekind somewhat sur-

prisingly isolated trimethylanilinium bromide (see Figure 1.10.). Building upon these

insights, Wedekind and Jones concluded that the ammonium salt must possess the

capacity to dissociate when subjected to heating in solution.84 Furthermore, they dis-

cerned that various alkyl groups exhibited differing degrees of readiness to dissociate,

with allyl and benzyl functionalities proving more susceptible than the methyl function-

ality. This observation partly accounted for the shortcomings in Wedekind’s earlier

resolution endeavours. The presence of hydroxide counterions in aqueous solutions

introduced instability onto the ammonium salts causing dissociation to tertiary amines

and alcohols, consequently impeding the resolution process.

Pope and Peachy adapted Wedekind’s approach, exploiting the greater stability

of an ammonium salt containing an iodide counterion compared to a hydroxide anion

in aprotic solvents, to prepare enantioenriched benzylphenylallylmethylammonium io-

dide through crystallisation with enantiomerically pure silver camphorsulfonate (36).1

This milestone marked the inaugural instance of a resolved tetraalkylammonium salt

and demonstrated that optically active nitrogen-containing molecules could owe their

optical activity to a stereogenic centre other than carbon. Werner’s assertion that

the stereogenicity of nitrogen could be explained in the same manner as that of car-

bon prompted a shift from the previously accepted pentavalent bonding models to the

tetrahedral model for ammonium bonding, which is now widely recognised in synthetic
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chemistry.
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Figure 1.10: Wedekind’s order of alkylation experiments and Pope and Peachy’s res-

olution of 35 with silver camphorsulfonate.
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1.3 Resolution of nitrogen stereocentres

The most common way to synthesise enantiopure compounds is via the resolution of

racemates.85,86 However, for chiral compounds containing a nitrogen stereocentre this

has been a challenge due to the following reasons: enantiomers have identical physi-

cal properties; ammonium salts are hard to isolate owing to their inherent hygroscop-

icity; and the stereocentre has the capacity to undergo spontaneous rearrangements

at room temperature.87 Fortunately, advancements in organic chemistry have led to

the development of methods that address these challenges, enabling the isolation of

enantiopure compounds containing nitrogen stereocentres. Here, crystallisation is fo-

cused on as a key resolution technique.

1.3.1 Crystallisation

Crystallisation stands as the primary technique employed by synthetic chemists for the

resolution of enantiomers. This process encompasses various methodologies, includ-

ing preferential crystallisation, diastereoisomeric crystallisation and catalytic kinetic

resolution.88

Preferential crystallisation involves the sequential and alternating crystallisation of

both enantiomers as conglomerates from a racemic mixture.89 Diastereomeric crys-

tallisation, which employs a stoichiometric amount of resolving agent, and catalytic ki-

netic resolution, utilising a sub-stoichiometric amount of resolving agent, facilitates the

separation of enantiomers by capitalising on the energy disparity between the two pos-

sible diastereomeric salts formed (enantiomers·enantiopure agent).90,91 These tech-

niques rely on the different chemical properties exhibited by diastereomers when a

chiral resolving agent is introduced to a racemic solution, a phenomenon exploited in

the first successful isolation of an optically active quaternary ammonium salt by Pope

and Peachy.1
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Figure 1.11: Energy level diagram for a typical dynamic kinetic resolution process. Y

refers to product and X refers to starting material (reactant). In this instance the R

enantiomer would be the major product.

The key drawback of a crystallographic kinetic resolution is that the maximum the-

oretical yield of the process is limited to 50%, since half of the material remains within

the mother liquor in the form of the undesired enantiomer.92 Moreover, the method ne-

cessitates multiple recrystallisations and ion exchanges, which increases the workload

for experimentalists. A more efficient methodology, termed dynamic kinetic resolution

(DKR), offers the distinct advantage of potentially attaining a 100% yield without com-

promising the high enantiomeric purity characteristic of a kinetic resolution.85 Centred

on the Curtin-Hammett principle, DKR capitalises on the fact that in certain systems

the activation energy to the reaction of either enantiomer with an enantiopure agent is

higher than the energy barrier to racemisation, leading to in situ racemisation.93 Con-

sequently, this results in a preferential reaction pathway for the desired enantiomer, as

it passes a lower energy transition state (see Figure 1.11.).

Crystallisation-induced asymmetric transformation (CIAT) has found utility in the

resolution of chiral ammonium cations, exemplified by the case of Tröger’s base (38).94

Wilen et al. co-crystallised a 1:1 mixture of (R)-1,1’-binaphthalene-2,2’-diyl hydrogen

phosphate with Tröger’s base. In the presence of an acid, Tröger’s base undergoes

racemisation via the formation of a chiral iminium intermediate. Notably, due to the
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chiral nature of the acid employed, the preferential formation of one of the intermedi-

ate diastereomers is favoured over the other, leading to crystallisation of the desired

enantiomer from the solution. The key resolution step occurs via crystallisation to give

a more thermodynamically stable diastereomeric product (see Figure 1.12.). Sub-

sequently, Jameson et al. further refined this methodology, employing enantiopure

O,O’-dibenzoyltartaric acid (DBTA) to facilitate the CIAT of Tröger’s base derivatives

(see Figure 1.12.).95 This approach mirrors that elucidated by Wilen et al. however,

Jameson et al. extended this process to encompass various substituted derivatives,

additionally quantifying the enantioenrichment through the utilisation of chiral high-

performance liquid chromatography (HPLC).
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Figure 1.12: CIATs used to dynamically resolve Tröger’s base derivatives.
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1.3.2 Enzymatic resolution

Expanding the spectrum of resolution techniques for Tröger’s base derivatives, Kamiyama

devised an enzymatic kinetic resolution approach.91 In this method, treatment with

Candida antarctica lipase, in the presence of isoprenyl acetate, induced a selective

acylation of 41, primarily favouring the alcohol of the (S,S) enantiomer, ultimately yield-

ing 42 in conjunction with the residual, unreacted material, 43 (see Figure 1.13.). This

enzymatic kinetic resolution showcased remarkable selectivity, allowing for efficient

separation of products when conducted at a preparative scale. Following separation,

the products were hydrolysed to remove the acetate group and to afford further func-

tionalisation opportunities.
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Figure 1.13: Enzymatic resolution of Tröger’s base derivatives.

1.3.3 Ammonium cation-BINOL resolution
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Molecular complexation between an enantiopure

quaternary cinchonium salt and 1,1′-bi-2-napthol

(BINOL) is a well-established technique for the

resolution of BINOL enantiomers.96,97 The forma-

tion of a ternary complex, comprising alkaloid,

counterion and BINOL, is facilitated by the pres-

ence of hydroxyl groups on both the ammonium

resolving agent and the racemic BINOL. These

hydroxyl moieties permit hydrogen bonding contacts to form, ultimately culminating in
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the formation of inclusion crystals. Here, the presence of an enantiopure host dictates

the diastereo- and enantioselective adductive crystallisation.

This same relationship has also been shown to work in reverse, to recognise

and resolve racemic N-benzyl ammonium salts using enantiopure (R)-BINOL.98,99

Because β-hydroxyalkylammonium bromides mimic the structure of Cinchona alka-

loids, Tayama and Tanaka were able to develop the first efficient optical resolution

of the salts using (R)-BINOL (see Figure 1.14.).100 In a subsequent study, Pan et al.

advanced this methodology by subjecting a mixture of β-hydroxyalkylammonium bro-

mide epimers to (R)-BINOL, achieving significant levels of enrichments (up to 99:1 dr),

heightened from the nearly racemic mixture isolated via alkylation alone (53:47 dr).101
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Figure 1.14: Tayama and Tanaka’s resolution of 45 using (R)-BINOL and Pan et al.

resolution of epimers employing (S)-BINOL.

1.3.4 Conglomerate crystallisation of ammonium salts

The inception of our understanding of chirality can be traced back to Louis Pas-

teur,4 who achieved the first successful resolution through conglomerate crystallisa-

tion of sodium ammonium tartrate. Conglomerate crystallisation of racemates is a phe-
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nomenon characterised by the spontaneous formation of discrete enantiopure crystals

from a racemic material. It is estimated that only a modest proportion, approximately

5–10%, of all racemates undergo this form of spontaneous resolution.102–104 The iden-

tification of conglomerates poses a notable challenge due to the substantial amount

of experimental evidence required to prove their distinct crystallisation behaviour. This

can further be complicated by polymorphism where specific crystallisation conditions

are required to form enantiopure crystals rather than racemic crystals.105 Given the

scarcity of reported conglomerates in the existing literature and our inability to predict

this behaviour, it is unclear which and how many ammonium salts have the potential

to be resolved directly by conglomerate crystallisation.
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· CHCl
3

Crystallographic evidence

N

i) EtI

ii) CHCl
3
, 6 °C, 1 month

36% yield of crystals

[α]
D

= +28.8° [α]
D

= −28.8°

N
(R)

I−

· CHCl
3

+ +

Spontaneous resolution of 

50

51

51a 51b

Figure 1.15: Kostyanovsky et al. conglomerate crystallisation.

In 1954, Havinga reported the first conglomerate crystallisation involving a stere-

ogenic nitrogen.106 Havinga’s work purported the spontaneous resolution of N-methyl,

N-ethyl, N-allyl anilinium iodide (51) in chloroform. However, the credibility of the re-

sult was called into question due to the peculiar optical rotations obtained and the

reported yields. Consequently, Kostyanovsky et al. conducted a thorough reinvestiga-

tion into the claims.107 In 2001, they verified the potential for spontaneous resolution

of molecules with a nitrogen stereocentre through conglomerate crystallisation by suc-

cessfully achieving spontaneous resolution of 51 (see Figure 1.15.). This validation

was supported by SCXRD data (51a, (S)-configuration, CHCl3 solvate, space group:

P212121), confirming enantioenrichment of the Wedekind–Fock–Havinga salt through

conglomerate crystallisation.
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1.4 Quaternary ammonium cations

Due to their unique properties, quaternary ammonium cations serve versatile appli-

cations as reagents,108 phase-transfer catalysts,109 ionic liquids,110 electrolytes,111

surfactants,112 antistatic agents,113 structural directing agents (e.g. Zeolites),114 and

as herbicides and antimicrobials.115,116 The demonstrable utility of these cations is il-

lustrated by their annual global production surpassing 500,000 tons. However, despite

the evident demand for molecules possessing this functionality, a general methodology

for the enantioselective synthesis of quaternary ammonium stereocentres has only re-

cently been developed.2

1.4.1 Alkylation and dealkylation

The original technique for directly alkylating primary and secondary amines to gen-

erate quaternary ammonium cations was developed by Hofmann in 1850.117 Whilst

this can prove an effective route to more highly substituted amines and ammonium

cations, the well-known problem with this methodology is that it offers limited control

to the ratio of substituents in quaternary ammonium salts compared to other method-

ologies. To enhance the selectivity of attached groups, racemic quaternary salts can

also be synthesised from tertiary amines by employing various alkylating agents (see

Figure 1.16.). This approach, known as quaternisation, was established by Men-

schutkin in 1890 and remains a popular synthetic approach to produce quaternary

ammonium salts.118,119

The reverse Menshutkin reaction of quaternary ammonium cations can be induced

through the use of high temperatures in neutral or acidic environments.120 This forces

the equilibrium towards the tertiary amine and alkylating agent, leading to dealkyla-

tion of the ammonium centre. Notably, the observed trend of decreasing stability of

R4N+X– compared to R3N + RX in the molten ammonium salt corresponds to the

increasing X – nucleophilicity, although it is important to note that this order can be sig-

nificantly influenced by the specific medium in which the salt is solvated.121 Addition-

ally, strong nucleophiles can facilitate dealkylation of quaternary ammonium centres

through SN2 reactions.122 Dealkylation can also occur through β-elimination, known as
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1.4. QUATERNARY AMMONIUM CATIONS

the Hofmann elimination.117,123 This reaction, involving quaternary ammonium hydrox-

ides, results in the production of the respective amine and alkene. In the presence of

only methyl substituents, the reaction yields the amine along with methanol or dimethyl

ether.

Hofmann Alkylation Menschutkin reaction

Hofmann elimination

NH2

H
N

X−N+

N+ X−

X

X

X

N+

X−

N

Quaternisation

HO−

N+
Δ

N

Figure 1.16: Alkylation and dealkylation of ammonium cations.

1.4.2 Diastereoselective alkylation

Diastereoselective alkylations represent the most dependable approach for establish-

ing the stereogenicity at a N-stereocentre. These reactions rely upon the chirotopic

environment surrounding the prochiral amine, which serves as a conduit for transfer-

ring stereochemical information from an adjacent stereocentre to the newly synthe-

sised ammonium centre. Zones et al. successfully synthesised camphidine-based

ammonium salts in a diastereoselective manner for applications as structure-directing

agents in zeolite synthesis.114 Depending on the order of alkylation, 52 can be di-

astereoselectively synthesised as both enantioenriched R and S nitrogen epimers.

The synthesis of compound 52a from 53 demonstrated high efficiency, yielding exclu-

sively the R ammonium stereocentre. Conversely, when the order of alkylation steps

was reversed, compound 52b emerged as the predominant product, albeit with a di-

astereomeric ratio (dr) of 75:25 (see Figure 1.17.).
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Figure 1.17: Diastereoselective alkylations to produce stereogenic nitrogen centres.

Studies have also demonstrated that refluxing tropane alkaloids, such as 55a (see

Figure 1.18.), leads to isomerisation, resulting in the formation of the thermodynami-

cally stable diastereomer 55b, which bears the larger benzyl substituent in the equa-

torial position.124
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+

Dynamic isomerisation of camphidine

Diastereoselective alkylation of proline derivative
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N
(S)
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I−

+

92% yield

83:17 dr

55a 55b

56 57

Figure 1.18: Diastereoselective alkylations to produce stereogenic nitrogen centres.

Tayama et al. synthesised enantioenriched quaternary ammonium salts of proline

via diastereoselective alkylation of the amine (see Figure 1.18.). Following alkylation

of 56 with methyl iodide, 57 was obtained in high yield. The initially modest dr of 87:13

could be significantly enhanced to 99:1 dr through recrystallisation.98,125,126
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1.4.3 Transfer of N-stereochemical information

Using diastereoselectively synthesised proline-based ammonium salts, Tayama et al.

demonstrated that a [1,2]-Stevens rearrangement and [2,3]-Sommelet-Hauser rear-

rangement could be utilised to transfer stereochemical information from a nitrogen

stereocentre onto an adjacent carbon atom (see Figure 1.19.).126,127 Both transforma-

tions were reported in good yield and displayed exceptional enantioselectivity (>90%

ee). Upon treatment with CsOH, the [1,2]-Stevens rearrangement was promoted (58),

whilst utilising tBuOK (on a different derivative) at –40 ◦C favoured the [2,3]-Sommelet-

Hauser rearrangement product (59, see Figure 1.19.). A similar transfer of stereo-

chemical information was also shown by West and Glaeske when using a temporary

cyclic stereogenic nitrogen.128 They reported selective [1,2]- or [2,3]-shifts depending

on substituent groups present.

Steven’s versus Sommlet-Hauser rearrangement
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rearrangement
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99% eeR
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Figure 1.19: [1,2]-Stevens rearrangement and [2,3]-Sommelet-Hauser rearrangement

of proline-based ammonium salts.

Enamines bearing N-allyl groups have the capability to partake in a [3,3] sigma-

tropic rearrangement commonly referred to as a 3-aza-Cope, amino-Claisen or aza-

Claisen reaction.129 It has been observed that the aza-Claisen rearrangement involv-

ing optically active 3-pyrrolidine acryl esters and diverse acid chlorides proceeds with

high diastereoselectivity, through a high fidelity 1,3-stereochemical relay.130 Nubbe-

meyer and Diederich presented an in situ diastereoselective alkylation, in the pres-

ence of AlMe3, to generate the necessary enolate from 61, followed by a [3,3] sigma-

tropic rearrangement at low temperature, resulting in the formation of 62a. Additional
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1.4. QUATERNARY AMMONIUM CATIONS

studies into stereospecific aza-Claisen rearrangements by Maryanoff and McComsey

showcased further utility for stereospecific [3,3] sigmatropic rearrangements.131 The

rearrangement of salt 64 allows for the transfer of stereogenicity from the nitrogen

stereocentre to the resulting quaternary carbon centre in 65. Due to only the trans-

iminium salt forming, it was suggested that a concerted suprafacial intramolecular

rearrangement of the allyl occurred, responsible for the high stereospecificity. How-

ever, the rearrangement occurred in the presence of a chiral centre alpha to the nitro-

gen, which also potentially enhanced the enantioselectivity of the rearrangement (see

Figure 1.20.).
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Figure 1.20: [3,3] sigmatropic rearrangements to transfer chirality from N-

stereocentres.

Ammonium stereocentres not only govern chirality through rearrangements but

they can also impart diastereoselectivity during synthesis (see Figure 1.21.). In the

case of (–)-cryptaustoline, Meyers and Sielecki, demonstrated a 1,4-Michael addition

selectively occurs when the amine adopts an S configuration.132 This process leads

to the stereoselective formation of the configurationally stable ammonium stereocentre

within the fused ring system. Next the molecule undergoes further oxidation, result-

ing in the formation of the conjugated enone. Interestingly, the stereoselectivity of
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the subsequent reduction step is influenced by the handedness of the N-stereocentre,

leading to inversion of the adjacent carbon stereocentre compared to the previously

accessed epimer. Here, the presence of N-stereogenicity significantly influences the

stereochemistry of the neighbouring carbon stereocentre in 66.
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Figure 1.21: N-stereogenicity controlling chirality in the synthesis of (–)-cryptaustoline
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1.5 Ammonium cation recognition

1.5.1 Supramolecular recognition units
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Figure 1.22: Supramolecular recognition units in ammonium cation recognition.

The field of supramolecular chemistry has made remarkable progress in designing

host moieties that engage in direct non-covalent interactions with guest substrates

(see Figure 1.22.). Pioneering work by Cram, Pedersen, and Lehn harnessed host

molecular shape and strong directional interactions, leading to the development of

complex recognition systems.133–135 Following this, a spectrum of synthetic ammo-

nium recognition moieties emerged, such as calixarenes,136–140 cucurbiturils,141–143

cyclodextrins,144–147 and pillarenes.148,149 These tailored systems played a pivotal role
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in advancing the field of mechanically interlocked molecules and molecular devices by

providing precise positional control through their potent recognition capabilities.150,151

1.5.2 Neurotransmitters

Many biological signalling pathways exploit the interaction of ammonium ions with pro-

tein receptors. This is especially evident than in the case of neurotransmitters which,

after release into the synaptic cleft, bind cognate receptors on the post-synaptic cell

membrane and transmit information enabling cell-to-cell communication in the nervous

system.152 Histamine, dopamine, arginine, noradrenaline, gamma-aminobutyric acid

(GABA), and acetylcholine (Ach), to name a few, are neurotransmitters characterised

by their amine group, enabling the formation of ammonium ions in solution at biological

pH. The interaction between the ammonium functionality present in these neuroactive

compounds and receptors serves as a pertinent biological example of cationic nitro-

gen centre recognition.
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Dopamine, a biogenic amine neurotrans-

mitter, performs a profound role in the

development and function of the nervous

system.153 It also plays a key role in ani-

mal behaviour.154 As a result, dopamine

receptors and transporters are vital to

normal neurophysiology and are thus pri-

mary targets of many drugs; ranging from antidepressants to psychostimulants such

as cocaine. Normally, the dopamine transporter eradicates dopamine from the

synapse, to cease dopamine’s action at its cognate G-protein coupled receptors.155

Disruption of this mechanism can cause a range of effects. Cocaine for example,

prolongs the activity of dopamine in the synapse by blocking the dopamine reuptake

mechanism.156

Dopamine, noradrenaline, and norepinephrine transporters share a conserved struc-
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tural fold,157 implying that these neurotransmitters form analogous interactions with

their respective biological receptors. This structural motif features an aspartate residue

(Asp46) crucial for accepting a hydrogen bond from the ammonium cation at a distance

of 3 Å. Additionally, in the dopamine receptor, Asp46 exhibits rotational movement, fa-

cilitating indirect coordination with a sodium ion and two water molecules.158 These

interactions establish a molecular network linking dopamine to ion binding sites in the

receptor. Notably, the specific interactions of the ammonium functionality illustrate the

biological significance of cationic ammonium recognition.
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Acetylcholinesterase [PDB: 2HA4]
J. Sussman, 1991
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Acetylcholine (ACh), an ester resulting from the

combination of choline and acetic acid, assumes

a crucial role in memory and learning. Its scarcity

is associated with the potential development of

Alzheimer’s disease.159 In the neural signalling

process, ACh is released at the terminus of a neu-

rone, it diffuses across the synapse and binds to

postsynaptic membrane receptors, eliciting depolarisation in the postsynaptic neu-

rone. The enzyme acetylcholinesterase (AChase) plays a vital role in preventing over-

stimulation by degrading ACh (PDB: 2HA4).160 However, inhibition of AChase activity,

often induced by agents like organophosphates and nerve agents, can result in the

accumulation of ACh. This accumulation is toxic, hyperpolarising the postsynaptic

neurone and potentially contributing to the progression of conditions such as myas-

thenia gravis and Alzheimer’s disease.161

Acetylcholine receptors, present on the surface of muscle cells and in the cen-

tral nervous system, consist of five protein chains arranged to form a pore spanning

the neuronal membrane (PDB: 2BG9).162 Upon occupancy of the two binding sites

by acetylcholine, the receptor undergoes conformational change resulting in opening

of the ion channel. This allows sodium, potassium, and calcium ions to cross the

cell membrane, initiating an action potential in the post-synaptic neurone. Because

the acetylcholine receptor plays a pivotal role in connecting muscles to the central
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nervous system, it is a target for various neurotoxins.163 Notably, a majority of these

toxins contain at least one quaternary ammonium centre.

In the acetylcholine receptor, the tetramethylammonium cation (NMe4
+) can serve

as an agonist. Its ammonium group binds to one of the acetylcholine binding sites,

interacting with a cage comprised of five aromatic side chains (Trp89, Trp143, Tyr185,

Tyr192, and Trp53) and three conserved asparagine residues (Asp174, Asp180, and

Asp161). This interaction prompts the movement of negatively charged residues to-

wards the ammonium cation, believed to be the mechanism for conveying conforma-

tional change through the receptor.164 Here recognition of the ammonium cation moi-

ety is crucial to bringing about the agonistic effect.
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1.6 Bioactive nitrogen stereocentres

In the context of neurotransmitters, the recognition of ammonium cations is limited to

molecules devoid of N-stereocentres. However, given the homochiral nature of biolog-

ical systems, the handedness of a nitrogen stereocentre can exert profound effects on

bioactivity. Hence the identity of the N-epimer and control thereof becomes important

in bringing about desired therapeutic effects.

Ipratropium bromide (67) is a bronchodilator regularly prescribed for the treatment

of asthma. The drug is better known by the name it is marketed under, Atrovent.165

Notably, both epimers of the nitrogen stereocentre are bioactive, but 67a which pos-

sesses a (S)-N-stereocentre displays superior stability in vivo compared to 67b. 67a

remains active in vivo for 180 mins, which is three times longer than 67b. Conse-

quently, when 67 is administered exclusively as the (S)-epimer, it demonstrates greater

potency compared to a racemic mixture of both (R) and (S) epimers.166 Both epimers

are accessible by separation on HPLC or by manipulating the order of the alkylation in

their synthesis (see Figure 1.23.).

The agonistic impact of N-methylnalorphine (68) on opiate receptors is depen-

dent on the absolute configuration of the nitrogen epimer. Notably, in the presence of

sodium, the IC50 of (S)-N-methylnalorphine (68a, 11,500 nM) is significantly greater

(over 22 times) compared to the IC50 of the (R)-N-methylnalorphine epimer (68b, 510

nM).167 Hence, 68b is a more potent agonist (see Figure 1.23.).

Methylnaltrexone (MNTX) was formulated as a remedy for opioid-induced con-

stipation, due to its structural resemblance to frequently prescribed opiates and the

presence of a charged quaternary ammonium functionality which inhibits its cross-

ing of the blood-brain barrier.168 MNTX (69) functions by acting as an opiate antag-

onist in intestinal opiate receptors. Initially administered as a mixture of N-epimers,

subsequent separation by HPLC and bioactivity tests revealed that only (R)-N-MNTX

(69a) produced the desired therapeutic effect for opioid-related constipation.169 Mice

administered with a 10 mg kg-1 dosage of (R)-N-MNTX, (69a) exhibited an 8% in-

crease in intestinal motility, while (S)-N-MNTX (69b) resulted in an 80% decrease in
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motility. This demonstrates that only 69a offers the intended therapeutic effect for al-

leviating opioid-related constipation. This finding demonstrates the pharmacological

significance of employing distinct nitrogen epimers in the preparation of therapeutics

(see Figure 1.23.).
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Figure 1.23: N-epimers of stereogenic nitrogen containing bioactive compounds.
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1.7 Enantioselective preparation of N-stereocentres

Limited methodologies currently exist for the enantioselective preparation of nitrogen

stereocentres as the sole stereogenic element in a molecule. While a few examples

demonstrate diastereoselective alkylation of tertiary amines to generate a specific am-

monium stereocentre,98,125,126,170 only recently have reports emerged of methods for

the direct enantioselective preparation of nitrogen stereocentres.

In 2021, work in our group by Walsh et al. achieved the enantioselective synthesis

of a limited range of quaternary ammonium cations, with nitrogen serving as the sole

stereogenic element in a molecule, utilising a CIAT-like methodology to form a ternary

complex between enantiopure BINOL and an ammonium salt.2 Following this, Köhler

et al. developed a catalytic procedure for quaternising amines under dynamic kinetic

resolution conditions. They converted a range of tertiary N-methyltetrahydroisoquinolines

into configurationally stable ammonium cations through Pd-catalysed allylation, achiev-

ing enantiomeric ratios of up to 90:10 (see ref Figure 1.24.).171 The absolute configu-

ration of the N-stereocentre produced in this study was only characterised by SCXRD

for one of the ammonium salts synthesised (CCDC access code: QIFBUG), as such

the sense of the N-stereocentre in the selected example cannot be confirmed but is

assumed to be the same. In both Walsh’s and Valentin’s methodologies, modest enan-

tioenrichment is reported and the substrate scope of these procedures is limited.
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Figure 1.24: Catalytic enantioselective preparation of N-stereocentres.
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1.8 Aims and objectives

Previous work by our group developed a method to achieve the enantioselective syn-

thesis of a limited range of quaternary ammonium cations, where nitrogen served as

the sole stereogenic element. This approach employed a CIAT-like methodology to

form a ternary complex between BINOL and an ammonium salt.2,37 Unlike the pro-

cedure described by by Tayama et al. that required a hydroxyl functionalised group

bonded to the ammonium centre to act as a recognition handle, this method elimi-

nated such a necessity.

The aim of this thesis was to extend the scope of enantioselective synthesis for

ammonium cations and identify potential applications for the synthesised moieties. To

accomplish this goal, the task was divided into several key objectives:

• Establish the mechanism by which this supramolecular recognition of quater-

nary ammonium cations proceeds to better understand both the limitations and

the potential of the process.

• Investigate the CIAT with enantiopure BINOL to amass a library of ammonium

salts that could be enantioselectively synthesised. Interrogation of this library

would provide empirical evidence for rationalisation of key requirements of the

process.

• Synthesise and recrystallise multiple chiral ammonium complexes to analytically

interrogate the supramolecular recognition phenomenon and reveal thermody-

namic differences in diastereomeric crystallographic interactions that govern the

stereoselectivity.

• Utilise highly enantioenriched ammonium salts to achieve a synthetically useful

task.
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Chapter 2

Recognition of achiral ammonium salts

Metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) are porous

materials that have been widely studies since the 1990s.172 These materials represent

a class of structures that have many useful applications ranging from catalysis to drug

delivery.173 Furthermore, flexible MOFs have also been developed, that can respond

to external stimuli and exhibit reversible structural transformations pointing towards

potential uses in separation and sensing.174

Lately, a new class of porous materials assembled from organic materials through

hydrogen bonding interactions, have enticed growing interest.175 They are charac-

terised as hydrogen bonded organic frameworks (HOFs) and due to their increased

flexibility compared to MOFs are suggested to be improved candidates for sensing

and host-guest chemistry.176 The main pitfalls of these frameworks, however, are that

the majority of HOFs collapse upon removal of the solvent molecules from their pores

and HOFs tend not to be functional in protic solvents which can disrupt their hydrogen

bonding patterns. It has been shown that a HOF made from a counterion·BINOL

framework can be used to enantioselectively encapsulate ammonium cations and

upon doing so form a ternary complex which precipitates out of protic solution (EtOH).2

This process thus overcomes one of the main drawbacks found with HOFs by allowing

isolation in the solid state. Due to the various applications that HOFs can be used for,

this observation warranted further investigation.

With this in mind we sought to establish the mechanism by which the supramolec-

ular recognition of quaternary ammonium cations by enantiopure BINOL proceeds.

Our investigation sought to determine if this mode of recognition presented distinctive

differences compared to classical supramolecular systems.

35



2.1. AMMONIUM CATION RECOGNITION

2.1 Ammonium cation recognition

Ammonium cations have a fundamental role in many biological processes such as

neurotransmission and plant growth (chlormequat in gibberellin biosynthesis inhibi-

tion),160,177 where their selective recognition fundamentally relies on their degree of

substitution. In biological systems, proteins can preferentially bind more substituted

ammonium cations over less substituted homologues.178 To date, a general method-

ology to mimic this behaviour remains elusive as synthetic hosts principally observe

the inverse order (i.e., 1◦>2◦>3◦>4◦). Due to the fact ammonium cations are widely

used as catalysts,109 reagents,108 electrolytes,111 surfactants,112 structural directing

agents (e.g. Zeolites),114 antistatic agents,113 antibacterial/antifungal agents116 and

have long been used as recognition elements in supramolecular chemistry,133–135 their

selective recognition based on level of substitution presents a key problem in organic

chemistry.

The majority of this Chapter is based on a pre-printed manuscript titled

’Selective Recognition of Quaternary Ammonium Cations’ written by Callum S. Begg with input

from Matthew O. Kitching. The author list for the said manuscript is as follows: Callum S. Begg, Mark

P. Walsh, Joseph M. Phelps, Emma. H. Wolpert, Emanuelle F. Fiandra, Emma F. G. Winful, Abby

R. Haworth, D. Yufit, Karen E. Johnston, Clare. S. Mahon, Kim. E. Jelfs, and Matthew O. Kitching*.

Every compound stated in this section was synthesised by Callum S. Begg and at least one data point

collected. All data analysis, unless otherwise stated, was carried out by Callum S. Begg. I would like to

thank all authors for their contribution to various sections of this Chapter.
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2.1. AMMONIUM CATION RECOGNITION

2.1.1 Quaternary ammonium cation selectivity in biology

Biological receptors selectively bind key nitrogen-containing signalling molecules based

on their level of substitution. The action of small neurotransmitters such as dopamine,

arginine and acetylcholine is mediated by this selective ammonium cation recogni-

tion.160 In enzymes such as trimethylamine dehydrogenase and dimethylamine dehy-

drogenase, a simple substitution of Gln to Tyr in the active site changes the cation

selectivity from favouring the secondary dimethylammonium cation to the more substi-

tuted tertiary trimethylammonium cation.178 Quaternary ammonium cations can also

act as stronger inhibitors when in the presence of less substituted analogues, for ex-

ample the tetraethylammonium cation inhibits the action of the K+ ion channel (Kv1.5)

more strongly than its tertiary counterpart (Et3NH+).179 To achieve the high levels of

discrimination observed in ammonium cation recognition, Nature has produced, via

evolution, highly structured yet flexible hydrophobic binding cavities capable of form-

ing multiple interactions in protein tertiary structures (see Figure 2.1.).
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Figure 2.1: Enzymatic recognition of varyingly substituted ammonium cations.

2.1.2 Supramolecular quaternary ammonium cation selectivity

The field of supramolecular chemistry has made remarkable advances in the de-

sign of host moieties with direct non-covalent interaction to guest substrates. Sem-

inal work by Cram, Pedersen and Lehn exploited host molecular shape and strong

directional interactions in the development of complex recognition systems.133–135

Subsequently, a number of synthetic ammonium recognition moieties were devel-

oped, including calixarenes,136–140 cucurbiturils,141–143 cyclodextrins,144–147 and pil-

larenes.148,149 These systems have proven crucial in the development of mechanically
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2.1. AMMONIUM CATION RECOGNITION

interlocked molecules and molecular devices through the positional control this power-

ful recognition affords.150,151 However, due to the superior hydrogen bond donor ability

for less substituted ammonium cations (α parameters: Et3NH+ = 4.8, Et4N+ = 2.7),180

and the strength of cation-π interactions (Me3NH+ = 15.9 kcal mol-1, Me4N+ = 9.5 kcal

mol-1 – with benzene),181 all supramolecular recognition units that rely on strong direc-

tional interactions preferentially bind less substituted ammonium cation homologues

(see Figure 2.2.). Although a limited number of systems have been designed to recog-

nise specialised guest substrates, relying on the use of multiple functional handles or

predetermined covalent molecular geometry (see Figure 2.2.),96,108,182–187 never has

a general methodology been developed that allows quaternary ammonium cations to

be selectively recognised over less substituted homologues.137,140,184,188–191
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Figure 2.2: Synthetic receptor selectivity.

To realise a general method for quaternary ammonium cation recognition we rea-

soned that recognition principles from both natural and synthetic binding environments

could be combined, through taking advantage of the solid crystalline state. The mech-

anism by which this supramolecular recognition of quaternary ammonium cations by
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2.1. AMMONIUM CATION RECOGNITION

BINOL proceeds offered an ideal starting point for this. Firstly, solution-based recogni-

tion of an ammonium cation allows the formation of a ternary complex. The formation

of this supramolecular complex can take advantage of strong directional interactions

as commonly applied in synthetic recognition processes. Secondly, this supramolec-

ular complex can form extended assemblies through the generation of concatenated

chains. These self-assembled superstructures are highly flexible and can present a

variety of binding architectures, acting as supramolecular hosts for a range of ammo-

nium cation guests. Thirdly, abstraction of these networks to the solid phase provides

a structured and hydrophobic binding environment into which an ammonium cation

guest may reside. Here, multipoint binding to the cation acts to stabilise the self-

assembled superstructure generating a more stable system when the quaternary am-

monium cation is present. Finally, ensuring that these functional hydrogen bonded net-

works are equilibrating under thermodynamic control allows for selection of the more

substituted ammonium cation over its less substituted congeners. We hypothesised

that the recognition of quaternary ammonium salts by (R)-BINOL, could be utilised to

overturn the energetically demanding discrimination between differentially substituted

cations, by fulfilling these criteria.
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2.2 Achiral ammonium salt ternary complexes with (R)-BINOL
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General recognition procedure

Figure 2.3: Procedure for the recognition of ammonium salts with (R)-BINOL.

A large and diverse range of ammonium salts derived from commonly used amines

and heterocycles can be abstracted from solution to the solid phase through simple

combination with (R)-BINOL (see Figure 2.3.). Methylation, allylation, propargylation

and benzylation of several tertiary amine and pyridine substrates produced quaternary

ammonium salts which could undergo complexation with (R)-BINOL (see Figure 2.5.).

These microcrystalline solids form without the presence of any additional functional

handles on the ammonium cation core. Protonation to form tertiary ammonium salts

also provided suitable substrates for recognition, showing flexibility in the supramolec-

ular behaviour. To probe the origin of this recognition, 1H NMR spectroscopy experi-

ments were conducted. Upon addition of (R)-BINOL (1.0 equiv.) to a sample of 71 in a

mixture of CDCl3:CD3OD (7:1) significant upfield shifts of benzylic and methyl protons

were observed, consistent with ternary complex formation (see Figure 2.6.). When

conducted under suitable conditions (CHCl3 or EtOH, 0.4–2.0 M), these solution phase

interactions manifest as a solid-phase abstraction of the ternary complex through self-

assembly of the supramolecular recognition units. The nature of the anionic counte-

rion proves crucial to this recognition process. While the use of halogen and acetate

counterions promotes supramolecular ternary complex formation through a hydrogen

bonding recognition event, exchange to a non-coordinating hexafluorophosphate an-

ion (PF6
– ) inhibits supramolecular association.
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Figure 2.4: Library of ammonium salts tested for complexation with (R)-BINOL. All

yields (Yield%) refer to the solid isolated after quaternisation outlined in 9.3.1 or pro-

tonation outlined in 9.4.1 of the corresponding tertiary amine. Note: NMe3BnCl (71),

acetylcholine chloride (91), NMe4Cl (96), NMe4Br (97), NEt4Br (106), NMe4OAc (109)

and NMe3PhBr (110) are all commercially available and were used without further pu-

rification in subsequent experiments.
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Figure 2.5: Scope of the recognition process of ammonium salts with (R)-BINOL. All

yields (Yield%) refer to the solid isolated as a precipitate. Colour coding and isostruc-

ture grouping refer to COMPACK comparison results in Figure 2.10.
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Figure 2.6: Solution phase recognition of 71 by (R)-BINOL.

2.3 Crystallographic analysis

2.3.1 Encapsulation by a hydrogen bonded network

To understand the interactions responsible for the self-assembly of the supramolecu-

lar recognition units into crystalline hosts, single crystals of each complex were grown

and analysed by single crystal X-ray diffraction (SCXRD). Each SCXRD structure con-

firmed the existence of a continuous hydrogen bonding network between the anionic

counterion and the hydroxyl functionalities of (R)-BINOL (e.g. 145, C1
2 (9), d1–3 =

3.005(2) Å and d8–1 = 3.038(2) Å, helix repeat length = 9.8448(4) Å) responsible for

the formation of the helical host structure.192 In addition, multiple interactions between

the ammonium cation and this helix were identified. In the SCXRD of 145, short

C–H···Cl contacts from α-carbon protons (dα1 = 2.741 Å, θα1 = 144.74◦, dα2 = 2.813

Å, θα2 = 149.30◦, dα3 = 2.870 Å, θα3 = 146.32◦) and an ortho proton of the benzyl ring

(do-1 = 2.8431 Å, θo-1 = 153.12◦) were observed alongside C–H···O interactions from

an α-carbon proton (dα3′ = 2.483 Å, θα3′ = 152.45◦) and a further ortho-benzyl proton

(do-2 = 2.456 Å, θo-2 = 140.21◦). Additionally, a cation···π interaction from the charged

N+-centre to the centroid of a phenolic ring of (R)-BINOL (d = 4.331 Å) is present. The

comparative significance of contacts present in the crystal structure can be illustrated

on a Hirshfeld fingerprint plot. The sharp C–H···O (red) and C–H···Cl (yellow) areas

of the plot exemplify the interactions observed in the crystal structure analysis of 145.
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These results are consistent with multiple, weak interactions from the cationic guest

acting to stabilise the assembly of the supramolecular system in the crystalline helical

host (see Figure 2.7.).
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Figure 2.7: Coloured Hirshfeld plot of the ammonium cation interactions within the

crystal structure 145 and a render illustrating the key contacts. The wR2 was 0.0887

(all data) for the crystal structure analysed. Due to the position of hydrogen atoms

being calculated and refined using the riding mode in the crystal structure, no error is

quoted for the distances and angles measured using these atoms.

To validate that SCXRD analysis pertaining to the host crystalline network can be

propagated to the material precipitated from the reaction mixture, 145 was prepared

by both precipitation and crystallisation and characterised by powder X-ray diffraction

(PXRD) and solid-state NMR (SSNMR) spectroscopy (see Figure 2.8.). A comparison

of the two PXRD patterns reveals that both the precipitated and crystallised forms of

145 are indistinguishable, with the same reflections observed. Solid-state 1H magic-

angle spinning (MAS) NMR, 13C CPMAS NMR and 35Cl MAS NMR spectra obtained

for both forms of 145, corroborate that the 1H, 13C and 35Cl local environments are

alike in both samples. Irrespective of the method of preparation (precipitation or re-

crystallisation), identical material is produced.
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2.3.2 Precipitated material versus crystallised material
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Figure 2.8: PXRD plots of crystallised and precipitated material 145 and overlaid SS-

NMR spectra of precipitated and crystallised forms of 145. Spectra run by Abby R.

Haworth and Karen E. Johnston.

To confirm this conclusion could be attributed to all isolated complexes in the anal-

ysis, all precipitated samples were subject to characterisation by PXRD. The PXRD

data obtained for each precipitate was then compared to a predicted PXRD pattern

derived from the SCXRD data collected for the corresponding recrystallised sample.

Analysis of these data verified that, for the compounds in the library, the precipitated

and recrystallised materials were nearly identical (apart from minor impurities, such as

excess (R)-BINOL, and slight variations due to discrepancies in material crystallinity

in a handful of examples - more information in Chapter 3).
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2.4 Isostructure analysis

COMPACK analysis
axis a axis b axis c

Figure 2.9: Overlays of the (R)-BINOL and counterion C1
2 (9) network for 114, 115,

116 and 117 to show the isostructurality between these crystal structures. COMPACK

overlays these networks in an indistinguishable way.

Global analysis of the SCXRD data reveals that a variety of helical crystalline hosts

are created through supramolecular self-assembly. To explore the construction of

these solid, crystalline hosts, all SCXRD structure combinations (114–154) were sub-

ject to an in-silico analysis generating a structure similarity score to establish packing

isostructurality. COMPACK code (a program used to identify crystal structures with

common structural features, within specified tolerances, by mapping the relative po-

sitions and orientations of molecules between crystal structures, independent of unit

cell or space group input - see Figure 2.9.) was used to generate similarity scores

between different crystal structures using the ‘Crystal packing similarity. . . ’ in Mercury

2020.3.0 (Build 298224).193 For each structure comparison, 20 molecules within each

crystal structure were analysed with a 50% leniency on both bond angle and bond

length and a score of over 14/20 was empirically decided to be required for two struc-

tures to be classified as isostructural. This comparison revealed 12 distinct helical

arrangements across the 41 structures analysed and identified 7 isostructural families

generated from differing ammonium cations whilst retaining the same helically assem-

bled host (see Figure 2.10.).
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2.4.1 COMPACK matrix
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Figure 2.10: Heatmap matrix of the COMPACK comparison of 114–154. The colour

bars on the y-axis correspond to the colour coding given in Figure 2.5.
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2.4.2 Isostructure characterisation

Each member of an isostructural host family has an almost identical arrangement of

(R)-BINOL and counterion participating in a C1
2 (9) continuous hydrogen bond chain.

Outside of these isostructural families, the helical host structure displayed additional

flexibility. In the case of 152, the hydrogen bonding network was further extended

through incorporation of an acetate counterion into the helix affording a C2
2 (11) hydro-

gen bond chain. Alternatively, in 151 the ammonium cation itself can bridge the helical

arrangement through the carbonyl functionality and acidic α-C–H bonds present. In all

cases a helical repeat was observed.
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Figure 2.11: The seven isostructural families identified through COMPACK analysis.

The colour coding corresponds to that given in Figure 2.5 and Figure 2.10.

Stark differences between the isostructural hosts are readily apparent. The flex-

ible nature of the assembly of the helical host generates a wide range of helix re-

peat lengths (9.84–33.90 Å) and recognised ammonium cation volumes (214 – 460

Å3) that can adapt to accommodate a diverse range of ammonium cation guests.
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2.4. ISOSTRUCTURE ANALYSIS

This adaptability of the crystalline host allows a wide variety of recognition environ-

ments to be displayed to the ammonium cations enhancing its ability to sequester a

diverse range of guests, without requiring any additional functionality to be present

(see Figure 2.11.).

2.4.3 Composite Hirshfeld fingerprint plot analysis

Overlay with other coloured plots in the same packing family 70% opacity
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Figure 2.12: Example composite Hirshfeld plot generation by overlaying 125 and 126.

To interrogate interactions between the guests and self-assembled supramolecular

hosts across packing isostructures, composite Hirshfeld fingerprint plots were cre-

ated. Composite plots were made by mapping the interactions of ammonium cations

with their (R)-BINOL·counterion network on a 3D surface and visualising them as their
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2.4. ISOSTRUCTURE ANALYSIS

own 2D Hirshfeld fingerprint plots. By colouring the specific interactions and overlaying

the plots with others defined to be in the same isostructure, these overlaid Hirshfeld

plots were made to illustrate the dominant interactions between ammonium cations

and the host network within each isostructure (see Figure 2.12.).

Through interpretation of these plots and inspection of crystal structures, ammo-

nium cation features that select for given superstructures can be rationalised. In all

cases there is a relatively strong C–H···O interaction, depicted by a pointed red area

on the composite plots. This corresponds to at least one α-C–H···O hydrogen bond be-

tween the ammonium cation guests and the (R)-BINOL network being present and is

the main criteria required for isostructure I. This interaction is also seen in isostruc-

ture II, but the supramolecular recognition varies in that it must additionally incor-

porate a C–H···π interaction between the ammonium cation and the (R)-BINOL net-

work. Isostructure III encapsulates the smallest cations via forming several C–H···O

and C–H···X contacts, whereas isostructure IV contains cations from the library which

form propargylic C–H···O hydrogen bonds and in isostructure V there are aromatic

(edge to face) interactions which allow the guests shown to interact with multiple (R)-

BINOL units. A methylene dioxy functionality is commonly present as a hydrogen bond

acceptor in cations observed to stabilise isostructure VI and in isostructure VII two am-

monium cations are seen to be bridged, non-continuously by a counter-anion. These

observations are consistent with the formation of the isostructural host family being

dictated through distinct multipoint interaction patterns made between the ammonium

cation and the (R)-BINOL derived helical host (see Figure 2.13.).
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Figure 2.13: Coloured, overlaid, composite Hirshfeld plots for each isostructure and

significant contacts that the ammonium cation can make to each isostructure.
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2.5. QUATERNARY AMMONIUM SALT SELECTIVITY

2.5 Quaternary ammonium salt selectivity

Quaternary ammonium salts selectively form ternary complexes with (R)-BINOL when

in competition with a mixture of primary, secondary and tertiary ammonium salts.

Here, the selective abstraction of several analogous ammonium species from solu-

tion proceeds with the reverse selectivity than that observed by Pedersen, Cram and

Lehn and is at odds with what would be expected if selectivity were to be predicted by

hydrogen bond donor ability or cation-π strength (see Figure 2.14.).180,181
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Figure 2.14: Selectivity experiments between varyingly substituted analogues of am-

monium cations (Yield%, Selectivity% versus the other cations).

52



2.5. QUATERNARY AMMONIUM SALT SELECTIVITY

2.5.1 In silico calculations

 ΔE (4° − 3°)

= –81.7 kJ mol-1

–140.5 kJ mol-1–119.8 kJ mol-1

vs.

 ΔE (4° − 3°)

= –100.8 kJ mol-1

vs.

–140.5 kJ mol-1 –183.6 kJ mol-1

Computational energy calculations
Unipol energy of complexes DFT calculation: BINOL stabilisation 

Unipol energy of complexes DFT calculation: BINOL stabilisation 

mp: 
219 °C

mp: 
316–317 °C

mp: 
198 °C

mp: 
251–252 °C

136 138

135 149

Figure 2.15: Melting points, Unipol potentials and DFT calculated energy differences

of the stabilising effect of (R)-BINOL of homologous tertiary and quaternary complexes

(DFT calculations performed by Emma P. Wolpert).

The self-assembled host encapsulates more highly substituted cations into a lower

energy superstructure than with less substituted homologues, independent of the

isostructure accessed. The melting points of homologous methylammonium com-

plexes (136 = 219 ◦C, 138 = 316–317 ◦C) and ethylammonium complexes (135 = 198

◦C, 149 = 251–252 ◦C) confirm that quaternary ammonium cation complexes are more

stable than complexes containing the less substituted congener. Density functional

theory (DFT) calculations using the PBE functional194 and Grimme-D3 dispersion cor-

rection195 were used to compare the relative energies of crystal structures.194–199

Calculating the energy difference between crystal structures with different numbers of

atoms is challenging as their lattice energies cannot be directly compared. Instead, we

calculated the difference in energy of the stabilising effect of the (R)-BINOL by compar-

ing the energy difference between the crystal structure and the tertiary or quaternary

salt per asymmetric unit. Calculations on complexes 136 and 138 from isostructure

IV reveal that the (R)-BINOL stabilises the quaternary tetramethyl-ammonium cation

more than the analogous tertiary cation complex by 81.7 kJ mol-1. The same obser-

vation is true for corresponding ammonium cations from different isostructural hosts
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2.5. QUATERNARY AMMONIUM SALT SELECTIVITY

as calculations confirm that the stabilising effect of (R)-BINOL for the tetraethyl variant

160 (isostructure VII) is 100.8 kJ mol-1 lower in energy than for the homologous N,N,N-

triethylammonium hydrobromide complex 135 (isostructure IV) (see Figure 2.15.).

+(1 equiv.)

EtOH
(57%, 94% )

4° (59)

Cl−

· (R)-BINOL
N+ Cl−

H N+

· (R)-BINOL

Cation replacement (thermodynamic control)

136 138

Figure 2.16: Slurry exchange from a tertiary complex to a quaternary complex

(Yield%, Selectivity%).

Furthermore, Unipol binding energy calculations are in agreement with the qua-

ternary ammonium cation complexes (138; E = –140.5 kJ mol-1, 149; E = –183.6 kJ

mol-1) proving more stable than the tertiary homologues (136; E = –119.8 kJ mol-1,

135; E = –140.5 kJ mol-1).200,201 Experimental evidence additionally confirms the

supramolecular solid-phase abstraction process operates under thermodynamic con-

trol (see Figure 2.16.). When tertiary ammonium complex 136 is vigorously stirred

with a closely related quaternary ammonium analogue (Me4N+) for 72 hours, the solid

is converted to quaternary ammonium complex 138. As the system does not require

specific non-covalent interactions to be present but instead relies on multipoint bind-

ing to a spontaneously generated host, the canonical synthetic receptor selectivity is

overturned.

*DFT calculations performed by Emma. H. Wolpert under the supervision of Kim. E. Jelfs.
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2.6 Aqueous ammonium salt extraction and competition

Aqueous extraction experiments
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Figure 2.17: Aqueous extraction of a quaternary ammonium salt and aqueous com-

petition to bind a quaternary ammonium salt (Yield%, Selectivity%). Pictures and

graphical representations of (R)-BINOL stirred with aqueous media containing 71 over

varying time periods and PXRD patterns showing the composition of the solid trans-

forms from pure (R)-BINOL to increasing levels of 145 over time. Pictures of the single

crystals of pure 145 and (R)-BINOL are used to depict the morphological differences.

The same complexation phenomenon remains functional in water. By simply mixing

(R)-BINOL with aqueous media containing 71, the quaternary ammonium salt is se-

questered in the form of 145. Moreover, despite (R)-BINOL having limited solubility

in water, the solid can sequester 71 into 145 with increasing yield over time. This

can be tracked by PXRD to visualise the change in solid-state structure through the

increase in the prevalence of 145 versus that of (R)-BINOL. Competition between the
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tertiary N,N-dimethylbenzylammonium hydrochloride salt (158) and quaternary 71 in

water selectively yields 145 (93% selectivity, see Figure 2.17.). Hence, not only is the

hydrogen bonded network functional in an aqueous environment but it remains highly

selective towards the quaternary ammonium salt versus its less substituted congener.
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Figure 2.18: Selective recognition of acetylcholine (ACh) chloride and other biologi-

cally relevant ammonium salts from a mixture of less substituted molecules.

To test the robustness of our process we sought to reproduce the selective recog-

nition of more substituted ammonium cations observed in Nature.160,178,179 The se-

lective binding of the more substituted tertiary trimethylammonium cation in trimethy-

lamine dehydrogenase, the K+ ion channels recognition of the tetraethyl ammonium

cation, and the discrimination between neurotransmitters such as dopamine and acetyl-

choline can all be emulated by our (R)-BINOL-based recognition procedure. Addi-

tion of (R)-BINOL (1 equiv.) to a mixture of trimethyl ammonium hydrochloride (1

equiv.) and dimethyl ammonium hydrochloride (1 equiv.) in EtOH:H2O (9:1) solution

yielded the crystalline 136 in excellent yield and almost complete selectivity. Similarly,

tetraethylammonium bromide and triethylammonium hydrobromide could be differen-

tiated by our system, efficiently extracting the more substituted cation as 149 from

buffered solution. Finally, competition of the neurotransmitters acetylcholine chloride

and dopamine hydrochloride for inclusion in the supramolecular host, after aqueous

washing to remove co-precipitated uncomplexed salts, yielded exclusively 133. Inter-
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rogation of the SCXRD of host-guest complex 133 reveals that the strong directional

interactions made between (R)-BINOL and chloride counterion act to encapsulate the

acetylcholine cation into a favourable recognition environment via providing multipoint

interactions to guest (see Figure 2.19.). By exploiting this strong directionality common

to synthetic systems, the host can self-assemble to provide a multipoint recognition en-

vironment delivering the same selectivity observed in the natural world.
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O

H
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Figure 2.19: Analysis of the crystalline hosts recognition environment in 133, the

grey surface represents the QuickSurf calculated isosurface of the helical host of 133,

strong directional interactions are labelled orange, interactions of ACh to the helix are

shown in light grey.

2.7 Chapter 2 summary

In summary, by combining the recognition principles operative in natural and syn-

thetic binding environments a system under thermodynamic control can be accessed

in which more substituted ammonium cations can be selectively recognised. Here, the

cations form ternary complexes with BINOL which acts as a supramolecular recogni-

tion unit in solution. These recognition units self-assemble into a dynamic and flexible

hydrogen bonded network of (R)-BINOL and counterion. Subsequently the complex is

abstracted into the solid phase in the form of a crystalline helical host. The isostruc-

ture of the host that encapsulates ammonium cations adapts to provide a suitable

multipoint recognition environment for the cation to which it is presented. Quater-

nary ammonium cation complexes access a lower energy solid-state than less sub-

stituted salts and are selectively abstracted from solution. Our system overturns the
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long-standing selectivity based on hydrogen bonding ability and cation-π interaction

strength and competitively abstracts more substituted quaternary ammonium cations,

even under aqueous conditions and from complex mixtures of biologically relevant

molecules. With these advantages demonstrated, we hope that further exploration of

the solid-state as a supramolecular host will lead to further unprecedented behaviour

in contrast to chemistry in the solution state.
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Chapter 3

Polymorphic and pseudopolymorphic ternary com-

plexes

Polymorphism, denoting the occurrence of different crystal structures for the same

molecule, holds substantial practical significance across various branches of the chem-

ical industry, particularly within the field of organic solid-state chemistry.202 In the con-

text of pharmaceuticals for instance, over half of compounds display polymorphism.203

The first example of a polymorphic organic compound was benzamide, studied almost

two centuries ago by Liebig and Wohler in 1832 .204 As of now, benazamide is known

to crystallise in three distinct forms, with forms II and III proving more challenging to

crystallise (see Figure 3.1.).205 Despite the determination of the crystal structure of

the stable form dating back to 1959 (form I),206 a labile polymorph was only solved

in 2005 (form II),207 while the original metastable form studied by Liebig and Wohler

wasn’t solved until 2007 (form III).208 Benzamide exemplifies the intricate nature of

crystallisation and demonstrates how control over this process can influence upon the

solid morphologies of compounds.

Benzamide polymorphs

Volume 612.456 Å3

Form III (BZAMID12)

Space Group P2
1
/c

a 5.059(1) Å

b 5.461(1) Å

c 22.833(5) Å

α 90°

β 103.85(3)°

γ 90°

axis b

Volume 1231.521 Å3

Form II (BZAMID06)

Space Group Pba2

a 17.432 Å

b 14.194 Å

c 4.977 Å

α 90°

β 90°

γ 90°

axis c

Form I (BZAMID01)

Space Group P2
1
/c

a 5.607(2) Å

b 5.046(2) Å

c 22.053(8) Å

α 90°

β 90.66(3)°

γ 90°

axis b

Volume 623.902 Å3

Figure 3.1: Three polymorphic forms of benzamide, their CCDC access codes and

unit cell parameters.
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Differences in solubility among crystal forms of pharmaceutically relevant com-

pounds can give rise to variations in the bioavailability of solid dosage forms, especially

when bioavailability is limited by dissolution.209 Well-known instances of drugs under-

going polymorphic transformations are aspirin, paracetamol and ritonavir. It is the

presence of impurities in aspirin and paracetamol that is known to cause the transition

between solid forms. Consequently, meticulous attention to synthesis and purification

processes is imperative for controlling the solid-state structure of these substances.205

Even though aspirin has been crystallised in significant quantities since the 19th cen-

tury, its second form was only unveiled in 2005 when it crystallised in the presence of

the impurity, aspirin anhydride.210,211 Similarly, paracetamol tends to crystallise in its

form II only in the presence of certain impurities, including metacetamol.212

During the summer of 1998, the production of Norvir (161a), used in the treatment

of Acquired Immunodeficiency Syndrome (AIDS), was at risk due to a newly identified,

considerably less soluble crystal form of ritonavir (a protease inhibitor), namely form

II.209 Intriguingly, this new polymorph exhibited an unusual combination of both high

stability and difficulty of crystallisation. Ritonavir displayed conformational polymor-

phism, specifically in the cis and trans conformations around the carbamate linkage,

resulting in two distinct crystal lattices with significantly different solubility profiles (see

Figure 3.2.). The polymorph (161b, form II) associated with the cis conformation pos-

sessed a more stable packing arrangement. However, the nucleation of this polymorph

necessitated the formation of a less stable cis conformation in solution before subse-

quent crystal growth could occur. This nucleation process, even when form II seeds

were present, faced significant energetic barriers, except in highly supersaturated so-

lutions. Consequently, the identification of form II might never have occurred if not for

coincidence of a solution that was exceptionally supersaturated (approx. 400%) with

respect to the polymorph, coupled with an unidentified nucleation enhancer capable of

heterogeneously seeding the solution. This combination led to the sudden emergence

of a new metastable polymorph, form II and the disappearance of form I.213
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Ritonavir polymorphism
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Figure 3.2: The two polymorphs of ritonavir (form I and II) and the arrangement of

the molecules within the crystal structure. Pictures of polymorphs taken from Bauer

et al. 2001209 - ’Springer Nature allows adaptation of figures for style and formatting

purposes under this license under the condition that this does not alter the meaning of

the content.’
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3.1 Ethanol versus chloroform

Given the importance of the solid-state to the recognition of ammonium salts by BI-

NOL, it is imperative that polymorphic and pseudopolymorphic crystal forms of ternary

complexes formed between ammonium cation, counterion and BINOL are considered.

In Chapter 2, all compounds were confirmed to have the same solid-state structure

by comparing the experimental PXRD evidence to a predicted PXRD pattern derived

from SCXRD data, ensuring the uniformity of solid-states (see Figure 2.8.). However,

for some of the recognition complexes, it was noted that different polymorphs formed

dependent on the solvent from which the microcrystalline material was precipitated.

10 15 20 25 30 35 40 45 50

2θ (°)

CHCl
3

Precipitate

EtOH

Precipitate

Recrystallised

EtOH

SCXRD

CHCl
3
 vs EtOH polymorphs of

N+

Br– · (R)-BINOL

EtOH

form

130

130

Figure 3.3: PXRD patterns of the microcrystalline material precipitated during the syn-

thesis of 130 from CHCl3 and EtOH, showing the SCXRD data for the compound

matches the EtOH precipitate.

In the case of 130, distinct polymorphic forms were observed depending on whether

the microcrystalline solid was precipitated from CHCl3 or EtOH (see Figure 3.3.).

When analysing the PXRD patterns it becomes immediately apparent that the CHCl3

and EtOH forms are discernibly different. Despite yielding a greater amount of precipi-

tate in CHCl3 (0.6 M, 95% yield compared to 61% yield in EtOH), the solid-state struc-

ture did not align with the crystal structure obtained from recrystallisation in ethanol. To

ensure a consistent solid-state structure for further analysis, the material was resyn-
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3.1. ETHANOL VERSUS CHLOROFORM

thesised from ethanol, to match the polymorph of the single crystal data collected.

Attempts to recrystallise the compound from chloroform proved ineffective, failing to

yield material of sufficient quality for SCXRD analysis.

NMe
4
+ complex pseudopolymorphs
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1H NMR (400 MHz)

PXRD SCXRD

138
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138a
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Figure 3.4: NMR, SCXRD and PXRD data showing a change in the stoichiometry of

complexes dependent upon the solvent of precipitation.

In the case of complexes 138 and 152, both featuring a tetramethylammonium

cation (NMe4
+), the stoichiometry of the ternary complex involving the ammonium

cation, counterion, and (R)-BINOL is determined by the choice of solvent. In CHCl3,

the stoichiometry of ammonium cation:(R)-BINOL in 138a is 2:1, whereas in EtOH it

is 1:1 (138). Conversely, for 152, the stoichiometry is 1:1 in CHCl3 (152a) but shifts to

2:1 in EtOH (152). Here, the change in stoichiometry is evident through 1H NMR spec-

troscopy, while the consequent shift in pseudopolymorphic form is tracked via PXRD.
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3.1. ETHANOL VERSUS CHLOROFORM

This phenomenon is illustrated for 138 in Figure 3.4. In this context, the solvent selec-

tion is vital in generating distinct pseudopolymorphic microcrystalline precipitate forms.

Despite a change in solvent effecting the solid form produced for 130, 138 and

152, analogous material can be produced through precipitation and recrystallisation

from the same solvent (EtOH). In the case of 1-methylpyridinium iodide·(R)-1,1′-bi-

2-napthol (162) however, the method of preparation - precipitation or recrystallisa-

tion - also changes the solid form accessed. Hence, 4 polymorphic forms of 162

can be isolated from CHCl3 and EtOH, dependent upon the synthesis employed (see

Figure 3.5.).

To try and discern the differences in the solid-state between the precipitated mate-

rial and the recrystallised material of 162, the PXRD patterns of 162a and 162b were

interrogated.b The PXRD data for 162b was initially indexed, and a Pawley fit was

carried out, revealing the space group (P212121) and unit cell dimensions (a = 9.297

Å, b = 11.783 Å, c = 20.673 Å), resembling the single crystal model 162c. However,

notable differences between 162c and 162b structures were evident during a subse-

quent Rietveld fit to the single crystal model. This analysis yielded refined unit cell

dimensions for 162b (a = 9.2982 Å, b = 11.775 Å, c = 20.650 Å). Further data anal-

ysis involving an extended 2-theta range and parameter adjustments led to excellent

agreement between observed and calculated patterns (see Figure 3.5.), reflected in a

low Rwp value of 5.64%. This agreement strongly supports the accuracy of the struc-

tural model. (note: water content analysis was not conducted ).b

A similar methodology was followed for 162a to give initial unit cell dimensions of:

a = 9.204 Å, b = 13.741 Å, c = 18.724 Å, in space group P212121. The cell volume,

2368 Å3, compared to 2265 Å3 for 162b, suggested potential accommodation for four

additional CHCl3 molecules in the precipitated material. Furthermore, this volume

approximation was close to the SCXRD structure of 162c (2295 Å3), hinting at possi-

ble isostructurality. However, subsequent structural analysis revealed a distinct form

through precipitation from CHCl3 (see Figure 3.5.).

b I would like to thank and acknowledge the work of John S. O. Evans for performing Pawley structure

independent fits and Rietveld fit analysis of the PXRD patterns.
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Figure 3.5: SCXRD crystal structures and PXRD patterns of the microcrystalline ma-

terial precipitated during the synthesis of 162 from CHCl3 and EtOH, showing the

SCXRD data and PXRD for all preparations differs. PXRD solid-state structures of

162a and 162b based off the PXRD patterns of the microcrystalline material precipi-

tated from the reaction mixture. These structures were solved by John S. O. Evans.
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Single crystals were also grown for a complexes 163, 164 and 165 from both EtOH

and CHCl3 to further demonstrate the change in solid form dependent upon the sol-

vent in which the recognition occurs (see Figure 3.6.). In 163, a 1:1 ((R)-BINOL:cation)

complex is observed in EtOH, whereas it transforms into a 2:1 complex with a solvate

in CHCl3. Conversely, in 164 a 2:1 ((R)-BINOL:cation) complex with a solvate struc-

ture is formed in EtOH, later shifting to a 1:1 ratio in CHCl3 with a Z′ of 2. In 165, a

1:1 ((R)-BINOL:cation) complex with a solvate structure is observed in EtOH. However,

this configuration transitions to a 1:1 ratio in CHCl3 with a Z′ of 2, in a non–isostructural

way to 164b.

Pseudopolymorphic recrystallisations

N+

O

O

Br– · 2(R)-BINOL

· EtOH

N+

O

O

Br– · (R)-BINOL

Recrystallised

CHCl
3

SCXRD

Recrystallised

EtOH

SCXRD

Recrystallised

CHCl
3

SCXRD

Recrystallised

EtOH

SCXRD

Br– · 2(R)-BINOL

· CHCl
3

N

N+

Br– · (R)-BINOL

N

N+

Recrystallised

CHCl
3

SCXRD

Recrystallised

EtOH

SCXRD

N+N

Br– · (R)-BINOL

· EtOH

N+N

Br– · (R)-BINOL

163a 163b

164a 164b

165a 165b

Figure 3.6: SCXRD crystal structures of 163, 164 and 165 recrystallised from CHCl3
and EtOH.
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3.1.1 Changes in selectivity of quaternary ammonium salts

Competition experiments in EtOH prove that quaternary ammonium salts selectively

form ternary complexes with (R)-BINOL when in competition with a mixture of primary,

secondary and tertiary ammonium salts (see Figure 2.14.). Because the form of the

solid-state of certain complexes changes dependent upon the solvent of precipitation,

then it stands to reason that the relative stability of the tertiary to quaternary complex

will shift when the solvent in which the competition proceeds is switched. Conse-

quently, this alteration in stability will impact upon the observed level of selectivity and

yield (see Figure 3.7.).
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Figure 3.7: Selectivity experiments between varyingly substituted analogues of am-

monium cations (Yield%, Selectivity%) in CHCl3.

Interestingly the yields and selectivities of the experiments in CHCl3 both increase

and decrease with respect to EtOH. This observation implies that alterations in the

solid-state exert a more substantial influence than differences in solubility between the

tertiary and quaternary complexes in the specific solvent. Otherwise, we would antici-

pate consistent trends when transitioning from EtOH to CHCl3 in terms of changes to

the yield and selectivity in these experiments.
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3.2 Racemic versus enantiopure BINOL
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Figure 3.8: SCXRD crystal structures of ammonium salts recrystallised from EtOH

in the presence of either (R)- or rac-BINOL. Unipol calculated energies are labelled

below each structure.200,201 BICZET accessed from CCDC.214

When varying the enantioenrichment of the BINOL used to complex the ammonium

salts, different crystalline structures are observed (see Figure 3.8.). For instance, re-

crystallising benzyltrimethylammonium chloride (71, 1 equiv.) from EtOH in the pres-

ence of 1 equivalent of either (R)- or rac-BINOL yields two distinct crystal structures,

145 and 166. The change in the solid-state of certain complexes depending on the

BINOL used suggests there might also be a shift in the relative stability of the com-

plexes. Consequently, this alteration in stability can act to change the observed level of

selectivity and yield from a mixture of primary, secondary and tertiary ammonium salts

when utilising (R)- or rac-BINOL. Notably, this phenomenon is not universal across

all complexes, as given complexes have the ability to form conglomerates (such as

138a), resulting in analogous crystal structures regardless of the enantioenrichment

of BINOL.

In the case of 145 versus 166, a notable shift in hydrogen bonding patterns within
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3.2. RACEMIC VERSUS ENANTIOPURE BINOL

the crystal structure is observed. In 145, a C1
2 (9) continuous hydrogen-bonded chain

forms between (R)-BINOL and chloride anion, effectively encapsulating the benzyltrimethy-

lammonium cation within the crystalline network. This chain and its orientation play a

vital role in the construction of isostructures identified in Chapter 2 (see Figure 2.11.).

In contrast, in 166, hydrogen bonding between rac-BINOL and the counterion mani-

fests as an R2
4 (18) ring, making the construction of any crystal lattice resembling a

C1
2 (9) isostructure impossible. Hence, it is evident that the recognition event and sub-

sequent abstraction of the complex from solution must proceed through an alternative

mechanism in racemic BINOL examples like 166, diverging from the process observed

with enantiopure BINOL.

3.2.1 Changes in substitutional selectivity

Due to the change in solid-state crystal packing from 145 to 166 when using (R)- or

rac-BINOL to abstract 71, the selectivity of quaternary salt complexation over its ter-

tiary congener decreases. In EtOH, selectivity declines from 97% with (R)-BINOL to

95% with rac-BINOL. This change is even more pronounced in H2O, where selectivity

drops by 9% (93% to 84%) upon the transition from enantiopure to racemic BINOL

(see Figure 3.9.).
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Figure 3.9: Competition experiments to determine changes in selectivity between the

abstractions of 71 and 158 depending upon the enantiopurity of the BINOL used.

This trend is consistently observed across a range of competition experiments

involving a variety of ammonium salts and their less substituted counterparts (see
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Figure 3.10.). Generally, the selectivity towards the more substituted quaternary cation

is either reduced or there is no significant change when employing rac-BINOL in com-

parison to (R)-BINOL in EtOH. In the case of the trimethyl (NMe3
+) versus tetram-

ethyl (NMe4
+) ammonium chloride, the selectivity and yield are almost identical to that

observed in the competition experiments performed using (R)-BINOL due to the con-

glomerate nature of 138.
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3.3 Chapter 3 summary

In summary, the choice of solvent and the enantiopurity of the BINOL employed ex-

ert a significant influence on the resulting solid-state structures of isolated complexes.

Consequently, these factors significantly impact the yield of recognition events and the

selectivity observed in competition experiments. Given the importance of the crys-

talline state in a CIAT-like methodology, attention to both solvent selection and the

enantiopurity of the chiral resolving agent is essential to control the end-point of the

recognition. These considerations are crucial to a comprehensive understanding of

the mechanisms governing recognition of ammonium salts by BINOL, advancing our

understanding of recognition phenomenon operative within these systems.
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Chapter 4

Enantioselective synthesis of N-methyl anilinium

salts

Enantioselective synthesis is vital in the construction of many biologically and com-

mercially relevant molecules.15 Despite having potentially wide-ranging applications,

routes to synthesise enriched heteroatomic stereocentres have received less con-

sideration than carbon-based analogues.2 The use of nitrogen as a stereocentre is

commonly neglected due to its ability to readily quantum tunnel at room tempera-

ture and therefore rapidly pyramidally invert (see Figure 1.2.).47 Recent work by our

group reported the first enantioselective synthesis of N-stereocentres via a crystalli-

sation induced asymmetric transformation (CIAT); combining enantioselective ammo-

nium recognition mediated by enantiopure BINOL with conditions that allow the nitro-

gen stereocentre to racemise.2,37 Here the scope of the CIAT is explored to enhance

understanding and increase the utility of the methodology. The enantioselective syn-

thesis of a diverse library of N-methyl anilinium cation scaffolds allows rationalisation

of key requirements for the process.

4.1 Crystallisation induced asymmetric transformation

Whereas carbon stereocentres are locked, the conformational and configurational in-

stability of amines limits the prospect of enantioenriching molecules which contain

nitrogen as the sole stereogenic element (see Figure 1.3.). Despite this, the sense of

N-epimers remains crucial for bioactivity in pharmaceutically relevant molecules (see

Figure 1.23.),165–169 adding weight to the argument for controlling the stereochem-

istry of their synthesis. It is possible to resolve certain enantiomers whose chirality

originates from a stereogenic nitrogen by locking the lone pair in a stable conforma-

tion and configuration, yet only a limited number of resolution processes have been

established since the existence of stereogenic nitrogen was first proposed by Le Bel

in 1891.77 Despite numerous examples being reported to lock the stereochemistry
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4.1. CRYSTALLISATION INDUCED ASYMMETRIC TRANSFORMATION

of the nitrogen stereocentre,215,216 no general methodology existed until recently to

enantioselectively prepare a nitrogen stereocentre as the sole stereogenic element in

a molecule.2,37,171

Simple alkylation of tertiary amines with a range of electrophiles produces quater-

nary ammonium salts with conformationally and configurationally stable nitrogen stere-

ocentres.217 This method is the most common way to prevent N-lone pair inversion.40

However, isolating quaternary ammonium salts with defined stereochemistry can be a

challenge for organic chemists due to the inherent hygroscopicity of ammonium salts

and their capacity to undergo spontaneous rearrangements at room temperature.117
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Walsh et al. enantioselective synthesis methodology

Figure 4.1: CIAT methodology employing (R)-BINOL to enantioselectivly synthesise

N-stereogenic ammonium cations.

Our group demonstrated that by merging a well-established ammonium recogni-

tion phenomenon facilitated by BINOL, with conditions that allow the nitrogen centre

to racemise, it was possible to enantioselectivly synthesise ammonium cations.2,37

This methodology is unique from kinetic resolution, as it allows for increased yield

of the enantioenriched ternary complex over time. In the proposed mechanism (see

Figure 4.1.) the conformationally labile amine undergoes reversible alkylation form-

ing an equilibrium between a mixture of racemic ammonium cations and the tertiary

amine. The enantiomer of the quaternary ammonium which favours ternary complex-

ation with enantiopure BINOL is selected from solution as a precipitate. The unfavored

enantiomer may also form a ternary complex at this stage, however the mismatched

ternary complex preferentially re-dissolves, which releases the ammonium halide from
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the solid phase back into solution.218 In solution the ammonium is again free to dealky-

late and racemise in the same equilibrium as set up previously, leading to enhanced

levels of enantioenrichment as the reaction continues. Whilst significant in providing a

methodology to access the illusive nitrogen stereocentre, the synthesis suffers from a

small substrate scope, modest and varied enantioenrichment and a lack of application

beyond kinetically resolving the axial chirality of the moiety used to originally set the

stereocentre.

To overcome these drawbacks firstly a library of enantioenriched ammonium salt·

BINOL complexes were synthesised using the same procedure reported by Walsh

et al. to better understand functional group tolerance of the synthesis. Secondly, the

recognition phenomenon was investigated to fully characterise and understand the key

requirements for the enantioselectivity observed in the solid-state. Finally the most en-

riched ammonium salts were utilised to form complexes with substituted BINOL scaf-

folds to provide a novel resolution method for this highly utilised, functionalised, axially

chiral ligand.

4.2 Tertiary aniline synthesis

The initial stage of the investigation involved synthesising a range of tertiary aniline

precursors, to which various substituent groups were bound. The primary approach

utilised for this purpose was a reductive amination of N-methyl aniline with a selected

aldehyde (see Figure 4.2.). However, when attempting to employ a ketone under these

specified conditions, the reaction did not reach completion. This limitation was at-

tributed to increased steric influences about the sp2 carbonyl functionality. The ma-

jority of aldehydes utilized for tertiary aniline synthesis were commercially available,

however a subset of the anilines required synthesis by oxidation of the requisite alco-

hols (see 9.2.5.).
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Reductive amination to make aniline cores
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Figure 4.2: The synthesis of tertiary amine scaffolds from N-methyl aniline.

