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* LUMINESCENCE BEHA VIOUR OF MACROCYCLE METAL COMPLEXES

James Anthony Gareth Williams

ABSTRACT

Luminescent complexes of lanthanide ions are of growing interest because the long
lifetime of emission allows time-resolved detection procedures to be employed. A key
step in the development of such systems lies in the preparation of highly luminescent

complexes which display high stability in aqueous solution.

A series of ligands based on 1,4,7,10-tetraazacyclododecane have been prepared, in
which the nitrogen atoms are appended with coordinating phosphinate or amide groups,
or a combination of both. The compounds obtained are octadentate ligands which form
water-soluble lanthanide complexes of high stability. Compiexes incorporating aryl
groups in the pendent arms have been prepared and some display intense metal
luminescence following excitation into the organic chromophores. A back energy

transfer process occurs in the terbium complexes containing naphthyl or quinolinone

groups.

Measurements of the luminescence lifetimes in HyO and D,O show that there are no
metal-bound water molecules in- the tetrabenzylphosphinate complexes. Those
incorporatiﬁg one amide and three phosphinate groups display hydration states between
0 and 1. An attempt has been made to correlate this information with that obtained
from an analysis of the nuclear magnetic resonance dispersion profiies of related
gadolinium complexes. The complexes incorporating secondafy amide groups display
an additional deactivation pathway for the metal excited state involving energy transfer
into N-H bonds.

The luminés(:encé behaviour of four macrocyclic tetraamide ligands incorporating
naphthyl fluorophores has been studied. 'These compounds exhibit distinctive changes
in luminescence in the presence of quenching (eg. Pb2*, CuZ* and Ni?*) and non-
quenching ions (eg. Cd?* and Zn2*). This behaviour extends to non-aqueous solution.
The protonated tetranaphthyl ligand forms an intramolecular excimer in .which the
excimer emission displays a sensitive dependence on the polarity of the solvent.

Universiiy of Durham
October 1995
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'CHAPTER 1

) Introduction

1.1 Introduction

The yvork described in this thesis is concerned with the luminescence properties of
metal complexes of macrocyclic ligands. 'l’here are three components to this work.
The ﬁrst objective is the quest for highly luminescent complexes of lanthanide ions, of
high kinetic and thermodynamic stability.. Such complexes are potentially useful as
probes or labels in biological applications, for example in fluoroi_mmunoassay. A
second aim has been the attempt to correlate the luminescence and structural
informa'tion amassed on these complexes With‘the behaviour of the related gadolinium
'complexes, which are potential paramagnetic contrast agents for use in magnetic
resonance imaging. Finally, the luminescence properties of the free ligands may be
' stronglyfinﬂu’enced by the presence of metal ions of the appropriate size and
coordination preferences Thrs leads to the poss1b111ty of sensitive and selective

: detectlon methods for certain. metal ions.

1.2 Luininescence

The word 'luminescence’ refer_s to the emission of light by materials other than that
which occurs Vlthr.ough the process of incandescence. (This latter phenomenon relates to
‘the fact that all 'matedals increasingly emit 'radiation of shorter wavelengths as their
' temperature is mcreased when the temperature is high enough visible light is emitted).
In any l1ght-em1tt1ng process, the sample must absorb an approprlate amount of energy
from a suitable source prior to emission of llght Lummescence is subdivided into a |
number of categorles accordlng to the orlgm of thlS energy Examples include
b_1olummescence (emission of light by hvmg anunals and plants where an exoenergetic
~ biochemical reaction proyides the“ excitatl_on energy), chemiliminescence (that which
may occur during the course of a-chemlca1<reaction and consecutive to absorption of
energy by the reactant molecules) and electrolummescence (llght accompanymg an

| electnc discharge, for example in a-rarefied gas, or after bombardment by electrons -
| 1




- . o . _ . Chapter 1

sqmetirhes referred to as cathodoluminescence). The work deséﬁbed here is concerned
“exclusively with photoluminescence,’ namely' the emi'ssibri of ultra-violet, visible or
near-infrared light. upon exposure to light having the s;ame energy (resonance) or a
. higher energy. The"phenoxhendn of photoiﬁ'minesc_ence may be further subdivided into A
fluorescence and phosphorescence. Histoi‘ically‘,' the distinction was made according to
the relative'timéécal‘e's‘of the emission; thus, if the light emission was observed to
persist after the excitation ‘was,discontinued, the light-emitting process was referred to
as phosphorescence. Not sufprisin'gly, this rapidly became an ambiguous distinction
and the modern déﬁni,tion.of phospho_resﬁence-is the emission of light after energy
- transfer to a state-of higher spin (eg. triplet states in "organic compounds). Figure 1.1
shb_Ws the electronic t_ransitionslgiving rise to these two_pro,cesées 1n the form of a
‘Simpliﬁed Jéblonski__diagfam, wﬁich_ illusi:fates some of the processes which méy occur

“when a typical fluorescent organic molecule absorbs a photon of light of abp_ro’priaté '

_energy..
A\ 3 )
S. — - intersystem .
! R “crossing
i non-radiative
i deactivation. T
: ' : 1
absorption phosphorescence o
fluorescenc L~ non-radiative
' : deactivation
So:

denotes vibrational relaxation

FIGURE 1.1 Simpliﬁed Jablonski diagra}n illustrating some of the processes which
may occur folquing the absorption of light by a typical fluorescent brgapic molecule
and the distinction between fluorescence and phosphorescence.
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’ The spm -forbidden nature of the phosphorescent transmon (T - Sp) gives rise to the
long natural lummescence hfetlme which is often a feature of phosphorescence
(emission gmescales may be of the order of milliseconds to seconds in ~the absence of
other deactivating processes). In contrast, fluorescence is a fully allowed process and
decdys very rapidly after excitation, typically over nanoseconds to microseconds. In
practice, it usually turns out that lohg-lived phosphorescence is not observable under
ambient conditions. This reflects the occurrence of highly competitive radiationless
_ deactivation cathways f01_' the triplet state, including thermally activated processes and
quenchihg Ey dissolved molecular oxygen or other species. This point will Be returned

. to in later sections.

1.3 Lenthanide Luminescence

1.3.1' Electronic configurations and transmons

The lanthamde elements anse from the progressive ﬁlhng up of the 4f electron subshell.
The 4£™ configuration of a lanthanide i ion gives rise to a large number of states whose
' .er‘lerg_ies are determined by a_combinetion.'of intereleétronic'fepulsion, spin-orbit
coepling and the ligand field. In-principle, O>Wing to the relatively large spin-orbit
coupling observed for the lanthanides, an intermediate coupling scheme should be
invoked to. describe the spin-orbit coupling but in practice, the simpler Russell-
* Saunders couphng scheme proves to be a reasonable approx1mat10n 1 The electrostatic
interaction ylelds terms, (2$+1)L, with separatlons of the order of 104 cm’L. Spin-orbit
coupling then.sp‘l_i‘ts these terms into J states',".the separations of whjch vare\typically in
the region of 103 cml. .The ground states are predicted using Hund's rules. The
separation betweeh adjacent J levels, as obtained from the emission spectra for
exemple, follows the Landé ihterval_ rule fairly well {i.e." separation between level J and
J-1)is proporﬁohél toJ }, which provides some jl_lstiﬁcation'fof the use of the Russell-
Saunders coupling schen;e.. o : -

‘Owing t-o, their relatively small radial extensions, the 4f erbitgls are effectively shielded
from the environment by the 5s25p.6 arrangement and \are enly minimally involved in

3




Chapter 1

bonding.' This has two important implications for the spectra of lanthanide ions in
solution. .Fir'stly, ligand-field splittings are yery_ small, of the order of 10%cm’!. Thus,
when an f-f transltion occurs from one"spectroscopic term of a 4f® conﬁguration to
. another term of the same conﬁguratron the spectral band which arises is extremely
sharp (both in absorption and in emission). 2 The bands are similar to those of free
atoms and are quite unlike the broad d-d bands observed in the absorbance spectra of
transition metal complexes -(whe,re ligand-field splittings are typically several thousand
| wavenumbers). The seeond point concerns the probability of such transitions. Electric
dipole transitions between states of M configuration are panty (Laporte) forbidden.
‘However, the interaction with the'_ligand field or with its vibrational states mixes
' eleotronlc states' of different panty into ‘the af wavefunction, which-gives rise to forced
(or induced) eleetrie dipole transit;ions..3 The weak nature or this interaction means that
only small contributions are "added to the 4f wavefunctions and so the oScillator strengthi
remains low. This leads to very low extmctlon coefficients in. the absorbance spectra: -
they are rarely greater than 1 M-lem™1. Magnetlc dipole transmons are allowed by the
parity rule, but their oscrllator strengths are extremely low and of a similar magmtude

. to those of the forced electrrc dipole transitions.

* In'emission, the low. transition probabilities lead to long natlrra.l luminescence lifetimes.
A theoretical treatrnent of luminescence allows radiative lifetimes to be estirnated using
the' Einstein. coefﬁcient to express -the rate of relaxation of an excited state to a
particular final state. 24 In addition to the dipole oscillator strength the rate of
relaxation is proportlonal to (AE)3 where AE is the energy gap between the two states. .
The energy levels of the trrvalent lanthamde ions are.shown in the energy level diagram
in Figure 1.2. lt is aoparent that Gd3"' might be expected to have the shortest natural

E luminescence lifetime, as it-has the largest energy gap between emissive and next-lower

'state This is not the ease however because in" the case of Gd3+ this is the only

'transmon whrch can.occur (there are no other. low -lying states) whereas for the other

metals, there are several other lower states- available to which the excrted state can

relax:' it is the total radiative relaxatlon rate which determines the natural lummescence

4
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. FIGURE 1.2 Energy levels of the trivalent lanthanides ( except Ce?t and Pmd*); q is

> the number of 4f electrons:

Excited levels frequently showing luminescence are

" indicated by a black triangle Calculated energy levels are shown by dotted lines. The
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of the lowest term wzth Smax
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hfetlme i.e. the sum of the relaxation rates to all states lower in energy than the
‘ emissive state. The calculated rad1at1ve 11fet1mes for excited states of the aqueous

lanthanide ions are shown in Table 1.1.

TABLE 1.1 Calculated radiative lifetimes of excited states of the aqueous Ln3* ions.®

Nd Pm Sm Eu GI T Dy Ho Er

Ap. Sp. 4qL. |
Fin - F1 “%CGsp Dy OPyp Dy Fogp S, Sy

, Eexb 11 460 12 400 17 900 17277 32200 20500 21100 18500 18350
(Clm‘l)- o o | | o | A

RO 042 065 626 967 109 902 185 037 066
e B

(a) Data from reference 2. (b) Energy of the excited state 25+11,, '_ (c) The values are

the total radiative lifetimes including electric and magnetic .dipole transitions.

In fact the experlrnental decay t1mes for the ions in solution turn out to be one or two
* orders of magnitude lower than the estlrnated values 2 This 1nd1cates that the decay of
the emitting state is greatly affected by non-radiative transitions. In the solid state, it
has been shown that lthe non-radiative rate of deactivation’ has an exponential
dependence on the energy gap AE between the emissive level and the next lower—lymg
level.5 The relaxation mechanism is 1nterpreted as a multlphonon process' which
becomes less probable as the number of phonons that must be simultaneously excited to

conserve energy increases.>®

| 1.3.2 Effect of water on l'anthanide luminescence |

..Ev1dence for such an mterpretatxon and its apphcablhty to aqueous solutions has been
prov1ded by a number of investigations into the effect of substitution of D,0 for HyO in

| aqueous solutlons of lanthanide lons 7-17 The H,0-D,0 system is pamcularly

convement for study since the subsntuuon of DZO for H20 has been shown to éxertno .
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chonge in the absorption spectrum of a Ln3'+_ ion”-? (in contrast to the situation for
transition metals!8). _Thuo, any changes in luminescence intensity will reflect the effect
of isotopic substitution on the ernisSive srate. Kropp and Windsor showed in the 1960s
thot the luminescence of Eu3* and Tb3* was'more intense in D,0 than in H,0.7-10
Moreover, the ratio of the intensity of luminescence of a given Ln3+ state in D50 to that
of the same state in H,O bore, at least to some extent, an inverse relation to the energy
gap b.etween‘the emissive state and the next lower level. Similarly, lifetimes were
found to be about one order of magmtude hlgher in D5O. These results, together with

some lifetime data obtamed later by others, are summarised in Table 1.2.

 TABLE 1.2 Luminescence intensities and lifetimes of lanthanide excited states

in HyO and D,0 4
| Sm3+ Eu3+ Gd3+ a Tb3+ 'Dy3+
'ID/_IH" 1246 180%18 : 10402 78408 1243
| | AEC (cm'l) 7500 12300 32100 14 700 7 800
'TDzoA(-I'rIS) 0.053¢ . 19 o 33 0.038¢
To (ms) - 000228 Oh.lO. 234 0.39 o.oozsd :

e
(a) Results of Kropp and Windsor (reference 7) except' where indicated otherwise.
(b) Relative intensities for solutions of the nitrate salts at a concentration of 0.1M.
(c) AE is the difference in energy between the excited (resonance) level and the next
lower level (eg. 5D0 -- 7F6 separation in Eu3+). (d) From reference 14. _

Kropp and Windsor concluded that the quenching of hrm'ineseence in aqueous solutions
A occurred via errergy transfer i_rrto \O-H stretching vibratiorls and that the rate was
_proportional to the nurrlb_er of O—H 'osc_il'lators associated with the lanthanide ion.. In
general terms, the.prooability of an A-B oscillator becoming excrted from the ground
vibratronal.level, V', toa higher level, V', decreases raf:idl;f as v' increases, owing to the

poorer Franck-Condon overlap of the two wavefunctions. Thus, energy transfer into
: o .
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O-D vibrations is less efficient than fof O-H as the former Hag a smallér vibrational
stretching frequency: bridging of a given energy gap AE will require excitation to a
higher vibrational level, v', for D,O than fo)r H,0. This- gives rise to the observed
enhancement of the luminescence intenéity in D,0. This interpretationA also accounts

for the observed variation in the magnitude of the effect for the different lanthanide
ions: energy trérisfér into O-H (or O-D) vibrations becomes less probable as the energy
gap AE between the exﬁissive and next lower level increases, consistent with the
observed measurements (Table 1.2). Figure 1.3 is a scaled diagram which illustrates

these effects as applied to éuropium and terbium.

x1000cm™ B - x 1000 cm!
30 — ) —Ell3+ Tb3+
. H,0 D,0 H,0 - 30
I‘ﬂ_ " ' 5G6
25 SLg Ds |,
SD V= V=
2 v=6 :
20 s v=4 v=4 D, _
SD_I‘ v=5 A 20
D,
15— v=-3 v=4 v=73
' - 15
v=2 v=3 v=2 '
=2 ,
10— Y
i - v=1 1 v=1 1= 10
v= :
o =0 = =0
55— 7F.6 v v=0 v 7F0 Ry
= -
. 0 o FO‘ - 7F6 — ()

" FIGURE 1.3 The deactivating effect of water: relative energy levels of the Ln’*

electronic states and the O-H or O-D vibrational levels. An offset has been applied

such that the lowest vibrational level of O-H or O-D is shown at the same energy as
the highest level of the ground manifold of the Ln®* ion. Ln®* energy levels from
. reference I; Vy.y = 3405 and vy = 2520 cm™® (reference 19).
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Futher evidence in support of the role of high energy vibrations was provided by the
observation of vibronic satellites in the emission spectrum of Gd3*, due to coupling of

O-H or O-D vibrations to the emitting state.!2

It is clear from these investigations (Table 1.2) that only three of the lanthanide ions,
namely europium, gadolinium and tefbium, are ever likely to be useful as luminescent
probes in aqueous media. Samarium and- dysprosium, whilst predicted to have
~ relatively long' natural luminescence lifetimes (Table 1.1), suffer from very efficient
deactivation by O-H of O-b oscillators,l'4 owing to the small energy gaps between their
emissive and lower states (Figure 1.2). The remaining ions (Pr3*, Nd3*, Ho>*, Er3*)
have energy gaps between the emitting-level and the next lower.level of less than 6500

cm! and their luminescence is barely detectable in H,0 or D,0.

At the other extreme, the gap in Gd3* is so large that niultiphonon-{ike relaxation is
a_lready highiy improbable when the coordinating g.roup is OH, so that substitution of
-DéO has no further detectable effect.”-14 On'fhis basis, Gd(III) would appear to be an
ideal candidate for use as a luminescent probe in aqueous solution. This pfovés not to
: be the casé since the large energy gap gives rise to emission at an inconvenient
waveleng_t_.h in the UV (312 nm) and excitation must be.achieveq at wavelengths shorter

than this which is of little practicable use.

On the basis of thiese results, it is not surprising that europium and terbium have been
the focus of most of the research in this area over the past 25 years and are the subject

of the work decribed here. : S

1.3.3 Number of coordinated water molecules from luminescence
The work of Kropp and Windsor”10 and subsequently Haas and Stein!213 showed that-
the deactivating effect of 'colordinated wa}ter'"n_loleculés could be partitioned from the-

other modes of depopulation of the emissive state. Thus:

Kops 20 = ko.*'z»kim,*“kon O
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" where k0 is the natural luminescence rate constant for emission of photons (in the
absence of other deactii'ating processes), X k;™ is the sum of the rate constants for non-
‘ radiative pathways'of deexcitatien not inilolving O-H oscillators and koy is the rate
constaﬁt fer non-radiative energy transfer to the O-H oscillators of coordinated water
molecules. In D,0 the koy term may be neglected and so, in pure D,0, equation (1)
reduces to: A | |

kPP = KO+ Tk ()

‘Subtractlng (2) from ( 1) glves

Akops = Kobs H20 . ks = koy (3)_

The work of Heller11 and subsequently that of Haas and Stein!3 showed that OH
oscﬂlators act 1ndependently in the deexc1tat10n process and.so kgy is dlrectly
proportional to the number of water molecules,' q, associated with the metal ion. Thus:

| Akops = ko = A'. @
(where A' is a constant specific to a given metal 10n)
Rear;angmg gives: |
B 4= AL @rol o) O
where 7 is ihe luminescence lifetime (the reciprocal of the rate constant k) and Ay, is a

proportionality constant for the lanthanide Ln.

Empirical pfoportionality eonsfante (for europium and terbiuni complexes) have been
determined and ‘teponed exteneively by Horroeks and Sudnick!3-17 from a study of
several crystélline solids and solutions where the number of LnlIl ion-coordinated water
molecules was known from X-rey crystallography. Plots of At™! versus the known
number of codrdinated water molecules, q, were linear, with high correlation
coefficients, thereby validating the theory.l” The proportionality constants obtained
were H | 3
Ag, = 105 Aqy = 42

for tin milliseconds in eq.-(5); estimated error inq =+ 0.5.
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Thus, lifetime measurements in H,0 and DO may be used to'provide- an estimate of
the hydra'tio.n state of lanthanide cornplexes. A_rThe estimated error of £ 0.5 in q is |
surprisingly large, especially bearing in mind that the precision of the lifetime
| rneasurements is usuéllyhigh. This proba'blyA reflects the -lact that the Ap eonstants are
empirical parameters derived‘frorn. a study ofa very limited number of complexes and a
correlation with tbe number of metal-bound Water molecules as obtained from X;ray
structural analyses. In fact, it is not always clear rhat the behaviour in solution will be
the same as that in the solid state. ’l‘he possibility of small changes in the equilibrium
metal-water distance from one complex to another (whioh might affect the efficiency of
‘ deact.ivation by O-H) is not ta-ken.intvo- account and neither are processes snch as N-H/

N-D or C-H/ C-D exchange, whioh may possibly occur in some compounds.

1.3.4 Methods ot‘ photo-excrtatlon of lanthanide ions o L

- It was pornted out in section 1. 3.1 that the bands observed in Ln absorbance spectra |
are always ‘weak, with molar absor_ptron coeff1c1ents usually < 1 M‘Alcm'l. One

outcome of this is that the excrted states are not readrly populated by conventional

g sources of light. This poses a drsadvantage for the use of lanthamdes as luminescent

' probes as it places an unsatlsfactory limit on detecuon levels.

. The advent of lasers has‘providerl a means of circumventing this problem. The high
_seleotivity of laser light (with narrow bandwidths typically < 0.02 nm) and its high
intensit);, coupled with the high sensitivity of modern photon counting methods, largely
oompensates for this disa(lvantage.' Europium and terblum may be excited in the visible’
region by readil;r Aava.ilable lasers: Eulll js excrted at 580 nm, often using. Rhodamine

6G as the dye, whilst Tb!Il may be excited at 488 nm by the use of coumarin l02, for
| example, or the 488 nm line of an argon laser.
Sensitised emission: the antenna effect
Sensitised emission provides another possible solution to the problern. Interest in this

phenomenon began in 1942 following the work of Weissman, who undertook a study of

11
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I salicylaldehyde and P-diketonate complexes} of eﬁropium.zo He found that the
absorption bf Uuv ligh:t by‘the ligands resulted in emission lines characteristic of the
Eulll jon. Balzani .hasAcoined the term 'antenna effect’ for the observétion of sensitised
emission.2! The 'antenna’ is a group (here the ligand) which absorbs strongly and
transfers its excitation energy.to the metal which,.in accgpting this energy, becomes
excited to the emissive state. If thé antenna has a high extinction coefficient and the
energy transfer process is efficient, then the ‘effective’ molar absorption coefficient of
the metal is Qastly increased and intense luminescence may result following excitation

by conventional light sources.

- This early work b‘yAWeissman' foresh-adowed\a large amount of research ihthe 1960s
| and béyond on the photophysics of such complexes, using direct laser excitation of both
the ligand and the metal emissive state.22'_26’ In most cases, a ligand-localised triplet
'state was implicated in donating energy to the emissive _lew-/els of the metal, following
_ligahd singletexbitation. No firm e\}idence was fbund to support the alternative view
' pfopdsed- in.one case of energy ;ransfer from £he excited ligand siﬁglet state.2” In some
césés and especially for terbium, an efficient deexcitation mechanism of the. emissive
level via the ligand T, state was postulated in order to account for temperature-
dependent quantum yields and lifetimes.28-2% Sato and'Wada attempted to establish a
rélat.ionship between fhe energy of the emissive Lo state and the lowest triplét-state of
the B-dil.(eto.ne‘ligands.25 For Eum, the_efﬁéiency of energy transfer was found to be a
maximum when ;ﬁe 5D0—ligand Ti separation was of the order of 800 - 1200 cm™l. No

‘conclusions could be reached for the ThII syétems.

14 Applicatiohs of lanthanide luminescence |

The luminescenéé of eﬁropium and'terbium has found a. nufnber of applications in
diverse areas of the cherﬁical. and'- biological sciences over the past 25 years. Research
in. the solid state has fdcused primarily: on the waS' in which 'the_'lumi‘nescence can
providé'informati_on. on the local site symmetry of the :lanthanide' ion, from a group

theoretical analysis of the observed -splittings of the f-f transitions.3:30 Eulll js
| 12
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particularly suited to this work as the low J values restrict the number of transitions that
can be observed. Systems as diverse as crown ether compiexes and zeolites have been
studied.3 In solution, analogous studies have included attempts to elucidate the

* structural features of lanthanide shift reagehts31 and the nature of adduct formation with

a variety of substrates.32-33

The lanthanides have foun_d use as luminescent chromophores for liquid
chromato graphic »detéction of aromatic aldehydes and ketones,3* owing to the sensitised
emission which may be induced by such compoﬁ'nds (section 1.3.4). Liquid
' chroma‘tographic detection of nucleotidés and nucleic¢ acids has also been 'propésed.35
- All of tﬁe cénimon -Abases of nuclei_c acids are able to éensiﬁQe Tb(II) emission, guanine
being the most efficient. Curjousiy, seﬂsitisation is not observed in the d(_)uble-st'randed

polymer.

The application of lanthanide ion luminescence to problems in protein chemistry has
received a good deal of attention.22 This arose following the obsér_vatibn of emission
; ‘from protein-bound Tbm ions, sensitised by the fluorescent aromatic amino acid
fesidues, phehylalanine, tryptophan and tyrosine.36 Most of this work has been carp’ed
- out using calcium-binding proteins, where the lanthanide ion occupies the calcium
binding site.37:16 The use of luminescence excitation spectra- provides a means of
de;errnining which aromatic amino .acid residues of the protein are responsible for

energy transfer to the bound terbium and hence may provide information on the metal

binding site.38 _ _ ) o .

Estimates of the .distancc between the energyidqnor and the acceptor ion have also.been
made.3739 Such measuremer.xts\a.ssume a Forster dipole-dipole resonance mechanism
'df energy transfer, the efficieﬁcy of which depends on the inverse 6th power of the
'disiance between donbr and acceptor.40 Both terbium(III) and europium(III) ﬁlay act as
donors to other metal ions (for-example, iron(ITT) and cobalt(IT) respectively) and this

has been used to estimate intermetal distances. 4142

13
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"The potential use of lanthanide complexes as luminescent labels for analyses in
biological media has attracted a great deal of attention.343:50 Figure 1.4 provides a
simplified, schematic illustratién of the general principle. Mén'y C(;mmercially
available aésays for important biological molecules are based on such a procedure. In
the majority of these, the reporter group (shaded circle in Figure 1.4) is a radioisotope,
as this permits detection at extremely low levels.# Drawbacks of such systems include
the problems and possible health hazards associated with the handling and disposal of
radiolabelled substances and the fact that the lifetime of the assay kits may be limited
by the half-life of ihé radioisotope. It has long been recognised that luminescence can

o poteﬁﬁally provide an équally sensitive detection method, where such drawbacks do not

»arise; A number of systems are indeed available. which make use of fluorescent reporter

groups:43

“Excess non-bound reagent is washed off
before the detection procedure

FIGURE 1.4 Schematic diagram of the general principle of an assdy
making use of a luminescent or radioactive reporter group

The targeting part of the system (shown as > in Figure 1.4) may be a protein or
antibody fragment, raised by immunological methods to recognise selectively and bind
strongly to the target‘biomolecule of interest, in which case the technique is referred to

as fluoroimmunoassay. In terms}qf both sensitivity and selectivity, immunological

14




Chapter 1

methods are far superior to any other analytical methods for the determination of

biological materials in very low concentration. 44

| The concept is by no means limited to immunological assays, however. Systems based
on simpler, reversible targeting species for detecting smaller molecules. may be
envisaged, for el(ample the use of small Vpepti‘des,45' nucleic acid strands*® or
cyclodextrins.47 In such cases, the use of a luminescent label may provide further
advantages over radioisotopes as the binding of the analyte may cause a direct effect on
the luminescence, for example a triggering or quenchmg of the emission or a shift in the
- emission’ or excitation wavelength maxima. In addition to detectlon systems of this

sort, such luminescent compounds may also be used as 'tags' to monitor the fate of

molecules w1th1n cells.

‘In any apphcatlon intended for-use in blologlcal media, however the use of ﬂuorescent'
labels faces a dlsadvantage namely the problem of background ﬂuorescence leading to
decreased sensitivity. lAnyblologlcal sample, including serum, is likely to contain a

- large number of ﬂUores'cent combounds (comuoun-ds a‘slsimple as the aromatic amino

acids, for example, along with substances such »as NADH orf billrubin) and will

" therefore exhibit'substantial and variable levels of background fluorescence. This

interferes “with the signal fromv the fluorescent label and cannot be corrected for

properly. Scattered light and Raman bands are further potential problems,especially

where the Stokes' shift is small.

The use of luminescent lanthanides as labels potentially provides an elegant solution to
| this problem. 43 The background fluorescence of Biological ‘materials is almost
invariably short—hved compared to the long luminescence lifetimes of europium(III)

and terblum(III) This allows a time- resolved detectlon method to be used, the basis of

which is shown in Figure 1.5.
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shoft—lived background fluorescence

Intensity ———— 3

a delay is set before the - ~ o
intensity is measured '

FIGURE 1.5 Illustrating the principle of time-resolved detection to eliminate

background fluorescence.

~ Pulsed excitation is used, whereby the sainple is excited by a.brief pulse of light,
perhaps of IOus or less. The'inténsity of the background fluorescence rises rapidly over
the duratioﬁ of the ﬂash but decays almost irnmediately‘ (typically on the nanosecond-
to-microsecond timecalé). In contrast, the luminesceﬂce of the lanthanide ion also
grows rapidly’ dui'ing the flash but then decays over a much longer timescale,
potentially over several milliseconds (dependiﬁg on the lifetime of the emissive state
“under the conditions used). This allows a delay to be set between the excitation pulse
and the measurement of the lanthanide lﬁminescencc, during which time the
backgrbund_ fluorescence ;1nd scattered light _decay to negligible levels. In this way,
interference from the luminescence of the biological material is minimised. Pfovided
that the lumiﬁescence decay is highly reproducil;le (ie. lifet@me is constant) then the

measured luminescence over the integration time will be directly proportional to the

concentration of the analyte.
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In principle, any phosphorescent molecule with a sufﬁciently long phosphorescence
lifetime could be used in this way. However,: in most cases, the observation of long-
lived phosphorescence requ1res the use of deoxygenated solutions and, in many cases,
| low temperatures, in order to reduce competitive deactivation processes. The attraction
of the lanthanides hes in the'fact that long-hved luminescence may be observed under
ambient conditions. Two other advantages of lanthanide luminescence may be cited.
Firstly their emission spectra-show bands which are very narrow and remarkably
insensitive to environmental changes: the wavelengths barely shift more than + 2 nm on
- changing conditions such as temperature or indeed the c.oordination site. Secondly, the
- use of sensi_tised emission gives rise oa large Stokes' shift (often > 200 nm) such that
there is unlikely to be any overlap'of the emission-bands with strong absorbanceba.nds:
concentration-dependent self-absorption problems t_herefore do not arise. -
Commerc1al kits are currently available Wthh make use of two europium complexes in
a two-step procedure 3.48 In order to use Eulll a5 a label, the i 1on has to be bound
strongly to. the 1mmunorea_ct1ve component and this has been achieved using the
: polycarboxylic acid lig'and El)TA. 'Excitation o’f the metal through this ligand is
inefficient and the lig-and provides poor protection'of the metal lrom the deactivating
~effect of solvent water molecules, with the result that the lumlnescence is 100 weak to
be used directly for analytical purposes Instead, following reaction with the target
molecule, the europrum is dissociated from the EDTA complex by reducmg the pH to
2-3 and is re-complexed by a second ligand, normally a B- diketone, which provides a
strongly lummescent complex for detection.4® meg to the very low solubility of -
diketones in water, this second step has to be carried out in the presence of a non-ionic
detergent which dissolves theorganiccomponent ina micellar phase and also helps to
' exclude water molecules from the europium ion; excess trioctylphosphine oxide is also
added to aid in th1s second effect B~D1ketone complexes of the lanthanides do not have

sufﬁcient stability in aqueous solution to be linked directly to the immunoreactive

component.
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'Whilst such systems have enjoyed considerable success in the detection of low
concenfratiohs of mol@éuleé sﬁch as hormones,3 and as labelling methods for cloned
DNA probes used m hybridisatidn assays,*® it has been recoghised that a preferable

~ and more Widely applicable assay configuration would involve a strongly luminescent

complex directly bound to the immunoreactants, allowing direct qﬁantitaition to be
performed. In addition, analytical'procedures based on a direct modulation of the
luminescence on binding of the analyte, as-dicussed earlier, may then be achieved.
~ Such systems‘ become realistic if lanthanide complei(es can be prepared which are

simultaneously strongly luminescent and stable under aqueous conditions.

1.5 Complexing Agents for Lanthanides S

' 1.5.1 Some general boints |

In théir complexation chemistry, the lanthanide ions resemble the alkaline earth ioﬁs
* much more closely than the transition metals.>! The vafiefy of coordination numbers
and geomctfic structures of lanthaniQe complexes indicates that tl;e constraints of
: métal-ligand orbital interactions, as observed in transition fnetal complexes, do not
apply;52 High coordination nuﬁbefs are favoured (typically 8 - 12) apparently limited
largely by .steric effects. The cations. behave as hard acids (proton-like behaviour)
showing a preference for ligands con}aining hard oxygen or nitrogeﬁ donors rather than
soft bases such as sulfur or.phosphorus.53 »lThe effect of charge is particularly
important: the high charge denéity éf the Ln3* cations favours complexation by poly-
anionic ligands. ‘Indegd, fhe neutral R-OH grou§54 is Signiﬁcantly inferior to charged
oxygen donors such as carboxylates, for exarﬁple.77 The poladsabﬂity of the donor is
also a factor. Thus, nitrogen dohors are favoured and amide groups are able to bind
efficiently to the metal via the oxygen atom. Complex stability in aqueous solution is
sought but water is in fact the most difficult environment to achieve high stabilities,
owing to the high affinity of the metal ions for watér molecules as ligands.

The use of chelating ligands is a \;videly-used means of enhancing cbmplex stabilities,
by virtue of the chelaté efféct.55'56 The size of the chelate ring is an important
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cons1derat10n in the design of such hgands For example, a- hydroxycarboxy]ate
ligands form chelates with lanthanide ions which involve. simultaneous coordination of
the OH and CO," groups, resulting in complexes whlch'_are' more Stable t_han expected
from the ligand pK, v'alues.53'57'58 In contrast- B-hydoxycarboxylates show no
enhanced stablhty Thls can be mterpreted in-terms of the preference of large metal

ions for 5-ring over 6 -ring chelates as rationalised recently by Martell’? and

. Hanco‘ck.59'60

A rather more relevant example is prov1ded by the stability constants of the europium
‘ 'complexes of hgands 1 and 2 (F1g 1.6): 1 forms only 5-ring chelates on binding to the
metal, whilst.binding of the mtrogen donors of 2 to the metal gives a 6-membered ring,

reflected in the substantial difference in the stabglmes of thelr europium complexes.

COH - - . _COH R /—COH
[N\/COQH - N._CO2H ' i (_ \—Co,H
o : : /ﬁN
AN ALY - o | - HOC
A~ .. HO2 COH
N~ COH N COH Q—N/— 2
CoH NcomH \—CoH
| 2 R 3
EDTA - propanediamine tetraacetate DTPA .
(17.32% - (13.62") . (22.4%

FIGURE 1.6 Some acyclic complexing agents for lanthanide ions. Thermodynamic
stabilities of their europium complexes (log Ky ) are shown in parenthesis (H 20, I =
0.1, 298K). (a) From reference 62. (b) Reference 61.

The ligémd DTPA 3 shown in Figure 1.6 is ideaily suited to bind lanthanide ions as it
.provides eight donor atoms 3 r‘1itrogen‘s‘ and 5 oxygens) and forms only S-membered
’ 'chelate'_ rings. It does indeed form lanthanide coroplexes of very high stability (log KML
for Eu* = 22.4).62 One feature of such complexes, however, is that their kinetic
- stability is rather low,93 especially in acidic media or in the oresence of high

concentrations -of cations.%4 This reflects the fact that the main route for metal
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 dissociation is acid or cation catalysed and the complex is sufficiently flexible to permit
protonation of one of the binding nitrogen atoms. This effect is exacerbated by the net

negative charge of the -complex (2-), which favours protonatibn.

1.5.2 Macrocyclic Complexing Agents
Macrocyclic ligands are those which contain at least 9-atoms. in a ring with at least three
potentiél donor groups. They form comblexe§ which almost invariably display higher
_ thermodynamic and kinetic stability than their open-éhain analogues. The enhanced
| stability exceeds that_whi;:h can be attributed to the extra chelate effect associated with
~an additional chelate ring.65 This has been termed the 'macrocyélic_ effeét',“,the
origins of which have been the Subject of a good deal of research effort. The consensus
' is that the enhanced fhennodynamic stabilities are not derived from an enthalpic or
. entrobic effect aione but from a combination, their relative importance varying
- according to the cation and macrocycle involved. The kineﬁc inertness towards metal
ion dissociétion displ_ayed by mé.ny rhacrocyclic éomplexes has bee-‘n ascribed to the
: rélati\iely rigid conformations of the m’zi'crocycles in their complexes. The
cohfdnnatiqnal restrictions of thé macrocycle make the transition states in the.stepwise
| 'dissociatioh energetically unfavourable. In contrast, the greater flexibility of acyclic

ligands leads to a much large; range of energeﬁcally accessible conformations and thus

more labile complexes.

A lﬁrgc variety of macrocyclic ligands witﬁ_ pendent donor groups haQe been
p-repared.65 : Sucﬁ pendent arms often serve tb increase the sfability of a macrocyclic
complex and may lead to greafer. selecﬁvity and hence metal ion discrimination. The
use of neutral oxygen donors has been popular; for example, hydroxyethyl pendent
groups generally produce a marked decrease in complex stability for small metal ions
But a moderate increase in stabili'ty for larger ions such as Pb2+.67.68 Other groups
'commonly used in'clu(‘i‘e pyridyl,.69 phenglate,m 2-aminoethy1,71 amide’? and

. carbox)"late"3 groups. The use of carboxylate groups has been found to impart
" enhanced stability at ldw pH: thi_s arises from their at;i'lity to aid. resistance to
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protonation on the heteroatoms of the macrocyclic ring.74 In contrast, the use of

phenolate greups gives improved stability in baejc media.79

As discussed earlier, the lanthanides display 'high coordiﬁaﬁon numbers, typically 8 or

higher, and a preference for hard nitrogen and o*ygen donors and for ligands which are

negatively charged‘. Thus, it might be expected that the ligands which are most likely to

_ form strong complexes with lanthanides will be octadentate, anionic and will contain at

least some oxygen and nitrogen doﬁors (as is the case for DTPA mentioned earlier). -

With this in mind, a number of tetraaza macrocycles bearing 4 oxygen-containing

: p‘endentva'rnirs have been prepared’> and the thermodynamic and, in some cases, kinetic

stabilities of their complexes have been investigated Most of these contain carboxylate

donors76 -82.and three are shown in F1gure 1.7, ‘with 12, 13 and 14 membered

macrocychc rmgs

COgH COQH . COgH COgH ' COQH ' COQH

( JE > < )

A AT A A AN

‘COH CO,H CO;H  COH  COoH CO,H
4 - 5 | 6
M3* | Dporta - TRITA " TETA
Eud* | -~ 2822 - | 15.52
Y3+ Co24a9b 0 196b . 163b

(a) reference 80. (b) reference 74. .

| FIGURE 1.7. Some macrocyclzc tetraazacarboxylate ligands. Thermodynamic

stabilities ( log Kyp) of their Eu3* and Y3* complexes are shown, determined by
potentlometrtc titration in aqueous solution at 298K, I = 0.1, except for [Eu.DOTA]",
where the value was obtained through a gravimetric analysis. The values are therefore
not directly comparable but the important point is the trend in each case.
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The stability constants for the formation of 1:1_compiexes with Eu3* and the related

rare-earth ion Y3+ are éhown; the stability constants show the following trend:
- DOTA > DTPA > TRITA > TETA

In contrast to the behaviour of crdwn ¢thefs, for example, this variation in stability
constaﬁts does not reflect a matching of ring size with the metal ion radius. This is due
to the fact thﬁt the metal does not lie in the plane of the 4 ring nitrogen donors, as the
cavity is not sufﬁcier_itly large to ac-commodate a lanthanide ion. This is clearly
- apparent in the X-ray structure of NaEuDOTA, for example, which shows that the 8
-donor atorﬁs in DOTA form a squafe antipfism ;c_lbout the europium catibn with the
tetraaia ring as one square face.82 (Thé ninth coordination site in the monocapped
square-antii)dsmatic struciure is occupied by a water molécule). Stabilities, therefore,
~ would not be expected to arise from a simple situatioﬁ of_ a fit between the aza ring and.