The reductive amination could also be performed in an alternate order to access

further functionalised N-methyl aniline architectures. In these instances, a ketone un-

derwent an initial reductive amination with a primary amine (aniline or 4-fluoroaniline),

followed by the addition of a methyl group through a subsequent reductive amination

step employing formaldehyde (see Figure 4.3.).
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Figure 4.3: The 2-step synthesis of tertiary amine scaffolds.

A reaction sequence employing an amide coupling followed by LiAlH4 reduction

was utilised to achieve the synthesis of 185.
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Figure 4.4: The 2-step synthesis of 185. Step one: amide coupling of N-methyl aniline

and 5-phenylvaleric acid. Step two: reduction of 184 with LiAlH4.
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4.3 Racemic ammonium salt synthesis

Following the synthesis of the N-methyl tertiary aniline cores, the substrates under-

went alkylation to form racemic quaternary ammonium salts (see Figure 4.5.). This

alkylation, achieved through the use of corresponding bromides or iodides, added ei-

ther an allyl, benzyl, or propargyl moiety to the core. However, due to the hygroscopic

nature of ammonium salts, isolation of many alkylated products was challenging, re-

sulting in variable yields for the production of several quaternary ammonium salts, with

many requiring either trituration with Et2O or recrystallisation (MeOH/Et2O). These

ammonium salts were used to test for ternary complexation with (R)-BINOL and would

later be utilised as racemic standards for the determination of enantiopurity of enan-

tioenriched salts.
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Alkylation to make rac-ammonium salts
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Figure 4.5: The alkylation of tertiary amine scaffolds to produce a library of rac-

ammonium salts.
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4.4 Chiral ammonium salt ternary complexes with BINOL

The racemic ammonium salts underwent testing for ternary complexation with (R)-

and (S)-BINOL (0.5 equiv.) in MeCN or CHCl3, at concentrations ranging from 0.6

M to 2.0 M. However, this process encountered a high attrition rate in identifying suit-

able substrates capable of forming ternary complexes and precipitating out of solution.

Figure 4.6 summarises the failed kinetic resolutions. Despite the low success rate, a

considerable number of salts were identified that formed precipitates in conjunction

with (R)- and (S)-BINOL that could subsequently be utilised for their enantioselective

synthesis. The salts found to form ternary complexes under the kinetic resolution con-

ditions were all successful in the dynamic procedure.
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Figure 4.6: Failed kinetic complexation of racemic ammonium salts with (R)-BINOL.
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By dissolving the library of N-methyl tertiary anilines in MeCN or CHCl3 (0.6–

2.0 M), depending on the conditions conducive to ternary complex formation, adding

the appropriate alkylating agent and subjecting them to heating at 50 ◦C with vigor-

ous stirring (1500 rpm), a diverse range of enantioselectively synthesised ammonium

salts were successfully produced (see Figure 4.8. and Figure 4.9.). 1H NMR spec-

troscopy and SCXRD studies were performed to confirm the formation of a 1:1 (am-

monium salt:enantiopure BINOL) complex and the handedness of the N-stereocentre

formed. Optical rotation measurements confirmed enantioenrichment of the ammo-

nium cations; the extent of which was either measured by 1H NMR spectroscopy em-

ploying (R, Λ)-BINPHAT to form diastereomers in solution or by chiral HPLC.

N

R1

(S)-BINOL (1 equiv.)

50 °C, 48 h 

X R2 (2 equiv.)

(R)-BINOL (1 equiv.)
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Enantioselective synthesis

• (R)-BINOL

Me
N+

X−R
SR

M

R
L

• (S)-BINOL

Me
N+

X− RS R
M

R
L

Figure 4.7: Scheme for the enantioselective synthesis of ammonium cations and

model used to predict their selectivity.
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Figure 4.8: Library of chiral ammonium salts with stereogenic nitrogen complexed

with (R)-BINOL. er measured by 1H NMR spectroscopy using (R, Λ)-BINPHAT (b) or

by chiral HPLC (a).
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Figure 4.9: Library of chiral ammonium salts with stereogenic nitrogen complexed

with (S)-BINOL. er measured by 1H NMR spectroscopy using (R, Λ)-BINPHAT (b) or

by chiral HPLC (a).
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Empirical observations can be made on the library of enantioselectivly synthesised

complexes to give general rules towards the origins of stereoselectivity. As steric bulk

is moved closer to the stereocentre there is an increase in the enantioenrichment of

the anilinium cation (see Figure 4.10.). This can be seen when substituting isobutyl

(221) for isovaleryl (223) and moving from allyl (221 and 222) to benzyl (220 and 219)

substituents. Across the series of substituted alkyl chains with a phenyl terminus (224,

228, 222 and 215) the shorter the CH2 alkyl spacer between the N-stereocentre and

the phenyl group the greater the enantioenrichment of the anilinium cation.
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Figure 4.10: Increasing enantioenrichment as steric bulk is moved closer to the N-

stereocentre.
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As functionality with the ability to interact by either hydrogen or halogen bonding

is functionalised onto a substituent group, enantioselectivity is reduced. For the hy-

droxy containing anilinium salt 231 the recognition results in a nearly racemic mixture

of cations in the ternary complex. Moreover, when 215 is substituted with fluorine on

either the aniline (217) or phenylacetyl ring (218) the enantioenrichment drops from

nearly enantiopure to an ee of 92% and 88% respectively. Changing the counterion

from Br– to I– for 215 to 216 doesn’t significantly affect the stereoselectivity but the

yield is greater for the bromide counterion. The CIAT works well for unfunctionalised

anilinium salts with steric bulk located close to the stereocentre, but the selectivity is

not well tolerated beyond this.
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Figure 4.11: Functionality tolerance and varied enantioenrichment.
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The observation that functionality is not well tolerated is further supported when at-

tempting to perform the CIAT methodology with functionalised alkylating agents, such

as substituted benzyl bromides. When employing tertiary aniline cores, recognised as

allyl-derived anilinium salts, with substituted benzyl bromides and other functionalised

alkylating agents, no recognition is observed across the set. (see Figure 4.12.).

Failed complexations

N N N N N
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Figure 4.12: Low functionality tolerance on alkylating agents.
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Almost all the complexes fit Walsh’s established selectivity model. When using

(R)-BINOL, if the aniline ring is placed on the left and methyl group on the right in a

plane, then the larger remaining group will come out of the plane and the smaller will

go backwards into the plane. The selectivity is flipped for (S)-BINOL complexes. The

only complex not to obey this rule is 237, where the larger hydrocinnamyl function-

ality appears to go back into the plane, with the allyl group coming forwards, in the

(R)-BINOL complex. Interestingly this is the only complex, from which the PXRD re-

flections do not match the predicted SCXRD reflections (see Figure 4.13.). However,

generally, the sense of the anilinium salt can be predicted and thus the appropriate

enantioenriched BINOL selected if a desired enantiomer is to be produced.
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Figure 4.13: 222 and 222a don’t fit the stereoselectivity model for ammonium cation

synthesis. The difference in solid morphology between precipitated material and re-

crystallised material is shown by the PXRD trace of precipitated 222 from CHCl3 and

a predicted SCXRD PXRD trace from the crystal structure of 222 recrystallised from

EtOH.
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4.5 Enantioenrichment determination

Accurate determination of enantiomeric purity is essential to validate the true enantios-

electivity of a given technique. Measurement of the optical rotation of the ammonium

cation complexes with BINOL was performed, however quantifying enantioenrichment

solely from [α]D measurements is unreliable due to the absence of an enantiopure

standard and the recognised non-linear relationship between [α]D and enantiomeric

excess (ee).219 Therefore, alternative techniques were necessary to accurately deter-

mine enantiomeric ratios (er).

The enantioenrichment of the synthesised ammonium salt complexes was anal-

ysed utilising two techniques, namely chiral High Performance Liquid Chromatogra-

phy (HPLC) and chiral shift Nuclear Magnetic Resonance (NMR) spectroscopy. Chiral

HPLC was initially employed on the set of racemic ammonium salts to identify salts

responsive to enantiodifferentiation. Subsequently, NMR spectroscopy with R, Λ)-

BINPHAT was applied to those salts that could not be effectively resolved by chiral

HPLC, to quantify their enantioenrichment.

4.5.1 Chiral HPLC

It is widely recognised that the use of chiral chromatography, such as HPLC or GC

employing a chiral stationary phase, is a reliable method for measuring enantioenrich-

ment.220 However, there is no previously reported methodology to effectively separate

enantiomeric pairs of quaternary ammonium salts, whose chirality originates from a

sole N-stereogenic element using HPLC.

Walsh experienced difficulty in developing conditions for ammonium salt enantiod-

ifferentiation by chiral HPLC due to the absence of polar functional groups on the

ammonium cations resulting in minimal interactions with the chiral stationary phase in

chromatographic columns, leading to a lack of effective separation.37 Several columns

with different chiral stationary phases were trialled in both normal and reverse phase,

but unfortunately, no effective HPLC separation method was identified to resolve enan-

tiomers for either bromide or hexafluorophosphate quaternary ammonium salts.
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Here an Astec CHIROBIOTIC V Chiral HPLC column (25 cm × 4.6 mm) was tested

for enantiomeric separation of quaternary ammonium cations by chiral HPLC. For-

tunately, the application of a vancomycin stationary phase loaded onto the column

demonstrated effectiveness for this enantiodiscrimination. Presumably, the abundance

of functional groups in the vancomycin stationary phase offers numerous interaction

sites for effective binding with the ammonium cations, contributing to successful enan-

tiodiscrimination. Optimisation of the methodology revealed the most effective condi-

tions for the separation of enantiomers:

• Buffered methanol solution (MeOH:AcOH:TEA, 100:0.02:0.01) as a mobile phase

(reverse phase).

• UV-detection set at 210 nm.

• Analyses conducted in an isocratic and isothermal (4 ◦C) manner.

• Flow rates were adjusted between 0.1–0.5 mL min-1 as appropriate.

4.5.2 BINPHAT

238

Bis-(tetrachlorobenzenediolato)-mono-([1,1‘]-binaphthalenyl-

2,2‘-diolato)-phosphate(V) (BINPHAT, 238) is a

chiral shift reagent which can be used to split

diastereomeric signals using 1H NMR spec-

troscopy. From these 1H NMR spectra the ratio

of enantiomers can be determined using quanti-

tative integration. BINPHAT has been shown to

split signals for both ammonium cations with α stereogenic carbon centres221 and

stereogenic nitrogen centres.2,37

BINPHAT was synthesised under stringent inert and dry conditions from tetra-

chlorocatechol in an 84% yield employing the use of enantiopure (R)-BINOL. 1H NMR

spectra of the product displayed only the presence of a single diastereomer. How-

ever, if water is present during the reaction or excess tris(dimethylamino)phosphine
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is not sufficiently removed in vacuo hydrolysis of this reagent can occur, introducing

an impurity that proves challenging to eliminate without degrading the BINPHAT. This

increases the difficulty of the synthesis and limits the scaling up of the methodology.

Attempts to recrystallise BINPHAT from acetone revealed the structure of this impu-

rity to be a phosphorsaeure-(2-hydroxy-phenylester)·NH2Me2 (SCXRD quality crystals

grown for 239, see appendix), which can also be detected by a distinctive peak at –

82.96 ppm in 31P NMR spectra.

While BINPHAT proves effective for making accurate enantiomeric ratio measure-

ments via chiral shift 1H NMR experiments, its synthesis introduces challenges in

terms of time-consumption and potential pitfalls. Notably, the difficulty to eliminating

impurities is an inherent issue. Given the necessity to measure a multitude of enan-

tiomeric ratios in this project, chiral HPLC was the preferred method for determining

the enantioselectivity.

4.6 Chiral ternary complexes crystallographic analysis

In all crystal structures a C1
2 (9) continuous hydrogen bonded network forms be-

tween anionic counterion and hydroxyl functionalities on the enantiopure BINOL. The

enantioenrichment observed for the ammonium cation can be attributed to the na-

ture of the BINOL·counterion hydrogen bonded network formed and how well the

cation is positioned in each isostructure. A COMPACK similarity matrix was generated

from the SCXRD crystal structures of ternary complexes 215–232 to reveal that dis-

crete isostructures form dependent on the identity of the ammonium species present.

Across the 3 isostructures identified (labelled A, B and C), isostructure A displays poor

enantioselectivity, isostructure B has poor to modest selectivity and in isostructure C

there is exceptional stereoselectivity (see Figure 4.14.).

Notably the isostructures identified in Chapter 2 persist into the chiral recognition

architectures. For instance, isostructure A is equivalent to isostructure VI and isostruc-

ture B is congruent with isostructure II. Isostructure C has a unique packing arrange-

ment.
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Figure 4.14: Chiral ammonium salt and (R)-BINOL ternary complexes COMPACK ma-

trix.

The isostructure with the shortest helix repeat length is isostructure C (10.83 ± 0.08

Å) consisting of 2 enantiopure BINOL units and 2 counterions per repeating C2
4 (18)

hydrogen bonded unit. Interestingly, as the helix repeat length increases the observed

enantioselectivity decreases (isostructure B; 11.29 ± 0.09 Å, C2
4 (18) unit, isostruc-

ture A; 34.49 ± 0.02 Å, C4
8 (36) unit). The inverse is seen for the apparent cation

volume. This value is calculated by deleting the cation from the crystal structure and

subsequently measuring the void volume in the unit cell and dividing by Z; this value

should represent the maximum theoretical volume available for the ammonium cation

to occupy in this isostructure. The larger this value, the higher the enantioenrichment

observed across the distinct isostructures (isostructure A; 416 ± 9 Å3, isostructure

B; 461 ± 15 Å3, isostructure C; 494 ± 12 Å3). The construction of the continuous

hydrogen bonded chain is fundamental to the enantioselectivity through providing a

diastereoselective interaction pocket to encapsulate the cation.
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Figure 4.15: Chiral ammonium salt and (R)-BINOL isostructures.

To identify the variations between the diastereomeric complexes, both diastere-

omeric variations were prepared for the N-allyl, N-methyl, N-phenylacetyl anilinium

bromide salt complexed with enantiopure BINOL. First, the complex resulting from the

CIAT with (R)-BINOL was isolated to produce the matched pair 215: (R)-ammonium

cation·(R)-BINOL. To a separate batch of the matched pair (215), the (R)-BINOL was

removed through extraction (Et2O/H2O) to yield 240. To ensure there was no loss of

enantiopurity when extracting the cation from the complex, the enantioenrichment of

the ammonium salt measured by chiral HPLC: er 99:1 (R:S). The recovered enantioen-

riched ammonium salt was then complexed with (S)-BINOL yielding the unfavoured

diastereomer (R)-240·(S)-BINOL (the mismatched pair, 241, see Figure 4.16.).
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Br
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O/ H
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(66%) (40%)

yield calulated over both steps

215 240 241

Figure 4.16: The isolation of 240 from 215 and subsequent recomplexation with (S)-

BINOL to yield the mismatched diastereomer 241.
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4.6. CHIRAL TERNARY COMPLEXES CRYSTALLOGRAPHIC ANALYSIS

The matched pair (215) exhibits a more efficient packing of ternary complex (pack-

ing density ρ = 1.352 g cm-3) compared with its mismatched equivalent (ρ = 1.340 g

cm-3) and has a much shorter C2
4 (18) helix repeat length (215; 10.7729(7) Å, 241;

12.2868(3) Å). Additionally, the matched pair has slightly less apparent cation vol-

ume (477.65 Å3) than the mismatched pair (484.82 Å3); both equate to approximately

63% of the unit cell volume and are not significantly different. In the matched pair

there are C–H···Br contacts from α-carbon protons on the phenylacetyl substituent

(dαphenylacetyl(C–H···Br) = 2.985 Å, d(C···Br) = 3.950(4) Å) and an ortho-anilinium proton

(dortho(C–H···Br) = 3.040 Å, d(C···Br) = 3.976(4) Å) to the same bromide counterion and

it contains C–H···O interactions from an α-carbon proton on the methyl group to a

BINOL hydroxy functionality (dαmethyl(C–H···O) = 2.544 Å, d(C···O) = 2.952(6) Å) and an α-

carbon proton from the allyl substituent to a different BINOL unit (dαallyl(C–H···O) = 2.521

Å, d(C···O) = 3.506(6) Å). In the mismatched pair there are C–H···Br contacts from α-

carbon protons on each available substituent group contacting two separate anions

(dαphenylacetyl(C–H···Br) = 2.923 Å, d(C···Br) = 3.802(4) Å, dαmethyl(C–H···Br) = 3.032 Å, d(C···Br)

= 3.935(4) Å, dαallyl(C–H···Br) = 2.919 Å, d(C···Br) = 3.654(5) Å); the methyl and pheny-

lacetyl contacting the same bromide counterion and the allyl another. The β-carbon

protons on the phenylacetyl group also form a contact with the same bromide anion

as the allyl α-carbon protons (dβphenylacetyl(C–H···Br) = 2.994 Å, d(C···Br) = 3.961(4) Å). The

contacts were globally represented on a 3D surface and portrayed as Hirshfeld finger-

print plots,222 to aid in interpreting the comparative significance of all contacts present

in both crystal structures. Here, trends in contacts within the crystal are illustrated, with

the most distinct differences between the matched and mismatched structures being

the presence of more appreciable C–H···Br contacts in the mismatched pair. Density

functional theory was employed to calculate the relative stabilities of the two diastere-

omers (more information in experimental section).* These calculations reveal that the

matched pair is 11.07 kJ mol-1 more stable than the mismatched diastereomer, ow-

ing this to the variety of contacts and distribution of crystal phenomena .This finding

aligns with the initially proposed mechanism, substantiating the CIAT operates using

an error-checking process to favour formation of the more lower energy diastereomer

(see Figure 4.17.).
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Figure 4.17: Global cation contacts to crystal structure in 215 versus 241. The wR2

for the crystal structure of 215 was 0.0701 (all data) and 0.0482 (all data) for 241.

* DFT calculations performed by Emma. H. Wolpert under the supervision of Kim. E. Jelfs.
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4.7 Crystallisation variables

The enantioselectivity observed in the synthesis of ammonium cations through ternary

complex formation with BINOL was noted to be concentration dependent. At higher

concentrations the saturation of the liquid phase limits dissolution of the mismatched

pair, limiting the racemisation of the unwanted enantiomer, therefore reducing the ef-

ficacy of the error-checking process required for the thermodynamic chiral selection.

Consequently, the mismatched diastereomer becomes more prone to incorporation

into the isolated solid. Additionally, the stirring rate was found to exert a notable influ-

ence, likely affecting dissolution in a similar manner. Both these anecdotal observa-

tions warranted further investigation.

4.7.1 Enantioenrichment
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Figure 4.18: Concentration versus enantiomeric excess. Reactions done on a 16 slot

heating block and ee measured by chiral HPLC.

To investigate the relationship between concentration and enantioenrichment the syn-

thesis of 215 using the CIAT methodology was performed, and a concentration versus

ee plot constructed. This synthesis utilised a 4x4 heating block on an IKA Plate RCT

Digital Round-Top Stirring Hot Plate, Aluminium; 115 V, accommodating 10 mL vials

loaded with 10 x 3 mm magnetic stirrer bars, the temperature was set to 50 ◦C and

the stirring rate was set at 1500 rpm. Whilst this approach was valuable in illustrating

the sigmoidal relationship between concentration and enantioenrichment of the ammo-

nium salt (lower concentrations have greater enantioenrichment, see Figure 4.18.), the
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4.7. CRYSTALLISATION VARIABLES

study suffered poor reproducibility. This was hypothesised to be due to the stochastic

nature of crystallisation and nucleation processes introducing inherent variability, ren-

dering the plot less consistent and therefore less reliable for analysis.223 Furthermore,

the 16 position heating block provided 3 distinct stirring environments (i. the 4 outer

corners. ii. the innermost 4 positions. iii. the remaining positions), adding another

potentially confounding variable to the experiment.

To better control the stirring environment and accurately control the temperature a

Technobis Crystal16 Benchtop Crystallisation System was used to perform the CIAT

of 215. This setup was employed to investigate four different concentrations, each

subjected to four distinct stirring rates, with all conditions repeated in triplicate to en-

sure reliability in the experimental setup (see Figure 4.19.).

Conc. and stirring rate vs ee studies
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Figure 4.19: Concentration versus enantiomeric excess. Error bars are the standard

deviation of the data. Reactions performed using a Crystal16 and ee measured by

chiral HPLC.

The data depicts a clear trend: higher concentrations resulted in lower enantioen-

richment, aligning with the notion that the solubility of the mismatched pair is lower at

higher concentrations. Additionally, a higher stirring rate led to enhanced enantioen-

richment. These consistent findings emphasise the significant role of dissolution of
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the mismatched pair in influencing the observed selectivity. Despite precise control

of both stirring rate and temperature the data still reveal an appreciable level of vari-

ance. This underscores the intrinsic stochastic nature of crystallisation and nucleation,

which continues to pose a challenge in achieving consistent and reproducible results

(especially at intermediate concentrations and stirring rates - either ends of the ranges

display consistently significantly different results).

4.7.2 Precipitation
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Figure 4.20: Stirring versus transmissivity. Error bars are the standard deviation of the

data. Reactions performed using a Crystal16 and transmissivity measured in situ.

An additional observation was made by monitoring the transmissivity through the reac-

tion vial during the experiments detailed in Figure 4.19. The data revealed a relation-

ship between concentration and the characteristics of the system: as the concentration

of the system increased, the onset of the decrease in transmissivity, and the eventual

time at which the vial becomes opaque occurred more rapidly. This suggests a direct

correlation between concentration and the speed at which solid precipitate appears

within the reaction mixture. Furthermore, this relationship was independent of the stir-

ring rate. By plotting all data points at a given concentration, irrespective of the stirring

rate, against the time at which the transmissivity of the reaction vessel dropped to zero

an exponential relationship was clearly evident (see Figure 4.20.). Moreover, the cal-

culated regression coefficient of this curve confirmed the strength of relationship (R2

= 0.9972).

The observation that stirring rate markedly impacts enantioenrichment while not
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affecting the precipitation rate, implies that stirring rate primarily influences the disso-

lution of the mismatched pair rather than nucleation of a potential precipitate. This

deduction illustrates the critical role preferential dissolution plays in determining the

stereoselectivity of the process. Additionally, the data is consistent with a dual role

for concentration in the process. On one hand, it affects the rate of nucleation for the

desired precipitate, while on the other, it influences the dissolution of the mismatched

pair. This dual effect underscores the nuanced interplay between concentration, nu-

cleation and dissolution in determining the overall enantioselectivity of the process.

* I would like to thank Aurora Cruz Cabeza and Fragkoulis Theodosiou for helping me set up and for

allowing me to use their Technobis Crystal16 Benchtop Crystallisation System.
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4.8 Derivatisation of chiral ammonium cations
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Figure 4.21: Failed functionalisation of chiral ammonium salts.

Having generated a library of chiral ammonium salt complexes, in which a nitrogen

stereocentre was acting as the sole stereogenic element on the cationic moiety, the

next step was to attempt derivatisation of the most highly enriched salt. This step was

undertaken to explore potential applications and further utilise these enantioenriched

compounds.
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The reactions attempted for the functionalisation of 215 are outlined in Figure 4.21.

Unfortunately, the majority of these reactions proved unsuccessful due to the labile na-

ture of the allyl group attached to the charged N+ centre. This group underwent dealky-

lation when attempting reactions with both PF6
– and Br– salts. Additionally, limited

reactivity was attributed to the electron-withdrawing nature of the ammonium group,

further complicating the desired derivatisation. As such many of the reactions at-

tempted yielded either the starting material or the corresponding tertiary aniline (176)

as the major product.

4.8.1 Further chiral ammonium salts application trials

Fluorescence

Tang et al. reported in 2022 a previously overlooked facet of aliphatic quaternary am-

monium cations. Traditionally well-known as luminescence quenchers and deemed

non-emissive, these compounds were found to possess intrinsic fluorescence and

phosphorescence properties. Not only this, but their emissive characteristics could be

finely tuned by manipulating factors such as excitation wavelength, alkyl chain length

and counter-ion type.224 This posed the interesting question as to whether the enan-

tioenrichment of newly synthesised ammonium salts could be leveraged to tailor flu-

orescence and phosphorescence behaviours of quaternary ammonium salts, in the

context of developing novel organic electronics.225,226

240, its enantiomer (240a) and the corresponding racemate (192) exhibit a striking

light blue fluorescence when dissolved in either ethanol, methanol or water and irradi-

ated with UV-light (from a UV torch). This fluorescence phenomenon extends to the

iodide variants of these salts as well, however it was weaker when a PF6
– counterion

was present. In preliminary investigations, it was observed that the emission intensity

displayed a concentration-dependent behaviour in aqueous solutions. Utilising an ex-

citation wavelength of 345 nm with an excitation bandwidth of 5 nm, and measuring

emission within the range of 350 to 600 nm, it was apparent that racemic and enan-

tiopure samples exhibited differing emission intensities, with the racemate being more

fluorescent than the enantiopure samples. However due to the emission spectrum of

samples containing a combination of equal amounts of R and S enantiomer not align-
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ing with the emission intensity of the racemic sample (this could be due to variations in

enantiopurity of the R and S samples or small errors/inaccuracies in sample concen-

tration etc.) and scepticism when presenting results to other academics prevalent in

the field, a re-evaluation of the fluorescence study will be done in the interest of time,

aiming for further clarification in future work.

Perovskites

Phenylethyl ammonium cations (of which 240 is one), along with other phenylalkyl am-

monium functionalities, have been identified for their ability to stabilise perovskite sur-

faces, through suppressing iodide ion migration.227,228 This characteristic makes them

invaluable moieties in the discovery of novel perovskite materials. Notably, in 2018, Ye

et al. demonstrated that ammonium cations can also serve as building blocks in the

creation of organic ferroelectrics, namely a family of metal-free organic perovskites

adopting the distinctive ABX3 three-dimensional structure.229 It was hypothesised that

chiral ammonium compounds could find application in a similar context by modifying

Ye’s methodology. However, attempts to grow crystals with the characteristic ABX3

structure using Ye’s approach were unsuccessful, likely due to the necessity of dica-

tionic molecules with dual ammonium functionalities in Ye’s protocol.

4.9 Resolution of substituted BINOLs

BINOL, represents a prominent archetype of axially chiral molecules and was initially

synthesised as a racemic mixture in 1873 by von Richter.230 Since the development

of resolution methods and enantioselective syntheses of the molecular scaffold, BI-

NOLs have emerged as highly prominent ligands in enantioselective synthetic reac-

tions.231 BINOLs have also been employed to imbue chirality within mechanically in-

terlocked molecular structures, thus facilitating the creation of supramolecules such as

chiral catenanes and rotaxanes.232 Due to their prevalence across a diverse range of

chemistries, precise control of the atropoisomeric form of the molecule and its deriva-

tives is crucial for the development of new methodologies across various fields within

the chemical sciences.

101



4.9. RESOLUTION OF SUBSTITUTED BINOLS

To test if chiral ammonium salts were suitable for the resolution of substituted BI-

NOLs, a range of racemic BINOLs were synthesised by aerobic oxidative coupling of

the prerequisite functionalised napthols using a CuCl2 catalyst (see Figure 4.22.).233

This methodology proved effective for the synthesis of 243–246 but did not well-

tolerate carboxylic acid or aldehyde functionalities substituted onto the napthol starting

materials.
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Figure 4.22: Oxidative coupling of napthols to make functionalised rac-BINOLs.

Subsequently, the series of substituted rac-BINOL derivatives were systematically

examined for ternary complexation with the most highly enantioenriched ammonium

salts, aiming to investigate the potential resolution of this set of axial moieties through

crystallisation. In this methodology, half an equivalent of a given enriched ammonium

salt, liberated from its respective ternary complex with (R)-BINOL, was dissolved in

either EtOH or CHCl3 alongside one equivalent of the appropriate substituted rac-

BINOL. The resulting solution was allowed to evaporate, testing for potential single

crystal formations. This methodology enabled a comprehensive exploration of diverse

ammonium salt and substituted rac-BINOL combinations.

Unfortunately the outcomes of these experiments proved largely unproductive, as

numerous combinations failed to yield ternary complexes. Many of the combinations

in fact returned single crystals of either the ammonium salt or the substituted BI-

NOL functionality devoid of any inclusion crystals. Despite these challenges, a sin-
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gular combination exhibited promise for effecting the resolution of a substituted rac-

BINOL, utilising an enantioenriched ammonium salt from the library. The successful

combination of 240 and 246 culminated in the formation of 247, a ternary complex

accompanied by a CHCl3 solvate molecule. Encouraged by this observation, this

particular combination was prioritised for the kinetic resolution of 246 in CHCl3 (see

Figure 4.23.).
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Figure 4.23: Resolution of 246 through complexation with 240.

240 and 240a proved effective in the kinetic resolution of 246 to yield 247 and 247a

respectively. The 6,6’-dibromo-1,1′-bi-2-napthol molecules were resolved in the same

direction as the ammonium salts (i.e. an (R)-ammonium salt would preferentially form

a ternary complex with an (R)-6,6’-dibromo-BINOL and visa versa), in modest yield

and enantioselectivly.
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4.10 Chapter 4 summary

In summary, a comprehensive investigation has been performed, resulting in the enan-

tioselective synthesis of both enantiomers of various ammonium salts through ternary

complexation with enantiopure BINOL. The key synthetic requirements for achieving

this synthesis have been elucidated, accenting the necessity of positioning steric bulk

in close proximity to the stereocentre and the importance of minimising functionality

on substituent groups. Furthermore, isostructural networks comprising BINOL and

counterion have been identified, showcasing their role in facilitating varied levels of

enantiodifferentiation. The thermodynamic parameters governing the preference for

a specific enantiomer have been examined, revealing that diastereomeric interactions

between the ammonium salt and enantiopure BINOL favour the matched pair, leading

to its precipitation from the reaction mixture. Importantly, these enantiomeric enrich-

ments are contingent upon both stirring rate and concentration. Additionally, the most

enantioenriched of these salts has demonstrated utility in directing the stereochem-

istry of a substituted atropisomeric scaffold.

104



Chapter 5

Solid state enantioselectivity of ternary complexes

By merging a BINOL mediated recognition phenomenon with conditions that allow the

nitrogen centre to racemise, it is possible to enantioselectivly synthesise a range of

ammonium cations. The enantioselectivity of this methodology can be rationalised

with an empirical model denoting which ammonium cation will be synthesised via

the CIAT (see Figure 4.7.). Moreover, the process can be reviewed to establish the

key requirements for enhancing enantioselectivity; loading steric bulk closer to the

stereocentre and removing functionality from substituent groups (see Figure 4.10 and

Figure 4.11.). Because the system is known to operate under thermodynamic control,

this section aims to more rigorously interrogate the solid-state endpoint of the CIAT to

provide a thorough thermodynamic explanation for the observed enantioselectivity.

For a fully integrated model to be established then all diastereomeric interactions

should be considered. Firstly, a library of matched diastereomers were synthesised

and subsequently transformed into mismatched diastereomers by complexation with

the opposite sense BINOL (as seen in Figure 4.16.). The energy difference of these

crystal structures was calculated in silico. Secondly, matched diastereomers with dis-

order in the crystal structure were used to calculate the difference in energy between

most (matched enantiomer) and least (mismatched enantiomer) occupied sites within

the same bromide·BINOL network. Finally, isostructural networks of bromide·BINOL

were identified between ordered and non-disordered cations. Ordered ammonium

salts that were identified to crystallise in the same isostructure as disordered cations

could then be modelled to reveal the theoretical position and geometry of the higher

energy diastereomer and thus inform on the important interactions in enantioselectiv-

ity.

* I would like to thank and acknowledge the computational work done by Emma. H. Wolpert and Kim. E.

Jelfs to calculate the energy differences by DFT throughout this chapter.
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5.1 Mismatched diastereomeric pairs
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Figure 5.1: The isolation of enriched ammonium salts from (R)-BINOL ternary com-

plexes and subsequent recomplexation with (S)-BINOL to yield mismatched diastere-

omers. Graphical representation of matched versus mismatched isostructures and

how they vary for the more enantioenriched complexes.

In order to identify the differences inherent to the diastereomeric complexes acces-

sible through the CIAT methodology, both diastereomeric variants were prepared for

241–255 (see Figure 5.1.). Initially, the ternary complexes resulting from the CIAT with

(R)-BINOL were isolated to produce the matched diastereomers (ammonium salt·(R)-

BINOL). Subsequently, to a batch of matched diastereomers, (R)-BINOL was removed

through partition between diethyl ether (Et2O) and water (H2O). The resulting enan-

tioenriched ammonium salts were then re-complexed with (S)-BINOL, to produce the

unfavoured diastereomers (the mismatched pairs). SCXRD quality single crystals suit-

able for analysis were grown from ethanol (EtOH) for each complex. Examination of

the crystal structures reveals that the construction of the C1
2 (9) continuous hydrogen-

bonded network made between bromide counterion and BINOL undergoes transfor-

mation between matched and mismatched diastereomeric pairs, particularly evident

106



5.1. MISMATCHED DIASTEREOMERIC PAIRS

when complexes exhibit greater enantioselectivity. However, for complexes with lower

enantioenrichment levels (226, 229, and 230, characterised by homocyclopropyl and

homocyclopentyl substituents), the packing isostructure remains consistent across the

diasteromeric structures (252, 254, and 255) (see Figure 5.2.).
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Figure 5.2: Matched versus mismatched ternary complexes and DFT calculated en-

ergy differencea between the SCXRD structures.

a DFT calculations performed by Emma. H. Wolpert under the supervision of Kim. E. Jelfs.
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215

220

221

223

225

226

227

229

230

241

248

249

250

251

252

253

254

255

Figure 5.3: Matched versus mismatched ternary complexes SCXRD structure renders.
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5.1. MISMATCHED DIASTEREOMERIC PAIRS

While it was anticipated for the matched pair to exhibit more efficient packing than

the mismatched pair (as seen in Figure 4.17.), this expectation is not universally up-

held across the set, as revealed by the observed variations (see Table 5.1.). Moreover,

no substantial disparity in the available volume for the cation is observed between the

matched and mismatched pairs, and this characteristic does not correlate with the

measured enantioenrichment. Consequently, it is evident that more intricate thermo-

dynamic parameters underlie the observed selectivity, surpassing simplistic consider-

ations of isostructural selection for optimal crystal packing efficiency.

Table 5.1: Crystal packing parameters for diastereomer complex pairs. *Available

cation volume value is calculated by deleting the cation from the crystal structure and

subsequently measuring the void volume in the unit cell and dividing by Z.

Diastereomeric pair exptl crystal density diffrn Available cation volume (Å3)*

215 1.352 477.6

241 1.340 484.8

220 1.336 488.9

248 1.274 530.8

221 1.303 445.3

249 1.324 433.6

223 1.287 472.5

250 1.281 476.4

225 1.345 410.5

251 1.329 414.2

226 1.362 409.8

252 1.348 416.9

227 1.292 451.9

253 1.334 428.2

229 1.343 420.2

254 1.350 412.9

230 1.309 475.1

255 1.301 480.3

110



5.1. MISMATCHED DIASTEREOMERIC PAIRS

For each mismatched diastereomeric pair density functional theory (DFT) calcula-

tions were used to compare the relative energies of the structures. The SCXRD crystal

structure of each complex were fully optimised,194–198 in two steps. First the atomic

positions were relaxed with fixed cell parameters, and then both the cell parameters

and the atomic positions were relaxed. The cut-off for the plane wave grid used in

these calculations differed depending on the cation (see experimental section). After

the optimisation process, the ammonium cations were extracted from the optimised

structure, and a single point energy calculation was performed on the resulting cation.

To determine the energetics of the BINOL and counterion network in each of the struc-

tures, the lattice energies from the optimisation were divided by the number of formula

units in the structure, and the energy difference between that and the single point en-

ergy calculation of the ammonium cation were calculated. The differences in energy

between the BINOL and counterion network formed between the diastereomeric pairs

were then calculated by subtracting the energy of the matched BINOL and counterion

network from that of the mismatched (see Figure 5.2.).
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Larger ΔE =

greater ee 

Figure 5.4: Diastereomer DFT calculated energy

difference versus measured enantioenrichment.

The enantioenrichment of

the isolated ammonium salt cor-

relates (although with anomalies

- red circles) with the DFT cal-

culated energy difference of the

matched and mismatched pair

(see Figure 5.4.), hence reveal-

ing that this diastereomeric se-

lectivity is necessary for provid-

ing the observed stereoselectiv-

ity. Previously it has been reasoned that this must be due to the modulation of sol-

ubility of the mismatched pair with respect to the matched pair, thus influencing the

error checking capacity of the CIAT (see Figure 4.17.). This would also explain the

observation that enantioselectivity is dependent upon concentration; with higher con-

centrations destroying the enantioenrichment due to the mismatched pair becoming

less soluble in the more saturated liquid phase.
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5.2. LONG RANGE ORDER

5.2 Long range order

If the solubility of the mismatched pair with respect to the matched pair is the main

factor determining the error checking capacity of the CIAT, then the mismatched di-

astereomer (241) should be present in the microcrystalline precipitate formed through

the synthesis of 215 at higher concentrations (because at higher concentration there

is decreased enantioenrichment). Powder X-ray diffraction (PXRD) experiments were

performed on 215 synthesised at concentrations between 0.4–1.8 M. Despite the

enantiomeric excess (ee) ranging from 99% to 35%, the PXRD patterns are identical

suggesting that the long-range order in the microcrystalline precipitate is unchanged

and that there is no entrainment of 241 into the precipitate of 215 at higher concentra-

tion. Hence, the energetic difference between the matched and mismatched diastere-

omers cannot be the only factor affecting the enantioenrichment; it is necessary but

not sufficient.
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Figure 5.5: Concentration versus ee plot for 215 and PXRD traces at 0.2 M interval

concentration values.
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5.3 Disordered cations

ΔE
(most occupied– least occupied)

= -14.03 kJ mol-1

N+(S)
N+ (R)
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ΔE
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N+ (S)
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ΔE
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N+(S)
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Solid solutions (disordered cation)
Matched isostructure

Matched 
enantiomer
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Matched isostructure

Mis-
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enantiomer
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Matched isostructure

Matched 
enantiomer

Mismatched enantiomer

Solid solutions (energy difference)
Same C1(9) hydrogen bonded network

er 75:25 er 62:38 er 53:47

2

230

230

256 226

Figure 5.6: Solid solutions from SCXRD data.

To investigate the diastereomeric interactions between two mirror image cations ex-

isting as a solid solution in the same C1
2 (9) (R)-BINOL·bromide isostructure, three

crystal structures with disorder about the cation were identified (256, 226 and 230 -

the disorder represents two enantiomers in the same isostructural superstructure) (see

Figure 5.6.). Taking the most occupied sites as the matched cation and the least oc-

cupied sites as the mismatched cation, DFT calculations were performed to calculate

the energy difference between the two enantiomers in the same (R)-BINOL·bromide

isostructure. The greater the energy difference between the most and least occu-

pied sites, the greater the enantiodiscrimination between the two cations, within the

crystallographic solid solution of enantiomers. Furthermore, there is a greater energy

difference between the disordered cations in the same isostructure for the lower selec-

tivity complex 256 (er 75:25, –14.3 kJ mol-1) than the highly enantioselective complex

215 (er 99:1, 215 – 241 = –11.1 kJ mol-1) displays across mismatched diastereomeric
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5.4. ISOSTRUCTURAL BASIS SET

pairs with different isostructures. Hence, the energy difference between enantiomeric

cations in the same isostructure is likely more significant in the determination of enan-

tioselectivity than the mismatched diastereomeric effect across different isostructures.

However there is no direct way to compare the energy difference between the am-

monium enantiomers in more enantioselective examples due to the fact that they do

not crystallise as solid solutions of enantiomers, thus no disorder exists about the N-

stereocentre in the crystal structure for these examples.

5.4 Isostructural basis set

 Cation
Volume\ z

461

± 15 Å3

11.29 ± 0.19  Å

COMPACK isostructurality

Axis A Axis B Axis C + 90°

Network overlay of           versus       

Isostructure B

N+

(S)

(R)-BINOLBr –

N+

(R)

(R)-BINOLBr –

N+
(R)

(R)-BINOLBr –

230

230

223

223 221

Figure 5.7: COMPACK analysis to determine isostructurality between solid solutions

and non-solid solutions.

COMPACK analysis was performed across the set of ternary complexes to identify

isostructural crystal structures of ammonium salts complexed with (R)-BINOL (see

Figure 4.14.).193 This study revealed 221 and 223 to form an analogous bromide·(R)-

BINOL hydrogen bonded chains with 230 (20/20 similarity, 20% leniency on bond an-

gle and bond length, see Figure 5.7.). 230 exists as a solid solution, where 221 and

223 are well defined as one enantiomer with no disorder about the ammonium cation

in their SCXRD structures. Due to the isostructural nature of these crystal structures

the cations in 221 and 223 occupy the same space as the most occupied cation from

230 within the crystallographic units. Therefore, 230 can be used to model disorder
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5.4. ISOSTRUCTURAL BASIS SET

onto 221 and 223 and thus provide a theoretic position and orientation for the opposite

sense ammonium cation enantiomer for these crystal structures.

Calculate

mismatched

solid solution N+

(S)

(R)-BINOLBr –

N+

(R)-BINOLBr –

(R)

er 75:25

ΔE
(native – modeled)

= –18.1 kJ mol-1

+NR
4

+NR
4≡ ≡

Calculate

mismatched

solid solution

(R)-BINOLBr –(R)-BINOLBr – er 91:9

ΔE
(native – modeled)

= –15.7 kJ mol-1

+NR
4

+NR
4≡ ≡

N+

(R)

N +

(S)

SCXRD

Isostructural calculations
Calculated cation enantiomer

SCXRD Calculated cation enantiomer
223 223b

221 221b

Figure 5.8: DFT calculated energy differences between the two cationic enantiomers

in 221 and 223 using 230 as a basis set due to isostructurality in their C1
2 (9) networks.

DFT calculations were used to compare the relative energies of the two cationic

enantiomers of 221 and 223 in complex with (R)-BINOL, as theoretical solid solu-

tions. Experimentally, only the (R)-ammonium enantiomer cation forms a complex

with the (R)-BINOL, In order to obtain the structure of the (S)-ammonium enantiomer

cation complexed with (R)-BINOL in 221 and 223, the atomic positions of the allyl and

methyl groups from the SCXRD structure were replaced with that of the (S) enan-

tiomer, of the N-allyl, N-methyl, N-homocyclopentyl anilinium bromide in 230. To com-

pare the energy difference between the two structures, the SCXRD structure of the

(R)-ammonium cation enantiomer and the substituted N-homocyclopentyl enantiomer

were fully optimised. To determine the relative energies of the structures formed with

(R)- and (S)-ammonium cation enantiomer in 221 and 223, the total lattice energy was

divided by the number of formula units in each crystal structure to directly compare the

energies. The energy difference between the two structures was then calculated. In

223 this was determined to be –18.1 kJ mol-1 and in 221 –15.7 kJ mol-1. These

energy differences were the largest diastereomeric differences calculated across the

study and suggest that enantioselectivity must be most dependent upon this thermo-
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5.4. ISOSTRUCTURAL BASIS SET

dynamic discriminator; the energy difference of the ammonium cation enantiomers

within the same matched pair isostructure.

To understand the key differences in interactions made between the two ammo-

nium cation enantiomers and within the favoured (R)-BINOL·bromide hydrogen bonded

network in 223, the contacts were globally represented on a 3D surface and portrayed

as coloured Hirshfeld fingerprint plots.222 Visual trends in contacts within the crystal

can easily be seen, with the most distinct contrast being the presence of more appre-

ciable C–H···H contacts in the mismatched pair. These close C–H···H interactions rep-

resent increased steric clashes in the mismatched enantiomer which increases energy

of the mismatched enantiomer versus that of the matched, thus promoting matched

enantiomer enantioselectivity.
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Figure 5.9: Coloured Hirshfeld fingerprint plots depicting cation contacts to the rest of

the SCXRD crystal structure for a cation calculated to be in Isostructure B.

a DFT calculations performed by Emma. H. Wolpert under the supervision of Kim. E. Jelfs.
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5.5 Chapter 5 summary

In conclusion, to explain the observed enantioselectivity of the CIAT process in the

synthesis of stereogenic nitrogen two main solid-state factors must be considered.

Firstly, there must be a significant energy disparity between the matched and mis-

matched diastereomeric pair bromide·BINOL isostructures. The preferential formation

of the lower energy isostructure is driven by the construction of a continuous hydrogen-

bonded network that favourably accommodates a specific enantiomer. Additionally,

there must be an appreciable energy difference between the enantiomers of the am-

monium cation within the matched pair isostructure, crucial for providing stereoselec-

tivity and preventing the formation of a solid solution. The latter is best described as a

steric effect and depends on both the architecture of the bromide·BINOL C1
2 (9) hydro-

gen bonded network and how well each mirror image cation is incorporated.

117



5.5. CHAPTER 5 SUMMARY

118



Chapter 6

Chiral crystallographic phenomena

The property of existing as non-superposable mirror images, known as enantiomers,

is defined as chirality in molecular compounds. Given the geometrical essence of

chirality, it significantly influences the crystallisation behaviour of compounds which

possess this characteristic.234 In this chapter the influence of chirality in organic crys-

tals is considered.

R S

R R

Type I Type II

R R

S R

R

Type III

S

R R

R+S

Racemate

Crystallographic phenomena
Non-SohnckeSohncke

R+S R+S

Kryptoracemate

R R S R R
S

Solid Solution

Achiral Achira
l

Quasiracemate

R+S`` R``+
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`Achiral Conglomerate`

R S
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(spontaneous resolution)

Achiral
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S

Not possible
(la coupe du roi)

Figure 6.1: Crystallographic phenomena.

Achiral molecules can crystallise within any of the 230 space groups, encompass-

119



ing those featuring an inversion or mirror symmetry operation and those without. In

contrast, single-enantiomer molecules are confined to only crystallise within the 65

Sohncke space groups.235 These space groups do not contain any inversion or mirror

symmetry operations and therefore may only contain a single enantiomer by defini-

tion.236 Racemic chiral compounds can access all 230 space groups owing to their

inherent inversion and mirror symmetry. Generally there is little crystallographic dif-

ference between racemic compounds and achiral compounds, due to their symmetry

permitting both to crystallise in either Sohncke or non-Sohncke space groups, yet use-

ful and distinct crystallographic behaviours can be observed between the classes.

When pure racemic material is crystallised, there are four possible crystallographic

outcomes (see Figure 6.1.):37

Racemate

Here the crystal exists in a non-Sohncke space group. The crystal is not optically

active due to both enantiomers coupling together through an inversion and/or mirror

symmetry described by the space group. Racemates are the most common crystalli-

sation behaviour for racemic material. Interestingly, racemic crystals are thought to be

denser (approx 1% on average) than their enantioenriched congeners - a much con-

tested phenomenon known as Wallach’s 1895 rule based on the density of D,L-alanine

being greater than that of L-alanine.237,238

Kryptoracemate

Kryptoracemates are racemic compounds that can crystallise as enantiomeric pairs

in Sohncke space groups (Z′ >1).239,240 The two symmetry-independent enantiomers

cannot be transformed onto each another by any symmetry element present in the

crystal, hence they fulfil the requirement to crystallise in a Sohncke space group. Only

0.1% of racemic crystals are thought to crystallise as this phenomenon.241

Quasiracemates form when an additional enantiopure, isosteric compound is present

alongside an analogous enantiopure isostere.242 There is no requirement for these

crystal structures to crystallise in a Sohncke space group and they may crystallise

in an analogous way to a racemate. However, when pseudoenantiomers crystallise
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into chiral space group, these crystals can be thought of as ”pseudo-kryptoracemates”

where the two symmetry-independent isosteres cannot be transformed onto each an-

other by any pseudosymmetry element present in the crystal and therefore crystallise

into a Sohncke space group with Z′ >1.

Conglomerate (spontaneous resolution)

Conglomerate crystallisation, also known as spontaneous resolution, is the spon-

taneous generation of individually enantioenriched, optically active crystals from a

racemic material.103,104,107 Approximately 5–10% of racemic crystals crystallise in this

fashion.86

Solid solution or pseudoracemate (scalemic crystallographic mixture)

When a molecule exhibits comparable affinities toward its own enantiomer and its op-

posite during crystallisation a crystal structure forms wherein both enantiomers are

present in what appears as a random and disordered arrangement. This distinc-

tion can be further broken down to give distinct types of solid solution.243 The defi-

nitions broken down in Figure 6.1 are adapted and expanded from Chion et al and

Rekis:243,244

Type I - a mixture of diastereomers that contain stereogenic elements located on the

same molecule but vary in the absolute configuration about one (or more) of the stere-

ogenic elements whilst one remains the same. Type II - a scalemic mixture of enan-

tiomers in an asymmetric unit. i.e. the ratio of R to S is unbalanced. Type III - a two or

more component crystal system in which one of the components is enantiopure and

the other is either racemic or scalemic.

Throughout this chapter these various crystallographic phenomena will be dis-

cussed.
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6.1. SPONTANEOUS RESOLUTION

6.1 Spontaneous resolution

Responsible for the discovery of molecular chirality by Pasteur,4 conglomerate crys-

tallisation is the spontaneous formation of individually enantioenriched crystals from

a non-enantioenriched material. Despite its significance, this phenomenon remains

largely under-documented, lacking a comprehensive database for materials estab-

lished to crystallise in this manner. The scarcity of recorded instances comes from

the tendency of synthetic chemists, who predominantly generate and publish chiral

conglomerate crystals, to overlook and rarely leverage the implications of this phe-

nomenon on the enantiopurity of their crystalline products. Through a manual ex-

amination of the Cambridge Structural Database (CSD), over 2000 chiral molecules

capable of spontaneous resolution were discovered, thus uncovering a novel chiral

pool distinct from biological sources.103,104

Spontaneous resolution offers advantages over the natural chiral pool, including

the potential for enantioenrichment across a diverse range of molecular architectures,

independence from specific organisms for compound production, equal accessibility

to both enantiomers through crystallisation (controlled through bias or seeding), en-

hanced scalability and the fact that as synthetic chemists continue to synthesise and

crystallise new materials, an increase in the discovery of conglomerate crystals is

also anticipated giving rise to a potentially limitless source of chiral information.245

Given these attributes, a catalogue of materials capable of spontaneous resolution via

conglomerate crystallisation holds substantial value for the synthetic chemistry com-

munity.

* The majority of this section is based on two collaborative publications and is a summary thereof.

I would like to thank the authors for their contribution to this work. The author list is as follows:

(JACS Au, 2022)103 Mark P. Walsh, James A. Barclay, Callum S. Begg, Jinyi Xuan, Natalie T. John-

son, Jason C. Cole, and Matthew O. Kitching*; (Cryst. Growth Des., 2023)104 Mark P. Walsh, James A.

Barclay, Callum S. Begg, Jinyi Xuan and Matthew O. Kitching*.
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6.1. SPONTANEOUS RESOLUTION

To generate a list of potential conglomerates, initially queries were generated using

Conquest, with CSD version 5.41 (November 2019)103 and CSD version 5.43 (Novem-

ber 2021)104 being used for the searches. To reduce the total number of manual

searches required whilst checking through CSD entries, the following queries were

employed:

• Must exist in a Sohncke space group AND Z′ = 1.

• Must NOT be a member of carbohydrate, steroid, peptide or nucleoside/nucleotide

classes.

• Must have carbon centre with C(Non-metal)4 OR H-C(Non-metal)3.

• Must be organic, non-polymeric, a single crystal, R1 < 0.075 and no errors (dis-

order and salts were allowed).

• Crystals published as only CSD Communications were removed because their

synthesis could be not be interrogated.

• Text strings including; “isolated”, “sourced from”, “extracted”, “bark”, “marine”,

“sponge”, “penicillium” were removed.

• Text strings common to natural products including; “cinchonine”, “strychnine”,

“Striatin A” were removed from JACS Au, 2022103 and “D-(+)-xylose”, “crokonoid

B”, “wortmannolol” were removed from Cryst. Growth Des., 2023.104

• Compound names with the following; (+), (–), D, L, (R) and (S), were removed

from the list.

• Additionally the (November 2021) search was limited to crystals published be-

tween 2021–2022 to prevent duplicate entries appearing.

These searches of the CSD returned 26,563 crystal entries (21,098 - November

2019 and 5,465 - November 2021) to be manually sorted through to identify conglom-

erates. The manual search of reported syntheses was performed by firstly confirming

the enantioenrichment of the crystal (i.e. checking that the crystal was not an achiral

conglomerate), secondly interrogating the publication to which the crystal was linked

and finally inspecting the synthesis to determine whether the crystal was synthesised
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6.1. SPONTANEOUS RESOLUTION

from racemic or enantioenriched material. Essential to confirming conglomerate be-

haviour was the ability to track the stereochemical enrichment in the starting materials

and ruling out the use of any enantioselective methodology during the synthesis.

Following these laborious manual searches, an inventory of 2,179 materials ex-

hibiting spontaneous resolution was compiled. Within this library, conglomerate be-

haviour was observed across a varied array of chiral compounds, exhibiting a lack

of apparent structural constraints determining the occurrence of this phenomenon.

Selected compounds of note are depicted in Figure 6.2 but comprehensive lists are

complied in the Supporting Information sections of the corresponding publications

(JACS Au, 2022,103 Cryst. Growth Des., 2023,104 follow ”Supporting Info” tab).
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6.1.1 Quaternary ammonium salt conglomerates

The main focus of this thesis is based around quaternary ammonium salts containing

an N-stereogenic functionality, yet it is notable that a scarce number of quaternary am-

monium salts meeting this criteria have been reported to crystallise as conglomerates

(6 documented, Figure 6.3.).2,107,246 Spontaneous resolution could act as a valuable

tool for accessing the elusive N-stereocentre, therefore the identification of quaternary

ammonium salts capable of crystallising as conglomerates would enhance practical

utility in this field.
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Figure 6.3: Reported quaternary ammonium salts that crystallise as conglomerates.

All previously reported conglomerate salts crystallise in the space group P212121 (no.

19). The spontaneous resolution of 214 and 262 is shown below.
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Through recrystallisation of a library of racemic quaternary ammonium salts, two

additional quaternary ammonium salts with the potential to spontaneously resolve

were identified (214 and 262). Through recrystallisation in EtOH, the (R)-enantiomer

of 214 (P212121, 214a) and the (S)-enantiomer of 262 (P21, 262b) were obtained as

single crystals suitable for SCXRD analysis from the racemic mixture (see Figure 6.3.).

Viedma Ripening

R

(R)

S

(S)

Maximum theoretical yield and ee:
100% yield 

100% ee

Racemisation

Attrition

Figure 6.4: Viedma ripening protocol.

Due to the presence of a labile alkyl group substituted onto the quaternary am-

monium salts identified to crystallise as conglomerates, these salts are suitable for

integration into a Viedma ripening protocol. This process, founded on conglomerate

crystallisation, attrition and racemisation, facilitates the enantioenrichment of racemic

material, achieving enantiomeric excess (ee) levels of up to 100% for either the R or S

enantiomer without reliance on external chiral information.247–251 Conglomerate crys-

tallisation produces a system in which discrete enantiopure crystals are physically sep-

arated from one another. Concurrently, attrition introduces a stochastic element which

leads to a breakdown of one enantiomeric crystal faster than the other, culminating

in a biased Ostwald ripening phenomenon wherein the larger enantioenriched crys-

tals prevail in the competitive growth against the crystals of the opposing enantiomer.

Racemisation allows all material to be converted to the enantiomer which has been

randomly favoured in the crystallisation process (seeding can be used to bias the pro-

tocol towards a desired enantiomer). This technique has demonstrated efficacy in the

enantioselective synthesis of functionalised BINOL-like scaffolds252 as well as amino

acids,253 showcasing its versatility and applicability across diverse chemical contexts.
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It is hoped that future work will develop a methodology to extend the Viedma ripen-

ing to spontaneously resolving quaternary ammonium salts in a bid to supplement the

enantioselective synthesis of ammonium salts.
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6.2 Z′
>1 conglomerate search

The initial examinations of the CSD yielded 2,179 conglomerate crystals, as reported

in recent studies.103,104 Notably, the majority of these crystals were limited to Z′ = 1

as a pragmatic approach to manually searching the massive data set. However, this

constraint is not physically essential for conglomerate crystallisations. Consequently,

a segment of the CSD dataset was not interrogated in this analysis.

To explore potential conglomerate crystals within this chemical space, a new search

was conducted. Initially, a list of potentially spontaneously resolved crystals was gen-

erated using CSD version 5.42 (Feb 2021) and Conquest. The same approach utilised

in previous searches was employed to streamline the manual search process through

combining additional queries within the Conquest search. Notably, unlike the afore-

mentioned search, the requirement of Z′ = 1 was changed to Z′ MUST >1 and only

non-disordered crystal structures were permitted (see Table 6.1.). The search re-

turned 11,338 crystals that had the potential to be conglomerates and crystallised

with more than one molecule in the asymmetric unit.

Filters: 3D coordinates determined, R1 < 0.075, only non-disordered, no errors,

non-polymeric, only single crystal structures and only organics.

Table 6.1: Queries used to streamline the search for conglomerates with Z′ >1.

Must have Must not have

Allows enantiopure substance (Sohncke) Carbohydrates

Z′ >1 Nucleosides and nucleotides

Amino acids, peptides and complexes

Porphyrins, corrins and complexes

Steroids

Terpenes

Alkaloids

Organic polymers

CSD Communications

* The manual search was performed by Callum S. Begg, James A. Barclay and Jinyi Xuan.
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In an effort to increase the efficiency of the literature review process, a strategy

involving the analysis of source tags to exclude crystals originating from biological

sources was employed. This decision was based on the presumption that substances

isolated or extracted from biological sources would inherently possess a degree of

enantioenrichment due to the homochiral nature of biology, hence the conglomerate

behaviour of any such compound could not be confirmed. This removed 709 entries.

Selected examples of these source tags that would lead to a crystal being removed

from the search include: ’extracted from the seed of Euonymus maackii,’ ’isolated from

a soil-derived fungus Bipolaris zeicola’ and ’derived from adenosine.’ The next stage

of the search involved excluding compounds designated with prefixes such as (+), (–),

D, L, (R), and/or (S). This streamlining was based on the assumption that the synthe-

sis and stereochemistry of these compounds had been controlled to achieve the given

prefix assignment. Finally the manual search was performed on remaining list of com-

pounds to interrogate the crystal structures and their respective syntheses to identify

enantiopure crystal structures that had been recrystallised from non-enantioenriched

(i.e. racemic) material. In contrast to the previous searches, where Z′ = 1, additional

complexity was introduced for Z′ >1 crystal structures. Here, it had to be manually

verified that molecules within the crystallographic asymmetric unit were identical and

accurately defined with their Z′ value and further it had to be ensured that there was

uniform enantioenrichment across all molecules within the asymmetric unit.

After performing the manual search by firstly confirming the enantioenrichment of

the crystal, secondly interrogating the publication to which the crystal was linked and

finally inspecting the synthesis to determine whether the crystal was synthesised from

racemic or enantioenriched material, 149 conglomerates were identified (a 1.31% suc-

cess rate in the Z′ >1 crystallographic space).
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6.2.1 What does Z′ mean?

The International Union of Crystallography (IUCr) defines Z as ’the number of the for-

mula units in the unit cell.’254 This number can be further broken down to give the

number of symmetry-independent molecules in a crystal structure, know as Z′ - a pa-

rameter referring to the number of formula units in the asymmetric unit of a crystal

structure (i.e. the number of symmetry unrelated molecules of the same compound

that are crystallographically unique in a crystal system).255 As such the Z′ value is

dependent on the subjective deduction of a ’formula unit’ by a given crystallographer.

The correct derivation of Z′ involves dividing the the number of formula units in the

unit cell (Z) by the number of independent general positions and has been reported to

range in value between 0.125 and 56.255,256

A survey of the CSD reveals that 11.8% of organic and 8.8% of all deposited crystal

structures possess a Z′ value greater than 1.257 Furthermore, the majority of crystal

structures, accounting for 95.3% of all entries, are distributed among the Z′ values of

0.5, 1, and 2.258 Notably, the occurrence of Z′ >1 in Sohncke space groups is almost

5% greater than the overall frequency in the CSD (14.6%), with specific chiral struc-

tures demonstrating a further heightened occurrence of Z′ >1; such as nucleosides

and nucleotides at a frequency of 20.8% and steroids at a frequency of 18.8%.258 This

observation could offer one potential explanation as to the low success rate for con-

glomerate identification in structures with Z′ >1 (1.31% versus approx. 8–10% overall)

due to the greater prevalence of enantiopure materials in this crystallographic space

compared to Z′ = 1.

High Z′ structures are thought to come about through competition between two

or more opposing factors. Generally they tend to form as a compromise between an

optimisation of hydrogen bonding and crystal packing within the crystal lattice.259 Nu-

merous studies have explored the link between structures with Z′ values greater than

1 and the phenomenon of polymorphism,260 aiming to elucidate the factors influencing

their formation and thus control the solid-state of these materials.261,262 The effect of

this phenomenon on the properties of such crystalline compounds can be illustrated

across series of 1,3-disubstituted benzenes that display pseudopolymorphism through
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modification of their Z′ values (Z′ = 0.5–5.0).263 A critical question involving both high

Z′ structures and polymorphs is: are these solid forms simply kinetic products formed

under non equilibrium conditions, or rather do they represent a thermodynamic min-

ima?261,264

6.2.2 Conglomerates with Z′
>1

149 conglomerates were identified to crystallise with Z′ >1, with the largest number

of symmetry independent molecules found in a conglomerate crystal structure being

6 (WAKWEM). Interestingly, as Z′ increases the number of conglomerates decreases,

with a distribution that mirrors the same trend seen by all organic crystals with Z′

greater than 1 in Sohncke space groups in the CSD.
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Figure 6.5: Bar charts showing the distribution of Z′ and the distribution of space

groups in conglomerates found to crystallise with Z′ >1. Note that only Z′ values and

space groups in which a conglomerate was found are shown.

The distribution of conglomerate space groups with Z′ = 1 closely mirrors the dis-

tribution of Sohncke space groups observed in the CSD (see Figure 6.5.). However,

significant differences are observed when Z′ is greater than 1. Notably, the P21 space

group is the most prevalent for conglomerates with Z′ greater than 1, in contrast to

the higher symmetry P212121 space group observed when Z′ = 1. This pattern aligns

with the general trend seen in all organic crystals with Z′ greater than 1 in Sohncke

space groups in the CSD, where P21 (50.3%) is more abundant compared to P212121

(22.5%). This the trend is further inflated for conglomerates, with P21 accounting for

63.1% and P212121 16.8% of the crystals. This disparity between the frequency of

the two space groups when Z′ is greater than 1 could potentially be attributed to the
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increased challenge of accessing a higher symmetry environment for higher Z′ values.

Additionally, this tendency is exemplified by the absence of the space groups P41212

and P43212 constituting approximately 1% of conglomerates when Z′ = 1 but are ab-

sent in conglomerates with Z′ greater than 1.

Within this library documenting Z′ greater than 1 conglomerates, a diverse range

of chiral compounds were exhibited. Compounds of potential interest are illustrated

in Figure 6.6 but the full list of 149 conglomerate refcodes can be found in the experi-

mental section of this thesis.
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6.2.3 Kryptoracemates

Kryptoracemates, sometimes referred to as false conglomerates,265 are a rare crys-

tallographic class in which two enantiomers exist as crystallographically independent

functional units. Their scarceness is attributed to the intrinsic molecular inclination to

adopt inversion symmetry whenever possible (seen in 99% of molecules),266 hence

mixtures of enantiomers tend to crystallise as racemates in a non-Sohncke space

group.

Table 6.2: The number of kryptoracemates identified in Fabian et al.241 list versus

newly generated list of kryptoracemates, plus combined. Refcodes removed from the

list due to the crystal being solved in a space group of too low symmetry.

Total number of kryptoracemates uncovered in CSD search 466

Total number of kryptoracemates in Fábián et al. list 181

Number that appear in both lists 32

Total number of unique values across the two lists 578

Potentially too low symmetry GIWRIO, LIMHIZ, RIGSEF, WASWAO, YIZGEU

Total number of kryptoracemates 461

During the Z′ >1 CSD search (aiming to identify conglomerate crystals), the spe-

cific search criteria used allowed for parallel compilation of a list of organic kryptorace-

mates. A prior automated search of the database had already identified 181 organic

kryptoracemates,241 although the definition of kryptoracemate varied in this study (in

that their definition included solid solutions of enantiomers). However, usefully Fábián

et al. identified crystal structures that had been solved with too low symmetry and

were not true kryptoracemates, thus their automated search proved effective in apply-

ing constraints to the manual CSD search. In our initial manual survey a total of 466

kryptoracemic crystals were uncovered. Analysis and subsequent amalgamation of

the two datasets resulted in a comprehensive catalogue of 461 kryptoracemates from

our CSD search (see Table 6.2.), by removing the previously identified crystals of too

low symmetry to be true kryptoracemates.

The manual search for kryptoracemates returned a hit rate of 4.1% for organic

crystals in non-Sohncke space groups within the CSD. Interestingly, this hit rate is ap-

proximately three times higher than that observed for conglomerates under identical

search conditions. This disparity prompts an intriguing question: could this discrep-
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ancy arise from the inherent symmetry of these systems, making them more prone

to crystallise in Sohncke space groups, or is it more likely to be attributed to potential

misinterpretations of crystallographic data leading to incorrect space group selection?

Care must be taken when reporting a Z′ value of greater than 1 to ensure that there

are no missing symmetry elements that could describe a relationship between the two

’crystallographically independent’ moieties. In approximately one-third of structures

where chiral molecules crystallise in P1 with Z = 2 (Z′ = 2), the two molecules are re-

lated by an approximate centre of inversion.267 Therefore, a more accurate description

as P1̄ with Z = 2 and Z′ = 1 is appropriate. Consequently, many potential kryptorace-

mates should be properly identified as strictly racemic compounds. Furthermore, com-

pounds in the C2 space group may also benefit from a revised symmetry description

with an added centre of inversion, prompting a change to C2/m and resulting in a de-

crease in the values of both Z and Z′. This alteration would once again reclassify a

potential kryptoracemate as racemic crystal.268

The aim of this search was not to correct any literature nor the corresponding crys-

tallographic data, as such the crystal structures catalogued were assumed to be solved

correctly in the appropriate space group. The only exception to this were those that

could be identified as being solved with too lower symmetry by comparing the newly

generated list to the previously reported list, from which 5 kryptoracemates had been

removed based on this suspicion (GIWRIO, LIMHIZ, RIGSEF, WASWAO, YIZGEU).241
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Figure 6.7: Bar charts showing the distribution of Z′ and the distribution of space

groups in kryptoracemates found to crystallise with Z′ >1. Note that only Z′ values

and space groups in which kryptoracemates were found are shown.

The distribution of kryptoracemic space groups resembles the distribution of all

organic crystals with Z′ greater than 1 in Sohncke space groups within CSD (see

Figure 6.7.). This observation also holds broadly true for the distribution of Z′ values,

with a notable difference being the absence of odd Z′ values in kryptoracemates. This

stems from the necessity of kryptoracemates to exhibit an even Z′ value to facilitate

the pairing of enantiomers within an asymmetric unit. Furthermore, there is a slight

increase in the percentage of kryptoracemates observed at Z′ = 8 (1.1%) compared

to Z′ = 6 (0.65%). This suggests an intriguing preference in kryptoracemates for Z′

values that are 2n as opposed to merely even integers (see Figure 6.7.).

The kryptoracemic crystal structure identified to contain the highest number of for-

mula units per asymmetric unit is (2-bromophenyl)(pentafluorophenyl)methanol (OTO-

GOW, Z′ = 16). Unfortunately, inspection of the crystal structure suggests that symme-

try elements might be missing in the P1 space group description to cause the height-

ened Z′ value in this instance. The next highest Z′ value is 8, notably observed in five

kryptoracemic instances (HUYBIN, IGAKEI, LIWMOW, LUMJUZ, YAQVUK). In these

cases, upon visual inspection, the choice of space groups (either P21 or P212121)

appears to align more reasonably with the observed structural symmetry in the crystal

structure.

It is important for synthetic chemists wishing to exploit these crystallographic phe-

nomena to recognise the distinction between kryptoracemates and conglomerate crys-
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tals. While the suggested compilation of chiral conglomerate crystals, spanning all Z′

values, can be conceived as an innovative chiral pool independent of biologically de-

rived chiral information, advancing the development of preferential crystallisation and

spontaneous deracemisation techniques, it is crucial to recognise that not all race-

mates crystallising into Sohncke space groups are invariably resolved into distinct

enantiopure crystals.

Selected kryptoracemates are depicted in Figure 6.8 but the full list of kryptorace-

mate refcodes can be found in the appendix of this thesis.
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6.2.4 Solid solutions of enantiomers

Solid solutions of enantiomers, rarer than conglomerates, are sparsely documented

within the literature.244 Rekis classified them into two distinct types:243 type 1 enan-

tiomer solid solutions represent crystalline phases where each molecular site can be

equally occupied by either enantiomer, while type 2 solid solutions (the more promi-

nent type) manifest as crystalline phases where enantiomers are distinctly identified

as separate entities within the crystal structure. The precise factors driving their for-

mation remain elusive, prompting numerous intriguing inquiries into crystal packing.

As such, cataloguing of this phenomenon’s occurrence holds significant importance to

the crystallographic community.

When searching the CSD for organic crystals with Z′ >1 in Sohncke space groups,

an observation emerged: this space hosts a notable quantity of solid solutions of

enantiomers. Consequently, these crystals were documented alongside conglomer-

ates and kryptoracemates. A total of 94 instances were uncovered and subsequently

categorised for further analysis.

Here the formation of solid solutions of enantiomers has been further broken down

into 3 categories (see Figure 6.9.). Type I solid solutions refer to a mixture of diastere-

omers that contain a undefined epimer about one of the stereocentres, on a single

molecule. Type II solid solutions refer to a scalemic mixture of enantiomers in an

asymmetric unit i.e. the ratio of R to S is unbalanced. These most closely resemble

the type 1 definition given by Rekis and must not equal 2 molecules per asymmetric

unit. Type III solid solutions can be thought of as ’failed resolutions,’ in that they com-

prise of a two or more component crystal system in which one of the components is

enantiopure and the other is either racemic or scalemic.

The breakdown of frequency of the solid solution types (see Figure 6.10.) shows

that most of the crystals manifest as Type I, wherein there is a mixture of diastere-

omers in an asymmetric unit that crystallises in a Sohncke space group. The next

most common occurrence was type II, followed by type III. The highest Z′ value was

8.
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Figure 6.9: Solid solutions and the categories they have been broken down into.

An interesting question arises when considering Z′ and solid solutions: is a type

I solid solution with Z′ = 2, better described as a mixture of diastereomers in a solid

solution or would it better be modelled as a single crystallographic entity (Z′ = 1) with

disorder about the epimeric stereocentre? i.e. Do solid solutions of enantiomers actu-

ally exist as a crystallographic phenomenon or are they a limitation of our definition of

Z′ and the subjectivity of what defines a ’formula unit’?

Much like with kryptoracemates, the selection of space group when solving struc-

tures that might be solid solutions is imperative. To illustrate how Z′ modification

can occur through space group selection one can consider the case of Emycin E

(LIPYUE).269 Emycin E, crystallises as two molecules within a triclinic unit cell. These

structures can be solved and refined either in the centrosymmetric space group P1̄,

with disorder about one of the stereocentres, or in the non-centrosymmetric space

group P1, denoting mixtures of two diastereomers without disorder. Significantly, only

the latter interpretation aligns with chemical and spectroscopic evidence, confirming

the structure as a solid solution in this instance and not just a structure with disorder

about a stereocentre.
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Figure 6.10: Solid solution of enantiomers Z′ and space group distributions broken

down by type assigned in Figure 6.9.

When analysing the Z′ distribution, several intriguing patterns emerge dependent

upon the type of solid solution of enantiomers formed. Type I solid solutions of enan-

tiomers exhibit a trend akin to kryptoracemates, favouring Z′ values of 2n, with a de-

crease in relative frequency as Z′ increases. Similarly, Type II solid solutions of enan-

tiomers, unable to accommodate two molecules in an asymmetric unit (otherwise they

would become kryptoracemates or conglomerates depending upon the identity of the

given stereocentres), also showcase a decline in frequency as Z′ escalates. Interest-

ingly, Type III solid solutions of enantiomers are exclusively present at Z′ = 2.

Despite P21 being the dominant space group across the entire dataset, a notable

trend emerges across all solid solutions of enantiomers. There is a increased preva-

lence of P1 compared to P212121 in contrast to conglomerates, kryptoracemates, and

all organic crystals with Z′ >1 in Sohncke space groups. This trend is particularly

pronounced in type II and type III solid solutions of enantiomers, where P1 surpasses
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P21 to become the most common space group. The assignment of this lower symme-

try space group raises concerns regarding potential missing symmetry elements in the

assignment of space groups for these crystal structures, possibly leading to inaccura-

cies in identifying them as solid solutions. However, the objective of this work did not

involve correcting any existing literature or the corresponding crystallographic data.

As a result, the catalogued crystal structures were presumed to have been correctly

solved within the designated space groups.
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Figure 6.11: Solid solution of enantiomers examples from manual CSD search.
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6.2.5 Quasiracemates

Quasiracemates, characterised by pairs of co-crystalline pseudoenantiomers, exhibit

patterns mirroring the inversion relationships seen in their racemic counterparts.270

These crystals are not obligated to crystallise in Sohncke space groups, however in

an analogous way to there kryptoracemic counterparts, there exists the possibility for

them to do so.

During the search of the CSD, a group of co-crystal (N-benzoyl)methylbenzylamines

were identified from Craddock et al. that exhibited this unique behaviour. All crys-

tallised in P1 with a Z′ values of 2. (see Figure 6.12.).

Quasiracemate

(S) NH

O

(S) NH

O

WABFAK

Pseodosymmetry

(R)HN

O

F

(R)HN

O

F
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Figure 6.12: Quasiracemate identified from Craddock et al.270
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6.3 Chapter 6 summary

A list of 2328 conglomerate crystals (2179, Z′ = 1; 149, Z′ >1), 461 kryptoracemates

and 96 solid solutions of enantiomers were identified from a manual search of the

CSD and literature. Encouraging synthetic chemists to share crystal structures along

with comprehensive synthetic procedures and reagent details, even for seemingly un-

remarkable crystals or synthesis processes, is the most effective approach for discov-

ering new conglomerate crystals. The proposed list of chiral conglomerate crystals

(across all values of Z′) can be envisioned as a novel chiral pool, devoid of reliance

on biologically derived chiral information. It is anticipated that curating this conglom-

erate crystal list will facilitate the advancement of preferential crystallisation and spon-

taneous deracemisation procedures, enhancing the comprehension of conglomerate

crystal behaviour. Furthermore, the characterisation of both kryptoracemic and solid

solutions of enantiomers phenomena is expected to provide insight for those aiming to

gain a deeper understanding and impart control over chiral crystallisations of organic

material.
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Chapter 7

Additional projects

7.1 Chiral protonated ammonium cation complexes

Tertiary ammonium salts can be resolved in EtOH using a modified protocol from the

one detailed in Figure 4.1. Intriguingly, specific alkyl groups such as 2-ethylbutyl, ex-

hibit better tolerance in tertiary ammonium cation recognition by enantiopure BINOL

compared to their quaternary counterparts. The N-methyl, N-2-ethylbutyl aniline de-

rived quaternary ammonium salts were not recognised using the general CIAT like

procedure, yet the N-methyl, N-2-ethylbutyl anilinium hydrobromide formed a ternary

complex (266). However, overall the tertiary ammonium salts suffered an even greater

rate of attrition when testing for their complexation with enantiopure BINOL compared

to the quaternary alkylated variants. This discrepancy can be attributed to the compar-

atively lower stability of tertiary ammonium cations in the crystalline state, thus limiting

their scope in comparison to the quaternary salts (see Figure 2.15.).

(R)-BINOL (47%)Br−

Chiral tertiary complexes

(R)-BINOL (62%)Cl− (R)-BINOL (63%)Br−

(R)-BINOL (63%)Br− (R)-BINOL (55%)Br− (R)-BINOL   EtOH (48%)Br−

N+(R)

H
N+(R)

H N+(R)

H

N+(R)

H
N+(S)

H
N+(R)

H

(S)

263 264 265

266 267 268

Figure 7.1: Chiral tertiary ammonium salt complexes with (R)-BINOL (yield%).

In Figure 7.1, six instances of tertiary ammonium hydrobromide and hydrochloride

salts complexed with (R)-BINOL are presented. Surprisingly these ternary complexes

displayed optical activity in solution that was distinct from what would be expected for
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pure (R)-BINOL. Unfortunately, it is assumed that these complexes will lack practi-

cal utility beyond their synthesis due to their tendency to undergo rapid deprotonation

in solution upon re-dissolution of the complex. Furthermore, the tendency of these

tertiary ammonium salts to undergo deprotonation poses a significant challenge in ac-

curately measuring the enantioenrichment of given complexes. Techniques such as

chiral HPLC and the utilisation of a chiral shift reagent become impractical in this con-

text.

7.2 Amine catalysed Suzuki-Miyaura coupling

A recent report in Nature Catalysis detailed the potentially groundbreaking organocatal-

ysis of a Suzuki-Miyaura type cross-coupling of aryl halides with aryl boronic acids,

catalysed by a simple amine species.271 Across multiple academic and industrial lab-

oratories, a reinvestigation of key claims in this paper was conducted showing that the

observed catalytic activity cannot be due to the amine, but rather is due to tricyclo-

hexylphosphine palladium complexes that are readily entrained during the purification

of the amine.272

After reproducing experiments done by Xu et al. it was evident that the ligand

269, synthesised in accordance with their procedures, did indeed exhibit catalytic ac-

tivity in the Suzuki-Miyaura type cross-coupling of aryl halides with aryl boronic acids.

However, this catalytic activity was not owed to the amine 269. Instead it was deter-

mined that a palladium complex was readily entrained during the purification of 269

by column chromatography, leading to the observed catalytic behaviour. Notably, the

tricyclohexylphosphine palladium complexes were also shown to be robust enough

to survive two rounds of column chromatography while retaining sufficient loading to

catalyse the cross-coupling. When ligand 269 was purified by recrystallisation and

when the palladium impurity from 269 was removed by reaction with PhB(OH)2 and

K2CO3 the catalytic activity was lost. Moreover, both purification methods led to the

removal of tricyclohexylphosphine palladium complexes, which were detected via 31P

NMR spectroscopy. These data strongly suggest that tricyclohexylphosphine com-

plexes are likely the species responsible for the observed catalytic activity in the work
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of Xu et al.

This evidence along with experimental data from several other groups conclusively

proves that the catalysis reported by Xu et al. was not metal free.272–274 Consequently,

the report of an “amine catalysed Suzuki-Miyaura-type coupling of aryl halides and

arylboronic acids,” could not be substantiated. Following publication of the discussed

results, the article published by Xu et al. was retracted.

Organocatalytic Suzuki-Miyaura type cross-coupling 

H
N

H
N B(OH)2

R

X

R R

R

Base

When ligand synthesised as Xu et al. (2x column chromatography purifications)
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B(OH)2

R

X

R R

R

When ligand is recrystallised or the Pd has been ‘reacted out’Recrystallised from EtOAc/Hexane 

269

269

269

Figure 7.2: Crystal structure of ligand 269 obtained by SCXRD and the reactions

carried out with the ligand purified in different ways as a part of this investigation.
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7.3 EthR booster drug development

Currently Tuberculosis (TB) is amongst the top ten causes of death worldwide and

in 2022 was the second most deadly infectious agent globally.275 The causal bacil-

lus, Mycobacterium tuberculosis has, in certain strains, begun to develop resistance

to frontline antimycobacterial drugs, with 450,00 cases of multidrug-resistant TB con-

firmed in the past year. It is vital that new medicines are developed to tackle the

growing demand for therapy and prevent deadly outbreaks of the disease.

Ethionamide (ETH), a structural analogue of isoniazid, is a second line drug which

inhibits mycolic acid synthesis in M.tuberculosis.276,277 Before interacting with its cel-

lular target ETH must first be activated in situ by S-oxidation. The process is catalysed

by the mycobacterial monooxygenase EthA, the biosynthesis of which is controlled by

the transcriptional repressor EthR – a homodimer of two, nine α helix monomers. Up-

regulating EthA expression, via EthR inhibition, increases the bioavailability of active

ETH and therefore boosts the potency of the second line drug against M. tuberculo-

sis.278 The binding of small ligands to a hydrophobic cavity in EthR induces conforma-

tional change in the DNA binding domain, reducing DNA binding affinity and perturbing

repressor function.279–282

In this study, we synthesised and screened a library of novel 4-methylpiperidine-

based scaffolds to assess their binding affinity and inhibition potential against EthR.

Utilising a thermal shift assay for biophysical screening, we identified correlations be-

tween functionality and the observed melting temperatures (ranging from –0.4 – +11.6

°C). These findings were further validated through growth inhibition assays. Addition-

ally, co-crystal structures of EthR in complex with four newly identified ligands were

determined, providing insights into their binding modes and inactivation mechanisms.

Notably, growth inhibition assays highlighted that five out of the twenty initial biophys-

ical hits exhibited the ability to enhance ETH activity in vitro, with the most promising

novel scaffold displaying an EC50 of 34 µM. These results hold significant promise for

future lead development in combatting TB.
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EthR inhibition by a library of urea-based ligands
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Figure 7.3: General procedures to synthesise urea-based ligands and the method of

ETH action and prodrug action in Mycobacterium tuberculosis.

* This section is based on a draft manuscript in collaboration with: Natalie J. Tatum, Charles W. E. Tom-

linson, Roseangela Frita, Rose Bennett, Alain R. Baulard, Callum S. Begg, Ehmke Pohl* and Matthew

O. Kitching*. Callum S. Begg synthesised and characterised several of the urea-based compounds pre-

sented.
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7.4 Tetrahalopyridyl crystallinity

In this research, we focused on enhancing the solid-state properties and crystallinity

of various substituted aromatic compounds by incorporating tetrahalopyridyl groups.

These functionalities proved to be highly effective in establishing stabilising interac-

tions within the solid state, leading to the formation of highly crystalline systems. The

incorporation of these functionalities was found to be straightforward and high yielding,

necessitating minimal purification.283 Notably, the presence of tetrahalopyridyl groups

significantly increased the melting point of materials and provided a useful tool for de-

termining absolute chirality. This study sheds light on the potential of tetrafluoro- and

tetrachloropyridine groups as versatile tools to tailor the solid-state properties of com-

pounds.

In recent years, there has been a significant focus on the development of fluo-

rinated moieties due to the distinct physical and chemical properties they confer to

molecules.284–287 This trend has been particularly prevalent in the field of medicinal

chemistry, with approximately 20% of small-molecule drugs now incorporating one or

more fluorine atoms. Notably, among the top 100 best-selling drugs worldwide, 13

contain fluorine.288 Beyond pharmaceutical applications, fluorination is also employed

to adjust material hydrophobicity, as seen in polytetrafluoroethylene (PTFE), a ver-

satile fluorinated polymer used in everyday products like cookware and waterproof

clothing.289–292 Given the broad relevance of fluorination in various scientific domains,

exploring new fluorinated molecular scaffolds and understanding their chemical and

physical characteristics is a crucial avenue of research. We hypothesised that intro-

ducing tetrahalopyridine (THP) groups, including tetrafluoropyridine (TFP), into vari-

ous compound classes (such as ethers, thioethers, and amines) that are traditionally

challenging to crystallise, could promote the formation of highly crystalline materials.

This approach positions THP installation as a complement to conventional crystallisa-

tion methods such as salt formation,293–295 co-crystallisation,296 introduction of para-

bromo or para-nitro aryl functionalities,297–300 and the use of ”crystal sponges” (porous

complexes).301 Notably, this synthetic approach employs readily available reagents

and operates under mild conditions without necessitating product purification, poten-

tially offering advantages over other methodologies in the field.
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Figure 7.4: Traditional methods for enhancing crystallinity and TFP and TCP derivati-

sation as a supplementary tool.

* This section is based on a draft manuscript in collaboration with: Callum S. Begg, Viktoriya G. Drago-

manova, Dmitry S. Yufit, Toby J. Blundell, Matthew O. Kitching*, Steven L. Cobb* and William D. G.

Brittain* . Callum S. Begg performed SCXRD experiments on the library of compounds and wrote the

draft manuscript.
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The analysis of compounds derivatised with a tetrahalopyridyl group revealed a

diverse array of stabilising interactions in the solid state facilitated by the presence

of this functionality. These interactions encompassed X···X halogen bonds (with dis-

tances less than the sum of Van der Waals radii), X···π interactions (with distances

less than 4 Å),302 N···π interactions (with distances less than 4 Å), π···π interactions

(with distances less than 4 Å), and N···H interactions (with distances less than the sum

of Van der Waals radii). The nature and relative strength of these interactions were

contingent upon the specific substituent groups present on the aromatics to be deriva-

tised and the halogen’s identity on the THP group, whether it be fluorine or chlorine.
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Figure 7.5: Enhancing crystallinity and increasing melting point through and TFP and

TCP derivatisation.
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Figure 7.6: Determining absolute chirality through and TFP and TCP derivatisation.

Utilising the stabilising interactions facilitated by tetrahalopyridyl groups in the solid

state, we then explored their application in synthetic chemistry, by employing THP as

synthetic tags to enhance the crystallinity of materials that are typically non-crystalline.

By introducing THP groups, liquid monoterpenoid phenolic natural product Lavacrol

was successfully modified to produce compounds 338 and 339 in high yield (99% and

65% respectively). Notably, both 338 and 339 exhibited significantly increased melting

points (71–72 ◦C and 131–132 ◦C) compared to the parent phenol (1 ◦C). This trans-

formation from liquid to crystalline solid was replicated in other compounds such as
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p-chlorophenol, salicylaldehyde, and m-fluorophenol, showing a notable increase in

melting points upon THP installation (see Figure 7.5.). Furthermore, the incorporation

of the TCP group led to a more substantial increase in melting point compared to TFP

analogues, aligning with observed trends in packing energies.

Due to the localisation of electron density onto the halogen atoms substituted on

the THP ring the functional groups can also behave as synthetic handles for ab-

solute determination of chirality via SCXRD. The reduction of TFP-estrone (345) to

TFP-estradiol (343) is known to be diastereoselective but the absolute configuration

of the newly generated stereocentre is unconfirmed by NMR spectroscopic analysis.

Through recrystallising this material in CH2Cl2 the structure was successfully deter-

mined to be (S) at the hydroxyl carbon with a flack parameter of (–0.11(17)) which

allowed us to tentatively assign the absolute structure of the compound. Given the

heightened crystallinity observed with TCP derivatives and the increased electron

density of chlorine atoms compared to fluorine, we postulated that integrating a TCP

group could provide more useful in the ascertaining of absolute configuration (see

Figure 7.6.). While the TCP group offers superior parameters for determining chirality,

its relatively more challenging installation compared to TFP renders it less suitable for

utilisation with certain substrates.

In summary, THP groups demonstrate a general facile installability and an ability to

transform liquids into crystalline solids. Additionally, TCP groups act as a valuable tool

for determining the absolute chirality of compounds, while TFP groups are more easily

deployable and versatile for incorporation across a broad range of molecular scaffolds.
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Future work
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Figure 8.1: Future research based on enantioenriched ammonium cations.
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8.1 Application of enantioenriched ammonium salts

Future investigations could focus on advancing the derivatisation and rearrangement

chemistry of enantioenriched ammonium salts, aiming to yield more synthetically and

practically valuable molecular entities. These derivatised scaffolds could be used as

chiral phase transfer catalysts, surfactants or in a plethora of other applications. Ad-

ditionally, an exploration into the potential of ammonium salts to serve as novel chiral

organic fluorescence and phosphorescence electronics could be undertaken, with a

particular emphasis on fluorescence. A promising avenue includes perovskite synthe-

sis on dicationic quaternary ammonium salts, offering the prospect of a novel family of

metal-free chiral organic ferroelectronics.

Empirical observations have also highlighted the preferential gel formation of qua-

ternary ammonium salts with (R)-camphorsulfonic acid, dependent on the sense of the

N-stereocentre. This phenomenon could be investigated and the rheology quantified,

presenting a unique methodology for the development of chiral gels. Notably, it has

been observed that quaternary ammonium cations are unable to cross the blood-brain

barrier. This observation suggests a potential advantage in drug delivery design, par-

ticularly in the context of incorporating these cations into therapeutics that form gels

with sulfonic acid-containing drugs, such as ursodoxicoltaurine. This approach could

potentially hold promise for the treatment of diseases such as amyotrophic lateral scle-

rosis.303 The chirality of the N-stereocentre is anticipated to exert influence on both

the morphology of any potential gel and its interaction with the homochiral biological

system, underscoring the significance of N-stereocentre chirality.

8.2 Enantioselective synthesis of other scaffolds

The dynamic behaviour of ammonium cations, coupled with BINOL complexation,

presents a viable avenue for synthesising and controlling the stereochemistry of the

nitrogen stereocentre in natural alkaloids, including tropane and camphidine. The

method of racemisation and epimerisation could also be adapted from the SN2/ retro-

SN2 like procedure to allow improved synthesis of these molecular architectures. More-
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over, while the kinetic resolution of tetrahydroisoquinolinium salts has been established

(by Sam F. Fidler, MChem report, 2022), enhancing this methodology requires obtain-

ing and optimising conditions for the dynamic kinetic resolution of tetrahydroisoquino-

linium bromides. Achieving reversible alkylation and dealkylation under dynamic con-

ditions, potentially employing similar conditions to Valentin,171 is pivotal for enabling a

one-pot enantioselective synthesis of these privileged scaffolds.

8.3 Expansion to additional heteroatoms

Boron, silicon, phosphorus, sulfur, and oxygen have been documented as stereogenic

elements in the literature.1,22–27 The cationic variants of phosphorus and sulfur, specif-

ically phosphonium and sulfonium cations, emerge as viable options for extending the

established CIAT methodology and governing the stereochemistry of these stereocen-

tres. Notably, phosphonium salts, within this framework, have demonstrated recog-

nition by (R)-BINOL, as evidenced by Walsh and Kitching,304 indicating the poten-

tial for extending this recognition to enable enantioselective synthesis similar to am-

monium salts. Initial findings also indicate that sulfonium salts can be prepared us-

ing a comparable CIAT-like methodology, although further investigations are required

to validate their enantioenrichment and utility. The envisaged applications of these

salts encompass enantioselective ylide formation and their role in the synthesis of S-

adenosylmethionine (SAM).

8.4 High throughput crystallography

Examination of the compiled conglomerate list indicates a significant occurrence of

chromone-like structures. These structures can be synthesised through a straightfor-

ward three-component reaction. Utilising a high-throughput crystallography approach,

this reaction can be parallelised to efficiently identify potential candidates for new spon-

taneously resolving materials.305
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Chapter 9

Experimental

9.1 Experimental specifications

All reagents and solvents are commercially available (Sigma Aldrich, Fisher, Fluo-

rochem, and TCI) and were used without further purification, unless stated otherwise.

Dried solvents were obtained from in-house SPS (Innovative Technology PureSolv MD

5 solvent purification system), or were dried using standard inert distillation procedures

and were stored under Ar atmosphere and molecular sieves. Column chromatography

was typically carried out using 60 Å (70 – 230 mesh) silica gel from Fisher Scientific.

TLC was conducted using 2 cm x 5 cm aluminium backed plates coated with silica

matrix (0.2 mm) and fluorescent indicator (254 nm). Visualisation of TLC was carried

out using a UV lamp and/or staining (KMnO4, PMA, ninhydrin).

Solution-state NMR spectra were recorded at 298 K on either: a Bruker Avance III-

HD-400 spectrometer with operating frequencies of 400.07 MHz for 1H, 100.60 MHz

for 13C, 376.45 MHz for 19F, 161.95 MHz for 31P; a Bruker Avance III-HD-400 spec-

trometer with operating frequencies of 400.07 MHz for 1H, 128.36 MHz, 100.60 MHz

for 13C, 376.45 MHz for 19F, 161.95 MHz for 31P; a Bruker Neo-400 spectrometer

with operating frequencies of 400.20 MHz for 1H, 100.63 MHz for 13C, 376.57 MHz

for 19F, 162.00 MHz for 31P; a Varian VNMRS-600 spectrometer with operating fre-

quencies of 599.42 MHz for 1H, 150.72 MHz for 13C, 564.02 MHz for 19F, 242.65 MHz

for 31P; or a Varian VNMRS-700 spectrometer with operating frequencies of 699.73

MHz for 1H, 175.95 MHz for 13C, 658.41 MHz for 19F, 283.25 MHz for 31P. Spectra

were processed using MestReNova (V 12.0) software. 1H NMR Chemical shifts were

referenced to residual non-deuterated solvent peaks within the NMR solvent; CHCl3

(δH = 7.26 ppm), CH3CN (δH = 1.94 ppm), CH3OH (δH = 3.31 ppm), DMSO (δH =

2.50 ppm).306 The multiplicity of 1H signals are indicated as: s = singlet; d = doublet; t

= triplet; q = quartet; quint. = quintet; sex. = sextet; sept. = septet; m = multiplet; br =

broad; apt. = apparent; and combinations thereof. Coupling constants (J) are quoted

in Hz and are reported to the nearest 0.1 Hz. Chemical shifts for 13C NMR spectra
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were referenced to deuterated solvent peaks in the NMR solvent; CDCl3 (δC = 77.16

ppm), CD3CN (δC = 1.32 ppm), CD3OD (δC = 49.00 ppm), DMSO – d6 (δC = 39.52

ppm).306 All 13C resonances are reported to the nearest 0.1 ppm in general, or to 0.01

ppm to aid in the differentiation of closely resolved signals.

All mass spectrometry was carried out using tandem Acquity UPLC (Waters Ltd )

and a TQD with ESI mass spectrometer (set to EI+ mode and EI– mode where appro-

priate). The UPLC was equipped with an Acquity UPLC BEH C18 1.7 µm (2.1 mm x

50 mm) column, and mobile phase composition of H2O containing formic acid (0.1%

v/v): methanol mobile phase (gradient elution; t = 0 min, 95% : 0%, t = 4 min, 5% :

95%), set at 0.6 mL min-1.

X-ray single crystal data was collected using λMoKα radiation (λ = 0.71073 Å)

on an Agilent XCalibur (Sapphire-3 CCD detector, fine-focus sealed tube, graphite

monochromator) and Bruker D8 Venture (Photon100 CMOS detector, IµSmicrosource,

focusing mirrors). Diffractometers are equipped with the Cryostream (Oxford Cryosys-

tems) open-flow nitrogen cryostats at a temperature of 120.0 K. All structures were

solved by direct methods and refined by full-matrix least squares on F2 for all data

using Olex2307 and SHELXTL308,309 software. Non-disordered non-hydrogen atoms

were refined anisotropically, the hydrogen atoms were placed in the calculated posi-

tions and refined in riding mode. Crystallographic data and related CIFs for the struc-

tures related to submitted publications have been deposited with the Cambridge Crys-

tallographic Data Centre as supplementary publications: Chapter 2 - CCDC 2283502

– 2283521, 2283524 – 2283544.

Optical rotation measurements (α) were conducted on a Schmidt & Haensch UniPol

L2000 polarimeter, equipped with a 589.44 nm Na light source. The temperature was

controlled using a Brookfield TC-550MX circulating water bath, and a jacketed 100

mm quartz cell. Samples were prepared using HPLC grade solvents. Rotation mea-

surements were repeated in quadruplicate and are reported as an average specific

rotation ([α]D), along with the concentration (c) and solvent used for the measurement.

Solid-state NMR spectra were acquired using a Bruker Avance III-HD-spectrometer
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equipped with a wide-bore 9.4 or 11.7 T magnet. At 9.4 T, Larmor frequencies of 39.20

MHz and 400.13 MHz were used for 35Cl and 1H respectively. At 11.7 T, Larmor fre-

quencies of 49.00 MHz, 125.76 MHz, and 500.13 MHz were used for 13C, 35Cl, and 1H

respectively. All samples were finely ground and packed into 4 or 1.9 mm ZrO2 rotors

and magic-angle spinning (MAS) rates of either 8, 10, 20 or 40 kHz were applied. 1H

and 13C chemical shifts were referenced using adamantane and 35Cl chemical shifts

were referenced to 0.1 M NaCl(aq). At 9.4 T, 1H MAS NMR spectra were acquired using

a background suppression (DEPTH) experiment with typical π/2 and π pulse lengths

of 2.4 µs and 5.2 µs, respectively and a recycle delay of 4 s. At 11.7 T, 1H MAS

NMR spectra were obtained using a single pulse experiment with an optimised pulse

length of 3.4 µs and a recycle delay of 7 s. 13C cross-polarization (CP) MAS NMR

spectra were acquired using a 1 ms contact time and total sideband suppression us-

ing TOSS. 35Cl MAS NMR spectra were acquired using a Hahn-echo pulse sequence

(90x-τ-180y) with optimised 90x pulse lengths of 2.6 µs and 4.0 µs at 9.4 and 11.7 T

respectively and an optimised recycle delay of 0.6 s.

Powder X-ray diffraction experiments were performed with a Bruker d8 diffractome-

ter using Cu Kα1 (λ = 1.54056 Å) radiation. Samples were ground in mortar and pestle

prior to being applied to a moderately greased slide using a 250 micron sieve. Diffrac-

tion patterns were acquired over a 2θ = 10 – 75 ◦in steps of 0.02 degrees. Predicted

PXRD plots were generated from the appropriate .cif files using Mercury 2020.3.0

(Build 298224), ensuring that the predicted spectrum was predicted using Cu radia-

tion (λ = 1.54056 Å).

Melting points of solid and crystalline products were measured using a Sanyo Gal-

lenkamp variable heater equipped with a 300 ◦C mercury thermometer. Melting points

are uncorrected and solvents of crystallisation are listed along with the observed melt-

ing point range where appropriate.

Infra-red spectra were acquired using a Perkin Elmer Spectrum 100 FT-IR spec-

trometer equipped with a UATR attachment and CsI window. Spectra were recorded

from a range of 4,000 – 380 cm-1. Absorbance shape and intensity are described as

w = weak; m = medium; s = strong; sh = sharp; br = broad.
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The enantiomeric excesses (ee%) of resolution products determined by HPLC

analyses were performed on a Waters Arc UHPLC with a diode array detector and

an Astec CHIROBIOTIC V Chiral HPLC column (25 cm × 4.6 mm); using buffered

methanol solution (MeOH:AcOH:TEA, 100:0.02:0.01) as a mobile phase (reverse phase).

The wavelength of UV-detection was set at 210 nm and analyses were conducted in

an isocratic and isothermal (4 ◦C) manner. Flow rates were adjusted between 0.1 –

0.5 mL min-1 as appropriate.

COMPACK code was used to generate similarity scores between different crys-

tal structures using the ‘Crystal packing similarity. . . ’ in Mercury 2020.3.0 (Build

298224).193 For each structure comparison 20 molecules within each crystal were

analysed with a 50% leniency on both bond angle and bond length when assigning a

match. These raw comparisons were complied together and the similarity scores for

the matches between crystal structures depicted on a heatmap matrix using MATLAB.

Crystallographic data and related CIFs for structures related to rac-BINOL and (R)-

BINOL in the COMPACK similarity matrix were accessed from the Cambridge Crys-

tallographic Data Centre as supplementary publications with codes: BIRCOC01 and

WANNII respectively. The images for the overlaid BINOL·counterion networks within

each packing family was done using Hermes 1.10.4 where the structure overlay was

done manually within the program to align the BINOL·counterion networks.

Distances and angles within the crystal structures were determined using Mercury

2020.3.0 (Build 298224). Errors, when provided, are denoted in parentheses following

the respective measurement values. However, for hydrogen atoms, whose positions

were calculated and refined using the riding mode and therefore lack associated mea-

surement errors, the error related to the distance to the nearest anisotropically refined

atom is specified alongside the measurement. The influence of individual measure-

ment errors on the average isostructural distances and angles was disregarded due to

the predominance of the standard deviation of these averages over the errors associ-

ated with individual distances and angles.

Apparent cation volumes were determined by deleting the ammonium cation(s)
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from the crystal structure using Mercury 2020.3.0 (Build 298224) and saving the co-

ordinates of the remaining BINOL and counterion as a .mol2 file. Subsequently, this

file was reloaded into Mercury 2020.3.0 (Build 298224), and the ’Voids...’ tool was

employed to calculate the void within the structure excluding the cation (using a 0.2 Å

Probe Radius, 0.2 Å Approx. Grid Spacing, and calculated with the Contact Surface

method). This calculated volume was then divided by Z to represent the maximum

theoretical volume available for the ammonium cation to occupy in each crystal struc-

ture.

Crystal explorer v17.5 was used to generate Hirshfeld surface plots for specific

interactions (C-H—halogen, C-H—O and C-H—H). These plots were re-coloured in

Adobe Illustrator v26.0.1. Composite Hirshfeld surface plots can be made from indi-

vidual plots by overlaying the plots with others defined to be in the same isostructure

and scaling the opacity of each plot.
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9.2 Tertiary aniline synthesis

9.2.1 General procedure for reductive amination: A

H
N

(i) NaBH4, AcOH,
DCE, 0 ˚C, 75 min

(ii)

               , rt, 18 hrsH R

O

N

R

Scheme 9.1: Reductive amination adapted from Clayden et al. for the synthesis of

tertairy aniline compounds.

Adapted from Clayden et al.310 NaBH4 (1.5 equiv.) and dry DCE (0.3 M) were added

to an oven-dried dry 2-necked round bottom flask charged with a flow of argon or ni-

trogen. The suspension was cooled to 0 ◦C using an ice bath, and glacial acetic acid

(4.5 equiv.) was added slowly, whilst ensuring the reaction temperature was main-

tained below 5 ◦C. The mixture was allowed to react for 30 minutes at 0 ◦C before

being warmed to rt. and subsequently being allowed to react for a further 45 minutes.

N-methyl aniline (1.0 equiv.) was added, along with another addition of glacial acetic

acid (1.5 equiv.). After the mixture was fully mixed, the desired aldehyde (1.5 equiv.)

was added dropwise. The reaction was allowed to react at room temperature for 16

hours before diluting with distilled water (40 mL) and neutralised with NaOH pellets.

The reaction mixture was extracted with EtOAc (3 x 40 mL) and the combined organic

phases were washed with brine (40 mL), dried with MgSO4, concentrated and purified

by flash column chromatography (hexanes:EtOAc) to afford the desired tertiary aniline

product.
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N-methyl, N-butylaniline

22

11

44

33
N

66

55

77

88

99

173

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and bu-

tyraldehyde (6.31 mL, 70.0 mmol, 1.5 equiv.). Purification

by flash column chromatography (hexanes) afforded 173

as a pale yellow oil (5.78 g, 76% yield).

1H NMR (599 MHz, CDCl3) δ 7.28 – 7.22 (2H, m, H2), 6.73

(2H, d, J = 8.6 Hz, H3), 6.70 (1H, t, J = 7.0 Hz, H1), 3.36 – 3.31 (2H, m, H6), 2.95 (3H,

s, H5), 1.59 (2H, tt, J = 7.7, 6.6 Hz, H7), 1.37 (2H, apt. sext., J = 7.4 Hz, H8), 0.98 (3H,

t, J = 7.4 Hz, H9).

13C NMR (151 MHz, CDCl3) δ 149.5 (C4), 129.3 (C2), 115.9 (C1), 112.2 (C3), 52.7

(C6), 38.4 (C5), 29.0 (C7), 20.5 (C8), 14.2 (C9).

LRMS (ESI-TOF) m/z: 164.7 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C11H18N+: 164.1439, found 164.1441.

IR (max/cm-1): 2958br, 1598m, 1505s, 744s, 690m.

N-methyl, N-homocyclopentylaniline

22

11

44

33
N

66

55

77

99
88

171

Following the general procedure outlined in 9.2.1 using

N-methylaniline (2.00 mL, 18.5 mmol, 1.0 equiv.) and

cyclopentanecarboxaldehyde (2.10 mL, 19.7 mmol, 1.1

equiv.). Purification by flash column chromatography (hex-

anes) afforded 171 as a pale yellow oil (2.15 g, 49% yield).

1H NMR (599 MHz CDCl3) δ 7.33 – 7.28 (2H, m, H2), 6.78

(2H, d, J = 8.7 Hz, H3), 6.75 (1H, t, J = 7.1 Hz, H1), 3.34 – 3.31 (2H, d, J = 7.3 Hz,

H6), 3.03 (3H, s, H5), 2.40 – 2.31 (1H, m, H7), 1.87– 1.78 (2H, m, H8), 1.77 – 1.68

(2H, m, H9), 1.67 – 1.58 (2H, m, H9’), 1.35 – 1.27 (2H, m, H8’).

13C NMR (151 MHz, CDCl3) δ 149.7 (C4), 129.2 (C2), 115.8 (C1), 112.1 (C3), 57.9

(C6), 39.1 (C5), 39.0 (C7), 30.9 (C8), 25.1 (C9).

LRMS (ESI-TOF) m/z: 190.7 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C13H20N+: 190.1596, found 190.1596.

IR (max/cm-1): 2949m, 1597m, 1505s, 744s, 690m.
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N-methyl, N-homocyclopropylaniline

22

11

44

33
N

66

55

77
88

172

Following the general procedure outlined in 9.2.1 using N-

methylaniline (3.25 mL, 30.0 mmol, 1.0 equiv.) and cyclo-

propanecarboxaldehyde (3.50 mL, 46.8 mmol, 1.6 equiv.).

Purification by flash column chromatography (hexanes) af-

forded 172 as a pale yellow oil (2.37 g, 63% yield).

1H NMR (599 MHz, CDCl3) δ 7.28 – 7.20 (2H, m, H2), 6.85 – 6.79 (2H, d, J = 8.6 Hz,

H3), 6.72 (1H, t, J = 7.3 Hz, H1), 3.23 (2H, d, J = 6.3 Hz, H6), 2.99 (3H, s, H5), 1.09 –

0.96 (1H, m, H7), 0.58 – 0.44 (2H, m, H8), 0.28 – 0.18 (2H, m, H8’).

13C NMR (151 MHz, CDCl3) δ 149.8 (C4), 129.1 (C2), 116.3 (C1), 112.7 (C3), 57.1

(C6), 38.4 (C5), 8.8 (C7), 3.3 (C8).

LRMS (ESI-TOF) m/z: 162.5 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C11H16N+: 162.1283, found 162.1280.

IR (max/cm-1): 3000m, 1597m, 1504s, 743s, 690m.

N-methyl, N-hydrocinnamylaniline

22

11

44

33
N

66

55

77

88

99

1010

1111

1212

178

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and hy-

drocinnamaldehyde (9.21 mL, 70.0 mmol, 1.5 equiv.). Pu-

rification by flash column chromatography (hexanes) af-

forded 178 as a pale yellow oil (7.49 g, 71% yield).

1H NMR (599 MHz, CDCl3) δ 7.41 – 7.35 (2H, m, H11), 7.33 – 7.27 (4H, m, H2+10),

7.27 – 7.26 (1H, m, H12), 6.81 – 6.73 (3H, m, H1+3), 3.45 – 3.40 (2H, m, H6), 3.00 (3H,

s, H5), 2.74 (2H, t, J = 7.7 Hz, H8), 2.05 – 1.96 (2H, apt. p, J = 7.4, H7).

13C NMR (151 MHz, CDCl3) δ 149.4 (C4), 141.9 (C9), 129.3 (C2), 128.48 (C10), 128.45

(C12), 126.0 (C11), 116.2 (C1), 112.3 (C3), 52.3 (C6), 38.4 (C5), 33.4 (C8), 28.3 (C7).

LRMS (ESI-TOF) m/z: 226.9 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C16H20N+: 226.1596, found 226.1601.

IR (max/cm-1): 2948m, 1598m, 1506s, 744s, 691s.
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N-methyl, N-isovalerylaniline

22

11

44

33
N

66

55

77
88 99

175

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and iso-

valeraldehyde (7.51 mL, 70.0 mmol, 1.5 equiv.). Purifica-

tion by flash column chromatography (hexanes) afforded

175 as a pale yellow oil (6.87 g, 83% yield).

1H NMR (599 MHz, CDCl3) δ 7.23 (2H, t, J = 7.9 Hz, H2), 6.70 (2H, d, J = 7.9 Hz, H3),

6.67 (1H, t, J = 7.2 Hz, H1), 3.33 (2H, m, H6), 2.92 (3H, s, H5), 1.61 (1H, sept., J = 6.3

Hz, H8), 1.48 – 1.43 (2H, m, H7), 0.95 (6H, d, J = 6.3 Hz, H9).

13C NMR (151 MHz, CDCl3) δ 149.5 (C4), 129.3 (C2), 116.0 (C1), 112.3 (C3), 51.2

(C6), 38.3 (C5), 35.3 (C7), 26.4 (C8), 22.8 (C9).

LRMS (ESI-TOF) m/z: 178.4 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C12H20N+: 178.1596, found 178.1596.

IR (max/cm-1): 2955m, 1599m, 1506s, 745s, 689s.

N-methyl, N-phenylacetylaniline

22

11

44

33
N

66

55

77
88

1111

1010

99

176

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and pheny-

lacetaldehyde (7.79 mL, 70.0 mmol, 1.5 equiv.). Purifica-

tion by flash column chromatography (hexanes) afforded

176 as a pale yellow oil which solidified upon cooling (7.22

g, 73% yield).

1H NMR (599 MHz, CDCl3) δ 7.36 – 7.28 (2H, m, H10), 7.30 – 7.25 (3H, m, H2+11),

7.24 (2H, d, J = 7.9 Hz, H9), 6.77 (2H, d, J = 7.9 Hz, H3), 6.74 (1H, t, J = 7.2 Hz, H1),

3.62 – 3.56 (2H, m, H6), 2.92 (3H, s, H5), 2.90 – 2.85 (2H, t, J = 7.6 Hz, H7).

13C NMR (151 MHz, CDCl3) δ 149.0 (C4), 140.0 (C8), 129.4 (C2), 129.0 (C10), 128.7

(C9), 126.3 (C11), 116.3 (C1), 112.3 (C3), 54.9 (C6), 38.6 (C5), 33.1 (C7).

LRMS (ESI-TOF) m/z: 212.7 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C15H18N+: 212.1439, found 212.1447.

IR (max/cm-1): 2932m, 1596m, 1503m, 1227w, 1191w, 738s, 692s, 494s.

mp: 29 ◦C (hexanes precipitate).

169



9.2. TERTIARY ANILINE SYNTHESIS

N-methyl, N-isobutylaniline

22

11

44

33
N

66

55

77

88

174

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and isobu-

tyraldehyde (6.39 mL, 70.0 mmol, 1.5 equiv.). Purification

by flash column chromatography (hexanes) afforded 174

as a pale yellow oil (6.97 g, 91% yield).

1H NMR (599 MHz, CDCl3) δ 7.31 – 7.25 (2H, m, H2), 6.77 – 6.70 (3H, m, H1+3), 3.15

(2H, d, J = 7.3 Hz, H6), 3.01 (3H, s, H5), 2.16 – 2.07 (1H, m, H7), 0.99 (6H, d, J = 6.7

Hz, H8).

13C NMR (151 MHz, CDCl3) δ 149.7 (C4), 129.1 (C2), 115.6 (C1), 111.8 (C3), 61.0

(C6), 39.4 (C5), 27.4 (C7), 20.5 (C8).

LRMS (ESI-TOF) m/z: 164.6 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C11H18N+: 164.1439, found 164.1438.

IR (max/cm-1): 2956m, 1598m, 1505s, 993w, 744s, 689m.

N-methyl, N-hexylaniline

1

2

3

4
N

6

5

7

8

9

10

11

347

Following the general procedure outlined in 9.2.1 using N-

methylaniline (5.06 mL, 46.7 mmol, 1.0 equiv.) and hex-

anal (8.60 mL, 56.2 mmol, 1.2 equiv.). Purification by flash

column chromatography (hexanes) afforded 347 as a pale

yellow oil (8.88 g, 99% yield).

1H NMR (599 MHz, CDCl3) δ 7.32 – 7.25 (2H, m, H2), 6.79 – 6.71 (3H, m, H1+3), 3.39

– 3.33 (2H, m, H6), 2.98 (3H, s, H5), 1.63 (2H, tt, J = 7.3, 5.8 Hz, H7), 1.43 – 1.35 (6H,

m, H8+9+10), 0.96 (3H, t, J = 4.4 Hz, H11).

13C NMR (151 MHz, CDCl3) δ 149.5 (C4), 129.2 (C2), 115.9 (C1), 112.2 (C3), 53.0

(C6), 38.4 (C5), 31.9 (C8), 27.0 (C9), 26.8 (C7), 22.8 (C10), 14.2 (C11).

LRMS (ESI-TOF) m/z: 192.3 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C13H22N+: 192.1752, found 192.1760.

IR (max/cm-1): 2927m, 1599m, 1506s, 990m, 745s, 690s, 513w..
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N-methyl, N-octylaniline
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348

Following the general procedure outlined in 9.2.1

using N-methylaniline (5.06 mL, 46.7 mmol, 1.0

equiv.) and octanal (10.94 mL, 70.5 mmol, 1.5

equiv.). Purification by flash column chromatog-

raphy (hexanes) afforded 348 as a pale yellow oil

(10.09 g, 99% yield).

1H NMR (599 MHz, CDCl3) δ 7.32 (2H, t, J = 9.1 Hz, H2), 6.81 – 6.75 (3H, m, H1+3),

3.39 (2H, dd, J = 9.4, 6.8 Hz, H6), 3.01 (3H, s, H5), 1.67 (2H, q, J = 6.9 Hz, H7), 1.45

– 1.34 (10H, m, H8+9+10+11+12), 1.00 (3H, t, J = 7.1 Hz, H13).

13C NMR (151 MHz, CDCl3) δ 149.5 (C4), 129.4 (C2), 116.0 (C1), 112.2 (C3), 53.0

(C6), 38.3 (C5), 32.0 (C8), 29.7 (C9), 29.4 (C10), 27.3 (C11), 26.8 (C7), 22.8 (C12), 14.2

(C13).

LRMS (ESI-TOF) m/z: 220.3 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C15H26N+: 220.2065, found 220.2070.

IR (max/cm-1): 2923br 2852m, 1598m, 1505s, 991w, 744s, 689s, 513w..

N-methyl, N-2-ethylbutylaniline

1
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N
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349

Following the general procedure outlined in 9.2.1 using

N-methylaniline (5.06 mL, 46.7 mmol, 1.0 equiv.) and 2-

ethylbutyraldehyde (9.36 mL, 76.1 mmol, 1.6 equiv.). Pu-

rification by flash column chromatography (hexanes) af-

forded 347 as a pale yellow oil (7.51 g, 84% yield).

1H NMR (599 MHz, CDCl3) δ 7.28 – 7.22 (2H, m, H2), 6.74 – 6.67 (3H, m, H1+3), 3.21

(2H, d, J = 7.4 Hz, H6), 2.97 (3H, s, H5), 1.74 (1H, sept., J = 6.8 Hz, H7), 1.47 – 1.31

(4H, m, H8), 0.94 (6H, t, J = 7.5 Hz, H9).

13C NMR (151 MHz, CDCl3) δ 150.0 (C4), 129.2 (C2), 115.7 (C1), 112.0 (C3), 57.0

(C6), 39.51 (C5), 39.47 (C7), 23.6 (C8), 10.9 (C9).

LRMS (ESI-TOF) m/z: 192.3 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C13H21N+: 192.1752, found 192.1755.

IR (max/cm-1): 2961m, 1598m, 1505s, 993m, 745s, 690s, 514w.
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rac-N-methyl, N-homocyclohex-2-enyl aniline

2

1

4
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350

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and cyclohex-2-

enecarboxaldehyde (8.20 mL, 70.0 mmol, 1.5 equiv.). Purification

by flash column chromatography (hexanes) afforded 350 as a pale

yellow oil (7.47 g, 80% yield).

1H NMR (599 MHz, CDCl3) δ 7.23 (2H, t, J = 7.9 Hz, H2), 6.71 (2H,

d, J = 8.0 Hz, H3), 6.68 (1H, t, J = 7.2 Hz, H1), 5.72 – 5.64 (2H, m,

H10+11), 3.26 (1H, dd, J = 7.3, 6.7 Hz, H6), 3.20 (1H, dd, J = 7.3,

6.7 Hz, H6), 2.98 (3H, s, H5), 2.15 – 1.99 (4H, m, H7+8+12), 1.85 – 1.78 (1H, m, H9),

1.79 – 1.71 (1H, m, H8), 1.35 – 1.25 (1H, m, H9).

13C NMR (151 MHz, CDCl3) δ 149.8 (C4), 129.2 (C2), 127.3 (C11), 126.1 (C10), 115.8

(C1), 112.0 (C3), 58.8 (C6), 39.6 (C5), 32.9 (C12), 29.7 (C8), 26.9 (C9), 24.9 (C7).

LRMS (ESI-TOF) m/z: 202.7 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C14H20N+: 202.1596, found 202.1610.

IR (max/cm-1): 2901m, 1597m, 1505s, 744s, 691m, 654m.
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rac-N-methyl, N-3-phenylbutyl aniline

2
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351

Following the general procedure outlined in 9.2.1 using N-

methylaniline (4.95 mL, 46.7 mmol, 1.0 equiv.) and 3-

phenylbutyraldehyde (11.38 mL, 70.0 mmol, 1.5 equiv.). Pu-

rification by flash column chromatography (hexanes) afforded

351 as a pale yellow oil (7.78 g, 70% yield).

1H NMR (599 MHz, CDCl3) δ 7.52 – 7.48 (2H, m, H12), 7.42 –

7.37 (5H, m, H2+11+13), 6.87 (1H, tt, J = 7.2, 0.9 Hz, H1), 6.81

– 6.77 (2H, m, H3), 3.46 – 3.40 (1H, m, H6), 3.38 – 3.32 (1H,

m, H6), 3.03 (3H, s, H5), 2.95 – 2.87 (1H, m, H8), 2.09 – 2.02 (2H, m, H7), 1.48 (3H, d,

J= 7.0 Hz, H9).

13C NMR (151 MHz, CDCl3) δ 148.8 (C4), 146.5 (C10), 129.0 (C2), 128.3 (C12), 126.8

(C11), 126.0 (C13), 115.8 (C1), 112.0 (C3), 50.9 (C6), 38.0 (C5), 37.8 (C8), 34.2 (C7),

22.7 (C9).

LRMS (ESI-TOF) m/z: 240.9 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C17H22N+: 240.1752, found 240.1761.

IR (max/cm-1): 2961m, 1598m, 1505s, 745s, 689s.
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9.2. TERTIARY ANILINE SYNTHESIS

9.2.2 General procedure for reductive amination: B

NH2

(i) NaBH4, AcOH,
DCE, 0 ˚C, 75 min

(ii)

               , rt, 4 hrsR1 R2

O

NH

R1 R2

Scheme 9.2: Reductive amination adapted from Clayden et al. for the synthesis of

secondary aniline compounds.

Adapted from Clayden et al.310 NaBH4 (1.5 equiv.) and dry DCE (0.3 M) were added

to a dry 2-necked round bottom flask charged with a flow of argon or nitrogen. The

suspension was cooled to 0 ◦C using an ice bath, and glacial acetic acid (4.5 equiv.)

was added slowly to ensure the temperature was maintained below 5 ◦C. The reaction

mixture was allowed to react for 30 minutes at 0 ◦C before being warmed to rt. and

allowed to react for a further 45 minutes. The desired aniline (1.0 equiv.) was added,

along with another addition of glacial acetic acid (1.5 equiv.). After the mixture was

fully mixed, the desired ketone (1.5 equiv.) was added dropwise. The reaction was

allowed to react at room temperature for 4 – 16 hrs before diluting with distilled water

(40 mL) and quenched with NaOH pellets. The reaction mixture was extracted with

EtOAc (3 x 40 mL) and the combined organic phases were washed with brine (40

mL), dried with MgSO4, concentrated and purified by flash column chromatography

(hexanes:EtOAc) to afford the desired secondary aniline product.
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4-fluoro-N-phenylacetylaniline

22
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N
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F
180

Following the general procedure outlined in 9.2.2 using 4-

fluoroaniline (3.34 g, 30.1 mmol, 1.0 equiv.) and phenylac-

etaldehyde (1.48 mL, 20.0 mmol, 1.0 equiv.). Purification

by flash column chromatography (hexanes:EtOAc, 98:2)

afforded 180 as a yellow oil (4.18 g, 65% yield).

1H NMR (700 MHz, CDCl3) δ 7.22 – 7.18 (2H, m, H9), 7.15 – 7.11 (1H, m, H11), 7.10

(2H, d, J = 7.5 Hz, H10), 6.77 (2H, t, J = 8.4 Hz, H3), 6.40 (2H, dd, J = 8.9, 4.4 Hz,

H2), 3.35 (1H, s, H5), 3.22 (2H, t, J = 7.0 Hz, H6), 2.77 (2H, t, J = 7.0 Hz, H7).

13C NMR (176 MHz, CDCl3) δ 155.9 (d, J = 233.4 Hz, C1), 144.4 (C4), 139.3 (C8),

128.9 (C9), 128.6 (C10), 126.6 (C11), 115.8 (d, J = 23.0 Hz, C3), 113.9 (d, J = 7.6 Hz,

C2), 45.8 (C6), 35.5 (C7).

13F NMR (376 MHz, CDCl3) δ –127.87.

LRMS (ESI-TOF) m/z: 216.2 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C14H15NF+: 216.1189, found 216.1181.

IR (max/cm-1): 3409br, 2942m, 1508s, 1213m, 1254m, 818s, 698s, 495m.
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9.2. TERTIARY ANILINE SYNTHESIS

9.2.3 General procedure for reductive amination: C

H
N

NaBH4 (3.5 equiv.)
3 M H2SO4

THF, 0–20 ˚C
18 hrs

H H

O
+ N

R1

R R

R1

Scheme 9.3: Reductive amination adapted from Walsh et al. for the synthesis of

tertiary aniline compounds.

Adapted from Walsh et al.2 The relevant aniline (1.0 equiv.) and powdered NaBH4

(3.5 equiv.) are combined and made into a slurry with THF (0.5 M). A second solution

composed of 37% aqueous formaldehyde (3.0 equiv.), 3 M H2SO4 (1 mL per 1 mmol

of aniline) and THF (0.2 M) was prepared and chilled to 0 ◦C. The aniline/NaBH4 slurry

was then added slowly to the acidic formaldehyde solution slowly, so as to maintain

a reaction temperature of less than 20 ◦C. Once half of the aniline mixture has been

added the pH of the reaction is checked and additional 3 M H2SO4 is added if the pH

greater than 2. Once all of the aniline has been added (over the course of 30 minutes),

the reaction is removed from the ice bath and is allowed to stir at room temperature

overnight.

The reaction mixture is diluted with 50 mL of water and is made strongly basic us-

ing solid NaOH pellets. The basic reaction mixture is then extracted with diethyl ether

(3 x 20 mL), dried with MgSO4 and concentrated to give the tertiary aniline product.
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N-methyl, N-isopropylaniline

22

11

44

33
N

55 66

77

183

Following the general procedure outlined in 9.2.3 using N-

isopropyl aniline (2.00 g, 14.8 mmol, 1.0 equiv.). Purifi-

cation by flash column chromatography (hexanes:EtOAc,

96:4) afforded 183 as a pale yellow oil (1.90 g, 86% yield).

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.21 (2H, m, H2), 6.81

(2H, d, J = 8.3 Hz, H3), 6.71 (1H, t, J = 7.5 Hz, H1), 4.11

(1H, sept., J = 6.6 Hz, H5), 2.74 (3H, s ,H7), 1.18 (6H, d, J = 6.3 Hz, H6).

13C NMR (101 MHz, CDCl3) δ 150.3 (C4), 129.2 (C2), 116.6 (C1), 113.5 (C3), 49.1

(C5), 29.9 (C7), 19.4 (C6).

LRMS (ESI-TOF) m/z: 150.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C10H16N+: 150.1283, found 150.1276.

IR (max/cm-1): 2999m, 2976m, 1491m, 1382w, 1117m, 1001m, 959m, 790s, 552m.

4-fluoro-N-methyl, N-phenylacetylaniline
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Following the general procedure outlined in 9.2.3 using

180 (4.18 g, 19.4 mmol, 1.0 equiv.). Purification by

flash column chromatography (hexanes) afforded 182 as

a colourless oil, which solidified upon cooling (2.81 g, 63%

yield).

1H NMR (599 MHz, CDCl3) δ 7.33 – 7.29 (2H, m, H10), 7.25 – 7.22 (1H, m, H11), 7.22

–7.19 (2H, m, H9), 6.97 (2H, t, J = 8.7 Hz, H3), 6.71 – 6.63 (2H, m, H2), 3.53 (2H, dd,

J = 8.2, 7.2 Hz, H6), 2.87 (3H, s ,H5), 2.84 (2H, dd, J = 9.0, 6.5 Hz, H7).

13C NMR (151 MHz, CDCl3) δ 155.5 (d, J = 229.8 Hz, C1), 145.7 (C4), 139.9 (C8),

128.9 (C10), 128.7 (C9), 126.4 (C11), 115.7 (d, J = 22.9 Hz, C3), 113.6 (br, C2), 55.6

(C6), 39.0 (C5), 32.9 (C7).

19F NMR (376 MHz, CDCl3) δ –129.58.

LRMS (ESI-TOF) m/z: 230.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C15H17NF+: 230.1345, found 230.1348.

IR (max/cm-1): 2936w, 1509m, 1221m, 810s, 751m, 704s, 494s.

mp: 40 ◦C (hexanes precipitate).
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9.2.4 General procedure for reductive amination: D

H
N

NaBH4 (7.0 equiv.)
3 M H2SO4

THF, 0–20 ˚C
18 hrs

H H

O
+ N

R R(6.0 equiv.)

Scheme 9.4: Reductive amination adapted from Giumanini et al.

Adapted from Giumanini et al. reported reductive amination procedure.311 Aniline (1.0

equiv.) and powdered NaBH4 (7.0 equiv.) are combined and made into a slurry with

THF (0.3 M). A second solution composed of 37% aqueous formaldehyde (6.0 equiv.),

3 M H2SO4 (2 mL per 1 mmol of aniline) and THF (0.3 M) is prepared and chilled to 0

◦C. The aniline/NaBH4 slurry is then added slowly to the acidic formaldehyde solution,

so as to maintain a reaction temperature less than 20 ◦C. Once half of the aniline mix-

ture has been added, the pH of the reaction is checked and additional 3 M H2SO4 is

added if the pH is greater than 2. Once all of the aniline has been added, the reaction

is removed from the ice bath and is allowed to stir at room temperature overnight.

The reaction mixture is diluted with 40 mL of water, and is made strongly basic us-

ing solid NaOH pellets. The basic reaction mixture is then extracted with diethyl ether

(3 x 20 mL), dried with MgSO4 and concentrated to give crude permethylated tertiary

aniline product, which was purified using a silica gel plug (hexanes/EtOAc).
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N-methylindoline
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Following the method outlined in 9.2.1 using indoline (3.0

mL, 26.7 mmol) and purification using a silica gel plug

(hexane), afforded the methylated indoline 352 as a yel-

low oil (0.89 g, 25% yield).

1H NMR (400 MHz, CDCl3) δ 7.14 – 7.04 (2H, m, H4+6),

6.68 (1H, td, J = 7.4, 1.0 Hz, H5), 6.51 (1H, dd, J = 8.1, 1.0 Hz, H3), 3.30 (2H, t, J =

8.1 Hz, H9), 2.95 (2H, t, J = 8.1 Hz, H8), 2.77 (3H, s, H1).

13C NMR (101 MHz, CDCl3) δ 153.5 (C2), 130.4 (C7), 127.4 (C4), 124.4 (C6), 117.9

(C5), 107.4 (C3), 56.3 (C9), 36.4 (C1), 28.9 (C8).

LRMS (ESI-TOF) m/z: 134.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C9H12N+: 134.0970, found 134.0977.

IR (νmax/cm-1): 2992w, 2949m, 2808m, 1609s, 1266s, 742s.

This compound was also synthesied by Emmanuelle F. Fiandra.

N,N-dimethyl-3,4-(methylenedioxy)aniline
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Following the method outlined in 9.2.1 using 3,4-

(methylenedioxy)aniline (2.98 g, 21.8 mmol) and purifica-

tion using a silica gel plug (95:5 hexane:EtOAc), afforded

the permethylated tertiary aniline 353 as a brown oil (2.76

g, 77% yield).

1H NMR (400 MHz, CDCl3) δ 6.74 (1H, d, J = 8.51 Hz,

H2), 6.44 (1H, d, J = 2.50, H6), 6.19 (1H, dd, J = 8.51, 2.50 Hz, H1), 5.88 (2H, s, H4),

2.87 (6H, s, H8).

13C NMR (101 MHz, CDCl3) δ 148.3 (C7), 147.2 (C5), 139.4 (C3), 108.4 (C6), 105.2

(C2), 100.7 (C1), 96.5 (C4), 41.9 (C8).

LRMS (ESI-TOF) m/z: 166.4 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C9H12NO2
+: 166.0851, found 166.0868.

IR (νmax/cm-1): 2874m, 1631w, 1504s, 1319w, 1224s, 1035s, 933s, 813s.

This compound was also synthesied by Emmanuelle F. Fiandra and Emma F.G. Winful.
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4-bromo-N,N-dimethylaniline

1
2
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Br

354

Following the method outlined in 9.2.1 using 4-

bromoaniline (3.08 g, 17.9 mmol) and purification using

a silica gel plug (99:1 hexane:EtOAc), afforded the per-

methylated tertiary aniline 354 as an off-white solid (2.96

g, 83% yield).

1H NMR (400 MHz, CDCl3) δ 7.30 (2H, dt, J = 9.3, 2.4 Hz,

H2), 6.59 (2H, dt, J = 9.3, 2.4 Hz, H3), 2.93 (6H, s, H5).

13C NMR (101 MHz, CDCl3) δ 149.6 (C4), 131.8 (C2), 114.2 (C3), 108.6 (C1), 40.7

(C5).

LRMS (ESI-TOF) m/z: 201.3 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C8H11BrN+: 200.0075, found 200.0084.

IR (νmax/cm-1): 2976m, 2808m, 1583m, 1441m, 1353m, 803s, 500m.

mp: 48 – 50 ◦C (EtOAc/hexanes).

This compound was also synthesied by Emmanuelle F. Fiandra.

4-chloro-N,N-dimethylaniline
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Following the method outlined in 9.2.1 using 4-

chloroaniline (2.93 g, 23.0 mmol) and purification using

a silica gel plug (99:1 hexane:EtOAc), afforded the per-

methylated tertiary aniline 355 as a yellow oil which later

solidified (2.41 g, 68% yield).

1H NMR (400 MHz, CDCl3) δ 7.18 (2H, dt, J = 9.1, 2.2 Hz,

H2), 6.64 (2H, dt, J = 9.1, 2.2 Hz, H3), 2.93 (6H, s, H5).

13C NMR (101 MHz, CDCl3) δ 149.6 (C4), 129.2 (C1), 121.8 (C2), 114.1 (C3), 41.1

(C5).

LRMS (ESI-TOF) m/z: 156.9 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C8H11ClN+: 156.0580, found 156.0569.

IR (νmax/cm-1): 2876m, 2798m, 1596m, 809s, 611s.

mp: 30 – 32 ◦C (EtOAc/hexanes).

This compound was also synthesied by Emmanuelle F. Fiandra.
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N,N-dimethyl, 3,4-dimethoxyaniline
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Following the method outlined in 9.2.1 using 3,4-

dimethoxyaniline (3.02 g, 19.7 mmol) and purification us-

ing a silica gel plug (4:1 hexane:EtOAc), afforded the per-

methylated tertiary aniline 356 as an off-white solid (2.83

g, 79% yield).

1H NMR (400 MHz, CDCl3) δ 6.81 (1H, d, J = 8.7 Hz, H4),

6.42 (1H, d, J = 2.8 Hz, H9), 6.29 (1H, dd, J = 8.7, 2.8 Hz, H3), 3.88 (3H, s, H8), 3.82

(3H, s, H5), 2.89 (6H, s, H1).

13C NMR (101 MHz, CDCl3) δ 149.8 (C2), 146.5 (C7), 141.6 (C6), 113.0 (C3), 104.9

(C4), 99.6 (C9), 56.7 (C8), 55.9 (C5), 41.9 (C1).

LRMS (ESI-TOF) m/z: 182.5 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ Calculated for C10H16NO2
+: 182.1181, found

182.1187.

IR (νmax/cm-1): 2991m, 1581m, 1234s, 815s, 680m.

mp: 56 – 58 ◦C (EtOAc/hexanes).

This compound was also synthesied by Emmanuelle F. Fiandra.
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9.2. TERTIARY ANILINE SYNTHESIS

9.2.5 General procedure for oxidation of primary alcohols

DMSO (10.0 equiv.)
Et3N (7.0 equiv.)

SO3·pyridine (2.7 equiv.)

DCE, 0–20 ˚C
90 min

R OH
R H

O

Scheme 9.5: Selective oxidation of primary alcohol to aldehyde adapted from Parikh

et al.

Adapted from Parikh et al.312 The desired alcohol (1.0 equiv.), anhydrous Et3N (7.0

equiv.) and DMSO dried over 4 Å molecular sieves (10.0 equiv.) were added to an

oven-dried 2-necked round bottom flask charged with a flow of argon or nitrogen. The

solution was cooled to 0 ◦C. To a second oven-dried 2-necked round bottom flask

charged with a flow of argon or nitrogen was added sulphur trioxide pyridine complex

(2.7 equiv.) which was subsequently dissolved into dry CH2Cl2 (0.8 M). The sulphur

trioxide pyridine complex solution was added dropwise to the solution of alcohol at 0

◦C, before being allowed to warm to room temperature and left to react for 90 minutes.

The reaction was quenched by the addition of distilled water (40 mL), extracted with

CH2Cl2 (3 x 40 mL), washed with water (3 x 40 mL) and brine (3 x 40 mL) and dried

over MgSO4. The crude product was purified by flash column chromatography (hex-

anes:EtOAc) to afford the desired aldehyde product.
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4-phenyl-1-butyraldehyde
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Following the general procedure outlined in 9.2.5 using 4-

phenyl-1-butanol (4.92 g, 32.8 mmol, 1.0 equiv.). Purifi-

cation by flash column chromatography (hexanes:EtOAc,

30:1) afforded 357 as a colourless oil (2.99 g, 61% yield).

1H NMR (599 MHz, CDCl3) δ 9.76 (1H, s, H1), 7.34 – 7.28

(2H, m, H8), 7.28 – 7.17 (3H, m, H7+9), 2.67 (2H, t, J = 7.6 Hz, H5), 2.46 (2H, td, J =

7.3, 1.7 Hz, H3), 1.98 (2H, p, J = 7.6 Hz, H4).

13C NMR (151 MHz, CDCl3) δ 202.3 (C2), 141.3 (C6), 128.50 (C7), 128.49 (C8), 126.1

(C9), 43.1 (C3), 35.0 (C5), 23.7 (C4).

IR (max/cm-1): 2940w, 1721s, 1454w, 747m, 699s, 491m.

Data consistent with literature values.313

N-methyl, N-4-phenylbutylaniline
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Following the general procedure outlined in 9.2.1

using N-methylaniline (1.90 mL, 17.5 mmol, 1.0

equiv.) and 357 (2.56 g, 17.3 mmol, 1.0

equiv.). Purification by flash column chromatogra-

phy (hexanes) afforded 179 as an orange oil (2.23

g, 54% yield).

1H NMR (700 MHz, CDCl3) δ 7.33 (2H, apt. t, J = 7.8 Hz, H12), 7.30 – 7.26 (2H, m,

H2), 7.26 – 7.22 (3H, m, H11+13), 6.76 – 6.71 (3H, m, H1+3), 3.40 – 3.35 (2H, m, H9),

2.96 (3H, s, H5), 2.70 (2H, t, J = 7.3 Hz, H6), 1.75 – 1.65 (4H, m, H7+8).

13C NMR (176 MHz, CDCl3) δ 149.4 (C4), 142.4 (C10), 129.3 (C2), 128.5 (C11), 128.4

(C12), 125.9 (C13), 116.0 (C1), 112.2 (C3), 52.8 (C9), 38.4 (C5), 35.9 (C6), 29.2 (C7),

26.5 (C8).

LRMS (ESI-TOF) m/z: 240.2 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C17H22N+: 240.1752, found 240.1763.

IR (max/cm-1): 2937w, 1598s, 1504s, 744s, 692s, 516w.
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N-methyl, N-4-fluoro-phenylacetylaniline
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Following the general procedure outlined in 9.2.5 using 4-

fluorophenethyl alcohol (3.20 mL, 25.6 mmol, 1.0 equiv.)

was afforded crude 4-fluorophenylacetylaldehyde as a yel-

low oil. Following the general procedure outlined in 9.2.1

using N-methylaniline (2.87 mL, 26.5 mmol, 1.1 equiv.)

and crude 4-fluorophenylacetylaldehyde (3.33 g, 24.0 mmol, 1.0 equiv.) yielded crude

177. The crude tertiary aniline was dissolved into Et2O and cooled to 0 ◦C. 37% HCl

was added dropwise until a precipitate was observed and the solution filtered. The

resulting solid was dissolved into 15% NaOH(aq), extracted with CHCl3 (3 x 20 mL)

and washed with 15% NaOH(aq) (3 x 20 mL), H2O (3 x 20 mL) and brine (3 x 20 mL).

Purification by flash column chromatography (hexanes) afforded 177 as an orange oil

which solidified upon cooling and was pure enough for further synthesis (2.36 g, 40%

yield).

1H NMR (700 MHz, CDCl3) δ 7.35 – 7.30 (2H, m, H3), 7.24 – 7.19 (2H, m, H10), 7.08

– 7.01 (2H, m, H9), 6.85 – 6.75 (3H, m, H1+3), 3.60 (2H, t, J = 7.7 Hz, H6), 2.92 (3H, s,

H5), 2.89 (2H, t, J = 7.5 Hz, H7).

13C NMR (176 MHz, CDCl3) δ 162.3 (d, J = 244.0 Hz, C11), 148.8 (C4), 135.6 (d, J =

3.0 Hz, C8), 130.3 (d, J = 7.7 Hz, C10), 129.4 (C2), 116.3 (C1), 115.3 (d, J = 21.7 Hz,

C9), 112.2 (C1), 54.9 (d, J = 1.2 Hz, C6), 38.6 (C5), 32.2 (C7).

19F NMR (376 MHz, CDCl3) δ –117.0

LRMS (ESI-TOF) m/z: 230.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C15H17NF+: 230.1345, found 230.1342.

IR (max/cm-1): 2939m, 1599m, 1504s, 1355m, 1219s, 1112m, 990m, 824m, 746s,

691m, 518m.

mp: 41 ◦C (hexanes precipitate).
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9.2.6 General procedure for amide coupling

dry DCE, DMF
rt, 180 min

(ii) R'NHR''
dry DCE, Et3N,
rt, 16 h

R OH

O

Cl
Cl

O

O

i)

R N

O

R''

R'

Scheme 9.6: Coupling of carboxylic acid to aniline.

The relevant carboxylic acid (1.0 equiv.) and dry DCE (0.6 M) were added to an oven-

dried 2-necked round bottom flask charged with a flow of argon or nitrogen. Oxalyl

chloride (1.1 equiv.) and DMF (0.05 equiv.) were added dropwise and the solution

was left to stir for 3 hours. The solvent was removed under reduced pressure to yield

the crude acid chloride.

A second dry 2-necked round bottom flask was charged with a flow of argon or nitro-

gen and to it was added the relevant amine (1.0 equiv.), anhydrous Et3N (2.2 equiv.)

and dry DCE (1.0 M). The crude acid chloride was dissolved into dry DCE (1.0 M) and

added dropwise the amine solution. The reaction was stirred overnight. The reaction

was quenched by the addition of distilled water (40 mL), extracted with CH2Cl2 (3 x

40 mL), washed with water (3 x 40 mL) and brine (3 x 40 mL) and dried over MgSO4.

The crude product was purified by flash column chromatography (hexanes:EtOAc) to

afford the desired amide product.
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N-methyl, N-phenyl-5-phenylvalerylamide
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Following the general procedure outlined in 9.2.6

using 5-phenylvaleric acid (5.36 g, 30.0 mmol,

1.0 equiv.) and N-methyl aniline (3.25 mL, 30.6

mmol, 1.0 equiv.). Purification by flash column

chromatography (hexanes:EtOAc, 3:1) afforded

184 as a pale orange oil (6.42 g, 80% yield).

1H NMR (599 MHz, CDCl3) δ 7.40 (2H, dd, J = 8.3, 7.0 Hz, H2), 7.33 (1H, t, J = 7.4

Hz, H13), 7.24 (2H, t, J = 7.6 Hz, H12), 7.18 – 7.12 (3H, m, H3+1), 7.10 (2H, d, J = 7.4

Hz, H11), 3.26 (3H, s, H4), 2.53 (2H, t, J = 7.7 Hz, H6), 2.09 (2H, t, J = 7.1 Hz, H9),

1.62 (2H, p, J = 7.4 Hz, H8), 1.53 (2H, p, J = 7.4 Hz, H7).

13C NMR (151 MHz, CDCl3) δ 173.2 (C5), 144.4 (C14), 142.5 (C10), 129.9 (C2), 128.5

(C11), 128.3 (C12), 127.8 (C13), 127.4 (C1), 125.8 (C3), 37.4 (C4), 35.8 (C6), 34.1 (C9),

31.2 (C7), 25.3 (C8).

LRMS (ESI-TOF) m/z: 268.2 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C18H22NO+: 268.1701, found 268.1707.

IR (max/cm-1): 2936m, 1653s, 1495m, 1383m, 1119m, 697s, 558m, 411w.
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9.2.7 General procedure for amide reduction

LiAlH4 (3 equiv.)
dry Et2O, 0–20 ˚C,

16 h
R N

R''

R'
R N

O

R''

R'

Scheme 9.7: Reduction of amide to aniline.

LiAlH4 (3 equiv.) and dry Et2O (0.3 M) were added to an oven-dried 2-necked round

bottom flask charged with a flow of argon or nitrogen and cooled to 0 ◦C. The desired

amide (1.0 equiv.) and dry Et2O (1.0 M) were added to a second dry 2-necked round

bottom flask charged with a flow of argon or nitrogen and the amide solution was

added dropwise to the LiAlH4 solution. Once the addition was complete the reaction

mixture was allowed to warm to rt and left to stir for 16 hours.

The reaction was diluted with Et2O and cooled to 0 ◦C. Water (x mL = g of LiAlH4

used) was added dropwise to the reaction, followed by the addition of 15% NaOH(aq)

solution (y mL = g of LiAlH4 used) and the addition of more water (z mL = 3 x g of

LiAlH4 used). The reaction mixture was warmed to rt and left to stir for 30 minutes.

MgSO4 was added to the reaction mixture, followed by filtering. The filtrate was re-

duced down under reduced pressure to yield the crude product, which was purified by

flash column chromatography (hexanes:EtOAc) to afford the desired aniline product.
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N-methyl, 5-phenylvalerylaniline
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Following the general procedure outlined in 9.2.7

using 184 (3.41 g, 12.8 mmol, 1.0 equiv.) and

LiAlH4 (1.48 mL, 39.0 mmol, 3.0 equiv.). Purifica-

tion by flash column chromatography (hexanes)

afforded 185 as a colourless oil (1.31 g, 40%

yield).

1H NMR (700 MHz, CDCl3) δ 7.33 (2H, apt. t, J = 8.3, 6.9 Hz, H12), 7.30 – 7.25 (2H,

m, H2), 7.25 – 7.23 (1H ,m, H13), 7.23 – 7.20 (2H, m, H11), 6.76 – 6.71 (3H, m, H1+3),

3.34 (2H, t, J = 7.6 Hz, H9), 2.95 (3H, s, H4), 2.66 (2H, t, J = 7.7 Hz, H5), 1.74 – 1.68

(2H, m, H6), 1.68 – 1.61 (2H, m, H8), 1.44 – 1.37 (2H, m, H7).

13C NMR (176 MHz, CDCl3) δ 149.4 (C14), 142.7 (C10), 129.3 (C2), 128.5 (C11), 128.4

(C12), 125.8 (C13), 115.9 (C1), 112.2 (C3), 52.8 (C9), 38.4 (C4), 36.1 (C5), 31.5 (C6),

26.9 (C8), 26.6 (C7).

LRMS (ESI-TOF) m/z: 254.2 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M+H]+ calculated for C18H24N+: 254.1909, found 254.1917.

IR (max/cm-1): 2931w, 2855w, 1599m, 1505s, 744s, 690s.

For anilines and tertiary amines that haven’t been characterised in this experimen-

tal section but are listed to have been alkyalted to form corresponding ammonium salts

in this thesis, see M.P. Walsh’s thesis, E.F. Fiandra’s report or E.W. Winful’s report for

full characterisation. Callum S. Begg synthesised these amines but did not fully char-

acterise them due to the data already being available.
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9.3 Racemic and achiral ammonium salt synthesis

9.3.1 General procedure for alkylation

MeCN, 50 ˚C

N
R2

R1
R3

Br N+

R

R1

R3

Br-

(2 equiv.)

Scheme 9.8: General alkylation procedure for the synthesis of quaternary ammonium

salts.

Procedure adapted from Lehn et al.314 The selected tertiary amine (1.0 equiv.) and

MeCN (1.0 M) were added into a round bottom flask. With stirring, the desired alky-

lating agent (1.1 – 2.0 equiv.) was added to the tertiary aniline. The reaction mixture

was then heated to 50 ◦C, until all starting material was consumed, and in most cases

the desired salt has precipitated from the reaction. The reaction mixture was triturated

with diethyl ether to ensure all the ammonium salt had precipitated. The crude solid

salt was filterd and washed with diethyl ether (3 x 10 mL) to remove excess alkylating

agent and unreacted amine. The quaternary ammonium salt can be recrystallised to

purity using a number of solvents (MeOH, EtOH, MeOH/Et2O, MeCN).
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N-allyl, N-butyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

173 (0.33 g, 2.05 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 186 as a pale pink

solid (0.35 g, 61% yield).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.2 Hz,

H3), 7.62 (2H, t, J = 8.2 Hz, H2), 7.51 (1H, t, J = 7.6 Hz,

H1), 5.69 – 5.60 (2H, m, H11+12-trans), 5.55 (1H, dt, J = 9.2,

2.0 Hz, H12-cis), 4.69 (1H, dd, J = 13.3, 5.5 Hz, H10), 4.47 (1H, dd, J = 13.0, 6.9 Hz,

H10), 4.09 (1H, td, J = 12.6, 4.3 Hz, H6), 3.86 (1H, td, J = 11.8, 5.0 Hz, H6), 3.57 (3H,

s, H5), 1.74 – 1.63 (1H, m, H7), 1.38 – 1.33 (2H, m, H8), 1.25 – 1.15 (1H, m, H7), 0.90

(3H, t, J = 7.4 Hz, H9).

13C NMR (151 MHz, CD3OD) δ 143.4 (C4), 131.7 (C2), 131.6 (C1), 129.2 (C12), 126.2

(C11), 122.9 (C3), 72.5 (C10), 69.0 (C6), 47.9 (C5), 25.9 (C7), 20.4 (C8), 13.8 (C9).

LRMS (ESI-TOF) m/z: 204.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1758.

IR (max/cm-1): 3462m, 3382m, 2972m, 1617w, 1462m, 938m, 860m, 769m, 565s,

487m.

mp: 82 – 83 ◦C (MeCN precipitate).

N-butyl, N-methyl, N-propargyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

173 (0.33 g, 2.00 mmol, 1.0 equiv.) and 80% propargyl

bromide solution (0.34 mL, 3.82 mmol, 1.9 equiv.) afforded

199 as a pale pink solid (0.49 g, 87% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.87 – 7.81 (2H, m, H3),

7.66 (2H, t, J = 7.8 Hz, H2), 7.60 (1H, t, J = 7.3 Hz, H1),

5.15 (1H, dd, J = 16.4, 2.5 Hz, H10), 4.97 (1H, dd, J =

16.2, 2.5 Hz, H10), 4.04 (1H, apt. td, J = 12.5, 4.6 Hz, H6),

3.90 (1H, apt. td, J = 12.2, 4.8 Hz, H6), 3.89 – 3.85 (1H, m, H12), 3.66 (3H, s, H5),

1.57 – 1.47 (1H, m, H7), 1.22 (2H, qp, J = 13.5, 6.5 Hz, H8), 1.12 (1H, apt. ddd, J =

13.7, 9.9, 5.5 Hz, H7), 0.80 (3H, t, J = 7.3 Hz, H9).

13C NMR (151 MHz, DMSO – d6) δ 142.3 (C4), 130.3 (C2), 130.2 (C1), 121.9 (C3), 82.9
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(C12), 72.5 (C11), 66.7 (C10), 57.3 (C6), 48.6 (C5), 24.5 (C7), 18.8 (C8), 13.3 (C9).