_the _éation but must also include the position of ﬁe acetate arms which bind to the
: cﬁﬁoﬁ. A further point relates to the pre'fereﬁée of large ions, such as the lanthanides,
fof S—ring over 6-ring chelates mentioned earlier.59:60  Whereas DOTA complexes
contain solely 5-ring chelates, 6-membered propylenediamine chelates 6ccur in the

complexes of TRITA and TETA.

- Greatly enhénéed kinetic inertness is also a'feat_ure of DOTA complexes compared to
those of larger r1ng systems or related acyélic Iigandé (such as DTPA).7* This probably
reflects the 'gfeater conformational rigidity of the former, disfavouring the pathway that
leads to protonatioﬁ of~ the ring nitrogens and a more efficient shielding of the metal jon

from attack by an oxonium ion (H;0%).
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1.6 Desirable prouerﬁes of luminescent lanthanide probes

1.6.1 Some general polnts | |

Some recent eﬁcamp_les of attempts to obtain stable, luminescent complexes of the
| lanthanides are described in section 1.7. It is useful ﬁrst, however, to provide some
indication as to the criteria by which such compounds may be assessed and a summary

of some of the luminescence properties which need to be examined.

Applications of luminescent lanthanide complexes almost invariably involve their use
in aqueous solution, normally at physiological pH (= 7. 4) Thus, solubility in water is
: eSsential as is complex stability under such condition's Moreover, water molecules are
~able to deactlvate the lanthamde emissive states (sectlon 1 3.2) thereby decreasmg the
intensity and lifetime-of emission. Results Wthh are quoted only for solvents such as |
acetomtr1le therefore need to be treated with some caution: good results in such

solvents-may not necessarily extend to the behaviour in aqueous solution.

The ligand must he Capable of being modified readily to allow covalent linkage to the
- targeting vehicle by rneans of a water-stable fuuctionality, without affecting the
luminescence properties of the complex. A more dfi'-fﬁcult point to predict is the effect
" of the complex on the targeting part of the molecule: the complex should not inhibit
binding of the analyte, be it throttgh steric, electrostatic or other effects. In the case of
immunoassay, it is imoortant that the complex does not denature its binding protein.
Interactlon' with other components of the biological sample should be minirnal. |

1.6.2_ Absorbance

'- It must be possible to excite the complex at a suitable Wavelength. Biological"samples
~ absorb strongly below about 330 nm; excitation wauelengths below this value are
therefore undesirable_as only a small prohortion of the incident light will be absorbed
by the Mcomplex, with a resultiug loss of sensitiuity. Detection limits will be at their
lowest if the-absorban.ce of the antenna is strong; her_lce a high extinction coefﬁcieut at

the excitation wavelength is required.
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-1.6.3 Lifetime of emission
If a single light-emitti_ng species is present and l;here is no quenching of the emissive
state by other excited state moleceles, then monoexponential decay of the luminescence
is expected. That is, the intensity at time t after an excitation pulse will be given by:
T = Tp exp(-Kopst) ©
where Ij is the intensity at time t = 0. The decay curve is characterised by Kops» the
observed rate constant for deactivation of the emissive state, which is given by the sum
of the radiati\;e rate constant (kO) and the first order rate constants for competing non-
radiative processes (k“’): “
kobs = K0 + Tk 7
‘The lifetime of the emission is then the reciprocal of the observed rate constant and as
' Such is the time taken.for the intensity of emission to fall to 1/e of its initial value.
| Tobs = (kops)! ®
The half-life (t/;) of emission is sometimes quoted insfead; this is related to the
lifetime through: - | “
. tip = loge2.1 i 9
A 'IOng lumineecence lifetime. is clearly a requirement for time-resolved assays.
Lifetime measurements also provide an_indicetion of the efficiency of the light-emitting
process (cf. quantum yields below):  long lifetime (approaching the calculated natural
luminescence 'lifefime, 70 [=.1/k0]) indicates ' _that non-radiative processes are not
competing efﬁeiently with lumineseence. Conversely, short lifetimes are indicative of
Vhighly competitive, non-radiative deactivating processes which will be mﬂec&d ina

reduced quantum yield.

Aside from these points, the lifetime is a useful probe of sample homogeneity. If more
than one light-emitting‘ species is present, then multi-exponential decay of the

luminescence is likely to arise. : i
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1.6.4 Hydration state, q.

~As discussed in section 1.3.3, measurements of lifetimes in H,O énd D50 can provide
an indication of the extent to which the emissive state may be deactivated by energy
 transfer into O-H vibratiohs. Clearly it iS desirable to minimise deactivation via this
pathway to obtain optimum luminescéncel Thus, a low valué of the hydration state, q,
is sought; i.e. the ligand should ideally provide an efficient shielding of the metal from

the solvent water molecules.

1.6.5 Quantum Yield

- The quantum yield of emission is perhaps the most 'usefu.l piecé of information as it
pfdvides a.measure of the cfﬁciency of the emission process. In éases_where the
emitting»stat‘e‘, is also the absorbihg state (ég. for fluorescence or direct laser exéitation
-of the emissive state of a lanthanide ion), the Quangum yield of emission »(qiem) is thé
_ratio of the fadiative rate constant k¥ to the sum of all rate cdﬁstants for processes that
deactivate the efnitting state (ecj. 10) and as such is the fracﬁon of molecules that are
deactivated by emission of light. |

: o

Om - = —— ] (10)
k' + Zk™ :

{Here, X k;" is the sum of the rate constants for non-radiative deactivation processes,
unimolecular or pseudo-unimolecular; this expression does not apply in the presence of

-dynamic bimblccular quenching}.

The quantity (k9 + E k™)1 is the observed luminescence lifetime, -Tobs’ as discussed

above. Hence: o |

| bem = KO Tps - (1)

~ which indicates that theye_ié a direct dependence of the quantum yield on the
luminescence lifetime. Of course, this reflects the fact that a high quantum yield is
more likely to be 6btained when the non-radiative pathways of deactivation are not able

to compete efficiently with luminescence.
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" For systems in which the emitting state is not the one which is initially populated by
- absorption of light (eg. for phosphorescence and for-sensitised emission), the quantum
yield will also depend on the efﬁciency of formation of the emissive.st-ate from the
' initially-populated state (usually the first excited singlet state). Thus; for ligand-
sensitised lanthanide luminescence, the emissive quantum yield will slso be dependent
both on the efficiency of formation of the state from which energy transfer occurs (in

most cases this is thought to be the T state of the antenna) and on the efficiency of the

energy transfer process itself (Mep. Thus:

¢em = ¢T-net~k0-tobs (12)

where O is the quantum yield of formation of the triplet state.

- The quantum yield of emission is in fact the ratio of the number of photons emitted to
‘the number of photons absorbed. Cléarly all three quantities (¢, Ne; and Top,) must be

: optimised in order to obtain a high value and hence low detection:limits.

1.7 Some examples of recent work

1.7.1 Cryptates and ligands. contaiﬁning 2, 2'-bipyridine33 |

Cryptands are tricyclic ligands which generally resemble the crown ethers in their
complexatidn chemistry.34 Their complexes with alkali and alkaline-earth cations are
| usually rAather.mor'e stable than those of crown e'thers of siplﬂar cavity size, however,
and they are 'expected to _foﬁn complexes witﬁ the lanthanide ions with a reasonably

high degree of shielding of the metal from the solvent.

With this in mind, lanthanide c‘omplexes of the bipy.bipy.bipy cryptand 7, which
contains three 2, 2"-bipyridine units, have been p.repared.85'86 The bipyridine groups
absorb strongly in the UV (ca. 300 nm). ‘Exc;itation in this region results in an energy
t_ransfer’ process from the ligand to the metal ion.87 The rather low values of the
emission quantum yields (¢y,0 for Eu = 0.02; for Tb = 0.03) indicate that the light
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absorbed by the ligand is not converted efficiently into light erhitt_ed by thé metal ion.
| In the europium complex, the efﬁcigncy of ene:rgy transfer-from the ligand to the metal
SDQ state was estimated to be 10%. This low éonve;sion efficiency was attributed to
the presence of LMCT leveis, wﬁich provide the bipy singlet state, and poséibly also the
triplet, with. a direct deactivation pathway to the ground state. A further factor
contributing to tﬁé low quantum yield is the poor shielding of the metal ion from the
solveﬁt_ water molecules, as reflected in the short lifetime of emission (1H20300K =0.34
ms). Comparison with fhe lifétime in D,0 indicates that about 2.5 water molecules are
coordinated to the metal ion. In the terbium complex, a Vst’rong temperature-dependenée
of the lifetime and intensity was observed, which was-attributed to a thermally activated

’ dépopulation pathway for the emissive stéte by baék-énergy trapsfe; to the ligand Tj.

The use of 2, 2'-bibyridine as an antenna has been extended to branched macrocyclic
ligands suéh as 888 and 999. The lanthanide compquqs of both,of these ligands show a
greatly impr—ové'd' shielding from the solvent water: lifetir;lés are ‘not substantially'
shorter in H,O than in DZO. The europium complex of 8 shows “enhanced
luminescence (¢H20300K =0.1) compared to that of ligaﬁd 7 (q>1'{;,_03’00K = 0.02.).88 The
terbium complex is reporied to- be unstable in aqu.gous solution. This is a strange
bbservz_ﬁion, especially beai'in'g in mind that the stability of the europium complex was
not commented upon. Such behaviour is, of course, particularly undesirable in.any

potential application and casts some doubt on the suitability of these systems for further
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-development. The terbium complex of ligand 9, on the other hand, shows a remarkably
high quantum yield on ligand excitation, ¢5,03%%% = 0.37. Curiously, no temperature
dependence is obserye(i in this case, implying that the thermally-activated back energy

transfer does not occur in this compound.69

1.7.2"_ Caiixarenes

. Europium(III) and terbium(III) ions have been encapsulatgd in the para-t-
'bufylcélix[4] arene-tetraacetamide ligand 10; the compleieé are relatively stable and are
water-solub_l’e.89 Life_time measurements in HO and D50 have shown that there is one
water mblecule coordinated to the metal ion. Energy transfer from the phenyl gfoups to
the metal ions Vi.s observed. The lumihescence quantum yield is very lovw, for the
europium complex, again ascribed to-deactivation via a LMCT state, whilst that of the

terbium complex is quite high, ¢I~[20300K =0.2.

In an attempt to increase the aBsorbance of systems of this type and to extend the
excitation wavelength to a longer m(;re practicable value, Ungaro and co-Workers have
prepared related calixarenes in which 2 or 4 of the amide groups are replaced by
blpyndme groups. 90 The use of 6- subsmuted blpyndme groups gave complexes of
- rather poor stability (formation constants were estimated to be of the order of 105 M-!
in acetonitrile)' and solid samples could not be isolated. The use of the less sterically

demanding $5,5'-disubstituted 2,2’1bipyridinés in compound 11 gave more stable
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complexes and w1th hrgh extlnctlon coefﬁcxents (s =39x lO4 M’ cm-b). The
' europrum complex of this hgand dlsplayed a part1cularly hlgh quantum y1eld of 0.15,
' although it should be noted that all of the reported measurements were carned out in
acetommle; ’l'he luminescence efﬁcxencyp in water would be expected to be
substantially lower, owing to the O-H deactivating" effect; it is unclear from the work
published ‘so far Whether the complexes are inde_ed stable in atlueous solution - it is
likely that they 'are- not. Slrmlarly, the work of Shinkai on /analogous aryl ketone
' appended cahxarenes shows that whilst good results are-obtained in acetomtnle. the

quantum yields fall drastically in methanol.91

11 -

| - 133 Polyammopolycarboxylate hgands _ ‘
As. mentloned m SCCthl‘l 15 l the acychc hgand DTPA 3 (Flgure l 6) forms

" complexes of hlgh thermodynamrc stability w1th lanthamde ions (stablhty constants of

E the order of 1022) Attempts have been made to append the DTPA molecule with a-

strong chromophore in the hope that’ tlus would act asan antenna and give rise to
.'strongly lummescent, stable lanthamde complexes The reaction of DTPA anhydnde '
| thh P- amlnosahcyhc ac1d (pAS) gave a smtable hgand 12 which formed a hlghly

lummescent TbIII complex 92 It was claimed in the. onglnal report that the OH and
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'COZ' groups of the aryl ring may bind to the_metal, enhancing both the complex
stability and energy tra:ttsfer efficiency. ‘However, it is clear from the structure (12) that
if the amide carbonyl binds to the metal, then there is no way in which these groups will
also be able to bind. In fact, this ligand was not purified or charac_terised and must
therefore have consisted of at least a mixture of DTPA, DTPA-pAS and DTPA-(pAS),.
Nevertheless, the reagent has been llnked to‘ proteins by reaction with the -NH; group
of a suitable arrlino aeid and a study with human serum albumin was carried out in this
- way which showed a detection limit of 5 pmol on excita’tien. at 312 nm, (using
conventional instrumentation). The llfetime of emission was found to be 1.58 ms;
- subsequent work by another group gavea value of 0.1 for the quantum y1eld in aqueous
solution. 93 This same reagent (again it was not purified) has been used in a number of
more recent stud_les for labelling of proteins,?%%5 hormones,’ human 1gG%S and
oligehucleotides.%’ 9 One of these studies clearly demonstrates one of the important
| advantages of lanthanide luminescence mentioned in seetion 1.4, namely the fact that

the large Stokes' Shlft ensures that concentratlon dependent self-absorptlon problems do
' not arise. It was found that an exceptronally large amount of the terblum label, over
200 moles_ of complex per mole of analyte, could be conjugated to the compounds

tested without self-quenching becoming a problem

Two other noteworthy ligands of the polyaminopolycarboxylate type are 13 and 14.
The europlum complex of BCPDA has been the subject of thorough investigation in a
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‘number of bioassa;' applications;>0-97:98 jt jg comfner(:'ihlly available under the name
FIAgenTM... Covalent linkage to proteins or nueleic acids is accomplished through the
‘ sulfonjrl chloride' groups but one drawback of this system is that multiple labelling is
esSential in order to -echieve sufﬁcient. sensitlvity for most applications. A preliminary
report on EuTMT has demonstrated excellent detection limits for a labelled
ohgonucleotlde 99 The long luminescence 11fet1me of 1.4 ms in aqueous solutlon is

 consistent with formation of a 9-coordinate complex with the metal and hence efficient

shielding from water molecules.

OCH3

13 14
BCPDA: Eu** COmplex ' T™MT.

1.8 Lanthanide NMR

1.8.1 Pdramagnetic Shifts |

: Whe'n a molecule interacts with a l’anthdnide cation (fof examﬁle, through a Lewis basic
atom. in a ligand) any NMR active nucleus within the molecule may experience a
magnetic moment arising from the unpaired f electrons, which can lead to a shlft in the
| NMR resonance frequency. Thls is the basis of the use of lanthanide cornplexes as
NMR sh1ft reagents. 100 For a purely electrostatic interaction between the metal catIon |
and the Lew1s base, a shift will arise only for those canons which have an anisotropic
distribution of f electrons (i:e. all the lanthanide (III) cations except Gd3+). Such a shift

is known as a dipolar or pseudocontact shift. If however there is some covalent
) |
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 character to the interaction, then a small amount of unpajrgd electron spin density can
reach étoms in the ligand rholéculé (especially for' those atoms directly bonded to the
metal or within one or two bond lengths) and this m.ay result in a seéond type of shift
called the--contact shift. The extent to which the electron spin density interacts with the

nucleus under observation is determined by the nuclear hyperfine coupling interaction,

often given the symbol A.

The pseﬁdocontact shift might be expected Ato predominate for lanthanide complexes as
the unpaired electrons o;:cupy 4f orbitals. which are well-shielded from the 'valence
' ‘ orbitals' involved in bonding between the metal and aligand. Howéve;, thisvdoes not
, alWays proVe to be the case,‘ .as.e)gempliﬁéd below, and the contact contribution may be -

dominant. The observed,shiftA is additive:

Oobs = Ogia + _8dip + 8con (13)
. where Sdip and 8y, are the chemical shift changes arising from the pseudocontact and
contact contributions respectively and 8, is the shift which may arise on binding of an-
analogous, diamagnetic ion (the diamagnetic ions La3*, Lu3* or Y3* are often used to

determine this quantitiy)..

Coniact shift
As diSCﬁssed in section 1.3.1; the Russell'-Séunders coupling scheme prévides a
- satisfactory apprbximaﬁon for the lanthan:idés'; J being a good quantum number. The
temperature-independent maghe-tiC‘ moment g Of a free £ n ion in a single J state is '
given by: - -

Hete = glA+DI2 (14)

in units of the Bohr magneton e»md‘ where the Landé g-factor is

& =1 4 Jg+1) = L@L+1) +SE+D) . - 15)
| | 217 +1)
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This expression accurately predicts the observed magnetic moments of all the Ln3+
ions, with the exception of Eu?+ and Sm2+ (vuhere low-lying excited states which are
signiﬁcantly oopulated at room temperature need to be taken into account).?

There are (2J+1) components to each J level; the spln moment of each of these
components is gi\_/en by:101 - - |
T SpL=(g-D.T,

It has been shown that, when an external magnetic field B is applied at a temperature T,

then the resulting thermal average <‘S>av of the spin moment for the total J manifold is

given by:lm’102

<S> = BB g-D.JA+D A7)
 3%T . ‘
where B is the Bohr magneton. )
'For a nucleuslocated on a ligand bound to a lanthanide ion, the change in the effective
magnetic fleld AB, at the NMR nucleus due to the contact interaction w1th the unpaxred
f electrons is related to- this averaged spm moment through 103
AB = Ko - A <S>y, . (18)
~ where A is the hyperfine interaction constant between the two nuclei and Kc(',nls a
nurnerrcal factor whrch includes the gyromagnenc ratio of the nucleus being observed

and accounts for the d1mensrons in wh1ch A is expressed.

Clearly, the contact contribution, 8.y, to the paramagnetic shift ls directly dependent
on AB; hence, from equatlons 18 and 17: |
' &mmdm . (19)

.. and therefore: '

. Soon C(g-1) (20
‘Values of (g; - 1) are tabulated in Table 1.3. The paramagnetic 17O shifts observed for
aqueous solutions of the lanthanides (column 7 of the table) exhibit the same sign
* variation as this quantity (gy - 1) although the magnitude of the changes from one ion to

the next are not completely rationalised and the value for europium is clearly incorrect,
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perhaps not surprisingly bearing in mind the presence.of the "low-lying excited states
mentioned earlier. The use of a mqre'sophistibated 2nd ofder treatment, which includes
the effects of mixing with higher energy. stateé, gives the values of <S>, shown in the
5th column of the table;104 thése values éccumtely account for the observed 170 shifts
| and also accduht for analogous _14N .trends. This confirms the hypothesis that it is the
contact shift which dominates when ﬁuclei such as 14N br 170, which possess a lone
pair of 'electrohs, b_.ond dil;ectly to the metal ion, with a direct interaction of the nucleus
with the metal electron spin Qectorl Further evideﬁce in support of a dominant contact
contribution in such cases 1s provided by observatior:ls‘of Gd3+ complexes where no
~dipola; contribution is expected (see above); eg. the 14N re_sonanée in a pyridine adduct
of Gd(dprﬁ)é shows an upfield shift Qf 1450 ppm.lo5 A further boint is apparéni from
equation 17, namély that the coﬁtact shifts are expected to show an inverse d‘epéndence

" on temperature, : S L

- Pseudocontact or dipolars_hifts .
A theoretical treatment of pseudocontact shifts has been carried out by Bleaney.106 For
an axially symmetric-'COtnpléx, the dipolér shift ofa nﬁcleus of a bound ligand, whose

position ré,lative to the metal is represented by the polar coordinates r-and 9, is givcn by

equation (21):
Baip G _B_ .M AP ¥3))
| 60 (kT)? g -

andC; = g2J(J+1)(QJ-1) (2j +3) <Jlall>

where <J IaIJ‘> is a numerical coefficient. derived from certain matrix elements.of J.

The parameter P' is a crystél-field splitting coefficient; for an isostructural series of
~ Ln3+ complexés, its value is 'éxpected fo remain constant. Under such conditions, the
sign and relative magnitudes of the pseudocontact shifts at a given nucleus are expected
to be determined by the value of C;.197 The values of Cj calculated by Bleaney are

“shown in Table 1.3 (normalised to 100 for Dy3+). Comparison with the observed 'H
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shifts of the complexes of the 2,6-dipicolinate (dpa) ligand198 shows that these values
accurately account for”both.the sign and magnitude of the shifts in such a system,
indicating that the di'holar contribution must be predominant in this case. It is apparent
from equaticn 21 that, unlike the T-1 dependence of contact shifts, the dipolar shifts are
expected to display a Tf2 dependence.- Also shown in Table 1.3 are the 'IH shifts for the
aquo complexes; it is clear that these values are not properly accounted for by either
theory alone, indicating that both types of shift are contributing significantly here. The
_ relative contributions were assessed and shown to vary substantially from one metal to
the next. The dependence of the dipolar shifts on the quantity (3 c0329 1)/r3 often
_allows a good deal of structural information to be obtained from an analy31s of the

observed shifts. | | ' .

1.8.2 'NMR |ine-bt'oadening effects of lanthanide ions

In addition to. their shifting effects, the unpaired electrons dn the lanthanide ions are
also expected to give rise to broadened NMR lines,Aby catalysing the relaxation of the
observed nucleus.110 _An important quantity determining‘ the NMR line width is the

longitudinal electron-spin relaxation time Tye. A qualitatively useful picture in

- - describing the effect of T.le is to consider the effect of a si_ngle unpaired_electron on the

NMR resonance of a proton. In the hmlt of a very long electromc relaxation tlme,

. doublet would be expected for the proton NMR resonance, owing to coupling to the
electron's magnetlc moment. Neglectlng the dipolar contribution, the separation of the
two lines of .the ‘doublet would :be proportio'nai to the nuclear hyperﬁne ceupling

constant, A, between proton and electron. (This would resemble.the situation observed

in EPR). ' . : )

' The effect of electrcn spin telaxation correspondsto exchange of the proton between
the two environments. (\»;ith chemical shifts A/2h and -A/2h) and the rate of this
exchange process is deter'm\ined by the electrgn-spin' relaxation time Tle‘- The usual
limiting conditions. of chemical exchange may then' be applied. Thus, if the rate of

) exchange (i.e. Tle'l) is much less than the separation of the two lines (in Hz) then a
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doublet is expected On the other hand, if Tle is much larger than the separation then

a single 11ne is predlcted (at a position determined by the relatlve populations of the two

components of the doublet). For intermediate values of Ty, a broad line i 1; expected.

Such a picture 1s an overs1mp11f1ed view of -the effect and it ignores the dlpolar

~ - contribution which normally dommates However use of the Solomon equation to

. describe the dipolar effect shows that T}, has a similar effect in this case t00.110 In
 practice, it turns. out that for all the lanthanide ions, with the exception of Gd3+, the
values of T}, are sufficiently short (ca. 10713 5) as to give rise to quite sharp lines. This
o 'iéespecially true of the early lanthanides, which accounts for their popularity as shift
| reagents: they are able to'sh'ift‘resonances-. without giving rise to excessive line-
broadening. Table 1.3 (10th column) prdvtdes’ an indication of the relatiVe broadening
-abilities of the lanthanide(iII) iona One noteworthy feature which arises ffom the
‘theory is. that hne broademng is. expected to be more severe in the presence of stronger
apphed magnetlc fields; an important implication is that NMR spectra of lanthanide

complexes are often best acquired using low-field instruments.

'1.8.3 The exceptional behaviour of Gd3*: Relaxiuity and its application in MRI
| As stated at the end of the previous section, Gd3* differs from the other Ln3* ions in
that it typically has a _rnuch longer electron spin relaxation'time (ca. 10°10- 109
depending on the structure and symrnetry of the complex). This is also reflected in the
| fact that only in Gd3+ \.salts is an electron re_sonance observable at room temperature.
'This' property of long electronic relaxation, together With the‘high magnetic moment of
Gd3* (S = 7/2) means that the relaxation rates of nuclei in the vicinity of the metal are
increased to such an extent that their NMR resonancec become extremely broad and
| .indeed are rarely observable. Although‘this poses a problem in terms of acquiring
NMR spectra of gadoliniurn complexes, the ability of Gd3* to catalyse the relaxation of
: nearby nuclei to such an extent has been put to good use in the application of Gd3+

complexes as contrast agents in magnetic resonance imaging.
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' Magnetic resonance imaging (MRI) is a diagnostic imagihg technique which relies on
“the detection of NMR__signéls of water protons in the body.112'113 The fundamental
difference from a laborétory NMR spectrometer is the use -of a g.radien.t magnetic field.
This causés water protons to resonate at slightly different frequencies depending on
| their position in the field. The detected signals thereby incorporate sbatial information

which is decoded by a computer to pfovide the image.

~ Paramagnetic ‘compounds (such as those of Gd3* ) increase the proton relaxation rate of
the water in which fhey .are dissolved. ‘The relaxation time of a‘pro‘ton of a water
molecule coordinated to Gd3* is reduced typically by a factor of about l:O5 - 108, This
effect can be used to enhance the .obséwed'sig\nal intensity.in the MRI experiment and -
rﬁay allow the image.to be aéquired more quickly: the patient is administered with a
suitable highly émble complex of the metal prior to the scan. Moreover, sﬁch
complexes may localise in certain tissues- more than bthérs and this gives rise to
increased céntrasi— in the image and potentially rripre useful information. The MRI
: pﬁlse_ sequence is usually chosen such that thé effect of the paramagnetic centre on the

longitudinal relaxation rate, Ty, is dominant.

Relaxivity . ‘
The longitudinal relaxivity, Ry, of a paramagnetic compound M is defined thrbilgh:
(MTpobs - (UTpgia = Ry[M] (22)

where the term on the left is the difference in the solvent relaxation.rates in the presence

and absence of M. Thus, the relaxivity of a paramagnetic species is the slope of a plot

of (1/T1)gps against the concentration of the paramagnetic compound, normally in units

of mMlsl -

There are two limiting cases for the mechanism of paramagnetic relaxation of water
protons in the presence of a Gd3* ion, namely inner-sphere and outer-sphere. The two

contribdtions are additive: i

R = R +RjiS @)
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(where RIOS and R are the outer and inner sphere contributions respectively). -

The. outer-sphere relaxation process' involves the electron-nuclear magnetic dipolar
coupling which occurs when solvent water molecules. approach the metal complex
during their translatlonal drffusmn A quantrtatlve description has been provrded by

Freed!14 (albert from a rather dlfferent context) The parameters determining the
magnrtude of R are the distance of closest approach, a, between the metal complex

and the outer-sphere water protons, the electronic relaxation time Ty, of the metal ion,
and the relative diffusion coefficients D for solvent and solute.

| The-inner-sphere contribution ’lnvol\}es -dipolar conpling .betvreen the metal ion and the
protons of a water molecule ‘which is held in a fixed posmon near the metal (usually.
dlrectly coordlnated) for a time 1) longer than that necessary for the complex and the.
solvent water- molecule to drffuse apart _Efficient catalysis of the relaxatlon of bulk
water protons requires that the resrdence time Ty of the water molecule _at the metal is
short; 113 this is clear .from the following relationship: _

R® ¢ 4
,TIM + Ty :

(where q is the number of inner-sphere water molecules). '

Thus, the relaxivity is a maximum when Ty is much shorter- than TIM (Tym is the
relaxatlon time of protons of 1nner-sphere water molecules, typrcally 106-105s for
small Gd3+ complexes). Th1s is known as the fast-exchange condmon The lability of

gadohmum -bound water molecules (leadmg to short Ty values) is one feature which

~ makes Gd3* complexes SO attractwe in this apphcat10n

The value of Ty may be predicted using the Solomon-Bloembergen-Morgan equations

given below:113
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1 2 WP PrS(S+1) T1c 3¢ 03)
= . — 4+
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where Yy is the gyromagnetic ratio of the proton; g is the clectronic Landé facfor; B is
the Bohr magneion; S is the electronic spin quantum number; r is the distance of the
- inner sphere waté‘r' protons from the paramagnetic ion; TR is the 'rholecular
reorientational correlation time and wg and oy are the Larmor frecjuencies for electron
. and proton reépectively. The frequency dependence of the electronic relaxation time tg
is expressed in eqpation— 27, being dependént on its value at zero ma}gnétic field (tgq)

_and on a 'ﬁeld-independent correlation time Ty related to the modulation of the ligand

field by collision with solvent molecules.

Clearly, a large amount of structural anvd_ dyhamic infonﬂation is potentially available if
the observed relaxivity can be correlated With these theoretical relationships. Such
information may be extracted from the magnetié-ﬁeld dependenée of the relaxivity by
fitting this to the calculated dependencé, commencing with an appropriate choice of
paraméters._ A plot ‘of the relaxivity versus a;.)'plied‘magnetic ﬁeldm (or more usually the
corresponding 'proton Lafmor'fr'equency) is known as a nuclear rﬁagnetic resonance
dispersion (NMRD) profile.  Such profiles are obtained experimentally by means of a
ﬁeld-cycling.relaxometer, which allows the relaxation rate to be determined over a
large range of magnetic fields. The values of the parameters obtained by such a fitting
procedure.maiyv be -subjected to a further check by comparing the teﬁlperaturé-
dependence of the observed NMRD proﬁleu_v;'ith that predicted on the basis of the

known temperaturé-dependencé of se\;eral_of the parameters; 116
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Some representative NMRD proﬁles are shown in Chapters 2 and 3. Although the
preparation of Gd3* complexes has not been the focus of the work described in
subsequent chapters, the luminescence results for Eu3* and Th3* complexes are to some
| extent complementary to the information tivhich may be obtained from the NMRD
profiles of related Gd3+ complexes This is particularly true of the parameter q (the
hydration state or number of bound water molecules); lumlnescence lifetimes provide
an independent assessment of this quantity which may be useful i in interpreting the
NMRD‘ profiles (eg. with reference'to the parameters r and a discussed earlier and to
the partitioning of the ohserved relartivity between outer and inner sphere
: contributionslu).‘ Conclusions drawn for Eu3* and T3+ complexes are likely to be
applicable to Gd3+ as well owmg to the srmllanty of the three ions, Gd lying as it does

between Eu and Tb and all three having very s1m1lar ionic radii. These concepts are

developed further in Chapter 3. o ‘ 4 .

1.9 Fluorescence Detectron of Metal Ions _

. The detection of metal ions through their effect on the fluorescence of suitable organic
molecules is a further example of the general detection scheme shown in Figure 1.4.. Of
- course, here ‘the analyte is a discrete metal ion rather than a complex biological
_ molecule and the targeting partl of the system is normally a relatively small, abiotic
entity. A further d_iStinction is that, in this case, a direct perturbation of the fluorescence
on binding of the analyte is sought (eg. a change in fluorescence intensity or the relative
intensities of two or more bands, or a shift in the emission or ‘excitation wavelengths).
The inherent Lewis basicity of synthetic hosts for metal ions means that, in many cases,
the proton H* is able to exert a similar effect to that of metal ions. Thus, many systems
(for example, those which incorporate nitrogen donors such as the aza crowns) are often
Ihighly pH sensitlve 17 This has led to ‘some interesting pH sensors although, in the

" field of metal ion detection, it may pose some dlsadvantages such as a requrrement for

buffered solutrons
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"That metal ions may have a profound influence on fluorescence has been known for
over a century but only ovef the past 20 years has a rational approach to the design of
fluorescent chemosensors been pursued. The recent .systems differ from their
predecessofs in that the receptor is not an in.trinsic part of the fluorophore: the two may
vbe separated by several atoms and the resulting molecule mav -have 'properties
characteristic of both of the isolated entities. ‘The field is an'increasingly active area of
research and is the subje_ct of a number of recent reviews.1’17'12.1 It is appropriate here
to cite only a few examples which are of rather more relevance to the work described in
Chapl_er 4. Itis perhaps ﬁlst worth noting two general caveats concerning these results.
- The first is that as for the lanthanide complexes discussed earlier, most practical
apphcatlons that are env1saged are for use in’ aqueous solution: this often proves tobea -
“more difficult med1um than organ1c solvents, due in large part to the unfavourable
thermodynaml_cs and kinetics of desolvation which often accompany 1on-b1nd1ng in
water. A second noteworthy point is that a "nositive respOnse", for example an increase
rather than a Adecrease in emission intensity, is preferable as this will normally allow

- greater detection sensitivity.

1.9.1 Systems incorporating macrocyclic receptors

The ﬁrst study of metal binding to a~macrocycle appended with a ﬂuoropho're appears
to be that of Sousa- in 1977, who examined the effect of alkali' metals on the naphthyl
'ﬂuorescencein' systems such as 15 122 ~The study was carried out in a 95% ethanol
glass at 77K, allowmg phosphorescence quantum ylelds and lifetimes to be measured in
addition to fluorescence intensities. For compound 15, addltlon of alkali metal ions
resulted in a decrease in fluorescence i intensity (eg. in the presence of 1 mol Cs* ,_¢f was
reduced to 1/6 of its value in the free ligand). In light of the corresponding increase in
phdsphorescent quantum yields which'were observed, these changes were attributed to
_ perturbations of the triplet naphthyl energy on metal binding. A heavy atom effect
(enhanced spin- orblt couplmg) was also invoked in the case of Cs*. Small increases in

fluorescence intensity were observed in the case of the related 1,8-naphtho-21-crown-6
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system, ascribed to an increase in the S1-T; separation-and hence a decreased rate of

~ISC:

15

: Many systems prepared to date rely on the effect of the metal ion on the rate of
photomduced electron transfer (PET) as a non- -radiative. deexcitation pathway
competmve with fluorescence. Such an approach is poss1ble if the receptor contams.
'functlonal groups with ox1dat10n potentlals sufﬁc1ently low for electron transfer to
-occur to the first excrted smglet state of the fluorophore. Quenchlng of fluorescence by
such an electron transfer process, sometrmes giving rise to exciplex emission, is well-
known. A. quantltatlve descnptron of the thermodynam1cs of such processes has been
put forward by Weller. 123 The apphcanon of PET to detectlon of metal ions (or other
species) requires that, on b1nd1ng of the guest, the oxrdatron potennals of these receptor
- groups are perturbed to such an extent that the electron transfer process becomes
energetlcally less favourable ,and hence less competitive w1th fluorescence as a
deactivation _pathWay: under such circumstances, metal binding will lead to a
ﬂuorescence enhancement. This approach has been the subject of a recent review:117
It is-useful to note that in many cases, and especialty yvhere the redox active groups in

the receptor are amines, proton binding will give rise to a similar effect.

' The application of this principle to the detection of rnetal ions ustng macrocycles was
reported in 1985 by Desvergne etal., ’who preparedsorne macrobicyclic anthraceno-
cryptands‘16 and 17.124.125 The cry_ptand 16-displayed only weak fluorescence in
degassed methanol (compared to 9,10-dipropyl anthracene as a standard); weak
excipl'ex emission was observed centred at about 520 nm in addition to the usual anthryl
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' ﬂuorescence These observatxons were attnbuted to efﬁment deactivation of the anthryl
singlet state through photomduced electron transfer from the amine groups of the
cryptand. Addition of an excess of trifluoroacetic acid led to an 18-fold increase in the
emission intensity and loss of the long-wavelength band, indicating that N-protonation
inhibits the PET process. Complexation of alkali metal ions (along with: Ag* and TIY)
gave rise to a similar, albeit less pronounced, effecti_the maximum- enhancement was

observed for K* which gave rise to a 7-fold increase in emission intensity.

16 n=3
17 n=2

The smaller cryptand 17 exhibited very different behaviour. The unprotortated ligand
displayed.intense_anthryll fluorescence, indicating that PET deactivation was not
competitive in 'this case This was thought to arise from a conformational differehce
~(compared to 16) whereby the mtrogen lone pmrs are oriented such that they may
hydrogen- -bond to solvent methanol molecules - Alkali metals showed little effect on
the fluorescence intensity but adthtlon of Ag or TI* resulted' in substantial quenching

and a shift in the position of the anthryl fluorescence.