LRMS (ESI-TOF) m/z: 202.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1604.

IR (max/cm-1): 3156, 2939, 2119, 1463, 872, 698s.

mp: 178 – 180 ◦C (MeCN precipitate).

N-benzyl, N-butyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

173 (0.331 g, 2.03 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.5 equiv.) afforded 206 as a white

solid (0.369 g, 54% yield).

1H NMR (599 MHz, CD3OD) δ 7.74 – 7.67 (2H, m, H2),

7.66 – 7.59 (3H, m, H1+3), 7.45 – 7.39 (1H, m, H14), 7.32 –

7.27 (2H, m, H13), 7.07 – 7.02 (2H, m, H12), 5.14 (1H, d, J

= 12.8 Hz, H10), 4.96 (1H, d, J = 12.8 Hz, H10), 4.32 (1H,

td, J = 12.7, 4.3 Hz, H6), 3.92 (1H, td, J = 13.1, 5.1 Hz, H6), 3.48 (3H, s, H5), 1.78 –

1.68 (1H, m, H7), 1.49 – 1.33 (2H, m, H8), 1.24 – 1.18 (1H, m, H7), 0.93 (3H, t, J = 7.4

Hz, H9).

13C NMR (151 MHz, CD3OD) δ 142.9 (C4), 133.9 (C12), 131.8 (C14), 131.7 (C1), 131.6

(C2), 129.8 (C13), 128.7 (C11), 123.5 (C3), 75.2 (C10), 68.5 (C6), 47.1 (C5), 26.1 (C7),

20.6 (C8), 13.8 (C9).

LRMS (ESI-TOF) m/z: 254.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H24N+: 254.1909, found 254.1911.

mp: 152 ◦C (MeCN precipitate).

IR (max/cm-1): 2981m, 1493m, 1455m, 773m, 695s.
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N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

176 (0.43 g, 2.03 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 192 as a pale red solid

(0.51 g, 76% yield).

1H NMR (599 MHz, CD3OD) δ 7.93 – 7.87 (2H, d, J = 8.5

Hz, H3), 7.71 (2H, t, J = 7.1 Hz, H2), 7.65 (1H, t, J = 7.3

Hz, H1), 7.30 (2H, t, J = 7.2 Hz, H10), 7.27 – 7.21 (1H, m,

H11), 7.20 – 7.15 (2H, d, J = 8.0 Hz, H9), 5.71 – 5.53 (3H,

m, H13+14), 4.71 (1H, dd, J = 13.2, 5.8 Hz, H12), 4.50 (1H,

dd, J = 12.6, 5.6 Hz, H12), 4.30 (1H, td, J = 12.5, 4.7 Hz, H6), 4.09 (1H, td, J = 12.8,

5.6 Hz, H6), 3.67 (3H, s, H5), 3.04 (1H, td, J = 12.5, 5.6 Hz, H7), 2.54 (1H, td, J = 12.3,

4.7 Hz, H7).

13C NMR (151 MHz, CD3OD) δ 143.2 (C4), 136.7 (C8), 131.9 (C2), 131.8 (C1), 130.01

(C9), 129.95 (C10), 129.4 (C14), 128.4 (C11), 126.1 (C13), 123.0 (C3), 72.7 (C12), 69.7

(C6), 48.0 (C5), 30.4 (C7).

LRMS (ESI-TOF) m/z: 252.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1760

IR (max/cm-1): 3406br, 3000m, 2491m, 1597m, 1497m, 1491m, 864m, 748m, 695s,

549m.

mp: 96 – 98 ◦C (MeCN precipitate).

XRD: A portion of the racemic ammonium salt was crystallised in H2O and with a few

drops of HBr and 1 equivalent of NH4Cl to give clear colourless blocks. Crystal data

for C36H46Br2N2O (m = 682.57 g/mol): Monoclinic, space group P21/n (no. 14).
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N-benzyl, N-methyl, N-phenylacetyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

176 (0.417 g, 1.97 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.5 equiv.) afforded 210 as a white

solid (0.640 g, 85% yield).

1H NMR (599 MHz, CD3OD) δ 7.80 (2H, dt, J = 6.3, 1.3

Hz, H3), 7.72 – 7.63 (3H, m, H1+2), 7.43 (1H, t, J = 7.5 Hz,

H16), 7.35 – 7.24 (5H,m, H10+11+15), 7.21 (2H, d, J = 7.3

Hz, H9), 7.05 (2H, d, J = 8.3 Hz, H14), 5.18 (1H, d, J =

12.8 Hz, H12), 5.00 (1H, d, J = 12.8 Hz, H12), 4.55 (1H, td,

J = 12.5, 4.6 Hz, H6), 4.19 (1H, td, J = 13.1, 5.7 Hz, H6), 3.59 (3H, s, H5), 3.09 (1H,

td, J = 12.6, 5.7 Hz, H7), 2.55 (1H, td, J = 13.1, 4.6 Hz, H7).

13C NMR (151 MHz, CD3OD) δ 142.7 (C4), 136.8 (C8), 133.9 (C14), 131.94 (C16),

131.92 (C1), 131.8 (C2), 130.1 (C15), 130.0 (C9), 129.9 (C10), 128.54 (C13), 128.45

(C11), 123.6 (C3), 75.3 (C12), 69.4 (C6), 47.1 (C5), 30.4 (C7).

LRMS (ESI-TOF) m/z: 302.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C22H24N+: 302.1909, found 302.1909.

mp: 114 – 115 ◦C (MeCN).

IR (max/cm-1): 2981, 1456m, 748, 693s, 640, 570.
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N-allyl, N-hydrocinnamyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

178 (0.46 g, 2.03 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 193 as a pale pink

solid (0.27 g, 38% yield).

1H NMR (599 MHz, CD3OD) δ 7.79 – 7.73 (2H, d, J = 8.4

Hz, H3), 7.62 (2H, t, J = 7.6 Hz, H2), 7.58 (1H, t, J = 7.2

Hz, H1), 7.25 (2H, t, J = 7.5 Hz, H11), 7.17 (1H, t, J = 7.3

Hz, H12), 7.13 (2H, d, J = 7.8 Hz, H10), 5.63 – 5.53 (2H,

m, H14, 15), 5.52 – 5.49 (1H, m, H15), 4.70 – 4.65 (1H, m,

H13), 4.49 – 4.44 (1H, m, H13), 4.10 (1H, td, J = 12.7, 4.1 Hz, H6), 3.91 (1H, td, J =

13.2, 5.2 Hz, H6), 3.56 (3H, s, H5), 2.73 – 2.63 (1H, m, H8), 2.65 – 2.56 (1H, m, H8),

2.05 (1H, oct., J = 5.8 Hz, H7), 1.55 – 1.46 (1H, m, H7).

13C NMR (151 MHz, CD3OD) δ 143.2 (C4), 141.1 (C9), 131.7 (C2), 131.5 (C1), 129.6

(C11), 129.4 (C10), 129.3 (C15), 127.5 (C12), 126.1 (C14), 122.9 (C3), 72.4 (C13), 68.3

(C6), 48.1 (C5), 32.8 (C8), 25.8 (C7).

LRMS (ESI-TOF) m/z: 266.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C19H24N+: 266.1909, found 266.1912.

IR (max/cm-1): 3000m, 1597w, 1493m, 1490m, 956m, 866m, 753m, 689s, 505m.

mp: 108 – 109 ◦C (MeCN precipitate).
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Following the general procedure outlined in 9.3.1 using

178 (0.45 g, 1.99 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.5 equiv.) afforded 211 as a white

solid (0.62 g, 79% yield).

1H NMR (599 MHz, CD3OD) δ 7.62 – 7.55 (5H, m, H3+2+1),

7.41 (1H, t, J = 7.5 Hz, H17), 7.30 – 7.24 (4H, m, H11+16),

7.24 – 7.18 (1H, m, H12), 7.15 (2H, d, J = 7.6 Hz, H10),

7.00 (2H, d, J = 8.2 Hz, H15), 5.10 (1H, d, J = 12.8 Hz,

H13), 4.94 (1H, d, J = 13.0 Hz, H13), 4.27 (1H, td, J = 12.8,

4.0 Hz, H6), 3.93 (1H, td, J = 13.5, 5.2 Hz, H6), 3.47 (3H, s, H5), 2.74 (1H, dt, J = 14.2,

7.2 Hz, H8), 2.65 (1H, dt, J = 14.2, 7.4 Hz, H8), 2.15 – 2.05 (1H, m, H7), 1.57 – 1.48
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(1H, m, H7).

13C NMR (151 MHz, CD3OD) δ 142.8 (C4), 141.0 (C9), 133.9 (C15), 131.8 (C1), 131.7

(C17), 131.6 (C2), 129.8 (C10), 129.7 (C16), 129.5 (C11), 128.6 (C14), 127.6 (C12),

123.4 (C3), 75.2 (C13), 67.6 (C6), 47.3 (C5), 32.9 (C8), 25.8 (C7).

LRMS (ESI-TOF) m/z: 316.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C23H26N+: 316.2065, found 316.2066

IR (max/cm-1): 2981, 1491m, 1458m, 743m, 692s.

mp: 108 – 110 ◦C (MeCN precipitate).

N-propargyl, N-hydrocinnamyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

178 (0.455 g, 2.02 mmol) and 80% propargyl bromide so-

lution (0.34 mL, 3.82 mmol, 1.9 equiv.) afforded 203 as a

pink solid (0.555 g, 80% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.92 – 7.87 (2H, m, H3),

7.64 (2H, t, J = 8.7 Hz, H2), 7.59 (1H, t, J = 7.2 Hz, H1),

7.26 (2H, t, J = 7.5 Hz, H11), 7.18 (1H, t, J = 7.3 Hz, H12),

7.14 – 7.10 (2H, m, H10), 5.15 (1H, dd, J = 16.4, 2.5 Hz,

H13), 4.97 (1H, dd, J = 16.4, 2.5 Hz, H13), 4.04 (1H, td, J

= 12.5, 4.6 Hz, H6), 3.92 (1H, td, J = 12.3, 4.8 Hz, H6), 3.87 (1H, t, J = 2.11 Hz, H15),

3.66 (3H, s, H5), 2.55 (2H, td, J = 14.4, 6.1 Hz, H8), 1.90 (1H, dp, J = 20.7, 5.5 Hz,

H7), 1.50 – 1.40 (1H, m, H7).

13C NMR (151 MHz, DMSO – d6) δ 142.2 (C4), 139.8 (C9), 130.4 (C1), 130.1 (C2),

128.4 (C10), 128.2 (C11), 126.2 (C12), 121.9 (C3), 83.0 (C15), 72.5 (C14), 66.4 (C6),

57.4 (C13), 48.7 (C5), 31.2 (C8), 24.3 (C7).

LRMS (ESI-TOF) m/z: 264.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C19H22N+: 264.1752, found 264.1760.

mp: 118 ◦C (MeCN).

IR (max/cm-1): 2982, 1492, 766m, 695s.
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N-allyl, N-isobutyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

174 (0.34 g, 2.02 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 197 as a pale pink

solid (0.28 g, 47% yield).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.5 Hz,

H3), 7.67 (2H, t, J = 7.9 Hz, H2), 7.61 (1H, t, J = 7.4 Hz,

H1), 5.64 – 5.55 (2H, m, H10+11), 5.57 – 5.51 (1H, m, H11),

4.73 – 4.65 (1H, m, H9), 4.46 – 4.40 (1H, m, H9), 4.04 (1H, dd, J = 13.5, 6.1 Hz, H6),

3.75 (1H, dd, J = 13.4, 4.7 Hz, H6), 3.60 (3H, s, H5), 1.98 (1H, apt. non, J = 6.4 Hz,

H7), 1.04 (3H, d, J = 6.8 Hz, H8), 0.62 (3H, d, J = 6.7 Hz, H8’).

13C NMR (151 MHz, CD3OD) δ 143.6 (C4), 131.70 (C2), 131.65 (C1), 129.3 (C11),

126.0 (C10), 123.3 (C3), 76.6 (C9), 73.4 (C6), 47.8 (C5), 25.6 (C7), 22.8 (C8), 22.0

(C8’).

LRMS (ESI-TOF) m/z: 204.2. ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1757.

IR (max/cm-1): 3439br, 2962m, 1598w, 1466m, 955m, 871m, 704s, 493m.

mp: 116 ◦C (MeCN precipitate).

XRD: Crystallised in EtOH to give clear colourless blocks. Crystal data for

C36H46Br2N2O (m = 682.57 g/mol): Monoclinic, space group P21/n (no. 14).
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Following the general procedure outlined in 9.3.1 using

174 (0.33 g, 1.99 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.5 equiv.) afforded 212 as a white

solid (0.35 g, 52% yield).

1H NMR (599 MHz, CD3OD) δ 7.78 – 7.73 (2H, m, H3),

7.65 – 7.60 (3H, m, H1+2), 7.42 (1H, td, J = 7.6, 1.1 Hz,

H13), 7.32 – 7.26 (2H, m, H12), 7.07 – 6.99 (2H, m, H11),

5.16 (1H, d, J = 12.8 Hz, H9), 4.91 (1H, d, J = 12.8 Hz,

H9), 4.30 (1H, dd, J = 13.5, 5.9 Hz, H6), 3.83 (1H, dd, J = 13.6, 4.8 Hz, H6), 3.50 (3H,

s, H5), 2.00 – 1.94 (1H, m, H7), 1.11 (3H, d, J = 6.7 Hz, H8), 0.68 (3H, d, J = 6.8 Hz,

H8’).
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13C NMR (151 MHz, CD3OD) δ 143.1 (C4), 133.9 (C11), 131.89 (C13), 131.86 (C1),

131.5 (C2), 129.9 (C12), 128.5 (C10), 123.8 (C3), 76.2 (C6), 75.8 (C9), 46.9 (C5), 25.8

(C7), 23.0 (C8), 22.1 (C8’).

LRMS (ESI-TOF) m/z: 254.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H24N+: 254.1909, found 254.1914.

IR (max/cm-1): 2982m, 1489m, 775s, 705s, 569m.

mp: 138 – 140 ◦C (MeCN precipitate).
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Following the general procedure outlined in 9.3.1 using

174 (0.322 g, 1.97 mmol) and 80% propargyl bromide so-

lution (0.34 mL, 3.82 mmol) afforded 204 as a pale lilac

solid (0.373 g, 67% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.97 (2H, d, J = 8.5 Hz,

H3), 7.66 (2H, t, J = 7.8 Hz, H2), 7.61 (1H, t, J = 7.3 Hz,

H1), 5.14 (1H, dd, J = 16.3, 2.5 Hz, H9), 4.92 (1H, dd, J =

16.4, 2.5 Hz, H9), 3.92 (1H, dd, J = 13.3, 5.8 Hz, H6), 3.86

(1H, t, J = 2.5 Hz, H11), 3.80 (1H, dd, J = 13.3, 4.7 Hz, H6), 3.67 (3H, s, H5), 1.90 –

1.85 (1H, m, H7), 0.84 (3H, d, J = 6.7 Hz, H8), 0.54 (3H, d, J = 6.7 Hz, H8’).

13C NMR (151 MHz, DMSO – d6) δ 142.4 (C4), 130.5 (C1), 130.1 (C2), 122.1 (C3), 83.0

(C11), 74.3 (C9), 72.5 (C10), 57.9 (C5), 23.7 (C7), 21.9 (C8), 21.4 (C8’).

LRMS (ESI-TOF) m/z: 202.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1601.

mp: 179 ◦C (MeCN).

IR (max/cm-1): 3171, 2118w, 1462, 958, 697s.
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N-allyl, N-isovaleryl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

175 (0.35 g, 1.97 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 189 as a pink solid

(0.45 g, 77% yield).

1H NMR (599 MHz, CD3OD) δ 7.85 (2H, d, J = 7.8 Hz,

H3), 7.67 (2H, t, J = 6.6 Hz, H2), 7.61 (1H, t, J = 7.3 Hz,

H1), 5.69 – 5.57 (2H, m, H11+12), 5.56 – 5.52 (1H, m, H12),

4.72 (1H, dd, J = 13.2, 5.0 Hz, H10), 4.49 (1H, dd, J = 13.6, 6.9 Hz, H10), 4.15 (1H, td,

J = 12.5, 4.2 Hz, H6), 3.90 (1H, td, J = 12.3, 6.1 Hz, H6), 3.57 (3H, s, H5), 1.67 – 1.55

(2H, m, H7+8), 1.12 – 1.02 (1H, m, H7), 0.92 (3H, d, J = 6.5 Hz, H9), 0.87 (3H, d, J =

6.5 Hz, H9’).

13C NMR (151 MHz, CD3OD) δ 143.3 (C4), 131.7 (C2), 131.6 (C1), 129.2 (C12), 126.2

(C11), 123.0 (C3), 72.6 (C10), 68.2 (C6), 47.8 (C5), 32.4 (C7), 27.2 (C8), 22.6 (C9), 22.5

(C9’).

LRMS (ESI-TOF) m/z: 218.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1903.

IR (max/cm-1): 2960m, 1427w, 868m, 770m, 701m.

mp: 134 – 135 ◦C (MeCN precipitate).

N-propargyl, N-isovaleryl, N-methyl anilinium bromide

2

1

4

3
N+

6
5

7

10

11

12

Br-

8
9

202

Following the general procedure outlined in 9.3.1 using

175 (0.350 g, 1.97 mmol) and 80% propargyl bromide so-

lution (0.34 mL, 3.82 mmol) afforded 202 as a white solid

(0.539 g, 92% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.91 (2H, d, J = 8.5 Hz,

H3), 7.67 (2H, dd, J = 8.7, 7.1 Hz, H2), 7.60 (1H, t, J = 7.3

Hz, H1), 5.09 (1H dd, J = 16.4, 2.5 Hz, H10), 4.90 (1H, dd,

J = 16.4, 2.5 Hz, H10), 4.04 (1H, td, J = 12.5, 4.5 Hz, H6),

3.92 – 3.86 (2H, m, H6+12), 3.63 (3H, s, H5), 1.56 – 1.39 (2H, m, H7), 1.02 – 0.98 (1H,

m, H8), 0.81 (3H, d, J = 6.6 Hz, H9), 0.80 (3H, d, J = 6.6 Hz, H9’).

13C NMR (151 MHz, DMSO – d6) δ 142.2 (C4), 130.4 (C1), 130.2 (C2), 121.8 (C3), 83.0

(C12), 72.5 (C11), 65.8 (C6), 57.3 (C10), 48.6 (C5), 30.8 (C7), 25.4 (C8), 22.0 (C9), 21.9
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(C9’).

LRMS (ESI-TOF) m/z: 216.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H22N+: 216.1752, found 216.1755.

mp: 182–183 ◦C (MeCN).

IR (max/cm-1): 3184, 2972, 2119, 1459, 869m, 695s.
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Following the general procedure outlined in 9.3.1 using

171 (0.37 g, 1.93 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 188 as a pale pink

solid (0.32 g, 53% yield).

1H NMR (599 MHz, CD3OD) δ 7.89 – 7.79 (2H, m, H3),

7.67 (2H, t, J = 7.8 Hz, H2), 7.61 (1H, td, J = 7.4, 1.1 Hz,

H1), 5.68 – 5.56 (2H, m, H11+12), 5.58 – 5.51 (1H, m, H12),

4.75 – 4.69 (1H, m, H10), 4.47 – 4.41 (1H, m, H10), 4.18 (1H, dd, J = 13.4, 6.3 Hz, H6),

3.92 (1H, dd, J = 13.3, 5.5 Hz, H6), 3.59 (3H, s, H5), 2.06 – 1.98 (1H, m, H7), 1.94 –

1.85 (1H, m, H8), 1.68 – 1.57 (1H, m, H9), 1.59 – 1.46 (2H, m, H9), 1.43 – 1.34 (1H,

m, H9), 1.35 – 1.27 (1H, m, H8), 1.27 – 1.24 (1H, m, H8), 0.97 – 0.87 (1H, m, H8).

13C NMR (151 MHz, CD3OD) δ 143.7 (C4), 131.66 (C2), 131.65 (C1), 129.2 (C12),

126.2 (C11), 123.3 (C3), 75.1 (C6), 72.8 (C10), 48.0 (C5), 36.7 (C7), 33.3 (C8), 32.9

(C8), 25.7 (C9), 25.5 (C9).

LRMS (ESI-TOF) m/z: 230.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H24N+: 230.1909, found 230.1915.

IR (max/cm-1): 2953m, 1421m, 958m, 870m, 773w, 704s.

mp: 141 – 142 ◦C (MeCN precipitate).
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N-benzyl, N-homocyclopentyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

171 (0.286 g, 1.51 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 2.0 equiv.) afforded 208 as a white

solid (0.46 g, 84% yield).

1H NMR (599 MHz, CD3OD) δ 7.79 – 7.74 (2H, m, H3),

7.67 – 7.59 (3H, m, H1+2), 7.41 (1H, t, J = 7.5 Hz, H14),

7.28 (2H, t, J = 7.8 Hz, H13), 7.04 (2H, d, J = 8.0 Hz, H12),

5.19 (1H, d, J = 12.8 Hz, H10), 4.96 (1H, d, J = 12.8 Hz,

H10), 4.46 (1H, dd, J = 13.4, 5.7 Hz, H6), 4.02 (1H, dd, J = 13.4, 5.7 Hz, H6), 3.51 (3H,

s, H5), 2.05 – 1.91 (1H, m, H7), 1.71 – 1.62 (1H, m, H8), 1.62 – 1.48 (2H, m, H9), 1.46

– 1.28 (3H, m, H8’+9’), 1.07 – 0.97 (1H, m, H8’).

13C NMR (151 MHz, CD3OD) δ 143.3 (C4), 133.9 (C12), 131.81 (C14), 131.78 (C1),

131.5 (C2), 129.8 (C13), 128.7 (C11), 123.8 (C3), 75.2 (C10), 74.5 (C6), 47.2 (C5), 36.9

(C7), 33.5 (C8), 33.1 (C8’), 25.7 (C9), 25.5 (C9’).

LRMS (ESI-TOF) m/z: 280.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C20H26N+: 280.2065, found 280.2076.

mp: 157 – 158 ◦C (MeCN).

IR (max/cm-1): 2960, 1457, 774m, 704s.

N-propargyl, N-homocyclopentyl, N-methyl anilinium bromide

2

1

4

3
N+

6
5

7

10

11

12

8
9

Br-

201

Following the general procedure outlined in 9.3.1 using

171 (0.380 g, 2.01 mmol) and 80% propargyl bromide so-

lution (0.34 mL, 3.82 mmol) afforded 201 as a pale pink

solid (0.583 g, 94% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.98 – 7.93 (2H, m, H3),

7.65 (2H, t, J = 7.0 Hz, H2), 7.60 (1H, t, J = 7.3 Hz, H1),

5.15 (1H, dd, J = 16.5, 2.5 Hz, H10), 4.93 (1H, dd, J =

16.4, 2.5 Hz, H10), 4.07 (1H, dd, J = 13.2, 6.3 Hz, H6),

3.97 (1H, dd, J = 13.2, 5.5 Hz, H6), 3.86 (1H, t, J = 2.4 Hz, H12), 3.67 (3H, s, H5), 1.97

– 1.93 (1H, m, H7), 1.68 – 1.65 (1H, m, H8), 1.53 – 1.40 (2H, m, H9+9’), 1.41 – 1.33

(1H, m, H9’), 1.33 – 1.24 (1H, m, H9), 1.24 – 1.17 (1H, m, H8’), 1.09 (1H, apt. dq, J =

12.4, 8.8 Hz, H8), 0.81 (1H, apt. dq, J = 12.4, 8.9 Hz, H8’).
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13C NMR (151 MHz, DMSO – d6) δ 142.6 (C4), 130.4 (C1), 130.1 (C2), 122.1 (C3), 83.0

(C12), 72.62 (C6), 72.56 (C11), 57.5 (C10), 48.8 (C5), 34.8 (C7), 31.4 (C8), 31.1 (C8’),

24.3 (C9), 24.1 (C9’).

LRMS (ESI-TOF) m/z: 228.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H22N+: 228.1752, found 228.1754.

mp: 179 – 181 ◦C (MeCN).

IR (max/cm-1): 3160, 2946, 2121, 1490, 763m, 693s.
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Following the general procedure outlined in 9.3.1 using

172 (0.31 g, 1.94 mmol, 1.0 equiv.) and allyl bromide (0.26

mL, 3.00 mmol, 1.5 equiv.) afforded 187 as a pale pink

solid (0.35 g, 63% yield).

1H NMR (599 MHz, CD3OD) δ 7.92 (2H, d, J = 8.1 Hz,

H3), 7.71 – 7.65 (2H, m, H2), 7.61 (1H, t, J = 7.4 Hz, H1),

5.66 – 5.58 (2H, m, H11+12), 5.57 – 5.50 (1H, m, H12), 4.83

– 4.77 (1H, m, H10), 4.54 – 4.48 (1H, m, H10), 4.14 (1H, dd, J = 13.3, 6.2 Hz, H6), 3.75

(1H, dd, J = 13.3, 8.0 Hz, H6), 3.68 (3H, s, H5), 0.92 – 0.82 (1H, m, H7), 0.77 – 0.68

(1H, m, H8), 0.58 – 0.48 (2H, m, H8+9), 0.22 – 0.14 (1H, m, H9).

13C NMR (151 MHz, CD3OD) δ 143.9 (C4), 131.6 (C2), 131.5 (C1), 129.0 (C12), 126.2

(C11), 123.3 (C3), 74.7 (C6), 71.2 (C10), 48.0 (C5), 6.0 (C7), 5.8 (C8), 4.1 (C9).

LRMS (ESI-TOF) m/z: 202.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1603.

IR (max/cm-1): 3000w, 1414w, 970m, 965m, 935m, 855m, 779m, 702m.

mp: 136 ◦C (MeCN precipitate).
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N-benzyl, N-homocyclopropyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

172 (0.27 g, 1.70 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.7 equiv.) afforded 207 as a white

solid (0.495 g, 88% yield).

1H NMR (599 MHz, CD3OD) δ 7.80 (2H, d, J = 7.6 Hz,

H3), 7.67 – 7.58 (3H, m, H1+2), 7.43 – 7.38 (1H, t, J = 7.5

Hz, H14), 7.28 (2H, t, J = 7.6 Hz, H13), 7.06 (2H, d, J = 8.0

Hz, H12), 5.20 (1H, d, J = 12.8 Hz, H10), 4.98 (1H, d, J =

12.8 Hz, H10’), 4.47 (1H, dd, J = 13.4, 5.5 Hz, H6), 3.77 (1H, dd, J = 13.4, 8.3 Hz, H6’),

3.59 (3H, s, H5), 0.88 – 0.81 (1H, m, H7), 0.78 – 0.72 (1H, m, H8), 0.64 – 0.52 (2H, m,

H8’+9), 0.29 – 0.23 (1H, m, H9’).

13C NMR (151 MHz, CD3OD) δ 143.5 (C4), 133.8 (C12), 131.72 (C14), 131.65 (C1),

131.5 (C2), 129.8 (C13), 128.7 (C11), 123.8 (C3), 74.0 (C10), 73.9 (C6), 47.1 (C5), 6.4

(C8), 6.1 (C7), 3.9 (C9).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1760.

IR (max/cm-1): 2980, 1413, 872, 774m, 706s, 693m, 567.

mp: 148 – 149 ◦C (MeCN precipitate).

N-homocyclopropyl, N-methyl, N-propargyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

172 (0.33 g, 2.04 mmol, 1.0 equiv.) and 80% propargyl

bromide solution (0.34 mL, 3.82 mmol, 1.9 equiv.) afforded

200 as a pale pink solid (0.53 g, 92% yield).

1H NMR (599 MHz, DMSO – d6) δ 7.99 – 7.94 (2H, m, H3),

7.66 (2H, dd, J = 8.7, 7.0 Hz, H2), 7.60 (1H, t, J = 7.3 Hz,

H1), 5.18 (1H, dd, J = 16.5, 2.5 Hz, H10), 4.95 (1H, dd, J =

16.4, 2.5 Hz, H10), 3.96 (1H, dd, J = 13.2, 6.7 Hz, H6), 3.87 – 3.83 (1H, m, H12), 3.79

(1H, dd, J = 13.2, 7.5 Hz, H6), 3.70 (3H, s, H5), 0.80 (1H, dtp, J = 12.5, 7.9, 3.8 Hz,

H7), 0.58 (1H, ddt, J = 8.3, 7.9, 4.7 Hz, H8), 0.48 (1H, ddt, J = 13.7, 8.6, 4.9 Hz, H9),

0.33 (1H, dt, J = 10.1, 5.0 Hz, H8’), 0.13 (1H, dt, J = 10.1, 5.0 Hz, H9’).

13C NMR (151 MHz, DMSO – d6) δ 143.0 (C4), 130.3 (C1), 130.0(C2), 122.0 (C3), 82.9

(C12), 72.7 (C11), 72.2 (C6), 56.0 (C10), 48.6 (C5), 4.9 (C7), 4.4 (C8), 3.6 (C9).
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LRMS (ESI-TOF) m/z: 200.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H18N+: 200.1439, found 200.1433

IR (max/cm-1): 3175m, 2980m, 2119m, 1459m, 696s.

mp: 154 – 155 ◦C (MeCN precipitate).

N-allyl, N-4-phenylbutyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

179 (120 mg, 0.52 mmol, 1.0 equiv.) and allyl bromide

(0.10 mL, 1.15 mmol, 2.2 equiv.) afforded 194 as a hygro-

scopic red solid (70 mg g, 36% yield).

1H NMR (599 MHz, CD3OD) δ 7.79 – 7.75 (2H, m, H3),

7.67 – 7.61 (2H, m, H2), 7.61 – 7.56 (1H, m, H1), 7.25 –

7.17 (2H, m, H12), 7.16 – 7.08 (3H, m, H11+13), 5.67 – 5.58

(2H, m, H15+16), 5.57 – 5.52 (1H, m, H16), 4.64 (1H, dd, J

= 13.2, 5.9 Hz, H14), 4.41 (1H, dd, J = 13.2, 7.2 Hz, H14),

4.08 (1H, td, J = 12.4, 4.4 Hz, H6), 3.84 (1H, ddd, J = 13.0, 11.9, 4.8 Hz, H6), 3.52

(3H, s, H5), 2.58 (2H, t, J = 7.5 Hz, H9), 1.76 – 1.56 (3H, m, H7+8), 1.29 –1.20 (1H, m,

H7).

13C NMR (151 MHz, CD3OD) δ 143.4 (C4), 142.5 (C10), 131.8 (C2), 131.6 (C1), 129.44

(C12), 129.36 (C11), 129.3 (C16), 127.1 (C13), 126.1 (C15), 122.9 (C3), 72.5 (C14), 68.9

(C6), 47.9 (C5), 35.8 (C9), 28.8 (C8), 23.3 (C7).

LRMS (ESI-TOF) m/z: 280.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C20H26N+: 280.2065, found 280.2052.

IR (max/cm-1): 3415br, 2981m, 1599w, 1455m, 957m, 862m, 694s.
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N-allyl, N-5-phenylvaleryl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

185 (130 mg, 0.50 mmol, 1.0 equiv.) and allyl bromide

(0.10 mL, 1.15 mmol, 2.3 equiv.) afforded 195 as a pink

solid (51 mg, 28% yield).

1H NMR (599 MHz, CD3OD) δ 7.82 – 7.77 (2H, m, H3),

7.70 – 7.63 (2H, m, H2), 7.63 – 7.58 (1H, m, H1), 7.25 –

7.19 (2H, m, H13), 7.16 – 7.08 (3H, m, H12+14), 5.67 – 5.58

(2H, m, H16+17), 5.57 – 5.52 (1H, m, H17), 4.64 (1H, dd, J

= 13.2, 5.7 Hz, H15), 4.41 (1H, dd, J = 13.2, 7.0 Hz, H15),

4.03 (1H, td, J = 12.6, 4.2 Hz, H6), 3.80 (1H, ddd, J = 12.9, 11.6, 5.0 Hz, H6), 3.54

(3H, s, H5), 2.54 (2H, t, J = 7.5 Hz, H10), 1.75 – 1.66 (1H, , m, H7), 1.59 (2H, p, J = 7.6

Hz, H9), 1.41 – 1.18 (3H, m, H7+8).

13C NMR (151 MHz, CD3OD) δ 143.4 (C4), 143.1 (C11), 131.8 (C2), 131.6 (C1), 129.4

(C12), 129.3 (C13), 129.2 (C17), 126.8 (C14), 126.1 (C16), 122.9 (C3), 72.5 (C15), 69.0

(C6), 47.9 (C5), 36.3 (C10), 31.7 (C9), 26.5 (C8), 23.8 (C7).

LRMS (ESI-TOF) m/z: 294.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C21H28N+: 294.2222, found 294.2232.

IR (max/cm-1): 3350br, 2926m, 1599w, 1455m, 954m, 861m, 749m, 697s.

mp: 111 ◦C (MeCN precipitate).

N-allyl, N-phenylacetyl, N-methyl-4-fluoroanilinium bromide
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Following the general procedure outlined in 9.3.1 using

182 (105 mg, 0.46 mmol, 1.0 equiv.) and allyl bromide

(0.10 mL, 1.15 mmol, 2.5 equiv.) afforded 191 as a white

solid (91 mg, 54% yield).

1H NMR (599 MHz, CD3OD) δ 7.96 – 7.90 (2H, m, H3),

7.47 – 7.40 (2H, m, H3), 7.34 – 7.28 (2H, m, H2), 7.28 –

7.22 (1H, m, H11), 7.22 – 7.15 (2H, m, H9), 5.75 – 5.65

(1H, m, H13), 5.63 – 5.56 (2H, m, H14), 4.67 (1H, dd, J =

13.2, 6.4 Hz, H12), 4.47 (1H, dd, J = 13.2, 7.7 Hz, H12), 4.28 (1H, td, J = 12.4, 4.9 Hz,

H6), 4.07 (1H, ddd, J = 13.1, 11.4, 5.6 Hz, H6), 3.67 (3H, s, H5), 3.05 (1H, td, J = 12.0,

5.6 Hz, H7), 2.60 (1H, ddd, J = 13.2, 11.4, 4.9 Hz, H7).
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13C NMR (151 MHz, CD3OD) δ 164.2 (d, J = 264.6 Hz, C1), 139.0 (C4), 136.5 (C8),

129.9 (C10), 129.8 (C9), 129.5 (C14), 128.3 (C11), 125.8 (C13), 125.6 (d, J = 9.1 Hz,

C3), 118.5 (d, J = 23.7 Hz, C2), 72.9 (C12), 69.9 (C6), 48.3 (C5), 30.2 (C7).

19F NMR (376 MHz, CD3OD) δ –111.67.

LRMS (ESI-TOF) m/z: 270.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H21NF+: 270.1658, found 270.1671.

IR (max/cm-1): 2981m, 1604w, 1514s, 1494m, 1250s, 1174m, 956m, 870s, 752m,

706m, 548m.

mp: 85 – 87 ◦C (MeCN precipitate).

N-allyl, N-2-hydroxyethyl, N-methyl anilinium bromide

22

11

44

33
N+

66
55

77

Br-

99

1010

1111

OH

88

198

Following the general procedure outlined in 9.3.1 using N-

2-hydroxyethyl, N-methyl-aniline (0.31 g, 2.03 mmol, 1.0

equiv.) and allyl bromide (0.26 mL, 3.00 mmol, 1.5 equiv.)

afforded 198 as a blue solid (0.54 g, 98% yield).

1H NMR (599 MHz, CD3OD) δ 7.90 – 7.85 (2H, d, J = 7.9

Hz, H3), 7.71 – 7.65 (2H, t, J = 7.9 Hz, H2), 7.64 – 7.59

(1H, t, J = 7.4 Hz, H1), 5.68 – 5.58 (2H, m, H10+11), 5.60 –

5.53 (1H,m, H11), 4.76 (1H, dd, J = 12.4, 4.0 Hz, H9), 4.61 – 4.54 (1H, m, H9), 4.22

(1H, dt, J = 13.9, 3.9 Hz, H6), 4.05 (1H, ddd, J = 13.9, 8.2, 3.5 Hz, H6), 3.76 (1H, dt, J

= 13.6, 4.2 Hz, H7), 3.72 (3H, s, H5), 3.58 (1H, ddd, J = 13.6, 8.2, 3.2 Hz, H7).

13C NMR (151 MHz, CD3OD) δ 143.4 (C4), 131.7 (C2), 131.6 (C1), 129.4 (C11), 126.1

(C10), 123.2 (C3), 72.9 (C9), 70.7 (C6), 57.1 (C7), 49.8 (C5).

LRMS (ESI-TOF) m/z: 192.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18NO+: 192.1388, found 192.1381.

IR (max/cm-1): 3232s, 1599w, 1464m, 1415m, 1350m, 1097m, 1034m, 955s, 877m,

876m, 697s, 613s, 509s.

mp: 100 – 102 ◦C (MeCN precipitate).
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N-benzyl, N-2-hydroxyethyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

N-2-hydroxyethyl, N-methyl-aniline (0.314 g, 2.08 mmol,

1.0 equiv.) and benzyl bromide (0.35 mL, 2.94 mmol, 1.5

equiv.) afforded 213 as a white solid (0.571 g, 85% yield).

1H NMR (599 MHz, CD3OD) δ 7.45 – 7.39 (2H, m, H3),

7.35 – 7.28 (3H, m, H1+2), 7.14 – 7.08 (1H, J = 7.5 Hz,

H13), 6.98 (2H, t, J = 7.8 Hz, H12), 6.76 – 6.72 (2H, m,

H11), 4.86 (1H, d, J = 12.8 Hz, H9), 4.73 (1H, d, J = 12.7

Hz, H9), 4.11 (1H, dt, J = 13.9, 3.9 Hz, H6), 3.80 (1H, td, J = 13.9, 3.5 Hz, H6), 3.50

(1H, dt, J = 13.7, 4.0 Hz, H7), 3.31 (3H, s, H5), 3.33 – 3.26 (1H, m, H7). H11 is missing

from the 1H NMR spectrum, presumably due to exchange with the solvent.

13C NMR (151 MHz, CD3OD) δ 143.0 (C4), 134.0 (C11), 131.9 (C13), 131.8 (C1), 131.6

(C2), 129.8 (C12), 128.6 (C10), 123.7 (C3), 75.5 (C9), 70.2 (C6), 57.2 (C7), 48.9 (C5).

LRMS (ESI-TOF) m/z: 242.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H20NO+: 242.1545, found 242.1551.

mp: 106 ◦C (MeCN).

IR (max/cm-1): 3357br, 2982m, 1036m, 705s.

N-2-hydroxyethyl, N-methyl, N-propargyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using N-

2-hydroxyethyl, N-methyl-aniline (0.30 g, 1.97 mmol, 1.0

equiv.) and 80% propargyl bromide solution (0.34 mL,

3.82 mmol, 1.9 equiv.) afforded 205 as a hydroscopic blue

solid (0.48 g, 90% yield).

1H NMR (599 MHz, CDCl3) δ 8.00 (2H, d, J = 7.8 Hz, H3),

7.87 (2H, t, J = 9.1 Hz, H2), 7.82 (1H, t, J = 7.3 Hz, H1),

5.15 (1H¸dd, J = 16.4, 2.5 Hz, H9), 5.04 (1H, dd, J = 16.3,

2.5 Hz, H9), 4.41 (1H, td, J = 14.1, 5.9 Hz, H6), 4.27 (1H, td, J = 14.0, 7.1 Hz, H6),

4.01 (3H, s, H5), 3.96 (1H, td, J = 14.0, 5.9 Hz, H7), 3.89 (1H, td, J = 14.1, 7.1 Hz, H7).

13C NMR (151 MHz, CDCl3) δ 140.3 (C4), 129.4 (C1), 129.1 (C2), 119.9 (C3), 80.4

(C11), 69.7 (C10), 67.1 (C6), 57.4 (C9), 54.3 (C7), 49.0 (C5).

LRMS (ESI-TOF) m/z: 190.1 ([M+H]+, 100%).
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HRMS (ESI-TOF) m/z: [M+h]+ calculated for C12H16NO+: 190.1232, found 190.1227.

IR (max/cm-1): 3347s, 1227w, 1599w, 1459m, 1042m, 689s.

N-allyl, N-4-fluorophenylacetyl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

177 (0.117 g, 0.51 mmol, 1.0 equiv.) and allyl bromide

(0.20 mL, 2.31 mmol, 4.5 equiv.) afforded 190 as a red

solid (0.120 g, 67% yield).

1H NMR (400 MHz, CD3OD) δ 7.94 – 7.78 (2H, m, H3),

7.76 – 7.65 (2H, m, H2), 7.68 – 7.57 (1H, m, H2), 7.26 –

7.16 (2H, m, H10), 7.08 – 6.97 (2H, m, H9), 5.74 – 5.51

(3H, m, H13+14), 4.72 (1H, dd, J = 13.1, 5.3 Hz, H12), 4.54

– 4.41 (1H, m, H12), 4.30 (1H, td, J = 12.4, 4.9 Hz, H6),

4.09 (1H, ddd, J = 13.0, 11.5, 5.5 Hz, H6), 3.68 (3H, s, H5), 3.04 (1H, td, J = 12.5, 5.5

Hz, H7), 2.54 (1H, ddd, J = 13.2, 11.5, 4.8 Hz, H7).

13C NMR (101 MHz, CD3OD) δ 164.4 (d, J = 244.0 Hz, C11), 143.2 (C4), 132.6 (d, J =

3.7 Hz, C8), 131.92 (C2), 131.89 (C1), 131.82 (d, J = 2.0 Hz, C9), 129.5 (C14), 126.1

(C13), 123.0 (C3), 116.6 (d, J = 21.5 Hz, C10), 72.7 (C12), 69.6 (C6), 48.0 (C5), 29.5

(C7).

LRMS (ESI-TOF) m/z: 270.3 ([M]+, 100%).

IR (max/cm-1): 3009m, 1601w, 1510s, 1221m, 959m, 829m, 762s, 699s, 500m.

mp: 93 – 95 ◦C (MeCN precipitate).
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N-allyl, N-methyl, N-phenylacetyl anilinium iodide
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Following the general procedure outlined in 9.3.1 using

176 (0.988 g, 4.68 mmol, 1.0 equiv.) and allyl iodide (1.00

mL, 10.9 mmol, 2.3 equiv.) afforded 196 as a yellow solid

(1.510 g, 85% yield).

1H NMR (400 MHz, CD3OD) δ 7.98 – 7.93 (2H, m, H3),

7.75 – 7.69 (2H, m, H2), 7.65 – 7.59 (1H, m, H1), 7.32 –

7.19 (5H, m, H9+10+11), 5.72 – 5.57 (2H, m, H14), 5.57 –

5.50 (1H, m, H13), 4.81 – 4.73 (1H, m, H12), 4.64 – 4.53

(1H, m, H12), 4.33 (1H, td, J = 12.5, 4.8 Hz, H6), 4.16 (1H, ddd, J = 13.0, 11.5, 5.6

Hz, H6), 3.72 (3H, s, H5), 3.05 (1H, td, J = 12.5, 5.6 Hz, H7), 2.53 (1H, ddd, J = 13.1,

11.5, 4.7 Hz, H7).

13C NMR (101 MHz, CD3OD) δ 143.1 (C4), 136.6 (C8), 131.9 (C2), 131.7 (C1), 130.1

(C9), 129.9 (C10), 129.5 (C14), 128.3 (C11), 126.0 (C13), 123.1 (C3), 72.5 (C12), 69.6

(C6), 48.3 (C5), 30.3 (C7).

LRMS (ESI-TOF) m/z: 252.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1751.

IR (max/cm-1): 3000m, 1497m, 1491m, 970w, 859m, 748m, 696s, 551m.

mp: 110 – 111 ◦C (MeCN precipitate).

N-cyclohex-2-enyl, N-methyl, N-propargyl anilinium bromide

2

1
4

3

N+

13

6

7

5

14

Br-
15

8

910

11

12

214

Following the general procedure outlined in 9.3.1 using

350 (0.394 g, 1.96 mmol, 1.0 equiv.) and 80% propargyl

bromide solution (0.34 mL, 3.82 mmol, 1.9 equiv.) afforded

214 as a pink solid (0.453 g, 72% yield). The product was

isolated as a mixture of diastereomers (214:214’, 51:49).

1H NMR (599 MHz, CDCl3) δ 7.99 (2H, d, J = 9.0 Hz,

H3+3’), 7.67 (2H, t, J = 7.1 Hz, H2+2’), 7.61 (1H, t, J =

7.3 Hz, H1+1’), 5.63 – 5.57 (1H, m, H10+10’), 5.58 – 5.51

(0.51H, m, H11), 5.42 – 5.36 (0.49H, m, H11’), 5.18 (1H, dd, J = 18.4, 2.5 Hz, H13+13’),

4.95 (1H, dt, J = 16.4, 2.4 Hz, H13+13’), 4.01 (1H, td, J = 13.4, 5.2 Hz, H6+6’), 3.95 –

3.80 (2H, m, H6+6’+15+15’), 3.71 (1.53H, s, H5), 3.70 (1.47H, s, H5’), 2.02 – 1.89 (1.49H,

m, H8+12’), 1.89 – 1.77 (1.98H, m, H7+7’+8’), 1.76 – 1.72 (0.49H, m, H12’), 1.55 – 1.51
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(0.49H, m, H9’), 1.48 – 1.44 (1.02H, m, H12), 1.29 – 1.25 (0.49H, m, H9’), 1.17 – 1.11

(0.51H, m, H9), 1.05 – 1.02 (0.51H, m, H9).

13C NMR (151 MHz, CDCl3) δ 142.5 (C4), 142.4 (C4’), 130.5 (C1), 130.10 (C2), 130.08

(C2’), 126.68 (C10), 126.67 (C10’), 125.1 (C11), 125.0 (C11’), 122.10 (C3), 122.06 (C3’),

83.1 (C15), 83.0 (C15’), 72.9 (C6’), 72.8 (C6), 72.51 (C6), 72.46 (C6’), 57.8 (C13), 57.4

(C13’), 49.1 (C5), 48.6 (C5’), 30.5 (C12’), 30.2 (C12), 28.52 (C7’), 28.45 (C7), 27.5 (C9),

26.8 (C9’), 23.8 (C8), 23.6 (C8’).

LRMS (ESI-TOF) m/z: 240.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C17H22N+: 240.1752, found 240.1762.

IR (max/cm-1): 3216, 2917, 1463, 853, 695m, 662m.

mp: 174 ◦C (MeCN precipitate).

XRD: A portion of the salt was crystallised in EtOH to give clear colourless planks.

Crystal data for C17H22BrN (m = 320.26 g/mol): Orthorhombic, space group P21212121

(no. 19). The ammonium salt crystallised as a conglomerate (214a).

XRD: A portion of the salt was crystallised in EtOH to give clear colourless planks.

Crystal data for C17H22BrN (m = 320.26 g/mol): Orthorhombic, space group P21212121

(no. 19). The ammonium salt crystallised as a conglomerate (214b).

N-benzyl, N-isovaleryl, N-methyl anilinium bromide
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Following the general procedure outlined in 9.3.1 using

358 (0.350 g, 1.97 mmol, 1.0 equiv.) and benzyl bromide

(0.35 mL, 2.94 mmol, 1.5 equiv.) afforded 262 as a yellow

solid (0.587 g, 85% yield).

1H NMR (599 MHz, CD3OD) δ 7.74 – 7.68 (2H, m, H3),

7.67 – 7.59 (3H, m, H1+2), 7.42 (1H, t, J = 7.6 Hz, H14),

7.29 (2H, t, J = 7.8 Hz, H13), 7.06 – 7.01 (2H, m, H12),

5.16 (1H, d, J = 12.8 Hz, H10), 4.98 (1H, d, J = 12.8 Hz,

H10), 4.38 (1H, td, J = 12.6, 4.1 Hz, H6), 3.97 (1H, td, J = 12.9, 4.9 Hz, H6), 3.46 (3H,

s, H5), 1.73 – 1.60 (2H, m, H7), 1.12 – 1.06 (1H, m, H8), 0.96 (3H, d, J = 6.5 Hz, H9),

0.91 (3H, d, J = 6.4 Hz, H9’).

13C NMR (151 MHz, CD3OD) δ 142.8 (C4), 133.9 (C12), 131.9 (C14), 131.8 (C1), 131.6

(C2), 129.9 (C13), 128.7 (C11), 123.5 (C3), 75.2 (C10), 67.8 (C6), 46.9 (C5), 32.5 (C8),

27.4 (C7), 22.58 (C9), 22.56 (C9’).
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LRMS (ESI-TOF) m/z: 268.2 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C23H26N+: 268.2065, found 268.2078..

IR (max/cm-1): 2960, 1493, 1457m, 773s, 705s, 571.

mp: 161 ◦C (MeCN precipitate).

XRD: A portion of the salt was crystallised in EtOH to give clear colourless planks.

Crystal data for C19H26BrN (m = 348.32 g/mol): Monoclinic, space group P21 (no. 4).

The ammonium salt crystallised as a conglomerate (262a).
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N-allyl-N,N-dimethylanilinium acetate

2

1

4
3

6N+

5

7

9 10 O-

O

8

112

A counterion swap was conducted by flushing an Am-

berlyst A26 OH– form, 6 inches, 30 mm ⊘ column) resin

with a saturated aqueous solution of sodium acetate, until

the eluted solution had a neutral pH. The corresponding

bromide salt 73 (1.19 g, 4.91 mmol) was dissolved into

methanol, and eluted through the ion exchange resin. Af-

ter collecting 3 columns lengths worth of eluent, the fractions were combined and

concentrated to dryness to give the desired acetate salt, 112 as a brown hygroscopic

solid (1.01 g, 93% yield).

1H NMR (400 MHz, CDCl3) δ 7.84 – 7.73 (2H, m, H3), 7.50 (2H, dd, J = 8.9, 7.1 Hz,

H2), 7.42 (1H, t, J = 7.3 Hz, H1), 5.60 (1H, dd, J = 15.8, 2.3 Hz, H7), 5.42 – 5.26 (2H,

m, H8), 4.82 (2H, d, J = 6.5 Hz, H6), 3.74 (6H, s, H5), 1.87 (3H, s, H9).

13C NMR (101 MHz, CDCl3) δ 177.3 (C10), 144.6 (C4), 130.5 (C2), 130.3 (C1), 129.1

(C8), 125.0 (C7), 120.8 (C3), 70.9 (C6), 49.6 (C5), 25.4 (C9).

LRMS (ESI-TOF, EI+) m/z: 162.6 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ Calculated for C11H16N+: 162.1283, found 162.1273.

mp: 318 ◦C (MeOH).

IR (νmax/cm-1): 3276br, 1560s, 1393s, 1000m, 921m, 620s.

For quaternary ammonium salts that haven’t been characterised in this experimen-

tal section but are listed to have been complexed with BINOL in this thesis, see M.P.

Walsh’s thesis, E.F. Fiandra’s report or E.W. Winful’s report for full characterisation.

Callum S. Begg synthesised these salts but did not fully characterise them due to the

data already being available.2
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9.4 Protonated ammonium salt synthesis

9.4.1 General procedure for preparation of protonated ammonium salts

HX
(1 equiv.)

MeCN or 
EtOH,

rt.

NRH3
+ X-NR3

Scheme 9.9: Protonation of amines to produce primary, secondary and tertiary am-

monium salts.

The selected amine (1.0 equiv.) was placed into a 10 mL vial and dissolved into MeCN

or EtOH (1.0 – 2.0 M) and cooled to 0 ◦C. With stirring, the desired acid was added

dropwise to the amine solution. The reaction mixture was warmed to room tempera-

ture and stirred until all starting material was consumed. The solvent was removed in

vacuo and the resulting crude solid was washed with diethyl ether to remove unreacted

amine. The desired ammonium salt can be recrystallised to purity using a number of

solvents (MeOH, EtOH, MeOH/Et2O, MeCN).
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Anilinium hydrobromide

2

1

4

3
NH3

+
5

Br-

359

Aniline (0.928 g, 10.0 mmol) was dissolved in MeCN (5.0

mL, 2.0 M). 48% HBr solution (4.53 mL, 4.0 equiv.) was

then added dropwise with stirring to the solution. This so-

lution was allowed to stir at room temperature for 2 hours.

The solvent was removed in vacuo and the crude 359 was

washed with diethyl ether to remove excess acid and unreacted amine. The resulting

white precipitate was isolated by vacuum filtration (1.658 g, 96% yield).

1H NMR (400 MHz, DMSO – d6) δ 10.03 (3H, s, H5), 7.54 - 7.46 (2H, m, H3), 7.44 –

7.35 (3H, m, H1+2).

13C NMR (101 MHz, DMSO – d6) δ 131.8 (C4), 129.9 (C2), 128.1 (C1), 123.1 (C3).

mp: 262 – 264 ◦C (MeCN).

IR (νmax/cm-1): 2824br, 1491m, 741s, 680s, 474s.

Data consistent with literature values.315

N-methylanilinium hydrobromide

2

1

4
3

H2
+

N

5

Br-

6

360

N-methyl aniline (1.088 g, 10.2 mmol) was dissolved in

MeCN (5.0 mL, 2.0 M). 48% HBr solution (3.39 mL, 3.0

equiv.) was then added dropwise with stirring to the solu-

tion. This solution was allowed to stir at room temperature

for 2 hours. The solvent was removed in vacuo and the

crude 360 was washed with diethyl ether to remove ex-

cess acid and unreacted amine. The resulting off white precipitate was isolated by

vacuum filtration (1.705 g, 89% yield).

1H NMR (400 MHz, DMSO – d6) δ 10.23 (2H, br, H5), 7.56 – 7.50 (4H, m, H2+3), 7.47

– 7.42 (1H, m, H1), 2.94 (3H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 137.9 (C4), 130.0 (C2), 128.5 (C1), 122.0 (C3), 36.0

(C6).

mp: 96 ◦C (MeCN).

IR (νmax/cm-1): 2870br, 1472m, 1395m, 1122m, 754s, 688s, 563s. 487s.

Data consistent with literature values.316
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N,N-dimethylanilinium hydrobromide

2

1

4
3

NH+

5

Br-

6

361

N,N-dimethyl aniline (1.222 g, 10.1 mmol) was dissolved

in MeCN (5.0 mL, 2.0 M). 48% HBr solution (2.27 mL, 2.0

equiv.) was then added dropwise with stirring to the solu-

tion. This solution was allowed to stir at room temperature

for 2 hours. The solvent was removed in vacuo and the

crude 361 was washed with diethyl ether to remove ex-

cess acid and unreacted amine. The resulting hydroscopic off-white precipitate was

isolated by vacuum filtration (1.790 g, 88% yield).

1H NMR (400 MHz, DMSO – d6) δ 7.83 (2H, d, J = 8.0 Hz, H3), 7.55 (2H, t, J = 7.4 Hz,

H2), 7.68 (1H, t, J = 7.4 Hz, H1), 4.83 (1H, s, H5), 3.17 (6H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 143.2 (C4), 130.1 (C2), 129.5 (C1), 120.9 (C3), 45.8

(C6).

mp: 75 ◦C (MeCN).

IR (νmax/cm-1): 3424br, 2434m, 1495m, 1130m, 898m, 766s, 691s, 529s.

Data consistent with literature values.317

Benzylammonium hydrochloride

2

1

4

3
5

Cl-

NH3
+

6

362

Benzylamine (1.10 mL, 10.0 mmol) was dissolved in MeCN (5.0

mL, 2.0 M). 37% HCl solution (3.34 mL, 4.0 equiv.) was then added

dropwise with stirring to the solution. This solution was allowed to

stir at room temperature for 3 hours. The solvent was removed in

vacuo and the crude 362 was washed with diethyl ether to remove

excess acid and unreacted amine. The resulting off white precipi-

tate was isolated by vacuum filtration (1.427 g, 100% yield).

1H NMR (400 MHz, DMSO – d6) δ 8.63 (3H, s, H6), 7.55 – 7.46 (2H, m, H3), 7.44 –

7.30 (3H, m, H1+2), 4.01 – 3.96 (2H, m, H5).

13C NMR (101 MHz, DMSO – d6) δ 134.2 (C4), 129.0 (C2), 128.6 (C3), 128.4 (C1), 42.1

(C5).

mp: 230 – 232 ◦C (MeCN).

IR (νmax/cm-1): 2965br, 1596m, 1112m, 744s, 692s, 576m, 481m.

Data consistent with literature values.318
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N-methyl benzylammonium hydrochloride

2

1

4
3

5

Cl-

NH2
+

76

363

N-methyl benzylamine (1.30 mL, 10.0 mmol) was dissolved in

MeCN (5.0 mL, 2.0 M). 37% HCl solution (2.51 mL, 3.0 equiv.)

was then added dropwise with stirring to the solution. This solution

was allowed to stir at room temperature for 3 hours. The solvent

was removed in vacuo and the crude 363 was washed with diethyl

ether to remove excess acid and unreacted amine. The resulting

off white precipitate was isolated by vacuum filtration (0.401 g, 25% yield).

1H NMR (400 MHz, DMSO – d6) δ 9.36 (2H, s, H7), 7.56 – 7.51 (2H, m, H3), 7.46 –

7.38 (3H, m, H1+2), 4.09 (2H, t, J = 6.0 Hz, H5), 2.50 (3H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 134.1 (C4), 130.0 (C2), 128.9 (C1), 128.7 (C3), 51.1

(C5), 31.9 (C7).

mp: 104 – 106 ◦C (MeCN).

IR (νmax/cm-1): 3356br, 2930br(m), 2433w, 2270m, 1435m, 1025m, 748s, 702s.

Data consistent with literature values.319

N,N-dimethylbenzylammonium hydrochloride

2

1

4
3

5

Cl-

H+

N

7
6

364

A solution of N,N-dimethylbenzylamine (1.57 mL, 11.1 mmol) in

ethanol (1.0 M, 11.0 mL) was prepared and cooled on an ice bath.

With stirring, concentrated HCl was added dropwise until a strongly

acidic solution was observed. The excess HCl and solvent were re-

moved under reduced pressure with the aid of a base trap to neu-

tralise acidic vapours. After thorough drying, 364 was yielded as a

white crystalline solid (1.90 g, 100% yield).

1H NMR (400 MHz, CDCl3) δ 12.62 (1H, s, H7), 7.59 (2H, dd, J = 5.1, 2.6 Hz, H3),

7.48 – 7.35 (3H, m, H1+2), 4.18 (2H, d, J = 5.3 Hz, H5), 2.74 (6H, d, J = 5.0 Hz, H6).

13C NMR (101 MHz, CDCl3) δ 131.0 (C4), 130.2 (C2), 129.3 (C1), 128.4 (C3), 61.0

(C5), 42.0 (C6).

LRMS (ESI-TOF, EI+) m/z: 136.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ Calculated for C9H14N+: 136.1126, found: 136.1131.

mp: 94 ◦C (MeCN).

IR (νmax/cm-1): 3377br, 2958w, 2573m, 2480m, 1455m, 944m, 743s, 697s.
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Morpholinium hydrobromide

Br-

1

O

NH2
+

32

365

Morpholine (0.44 mL, 5.0 mmol) was dissolved in MeCN (2.5 mL,

2.0 M). 48% HBr solution (2.00 mL, 3.6 equiv.) was then added

dropwise with stirring to the solution. This solution was allowed to

stir at room temperature for 2 hours. The solvent was removed in

vacuo and the crude 365 was washed with diethyl ether to remove

excess acid and unreacted amine. The resulting white precipitate was isolated by vac-

uum filtration (0.672 g, 80% yield).

1H NMR (400 MHz, DMSO – d6) δ 8.98 (2H, s, H3), 3.80 – 3.73 (4H, m, H1), 3.13 –

3.06 (4H, m, H2).

13C NMR (101 MHz, DMSO – d6) δ 63.1 (C1), 43.8 (C2).

mp: 205 ◦C (MeCN).

IR (νmax/cm-1): 3395br, 2945br, 1096m, 868m.

Data consistent with literature values.320

N-methyl morpholinium hydrobromide

Br-

1

O

N+

32

4

H

366

N-methyl morpholine (0.47 mL, 4.3 mmol) was dissolved in MeCN

(2.5 mL, 2.0 M). 48% HBr solution (1.13 mL, 2.3 equiv.) was then

added dropwise with stirring to the solution. This solution was al-

lowed to stir at room temperature for 2 hours. The solvent was re-

moved in vacuo and the crude 366 was washed with diethyl ether

to remove excess acid and unreacted amine. The resulting white precipitate was iso-

lated by vacuum filtration (0.650 g, 83% yield).

1H NMR (400 MHz, DMSO – d6) δ 10.02 (1H, s, H3), 3.96 (2H, dd, J = 12.9, 3.6 Hz,

H1), 3.67 (2H, t, J = 11.5 Hz, H1′), 3.36 (2H, d, J = 12.9 Hz, H2), 3.14 – 3.02 (2H, m,

H2′), 2.79 (3H, d, J = 4.7 Hz, H4).

13C NMR (101 MHz, DMSO – d6) δ 63.3 (C1), 52.5 (C4), 42.4 (C2).

mp: 74 ◦C (MeCN).

IR (νmax/cm-1): 3363br, 2912m, 2612m, 1467m, 1089m, 862s.
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N,N,N-triethylammonium hydrobromide

Br-
1 N+

2 H
3

93

Triethylamine (anhydrous) (0.61 mL, 5.0 mmol) was dissolved in

MeCN (2.00 mL, 2.5 M). 48% HBr solution (0.85 mL, 1.5 equiv.)

was then added dropwise with stirring to the solution. This solution

was allowed to stir at room temperature for 2 hours. The solvent

was removed in vacuo and the crude 93 was washed with diethyl

ether to remove excess acid and unreacted amine. The resulting orange precipitate

was isolated by vacuum filtration (0.895 g, 98% yield).

1H NMR (400 MHz, DMSO – d6) δ 9.47 (1H, s, H3), 3.09 (6H, qd, J = 7.3, 4.8 Hz, H2),

1.19 (9H, t, J = 7.3 Hz, H1).

13C NMR (101 MHz, DMSO – d6) δ 45.6 (C2), 8.6 (C1).

mp: 234 – 236 ◦C (MeCN).

IR (νmax/cm-1): 2938m, 2676m, 1397m, 1170m, 1034s, 804s.

Data consistent with literature values.321

N,N,N-triethylammonium hydrochloride

Cl-
1 N+

2 H
3

92

A solution of triethylamine (3.00 g, 29.6 mmol) in ethanol (1.0 M,

30 mL) was prepared and cooled on an ice bath. With stirring, con-

centrated HCl was added dropwise until a strongly acidic solution

was observed. The excess HCl and solvent were removed under

reduced pressure with the aid of a base trap to neutralise acidic

vapours. After thorough drying, 92 was yielded as a white crystalline solid (4.07 g,

100% yield).

1H NMR (400 MHz, CDCl3) δ 3.08 (6H, qd, J = 7.3, 4.8 Hz, H2), 1.38 (9H, t, J = 7.3

Hz, H1).

13C NMR (101 MHz, CDCl3) δ 45.8 (C2), 8.6 (C1).

LRMS (ESI-TOF, EI+) m/z: 102.1 ([M]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ Calculated for C6H16N+: 102.1283, found: 102.1290.

mp: 260 – 262 ◦C (MeCN).

Data consistent with literature values.322
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4-dimethylaminopyridinium hydrobromide

Br-N
5

4
3

2
N
H+

1

367

4-Dimethylaminopyridine (0.608 g, 5.0 mmol) was dissolved in

MeCN (3.00 mL, 1.7 M). 48% HBr solution (0.85 mL, 1.5 equiv.)

was then added dropwise with stirring to the solution. This solution

was allowed to stir at room temperature for 2 hours. The solvent

was removed in vacuo and the crude 367 was washed with diethyl

ether to remove excess acid and unreacted amine. The resulting

white precipitate was isolated by vacuum filtration (0.610 g, 60% yield).

1H NMR (400 MHz, DMSO – d6) δ 8.27 – 8.19 (2H, m, H2), 6.98 (2H, d, J = 7.0 Hz,

H3), 3.17 (6H, s, H5).

13C NMR (101 MHz, DMSO – d6) δ 156.9 (C4), 139.0 (C2), 107.0 (C3), 39.8 (C5).

mp: 210 – 212 ◦C (MeCN).

IR (νmax/cm-1): 3053br, 2891br, 1640m, 1556s, 1393m, 1206s, 993m, 801s, 510s.

N,N,N-trimethyl ammonium hydrochloride

Cl-

2

H+

N

1

368

37% HCl solution (1.25 mL, 3.0 equiv.) was added dropwise with

stirring to a solution of trimethylamine 35% wt in EtOH (1.19 mL,

5.0 mmol). This solution was allowed to stir at room temperature

for 2 hours. The solvent was removed in vacuo and the crude 94

was washed with diethyl ether to remove excess acid and unre-

acted amine. The resulting orange precipitate was isolated by vacuum filtration (0.895

g, 98% yield).

1H NMR (400 MHz, DMSO – d6) δ 11.06 (1H, s, H2), 2.70 (9H, d, J = 4.9 Hz, H1).

13C NMR (101 MHz, DMSO – d6) δ 43.7 (C1).

IR (νmax/cm-1): 2959w, 2595m, 2473m, 1482m, 988s.

mp: 283 – 285 ◦C (MeCN).

Data consistent with literature values.322

For achiral protonated ammonium salts that haven’t been characterised in this ex-

perimental section but are listed to have been complexed with BINOL in this thesis,

see M.P. Walsh’s thesis for full characterisation. Callum S. Begg synthesised these

salts but did not fully characterise them due to the data already being available.
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9.5 Recognition of ammonium salts

9.5.1 General procedure for recognition of ammonium salts

(R)-BINOL (1.0 equiv)X-

CHCl3, EtOH or MeCN

OH

OH
+NR4

+NR4
X-

Scheme 9.10: General procedure for recognition of ammonium salts by (R)-BINOL.

The selected ammonium salt was dissolved into CHCl3, MeCN or EtOH (0.6 – 2.0

M), solid (R)-BINOL was added to the solution and the reaction mixture was stirred

vigorously at room temperature. A white precipitate is generally observed 5 – 30 min-

utes after (R)-BINOL addition. After 24 hours the reaction is filtered and washed with

reaction solvent to yield a white solid precipitate which can be recrystallised (MeOH,

CHCl3, EtOH) to yield SCXRD quality crystals.
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N-allyl-N,N-dimethylanilinium chloride · (R)-1,1′-bi-2-naphthol

2

1

4

3
N+

5 Cl-
k

b

c

d
e

j

f

g

h

i
HO

HO
a6

7
8

114

The quaternary ammonium chloride salt 72

(0.030 g, 0.15 mmol) was dissolved in CHCl3

(0.40 mL, 0.4 M) in a 10 mL vial. Solid

(R)-BINOL (0.043 g, 1.0 equiv.) was then

added with stirring to the solution, resulting

in a pale yellow homogeneous solution. This

solution was allowed to stir at room temper-

ature overnight, which produced the desired complexed product 114 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.058 g, 80% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, dd, J = 9.0, 0.8 Hz, Hd), 7.83 (2H, dt, J = 8.2,

0.9 Hz, Hf), 7.81 – 7.77 (2H, m, H3), 7.66 – 7.54 (3H, m, H1+2), 7.30 (2H, d, J = 8.9

Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.8, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.3, 6.8, 1.3 Hz,

Hh), 7.05 – 6.99 (2H, m, Hc), 5.66 – 5.47 (3H, m, H7+8), 4.45 (2H, d, J = 5.7 Hz, H6),

3.55 (6H, s, H5).

13C NMR (101 MHz, CD3OD) δ 154.2, 144.9, 135.8, 131.65, 130.64, 130.56, 130.4,

129.3, 129.0, 127.1, 126.3, 125.8, 123.9, 122.0, 119.3, 116.2, 72.6, 54.3.

LRMS (ESI-TOF, EI+) m/z: 162.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H16N+: 162.1283, found 162.1282. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0916.

mp: 148 ◦C, decomposes to red oil (CHCl3).

IR (νmax/cm-1): 3048br, 2982m, 1622m, 1505m, 1273m, 819m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C30H28NO2Cl (m = 469.98 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N-allyl-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol

2

1

4

3
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5 Br-
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The quaternary ammonium bromide salt 73

(0.230 g, 0.95 mmol) was dissolved in CHCl3

(0.50 mL, 2.0 M) in a 10 mL vial. Solid

(R)-BINOL (0.292 g, 1.0 equiv.) was then

added with stirring to the solution, resulting

in a pale yellow homogeneous solution. This

solution was allowed to stir at room temper-

ature overnight, which produced the desired complexed product 115 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.445 g, 93% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, dd, J = 9.0, 0.7 Hz, Hd), 7.83 (2H, dd, J =

8.2, 0.9 Hz, Hf), 7.79 (2H, d, J = 8.2 Hz, H3), 7.64 – 7.54 (3H, m, H1+2), 7.30 (2H, d, J

= 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.15 (2H, ddd, J = 8.2, 6.8, 1.4

Hz, Hh), 7.02 (2H, dq, J = 8.5, 0.9 Hz, Hc), 5.68 – 5.45 (3H, m, H7+8), 4.45 (2H, d, J =

5.6 Hz, H6), 3.54 (3H, s, H5).

13C NMR (101 MHz, CD3OD) δ 154.1, 145.8, 135.7, 131.6, 131.5, 130.5, 130.3, 129.4,

129.1, 127.2, 126.1, 125.8, 123.9, 122.9, 119.3, 116.3, 72.5, 54.2.

LRMS (ESI-TOF, EI+) m/z: 162.3 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ Calculated for C13H20N+: 162.1283, found 162.1288. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0915.

mp: 150 ◦C, decomposes to red oil (EtOH).

IR (νmax/cm-1): 3115br, 1625m, 1506m, 1430m, 1271m, 816m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

plates. Crystal data for C31H30BrNO2 (m = 528.47 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N-allyl-N,N-dimethylanilinium iodide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium iodide salt 74

(0.144 g, 1.00 mmol) was dissolved in CHCl3

(1.25 mL, 0.8 M) in a 10 mL vial. Solid (R)-

BINOL (0.286 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a pale

red homogeneous solution. This solution was

allowed to stir at room temperature overnight,

which produced the desired complexed product 116 as a white precipitate. The result-

ing complex was isolated by vacuum filtration (0.229 g, 80% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, dd, J = 9.0, 0.7 Hz, Hd), 7.85 – 7.81 (4H, m,

Hf+3), 7.70 – 7.59 (3H, m, H1+2), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.0,

6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.3, 6.8, 1.4 Hz, Hh), 7.02 (2H, dd, J = 8.5, 1.1 Hz,

Hc), 5.72 – 5.52 (3H, m, H7+8), 4.51 (2H, d, J = 6.2 Hz, H6), 3.61 (6H, s, H5).

13C NMR (101 MHz, CD3OD) δ 154.2, 145.6, 135.8, 131.6, 130.6, 130.4, 129.4, 129.0,

127.1, 126.3, 125.8, 123.9, 122.0, 119.3, 116.2, 72.6, 54.4. Spectrum missing a res-

onance due to the coincidence of C2 and Cd signals.

LRMS (ESI-TOF, EI+) m/z: 162.2 ([M]+, 100%), 130.3 (2), 110.1 (6).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H16N+: 162.1283, found 162.1278. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0916.

mp: 154 ◦C (CHCl3).

IR (νmax/cm-1): 3185br, 1621m, 1317m, 1145m, 952m, 815s,.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C31H30INO2 (m = 575.46 g/mol): Orthorhombic, space group P212121

(no. 19).
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N-allyl-4-methyl-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 75

(0.249 g, 1.0 mmol) was dissolved in CHCl3

(0.75 mL, 1.3 M) in a 10 mL vial. Solid (R)-

BINOL (0.287 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 117 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.384 g, 71% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.5 Hz,

Hf), 7.71 – 7.65 (2H, m, H4), 7.47 – 7.41 (2H, m, H3), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24

(2H, ddd, J = 8.0, 6.6, 1.2 Hz, Hg), 7.16 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hh), 7.02 (2H,

d, J = 8.4 Hz, Hc), 5.66 – 5.58 (1H, m, H8), 5.58 – 5.52 (2H, m, H9), 4.46 (2H, d, J =

6.8 Hz, H7), 3.56 (6H, s, H6), 2.41 (3H, s, H1).

13C NMR (151 MHz, CD3OD) δ 154.2, 142.4, 135.8, 132.0, 130.6, 130.5, 129.2, 129.0,

127.1, 126.4, 125.8, 123.8, 121.8, 119.3, 116.2, 72.6, 54.3, 20.8. Spectrum missing a

resonance due to the coincidence of C2 and Cd signals.

LRMS (ESI-TOF, EI+) m/z: 176.2 ([M]+, 100%), 135.09 (28).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18N+: 176.1439, found 176.1438. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0926.

mp: 144 – 147 ◦C (CHCl3).

IR (νmax/cm-1): 3128br, 1622m, 1431s, 1270s, 953s, 757s.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates. Crys-

tal data for C32H32BrNO2 (m = 542.49 g/mol): Orthorhombic, space group P212121

(no. 19).
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N-allyl-4-fluoro-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol

2

1

4

3
N+

5 Br-

k

b

c

d
e

j

f

g

h

i
HO

HO
a6

7
8F

118

The quaternary ammonium bromide salt 76

(0.156 g, 0.6 mmol) was dissolved in CHCl3

(0.29 mL, 2.0 M) in a 10 mL vial. Solid (R)-

BINOL (0.169 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 118 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.209 g, 66% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.92 – 7.88 (2H, m, H2), 7.87 (2H, d, J = 9.0 Hz, Hd),

7.83 (2H, d, J = 8.3 Hz, Hf), 7.41 – 7.36 (2H, m, H3), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.27

–7.22 (2H, m, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, d, J = 8.6 Hz,

Hc), 5.71 – 5.63 (1H, m, H7), 5.61 – 5.54 (2H, m, H8), 4.49 (2H, dd, J = 7.1, 2.8 Hz,

H6), 3.61 (6H, s, H5).

13C NMR (151 MHz, CD3OD) δ 164.3 (d, J = 250.7 Hz), 154.2, 142.0, 135.8, 130.5 (d,

J = 16.3 Hz), 129.6, 129.0, 127.1, 126.2, 125.8, 124.8 (d, J = 8.9 Hz), 123.8, 119.3,

118.4, 118.2, 116.2, 73.0, 54.6.

19F NMR (376 MHz, CHCl3) δ – 108.62.

LRMS (ESI-TOF, EI+) m/z: 180.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H15NF+: 180.1189, found 180.1185. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0909.

mp: 142 – 144 ◦C (CHCl3).