Systems such as those menuoned above prove to be highly sensitive to protons in
addition to metal ions Wthh as mentloned earlier, 1mposes hmltauons on thetr use. An
~ attempt to overcome the _competmve effect of protons in sensors of this general type has
been mede by de Silva,11_7' 126 who has employed the all-oxygen ct'own in ligand 18.
The oxidation potentials associated tavith alkoxybenzenesare sufﬁciently low for a PET
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mechahism' of deactivation of the anthryl ﬂuorescencc to occur« hqre, the efficiency of
~ which is reduced on binding Qf alkali 'metal cations. AThe highest fluorescence |
enhancement factor. was observed for sodium, fbr which tﬁe maximum value was 15 in
" methanol. The other alkali metal ions disﬁléyed substanﬁauy weaker effects and, most
notably, there was virtually no S¢nsitivity to p_fgtons. It was noted that, at high salt
concehtrations,'thé fluorescence intensities were Qbserved to- fall off after passing
through'a maximum_; this Was attributed to axial a_ﬁion pairing to the macrocjcle-bound _

cation which has the effect of decreasing the charge density on the metal cation.

R L I 19

The studies. discussed above weré carried out.in méthanol: metai ion complexation is
: likely to bbe ioo weak in aqueous solution to allow- detection to be achieved in thi's
Iﬁedium. 'Czamik has prepared polyazamacrocycles of the typé 19 which are able to
form strong'c_omplexes with certain transition metal ions in water.127.128 Again,
profonaﬁon may give rise to the éame.effect_ but, at pH 12, cqmplexation by Zn2 or
Cd2* ions affords. good ﬂuorésc;ence erihancements. In contrast, binding of inherently
quenching metal ions such as Cu2+_ or Hg2* under non-basic conditions leads to
| decreases in fluorescence inte_nsit&z. »I’n’both cases, noAirAlterference- was 6bser\}§d from
' 's_odium ions, even wﬁen' present in large excess, reflecting the low a-fﬁnity of
az’amacrocyc'les for the alkali metals. An inieresting feature of this systeﬁ is the
distortién of the shape of the anthryl fluorescence bémd which occursAon binding of Cdll
to the ligand 19 whéré n = 4: a new emission band with Amax = 446 nm is observed. It

was postulated that this might be due to Cd!! r-complexation by the anthracene.
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' 1.9.2 Examples which make use of acyclic lig’ands

The ligand 20 has _been> reported recently by Fabbrizzi.129 Here the anthryl
fluorescence is not affected by changes in pH but the iigand is éble to bind the
quenching metal ions Cull.and Nill (in 4:1 CH;CN / H,0) giving rise to a large
| decrease in the fluorescence intensity. This metal binding is dep_endeﬁt on pH: binding
of Cull occurs at pH 6 or higher, whilst Nill does not bind until the pH has reached
about 8. Thus, discriminatien between these 2 ions is possible; other related metals
such as Mnll, Coll and Zn!! are not able to undergO‘ceordihaﬁon by the dioxotetraaza
' umt130 and therefore show no interference. Fluorescence quenching by transition metal
~ ions such as Cull and N1II is well-known, although the mechanism by which it occurs is

_not always clear; here it may involve either an energy transfer mechanism or a MIL-to- -

~ anthracene electron transfer process with transient formation of ligand-stabilised MU,

CH> ‘ M2, 20H . CHp
o] o = 0= = 0, 0
- 2HY | ) =N !’:'
_NH HN : N N
HoN " NH; : S Y Vg
| | L W
- - Hg 4H
20 21

M = CuorNi

One final group ef.-metal ien.ﬂﬁorescent indicators is werthy of mention, owing to the
success they have enjoyed in living cells. These are the EGTA-based systems for Ca?*
det’ecti(_)n pioneered largely by Tsien!21:131 {EGTA = ethyleneglycolbis(ﬁ-
aminoethylether)-N,N,N' N'-tetraacetic acid 22}; EGTA shews a high selectivity (>
105) for Ca:Z+ over Mg2+ The related ligand BAPTA 23 was prepared which preserves
the Ca2* to Mg2+ spec1ﬁc1ty Moreover, the UV absorbance and fluorescence spectra

of the aromatic rings are strongly perturbed by Ca2+ binding: this arises because the
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mtrogen lone pairs conJugate with the aromatic & orbitals in the absence of Ca%* but are
-not avallable to do so when CaZ* bmds Incorporatlon of the nitrogen donors into
aromatic rings provides the additional benefit of reduced H* interference, owing to the

lower pK, of anilines compared to aliphafic amines.

Ckoz COy ioz' CO,
'Ong- A 020—\
COy N) E N >Co, /

<—o o-)' | 0 7\

\_/ \_/ \—
EGTA " BAPTA

2 o 23

'Clearl'y,'tl-le ﬂuorescence efnissicn'of'BAPT A itself_ occurs at wavelengths ;\/hich are
too short to pe. of"practical' use and a goed deal of work has been directed at appending
this ligapd with strongly fluorescent (:hro‘mophores. The compounds 'fhrzi-2' and 'indo-
1' (24 and 25) have been successfully applied to the momtonng of Ca%* in cells; these
. show large shlfts in the near-UV excﬁanon spectra and in the visible emission spectrum

(for indo- 1) on binding of Ca?*.

0. -
'OéC/\

: N .
o0 oo JUI
| N Ke) CHs
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CHAPTER2 - -
: Lant'hénide"Complexes of Tetraazamacroéy_clic Ligands Bearing

Four Pendent Phosphinate Arms

2.1 Introductioﬁ

Octadentate macro-cyc‘lic ligands with nitrogen énd oxygen donor groups are often Well-
suited to binding lanthanide(III) ions as discussed in Chapter 1. This is especially true
of anionic ligahdS such as DOTA (45 which forms lanthanide complexes of particularly
high. thermodyanamic stability (Figure 1.7). A further featufe of such complexes,
' e’speciallj those based .on the 1,4,7, IO-tetraaiacyclodbdecane ring (12Ny), .is their high
| kmetw stab111ty with repect to metal ion dlssoc1at10n ThlS is reflected, for example, in
the in vivo use of [Gd:DOTA] asa contrast agent in magnetic resonance lmagmg

A new .c'lés's of o‘étadentaté ligands base.d on 12N, has been déveloped at Durham.!-3
These ligands are structurally related :to DOTA but contain phosphinic acid as opposed
to carboxylic acid pendent_. groups. The general structure is shown in Figure 2.1.
‘ Preliminary results have shown tﬁat the ligands form Gd3+ and Y3+ complexes of high

thermodynamic and kinetic stability and are potentially suitable for use in vivo.4

R
COzH ' ' O\P-O : o
’ \ /\COQH < ( ' \ /\rl’l—R
0]
[ j - I| [ j
HOzC\/ ) R—P\/
\_/
HOQC o | o - o= Z\o_
27 R =CH,Ph

FIGURE 2.1 Structures of the tetraphosphinate ligands and DOTA for comparison
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'_2.2 Ligand Synthesis

The synthetic proced_{]re for preparing these ligands is shown in Scheme 2.1.
Condensation of 12N, with parafénnaldehyde in dry tetrahydrofuran leads to formation
Aof the electrophilic iminium ion which is subsequently trapped by ;he appropriately
substituted dialkoxyphosphine. An Arbuzov rearrangement. occurs to give the
tetraphosphinate esters.  Acid .hydrolysis (6M HCl, 100°C) provides the

aminophpsphinic acids.

7
EtO\P=O
PEt
- HO /TN H ( NP
[N Nj (CH,0), / RP(OEY);- | [N N o
N N | THF / reflux Q N "
H \_/ H R—PA/ \__/ >
EtO- 0=p
| ~OEt
R

~ 6M HCl(aq)

. 100°C
R _
HO\{:O | oH
o~
| N/ \N P—R
H_‘ﬂ [N . Nj
P~/ Y
HO O=P

SCHEME 2.1 The synthetic proéedure used in the preparation of the tetraphosphinate
ligands : :

The dialkoxyphosphines themselves are prepared by reaction of the appropriate
Grignard reagent with diethoxychlorophosphonite- at -10°C in tetrahyd;ofuran or
diethylether. The phosphines with intermediate boiling points [eg. PhACH,P(OEt),]

- 'may be purified by distillation' under reduced pressure. The volatility of
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diethoxy(rﬁethyl)pﬁosphine is such that the solvent co-distils and so this phosphine was

used as a solution in THF.

23 Complex formation |

The preparéﬁon of the lanthanide complexes of the tetraphosphinate ligands was carried
out by addition of a stoichiometric amount of the appropriate metal oxide (or acetété) to
the ligand in water at pH 2 Following dissolution of the oxide (80°C, 3 h) raising of
the pH to 6 with aqueous pdta;s_sium.'hydroxide led to formation of the metal complexes,

which were subsequently crystallised from solution.

2.4 Earlier results concerning tile structures of thé ligand and 1ts yttrium complex
’Fhe tetr_abehzylphosphinate ligand 27.' was first prépared in 1992 by Dr.‘-Kanth'i
Pulukkody at the University of Durham. It pro§ed possible to crystallise this. ligand as
[its rnoho'hy(-irochlor'ide'salt and an X-ray crystal structure was obtained.> This

structure, together with that of the yttrium complex of the ligand, is shown in

Figure 2.2.

The sttuctﬁre_ of the ligand shows that the tetraazaéyclododecané ring adopts a square
" [3333] conformation,® in which the nitrogen atoms are coplanar and lie to one side of
the ring, with all adjacent CH, units in a staggered configuration. All four side-chains
lie.on the same side of -ihe ring and one of the oxygen atoms of each phosphinate group
is directed in_§vard; These four oxygens, together with the four ring nifrogen atoms
'(whos‘e lone pairs are also directed inward) form a binding sité which is pre-disposed
for 8-fold coordination of a.metal ion. The lig.ahd could thus be described as

preorganised, subject to the caveat that the ligand crystal structure is actually that of the

~ hydrochloride salt.

This is ‘particularly evident from the close simﬂaﬁty of the structure of the Y3* complex

to that of the ligand, as illustrated in Figure 2.2: the metal is coordinated to the 4
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- FIGURE 2.2. Malecular_siru()tures of [27H5]+‘le ( uﬁ})er) showing intra- and inter-
cation hydrogen.bqndS’and [Y.27]"H3;0*(lower). Hydrogen atoms are omitted.
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coplanar N atoms and to four phosphinate oxygen-atoms which are also coplanar
relative to one another. Metal binding does ind__uce some changes, however. Thus, the
N40O4 polyhedron is- contracted in the cornplex relative to the protonatéd ligand: -the
| average distance from the vertices of the -‘N4O4 core to its centre is 2.-44 A in the
complex compared t0 2.53 A in the ligand; The metal ion does not sit at the centre of
the polyhedron but is -shifted towards the Oy face, the average Y-O and Y-N distances
_ being 2.26 and 2.66A respectively. This reflects the ionic nature of the Y-O bonds as
opposed to the 'donor-acceptor' character of the bonds to nitrogen. Such a trend is

commonly observed in related complexes, for example those of DOTA.”-8

~The coordination geometry of the N4Oy cage arounq the met_al isa square prism twisted
about the Cy4 "axis For a true antiprism, the angle of iwist of the O4 face relative to the
Ny face would be 45°. Here, a val-ue of 29° is observed giving a geometry-that is
somewhere between a square prism and a square antiprism. This is an interesting point

which will be returned to in later sectlons.

- Perhaps the most startlmg feature of the structure of the complex however, is the
absence of a metal-bound water molecule. This is a most unusual feature for lanthanide
: complexes of octadentate ligands: in almost all other cases, the metal is nine-coordinate
with the ninth coordinatiOn site oceupied by a water molecule. Only in complexes with
the ligand TETA (structure 6 in chapter 1), which is based on a 14Ny skeleton, does the
metal di’splay,a coordination number of 8 with no water molecule in its coordination
sphere In the ’crystal of [Y. 27]' the nearest water molecule is 5.62A away; this’
compares to a value of 2.48 A for the distance between the metal and the oxygen of the

bound water molecule in-[Eu.DOTA] 7

Finally, it is useful to notfe at this point that, as a consequence of the lanthanide
contraction, the ionic radii of the lanthanide ions at the centre of the lanthanide series
are very similar to that of Y3+ under the same coordination number.? “Moreover,

yttrium closely resembles the lanthanides in its coordination chemistry in the +3
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* oxidation state (they all belong to the 'rare earth’ class). Hence, it is quite likely that
structural information obtained on yttrium complexes will also be applicable, in
general, to the Eu3*, Gd3* and Tb3+ complexes (although some very small changes in

bond leng'ths would be anticipated).

2.5 Solution studies
The information offered by the crystal structure of the yttrium complex is of course
very useful. However, it is prudent to bear in mind that such information relates to the

solid state and may not necessarily reflect the structure adopted in solution. There are

" numerous instances in many branches of chemistry where inconsistencies have been

observed between solution and sohd state results. It is desirable to pursue techmques
| which allow the behaviour of lanthanide complexes in solution to be probed. NMR
Spectroscopy (potentially applicable to all the lanthanide(IIl) ions except Gd3+),
measurement of NMRD proﬁles (for Gd3+) and luminescence measurements (Eu3+ and
Tbh3+) are three such techniques. These are the methods which havo been used in the

. work described in subsequent sections. Of course, such measurements are also

essential in order to assess the suitability of these complexes for the applioations in

mind.

2.6 NMR studles of complexes in solution

The europium complex of the tetrabenzylphosphinate ligand 27 was prepared: its 1H
NMR spectrum (400 MHz in D;0) is shown in Figure 2.3, together with the spectrum
of the Yb3* complex. The shiftmg effect of paramagnetic lanthanide ions discussed in
Chapter 1 is clearly apparent in the expanded chemical shift ranges in both cases. Itis
clear that sor.ne‘ signals are shifted to high frequon.ciesvand others to lower frequency.
This is to be expected if there is a-dipolar contribution to the shifts, owing to the
dependence of dipolar shifts on the quantity (3 c0s20 - 1)/ 3 (section 1.8.1) where r
and 0 are the polar 'coordinates defining the Position of the nucleus under observation.
This quantity mbay change sign depending on the angle 0, thereby giving rise fo shifts of

both signs.
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FIGURE 2.3 400MH: TH NMR spectra (D70, 298K) of (a) [Eu27] and (b) [Yb.27]".
Resonances are labelled according to Scheme 2.2. tert-Butanol was added as an
internal reference; its signal is denoted by 'x’ and that of HOD by 'w".




- Chapter 2

In the case of the Eu3+ complex, line-broadening was minimal, particularly when lower
magneﬁc field strengths were employed (se(_:tion 1.8;2) and this allowed the detection of
cross-peaks in a twd—dimensional IH-1H COSY experiment at 90 MHz. On the basis of
this and by comparison with structurally related complexes of DOTA, it proiled

possible to assign the observed resonances as indicated by the labelling in Scheme 2.2.

As in the compléxes of DOTA, the fou‘r protons within each ¢thylenediafnine unit of the
- ring become inequivalent on bindiﬁg to the metal (Scheme 2). The distinction betwen
the axial and equatorial protons is readily made on the basis of their coupling patterns.
- The axial proton-s‘ should appear as approximate triplets in the one-dimensional
spectrum, and showing two cross-peaks in a iH-lH COSY, as a result of coupling to
both thé vicinal axial proton and the geminal equatorial proton with similar coupliﬁg
constants. For example, Hy couples to the axial H; and’ the equatorial H3. The
couplingconstant to the vicinal equatorial proton H, ‘is small, as predicted by the
Karpius ¢quation$ (¢ = 60°), such that the H4H; coupling is not resolved and does not
‘ appear’r in the two-dimensional spectrum. By the same arg{lment, tﬁe equatoria_l protons
~ (eg. H‘z) appear only as doublets (single’ cross-péak in the COSY spectrum), coupling
only to the geminal axial proton (Hy). The vicinal axial and equatorial protoné H; and
H4 are both oriented at 60° to Hj, such that coupling to these ‘protons is véry small. -
Some spectra showing these effects more clearly are preSented in Chapter 3 for some

related complexes.

The assignment is consistent with the presence of just one isomer in solution, as

suspected from the 31p spectrum whiéh shows only one 'resonance (see below). -

The lanthanide-ind—uced line-broadenihg is too severe in the spectrum of the ytterbium
complex to allow a two-dimensional COSY experiment to be carried out. -However,
Yb3+ does prove to be a useful ion owing to the fact that the parama_ghetic. shifts which
it induces dften approach the limit of-a purely pseudocontact interaction, the contact

contribution being minimal. This is apparent from Table 1.3 where it can be seen that
v : . 6
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the ratio Cy / <S>;v is higher for Yb3* than for any other ion, with the exception of
sa‘marium.(“‘/hiéh is less useful as it produces suifts which are too small to be helpful in
‘ structure elucidation). This feature of yttetbium allows the proton chemical shifts to be
correlated with the structural features of fhe complex since the sign and magnitude of
the shift for a glven proton w1ll be deterrmned by its position relative to the metal ion
through the quantity (300329 13 (Chapter 1, equation 21). The value of r for a given
proton under observation may be estimated from its relaxation rate: the paramagnetic
contribution to the lbngifudiaal relaxation rate is dependent on the distance r from the

paramagnetic centre but not.on the angle 8. This then allows the values of 8 to be

deLermined from the paramagnetic shifts.

A comprehensive study of the 1H NMR spectrUm of the )}tterbium complex of DOTA._

has preuiously been carried out by Ajme etal. ‘and the structure elucidated through an-
analysis of the observed shlfts and relaxauon rates.10 In fact, [Yb DOTA] was found
to exist as a mixturé of two isomers in solution. The structural analysis of the major
isomer indicated a square antiprismatic coordination geometry about the metal as
* indicated in Figure 2.4 (a) Such a structure is fully c0n31stent w1th the X- -ray results on
Eu Gd and Y complexes of DOTA In contrast, the structure deduced for the minor
" isomer showed a distorted antlpnsmatw structure containing an inverted layout of the
acetate'am'is with respeet to the principal isomer but with the conformation of the
maerocycle unchanged, Figure 2.4 (b). The distortion lies towards' a prismatic
arrangexﬁeht, with an angle of twist (between the Oy4 plane and the Ny plane) of 297,
eubst'antially “les's than the value of 45° in a true antipri_sm. This structural arrangement'

is referred to in subsequent discussions as an 'inverted square antiprism'.

| A convenient way of visualisin_g‘the distiuction between the two structural forms is to
consider the view down the C4 axis from above the N4 plane. The macrocycle adopts
the square [3333] conformation. In the»square' antiprismatic arrangement (Figure 2.4a),
the metal-binding acetate oxygen is seen to approach the metal froru the ‘'side' of the

macrocyclic square and the bond to the metal is roughly underneath the C-C bond of
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" the ring. In contrast, in the alternative inverted square antiprismatic geometry, the
acetate oxygen-metal bond lies underneath the N-C bond and the acetate group appears
to be approaching from the direciion of the ‘corner of the [3333] squére. ‘

Gq

b ~ e

7t:‘ ,-ZJ—
u\:/ i C
/‘4

I=a,

vFIGUARE 2.4 Top (down the C4 axis) and side views of the structures for the major (a)
and minor (b) isomers of [Yb.DOTA] obtained by an analysis of the dipolar shifts
(from reference 10). A o C

The !H NMR chemical shifts of the ring and NCH,P protons of [Yb.27]" were found to
match closely thbéé of the minor isomer of [Y_b.DOTA]'. Itis rea.éonable to conclude
from this obSérvation that the solution structure of [Yb.27]° reserﬁbles that of the minor
isomer of [Yb.DOTA]' rather than that of the major isomer. This is consistent with the
X-ray structure éf the yttrium complex of 27 discussed above, where it was pointed 6ut
that the twist angié of 2§° was well short of the idealised value of 45° for a square
antiprism. It is interestix;g to_noté that, although this structural geometry is generally
less important in fhe DOTA complexes, -it is the qnly one Qetectable in the

tetrakis(benzylphosphinate) syster‘n': there was no evidence in the spectra of either the
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Eu3+ or-Yb3+ comi)lexes of any other isomcr._ 'P-revsuma'bly such a structure becomes
thermodynamically favoured over the alternative 'si]uarc antiprism in a system
~containing larger phophinate groups rather than the smaller acetatcs_ of DOTA.
Actually, it was noted in the work carried oui on the DOTA complexes that for some of
the lanthanide ions, for cxample- lanthanum, the square. antiprismatic form was the

minor isomer. The proportions of the two isomers varied in a rather erratic manner

across the series.

In the case of the DOTA complexes, the two isomers were found to undergo exchange;
‘ fdr examclc, corrésponding signals 'fOr the two iscmcrs had coalesced by 45°C in the
3¢ 4spectrur.n of [Nd.DOTA];. At this temperature, t_Wo -ethylenic resonances were
observed’indicating-~ that thé rigidity of the ‘macrccyclc is maintained under such
conditions. ,This_ indicates that the interconversion of the two isomers cafinot be
‘ocurring lay a 'ﬂip;ﬂop' rriction of the macrocycle but rather through a 'concerted sliding
inotion' of the 4 oxygen donor atoms, probably passing throug.h an intermediate
prismatic arrangement of higher energy. 10 At higher. temperatui‘és (45 - 80°C), a
" second dynamic prccesa_ is obscri/ed averaging mé two ethylenic resonances and thus
indicative of ‘los.s of the ﬁgidity of the macrocyclic ring. _Similar conclusions. were

drawn from an analysis of the variable-temperature 1H spectra of the Pr3+ complex.

In completecontrast, the 1H NMR Aspectra of‘ the Eu3* and Yb3+ 'complexes of 27
'undcrgc virtually no change whatsoever over the temperature fangc 5 - 80°C. This
indicates that thcre isa remarkably high rigidity associated \;’lth the coordination cage'
~in these corriplcxes which presumably reflects a higher actiiration barrier to the

isomerisation pathways of the type discussed above for complexcs of DOTA.

The consecutive occurrence of the sliding motion of the acetate groups and the flipping
of the tetraaza ring in the complexes of DOTA leads to a structure which is. the
enantiomer of the starting structure. Thus, there are a total of 4 possible stereoisomers

in the DOTA co_mplexes, consisting of 2 pairs of enantiomers. The relationship
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between these and the pathways which interconvert them may be represented

L schematlcally as shown in Figure 2.5. Structures A and D constitute one enantiomeric

pair, B and C the other.
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CI)—Q—N—?’a"’ . rotation . COy 'C'E—Q—N‘C'?’ %
a . a
P A
ore- I S
1 : I
~-C—N—C—C- -C—N—C—C- CO2
i | \ ~ I I \
04C
ring o " ring
~inversion A ~ inversion
ac1 g | | ' ac, D
02C - ~ac—T1—CO2”
| o l92 '61
az\? N“f? S coy - PTCmN—C—C
a : a
N N o I
N -C- acetate groups - N - —-¢c- COz
I [ - . : I [
- CO2™- ~C—C—N—C- rotation -C—C—N—C- .
coy ‘0,C

FIGURE 2.5 Schematic representation of the coordination geometries adopted by the
lanthanide complexes of DOTA in solution and their interconversion pathways.

" In principle, 'analogousAstructures and interconversion pathways are open to the
tetraphosphinates. In fact; the possibilities here are considerabiy more complex than for
DOTA since ;he binding of a phosphinate oxygen -atom to the metal resIllts in the
creation. of a new chiral centre at phosphorﬁ;. Each. phosphorus atorﬁ can adopt (ai

least in principle) either an R or an S configuration, irrespective of the configurations of
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the other 3 centres. Thus, for each of the 4 structural types analogous to those of
'DOTA in Figure 2.5, there rnay be;’ different'isomers corresponding to the.& possible
permutations of the R/S configurations of the phosphorus- centres in a ring (RRRR,
. SS8SS, RRRS, etc) Thus there are a total ofﬁzg)ssible'stereoisomers For a given set
of phosphorus configuratlons (eg. RRRR) the structural form D is no longer

enantiomeric with that of A (asit was for DOTA) rather D(SSSS) is the enantlomer of
[»

- A(RRRR). The ?{2 p0331b111t1es thus comprise of 46 pairs of enantiomers. A similar

structural analysis is pursued in somewhat more detail in Chapter 3, where some related

structures are illustrated more explicitly.

In light of the large number of structural possibilities it is all the more remarkable that
only a smgle species is observed in solutlon in the NMR studies (obvrously, it must
'con51st of a 50/50 mixture of two enantiomers which.will be mdlstmgulshable by NMR
“in an achiral medium) Moreover the 3 1P spectra of all of the complexes studied show
only a single resonance in each ca_se, indicating that the 4 ph_osphorus atoms are
equivalent. On this basis it seems‘likely that the major species observed in solution is a
mixture of RRRR and SSSS enantlomers in an 1nverted square antlprismatic structure,

in which the P-alkyl substltuents are disposed away from the N4 ring such that the
| _repulsive steric interactions between them are minimised. Such.an hypothesis is fully
consistent'with the X-ray' structure of the Y3+ complex where the unit cell was found to

compnse of a 50/50 mixture of RRRR and SSSS enantiomers, each with an inverted

square antlpnsmatw geometry.

It was pointed out in the preceeding section that an analysis of dipolar shifts in a
lanthanide complex may potentially provide a good deal of‘structural information,
' owing to the dependence'of the shifts on‘ the quantity [(3cos29 -1)/ r3]' As noted
above, Yb3* is particularly useful in this respect because the shifts which it mduces are
largely free of contact contributions for nuclei not directly bound to the metal.
However, the method may also be applied to complexes of the other lanthanides,
provided that the measured shift for the given nucleus under observation can be
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' partitioned into the contact and pseudocontact contributions. For nuclei well-removed
from the metal and especialiy for protons, the contact shift is usually negligible.“ For
example, the ortho protons of ~the benzyl groups in theAeuropium and ytterbium
complexes of 27 are shifted by 4.3 and 24.6 ppm respectively relative to the
diamagnetic yttrium complex (400 MHz in D50, 298K). The ratio of these shifts is
0.175, which is in good agreement with the ratio of the theoretical Bleaney Cj values of
0.181 (see Table 1.3). This is probahly indicative of a purely dipolar shift and almost

_ identical coordinates of these protons relative to the metal ion in the two complexes.

For nuclei closer to the metal and especially for heteroatoms such as carbon and
oxygen, the situation is more comhlicated-\and a number of methods have been
| proposed for evaluating the relative contributions of the dipolar and contact
mechanisms to the observed shifts.2"14 The most general of these is that proposed by
Reilley which relies on the theoretical Cj and <S>a;, values to separate the
_components 14 The total observed shlft for a nucleus is glven by equation (13) in
: Chapter 1. After correcting for the dlamagnetw conmbutlon to the shift usmg the
yttrium, lutetium or lanthanum complexes as controls, the observed paramagnetic shift
(LIS,ps) is given by: |

LiSgps = LISy + LIS @)

where: LISy and LIS, are the pseudocontact and contact contributions respectively.

Substituting reduced forms of equations (19) and (21) into equation (28) gives:

LISyps = G.Cj + F.<S>py (29)

where G is the geometricsl term m equatioh (21) and F eontains the hyperfine coupling
constant (section 1.8.1). _This equation may be rearranged into 2 linear forms:
LISype/ <S>y = G(Cj/<S>p) +F - 30
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LISyps/ C; = G+ F(<S>,,/Cy) @31y

“For a Series of isd_structural'lanth‘anidefcomplexes; a plot of the obécwed shifts
ac‘cording to equations (30)_0r (31) should pfovidé a straight line from which G and F
may be evaluated_and'hence ihé relative pseu‘dqcontact and contact contributions. This
then allows the coordfnates (r, 9) of the nucleus to be determined. In contr;ist,

: signiﬁcént breaks or abrupt changes in the plots arise if there is a change in the

structure of the cbmplex on tfaversing the series. Reilley has proposed that equation

(30) be used when G >> F and (31) for cases where F << G.

An analysis of this type could be of interest for the lan;hanide complexes of 27. Itis
possiblg that the'large'r early lanthanidc;s rﬁay form .compléxes which différ in st'ructu‘re-_
from those of éuropidm and ytterbium; for‘ example, they might adopt a square-
antiprismatic ‘ge(jinetry or possess a métai-bound water molecule. The lanthanum
c;omplex of 27 has been prepared by Clive Foster at Durham... Interestingly, this
complex does indeed appear to contain a significant proportion of a second isomer
" (most clearly appafent in the 31P spéctrum). Oﬁe of the attractive features of the
~ phosphinate ligahds is the presence of the phosphdrus atoms. A;part from allowing a
| greater structural variatioh (through the P-R group) than is possible for DOTA-based
ligands, thé 31p nucleus'ié particularly amenable to NMR studies. It haé a natural
abuﬁdance of 100%, a spin quantum }number of 1/2, short relaxation times and a high
nuclear mdgnetic suSceptibility.
With this in vmir.ld, compléxes of ligand 27 with most of thé other paramagnetic
lanthanide ions have been prepared and their 3!P shifts measured in solution in D,0
| (pD = 6.5). The shifts relative .to‘the diamagnetic yttﬁum complex (8p = 39.2 ppm) are
plbtted in Figure 2.6. r For éompaﬁson, the 170 »paramag'netic shifts in the aquo ions,
.where the shifts are dgminated by contact contributions, are plotted in Figure 2.7,
- together with the 1H shifts of the Ln(dpm)3 corﬁplexes, where the shiffs are exclusively

~ dipolar. Itis clear that the 31p shifts do not follow either pattern exactly, but there is
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perhaps a closer resemblance to the 170 contact shifts, which suggests that there is a
substantial contact contribution to the shifts. This is not surprising bearing in mind the
~ proximity of the phosphorus atoms to the metal and the relativelyhlarge spatial

extensions of their outer orbitals.

The observed shifts are plotted accérdirig to equations (30) and (31) in Figures 2.8.and
. 29.. The complexes appear to fall into two groups, with Ce3+, Pr3* and possibly Nd3*
showing a diffefent pattern to the remaining later elements, which form a fairly
reasonable stright line. This apparent break between the early, larger lanthanides and
th_e later éle.ments could possibly,reﬂect a changg 'inftl.le structure. On the other hand,
P'etefs has shown, through the use of calculated theoretical values of G and F, that such
apparent 'breziks‘mayfsimply be a_consequénce of the decrease of the ionic vradii across
'the laﬁthanid_e‘ séﬁes.” Indeed, some results breviously ascn'b_ed to structural changes
have been re-intéfpreted m this way. The change in ionic radius may be accompanied
By small differences in the conformafions of the complexes which,i& reﬂected in the 6
values of the valjious ligand nucléi. The combined Veffgct of change of r and 6 may
" resultin a gradual Variafion‘ of t};e G» values on going from La3* to Lu3*, which may
show up as abrupt changes when the LIS data are pl;)tted accordixig to equations (30) or
; (31). Significant changes in F are generzilly considered unlikely, as the hyperfine

coupling ci')nstant_}is expek:ted to have a similar value for all of the lanthanide ions.

Thus, tﬁe results are rather inconclusive. In fact, the r_and 8 values for the phosphorus
;cltoms could' be very sim.ilar in both the square antip,rismatif: and the inverted square.
antiprismatic- geometrieé, with the result that the G values may bé véry similar in both
cases. Hence, analysis of the 31p shifts may not bé aAsufﬁciehtl)-l sensitive rﬁeans of
| .distinguishing between the'twq-ﬁossibilitijc—s. A study of the rﬁagnetic field dependence
of the 3‘1P longifudinai relaxation rates would provide more reliable information on the

metal-phosphorus distances, as has been carried out for some related complexes

(Chapter 3).
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2.7 Luiniﬁescencé of Terbium and Europium complexes

2.7.1 UV a‘bsorbance s_bectra o |

The absorption and luminescence behavio_ur of the europium and terbium complexes 6f
| ligand 27v have been studied in aquedus solution at -foom temperatufe. The UV
absorbance spectra resemble thaf of benzéne, with a structured band between 240 and
260 nm (Agqy = 248 nm, e = 910, £, =950 M-lem1), as shown in Figure 2.10. This
corresponds to the so-called B-band of benzene which is formally forbidden (554 = 204
M-1lcm for berizéne; ;he band owés its appearance to the loss of symmetry caused by
molecular vibrations). Altﬁough weak in terms of orgénic chromophores, this band is
- much stronger than the bands obseﬁed in the absorption spectra of the free lanthanides,
for which & is typically 1 M-fem! or,léss (as discussed in Chapt;:r 1) and so it is not
surprising tﬁat.the phenyl absorbance éampletely dorhinates the UV spectra of thc'

‘complexes. -

molar absorptivity

LU . | | LI I L ' T 11 ' LIRS l T 17T

T T ’ LS ] T ¥ L
200 240 280 320 - 360 . - 400°
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FIGURE 2.10 UV absorbance spectrum of [Tb.27]" in aqueous solution (295K).
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272 Luminescence of [Tb.27]"

Excitation olf the terbium complex of 27 at 250 nm gave rise to intense luminescence
characteristic of the metal; a 10"*M solution glowed an apple green colour. The
corrected emission spectrum on excitation at 250 nm is shown in Figure 2.11. Four
inteﬁse bands are observed, the wavelengths of which are consistent with the well-
. known values forAband's arising frorﬁ transitibns from the emissive 5D4 level to the 7F6,
TFs, 7F4 and 7F3 levels of the ground manifold.!8 Some much weaker bands are also
apparent at longer wavelengths these are due to transitions to the 7F2, 7F1 and 7F
levels. A further important feature of lanthanide spectra is also evident, namely the

- sharpness of the bands as mentioned in section 1.3.1. For example, the 5D4;—> 7F5 band

~has a hé.lf—height width of only 10 nm (using an emission bandpass of 2.5 nm):
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FIGURE 2.11 Metal lummescence emission spectrum of [Tb. 27 | in aqueous solution
(10% M, 295K) on excitation at 250 nm. - Excitation and emission monochromator slit

widths of 2.5 nm were used and a delay of 0.1 ms was set between excitation and
measurement of the luminescence intensity. The bands arise from 5D4 > 7F J

transitions; the J values of the bands are labelled on the spectrum.
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Some ﬁne structure is clearly visible in the first three bands. This arises from the
removal of the deéeneracy of the 2J+1 states per J level which occurs on bringing a
lanthanide ion from-the gas phase (or a hypothencal sphencal envrronment) into the
| complex, where the symmetry is lower The extent to which the degeneracy is removed
depends on the symmetry of the metal's environment: complete loss of degeneracy,
giving 2J+1 'non-degenerate sub-levels, only occurs when the symmetry is very low
(with a C; axis or less). In the complexes of ligand 27, the local symmetry of the metal
is approximately C4 (from the crystal structure of the Y3+ complex). Under these
conditions, a J = 4 level is predicted to split into 7 non-degenerate sub-levels whilst an
energy level with J = 5 should give rise to 8 sub-levels. 18 Thus, if we consider the Dy
- > 7F5 transition, 1t is apparent”that this band shonld comprlse of 56. different
transitions. Of course, many of these transmons will have the same or very similar
energy, a p0351ble analogy is the overlap of gear ratios which occurs in a brcycle w1th
“several front and 'rear cogs. 'l'his is especially true for the lanthanides owing to the
weak naturé of the- interaction of the :f electrons with the crystal-freld whichresults in
only small separntions between these sub-levels. The outcome is that the band does
- show some Astru'cture, a.s_'evident from the spectrum "in. Flgure 2.11, but certainly not 56
lines. The large number of possihle transitions for te-rbium bands in general means that
it is not normnlly possible to infer much about the local symmetry. of the metal-ion from
an analysis of the fine structure of the bands. Europium proves to be a more useful ion
for this purpose, o_wing.to the lower J values associated with the observed transitions
(see below). Circularly polarised luminescence provides a means of extrncting rather

more information from the Tb3* spectrum and this is discussed in section 2.9.

| The observation of metal emission raises the question of the pathway hy which it is
~ induced: does the emission arise from a direct excitation of the metal through some
(vveak) metal absorbance or charge transfer band at 250 nm, or is there a genuine
energy '—transfer process occurring_from the phenyl groups to the metal ion, following
excitation into the B-hand of the benzene rings? A useful method for distinguishing

between these two possibilities is to record a luminescence excitation spectrum. In this
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experiment, the emission monochromator of the spécirometer is held constant at a
A Wavelength at which the rhetal is known to emit‘ar_ld the intensity of emission at this
wavelength is mohitbred as a function of the excitation wa?elength. The resulting plot,
known as an excitation spectrum, shows the profiles of the band or bands responsible

for metal emission.

Such a spectrum was recorded for [Tb.27]", using an emission wavelength of 545 nm, at
o which terbilim emits strongly (the 5D4 -> 7F5 tranSition).. The result is shown by the
dashed line in Figu}e 2.12. The UV'absorbance spectrum has been Superimposed on
this spectrum (_sblid line). It is clear that the two spectra match up almost identically
~ over almost the entire wavelength raﬁge. The apparent deviation at wavelengths shorter =
| than 230 nm is an artifact \arising from a severe inner filter effect (due to the high.

absorbances at these wavelengths) and from- the failure of the spectrometer to coﬁect

for the low output of the xenon lamp-excitation source at such short wavelengths.
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FIGURE 2.12 Dashed line: Metal luminescence excitation spectrum of [Tb.27] in
‘aqueous solution (2.6 x'10* M, 295K). Emission monitored at 545 nm; excitation and
emission monochromator slit widths of 2.5 nm and a delay time of 0.1 ms were used.

Solid line: UV absorbance spectrum of this solution.
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~ The close match of the excitation and absorbance spectra indicates that the metal
emission bccurs asa tésulf of the absorbtioﬁ of UV light by the phenyl groups. If the
emission aro#e from direct mgtal excitation, 6r indeed if the metal ion had dissoéiated
. from the 1igand following dissoludén,‘ then the excitat.ibn spectrum would be expected
to resémble thg line-like UV spectrum- of 'free’ aqueous terbium(III) (Figure 2.13).
Thus, the éonchisidn is that phenylvse'nsitised metal emission is occurring, whicﬁ must

involve an energy transfer process from the benzene rings to the metal.
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- FIGURE 2.13 UV absorbance spectrum of terbium nitrate in aqueous solution. The
rapid rise to short wavelengths is due to the intense f8 -> f7d ! transition at 220 nm.
Note the low molar absorptivities of the bands compared to those of [Tb.27]" in Figure

2.10.