IR (νmax/cm-1): 3122br, 1621br, 1504m, 1271s, 957s, 819s.

XRD: A portion of the complex was crystallised in MeOH to give yellow plates. Crystal

data for C31H29BrFNO2 (m = 546.46 g/mol): Orthorhombic, space group P212121 (no.

19).
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N,N-dimethyl-N-propylanilinium · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 77

(0.100 g, 0.41 mmol) was dissolved in CHCl3

(1.0 mL, 0.4 M) in a 10 mL vial. Solid (R)-

BINOL (0.117 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a

pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complexed product 119 as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.162 g, 74% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.90 – 7.85 (2H, m, Hd), 7.85 – 7.81 (2H, m, Hf), 7.79

– 7.74 (2H, m, H3), 7.66 – 7.53 (3H, m, H1+2), 7.30 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H,

ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.15 (2H, ddd, J = 8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, ddt, J

= 8.5, 1.5, 0.8 Hz, Hc), 3.84 – 3.73 (2H, m, H6), 3.53 (6H, s, H5), 1.47 – 1.31 (2H, m,

H7), 0.87 (3H, t, J = 7.4 Hz, H8).

13C NMR (101 MHz, CD3OD) δ 154.2, 145.8, 135.8, 131.7, 131.5, 130.6, 130.4, 129.0,

127.1, 125.8, 123.9, 121.8, 119.3, 116.2, 71.3, 56.2, 17.3, 9.9.

LRMS (ESI-TOF, EI+) m/z: 164.7 ([M]+, 100%), 121.0 (1).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H18N+: 164.1439, found 164.1431. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0903.

mp: 184 – 186 ◦C (EtOH).

IR (νmax/cm-1): 3122br, 1339m, 1271m, 818m, 756m, 685m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

plates. Crystal data for C31H32BrNO2 (m = 599.24 g/mol): orthorhombic, space group

P212121 (no. 19).
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N-benzyl-N,N-dimethylprop-2-en-1-aminium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 78

(0.256 g, 1.00 mmol) was dissolved in CHCl3

(2.5 mL, 0.4 M) in a 10 mL vial. Solid (R)-

BINOL (0.286 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a

pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complexed product 120 as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.449 g, 83% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.82 (2H, dd, J = 7.9, 1.2

Hz, Hf), 7.58 – 7.47 (5H, m, H1+2+3), 7.29 (2H, d, J = 8.8 Hz, Hi), 7.26 – 7.21 (2H, m,

Hg), 7.15 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.02 (2H, dd, J = 8.4, 1.2 Hz, Hc), 6.12

(1H, ddt, J = 17.4, 10.3, 7.3 Hz, H8), 5.78 – 5.65 (2H, m, H9), 4.47 (2H, s, H5), 3.94

(2H, d, J = 7.3 Hz, H7), 2.92 (6H, s, H6).

13C NMR (101 MHz, CD3OD) δ 154.2, 135.8, 134.1, 131.9, 130.6, 130.4, 130.3, 129.6,

129.0, 128.7, 127.1, 126.2, 125.8, 123.8, 119.2, 116.2, 68.9 (dd, J = 5.0, 2.8 Hz), 67.9

(dd, J = 6.3, 3.0 Hz), 49.8 (dd, J = 8.5, 4.1 Hz).

LRMS (ESI-TOF, EI+) m/z: 176.2 ([M]+, 100%), 110.0 (4).

LRMS (ESI-TOF, EI–) m/z: 286.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18N+: 176.1439, found 176.1439. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0906.

mp: 194 – 196 ◦C (CHCl3).

IR (νmax/cm-1): 3126br, 1620m, 1504m, 1271s, 968m, 815s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

plates. Crystal data for C32H32NO2Br (m = 542.49 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.5. RECOGNITION OF AMMONIUM SALTS

N,N-dimethyl-N-(prop-1-yne)-N-benzylammonium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 79 (0.306 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 121 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.483 g, 89% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.22 (2H, s, Ha), 7.91 – 7.80 (4H, m, Hd+f), 7.66 –

7.51 (5H, m, H1+2+3), 7.33 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz,

Hg), 7.17 (2H, ddd, J = 8.2, 6.7, 1.5 Hz, Hh), 6.94 (2H, dd, J = 8.4, 1.3 Hz, Hc), 4.62

(2H, s, H5), 4.32 (2H, d, J = 2.5 Hz, H7), 4.19 (1H, t, J = 2.5 Hz, H9), 3.06 (6H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 153.5, 134.6, 133.3, 131.0, 129.6, 129.1, 128.6,

128.3, 128.1, 126.3, 124.9, 122.7, 119.0, 115.8, 84.1, 73.0, 66.2, 53.4, 49.8.

LRMS (ESI-TOF, EI+) m/z: 174.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 286.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H16N+: 174.1283, found: 174.1282. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0915.

mp: 178 – 180 ◦C (EtOH).

IR (νmax/cm-1): 3157br, 2980m, 1504m, 1272m, 813m, 755m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C32H30BrNO2 (m = 540.48 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.5. RECOGNITION OF AMMONIUM SALTS

N-benzyl-N,N-triethylethanaminium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 80

(0.100 g, 0.37 mmol) was dissolved in CHCl3

(1.00 mL, 0.4 M) in a 10 mL vial. Solid

(R)-BINOL (0.105 g, 1.0 equiv.) was then

added with stirring to the solution, resulting

in a pale yellow homogeneous solution. This

solution was allowed to stir at room temper-

ature overnight, which produced the desired complexed product 122 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.149 g, 73% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, dd, J = 8.9, 0.8 Hz, Hd), 7.83 (2H, dt, J = 8.1,

0.9 Hz, Hf), 7.59 – 7.47 (5H, m, H1+2+3), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J

= 8.1, 6.8, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.8, 1.4 Hz, Hh), 7.02 (2H, dd, J = 8.4,

1.1 Hz, Hc), 4.44 (2H, s, H5), 3.21 (6H, q, J = 7.3 Hz, H6), 1.49 – 1.28 (9H, m, H7).

13C NMR (101 MHz, CD3OD) δ 154.2, 135.8, 133.6, 131.8, 130.6, 130.5, 130.4, 129.0,

128.7, 127.1, 125.8, 123.8, 119.3, 116.2, 61.4, 53.6, 8.1.

LRMS (ESI-TOF, EI+) m/z: 192.2 ([M]+, 100%), 110.1 (4).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H22N+: 192.1752, found 192.1745. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0911.

mp: 191 – 192 ◦C (CHCl3).

IR (νmax/cm-1): 3120br, 1619m, 1331s, 1274s, 817s, 750s.

XRD: A portion of the complex was crystallised in ethanol to produce clear colourless

blocks. Crystal data for C32H36NO2Br (m = 546.53 g/mol): Orthorhombic, space group

P212121 (no. 19).
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1-benzylpyridinium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 81 (0.250 g, 1.0 mmol) was dis-

solved in CHCl3 (1.50 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.286 g, 1.0 equiv.) was then

added with stirring to the solution, resulting in a

pale yellow homogeneous solution. This solution

was allowed to stir at room temperature overnight,

which produced the desired complex 123 as a

white precipitate. The resulting complex was isolated by vacuum filtration (0.480 g,

90% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.28 – 9.25 (2H, m, H3), 9.24 (2H, s, Ha), 8.63 (1H,

tt, J = 7.8, 1.4 Hz, H1), 8.25 – 8.13 (2H, m, H2), 7.89 – 7.79 (4H, m, Hd+f), 7.55 (2H,

dd, J = 7.6, 2.0 Hz, H6), 7.48 – 7.41 (3H, m, H7+8), 7.34 (2H, d, J = 8.8 Hz, Hi), 7.22

(2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 6.93 (2H,

dd, J = 8.4, 1.2 Hz, Hc), 5.90 (2H, s, H4).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 146.0, 144.8, 134.3, 134.1, 129.4, 129.3,

128.8, 128.6, 128.5, 128.1, 127.9, 125.8, 124.4, 122.3, 118.6, 115.4, 63.2.

LRMS (ESI-TOF, EI+) m/z: 170.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H12N+: 170.0970, found: 170.0958. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0924.

mp: 204 ◦C (EtOH).

IR (νmax/cm-1): 3141br, 2980m, 1625m, 1271m, 817m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless irreg-

ular crystals. Crystal data for C32H26NO2Br (m = 536.45 g/mol): Orthorhombic, space

group P212121 (no. 19).
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rac-1-butyl-1-(prop-2-yne)indolin-1-ium bromide · (R)-1,1′-bi-2-naphthol
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80% w/w propargyl bromide in

toluene (0.14 mL, 1.3 mmol, 1.3

equiv.) was added to 82 (0.177 g,

1.01 mmol, 1.0 equiv.) in MeCN

(0.50 mL, 2.0 M) and heated at 50

◦C for 10 minutes. (R)-BINOL (0.289

g, 1.01 mmol, 1.0 equiv.) was added

and the reaction mixture was stirred vigorously at room temperature for 69 hrs, which

produced the desired complexed product 124 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.382 g, 65% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, DMSO – d6) δ 9.19 (2H, s, Ha), 7.89 – 7.81 (4H, m, Hf+d), 7.82

(1H, d, J = 7.6 Hz, H10), 7.59 – 7.54 (3H, m, H7+8+9), 7.32 (2H, d, J = 8.8 Hz, Hi), 7.23

(2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.17 (2H, ddd, J = 8.2, 6.7, 1.5 Hz, Hh), 6.93 (2H,

d, J = 8.4 Hz, Hc), 4.93 – 4.85 (2H, m, H3), 4.32 (1H, ddd, J = 12.0, 8.2, 6.2 Hz, H4),

4.24 (1H, dt, J = 12.2, 7.8 Hz, H4′), 3.89 – 3.84 (1H, m, H12), 3.88 (1H, t, J = 2.5 Hz,

H1), 3.73 (1H, dd, J = 12.5, 4.0 Hz, H12′), 3.40 – 3.35 (2H, m, H5), 1.70 – 1.62 (1H, m,

H13), 1.34 – 1.23 (3H, m, H13′+14), 0.87 (3H, t, J = 7.1 Hz, H15).

13C NMR (151 MHz, DMSO – d6) δ 153.0, 142.5, 135.4, 134.1, 131.1, 128.7, 128.6,

128.1, 127.8, 126.6, 125.8, 124.4, 122.2, 119.0, 118.5, 115.4, 82.4, 72.8, 64.1, 62.6,

54.8, 27.8, 24.5, 18.9, 13.4.

LRMS (ESI-TOF, EI+) m/z: 214.5 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H20N+: 214.1596, found 214.1606. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0913.

mp: 136 – 138 ◦C (CHCl3).

[α]D = +12.85 (c = 1.03, MeOH).

IR (νmax/cm-1): 3137br, 2960m, 1623m, 1270s, 816s, 753s.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates. Crys-

tal data for C35H34BrNO2 (m = 580.54 g/mol): Orthorhombic, space group P212121

(no. 19).
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The quaternary ammonium bromide salt

83 (0.265 g, 1.05 mmol) was dissolved in

CHCl3 (1.80 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.307 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a homogeneous solu-

tion. This solution was allowed to stir at

room temperature overnight, which produced the desired complexed product 125 as

a white precipitate. The resulting complex was isolated by vacuum filtration (0.500

g, 88% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had

formed. When a kinetic resolution is performed using (R)-BINOL (0.5 equiv.) the dr is

reported to be 80:20 (R:S).

1H NMR (599 MHz, DMSO – d6) δ 9.19 (2H, s, Ha), 7.87 (1H, d, J = 7.5 Hz, H7), 7.86

– 7.83 (4H, m, Hd+f), 7.59 – 7.53 (3H, m, H4+5+6), 7.32 (2H, d, J = 8.9 Hz, Hi), 7.22

(2H, ddd, J = 8.7, 6.9, 1.7 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.5 Hz, Hh), 6.93 (2H,

dd, J = 8.5, 1.2 Hz, Hc), 4.90 (2H, t, J = 2.4 Hz, H10), 4.31 (1H, dt, J = 11.8, 7.3 Hz,

H1), 4.20 (1H, dt, J = 11.7, 7.3 Hz, H1), 3.94 (1H, t, J = 2.5 Hz, H121), 3.54 (3H, s, H9),

3.41 (2H, t, J = 7.3 Hz, H2).

13C NMR (151 MHz, DMSO – d6) δ 153.0, 144.7, 134.5, 134.1 , 131.1 , 128.7, 128.6,

128.1, 127.8, 126.5, 125.8, 124.4, 122.2, 118.5, 118.3, 115.4, 82.5, 72.9, 65.4, 55.4,

52.5, 27.1.

LRMS (ESI-TOF, EI+) m/z: 172.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H14N+: 172.1126, found 172.1132. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0928.

mp: 164 – 166 ◦C (CHCl3).

IR (νmax/cm-1): 3280w, 3121br, 2979m, 2135w, 1621m, 759s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless irreg-

ular crystal. Crystal data for C32H28BrNO2 (m = 538.46 g/mol): Orthorhombic, space

group P212121 (no. 19).

The data for this compound is consistent with literature values.2
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N,N-dimethyl-N-(prop-2-yn-1-yl)-5,6,7,8-tetrahydronaphthalen-2-aminium bromide

·(R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide

salt 84 (0.299 g, 1.0 mmol) was dis-

solved in CHCl3 (0.50 mL, 2.0 M) in a

10 mL vial. Solid (R)-BINOL (0.297

g, 1.0 equiv.) was then added with

stirring to the solution, resulting in a

homogeneous solution. This solu-

tion was allowed to stir at room temperature overnight, which produced the desired

complexed product 126 as a white precipitate. The resulting complex was isolated by

vacuum filtration (0.529 g, 90% yield). Analysis by 1H NMR spectroscopy ensured that

a 1:1 complex had formed.

1H NMR (599 MHz, DMSO – d6) δ 9.20 (2H, s, Ha), 7.88 – 7.83 (4H, apt. dd, J = 8.6,

5.1 Hz, Hd+f), 7.68 (1H, d, J = 3.2 Hz, H10), 7.63 (1H, dd, J = 8.6, 2.9 Hz, H2), 7.33

(2H, dd, J = 8.8, 2.9 Hz, Hi), 7.29 (1H, d, J = 8.4 Hz, H3), 7.22 (2H, ddd, J = 8.0, 6.6,

1.5 Hz, Hg), 7.16 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hh), 6.93 (2H, d, J = 8.4 Hz, Hc), 4.97

(2H, d, J = 7.8 Hz, H12), 3.87 (1H, t, J = 2.4 Hz, H14), 3.60 (6H, s, H11), 2.79 (2H, t, J

= 6.1 Hz, H5), 2.76 (2H, t, J = 6.1 Hz, H8), 1.76 – 1.73 (4H, m, H6+7).

13C NMR (151 MHz, DMSO – d6) δ 153.0, 142.4, 139.2 , 138.7 , 134.1 , 130.2, 128.6,

128.1, 127.8, 125.8, 124.4, 122.2, 121.2, 118.5, 117.9, 115.4, 82.7, 72.9, 57.9, 53.7,

29.0, 28.1, 22.2, 22.1.

LRMS (ESI-TOF, EI+) m/z: 214.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H20N+: 214.1596, found 214.1607. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0914.

mp: 124 – 126 ◦C (CHCl3).

IR (νmax/cm-1): 3280m, 3120br, 2936m, 1620m, 1267s, 819s.

XRD: A portion of the complex was crystallised in EtOH to give colourless prisms.

Crystal data for C35H34BrNO2 (m = 580.54 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N-allyl-4-chloro-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 85

(0.212 g, 0.8 mmol) was dissolved in CHCl3

(0.38 mL, 2.0 M) in a 10 mL vial. Solid (R)-

BINOL (0.221 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 127 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.227 g, 53% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.86 – 7.81 (4H, m, H2+f),

7.69 – 7.63 (2H, m, H3), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.2

Hz, Hg), 7.16 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hh), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.72 –

5.64 (1H, m, H7), 5.61 – 5.55 (2H, m, H8), 4.49 (2H, d, J = 7.1 Hz, H6), 3.61 (6H, s,

H5).

13C NMR (151 MHz, CD3OD) δ 154.2, 144.4, 137.5, 135.8, 131.5, 130.6, 130.4, 129.7,

129.0, 127.2, 126.0, 125.8, 124.1, 123.9, 119.3, 116.3, 72.8, 54.4.

LRMS (ESI-TOF, EI+) m/z: 196.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H15NCl+: 196.0893, found 196.0899.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0923.

mp: 126 – 128 ◦C (CHCl3).

IR (νmax/cm-1): 3118br, 1621m, 1271s, 964s, 746s, 688s.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates. Crys-

tal data for C31H29BrClNO2 (m = 562.91 g/mol): Orthorhombic, space group P212121

(no. 19).

233



9.5. RECOGNITION OF AMMONIUM SALTS

N-allyl-4-bromo-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 86

(0.311 g, 1.0 mmol) was dissolved in CHCl3

(0.77 mL, 1.3 M) in a 10 mL vial. Solid (R)-

BINOL (0.300 g, 1.1 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 128 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.308 g, 52% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.85 – 7.78 (4H, m, H2+f),

7.76 (2H, d, J = 8.8 Hz, H3), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.3, 6.7,

1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.01 (2H, d, J = 8.5 Hz, Hc), 5.72

– 5.62 (1H, m, H7), 5.60 – 5.54 (2H, m, H8), 4.48 (2H, d, J = 7.0 Hz, H6), 3.59 (6H, s,

H5).

13C NMR (151 MHz, CD3OD) δ 154.2, 145.1, 135.8, 134.7, 130.6, 130.4, 129.8, 129.0,

127.1, 126.1, 125.8, 125.6, 124.3, 123.8, 119.3, 116.2, 72.9, 54.4.

LRMS (ESI-TOF, EI+) m/z: 242.2 ([M]+, 100%), 240.06 (82), 161.12 (96).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H15NBr+: 240.0388, found 240.0392.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0923.

mp: 136 – 139 ◦C (CHCl3).

IR (νmax/cm-1): 3113br, 1621br, 1271s, 930br, 817sh, 687m.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates. Crys-

tal data for C31H29Br2NO2 (m = 607.37 g/mol): Orthorhombic, space group P212121

(no. 19).
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N-benzyl-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt

87 (0.100 g, 0.34 mmol) was dissolved

in CHCl3 (0.85 mL, 0.4 M) in a 10 mL

vial. Solid (R)-BINOL (0.097 g, 1.0

equiv.) was then added with stirring

to the solution, resulting in a pale yel-

low homogeneous solution. This solution

was allowed to stir at room temperature

overnight, which produced the desired complexed product as a white precipitate. The

resulting complex 129 was isolated by vacuum filtration (0.131 g, 66% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.87 (2H, dd, J = 9.0, 0.7 Hz, Hd), 7.83 (2H, dd, J =

8.3, 1.3 Hz, Hf), 7.75 – 7.67 (2H, m, H3), 7.62 – 7.55 (3H, m, H1+2), 7.43 (1H, tt, J =

7.7, 1.5 Hz, H10), 7.33 – 7.27 (4H, m, H9+i), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg),

7.15 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.03 (4H, td, J = 8.5, 1.2 Hz, H8+i), 4.98 (2H,

s, H6), 3.60 (6H, s, H5).

13C NMR (101 MHz, CD3OD) δ 154.2, 145.7, 135.8, 133.7, 131.9, 131.7, 131.4, 130.6,

130.4, 129.9, 129.0, 128.9, 127.1, 125.8, 123.8, 122.6, 119.3, 116.2, 74.6, 53.8.

LRMS (ESI-TOF, EI+) m/z: 212.2 ([M]+, 100%), 130.69 (3).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H18N+: 212.1439, found 212.1450. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0931.

mp: 160 – 162 ◦C, decomposes to blue oil (CHCl3).

IR (νmax/cm-1): 3142br, 1623m, 1505m, 1431m, 1272s, 816s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

plates. Crystal data for C33H32NO2Br (m = 578.52 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N,N-dimethyl-N,N-dibenzylammonium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 88 (0.201 g, 0.66 mmol)

was dissolved in EtOH (1.10 mL, 0.6

M) in a 10 mL vial. Solid (R)-BINOL

(0.188 g, 1.0 equiv.) was then added

with stirring to the solution. This solu-

tion was allowed to stir at room temper-

ature overnight, which produced the de-

sired product 130 as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.237 g, 61% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.86 (2H, d, J = 8.9 Hz, Hd), 7.81 (2H, d, J = 8.2 Hz,

Hf), 7.54 – 7.44 (10H, m, H1+2+3), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.1,

6.7, 1.2 Hz, Hg), 7.12 (2H, ddd, J = 8.3, 6.8, 1.4 Hz, Hh), 7.02 (2H, dd, J = 8.5, 1.1 Hz,

Hc), 4.53 (4H, s, H5), 2.79 (6H, s, H6).

13C NMR (151 MHz, DMSO – d6) δ 154.1, 135.8, 134.3, 131.9, 130.6, 130.4, 130.3,

129.1, 128.6, 127.2, 125.8, 123.9, 119.1, 116.3, 69.6, 49.1.

LRMS (ESI-TOF, EI+) m/z: 226.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H20N+: 226.1596, found: 226.1597. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0930.

mp: 168 – 169 ◦C (EtOH).

IR (νmax/cm-1): 3138br, 1271s, 810, 748, 724.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C36H34BrNO2 (m = 592.55 g/mol): Orthorhombic, space group

P212121 (no. 19).
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1-benzyl-1,4-diazabicyclo[2.2.2]octan-1-ium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 89 (0.283 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 131 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.527 g, 93% yield).

1H NMR (400 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 7.89 – 7.81 (4H, m, Hd+f), 7.52

(5H, d, J = 2.4 Hz, H5+6+7), 7.32 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.8,

1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.3, 6.8, 1.5 Hz, Hh), 6.93 (2H, dd, J = 8.3, 1.2 Hz, Hc),

4.52 (2H, s, H3), 3.29 (6H, t, J = 7.5 Hz, H2), 3.01 (6H, dd, J = 8.9, 6.1 Hz, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.5, 134.6, 133.7, 130.7, 129.5, 129.1, 128.6,

128.2, 127.6, 126.3, 124.9, 122.7, 119.0, 115.9, 66.9, 52.0, 45.1.

LRMS (ESI-TOF, EI+) m/z: 203.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H19N2
+: 203.1548, found: 203.1539.

[M-H]– calculated for C20H13O2
– : 285.0916, found: 285.0917.

mp: 222 – 223 ◦C (EtOH).

IR (νmax/cm-1): 3190br, 1623m, 1503m, 1336m, 1270m, 816m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C33H34BrN2O2 (m = 570.53 g/mol): Orthorhombic, space

group P212121 (no. 19).
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1-benzyl-4-(dimethylamino)pyridin-1-ium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 90 (0.293 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complex 132 as a white precipitate. The

complex was isolated by vacuum filtration (0.465 g, 80% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.22 (2H, s, Ha), 8.45 – 8.38 (2H, m, H3), 7.88 –

7.81 (4H, m, Hd+f), 7.46 – 7.35 (5H, m, H7+8+9), 7.32 (2H, d, J = 8.8 Hz, Hi), 7.23 (2H,

ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.8, 1.4 Hz, Hh), 7.07 – 7.02

(2H, m, H4), 6.93 (2H, d, J = 8.3 Hz, Hc), 5.41 (2H, s, H5), 3.17 (6H, s, H1).

13C NMR (101 MHz, DMSO – d6) δ 155.9, 153.0, 142.0, 135.8, 134.1, 129.1, 128.7,

128.6, 128.1, 128.0, 127.8, 125.8, 124.4, 122.2, 118.5, 115.4, 108.0, 59.3.

LRMS (ESI-TOF, EI+) m/z: 213.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H17N2
+: 213.1392, found: 213.1382.

[M-H]– calculated for C20H13O2
– : 285.0916, found: 285.0912.

mp: 200 – 201 ◦C (EtOH).

IR (νmax/cm-1): 3169br, 2981w, 1653m, 1439m, 1170m, 808m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C34H31BrN2O2 (m = 579.52 g/mol): Orthorhombic, space

group P212121 (no. 19).
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Acetylcholine chloride · (R)-1,1′-bi-2-naphthol
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Acetylcholine chloride (91, 0.183 g, 1.0

mmol) was dissolved in EtOH (1.00 mL, 1.0

M) in a 10 mL vial. Solid (R)-BINOL (0.284

g, 1.0 equiv.) was then added with stirring

to the solution. This solution was allowed

to stir at room temperature overnight, which

produced the desired complexed product 133

as a white precipitate. The resulting complex was isolated by vacuum filtration (0.449

g, 97% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had

formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 9.1 Hz, Hd), 7.82 (2H, d, J = 8.1 Hz,

Hf), 7.33 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.2 Hz, Hg), 7.15 (2H,

ddd, J = 8.1, 6.7, 1.3 Hz, Hh), 7.04 (2H, d, J = 8.4 Hz, Hc), 4.39 (2H, dq, J = 7.6, 2.6

Hz, H3), 3.54 – 3.50 (2H, m, H4), 3.03 (9H, s, H5), 2.05 (3H, s, H1).

13C NMR (151 MHz, CD3OD) δ 171.5, 154.1, 135.8, 130.6, 130.4, 129.1, 127.2, 125.8,

123.9, 119.3, 116.2, 65.9 (t, J = 3.5 Hz), 58.8, 54.3 (t, J = 3.6 Hz), 20.6.

LRMS (ESI-TOF, EI+) m/z: 146.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C7H16NO2: 146.1181, found 146.1177. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0910.

mp: 142 – 143 ◦C (EtOH).

IR (νmax/cm-1): 3000br, 1741m, 1623m, 1432m, 1238s, 933m, 816s, 753s.

XRD: A portion of the complex was crystallised in MeOH, to give clear colourless

blocks. Crystal data for C27H30ClNO4 (m = 467.97 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N,N,N-triethylammonium hydrochloride · (R)-1,1′-bi-2-naphthol
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Ammonium salt 92 (0.137 g, 1.0 mmol) was dis-

solved in CHCl3 (1.50 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.286 g, 1.0 equiv.) was then

added with stirring to the solution. This solution

was allowed to stir at room temperature overnight,

which produced the desired complex 134 as a

white precipitate. The resulting complex was iso-

lated by vacuum filtration (0.170 g, 40% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 10.39 (1H, s, H3), 9.30 (2H, d, J = 2.3 Hz, Ha), 7.85

(4H, apt. dd, J = 8.7, 2.8 Hz, Hd+f), 7.36 (2H, dd, J = 8.8, 1.3 Hz, Hi), 7.27 – 7.19 (2H,

m, Hg), 7.16 (2H, dd, J = 8.3, 6.7 Hz, Hh), 6.94 (2H, d, J = 8.4 Hz, Hc), 3.04 (6H, q, J

= 7.3 Hz, H2), 1.19 (9H, t, J = 7.3 Hz, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.1, 134.1, 128.6, 128.1, 127.9, 125.8, 124.4,

122.3, 118.6, 115.4, 45.3, 8.4.

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C6H16N+: 102.1283, found: 102.1276. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0922.

mp: 189 – 191 ◦C (EtOH).

IR (νmax/cm-1): 3415br, 2981m, 1526m, 1351m, 812sh, 742sh.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C26H30ClNO2 (m = 423.96 g/mol): Orthorhombic, space group

P212121 (no. 19).
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Triethylammonium hydrobromide · (R)-1,1′-bi-2-naphthol
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93 (0.543 g, 3.00 mmol) was dissolved in EtOH

(3.00 mL, 1.0 M) in a 10 mL vial. Solid (R)-BINOL

(0.860 g, 1.0 equiv.) was then added with stirring

to the solution. This solution was allowed to stir

at room temperature overnight, which produced

the desired complex 135 as a white precipitate.

The resulting complex was isolated by vacuum fil-

tration (0.583 g, 42% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1

complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.8 Hz, Hd), 7.83 (2H, d, J = 8.3 Hz,

Hf), 7.31 (2H, dd, J = 8.9, 1.8 Hz, Hi), 7.24 (2H, ddd, J = 8.0, 6.7, 1.2 Hz, 2Hg), 7.16

(2H, ddd, J = 8.2, 6.8, 1.3 Hz, Hh), 7.03 (2H, d, J = 8.4 Hz, Hc), 3.10 (6H, q, J = 7.4

Hz, H2), 1.24 (9H, t, J = 7.3 Hz, H1).

13C NMR (151 MHz, CD3OD) δ 154.2, 135.8, 130.6, 130.4, 129.0, 127.1, 125.8, 123.8,

119.3, 116.2, 47.9, 9.2.

LRMS (ESI-TOF, EI+) m/z: 102.3 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C6H16N+: 102.1283, found: 102.1274. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0923.

mp: 202 ◦C (EtOH).

IR (νmax/cm-1): 3245br, 1270s, 981w, 815s, 748s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless blocks.

Crystal data for C78H90Br3N3O6 (m = 1405.25 g/mol): Orthorhombic, space group

P212121 (no. 19).
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Trimethylammonium hydrochloride · (R)-1,1′-bi-2-naphthol
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Trimethylammonium hydrochloride (94, 0.096 g,

1.0 mmol) was dissolved in CHCl3 (1.67 mL, 0.6

M) in a 10 mL vial. Solid (R)-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

product 136 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.199 g, 52% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CDCl3) δ 10.61 (1H, s, H2), 9.29 (2H, s, Ha), 7.91 – 7.77 (4H, m,

Hd+f), 7.35 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, m, Hg), 7.20 – 7.11 (2H, m, Hh), 7.03 –

6.95 (2H, m, Hc), 2.71 (9H, s, H1).

13C NMR (101 MHz, CDCl3) δ 153.0, 134.1, 128.6, 128.1, 127.8, 125.8, 124.4, 122.2,

118.6, 115.4, 43.8.

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]– calculated for C20H13O2
– : 285.0916, found: 285.0920.

mp: 219 ◦C (EtOH).

IR (νmax/cm-1): 3181br, 2725br, 1270s, 964m, 820s, 752s.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C23H24ClNO2 (m = 381.88 g/mol): Orthorhombic, space group

P212121 (no. 19).
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Pyridinium hydrobromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 95 (0.200 g, 1.0 mmol) was dis-

solved in EtOH (1.67 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.218 g, 1.0 equiv.) was then

added with stirring to the solution. This solution

was allowed to stir at room temperature overnight,

which produced the desired complex 137 as a

white precipitate. The resulting complex was iso-

lated by vacuum filtration (0.353 g, 79% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.20 (1H, br, H4), 9.00 – 8.84 (2H, m, H3), 8.59 (1H,

tt, J = 7.8, 1.6 Hz, H1), 8.13 – 7.99 (2H, m, H2), 7.92 – 7.77 (4H, m, Hd+f), 7.33 (2H,

d, J = 8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.3, 6.8,

1.4 Hz, Hh), 6.93 (2H, d, J = 8.3 Hz, Hc).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 146.0, 142.5, 134.1, 128.7, 128.1, 127.9,

127.1, 125.9, 124.4, 122.2, 118.6, 115.4.

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C5H6N+: 80.0500, found: 80.0494. [M-H]–

calculated for C20H13O2
– : 285.0916, found: 285.0907.

mp: 209 – 210 ◦C (EtOH).

IR (νmax/cm-1): 3224br, 2980m, 1622m, 1270s, 816s, 740s.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C25H20BrNO2 (m = 446.33 g/mol): Orthorhombic, space group

P212121 (no. 19).
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Tetramethylammonium chloride · (R)-1,1′-bi-2-naphthol
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Tetramethylammonium chloride (96, 0.207 g, 1.89

mmol) was dissolved in EtOH (1.89 mL, 1.0 M)

in a 10 mL vial. Solid (R)-BINOL (0.501 g, 0.93

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

complex 138 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.534 g, 77% yield). Analysis by 1H NMR

spectroscopy revealed that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.91 – 7.77 (4H, m, Hd+f), 7.31 (2H, d, J = 8.8 Hz, Hi),

7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.03

(2H, apt. d, J = 8.4 Hz, Hc), 3.04 (12H, s, H1).

13C NMR (101 MHz, CD3OD) δ 154.2, 135.8, 130.6, 130.4, 129.1, 127.2, 125.8, 123.9,

119.3, 116.3, 55.8 (t, J = 4.0 Hz).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M-H]– calculated for C20H13O2
– : 285.0916, found 285.0913.

mp: 316 – 317 ◦C (EtOH).

IR (νmax/cm-1): 3050br, 1622m, 1481s, 1274s, 949s, 822s,.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

plates. Crystal data for C24H26ClNO2 (m = 395.91 g/mol): Orthorhombic, space group

P212121 (no. 19).

244



9.5. RECOGNITION OF AMMONIUM SALTS

Tetramethylammonium chloride · (R)-1,1′-bi-2-naphthol
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Tetramethyl ammonium chloride (96, 0.142 g,

1.298 mmol) was dissolved in CHCl3 (1.30 mL,

1.0 M) in a 10 mL vial. Solid (R)-BINOL (0.143 g,

1.0 equiv.) was then added with stirring to the so-

lution. This solution was allowed to stir at room

temperature overnight, which produced the de-

sired complex 138a as a white precipitate. The

resulting complex was isolated by vacuum filtration (0.385 g, 75% yield). Analysis by

1H NMR spectroscopy revealed that a 2:1 (ammonium:BINOL) complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.52 (2H, s, Ha), 7.87 – 7.80 (4H, m, Hd+f), 7.45

(2H, d, J = 8.8 Hz, Hi), 7.22 (2H, t, J = 8.1 Hz, Hg), 7.15 (2H, t, J = 8.2 Hz, Hh), 6.93

(2H, d, J = 8.3 Hz, Hc), 3.12 (24H, s, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.2, 134.1, 128.5, 128.0, 127.9, 125.8, 124.4,

122.2, 118.6, 115.4, 53.4 (t, J = 4.0 Hz).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M-H]– calculated for C20H13O2
– : 285.0916, found 285.0913.

mp: 310 ◦C (CHCl3).

PXRD data for 138a displays different indices than the EtOH precipitated material 138.
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Tetramethylammonium bromide · (R)-1,1′-bi-2-naphthol
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Tetramethylammonium bromide (97, 0.154 g, 1.0

mmol) was dissolved in EtOH (1.67 mL, 0.6 M)

in a 10 mL vial. Solid (R)-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

complex 139 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.281 g, 64% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 7.89 – 7.81 (4H, m, Hd+f), 7.33

(2H, d, J = 8.8 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2,

6.7, 1.5 Hz, Hh), 6.93 (2H, dd, J = 8.4, 1.3 Hz, Hc), 3.11 (12H, s, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 134.1, 128.6, 128.1, 127.8, 125.8, 124.4,

122.2, 118.5, 115.4, 54.3 (t, J = 4.1 Hz).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M-H]– calculated for C20H13O2
– : 285.0916, found 285.0924.

mp: 261 – 263 ◦C (EtOH).

IR (νmax/cm-1): 3130br, 2980m, 1620m, 1270s, 820s.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless

prisms. Crystal data for C24H26BrNO2 (m = 440.37 g/mol): Orthorhombic, space group

P212121 (no. 19).
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4-bromo-3,N,N-trimethyl-N-(prop-2-yne)anilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 98

(0.198 g, 0.6 mmol) was dissolved in CHCl3

(0.50 mL, 1.2 M) in a 10 mL vial. Solid (R)-

BINOL (0.172 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 140 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.174 g, 47% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, DMSO – d6) δ 9.20 (2H, s, Ha), 8.07 (1H, d, J = 3.7 Hz, H2), 7.88

(1H, dd, J = 8.9, 1.5 Hz, H7), 7.85 (4H, apt. dd, J = 8.7, 4.9 Hz, Hd+f), 7.74 (1H, dd, J

= 8.8, 4.0 Hz, H6), 7.33 (2H, dd, J = 8.9, 1.4 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.4

Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.5 Hz, Hh), 6.93 (2H, d, J = 8.5 Hz, Hc), 5.01

(2H, d, J = 2.5 Hz, H9), 3.91 (1H, q, J = 2.5 Hz, H11), 3.65 (6H, s, H8), 2.45 (3H, s,

H4).

13C NMR (151 MHz, DMSO – d6) δ 153.0, 144.1, 139.6, 134.1, 133.3, 128.6, 128.1,

127.8, 126.0, 125.8, 124.4, 123.9, 122.2, 120.8, 118.5, 115.4, 83.1, 72.6, 58.2, 53.8,

22.7.

LRMS (ESI-TOF, EI+) m/z: 252.4 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H15NBr+: 252.0388, found 252.0386.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0919.

mp: 120 – 121 ◦C (CHCl3).

IR (νmax/cm-1): 3243m, 3135br, 2977m, 1622m, 824s.

XRD: A portion of the complex was crystallised in methanol, resulting in colourless

blocks. Crystal data for C32H29Br2NO2 (m = 619.38 g/mol): Monoclinic, space group

P21 (no. 4).
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4-fluoro-N,N-dimethyl-N-(prop-2-yn-1-yl)anilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 99

(0.203 g, 0.79 mmol) was dissolved in CHCl3

(1.60 mL, 0.5 M) in a 10 mL vial. Solid (R)-

BINOL (0.226 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 141 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.382 g, 89% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 8.10 (2H, dd, J = 9.3, 4.0 Hz, H3),

7.88 – 7.82 (4H, m, Hd+f), 7.52 (2H, t, J = 8.7 Hz, H2), 7.38 (2H, d, J = 8.9 Hz, Hi),

7.22 (2H, t, J = 6.9 Hz, Hg), 7.16 (2H, t, J = 7.9 Hz, Hh), 6.96 (2H, d, J = 8.5 Hz, Hc),

5.14 (2H, d, J = 2.6 Hz, H6), 3.91 (1H, t, J = 2.6 Hz, H8), 3.72 (6H, s, H5).

13C NMR (151 MHz, DMSO – d6) δ 162.1 (d, J = 248.6 Hz), 153.0, 141.0 (d, J = 2.8

Hz), 134.1, 128.6, 128.1, 127.8, 125.8, 124.4, 124.2 (d, J = 9.4 Hz), 122.2, 118.6,

116.8 (d, J = 23.5 Hz), 115.4, 83.0, 72.6, 58.4, 54.0.

19F NMR (376 MHz, DMSO – d6) δ –110.87.

LRMS (ESI-TOF, EI+) m/z: 178.4 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H13NF+: 178.1032, found 178.1041. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0924.

mp: 160 – 162 ◦C (CHCl3).

IR (νmax/cm-1): 3249m, 3106br, 1624m, 815s, 756s, 631m.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates.

Crystal data for C31H27BrNO2 (m = 544.44 g/mol): Monoclinic, space group P21 (no.

4).

248



9.5. RECOGNITION OF AMMONIUM SALTS

1-benzyl-1-methyl-morpholinium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 100 (0.272 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 142 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.600 g, 81% yield).

1H NMR (400 MHz, DMSO – d6) δ 9.22 (2H, s, Ha), 7.88 – 7.81 (4H, m, Hd+f), 7.61 –

7.47 (5H, m, H6+7+8), 7.32 (2H, d, J = 8.8 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.3 Hz,

Hg), 7.16 (2H, ddd, J = 8.3, 6.7, 1.5 Hz, Hh), 6.93 (2H, dd, J = 8.3, 1.2 Hz, Hc), 4.71

(2H, s, H4), 4.08 – 3.88 (4H, m, H2), 3.53 (2H, ddd, J = 13.1, 8.7, 4.4 Hz, H1), 3.31

(2H, dt, J = 13.2, 2.9 Hz, H1′), 3.06 (3H, s, H3).

13C NMR (101 MHz, DMSO – d6) δ 153.5, 134.5, 133.7, 130.8, 129.4, 129.1, 128.6,

128.3, 127.7, 126.3, 124.9, 122.7, 119.0, 115.9, 67.8, 60.3, 58.9, 45.4.

LRMS (ESI-TOF, EI+) m/z: 192.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated C12H18NO+: 192.1388, found: 192.1373. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0911.

mp: 212 – 214 ◦C (EtOH).

IR (νmax/cm-1): 3245br, 2980w, 1620m, 1274m, 1124m, 751m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless blocks.

Crystal data for C32H32BrNO3 (m = 558.49 g/mol): Monoclinic, space group P21 (no.

4).
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2-bromo-1-benzylpyridinium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 101 (0.165 g, 0.501

mmol) was dissolved in EtOH (0.84 mL,

0.6 M) in a 10 mL vial. Solid (R)-BINOL

(0.143 g, 1.0 equiv.) was then added

with stirring to the solution. This solu-

tion was allowed to stir at room temper-

ature overnight, which produced the de-

sired complex 143 as a white precipitate. The resulting complex was isolated by vac-

uum filtration (0.230 g, 75% yield). Analysis by 1H NMR spectroscopy ensured that a

1:1 complex had formed.

1H NMR (400 MHz, CDCl3) δ 9.40 (1H, dd, J = 6.3, 1.5 Hz, H1), 9.22 (2H, s, Ha), 8.62

– 8.48 (2H, m, H2+4), 8.23 (1H, ddd, J = 7.7, 6.3, 1.9 Hz, H3), 7.87 – 7.83 (4H, m,

Hd+f), 7.44 (3H, qd, J = 7.6, 6.4, 3.6 Hz, H9+10), 7.33 – 7.28 (4H, m, H8+i), 7.26 – 7.20

(2H, m, Hg), 7.16 (2H, ddd, J = 8.3, 6.7, 1.4 Hz, Hh), 6.93 (2H, d, J = 8.4 Hz, Hc), 6.04

(2H, s, H6).

13C NMR (101 MHz, CDCl3) δ 153.0, 148.7, 147.0, 139.1, 134.7, 134.1, 132.9, 129.2,

128.9, 128.6, 128.1, 127.9, 127.8, 127.4, 125.9, 124.4, 122.3, 118.5, 115.4, 64.6.

LRMS (ESI-TOF, EI+) m/z: 248.0 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H11NBr+: 248.0075, found: 248.0059.

[M-H]– calculated for C20H13O2
– : 285.0916, found: 285.0924.

mp: 160 – 161 ◦C (EtOH).

IR (νmax/cm-1): 2980s, 1382m, 1272m, 1156m, 951m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless plates.

Crystal data for C32H25Br2NO2 (m = 615.35 g/mol): Monoclinic, space group P21 (no.

4).
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N-benzyl-N-methylpyrrolidinium bromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 102 (0.256 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 144 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.484 g, 89% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 7.87 – 7.83 (4H, m, Hd+f), 7.70 –

7.46 (5H, m, H6+7+8), 7.34 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, t, J = 7.0 Hz, Hg), 7.16

(2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 6.94 (2H, d, J = 8.4 Hz, Hc), 4.61 (2H, s, H4), 3.58

(2H, q, J = 8.9, 6.8 Hz, H2), 3.44 – 3.33 (2H, m, H2′), 2.90 (3H, s, H3), 2.27 – 2.02

(4H, m, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 134.1, 132.5, 130.2, 129.1, 129.0, 128.6,

128.1, 127.9, 125.8, 124.4, 122.3, 118.6, 115.4, 65.0, 62.6, 47.2, 20.8.

LRMS (ESI-TOF, EI+) m/z: 176.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18N+: 176.1439, found: 176.1433. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0930.

mp: 197 – 198 ◦C (EtOH).

IR (νmax/cm-1): 3141br, 1622m, 1504m, 1271m, 811m, 748m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless blocks.

Crystal data for C31H32NO2Br (m = 530.48 g/mol): Monoclinic, space group P21 (no.

4).
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Benzyltrimethylammonium chloride · (R)-1,1′-bi-2-naphthol
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Benzyltrimethylammonium chloride (71, 0.186

g, 1.0 mmol) was dissolved in CHCl3 (1.60

mL, 0.6 M) in a 10 mL vial. Solid (R)-BINOL

(0.286 g, 1.0 equiv.) was then added with stir-

ring to the solution, resulting in a pale yellow

homogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 145 as a white precipitate. The result-

ing complex was isolated by vacuum filtration (0.472 g, 100% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.37 (2H, s, Ha), 7.87 – 7.83 (4H, m, Hd+f), 7.52 –

7.48 (5H, m, H1+2+3), 7.39 (2H, d, J = 8.8 Hz, Hi), 7.26 – 7.19 (2H, m, Hg), 7.16 (2H,

apt. t, J = 7.8 Hz, Hh), 6.93 (2H, d, J = 8.4 Hz, Hc), 4.59 (2H, s, H5), 3.04 (9H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 153.6, 134.6, 133.3, 130.7, 129.4, 129.0, 128.9,

128.5, 128.3, 126.2, 124.9, 122.7, 119.0, 115.9, 68.1, 52.1 (t, J = 4.1 Hz).

LRMS (ESI-TOF, EI+) m/z: 150.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C10H16N+: 150.1283, found: 150.1278. [M-

H]– calculated for C20H13O– : 285.0916, found 285.0923 .

mp: 205 – 207 ◦C (CHCl3).

IR (νmax/cm-1): 3142br, 2988m, 1621m, 1281m, 955m, 740m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless blocks.

Crystal data for C30H30ClNO2 (m = 472.00 g/mol): Monoclinic, space group P21 (no.

4).
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N-allyl-3,4-(methylenedioxy)-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt

103 (0.253 g, 1.0 mmol) was dissolved in

EtOH (0.44 mL, 2.0 M) in a 10 mL vial.

Solid (R)-BINOL (0.253 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a homogeneous solu-

tion. This solution was allowed to stir at room temperature overnight, which produced

the desired complexed product 146 as a pale brown precipitate. The resulting com-

plex was isolated by vacuum filtration (0.238 g, 47% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.86 (2H, d, J = 8.9 Hz, Hd), 7.82 (2H, d, J = 8.2 Hz,

Hf), 7.37 (1H, d, J = 2.8 Hz, H6), 7.31 (2H, d, J = 2.8 Hz, Hi), 7.24 (2H, ddd, J = 8.1,

6.7, 1.2 Hz, Hg), 7.19 – 7.12 (3H, m, H1+h), 7.03 (2H, d, J = 8.4 Hz, Hc), 6.91 (1H, d,

J = 8.7 Hz, H2), 6.07 (2H, s, H4), 5.63 – 5.55 (2H, m, H11), 5.56 – 5.48 (1H, m, H10),

4.35 (2H, d, J = 6.4 Hz, H9), 3.44 (6H, s, H8).

13C NMR (151 MHz, CD3OD) δ 154.2, 150.7, 150.4, 139.7, 135.8, 130.6, 130.4, 129.2,

129.0, 127.1, 126.3, 125.8, 123.9, 119.3, 116.2, 115.9, 109.2, 104.4, 103.3, 72.8,

54.70.

LRMS (ESI-TOF, EI+) m/z: 206.1 ([M]+, 100%), 165.08 (74).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H16NO2
+: 206.1181, found 206.1193.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0934.

mp: 128 ◦C (EtOH).

IR (νmax/cm-1): 3210br, 1483, 1247s, 818, 625.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates.

Crystal data for C33H34BrNO4 (m = 588.52 g/mol): Monoclinic, space group P21 (no.

4).
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3,4-methylenedioxy-N,N-dimethyl-N-(prop-2-yne)anilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 104

(0.236 g, 0.83 mmol) was dissolved in EtOH

(1.40 mL, 0.6 M) in a 10 mL vial. Solid (R)-

BINOL (0.228 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a ho-

mogeneous solution. This solution was al-

lowed to stir at room temperature overnight,

which produced the desired complexed product 147 as a white precipitate. The re-

sulting complex was isolated by vacuum filtration (0.462 g, 97% yield). Analysis by 1H

NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, DMSO – d6) δ 9.21 (2H, s, Ha), 7.87 – 7.83 (4H, m, Hd+f), 7.73

(1H, d, J = 2.6 Hz, H2), 7.41 (1H, dd, J = 8.2, 2.2 Hz, H7), 7.35 (2H, dd, J = 8.9, 1.2

Hz, Hi), 7.22 (2H, ddd, J = 7.4, 6.6, 1.4 Hz, Hg), 7.16 (2H, ddd, J = 7.9, 6.6, 1.4 Hz,

Hh), 7.11 (1H, d, J = 8.7 Hz, H6), 6.94 (2H, d, J = 8.5 Hz, Hc), 6.19 (2H, s, H4), 5.01

(2H, s, H9), 3.90 (1H, t, J = 2.7 Hz, H11), 3.63 (6H, s, H8).

13C NMR (151 MHz, DMSO – d6) δ 153.0, 148.4, 148.3, 138.8, 134.1, 128.6, 128.1,

127.8, 125.8, 124.4, 122.2, 118.5, 115.4, 115.2, 107.9, 102.84, 102.79, 82.8, 72.8,

58.4, 54.1.

LRMS (ESI-TOF, EI+) m/z: 204.5 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H14NO2
+: 204.1025, found 204.1032.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0905.

mp: 160 – 162 ◦C (EtOH).

IR (νmax/cm-1): 3195br, 2980m, 2952m, 1623m, 1274s, 634s.

XRD: A portion of the complex was crystallised in EtOH to give colourless blocks of

147. Crystal data for C32H28BrNO4 (m = 570.46 g/mol): Tetragonal, space group P41

(no. 76).

Another sample was also crystallised in EtOH to give colourless blocks of 147. Crystal

data for C32H28BrNO4·H2O (m = 574.97 g/mol): Tetragonal, space group P41 (no. 76).

The predicted PXRD trace for this crystal structure did not match that produced from

the precipitate.
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N,N,N-triethylprop-2-en-1-aminium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 105

(0.222 g, 1.00 mmol) was dissolved in CHCl3

(2.50 mL, 0.4 M) in a 10 mL vial. Solid

(R)-BINOL (0.286 g, 1.0 equiv.) was then

added with stirring to the solution, resulting

in a pale yellow homogeneous solution. This

solution was allowed to stir at room tempera-

ture overnight, which produced the desired complexed product 148 as a white precip-

itate. The resulting complex was isolated by vacuum filtration (0.568 g, 100% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.89 – 7.85 (2H, m, Hd), 7.83 (2H, dt, J = 8.2, 0.9 Hz,

Hf), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.8, 1.3 Hz, Hg), 7.16 (2H,

ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.05 – 7.00 (2H, m, Hc), 5.93 (1H, ddt, J = 17.3, 10.1,

7.2 Hz, H4), 5.71 – 5.59 (2H, m, H5), 3.77 (2H, d, J = 7.1 Hz, H3), 3.18 (6H, q, J = 7.2

Hz, H2), 1.23 (9H, tt, J = 7.3, 1.8 Hz, H1).

13C NMR (101 MHz, CD3OD) δ 154.2, 135.8, 130.5, 130.4, 129.0, 128.5, 127.1,

125.80, 125.77, 123.8, 119.3, 116.2, 60.3 (dd, J = 5.7, 3.0 Hz), 53.7 (dd, J = 5.5,

2.6 Hz), 7.7.

LRMS (ESI-TOF, EI+) m/z: 142.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C9H20N+: 142.1596, found 142.1593. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0921.

mp: 220 – 222 ◦C (CHCl3).

IR (νmax/cm-1): 3175br, 1504m, 1435m, 1273m, 818m, 750m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms.

Crystal data for C29H34NO2Br (m = 508.48 g/mol): Tetragonal, space group P43 (no.

78).
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Tetraethylammonium bromide · (R)-1,1′-bi-2-naphthol
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Tetraethylammonium bromide (106, 0.367 g, 1.75

mmol) was dissolved in CHCl3 (1.75 mL, 1.0 M)

in a 10 mL vial. Solid (R)-BINOL (0.500 g, 1.0

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

complex 149 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.564 g, 65% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.22 (2H, s, Ha), 7.87 – 7.85 (2H, m, Hd), 7.85 –

7.83 (2H, m, Hf), 7.34 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg),

7.16 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 6.93 (2H, dd, J = 8.3, 1.2 Hz, Hc), 3.20 (8H, q

J = 7.3 Hz, H2), 1.15 (12H, tt, J = 7.3, 1.9 Hz, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 134.1, 128.6, 128.1, 127.9, 125.8, 124.3,

122.3, 118.5, 115.4, 79.3, 51.4.

LRMS (ESI-TOF, EI+) m/z: 130.4 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C8H20N+: 130.1596, found: 130.1594. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0916.

mp: 251 – 252 ◦C (CHCl3).

mp: 264 ◦C (EtOH).

IR (νmax/cm-1): 3120br, 1274s, 821s, 751s.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless nee-

dles. Crystal data for C28H34BrNO2 (m = 496.47 g/mol): Tetragonal, space group

P43212 (no. 96).
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Pyridinium hydrochloride · (R)-1,1′-bi-2-naphthol
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Ammonium salt 107 (0.115 g, 1.0 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.286 g, 1.0 equiv.) was then

added with stirring to the solution. This solution

was allowed to stir at room temperature overnight,

which produced the desired complex 150 as a

white precipitate. The resulting complex was iso-

lated by vacuum filtration (0.333 g, 83% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.32 (2H, s, Ha), 8.97 – 8.86 (2H, m, H3), 8.67 –

8.46 (1H, m, H1), 8.14 – 7.98 (2H, m, H2), 7.92 – 7.73 (4H, m, Hd+f), 7.37 (2H, d, J =

8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.0, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.4

Hz, Hh), 6.97 – 6.88 (2H, m, Hc).

13C NMR (101 MHz, DMSO – d6) δ 153.1, 145.7, 142.2, 134.1, 128.6, 128.1, 127.9,

127.1, 125.8, 124.4, 122.3, 118.6, 115.4.

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C5H6N+: 80.0500, found: 80.0492. [M-H]–

calculated for C20H13O2
– : 285.0916, found: 285.0918.

mp: 196 – 197 ◦C (EtOH).

IR (νmax/cm-1): 3190br, 1615m, 1489m, 1266m, 967m, 812m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless nee-

dles. Crystal data for C25H20ClNO2 (m = 401.87 g/mol): Orthorhombic, space group

P212121 (no. 19).
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N-benzyl-N,N-dimethyl-2-oxo-2-phenylethan-1-aminium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium salt 108

(0.100 g, 0.30 mmol) was dissolved in

EtOH (0.38 mL, 0.8 M) in a 1 mL vial.

Solid (R)-BINOL (0.085 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a pale yellow homo-

geneous solution. This solution was al-

lowed to stir at room temperature for 15 minutes, which produced the desired com-

plexed product 151 as a white precipitate. The resulting complex was isolated by

vacuum filtration (0.139 g, 77% yield). Analysis by 1H NMR spectroscopy ensured

that a 1:1 complex had formed.

1H NMR (400 MHz, CDCl3) δ 8.00 (2H, d, J = 7.6 Hz, Hd), 7.91 (2H, d, J = 8.9 Hz,

Hf), 7.86 (2H, d, J = 8.1 Hz, H3), 7.58 (1H, t, J = 7.3 Hz, H1), 7.50 – 7.44 (9H, m,

H2+10+11+12+i), 7.34 (2H, t, J = 7.4 Hz, Hg), 7.26 (2H, dd, J = 16.1, 8.1 Hz, Hh), 7.14

(2H, d, J = 8.4 Hz, Hc), 6.12 (2H, s, H5), 5.45 – 5.33 (2H, m, H7), 4.98 (2H, s, Ha),

3.30 (6H, s, H6).

13C NMR (101 MHz, CDCl3) δ 191.3, 152.8, 135.1, 134.1, 133.8, 133.2, 131.1, 130.8,

129.4, 129.3, 129.1, 128.5, 128.4, 127.2, 126.9, 124.6, 123.8, 118.2, 112.4, 68.0,

66.0, 50.6.

LRMS (ESI-TOF, EI+) m/z: 254.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C17H20NO+: 254.1538, found: 254.1541.

[M-H]– calculated for C20H13O– : 285.0916, found: 285.0930.

mp: 120 – 121 ◦C (CHCl3).

XRD: A portion of the complex was crystallised in MeCN to give clear colourless nee-

dles. Crystal data for C37H34NO3Br (m = 620.56 g/mol): orthorhombic, space group

P212121 (no. 19).
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Tetramethylammonium acetate · (R)-1,1′-bi-2-naphthol
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Tetramethylammonium acetate (109, 0.301 g,

2.26 mmol) was dissolved in EtOH (2.30 mL, 1.0

M) in a 10 mL vial. Solid (R)-BINOL (0.648 g, 1.0

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

product 152 as a white precipitate. The resulting complex was isolated by vacuum

filtration (0.706 g, 75% yield). Analysis by 1H NMR spectroscopy revealed that a 2:1

((R)-BINOL:ammonium salt) complex had formed.

1H NMR (400 MHz, CD3OD) δ 7.92 – 7.77 (4H, m, Hd+f), 7.31 (2H, d, J = 8.9 Hz, Hi),

7.23 (2H, ddd, J = 8.1, 6.8, 1.3 Hz, Hg), 7.15 (2H, ddd, J = 8.3, 6.8, 1.4 Hz, Hh), 7.06

– 7.01 (2H, m, Hc), 2.98 (6H, s, H1) 1.91 (1.50H, s, H2).

13C NMR (101 MHz, CD3OD) δ 180.2, 154.2, 135.8, 130.5, 130.4, 129.0, 127.1, 125.8,

123.8, 119.3, 116.3, 55.7 (t, J = 3.9 Hz), 24.3.

LRMS (ESI-TOF, EI+) m/z: 74.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C4H12N+: 74.0964, found: 74.0958. [M-H]–

calculated C20H13O2
– : 285.0916, found: 285.0927.

mp: 224 – 226 ◦C (EtOH).

IR (νmax/cm-1): 3052br, 2980m, 1564m, 1338s, 949m, 812m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless plates.

C46H43NO6 (m = 705.81 g/mol): Monoclinic, space group P21 (no. 4). The crystal

structure confirmed the 2:1 ((R)-BINOL:ammonium salt) complex had formed.
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Tetramethylammonium acetate · (R)-1,1′-bi-2-naphthol
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Tetramethylammonium acetate (0.133 g, 1.0

mmol) was dissolved in CHCl3 (1.60 mL, 0.6 M)

in a 10 mL vial. Solid (R)-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solu-

tion. This solution was allowed to stir at room tem-

perature overnight, which produced the desired

product 152 as a white precipitate. The resulting complex was isolated by vacuum

filtration (0.379 g, 90% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1

complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 7.77 (4H, t, J = 8.5 Hz, Hd+f), 7.33 (2H, d, J = 8.8

Hz, Hi), 7.16 (2H, ddd, J = 8.0, 6.7, 1.4 Hz, Hg), 7.09 (2H, ddd, J = 8.2, 6.7, 1.4 Hz,

Hh), 6.99 – 6.90 (2H, m, Hc), 3.07 (12H, s, H1) 1.67 (3H, s, H2).

13C NMR (101 MHz, DMSO – d6) δ 173.4, 155.4, 134.3, 128.1, 127.8, 127.6, 125.2,

124.8, 121.5, 119.9, 116.1, 54.4 (t, J = 3.9 Hz), 24.6.

PXRD data for 152a displays different indices than the EtOH precipitated material 152

indicating that the two solid forms are not alike.
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N,N,N-trimethyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N,N,N-trimethyl anilinium bromide (110, 0.317

g, 1.47 mmol) was dissolved in CHCl3 (1.46

mL, 1.0 M) in a 10 mL vial. Solid (R)-BINOL

(0.419 g, 1.0 equiv.) was then added with stir-

ring to the solution. This solution was allowed

to stir at room temperature overnight, which

produced the desired complex 153 as a white precipitate. The resulting complex was

isolated by vacuum filtration (0.449 g, 61% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 8.02 – 7.97 (2H, m H3), 7.88 –7.82

(4H, m, Hd+f), 7.66 – 7.60 (2H, m, H2), 7.60 – 7.54 (1H, m, H1), 7.35 (2H, d, J = 8.8

Hz, Hi), 7.23 (2H, ddd, J = 8.0, 6.7, 1.4 Hz, Hg), 7.16 (2H, ddd, J = 8.0, 6.7, 1.4 Hz,

Hh), 6.94 (2H, dd, J = 8.1, 1.2 Hz, Hc), 3.63 (9H, s, H4).

13C NMR (101 MHz, DMSO – d6) δ 153.5, 147.8, 134.6, 130.5, 129.1, 128.6, 128.3,

126.3, 124.9, 122.7, 120.9, 119.0, 115.8, 56.8.

LRMS (ESI-TOF, EI+) m/z: 136.4 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C9H14N+: 136.1126, found: 136.1121. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0920.

mp: 186 – 187 ◦C (CHCl3).

IR (νmax/cm-1): 3173br, 1274s, 814s, 752s, 681w.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless plates.

C29H28NO2Br (m = 502.43 g/mol): Monoclinic, space group P21 (no. 4).
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N-allyl-4-methoxy-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt

111 (0.282 g, 1.0 mmol) was dissolved in

CHCl3 (0.50 mL, 2.0 M) in a 10 mL vial.

Solid (R)-BINOL (0.291 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a homogeneous solu-

tion. This solution was allowed to stir at room temperature overnight, which produced

the desired complexed product 154 as a white precipitate. The resulting complex was

isolated by vacuum filtration (0.507 g, 90% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.2 Hz,

Hf), 7.71 – 7.65 (2H, m, H3), 7.30 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.0, 6.7,

1.0 Hz, Hg), 7.15 (2H, ddd, J = 8.1, 6.7, 1.0 Hz, Hh), 7.11 – 7.05 (2H, m, H4), 7.02

(2H, d, J = 8.6 Hz, Hc), 5.64 – 5.56 (1H, m, H8), 5.56 – 5.50 (2H, m, H9), 4.40 (2H, d,

J = 6.6 Hz, H7), 3.83 (3H, s, H1), 3.50 (6H, s, H6).

13C NMR (151 MHz, CD3OD) δ 162.0, 154.2, 138.4, 135.8, 130.6, 130.4, 129.2, 129.0,

127.1, 126.4, 125.8, 123.9, 123.4, 119.3, 116.2, 79.0, 72.7, 56.3, 54.5.

LRMS (ESI-TOF, EI+) m/z: 192.1 ([M]+, 100%), 151.1 (98).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18NO+: 192.1388, found 192.1396.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0916.

mp: 155 – 157 ◦C (CHCl3).

IR (νmax/cm-1): 3191br, 2980br, 1620m, 1328s, 1268s, 814s.

XRD: A portion of the complex was crystallised in EtOH to give colourless plates.

Crystal data for C32H32BrNO4 (m = 558.49 g/mol): Triclinic, space group P1 (no. 1).
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Ammonium salt 112 (0.221 g, 1.0 mmol) was

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 155 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.338 g, 67% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 7.93 – 7.85 (2H, m, H3), 7.82 – 7.72 (4H, m, Hd+f),

7.62 (2H, dd, J = 8.1, 6.9 Hz, H2), 7.59 – 7.51 (1H, m, H1), 7.32 (2H, d, J = 8.8 Hz,

Hi), 7.14 (2H, ddd, J = 8.0, 6.7, 1.4 Hz, Hg), 7.08 (2H, ddd, J = 8.2, 6.7, 1.5 Hz, Hh),

6.93 (2H, dd, J = 8.4, 1.3 Hz, Hc), 5.58 (1H, ddt, J = 17.2, 9.2, 6.9 Hz, H7), 5.50 – 5.39

(2H, m, H8), 4.52 (2H, d, J = 7.0 Hz, H6), 3.55 (6H, s, H5), 1.68 (3H, s, H9).

13C NMR (101 MHz, DMSO – d6) δ 173.5, 155.6, 144.7, 134.3, 130.1, 128.0, 127.84,

127.75, 127.7, 127.5, 125.8, 125.1, 124.8, 121.33, 121.25, 120.1, 116.2, 70.3, 53.1,

24.7.

LRMS (ESI-TOF, EI+) m/z: 162.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H16N+: 162.1283, found 162.1275. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0928.

mp: 189 – 191 ◦C (EtOH).

IR (νmax/cm-1): 2972br, 1550m, 1341s, 819s, 761s, 693s.

263
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N,N-dimethylbenzylammonium hydrobromide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 113 (0.216 g, 1.0 mmol) was

dissolved in EtOH (1.67 mL, 0.6 M) in a 10

mL vial. Solid (R)-BINOL (0.286 g, 1.0 equiv.)

was then added with stirring to the solution.

This solution was allowed to stir at room tem-

perature overnight, which produced the de-

sired complexed product 156 as a white pre-

cipitate. The resulting complex was isolated by vacuum filtration (0.071 g, 14% yield).

Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.68 (1H, s, H7), 9.21 (2H, s, Ha), 7.97 – 7.75 (4H,

m, Hd+f), 7.57 – 7.42 (5H, m, H1+2+3), 7.32 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J =

8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 6.93 (2H, dd, J = 8.3,

1.2 Hz, Hc), 4.29 (2H, s, H5), 2.72 (6H, s, H6).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 134.1, 131.0, 130.4, 129.6, 128.9, 128.6,

128.1, 127.9, 125.9, 124.4, 122.3, 118.5, 115.4, 59.7, 41.8.

LRMS (ESI-TOF, EI+) m/z: 136.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C9H14N+: 136.1126, found: 136.1115. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0920.

mp: 142 ◦C (EtOH).

IR (νmax/cm-1): 3135br, 2725m, 1620m, 1271s, 814s, 745s.

264



9.5. RECOGNITION OF AMMONIUM SALTS

1-allyl-pyridinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium salt 369 (0.150 g,

0.75 mmol) was dissolved in EtOH (0.93 mL,

0.8 M) in a 5 mL vial. Solid (R)-BINOL (0.214

g, 1.0 equiv.) was then added with stirring to

the solution. This solution was allowed to stir

at room temperature for 15 minutes, which

produced the desired complexed product 157

as a white precipitate. The resulting complex 157 was isolated by vacuum filtration

(0.271 g, 75% yield). Analysis by 1H NMR spectroscopy ensured that a 1:1 complex

had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.22 (2H, s, Ha), 9.10 – 9.02 (2H, m, H3), 8.64 (1H,

tt, J = 7.8, 1.4 Hz, H1), 8.28 – 8.15 (2H, m, H2), 7.92 – 7.77 (4H, m, Hd+f), 7.33 (2H,

d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.7,

1.5 Hz, Hh), 6.97 – 6.85 (2H, m, Hc), 6.17 (1H, ddt, J = 16.6, 10.2, 6.2 Hz, H5), 5.51 –

5.35 (2H, m, H6), 5.30 (2H, dt, J = 6.2, 1.4 Hz, H4).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 145.9, 144.8, 134.1, 131.8, 128.6, 128.3,

128.1, 127.9, 125.9, 124.4, 122.3, 121.9, 118.5, 115.4, 62.4.

LRMS (ESI-TOF, EI+) m/z: 120.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C8H10N+: 120.0808, found: 120.0804. [M-

H]– calculated for C20H13O2
– : 285.0916, found: 285.0914

mp: 149 – 151 ◦C (EtOH).

IR (νmax/cm-1): 3411br, 2981m, 1427m, 1212m, 744sh, 701s.
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N-allyl-3,4-dimethoxy-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt

370 (0.227 g, 0.8 mmol) was dissolved in

CHCl3 (0.77 mL, 1.3 M) in a 10 mL vial.

Solid (R)-BINOL (0.213 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a homogeneous solu-

tion. This solution was allowed to stir at room temperature overnight, which produced

the desired complexed product 163b as a white precipitate. The resulting complex was

isolated by vacuum filtration (0.241 g, 55% yield). Analysis by 1H NMR spectroscopy

showed that a 2:1 complex ((R)-BINOL:ammonium salt) had formed.

1H NMR (599 MHz, CD3OD) δ 7.87 (4H, d, J = 9.0 Hz, Hd), 7.83 (4H, d, J = 8.3 Hz,

Hf), 7.31 (1H, d, J = 3.1 Hz, H7), 7.29 (4H, d, J = 8.8 Hz, Hi), 7.26 – 7.21 (5H, m,

Hg+1), 7.16 (4H, ddd, J = 8.2, 6.7, 1.3 Hz, Hh), 7.05 – 7.00 (5H, m, Hc+2), 5.64 – 5.50

(3H, m, H11+12), 4.43 (2H, d, J = 6.4 Hz, H10), 3.91 (3H, s, H5), 3.85 (3H, s, H3), 3.51

(6H, s, H9).

13C NMR (151 MHz, CD3OD) δ 154.2, 151.9, 151.6, 138.5, 135.8, 130.6, 130.4,

129.01, 128.98, 127.1, 126.5, 125.8, 123.8, 119.2, 116.2, 114.4, 112.4, 106.1, 72.6,

57.2, 56.7, 54.5.

LRMS (ESI-TOF, EI+) m/z: 222.1 ([M]+, 100%), 181.10 (52).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H20NO2
+: 222.1494, found 222.1496.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0928.

mp: 136 – 140 ◦C (CHCl3).

IR (νmax/cm-1): 3177br, 1505s, 1432s, 1322s, 1274s, 824s.

XRD: A portion of the complex was crystallised in CHCl3 to give brown blocks of 163b.

Crystal data for 0.5 (C54H49BrCl3NO6) (m = 497.10 g/mol): Monoclinic, space group

P21 (no. 4).
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N-allyl-3,4-dimethoxy-N,N-dimethylanilinium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt

370 (0.253 g, 0.84 mmol) was dissolved

in EtOH (0.65 mL, 1.3 M) in a 10 mL vial.

Solid (R)-BINOL (0.213 g, 1.0 equiv.)

was then added with stirring to the so-

lution, resulting in a homogeneous solu-

tion. This solution was allowed to stir at room temperature overnight, which produced

the desired complexed product 163a as a white precipitate. The resulting complex was

isolated by vacuum filtration (0.263 g, 53% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.86 (2H, d, J = 9.0 Hz, Hd), 7.82 (2H, d, J = 8.3 Hz,

Hf), 7.33 – 7.28 (3H, m, H7+i), 7.23 (2H, ddd,J = 8.1, 6.7, 1.2, Hg), 7.19 – 7.12 (3H, m,

H1+h), 7.03 (2H, dd J = 8.5, 1.3 Hz, Hc), 6.98 (1H, d, J = 9.0 Hz, H2), 5.60 – 5.51 (2H,

m, H12), 5.51 – 5.47 (1H, m, H11), 4.41 (2H, d, J = 5.8 Hz, H10), 3.89 (3H, s, H5), 3.82

(3H, s, H3), 3.47 (6H, s, H9).

13C NMR (151 MHz, CD3OD) δ 154.2, 151.8, 151.5, 138.5, 135.8, 130.6, 130.4,

129.04, 128.99, 127.2, 126.5, 125.8, 123.9, 119.3, 116.2, 114.4, 112.4, 106.1, 72.5,

57.3, 56.7, 54.5.

LRMS (ESI-TOF, EI+) m/z: 222.1 ([M]–, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.1 ([M-H]–, 100%).

mp: 126 – 128 ◦C (EtOH).

IR (νmax/cm-1): 3190br, 1516s, 1269s, 820s, 754m.

XRD: A portion of the complex was crystallised in EtOH to give brown plates of

163a. Crystal data for C33H34BrNO4 (m = 588.52 g/mol): Orthorhombic, space group

P212121 (no. 19).

Solids of 163 isolated from CHCl3 and EtOH display different PXRD indices. See

Figure 3.6.

267
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1-allyl-1,4-diazabicyclo[2.2.2]octan-1-ium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 371

(0.222 g, 0.95 mmol) was dissolved in EtOH

(2.4 mL, 0.4 M) in a 10 mL vial. Solid (R)-

BINOL (0.272 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a

pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complexed product 164a as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.384 g, 78% yield). If the

same complexation is performed in CHCl3 (0.4 M) a 64% yield is achieved.

1H NMR (400 MHz, DMSO – d6) δ 9.23 (2H, s, Ha), 7.90 – 7.81 (4H, m, Hd+f), 7.35

(2H, d, J = 8.8 Hz, Hi), 7.23 (2H, ddd, J = 8.0, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2,

6.7, 1.4 Hz, Hh), 7.00 – 6.88 (2H, m, Hc), 6.00 (1H, ddt, J = 16.3, 10.7, 7.3 Hz, H4),

5.66 – 5.54 (2H, m, H5), 3.92 (2H, d, J = 7.5 Hz, H3), 3.39 – 3.25 (6H, m, H2), 3.03 –

3.00 (6H, m, H1).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 134.1, 128.6, 128.1, 127.8, 127.3, 125.8,

125.4, 124.4, 122.2, 118.5, 115.4, 65.1, 51.6, 44.6.

LRMS (ESI-TOF, EI+) m/z: 153.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C9H12N2
+: 153.1392, found 153.1390. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0915.

mp: 180 ◦C (CHCl3).

IR (νmax/cm-1): 3185br, 1624m, 1338m, 1272s, 1054m, 811s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms

of 164a. Crystal data for C25.50H25.50Br0.50NO2.50 (m = 425.92 g/mol): Orthorhombic,

space group P212121 (no. 19).

XRD: A portion of the complex was crystallised in CHCl3 to give clear colourless

prisms of 164b. Crystal data for C58H62Br2N4O4 (m = 1038.93 g/mol): Monoclinic,

space group P21 (no. 4).

Solids of 164 isolated from CHCl3 and EtOH display different PXRD indices. See

Figure 3.6.
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1-allyl-4-(dimethylamino)pyridin-1-ium bromide · (R)-1,1′-bi-2-naphthol
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The quaternary ammonium bromide salt 372

(0.243 g, 1.00 mmol) was dissolved in CHCl3

(2.5 mL, 0.4 M) in a 10 mL vial. Solid (R)-

BINOL (0.286 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a

pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complexed product 165b as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.385 g, 71% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

1H NMR (599 MHz, CD3OD) δ 7.97 (2H, d, J = 7.8 Hz, H4), 7.89 – 7.83 (2H, m, Hd),

7.83 – 7.79 (2H, m, Hf), 7.29 (2H, d, J = 8.8 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.8, 1.3

Hz, Hg), 7.15 (2H, ddd, J = 8.2, 6.7, 1.4 Hz, Hh), 7.02 (2H, dd, J = 8.5, 1.3 Hz, Hc),

6.86 (2H, d, J = 7.8 Hz, H3), 6.00 (1H, ddt, J = 17.1, 10.3, 6.0 Hz, H6), 5.37 (1H, dd, J

= 10.3, 1.1 Hz, H7-cis), 5.27 (1H, dtd, J = 17.1, 1.6, 0.9 Hz, H7-trans), 4.68 (2H, dt, J =

6.0, 1.5 Hz, H5), 3.15 (6H, s, H1).

13C NMR (151 MHz, CD3OD) δ 157.8, 154.2, 142.9, 135.8, 133.0, 130.5, 130.4, 129.0,

127.1, 125.8, 123.8, 121.2, 119.3, 116.3, 108.9, 60.5, 40.3.

LRMS (ESI-TOF, EI+) m/z: 163.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C10H15N2
+: 163.1235, found 163.1229. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0914.

mp: 186 ◦C (CHCl3).

IR (νmax/cm-1): 3073br, 1653s, 1567s, 1273s, 813s, 751s.

XRD: A portion of the complex was crystallised in CHCl3 to give clear colourless

prisms of 165b. Crystal data for C60 H58 Br2 N4 O4 (m = 1058.92 g/mol): Monoclinic,

space group P21 (no. 4).
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1-allyl-4-(dimethylamino)pyridin-1-ium bromide · (R)-1,1′-bi-2-naphthol
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165a

The quaternary ammonium bromide salt 372

(0.252 g, 1.04 mmol) was dissolved in EtOH

(2.1 mL, 0.5 M) in a 10 mL vial. Solid (R)-

BINOL (0.296 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a

pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complexed product 165a as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.509 g, 93% yield). Analysis

by 1H NMR spectroscopy ensured that a 1:1 complex had formed with one equivalent

of an EtOH solvate.

1H NMR (400 MHz, CD3OD) δ 7.92 – 7.76 (6H, m, H4+d+f), 7.30 (2H, d, J = 8.9 Hz,

Hi), 7.22 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.13 (2H, ddd, J = 8.1, 6.7, 1.4 Hz, Hh),

7.02 (2H, ddd, J = 8.5, 1.3, 0.7 Hz, Hc), 6.81 – 6.73 (2H, m, H3), 5.95 (1H, ddt, J =

17.1, 10.3, 6.0 Hz, H6), 5.34 (1H, dd, J = 10.3, 1.1 Hz, H7-cis), 5.24 (1H, dq, J = 17.1,

1.4 Hz, H7-trans), 4.62 (2H, dt, J = 6.1, 1.5 Hz, H5), 3.61 (2H, q, J = 7.0 Hz, H9), 3.09

(6H, s, H1), 1.18 (3H, t, J = 7.0 Hz, H8) .

13C NMR (101 MHz, CD3OD) δ 157.7, 154.2, 142.8, 135.8, 132.9, 130.5, 130.3, 129.1,

127.1, 125.8, 123.8, 121.2, 119.3, 116.3, 108.8, 60.4, 58.3, 40.3, 18.4.

LRMS (ESI-TOF, EI+) m/z: 163.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.3 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C10H15N2
+: 163.1235, found 163.1229. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0914.

mp: 158 – 160 ◦C (EtOH).

IR (νmax/cm-1): 3225br, 1654, 1570, 1272s, 812s, 758.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms

of 165a. Crystal data for C32H35BrN2O3 (m = 575.53 g/mol): Orthorhombic, space

group P212121 (no. 19).

Solids of 165 isolated from CHCl3 and EtOH display different PXRD indices. See

Figure 3.6.
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1-methylpyridinium iodide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 373 (0.129 g, 0.5 mmol) was dis-

solved in CHCl3 (1.60 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.143 g, 1.0 equiv.) was then

added with stirring to the solution. This solution

was allowed to stir at room temperature overnight,

which produced the desired complex 162c as a

white precipitate. The resulting complex was iso-

lated by vacuum filtration (0.252 g, 99% yield). Analysis by 1H NMR spectroscopy

ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 9.21 (2H, s, Ha), 9.04 – 8.93 (2H, m, H3), 8.57 (1H,

tt, J = 7.8, 1.5 Hz, H1), 8.13 (2H, t, J = 7.0 Hz, H2), 7.89 – 7.81 (4H, m, Hd+f), 7.31

(2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.4 Hz, Hg), 7.16 (2H, ddd, J = 8.2,

6.7, 1.5 Hz, Hh), 6.93 (2H, dd, J = 8.4, 1.2 Hz, Hc), 4.35 (3H, s, H4).

13C NMR (101 MHz, DMSO – d6) δ 153.0, 145.5, 145.1, 134.1, 128.6, 128.1, 127.8,

127.7, 125.8, 124.4, 122.3, 118.5, 115.4, 44.0.

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated C6H8N+: 94.0657, found: 94.0648. [M-H]– cal-

culated for C20H13O2
– : 285.0916, found: 285.0930.

mp: 187 – 189 ◦C (EtOH).

IR (νmax/cm-1): 3155br, 2980m, 1625m, 1271m, 954m, 740m.

XRD: A portion of the complex was crystallised in EtOH, to give clear colourless prisms

of 162a. Crystal data for C26H24INO3 (m = 525.36 g/mol): Orthorhombic, space group

P212121 (no. 19).
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1-methylpyridinium iodide · (R)-1,1′-bi-2-naphthol
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Ammonium salt 373 (0.245 g, 1.11 mmol) was

dissolved in EtOH (1.85 mL, 0.6 M) in a 10 mL

vial. Solid (R)-BINOL (0.3174 g, 1.0 equiv.) was

then added with stirring to the solution. This so-

lution was allowed to stir at room temperature

overnight, which produced the desired complex

162d as a white precipitate. The resulting com-

plex was isolated by vacuum filtration (0.402 g, 71% yield). Analysis by 1H NMR

spectroscopy ensured that a 1:1 complex had formed.

1H NMR (400 MHz, DMSO – d6) δ 8.73 – 8.63 (2H, m, H3), 8.40 (1H, tt, J = 7.9, 1.5

Hz, H1), 7.90 (2H, t, J = 7.0 Hz, H2), 7.88 – 7.77 (4H, m, Hd+f), 7.30 (2H, d, J = 8.9 Hz,

Hi), 7.23 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.15 (2H, ddd, J = 8.3, 6.7, 1.4 Hz, Hh),

7.02 (2H, dd, J = 8.5, 1.1 Hz, Hc), 4.86 (2H, s, br, HH2O), 4.24 (3H, s, H4). 13C NMR

(101 MHz, DMSO – d6) δ 154.1, 146.5, 146.3, 135.7, 130.6, 130.3, 129.04, 129.00,

127.2, 125.8, 123.9, 119.2, 116.3.

XRD: A portion of the complex was crystallised in CHCl3, to give clear colourless

prisms of 162b. Crystal data for C27H23Cl3INO2 (m = 626.71 g/mol): Monoclinic,

space group P21 (no. 4).

All precipitates and single crystals of 162 display different PXRD indices. See Figure 3.5.
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9.6. AQUEOUS AMMONIUM CATION RECOGNITION

9.6 Aqueous ammonium cation recognition

Benzyltrimethylammonium chloride · (R)-1,1′-bi-2-naphthol

4
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Benzyltrimethylammonium chloride (0.186

g, 1.0 mmol) was dissolved in H2O (1.0

mL, 1.0 M) in a 10 mL vial. Solid (R)-

BINOL (0.286 g, 1.0 equiv.) was then

added with stirring to the solution, result-

ing in a slurried mixture. This reaction

mixture was allowed to stir vigorously at

room temperature for 16 hours, which produced a mixture of the desired complexed

product 145 and (R)-BINOL. The resulting solid was isolated by vacuum filtration

(0.237 g). Analysis by 1H NMR spectroscopy showed that the solid consisted of both

145 and (R)-BINOL. 145 accounted for 76% of the molar ratio by integration of the

NMR spectrum.

To yield exclusively 145 the precipitate was slurried with CHCl3 for 10 mins and iso-

lated by vacuum filtration with washing (CHCl3 and EtOH). Analysis by 1H NMR spec-

troscopy ensured a 1:1 complex had been isolated (0.176 g, 37% yield).

1H NMR (400 MHz, DMSO – d6) δ 9.38 (2H, s, Ha), 7.89 – 7.80 (4H, m, Hd+f), 7.61 –

7.46 (5H, m, H1+2+3), 7.40 (2H, d, J = 8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.2, 6.7, 1.2 Hz,

Hg), 7.15 (2H, ddd, J = 8.4, 6.7, 1.3 Hz, Hh), 6.94 (2H, dt, J = 8.4, 1.0 Hz, Hc), 4.60

(2H, s, H5), 3.04 (9H, s, H6).

13C NMR (101 MHz, DMSO– d6) δ 153.1, 134.1, 132.8, 130.2, 128.9, 128.49, 128.45,

128.1, 127.8, 125.7, 124.4, 122.2, 118.6, 115.4, 67.5 (t, J = 2.9 Hz), 51.6 (t, J = 4.0

Hz).

Data consistent with 145 isolated from EtOH.
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9.7 Selective recognition experiments

9.7.1 General procedure for selective complexation experiments

R1NH3
+

R2NH2
+

R3NH+

R4N+

X-

X-

X-

X-

(R)-BINOL (1 equiv.)

EtOH
rt, 24 h

R4N+
X-

HO

HO

Scheme 9.11: Selective complexation with (R)-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary ammonium salts.

Primary (1.0 equiv.), secondary (1.0 equiv.), tertiary (1.0 equiv.) and quaternary (1.0

equiv.) salts from selected ammonium species were combined and disolved in EtOH

(0.3 – 0.6 M) in a 10 mL vial. Solid (R)-BINOL was then added with stirring to the so-

lution, resulting in a homogeneous solution. This solution was allowed to stir at room

temperature overnight, to produced complexed product. The resulting complex was

isolated by vacuum filtration and analysed by 1H NMR spectroscopy to confirm the

identity of the precipitate and to ensure that a 1:1 complex had formed. All yields are

calculated with respect to (R)-BINOL and assume a 1:1 complex with the quaternary

ammonium cation.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

Anilinium bromides selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+ Br-
HO

HO

N+

Br-

H+

N

Br-

NH2
+

Br-

NH3
+

Br-

153

Scheme 9.12: Selective complexation with (R)-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary anilinium salts.

359 (0.174 g, 1.0 mmol), 360 (0.189 g, 1.0 mmol), 361 (0.202 g, 1.0 mmol) and

trimethyl anilinium bromide (0.216 g, 1.0 mmol) were dissolved in EtOH (1.67 mL,

0.6 M) in a 10 mL vial. Solid (R)-BINOL (0.279 g, 1.0 equiv.) was then added with stir-

ring to the solution, resulting in a pale yellow homogeneous solution. This solution was

allowed to stir at room temperature overnight, which produced the desired complexed

product 153 as a white precipitate. The resulting complex was isolated by vacuum

filtration (0.243 g, 50% yield, 88% selectivity). Analysis by 1H NMR spectroscopy (400

MHz, DMSO – d6) ensured that a 1:1 complex had formed.

2.752.802.852.902.953.003.053.103.153.203.253.303.353.403.453.503.553.603.653.703.753.803.853.90

δ (ppm)

M1

Residual Error:1.26 e+06 

# ppm  Area 

1 3.6199  13262505.309 

2 3.0263  610606.806 

3 2.8590  289518.427 

Trimethylanilinium 

cation-(CH
3
)

3 

Dimethylanilinium

cation-(CH
3
)

2

Methylanilinium

cation-CH
3
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

Benzylammonium chlorides selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+ Cl- HO

HO

N+
Cl-

H+

NCl-

NH2
+

Cl- NH3
+

Cl-

145

Scheme 9.13: Selective complexation with (R)-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary benzylammonium salts.

362 (0.145 g, 1.0 mmol), 363 (0.158 g, 1.0 mmol), 364 (0.172 g, 1.0 mmol) and N,N,N-

trimethyl benzylammonium chloride (0.186 g, 1.0 mmol) were dissolved in EtOH (1.67

mL, 0.6 M) in a 10 mL vial. Solid (R)-BINOL (0.285 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a colourless homogeneous solution. This so-

lution was allowed to stir at room temperature overnight, which produced the desired

complexed product 145 as a white precipitate. The resulting complex was isolated by

vacuum filtration (0.323 g, 69% yield, 97% selectivity). Analysis by 1H NMR spec-

troscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex had formed.

2.552.602.652.702.752.802.852.902.953.003.053.103.153.20

δ (ppm)

M1

Residual Error: 5.55 e+06 

# ppm  Area 

1 3.0385  19723957.246 
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3
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Morpholinium bromides selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Br-
HO

HO

O

N+

Br-

O

NH+

Br-

O

NH2
+

Br-

O

142

Scheme 9.14: Selective complexation with (R)-BINOL from a mixture of secondary,

tertiary and quaternary morpholinium salts.

377 (0.168 g, 1.0 mmol), 366 (0.182 g, 1.0 mmol) and 100 (0.271g, 1.0 mmol) were

dissolved in EtOH (1.67 mL, 0.6 M) in a 10 mL vial. Solid (R)-BINOL (0.285 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a pale yellow homo-

geneous solution. This solution was allowed to stir at room temperature overnight,

which produced the desired complexed product 142 as a white precipitate. The result-

ing complex was isolated by vacuum filtration (0.485 g, 87% yield, >99% selectivity).

Analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex

had formed.

2.602.652.702.752.802.852.902.953.003.053.103.153.203.253.303.353.40

δ (ppm)

M1
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Pyrrolidinium bromides selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Br-
HO

HO
N+

Br-
NH+

Br-

144

Scheme 9.15: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary pyrrolidinium salts.

379 (0.168 g, 1.0 mmol), and 102 (0.257 g, 1.0 mmol) were dissolved in EtOH (2.00

mL, 0.5 M) in a 10 mL vial. Solid (R)-BINOL (0.284 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a colourless homogeneous solution. This so-

lution was allowed to stir at room temperature overnight, which produced the desired

complexed product 144 as a white precipitate. The resulting complex was isolated

by vacuum filtration (0.310 g, 57% yield, >99% selectivity) and analysis by 1H NMR

spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex had formed.

2.552.602.652.702.752.802.852.902.953.003.053.103.153.203.25

δ (ppm)

M1
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-ethyl bromides selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Br-

HO

HON+

Br-

NH+

Br-

149

Scheme 9.16: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary N-ethylammonium bromide salts.

93 (0.187 g, 1.0 mmol), and tetraethylammonium bromide (0.218 g, 1.0 mmol) were

dissolved in EtOH (1.67 mL, 0.6 M) in a 10 mL vial. Solid (R)-BINOL (0.285 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a colourless homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 149 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.314 g, 62% yield, 91% selectivity) and

analysis by 1H NMR spectroscopy (400 MHz, DMSO– d6) ensured that a 1:1 complex

had formed.
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N-methyl ammonium chloride salts selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Cl-

HO

HON+

Cl-

NH+

Cl-

138

Scheme 9.17: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary N-methylammonium bromide salts.

368 (0.050 g, 0.5 mmol) and tetramethylammonium chloride (0.059 g, 0.5 mmol) were

dissolved in EtOH (1.67 mL, 0.3 M) in a 10 mL vial. Solid (R)-BINOL (0.131 g, 0.9

equiv.) was then added with stirring to the solution, resulting in a colourless homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 138 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.143 g, 72% yield, 89% selectivity) and

analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex

had formed.
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N-methylbenzylammonium chloride salts selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

H2O (1.4 M)
rt, 24 h

N+ Cl- HO

HO

H+

NCl-

NH3
+

Cl-

145

Scheme 9.18: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary N-methylbenzylammonium bromide salts in water .

364 (0.170 g, 1.0 mmol) and benzyltrimethylammonium chloride (0.186 g, 1.0 mmol)

were dissolved in H2O (0.70 mL, 1.4 M) in a 10 mL vial. Solid (R)-BINOL (0.287 g, 1.0

equiv.) was then added with stirring to the solution, resulting slurried mixture. This so-

lution was allowed to stir at room temperature overnight, which produced the desired

product 145 as a white precipitate. The resulting complex was isolated by vacuum

filtration (0.357 g). Analysis by 1H NMR spectroscopy (599 MHz, DMSO – d6) showed

that (R)-BINOL had extracted benzyltrimethylammonium chloride as 145, accounting

for 57% of the total solid mass with a 93% selectivity (38% yield) versus the less sub-

stituted cation 364.

4.00
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9.7.2 Ammonium cation replacement experiment

NMe4Cl
(1 equiv.)

EtOH (1.0 M)
rt, 24 h

N+

Cl-

HO

HONH+

Cl-

HO

HO

136 138

Scheme 9.19: Ammonium cation replacement from 136 to 138.

136 (0.0716 g, 0.12 mmol, 1.0 equiv.) was stirred with EtOH (0.20 mL, 1.0 M) in a 10

mL vial. Solid tetramethylammonium chloride (0.0259 g, 1.0 equiv.) was then added

with vigorous stirring to the mixture, resulting in a cloudy slurry. This was allowed to stir

at room temperature for 72 hours, to produce 138. The resulting complex was isolated

by vacuum filtration and analysed by 1H NMR spectroscopy (400 MHz, DMSO – d6)

to confirm the identity of the precipitate and to ensure that a 1:1 complex had formed

(0.0424 g, 57% yield, 94% selectivity).
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9.7.3 Selective recognition from biology

Neurotransmitter chloride and hydrochloride salts selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH (1.0 M)
rt, 24 h

N+
Cl- HO

HOO

O
N+

Cl-

O

O

HO

HO NH3
+

Cl-

133

Scheme 9.20: Selective complexation with (R)-BINOL from a mixture of neurotrans-

mitter chloride salts.

Acetylcholine chloride (0.182 g, 1.0 mmol) and dopamine hydrochloride (0.190 g, 1.0

mmol) were partially dissolved into EtOH (1.00 mL) in a 10 mL vial. Solid (R)-BINOL

(0.286 g, 1.0 equiv.) was then added with stirring to the solution, resulting in a white

cloudy slurry. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 133 as a white precipitate. The resulting

complex was isolated by vacuum filtration and subsequently stirred in H2O (0.50 mL)

for 20 seconds before being filtered again. The complex was washed with EtOH and

CHCl3 and analysed by 1H NMR spectroscopy (400 MHz, CD3OD) to ensure the wash-

ing had yielded a 1:1 complex and to determine the selectivity of the ammonium salts.

133 was yielded as a white precipitate (126.3 mg, 27% yield, 98% selectivity).
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N-methylammonium hydrochloride salts selectivity with (R)-BINOL

(R)-BINOL
(1 equiv.)

EtOH:H2O
 (9:1, 1.0 M)

rt, 24 h

NH+

Cl-

HO

HON
H2

+

Cl-
NH+

Cl-

136

Scheme 9.21: Selective complexation with (R)-BINOL from a mixture of N-

methylammonium hydrochloride salts.

Trimethylammonium hydrochloride (0.096 g, 1.0 mmol) and dimethylammonium hy-

drochloride (0.082 g, 1.0 mmol) were dissolved into EtOH (0.90 mL) and H2O (0.10

mL) in a 10 mL vial. Solid (R)-BINOL (0.287 g, 1.0 equiv.) was then added with stir-

ring to the solution, resulting in a colourless homogeneous solution. This solution was

allowed to stir at room temperature overnight, which produced the desired complexed

product 136 as a white precipitate. The resulting complex was isolated by vacuum

filtration, washed with EtOH, H2O and CHCl3 and analysed by 1H NMR spectroscopy

(400 MHz, DMSO – d6) to ensure a 1:1 complex had formed and to determine the se-

lectivity of the ammonium salts. 136 was isolated as a white precipitate with >99%

selectivity (0.183, 48% yield).
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-ethylammonium bromide and hydrobromide salts selectivity with (R)-BINOL.

(R)-BINOL
(1 equiv.)

EtOH:H2O
 (9:1, 1.0 M)

rt, 24 h

N+

Br-

HO

HON+

Br-

NH+

Br-

149

Scheme 9.22: Selective complexation with (R)-BINOL from a mixture of N-

ethylammonium hydrobromide salts.

Tetraethlammonium bromide (0.211 g, 1.0 mmol) and triethylammonium hydrobromide

(0.182 g, 1.0 mmol) were dissolved into EtOH (0.90 mL) and H2O (0.10 mL) in a 10 mL

vial. Solid (R)-BINOL (0.285 g, 1.0 equiv.) was then added with stirring to the solution,

resulting in a colourless homogeneous solution. This solution was allowed to stir at

room temperature overnight, which produced the desired complexed product 149 as a

white precipitate. The resulting complex was isolated by vacuum filtration, washed with

EtOH, H2O and CHCl3 and analysed by 1H NMR spectroscopy (400 MHz, DMSO – d6)

to ensure a 1:1 complex had formed and to determine the selectivity of the ammonium

salts. 149 was isolated as a white precipitate with 90% selectivity (0.283 g, 53% yield).
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

9.7.4 Selective complexation experiments in CHCl3

Anilinium bromides selectivity with (R)-BINOL in CHCl3

(R)-BINOL
(1 equiv.)

CHCl3 (0.5 M)
rt, 24 h

N+ Br-
HO

HO

N+

Br-

H+

N

Br-

153a

Scheme 9.23: Selective complexation with (R)-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary anilinium salts in CHCl3.

361 (0.261 g, 1.3 mmol) and trimethyl anilinium bromide (0.289 g, 1.3 mmol) were

dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10 mL vial. Solid (R)-BINOL (0.282 g, 0.75

equiv.) was then added with stirring to the solution, resulting in a pale yellow homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 153a as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.177 g, 33% yield, 92% selectivity). Anal-

ysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex had

formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-ethyl bromides selectivity with (R)-BINOL in CHCl3

(R)-BINOL
(1 equiv.)

CHCl3 (0.6 M)
rt, 24 h

N+

Cl-

HO

HON+

Cl-

NH+

Cl-

149a

Scheme 9.24: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary N-ethylammonium bromide salts in CHCl3.

Triethylammonium hydrochloride (0.138 g, 1.0 mmol), and tetraethylammonium chlo-

ride (0.164 g, 1.0 mmol) were dissolved in CHCl3 (1.67 mL, 0.6 M) in a 10 mL vial.

Solid (R)-BINOL (0.281 g, 1.0 equiv.) was then added with stirring to the solution,

resulting in a colourless homogeneous solution. This solution was allowed to stir at

room temperature overnight, which produced the desired complexed product 149a as

a white precipitate. The resulting complex was isolated by vacuum filtration (0.314

g, 87% yield, 97% selectivity) and analysis by 1H NMR spectroscopy (400 MHz,

DMSO – d6) ensured that a 1:1 complex had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-methyl ammonium chloride salts selectivity with (R)-BINOL in CHCl3

(R)-BINOL
(1 equiv.)

CHCl3 (0.6 M)
rt, 24 h

N+

Cl-

HO

HON+

Cl-

NH+

Cl-

138b

Scheme 9.25: Selective complexation with (R)-BINOL from a mixture of tertiary and

quaternary N-methylammonium bromide salts in CHCl3.

368 (0.096 g, 1.0 mmol) and tetramethylammonium chloride (0.107 g, 1.0 mmol) were

dissolved in CHCl3 (1.67 mL, 0.3 M) in a 10 mL vial. Solid (R)-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a colourless homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 138b as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.155 g, 33% yield, 84% selectivity) and

analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex

had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

9.7.5 Selective complexation experiments with rac-BINOL

Anilinium bromides selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+ Br-
HO

HO

N+

Br-

H+

N

Br-

167

Scheme 9.26: Selective complexation with rac-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary anilinium salts.

361 (0.202 g, 1.0 mmol) and trimethyl anilinium bromide (0.216 g, 1.0 mmol) were

dissolved in EtOH (1.67 mL, 0.6 M) in a 10 mL vial. Solid rac-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a pale yellow homo-

geneous solution. This solution was allowed to stir at room temperature overnight,

which produced the desired complexed product 167 as a white precipitate. The result-

ing complex was isolated by vacuum filtration (0.416 g, 73% yield, 91% selectivity).

Analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex

had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

Benzylammonium chlorides selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (1.0 M)
rt, 24 h

N+ Cl- HO

HO

N+
Cl- H+

N

Cl-

166

Scheme 9.27: Selective complexation with rac-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary benzylammonium salts.

364 (0.170 g, 1.0 mmol) and N,N,N-trimethyl benzylammonium chloride (0.181 g, 1.0

mmol) were dissolved in EtOH (1.00 mL, 1.0 M) in a 10 mL vial. Solid rac-BINOL

(0.287 g, 1.0 equiv.) was then added with stirring to the solution, resulting in a colour-

less homogeneous solution. This solution was allowed to stir at room temperature

overnight, which produced the desired complexed product 166 as a white precipitate.

The resulting complex was isolated by vacuum filtration (0.306 g, 67% yield, 95% se-

lectivity). Analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a

1:1 complex had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

Benzylammonium chlorides selectivity with rac-BINOL in H2O

rac-BINOL
(1 equiv.)

H2O (1.0 M)
rt, 24 h

N+ Cl- HO

HO

N+
Cl- H+

N

Cl-

166

Scheme 9.28: Selective complexation with rac-BINOL from a mixture of primary, sec-

ondary, tertiary and quaternary benzylammonium salts in H2O.

364 (0.170 g, 1.0 mmol) and N,N,N-trimethyl benzylammonium chloride (0.187 g, 1.0

mmol) were dissolved in H2O (1.00 mL, 1.0 M) in a 10 mL vial. Solid rac-BINOL (0.286

g, 1.0 equiv.) was then added with stirring to the solution, resulting in a cloudy slurry.

This slurry was allowed to stir at room temperature overnight, which produced the

desired complexed product 166 as a white precipitate. The resulting complex was iso-

lated by vacuum filtration (0.188 g, 40% yield, 84% selectivity). Analysis by 1H NMR

spectroscopy (400 MHz, DMSO– d6) ensured that a 1:1 complex had formed.
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Morpholinium bromides selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Br-
HO

HO

O

N+

Br-

O

NH+

Br-

O

168

Scheme 9.29: Selective complexation with rac-BINOL from a mixture of secondary,

tertiary and quaternary morpholinium salts.

366 (0.182 g, 1.0 mmol) and 100 (0.272 g, 1.0 mmol) were dissolved in EtOH (1.67

mL, 0.6 M) in a 10 mL vial. Solid rac-BINOL (0.288 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a pale yellow homogeneous solution. This so-

lution was allowed to stir at room temperature overnight, which produced the desired

complexed product 168 as a white precipitate. The resulting complex was isolated by

vacuum filtration (0.447 g, 68% yield, 85% selectivity). Analysis by 1H NMR spec-

troscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

Pyrrolidinium bromides selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (0.5 M)
rt, 24 h

N+

Br-
HO

HO
N+

Br-
NH+

Br-

169

Scheme 9.30: Selective complexation with rac-BINOL from a mixture of tertiary and

quaternary pyrrolidinium salts.

379 (0.168 g, 1.0 mmol), and 102 (0.256 g, 1.0 mmol) were dissolved in EtOH (2.00

mL, 0.5 M) in a 10 mL vial. Solid rac-BINOL (0.284 g, 1.0 equiv.) was then added

with stirring to the solution, resulting in a colourless homogeneous solution. This so-

lution was allowed to stir at room temperature overnight, which produced the desired

complexed product 169 as a white precipitate. The resulting complex was isolated by

vacuum filtration (0.397 g, 56% yield, 77% selectivity) and analysis by 1H NMR spec-

troscopy (400 MHz, DMSO– d6) ensured that a 1:1 complex had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-ethyl bromides selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Br-

HO

HON+

Br-

NH+

Br-

170

Scheme 9.31: Selective complexation with rac-BINOL from a mixture of tertiary and

quaternary N-ethylammonium bromide salts.

93 (0.182 g, 1.0 mmol), and tetraethylammonium bromide (0.208 g, 1.0 mmol) were

dissolved in EtOH (1.67 mL, 0.6 M) in a 10 mL vial. Solid rac-BINOL (0.286 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a colourless homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 170 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.241 g, 45% yield, 89% selectivity) and

analysis by 1H NMR spectroscopy (400 MHz, DMSO – d6) ensured that a 1:1 complex

had formed.
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9.7. SELECTIVE RECOGNITION EXPERIMENTS

N-methyl ammonium chloride salts selectivity with rac-BINOL

rac-BINOL
(1 equiv.)

EtOH (0.6 M)
rt, 24 h

N+

Cl-

HO

HON+

Cl-

NH+

Cl-

138

Scheme 9.32: Selective complexation with rac-BINOL from a mixture of tertiary and

quaternary N-methylammonium bromide salts.

368 (0.096 g, 0.5 mmol) and tetramethylammonium chloride (0.110 g, 0.5 mmol) were

dissolved in EtOH (1.67 mL, 0.3 M) in a 10 mL vial. Solid rac-BINOL (0.279 g, 1.0

equiv.) was then added with stirring to the solution, resulting in a colourless homoge-

neous solution. This solution was allowed to stir at room temperature overnight, which

produced the desired complexed product 138 as a white precipitate. The resulting

complex was isolated by vacuum filtration (0.295 g, 68% yield, 91% selectivity) and

analysis by 1H NMR spectroscopy (400 MHz, DMSO– d6) ensured that a 1:1 complex

had formed.
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9.8. CIAT OF AMMONIUM SALTS

9.8 CIAT of ammonium salts

9.8.1 General procedure for CIAT of ammonium cations

(1 equiv.)

X-
HO

HO

X-
HO

HO

N

R1

(R)-BINOL (1 equiv.)

CHCl3 or MeCN
50 ˚C, 48 hrs

R2

Br (2 equiv.)

(S)-BINOL (1 equiv.)

CHCl3 or MeCN
50 ˚C, 48 hrs

R2

Br (2 equiv.)

N+

R2

R1

N+

R2

R1

.

Scheme 9.33: Crystallisation induced asymmetric transformation from Walsh et al for

the one-pot synthesis of enantioenriched quaternary ammonium salt complexes with

1,1′-bi-2-naphthol.

Adapted from Walsh et al.2 The selected tertiary aniline (1.0 equiv.) was dissolved

into CHCl3 or MeCN. With stirring, the desired alkylating agent (2.0 equiv.) was added

to the tertiary aniline solution. The reaction mixture was heated to 50 ◦C and left to stir

for 10 minutes. Solid (R)-BINOL or (S)-BINOL (1.0 equiv.) was then added with stirring

to the solution, resulting in a clear homogenous solution. This solution was allowed

to stir at 50 ◦C for 48 h, which produced the desired complex as a white precipitate.

The product was isolated by vacuum filtration and washed with a few drops of reaction

solvent. Analysis by 1H NMR spectroscopy ensured that a 1:1 complex had formed.

Single crystals for XRD analysis can be grown from EtOH.
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9.8. CIAT OF AMMONIUM SALTS

(R)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide · (R)-1,1′-bi-2-naphthol

22

11

44

33
N+

(R)(R)

66
55

77
Br-

kk

bb

cc

dd
ee

jj

ff

gg

hh

ii
HO

HO
aa1212

1313
1414

88
99

1010

1111

215

Following the general procedure outlined in

9.8.1, 176 (0.216 g, 1.02 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.284 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 215 (0.483 g, 79% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 99:1 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.88 – 7.81 (6H, m, d+f+3), 7.71 (2H, apt. t, J = 8.3 Hz,

H2), 7.65 (1H, apt. t, J = 7.3 Hz, H1), 7.32 – 7.27 (4H, m, H9+i), 7.25 – 7.22 (3H, m,

H11+g), 7.18 – 7.14 (4H, m, H10+h), 7.01 (2H, d, J = 8.5 Hz, Hc), 5.64 (1H, dddd, J =

16.8, 9.4, 7.4, 5.9 Hz, H13), 5.61 – 5.55 (2H, m, H14), 4.65 (1H, dd, J = 13.2, 5.9 Hz,

H12), 4.43 (1H, dd, J = 13.1, 7.3 Hz, H12’), 4.25 (1H, td, J = 12.5, 4.7 Hz, H6), 4.03

(1H, ddd, J = 13.0, 11.6, 5.6 Hz, H6’), 3.62 (3H, s, H5), 3.00 (1H, td, J = 12.5, 5.6 Hz,

H7), 2.52 (1H, ddd, J = 13.0, 11.5, 4.7 Hz, H7’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.2 (C4), 136.6 (C8), 135.8 (Cj), 131.94

(C2), 131.88 (C1), 130.6 (Cd), 130.5 (Ce), 130.1 (C9), 129.9 (C10), 129.4 (C13), 129.0

(Cf), 128.5 (C11), 127.1 (Ch), 126.0 (C14), 125.8 (Cc), 123.8 (Cg), 122.9 (C3), 119.3

(Ci), 116.2 (Ck), 72.7 (C12), 69.7 (C6), 47.9 (C5), 30.3 (C7).

.LRMS (ESI-TOF, EI+) m/z: 252.8 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1763. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0929.

mp: 148 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –10.17 (MeOH, c = 1.40).

IR (max/cm-1): 3157br, 1624m, 1506m, 1431m, 1328m, 1271s, 952s, 818s, 750s,

691s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H36BrNO2 (m = 618.59 g/mol): Orthorhombic, space group

P21212 (no. 18).
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9.8. CIAT OF AMMONIUM SALTS

(S)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide · (S)-1,1′-bi-2-naphthol

2
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215a

Following the general procedure outlined in

9.8.1, 176 (0.210 g, 0.99 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.285 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 215a (0.466 g, 76% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 3:97 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 215.

13C NMR (151 MHz, CD3OD) identical to that of 215.

LRMS (ESI-TOF, EI+) m/z: 252.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1764.

mp: 149 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +10.60 (MeOH, c = 1.50).

IR (max/cm-1): 3162br, 1624w, 1506w, 1431w, 1331m, 1271s, 981w, 818s, 750s,

691s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H36BrNO2 (m = 618.59 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(R)-N-allyl, N-methyl, N-phenylacetyl anilinium iodide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 176 (0.204 g, 0.97 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

iodide (0.18 mL, 1.97 mmol) was added and

stirred for 10 minutes at 50 ◦C. (R)-BINOL

(0.286 g, 1.00 mmol) was added, and the

mixture was stirred at 50 ◦C for 48 hours. A

white precipitate formed which was isolated

by vacuum filtration to yield 216 (0.324 g, 50% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 99:1 (R:S).

1H NMR (700 MHz, CD3OD) δ 7.90 – 7.81 (6H, m, Hd+f+3), 7.73 – 7.67 (2H, m, H2),

7.67 – 7.61 (1H, m, H1), 7.32 – 7.28 (4H, m, Hi+9), 7.26 – 7.22 (3H, m, H11+g), 7.17 –

7.14 (4H, m, H10+h), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.64 (1H, dddd, J = 16.8, 9.4, 7.4,

5.9 Hz, H13), 5.61 – 5.57 (1H, m, H14), 5.55 (1H, dd, J = 9.7, 1.8 Hz, H14), 4.66 (1H,

dd, J = 13.3, 5.9 Hz, H12), 4.44 (1H, dd, J = 13.2, 7.4 Hz, H12’), 4.25 (1H, td, J = 12.5,

4.7 Hz, H6), 4.04 (1H ,ddd, J = 13.1, 11.6, 5.6 Hz, H6’), 3.62 (3H, s, H5), 3.00 (1H ,td,

J = 12.5, 5.6 Hz, H7), 2.52 (1H, td, J = 12.3, 4.7 Hz, H7’).

13C NMR (176 MHz, CD3OD) δ 154.2 (Cb), 143.2 (C4), 136.6 (C8), 135.8 (Cj), 131.9

(C2), 131.8 (C1), 130.6 (Cd), 130.4 (Ce), 130.0 (C9), 129.9 (C10), 129.5 (C13), 129.0

(Cf), 128.4 (C11), 127.1 (Ch), 126.0 (C14), 125.8 (Cc), 123.8 (Cg), 123.0 (C3), 119.3

(Ci), 116.2 (Ck), 72.7 (C12), 69.7 (C6), 48.0 (C5), 30.3 (C7).

LRMS (ESI-TOF, EI+) m/z: 252.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1763.

mp: 164 – 165 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –9.52 (MeOH, c = 0.49).

IR (max/cm-1): 3227br, 1624w, 1507w, 1321m, 1286s, 816s, 751s, 700s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H36INO2 (m = 665.60 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(S)-N-allyl, N-methyl, N-phenylacetyl anilinium iodide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 176 (0.211 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

iodide (0.17 mL, 2.00 mmol) was added and

stirred for 10 minutes at 50 ◦C. (S)-BINOL

(0.286 g, 1.00 mmol) was added, and the

mixture was stirred at 50 ◦C for 48 hours. A

white precipitate formed which was isolated

by vacuum filtration to yield 216a (0.342 g, 51% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 2:98 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 216.

13C NMR (151 MHz, CD3OD) identical to that of 216.

LRMS (ESI-TOF, EI+) m/z: 252.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1764.

mp: 165 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +8.46 (MeOH, c = 0.52).

IR (max/cm-1): 3227br, 1624w, 1507w, 1321m, 1269s, 980w, 816s, 750s, 700s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H36INO2 (m = 665.60 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(R)-N-allyl, N-methyl, N-phenylacetyl 4-fluoroanilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 182 (0.235 g, 1.02 mmol) was dis-

solved in CHCl3 (0.50 mL, 2.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.288 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 217 (0.350 g, 54% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 96:4 (R:S).

1H NMR (400 MHz, CD3OD) δ 7.88 – 7.78 (6H, m, Hd+f+3), 7.39 – 7.32 (2H, m, H2),

7.32 – 7.28 (2H, m, Hi), 7.28 – 7.20 (5H, m, H9+11+g), 7.17 – 7.11 (4H, m, Hh+10), 7.03

(2H, dq, J = 8.5, 0.9 Hz, Hc), 5.64 – 5.48 (3H, m, H13+14), 4.56 (1H, dd, J = 13.2, 6.4

Hz, H12), 4.36 (1H, dd, J = 13.2, 6.5 Hz, H12’), 4.23 – 4.10 (1H, m, H6), 3.98 (1H, ddd,

J = 12.9, 11.3, 5.5 Hz, H6’), 3.52 (3H, s, H5), 2.95 (1H, td, J = 12.4, 5.5 Hz, H7), 2.49

(1H, ddd, J = 13.1, 11.3, 4.9 Hz, H7’).

13C NMR (101 MHz, CD3OD) δ 164.3 (d, J = 245.8 Hz, C1), 154.2 (Cb), 143.1 (C4),

135.8 (Cj), 132.6 (d, J = 15.8 Hz, C2), 131.9 (d, J = 14.4 Hz, C3), 131.78 (C11), 131.7

(C8), 130.6 (Cd), 130.4 (Ce), 129.5 (C13), 129.0 (Cf), 127.1 (Ch), 126.0 (C14), 125.8

(Cc), 123.8 (Cg), 122.9 (C10), 119.3 (Ci), 116.7 (d = 21.8 Hz, C9), 116.2 (Ck), 72.7

(C12), 69.5 (C6), 47.9 (C5), 29.5 (C7).

19F NMR (376 MHz, CD3OD) δ –111.61.

LRMS (ESI-TOF, EI+) m/z: 270.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H21NF+: 270.1658 found 270.1664.

mp: 121 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +2.14 (MeOH, c = 0.57).

IR (max/cm-1): 3161br, 1622m, 1507m, 1431m, 1326m, 1270s, 863m, 818s, 748s,

698m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H35FBrNO2 (m = 636.58 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(S)-N-allyl, N-methyl, N-phenylacetyl 4-fluoroanilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 182 (0.229 g, 1.00 mmol) was dis-

solved in CHCl3 (0.50 mL, 2.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.284 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 217a (0.476 g,

75% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 4:96 (R:S).

1H NMR (599 MHz, CD3OD) δ identical to that of 217

13C NMR (151 MHz, CD3OD) δ identical to that of 217

19F NMR (376 MHz, CD3OD) δ identical to that of 217

LRMS (ESI-TOF, EI+) m/z: 270.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H21NF+: 270.1658, found 270.1663.

mp: 120 – 121 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –2.09 (MeOH, c = 0.51).

IR (max/cm-1): 3153br, 1622w, 1506m, 1270m, 817s, 748s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H35FBrNO2 (m = 636.59 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(R)-N-allyl, N-methyl, N-para-fluorophenylacetyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 177 (0.236 g, 1.02 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 218 (0.286 g,

56% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 95:5 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.89 – 7.81 (6H, m, H3+d+f), 7.73 – 7.67 (2H, m, H2),

7.66 – 7.61 (1H, m, H1), 7.29 (2H, d, J = 8.8 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.2

Hz, Hg), 7.19 – 7.14 (4H, m, H9+h), 7.06 – 6.99 (4H, m, H10+c), 5.65 – 5.53 (3H, m,

H12+13), 4.66 (1H, dd, J = 13.2, 6.0 Hz, H12), 4.43 (1H, dd, J = 13.2, 7.5 Hz, H12’), 4.25

(1H, td, J = 12.5, 4.8 Hz, H6), 4.02 (1H, ddd, J = 13.1, 11.5, 5.5 Hz, H6’), 3.63 (3H, s,

H5), 3.01 (1H, td, J = 12.6, 5.5 Hz, H7), 2.53 (1H, ddd, J = 13.4, 11.6, 4.8 Hz, H7’).

13C NMR (151 MHz, CD3OD) δ 162.9 (d, J = 241.1 Hz, C11), 152.8 (Cb), 141.8 (C4),

134.4 (Cj), 131.2 (d, J = 3.0 Hz, C8), 130.5 (C2), 130.44 (C1), 130.35 (d, J = C9), 129.2

(Cd), 129.1 (Ce), 128.1 (C14), 127.6 (Cf), 125.7 (Ch), 124.6 (C13), 124.4 (Cc), 122.5

(Cg), 121.5 (C3), 117.9 (Ci), 115.2 (d, J = 21.8 Hz, C10), 114.8 (Ck), 71.4 (C12), 68.1

(C6), 46.5 (C5), 28.1 (C7).

19F NMR (376 MHz, CD3OD) δ –117.38 (p, J = 7.6 Hz).

LRMS (ESI-TOF, EI+) m/z: 270.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H21NF+: 270.1665, found 270.1664.

mp: 136 – 137 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –12.18 (MeOH, c = 0.17).

IR (max/cm-1): 3141br, 1623w, 1508s, 1430w, 1328m, 1272s, 816s, 749s, 691s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H35BrFNO2 (m = 636.58 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(S)-N-allyl, N-methyl, N-para-fluorophenylacetyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 177 (0.225 g, 0.98 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.284 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 218a (0.281 g,

45% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 12:88 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 218.

13C NMR (151 MHz, CD3OD) identical to that of 218.

LRMS (ESI-TOF, EI+) m/z: 270.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H21NF+: 270.1658, found 270.1663.

mp: 155 – 156 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +13.17 (MeOH, c = 0.20).

IR (max/cm-1): 3138br, 1623w, 1508s, 1431m, 1329m, 1272s, 1229m, 816s, 749s,

690s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C38H35BrFNO2 (m = 636.58 g/mol): Orthorhombic, space group

P21212 (no. 18).
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(R)-N-benzyl, N-methyl, N-hydrocinnamyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 178 (0.228 g, 1.01 mmol) was dis-

solved in MeCN (0.50 mL, 2.0 M) and ben-

zyl bromide (0.24 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 219 (0.474 g,

70% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 95:5 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.58 – 7.48 (5H, m, H1+2+3), 7.41 – 7.36 (1H, m, H17), 7.30 (2H, d, J = 8.9 Hz, Hi),

7.28 – 7.22 (6H, m, H11+16+g), 7.22 – 7.18 (1H, m, H12), 7.17 – 7.11 (4H, m, H10+h),

7.02 (2H, d, J = 8.5 Hz, Hc), 6.96 (2H, dd, J = 8.2, 1.4 Hz, H15), 5.02 (1H, d, J = 12.8

Hz, H13), 4.86 (1H, d, J = 12.6 Hz, H13’), 4.20 (1H, td, J = 12.7, 4.0 Hz, H6), 3.85 (1H,

td, J = 12.9, 5.2 Hz, H6’), 3.39 (3H, s, H5), 2.70 (1H, dt, J = 14.2, 7.2 Hz, H8), 2.62

(1H, dt, J = 14.2, 7.4 Hz, H8’), 2.05 (1H, ttd, J = 12.6, 5.9, 4.2 Hz, H7), 1.48 (1H, ttd, J

= 11.8, 7.5, 3.9 Hz, H7’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 142.7 (C4), 141.0 (C14), 135.8 (Cj), 133.8

(C15), 131.8 (C17), 131.7 (C1), 131.6 (C2), 130.6 (Cd), 130.4 (Ce), 129.8 (C16), 129.7

(C11), 129.5 (C10), 129.0 (Cf), 128.5 (C9), 127.6 (C12), 127.1 (Ch), 125.8 (Cc), 123.8

(Cg), 123.3 (C3), 119.3 (Ci), 116.2 (Ck), 75.2 (C13), 67.6 (C6), 47.3 (C5), 32.9 (C8),

25.7 (C7).

LRMS (ESI-TOF, EI+) m/z: 316.9 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C19H24N+: 316.2065, found 316.2075. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0906.

mp: 142 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = –28.48 (MeOH, c = 1.21).

IR (max/cm-1): 3161br, 1620w, 1505w, 1430w, 1323m, 1271s, 816s, 748s, 686s.
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9.8. CIAT OF AMMONIUM SALTS

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms.

Crystal data for C43H40BrNO2·0.2(H2O) (m = 686.27 g/mol): Orthorhombic, space

group P212121 (no. 19).

(S)-N-benzyl, N-methyl, N-hydrocinnamyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 178 (0.223 g, 0.99 mmol) was dis-

solved in MeCN (0.50 mL, 2.0 M) and ben-

zyl bromide (0.24 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.283 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 219a (0.473 g,

70% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 3:97 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 219.

13C NMR (151 MHz, CD3OD) identical to that of 219.

LRMS (ESI-TOF, EI+) m/z: 316.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C23H26N+: 316.2065, found 316.2070.

mp: 148 – 149 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +30.12 (MeOH, c = 1.44).

IR (max/cm-1): 3154br, 1623w, 1505w, 1431w, 1329m, 1270s, 822s, 754s, 700s.

A portion of the complex was crystallised in EtOH to give clear colourless prisms.

Crystal data for C43H40BrNO2·0.2(H2O) (m = 686.27 g/mol): Orthorhombic, space

group P212121 (no. 19).
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(R)-N-benzyl, N-methyl, N-isobutyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 174 (0.160 g, 0.98 mmol) was dis-

solved in MeCN (1.00 mL, 1.0 M) and beznyl

bromide (0.24 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 220 (0.279 g, 46% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 93:7 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.76 – 7.71 (2H, m, H3), 7.64 – 7.59 (3H, m, H1+2), 7.44 – 7.38 (1H, m, H13), 7.29

(4H, dd, J = 8.3, 6.3 Hz, H12+i), 7.27 – 7.22 (2H, m, Hg), 7.16 (2H, ddd, J = 8.3, 6.8,

1.4 Hz, Hh), 7.04 – 6.98 (4H, m, H11+c), 5.13 (1H, d, J = 12.8 Hz, H9), 4.88 (1H, d, J =

12.8 Hz, H9’), 4.28 (1H, dd, J = 13.6, 5.9 Hz, H6), 3.80 (1H, dd, J = 13.6, 4.8 Hz, H6’),

3.46 (3H, s, H5), 1.95 (1H, apt. dp, J = 12.9, 6.6 Hz, H7), 1.09 (3H, d, J = 6.8 Hz, H8),

0.67 (3H, d, J = 6.8 Hz, H8’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.1 (C4), 135.8 (Cj), 133.9 (C11), 131.9

(C12), 131.9 (C1), 131.5 (C2), 130.6 (Cd), 130.5 (Ce), 129.8 (C13), 129.0 (Cf), 128.5

(C10), 127.1 (Ch), 125.8 (Cc), 123.83 (Cg), 123.78 (C3), 119.3 (Ci), 116.2 (Ck), 76.2

(C9), 75.8 (C6), 46.8 (C5), 25.8 (C7), 22.9 (C8), 22.1 (C8’).

LRMS (ESI-TOF, EI+) m/z: 254.8 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 254.1909, found 254.1901. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0916.

mp: 141 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –35.09 (MeOH, c = 1.16).

IR (max/cm-1): 3108br, 1621w, 1500w, 1337m, 1271s, 965w, 815s, 750s, 686s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C38H38BrNO2 (m = 620.60 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.8. CIAT OF AMMONIUM SALTS

(S)-N-benzyl, N-methyl, N-isobutyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 174 (0.163 g, 1.00 mmol) was dis-

solved in MeCN (1.00 mL, 1.0 M) and beznyl

bromide (0.24 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 220a (0.248 g, 40% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 7:93 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 220.

13C NMR (151 MHz, CD3OD) identical to that of 220.

LRMS (ESI-TOF, EI+) m/z: 254.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H24N+: 254.1909, found 254.1912.

mp: 146 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +33.97 (MeOH, c = 1.12).

IR (max/cm-1): 3104br, 1621w, 1500w, 1427w, 1336m, 1271s, 965w, 814s, 749s,

686s, 562w,.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C38H38BrNO2 (m = 620.60 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.8. CIAT OF AMMONIUM SALTS

(R)-N-allyl, N-methyl, N-isobutyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 174 (0.165 g, 1.01 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 221 (0.512

g, 90% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 91:9 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.82 (4H, apt. t, J = 8.9

Hz, H3+f), 7.65 (2H, dd, J = 7.4, 1.3 Hz, H2), 7.60 (1H, t, J = 7.3 Hz, H1), 7.29 (2H, d,

J = 8.8 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J = 8.2, 6.8,

1.4 Hz, Hh), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.60 – 5.55 (2H, m, H11), 5.55 – 5.51 (1H,

m, H10), 4.64 (1H, dd, J = 13.2, 6.1 Hz, H9), 4.36 (1H, dd, J = 12.9, 4.1 Hz, H9’), 3.98

(1H, dd, J = 13.5, 6.1 Hz, H6), 3.69 (1H, dd, J = 13.5, 4.6 Hz, H6’), 3.54 (3H, s, H5),

1.98 – 1.94 (1H, m, H7), 1.02 (3H, d, J = 6.8 Hz, H8), 0.61 (3H, d, J = 6.7 Hz, H8’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.5 (C4), 135.8 (Cj), 131.7 (C2), 131.7

(C1), 130.6 (Cd), 130.5 (Ce), 129.35 (C10), 129.0 (Cf), 127.1 (Ch), 126.0 (C11), 125.8

(Cc), 123.8 (Cg), 123.2 (C3), 119.3 (Ci), 116.2 (Ck), 76.6 (C9), 73.4 (C6), 47.7 (C5),

25.5 (C7), 22.8 (C8), 22.0 (C8’).

LRMS (ESI-TOF, EI+) m/z: 204.5 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1743. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0911.

mp: 164 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +3.14 (MeOH, c = 1.08).

IR (max/cm-1): 3149br, 1623m, 1504m, 1430m, 1329m, 1272s, 954m, 815s, 751s,

686m, 422w.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C34H36BrNO2 (m = 570.55 g/mol): Orthorhombic, space group
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9.8. CIAT OF AMMONIUM SALTS

P212121 (no. 19).

(S)-N-allyl, N-methyl, N-isobutyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 174 (0.155 g, 0.95 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.282 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 221a (0.486

g, 90% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 5:95 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 221.

13C NMR (151 MHz, CD3OD) identical to that of 221.

LRMS (ESI-TOF, EI+) m/z: 204.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1756.

mp: 163 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –2.64 (MeOH, c = 1.01).

IR (max/cm-1): 3150br, 1623w, 1430w, 1336m, 1271s, 954w, 815s, 752s, 688m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C34H36BrNO2 (m = 570.55 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.8. CIAT OF AMMONIUM SALTS

(S)-N-allyl, N-methyl, N-hydrocinnamyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 178 (0.224 g, 0.99 mmol) was dis-

solved in MeCN (0.50 mL, 2.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.289 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 222 (0.499 g, 67% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 23:77 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.67 (2H, d, J = 8.1, H3), 7.65 – 7.55 (3H, m, H1+2), 7.29 (2H, d, J = 8.9 Hz, Hi),

7.27 – 7.22 (4H, m, H11+g), 7.21 – 7.16 (1H, m, H12) 7.15 (2H, ddd, J = 8.1, 6.7, 1.4

Hz, Hh), 7.10 (2H, dd, J = 8.1, 1.2 Hz, H10), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.63 – 5.49

(3H, m, H14+15), 4.58 (1H, dd, J = 13.2, 5.7 Hz, H13), 4.35 (1H, dd, J = 13.2, 7.0 Hz,

H13’), 3.99 (1H, td, J = 12.6, 4.1 Hz, H6), 3.78 (1H, td, J = 12.8, 5.1 Hz, H6’), 3.49 (3H,

s, H5), 2.66 (1H, dt, J = 14.4, 7.3 Hz, H8), 2.58 (1H, dt, J = 14.3, 7.5 Hz, H8’), 2.07 –

1.96 (1H, m, H7), 1.51 (1H, ttd, J = 12.0, 7.5, 4.1 Hz, H7’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.2 (C4), 140.9 (C9), 135.8 (Cj), 131.8

(C2), 131.7 (C1), 130.6 (Cd), 130.5 (Ce), 129.7 (C10), 129.4 (C11), 129.3 (C14), 129.0

(Cf), 127.6 (C12), 127.1 (Ch), 126.0 (C15), 125.8 (Cc), 123.8 (Cg), 122.8 (C3), 119.3

(Ci), 116.2 (Ck), 72.5 (C13), 68.3 (C6), 48.0 (C5), 32.8 (C7), 25.7 (C8).

LRMS (ESI-TOF, EI+) m/z: 266.8 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C19H24N+: 266.1909, found 266.1918. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0911.

mp: 107 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +23.19 (MeOH, c = 1.44).

IR (max/cm-1): 3171br, 1625m, 1505m, 1431m, 1269s, 815m, 752m, 690m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms.

Crystal data for C39H38BrNO2 (m = 632.61 g/mol): Triclinic, space group P1 (no. 2).
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(R)-N-allyl, N-methyl, N-hydrocinnamyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 178 (0.228 g, 1.01 mmol) was dis-

solved in MeCN (0.50 mL, 2.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.283 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 222a (0.435 g, 67% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 74:26 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 222.

13C NMR (151 MHz, CD3OD) identical to that of 222.

LRMS (ESI-TOF, EI+) m/z: 266.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C19H24N+: 266.1909 , found 266.1921.

mp: 109 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –20.59 (MeOH, c = 1.25).

IR (max/cm-1): 3178br, 1620m, 1505m, 1430m, 1271s, 966m, 815s, 748s, 686s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless prisms.

Crystal data for C39H38BrNO2 (m = 632.61 g/mol): Triclinic, space group P1 (no. 2).
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9.8. CIAT OF AMMONIUM SALTS

(R)-N-allyl, N-methyl, N-isovaleryl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 175 (0.178 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.285 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 223 (0.449

g, 77% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 75:25 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.2 Hz,

Hf), 7.77 (2H, d, J = 8.1, H3), 7.65 (2H, t, J = 7.4 Hz, H2), 7.60 (1H, t, J = 7.3 Hz, H1),

7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.2 Hz, Hg), 7.16 (2H, ddd, J

= 8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, dd, J = 8.4, 1.2 Hz, Hc), 5.64 – 6.59 (1H, m, H11),

5.58 – 5.52 (2H, m, H12), 4.63 (1H, dd, J = 13.2, 5.7 Hz, H10), 4.39 (1H, dd, J = 13.2,

7.1 Hz, H10’), 4.07 (1H, td, J = 12.5, 4.3 Hz, H6), 3.81 (1H, td, J = 12.5, 4.7 Hz, H6’),

3.50 (3H, s, H5), 1.69 – 1.49 (2H, m, H7), 1.09 – 1.03 (1H, m, H8), 0.91 (3H, d, J = 6.4

Hz, H9), 0.86 (3H, d, J = 6.4 Hz, H9’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.3 (C4), 135.8 (Cj), 131.8 (C2), 131.7

(C1), 130.6 (Cd), 130.5 (Ce), 129.2 (C11), 129.0 (Cf), 127.1 (Ch), 126.1 (C12), 125.8

(Cc), 123.8 (Cg), 122.9 (C3), 119.3 (Ci), 116.2 (Ck), 72.6 (C10), 68.1 (C6), 47.7 (C5),

32.3 (C7), 27.3 (C8), 22.54 (C9), 22.48 (C9’).

LRMS (ESI-TOF, EI+) m/z: 218.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1919. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0930.

mp: 159 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +14.58 (MeOH, c = 1.14).

IR (max/cm-1): 3148br, 1624m, 1503m, 1431m, 1328m, 1271s, 956m, 815m, 744m,

687m, 422m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C35H38BrNO2 (m = 584.57 g/mol): Orthorhombic, space group

313



9.8. CIAT OF AMMONIUM SALTS

P212121 (no. 19).

(S)-N-allyl, N-methyl, N-isovaleryl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 175 (0.178 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 223a (0.464

g, 80% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 28:72 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 223.

13C NMR (151 MHz, CD3OD) identical to that of 223.

LRMS (ESI-TOF, EI+) m/z: 218.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1913.

mp: 166 – 167 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –14.42 (MeOH, c = 1.18).

IR (max/cm-1): 3150br, 1625w, 1503w, 1431w, 1329m, 1271s, 956m, 816s, 744m,

688m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C35H38BrNO2 (m = 584.57 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.8. CIAT OF AMMONIUM SALTS

(R)-N-allyl, N-methyl, N-5-phenylvaleryl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined

in 9.8.1, 185 (0.256 g, 1.01 mmol) was

dissolved in CHCl3 (1.00 mL, 1.0 M) and

allyl bromide (0.17 mL, 2.00 mmol) was

added and stirred for 10 minutes at 50

◦C. (R)-BINOL (0.287 g, 1.00 mmol) was

added, and the mixture was stirred at

50 ◦C for 48 hours. A white precipitate

formed which was isolated by vacuum fil-

tration to yield 224 (0.326 g, 49% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy us-

ing (Λ,R)-BINPHAT as a chiral shift reagent: er 67:33 (R:S). Assignment of absolute

configuration derived from the empirical selectivity model based on other ammonium

cations synthesised by the same methodology.

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.2 Hz,

Hf), 7.75 – 7.71 (2H, m, H3), 7.64 (2H, t, J = 7.8 Hz, H2), 7.59 (1H, t, J = 7.3 Hz, H1),

7.30 (2H, d, J = 8.9 Hz, Hi), 7.26 – 7.19 (4H, m, 4Hg+12), 7.18 – 7.11 (3H, m, Hh+17),

7.11 – 7.07 (2H, m, H13), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.63 – 5.55 (2H, m, H15+16),

5.55 – 5.50 (1H, m, H15), 4.57 (1H, dd, J = 13.2, 5.8 Hz, H14), 4.34 (1H, dd, J = 13.2,

7.2 Hz, H14), 3.96 (1H, tt, J = 12.6, 3.7 Hz, H6), 3.72 (1H, td, J = 12.4, 5.0 Hz, H6’),

3.47 (3H, s, H5), 2.53 (2H, t, J = 7.5 Hz, H10), 1.69 –1.61 (1H, m, H7), 1.57 (2H, p, J =

7.6 Hz, H9), 1.36 – 1.23 (2H, m, H8), 1.23 – 1.19 (1H, m, H7’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.3 (C4), 142.1 (C11), 135.8 (Cj), 131.8

(C2), 131.6 (C1), 130.6 (Cd), 130.4 (Ce), 129.4 (C12), 129.3 (C15), 129.2 (C17), 129.0

(Cf), 127.1 (Ch), 126.8 (C12), 126.1 (C16), 125.8 (Cc), 123.8 (Cg), 122.8 (C3), 119.3

(Ci), 116.2 (Ck), 72.5 (C6), 69.0 (C7), 47.7 (C5), 36.3 (C10), 31.7 (C9), 26.5 (C8), 23.7

(C7).

LRMS (ESI-TOF, EI+) m/z: 294.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C21H28N+: 294.2222, found 294.2236.

mp: 156 – 157 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +10.15 (MeOH, c = 0.96).
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9.8. CIAT OF AMMONIUM SALTS

IR (max/cm-1): 3150br, 1623w, 1504m, 1431m, 1271s, 951m, 822s, 688s.

XRD: SCXRD quality single crystals could not be recrystallised for this complex.

(S)-N-allyl, N-methyl, N-5-phenylvaleryl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined

in 9.8.1, 185 (0.250 g, 0.99 mmol) was

dissolved in CHCl3 (1.00 mL, 1.0 M) and

allyl bromide (0.17 mL, 2.00 mmol) was

added and stirred for 10 minutes at 50

◦C. (S)-BINOL (0.287 g, 1.00 mmol) was

added, and the mixture was stirred at

50 ◦C for 48 hours. A white precipitate

formed which was isolated by vacuum fil-

tration to yield 224a (0.349 g, 54% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy us-

ing (Λ,R)-BINPHAT as a chiral shift reagent: er 38:62 (R:S). Assignment of absolute

configuration derived from the empirical selectivity model based on other ammonium

cations synthesised by the same methodology.

1H NMR (599 MHz, CD3OD) identical to that of 224.

13C NMR (151 MHz, CD3OD) identical to that of 224.

LRMS (ESI-TOF, EI+) m/z: 294.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C21H28N+: 294.2222, found 294.2233.

mp: 152 – 154 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –7.84 (MeOH, c = 1.00).

IR (max/cm-1): 3227br, 1624w, 1507w, 1323m, 1268s, 980m, 816s, 749s, 700s.

XRD: SCXRD quality single crystals could not be recrystallised for this complex.
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(S)-N-allyl, N-methyl, N-isopropyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 183 (0.150 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 225 (0.398

g, 71% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 34:66 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.2, 1.3

Hz, Hf), 7.73 – 7.69 (2H, m, H3), 7.64 – 7.58 (2H, m, H2), 7.58 – 7.54 (1H, m, H1),

7.30 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.6, 1.2 Hz, Hg), 7.15 (2H, ddd, J

= 8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, dd, J = 8.5, 1.3 Hz, Hc), 5.60 – 5.34 (3H, m, H6+7),

4.68 (1H, dd, J = 13.3, 5.1 Hz, H5), 4.43– 4.31 (2H, m, H5’+8), 3.30 (3H, s, H10), 1.54

(3H, d, J = 6.4 Hz, H9), 1.03 (3H, d, J = 6.6 Hz, H9’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.8 (C4), 135.8 (Cj), 131.6 (C2), 131.5

(C1), 130.6 (Cd), 130.5 (Ce), 129.0 (Cf), 128.5 (C7), 127.1 (Ch), 126.6 (C6), 125.8 (Cc),

123.8 (Cg), 123.3 (C3), 119.3 (Ci), 116.2 (Ck), 73.2 (C8), 68.6 (C5), 41.5 (C10), 17.3

(C9), 17.1 (C9’).

LRMS (ESI-TOF, EI+) m/z: 190.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H20N+: 190.1596, found 190.1600. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0915.

mp: 151 – 152 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +4.75 (MeOH, c = 0.50).

IR (max/cm-1): 3121br, 1623w, 1506w, 1273m, 950w, 813m, 688m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C32H35BrNO2 (m = 542.52 g/mol): Tetragonal, space group P43 (no.

78).
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(R)-N-allyl, N-methyl, N-isopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 183 (0.148 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.285 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 225a (0.357

g, 65% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 67:33 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 225.

13C NMR (151 MHz, CD3OD) identical to that of 225.

LRMS (ESI-TOF, EI+) m/z: 190.1598 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H20N+: 190.1596, found 190.1598.

mp: 151 – 152 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –5.33 (MeOH, c = 1.00).

IR (max/cm-1): 3164br, 1620w, 1505w, 1277m, 984w, 812s, 680m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C32H35BrNO2 (m = 542.52 g/mol): Tetragonal, space group P43 (no.

78).
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(R)-N-allyl, N-methyl, N-homocyclopropyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.159 g, 0.99 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 226 (0.529

g, 93% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 62:38 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.79 (2H, d, J = 8.1, H3), 7.64 (2H, td, J =7.4, 1.5 Hz, H2), 7.59 (1H, t, J = 7.3 Hz,

H1), 7.30 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.0, 6.7, 1.2 Hz, Hg), 7.16 (2H,

ddd, J = 8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.63 – 5.53 (2H, m, H12),

5.53 – 5.49 (1H, m, H11), 4.67 (1H, dd, J = 13.1, 4.5 Hz, H10), 4.35 (1H, dd, J = 13.1,

4.3 Hz, H10’), 4.02 (1H, dd, J = 13.3, 6.2 Hz, H6), 3.61 (1H, dd, J = 13.4, 7.9 Hz, H6’),

3.58 (3H, s, H5), 0.83 – 0.79 (1H, m, H7), 0.70 (1H, ddt, J = 13.7, 8.5, 5.5 Hz, H8),

0.53 (1H, ddt, J = 14.0, 8.7, 5.5 Hz, H9), 0.44 (1H, ddt, J = 9.6, 6.2, 4.9 Hz, H9), 0.14

(1H, dtd, J = 11.4, 5.6, 4.2 Hz, H8).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.9 (C4), 135.8 (Cj), 131.64 (C2), 131.57

(C1), 130.6 (Cd), 130.4 (Ce), 129.03 (Cf), 129.01 (C12), 127.1 (Ch), 126.1 (C3), 125.8

(Cc), 123.8 (Cg), 123.1 (C11), 119.3 (Ci), 116.2 (Ck), 74.7 (C10), 71.2 (C6), 47.9 (C5),

5.9 (C8), 5.8 (C9), 4.1 (C7).

LRMS (ESI-TOF, EI+) m/z: 202.7 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1598. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0927.

mp: 171 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +19.25 (MeOH, c = 1.04).

IR (max/cm-1): 3178br, 1623m, 1505m, 1431m, 1330m, 1274s, 931m, 822s, 694m,

439m.
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XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C34H34BrNO2 (m = 568.56 g/mol): Tetragonal, space group P41 (no.

76).

(S)-N-allyl, N-methyl, N-homocyclopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.167 g, 1.04 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 226a (0.543

g, 96% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 38:62 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 226.

13C NMR (151 MHz, CD3OD) identical to that of 226.

LRMS (ESI-TOF, EI+) m/z: 202.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1606.

mp: 179 – 180 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –20.23 (MeOH, c = 1.00).

IR (max/cm-1): 3180br, 1623w, 1505w, 1433w, 1326m, 1274s, 823s, 755m, 694m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C34H34BrNO2 (m = 568.56 g/mol): Tetragonal, space group P41 (no.

76).
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(R)-N-allyl, N-methyl, N-butyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 173 (0.167 g, 1.02 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 227 (0.482

g, 85% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 59:41 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.78 (2H, d, J = 8.1 Hz, H3), 7.66 (2H, apt. t, J = 8.9 Hz, H2), 7.60 (1H, t, J = 7.3

Hz, H1), 7.29 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.16 (2H,

ddd, J = 8.3, 6.8, 1.4 Hz, Hh), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.67 – 5.60 (1H, m, H12),

5.60 – 5.52 (2H, m, H11+12’), 4.62 (1H, dd, J = 13.2, 5.9 Hz, H10), 4.38 (1H, dd, J =

13.2, 7.4 Hz, H10’), 4.02 (1H, td, J = 12.6, 4.4 Hz, H6), 3.78 (1H, td, J = 12.4, 5.0 Hz,

H6’), 3.52 (3H, s, H5), 1.70 – 1.60 (1H, m, H7), 1.40 – 1.27 (2H, m, H8), 1.23 – 1.13

(1H, m, H7’), 0.90 (3H, t, J = 7.4 Hz, H9).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.4 (C4), 135.8 (Cj), 131.8 (C2), 131.7

(C1), 130.6 (Cd), 130.5 (Ce), 129.2 (C12), 129.0 (Cf), 127.1 (Ch), 126.1 (C11), 125.8

(Cc), 123.8 (Cg), 122.8 (C3), 119.3 (Ci), 116.2 (Ck), 72.5 (C10), 68.9 (C6), 47.9 (C5),

25.9 (C7), 20.5 (C8), 13.8 (C9).

LRMS (ESI-TOF, EI+) m/z: 204.6 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1762. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0905.

mp: 158 – 160 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +15.88 (MeOH, c = 1.73).

IR (max/cm-1): 3154br, 1623m, 1504m, 1431m, 1329m, 1272s, 815s, 752m, 687m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C34H36BrNO2 (m = 570.55 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(S)-N-allyl, N-methyl, N-butyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 173 (0.158 g, 1.00 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.284 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 227a (0.442

g, 80% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 43:57 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 227.

13C NMR (151 MHz, CD3OD) identical to that of 227.

LRMS (ESI-TOF, EI+) m/z: 218.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1910.

mp: 169 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –15.12 (MeOH, c = 1.01).

IR (max/cm-1): 3151br, 1624w, 1502w, 1431m, 1332m, 1271s, 816m, 744m, 688m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C34H36BrNO2 (m = 570.55 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(R)-N-allyl, N-methyl, N-4-phenylbutyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 179 (0.241 g, 1.00 mmol) was dis-

solved in CHCl3 (1.00 mL, 1.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.283 g, 0.99 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 228 (0.498 g,

78% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 58:42 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 9.0 Hz, Hd), 7.83 (2H, d, J = 8.2 Hz,

Hf), 7.74 – 7.68 (2H, m, H3), 7.64 – 7.57 (2H, m, H2), 7.59 – 7.53 (1H, m, H1), 7.30

(2H, d, J = 8.8 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.3 Hz, Hg), 7.21 (2H, m, H11), 7.19

– 7.11 (4H, m, H12+h), 7.10 – 7.04 (1H, m, H13), 7.02 (2H, dt, J = 8.5, 1.0 Hz, Hc), 5.63

– 5.49 (3H, m, H15+16), 4.57 (1H, dd, J = 13.2, 5.5 Hz, H14), 4.34 (1H, ddd, J = 12.9,

6.9, 1.1 Hz, H14’), 4.00 (1H, td, J = 12.3, 4.1 Hz, H6), 3.76 (1H, ddd, J = 13.0, 11.8,

4.8 Hz, H6’), 3.44 (3H, s, H5), 2.55 (2H, t, J = 7.4 Hz, H7), 1.70 – 1.52 (3H, m, H9+8),

1.25 – 1.16 (1H, m, H8’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.3 (C4), 142.4 (C10), 135.8 (Cj), 131.7

(C2), 131.6 (C1), 130.6 (Cd), 130.4 (Ce), 129.42 (C12), 129.35 (C15), 129.3 (C13), 129.0

(Cf), 127.12 (Ch), 127.05 (C11), 126.0 (C16), 125.8 (Cc), 123.8 (Cg), 122.8 (C3), 119.3

(Ci), 116.2 (Ck), 72.5 (C14), 68.8 (C6), 47.7 (C5), 35.8 (C7), 28.8 (C9), 23.3 (C8).

LRMS (ESI-TOF, EI+) m/z: 280.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C20H26N+: 280.2065, found 280.2076.

mp: 160 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +15.39 (MeOH, c = 0.58).

IR (max/cm-1): 3159br, 1621w, 1431m, 1270s, 953m, 817s, 750s, 686s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C40H40BrNO2 (m = 646.64 g/mol): Orthorhombic, space group

P212121 (no. 19).

323



9.8. CIAT OF AMMONIUM SALTS

(S)-N-allyl, N-methyl, N-4-phenylbutyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 179 (0.244 g, 1.02 mmol) was dis-

solved in CHCl3 (1.00 mL, 1.0 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.285 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 228a (0.416 g,

65% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 45:55 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 228.

13C NMR (151 MHz, CD3OD) identical to that of 228.

LRMS (ESI-TOF, EI+) m/z: 280.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C20H26N+: 280.2065, found 280.2086.

mp: 161 – 163 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –16.88 (MeOH, c = 0.60).

IR (max/cm-1): 3161br, 1622w, 1431w, 1326m, 1271s, 952m, 818s, 751m, 685s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

blocks. Crystal data for C40H40BrNO2 (m = 646.64 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(S)-N-propargyl, N-methyl, N-homocyclopropyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.156 g, 0.96 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and 80%

propargyl bromide solution (0.24 mL, 2.00

mmol) was added and stirred for 10 minutes

at 50 ◦C. (R)-BINOL (0.283 g, 0.99 mmol)

was added, and the mixture was stirred at 50

◦C for 48 hours. A white precipitate formed which was isolated by vacuum filtration to

yield 229 (0.471 g, 84% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 45:55 (R:S).

1H NMR (599 MHz, DMSO – d6) δ 9.21 (2H, s, Ha), 7.95 (2H, dd, J = 8.1, 1.6 Hz, Hd),

7.87 – 7.82 (4H, m, H3+f), 7.65 (2H, t, J = 8.8 Hz, H2), 7.59 (1H, t, J = 7.3 Hz, H1),

7.36 (2H, d, J = 8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.0, 6.5, 1.2 Hz, Hg), 7.16 (2H, ddd, J

= 8.2, 6.7, 1.4 Hz, Hh), 6.95 (2H, dd, J = 8.4, 1.1 Hz, Hc), 5.17 (1H, dd, J = 16.5, 2.5

Hz, H10), 5.01 (1H, dd, J = 16.4, 2.5 Hz, H10’), 4.06 (1H, td, J = 12.5, 4.5 Hz, H6), 3.92

(1H, dt, J = 12.3, 6.1 Hz, H6’), 3.88 (t, J = 2.5 Hz, H12), 3.66 (3H, s, H5), 0.84 – 0.76

(1H, m, H7), 0.61 – 0.55 (1H, m, H8), 0.50 – 0.45 (1H, m, H9), 0.33 (1H, ddt, J = 9.4,

6.0, 4.6 Hz, H8’), 0.13 (1H, ddt, J = 9.4, 6.1, 4.6 Hz, H9’).

13C NMR (151 MHz, DMSO – d6) δ 153.0 (Cb), 143.0 (C4), 134.1 (Cj), 130.3 (C1),

130.1 (C2), 128.6 (C3), 128.1 (Ce), 127.8 (Cf), 125.8 (Ch), 124.4 (Cc), 122.2 (Cg),

122.0 (Cd), 118.5 (Ci), 115.4 (Ck), 82.9 (C12), 72.7 (C11), 72.3 (C6), 56.0 (C10), 48.6

(C5), 4.9 (C7), 4.4 (C8), 3.6 (C9).

LRMS (ESI-TOF, EI+) m/z: 200.7 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H18N+: 200.1439, found 200.1432. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0918.

mp: 166 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +15.24 (MeOH, c = 1.36).

IR (max/cm-1): 3180br, 1622w, 1505m, 1432m, 1274s, 981m, 822m, 692m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C34H32BrNO2 (m = 566.51 g/mol): Tetragonal, space group P41
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(no. 76).

(R)-N-propargyl, N-methyl, N-homocyclopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.157 g, 0.97 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and 80%

propargyl bromide solution (0.24 mL, 2.00

mmol) was added and stirred for 10 minutes

at 50 ◦C. (S)-BINOL (0.285 g, 1.00 mmol)

was added, and the mixture was stirred at 50

◦C for 48 hours. A white precipitate formed which was isolated by vacuum filtration to

yield 229a (0.401 g, 73% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 57:43 (R:S).

1H NMR (599 MHz, DMSO – d6) identical to that of 229.

13C NMR (151 MHz, DMSO – d6) identical to that of 229.

LRMS (ESI-TOF, EI+) m/z: 200.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H18N+: 200.1439, found 200.1441.

mp: 174 – 175 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –16.12 (MeOH, c = 0.99).