The quantum _'yield of emission for the complex oh excitation at 250 nm in aqueous
~ solution was determined using quinine sul_fate. (in 1M H3S80,) as a standard. An

extraordinarily high value of 0.44 was obtained. Some of the factors which are likely to
| be responsible for this high value are discussed in more detail in shbsequent sections.
N At this point, it is ﬁséful to note that the higﬁ'quantum yielq also provides conclusive
evidence for an energy transfer procéss from phehyl to terbium. Bearing in mir;d that

" thé combined absorbance of 4 phenyl groups at 250 nm is of the order of 1000 times

78




Chapter 2

"stronger than that of free terbium at this wavelength, it is clear that an upper limit of
about 1073 onuldapply to the quantum yield if the emission were to arise solely from
direct metal excitation, rather than as a result of absorption of UV light- by the phehyl

groups.

2.7.3 Luminescence of [Eu.27]

To some extent, the europium complex of ligand 27 behaves similarly. Thus,
. 'luminesce.nce ‘characteristic of the metal is observed-on excitétion at 250 nm in aqueous
solution (Figure 2.14). -The luminescence excitation spectrum (recdrded using an
emission wavelength of 619 nm, at which the europium complex emits most strongly)
again shows a very close resemblance to the UV absorbance spectrum of the complex,
Being completely dorﬁinaned 5y the phenyl absorbance. Again, this indicates that the
metal emission arises following absorption by the phenyl groups. A much weaker bahd
at 397 nm was also evident in the excitation spectrum; this 1s due to a relative.ly strong

_abs'ofbanée band of europium(III) at this wavelength (e about 3 M'lgm'l).

The most noticeable difference BetWeen the terbium and europium complexéé was the
much weaker emission of the latter. The emissive quantum yield of this cdmplex was
measur_ed using [Ru(bipy)3]C12 asa standard and a value of 9 x 10'4 was obtained in
water, a very low value when compared to that of 0.44 for t.hé terbium complex.. This is
discussed further in section.2.1 1 ‘

It was mentioned briefly in section 2.7.2 that europium emission spectra generally
prové to be more useful than 'tho.se of terbium in terms of the information which they
may provide on the symmetry of the metal environment. This reflects the fact that the
observed emission bands arise from a non-degenerate J = 0 state (°Dg) and the
transitions occur to levels with low J values, such ihat there are only a small number of
possible components pex"\ band. In fact, the Dy -_7FO transition is unique for a given
chemical en'vironment, since both the initial and final states are noh-degenerate. The

number of components observed for this transition is therefore related to the number of
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~ chemically distinct t;,nvi_r(jnments of the Eu3* ion. This transition has been used both in
excitétion‘ax;d in emission as a probe of‘ sample homogeneity. 18-21 One problem,
_howevér, is that an 0-0 transition is forbidden by all the el._ectronic se’lectiohi rules and is
therefore usually very weak. This is exacerbated when the local symmetry of the metal
is high (including Dy, Dyy, or Dygg) or wilen an inversion centre is present, as the
- transition is then formally forbiddenvby‘ the symnietry selection rule as well. The lo.cal
_symmeffy of the metal in [Eu.27] is likely to be C4 oﬁ the basis of the solid state
structure of the yttrium complex and, under these conditions, the 0-0 transition is
symmetry-allowed through an electric gﬁpdle mechanism.!8 The transition is indeed
observed és._a.sing‘le, weak band atr'-579 nm (Figu‘ref2.14).~ A more highly-resolved
A | spectrum obtained with laser excitation and more sensitive photon-counting equipment
(see Figure 3.14 in Chapter 3) shows that iilere’ is indeed dnly one band in this region, .

consistent with the presence of a single europium species.
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. FIGURE 2.14 Metal luminescence emission spectrum of [Eu.27]" in D,0 (10*M, 295
K) on excitation at 250 nm. Excitation and emission monochromator slit widths of 10

and 2.5 nm respectively were used with a delay time of 0.1 ms. The bands arise from
5D0 ->’F j transitions; the J values of the bands are labelled on the spectrum.
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| A group theoretlcal analysis indicates that the 7F, level is expected to spht into two
'non-degenerate sub levels in the presence of a three- fold or higher axis of symmetry
~ (only one in icosahedral or cubtc symmet_ry).18 The max1mum number of three non-
degenerate states occurs only for lower symmetry (C, axis or lower). Thus, the
appearance of two components in the 5D0 -> 7F1 band is consistent with a 4-fold
symmetry axis for the complex as expected on the basis of the X- -ray structure of the
Y3+ analogue. However, some caution must be exercised in drawing conclusions from
the number of observed bands. Thus, whilst the appearance of three components in the -
5D0 -> -7F1 band would be very strong evidence for a low-symmetry environment, the
'o-bservationtof only two bands cannOt necessarily be tised to tnfer higher symmetry as a
third, unresolved band could be pfesent. On the other hand, there is no evidence for a
shoulder or any other distortion of the observe'd_ com‘ponents of the 5D6 > TR bandvin
the more highly'-_resolyed spectrum» obtained By direct metal excitation and shown in
‘Figure 3.13 (Chapter 3) and S0 the spectt'urn is certainly not inconsistent with a 4-fold
symmetry axis. Futhermore, the 3Dy -> 7F, transition is also predicted to display two

components under Cy4 symmetry and indeed it does.

It may also be possible to draw some. conclusions regarding the coordination
environment of the metal from the relative intensities of the bands.. This point is
deferred until Chapter 3, where some comparisons with related complexes are made and

some apparent trends are noted.

274 Excited st'ate‘lifeﬁmes:'
A Luminescence lifetimes were measured by monitoring the emission intensity'.after a
number of pré-set time intervals folloyying the excitation pulse (experimental details are
| .given in Chapter 6). The result of a'typical expertment for an aqueous solution of

‘ [Tb.27] (10*M) is shown in Fignre 2.15, where the open circles represent the observed

data points.
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FIGURE 2.15 Metal luminescence decay curve for [Tb.27] in aqueous solution (3 x
104 M, 295K) on excitation at 250 nm. The open circles represent the measured data
points; the solid line is the best fitting monoexponential curve through these points:

1(t) = 77 x exp( -O.242.t). The squares represent the same data points plotted on a

- logarithmic scale.

The data have been ﬁtted to a monoexponential equation of the form »
‘ \ I = 1(0)exp(kopst) - (6)
as outlined in CAha[.)ter‘ 1 (section 1.6.3). The-solid line répresents the best fit of the data
to such a cﬁr_vé.' The gqu match between the curve-and the observed poi_nts (the .
difference betwé@n the tWo, the residué.l, is _extrérﬁely small aﬁd purely random) .
iﬁdiéates that the lumines_c':enge 'decay is mdnoexponentfal. In other words, the 5D4
emissive state displz'iysﬁrst-orderl kinetics of deactivation and the value of the observed
first-order rate éonstant, kobs» Was found to be 242 s from the eqixation of the fitted
curve. As mentioned in Section 1.6.3; it is usual to quote the luminescence lifetime, , |
which is simply the reéip}ocal of k, thus, the 1ifetifne of emission for [Tb.27] in HyOis
4.13 ms. Thisisa pértic_ﬁlarly long lifetime, indeed it appears to be the longest lifetime
reported to date for a-terbium complex in aquedus solution. This léng value indicates
that competitivé, non-radiative- deaétivationpathways for tile metal emissive state are
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minimal in this cornpound. In parﬁcular, it implies that the _ligand is shielding the metal
very efﬁciently frorn solvent Water molecules (u(»hich are able to deactivate the emissive
state by energy transfer into O-H vibrations, section 1.3.2). This effect was further
| investigated by measuring the lumine_scence lifetime in‘DzO. In this case, a value of
4.44 ms was obtained, which is only mmginally higher than the value of 4.13 ms in

water. Use of the Horrocks pararnetegz'for estimating the hydration state, q, through:

q=Ar, (“:HzO-1 - 1:DzO-l) )

(where Ay = 4.2 and AEll = 1.05, section 1.3.3), g'avé a value of 0.07 for the hydration
state. This i is very strong evrdence for the lack of any metal- bound water molecules in
[Tb. 27] in aqueous solutlon This remarkable observatron 18 consrstent w1th the X- ray |
structure of the yttnum complex d1scussed earlier, where the nearest water molecule.
was 5 6 A away - of course, in the present instance, the conclusron applies to the |
behaviour in solution. It seems llkely, then, that the structure of the c_omplex is not

substantially changed on dissoluti'on.

A similar conclusion was reached for the europiurn complex: tne measured lifetimes
“were 1.59 and 2. 07 ms in H,O and D,0 respectlvely, giving a q value of 0.15. Again,

thls value is close to zero, suggestmg the absence of metal- bound water molecules.

Bearing in mind the similarity of -the ionic radii of Eu3* and Tb3* and the apparent
simrlarity of the structures- adopted by the europium and ytterbium complexes deduced
from the NMR studies,:it- is reassuring to obser\./e similar behaviour for the two
complexes. On the other hand, a surprisingly large difference in solubilitvaas noticed

between the two complexes, that of terbium being significantly the more solu_ble.

The luminescence lifetimes of the Eu3* and Tb3+ complexes of ligand 26 were also
rneasured,_ both in H,O and in D;O. A hydration state, g, of 0.27 was observed for both
complexes. Again, such a value is consistent with a lack of inner-sphere water

molecules or, at least, a long metal-nearest-water distance (section 3.5.4 discusses this
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point in more detail). This observation implies that low hydration states are a feature of

the 12Ny-tetraphosphinate motif in general, rather than an effect specific to the

tetrabenzylphosphinate system alone (i.e. it'is not, for example, just a steric effect

» arising from the bulk of the 4 benzyl groups). It is possible that this d:ifference, as

~ compared to related tetraamide and tetracarboxylate compl_exes,» which all display one

metal-bound water molecule, reflects the greater ability of the PRO," group over the

carbonyl and‘carboxylate groups to function as a o-donor to the metal. Of course, the

phosphinate groups are also rather bulkler than the carboxylates and so there may also

be a steric effect hindering the approach and binding of the water molecule

- The luminescence information for the four complexes is summarised in Table 2.1.

TABLE 21 Luminescence results for the europium and terbium complexes of ligands

26 and 27.

Complex- T (298K)/ ms ¢ (298K) e
D,0 HO DO ' HO0 o

[EuDOTA] = 213 060 12
[Tb.DOTA]" - 2.54P - 1.51b 1.1
[Eu26]" = 185 - 125~ 10x103  059x103 027
[Tb.26]" = 3.71 296 - 10x103  9.0x103 0.29
[Eu.27] 207 159 1.5x103  09x 103 0.15
[Tb.27] 444 . 413 0.49 044 007

a) reference 56. b) this work.
c) q is the hydration state deterrmned accordmg to equation (5) chapter 1.

84




Chapter 2

2.8 Other methods for probing the hydration state in solution

2.8.1 170 Paramagnetic shifts |

The contact contn'butio-n'tc_) the paramagnetic shift experienced by-a lanthmide-bouﬂd
| /170 nucleus has been shown to be aimdst i'ndependent_-'of the nature of fhe ligand in
questioh and also of the other Iigands coofdinatcd to the metal.23 This observation has
been exploited aé-a-xﬁéaqs' of determining information regarding the coordination
. properties of the ligand, the stoichiometry of the cdmplex and also the number of metal-
bound water molecules.?3 As exblained_ in Chapter 1, the 170 shift of lanthanide-
coordinated water moleculés is probably dominated by-the contact contribution for ail
of the lanthanidcs.’,_ln thé case of dySprosium, the 170 shift (d.is. 3 dysprosium induced
shift) is thought to arisé_ from-a c_ori‘tact cbntributibn bf grgater-thaﬁ 85%. Dysp_rosium
~ is therefore bartibula,_rly well-suited to the::‘studies in qﬁeStion, as a partitioning of the

observed shift into contact-and pseudocontact contributions is not required. . -

For a lanthanidé complex in aqueous solution, the lability of“r‘neta_l-.boﬁnd water
* molecules is 'high and exchange of water is much faster than the 170 NMR time-scale.
- Consequently, the effect of ihe:metal ié traﬁsfex;ljed .t.o the bulk water and.this is
reflected by a shift in the 170 resonance of the solvent water molecules (cf. the effect of
 Gd3* on the relaxation rate of water protons, section 1.8.3). The magnitﬁde of the
effect will-be dependent on the concentration of the complek and is predicted to follow
the relationship given 1n equation (32).
o . d.i.s; =.q A [Dy(ligand),(H;0)4] [H201 . (32)

where q is the nurﬁ-ber of metal-bound water molécﬁles and A is the shift per inner-
sphere water molecule (in units of ppm M‘l)._ Since the complex concentrations in such
an experiment are relétively low, [HZO] will bé virtually constant and so a plot of the
observed d.i.s. versus the concentration of the complex éhould be linear, with a gradient
}of qA[HzO], provided lthat qis independent of concentration. If the complex lacks
sufficient stability, the dissociation of the metal from the ligand may become significant
at low coﬁcentration_s. Under these conditions, q clearly becomes concentration-

depehdent and so a deviation from linearity will be observed.
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In order to evaluate q, it is necessary to obtain a value for the quantity A, (the shift per
metal-bound water mo_lécule). This can be achievéd by examining the behaviour of a
complex which haé a well-defined number of inner-sphere water molecules. The
lanthanide complexes of DOTA and DTPA are suitable for this purpose, both of which
are kﬁown to possess one metal-bound water molecule.”8- Thus, the ratio of the
gradient obtained for the complex under investigation- to that obtained for [Dy.DOTA]"

or [Dy.DTPA]" will directly provide a value of q for the complex of interest.

Some experiments of this type were carried out and. the results are shown in Figure
- 2.16. The ratio of the gfadient for [Dy.26]" to that of [Dy.DOTA]" was found to be
lO.15. This value, which is close to zero, 4argz;in provides further evidence that in the
compléxes of these tetraphosphinate ligands, there is no metal-bound water molecule.
Cléarly, é q value of exactly zero would not be expected by this method, as there is
certain to be some dipolar contribution to the observed shift, albeit minimal, through an

effect on non-coordinated water molecules.
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FIGURE 2.16 Plots of the dysprosium induced shifts of the 170 resonance of water as
a function of the: concentration of the dysprosium complexes of DOTA and 27 (31 is a
ligand from Chapter 3 and is discussed there). |
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2.8.2 Relaxivity of the gadolinium complexes ‘

The Gd3+ complexes of ligands 26 and 27 wérp prepared.by Dr. Kanthi Pulukkody at
Durham With a view to examining their-potential as paramagnetic contrast agenfs in
‘ magnetic resonance imaging.r Thé reléxivities.and NMRD profiles-for the two
complexes have been measured by Prdfessqr, Silvio Aime and coworkers at the
University of Tuﬁnf As explained in 'Chaptér‘ 1, the NMRD profiles may provide a
large amount of structural and dynamic information on the complexes. The magnitude
of the relaxivity over the en‘tire magnetic field range and the shape of the profiles
(Figure 2.17) indicate that-neither complex possesses.a_ metal-bound water molecuie
: and.are_ able to catalyse the relaxation of solvent wéter protons ihrough buter-sphere
effects only.‘ This. is in marked c'()ntr_as-t to the beﬁavi’our. of the 'Gd3+ complexes of
'g;ructufally i‘elated ligands based on the »'tétraazacyclododecane ring with carbbxylatc;
and phos'phonate pendent,groupé, wheré the‘NMRD proﬁlgs show that thére- is oné
| ~meta1-5.ound-waier molecule present. For example, the rc_:iaxivity at 20 MHz for
"[Gd.27],; is aboui 2mM-1s1, which éombarés to values Qf 4-6 mM"ls'l' for complexes

such as [Gd.DOTA]" or [Gd.DTPAJ?-

The observation of purely outer-sphere behaviour for the tetraphdsphinate complexes is
* consistent with the X-ray structure of the Y3+ complex, the luminescence results of the
Eu?* and Tb3* complexes and the 170 shifts of water for the dysprosium complex, all

of which indicate the lack of inner-sphere water molecules.

Figure 2.17 shows that the two complexes ha've rather different -NMRD profiles. Fitting
of the observed data poiﬁts toFreed's théoretical gxpréssion' for outer-sphere re}axivity
(Chapter 1) indicates that this difference arises primarily from a difference in the value
of the parameter a for the two complexes; i.e. the distance of closest approach of
| diffusing water protons t0‘the' paramagﬁetic cé_ntre. 'Values of 4.25 and 3.82 A were
 calculated for the complexes of 27 and 26 réspectively. The difference may be

accounted for by the steric bulk of the benzyl groups in 27. These values are returned

87




Chapter 2

RELAXIVITY (mM*, s!)

lll—ll Lol LS IIIIII' T L] ll'lIIll T ¥ I'Illll

0.1 1 - 10 100 1000

PROTON LARMOR FREQUENCY (MHz)

FIGURE 2.17 Experimental NMRD profiles for [Gd.26 I (solid squares, 296K) and
[Gd.27]" (open squares, 298K) in aqueous solution (pH 7.3). The solid lines through
the data are best-fitting curves obtained using the theory described in Chapter 1.
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FIGURE 2.18 Expérimental NMRD profile for [ Gd27 |” (aqueous solution, 0.2 mM, -
298K), in the presence of bovine serum albumin (1.8 mM). The solid line at the bottom
is the calculated profile for the same-concentration of the complex in the absence of

protein.
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to in Chapter 3 where an attempt is made to correlate the NMRD data to that obtained

from lummescence

Preliminary MRI experiments have shovim th-at [Gd.27]' gives rise to a remarkably high
signal enhancement in liver and l)ile.4 In tzitro studies were carried out on the effect of
binding of [Gd.2t7]"to' arepresentati\ke protein (bovine serum albumin). A large
increase in solvent proton relaxation rate compared to the value for unbound complex
was observed, as shown in Figure"2.18. Complexes containing inner-sphere water
molecules are expected to d1splay substantial enhancements in relaxrvrty on binding to
' large molecules such as proteins, ow1ng to the longer rotational correlation times tg of
large molecules Wthh lead to an increase in ¢ and hence an increase in- ‘the inner-
sphere relax1v1ty (equations 25-27 in Chapter D). This is known as a Proton Relaxauon
Enhancement (PRE) effect.27:28 In contrast purely outer- sphere complexes (eg.
'[Gd.27]_) are not expected to .show such a.large change in relaxivity under such-
conditions and so the magnitude of the observed effect is rather surprising; (There are a

| few other examples of high relaxation enhancements in complexes with g = 028).

In order to i»nvestigate the suggestion that this might rbe duetoa change in the structure
' of the complex on binding to the 'protein, in such a way that the hydration state q is
increased, some l_uminesCence experiments' were performed on the terbium complex in
the presence'of the same protein. A solution of the terbium complex of 27 (10*M) in
H20 (phosphate buffered saline at pH 7.4) containing bovine serum albumin (10-3 M)
izvas prepared Under these' conditions' and assuming a value of 2.8 x 104 M for the
dissociation constant of the [Gd. 27] -protein adduct: (estlmated from the PRE
measurements), the concentration of protein-bound complex w1ll be approxrmately
three times that. of the unbound complex. The measured luminescence lifetime will
thus be an average for that of the bound and unbound complex, weighted towards that
of the .protein-bound complex. (Exchange between the two environments is expected to
be much faster than the lifetime of Tb3+ emission). Luminescence lifetimes were
determined in both»HzO and DO and values of 3.7 and 3.9 ms were obtained
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respectively. Although these values are very slightly lower than those found in the
absence of the protein, they suggest a hydration. state of 0.06 (using the Horrocks
parameter) which is fully consistent with that obtained from the unbound complex.
~ This observation provides firm evidence that the hydration state of the complex is
unperturbed by protein binding. Some other theories which may account for the
unexpectedly high relaxivity of the prot_ein-bound Gd3+ complex have been put

forward.?

2.9 Circularly Polarised Luminescence

. Chiroptical spectroscopic methods, such as optical rotation, optical rotatory dispersion,
-.circula'r dichroism .and circulo.rly polarised lu.r\ninescence, potentially offer a good deal
of add.itional information on the coordination environment of metal ions in complexes
compared to conventional spectroscopic 'techniques.?9'31 These methods are
particuleirly sensitive to details of molecular stereochemistry, and the double-signed
-nature of the spectral features may be exploited to provide higher resolution. Moreover

' the mtensrties are governed by mechamsms and selection rules wmch are drfferent to

those of conventional spectroscopic bands and this may allow further information to be

extracted.
The properties of poletrised light are normally described in terms of the behaviou_r of the
electric vector. An unpolarised light beam propa.gating-‘along the z axis contains
electric vectors whose directions span all possrble angles within- the xy plane. In the
case of lmearly polarlsed light (also known as plane- polarrsed light), the transverse
electric vectors are all constrained to vibrate in a single plane. Linearly polarised light
may be visualised as consisting of two circularly polerised components The right
circularly polarised components electric vector spirals to the right (E,) along the
direction of propagation and thus may be thought of as sweeping out a right spiral on
the surface of a cylmder of radius equal. to E,, whereas. the left c1rcula_rly polarised
component spirals to the left. These two components of equal magnitude add
vectorially to produce plane-polarised light (Figure 2.1§a). ‘ | |
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| @E‘E@E,\

F IGURE 2.19 (a) A beam of plane-polarzsea’ light viewed from the szde ( sine
wave) and along the direction of propagation at specific times (circles), where the
resultant electric vector E and the circularly polarised components E;and E, are -
shown. Adapted froma dzagram in reference 32.

(b) Plane-polarised light
before entering (i) and after’
emerging (ii) from an
optically active substance

© | (i)

The two comvponent‘s travel with the same velocity in an optically inaetive medium but,.
in an optically active medinm,. one component is slo-vred: relative to the other m_ying toa
difference in the indices of refraction (n; #ny). Since one comt)onent is retarded more
,than the other, the resultant vector will be rotated through an angle o after passmg
through an optically active medlum (Figure 2.19b). Th1s is the basis of the widely-

observed property of optical rotation.
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( Optical rotation and its variation with wavelength (known as optical rotatory dispersion
or ORD) ax;e readily_. intefpreted through such a description, provided that the
wavelength of obsefvetion does not coincide with an absorpﬁon band of the compouhd.

.Within an absorption band, not only is the phase angle between the two projections of
the two components altered by passage through the chiral medium, but their amplitudes
are modified according to the degree of absorption experienced by each component.
This differential absorption ef left and right circularly .polarised light by a chiral

_ substance is termed circuler dichroism (CD).

- In order to measure the circular dichroism of a sample, it is necessary to generate
circularly pelarised _light. This is achieved' b); passing linearly\ polarised.. light through
what.is called a quarter-wave plate - a rfxaterial that is able to produce a 90° phase
difference between the left and right circularly polarised components. A dynamic
quarter wave plate aItemately modulates the incoming liheerly polarised light into left
and ﬁght circulaﬂy polarised light. | This device may be a Pockels cell (in which
'stfesses are- created in a crystal of ammenium dideuterium "phosphate through
application.'of AC high voltage) or a photoelastic modulator (which relies on the
piezoelectric effect). The cireuiarly polarised light is passed through the sarﬂple and the
emerging light is d.etected.by,a' photomultiplier tube, the output of which is converted
into two signzile._ One‘ of these consists of an alt_ernatiﬁ‘g signal (at the frequeney of the
_quarter .wave blate) proportional to the circular dichroism and arising from the
differential absorbance by the sample of one ‘compo.nent ovef the other. The other
signal is _ave'reged and is related to the mean light absorpﬁon. The quantity of interest,
and the one which 4is hormally (iuoted, is the abserption dissymmetry factor-_(gabs)‘)

which is effectively the ratio of these two signals, being defined through equation (33).

. - & - € '
i (33)
7(€L+€R)

where Ae is the difference in extinction coefficients for left and right circularly
polarised components (er and eR) and € is the average extinction coefficient.
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Whereas circular dichroism is concerned with the differe_ntiai dbsorption of right and
- left circixla}ly polarisqd light, the téchr'liq'uf.:; of circularly polarised luminescence
spectroscopy (CPL) is éonc_:érned with the measurement of the difference in ihtensity bf
left versus right cir_cular polarisation iin‘t'he emission spéctmfn.33'34 As for CD, in the
absence of pertﬁrbin’g statiC'eiec'tric or mégrietic fields, differential emission will arise
only if the fnolecﬁlaf Spec_ies of interest is chiral. CPL is complementary to CD as it
provide§ a measure of the ch_irality of the luminéscént excited state as opposed to the

~ ground state.

- Circularly polarised luminescence has not caught on'to the same éxtent as the widely-
uséd technique of circular dich'roism. This reflect.é the fact. ,thatits applicability is rather
jﬂore limited, bleAing;-conﬁned to system-s‘which are qﬁite strongly emissivg.‘ A fev_v‘
'reporfs of its.application'tb tranéitioﬁ metal complexes {Cr(en);3*, le(bipy)g2+ and
: Ru(phén.)'32+ } have been reported in the iitérature3537 but, in. géneral, transition metals
‘are not very weil suited to CPL meésurements, owing to the fact that sﬁroné emission
from appropriate cotnplex_eg only occurs at low temperatures in frozen glasses. In order
to measure CPL _from.-suéh loW-témpérature syétems, it 1s necessary to make strain-free

glasses to avoid depolarisation of the emitted light.  This proves to-be quite difﬁcult.38

The luminescent lantheinide ioﬁé, oﬁ the other- hand, and especially Eu3* and Tb*,
prove to be ideal é&ndi&ates for use in CPL spectroscopy, owing to the intense emission
Which ihey display under ambient conditions. Moreover, good quality Cb spectra are
| generally ihacc;assible fdr ‘complexes of the lénthanide"‘ ions owing to the low
absorptivities of the ions. A number of feviews of the applicatioh of CPL to lanthanide.

complexes have appeared.-29’30'33’,34’39

| No commerciali instrumentation is avvziiilable: for ihe'measurement of CPL. The
intruméntal sét-ups which have bgen described in the literature are essentially identical
to an ordinary ﬂuOr_éscence spectrometer but with the addition of a circular analyser
i)etween the sahple and the ehission monochromatt),r.39 As for CD, a photoelastic
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modulator (PEM) or Pockels cell quarter wave‘plate is used for this purpose, but here
its task is the reverse: during one half-cycle of the modulation it converts left circularly
polarised light into linearly polarised light and then, during the othef half-cycle, right
circularly polarised light is transformed. - Thus the two components are successively

converted into' linearly-polarised light and passed onto the monochromator to be

detected.

-. In the experiﬁlental arrangement used.to acquire the spectre shown below, detection is
achieved using a photomultiplier tube',- the signal from which is passed‘to aﬁ amplifier
- which outputs photopulses to a differential photon counter.3 This device is linked to

- the PEM controller 1n such a way. that' the c'eu;lter edds the photopulses that enter when
| left c_ifcularly pol_arised light is passing theough the PEM and subtracts the pulses when
right cireulaﬂy polarised light intensity is being measured. - A second counter counts
~ every pulse.- Thus one counter provides a number which ie proportional to Al and the.
-othef a number proprtional to I, where: |

U Al=T-Tg Cad I=h+lg

By énalogy with' CD, it is usual te define e luminescence (or emiss.ion)-diss'ymmetry

ratio, gy, as: | o : -
i - A

Of course, Al and I apply to a'Single wavelen'gth only. A CPL spectrum is a plot of Al

: versus wavelength The form of the vanatlon of AI (both its magnitude and its sign)
with wavelength may be used to obtain mformatlon on the chlrahty of the excited state

of the molecule and may prov1de a 'ﬁngerprmt which is unique for a given stuctural

geometry.

The techniques of CD and CPL as described above require the use of' a sample
conmsung of a smgle enantlomer or, faJhng that, an excess of one enantiomer over the
other. A racemic mlxture is no use as the effects for the two enantwmers w111 be equal

and opposite and therefore. cancel each other out (cf. the lack of optlcal rotation for a
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racemic mixture). Howev’er, Professor Jim Riehl Of Michigan Teéhnological University
and his chlziborators havé pioneered a 'metlhod '@f overcoming this limitatibn of CPL by
making ﬁse of circularly polarised excitation of the sample. A quarter-wave plate is
~ placed in the excitétion beam, betwéen the source (an‘rarc lamp or a laser) and the
sample,‘such that the excifatfon beam bécomes circularly polarised. If the sample
consis_ts of a racer‘nic.mixture, then one enantibmer.will be preferentially excited over
the 'othér, to an:exten; which is determined by the values of g, at the excitation
wavelength used. This enan’tioseléctive excitation means that circularly polarised
emission may then be -dete‘cvted in the same way as if there were an excess of this
-e’nantio}mlerl in the mixture. | Using this experimental method, thé measured

luminescencér dissymmetry factor, Zobs» 1S given by:

CBobs = —é— N gabskex-.'- gium)\mrl ‘. - (35) .

where gabs?‘ and g‘lum}‘ have the meanings given earlier. In effect, the technique

combines the properties of circular dichroism and circularly polarised emission.

The ciicularly pélarised‘ lumineséence properties of the Eu3+ ‘ and Tb3* complexes of
| ligand 27 ha\;e beén examined by Professor Riehl and coworkers using this technique.
As mentioned earlier, the complexes were thought to consist of a 50/50 mixture of
enéﬁtiomers (RRRR and SSSS-in the inverted square antiprimatic geometry).
Separatiori of the two ‘enantiomers has not been achieved. to date and so the use of
éircﬂlarly pblarised excitation is essential if aﬁy__ CPL is to be detected. For
lanthanidve(HI) ibns, it has been. shown that transitions which 6bey magnetic_dipole
selection rules, that is Al =% 1, ofte"n’ possess quite lafge values for Igiuml, fypically
‘ ‘greater than 0.01'.39 (Note that the theoyétical maximum value is 2 from equation 34,
and likewise for gabs, equatién 33). Eﬁ(facarﬁ)3, displays the strongest CPL effect of

ahy Eu3* complex studied to dzite,_w_ith a gy value of about 0.5.39
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The experiments performed on [Eu.27]" were car;'ied out by excitation of the ’F, -> 2D
traﬁsition at 553 nm, using a tunable dye laser with a power output of 1W. This
_approach has not béen reported previously. Although the"7F2 state is only about 1%
populated at room temperature, the transition satisfies the AJ = *1 selection rule and
this imparts a high degree of circul‘ér dichroism to the transition; i.e. a high gabsl,
reflected in largp discriminations between the two pos;sible circﬁla: polarisations. The
circularly polérised emission spectra of the A5D0 -> .7F1 and Dy -> 7F2 bands were
- recorded. The former is shown in Figure 2.20, togéther with the corresponding total

emission spectrum.
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- FIGURE 2.20 C'ifcularly, polarised and total luminescence emission spéctra of the
5Do, >7F 1 band of [Eu.27] in aqueous solution on excitation at 553 nm (298K).
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Although the circularly-poiarised luminescence (Al) is relatively weak (maximum g,
is -0.016 for 5D0 -> TF)) it is clearly présent. This indicates that the environment of the
_ europium is indeedchiral. Moreover, ini.th.e absence of the excitation PEM, no CPL

‘was observed which is consistent with a racemic mixture of thé two enantiomers.

" A similar experiment was also carried out on the terbiam complex of 27. In this case,

 the 488 nm line of an argon ion laser was used to excite the "Fg -> 3Dy transition. This
transition has AJ | =-2 and is therefore not ideal for use in this technique. However, the
7F5 energy is too high for this Ievel»to be significantly populated at room temperature
“and SO ex.citatio-n from U3 5 to 5D4 Al = -_1-) 1s not-viable. Despite the low
enantioselectivity (low gabsl)"expected for. the 7F6 > 51_)4 transition, some surprisingly
strong CPL was observed for the D4 -> 7F5, U and- TFy emission bands' (Figure 2.2'1);
Maximum go'b;yalues were about 0.03, 0.015 and 0.014 respectiVely. Clearly, this
‘indicates that the‘ emission disSymmetry factor must be very-}high _for this compound.
Again, this“ is conclusive evidence for the chirality of the terbium environment and
shows that'there.is no interconversion of enantiomers during the excited state lifetime

of the terbium.

‘The CPL spectra are clearly quite complex in appearance and there are no theories
avallable to account for the relative signs or magnitudes of the effect for different
components ‘within a given emission band However, the spectra unambiguously show
that the complexes are indeed chiral and provide useful 'ﬁngerpnnts of the specific
coordination envrronment A further pomt relates to the hrgher resolution which CPL '
. spectra may provide as compared to conventional lummescence spectra. This is
perhaps most evident for the terbium 5D4 -> 7F3 transmon where the presence of 4
: components to the band is much clearer in the CPL spectrum than in the total emission

_spectrum, even though the latter was measured at higher resolutron (Figure 2.21).
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Chapter 2

2.10 Methoxybeniylphosphinate complexes 4

A series of ligands related to 27, but in which the benzene rings carry a methoxy
substituent, have been prepared at Durham. The europium and terbium complexes of
| ligands 28 - 30 were provided by Dr. Tirn Norman, blive_ Foster and- Dr. Steven
Faulkner respectively:. The syntheses proved to be rather more arduous than that of the

tetrabenzylphosphinate; 27, owing in large part to the instability of the intermediate

~ dialkoxyphosphines. - o
] ',? ) - L . ' :
O\p—o VO' : B _ e
( /—'\ /\F{—R A GHz: )
36 20 OF ©
||
R- P\/ N/ 7 L OMe
O o=p - . » ' _OMe
S 170" - :
R .28 | 29 30

The UV absorbance spectra of the 6 complexes in aqueous solution showed bands
. charactenstlc of the methoxybenzene chromophore (lmax =274 nm, € = 3800 M"lem)
in each case. However, it was noted that the bands for the para isomer were less
" sharply defined than for the other isomers and a prononnced tailing of the long
wavelength band to wavelengths in excess. of 300 nm was observed. In each case, the
metal lummescence excitation spectra (recorded using emission wavelengths of 545 nm
for the terbium complex and 619 nm for those of europium) closely resemble the UV
absorbance spectra; providing cenclusive evidence-that the .me'tal emission arises

following absorption by the methoxybenzene chromophores (Figure 2.22). .

Lummescence lifetimes and quantum y1elds for the three terbium complexes in aqueous
'solutlon were determmed on exc1tat10n at 277 nm. In all cases, strictly
monoexponentlal decay of the luminescence was observed. Lifetimes were of the order
- of 4.0 ms in water (Table 2.2) and only marginally higher in D0, again indicative of
the absence of inner-sphere water molecules (q < 0.1 in each case). Quantum ylelds
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comparable_ to those of [Tb.27]" were observed for the ortho and meta substituted
cofnplexes (Table 2.2). That of the para isomer Was somewhat lower, although still
very respectable. In each case, the form of the emission spectra (i.e. fine structure and

- relative intensities of the bands) were very similar to that of [Tb.27]".

0 25 . i 1 I Il 1 1 | 1 1 | 1 i I 1 ! 1 ! 100
0.20 . =
] ~75 . g
8 1 i ’é‘é
3 0.15 I %5'
™ : r &8
.g o 0 32
0.10 - i 5<
5 &%
0.05 ] -2 g
011#11 0- '
200 240 280 320 36() 400
~ wavelength/ nm '

FIGURE 2.22 Dashed line: Metal luminescence excitation spectrum of [Tb.28] in
aqueous solution (3 x 1 07 M, 295K ). Emission monitored at 545 nm; excitqtion and
emission monochromator slit widths of 2.5 nm and a delay time of 0.1 ms were used.

Solid line: UV absorbance spectrum of this solution.

The terl;ium'coiﬁplexes of 28 and 29 ‘do,._howiaver, offer two significant advantages over
| [Tb.27]‘,'namely the longé:r excitation Wavelength '(Xmax = 274 nm cor_npared to 249
hm) and the'higher extinction coefficients (3800 compared to 91‘O'M'lcm'1) at the
respective abédrbahce- maxirﬁa.‘ B'oth of these properties are attractive és} far as
potential appliéatiohs are cbncerned, as discussed in Chapte-r‘ll (section 1.6.2).
Unfortunately, however, the methoxybenzyl complexes suffer from a problem of very

low solubility in water (dr indeed in othér solvents such as methanol).

" This drawback also afflicts the analogous -europium compleXeS.' Here, the low
solubility, coupled with the weakness of the emission for the europium complexes,
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resulted in an excessive amount of scatter in the luminescence decay curves, preventing
the determination of reliable lifetimes. The quantum yields of emission were estimated

to be of the order of 10-3 - 104, _

- TABLE 2.2 LumineSCénce results for the terbium complexés of the
~methoxybenzylphosphinate. ligands 28 - 30.

Complex  7T(298K)/ms - g |  (298K) Og?
D0 H o D,0  “H0 ‘
[Tb28]" 433 = 397 . 009 - 052 - 044 100
[Tb’.z9]- 442 408 008 046 040 091
[Tb30F 432 400 008 - 008" . 007 . 054
[Tb27F 444 413 . 007 049 044 .

(@) Relative ﬂuoféscence quantum yields, with that of [Tb.28]" arbitrarily set to 1.00.
The fluorescence of the phenyl groups in [Tb:27]" is extremely wea__l_(;

- Table 2.2 also shows fhé rclative: ﬂubrescénce .qua"-n_turri yiélds for the methoxybenzyl
chromophore in the three terbium éomplexgs. Their .meas.urement: relative to a standard
 is unreliable, owing to the very short wavelength of the emission (Amax™ = 298 nm);
consequently, only relative _valﬁés are given, with the value for the ortho compound
arbitrarily Se; to Al.OO.- The ortho ‘gnd meta isomers are seen to display similar
fludreséent:e intensities; that of the the parq-substituted complex is again somewhat
lower. The most informative point as far as the ﬂubréscence“ is concerned is the close
similérity in ¢ fof the terbium and gadolinium complexes of the ligands. Bearing in
: mind that the observed gadolinium erﬁission was cxtrémeiy weak, indicatihé almost
4 negligiblc enérgy transfer ffom the singlet state of the .chromophore to the metal, this
vobs_eryation indicates that ‘th.e. intense rﬂeml_ luminesc_ence observed for the terbium
ébmple;xes is unlikely to arise from energyvtArar_lsfer from the singlet state of the
methoxybenzyl groupﬁ. If this -were the case, then ¢q for the terbium c'omplc.:;( would be
eﬂxpectedA to be sﬁbstantially lower than that of the gadolinium analogue. Clearly this is
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persuasive evidence for the involvement of the triplet state in the energy transfer

process. -

2.11 Accounting for the high lunlinescence 'quantum yields

Bearing in mind the extraordinarily high luminescence quantum yields measured for the
terbium complexes of the benzyl and methoxybenzylphosphinate ligands (27 - 30), it is
appropriate to attempt to provide some explanation for the high luminescence
~ efficiencies and also for the very weak emission common to all of the europlum

“complexes discussed : so far.

'.The low emissive quantum ylelds of the europlum complexes probably reflect the -
| occurrence of photomduced electron. transfer (PET) from the excited state of the
chromophore (the benzyl or methoxybenzyl groups) to the metal. Of course, such a

- process will provide an additional deactivation pathway for the aryl excited state, |
_thereby reducing the proportion of the absorbed energy which may reach the metal
: through .the slower process of energy .trans-fer Photoinduced electron transfer is
favoured here owmg to the relative ease of reduction of Eu3* to Eu2+. Indeed,
| Abusaleh and Meares have exammed the Eu3+ complexes of benzyl and methoxybenzyl
substituted EDTA and encountered a similar problem.43 ‘They estimated the free
. energsr change for phdtoinduced electron transfer to be'-140 kJ mol! and -88 id mol!
for methoxybenzyl and benzyl substituents respecnvely ‘In some other cases, for
example the europlum cryptates alluded to in sect10n 1 7.1, 40'41 low emissive quantum
y1elds have been ascribed to the presence of LMCT states which are apparent in the
absorbance spectrurn; Competitir/e absorption into these states does not lead to Eu3+*
emission and_so' such bands do not appear in the metal excitation spectrum. In the
present instance,- the eq-uivalence of the excitation and absorbance spe'c‘tra of the
europium complexes (Seciions 2.7.3 and 2.10) imphes that no CT states are present over
the wavelengths examined. | LMCT differs from PET in that the Charge-transfer occurs
from an immediate neighbour (eg. a bound N atom) to the metal. durmg light absorption

and hence appears in the absorbance spectrum.
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Clearly one factor contnbutmg to the high terbium quantum yields is the long lifetime
. of the emission. This in turn reflects the efﬁc1ent shielding of the metal by the ligand
from the solvent water molecules and minimal deactivation of the et_msswe state
through other non-radiative deactivation pathways. The emissive quantum yield for a
lanthanide complex is also dependent on two other.variables, namely the efficiency of
formation of the ehetgy level of the anténna from which energy transfer occurs, q>1~,. and
~ the 'efﬁciency of the energy transfer process itself, Ne,.. The importance of these

quantities is apparent frorn'equation 12 in Chapter 1 (section 1.6.5):
Oem = 67 Mer- K0 Tops~ ~ ~ (12)

Here, kO is the natural radiative rate constant of the metal Bearing in’ mind that the
'energy levels ofa lanthamde 10n which are derived from anf0 conﬁguratlon are largely
‘ unperturbed by the hgand 0 would not be expected to show very srgmfxcant variations

between one complex and another.

This leaves the quantities oT a.nd‘net.- The majority of the photophysical studies which
have been carried out on luminescent lanthanide cotnplexes_to date have concluded-that
' the energy transfer process occu_rs“from the triplet state of the antenna, probably owing
to its inherently _longer. lifetime compared to the singlet (section 1.3.4). Indeed, flash
photolysis.s‘tudies» carried out during this work with naphthalene as the antenna, as
described in Chapter 4, have also shown clearly the involvement of the triplet. The
Aquantum yields of formation of the triplet states ‘of the four ligands would be very
difficult to measure. However, some idea of their values may be obtamed by
cons1der1ng some model compounds Thus toluene is probably a sultable model for the
“antenna in 27, -whllstmethoxybenzene‘may be a reasonable approximation for the
antennae in 28 - 30. The li’tcrature quantum yields of formation of the triplet states of
tolu‘ene and methoxybenzene are 0.45 and 0.64 respecti'vely.44 These values are high.
If anything, the analogous values in the lanthanide complexes would be expected to be
higher still, owing to the large spin-orbit coupling' constants for the lanthanide ions
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| which may enhance the rate of singlet-triplet inter-system crossing in the nearby
chromophore Moreover, the hterature values for the model compounds were obtained
in non- polar benzenord solvents For many systems, Ot values are hlgher in polar
| solvents than in non-polar solvents and so it is possible that the values in the complexes
will be further enhanced when in aqueous solution. With these points in mind, it is

clear that the ¢ values are hkely to be hlgh representing an important contribution to

the hlgh metal luminescence quantum yields observed

Finally, it is necessary to consider the remaining parameter, namely the efficiency of
the energy transfer process. Two 11m1t1ng theories for the mechanism of energy transfer
- processes in general have been put forward These are discussed in turn below,

together with their potential applicability to luminescent lanthanide complexes.

Forster s theory desribes the energy transfer in terms of a purely electrostatlc interaction
__between the donor and the acceptor 45-46 A useful starting point for this theory is to
: cons1der the tr1v1al' case of radlauve electromc energy transfer whereby emission of a
quantum of light by one molecule is followed by‘absorptron of the emitted photon by a
second molecule. l-lere, the rate of energy transfer will depend on the emissive
Quantum- yield of the donor, the concentration of the 'accep_tor, the light-absorbing
ability of the acceptor and the overlap of the emission spectrurn of the donor with the
absorption spec_trum of the acceptor. This last factor-may be quantitated in terms ofa

spectral overlap integral J: o i
] = JID(V).eA(v).dv- 36

where Iy is a graph of the experimental emission of the donor and €4 a graph of the

experimental absorption spectrum of the acceptor.

104



Chapter 2

This radiatis'e form of energy transfer does not apply to intramolecular energy transfer
or, u‘suallly,' to intermolecular transfer, ,bec_ause the distances over which the energy |
transfer occurs- are much shorter than 'the wavelength of the light invdlveti In the
| Coulombic (Forster) mechanism of energy transfer, an electromcally exc1ted molecule
.18 regarded as producmg an oscﬂlatmg electric field analogous to that assocrated with a
photon of light. For 11ght _absorptlon to give rlse to excitation of a molecule A to an
excited ‘state A*, the resonance condition AE(A -> A*) = hv must be fulfilled and
coupling of the electrons of A w1th the oscillating electnc field of the light wave
occcurs. In the case of Coulombic energy transfer, the resonance condmon is AE(D* ->
-D) = AE(A -> A*) and the couphng— occurs between the exc1ted electron of the donor
' D* and the electrons of ground state A As such, the mechamsm is a purely through-
space effect wh1ch does not require orbital overlap of the donor and the acceptor. . |
| Forster has shown' that the rate of energy- transfer by such a dipole;dipole mechanism is
given by: | | I

: K%k |
kep = C- ——2— -J(en) 37)

. Here, C is av constant which invclnndes, for example, the refractive index of the medium,
and k2 reflects the dependence of the interaction of two dipoles on their relative
| orientation in sptice and has a. 'value' of 2/3 for a'random distribution of interacting
dipoles.» kp? is the natural radiatfve rate of the donor and Rpa is the separation of
donor and acceptor The term J(e A) is- a spectral overlap integral similar to that deﬁned
in equation (36). and incorporating the extinction coeff1c1ent of the acceptor in the
‘ 1ntegrat10n Experlmentally, the efﬁmency of energy transfer rather than the rate
constant, is measured. It is usual to define a critical separatlon, R, at which theé rate of
"energy transfer 1s equal to the sum of the rates of all other processes deactivating the
. excited-state of the donor. In other words, Ry is the distance for 50% energy transfer. -
.Under these conditions, the experimentally observéd efficiency of energy transfer is

related to Ry through equation (38). -
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Nee = [1+@RYSTT (38)

It is clear from the nreceedin'g disCussion that the Férster energy transfer efficiency will
. be favoured by high dipole oscillator strengths for the two transitions, D* ->Dand A
-> A* (in other words where kp? and eA are high); If one or both of the transitions is
spin-fo_rbidden, then the efficiency of energy transfer wenld he expected to be much
iower. This, of course, is the situation for ﬁgand triplet-sensitised lanthanide emission,
-where both the donor transition [i)*(”D -> D(S)] éLnd the accepter transitien (7FJ" ->
SDJ') are both formally spin-forbidden. However, the presence of the heavy lanthanide
ion and its high’ spinjerbit coupling constant leads to a breakdown of such simple
B ‘se'lecti(.)n rules; S is not a good quantum nurnber for lanthanide ions. Hence it is likely A

that a Forster mechanism may still be applicable in lanthanide complexes.

Exiensiye use of the Forster theory has been .made in.estimating distances'between
- f_lnorescent donors and‘ acceptors in large molecules.48 The approach is to calculate R
" f_rprnthe theory, by using the .ﬂulqrescen'ce emission snectmm -'of the donor and the
| absorbance spectrum of the acceptor to calculate the spectral ovérlap integral J. When
used in conjunction with the measured experimental energy- transfer efficiencyN, this
allows the"donor-acceptor separation,»R, to be evaluated. -In most cases, strongly
fluorescent donors and strongly absorbing acceptbrs hnve' been used. Comparison with

- X- ray structural 1nformat10n where avallable, has frequently shown that the method is

quite rehable

'The replacernent of calcium by terhium or enropiﬁm in calcium-binding proteins such
as parvalbumin has been mentloned in Chapter 1. Terbium ermssron sensitised by
nearby aromatic amino acrds is observed in these cases. Horrocks has attempted to
apply Forster theory to these energy transfer processes and the evaluation of amino
acid-metal di"stances.49-'51 Despite‘the' reasonable- agreement ef the values obtained

with those found from X-ray data, the apprezich seems to be flawed. For example, in
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calculdting the spectral overlap integral, the fluorescence emrssion spectrum of the
A tryptophnn\donor was nsed This appears to ignore the conclusions of nearly all
prev1ous studles where terblum sensmsatmn was attributed to energy transfer from the
triplet state. On thls basis, it would surely be preferable to use the phosphorescence
spectrum of the_amino acid donor. Indeed, the authors themselves note- that the
introduction of terbinm 'int.o the protein ‘causes .a negligible effect on the intensity of the
tryptophan donor's fluorescence, which is etzidence in itself that the terbium
sensitisation is unlikely to be occurrmg from the smglet state of the amino acid. The
absorbance spectrum of Tb3+ in the protein is clearly unobtamable and that of a model
‘ compound,‘ [_'I‘b.DTPA]z', had to be used in calculating J. The dx_stances between the
relevant amino acids and the metal were of the order of 10A, which is not so large as to
completely preclude some Dexter (vzde mfra) contrlbutlon to the energy transfer
A(though thls is probably unhkely) Wrth these llmltatxons in mind, 1t is quite p0351ble
that the- good agreement w1th the X- ray results may be largely fortmtous

The second mechanism of energy transfer is that of electron exchange, known as Dexter
theory.52 This rnechztnism ret]ufres é_signiﬁcnnt 6verlt1n of the electron clouds of the
two species. (D* and A); electron exchange ma} occur in the region of overlap.
' Roughly spenking,' the rate of energy transfer by this mechanism is expected to fall off
exponentially as the separation of donor and ac‘ceptorjncreases,. since electron densities
usually fall off exponentially as the distance.between the electron and the nucleus is

increased, Dexter has proposed that the rate. of electron transfer, kg, by this

mechanism is given by:

kgt O J.exp ('ZRDA / L) (39 .

where Rpp is the donor-eccep_tor separation relative te the sum of their van der Waals
Aradii L. Jisa snectral ov'eriztp integr"al‘similar to that defined earlier (equation 36).
Howe\;er ‘in contrast to the oVerlap integral in.the Forster theory, here J does not
depend on the magmtude of £5. In other words, kgt is predicted to be mdependent of

the absorbance characteristics of A in this case. It is also 1ndependent of the dipole
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| oscillator strength for D* -> D and, from this pdint of vlew, it might be expected to be
an important mechanism for'luminescent lanthanide complexes. It is often stated that
energy transfer by the-Dexter mechanism becomes insignlficant for- donor-acceptor
Asepar_ati'on‘s in excess of 5- 10 A. This is not necessarily true, however, as the effect
may be transmitted through the several bonds. For example, a number of systems have
been examined where the donor and acceptt)r groups are separated by rigid bridging
groups of varying length, such as those based on norbornylogous or steroidal-type
_ structures.53'54 In these cases, experiments have shown that the Dexter mechanism

may apply over 20 bonds or more.

It is clear from the above discussions that it is far from simple to partition an observed
| energytransfer phenomenon lnto contributions from the two theoretical mechanisms.
This is especially -true when the donor-acceptor separation is small, as it is for [Tb.27]'
for example. Here, the X-ray structure of the yttriurn analogue gives a value of 5.48 A
for the distance from the metal to the centre of the plane of each pheny! ring and 4.74 A
“to the phenyl edge Th1s dlstance 1s t00 small to allow a Dexter mechanism to be
| completely ruled out, although it is worth remembering that the f orbitals of lanthamde

ions do not have large radial extensions.
An 1ndependent method of assessmg the likelihood of a Dexter contnbutlon would be
very useful One poss1b111ty mrght be to consrder whether or not there is a contact
contribution -to the lanthamde-mduced proton or carbon shifts of the antenna group in
the 14 or 13C NMR spectra Contact shifts are determined by the f electron density of
the lanthanide ion at the nucleus under observatlon according to the hyperfine coupling
constant, A (secuon 1.8.1). Dexter energy transfer_ is determmed:by the extent to which
the f electron density overlaps with the molecular orbitals of the antenna. It is possible,
therefore, that its magnitude 1nay bear some reﬂ_ection of the magnitude of the contact
shift. ObViously,vli‘t' would- be -very: _difftcult to prove whether or not there is any
empirical relationshipbetween these two (juantit_ies and there have been no attempts to
do so. Itis interesting to note; houvet/er,'that there is apnarenﬂy no contact contribution
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to the shifts of the benzyl protons in the complexes of 27, as discussed in sectron 26. 1t
may not be completely unreasonable to-infer from this that the Dexter contribution to

the energy transfer is minimal.

In summary, itis clear that the mechamsm of energy transfer is not easy to -predict.
Indeed it is likely that in many cases, both mechamsms may contrrbute Irrespectrve of
_the mechanism which i is operat_lve, however, the energy transfer will be dependentona
spectral overlap i'ntegr_al,.J, and will'therefore be favoured by a matching of the energy
of the excited donor level with the excited state of the acceptor. | On the other hand, in
' the case. of lummescent lanthamde complexes, Sato and Wada (and others) have shown
| that if the energres are too close (but. Stlll correspondmg to an exotherrmc forward
energy transfer pathway) then a thermally-actwated back energy transfer process

becomes effrcrent leadmg to a- reduced quantum yield of emlss1on55 (see also.

_ Chapter 4).-

| Figure 2.23 ‘sh’ows the triplet ‘energies of the model compounds, toluene and
‘ methoxybenzene, relative to the energyv of the emissiye 5b4 state of terbium.. It is clear
' that the energy gaps- here are Av‘erylarge and so, at ﬁrst sight, it seems surprising that~the
: energy transfer in the complexes of 27- 30 is so efficient (ds it must be, in order to
account for the hrgh quantum yields). However, this i 1gnores the fact that the terbium
ion has other, higher excited electronic states to which energy transfer could occur. In’
particular, ‘the °Dj level, with an energy of 313 kJ mol (relative to the TF¢ ground
state), is well-matched with the triplet leyels of toluene and r'ﬁethoxybenzene (346 and
" 338 kJ mol'! respectively).' The energy gaps are such that the forward energy transfer -
| processes are exothermic. -Once populated, the 5»D3 state will ‘undergo-rapid' internal
‘ conversion and vibrational relaxation to the 5Dy state. There have been few
investigations into -the_ role of the 5D3 stateipin terbium luminescence, probably
reﬂecting this high rate of deactiya'tion to the 5D4. This is in contrast to 'europium,

where emission from higher _states.(5D1,2,3) may be observed in.the solid state.18
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FIGURE 2.23 Showing the relative energies of the singlet and triplet levels of

 methoxybenzene and toluene and the D4 and D3 excited states of terbiuﬁ. It is
proposed that energy transfer occurs from the triplei level of the chromophore to the
5D 3 state of the metal, followed by rapid relaxation to the emissive 5D4 state.

In conclusion, the high luminescence quantum yields observed for the terbium

complexes arise from a combination of minimal non-radiative deactivation of the metal

emissive state, a high quantum yield of formation of the triplet state of the antenna

group and thirdly, an efficient energy transfer process favoured by the goc;d match of

donor and acceptor energy levels and the prokimity of the antenna group to the metal.
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A CHAPTER 3
Lanthanide Complexes of Tetraazamacrocyclic Ligands. Incorporating

One Carboxamide and Three Phosphinate .Coordinating Arms

3.1 Introduction
The amide carbonyl oxygen is known to be an effective llga‘ting group for cations of
high charge density such as Ca2+ 1-2 Bearing in mind the similarity of the lanthanide
ions to calcium as far as their coordination properties are concerned and their high
charge densities, it is reaéonable to expect that an amide group will be able to function
as an efficient donor to a lanthanide ion. Some recent studies on polyazapolycarboxylic
. ligands contain‘ing' one or more arnide-groups have shown this to be the case.
" Lanthanide complexes of high therrnodynamic stahility have been obtained, although it
may-'be noted in passing that, in many cases, their kinetic stabiliti‘es are insufﬁcient for
use in vivo (eg. for magnetic resonance imaging- purposeS).3“5_
| . The replacement of one of the phosphinate‘ groups by' an amide substituent in the
.tetraphosphinate stucture of Flgure 2.1 will provide a tr‘ibasic ligand, as shown in
.. Figure 3. l “Here, b1nd1ng of a trivalent lanthamde ion will g1ve a charge -neutral
complex Provided that the amrde carbonyl group does bind strongly to the metal i ion, a
neutral- complex of this type may be expected to dlsplay some advantages over the
anionic complexes of tetrabasic hgands For example acrd -catalysed dissociation of
| the metal ion from the ligand is expected to be reduced in'a charge -neutral complex
, compared to an anionic complex on.simple electrostatlc grounds In the case of the
potentlal in vivo use of Gd3* complexes in magnetic resonance unagtng, a charge
neutral complex may be advantageous i in that it may be more readlly transported into
cells.b Moreover the introduction. of an am1de carbonyl group into the coordination
envrronment of the metal might be expected to allow a water- molecule to approach
closer t0 the metal than in the tetraphosphmate complexes Clearly, tlus should lead to

an enhancement of the relax1v1ty of the Gd3+ complexes
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Some preliminaryvfesults on the yttrium complexes of ligands of the type illustrated in
Figure. 3.1 have sh‘ewn that the in _i}ivo,stabﬂities of such complexes are indeed high,

being comparable to those of [Y.DOTA]".S

R

Osbo " R R R
( /_\ /\ﬁ’-N\R" 31 CH; H CH;
E j - 32 CH, H Ph

II :

0 , o .
- 0= T‘o- B ” | CH, CH,Ph  CH,Ph

FIGURE 3.1 General structure of the amzde trts-phosphmate ligands dlscussed in thzs _

'chapter

3.2 Syp_thesis of ;the.Anii(.le Ligands

In the past, the introduction of one:substituent onto just one of ‘t-hefo‘ur equivalent
‘ nitrogen atoms of 12Ny has been-aehievedpthrough_ the use of a large excess of the cycle
B followed by a rather laborious pﬂdﬁeaﬁon .procedlir_e, eften requiring extensive use of '
preparative HPLC.5 A 'preferabie approach is to make use of a;protection procedure.
| The method whlch has been employed in this work entails the use of the molybdenum
mcarbonyl complex of 12N4, in which three of the four ring mtrogen atoms of the cycle
"are bound to the molybdenum in an octahedral complex (Scheme 3.1) leaving the fourth
free to Areéct.. Other members of the Durham group have found this approach to be
pfefereble to the use of the-arialogousiﬁicarbonyl—ehfemium‘EOmplex which had been

_reported previousl'y.7

| ‘The [Mo(CO)3.12Ny4] complex was readily prepared from the cycle by reaction with
Mo(CO)g in n—butyl ether under argon at 140°C, in quantitative yield. Alkylation of the
 free ring nitrogen with the appropriate chloro- or bromo-amide was carried out under

| argon in dirn’edlylfennamide, with potassium carbonate as the base. Removal of the
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SCHEME 3.1 The &yntheti(: procedure used in the preparation of ligands 31 - 34.
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Mo(CO)3 'protecti'ng group was accomplished by vigorous stirri’ng in acjueous HCI
(1M), in cohtact with air, allowing the isolaﬁon of the monofunctionalised cycles in |
high yields (Scherhe 3.1). Subsequent reaction with paraformaldehyde and
| Qiethoxy(methyl)phosphine, as desc‘ribed in Chapter 2, led to the am.ide-triesters.
- Selective hydroiysis of the.phosp-hinate esters was achieved on treatment with.aqueous

potassium hydroxide at room temperature, leaving the amide group intact.

3.3 Complex formation

The preparatlon of the lanthamde complexes of the amide hgands was carried out in a
: 31m11ar manner to that outlined for the tetraphosphmate ligands in Chapter 2. In this
~ case, however, attempts to crystalhse the c_omplexes have.not proved successful.
Fortunately, .puriﬁcatiOn of these neotral comr)lexes is s_tr'aightforward' through the use

of alumina column chromatography.A' - R ‘ S

"The amide ligands 31 - 34 (Figure 3.1) ha\re been prepared during th'e‘ course of this
work using the-method described above. The europium and terbium complexes have
- been isolated in each case, together with the ytterblum complexes of 32 - 34 and the

gadolinium complex of 32

3.4 Solution NMR Studies.

34.1 Introduction o ‘

High—resolution 1, 13C and 31P spectroscopy has been performed on the europium and
ytterbium complexes of ligands-32-34 in aqueous soluti"o’h. This work has been
carried out in collaboration' with Professor Silvio Aime and Dr. Mauro Botta at the
" University of Turin. The results on the complexes of the N,N-dimethyl amide ligand 33
~ are discussed in subsequent dlscussrons The correspondmg spectra of the complexes

of the other ligands are all very similar (other than the expected differences arising from

the change of the substituents on the amide ftmctlonahty).
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- « : PPM
IR r T l i 1 i ﬁr 1 ¥ 1 1 I 1 \ i 1 l 1 T L 1 I 1 L9 11 ] RS 1 Lf
105 100 s % .- & @ ® 75
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FIGURE 3.2 The 'H (4), 1°C(!H} (B) and 3IP{!H] (C) NMR spectra of [Eu33]
(D,0, 298K, 9.4 T) ‘The labels w and r refer to the solvent and '‘BuOH (1% mtemal

reference ) peaks respectzvely
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FIGURE 3.3 The 'H (A), 13C{!H} (B) and 31P{1H} (C) NMR spectra of [Yb.33]
(D50, 298K, 9.4 T). Labels as in Figure 3.2.
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| The IH, 13C and 31p spectra of the europium and ytterblum complexes of 33 are shown
in Figures 3.2 and 3. 3 The 31P spectra of the complexes show one main set of three,
equally mtense resonances, which suggests that there is one predommant isomer in
solution, with three non-equivalent phosphorus nuclei. Twelve peaks of much lower
intensity are just visible in the spectrum of the europium complex, suggesting that at

leat four other isomers may be present in small proportions.

3.4.2 Structural possibilities
In attempting to unclerstand the experlmental information, it is useful‘to consider the
possible structural geometries whrch are potentlally accessible to the complexes The
- discussion of the tetraphosphrnate structures in Chapter 2-is a useful starting point for
| -thlS purpose. Again, four possible structural models exist (Figure 3.4), corresponding
to the square.antiprismatic and inverted square antiprismatic geometries observed for
DOTA complexes (Figure 2.5). For each of these l‘our structural types, there are 8.
_possible stereoisomers arising from. the 8 possible permutations of the phosphorus
: centres (RRR, RRS, RSR etc.). This g1ves rise to a total of 32 distinct structures
avarlable to the complexes As before, an isomer of type A (Figure 3.4) with
phosphorus configurations RRR is enantiomeric with the isomer having a D-type
structure and the opp031te conﬁguratlons at phosphorus, namely SSS and so on. Thus,
the 32 possrbllmes comprlse of 16 enanuomenc pairs. -The situation is thus analogous

~ to the case of the tetraphosphinates.

'l'he relationships between the 32 possihﬂiﬁes are illustrated schematically in Figure
3.6. Here, the structures are arrariged into~8 groups, numbered according to the 8§
- possible permutatlons of the conﬁguratlons at phosphorus. Each group cons1sts of 4
isomers . correspondmg to the 4 DOTA-like structural models A - D. A schematic
illisstration of the structures of the 16 dlastero1somers of groups.l -4is prov1ded_m

Figure 3.5 arranged acco-rding to the coordination geometries_ A,B, Cand D.
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- FIGURE 3.4 Schematic représentation of the two distinct coordination geomerries
which are accessible, in theory, to the complexes of 31 - 34. The stereochemistry at

phosphorus is not defined here.

It is apparent from the 31p NMR spectra that o.nly one pair of enantiomers predominates
‘(indistinguishable by NMR), which is similar to the conc-lusion,' reached for the
tetraphosphiriate‘s in Chapter 2. In the latter‘case, houvever, there was no evidence for
' the presence of any minor isomers in the 314P spectra of the europium aud ytterbium
complexes (although some addmonal peaks were observed i 1n the yttrium complex). In
'the present instance, small proportlons of other isomers are ev1dent and this could
‘reflect a less ‘stringent steric effect drsfavourmg other geometries, on passing toa
system where one. of the four relatlvely bulky phosphrnate groups has been replaced by

an amide. Thrs may also account for the difference in behav1our of the two systems at
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- FIGURE 3.6 Symbolzc representation of the 32 posszble stereoisomers for the

lanthamde complexes of 31 - 34 Arrows connect enantiomeric pairs.

elevated temperatures. The variable temperature H and 31p NMR spectra of the amide
| complexes indicate that an exchange process involving the different isomers takes place
over the range 20 90°C. Bearmg in mind the kmetlc 1nertness of lanthamde-oxygen
bonds Wthh has been observed in structurally-related systems to date,8 it seems hkely
that this exchange process occurs through a shdmg motion' of the phosphinate and
amide ax-'ms"or fhrough an inversion of At.he tetraaza ring with the pendent._arms held
fixed in their‘.posit-ion's. In contfast' to this observation, the spectra of the comnlexes of
the fetrabenzylphosphinaie (27) were unchanged. over the same temperature range

which implies that the activation energies to such motions are too high in this case.

Unfortunately, no Stmciural conclusions can be dranvn from the lH' and l3"C speetra as
tothe 1dent1ty of the predommant 1somer However, on steric grounds alone one might

suspect the enantlomenc pairs 1D/8A and 1B/8C (Flgure 3 5) to be the most favoured
125




Chapter 3

possibilities since in these structures, all of the P-methyl groups are directed away from
the coordination cage. By analogy with the tetraphosphinates discussed in Chapter 2, it
also ‘seems ‘probable that the inverted. square antiprism will be favoured over the

altenative square antipnsmat1c structure. Thus the enantiomenc pair 1B/8C is likely to

be the predominant form. -

343 ‘Partial Assi'gnment of the Europium Spectra
The 4-fold axial symmetry of the complexes of DOTA and the tetraphosphinates leads
to relatively simple 14 and'13C spectra. In contrast, the laclc of axial symmetry in the
'amide complexe__s leads to much more complicated spectra.» However, a partial
| aSSignment ’of the proton and carbon, NMR _spectraw of the europium cornplei has been
‘;‘achieved; thanks to the limited_line_—broadening induced by europium, coupled-with the
o expanded chernical shift*range. The coupling pattern is clearly de’tectable at low :
. magnetic field (2.11 T or 90 MHz), as shown in Figure 3.7, and a 'H-1H COSY has
- been recorded (Figure 3.8)» Asexplained in Chapter 2, the axial protons of the ring are
expected to appear’ as triplets (due to coupling to the geminal eduaton'al proton and to
~ the v1c1nal axial proton) whereas the equatorial protons couple only to the geminal axial
proton and should therefore be doublets. Eight tnplets are indeed detected, attributable
to the eight non- equivalent axial protons of the ring. These-having been 1dent1ﬁed the
'COSY spectrum allows the doublets ansmg from the eight equatorial protons to be
| assigned. Three doublets of relative intensity 3 are clearly visible, corresponding to the
phosp'hinate.methyl groups in which coupling to phosphorus occurs. Two singlets of
' relative intensity 3 are also observed these are due to the N-methyl groups of the
amide. This leaves four pairs. of - mutually coupled multiplets Wthh are due to the
NCH,P andNCHzCO protons. A heteronuclear 13C-1H COSY experiment was also

recorded, allowing the assignment of the carbon resonances, as shown in Figure 3.7.

'Cornparison of the 'H spectra in Figures 3.7 and 3.2 clearly shows the adverse effect of
using stronger magnetic ﬁelds in the- acquisition of NMR spectra of lanthanide
“ complexes. Thus, at 400 MHz, most of the !H signals appear only as singlets. This, of
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FIGURE 3.7 The 90 MHz 'H (a) and 100.6 MHz 13C{1H} (b) NMR spectra (298K,
D;0) of [Eu.33] with partial assignment of the resonances. In (a) the primed numbers
indicate equatorial ':hydrbgen' atoms, unprimed numbers axial hydrogen atoms. In (b),
only the region.of the protonated carbon atoms is shown. Peaks 1-8 and 9-11
correspond to the macrocyclic and to the methylenephosphinic carbon ‘atoms or
protons fespectivelj’ Assignment to a specific ethylenediamine unit is not possible.
The reonances labelled withwandr refer 10 the solvent and ’BuOH (6y=0, 6c=313

.“ ppm ), respectively. -
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FIGURE 3.8 The 90 MHz H - 'H two-dimensional COSY spéctrum (298K) of

L Eu33 ], allowing the resonances to be assigned as shown in Figure 3.7.
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course, reflects the more pronounced line-broadening which occurs at higher magnetic
field strengths, as discussed in Chapter 1. The usual advantage of high-field
instruments, namely the higher resolution provided, is of little importance for europinm

‘complexes since the shifting effect of the metal is sufficient to provide almost complete

resolution of the signals at low. fields:

3.4.4 Determination of Yb-P distances by T; measurements
~ In the case of the'ytterbium complexes, even at low magnetic field strengths, line-
“broadening is too severe for coupling to be discerned in the one-dime_nsicnal' spectra or
. for a complete set of cross-peaks to be detected by two—dimensional experirnents. It
was pointed out in Chapter 2 that the paratndgnetic shifts -induced by ytterbium, for
nuclei not directly bound.to the metal, are ‘almost solely dipolar in origin, allowing the
chemical shifts of such nuclei to be related to their geometrical coordinates. On tnis
basis; the observation of three well- sepafated resonances. in the 31P spectra of the
ytterblum complexes may be indicative of small d1fferences in the metal-phosphorus
: dlstances Estlmates of the Yb P dxstances have been made by 1nvest1gat1ng the
magnet1c ﬁeld dependence of the Curie contribution to the 31p T, relaxatlon times.

The paramagnetic contrl_bunon (1/Ty)p to the measured relaxation rate has the form

given in equation (40).9 -

<L | - 20 12 g2 P21 (J+1) fs ] cop2g',“Bf‘12'(J+1)2 Y
M)y 15 o S5 PGk 20,2

Here, tg is the eiect_ronic relaxation time for the metal (ca. 1013 s for Yb3+)'and TR the
reorientational correlation time of the complex; r is the Yb-P distance. The Larmor
: frequency of the phoSphcrus atonl is'denoted by wp; 'Yp is the gyromagnetic ratio of

»phosphorus and B i is the Bohr magneton The Landé factor, gj, has a value of 8/7 for

. Yb3+ and J =772,
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" The ﬁrsf telrm of eéﬁation (40) is the electron-nuclear 'dip_olar ”c.ontribution to (1/'1'1)p

and is indépéndent' of th¢ applied field.- The ség:ond term is 'the Curie-sApin term and is |
dependent on the square of themagnétic ﬁgld through _u)p2. For most species of interest
| in' soution, trlis of the order 1010s°1 and, since wWp is in"'the region 108 Hi, this means
that copz‘ch <«< 1. Thus, équation (40) can be simplified to the form given in equation

@n.

r

- ' o 2
1) - Dy + XWwHT @1

' wﬁere D1.7g is the first term of equation (40), Hy is tl;e appliéd field and

6 e B’ .
X = = . o -
: 5 - hGkT)? y

Hence a plot of the measured relaxation rates for a giveri phosphords atom as a function
of the square of the appliéd magnetic field (H02)\'should yield a straight line. The
. value of the Yb-P distance, r, may then be estimated from the: gradient of the line,

. provided that a reliable estimate of the reorientational correlation time, TR, is available.

Figure 3.9 shows the results of such an expériment f@)r. the thrge phosphorus resénances
of the ytterbium corﬁplex of 34. It..is irhmediatély clear from the relative rﬁagnitudes of
the felaxation -ra'tes. qf the three ph‘osphorus nuclei (at any given magnetic field strength)

| that the metal—phoéphorué distances must lie in the orqer P2<Pl< Pj. Analysis of the -

- NMRD profiles of similar Gd3+ complexes indicates théf TR is about 100. ps at 208K.
" . Using this vaiue and the gradients of the lines iﬁ Figure 3.9, the Yb-P distances may be
estimated Ey -méans of equatidn (41). Thé values obtained in this way for the three
corripiexes are shown in Table 3.1 and rﬁay be qﬁmpared to‘ the average value of 3.35 A _
" for the yttrim complex of the tetraphosphinate ligand 27, as determined from the X-ray

crystal structure. The non—equivalencé of the three metal-phosphorus distances in each
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~ complex indicates that the amide group is causing some distortion of the coordination

cage. Curiously, the e'ffect' is most pronounced for the complex of the N,N-dimethyl

ligand 33.
3
T - o P1
s r
> ] B P2
o~ - A P3
e . ;
20 ] T T l ! T T T ] T T T I 1] T T ' T i
0 20 40 60 80- 100
10 H, /G2

’FIGURE 3.9 Plot of the longitudinal relaxation rates of the 3Ip resonances for
- [Yb. 3_4 ] against the square of the magnetic ﬁeld. strength. Data recorded at 2.1 , 6.3
and 9.4°T and 298K in D>0. The phosphorus nuclei are labelled according to Table

TABLE 3.1 ! P NMR shifts® and calculated metal-phosphofu.s_'. distances® of the
l ' - ytterbium complexes with 32 - 34. '

[Yedz b3y ~ [Yb3d

PL 343 346 -137 343 250 335
P2 404 351 148 361 352 . 332
CP3. 430 338 503 382 413 340

y (a) 31p shifts measured in aqueous solution at 9.4 T, 298K and referenced to 85% o
_; H3PO4 (b) From data measured at2.1, 6. 3 and 9.4 T -l '
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345 ‘Spectral resolution of the enantiomeric complexes

It was noted in section 3.4.2 that the predo_mihunt- isomer-observed in solution for the
neutral amide complexes is actualiy a racemic mixture of enantiomers (probably
 corresponding to stucture 1B in Figure 3.'5 and its enaritiomer). Being enantiomeric,
they earinot be distinguished direotly by NMR spectroscopy. However, an interaction
with a suitabler\enantiomerically pure substrate will result in non-equivdl’ent,
diastere‘oi_someric adducts; Provided that the association constant for such adduct

 formation is sufficiently large, it may be possible to observe these two diastereoisomers

by NMR.

' Cyel'odextrihs (CDS) are chiral host molecules which form inCiusion' complexes with a
yery lerge number-'of orguhic molecules meg to the chirality of the CD- cav1ty,.
complexation with enantiomeric pairs results in the formation of - d1astereorsomer1c
complexes.. A number of 1H NMR studies have been reported ini which CDs have been’
used asIA chirali'complexing 'atgent‘s ' for enantiomeric purity determinlations‘ of
_‘ pharmaceutically 1mportant molecules, 10-12 The presence of the benzyl groups in the
i, complexes of 34 may allow such adduct formation w1th cyclodextrins. Addition of a
small excess of B-CD to an aqueous solution of [Yb.34] resulted in the splitting of the
- 31p resohances, as shown in Figure 3.10. Chiral resolution.of the two enantiomeric
' forms of the complex is- thereby effected: the two d1astereorsomer1c inclusion adducts

forrned on bmdmg to the CD are charactensed by a different set. of NMR resonances.

Chiral resolution of this type does-not- necessanly requlre erselective binding of one
enantiomer over the other This has been shown, for example, by a study of the
interaction of oc-pinene_:with peracetylated B-CD, where slow exchange conditions
v' apply‘and equally intense re_sonances are’ obserVed for both of the complexed

enantiomers. 10

- In prmc1ple if the' two enantiomers can be discnminated by NMR uing a partrcular CD

then it is hkely that 1t should be posmble to separate them chromatographically usmg
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. FIGURE 310 The 3P NMR spectra (9.4T, 298K) of [Yb.33] (10°M in D;0) in the

absence (A) and in-the preseﬁce (B) of a small excess of B-cyclodextrin.
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~ the same CD. The ytterbium complex of 34 was therefore .ei(ar_nined by analytical
HPLC using a cyclOdextrin—based column with- methanol as t‘heeluant and detection by
monitoﬁngof the absorhance at 250A_nm. : Only' one peak was observed, indicating no
| separation of the enantiomers. | An attempt' using a difierent type of chiral column,

based on a helical polymethacr'ylate (C'hiralpakAOTf) appeared to show some splitting

. of the detected peak. Since the two components were of very different intensity,

_ however, this could _notreﬂect enantiomeric separation, but could possibly arise from a
separation of the minor isomers from the major isomer. On this basis, preparative
HPLC was carried out usingthis column type, with cooling to 10°C. Unfortunately, the
fractions collected corrésponding to-the early and late portions of the peak were found

1o have 1dentical 31P spectra

3.5 Lu'mi-nescence of the europium a-nd..terbiu.m cornplexes_ o o

3.5.1 Terblum spectra _ . ‘ |

 The UV spectra of the terbium complexes of 32 and 34 showed structured bands in the
| region 250 - 260 nm. Such bands are to be expected owing to the presence of the
. phenyl groups in‘the ligandsj In :contrast,- the N;N‘;dimethyl and N-methyl ligands do
' -not possess such chromophores and it was surprising'., therefore, to find that the terbium
“complexes of these ligands displayed alrelatively i.ntense (e 220), unstructured band
centred'at 250 nm (Figure -3.11_)V.‘"' Its absence, in the,spectrum' of [Tb.26]‘and in the
spe'ctra of the corresponding europiurn cornplexes,_indicates that the band must arise
frorn the specilic combination of an'amide. group bound to. terbium. The possibility that
this is due to a CT state may be dismissed as the band also appears in the metal’
luminescence'excitation spectrurn (see below): absorption by CT 'states should not lead -

to metal emission. The. band is probably too narrow to arise from a T-m* trans1tion

' -assoc1ated with the amrde ‘

One possrble explanation is that the band arises’ from a transition from the ground state
of the f 8 onﬁguration to an f7d1 conﬁguration Such a transmon occurs at 220 nm for
an aqueous solution of terbium. perchlorate w1th a high extmctlon coefﬁc1ent of
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270 M-'cm-l. Itis conceivable that the positi'cn of tnis band might be significantly

shifted in the amide complex relative to its positicn in the aquo ion, although the

magnitude of the shift which would be required, 5500 cm’l, is difficult to believe.