IR (max/cm-1): 3174br, 1622w, 1505w, 1327m, 1276s, 814m, 691m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless nee-

dles. Crystal data for C34H32BrNO2 (m = 566.51 g/mol): Tetragonal, space group P41

(no. 76).
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(S)-N-allyl, N-methyl, N-homocyclopentyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 171 (0.187 g, 0.99 mmol) was dis-

solved in CHCl3 (1.67 mL, 0.6 M) and allyl

bromide (0.17 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.285 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 230 (0.501

g, 85% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 47:53 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.77 (2H, d, J = 8.1, H3), 7.62 (2H, apt. t, J = 8.9 Hz, H2), 7.55 (1H, t, J = 7.3 Hz,

H1), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.1, 6.7, 1.2 Hz, Hg), 7.15 (2H,

ddd, J = 8.3, 6.7, 1.4 Hz, Hh), 7.03 (2H, d, J = 8.6 Hz, Hc), 5.57 – 5.52 (2H, m, H12),

5.52 – 5.48 (1H, m, H11), 4.66 – 4.59 (1H, m, H10), 4.34 (1H, dd, J = 13.6, 4.3 Hz,

H10’), 4.09 (1H, dd, J = 13.3, 6.3 Hz, H6), 3.83 (1H, dd, J = 13.4, 5.6 Hz, H6’), 3.49

(3H, s, H5), 2.00 – 1.92 (1H, m, H7), 1.88 – 1.81 (1H, m, H8), 1.64 – 1.56 (1H, m, H9),

1.53 – 1.47 (2H, m, H9+9’), 1.40 – 1.31 (1H, m, H9’), 1.30 – 1.19 (2H, m, H8), 0.88 (1H,

dq, J = 12.5, 9.0 Hz, H8’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.6 (C4), 135.8 (Cj), 131.6 (C1), 130.6

(C2), 130.6 (Cd), 130.4 (Ce), 129.2 (C12), 129.0 (Cf), 127.1 (Ch), 126.1 (C11), 125.8

(Cc), 123.9 (Cg), 123.2 (C3), 119.3 (Ci), 116.2 (Ck), 75.0 (C6), 72.9 (C10), 48.0 (C5),

36.6 (C7), 33.3 (C8), 32.9 (C8’), 25.7 (C9’), 25.4 (C9).

LRMS (ESI-TOF, EI+) m/z: 230.7 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H24N+: 230.1909, found 230.1914. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0929.

mp: 160 – 161 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +16.55 (MeOH, c = 1.16).

IR (max/cm-1): 3142br, 1623m, 1504m, 1328m, 1271s, 957m, 816s, 745s, 689m,

422w.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless
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plates. Crystal data for C36H38BrNO2 (m = 596.58 g/mol): Orthorhombic, space group

P212121 (no. 19).

(R)-N-allyl, N-methyl, N-homocyclopentyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 171 (0.145 g, 0.77 mmol) was dis-

solved in CHCl3 (1.28 mL, 0.6 M) and allyl

bromide (0.13 mL, 1.54 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.220 g, 0.77 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 230a (0.367

g, 80% yield).

Enantioenrichment of the ammonium salt measured by chiral HPLC: er 50:50 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 230.

13C NMR (151 MHz, CD3OD) identical to that of 230.

LRMS (ESI-TOF, EI+) m/z: 230.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H24N+: 230.1909, found 230.1898.

mp: 168 – 169 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –16.85 (MeOH, c = 1.03).

IR (max/cm-1): 3145br, 1624w, 1431w, 1271s, 817m, 745m, 689m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

plates. Crystal data for C36H38BrNO2 (m = 596.58 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(S)-N-allyl, N-methyl, N-2-hydroxyethyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined

in 9.8.1, N-methyl, N-2-hydroxyethyl aniline

(0.158 g, 1.05 mmol) was dissolved in CHCl3

(1.67 mL, 0.6 M) and allyl bromide (0.17

mL, 2.00 mmol) was added and stirred for

10 minutes at 50 ◦C. (R)-BINOL (0.289 g,

1.01 mmol) was added, and the mixture was

stirred at 50 ◦C for 48 hours. A white precipitate formed which was isolated by vacuum

filtration to yield 231 (0.449 g, 65% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 47:53 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.1 Hz,

Hf), 7.75 (2H, d, J = 8.1, H3), 7.62 (2H, t, J = 7.4 Hz, H2), 7.57 (1H, t, J = 7.2 Hz, H1),

7.31 (2H, d, J = 8.9 Hz, Hi), 7.24 (2H, ddd, J = 8.2, 6.8, 1.3 Hz, Hg), 7.15 (2H, ddd, J

= 8.4, 6.8, 1.4 Hz, Hh), 7.03 (2H, d, J = 8.5 Hz, Hc), 5.58 – 5.55 (2H, m, H11), 5.53 –

5.49 (1H, m, H10), 4.63 (1H, dd, J = 13.0, 4.2 Hz, H9), 4.44 (1H, dd, J = 13.0, 4.4 Hz,

H9’), 4.08 (1H, td, J = 12.4, 4.0 Hz, H6), 3.94 (1H, td, J = 14.4, 3.3 Hz, H6’), 3.70 (1H,

dt, J = 13.8, 4.1 Hz, H7), 3.62 (3H, s, H5), 3.53 (1H dt, J = 13.6, 2.8 Hz, H7).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.4 (C4), 135.8 (Cj), 131.7 (C2), 131.6

(C1), 130.6 (Cd), 130.4 (Ce), 129.4 (C10), 129.0 (Cf), 127.1 (Ch), 126.0 (C11), 125.8

(Cc), 123.9 (Cg), 123.0 (C3), 119.3 (Ci), 116.2 (Ck), 72.91 (C9), 70.68 (C7), 57.11 (C6),

49.74 (C5).

LRMS (ESI-TOF, EI+) m/z: 192.7 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18NO+: 192.1388, found 192.1386.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0930.

mp: 146 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +16.18 (MeOH, c = 1.03).

IR (max/cm-1): 3161br, 1622m, 1504m, 1430m, 1328m, 1269s, 930m, 815s, 753s,

689m, 420m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C32H32BrNO3 (m = 558.49 g/mol): Orthorhombic, space group
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P212121 (no. 19).

(R)-N-allyl, N-methyl, N-2-hydroxyethyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined

in 9.8.1, N-methyl, N-2-hydroxyethyl aniline

(0.154 g, 1.02 mmol) was dissolved in CHCl3

(1.67 mL, 0.6 M) and allyl bromide (0.17

mL, 2.00 mmol) was added and stirred for

10 minutes at 50 ◦C. (S)-BINOL (0.288 g,

1.01 mmol) was added, and the mixture was

stirred at 50 ◦C for 48 hours. A white precipitate formed which was isolated by vacuum

filtration to yield 231a (0.406 g, 72% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 52:48 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 231.

13C NMR (151 MHz, CD3OD) identical to that of 231.

LRMS (ESI-TOF, EI+) m/z: 192.1 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H18NO+: 192.1388, found 192.1397.

mp: 151 – 152 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –17.00 (MeOH, c = 0.99).

IR (max/cm-1): 3144br, 1622m, 1504m, 1430m, 1269s, 962w, 816s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C32H32BrNO3 (m = 558.49 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(S)-N-benzyl, N-methyl, N-homocyclopropyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.160 g, 0.99 mmol) was dis-

solved in MeCN (1.67 mL, 0.6 M) and ben-

zyl bromide (0.22 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated

by vacuum filtration to yield 232 (0.199 g, 32% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 50:50 (R:S).

1H NMR (599 MHz, CD3OD) δ 7.87 (2H, d, J = 8.9 Hz, Hd), 7.83 (2H, d, J = 8.2 Hz,

Hf), 7.76 – 7.71 (2H, m, H3), 7.65 – 7.59 (3H, m, H1+2), 7.44 – 7.39 (1H, apt. t, J =

7.5 Hz, H14), 7.31 – 7.26 (6H, m, H12+13+i), 7.26 – 7.22 (m, 2H, Hg), 7.16 (2H, ddd, J =

8.2, 6.7, 1.3 Hz, Hh), 7.02 (2H, d, J = 8.5 Hz, Hc), 5.12 (1H, d, J = 12.9 Hz, H10), 4.88

(1H, d, J = 12.9 Hz, H10’), 4.40 (1H, dd, J = 13.4, 5.6 Hz, H6), 3.66 (1H, dd, J = 13.4,

8.4 Hz, H6’), 3.53 (3H, s, H5), 0.82 (1H, dtt, J = 10.6, 5.1, 2.6 Hz, H7), 0.77 – 0.71 (1H,

m, H8), 0.60 – 0.50 (2H, m, H8’+9), 0.27 – 0.20 (1H, m, H9’).

13C NMR (151 MHz, CD3OD) δ 154.2 (Cb), 143.5 (C4), 135.9 (Cj), 133.8 (C13), 131.8

(C14), 131.7 (C1), 131.5 (C2), 130.6 (Cd), 130.4 (Ce), 129.8 (C12), 129.0 (Cf), 128.6

(C11), 127.1 (Ch), 125.8 (Cc), 123.8 (Cg), 123.6 (C3), 119.3 (Ci), 116.2 (Ck), 79.5 (C10),

74.0 (C6), 47.1 (C5), 6.4 (C8), 6.1 (C7), 3.9 (C9).

LRMS (ESI-TOF, EI+) m/z: 252.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1767.

mp: 140 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = –1.11 (MeOH, c = 1.33).

IR (max/cm-1): 3037br, 1620w, 1503m, 1271s, 751s.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C34H34BrNO2 (m = 568.56 g/mol): Tetragonal, space group P41 (no.

76).
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(R)-N-benzyl, N-methyl, N-homocyclopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 172 (0.160 g, 0.99 mmol) was dis-

solved in MeCN (1.00 mL, 1.00 M) and ben-

zyl bromide (0.22 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (S)-

BINOL (0.285 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours.

A white precipitate formed which was isolated by vacuum filtration to yield 232a (0.401

g, 71% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 50:50 (R:S).

1H NMR (599 MHz, CD3OD) identical to that of 232.

13C NMR (151 MHz, CD3OD) identical to that of 232.

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H22N+: 252.1752, found 252.1759.

mp: 144 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +0.40 (MeOH, c = 1.49).

IR (max/cm-1): 3113br, 1619w, 1501w, 1334m, 1271s, 978w, 818m, 750s, 701m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless plates.

Crystal data for C34H34BrNO2 (m = 568.56 g/mol): Tetragonal, space group P41 (no.

76).
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(S)-N-propargyl, N-methyl, N-butyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.8.1, 173 (0.162 g, 0.99 mmol) was dis-

solved in CHCl3 (0.50 mL, 2.0 M) and 80%

propargyl bromide solution (0.24 mL, 2.00

mmol) was added and stirred for 10 minutes

at 50 ◦C. (R)-BINOL (0.286 g, 1.00 mmol)

was added, and the mixture was stirred at 50

◦C for 48 hours. A white precipitate formed which was isolated by vacuum filtration to

yield 256 (0.529 g, 94% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 34:66 (R:S). The salt forms a complex

with (Λ,R)-BINPHAT and precipitates out of solution in CD2Cl2, therefore the enan-

tioenrichment is likely underestimated.

1H NMR (599 MHz, DMSO – d6) δ 9.21 (2H, s, Ha), 7.95 (2H, dd, J = 8.1, 1.6 Hz, Hd),

7.87 – 7.82 (4H, m, H3+f), 7.65 (2H, t, J = 7.1 Hz, H2), 7.59 (1H, t, J = 7.3 Hz, H1),

7.36 (2H, d, J = 8.9 Hz, Hi), 7.22 (2H, ddd, J = 8.0, 6.5, 1.2 Hz, Hg), 7.16 (2H, ddd, J

= 8.2, 6.7, 1.4 Hz, Hh), 6.95 (2H, dd, J = 8.4, 1.1 Hz, Hc), 5.17 (1H, dd, J = 16.5, 2.5

Hz, H10), 5.01 (1H, dd, J = 16.4, 2.5 Hz, H10’), 4.06 (1H, td, J = 12.5, 4.5 Hz, H6), 3.92

(1H, td, J = 12.3, 6.1 Hz, H6’), 3.88 (1H, t, J = 2.5 Hz, H12), 3.66 (3H, s, H5), 1.52 (1H,

apt. dq, J = 12.5, 6.6 Hz, H7), 1.21 (2H, apt. dp, J = 14.0, 6.6 Hz, H8), 1.10 (1H, apt.

dq, J = 17.8, 6.8 Hz, H7’), 0.79 (3H, t, J = 7.4 Hz, H9).

13C NMR (151 MHz, DMSO – d6) δ 153.0 (Cb), 142.3 (C4), 134.1 (Cj), 130.3 (C1),

130.2 (C2), 128.6 (Cd), 128.1 (Ce), 127.8 (Cf), 125.8 (Ch), 124.4 (Cc), 122.2 (Cg),

121.9 (C3), 118.5 (Ci), 115.4 (Ck), 82.9 (C12), 72.5 (C11), 68.7 (C6), 57.4 (C10), 48.6

(C5), 24.5 (C8), 18.8 (C7), 13.3 (C9).

LRMS (ESI-TOF, EI+) m/z: 202.7 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1605. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0923.

mp: 145 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +11.52 (MeOH, c = 1.01).

IR (max/cm-1): 3159br, 1622m, 1505m, 1432m, 1274s, 823s, 691s.
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9.8. CIAT OF AMMONIUM SALTS

XRD: A portion of the complex was crystallised in MeOH to give clear colourless

planks. Crystal data for C34H34BrNO2 (m = 568.53 g/mol): Tetragonal, space group

P41 (no. 76).

(R)-N-propargyl, N-methyl, N-butyl anilinium bromide · (S)-1,1′-bi-2-naphthol

2
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256a

Following the general procedure outlined in

9.8.1, 173 (0.163 g, 1.00 mmol) was dis-

solved in CHCl3 (0.50 mL, 2.0 M) and 80%

propargyl bromide solution (0.24 mL, 2.00

mmol) was added and stirred for 10 minutes

at 50 ◦C. (S)-BINOL (0.283 g, 0.99 mmol)

was added, and the mixture was stirred at 50

◦C for 48 hours. A white precipitate formed which was isolated by vacuum filtration to

yield 256a (0.471 g, 86% yield).

Enantioenrichment of the ammonium salt measured by 1H NMR spectroscopy using

(Λ,R)-BINPHAT as a chiral shift reagent: er 76:24 (R:S).

1H NMR (599 MHz, DMSO – d6) identical to that of 256.

13C NMR (151 MHz, DMSO – d6) identical to that of 256.

LRMS (ESI-TOF, EI+) m/z: 216.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H22N+: 216.1752, found 216.1763.

mp: 145 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –10.91 (MeOH, c = 1.15).

IR (max/cm-1): 3184, 1621w, 1431m, 1272m, 868m, 696s.

XRD: A portion of the complex was crystallised in MeOH to give clear colourless

planks. Crystal data for C34H34BrNO2 (m = 568.53 g/mol): Tetragonal, space group

P41 (no. 76).
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(S)-N-propargyl, N-methyl, N-2-hydroxyethyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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383

Following the general procedure outlined

in 9.8.1, N-methyl, N-2-hydroxyethyl aniline

(0.152 g, 1.01 mmol) was dissolved in MeCN

(0.50 mL, 2.0 M) and 80% propargyl bromide

solution (0.24 mL, 2.00 mmol) was added

and stirred for 10 minutes at 50 ◦C. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 50 ◦C for 48 hours. A white precipitate formed which was

isolated by vacuum filtration to yield 383 (0.294 g, 53% yield).

1H NMR (599 MHz, DMSO – d6) δ 9.19 (2H, s, Ha), 7.93 (2H, dd, J = 8.1, 1.6 Hz, Hd),

7.87 – 7.82 (4H, m, H3+f), 7.66 (2H, t, J = 8.8 Hz, H2), 7.60 (1H, t, J = 7.3 Hz, H1),

7.33 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.0, 6.7, 1.3 Hz, Hg), 7.16 (2H, ddd, J

= 8.2, 6.6, 1.4 Hz, Hh), 6.93 (2H, dd, J = 8.4, 1.1 Hz, Hc), 5.27 (1H, t, J = 4.9 Hz, H8),

5.15 (1H, dd, J = 16.4, 2.5 Hz, H9), 5.00 (1H, dd, J = 16.4, 2.5 Hz, H9’), 4.10 (1H, dt, J

= 13.7, 4.6 Hz, H7), 3.99 (dt, J = 13.5, 4.0 Hz, H7’), 3.86 (1H, d, J = 2.4 Hz, H11), 3.74

(3H, s, H5), 3.55 – 3.51 (1H, m, H6), 3.44 – 3.33 (1H, m, H6’).

13C NMR (151 MHz, DMSO – d6) δ 153.0 (Cb), 142.3 (C4), 134.1 (Cj), 130.4 (C1),

130.1 (C2), 128.6 (C3), 128.1 (Ce), 127.8 (Cf), 125.8 (Ch), 124.4 (Cc), 122.2 (Cg),

122.0 (Cd), 118.5 (Ci), 115.4 (Ck), 83.0 (C11), 72.6 (C10), 68.7 (C7), 58.1 (C9), 55.3

(C6), 49.9 (C5).

LRMS (ESI-TOF, EI+) m/z: 190.5 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C12H16NO+: 190.1232, found 190.1226.

[M-H]– calculated for C20H13O2
– : 285.0916, found 285.0920.

mp: 149 – 151 ◦C (MeCN precipitate).

Optical rotation: [α]20
D = +13.95 (MeOH, c = 1.27).

XRD: A portion of the complex was crystallised in EtOH to give clean irregular crystals.

Crystal data for C32H30BrNO3 (m = 556.48 g/mol): Monoclinic, space group P21 (no.

3).

335



9.9. ISOLATION OF ENANTIOENRICHED AMMONIUM SALT

9.9 Isolation of enantioenriched ammonium salt

(R)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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215 (4.520 g, 7.31 mmol) was dissolved into the minimum vol-

ume of MeOH and the resulting solution was partitioned be-

tween Et2O and H2O in a separating funnel. The aqueous

layer was extracted with H2O and the solvent removed in vacuo

to produce a hygroscopic white solid. The resulting solid was

recrystallised from MeOH/Et2O to yield large colourless crys-

tals of 240 (2.325 g, 96% yield). Enantioenrichment of the

ammonium salt measured by chiral HPLC: er 99:1 (R:S).

1H NMR (400 MHz, CD3OD) δ 7.94 – 7.85 (2H, m, H3), 7.77 – 7.68 (2H, m, H2), 7.68

– 7.60 (1H, m, H1), 7.30 (2H, ddt, J = 8.0, 6.6, 1.2 Hz, H10), 7.28 – 7.20 (1H, m, H11),

7.20 – 7.13 (2H, m, H9), 5.74 – 5.52 (3H, m, H13+14), 4.71 (1H, dd, J = 13.1, 5.7 Hz,

H12), 4.49 (1H, dd, J = 12.7, 5.7 Hz, H12), 4.29 (1H, td, J = 12.5, 4.7 Hz, H6), 4.09

(1H, ddd, J = 13.0, 11.6, 5.6 Hz, H6’), 3.67 (3H, s, H5), 3.04 (1H, td, J = 12.5, 5.6 Hz,

H7), 2.54 (1H, ddd, J = 13.0, 11.6, 4.7 Hz, H7’).

13C NMR (101 MHz, CD3OD) δ 143.2 (C4), 136.7 (C8), 131.9 (C2), 131.8 (C1), 130.02

(C9), 129.95 (C10), 129.4 (C14), 128.4 (C11), 126.1 (C13), 123.0 (C3), 72.7 (C12), 69.7

(C6), 48.0 (C5), 30.3 (C7).

LRMS (ESI-TOF, EI+) m/z: 252.3 ([M]+, 100%).

mp: 106 ◦C (EtOH precipitate).

IR (max/cm-1): 3336br, 2981br(w), 1595w, 1494w, 1020m, 863m, 700s, 549m.

Optical rotation: [α]20
D = –57.58 (MeOH, c = 0.55).

XRD: Crystallised in MeOH/Et2O to give clear colourless blocks. Crystal data for

C19H26BrNO (m = 364.32 g/mol): Orthorhombic, space group P212121 (no. 19).
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(S)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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215a (3.000 g, 4.85 mmol) was dissolved into the minimum

volume of MeOH and the resulting solution was partitioned be-

tween Et2O and H2O in a separating funnel. The aqueous

layer was extracted with H2O and the solvent removed in vacuo

to produce a hygroscopic white solid. The resulting solid was

recrystallised from MeOH/Et2O to yield large colourless crys-

tals of 240a (1.433 g, 89% yield). Enantioenrichment of the

ammonium salt measured by chiral HPLC: er 1:99 (R:S).

1H NMR (400 MHz, CD3OD) identical to that of 240.

13C NMR (101 MHz, CD3OD) identical to that of 240.

LRMS (ESI-TOF, EI+) m/z: 252.3 ([M]+, 100%).

mp: 108 ◦C (EtOH precipitate).

IR (max/cm-1): 3340br, 2981br(w), 1596w, 1497m, 998m, 864m, 698s, 550m.

Optical rotation: [α]20
D = +55.44 (MeOH, c = 0.62).
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9.10. SYNTHESIS OF SUBSTITUTED BINOLS

9.10 Synthesis of substituted BINOLs

9.10.1 General procedure for the synthesis of substituted BINOLs

OH

OH

OH

CuCl2 (5 mol%)
TMEDA (2.5 mol%)

Air (O2)
MeOH (2.5 M)
36 hrs, 35 ˚C

R

R

R

.

Scheme 9.34: The synthesis of racemic substituted 1,1′-bi-2-naphthols.

Adapted from Munenori et al.323 The selected substituted napthol (1.0 equiv.) was dis-

solved into MeOH (2.5 M) and CuCl2 (5 mol%) and TMEDA (2.5 mol%) were added.

With stirring, the reaction mixture was heated to 35 ◦C and a stream of air was passed

through the mixture for 36 hours. MeOH was added at intervals to ensure the sol-

vent did not fully evaporate. The mixture was cooled to rt and conc. HCl added until

the black residue was fully destroyed. H2O was then added to the mixture to precip-

itate the desired substituted 1,1′-bi-2-naphthol and the solid product was filtered off,

washed with MeOH and dried. Purification could be achieved by recrystallisation from

various solvents (toluene, MeOH, MeCN).
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rac-6,6′-dibromo, 1,1′-bi-2-naphthol

k
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HO
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246

Following the general procedure outlined in 9.10.1, 6-

bromo-2-napthol (3.000 g, 13.4 mmol) was dissolved into

MeOH (5.0 mL, 2.5 M) and CuCl2 (0.0711 g, 0.7 mmol)

and TMEDA (0.05 mL, 0.35 mmol) were added. Air was

bubbled through the solution and the reaction mixture was

heated for 36 h. After addition of conc. HCl (37%) to de-

stroy the black residue, H2O was added and the brown

precipitate filtered to yield the crude product. Recrystallisation of the brown precipitate

from toluene produced 246 (1.015 g, 34% yield).

1H NMR (400 MHz, CD3OD) δ 8.00 (2H, d, J = 2.1 Hz, Hf), 7.81 (2H, d, J = 8.9 Hz,

Hd), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.25 (2H, dd, J = 9.0, 2.1 Hz, Hh), 6.91 (2H, d, J =

9.0 Hz, Hc).

13C NMR (101 MHz, CD3OD) δ 154.8, 134.3, 131.5, 131.0, 130.3, 129.9, 127.7, 120.5,

117.3, 116.1.

LRMS (ESI-TOF, EI–) m/z: 443.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M-H]– calculated for C20H11Br2O2
– : 440.9126, found

440.9139.

IR (max/cm-1): 3332br, 2981m, 1584m, 1492m, 1333m, 1144m, 930s, 877s, 804s,

484m.

mp: 205 ◦C (MeOH precipitate).

XRD: Crystallised in toluene to give clear colourless blocks. Crystal data for

C20H12Br2O2 (m = 444.12 g/mol): Monoclinic, space group P21/n (no. 14).
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rac-7,7′-dibromo, 1,1′-bi-2-naphthol
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244

Following the general procedure outlined in 9.10.1, 7-

bromo-2-napthol (3.274 g, 14.7 mmol) was dissolved into

MeOH (5.0 mL, 2.5 M) and CuCl2 (0.0715 g, 0.7 mmol)

and TMEDA (0.05 mL, 0.35 mmol) were added. Air was

bubbled through the solution and the reaction mixture was

heated for 36 h. After addition of conc. HCl (37%) to de-

stroy the black residue, H2O was added and the brown

precipitate filtered to yield the crude product. Recrystallisation of the brown precipitate

from toluene produced 244 (2.166 g, 67% yield).

1H NMR (400 MHz, CD3OD) δ 7.88 (2H, dd, J = 9.0, 0.8 Hz, Hd), 7.75 (2H, d, J = 8.7

Hz, Hf), 7.38 – 7.29 (4H, m, Hi+g), 7.13 (2H, d, J = 1.9 Hz, Hc).

13C NMR (101 MHz, CD3OD) δ 155.4, 137.0, 131.1, 130.9, 128.8, 127.5, 127.1, 121.8,

119.9, 115.1.

LRMS (ESI-TOF, EI–) m/z: 443.2 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M-H]– calculated for C20H11Br2O2
– : 440.9126, found

440.9144.

IR (max/cm-1): 3465br(m), 1608m, 1495m, 1351w, 842s, 557m, 425s.

mp: 197 – 198 ◦C (MeOH precipitate).

XRD: Crystallised in toluene to give clear colourless blocks. Crystal data for

C20H12Br2O2 (m = 444.12 g/mol): Monoclinic space group I41/a (no. 88).
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9.10.2 Resolution of 6,6′-dibromo, 1,1′-bi-2-naphthol

HO

HO

Br

Br

(±) (1 equiv.)

(0.5 equiv.)

CHCl3 (0.2 M)
rt. 1 hr

N+

(R)

Br-
HO

HO

Br

Br

N+(S)

Br-
HO

HO

Br

Br

(0.5 equiv.)

CHCl3 (0.2 M)
rt. 1 hr

246

240

240a

247

247a

.

Scheme 9.35: The resolution of 6,6′-dibromo, 1,1′-bi-2-naphthol using an ammonium

salt.

6,6′-dibromo, 1,1′-bi-2-naphthol (1.0 equiv.) was dissolved into CHCl3 (0.2 M) and

either 240 or 240a (0.5 equiv.) were added to the solution. The reaction mixture

was stirred vigorously for 1 hour. The resulting precipitate was then filtered, washed

with CHCl3 and dried in vacuo. Analysis by 1H NMR ensured that a 1:1 complex had

formed.
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(R)-6,6′-dibromo, 1,1′-bi-2-naphthol ·(R)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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247

Following the general procedure out-

lined in 9.10.2, rac-6,6′-dibromo, 1,1′-bi-

2-naphthol (0.118 g, 0.27 mmol) was dis-

solved into CHCl3 (1.35 mL, 0.2 M), 240

(0.043 g, 0.5 equiv.) was added and the

mixture stirred for 1 hour. A white precip-

itate formed which was isolated by vac-

uum filtration to yield 247 (0.040 g, 38%

yield).

Enantioenrichment of the 6,6′-dibromo, 1,1′-bi-2-naphthol measured by chiral HPLC:

er 78:22 (R:S).

1H NMR (400 MHz, CD3OD) δ 8.01 (2H, d, J = 2.0 Hz, Hd), 7.90 (1H, s, CHCl3), 7.88

– 7.84 (2H, m, H3), 7.81 (2H, d, J = 8.9 Hz, Hd), 7.70 (2H, t, J = 7.1 Hz, H2), 7.64 (1H,

t, J = 7.5 Hz, H1), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.32 – 7.20 (5H, m, H9+11+h), 7.15 (2H,

dd, J = 6.9, 1.9 Hz, H10), 6.92 (2H, d, J = 9.0 Hz, Hc), 5.71 – 5.54 (3H, m, H13+14),

4.67 (1H, dd, J = 13.1, 5.7 Hz, H12), 4.43 (1H, dd, J = 13.1, 7.1 Hz, H12), 4.26 (1H, td,

J = 12.4, 4.7 Hz, H6), 4.04 (1H, ddd, J = 13.1, 11.6, 5.6 Hz, H6), 3.64 (3H, s, H5), 3.01

(1H, td, J = 12.5, 5.6 Hz, H7), 2.54 (1H, td, J = 12.4, 4.7 Hz, H7).

13C NMR (101 MHz, CD3OD) δ 154.9, 143.2, 136.6, 134.3, 131.93, 131.85, 131.5,

131.0, 130.3, 130.0, 129.91, 129.87, 129.4, 128.4, 127.7, 126.0, 122.9, 120.5, 117.3,

116.2, 79.5 (CHCl3), 72.7, 69.7, 47.9, 30.3.

LRMS (ESI-TOF, EI+) m/z: 252.3 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 443.2 ([M-H]–, 100%).

IR (max/cm-1): 3193br, 1619w, 1582w, 1491m, 1312m, 1271s, 929s, 813s, 753s,

680m, 485m, 421m.

mp: 150 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = +35.68 (MeOH, c = 0.08).

XRD: Crystallised in CHCl3 to give clear colourless blocks. Crystal data for

C39H35Br3Cl3NO2 (m = 895.76 g/mol): Monoclinic, space group P21/n (no. 14).
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(S)-6,6′-dibromo, 1,1′-bi-2-naphthol ·(S)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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Following the general procedure out-

lined in 9.10.2, rac-6,6′-dibromo, 1,1′-bi-

2-naphthol (0.122 g, 0.27 mmol) was dis-

solved into CHCl3 (1.35 mL, 0.2 M), 240

(0.043 g, 0.5 equiv.) was added and the

mixture stirred for 1 hour. A white precip-

itate formed which was isolated by vac-

uum filtration to yield 247a (0.043 g, 41%

yield).

Enantioenrichment of the 6,6′-dibromo, 1,1′-bi-2-naphthol measured by chiral HPLC:

er 28:72 (R:S).

1H NMR (400 MHz, CD3OD) identical to that of 247.

13C NMR (101 MHz, CD3OD) identical to that of 247.

LRMS (ESI-TOF, EI+) m/z: 252.3 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 443.2 ([M-H]–, 100%).

IR (max/cm-1): 3197br, 1584w, 1492m, 1314m, 1271s, 929s, 812s, 751s, 680m,

485m, 421m.

mp: 147 ◦C (CHCl3 precipitate).

Optical rotation: [α]20
D = –32.24 (MeOH, c = 0.10).

XRD: Crystallised in CHCl3 to give clear colourless plates. Crystal data for

C39H35Br3Cl3NO2 (m = 895.76 g/mol): Monoclinic, space group P21/n (no. 14).
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9.11. MISMATCHED DIASTEREOMERIC COMPLEXES

9.11 Mismatched diastereomeric complexes

9.11.1 General procedure for mismatched complex synthesis

i) Et2O/H2O
separation

N+

R2

R1

Br- HO

HO
N+

R2

R1

Br- HO

HOii) (S)-BINOL
(1 equiv.)

EtOH, 90 mins

.

Scheme 9.36: Mismatched diastereomeric complex synthesis and single crystal

growth.

The matched diastereomeric complex with (R)-BINOL (1 equiv.) was dissolved into

the minimum volume of MeOH (approx. 1 mg mL-1). This solution was extracted by

partition between Et2O/H2O and the aqueous layer concentrated under reduced pres-

sure to yield the corresponding enriched quaternary ammonium salt. The quaternary

ammonium salt (1 equiv.) was dissolved into EtOH (0.5 M) in a 10 mL vial. (S)-BINOL

(1 equiv.) was dissolved into a separate solution in EtOH (0.5 M) before being added

to the solution of quaternary ammonium salt. The mixture was stirred vigorously at rt

for 90 minutes, after which a precipitate was observed. After vacuum filtration, a white

precipitate was isolated which can be recrystallised from EtOH to produce single crys-

tals suitable for SCXRD.
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(R)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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241

Following the general procedure in 9.11.1 us-

ing 215 (119.8 mg, 0.19 mmol), yielded 241

(62.8 mg, 52% yield) as a white solid. Single

crystals of 241 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 215.

13C NMR (151 MHz, CD3OD) identical to that

of 215.

LRMS (ESI-TOF, EI+) m/z: 252.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H22N+: 252.1752, found 252.1760.

mp: 152 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –32.97 (MeOH, c = 0.75).

IR (max/cm-1): 3202br, 1620m, 1505m, 1271s, 1143s, 952m, 815s, 747s, 421m.

XRD: Crystallised in EtOH to give clear colourless blocks. Crystal data for

C38H36BrNO2 (m = 618.59 g/mol): Orthorhombic, space group P212121 (no. 19).

(R)-N-benzyl, N-methyl, N-isobutyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure in 9.11.1 us-

ing 220 (118.8 mg, 0.19 mmol), yielded 248

(46.5 mg, 39% yield). Single crystals of 248

were obtained via crystallisation from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 220.

13C NMR (151 MHz, CD3OD) identical to that

of 220.

LRMS (ESI-TOF, EI+) m/z: 254.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C18H24N+: 254.1909, found 254.1925.

mp: 182 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –27.89 (MeOH, c = 0.36).
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IR (max/cm-1): 3071br, 1621m, 1431m, 1271s, 818s, 750m.

XRD: Crystallised in EtOH to give clear irregular crystals. Crystal data for

C38H38BrNO2 (m = 620.60 g/mol): Orthorhombic, space group P212121 (no. 19).

(R)-N-allyl, N-methyl, N-isobutyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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249

Following the general procedure in 9.11.1 us-

ing 221 (120.1 mg, 0.21 mmol), yielded 249

(48.4 mg, 40% yield) as a white solid. Single

crystals of 249 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 221.

13C NMR (151 MHz, CD3OD) identical to that of 221.

LRMS (ESI-TOF, EI+) m/z: 204.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 286.1 ([M], 100%), 287.1 ([M+H]+, 77%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H22N+: 204.1752, found 204.1759.

mp: 144 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –12.82 (MeOH, c = 0.22).

IR (max/cm-1): 3476br, 3056br, 1620m, 1507m, 1229m, 872s, 817s, 752s, 688s.

XRD: Crystallised in EtOH to give clear colourless prisms. Crystal data for

C34H36BrNO2 (m = 570.55 g/mol): Orthorhombic, space group P212121 (no. 19).
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(R)-N-allyl, N-isovaleryl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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250

Following the general procedure in 9.11.1 us-

ing 223 (122.6 mg, 0.21 mmol), yielded 250

(49.3 mg, 40% yield) as a white solid. Single

crystals of 250 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 223.

13C NMR (151 MHz, CD3OD) identical to that of 223.

LRMS (ESI-TOF, EI+) m/z: 218.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1921.

mp: 148 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –9.12 (MeOH, c = 0.15).

IR (max/cm-1): 3153br, 1621m, 1431m, 1324m, 1271s, 955m, 814s, 745s, 422w.

XRD: Crystallised in EtOH to give clear colourless blocks. Crystal data for

C35H38BrNO2 (m = 584.57 g/mol): Orthorhombic, space group P212121 (no. 19).

(S)-N-allyl, N-methyl, N-isopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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251

Following the general procedure in 9.11.1 us-

ing 225 (102.1 mg, 0.18 mmol), yielded 251

(32.4 mg, 32% yield) as a white solid. Single

crystals of 251 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 225.

13C NMR (151 MHz, CD3OD) identical to that of 225.

LRMS (ESI-TOF, EI+) m/z: 190.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H20N+: 190.1596, found 191.1605.

mp: 146 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –11.57 (MeOH, c = 0.14).

IR (max/cm-1): 3137br, 1622m, 1504m, 1430m, 1272s, 952m, 815s, 752s, 690m.
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XRD: Crystallised in EtOH to give clear colourless prisms. Crystal data for

C33H34BrNO2 (m = 556.52 g/mol): Orthorhombic, space group P212121 (no. 19).

(R)-N-allyl, N-methyl, N-homocyclopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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252

Following the general procedure in 9.11.1 us-

ing 226 (148.9 mg, 0.26 mmol), yielded 252

(65.4 mg, 44% yield) as a white solid. Single

crystals of 252 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 226.

13C NMR (151 MHz, CD3OD) identical to that of 226.

LRMS (ESI-TOF, EI+) m/z: 202.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H20N+: 202.1596, found 202.1601.

mp: 182 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –5.54 (MeOH, c = 0.31).

IR (max/cm-1): 3180br, 1622m, 1504m, 1339m, 1274s, 962w, 815s, 686m.

XRD: Crystallised in EtOH to give clear colourless prisms. Crystal data for

C34H34BrNO2 (m = 568.53 g/mol): Tetragonal, space group P43 (no. 78).
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(R)-N-allyl, N-methyl, N-butyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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253

Following the general procedure in 9.11.1 us-

ing 227 (132.5 mg, 0.23 mmol), yielded 253

(12.2 mg, 9% yield) as a white solid. Single

crystals of 253 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 227.

13C NMR (151 MHz, CD3OD) identical to that of 227.

LRMS (ESI-TOF, EI+) m/z: 218.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C15H24N+: 218.1909, found 218.1918.

mp: 148 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –12.82 (MeOH, c = 0.17).

IR (max/cm-1): 3155br, 1624m, 1431m, 1271s, 975m, 815s, 744s, 687m.

XRD: Crystallised in EtOH to give clear colourless prisms. Crystal data for

C34H36BrNO2 (m = 570.57 g/mol): Tetragonal, space group P43 (no. 78).

(S)-N-propargyl, N-methyl, N-homocyclopropyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Following the general procedure in 9.11.1 us-

ing 229 (125.3 mg, 0.07 mmol), yielded 254

(63.3 g, 37% yield) as a white solid. Single

crystals of 254 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 229.

13C NMR (151 MHz, CD3OD) identical to that of 229.

LRMS (ESI-TOF, EI+) m/z: 200.1 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C14H18N+: 200.1439, found 200.1440.

mp: 167 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = +4.71 (MeOH, c = 0.20).

IR (max/cm-1): 3182br, 1621m, 1505m, 1430m, 1272s, 966m, 814s, 749s, 685s.
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XRD: Crystallised in EtOH to give clear colourless plates. Crystal data for

C34H32BrNO2 (m = 566.51 g/mol): Tetragonal, space group P43 (no. 78).

(S)-N-allyl, N-methyl, N-homocyclopentyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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255

Following the general procedure in 9.11.1 us-

ing 230 (118.0 mg, 0.20 mmol), yielded 255

(37.6 mg, 32% yield) as a white solid. Single

crystals of 255 were obtained via crystallisa-

tion from EtOH.

1H NMR (599 MHz, CD3OD) identical to that

of 230.

13C NMR (151 MHz, CD3OD) identical to that of 230.

LRMS (ESI-TOF, EI+) m/z: 230.2 ([M]+, 100%).

LRMS (ESI-TOF, EI+) m/z: 287.1 ([M+H]+, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C16H24N+: 230.1909, found 230.1920.

mp: 175 ◦C (EtOH precipitate).

Optical rotation: [α]20
D = –15.45 (MeOH, c = 0.50).

IR (max/cm-1): 3136br, 1624m, 1431m, 1271s, 957m, 817m, 745m, 689m.

XRD: Crystallised in EtOH to give clear colourless blocks. Crystal data for

C36H37BrNO2 (m = 595.57 g/mol): Orthorhombic, space group P212121 (no. 19).
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9.12. CHIRAL TERTIARY AMMONIUM SALT COMPLEXES

9.12 Chiral tertiary ammonium salt complexes

9.12.1 General procedure tertiary ammonium salt complex synthesis

N

R (R)-BINOL (1 equiv.)
Conc. acid (1 equiv.) NH+

R
X-

HO

HO
EtOH

Scheme 9.37: General procedure for recognition of chiral tertiary ammonium salts by

(R)-BINOL.

The selected aniline (1.0 equiv.) was dissolved into EtOH (0.9 – 2.0 M), solid (R)-

BINOL (1.0 equiv.) and conc.acid (1.5 equiv.) was added to the solution and the

reaction mixture was stirred vigorously at room temperature. A white precipitate is

generally observed 5 – 30 minutes after (R)-BINOL addition. After 24 hours the reac-

tion is filtered and washed with reaction solvent to yield a white solid precipitate which

can be recrystallised (MeOH, CHCl3, EtOH) to yield SCXRD quality crystals.
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(R)-N-methyl, N-isopropyl anilinium hydrobromide · (R)-1,1′-bi-2-naphthol
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263

Following the general procedure outlined in

9.12.1, 183 (0.119 g, 0.91 mmol) was dis-

solved in EtOH (1.00 mL, 0.9 M) and HBr

(48%, 0.20 mL, 1.50 mmol) was added. (R)-

BINOL (0.279 g, 0.97 mmol) was added, and

the mixture was stirred at 1500 rpm for 24

hours. A white precipitate formed which was isolated by vacuum filtration to yield 263

(0.214 g, 47% yield).

1H NMR (599 MHz, CDCl3) δ 12.69 (1H, s, H6), 7.95 (2H, d, J = 8.9 Hz, Hd), 7.88 (2H,

d, J = 8.1 Hz, Hf), 7.78 – 7.72 (2H, m, H3), 7.53 – 7.46 (2H, m, H1+2), 7.40 (2H, apt. d,

Hi), 7.36 (2H, ddd, J = 8.2, 6.8, 1.1 Hz, Hg), 7.29 (2H, ddd, J = 8.2, 6.8, 1.3 Hz, Hh),

7.14 (2H, dq, J = 8.5, 0.9 Hz, Hc), 5.29 (2H, s, Ha), 3.74 (1H, sept., J= 4.4 Hz, H7),

3.11 (3H, s, H5), 1.52 (3H, dd, J = 6.6, 2.2 Hz, H8), 1.33 (3H, d, J = 6.5 Hz, H8’).

13C NMR (151 MHz, CDCl3) δ 152.7 (Cb), 139.5 (C4), 133.5 (Cj), 131.3 (Cd), 130.24

(C1), 130.18 (C2), 129.4 (Ce), 128.4 (Cf), 127.4 (Ch), 124.3 (Cc), 123.9 (Cg), 122.6

(C3), 117.8 (Ci), 111.1 (Ck), 62.1 (C7), 41.5 (C5), 18.2 (C8), 17.8 (C8’).

LRMS (ESI-TOF, EI+) m/z: 150.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C10H16N+: 150.1283, found 150.1276. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0920.

mp: 160 – 162 ◦C (EtOH).

Optical rotation: [α]20
D = +21.04 (MeOH, c = 1.00).

IR (max/cm-1): 3226br(s), 2692br(w), 1619w, 1430m, 1267s, 962m, 817s, 749s,

548m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless blocks.

Crystal data for C30H30BrNO2 (m = 516.46 g/mol): Monoclinic, space group P21 (no.

4).
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(S)-N-methyl, N-homocyclopentyl anilinium hydrobromide · (R)-1,1′-bi-2-naphthol
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267

Following the general procedure outlined in

9.12.1, 188 (0.193 g, 1.02 mmol) was dis-

solved in EtOH (1.00 mL, 1.0 M) and HBr

(48%, 0.20 mL, 1.50 mmol) was added. (R)-

BINOL (0.289 g, 1.01 mmol) was added, and

the mixture was stirred at 1500 rpm for 24

hours. A white precipitate formed which was

isolated by vacuum filtration to yield 267 (0.312 g, 55% yield).

1H NMR (599 MHz, CDCl3) δ 12.65 (1H, s, H6), 7.96 (2H, d, J = 8.9 Hz, Hd), 7.88 (2H,

dd, J = 8.2, 1.0 Hz, Hf), 7.83 – 7.77 (2H, m, H3), 7.54 – 7.46 (3H, m, H1+2), 7.40 (2H,

d, J = 8.9 Hz, Hi), 7.36 (2H, ddd, J = 8.1, 6.8, 1.2 Hz, Hg), 7.29 (2H, ddd, J = 8.2, 6.8,

1.3 Hz, Hh), 7.14 (2H, dq, J = 8.5, 0.9 Hz, Hc), 5.29 (2H, s, Ha), 3.48 – 3.40 (1H, m,

H7), 3.35 – 3.24 (1H, m, H7’), 3.13 (3H, dd, J = 20.7, 4.8 Hz, H5), 2.04 (1H, p, J = 7.6

Hz, H8), 1.86 (1H, dh, J = 11.6, 3.6 Hz, H9), 1.65 – 1.36 (2H, m, H10’), 1.57 – 1.48

(2H, m, H9+10), 1.48 – 1.36 (2H, m, H9’+10), 0.91 (1H, ddd, J = 21.8, 14.7, 8.6 Hz, H9’).

13C NMR (151 MHz, CDCl3) δ 152.8 (Cb), 140.6 (C4), 133.6 (Cj), 131.4 (Cd), 130.6

(C2), 130.5 (C1), 129.5 (Ce), 128.5 (Cf), 127.5 (Ch), 124.4 (Cc), 124.1 (Cg), 121.8 (C3),

117.9 (Ci), 111.3 (Ck), 65.0 (d, J = 5.6 Hz, C7), 47.6 (d, J = 3.3 Hz, C5), 36.3 (C8),

31.6 (C9), 31.35 (C9’), 25.1 (C10), 25.01 (C10’).

LRMS (ESI-TOF, EI+) m/z: 190.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H20N+: 190.1596, found 190.1588. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0924.

mp: 172 ◦C (EtOH).

Optical rotation: [α]20
D = +15.51 (MeOH, c = 1.00).

IR (max/cm-1): 3308br, 1622m, 1272s, 979m, 818s, 747s, 691m, 552m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C33H34BrNO2 (m = 556.52 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(R)-N-methyl, N-2-ethylbutyl anilinium hydrobromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.12.1, 349 (0.194 g, 1.01 mmol) was dis-

solved in EtOH (1.00 mL, 1.0 M) and HBr

(48%, 0.20 mL, 1.50 mmol) was added. (R)-

BINOL (0.287 g, 1.00 mmol) was added, and

the mixture was stirred at 1500 rpm for 24

hours. A white precipitate formed which was

isolated by vacuum filtration to yield 266 (0.351 g, 63% yield).

1H NMR (599 MHz, CDCl3) δ 12.54 (1H, s, H6), 7.96 (2H, d, J = 8.9 Hz, Hd), 7.91 –

7.87 (2H, m, Hf), 7.80 (2H, dt, J = 6.6, 1.5 Hz, H3), 7.56 – 7.46 (3H, m, H1+2), 7.40

(2H, d, J = 8.9 Hz, Hi), 7.36 (2H, ddd, J = 8.1, 6.8, 1.2 Hz, Hg), 7.29 (2H, ddd, J = 8.3,

6.8, 1.3 Hz, Hh), 7.14 (2H, dt, J = 8.4, 1.0 Hz, Hc), 5.29 (2H, s, Ha), 3.32 (1H, ddt, J

= 12.6, 8.8, 3.7 Hz, H7), 3.21 (1H, ddt, J = 12.7, 8.0, 4.0 Hz, H7’), 3.15 (3H, dd, J =

20.5, 5.0 Hz, H5), 1.77 (1H, ddq, J = 17.8, 7.5, 3.8 Hz, H9), 1.48 (1H, dpd, J = 14.7,

7.4, 5.2 Hz, H9), 1.39 – 1.32 (1H, m, H8), 1.29 (1H, ddd, J = 13.1, 10.3, 6.4 Hz, H9’),

1.15 (1H, tp, J = 14.4, 7.1 Hz, H9’), 0.79 (3H, td, J = 7.4, 5.4 Hz, H10), 0.75 (3H, td, J

= 7.4, 5.4 Hz, H10’).

13C NMR (151 MHz, CDCl3) δ 152.8 (Cb), 140.4 (C4), 133.6 (Cj), 131.4 (Cd), 130.6

(C2), 130.5 (C1), 129.5 (Ce), 128.5 (Cf), 127.5 (Ch), 124.4 (Cc), 124.1 (Cg), 121.7 (C3),

117.9 (Ci), 111.3 (Ck), 63.0 (d, J = 4.0 Hz, C7), 48.1 (d, J = Hz, C5), 36.8 (C8), 23.5

(C9), 23.4 (d, J = 2.0 Hz, C9’), 10.5 (d, J = 2.2 Hz, C10’), 10.1 (C10).

LRMS (ESI-TOF, EI+) m/z: 192.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C13H22N+: 192.1752, found 192.1746. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0908.

mp: 159 ◦C (EtOH).

Optical rotation: [α]20
D = +21.67 (MeOH, c = 1.00).

IR (max/cm-1): 3216br(s), 1624m, 1432m, 1268s, 981m, 814s, 747s, 697m, 566m.

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C33H33BrNO2 (m = 555.51 g/mol): Orthorhombic, space group

P212121 (no. 19).
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(R)-N-methyl, N-isobutyl anilinium hydrobromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.12.1, 174 (0.161 g, 0.98 mmol) was dis-

solved in EtOH (1.00 mL, 1.0 M) and HBr

(48%, 0.20 mL, 1.50 mmol) was added. (R)-

BINOL (0.286 g, 0.99 mmol) was added, and

the mixture was stirred at 1500 rpm for 24

hours. A white precipitate formed which was

isolated by vacuum filtration to yield 265 (0.330 g, 63% yield).

1H NMR (599 MHz, CDCl3) δ 12.72 (1H, s, H6), 7.97 (2H, d, J = 8.9 Hz, Hd), 7.89 (2H,

d, J = 8.2 Hz, Hf), 7.85 – 7.80 (2H, m, H3), 7.56 – 7.47 (3H, m, H1+2), 7.40 (2H, d, J

= 8.9 Hz, Hi), 7.37 (2H, ddd, J = 8.1, 6.8, 1.2 Hz, Hg), 7.30 (2H, ddd, J = 8.2, 6.8, 1.3

Hz, Hh), 7.15 (2H, apt. d, J = 8.5 Hz, Hc), 5.17 (2H, s, Ha), 3.29 (1H, ddd, J = 12.8,

8.9, 4.2 Hz, H7), 3.22 (1H, ddd, J = 12.8, 8.9, 4.2 Hz, H7’), 3.16 (3H, dd, J = 12.8, 5.0

Hz, H5), 1.84 – 1.76 (1H, m, H8), 1.17 (3H, dd, J = 6.7, 2.4 Hz, H9), 0.84 (3H, dd, J =

6.8, 5.0 Hz, H9’).

13C NMR (151 MHz, CDCl3) δ 152.9 (Cb), 140.4 (C4), 133.6 (Cj), 131.5 (Cd), 130.7

(C2), 130.6 (C1), 129.6 (Ce), 128.5 (Cf), 127.6 (Ch), 124.4 (Cc), 124.1 (Cg), 121.7 (C3),

117.9 (Ci), 111.1 (Ck), 66.4 (d, J = 4.5 Hz, C7), 48.4 (C5), 25.3 (C8), 21.2 (C9), 20.9

(d, J = 2.0 Hz, C9’).

LRMS (ESI-TOF, EI+) m/z: 164.2 ([M]+, 100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H18N+: 164.1439, found 164.1437. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0925.

mp: 174 ◦C (EtOH).

Optical rotation: [α]20
D = +18.98 (MeOH, c = 1.00).

IR (max/cm-1): 3182br(s), 1624m, 1270s, 982m, 813s, 749s, 698m, 560m..

XRD: A portion of the complex was crystallised in EtOH to give clear colourless

prisms. Crystal data for C31H32BrNO2 (m = 530.48 g/mol): Orthorhombic, space group

P212121 (no. 19).
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9.12. CHIRAL TERTIARY AMMONIUM SALT COMPLEXES

(R)-N-methyl, N-homocyclohex-2-ene anilinium hydrobromide · (R)-1,1′-bi-2-naphthol
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Following the general procedure outlined in

9.12.1, 350 (0.197 g, 1.01 mmol) was dis-

solved in EtOH (0.50 mL, 2.0 M) and HBr

(48%, 0.20 mL, 1.50 mmol) was added. (R)-

BINOL (0.286 g, 1.00 mmol) was added, and

the mixture was stirred at 1500 rpm for 24

hours. A white precipitate formed which was

isolated by vacuum filtration to yield 384 (0.294 g, 53% yield). The product was iso-

lated as a single diastereomer.

1H NMR (599 MHz, CD3OD) δ 7.86 (2H, d, J = 8.9 Hz, Hd), 7.82 (2H, dd, J = 8.2, 1.3

Hz, Hf), 7.64 (2H, dd, J = 7.6, 1.9 Hz, H3), 7.59 – 7.53 (2H, m, H2), 7.56 – 7.49 (1H,

m, H1), 7.31 (2H, d, J = 8.9 Hz, Hi), 7.23 (2H, ddd, J = 8.0, 6.7, 1.2 Hz, Hg), 7.13 (2H,

ddd, J = 8.2, 6.7, 1.3 Hz, Hh), 7.03 (2H, d, J = 8.3 Hz, Hc), 5.62 – 5.51 (1H, m, H10),

5.56 – 5.52 (1H, m, H11), 4.87 (1H, s, H13), 3.63 – 3.45 (2H, m, H6), 3.20 (3H, s, H5),

2.06 – 1.95 (2H, m, H12), 1.91 – 1.83 (2H, m, H8), 1.62 – 1.53 (2H, m, H9), 1.35 – 1.25

(1H, m, H7). 13C NMR (151 MHz, CD3OD) δ 154.1 (Cb), 141.5 (C4), 135.8 (Cj), 131.9

(C2), 131.7 (C1), 130.5 (Cd), 130.4 (Ce), 129.0 (Cf), 127.8 (C10), 127.1 (Ch), 125.8

(Cc), 125.3 (C11), 123.8 (Cg), 122.3 (C3), 119.3 (Ci), 116.2 (Ck), 65.5 (C6), 47.9 (C5),

31.3 (C9), 29.9 (C8), 26.9 (C7), 24.9 (C12). LRMS (ESI-TOF, EI+) m/z: 202.2 ([M]+,

100%).

LRMS (ESI-TOF, EI–) m/z: 285.4 ([M-H]–, 100%).

HRMS (ESI-TOF) m/z: [M]+ calculated for C11H18N+: 202.1596, found 202.1589. [M-

H]– calculated for C20H13O2
– : 285.0916, found 285.0901.

mp: 149 – 150 ◦C (EtOH).

Optical rotation: [α]20
D = +14.70 (MeOH, c = 1.00).

IR (max/cm-1): 3306br, 2653br, 1623m, 1432m, 1272s, 980m, 816s, 749s, 556m.
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9.13. ENANTIOENRICHMENT DETERMINATION

9.13 Enantioenrichment determination

9.13.1 Racemic ammonium salt HPLC traces

N-allyl, N-phenylacetyl, N-methyl anilinium bromide

9
.9
0
7

1
1
.4
3
3

A
U

0.000

0.010

0.020

0.030

0.040

Minutes

4.00 6.00 8.00 10. 00 12. 00 14. 00 16. 00 18.00

N+

Br–

192

Flow Rate (mL min-1) 0.5

Retention Time (min) 9.907 11.433

Peak Area (%) 50.19 49.81

N-allyl, N-phenylacetyl, N-methyl anilinium iodide
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Flow Rate (mL min-1) 0.5

Retention Time (min) 9.168 10.434

Peak Area (%) 50.00 50.00
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-phenylacetyl, N-methyl-4-fluoroanilinium bromide
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Peak Area (%) 50.00 50.00

N-allyl, N-4-fluorophenylacetyl, N-methyl anilinium bromide
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Retention Time (min) 12.611 13.649

Peak Area (%) 49.60 50.40
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9.13. ENANTIOENRICHMENT DETERMINATION

N-benzyl, N-isobutyl, N-methyl anilinium bromide

6
1
.5
5
0

6
6
.9
0
0

A
U

0.000

0.005

0.010

0.015

0.020

Minutes

56. 00 58. 00 60. 00 62.00 64. 00 66. 00 68. 00 70. 00 72. 00 74. 00

N+

Br–

212

Flow Rate (mL min-1) 0.1

Retention Time (min) 61.550 66.900

Peak Area (%) 51.28 48.72

N-allyl, N-isovaleryl, N-methyl anilinium bromide
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Peak Area (%) 49.98 50.02
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-4-phenylbutyl, N-methyl anilinium bromide
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Retention Time (min) 64.916 68.602

Peak Area (%) 49.93 50.07

N-allyl, N-butyl, N-methyl anilinium bromide
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Retention Time (min) 46.160 48.740

Peak Area (%) 50.08 49.92
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-homocyclopentyl, N-methyl anilinium bromide
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Flow Rate (mL min-1) 0.1

Retention Time (min) 46.294 49.685

Peak Area (%) 53.77 46.23
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9.13. ENANTIOENRICHMENT DETERMINATION

9.13.2 (R)-BINOL and (S)-BINOL complex HPLC traces

N-allyl, N-phenylacetyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Flow Rate (mL min-1) 0.5

Retention Time (min) 9.933 11.634

Peak Area (%) 98.75 1.25

N-allyl, N-phenylacetyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Retention Time (min) 10.014 11.474

Peak Area (%) 3.17 96.83
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-phenylacetyl, N-methyl anilinium iodide · (R)-1,1′-bi-2-naphthol
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Retention Time (min) 9.070 10.492

Peak Area (%) 99.12 0.88

N-allyl, N-phenylacetyl, N-methyl anilinium iodide · (S)-1,1′-bi-2-naphthol
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Retention Time (min) 9.320 10.486

Peak Area (%) 2.17 97.83
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-phenylacetyl, N-methyl-4-fluoroanilinium bromide · (R)-1,1′-bi-2-naphthol
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Retention Time (min) 12.989 16.473

Peak Area (%) 96.15 3.85

N-allyl, N-phenylacetyl, N-methyl-4-fluoroanilinium bromide · (S)-1,1′-bi-2-naphthol
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Retention Time (min) 13.016 16.265

Peak Area (%) 4.37 95.93
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-4-fluorophenylacetyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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Retention Time (min) 12.979 14.083

Peak Area (%) 94.87 5.13

N-allyl, N-4-fluorophenylacetyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Retention Time (min) 13.079 13.835

Peak Area (%) 12.19 87.81
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9.13. ENANTIOENRICHMENT DETERMINATION

N-benzyl, N-isobutyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N-benzyl, N-isobutyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Peak Area (%) 7.25 92.75
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-isovaleryl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N-allyl, N-isovaleryl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Peak Area (%) 71.35 28.65
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-butyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N-allyl, N-butyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Peak Area (%) 56.50 43.50
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-4-phenylbutyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N-allyl, N-4-phenylbutyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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9.13. ENANTIOENRICHMENT DETERMINATION

N-allyl, N-homocyclopentyl, N-methyl anilinium bromide · (R)-1,1′-bi-2-naphthol
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N-allyl, N-homocyclopentyl, N-methyl anilinium bromide · (S)-1,1′-bi-2-naphthol
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Peak Area (%) 49.75 50.25
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9.13. ENANTIOENRICHMENT DETERMINATION

9.13.3 Liberated salts HPLC traces

(R)-N-allyl, N-phenylacetyl, N-methyl anilinium bromide
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(S)-N-allyl, N-phenylacetyl, N-methyl anilinium bromide
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9.13. ENANTIOENRICHMENT DETERMINATION

9.13.4 Substituted BINOL HPLC traces

Chiral HPLC for the separation of 6,6′-dibromo, 1,1′-bi-2-naphthol enantiomers was

performed with a Sunfire C18 column on a Perkin Elmer Series 200 HPLC Apparatus

with Autosampler, Pump, UV-Vis Detector and Chromatography Interface. The 6,6′-

dibromo, 1,1′-bi-2-naphthol enantiomers were isolated using MeCN in an isocratic and

isothermal manner with flow rate of 1 mL min-1.

rac-6,6′-dibromo, 1,1′-bi-2-naphthol

HO
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Flow Rate (mL min-1) 0.5

Retention Time (min) 31.147 34.223

Peak Area (%) 49.62 50.38
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9.13. ENANTIOENRICHMENT DETERMINATION

(R)-6,6′-dibromo, 1,1′-bi-2-naphthol

· (R)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide
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(R)

Br- HO

HO

Br

Br
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Flow Rate (mL min-1) 0.5

Retention Time (min) 30.140 33.055

Peak Area (%) 22.17 77.83

(S)-6,6′-dibromo, 1,1′-bi-2-naphthol

· (S)-N-allyl, N-methyl, N-phenylacetyl anilinium bromide

N+

(S)

Br- HO

HO
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Flow Rate (mL min-1) 0.5

Retention Time (min) 29.880 33.135

Peak Area (%) 71.99 28.01
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9.14. CHIRAL SHIFT NMR SPECTROSCOPY

9.14 Chiral shift NMR spectroscopy

9.14.1 Procedure for the synthesis of [(Λ,R)-BINPHAT][NH2Me2
+]

Tetrachlorocatechol Synthesis

3

2
1Cl

Cl OH4

Cl

OH

Cl

H

H OH

H

OH

H
SO2Cl2 (5.0 equiv)

1) Et2O, - 78 ˚C, 1 h
2) rt, 18h

385

Scheme 9.38: General procedure for the synthesis of tetrachlorocatechol.

Followed procedure outline by Ingleson et al.324 An oven dried two-necked round bot-

tom flask was flushed with argon and charged with catechol (3.99 g, 36.2 mmol, 1.0

equiv.), which was subsequently dissolved into anhydrous diethyl ether (0.9 M). This

solution was cooled to –78 ◦C. SO2Cl2 (14.8 mL, 182.6 mmol, 5.0 equiv.) was added

neat, dropwise over 60 minutes. The mixture was stirred at –78 °C for a further 60

minutes before being allowed to warm to room temperature and stirred overnight. The

mixture was then placed under vacuum to remove the volatile compounds to yield a

red solid (4.84 g, 19.5 mmol, 54% yield). The crude material was recrystallised in

CH2Cl2 to yield the anhydrous form as pale red prisms/needles, 385.
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9.14. CHIRAL SHIFT NMR SPECTROSCOPY

Procedure for [(Λ,R)-BINPHAT][NH2Me2
+] synthesis
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ii) (R)-BINOL (1.0 equiv.),
o-chloranil (1.7 equiv.),      

dry DCM, rt, 18 hrs

i) P(NMe2)3 (1.8 equiv.)
NH4Cl (2 mol%),

dry toluene, 110˚C, 15 min

385

238

Scheme 9.39: General procedure for the synthesis of (Λ,R)-

bis(tetrachlorobenzenediolato)mono([1,1′]-binaphthalenyl-2,2′-diolato) phosphate

(V) dimethylammonium.

Followed procedure outlined by Lacour et al.325 An oven dried three-necked round bot-

tom flask was flushed with argon and charged with anhydrous 385 (0.84 g, 3.39 mmol,

1.7 equiv.) and NH4Cl (0.004 g, 2 mol%). Dry toluene (10 mL, 0.2 M) was added

and allowed stir until fully dissolved. Freshly purchased tris(dimethylamino)phosphine

(0.70 mL, 3.85 mmol, 1.9 equiv.) was added dropwise, which evolved dimethylamine

upon addition. The solution was then refluxed for 15 minutes at 110 ◦C. Upon heating

the solution turned clear with a purple solid residue. The toluene and excess tris-

(dimethylamino)phosphine was then removed under vacuum, to give a white solid

(kept on Schlenk line for a minimum of 2 hours). The flask was re-flushed with

argon and (R)-BINOL (0.58 g, 2.01 mmol, 1.0 equiv.) and 3,4,5,6-Tetrachloro-1,2-

benzoquinone (o-chloranil, 0.84 g, 1.70 equiv.) were added. The mixture is dissolved

into anhydrous CH2Cl2 (20 mL, 0.1 M) and allowed to stir at room temperature. Over

the course of 3 hours, the dark red/brown solution begins to form a white precipitate

while paling in colour to an orange/yellow colour. After 18 hours, the precipitate was

isolated using vacuum filtration and was subsequently washed with CH2Cl2, Et2O,

CH2Cl2, and then hexanes to yield 238 as a white solid (1.42 g, 1.66 mmol, 82%

yield). 238 was isolated as a single diastereomer. Data consistent with Walsh et al.37

Caution must be exercised when using tris(dimethylamino)phosphine as the oxidation

product (hexamethylphosphoramide) is a human carcinogen.
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[(Λ,R)-BINPHAT][NH2Me2
+]
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Following the procedure described above,

238 was isolated in 82% yield.

1H NMR (400 MHz, DMSO – d6) δ 8.24

(2H, s, H14), 7.96 (2H, d, J = 8.1 Hz,

H11), 7.84 (2H, dd, J = 9.0, 1.1 Hz, H6),

7.40 (2H, ddd, J = 7.9, 5.1, 2.7 Hz, H8),

7.33 – 7.25 (4H, m, H9+10), 6.57 (2H, dd,

J = 8.9, 1.2 Hz, H5), 2.54 (6H, s, H15).

13C NMR (101 MHz, DMSO – d6) δ 151.8

(d, J = 12.4 Hz), 142.7 (d, J = 5.5 Hz),

142.1 (d, J = 8.8 Hz), 131.8 (d, J = 1.7 Hz), 130.0 (d, J = 2.2 Hz), 129.2, 128.3, 126.3,

125.7, 124.2, 122.6, 122.4 (d, J = 3.3 Hz), 121.4, 120.0, 112.9 (d, J = 15.5 Hz), 112.7

(d, J = 14.4 Hz), 34.4.

31P NMR (162 MHz, DMSO – d6) δ –82.65.

[(Λ,R)-BINPHAT][Me2N=C(Me)2]
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386

If 238 is recrystallised from acetone the

H2NMe2
+ counterion reacts to produce

the imminium species (Me2N=C(Me)2
+).

This recrystallised product 386 is insolu-

ble in acetone and CH2Cl2 and as such is

unsuitable for counterion exchange with

chiral ammonium salts.

1H NMR (400 MHz, DMSO – d6) δ 7.96

(2H, d, J = 8.2 Hz, H11), 7.84 (2H, dd, J

= 9.0, 1.1 Hz, H11), 7.45 – 7.35 (2H, m,

H8), 7.33 – 7.24 (4H, m, H9+10), 6.57 (2H, dd, J = 8.8, 1.1 Hz, H5), 3.49 (6H, p, J = 1.1

Hz, H15), 2.43 (6H p, J = 1.0 Hz, H14).

31P NMR (162 MHz, DMSO – d6) δ –82.59.
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9.14.2 Counterion exchange for chiral shift NMR experiments

P

O

O O

O

OO

Cl

ClCl

Cl
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Cl

N+

R
R2

R1

N+

R
R2

R1X-

CH2Cl2 / acetone
10 mins

-
238

Scheme 9.40: General procedure for the counterion exchange to produce the chiral

shift salt to be analysed by 1H NMR Experiments.

Procedure adapted from Walsh et al.2 The selected ammonium salt · BINOL complex

(1.0 equiv.) is dissolved into the minimum volume of MeOH (approx. 1 mg mL-1).

This solution was extracted by partition between Et2O/H2O and the aqueous layer

concentrated under reduced pressure to yield the corresponding enriched quaternary

ammonium salt. This ammonium salt is dissolved into CH2Cl2 (0.03 M). A solution of

[(Λ,R)-BINPHAT][NH2Me2
+] salt (1.0 equiv.) is prepared in acetone (0.03 M) and is

then added with stirring to the ammonium halide solution. Once added, the solution

is concentrated, then re-dissolved into CH2Cl2 (0.03 M) and is allowed to stir for 10

min at room temperature. The mixture is then purified by flash chromatography using

Al2O3 (basic) and a 100% CH2Cl2 eluent. The resulting salt is analysed by 1H NMR

spectroscopy using CD2Cl2.

Each enriched ammonium halide sample was compared to a standard prepared

from a racemic ammonium halide which showed a 50:50 ratio (S:R) for the ammo-

nium cation to ensure accurate assignment of peaks and to rule out the possibility of

resolution by ion-exchange with [(Λ,R)-BINPHAT].

Enantioenrichment values for N-allyl, N-methyl, N-isobutyl anilinium bromide salts

(221 and 221a) and N-allyl, N-methyl, N-isopropyl anilinium bromide salts (225 and

225a) are taken from Walsh et al.2
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9.14.3 1H NMR spectra of ammonium cations · [(Λ,R)-BINPHAT]
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N-benzyl, N-hydrocinnamyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr (R:S)

rac-salt, 211 50:50

salt from (R)-BINOL complex, 219 95:5

salt from (S)-BINOL complex, 219a 3:97
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N-allyl, N-hydrocinnamyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr R:S

rac-salt, 193 50:50

salt from (R)-BINOL complex, 222 23:77

salt from (S)-BINOL complex, 222a 74:26
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N-allyl, N-5-phenylvaleryl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr (R:S)

rac-salt, 195 52:48

salt from (R)-BINOL complex, 224 67:33

salt from (S)-BINOL complex, 224a 38:62
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N-allyl, N-homocyclopropyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr (R:S)

rac-salt, 187 50:50

salt from (R)-BINOL complex, 226 62:38

salt from (S)-BINOL complex, 226a 38:62
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N-homocyclopropyl, N-propargyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr R:S

rac-salt, 200 50:50

salt from (R)-BINOL complex, 229 45:55

salt from (S)-BINOL complex, 229a 57:43
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N-allyl, N-2-hydroxyethyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr (R:S)

rac-salt, 198 48:52

salt from (R)-BINOL complex, 231 47:53

salt from (S)-BINOL complex, 231a 48:52
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9.14. CHIRAL SHIFT NMR SPECTROSCOPY

N-benzyl, N-homocyclopropyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr R:S

rac-salt, 207 51:49

salt from (R)-BINOL, 232 50:50

salt from (S)-BINOL, 232a 50:50

-0.39-0.33-0.27-0.21-0.15-0.09

δ (ppm)

48.3348.33

M1

N+

393

From: -0.424 ppm

To: -0.087 ppm

Residual Error:1.06e+03

#

1

2

3

4

5

6

7

8

9

10

11

12

ppm

-0.3917

-0.3783

-0.3656

-0.3536

-0.3406

-0.3273

-0.1836

-0.1702

-0.1571

-0.1456

-0.1328

-0.1194

Area

5156.26

19283.55

22782.67

30117.46

23446.87

6867.96

4760.69

20375.71

31126.75

25958.08

27243.45

7959.87

(R, Λ)-BINPHAT

-0.50-0.40-0.30-0.20

δ (ppm)

M1

N+

(R)

232

From: -0.563 ppm

To: -0.183 ppm

Residual Error:1.28e+04

#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

ppm

-0.5287

-0.5154

-0.5046

-0.5011

-0.4907

-0.4779

-0.4645

-0.2831

-0.2698

-0.2590

-0.2555

-0.2467

-0.2432

-0.2324

-0.2191

Area

49682.60

156241.41

113346.68

113882.14

242197.30

204123.59

63296.76

51703.70

144656.39

117754.52

115984.59

125469.08

128570.83

201760.57

70869.27

(R, Λ)-BINPHAT

-0.53-0.47-0.41-0.35-0.29-0.23

δ (ppm)

M1

N+

(S)

232a

From: -0.577 ppm

To: -0.179 ppm

Residual Error:8.05e+03

#

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

ppm

-0.5329

-0.5195

-0.5084

-0.5050

-0.4963

-0.4930

-0.4820

-0.4687

-0.2859

-0.2727

-0.2617

-0.2582

-0.2497

-0.2462

-0.2353

-0.2219

Area

46703.42

153734.44

128378.80

105604.93

131493.13

118848.95

183692.02

61165.42

48885.56

148260.96

125892.53

103092.44

132373.68

126383.44

196840.41

67944.37

(R, Λ)-BINPHAT
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9.14. CHIRAL SHIFT NMR SPECTROSCOPY

N-butyl, N-propargyl, N-methyl anilinium bromide salts · [(Λ,R)-BINPHAT]

dr (R:S)

rac-salt, 199 50:50

salt from (R)-BINOL complex, 256 34:66

salt from (S)-BINOL complex, 256a 76:24

Note: (S)-salt forms a complex with (Λ,R)-BINPHAT and crashes out of solution in

CD2Cl2, therefore the enantioenrichment is likely underestimated.

3.173.193.213.233.253.273.29

δ (ppm)

M1

N+

394

From: 3.189 ppm

To: 3.277 ppm

Residual Error:4.37e+05

#

1

2

ppm

3.2290

3.2425

Area

1023652.55

1038840.65

(R, Λ)-BINPHAT

3.323.343.363.383.403.42

δ (ppm)

M2

N+

(S)

256

From: 3.319 ppm

To: 3.409 ppm

Residual Error:1.49e+04

#

1

2

ppm

3.3415

3.3775

Area

249894.05

491694.43

(R, Λ)-BINPHAT

3.063.103.143.183.223.26

δ (ppm)

M1

N+

(R)

256a

From: 3.068 ppm

To: 3.275 ppm

Residual Error:4.23e+05

#

1

2

ppm

3.1319

3.2170

Area

3395135.95

1101306.74

(R, Λ)-BINPHAT
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[278] Willand, N.; Dirié, B.; Carette, X.; Bifani, P.; Singhal, A.; Desroses, M.; Ler-
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Piveteau, C.; Demirkaya, F.; Lens, Z.; Rucktooa, P.; Villeret, V.; Christophe, T.;
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Appendix A

Crystallographic data
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Crystal Structure: 133

Crystal data for C27H30ClNO4 (m = 467.97 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.9188(4) Å

b = 11.1913(4) Å

c = 19.7175(6) Å

α = 90◦

β = 90◦

γ = 90◦

V = 2409.39(14) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.192 mm-1

Dcalc = 1.460 g/cm3

31447 reflections measured (4.132◦≤ 2θ ≤ 59.986◦), 7007 unique (Rint = 0.0614,

Rsigma = 0.0657) which were used in all calculations.

The final R1 was 0.0483 (I > 2σ(I)) and wR2 was 0.1215 (all data).

Flack parameter = 0.01(3).
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Crystal Structure: 135

Crystal data for 3 (C26H30BrNO2) (m = 1405.25 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 14.8884(7) Å

b = 16.3656(8) Å

c = 28.2957(14) Å

α = 90◦

β = 90◦

γ = 90◦

V = 6894.5(6) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.811 mm-1

Dcalc = 1.354 g/cm3

120251 reflections measured (3.092◦≤ 2θ ≤ 60◦), 20088 unique (Rint = 0.0830, Rsigma

= 0.0744) which were used in all calculations.

The final R1 was 0.0443 (I > 2σ(I)) and wR2 was 0.0588 (all data).

Flack parameter = 0.004(3).
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Crystal Structure: 138

Crystal data for C24H26ClNO2 (m = 395.91 g/mol);

Orthorhombic, space group P212121 (no. 19).

a = 9.0063(3) Å

b = 14.1387(4) Å

c = 16.6389(5) Å

α = 90◦

β = 90◦

γ = 90◦

V = 2124.48(11) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.199 mm-1

Dcalc = 1.238 g/cm3

27409 reflections measured (3.776◦≤ 2θ ≤ 59.994◦), 6169 unique (Rint = 0.0378,

Rsigma = 0.0341) which were used in all calculations.