Excitation of these two complexes at 250 nm led to quite intense metal luminescence,

with quantum .yieIds of the order of 0.1 (Table 3.3). The metal luminescence excitation

‘ spectra close’ly resembled the UV> absorbance spectra, again dominated by an

. unstructured band centred at 250 nm (Flgure 3. 11). Thus, whatever the origin of this

band, the efficiency of conversion of the state so- formed into the SD4 emissive state of

terbium must be high.
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FIGURE 3. 11_ Solid line: UV absorbance spectrum of [ T5b.33] (4 x10% M in Hy0).
Dashed line: Metal luminescence excitation spéctrum' of this solution. Emission
monitored at 545 nm. Excitation and emission monochromator slit widths of 2.5 nm

were used with a delay time of 0.1 ms.

If the band isa general effect related to coordmauon of terbium- by an am1de, then it
should - be observed in complexes with - srmpler amides. In this respect

drmethylformamde could be a.useful model. A concentrated solution of Tb(NO3)3 in
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DMEF was prepared and its UV spectrum recorded. This showed.no evidence of a band
at 250 nm although this was not completely conclusxve as the absorbance of even the
best quahty DMF available is’ >l at wavelengths less than 270 nm.- A more useful and
| more conclusive experiment, however, is the measurement of the metal lummescence
excitation spectrum. This showed the characteristic line-like spectrurn of ‘free’ terbium,
with no evidence of a‘broader more 'intense band at 250 nm. Thus the band observed in

_ the complexes of 31 - 34 must be a more specific effect.

The N N-dibenzyl.complex.[Tb 34] showed a similar, apparently unstructured band in
- its metal luminescence exc1tat10n spectrum This would seem to suggest at first sight
‘ that the phenyl groups are not undergomg energy transfer to the metal, as they were in
[Tb.27]". On the other hand the quantum yleld of metal emission was found to be |
identical to that of the N,N-dlmethyl complex. Since the phenyl groups will be
absorblng at- 256 nm in com}petition': with the 250 nm unstructured band, this
observation-indicates' that either the amide-Tb 250 nm band is substantially stronger in
the dibenzyl complex than in the dimethyl analogue or that the benzyl groups are also
- involved, either undergoing energy transfer directly to the metal or into the amide-Tb
band. Involvement of the benzyl groups is perhaps the more likely explanation. It is
h possible that the -non-equivalenCe of the two benzyl groups, together with the

superposition of the am1de Tb band simply inhibits any fine structure from being
detected in the excitation spectrum On the other hand, the band in [Th. 34] is just as

_narrow ‘as that for [Tb.33], whereas it should be broader if the benzyl groups are

involved.

‘ In contrast, the quantum yield of '[Tb.’32] is'much lower (Table 3.3). 'This seems to
indicate that compet1t1ve absorptlon by the phenyl group in this compound is not

followed by energy transfer to the metal.

The appearance of the metal emission spectra was very similar for all four complexes

: and closely resembled that of the tetraphosphmates, eg. [Tb.27] (Flgure 2.11). Thrs
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“close similarity is also evident in the CPL spectra on direct metal excitation (using
circularly polarised light, at 488 nm). Those of the 5D, ->77F5 transition for [Tb.27)
| and [Tb.33] are shown in Figure 3.12, together with the c_orresponding 'to'tal emission
profiles.. The resemblance is striking. Bearing in mind the difference in the local
‘symmetry and coordination environment of the terbium in-the two types of complex, it
is rather surprising that the spectra are so similar. This behailiour contrasts with that of
europium where some'signiﬁcant' changes are observed, as discussed below. Again,
the very observat1on of a CPL spectrum mdlcates that the complex is chiral. The

maximum value of Zabs 10 ) the 3D, -> "F5 band is 0. 016 similar to the value found for

o277

'3.5.2 Europium spec:tra'

Excitation of V‘the Eu3* complexes of the amide ligands at 250 nm gave rise to the
characteristic europium emission but, as in the case of the tetraphosphinates, the
emission inténsity was very low. Quantum yields. are shown in Table 3.3. The metal
_ luminescence excitation Spectra were l_argely" featureless—curves,*rising steadily with
deCreese in wavelength and resembling the UV spectra.‘ There were no signiﬁcant

* bands at 250 nm in these complexes.

As pointed ont in Chapter 2, -enropium emission spectra tend 'to be more informative
than those of terbium, as the low J | values ensure that there are o_nly a small number of
‘ -possible tran_sitions per band, allowing conclusions regarding the local s‘ymmetry of the
metal to be. re'ached. The 5D_d > TFy 'transltion is unique for a given chemical
environment, the initial and ﬁnnl states both being non-degenerate.- When observed, the
Atransition inv_ari‘nbly occurs ~betwee.n 578 and'§80' nm, but is ‘aIWays weak,: being
forbidden by electronic sélection rules.13 Under conditions of,high:symmetry, (eg. ID4,
- Dy, Dug and higher) the ‘transition is further forbidden by the;symmetry selection rule.
- The amlde complexes lack axxal symmetry and the trans1tron is allowed through both

-’electrlc and magnetlc d1pole mechamsms Its 1ntens1ty (relatlve to the other bands) is
" higher than in the Cy4 symmetnc complexes of the tetraphosphmates asis shown clearly
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by the spectra obtained ‘upon direct laser excitation of the metal at 553 nm

(Figure 3.13). -

The spectra measured using the ﬂuorimeter' are not really _sufﬁciently well-resolved to
conclude. that there is only on.e TFy -> 9D transition; However, this portion of the
| -spectrum was examined by Professorl_ Riehl and Aco-,workers under higher resolution,
_ using laser' excitation The results for [Eu 27] and [Eu 33] are shown in Figure 3.14. It

is clear that in-both cases only a single band is present, conﬁrmmg that there is only one

predominant species in solutron The band for the tetraphosphmate lies slightly to
~higher energy than that of the amrde complex the posmons are 579.26 nm
- (17263 ‘em™!) and 579. 34 nm (17261 cm-l) respecuvely Albm and Horrocks have
proposed an empmcal relauonship to relate the energy ‘of the 5D0 -> 7F0 transmon o’
" the sum, q, of the formal negative charges of the llgands dlrec_tly'bonded to the -

europium io_n:14

veml) = l7_273l—2.29q40.76q2 (T =296K) RN CY))

However;'such relationships are of relatively little value in g_eneral, being derived from
~only a limited number- of li'gand svstems and completely.ignoring any covalent
contnbutlons to the bondmg Thus, the energles predlcted for. hgands w1th q=-4 and :
q= .32 are 17251.7 and 17259 3 cm-l respectlvely ‘Whilst the- agreement with the
observed value for [Eu 33] (q = -3) is reasonable, the value predicted for [Eu.27})" 1s

substantlally lower than that Wthh is observed Indeed even the relative energies are

. predicted mcorrectly.

The'5D0 ->.7F1 transition of the.europ;ium ion has a purely magnetic dipole character
a and as such, is ,largely_insensitive to the coordination environment of_the.metal. A As
.explained in Chapter 2, und_er,low symmetry (C, axis or less), the 7F, level splits into
| the rnaximiunr number of thre_e non-degenera_te sub-levels such that, in nrinciple, three
transitions should be observable invsuch complexes. In the presence of -a 3-fold'or
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FIGURE 3.13 Total emission spectra (uncorrected) of [Eu.27]" (solid line) and
[Eu. 33 ] (dotted line) under high resolution followmg dzrect laser excitation of the

D, transition at 553.43 nm (H0, 298K)
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FIGURE 3.14 High resolution emission spectra of the 0-0 transition of [Eu.27] ( soltd
line) and [Eu.33] (dotted line) following excitation of the metal at 553.43 nm (H,0,

298K). The bands have been normalised to_sini_ilar intensities for comparison.
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higher 'axis'of symmetry, only. two bands are expected.!3 In fact, for all of the

-complexes stud1ed only two components were observed in the 3D, -> ’F, band and in
each case, the1r relatlve intensities were s1m11ar (Frgure 3. 15 see ‘also Flgure 3. 13 at

 higher resolution).

N . In contrast, the'5D6 -S 7F2 transition is allowed through an electric-dipole mechanism.
It is.well-known that its intensity is very sensitive to the metal environment and -
particularly to the polarisabi_lity of the ligating atoms. Thus, it is perhaps not surprising
to find that its intensity, relative to the AJ =1 transition, varies considerably in the
'.covmplexes studied: The trend is shownby the7spectra in Figure 3.15, where the
| spectrum of DOTA is also incl'uded" The relative intenslties of the bands are listed in
Table 3 2 Inall of the complexes exammed two components were observed for thlS‘

transition (5D0 -> 7F2) although more are predlcted In fact, the relatrve intensities of

these two, components also showed a marked variation through the senes of complexes, |

as s shown in F1gure 3 15 and Table 3. 2

E Two limiting. cases may- be drscemed namely those of [Eu. DOTA] and [Eu.27]". In
' the former case, the AJ'= 2 transition is weaker than the AJ =1 and wrthm the AJ = 2

| band, the 1ntens1ty of the shorter wavelength component greatly exceeds that of its
longer wavelength nerghbour Both of these features are reversed for [Eu.27]". It is
dlfflcult and perhaps 1mposs1ble to prov1de a theoretlcal explanation for these
observatlons but it seems reasonable to propose that the. difference arises from the -
different solutlon structures of the two complexes As drscussed in Chapter 2, '

[Eu DOTA] adopts a square antlprrsmatw structure whereas [Eu 27] possesses an

1nverted square antiprismatic. geometry

Flgure 3 15 and Table 3.2 show that the behav1our of the complexes of hgands 31- 34,
where an amrde donor is present are . 1ntermed1ate _between. these two extremes.
Moreover the. 1dent1ty of the amlde substltuent has a srgmflcant effect Indeed there

| appears to be some correlatlon between ‘the Al = 1 [AY = 2 mten31ty ratio (Table 3.2)
141
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and the'steric bulk of the amide substituents; the ratio progressiyely decreases from the
| , bulky N N-drbenzyl amide through to the smallest NH-methyl system This could
. p0351bly reﬂect the dlffermg degrees of drstomon of the coordlnatlon cage induced by
| (the amxde group It is-clear from the 31P NMR studles of the correspondmg Yb3+
complexes, dlscussed in sectron 3 4.4, that the different amlde groups do mdeed result

“in s1gn1ﬁcant but different changes in the metal-phosphorus distances..

' "TA-BLE 3.2 Characteristics of the AJ = 2 transition of the europium complexes

" (295K, H,0).
Complex -~ - Al=2band: - - Relative Overall Intensity
relative intensities of thetwo . AJ=1/ Al =2

"components (6‘10 / 619 nm) 4

[EuDOTA]  5:1 - S+ A
[Eu3d. 26:1 1
I T 125
[Fu32l . 13:1 s

CEesy 1251 090
[Eu2é ~  05:1 . om
Bu2z7i . 03:1 o7

’l‘he 5D'0 > 7F,3 ntransi,t_io_n is reported to be :weak‘in all cases reported to date, as is.
- observed here. The 5DO--> 7F4,b'and:has a similar total intensity to that of the AT =1 _

'band' in: all o-f-the 'com'plexesﬂ studied. .Thi‘s is also the case‘ for [Eu. DOTA]‘ and
- [Eu.TETAJ, whlch also have four nltrogen atoms bound to the metal, although only a
unahtauve comparison wrth this work can be made as the literature spectra were not
| corrected for wavelength-dependent detectmn sensmvrty 15 It has been proposed that
the mtensrty of this band may be related to the number of bound nitrogen atoms; thus,'
“the europlum complexes with hgands such as NOTA EDTA, DTPA, CyDTA and DPA
(where. there are fewer nltrogen atoms) display 5D0 > 7P_'4 bands of r_nuch lower
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intensity than that of the AJ = 1 band.!3 Perhaps a more likely explananon lies in the
lower ax1al symmetry of the latter group of complexes. The AJ =4 band is pred1cted to
split into seven components under Cy4 symmetry and the maxrmlum of mne components
when the axial symmetry is C2 or lower Although not all of the transitions are
resolved itis clear from the spectra in Frgure 3 13 that more components are observed

for the low-symmetry complex of 33 than for [Eu 277", which has C4 symmetry.

3.5.3 Lifetimes and hydration states

Excited state lifetimes were measured for the europium and terbium complexes of the
“amide ligands 31 - 34 in both HéO'and D,0. The hydration state, q, was estimated
-‘ using the HorrockS'parameters (equation 5in Chapter' 1).. The results are shown in
Table 3.3,together with the values for the .tetraphosphinate complexes 'fo‘r comparison.v
Two trends are immediately apparent. All of the neutral amide complexes display non-
'integral ‘q" vah)es: between 0and 1, which are significantly higher than those obtained
for the tetraphosphinate complexes (where it was concluded that there are no metal-
bound water‘molecules Chapter 2). Secondly, the values obtained for the europiurn

omplexes are found to be consrstently higher than those of the terblum complexes, by

about O 5 An explanatmn for these observations is des1rable

One possibility is.to simply dismlss the non-integral q values as arising from the error
inherent in the Horrocks method: Horrocks quotes an error of £ 0.5 in q.16'_ Clearly, this
1S most unsatisfactory. ‘The precision of the lifetime measurements in this work is high;
ln most cases,' the lifetimes are re‘producible to within +01 ms, which would
correspond t.o a maximum error in q of about + 0.2 for the europium complexes and
rather less for the longer'-lived terbium complexes. The Areliability of the Horrocks Ar,
| parameter is therefore called into'questlon. It should be noted that this is a purely
ernpirical' parameter derived from a study of a very limited number of complexes and a
correlation’ with the number of metal- bound water molecules as obtamed from X-ray
crystal structure analyses The plots were denved from complexes where q took

integral values from 0 to 9 in the solid state but there is no guarantee that the behaviour
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‘in solution will be the same as that in the solid state. The possibility of N-H/N-D or
C-H/C-D eﬁcchange was n_dt considered in complexes where it could conceivably be

occurring. .

TABLE 3.3 Luminescence Data for the Europium and Terbium Complexes Discussed
‘ in Chapters I and 2 .

Complex 7T (298K) / ms . 0 (298K) Ak¥ms!  gb
D,0 H,0 D,0 H,0

[Eu3l] 185 076  13x10%° 05x103 078 08l
[Tb31] 430 320 028 016 008 034
(Bu32] 203 070 035x10%  010x103 094 098
Th32] 413 300  44x10°  47x10% 0081 034
~ [Eu.33] 197 084 14x103  074x10% 068 0.72
[Tb.33] 430 353 012 - 010 005 021
[Eu3d] 193 080  L4x10%  060x10% 073 077
[Tb34] 403 332 011 0.10 0053 022
(w26 185 125  10x10%  059x10% 026 027
[Th261 371 296 91x103  10x103 0068 029
(Bu27l 207 159 L5x10%  093x10% 015 - 0.5

[Tb27F = 444 413 - 049 044 0017 007
[EuDOTA] 2445 064 = - ~ L9 12
[TbDOTA] 254 151 — = 027 1.1

(@) Ak =ky,0 - kp,o where k is the observed first.order rate constant for deactivation:
of the metal emissive state. (b) qis the hydration state determined using the Horrocks
parameter (equation 5). (¢) From reference 15. '
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Ultimately, however, the Horrocks reladoﬂship and the Ap, i)ayameters are of little
‘importance here. Irrespeétive of such empidca'lu,correlatiopAs, we are left with a group of
complexes which display values of Ak {i.e. (k0 - kpyo)» Where k is the first order rate
 constant for depopulation bf thé emissive Stéte} which are intermediate bétwéen those
observed for the'compleXes of 27 (no nietal-b_ou_nd water molecules) and those of
DOTA (one metzﬁ-bound water water), as indicated in Table 3.3. This must reflect a
degree of deactivat_ion_ by water O-H bonds that is rather less than in a model 'one ‘
bound water' complex (eg. tho-se of DOTA) but is more significant than in purely outer-
sphere complexes such as those of 27. One possibility'is_ that the equilibrium positi(l)‘n‘
- of the ncarest_watep molecule is further away from-the metal than in DOTA complexes.
In‘ assessing this possibility, .the'infor_mation provided'by an,anzilysig'of the NMRD
pybﬁles of related Gq3+ complexes may pféve to be very useful. |

3.5.4 Hydréﬁoﬁ states and -the corfélation of Gd3* NMRD information with
luminescenceAmveasurements a . _ ' '

The Gd3+ complex of 32 has been pfepared during this work and that of 34 had been
. prepared preyioﬁsly. ‘Gadc_).lin‘iur:n complexes 6f Hg_énds closely related to 31 and 33
were available (see footnote to Table 3.4). The . 1/T; NMRD profiles of'these
‘ ‘complexe‘s have been recorded at Turin and analysed in terrhs of the theories discussed
in Chapter'l. All of the -cc')mpléxes show similar behaviour andlthe profile for one of
them is SilOWh i;l_'Figﬁre 3.16. The shape of the profile i‘sAtypical of small Gd3+
corﬁplexes po_ésessing a single coordinated waier molecule. However, the'fnagnitude of
the relaxivity is substantially lower across fhe entire magneﬁc field range than that
which is measured for‘inner-sbhere complexes such 'as [Gd.DOTA.H,O0}", where the
“ relaxivity passes from~>8_.- 12 in the low-field region to about 4 - 6 mM-1s"1 at 20 MHz
(section 2.8.2)_. _For the complexes studied here, the rélaxivities are about oné-half of
‘lthese values (eg.l'about 29 r.nM"ls'I at 2‘OMHz'). On the other hand, the behaviour is
inconsiéten_t with purely outer-sphere propertieé, as ié clear from Figure 3.16, which -
also showsA the profile for a typicai outér—sph‘ere con'l'plex such as [Gd.27]". In order to

abcount for the observed profile under the constraint of q = 0, a significantly shorter
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- molecular radius would have to be invoked, compared to the tetraphosphinate, or a
large change of the. diffusional dynamics in aqueous solution, neither of which

possibilities is realistic. Evidently, there are contributions from both inner and outer

sphere mechanisms.

°

6.4

4.8

3.2 1

outer sphere

RELAXIVITY mM’s")

161

AR § YT — MR

0.1 51' 10 100~ 1000
PROTON LARMOR FREQUENCY (MHz)

. FIGURE 3.16 Representatzve T, NMRD proﬁle of the gadolmzum complexes of the

* amide-trisphosphinate ligands in aqueous solution (ImM, 298K, pH 7). The solid line
is the simulated behaviour using a best- ﬁttmg procedure to the equations for inner and
outer sphere relaxation discussed in Chapter 1. The lower curve represents the outer-

sphere component.

The rclax1v1ty in the high- ﬁeld reglon is about 2.4 mM 1 -1 for the purely outer-sphere
[Gd 271 under these condmons wh1ch suggests. that the inner-sphere contnbutlon to
the relax1v1ty is of the order of 0.5 mM™'s 1 ' -1, This leads_ to estimates in. the range 3.4 -
- 3.6 A for the'Gd-I_fI distances of the cA:Aoord'inatevd ‘water molecuiés in these. complexes
(Table 3.4). These values are signiﬁcandy longer than those of 3.0 - 3.2 A found for
~Gd3“." cbmplexes of r,n_acrbcyclic polyamino-polycarboxylic ligands such as DOTA, but
considerably shorter than ﬁie value of 3.82 A fé)l’ the'distan'ce of closest .ap'pma‘ch to the
metal of protons on difﬁjsingf A\_i/aterfr'rit)leculcs fer the .o'uter'-_sphere complex [Gd.26]'-.
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The most ebvious. conelusion from these observations is that the substitution of a
phosphmate group by a carboxamlde results in n the bmdlng of a water molecule at an |
equilibrium dxstance from the metal Wthh is somewhat longer ‘than that in
| lconvenuonal' mner-sphere complexes,- but the resldence lifetime, Ty, of this water

molecule is significantly longer than the time necessary for solute and solvent to diffuse

N ~ apart. It seems reasonable to propose that this rnay reflect the formation of a hydregen

~ bond between the carbonyl oxygen atom and a water molecule as shown in Scheme 3.2.

The water molecule could be referred to as occupying the 'second coordination sphere'
of the metal ion, but this -is perhaps a rather artiﬁcral distinction. It is probabty
- preferable to think in terms of a'cehtinuum of metal-water proto.n distanees, ranging

“from ca. 3.1 A ina _corrtp_lex-su'ch as.[Gd.DOTAT to>4A invouter-sphere complexes.

SCHEME 3.2

I't'v'is worth' eommenting‘at this [-)oint that an estimate of ‘the hydration state of the
complexes of vonefof the amide ligands (31) _was also made using the method of the
dysbrosium induced shift of the 170. nucleus of water, as discussed in Chapter 2
(section 2.8.1). 'Therestllt 1s shown in Figure 2. 16- The behaviour here is seen to be
very 31m11ar to that of [Dy DOTA] suggestmg that the hydratmn states are similar: In
| light of the results dlscussed above, thls seems somewhat surprlsmg, as a gradlent

f intermediate between that of [Dy.27]" and [Dy.DOTA]' might have been expected.

"fhe conclusions reached‘ above from the analyses of the NMRD profiles are ebviously

of direct relevance to the luminescence results discussed earlier. The efficiency of an
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l energy transfer process decreases rapidly as the distance between the energy donor and
the acceptor increases ('séction 2.11). Thus, the extent to which the europium or
terbium emissive states are deactivated through energy transfer into O-H vibrations is
likely to display a sensitive dependence on the equilibrium distance of the metal from
the nearest water molecule. It is therefore not unreasonable to expéct non-integral-q
values, between 0 and 1, according' to the exact value of tﬁis metal-water distance. If
this is the éasé, then one would predictA some correlation between the luminescence q
values and the metal-water-proton distances obtained from the gadolinium NMRD

profiles. Table 3.4 and Figure 3.17 show that there is indeed quite a reasonable
, correlation. 4 |
| AIt is worth noting thét there iS an alternative explaﬁation for the observed behaviour of
the luminescent éomplcxes and of the gadolinium complexes, namely that there is a
mixture of isomers in solution, some of which haveq=0 and others having q 2 1. The
_observed q. Qalués would then be aQerages, detefmined by the pr(;portions of these
: i.some'rs'in solution. Such an éxplanatioﬁ can ﬂprobably Be‘disfnisséd on the grounds that
the solution NMR studies _have‘ shown. that there is only one major isomer in solution
(see for ekample the 3}P spéctra of [Eu.33} and [Yb.33] in Figures 3.-2 and 3.3).
Moreover, as pointed out in section 3.5.2, only one AJ =0 traﬁsition ‘is observed in the
emission spectra of the europium compléxes, which is also very strong evidence for the
presence of é single p‘redominaht isbme;. |
Reference to Tablés 3.3 and 3.4 shows that” the‘comp-lexesA of the secondary amide
ligands 31 aﬁd 32 -dis'play' very Similar luminescence behaviour to one another, with
consistently:lai'ger Ak and q. values ihan those of the tertiary amides. A possible
explanation for this trend is the occurrence of N-H/ N-D exchange when in solution in
DzO. . The amide N-H bond has a vibrational éfrefching frequency similar to that of
O-H. Hence, it iS‘-réasoxjable'to suppose. ihat_,z;n—N;H bond l'ying-’élo’se to the metal will
be able to deaétiyate the lanthanide emissive states in a similar méhnér to O-H, whilst
| N-D will have little effect. The net effect would be av q‘ value which is higher than that
| | o o 149
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TABLE 3.4 Correlation of Gd-H (H of water) distances, r, deie(mined from NMRD
profiles with the hydration state, q, determined by lun_tinesbence measurements (295K,

"Hy0)."
Complex o Eu . - Tb - Gd(NMRD)
- -q : g r/ A
o2 o5 007 . 4325
[Ln26 027 029 Y
Lo3d] 071 022 3.56
La3y  om - o  3s®
Ln32] - 098 . 034 - 34
L3t 081 . . 034 _3.42b )
[LaDOTAF 12 R 313

(a) for ;he N ,N—dibutylamide analogue. (b) the related CONH(CH,)4NH3* derivative. -

4.4 - I L L .'l_ . 1 [
] .@ : E
4.2 -
43 ' K
a3 e 2

NED 3.8

r/ : T " ' -
. ) 3.6_.. |
SR a r
344 e . e [
3.2 4 B R - F
] | o e |

3 "_'~l~r_"J"'I_TI‘-"If'_'I"-'
-0 0.2 0.4 0.6 08 1 1.2

.Eu-q

- FIGURE 3.17 Correlation between the q value measured by luminescence methods for
the europium complexes and the distance of closest approach of a water molecule_for
the corresponding gadolinium complex determined by NURD methods.

150



~ Chapter 3

~observed for a similar tertiary amide, with no'N-H. During the course of this work,
such an effect hasbeer_l'dem'onstrated explicitly for'some related tetraamide complexes
containing 4 amide N-H bonds and is discussed in Chapter 4. It Qas estiﬁnated that 4
such N-H bonds contribute about 350 - 400 s™! to the value of k for the europium
'complexes in HyO, a contribution which is absent-in D,O. This amoﬁnts to about 90 -
100 s7! per N-H' oscillator and this is indeed largely c.énsistent with the present
observations. For example, the differehce in Ak for [Eu‘.3l] (-NHMe) compared to

[Eu.33] (-NMez) is 100s1, or a difference in q of. 009 (Table 3.3). Similarly, the q
-value_s for the secondary é.mide Tb3* complexes are higher by about 0.1 than those of

the tertiary amide analogues.

‘The possibility of C-H/C-D exchange of the NCHéCO protons when in solution in
D,O Was also considered. Again, the vibrational stretching frequency of C-H is only a
little lower than that of O-H so that the C-H bond may be able to deactivate the metal
emissive stafe, an effect Which would be lost on déuteraﬁon. Howev;r, if this were to
_ occur, then the amide NCH2CO protons should not appear in the proton spectra of the
coin'piexes or at least they shoﬁld ‘have diminished intensity relative to the NCH,P
| protons. If is clear ffom _the NMR work (Figures 3.2 and _3-.7) that this is not the case.
In fact, the possibility of 'Ln3_+ deactivation by C-H bonds hﬁs not been investigated
previousiy, alt_houth some authoré have speculgted that it me;y be operative._'l,7 Inlan
attempt to ascertain whether C-H bohds can act in this way, [Eu.DOTA]’ was prepared,
| as previodsly reported,!8 and the luminescence dec_aylwas exarﬁined in DO at pD 6.5
following excitation at 397 nm. A value of k of 574 571 was obtained. The pD of the
solution was then raised to 11 by addition of KOD in D20‘and the solution heated at
45°C for 8 h. Under these conditions, the NCH2CO protons are expected to undergo
exchange to give CD,CO. The pD was therillowered to 6.5 (DCl in D,0) and the
luminescence decay was monitored once again; Ak value of 414 71 was observed 1n
this case. The tentative cbﬁclﬁsion from this qxperimént is that the rate constant for the
decay of the Eu‘3+ excited state is signiﬁcantly reduced on deuteration c;f the acetate
pfotons, from which it is appzirent‘that C-H bonds are indeed able to deactivate the
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: excited state. The effect of 160 s"1 would amount to an average of 20 57! per C-H bond;
this is probaoly a minimum value as therdeuteration may not have gone to completion.
A value of thlS order of magmtude does not seem unreasonable: clearly, the lower
vibrational stretching frequency of C-H (ca. 2970 cm‘l) compared to N-H or O-H
would be expected to give rise to. a smaller effect than that observed for these latter

oscillators. The effect is currently being pursued in more detail by other workers witllin

_the group.

It was also apparent that this exchange process does not take place at neutral pH (even
over several days).- Consequently,‘prov_ided that ’solutions of the complexes do not
become basic at any p'olnt there is no reason to snspect that C-H/ C-D exchange will

have any efféct on the q values (as the C- H bonds will be present in D,0 as well asin |

HZO) Thrs is consistent w1th the NMR observatlons mentioned above. - -

This still leaves the question of the difference between the q values obtained using the
europium and térbium complexes. This does not simply reflect random error in the
- measurements as the dlfference:is t00 consistent: the value calculated using the
europium lifetimes is about 0.5 higher than the terbinm value in each case. Again, this
"could be dismissed as arising from the empirical nature of the Horrocks parameters
discussed earlier. As before, however, it is preferable to consider the Ak values without
recourse to these parameters. Perhaps a more reliable approach would be to compare
the Ak \}alues. obtained with those of a closely-related model compound where the
oehaviour is lvell—understood ' The complexes of DCTA are potentially useful here, as

it is well- known that all of the lanthanide complexes of DOTA have -one metal-
coordinated water molecule. The Ak values for the complexes of 33 (as a representatwe
B of the amide complexes) and of DOTA together with the ratios of these values, are
shown in Table 3.5. Since Ak should be dxrectly proportional to the number of O-H
oscrllators m the coordination sphere of the complex (see section 1.3.2) and, since
DOTA complexes contain one metal-bound water molecule, Lhese ratios should-be

Hequal to the number of inner-sphere water molecules. They might be expected to be
| | - 152
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' rather more reliable than the q values obtained using the Horrocks numbers, where the

method is based on Ak values for stucturally unrelated complexes, some havmg several

metal- coordmated water molecules.

As before, non-integral values are obtained, which may be accounted for as discussed
above. Again, however, the value for terbium is seen to be significantly smaller than
that for europium. This seems to imply ‘that the difference is indeed real. One
. possibility is that there is a change in the solution structure 'on going from europium to
terbium, the compler( of the former hauing a metal-bound water molecule which is not
. present in the complex of the smaller terbium ion. Such breaks in structure as the

lanthanide series is traversed are notunpr‘e’cedented. An example is provlded by the

‘complexes of the hexadentate polyazapol-ycarboxylic ligand NOTA where 170 NMR

results have shown a water coordination number of 3 for the larger early lanthani.des

and-two for the later eler.nents.19 However, the behaviour.here may__be due to the fact
_that the NOTA llgand is rather too small fo accommodate the larger ions efficiently. In

. the case of octadentate ligands based on 12N;;, such an abrupt change in the number of

coordinated water molecules seems less likely.

TABLE 3.5 Values of Ak, (i.e. kg, - kpao, where k is the observed rate of
de'popitl_at_ion‘ of the emissive state of the metal) for the europium and terbium
complexes of 33, 27.and DOTA. . '

T ' N , Ak [Ln.33]
- Ak [Ln.33] Ak [Ln.DOTAJ Ak [Ln.27] -
R oL . Ak [Ln.DOTA]" -
A ms-1 4 "ms’] ms”
Eu 0.68 L1992 . - 015 - 057
Tb 0,05 027 0.017 0.19

| (a)' Reference 15.7

In fact, there is no need to invoke an- abrupt structural change of thrs sort if the
argument proposed earher to account for the non- mtegral q values is employed Thus,

the dlfference in the hydrann states for europlum and terbium could s1mply reflect a

153




Chapter 3

change in the equilibrium distance of the nearest water«molechle_. The latger size of
europium cempared to tetbium may allow the Water molecule to approach closer to the
metal in the Eu3+ complex S0 that the- O H deactivating effect is proporuonately
| htgher Certainly, the energy transfer into O H v1brat10ns will be strongly distance-
dependent. A theoreucal treatment suggests that O-H mediated deactivation of the
emissive 7Dy state will display a dependence on the metal-to-O-H distance which is
governed by the J" level to which the deactivation occurs. A minimum of an 6
dependence is predicted. Thus, it is clear that small changes in the metal-water
distances may give rise.to q.u_ite large differences in the- O-H deactivating effect. Such

* - changes are quite plausible as the lanthanide series is traversed and the ions become

" smaller.

Appendix to- Chai)ter 3: Routes to Trisphosphinate Esters and Acids of 12N4

Although the synthetic procedtlre dicilssed in section 3.2 is ideal for the preparation. of
mono-amide ligands, it is not so well-suited to. the introduction of Aother substituents
. such as ketone 'gr.oups.. ihus, élthough reztctiort of tt2N4.Mo(CO)3] with RCOCH;Br,
 for example, would indeed yieid the macrocycle "mono-N-alk:ylated with a ketone
~ group, this could be followed by condensation of the ketone carbonyl group with a
neighbouring amine nitrogen irt the ring, giving a bicyclic cempound. Ideally, the
formation of ketone-tt'»iphosphinate ‘esters or acids requires the use of 35 or 36 as

intermediates. Two possible routes were investigated.

(f_\ W - (/—\ H
Me—%\/ \ / > , Me—P\/ \ / 7
HO oo P €O 0=p

1 TOH : 1. OEt

‘Me- . ' Me
35 S 36
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“The first of these is shown in Scheme 3.3 and involves the coversion of one of the
amine nitrogens of 12Ny into an amide, via the [1'2N4.M0(C-O)3]' complex. Hydrolysis
of the amide was ac‘cornplished on refluxing in aqueous 6M HCII whieh, of‘course, also
leads to hydrolysis of the phosphinate esters. Unfortunately, attempts to N-alkylate the
‘resulting compound (35) with, for example, Z-bromomethylnephthalene were
unsuccessful, possibly owing to the difficulty of deprotonating the amine nitrogen in

the presence of the three phosphinic acid groups.

~H M\ M ‘ o o H/_\>_Ph
. | [N Nj - 1. MO(CO)6/U'BU20 [ j
Ny N~ 2 PhCOCI/DMF -
H \ 'H 3. IMHCl (aq) /air o NN ‘

(CH,O)n/ |
MeP(OEY), | THF / reflux

‘ 4

| |y|e L B Me
4/—\ H
[ j 6M HCl (aq) E j
( -
reflux .
Me—P\/ \ , 7 o . Me—P\/ \ /
S TTioH o Toe
‘ . Me - Ex : Me
35 ' |

SCHEME 3.3 The synthetic procedure used to: obtain the trisphosphinate (35)

The tris-phosphinate ester 36 was recognised as being a more desirable intennediate
Followmg the’ report of the use of a cyanomethyl group as a protectmg group for an.

. amine, wh1ch may be removed on treatment with Ag*, the strategy shown in Scheme
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3.4 was attembted. Unfortunately, the yield of the- monoﬁil;ylated product was
surprisingly low and the purity of the cyan'o._methy.l'-triéphosphinate,. after alumina
column chromatography, was .pobr, as judged b—y proton NMR. Nevertheless, treatment
~ of this compound with two equivalents of vAgNO'3,_follo.\}ved by KCN to precipitate the
amine-bouhd silver ions as AgCN, did indeed res_ul; in the conversion of the compound
(38) to the desiréﬂ p'roduct (36), as shown cléarly by the DCI mass spectra and 13C
NMR spectra. Owing to the low puﬁey of the pr()duct, however, this strategy was not

pursued further. -

H, /—/\ H B - H, /—\ —CZ=N
| [N | Nj ° L. Mo(CO)¢/n-Buy,0 ( j
K , 2. BrCH,CN / DMF ,
N N R "N
H \__/ H. 3.» A1M_HC1(aq)/a1r. H \ /. H ‘
(CH,0)n /
MeB(OE), | THF/ reflux
Me S +
: : . . Me
4’ e - | L/ e
,: j 1. AgNO; (2 equiv) NN
R ~ 2.KCN 0 [N Nj ‘
. > R ' Me /P\/ __/ >
E1O . ’
M =t } _ 1 ~OEt
_ e ' o .. Me
6 | - _ |

'SCHEME 3.4 The synthetic procedure investigated as a route o the trzs-phosphmate
' ester (36) '
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CHAPTER 4 *
Luminescence Properties of Tetraazamacrocyclic Ligands
Incorporating Four Pendent Amide Arms and Their Complexes with

: Lanthamdes and Other Ions

4.1 Introduction

The subject of ﬂ‘uorescence detection of metal ions was introduced in Chapter 1. It was
pointed out that many of the s-ystem's which have been studied to date comprise simple
fluorescent aryl. groups, as reporter units, linked to polyamine or polyoxo ionic
receptors. The basis of their operation lies in the fact that the binding of a metal ion
 may disfar/our the rate of amine-to-aryl photoinduced electron trarlsferas a quenching
_brocess, _witb a resul;ing enhancement of-'t“he fluorescence intensity. This effect arises
from a perturbation of the amine oxidation poteutial on binding of metal iorrs_orprotons
and is discussed in more ‘detail in subsequent sections. The further deuelopment of
such systems lies in the-pu'rsuit of 'tw_o important goals, namely'a search for more
selective ionic or molecular receptors which may be coupled to suitable lumophores
and, secondly, the extens1on of the apphcab111ty of such systems to-allow their use in
aqueous media or at an aqueous interface in neutral or acidic conditions. It is only with
" the attainment of -these objectlves that development for- clinical .or environmental

monitoring applications becomes realistic.

It is clear from the preceeding chapters that N-substituted octadentate ligarlds based on
the 1 4 7,10- tetraazacyclododecane ring are predlsposed to bmd large metal ions that
favour a coordination number of 8. Such behaviour is not just confined to systems
' bearing- acidic pendent. groups such as DOTA and the tetraphosphmates. ‘Ligands
bearing four amide groups, such as 37 and 38 for eXample, show related cooruination
'- properties. Such. ligands are particularly ‘versatile forming complexes of high stability
with a number of different metal 1ons, especmlly those whxch prefer a square
anupnsmahc geometry Thus, hgand 37 has been found to d1splay a marked preference

for (_Za.2'+ over alkah metal ions! (log Ky for the Ca?+ complex is 6.80 at 298K, 0.1 M
| . 159
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'NMe4NOj,), whilst complexation of lanthanides by 38 has been investigated. 235 A
stability constant of 10.05 hzrs been measured for the gadolinium complex (298K, 0.1M
NaNO3).5 This ligand also binde strongly the toxic metal ions Cd2* and Pb2*, with a
lower limir of 19 for log KML-4’5 In terms of stability constants, high selectivity over
zinc is observed, for which a much lower value of 10.47 was obtained under the same
conditions.’ ImpOrtan_tly, these values apply to aqueous seluti()n and, indeed, for lead
and -cadmium, complexes were fully forrhed even at pH (.3.

RaN .

C 0]

/—\ -
II

|| . 38 R=H
RgN’C\/ \_/ }

O—C
NR2

“With these points in mind, a series of »12N4‘-based terraamide'ligands have been
prepared bearing one or more n.aph_thyl- grohps in differing arrangements. These are
| shown in Frgure 4.1. The effect of metal complexation on their ﬂuorescence properties
has been 1nvest1gated The europlum and terbium complexes of these ligands have also
been prepared ‘where both the metal lummescence and the naphthyl fluorescence
behaviour have been studied. This aspect is discussed in the second half of the chapter.

4.2 Ligand Syntheses A

The mononaphthyl hgand 39 was prepared using a similar strategy to that for the
amlde-tnsphospmates in Chapter 3. Thus, selective protectmn of three of the four
nitrogen atoms of 12N4 was achieved threugh formation of the molybdenum
tricarbonyl complex, as diecussed in section 3.2. Alkylation of the fourth nitrogen atom
. with chloro-N¥2-(ndphthylhlemyl)ethanaﬁide 43 in dimethylformamide yielded the
. monosubstituted cj_/cle 44 (Scheme 4.1). Subsequent reaction with 3 eq_ui.valents.of |
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Q Q BaSes
' C ]

MeHNOC_ ™\ N -39
' CONHMe

[m ﬂw OO

40 MeHNOC\/ \ /
‘ i - CONHMe

FIGURE 4.1 Structures of the naphthyl-containing ligands described in this Chapter
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' chloro;N-methylethahamide in dimethylformamide in the presence of CspCOj gave the
tetraamide 39, which waé p‘uriﬁed by chromatography.on neutral alumina. The
naphthyl alkylating agent itself (43) was prepgred from 2raininométhylna;phthalene as
shown iﬁ Scheme 4.1. The latter was_readily obtained through reduétion of 2-

| cyanonaphthalene with borane-THF complex.

The tetranaphthyl amide ligand 40 was prepared in 71% yield by direct reaction of
12N4 with 43 in DMF in the presence of caesium carBonate and ﬁmcipitated as a fine,
colourless solid. It may be noted that the use of EtOH / EgN as solvent and base in
placé of DMF / CspCO3.led only to a mixture of di- and tri- alkylafed matgfial. The
~compound 40 dis;played extfemely limited solubility in all common solvents but, when -
' proton‘ated by~addingr one or more equivalents of an acid (eg. TFA, AcOH, triflic acid

or HPF(,), dis_sol{/ed readily in organic solvents and, to an appreciable extent also in

CN P NHZ

water.

CICH,COCl -
’ _ | E3N/ CH,Cl,
1. [12N,.Mo(CO),] OO ﬁJ\
~ K,CO;/DMF 2 Ci
H 2. HCl(aq) / air - 3

CICH,CONHMe - | 12N4 (025 equiv)

Cs,CO; / DMF ‘ _ " | Cs,COy/DMF

» . 40

SCHEME 4.1 The synthetic procedu;e‘us'ed in the preparation of ligands 39 and 40
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: The introduction of a bis-naphthyl fragment onto 12N4 (as in 41 and 42) xigcessitated
the preparation of the bis-naphthyl amide 45 (Schemé 4.2). Two routes to this
compound were-invpsﬁgated, as shown in Schéme 4.2. Thc first of these, on the left
" hand side of the scheme, entailed the reaction of Z-amihomethylnaphthalene with -
ﬁaphtho'yl chloride. Unfortimately, bérané reduction of the resulting amide 47 did not
proceed satisfactﬁrily and only a small amount of the bis-naphthyl amine 49 was

isolated: The use of LiAlH;‘ may have proved to be preferable for this reduction.

B;Npcoc_l T ‘NaBH4/A
< : o EtOH

O

-5

A_020 / Et3N

46 : o ' 45
SCHEME 4.2 [llustrating the two routes to the bis-n_aphthyl‘ alkylating agent 45
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,However, an alternative high-yielding strategy was adopted instead, involving the
intermediacy of the bis;naphthyl imine 48, prepared in quantitative yield by reaction of
2-aminomethy1naphthalene with 2-naphthaldehyde. Reduction of the imine with
- NaBH,4 gaue the bis-naphthyl amine 49 in high yield. Acylation in the usual manner

provided the required compound 45 or the model compound 46,

Alkylation of the Mo(CO)3 cornplex of 12N4 with the bis-naphthyl chloroamide 45 was
7 expected to proceed in the usual manner to provide the intermediate monoalkylated
system 50 (Figure .4.2). Howeyer, a most curious reaction was found to occur in this
o case: the compound 51 was isolated, where. there had been an apparent insertion of

"C02 giving a carbamate Moreover the reaction was repeatable when a second

| attempt was made using freshly prepared startmg matenals

FIGURE 4. 2 The expected product (50) and the product obtamed (51 ) on reaction of
. [12N4 Mo(C0)3] with 45. . .

The rnechanism-of this strange reaction remains unclear. One possible explanation
would 1nvolve the mrgratlon of one of the carbonyl groups of [12N4 Mo(CO)3] to-the
'mtrogen of the rmg However, thls still requlres a second oxygen atom, the source of

_ _whrch is uncertam but could pos31b1y arrse from trace water. Potassmm carbonate is
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used as'the base in this reaction and could conceivably be a sourCe of COZ.- On the
other hand, 15 equivalents was used and so the product of reaction with H* should be |

HCOj5" with no further reaction to giue CO,. A possible means of determining whether
“ a carhonyl group of -the M‘o(CO.)3- ’moiety is in_volved would be to prepare
[12N4.Mo(13CO)3] and examine»whether or,not the. 13C nucleus becomes incorporated

into the carbamate.

An alternative explanation is that the bis- -naphthyl amide is so hindered that reactwn
had not actually occurred when the work-up procedure commenced The first step of
--the workéup involves stirring the residue in aqueous ‘HCI (IM). Clearty, the action of
acid on the potassium‘ carbonate will result in generation-of Cbz(aq) which could
possrbly react w1th the free rlng mtrogen g1v1ng R2N—C02 This would be expectéd to
'undergo raprd decarboxylatmn under a01d1c condmons, but an altematrve fate would be |
~a1kylat1on by-~the chloroamldei_45, ther_eby leading to 51. T_hls does not seem a very'

convincing explanation.

: 'Ihere is a third, r‘ather. na‘r‘ve possibility, agajn assummg that reaction had not occurred
initially. It has heen reported. that carbamates liéNCOOR' can be obtained from
* secondary amines RyNH on treatment with CO, O, and‘an_alcohol R'OH in the
_ presenc'e of platinum and iodide'-ion.6 This bears some relation- to the present instance,
where an amine, Qz and a source of CO are present, together with an alkyl halide which
may undergo hydrolysis to give the alcohol'. Of course, such an analogy vtzould require
that the combination of Mo and CI could fuiction in a similar manner to Pt and I and,
on the basis of the proposed mechanism, thrs seems unlikely. Moreover, the cited

' reaction requires the use- of hrgh pressures of CO and 02

| Irrespective of the mechanism of the reaction, the. compound 51 was the product. In
fact purlﬁcatlon at this stage by preparaUVe HPLC was not completely successful and

some (NpCH2)2NCOCH20H remained. However reaction with 3 equlvalents of

165



. Chapter 4

’ MeNHCOCH,CI led to the compound 41, the purification of which proved to be

straightforward using silica column cnromatography.

Ligand '42‘-is related to 40 in that it contains 4 naphthyl groups but, in thls case, they are
arranged as two pairs bound to trans-related nitrogen atoms of the ring. The synthesis
of such a eystem‘ clearly requires the selective protection of two such trans-related
nitfogens allowing the other two to be alkylated first, either with 45 or with
| _ .MeNH'COCH'2C1. | Desreux has reported that reaction of 12N4 with two equivalents of
toluenesulfonyl chleride in pyridine leads exclusively to the trans-funclionalised
- compound 52.7 This effect is sneciﬁc to pyridine as the solvent, for reasons which are
not clear. The use of other solvents’(eg CHCl3 wlth Et3N as the base) gives the usual
| m1xtures of mono-, di- (cis and trans), tri- and tetra-alkylated material. Since the tosyl
groups can subsequently be removed using, for example, concentrated HySO4 or HBr/
AcOH or by means of a dissolving metal reduction, the nse of pyndlne then provides a

means for the selective protection of the 1 and 7‘poéitions of 12Ny.

\\ //

o™

/\\

5

With this in mind, the c()mpound 53 (Scheme 4.3) was lprepared by an analogous
~ procedure-nsing 4-methoxybenzenesulfonyl chlol’ide This colnp'ound is likely to
dlsplay some advantage over 52 in that the 4- methoxybenzenesulfonamldes are
generally more sensitive to acxd cleavage than the tosyl analogues Clearly, the bis-

naphthyl amide 45 1s a much more valuable reagent than MeNHCOCHzCl (which is

- ,snnply prepared from methylamme and chloroacetylchlonde) Hence, 53 was alkylated

with the latter as shown in Scheme 4.3; thereby postponing the use of 45 untll the end
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12N4
‘CH,0C4H,SO,Cl
pyridine
| OMe _ S S ' OMe
H, / \ s/ ’ MeHN — S’(O
' \[]/\N N0
[ j ClCH2CONHMe 0 [ j
\ : KI/Cs2CO3/DMF 0
/s \_/ H S O‘\s’N\_/N\/lL
0= - 0= NHMe
oMe 53 - oMe .54
A HBr/ AcOH
110°C, 4 days
' NHMe

O

SCHEME 4.3 The synthetic procedure for the preparation of ligand 42
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of the sequence. Deprotection was subsequently achieved by treatment with a 33%
solution of HBr in AcOH at 110°C for 4 days. The use of lower temperatures and
shorter reaction times failed to, provide complete removal of the -sulfonamides.
Although reaction with HBr / AcOH did indeed result in formation of the desired

| intermediate 55, a significant proportion of the rnonoarnide was also t‘orrned (ca. 20%)
even though the purity of 54 had been high. -~ This curious result has since been
observed independently in.the ‘group. Fortunately, it proved possible-to separate the

‘ required compound 55 by precipitation from toluene, giving a colourless solid.

~ Reaction of the bis amide 55 with the bis-naphthyl chloroamide 45 was carried out in
.dimethylforrnamide in the presence of caesium carbonate in.the expectation that the‘
des1red ligand 42 would be formed. Potassium iodide was added in an attempt to
catalyse the reaction and the product was purrﬁed by silica column chromatography
* Astonishingly, the compound isolated was the Ca2t complex of the required ligand,
_withl iodide.as.the/ c’ounterion, as evidenced by the elemental analysis (C, H, N, I, Ca)
* . and the positive ion electrospray mass spectrum, which consistently displayed a 100%
peak at 515 (mass of [42. Ca]Zl' = l030) This is a remarkable result and seems to
indicate that ‘the hgand had leached out trace. Ca2+ from the silica during
chromatography The ktnet1cs of dlssoc1atlon must be very slow perhaps reflecting the
'.stenc bulk of the four naphthyl groups and the restncted rotatlon about the N-C(0)
bonds at room temperature Th1s latter point was clearly apparent from the vanable
| temperature 1H NMR spectra of the compoun_d in d6—DMSO (400 MHz). At25°C, 4
broad signals, each of relative intensity 2, vvere-.observed between 4.4 and 52 ppm due
to the non-equivalence of the 4 sets of NCH;,CoHz protons: By 70°C, the msonances '
~ had coalesced to give a singlé signal at 4.81 ppm. Similarly, two resonances were
| observed for the NCH,CON(CH,CpH7), protonsat lovv temperature_but these had |
also coalesced by 70°C. ;Removal. of the calcium tvas achieved through treatment with
'ac1d to’ induce dlssocranon followed by re- complexation by DOTA, Whlch forms a
water-soluble complex of exceptlonally high thermodynamtc stabthty w1th Ca2+ {log
T Ky = 17.2 (B0, 298008 ‘ | |
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43 UV ab.sorvbanc.e spectra of 39 - 42 . _

‘The UV absorbance spectra-of the four ligands gli resembled fh_ét of naphthalene, Apay
= 276 nm (Figure 4.3) and extinctioﬁ coefficients were céhsistent with the ﬁumbef of
| naphthyl groups preSent; There were no siéniﬁcan,t différences in water Eompared to
acetonitrile and ihcre ‘was‘ho evidence for ziny additional bands arising from interaction

of ground state naéhtﬁaléne_ groups in ligands 40 - 42,

8 I B ST AT TN T AT SN SET S AT WU B !
7 - s
o -6 3 E
9 ] =
” _5 E E
z ! C
S 44 -
=3 j o
T = C
S 34 -
L. 3. C
< 29 -
S 14 -

. O = LONED B B B S I.],ul-l LI B L B B B RS B R B

200 220 240 260 280 300 320
| - wavelength / nm ~
. FIGURE 4.3 UV absorbance spectrum of ligand 39 in MeCN acquired at high

resolution. -

4.4 Fluorescence of 39

Ligé_nd 39 contains a single naphthyl group. -Its'ﬂuorescencespect'rur_n on excitation at.
270 nm in acetonitr_ile closely resembled that of na_phthalene, Amax®™ = 337 nm (see
Figure 49) Ad(iiﬁon of an excess of tl'iﬂuorbac_ieﬁc acid to 39 in acetoqiuiie resulted in
- a 50% 'incr‘ease in the. ﬂuorescéncé intensity.. This behaviour can be interpretéd in terms
of the theory ouﬂined in Chaptér 1, whereby fluorescence quenching xhay occur through
intfamdlecular ph_otoin,duced electron transfer from an émine nitr_ogen. to the. excited

aryl group. Protonation of the nitrogen raises the amine oxidation potential, thereby
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disfavouring the reduction of the aryl excited smglet state, leadmg to an enhancement in

the fluorescence mtensny

The theory of Rehm and Welle-rv9 rnay be used to attempt to provide..a rather more
" quantitative description of this effect. As in some related theories, !0 it is proposed.that
there exists a relation between the activation energy change, AG*, for the charge
transfer reaction and the final, overall free energy change, AG, thereby allowing the rate
~ constant for charge transfer to be related to AG. The extent to which electron transfer is
able to compete with ‘ﬂuorescence is then directly related to AG. Itis proposed that the
. value of AG ,associated»with the electron transfer process is determined by the
difference in the energy of the excited s‘inglet sta_te of thetchromophore.and that
required to bring about the electron transfer process, as calculated from the appropriate
~ reduction and oyridation potentials. An additional term also has to be taken into
consideration, namely the attractive potential energy betWeen the radical ion pair

formed, -.e2/e‘r, which favours the'P_ET process. The Weller equation for the

. combination of an amine and an aryl group is then:

 AGgr = F {[Eqy(amine) - Erglaryl)] - Eg- (er)}  Tmoll — (43) = -

» where on (amlne) is the ox1dat10n potentlal of the amine group (V), Egeq (aryl) the
reducuon potenual of the aryl group (V). Es is the smglet energy in eV and F is the
Faraday constant 2-Methy1naphthalene is perhaps a sultable model for the naphthyl
group : in 39. Reference to Table 4.1 shows that E1 pred for this compound is -2.460 V
and the first excned smglet state energy is 3 87 eV _The amine groups in compound 39
~ might be expected to display oxidation potenuals of similar magnltude to that of

trlethylamlne, for which Eq1p%* is 1. 15V (in CH3CN versus SCE).. Finally, the
parameter e2/er is hkely to be of the order 0.1-0.2 eV On this basis, AGgr is
‘predicted to be about -34 kJ mol -1 Clearly, thls is only a very rough and- -ready value as
~all of the quantmes myolved are solyent dependent and may.dlsplay quite different
values in the real system as compared to the rnodet compounds, but it does perhaps

170



Chapter 4

- serve as some guide. Protonation of the amine nitrogen atoms, or complexation by a
| “metal ion, will in_evitably.result in a substantial »increﬁ'se_ in. the amine oxidation
potential, possibly even to the ,extént'that AG be;;com_es pdéitiye and the electron transfer
| procesé thennodynamically unf.avourable.- -Clea'rly, sinc_:é the'electron transfer process
results in a deactivation of the excited singlet state, any brocess that disfavours electron

transfer (eg. prot\onéti()n) should lead to an increase in fluorescence intensity, as

~ observed.

In water, the fluorescence intensityiof 39 was significantly greater than in acetonitrile.
Quantum yields of 3.10 and 1.39 were obtained respectively, relative to naphthalene in
,  aerated acetonitrile, .In part, this:_méy be.account,ed for by the fact that two of the ring

nitrogens will be protonated' in waier at pH 7 (the first two pK, for 39 are about 11 o

" TABLE 4.1 Some useful photophysical data for naphthalene ~innon-poiar benzenoid -
solvents, values for polar solvents in parenthesis ( compiled froin' references 11 and 12)

- Singlet ‘ T Triplét
, Energy/kJmolr'1 : R 385 (384)¢ . 253 (255)f |
Lifetime - © o 96(105¢ns - 175 (1800) s
ggorep®@ 0190208 0750800
ko2 / M1s1 &) T a27xa1010 C 15x10° (PhH)
: B . (cycloﬁexan‘e)j‘ - 2x 109 (MeCNj
Ag (0-0) or Ay / nm © BT . a253415)

_€=13200 (24 500)

E1/2%, CH3CN versus SCE @: +170 vk

" Eyp™®, 75% dioxane-water versus SCE @: -2, 437 Vl ’

(a) ¢q is the fluorescence quantum yield of the first excited singlet state; q>1~ the
-quantum yleld for triplet formation. (b) kQO2 is the bimolecular rate constant for
quenching by dissolved molecular oxygen. (¢) Ag (0-0) is the wavelength of the v" = 0
-> v' =0 transition; Ap™2X is the wavelength of the absorbance.maximum in the triplet-
triplet absorption spectrum. (d) redox potentials-of the first-excited-singlet state.

Values for 2- methylnaphthalene () 376 374 KJ mol1 () (254) kI mol! (g) 59 (47)
ns (h)027 (0.16) (i) 0.56 () 2.5x 1010M-1s1. (k) +1.45V (1) 2460 V.
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and 101:2), However- the intensity was also su'bstantially higher than for a solution of

the ligand in CH3CN (20 p.M) contammg 50 equivalents of tnfluoroacetic acid,
condltrons under which the ligand would also be diprotonated The explanation

~ probably lies in the effect of dissolved molecular oxygen.

Quenching of triple_t states by molecular oxygen is, of course, commonly encountered
and was alluded to in Chapter 1. However, under ambient conditions, 31gn1ﬁcant
~ quenching of smglet states (and therefore of ﬂuorescence) by O, only occurs for

compounds for whrch the lifetime of the singlet state is relatively long. Scheme 4.4

serves to 1llustrate this.

kqlO:] | Isc

~ or products b
with oxygen o
abs E k¢
So ke=k0+ Tk
. SCHEME 4.4

Clearly, the 'e)_('_tent- to which quenching by oxygen can compete. with ﬂuorescence and
other non-radiative processes will d'ep;end on-' the relative magnitude of kQ[Oz]
compared to kf (where k¢ is the observed decay rate. in the absence of oxygen). The
bimolecular rate constant for quenchmg by 02, kg, is of the order 1010M-15-1 in- most
organrc solvents Moreover for typical organic solvents in: equihbnum with air at 760
mmHg pressure (1 e. 0.21 atm Oy), the concentratron of dissolved oxygen, [Oy], is
. usually about 2 x 10 3M Thus, the rate of quenchmg by oxygen is of the order of 2 x
107 s-l Consquently, srnglet states w1th decay rates (k) of the order of 108 109 s-1
‘will not be efficiently quenched under such conditions. Most commonly-encountered
fluoresc_ent -compounds have lifetimes in the“range"l - 10 ns, such,that no significant

differences in ﬂuore'sce_nce‘intensity -are observed upon degassing -solutions of such
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compounds Naphthalene is rather unusual in this respect as it has a partrcularly long
. singlet hfet1me of about 100 ns (Table 4. 1) ie. kf = 107 s-l ThlS is seen to be of the |
same order of rnagmtude as kQ[Oz] and S0 51gn1ficant quenchmg by oxygen is expected
| in this case. Indeed, upon degassr_ng a solution of -the protonated ligand 39 in
acetonitrile, the fluorescence intensity 'increased_ 3-fold, in line with this prediction. In
fact, the difference in fluorescence Ainten_sities between. aerated and degassed solutions

allows an approximate estimate-of the fluorescence lifetime (tg) for compound 39 to be

obtained through'ap.plication of the Stern-Volrner equation;
T |
~'¢—Q = 1+ 7.k[Q T 44)

where o5 -and ¢ are the quantum yields in the absence and in the. presenCe of the
quenchmg spec1es and [Qli is the concentratlon of the quencher Since ¢¢ (degassed) =
3¢f (aerated) and [02] =19x lO‘3M (Table 4.2) then, using a. kQ value of 2.7 x

1010M-1g (Table 4.1), we can crudely estimate T¢ to be 39 ns. Whilst this is rather
~ less than the lite‘rature value of 105.ns for naphthalene, it is close to that of 47 ns

4 reported for 2-methylnaphthalene-, which 1s probablyfthe better model anyway.

The above dlscuss1on ‘may .appear to be irrelevant to the questlon of the drfference in
behav1our in water and acetonitrile. However, reference to Table 42 shows that this is
not the case. It can be seen that the equilibrium concentration of O, in water at 760
mmHg air is. much smaller than in MeCN This is perhaps rather counter-intuitive but it
has partrcular srgnlﬁcance here Thus, kQ[Oz] is only of the order of 3x 1095

. water and SO quenchmg by molecular_ oxygen is much less significant in this. solvent.
_ This then probably accoun_ts for the higher ﬂuorescence inténsity observed in aqueous
solution. Obviously there may be other effects contributing as well, such as a decrease
in the efficiency of vother non-radiative deactivation pathways in water, although such

effects are likely« 10 be of less significance.
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It should be noted that the spectra shown in subsequent sections, together with the
relative quantum yields reported, apply to aeratéd solutions unless otherwise stated.
This is appropriate since any practical application in mind will necessarily entail the use

of the compounds under ambient conditions.

TABLE 4.2 O; concentration in solvents

Soluent ; Temperature/ °C [09]/ 16‘3 mol dm3 " [0,]/ 10'3. mol dm™3

(1 atm Oy)? (0.21 atm Oy b

Acetonitrile | 24 | 9.1 1.9 |
Ethanol - 25 Y Y
Waer 20 139 o
25 1.27 027

‘ (a)_ From reference 11. (b) Values calculated from those at 1 atm' partial pressure
- -of Oy, assuming Henry's Law holds. - . - - -

4,5_ Fluorescence of 41 and 42

'Com'pounds 41 and 42 were prepared in the hope that they'would exhibi_t e)rcimer
vemissiOn This did indeed prove to be the case: in addition to the usual fluorescence.
band (kmax 337 -nm), these compounds dlsplayed a second unstructured longer-
wavelength band (A.max 397 - 401 nm), attnbutable to a naphthyl excimer, [Np....NpJ*.

Some background information on the phenomenon of excimer er_mssron 1s given in Box
4.1. VThe }ratio of excimer to monomer intensities (AIex\/ Iy)isa useful oarameter in such

systems. Here, it was found to be independent of concentration in a given solvent (for

‘ concentrations < 10*M), which is indicative of intramolecular excimer forma‘tion In

other words, an’ exc1ted state naphthyl group in the -N(CH2C10H7)2 unit is able to
interact with the other naphthyl group. in its ground state to form the excited drmer
This then subsequently decays to two ground state naphthyl groups with long

wavelength emission charactenstlc of the dimer.
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BOX 4.1 Excimer Emission

The first report of emission from an excimer (an excited dimer) was made by
Forster and Kaspar in 1.954.1_3 They found that as the concentration of pyrene
in cyclohexane solution was increased, the usual structured fluorescence band
(Amax 395 nm) gave way to a broad structureless emission with A, =~ 480
. nm. This was interpreted in terms of the formation of a complex from 2
pyrene molecules, formally one in its ﬁrst.electronically excited state and the
other in the ground state.}4 The process has since been shown to be common
to most aromatic hydrocarbons and is illustrated schematically in Figure 4.4.

" As two ground state ‘mol_ecules are brought tbgérher, they cxpérience a mutual
' repulsioh at small internuclear separations. In contrast, the interaction of an
cxc'ited s_fate rnolecuie- with a ground -state molecule resul.ts'- in a net
stabilisation at such short distances and a weakly-bound dimer results,
characterised by the upper potentiél energy curve in Figure 4.4. It is clear
from the diagram that the emission from such a dimer will be of lower energy
than that from isolated excited -state monomers. Moreover; since. the lower
state is repuls1ve, the .molecules ﬂy apart after emission and the observed

band therefore shows no v1brat10nal structure.:

The stabilisation of an excimer depends strongly on the overlap of the orbitals
of the two aryl groups. Thebretical calculations have led to a picture of the
excited state complex in which the 2 chromophores are at an. optlmum
- distance of 3.5 Aina plane-parallel orientation. 15

Excimer formation is not.confined to intermolecuiar interactions. -
, Intram'olecu_lar excimer emission is well-documented, -having been reported

~originally in 1963 by Yanaril6 and by I-Iirayama;17 following an examination

bf ‘the fluorescence spectrum of polystyrene-., The intramolecular effect
requires that two aryl groups within the molecule can attain an appropﬁate

conformation with respect to one another within the lifetime of the excited

state. A number of studies have shown that this is most likely to be achieved

if the two groups are separated by 3 methylene (or analogous) units. 18

Excir_ner‘ emission is often strongly dependent_on a number of environmental

factors including the viscosity of the solvent and the temperature.1? -
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FIGURE 4.4 Schematic illustration of excimer emision in terms of potential energy
curves. The lower curve represents the interaction between two ground state molecules
_and the upper curve that of a molecule in the first excited state with another in its

ground state.

For ardfnatic gtdups linked by several methylene units, it has generally been found that
excimer emission is mosi likely to be observed when there are three CH, groups
between the two aryl groups.18 This reflects thie_ _v_requi.rément forthe-naphthyl groups to
adopt a rhutuaily plane-parallel _arrangement, With an optirhum interplanar distance of
3.5 A5 This conciusibn was also expected to apply in the present instance, where
there are'agajn. thfee atoms in the linking chain, although of course ohe of them is nosv
the nit‘rogi_an of the‘zimide.' The obsewétion of intense excimer erhission vindicates this
prediction. It is interes'tinéto note in passing that, whilst there has been a good deal of
work on mtramolecular excimer formation for o- substltuted naphthalenes {eg. (a-

NpCH2)2NH2+} there is relatlvely little 1nforrnat10n avaﬂable on: the B-substituted

~ analogues.
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In subsequent discussions, the ratio of the maximum fluorescence intensity of the
excimer (between 390 and 401 nm) to that at 337 nm is used as a measure of Ly / Liy.
This is not strictly correct, as the two bands overlap to some extent. However, the

pyérlap is small at these two wavelengths and so the approximation is largely justified.

- Solutions of 41 and 42 in aerated acetonitrile displayed. (Ie* / Iy) values of about 1.4

(from the corrected emission spectra; Figure 4.5). -Deg.assing of the solutions resulted

in a net increase in the.fluore’scencé intensity, as expected, but the excimer band

 increased to a greater extent, icading to‘ an Ly / I, ratio 6f 2.3. This is consistent with‘

~ the origi_néll observations of Hi_réyama,” who' found that oxygen héd a more

-_ ~ pronounced eff_ect on thé. excimer m the ﬂuorescenée speétra_of diphenyl and triphenyl

alkanes. In thé présent- instaﬁée-, there are t&o possible reésbns for the gfeater i_néreése ,

in the e)'(.cimer‘band. Firstly, éxcimer efnission is generally longer-lived than monomer
emission-.i -Unfortiina{ely,' fherg‘is little ifnfbnnation available'»(')n naphthyl excimer
lifetimes but a vaiué' of 143 ﬁs has béen méasured for the intérrr_;dlecuiar excimer
formed by 1,6-di,methy1naphthalene.20 This cdm’pares to the value of 47 ns for ¢ of 2-
,mcthylnaphthalené (Tabie 4.1). :As Aoutline(Ai -ear'lier, .the effect of quenching by
‘molecular oxygen‘ismore significant fdr compéunds;_vhaving_long :decay lifetimes and

will therefdre be more significant for the excimer than for the monomer. Secondly, 7.
' . oxygen quenching of the monomer Will also result in a decrease iﬁ excimer intensity (in

~ addition to the monomer) as this process will be in competition with excimer formation

" (Scheme 4.5).
. N ,
T1 - 2 [EX] .
E + So - ’l. . R erx[-OZ]
- T1 + 102 E » ',' .
' kf' I’
or products ' J kg
with oxygen E : 102' +T+S,
Y y or other products
~-So So+Sp

SCHEME 4.5
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In fact, for BNp-(CH2)3-BN‘p, the rate constant for excimer formation, kg, has a value of
2.4 x 108 5°1, which compares to 5% 107 57! for kQ[Oz] at 760 mmHg and a value of k¢
| for monomer naphthalene of 2.13x 107 s ’1 These values indicate that the removal of
_monomer quenching is likely to have a more significant effect on the intensity of
monomer ﬂuOrescence than on the extent of excimer formation and so the increase in

Iex / Im probably arises solely from the ﬁrst explanatron namely the longer lifetime of

the excimer.
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::] T -
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25 404 -
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ES 304 -
s T o
8 T C
20 e
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1 C

0 :

300 340 380 420 460 500
| - - wavelength / nm , B
FIGURE 4. 5 The ﬂuofescéncé'emis.ﬁ'on spect'rum‘ of ligand 41 in dégassed acetonitrile
'(soltd line), aerated acetonitrile .(dotted llne) and in water (dashed line) at a

. concentration of 10° M. Ligand 42 dtsplayed similar behavtour

In solution in water (90% HyO /. 10% CH3CN);-the Tex / I,i, ratio had a-higher value of

. ~ about 3.5 for both 41 and 42 and also for the model compound: 46. According to the

dlscussron above, a higher. Iex / Iy ratio would be expected n water compared to
acetomtrlle (under aerated condmons) srmply on. the basis of the lower oxygen content
of water compared to orgamc solvents under 760 rang pressure -of aJr (Table 4.2).
Surpnsmgly, thrs partlcular effect of change in solvent appears to have gone unnotrced

in prevrous work on naphthyl excimers, possrbly because most of the work has been
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carried out in non-aqueous media and perhaps also since most of the comprehensive

_photophysical work has been carried out uSing exclusively degassed solutions.

| Actually, the effect here of. changing 'fror’n.acetonitrile to"water must be more profound
than simply-a change in oxygen concentration al_one since FIex / Iy is still substantially
vhigher in aerated water than in degassed acetonitrile ( the values are about 3.5 and 2.3
respectively). The reasons for this are unclear. Intensity measurements on a
nanosecond timescale would he reqnired in order to investigate the effect of solvent on
the lifetimes of the monomer and excimer and the rate -of excimer formation, kg. Itis
: possible' that the excimer is stabilised slightly in water relative to CH3CN (the emission
. maxima were at 396 and 391 nm respectively) Wthh might be. reﬂected in an increase

: 1n kE in water

4.6 Fluorescence of 40 -

The ﬂuorescence spectrum of 40 5 ttM in CH3CN) in the presence of added protons (>
30 mM) displayed not only the expected monomer emission at 337 nm but also a broad,
- structureless band' eentred. at 401 nm, 'again tynicai of a naphthyl excimer and
charact'erise_d_by'an excitation spectrurn identical to that of the monomer. The relative
" intensity of excimer and monomer emission bands (I / Imj was independent of ligand
concentration in the range 0.5- 50 MM and was also insensitive to the nature of the acid
used (eg. trifluoroacetic acid, tnﬂuorosulfomc ac1d AcOH, HPF6) This behaviour is
consistent w1th formation of an’ 1ntramolecular.e_xc1mer, requiring a plane-parallel
conformation of two naphthyl groups in the protonated liga'nd, with an interplanar

separation of the order of 3.5 A.

- The value of Iy / I for protonated 40 in aerated acetonitrile was (.6. Iipon degassing
V'Of this solution the totaliﬂuorescencevintensity was snbstantially increased as expected

-' ‘v 1n light of the carlier d1scusswns (section 4.4). However, in this case, degassing barely o
had any effect whatsoever on the Iex /I ratio, in cornplete contrast to the blS -naphthyl
| c.ompot_mds 41 and 42. The'reason for this intriguing difference is not clear hut it
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“would appear to indicate that in the present instance, there is relatively little difference
in the hfetlmes of the monomer and excimer. Clearly, decay measurements on a
nanosecond trmescale at 337 nm and 401 nm would be requlred to conﬁrm or disprove
this possrblhty. However, it is }mterestmg to note- that where data are available,
intermolecular excimers generally exhibit lifetimes which are substantially shorter than
.those of their intramolecular analognes. An example is provided by pyrene, where the
intermolecular excimer has‘ a lifetime of 67 ns21. compared to 140 ns for the
7 intramolecular case in 2-pyr-CH'(CH3)-CH2-CH(CH‘3)-2,-pyr.22 It does not seem
unreasonable to suppose that the excimer in ligand 40 rnay show behavlour more akin
o an intermolecular excimer than the intramolecular systems of 41 and 42 (it does, after

all, have a large number of atoms intervening‘ between each pair of naphthyl groups).
, ’l'his mlght then acconnt for the different observations concemlng the effect of oxygen

on Iex / Iy,

The relatrve mtensrtres of the excimer and monomer bands was again found to be much
: hrgher in water than in acetomtrrle (Figure 4 6). In fact, the change here was much
greater than for the bis-naphthyl compounds, with an Tex / I, value of 3.3 (compared to

0.6 in CH3'CN5. On the basis of the above discussion concerning degassed and aerated

solutions in acetonitrile, it is clear that such a change cannot be attributed here to the

lower oxygen concentratron in water Th1s was further apparent from a study of. Iex /1

in a number of other solvents where the ratio dlsplayed no correlatron whatsoever with

the llterature.valu_es for equrhbrlum- oxygen concentratrons under: ambrent conditions.
Clearly, there must be otherefAfects at work here. In fact, there.is qui_te a reasonable
correlation between the -percentage of excimer emission and the po_larity of the solvent,
‘as measured by :Reichardt's normalised. E1(30) scale?3 (Figure 47) The more polar
solvents, with a hrghET value, displayed the most eXcimer'emission Somewhat
similar behaviour has been noted for a tetrapyrenyl 18-crown 6 tetraarmde, where it
was observed that the: proportlon of excrmer emission was h1gher in. polar solvents such
,' as MeOH than in non-polar media (eg THF) 24 No explananon for tlns behavrour was

‘. - provrded In contrast a blS pyrenyl functronahsed cahxarene drsplayed stronger
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monomer emission in the more polar solvents. In the latter case, the trend was thought
to reﬂect a change in the proportlons of the two dlstmct conformations adopted by the
cahxarene in solution The . form which is favoured in the more polar solvents has a

geometry which disfavours the close approach of the pyrene units.

In the present instance it is not clear why the polarity of the solvent should have such a
profound effect. The lack of any srgniﬁcant changes in the exc1mer emission
wavelength Amax®™ in the various solvents seems to rule out an effect of selective
stabilisation of the excimer in the more polar solvents. One possibility is that the more
polar solvents disfavour intramolecular hydrogen bonding, perhaps allowing the
" molecule to adopt the requlred conformation for excimer formatlon A somewhat
: related viewpoint is that the solvophobic naphthyl groups are forced closer together in
polar solvents to give a larger contribution from excimers. Similar behaviour is seen in
solvent effects on polymer molecules. The lack of variation of Iy / Lo, over the 100-
fold. concentration range mentioned above suggests that mtermolecular effects are
_absent On the other hand, aggregation cannot be completely ruled out as there is

always the poss1b111ty of a critical aggregatmn concentratlon at values lower than the

range examined. : : 4 : i

47 Effect of metal ions on the fluorescence of 39

4.7.1 In solution in acetonitrile

| Addition of ‘5_ equivalents of anhydrous zinc or cadmium triflates to a solution of the
mononaphthyl ligand 39 in MeCN (20 uM) at 20°C led to a two-fold increase in the
intensity of the naphthyl.ﬂuorescence (Figure 4.9). This is readily interpreted in terms
_ of a 'chelation enhanced. ﬂuorescence effect’, similar to that'discussed- earlier_ arising
from protonation and reflecting an increase in the oxidation potential of the amine
' groups on bmdmg to-a metal The increase.in the ﬂuorescence mtensrty was d1rectly
proport10nal to the concentratxon of added metal ion (for < 1 equivalent of the metal)
For example, when’ cadmlum triflate was added to 39 in acetonitrile; I was a maximum

when the ratio of hgand to added Cd2+ ions was umty (Frgure 4. 8) consrstent wrth

formation of a strong, 1.1 complex
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FIGURE 4. 8 Eﬂ’ect of addmg Cd( CF 3503)2 on the ﬂuorescence emission mtenszty of
"39 (Aem = 337nm [39] 18 uM).