The final R1 was 0.0487 (I > 2σ(I)) and wR2 was 0.1518 (all data).

Flack parameter = 0.038(17).
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Crystal Structure: 149

Crystal data for C28H34BrNO2 (m = 496.47 g/mol);

Tetragonal, space group P43212 (no. 96)

a = 12.1968(3) Å

b = 12.1968(3) Å

c = 33.8960(11) Å

α = 90◦

β = 90◦

γ = 90◦

V = 5042.4(4) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.654 mm-1

Dcalc = 1.308 g/cm3

87957 reflections measured (3.548◦≤ 2θ ≤ 60◦), 7361 unique (Rint = 0.0549, Rsigma

= 0.0287) which were used in all calculations.

The final R1 was 0.0290 (I > 2σ(I)) and wR2 was 0.0960 (all data).

Flack parameter = 0.006(2).

413



Crystal Structure: 153

Crystal data for C46H43NO6 (m = 387.50 g/mol);

Monoclinic, space group P21 (no. 4)

a = 11.2619(4) Å

b = 19.5062(7) Å

c = 11.8894(4) Å

α = 90◦

β = 111.1800(10)◦

γ = 90◦

V = 2435.40(15) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.087 mm-1

Dcalc = 1.370 g/cm3

42106 reflections measured (3.878◦≤ 2θ ≤ 60◦), 14109 unique (Rint = 0.0816, Rsigma

= 0.1401) which were used in all calculations.

The final R1 was 0.0547 (I > 2σ(I)) and wR2 was 0.0774 (all data).

Flack parameter = 0.024(6).

414



Crystal Structure: 215

Crystal data for C38H36BrNO2 (m = 618.59 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 22.8789(12) Å

b = 10.7729(7) Å

c = 12.3333(7) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3039.8(3) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.387 mm-1

Dcalc = 1.352 g cm-3

44262 reflections measured (4.18 ≤ 2θ≤ 54.994 ◦), 6765 unique (Rint = 0.0891,

Rsigma = 0.0616) which were used in all calculations.

The final R1 was 0.0450 (I > 2σ(l)) and wR2 was 0.0889 (all data)

Flack parameter = 0.004(6)
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Crystal Structure: 215a

Crystal data for C38H36BrNO2 (m = 618.59 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 22.918(8) Å

b = 10.832(4) Å

c = 12.374(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3071.9(19) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.373 mm-1

Dcalc = 1.338 g cm-3

47465 reflections measured (3.74 ≤ 2θ≤ 56.99 ◦), 7801 unique (Rint = 0.2453, Rsigma

= 0.2167) which were used in all calculations.

The final R1 was 0.0898 (I > 2σ(l)) and wR2 was 0.1736 (all data)

Flack parameter = 0.013(13)
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Crystal Structure: 216

Crystal data for C38H36INO2 (m = 665.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.3017(8) Å

b = 10.8122(4) Å

c = 12.4560(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3138.20(19) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.055 mm-1

Dcalc = 1.409 g cm-3

56442 reflections measured (3.708 ≤ 2θ≤ 59.996 ◦), 9128 unique (Rint = 0.0530,

Rsigma = 0.0399) which were used in all calculations.

The final R1 was 0.0361 (I > 2σ(l)) and wR2 was 0.0907 (all data)

Flack parameter = –0.024(9)
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Crystal Structure: 216a

Crystal data for C38H36INO2 (m = 665.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.3663(16) Å

b = 10.8397(7) Å

c = 12.4894(9) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3163.4(4) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.046 mm-1

Dcalc = 1.398 g cm-3

54757 reflections measured (3.698 ≤ 2θ≤ 59.994 ◦), 9227 unique (Rint = 0.0645,

Rsigma = 0.0521) which were used in all calculations.

The final R1 was 0.0429 (I > 2σ(l)) and wR2 was 0.0946 (all data)

Flack parameter = –0.008(8)
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Crystal Structure: 217

Crystal data for C38H35BrFNO2 (m = 636.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.141(4) Å

b = 10.9188(19) Å

c = 12.493(2) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3156.7(9) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.343 mm-1

Dcalc = 1.339 g cm-3

39515 reflections measured (4.798 ≤ 2θ≤ 49.99 ◦), 5554 unique (Rint = 0.1847,

Rsigma = 0.1388) which were used in all calculations.

The final R1 was 0.0727 (I > 2σ(l)) and wR2 was 0.1517 (all data)

Flack parameter = 0.035(10)
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Crystal Structure: 217a

Crystal data for C38H35BrFNO2 (m = 636.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.1555(16) Å

b = 10.9115(8) Å

c = 12.4884(9) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3155.3(4) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.343 mm-1

Dcalc = 1.340 g cm-3

53334 reflections measured (4.126 ≤ 2θ≤ 58.992 ◦), 8786 unique (Rint = 0.1441,

Rsigma = 0.1329) which were used in all calculations.

The final R1 was 0.0640 (I > 2σ(l)) and wR2 was 0.1154 (all data)

Flack parameter = 0.004(6)
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Crystal Structure: 218

Crystal data for C38H35BrFNO2 (m = 636.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.5398(9) Å

b = 10.8657(4) Å

c = 12.1941(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3119.0(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.359 mm-1

Dcalc = 1.356 g cm-3

57065 reflections measured (4.128 ≤ 2θ≤ 59.998 ◦), 9102 unique (Rint = 0.1003,

Rsigma = 0.0763) which were used in all calculations.

The final R1 was 0.0550 (I > 2σ(l)) and wR2 was 0.1001 (all data)

Flack parameter = 0.013(4)
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Crystal Structure: 218a

Crystal data for C38H35BrFNO2 (m = 636.58 g/mol);

Orthorhombic, space group P21212 (no. 18)

a = 23.5700(14) Å

b = 10.8918(7) Å

c = 12.2051(7) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3133.3(3) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.353 mm-1

Dcalc = 1.349 g cm-3

51611 reflections measured (4.12 ≤ 2θ≤ 57.998 ◦), 8335 unique (Rint = 0.0934,

Rsigma = 0.0791) which were used in all calculations.

The final R1 was 0.0491 (I > 2σ(l)) and wR2 was 0.1108 (all data)

Flack parameter = –0.005(5)
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Crystal Structure: 219

Crystal data for C43H40BrNO2 · 0.2 (H2O) (m = 686.27 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 11.8410(3) Å

b = 12.5268(3) Å

c = 23.6549(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3508.73(14) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.210 mm-1

Dcalc = 1.299 g cm-3

63963 reflections measured (3.846 ≤ 2θ≤ 59.992 ◦), 10197 unique (Rint = 0.0405,

Rsigma = 0.0293) which were used in all calculations.

The final R1 was 0.0268 (I > 2σ(l)) and wR2 was 0.0568 (all data)

Flack parameter = –0.0047(19)
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Crystal Structure: 219a

Crystal data for C43H40BrNO2 (m = 682.67 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 11.8735(3) Å

b = 12.4993(4) Å

c = 23.6477(7) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3509.57(18) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.209 mm-1

Dcalc = 1.292 g cm-3

86166 reflections measured (4.732 ≤ 2θ≤ 59.996 ◦), 10226 unique (Rint = 0.0688,

Rsigma = 0.0442) which were used in all calculations.

The final R1 was 0.0363 (I > 2σ(l)) and wR2 was 0.0769 (all data)

Flack parameter = 0.004(3)
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Crystal Structure: 220

Crystal data for C38H38BrNO2 (m = 620.60 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3270(7) Å

b = 14.3332(10) Å

c = 20.8734(14) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3089.7(4) Å3

Z = 4

T = 273.15 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.365 mm-1

Dcalc = 1.334 g cm-3

50103 reflections measured (3.446 ≤ 2θ≤ 57.99 ◦), 8203 unique (Rint = 0.0454,

Rsigma = 0.0364) which were used in all calculations.

The final R1 was 0.0434 (I > 2σ(l)) and wR2 was 0.1070 (all data)

Flack parameter = –0.001(3)
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Crystal Structure: 220a

Crystal data for C38H38BrNO2 (m = 620.60 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3490(4) Å

b = 14.3961(5) Å

c = 20.7363(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3089.4(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.365 mm-1

Dcalc = 1.334 g cm-3

8999 reflections measured (3.444 ≤ 2θ≤ 59.994 ◦), 8999 unique (Rint = 0.0540,

Rsigma = 0.0484) which were used in all calculations.

The final R1 was 0.0423 (I > 2σ(l)) and wR2 was 0.1124 (all data)

Largest diff. peak/hole / e Å-3 0.48/-1.15

Flack parameter = 0.000(3)
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Crystal Structure: 221

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1979(3) Å

b = 11.1421(4) Å

c = 25.5951(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2908.27(16) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.444 mm-1

Dcalc = 1.303 g cm-3

51383 reflections measured (3.986 ≤ 2θ≤ 58.996 ◦), 8081 unique (Rint = 0.0545,

Rsigma = 0.0388) which were used in all calculations.

The final R1 was 0.0377 (I > 2σ(l)) and wR2 was 0.0771 (all data)

Flack parameter = 0.009(3)
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Crystal Structure: 221a

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2187(2) Å

b = 11.1423(2) Å

c = 25.6625(6) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2921.93(10) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.437 mm-1

Dcalc = 1.297 g cm-3

38043 reflections measured (3.986 ≤ 2θ≤ 59.998 ◦), 8525 unique (Rint = 0.0439,

Rsigma = 0.0453) which were used in all calculations.

The final R1 was 0.0370 (I > 2σ(l)) and wR2 was 0.0773 (all data)

Flack parameter = 0.001(3)
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Crystal Structure: 222

Crystal data for C39H38BrNO2 (m = 632.61 g/mol);

Orthorhombic, space group P1 (no. 1)

a = 8.4789(3) Å

b = 9.0231(3) Å

c = 11.6960(4) Å

α= 96.0906(12) ◦

β= 106.5936(12) ◦

γ= 104.9088(12) ◦

V = 812.95(5) Å3

Z = 1

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.71073 mm-1

Dcalc = 1.292 g cm-3

18764 reflections measured (6.578 ◦≤ 2θ≤ 59.998 ◦), 9037 unique (Rint = 0.0232,

Rsigma = 0.0336) which were used in all calculations.

The final R1 was 0.0220 (I > 2σ(l)) and wR2 was 0.0514 (all data)

Flack parameter = –0.009(2)
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Crystal Structure: 222a

Crystal data for C39H38BrNO2 (m = 632.61 g/mol);

Triclinic, space group P1 (no. 1)

a = 8.5068(4) Å

b = 9.0303(4) Å

c = 11.7205(6) Å

α= 95.944(2) ◦

β= 106.769(2) ◦

γ= 104.9100(10) ◦

V = 817.52(7) Å3

Z = 1

T = 130.00 K

Radiation: MoKα (λ= 0.71073 Å)

µ(MoKα) = 1.291 mm-1

Dcalc = 1.285 g cm-3

14222 reflections measured (3.698 ◦≤ 2θ≤ 60 ◦), 9181 unique (Rint = 0.0237, Rsigma

= 0.0528) which were used in all calculations.

The final R1 was 0.0364 (I > 2σ(I)) and wR2 was 0.0790 (all data)

Flack parameter = –0.010(3)
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Crystal Structure: 223

Crystal data for C35H38BrNO2 (m = 584.57 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1986(5) Å

b = 11.4846(6) Å

c = 25.7574(13) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3016.9(3) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.394 mm-1

Dcalc = 1.287 g cm-3

70531 reflections measured (3.884 ≤ 2θ≤ 59.996 ◦), 8806 unique (Rint = 0.0763,

Rsigma = 0.0482) which were used in all calculations.

The final R1 was 0.0490 (I > 2σ(l)) and wR2 was 0.1214 (all data)

Flack parameter = 0.031(4))
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Crystal Structure: 223a

Crystal data for C35H38BrNO2 (m = 584.57 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1794(3) Å

b = 11.5272(3) Å

c = 25.8005(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3027.43(15) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.389 mm-1

Dcalc = 1.283 g cm-3

52681 reflections measured (3.87 ≤ 2θ≤ 59.998 ◦), 8838 unique (Rint = 0.0766,

Rsigma = 0.0674) which were used in all calculations.

The final R1 was 0.0477 (I > 2σ(l)) and wR2 was 0.0975 (all data)

Flack parameter = 0.021(4)
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Crystal Structure: 225a

Crystal data for C33H34BrNO2 (m = 556.52 g/mol);

Tetragonal, space group P41 (no. 76)

a = 9.1851(3) Å

b = 9.1851(3) Å

c = 32.7483(14) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2762.8(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.518 mm-1

Dcalc = 1.338 g cm-3

48052 reflections measured (4.434 ≤ 2θ≤ 59.988 ◦), 8054 unique (Rint = 0.0675,

Rsigma = 0.0598) which were used in all calculations.

The final R1 was 0.0610 (I > 2σ(l)) and wR2 was 0.1495 (all data)

Flack parameter = 0.046(4)
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Crystal Structure: 226

Crystal data for C34H34BrNO2 (m = 568.53 g/mol);

Tetragonal, space group P41 (no. 76)

a = 8.9668(3) Å

b = 8.9668(3) Å

c = 34.477(2) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2772.1(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.515 mm-1

Dcalc = 1.362 g cm-3

37334 reflections measured (4.542 ≤ 2θ≤ 54.994 ◦), 6359 unique (Rint = 0.0679,

Rsigma = 0.0571) which were used in all calculations.

The final R1 was 0.0625 (I > 2σ(l)) and wR2 was 0.1405 (all data)

Flack parameter = 0.092(6)
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Crystal Structure: 226a

Crystal data for C34H34BrNO2 (m = 568.18 g/mol);

Tetragonal, space group P43 (no. 81)

a = 8.9823(5) Å

b = 8.9823(5) Å

c = 34.550(3) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2787.5(4) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.506 mm-1

Dcalc = 1.354 g cm-3

46860 reflections measured (4.534 ≤ 2θ≤ 59.974 ◦), 8120 unique (Rint = 0.1702,

Rsigma = 0.1823) which were used in all calculations.

The final R1 was 0.0830 (I > 2σ(l)) and wR2 was 0.1622 (all data)

Flack parameter = 0.023(13)
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Crystal Structure: 227

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2261(3) Å

b = 11.1111(4) Å

c = 25.8161(9) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2933.31(17) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.432 mm-1

Dcalc = 1.292 g cm-3

49896 reflections measured (3.99 ≤ 2θ≤ 57.998 ◦), 7794 unique (Rint = 0.0668,

Rsigma = 0.0515) which were used in all calculations.

The final R1 was 0.0523 (I > 2σ(l)) and wR2 was 0.1197 (all data)

Flack parameter = 0.013(4)
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Crystal Structure: 227a

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1936(4) Å

b = 11.1597(4) Å

c = 25.9277(10) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2949.47(19) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.424 mm-1

Dcalc = 1.285 g cm-3

50892 reflections measured (5.412 ≤ 2θ≤ 59.998 ◦), 8602 unique (Rint = 0.0463,

Rsigma = 0.0383) which were used in all calculations.

The final R1 was 0.0353 (I > 2σ(l)) and wR2 was 0.1026 (all data)

Flack parameter = 0.006(3)
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Crystal Structure: 228

Crystal data for C40H40BrNO2 (m = 646.64 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3478(3) Å

b = 10.9076(3) Å

c = 28.9602(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3268.73(16) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.293 mm-1

Dcalc = 1.314 g cm-3

35555 reflections measured (3.99 ≤ 2θ≤ 54.294 ◦), 7224 unique (Rint = 0.0458,

Rsigma = 0.0524) which were used in all calculations.

The final R1 was 0.0316 (I > 2σ(l)) and wR2 was 0.0600 (all data)

Flack parameter = 0.009(4)
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Crystal Structure: 228a

Crystal data for C40H40BrNO2 (m = 646.64 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3602(8) Å

b = 10.9010(8) Å

c = 28.977(2) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3272.6(4) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.292 mm-1

Dcalc = 1.312 g cm-3

57132 reflections measured (4.176 ≤ 2θ≤ 59.998 ◦), 9545 unique (Rint = 0.0728,

Rsigma = 0.0643) which were used in all calculations.

The final R1 was 0.0501 (I > 2σ(l)) and wR2 was 0.1299 (all data)

Flack parameter = 0.015(4)
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Crystal Structure: 229

Crystal data for C34H32BrNO2 (m = 566.51 g/mol);

Tetragonal, space group P41 (no. 76)

a = 9.0094(2) Å

b = 9.0094(2) Å

c = 34.5061(13) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2800.84(16) Å3

Z = 4

T = 200.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.499 mm-1

Dcalc = 1.343 g cm-3

40539 reflections measured (4.522 ≤ 2θ≤ 55.988 ◦), 6736 unique (Rint = 0.0628,

Rsigma = 0.0494) which were used in all calculations.

The final R1 was 0.0501 (I > 2σ(l)) and wR2 was 0.1138 (all data)

Flack parameter = 0.032(7)
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Crystal Structure: 229a

Crystal data for C34H31 ·7 BrNO2 (m = 566.21 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.0006(8) Å

b = 9.0006(8) Å

c = 34.405(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2787.2(6) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.506 mm-1

Dcalc = 1.349 g cm-3

40647 reflections measured (4.526 ≤ 2θ≤ 57.998 ◦), 7421 unique (Rint = 0.1245,

Rsigma = 0.1189) which were used in all calculations.

The final R1 was 0.0793 (I > 2σ(l)) and wR2 was 0.1833 (all data)

Flack parameter = 0.045(9)
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Crystal Structure: 230

Crystal data for C36H38BrNO2 (m = 596.58 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2431(3) Å

b = 11.4429(4) Å

c = 25.8263(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3027.12(17) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.390 mm-1

Dcalc = 1.309 g cm-3

50726 reflections measured (3.894 ≤ 2θ≤ 58.998 ◦), 8419 unique (Rint = 0.0832,

Rsigma = 0.0573) which were used in all calculations.

The final R1 was 0.0471 (I > 2σ(l)) and wR2 was 0.1164 (all data)

Flack parameter = 0.014(9)
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Crystal Structure: 230a

Crystal data for C36H38BrNO2 (m = 596.58 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2573(6) Å

b = 11.4415(7) Å

c = 25.9264(16) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3042.7(3) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.383 mm-1

Dcalc = 1.302 g cm-3

53028 reflections measured (4.27 ≤ 2θ≤ 59.996 ◦), 8875 unique (Rint = 0.0675,

Rsigma = 0.0591) which were used in all calculations.

The final R1 was 0.0497 (I > 2σ(l)) and wR2 was 0.1256 (all data)

Flack parameter = 0.008(4)
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Crystal Structure: 231

Crystal data for C32H32BrNO3 (m = 558.49 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.4459(3) Å

b = 11.0379(3) Å

c = 24.1519(7) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2784.73(14) Å3

Z = 4

T = 250.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.509 mm-1

Dcalc = 1.332 g cm-3

31969 reflections measured (5.156 ≤ 2θ≤ 55.99 ◦), 6628 unique (Rint = 0.0529,

Rsigma = 0.0573) which were used in all calculations.

The final R1 was 0.0448 (I > 2σ(l)) and wR2 was 0.0826 (all data)

Flack parameter = –0.011(4)
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Crystal Structure: 231a

Crystal data for C32H32BrNO3 (m = 558.49 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3908(7) Å

b = 11.0388(8) Å

c = 23.8811(17) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2739.2(3) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.534 mm-1

Dcalc = 1.354 g cm-3

45377 reflections measured (4.064 ≤ 2θ≤ 58.998 ◦), 7632 unique (Rint = 0.0765,

Rsigma = 0.0573) which were used in all calculations.

The final R1 was 0.0448 (I > 2σ(l)) and wR2 was 0.1062 (all data)

Flack parameter = 0.015(5)
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Crystal Structure: 232

Crystal data for C38H36BrNO2 (m = 618.59 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2148(2) Å

b = 14.4301(3) Å

c = 41.2731(9) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 6083.7(2) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.387 mm-1

Dcalc = 1.351 g cm-3

111397 reflections measured (3.948 ≤ 2θ≤ 59.998 ◦), 17725 unique (Rint = 0.0759,

Rsigma = 0.0590) which were used in all calculations.

The final R1 was 0.0450 (I > 2σ(l)) and wR2 was 0.0973 (all data)

Flack parameter = 0.012(3)
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Crystal Structure: 232a

Crystal data for the compound (Formula weight = 618.59 g/mol);

Orthorhombic, space groupP212121 (no. 19)

a = 10.3397(8) Å

b = 13.7328(11) Å

c = 21.6439(17) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3073.3(4) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.372 mm-1

Dcalc = 1.337 g cm-3

52505 reflections measured (4.366 ≤ 2θ≤ 59.998 ◦), 8963 unique (Rint = 0.1501,

Rsigma = 0.1409) which were used in all calculations.

The final R1 was 0.0871 (I > 2σ(l)) and wR2 was 0.2030 (all data)

Flack parameter: 0.029(12)
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Crystal Structure: 256

Crystal data for C34H34BrNO2 (m = 568.53 g/mol);

Tetragonal space group P41 (no. 76)

a = 8.98830(10) Å

b = 8.98830(10) Å

c = 34.7053(9) Å

α = 90 ◦

β = 90 ◦

γ = 90 ◦

V = 2803.83(10) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.497 mm-1

Dcalc = 1.347 g cm-3

44287 reflections measured (4.532 ◦≤ 2θ≤ 57.99 ◦), 7451 unique (Rint = 0.0499,

Rsigma = 0.0345 ) which were used in all calculations.

The final R1 was 0.0404 (I > 2σ(l)) and wR2 was 0.0863 (all data)

Flack parameter = 0.003(4)
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Crystal Structure: 256a

Crystal data for C34H34BrNO2 (m = 568.53 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.0056(3) Å

b = 9.0056(3) Å

c = 34.7700(18) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2819.9(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.489 mm-1

Dcalc = 1.339 g cm-3

49071 reflections measured (4.524 ≤ 2θ≤ 59.986 ◦), 8229 unique (Rint = 0.0474,

Rsigma = 0.0430) which were used in all calculations.

The final R1 was 0.0438 (I > 2σ(l)) and wR2 was 0.1149 (all data)

Flack parameter = 0.002(3)
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Crystal Structure: 249

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.1832(3) Å

b = 9.1832(3) Å

c = 33.8322(15) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2853.1(2) Å3

Z = 4

T = 273.15 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.472 mm-1

Dcalc = 1.328 g cm-3

49545 reflections measured (4.436 ≤ 2θ≤ 59.988 ◦), 8296 unique (Rint = 0.0608,

Rsigma = 0.0705) which were used in all calculations.

The final R1 was 0.0587 (I > 2σ(l)) and wR2 was 0.1379 (all data)

Flack parameter = 0.023(5)
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Crystal Structure: 248

Crystal data for C38H38BrNO2 (m = 620.60 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 9.469(2) Å

b = 16.571(3) Å

c = 20.670(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3243.2(12) Å3

Z = 4

T = 120.0 K

Radiation: Mo Kα (λ = 0.71073 Å)

µ(Mo Kα) = 1.301 mm-1

Dcalc = 1.271 g cm-3

52041 reflections measured (4.732 ≤ 2θ≤ 50.998 ◦), 6028 unique (Rint = 0.1575,

Rsigma = 0.1104) which were used in all calculations.

The final R1 was 0.0559 (I > 2σ(l)) and wR2 was 0.0804 (all data)

Flack parameter = 0.006(9)
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Crystal Structure: 254

Crystal data for C34H32BrNO2 (m = 566.51 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.0065(2) Å

b = 9.0065(2) Å

c = 34.3741(10) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2788.32(15) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.506 mm-1

Dcalc = 1.350 g cm-3

47966 reflections measured (4.522 ≤ 2θ≤ 59.992 ◦), 8129 unique (Rint = 0.0715,

Rsigma = 0.0669) which were used in all calculations.

The final R1 was 0.0533 (I > 2σ(l)) and wR2 was 0.1219 (all data)

Flack parameter = 0.037(6)
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Crystal Structure: 253

Crystal data for C34H36BrNO2 (m = 570.55 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.0988(3) Å

b = 9.0988(3) Å

c = 34.1899(18) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2830.5(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.484 mm-1

Dcalc = 1.339 g cm-3

49063 reflections measured (4.476 ≤ 2θ≤ 59.996 ◦), 8239 unique (Rint = 0.0588,

Rsigma = 0.0609) which were used in all calculations.

The final R1 was 0.0527 (I > 2σ(l)) and wR2 was 0.1258 (all data)

Flack parameter = 0.030(6)
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Crystal Structure: 255

Crystal data for C36H37BrNO2 (m = 595.57 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 11.4490(5) Å

b = 25.8732(10) Å

c = 10.2632(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3040.2(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.384 mm-1

Dcalc = 1.301 g cm-3

37068 reflections measured (3.89 ≤ 2θ≤ 60 ◦), 8851 unique (Rint = 0.0946, Rsigma =

0.0875) which were used in all calculations.

The final R1 was 0.0592 (I > 2σ(l)) and wR2 was 0.1672 (all data)

Flack parameter = 0.022(12)
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Crystal Structure: 252

Crystal data for C34H34BrNO2 (m = 568.53 g/mol);

Tetragonal, space group P43 (no. 81)

a = 9.0070(2) Å

b = 9.0070(2) Å

c = 34.5344(14) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2801.64(17) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.499 mm-1

Dcalc = 1.348 g cm-3

71404 reflections measured (4.522 ≤ 2θ≤ 63.216 ◦), 9379 unique (Rint = 0.0837,

Rsigma = 0.0676) which were used in all calculations.

The final R1 was 0.0589 (I > 2σ(l)) and wR2 was 0.1474 (all data)

Flack parameter = 0.058(4)
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Crystal Structure: 241

Crystal data for C38H36BrNO2 (m = 618.59 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3172(3) Å

b = 12.2868(3) Å

c = 24.1826(6) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3065.52(14) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.376 mm-1

Dcalc = 1.340 g cm-3

40036 reflections measured (3.718 ≤ 2θ≤ 59.998 ◦), 8922 unique (Rint = 0.0486,

Rsigma = 0.0504) which were used in all calculations.

The final R1 was 0.0435 (I > 2σ(l)) and wR2 was 0.1194 (all data)

Flack parameter = 0.003(3)
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Crystal Structure: 395

Crystal data for C35H38BrNO2 (m = 584.57 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.0977(6) Å

b = 11.5983(7) Å

c = 25.8713(16) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3029.9(3) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.388 mm-1

Dcalc = 1.281 g cm-3

52898 reflections measured (4.33 ≤ 2θ≤ 60 ◦), 8831 unique (Rint = 0.1000, Rsigma =

0.0933) which were used in all calculations.

The final R1 was 0.0613 (I > 2σ(l)) and wR2 was 0.1374 (all data)

Flack parameter = 0.022(5)
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Crystal Structure: 396

Crystal data for C44H42 ·5 BrNO2 · 25 (m = 701.20 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 11.9008(3) Å

b = 12.6816(3) Å

c = 23.7967(6) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3591.43(15) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.183 mm-1

Dcalc = 1.297 g cm-3

61973 reflections measured (4.694 ≤ 2θ≤ 57.996 ◦), 9536 unique (Rint = 0.0573,

Rsigma = 0.0413) which were used in all calculations.

The final R1 was 0.0323 (I > 2σ(l)) and wR2 was 0.0629 (all data)

Flack parameter = 0.002(3)

458



Crystal Structure: 383

Crystal data for C32H30BrNO3 (m = 556.48 g/mol);

Monoclinic, space group P21 (no. 4)

a = 9.6625(2) Å

b = 11.5365(3) Å

c = 12.2338(3) Å

α= 90 ◦

β= 104.4640(10) ◦

γ= 90 ◦

V = 1320.50(5) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.591 mm-1

Dcalc = 1.400 g cm-3

22593 reflections measured (4.354 ≤ 2θ≤ 59.98 ◦), 7646 unique (Rint = 0.0243,

Rsigma = 0.0281) which were used in all calculations.

The final R1 was 0.0215 (I > 2σ(l)) and wR2 was 0.0487 (all data)

Flack parameter = -0.007(2)
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Crystal Structure: 397

Crystal data for C35H38BrNO2 (m = 584.57 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3197(4) Å

b = 11.2995(4) Å

c = 26.2296(9) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3058.57(19) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.375 mm-1

Dcalc = 1.269 g cm-3

39777 reflections measured (3.924 ≤ 2θ≤ 60 ◦), 8913 unique (Rint = 0.0735, Rsigma

= 0.0823) which were used in all calculations.

The final R1 was 0.0514 (I > 2σ(l)) and wR2 was 0.1120 (all data)

Flack parameter = 0.002(5)
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Crystal Structure: 398

Crystal data for C36H40BrNO2 (m = 598.60 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1537(4) Å

b = 11.8411(5) Å

c = 26.0803(10) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3135.7(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.342 mm-1

Dcalc = 1.268 g cm-3

39774 reflections measured (3.778 ≤ 2θ≤ 59.996 ◦), 9144 unique (Rint = 0.0804,

Rsigma = 0.0827) which were used in all calculations.

The final R1 was 0.0509 (I > 2σ(l)) and wR2 was 0.1254 (all data)

Flack parameter = –0.002(8)
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Crystal Structure: 399

Crystal data for C33H34BrNO2 (m = 556.52 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.6151(5) Å

b = 11.0827(5) Å

c = 23.7986(11) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2799.8(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.498 mm-1

Dcalc = 1.320 g cm-3

36349 reflections measured (4.054 ≤ 2θ≤ 59.986 ◦), 8148 unique (Rint = 0.0814,

Rsigma = 0.0928) which were used in all calculations.

The final R1 was 0.0552 (I > 2σ(l)) and wR2 was 0.1256 (all data)

Flack parameter = 0.012(5)
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Crystal Structure: 400

Crystal data for C18H20BrN · 0.25 (H2O) (m = 330.26 g/mol);

Orthorhombic, space group Pbcn (no. 60)

a = 13.3180(4) Å

b = 12.3219(3) Å

c = 20.5297(6) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3368.99(16) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.431 mm-1

Dcalc = 1.302 g cm-3

53941 reflections measured (3.968 ≤ 2θ≤ 57.996 ◦), 4476 unique (Rint = 0.0441,

Rsigma = 0.0216) which were used in all calculations.

The final R1 was 0.0340 (I > 2σ(l)) and wR2 was 0.0762 (all data)
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Crystal Structure: 262a

Crystal data for C19H26BrN (m = 348.32 g/mol);

Monoclinic, space group P21 (no. 4)

a = 10.3280(7) Å

b = 8.7369(6) Å

c = 10.5031(7) Å

α= 90 ◦

β= 110.545(3) ◦

γ= 90 ◦

V = 887.46(11) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.311 mm-1

Dcalc = 1.303 g cm-3

14055 reflections measured (4.142 ≤ 2θ≤ 55.984 ◦), 4252 unique (Rint = 0.0559,

Rsigma = 0.0697) which were used in all calculations.

The final R1 was 0.0571 (I > 2σ(l)) and wR2 was 0.1379 (all data)

Largest diff. peak/hole / e Å-3 1.41/-0.82

Flack parameter = 0.133(8)
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Crystal Structure: 200

Crystal data for C21H26BrN (m = 372.34 g/mol);

Monoclinic, space groupP21/n (no. 14)

a = 10.7185(3) Å

b = 9.0405(2) Å

c = 18.9692(5) Å

α= 90 ◦

β= 98.1738(11) ◦

γ= 90 ◦

V = 1819.45(8) Å3

Z = 4

T = 250.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.259 mm-1

Dcalc = 1.359 g cm-3

25210 reflections measured (4.132 ≤ 2θ≤ 53.998 ◦), 3961 unique (Rint = 0.0404,

Rsigma = 0.0298) which were used in all calculations.

The final R1 was 0.0312 (I > 2σ(l)) and wR2 was 0.0667 (all data)
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Crystal Structure: 401

Crystal data for C24H28BrN (m = 410.38 g/mol);

Monoclinic, space group P21/c (no. 14)

a = 8.7620(3) Å

b = 20.9560(7) Å

c = 11.6675(4) Å

α= 90 ◦

β= 103.5030(10) ◦

γ= 90 ◦

V = 2083.13(12) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.980 mm-1

Dcalc = 1.309 g cm-3

37667 reflections measured (4.082 ≤ 2θ≤ 59.998 ◦), 6067 unique (Rint = 0.0466,

Rsigma = 0.0338) which were used in all calculations.

The final R1 was 0.0313 (I > 2σ(l)) and wR2 was 0.0730 (all data)
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Crystal Structure: 400

Crystal data for C18H20BrN · 0.5 (H2O) (m = 339.27 g/mol);

Orthorhombic, space group Pbcn (no. 60)

a = 13.3166(8) Å

b = 12.3333(7) Å

c = 20.5678(12) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3378.0(3) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.429 mm-1

Dcalc = 1.334 g cm-3

53476 reflections measured (3.96 ≤ 2θ≤ 58.998 ◦), 4701 unique (Rint = 0.0442,

Rsigma = 0.0243) which were used in all calculations.

The final R1 was 0.0286 (I > 2σ(l)) and wR2 was 0.0653 (all data)
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Crystal Structure: 201

Crystal data for C16H22BrN (m = 308.25 g/mol);

Monoclinic, space group C2/c (no. 15)

a = 14.9074(5) Å

b = 9.3034(3) Å

c = 22.8105(8) Å

α= 90 ◦

β= 93.8000(10) ◦

γ= 90 ◦

V = 3156.62(18) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.589 mm-1

Dcalc = 1.297 g cm-3

24568 reflections measured (5.406 ≤ 2θ≤ 57.958 ◦), 4158 unique (Rint = 0.0385,

Rsigma = 0.0301) which were used in all calculations.

The final R1 was 0.0419 (I > 2σ(l)) and wR2 was 0.0831 (all data)
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Crystal Structure: 204

Crystal data for C14H20BrN (m = 282.22 g/mol);

Orthorhombic, space group Pna21 (no. 33)

a = 12.0935(12) Å

b = 14.4582(15) Å

c = 8.0596(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1409.2(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.893 mm-1

Dcalc = 1.330 g cm-3

23292 reflections measured (5.636 ≤ 2θ≤ 59.996 ◦), 4102 unique (Rint = 0.0325,

Rsigma = 0.0250) which were used in all calculations.

The final R1 was 0.0198 (I > 2σ(l)) and wR2 was 0.0401 (all data)

Flack parameter = 0.014(3)
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Crystal Structure: 239

Crystal data for C8H10Cl4NO5P (m = 372.94 g/mol);

Triclinic, space group P1̄ (no. 2)

a = 8.4480(7) Å

b = 8.4973(7) Å

c = 11.6538(10) Å

α= 73.687(3) ◦

β= 89.732(3) ◦

γ= 60.437(3) ◦

V = 689.32(10) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.987 mm-1

Dcalc = 1.797 g cm-3

11686 reflections measured (5.616 ≤ 2θ≤ 59.99 ◦), 3974 unique (Rint = 0.0363,

Rsigma = 0.0386) which were used in all calculations.

The final R1 was 0.0257 (I > 2σ(l)) and wR2 was 0.0656 (all data)
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Crystal Structure: 214b

Crystal data for C17H22BrN (m = 320.26 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 9.7091(7) Å

b = 11.6808(9) Å

c = 13.5862(10) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1540.8(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.655 mm-1

Dcalc = 1.381 g cm-3

26605 reflections measured (4.598 ≤ 2θ≤ 59.99 ◦), 4498 unique (Rint = 0.0488,

Rsigma = 0.0383) which were used in all calculations.

The final R1 was 0.0263 (I > 2σ(l)) and wR2 was 0.0561 (all data)

Flack parameter = –0.010(4)
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Crystal Structure: 214a

Crystal data for C17H22BrN (m = 320.26 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 9.6595(3) Å

b = 11.6778(4) Å

c = 13.6995(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1545.33(9) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.648 mm-1

Dcalc = 1.377 g cm-3

26818 reflections measured (4.584 ≤ 2θ≤ 59.998 ◦), 4518 unique (Rint = 0.0513,

Rsigma = 0.0410) which were used in all calculations.

The final R1 was 0.0318 (I > 2σ(l)) and wR2 was 0.0637 (all data)

Flack parameter = 0.010(5)
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Crystal Structure: 210

Crystal data for C22H24BrN (m = 382.33 g/mol);

Monoclinic, space group Cc (no. 9)

a = 24.4770(16) Å

b = 17.4066(11) Å

c = 20.0973(13) Å

α= 90 ◦

β= 118.788(2) ◦

γ= 90 ◦

V = 7504.4(8) Å3

Z = 16

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.193 mm-1

Dcalc = 1.354 g cm-3

60229 reflections measured (3.014 ≤ 2θ≤ 57.998 ◦), 19890 unique (Rint = 0.0639,

Rsigma = 0.0932) which were used in all calculations.

The final R1 was 0.0489 (I > 2σ(l)) and wR2 was 0.0863 (all data)

Flack parameter = 0.437(14)
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Crystal Structure: 206

Crystal data for C18H24BrN (m = 334.29 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 19.7167(5) Å

b = 8.7511(2) Å

c = 20.6559(5) Å

α= 90 ◦

β= 111.7240(10) ◦

γ= 90 ◦

V = 3310.90(14) Å3

Z = 8

T = 296.15 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.475 mm-1

Dcalc = 1.341 g cm-3

75161 reflections measured (4.246 ≤ 2θ≤ 58.988 ◦), 9199 unique (Rint = 0.0468,

Rsigma = 0.0285) which were used in all calculations.

The final R1 was 0.0393 (I > 2σ(l)) and wR2 was 0.0807 (all data)
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Crystal Structure: 402

Crystal data for C21H26BrN (m = 372.34 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 10.6754(3) Å

b = 8.9852(3) Å

c = 18.7365(6) Å

α= 90 ◦

β= 98.4290(10) ◦

γ= 90 ◦

V = 1777.80(10) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.312 mm-1

Dcalc = 1.391 g cm-3

38551 reflections measured (4.15 ≤ 2θ≤ 57.992 ◦), 4720 unique (Rint = 0.0417,

Rsigma = 0.0262) which were used in all calculations.

The final R1 was 0.0292 (I > 2σ(l)) and wR2 was 0.0635 (all data)
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Crystal Structure: 268

Crystal data for C39H42BrNO3 (m = 652.64 g/mol);

Monoclinic, space group P21 (no.4)

a = 8.6465(2) Å

b = 20.8530(5) Å

c = 9.9079(4) Å

α= 90 ◦

β= 106.2280(10) ◦

γ= 90 ◦

V = 1715.27(9) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.235 mm-1

Dcalc = 1.264 g cm-3

21625 reflections measured (4.282 ≤ 2θ≤ 58.998 ◦), 9383 unique (Rint = 0.0318,

Rsigma = 0.0509) which were used in all calculations.

The final R1 was 0.0365 (I > 2σ(l)) and wR2 was 0.0804 (all data)

Flack parameter = –0.011(4)
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Crystal Structure: 267

Crystal data for C33H34BrNO2 (m = 556.52 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 8.3737(2) Å

b = 11.5658(3) Å

c = 28.5295(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2763.04(12) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.518 mm-1

Dcalc = 1.338 g cm-3

33919 reflections measured (4.534 ≤ 2θ≤ 57.998 ◦), 7351 unique (Rint = 0.0606,

Rsigma = 0.0603) which were used in all calculations.

The final R1 was 0.0404 (I > 2σ(l)) and wR2 was 0.0724 (all data)

Flack parameter = –0.003(6)
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Crystal Structure: 265

Crystal data for C31H32BrNO2 (m = 530.48 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.0173(4) Å

b = 10.2390(4) Å

c = 25.9906(10) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2665.78(18) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.570 mm-1

Dcalc = 1.322 g cm-3

45929 reflections measured (4.276 ≤ 2θ≤ 60 ◦), 7777 unique (Rint = 0.0442, Rsigma

= 0.0356) which were used in all calculations.

The final R1 was 0.0296 (I > 2σ(l)) and wR2 was 0.0554 (all data)

Flack parameter = 0.001(2)
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Crystal Structure: 269

Crystal data for C21H22N2 (m = 302.40 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 9.2469(9) Å

b = 6.2034(6) Å

c = 28.662(3) Å

α= 90 ◦

β= 93.902(4) ◦

γ= 90 ◦

V = 1640.3(3) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.072 mm-1

Dcalc = 1.225 g cm-3

16824 reflections measured (1.424 ≤ 2θ≤ 51.994 ◦), 3226 unique (Rint = 0.1128,

Rsigma = 0.1046) which were used in all calculations.

The final R1 was 0.0988 (I > 2σ(l)) and wR2 was 0.2253 (all data)
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Crystal Structure: 400

Crystal data for C18H21BrNO0 ·5 (m = 339.27 g/mol);

Orthorhombic, space group Pbcn (no. 60)

a = 13.3364(5) Å

b = 12.3414(5) Å

c = 20.5283(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 3378.7(2) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.428 mm-1

Dcalc = 1.334 g cm-3

55070 reflections measured (4.916 ≤ 2θ≤ 59.998 ◦), 4927 unique (Rint = 0.0408,

Rsigma = 0.0226) which were used in all calculations.

The final R1 was 0.0257 (I > 2σ(l)) and wR2 was 0.0597 (all data)
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Crystal Structure: 207

Crystal data for C18H22BrN (m = 332.27 g/mol);

Orthorhombic, space group Pna21 (no. 33)

a = 12.0154(7) Å

b = 8.9869(5) Å

c = 14.7297(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1590.53(15) Å3

Z = 4

T = 120.00 K

Radiation: Mo Kα (λ = 0.71073 Å)

µ(MoKα) = 2.575 mm-1

Dcalc = 1.388 g cm-3

43862 reflections measured (5.31 ≤ 2θ≤ 58.982 ◦), 4433 unique (Rint = 0.1150,

Rsigma = 0.0633) which were used in all calculations.

The final R1 was 0.0788 (I > 2σ(l)) and wR2 was 0.1335 (all data)

Flack parameter = 0.060(8)
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Crystal Structure: 403

Crystal data for C38H34Br3NO2 (m = 776.39 g/mol);

Monoclinic, space group P21 (no. 4)

a = 11.0954(5) Å

b = 10.6208(5) Å

c = 14.8901(7) Å

α= 90 ◦

β= 108.075(2) ◦

γ= 90 ◦

V = 1668.09(14) Å3

Z = 2

T = 120.00 K

Radiation: Mo Kα (λ = 0.71073 Å)

µ(MoKα) = 3.662 mm-1

Dcalc = 1.546 g cm-3

47617 reflections measured (3.862 ≤ 2θ≤ 57.992 ◦), 8854 unique (Rint = 0.0438,

Rsigma = 0.0344) which were used in all calculations.

The final R1 was 0.0265 (I > 2σ(l)) and wR2 was 0.0500 (all data)

Flack parameter = –0.006(3)
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Crystal Structure: 404

Crystal data for C28H26ClNO2 (m = 443.95 g/mol);

Orthorhombic, space group P212121

a = 10.8134(5) Å

b = 12.1073(5) Å

c = 17.8461(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2336.43(18) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.188 mm-1

Dcalc = 1.262 g cm-3

30340 reflections measured (4.066 ≤ 2θ≤ 60 ◦), 6779 unique (Rint = 0.0445, Rsigma

= 0.0447) which were used in all calculations.

The final R1 was 0.0394 (I > 2σ(l)) and wR2 was 0.1097 (all data)

Flack parameter = 0.03(2)
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Crystal Structure: 165b

Crystal data for C60H58Br2N4O4 (m = 1058.92 g/mol);

Monoclinic, space group P21 (no 4.)

a = 10.3813(5) Å

b = 21.4806(10) Å

c = 11.6460(5) Å

α= 90 ◦

β= 92.919(2) ◦

γ= 90 ◦

V = 2593.6(2) Å3

Z = 2

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.614 mm-1

Dcalc = 1.356 g cm-3

44805 reflections measured (3.792 ≤ 2θ≤ 60 ◦), 15088 unique (Rint = 0.0566, Rsigma

= 0.0800) which were used in all calculations.

The final R1 was 0.0526 (I > 2σ(l)) and wR2 was 0.1287 (all data)

Flack parameter = 0.016(4)
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Crystal Structure: 163b

Crystal data for C27H24 ·5 Br0 · 5 Cl1 · 5 N0 · 5 O3 (m = 497.10 g/mol);

Monoclinic, space group P21 (no 4.)

a = 11.6896(3) Å

b = 12.3927(3) Å

c = 16.6159(4) Å

α= 90 ◦

β= 92.5140(10) ◦

γ= 90 ◦

V = 2404.76(10) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.073 mm-1

Dcalc = 1.373 g cm-3

41892 reflections measured (2.454 ≤ 2θ≤ 59.994 ◦), 13920 unique (Rint = 0.0339,

Rsigma = 0.0462) which were used in all calculations.

The final R1 was 0.0368 (I > 2σ(l)) and wR2 was 0.0975 (all data)

Flack parameter = 0.009(2)
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Crystal Structure: 164b

Crystal data for C58H62Br2N4O4 (m = 1038.93 g/mol);

Monoclinic, space group P21 (no. 4)

a = 11.8812(3) Å

b = 17.6104(5) Å

c = 12.0372(4) Å

α= 90 ◦

β= 92.9140(10) ◦

γ= 90 ◦

V = 2515.32(13) Å3

Z = 2

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.663 mm-1

Dcalc = 1.372 g cm-3

43472 reflections measured (4.102 ≤ 2θ≤ 59.998 ◦), 14569 unique (Rint = 0.0343,

Rsigma = 0.0438) which were used in all calculations.

The final R1 was 0.0334 (I > 2σ(l)) and wR2 was 0.0943 (all data)

Flack parameter = –0.002(2)
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Crystal Structure: 405

Crystal data for C33H34BrNO3 (m = 572.52 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3132(2) Å

b = 12.4986(3) Å

c = 22.1449(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2854.49(11) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.474 mm-1

Dcalc = 1.332 g cm-3

37371 reflections measured (3.742 ≤ 2θ≤ 59.998 ◦), 8316 unique (Rint = 0.0414,

Rsigma = 0.0407) which were used in all calculations.

The final R1 was 0.0314 (I > 2σ(l)) and wR2 was 0.0613 (all data)

Flack parameter = –0.002(3)
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Crystal Structure: 162a

Crystal data for C26H24INO3 (m = 525.36 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 9.1389(2) Å

b = 13.4774(3) Å

c = 18.6368(4) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2295.47(9) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.422 mm-1

Dcalc = 1.520 g cm-3

29457 reflections measured (4.372 ≤ 2θ≤ 59.996 ◦), 6638 unique (Rint = 0.0257,

Rsigma = 0.0243) which were used in all calculations.

The final R1 was 0.0209 (I > 2σ(l)) and wR2 was 0.0784 (all data)

Flack parameter =- -0.012(6)
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Crystal Structure: 162b

Crystal data for C27H23Cl3INO2 (m = 626.71 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 9.4989(5) Å

b = 11.5324(6) Å

c = 24.1040(13) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2640.5(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.541 mm-1

Dcalc = 1.577 g cm-3

45332 reflections measured (4.61 ≤ 2θ≤ 60 ◦), 7619 unique (Rint = 0.0303, Rsigma =

0.0216) which were used in all calculations.

The final R1 was 0.0257 (I > 2σ(l)) and wR2 was 0.0898 (all data)

Flack parameter = –0.028(4)
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Crystal Structure: 116

Crystal data for C31H30INO2 (m = 575.46 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3570(5) Å

b = 10.4721(5) Å

c = 24.5555(11) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2663.3(2) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.230 mm-1

Dcalc = 1.435 g cm-3

45654 reflections measured (4.228 ≤ 2θ≤ 59.988 ◦), 7752 unique (Rint = 0.0295,

Rsigma = 0.0201) which were used in all calculations.

The final R1 was 0.0208 (I > 2σ(l)) and wR2 was 0.0768 (all data)

Flack parameter = –0.020(4)
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Crystal Structure: 120

Crystal data for C32H30BrNO2 (m = 540.48 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.3994(4) Å

b = 10.4663(4) Å

c = 24.2221(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2636.41(17) Å3

Z = 4

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.589 mm-1

Dcalc = 1.362 g cm-3

45492 reflections measured (4.24 ≤ 2θ≤ 59.998 ◦), 7668 unique (Rint = 0.0360,

Rsigma = 0.0286) which were used in all calculations.

The final R1 was 0.0254 (I > 2σ(l)) and wR2 was 0.0830 (all data)

Flack parameter = –0.003(2)
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Crystal Structure: 143

Crystal data for C32H25Br2NO2 (m = 615.35 g/mol);

Monoclinic, space group P21 (no. 4)

a = 10.7034(3) Å

b = 10.2407(2) Å

c = 12.6638(3) Å

α= 90 ◦

β= 108.0650(10) ◦

γ= 90 ◦

V = 1319.66(6) Å3

Z = 2

T = 120.00 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 3.102 mm-1

Dcalc = 1.549 g cm-3

22643 reflections measured (4.002 ≤ 2θ≤ 59.998 ◦), 7646 unique (Rint = 0.0283,

Rsigma = 0.0337) which were used in all calculations.

The final R1 was 0.0242 (I > 2σ(l)) and wR2 was 0.0781 (all data)

Flack parameter = –0.008(2)
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Crystal Structure: 115

Crystal data for C31H30BrNO2 (m = 528.47 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.2788(2) Å

b = 10.9000(2) Å

c = 23.3163(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 2612.33(9) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.602 mm-1

Dcalc = 1.344 g cm-3

44929 reflections measured (4.124 ≤ 2θ≤ 59.99 ◦), 7591 unique (Rint = 0.0409,

Rsigma = 0.0325) which were used in all calculations.

The final R1 was 0.0493 (I > 2σ(l)) and wR2 was 0.1525 (all data)

Flack parameter = 0.067(3)
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Crystal Structure: 406

Crystal data for C30H30ClNO2 (m = 472.00 g/mol);

Triclinic, space group P1̄ (no. 2)

a = 9.8918(5) Å

b = 10.0667(5) Å

c = 13.5065(7) Å

α= 78.734(2) ◦

β= 69.632(2) ◦

γ= 89.674(2) ◦

V = 1233.72(11) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.183 mm-1

Dcalc = 1.271 g cm-3

37569 reflections measured (4.136 ≤ 2θ≤ 59.994 ◦), 7168 unique (Rint = 0.0446,

Rsigma = 0.0348) which were used in all calculations.

The final R1 was 0.0410 (I > 2σ(l)) and wR2 was 0.0973 (all data)
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Crystal Structure: 407

Crystal data for C32H33BrN2O2 (m = 557.51 g/mol);

Triclinic, space group P1̄ (no. 2)

a = 10.2400(2) Å

b = 10.7027(3) Å

c = 13.5673(3) Å

α= 73.9810(10) ◦

β= 68.1670(10) ◦

γ= 84.6770(10) ◦

V = 1326.59(6) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.582 mm-1

Dcalc = 1.396 g cm-3

23679 reflections measured (3.96 ≤ 2θ≤ 59.998 ◦), 7698 unique (Rint = 0.0282,

Rsigma = 0.0321) which were used in all calculations.

The final R1 was 0.0301 (I > 2σ(l)) and wR2 was 0.0764 (all data)
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Crystal Structure: 169

Crystal data for C32H32BrNO2 (m = 542.49 g/mol);

Monoclinic, space group P21/c (no. 14)

a = 10.0705(2) Å

b = 10.1032(2) Å

c = 26.3679(6) Å

α= 90 ◦

β= 100.4880(10) ◦

γ= 90 ◦

V = 2637.96(10) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.588 mm-1

Dcalc = 1.366 g cm-3

46104 reflections measured (4.114 ≤ 2θ≤ 59.996 ◦), 7678 unique (Rint = 0.0613,

Rsigma = 0.0499) which were used in all calculations.

The final R1 was 0.0451 (I > 2σ(l)) and wR2 was 0.1317 (all data)
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Crystal Structure: 408

Crystal data for C23H22O3 (m = 346.40 g/mol);

Monoclinic, space group P21 (no. 4)

a = 9.3773(2) Å

b = 7.6571(2) Å

c = 12.8736(3) Å

α= 90 ◦

β= 103.1370(10) ◦

γ= 90 ◦

V = 900.17(4) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.083 mm-1

Dcalc = 1.278 g cm-3

15216 reflections measured (6.5 ≤ 2θ≤ 59.978 ◦), 5188 unique (Rint = 0.0252, Rsigma

= 0.0289) which were used in all calculations.

The final R1 was 0.0355 (I > 2σ(l)) and wR2 was 0.0937 (all data)

Flack parameter = –0.1(3)
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Crystal Structure: 192

Crystal data for C36H46Br2N2O (m = 682.57 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 18.1894(8) Å

b = 10.0428(4) Å

c = 19.5856(8) Å

α= 90 ◦

β= 107.476(2) ◦

γ= 90 ◦

V = 3412.6(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.405 mm-1

Dcalc = 1.329 g cm-3

57668 reflections measured (3.652 ≤ 2θ≤ 59.998 ◦), 9933 unique (Rint = 0.0344,

Rsigma = 0.0281) which were used in all calculations.

The final R1 was 0.0269 (I > 2σ(l)) and wR2 was 0.0600 (all data)
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Crystal Structure: 240

Crystal data for C19H26BrNO (m = 364.32 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.0041(5) Å

b = 11.5794(6) Å

c = 15.6325(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1810.89(16) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.272 mm-1

Dcalc = 1.336 g cm-3

31805 reflections measured (4.378 ≤ 2θ≤ 59.976 ◦), 5287 unique (Rint = 0.0545,

Rsigma = 0.0453) which were used in all calculations.

The final R1 was 0.0323 (I > 2σ(l)) and wR2 was 0.0555 (all data)

Flack parameter = 0.001(4)
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Crystal Structure: 409

Crystal data for C19H26INO (m = 411.31 g/mol);

Orthorhombic, space group P212121 (no. 19)

a = 10.1164(5) Å

b = 11.8297(6) Å

c = 15.8142(8) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 1892.55(16) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.694 mm-1

Dcalc = 1.444 g cm-3

33093 reflections measured (4.3 ≤ 2θ≤ 59.996 ◦), 5518 unique (Rint = 0.0647, Rsigma

= 0.0536) which were used in all calculations.

The final R1 was 0.0360 (I > 2σ(l)) and wR2 was 0.0715 (all data)

Flack parameter = –0.015(14)
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Crystal Structure: 410

Crystal data for C11H15F7NP (m = 325.21 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 13.8500(3) Å

b = 14.9910(3) Å

c = 13.8807(3) Å

α= 90 ◦

β= 110.3630(10) ◦

γ= 90 ◦

V = 2701.88(10) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.274 mm-1

Dcalc = 1.599 g cm-3

46340 reflections measured (4.144 ≤ 2θ≤ 59.994 ◦), 7887 unique (Rint = 0.0494,

Rsigma = 0.0334) which were used in all calculations.

The final R1 was 0.0503 (I > 2σ(l)) and wR2 was 0.1268 (all data)
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Crystal Structure: 411

Crystal data for C26H36N4O2 (m = 436.59 g/mol);

Triclinic, space group P1̄ (no. 2)

a = 9.2074(8) Å

b = 9.5477(8) Å

c = 14.1637(12) Å

α= 81.278(3) ◦

β= 89.981(3) ◦

γ= 88.692(3) ◦

V = 1230.40(18) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.076 mm-1

Dcalc = 1.178 g cm-3

23133 reflections measured (2.91 ≤ 2θ≤ 63.196 ◦), 8147 unique (Rint = 0.0625,

Rsigma = 0.0786) which were used in all calculations.

The final R1 was 0.0850 (I > 2σ(l)) and wR2 was 0.2241 (all data)
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Crystal Structure: 412

Crystal data for C17H20F6NP (m = 383.31 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 8.8266(3) Å

b = 11.6599(4) Å

c = 16.8407(6) Å

α= 90 ◦

β= 98.7330(10) ◦

γ= 90 ◦

V = 1713.11(10) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.221 mm-1

Dcalc = 1.486 g cm-3

28694 reflections measured (4.266 ≤ 2θ≤ 59.996 ◦), 4992 unique (Rint = 0.0343,

Rsigma = 0.0253) which were used in all calculations.

The final R1 was 0.0475 (I > 2σ(l)) and wR2 was 0.1149 (all data)
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Crystal Structure: 413

Crystal data for C27H44BrN3O2 (m = 522.56 g/mol);

Triclinic, space group P1̄

a = 7.4326(3) Å

b = 14.4112(5) Å

c = 25.5652(9) Å

α= 89.1380(10) ◦

β= 86.4810(10) ◦

γ= 88.5900(10) ◦

V = 2732.11(17) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 1.532 mm-1

Dcalc = 1.270 g cm-3

47408 reflections measured (2.828 ≤ 2θ≤ 59.998 ◦), 15867 unique (Rint = 0.0526,

Rsigma = 0.0762) which were used in all calculations.

The final R1 was 0.0481 (I > 2σ(l)) and wR2 was 0.1007 (all data)
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Crystal Structure: 414

Crystal data for C16H20BrN (m = 306.24 g/mol);

Monoclinic, space group P21/c

a = 12.9898(3) Å

b = 10.2487(2) Å

c = 10.8155(2) Å

α= 90 ◦

β= 91.5570(10) ◦

γ= 90 ◦

V = 1439.32(5) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.839 mm-1

Dcalc = 1.413 g cm-3

24044 reflections measured (5.064 ≤ 2θ≤ 59.994 ◦), 4185 unique (Rint = 0.0326,

Rsigma = 0.0230) which were used in all calculations.

The final R1 was 0.0219 (I > 2σ(l)) and wR2 was 0.0537 (all data)
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Crystal Structure: 415

Crystal data for C25H22BrP (m = 433.30 g/mol);

Monoclinic, space group P21/c (no. 14)

a = 9.7108(3) Å

b = 20.1275(6) Å

c = 11.4067(3) Å

α= 90 ◦

β= 109.1770(10) ◦

γ= 90 ◦

V = 2105.77(11) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.035 mm-1

Dcalc = 1.367 g cm-3

35585 reflections measured (4.288 ≤ 2θ≤ 59.992 ◦), 6113 unique (Rint = 0.0309,

Rsigma = 0.0236) which were used in all calculations.

The final R1 was 0.0296 (I > 2σ(l)) and wR2 was 0.1060 (all data)
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Crystal Structure: 416

Crystal data for C25H28BrN (m = 422.39 g/mol);

Monoclinic, space group C2/c (no. 15)

a = 21.6224(6) Å

b = 10.3543(3) Å

c = 18.3590(5) Å

α= 90 ◦

β= 100.9620(10) ◦

γ= 90 ◦

V = 4035.3(2) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.047 mm-1

Dcalc = 1.391 g cm-3

33924 reflections measured (4.376 ≤ 2θ≤ 59.988 ◦), 5884 unique (Rint = 0.0430,

Rsigma = 0.0361) which were used in all calculations.

The final R1 was 0.0403 (I > 2σ(l)) and wR2 was 0.1243 (all data)

507



Crystal Structure: 417

Crystal data for C20H22BrN (m = 356.29 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 13.7653(3) Å

b = 10.3248(3) Å

c = 24.1287(6) Å

α= 90 ◦

β= 94.5530(10) ◦

γ= 90 ◦

V = 3418.45(15) Å3

Z = 8

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 2.402 mm-1

Dcalc = 1.385 g cm-3

57923 reflections measured (3.298 ≤ 2θ≤ 60 ◦), 9954 unique (Rint = 0.0389, Rsigma

= 0.0316) which were used in all calculations.

The final R1 was 0.0279 (I > 2σ(l)) and wR2 was 0.0545 (all data)
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Crystal Structure: 246

Crystal data for C20H12Br2O2 (m = 444.12 g/mol);

Monoclinic, space group P21/n (no. 14)

a = 9.9396(3) Å

b = 8.3061(3) Å

c = 19.7919(7) Å

α= 90 ◦

β= 98.1820(10) ◦

γ= 90 ◦

V = 1617.37(10) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 5.021 mm-1

Dcalc = 1.824 g cm-3

26795 reflections measured (4.158 ≤ 2θ≤ 60 ◦), 4702 unique (Rint = 0.0305, Rsigma

= 0.0238) which were used in all calculations.

The final R1 was 0.0241 (I > 2σ(l)) and wR2 was 0.0608 (all data)
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Crystal Structure: 247

Crystal data for C39H35Br3Cl3NO2 (m = 895.76 g/mol);

Monoclinic, space group P21 (no. 4)

a = 11.9980(4) Å

b = 10.5662(4) Å

c = 15.2000(5) Å

α= 90 ◦

β= 103.3610(10) ◦

γ= 90 ◦

V = 1874.80(11) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 3.477 mm-1

Dcalc = 1.587 g cm-3

32779 reflections measured (4.738 ≤ 2θ≤ 60 ◦), 10900 unique (Rint = 0.0386, Rsigma

= 0.0550) which were used in all calculations.

The final R1 was 0.0347 (I > 2σ(l)) and wR2 was 0.0614 (all data)

Flack parameter = –0.004(3)
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Crystal Structure: 247a

Crystal data for C39H35Br3Cl3NO2 (m = 895.76 g/mol);

Monoclinic, space group P21 (no. 4)

a = 11.9898(15) Å

b = 10.5630(13) Å

c = 15.2229(19) Å

α= 90 ◦

β= 103.293(5) ◦

γ= 90 ◦

V = 1876.3(4) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 3.474 mm-1

Dcalc = 1.586 g cm-3

22803 reflections measured (3.916 ≤ 2θ≤ 50.86 ◦), 6837 unique (Rint = 0.0758,

Rsigma = 0.0812) which were used in all calculations.

The final R1 was 0.0575 (I > 2σ(l)) and wR2 was 0.1396 (all data)

Flack parameter = 0.003(14)
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Crystal Structure: 245

Crystal data for C23H16N2O3 (m = 368.38 g/mol);

Triclinic, space group P1̄ (no. 2)

a = 7.0913(3) Å

b = 7.6326(3) Å

c = 16.8236(7) Å

α= 100.143(2) ◦

β= 96.212(2) ◦

γ= 95.363(2) ◦

V = 885.17(6) Å3

Z = 2

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.093 mm-1

Dcalc = 1.382 g cm-3

15497 reflections measured (4.96 ≤ 2θ≤ 59.996 ◦), 5125 unique (Rint = 0.0432,

Rsigma = 0.0598) which were used in all calculations.

The final R1 was 0.0597 (I > 2σ(l)) and wR2 was 0.1293 (all data)
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Crystal Structure: 244

Crystal data for C20H12Br2O2 (m = 444.12 g/mol);

Tetragonal, space group I41/a (no. 88)

a = 25.2683(8) Å

b = 25.2683(8) Å

c = 10.6109(5) Å

α= 90 ◦

β= 90 ◦

γ= 90 ◦

V = 6774.9(5) Å3

Z = 16

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 4.795 mm-1

Dcalc = 1.742 g cm-3

57855 reflections measured (4.164 ≤ 2θ≤ 59.984 ◦), 4942 unique (Rint = 0.0765,

Rsigma = 0.0454) which were used in all calculations.

The final R1 was 0.0384 (I > 2σ(l)) and wR2 was 0.1064 (all data)
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Crystal Structure: 243

Crystal data for C24H18O6 (m = 402.38 g/mol);

Monoclinic, space group C2/c (no. 15)

a = 20.4448(12) Å

b = 8.6649(5) Å

c = 13.6602(8) Å

α= 90 ◦

β= 127.913(2) ◦

γ= 90 ◦

V = 1909.2(2) Å3

Z = 4

T = 120.0 K

Radiation: MoKα (λ = 0.71073 Å)

µ(MoKα) = 0.101 mm-1

Dcalc = 1.400 g cm-3

15980 reflections measured (5.05 ≤ 2θ≤ 59.996 ◦), 2787 unique (Rint = 0.0509,

Rsigma = 0.0415) which were used in all calculations.

The final R1 was 0.0556 (I > 2σ(l)) and wR2 was 0.1275 (all data)
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Appendix B

CSD searches

B.1 Refcodes of conglomerates with Z′
>1

CCDC refcodes of conglomerates with Z′ >1

ABAFAL DAVGUE FEBPUA IVUPIZ NERQUZ PODGIZ UQIYIF WIZFET

AHUPID DIDPAI FEGZOH IVURIB NESCAS PUFPOW UQOPIC WOZWAL

AKAXIT DIFLAF FIZRUD01 IVUSEY NOHTOT PUYXUD UTAZAT WUHBOT

AQIPAU DIYWOY FUYKOB JETLEA01 NONMUB QOKDOL VALRIL WUTQOT

ARIVUS DONZIQ GASCEK JIVWET NONNOW RARGOJ VAVZUP XEDKIC

ASOBER DOQQOP GAZPEE JODQOJ NOYKEU ROCQOS VAXFUY XICDIW

ASOCOB DUBQUN GAZPII JOPMIN NOYKUK RUJHUA VEJLOM XICQIM

ASUBOI DUTWEX GIJGUE KAZVAL NUFLUW RUJMEP VEWMIU XISLET

BAZQIC EFABIY GIZKEI KIGJUH OBAYOF01 SACJIT VIKLIL XUQYEN

BEQGUB EFIXIA GOZKEO KISYAO OGOMUV SECYII VIXVEG XURPUX

BUBTAU EJEXOI GUCMAT LAMDUA OKOXES SOFKON VIYQOL XUVYAQ

BUKNIG EPOLUT GUDMOI LEGZUT ONONUC SUBJUX VURQAD YACWOR

CEMBUT EYIJAY HAVYIP LIDCUZ OSUZUY SUCKOS WAHKOG YEYFOY

CIHWAT EZAKEY HEYSUZ LOLLIK OTOGIP TIJCUM WAKWEM YUKPEA

CIXHAV FAGSIS HEYSUZ10 LUDMON OVIDUT TIRVAT WAPHIH ZAQBEA

CONZUB FAKSOC IJUNUW MAMHAM PACCED TUBDOJ WAPVUF ZETBEF

COSXAM FALWUK INAFUA MOKPUX PAGXAA UFOCOH WASHOP

CUCJUH FAQGOT INAGAH MUJWAQ PEMWOU UJUNAR WEDJIB

CUMDAR FAXNAW IVIMOQ NABKIN PIYFEI ULAHUM WIJZIY
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B.2. REFCODES OF KRYPTORACEMATES

B.2 Refcodes of kryptoracemates

Refcodes of kryptoracemates

ABIVIT CAPFIL DIXREI FASQOF HAJGEH ISEBAL LITCEW NEDYEC

ABOBUR CASXEB DIXZAM FAZSOR HAJNOY IVUNIX LIWMOW NEHPIZ01

ABUQOF CAYWUX DODPAP FEJLOW HAWPIG IWIGON LOPYEW NEPHCL

ACICEU CAYXAE DOGQUN FLDAZP HEFGIL IYEPAD LOZZEF NIBXEE

ADARII CEHYEW DOHVII FODLAN HEGSAP JAGQUD LULTEU NIHFER

AFUCUC CEVQIG DOWFUT FOHLIY HEQRAY JANYON LUMJUZ NIJGIW

AKIPIW CEVQOM DUSCOL FURRIW HEYROS JAPDAG LUQLUF NIKTAD

ALEXAQ CEZQOO EBEWAM FUVYIG HIGGEL JAXZIR LUWHOC NIMDEV

APOYAG CILCAD EBIMAG GABGOF HIJBIM JAYWUE LUYMAV NINROU

AREZEE CIXHOG EBOHUY GACWUE HIKGEN JECPEP MALFEO NISMUX02

AVOBAR CIZGIC EDEHIF GAFJIH HIKGEN01 JEKRIB MALXOQ NITSUH

AWIJAT COCROD EGOXEG GAFWAL HILXUW JOHJIA MANBOU NOKRIP

AWURUH COCXEA EGURIH GAGFAX HISGOH JOJCET MAPXUX NOLFUP

AWUYAT COGNOC ELIJAK GAKLAJ HISRIL01 JOLMUU MEBCUT NOLWAO

AXEGEQ COQYOZ EMEKOX GANMUD HOBMAO KABTIT MEKJIX NOPMAH

AXIXUB COVXOC EMIXIH GAPFIO HOFNEY KAQKOF MEQMAZ NOSPOD

BACTUX CUKDAN10 EMOYIO GEFNEM01 HONXEQ KEHDOR MEXXOF NUBKEA

BAZGOZ CUMYOZ ENIVAZ GEFQUE HUYBIN KEKJAO MIBGIO NUCLIG

BEGGAV CUTGAZ EPOJUR GENLET01 IBOVEA KETWAK MIKTUY NUFQAI

BERCIL DAGTAH EROXUH GENLET02 IDILIQ KIGKOD MIVZAT NUGVER

BIKCUV DAGXUH ETAFUA GEWQAC IFEJEL KOMKII MOHVEK NULBIH

BINGOU DAHSIR EXIGID GIBXAR IFEJOV KOVBIG MORSAO NUPQAR

BISFER DAJKAC EYONIS GICSOA IGAFIG KUKFOM MUBYIR NUYTAC

BOGYUS DAQKAI EYUKAN GIPLID IGAKEI KUSTOJ MUDQIN OBAVIZ

BOKSOL DAQSUJ EZAJAT GIZSOZ IGAREO LABFAV MUFZEV OGOLUU

BONKEW DASHAJ EZAKAU GOLXOU IHEMEO LACFEB MUKCUS OGOMAB

BULTUA DEMNIV FABDIZ GUCJOE IHULUU LALKUF MUMXAV OHABIK

CABHUM DIGMOX FAHQUB GULFID ILOTUB LAZTIQ NACNAI OHAKIT

CABXIM DIGPEQ FAHYUM GUMCEY IPAZUN LIKDAM NAJCUX OHELIY

CACKOJ DIPNIC FARVEB GUXCEJ IQAYUW LINJAW NAMBIP OLAJES
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B.2. REFCODES OF KRYPTORACEMATES

Refcodes of kryptoracemates continued...

OLOHAY PIWVUN REVSOC SINPEL TUWCIX VEHDEU XEPHUX YOGVAR

OLOKOR PONVOE REZZOM SODTEM TUYFOJ01 VETFIK XERTUM YOJZIH

ONALIB POPQUH RIGMAW SOGSOW UCIPIG VIGHOL XERWIC YOSKAU

ONODAY POXSIG RISNIS SUHYIG UFAZUZ VIGLEF XEYWOQ YOVLON

ONUBAC PTHAZO10 ROBTUZ SUKMIX UGOTOA VIWNOE XIGGEB YOXREI

ONUBEG PUYXIS ROKPUD SUMMUK UHACUE VIWTIH XIHWOB YUBYIG

OQABAK QAHSUQ ROKTAM SUPRIF UJIWOC VOBFOK XIRZED YUDGEK

OSARUX QALCIQ RUCXAQ SUSVEK UMISIT VOBKEE XOCWES YUFVAX

OTOGOW QAVBIB RUDCUR TABLUD UMULOE VOLDOQ XOLDOS YUGTOK

OVUTOQ QEFJAP RUMTOK TADPIZ UNUGEQ VORHIW XONWUS ZADYEL

OXADAU QEFJUJ RURBIQ TADRIZ UPOXIH VUFWEB XOPVIK

OXATAK02 QELQOQ RUWHEX TAQKAZ USAGIF VUKCEJ XOZFIB

OXOSEC QERFAX RUYJON TARPEK USARUC VULTAZ XUBPUG

OYACUO QESVOC RUZVOA TAWFAA USESUJ VUMKUK XUBROC

OYOGOA QETXAO SABSIZ TAYTEU USODUE WABFIS XUBTEU

OYUGAT QEWTES SAGFEN TAZKUC UTEYEZ WABJIW XUMQEC

OYUQOQ QIJMAX SAGKAP TEFDIT UTIHEM WAPKUW XUPMEB

OZIKAK QIKSAG SAGTUP TICMEA UTUNIH WEDFIW XUPMUR

OZIRUN QIYJIR SAKFUF TITYOM UVOJUL WEPWUJ XUWLOT

PAFSIC QOWROM SAPVAG TITZED UWUYUJ WETGEK XUYQIT

PALPAW QOWRUS SAQSAE TMENQU UXAZOL WINSAQ YAHYIP

PAMHAN QOWSAZ SARQOQ TOFTAM UXUGEB WIYPAV YAQVUK

PEGKUJ QOZQUS SAXBIF TOGYOG UZEPIZ WONMIY YERGOR

PELDOC QUGPIR SAXMIQ TOPSOI VAJZIQ WONRAS YIMBAZ

PELDUF QUTWAE SEJTAC TOQJAK VATNEL WOQQIE YIPNUI

PENFEV RAMSED SEPFOI TOQRUP VAXHOT WOWXOV YIRYAA

PENLUS RAQDOF SEPXUI TUGLIR VEBTEE WUFSUO YISTOL

PEXLOU RARMEE SIFMOK TUHJEN VEBZIL WUMJEW YIYPIH

PIGBOX RENRIO SIHDEV TUPQUS VEFDES XADZOS YOBNEI

PIHPUU RETYUM SIKCAR TUQDER VEFNIE XEFNAX YOFNOY
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B.3. REFCODES OF SOLID SOLUTIONS OF ENANTIOMERS

B.3 Refcodes of solid solutions of enantiomers

Refcodes of solid solutions of enantiomers

ABONEM CUXHUZ06 FULYUJ IKUDOK KUXHER MIYGAC QIKSIM TOMTIB

AQEBUT CUXLAJ FUQJAF INUBOK LAHVUN NILYIR QIVPIX UFEFEQ

AWUMUB CUXLAJ01 GAGQOV IYOGUZ LAWWEN NOQHUX QUMZOQ VAQZUJ

BADJAT CUXLAJ02 GLPCHO JALVUQ LAZLON OLELUP RAFVEC VEQTUH

BADWOW DABZOX GOJPAZ JIPPED LIPYUE OPIMAD REBLIU WODQAJ

BEDCUK DAXQEB HANBOP JODMUN LOHQIL OPIMEH REVMOU WOVRUU

BEWFOZ DEMMEQ HAPTOK JODNIC LOSRIX OVIGEG RIGQIJ WUTXOA

BEYSUU DIZLOP HITZAO JOSHIL LOYMER PEQBEV RIYKIT XAYKEQ

BEZPUU ENIPUO HIVWUH KAZTIR MEFFAF PEZNAK ROBSUZ YODQAM

BIWYIR EQANAO HUSJEK KICDEH MIHZOT PUGZUP ROBTAG ZAWXAZ

CORKOM FATGAL IDIMUD KICDOR MIJBAJ QADXAV SEQGAX01

CUXHUZ03 FONVOW IFECOM KITLUV MIJBEN QAQPED SOQQOE
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