Different behav1our was noted followmg addltlon of 5 equivalents of Pb2* ions (Flgure
4, 9) Here, a-reduction in fluorescence intensity of 25% was observed accompanied by
2250% i increase in the absorbance at 270 nm. The UV spectrum of the resulting lead
| c_omplex,dis_'played an intense bana at 258 nm (e =1.8x 104 M"Icm'l) which obscures
the. weakef naphthyl band. “This .'is‘ presumably due toa charge;transfer transition and is
reri;'iniscent of the .'Uv spectrum of [Pb.DOTAJ?" (Apa, 257, € 1000026). Complexation
o of lead must 'agajn. disfavour the photoinduced electron transfef pathway of naphthyl
deactivation. However,, in this case, .the resulting chelati&e enﬁanced ﬂuorescence
effeet tﬁat'might be expecied rhust be o/utweighed-b)" 'the quenchihg effect of the nearb_y
.- l'1eavy:'lead atom. The large: spin-or'bit-coupling constant of lead, togethef with its
| ,prox1m1ty to the naphthyl chromophore probably enhances s1ng1et-tr1plet inter-system
crossing and promotes non-radiative deact1vat10n of. the naphthyl excited singlet state.
- Similar behaviour i in the presence.of szf ions has been observed with a monoanthryl-

linked 18-N40 cycle in methanol solution.2”
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Quenching of excited states by the paramagnetie Cu2* end Ni2+ ions is we_ll-known.28
Addition of 5 equivalents of copper triflate to 39 ih acetonitrile caused an immediate
95% reduction in ligand fluorescence Aintensity (Figure 4.9); This compares to a much
‘smaller reduction of 20% for the purely intermolecular quenching of pure naphthalene
by Cu2* under the same conditions of solvent and eoncentraﬁon. -The quenching effect
of a_ddéd copper ions may be considered to oecur either by means of an energy transfer
process (prob'ably inQolving electron exchange) or by a Cull-to-naphthyl electron
- transfer process, which requires staBilisgtioh of the resultant Culll comp}ex. Nickel(II)
| is expected to induce qualitatively similar changes. Indeed, addition of 5 equivalents of

nickel triflate in acetonitrile to the ligand 39 caused a 65% reduction in Ig.

For all of the divalent iens mentioned above, the forward ratés of metal binding in

acetonitrile were too fast to allow the estimation of relative rates of complexation.
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- FIGURE 4.9 Corrected ﬂuorescence emission spectra for 39 in.the presence of excess
metal ions: free ligand 39 (thick solid line); Cd2 * (dashed lme) PB2* (dotted lme)
Cu®* (thin solid line). {[39] =20 uM in CH3CN; [M(CF3S03)2] = 100 uM Aexc =

270 nm; 298K}
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4.2 In water

As noted earher the fluorescence . 1ntens1ty of hgand 39 was substanually higher in
water than in CH3CN, reﬂectlng both the protonatlon of two of the ring nitrogen atoms
'1n aqueous solution (reducmg the photomduced electron transfer mechamsm of
deactivation) and the lower equilibrium concentratlon of oxygen in water compared to
acetonitrile. ' Thilsj second point probably also accounts for the higher ﬂuoresce'nce
in_tensities observed for the metal complexes in aqueous solution compared to

acetonitrile (see also Table 4.4).

The rates of complexation of added metal ions were slower in water and this allowed
' the changes in the ﬂuorescence spectra to. bernonitored as a_function of time.. A higher
free energy of activation in water compared to. acetonitrilé is to be expected, since‘the}
~ approach of a ‘metal cation to a protonated ligand, is Coulombically inhibited and
deprotonation. at‘nitroge‘n' prior to cornplexation is necessary; at least for the ions
favouring 8-coordination (_Pb2+, Cd?*; lanthanides). At a ligand concentration of
20uM, reactionwith ‘ZOOuM_of added metal triflates (i;e. pseudo-ﬁrst-orderr conditions)
. was still-too fast to measure_».with the available rnstrumentation but when 5 equivalents
were added. the rates were sufﬁciently slow to allow the calculation of comparative
observed rate constants at a constant pHof 5.5 (T able 4.3). Under these condltlons the
observed changes approx1mate to pseudo- ﬁrst-order behaviour and the rate constants k

have been. obtained through ﬁttmg to appropriate monoexponent1al equations of the

‘form I[=c+ A exp( -kt) (for the quenchmg ions, Pb2*; Ni2* and Cu?*) orlij=c-A

exp(-kt) (for the: enhancmg 1ons, Cd2+ and Zn2"') (Here I is the intensity at time t, ¢ is-

an offset and Ai 1s a constant)

Addmon of copper triflate agam rapldly caused almost complete (ca 95%) quenchmg '
| .of the naphthyl ﬂuorescence emission. In contrast, addition of nickel triflate had very

Tittle effect, as shown in Figure 4 10b metal bmdmg is- very slow in this case. ThlS
‘ behavrour prov1des an 1nterest1ng means of dlstmgulshmg between Cull and Nill jons in

aqueous solutlons based on their relative rates of complexation with the hgand
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notwithstanding the fact that both are intrinsically quenchmg ions. This contrasts with
thé system mentloned in Chapter 1 (section 192) wherem these ions were
dlstlngulshed accordmg to the pH-dependence of therr blndmg to an anthryl-linked

dioxatetraaza unit.28

TABLE 4.3 Effect of added divalent metal ions® on naphthyl fluorescence emission®
- with the 12Ny mononaphthyl ligand 39 (293K, H,0).

Metal ion’ kobs / 10‘2 st Comment

Cd2+ - 127 Fluorescence enhancement observed
2+ 02  Fluorescence enhancement observed
: Niz‘F : <0.0001 "~ Only 1% decay of ﬂuorescence observed after 5 min®
Cuzf: : "~ 1.14 | - >95% ﬂuorescence quenching
CPb* 500 Rapid fluorescence quenching to 40% of original I

(@) [39] =2x 105 M; [M2*] as the triflate salt = 104 M. (b) The emission at 337 nm
‘was monitored (?texc =270 nm). (c) Under similar conditions in acetonitrile, a 65%
' reduc_tlon in Ig was observed within 30s of addition of Ni(CF3503),.

- The addition of lead triflate caused a decrease-in Ig of 60% under p‘aralllelv conditions
| (Table 4.3 and Flgure 4.10b).  This is a proportionately larger decrease than that
observed in acetomtrﬂe and simply reﬂects the fact that the change from a dlprotonated
' hgand to [Pb. 39]2+ gives a: propomonately smaller chelatron enhanced fluorescence
effect, so that the heavy atom' quenchmg effect of the lead. ion is more marked

Binding of the lead ion was the fastest of the ions studied here ThlS is consistent with
the high ‘afﬁmty reported for related 8-coordinating tetraamide hgands for this heavy
metal ion. 43" The cadm‘ium.'complex of suchtet'raamides is also reported to be very
stable, even at pH 1.4 5 Complexatlon of Cd2* i ions by 39 in water was somewhat
" slower than with Pb2+ and was distinctive iin that a fluorescence enhancement was
' observed (Figure 4‘.10a).' Obviously, the effect. is rather less pronounced,here than in
CH3'CN‘ since'the 'free’ ligand is already diprot_onated in water, thereby reducing the

initial extent of PET‘deactivation.“ The effect should be proportionately greater at
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fluorescence emission intensity of ligand 39 in water (a) Cdz +, Zn?+; (b) sz *, Pb2*
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187




Chapter 4

'higher pH values. A chelation enhanced fluorescence effect of comparable magnitude
was also observed upon addition of zinc triflate, although at a reduced rate (Figure

4.10a).

v4.8 Effect of metal ions on the fluorescence of 40.

Addition of 50 equivalents of zinc triflate to a solution of the protonated ligand 40 in
acetonitrile (20 uM) caused no significant change inthe fluorescence spectrum over a
‘ _period of at leest 6I_1. In contrast, when 5 equivdlents of cadmium triflate was added to

the pr_otonated ligand' {[40] =5 uM, [H*] =50 pM}, the monomer emission increased

o rapidly and, at the same time, the excimer band decayed (Figure 4.12). The rates of

monomer increase and excimer decay were 1dent1cal (Figure.4. 11) and a first order -
dependence of these rates on llgand and cadmium concentration-(for uptol equlvalent
of Cd2+) was observed (see also the experlmental section). In the more polar solvents

MeOH and H,O0, the rate_ of exctmer decay was at least 10 times slower and addition of

an excess of acid also reduced this rate.
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FIGURE 4‘11'-‘ Increase in monomer emission (337 nm) and decay ‘in exbimer émissiori
. (401 nm) for ligand 40 {MeCN, [40] 5 ;1M [CF3C02H] = 100 uM)} followmg
addmon ode(CF3S03)2 (50 uM) : -
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This behaviour is consistent with .the ,fonnatiOn of a 1:1 comple)t, [Cd.39]2*, involving
lexpulsion of the ring proto.ns. The 'cadmiuin complex was prepared and isolated |
independently (see section 4.11 for lunher deteils) and gave a fluorescénce spectrum
| identical to that of the complex prep_ared in situ. A si_ngle C=0 stretching band was .
observ_ed in the IR spectxuin,'both in the solid state (KBr disc) and in methanol solution,
and shifted by 30 cm 1o lower fre_Quency cornpare_d to the free ligand {vco (MeOH):
40 1672 cm1, [Cd.40]:‘Z+ 164l cm-1}. This is indicative of simultaneous coordination
of each amide carbonyl oxygen andbence an 8-coordinate complex in solution, with all
of the nitrogen and amide ce.rbonyl oxygens bound to tl1e Cd?* jon. This coordination
- type contratsts with that of the zinc-oomplexes of 39 nnd 40, for which tuvo carbonyl
stretching bands were observed, b-'oth in the solid state and in. methanol solution; eg. for
[Zn. 39]2+ Veo = 1665 and 1636 cm’ 1 for free: and bound ‘carbonyls respectively This |

is con51stent w1th 6- coordmatlon for: the smaller zing ion, leavmg two am1de carbonyls

unbound in the complex

| The loss of the excimer band and the concomitant increase in monomer emission on
- binding of cadmium almost certainly'r,eﬂect a struétural change. Presumably, binding
of the metal changes the mutual: zlrrangement of the 'a-mide groups;in such a way that the
' nnaphthyl groups are shifted apart and are inhibited from attaining the nlane‘-parallel
conformation -required for-excimer emision; The altemative‘possibility, namely that the
change in the fluorescence spectrum'. represents a sele.ctive quenching of the excimer
over the monomer;‘can- be dismissed on the grounds that this would not give rise to an
increase in the monomer emission. - Clearly, the rise in thé monomer occurs at the
expeénse of tbeexcimer.' This is also.apparent from the quantum yield of the cadmium
".complex (Table 4.4) which is seen o be little' different from thnt of the protonated

' ligand.

.: The behav1our of lead was found to be qulte dlfferent Addmon of an excess of PbII to
protonated 40 in acetonitnle {[40] 5 uM [H*] =50 uM} agam resulted in a rapid

'decay of the excimer emission but, in this case, there was v1rtually no change in the
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“monomer intensity. In other words, the total emission intensity (the area under the
corrected spectra) was substantially reduced. This can be rationalised once again in
terms of the»heavy-'atom effect of lead enhancing singlet-,trlplet inter—system-crossing
and hence non-radiative deactivation of the naphthyl singlet excited state.

| Complexation of lead could be further distinguished from cadmium by the appearance
of an intense charge transfer band in the UV spectrum (Ap,, 260 nm, € 2.8 x le4 M
1cm"l). This band contributes significantly to the absorbance at 270 nm in the complex,
which results in a quantum yield lower than that expected from a comparison of the
fluorescence intensities of solutions of the l1gand and lead complex at the same

~ concentration (Table 4.4 cf, Frgure 4.12).
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" FIGURE 4. ‘1A2' Corrected ﬂuoreScettce errtission spectra ( Aoxc = 270 nm) for 40 ( solid
line, 5 UM in CH 3CN in the presence. of 0.1: mM CF3CO,H) and after addmon of 5
equivalents of lead trzﬂate (dashed line ) or cadmlum mﬂate ( dotted lme)

That quenchmg by lead i$ an mtramolecular effect was demonstrated by addition of 10

_ equlvalents of the- an10n1c complex [Pb DOTA]Z' to the protonated llgand in MeOH: no

- ‘d1m1nut10n of the exc1mer emlssron was observed As for 39, bmdmg of lead was

- 'found to occur at a somewhat faster rate than complexatwn of cadmrum At a ligand -
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~ concentration of 5pM and in the presence of 20’equivalents of TFA in acetonitrile,
addition ‘of 10 equrvalents of the metal trlﬂates caused excimer quenching with

observed pseudo -first-order rate constants of 48 x 103 s and 29 x lO 3s 1 for lead

and cadmium respechvely.

TABLE 4.4 Fluorescence quantum yields for ligands 39, 40 and selected isolated
| triflate complexes.

Species (39) | Solvent | A | '.¢'ﬂ(rel)a Species (40) ~ Op(rel)® CH3CN
3 . CHON 139 | [0H™ 1.04
C[39.H, ¢ H0 . L 3.10 . [Tb40]?* 0.96
Tb39P*  CHON LIs . ||  [Eudop* 0.12 -
B3Pt CHCON. 020 | [vdopr 121
o390+ B0 21 Cdd0P 088
(Eu30P* H0- 049 | [Pbaol* . - 031

(2) Values are relative to naphthalene (aerated solution in acetonitrile,o = 0.06).

. The quenchlng of excimer emission by lead ions was also monitored in the presence of
_increasing quantmes of added zinc ions. At a ligand concentrahon of 5 UM in CH;CN
and in them presence of 100 pM -of acid (CF3C02H), excimer quenchmg was still
observed and the equilibrium fluorescence spectrum rnatched that of the isolared lead
complex. The effect of added zinc was to slow down the rate at which tlns equxhbnum
was reached Thus in the absence of added zinc ([40] = 5 pM [Pb2+] =50 uM),
exc1mer emission was completely quenched (i.e. lead complexatlon had occurred)
w1th1n about 5 mmutes In the: presence of 10 20 and 50 equlvalents of added zinc
. ions, the rate of formatmn of the_.lead complex slowed to about 10, 20 and 45 minutes,
"respectively" Parallel experirnents carried out with a zinc background following
cadmium complexahon showed a: more marked interference effect. The rate of excimer

- quenchmg by added cadmlum was 10 times slower in the presence of added zinc and, at
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higher added zinc concentrations, total excimer quenching was not observed. This

indicates that the ligan_d binds lead most avidly and with good selectivity over zinc.

_ The effect of metal ions on the fluorescence of 40 is of signiﬁcance_ for at least three
reasons. Firstly, it has long been recognised that practicable ﬂ_uorescence detection of
metal ions or other species is favoured if the emission or-excitation spectrum can be
monitored at two different vvavelengths, the intensities of which are perturbed to
differing extents on binding of the analyte.29' This then allows detection and
quantification to be achieved through the ratio of the intensit_ies at these two

- wavelengths.. This avoids a number of problems associated with detection by the
: monitoringiof absolute ernission intensities', such as variations-in illumination intensity

| nnd detection efficiency and the problem of varying amounts of ‘other- species absorbing
at the excitation wavelength,‘ which serve to reduce Ig.- The present compound
incorpor'ates- this desired feature in that the intensities at 337 nm and 401t nm are

_affected to differmg extents and the ratio of these mtensmes may therefore be used to

: momtor the metal bmdmg The second pomt relates to the fact that the changes
observed are dependent on the 1dent1ty of the metal ion. The behaviour of lead is very
different from that.of cadmium and, in prmc1p1e, it would be possible to monitor both
sirnultaneo_usly. Moreover, potenﬁaily interfering ions, such as Zn2t, Mg2+ and alkali
metal ions have no effect on the fluorescence spectrum and s0 the system exhibits high
selectivity. | Thirdly,- the ‘metal binding occurs in water (albeit at a reduced rate
compared ‘to acetonitrile); This is an import_ant point: as_mentioned in- Chapter 1,
- applications of such systems are almost alwévs intended for use in adixeous solution but .
water is a difficult rnedium in which.to obtain efficient metal binding. It.may be noted

- in pasﬁng’ that there h‘eve been a few other reports of metal ion detection making use of
the' quenching or "n‘iggeiing of excimer emission following-«conformational changes

_ induced by metal ion ‘bin-ding 253031 However, all of these studies were carried out in
solvents such ‘as. methanol in the absence of ac1d and itis very hkely that none would

operate in aqueous SOluthIl
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_ 4.9 Effect of metal ions on the fluorescence of 41 nand 42
| AThe'concep‘t of exploiting a ratio of emission intensities was also in mind for the
ligands 41 and 42. -Here, the bis-naphthyl moiety is extrinsic to the.meta‘l-binding part
: of the system and so structural changes on metal binding would not be expected to have
a significant effect on Iy /I, However, it was pointed. out in.section 4.5. that the
lifetime of a naphthyl excimer isjlike‘ly to be substantially longer than that of the
monomer (i-e. ke <kg), with the result that excimer emission displays a more sensitive
dependence on the presence or ahsence_ of quenching species. Thus, one might
reasonably expect the binding- of suitable quenching ions to have a more significant
: effect on the excimer band than on the monomer emission, in such a way that Loy /Iy is
' reduced By the same token, complexation of an enhancrng ion (which reduces the
'efﬁcxency of the PE'I} process) may be expected to ‘have a more significant effect on the_
excimer, especially if rkET‘-has a value intermediate betWeen that of k¢ and K¢E. of
‘course, in both cases _the total ﬂuorescence 1ntens1ty should also be affected, providing

a further parameter to be monitored

. ”_l'he effect of adding 5 e'quvalents:of the m.etal triﬂates to ligand 41 in CH3CN ( 103 M)
was inVestigated. The results are shown in Table 4.5 where the Iex / Iy ratios before
" and aft'er‘ cornpleXation are given, together with the changes-in the total fluorescence
| intensity .It'otal expressed as a percentage of -theinitial intensity. Some of the spectra are

Ash(')v‘vn in Figure 4.13. |

It is-clear that the quenching ions, Cu2*, Pb2*, Ni2+ and Eu3"' do indeed result in a
reduction of the total fIUOrescence intensity in a manner which resembles, at least
qualitatively, the behaviour of A39 Again Cu2* is the most efficient quencher and Pb2*
and N12+ cause s1m11ar changes to one another (ca. 36% reduction) However, in
‘laddition to these changes in Itoml, the Iex /I ratios are also affected to differing
extents Thus, b1nd1ng of a glven metal ion is charactensed by a unique pair of values
'for the parameters lex /I ‘and Liotat- For all of these quenchmg 1ons, ‘the Iy / Iy, value

- is reduced on metal bmding This fulﬁls the predictlon above, namely that the excimer
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FIGURE 4.13 The ﬂuorescenée spectrum of ligand 41 in CH;CN (10 uM) and after
addition of 5 equivalents of metal triflates (M = Zn?*, Pb?* and Cu?*).

'TABLE 4.5 Eﬂeci'of metal ions (5 equivalents) on the excimer-to-monomer intensity
ratio (Igy/ Iy) and on the total ﬂuprescenée intensity (L)) for ligand 41 (10 uM).

acetonitrile solution - aqueous s_oluﬁoﬁ '
SRS #7] SN SAYCo L V), lg®
. Frg:e._li‘gand o ;1;41 | 00 . 334 100
Zinc 140 19 _'--(_c)‘ @
Cadmiom . 131 106 . 341 - 97
Lead = 120 . 6 Y
Nickel o N T . @,
Copper - 085 14 . 23 25
Buropium L4 25 a9

(a) The ratio of the maximum emission intensities of excimer and monomer was used;.
- as obtained from the corrected emission spectra. (b) Ii, is the total emission intensity
“expressed as a percentage of that measured for the free ligand. (c) No effect observed.
(d) Binding of nickel was very slow; complexation of the other metals was effectively

instantaneous in both solvents. (¢) Probably an intermolecular effect. '
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: emission isvexpecte_d to be affected to a greater extent than that of the monomer in the
presence of a quenchmg specres owmg to.its longer lifetime. The trend in Iy / Iy
follows that of Itotal to some extent but not prec1sely For example, nickel and lead both

‘mduce 51m11ar changes in Iiga (37 and 36% reductlons respectlvely) but the former
causes a srgmﬁcantly larger decrease in Iex / Iy Europium, on the other hand, has a
proportionately larger effect on the total mtensny than on the excimer / monomer ratm
These drffenng observatrons probably arise from the relative rates of quenching (be it
through electron or energy transfer, as for Cu say, or. through enhanced inter-system
crossing, eg. for lead), monomer emission kg, excimer formatron kg and excimer
-emlss1on ka Thus, one can env1sage one extreme where the quenchmg rate constant is

» intermediate between kf and ka, in which case Iex will be reduced to a srgmﬁcantly

greater extent than I,. This would be rcflected in a substantial décrease in Tex / Ims. |

" w1thout the total emission mten51ty bemg affected to the same extent. Thrs is perhaps.

the case for NiZ* say On the other hand, if the quenching rate.constant is much larger

than both k¢ and kg then a large decr_ease in Ijoia Would be expected but the effect on
the monomer will be almost as large as the effect.on the excimer, such that Iy / I, is
~ not greatly affected. 'This,probably accounts for‘t_he hehaviour of europium. The

’ bimolecular. rate constant, kq, Vfor quenching of'.the first excited singlet state of

; naphthalene by Eu3* ions has a value of 7.2 x 109 M -1g-1 (in CH3CN see section 4.12).

, The local concentratron [Q] of Eu3+ is high in the- complex and so quenchmg is likely to
compete very efficiently with both monomer and excimer fluorescence (k ca.
2% 107 s, ke ca. 7 x 10651 for possible model compounds, see section 4.5). Thus,
cjuenching will cause a substantial fall in Tioeal wi-thi relatively little discrimination’

.' between excimer and monorner, such that.Ie,-( / I, is not affected to such a large extent.

’ Zinc causes.a modest increase in Ito[ai, ‘consistent with a ‘chelation enhanced

ﬂuorescence effect Thrs is rather less dramatrc than for compound 39 in CH3CN

' .whrch probably reﬂects a proportlonately smaller PET deactrvatron in 41 compared to

139 Thls may be related to the fact that the nng n1trogen nearest to the naphthyl groups
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in 41 is a carbamate nitrogen, which will have a much higher oxidation potential than

the corresponding amine nitrogen in 39.

~Actually, the lone pair of this nitrogen atom will be delocalised into the neighbouring
carbonyl group and so will not be available for binding to the metal. Moreover, the
naphthyl amide C=0 is now t0o far from the cycle to act as donor to the bound metal.
Thus, 4v1 is oniy a hexadentate ligand and this will of course disfavour binding of the
. larger ions such as lead and europ'ium, which prefer octacoordination. However, this
does. not seem to be a problem in aeetonitrile: binding of all six of .the metal ions
- investigated, -including lead and europium; occurred very rapidly (within the time

-required to record the spectrurn). N

~ Very rapid binding was also observed for most of the metal ions in agueous solution:
equ’ilibri'um_‘_had again -been\ attained before the spectra could be acquired. ' This
-contrasts with the’ behaviour of 39, where metal binding was substantially slower in
g \pater'than in CH3CN. There are probably two oontributing factOrs' to the faster rates of
complexatwn in water for 41 compared to 39. Firstly, since one of the ring mtrogen
| atoms of 41 is mcorporated into a carbamate the pK, values of this hgand are likely to
be somewhat lower than those of 39 with the result that the- deprotonatwn requlred prior
to metal bmdmg may occur more readily i in the former. Secondly, the b1s-naphthyl unit
of 41 is further away from the metal binding site than the naphthyl group in 39, so that
there is less sterlc hlndrance to the approach of the metal i ion in 41. Agam, nickel was
found to bmd only very slowly a 10% reductlon in Im.,l was observed over 30 minutes.
.Europrumappeared not to bind at all in aqueonsisoluuon. This is p_r_obably not |
- ‘\ surprising bearing in mind the high affinity of 1anthanide jons for water molecules as
lli.gands and the fa_et that ;11 is only a hexadentat_e and charge-nentral ligand.(protonated
~ in water). R o -
.Bindi'ng. of Cu2+ ano P.b‘:"f in aqueous so.lu.tion‘ induced. sirnilar changes to those"
observed in acetonitrile. (Of course, the Iy / I, ratio is _higher' than in MeCN, both
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before and after complexatton owmg in part to the lower concentratlon of dissolved
.oxygen as explamed earher) Both the total fluorescence 1ntens1ty and the Ioy / I

values were affected and to extents whrch were dependent on the 1dent1ty of the metal
j ion (Table 4.5). Bmdmg of zinc gave rise to no detectable effect. This is not

 surprising, since the chelation‘enhanced ﬂuorescence effect was small in MeCN and

- w111 be smaller stlll in water owmg to the fact that the hgand is uutlally protonated (as

_ d1scussed for 39)

In summary, ligand 41 is of signiﬁcance for a number ot’ reasons. Tl'here appear to have
o been no prevlous studies on the use'of a 'built-in' eXci}ner for ﬂuorescence .detection of

metal ions or other specres Where excrmer emission has been exploited, it is normally
through some form of geometncal change affectmg the relatlve positions or onentatlons
~ofa parr of aryl groups Whllst the changes in Ly /I, are not as large in the present
system as those m some prevrously reported compounds (or 1ndeed for hgand 40), it is |
| ‘important to note that the extent to whlch. ey / I, is affected shows a sensitive and
) reproducible'dependence on‘the identity of the metal ion. The- total fluorescence

- intensity (as measured by the area under the ﬂuorescence spectrum) is also affected to
’ drffenng extents (1n a srm1lar manner to 39). Thus there are two parameters

: characterrsmg the b1nd1ng of a specrﬁc metal ion. This should allow in pnncrple the
. smultaneous detectlon of two dlfferent metal ions (eg. Pb2+ and CuZ* in aqueous
solutlon) In this respect 41 offers a significant advantage over 39. A- further point
relates once agam to the fact that the system operates effectwely in aqueous solution
_ and, 1mportantly, at ‘a very fast rate. Thls is a property which i is clearly desirable in any

* practical system.

_.A "The behavrour of hgand 42 to added metal ions was also 1nvest1gated Unfortunately,'

- for th1s compound metal b1nd1ng was extremely slow, even in solution in MeCN

Several days were reqmred for equrhbnum to be attamed even for lead This slow rate

.' of bmdmg probably reflects the stenc hindrance of . the two bulky brs-naphthyl groups

k_ to the approach of the metal 1on,.coupled with the restricted rotatwn about the N-C(O)
. . | 197
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FIGURE 4.14 Corrected fluorescence emission spectra of ligand 42 in acetonitrile at
a concentration of 5 M (thick solid line) and the spectra 72h after addition of Pb**

(dotted line), Cuz * (thin solid lme) or Eu3+ ( dashed lzne) (as. thezr triflate salts, 5

: equzvalents ).

TABLE 4.6 Eﬁ‘ect of metal ions (S equzvalents) only/ I and on I,o,al for llgand 42.in

CH3CN (5 uM).

RA7) " R (%)l_)
‘Frecligandd2 - . Le6 - .- 100

’ Copper' - : o 1'.25 58 ..
' Lead- R T <
Europium :', 079 - 40

‘ (a) The ratio. of the maximum emission mtensmes of excrmer and monomer was used,
as obtamed from the corrected em1ss10n spectra. (b): Iy is the total emission intensity
' expressed asa percentage of that measured for the free hgand
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bonds. Such behavi'our is consistent with the kinetic inertness noted for the Ca2*
'complex formed initiaHy (section 4.2), where metal io'n'dissociation is hindered for the
~ same reasons. The observed effects of Cu2+ Pb2* and Eu3-+ are shown in."_l‘able 4.6 and
Figure 4.14. The pattern is somewhat different to that of 41. This could be due to the
differing distance dependencres of the quenchmg rates: the naphthyl groups in 42 are

closer to the metal bmdmg site than in 41

- 4.10 _Effect of added B-cyclodextrin on naphthyl fluorescence

As pointed out in Chapter 3 in connection with spectral resolution of enantiomers
' (section 3.4.5), cYclodextrins are ahle to formnon:covalently bound adducts with a

| _ve_ryl large number of organic molecules containing aryl groups; B-Cyclodextrin is well
known toi.form 'relatiVely stable complexes with simple naphthyl deriw./a'tiyes (log K = _'
A103 MDD, It has also been observed that deactivation of ary_l excited ts_tates ’may be

‘inhibited through‘binding »of the aromatic m‘oiety within the cavity of an appropriately
sized cyclodextrin.32 When bound within the cyclodextrin, the ar}tl group is shielded
from solvent vi'brational quenching and has less conformational freedom so that non-

" radiative deactivation processes 'such' as internal conversion are disfavoured. Under

such circumstances, an enhanced fluorescence emission intensity may be observed. |

With these points in mind; the fluorescence characteristics of liéand 39 and selected
complexes were examined in the presence of varying concentrations of B-cyclodextrin.
The hgand 1tself showed an increase in fluorescence emission (Table -4.7) and the effect
‘was greater for both hrgher concentrations of hgand or of added cyclodextrm This is
_ consistent w1th the fact that at hlgher concentratlons of added CD or of hgand nmore of
- .the 11gand naphthyl groups will be bound at equlhbnum A s1m11ar var1at10n in I with
: ‘concentratlon was noted for the zmc terb1um and the more weakly fluorescent
' europrum complexes of 39 (Table 4.7). The europlum complex gave the highest
1ncrease In thts‘complex, the main naphthyl excrted-state deactivation pathway is
’ hkely to 1nvolve a charge transfer transition'mechanism of energy capture by the easily

K reduced Eu3+ ion (secuon 4. 12) Iti is poss1ble that this process is dlsfavoured shghtly
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I on binding of the naphthyl group to the cyclodextrm (eg through a small perturbation
of the ox1dat10n potentlal of the naphthyl smglet excxted state) Wthh could account for
the higher fluorescence enhancement. A small increase of the metal-based
- luminescence was also observed. The effect of cyclodextrin binding on the terbium

luminescence is discussed in section 4.13.4.

Parallel experiments were actempted with ligand 40 and its complexes in aqueous
~ solution, but éddition.of B-cyclodextrin (up to iOO-fold excess over complex at 20 uM)
caused no changes at all in Ig. In this c‘ase, the proximity of three adj—aceni naphthyl
. groups in the ligand and its complexes prevents the close approach of the cyclodextrin

‘molecule to a given naphthyl group.

"TABLE 4.7 Effect of added B-cyclodextrin on the fluorescence of 39 and its
‘ ' complexes (Hy0, 293K). . '

,Species o Con_centratioo © . Added B-CD % Increase in [;(®
| | (Hmbl dm'3) ' .‘A(equivalent‘s) o
By 73 50 0
[39] B o182 0 .
B . 182 T -'50 18
Zn3or . - 13 o s 9
EBudoP* 13 s 16
ez 182 s 16
EudoP* 182 03
- [zn39P* - ‘_18.-2 " T 4
CEudopt 2 w0 B
M3 ® 182 s 13

- (a) Monitoring ﬂuorescence emission at 336 nm. Values quoted are the mean of four
~ separate measurements; the variation in the % increases was less than'1%.

(b) Solution was degassed using four freeze-pump-thaw cycles: before. and after
~ addition of the cyclodextrin. (c) Terbium luminescence emission was enhanced by
44% and the hfetune of emission was mcreased from 0.67 ms 10 0. 85 ms.
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4.11 Preparation,“isolation and characterisation of metal complexes of 39 and 40

The europium and terbium complexes of 39 and 40 were prepared, along with the Cd%*,
Pb2* and Y3+ cornplexes of 40 and the Zn2+ complex of 39. The use of metal triflate
‘ salts has been reported in the synthesrs of complexes of structurally related tetraamide
llgands.2 The triflate countenon 1mparts so_lubrhty in both aqueous and.organic
solvents and, being a ;non-coordinating' 'anion, is unlikely to affect' the properties of the
metal complex. The complexes were prepared by addition of a stoichiometric amount
of the metal triflate toa s'olution of 39 in MeCN or a suspension of 40'in DMF, at 60°C.
| Cornple_xation occurred very_rapidly under these condltions and the complexes were

-isolated by precipitation from diethyl ether.

Infra-red spectroscopy isa useful analytlcal tool for amide complexes Metal bmdmg is |
" 1ndrcated clearly by a shift in the C—O stretchmg frequency, usually between 30-and 40
cm} to,lower .frequency. As »pomted out earlier, 6-coord1nate complexes such as
[Zn.39]2v+ displayed two bands due to bound» and'unbound carbonyl groups, whilst the
larger ions, forming 8-coordinate complexes, gave_only a single band. Such behaviour
- 18 consistent with- the X-ray‘structures'reported for the an2+ and Cd2* complexes of the
' structurallyfrelated ligand 38.° In the lanthanide complexes, the C=0 stretching band
" was shifted frorn 1674 cm'1 (ligand) to 1628 cm‘l. For.a given ligand,.the IR spectra

for the Eu3*, Tb3* and Y3+ 'complexes were indistinguishable. »

A H-1H COSlY NMR spectrum. was obtained for the diamagnetic yttrium complex of -
© 40 (CD;0D, 400 MHz; 298K), which revealed that the tetraaza ring in the complex-
again_ adopts \the [3333] conformation, as .outlined' in Chapter 2. Thus, two triplets were
observed, corresponding.to .the two non":equivalent axial' protons- within each of the four
- equivalent ethylenedtamme units, together wrth two doublets attributable to - the
_equatonal protons A second pa1r of mutually coupled doublets was also detected (2J =
-17 Hz) arlsrng from the protons of the NCH2CO unit, which are non- equlvalent on
| bmdmg to the metal The carbon spectrum was consmtent w1th this 1nterpretatron

d dlsplayrng two s1gnals, for the ring carbons. The room temperature proton and carbon
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| spectra of the Cdz“' and Pb2+ complexes dlsplayed broader 31gnals mdlcattng the onset
»of a flux1onal process analogous to that observed in DOTA complexes (Chapter 2)
leadmg to an averagmg of the rrng carbons and protons Tlus is consistent wrth recently

reported results on the cadmlum and lead complexes of hgand 384

A A further. techmque wh1ch has been found to be partlcularly useful for characterrsmg

: the cat10n1c complexes of . these hgands is that of electrospray ionisation mass

. spectrometry. Electrospray jonisation has emerged over the past decade as a powerful

tool for the production of intact ions from large and complex species in solution. B 1t

o allows mass spectrometrlc analyses to be apphed to large, fragrle and mvolaule polar

o molecules and in this apphcatlon is greatly superior to the more conventlonal "soft"

ionisation methods such as' fast atom bombardment (FAB). Levels of mtemal '
excrtanon of - the ions are generally low when generated through the electrospray
' ’.techmque, such that fragmentatlon is reduced Multiple chargrng allows molecules of

very h1gh mass to be detected (well in excess of 100 kDa)

- In the present mstance, electrospray jonisation mass spectra were carried out using very

drlute samples.in 50% MeOH /- HZO and the spectra were acqurred in the positive ion

| _detectron mode The compounds show multiple chargmg where the observed mass is -

found at [M+nA+bH] / X, where M is molecular mass of the cauon A the mass of the
amon n the number of anions assocrated wrth the. catron, x is the observed charge on

_ the spectrum ion and b.= = X - zcharge (cauon + n. amon)

A representatlve example is shown m Frgure 4 15 whrch is the spectrum obtained for

[Tb 39]3+(CF3SO3 )3. The molecular mass of the catlon is.741.- Due to the tnposrtrve
| "charge, the cauon may have assocrated w1th it up to.three triflate- amons (each anion has

3 a. charge of -1 and a mass of 149) Thus the smgly charged ion peaks expected are:

R [741 +(Ox149)+(1 (3+0))x 1]/1 = 739 m/z (observed)

| ‘_[7_4l,+(lxl49)+(1-(3-1));x 1]/,&1 889 m/z (observed) o
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1038 m/z (observed)
1189 m/z (not observed)

[741 + wx149) + (1 (3 2)) x 1] /1
[741 + (¢x149) + (1 (3-3)) x 1]/ 1

~ Although the fourth peak 'er‘edicted above is not-observed, a signal is present at m/z
© 1211 arising from the addition of a Na* ion rather tﬁan a proton. Experiments are
underway in the fésearch group of Dr. Jim Ball‘enﬁee at Swansea to investigate wﬁether
the iri;eneities of ions of the _forrher type may be enhanced (at the expense of the

sodium;containing speeies) by addition of appropriate compounds.

Aneiogeus 'behavieur is obsex;ved for t_he. complexes of the dicationic corﬁpl’exes such as
- [Pb. 4012+. ‘In facf in these cases~ the most intense s'ignel is almost invariably that
correspondmg to. M2+ appearmg at M/2. For example, for [Pb.40]2*, the cation. mass is
-1168 and the strongest signal occurred at 584. Tnﬂate assoc1ated signals predlcted

using the 'aboye analysis were also observed.

- 889.6
739.7 IR
890.6 .
10395
740.6 o o
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FIGURE 4.15 A portion "of'thé electrospfay ienisdtion mass spectrum (positive ion
detecuon) for [TB.39)3+, showmg the szgnals arzsmg from the association of triflate

anzons with the catzon
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" 4.12 Luminescence of the Europium Complexes of 39 - 42
In principle, the naphthyl gfoﬁp may function as an antenna chromophoré, sensitising
the luminescence of the bound lanthanide ion. For europiﬁm,'thé eﬁergy of the
emissive excited 5Dy state lies 47 kJ mol-! below that of the triplet state of free
Anaph'thalcne. This eﬁergy ga,p‘ is relatively small and mighp be expected to favour
efficient energy transfer from the naphthyl group to the metal, as discussed in-section
2.11. The char"acteristié europium luminescence was. indeqd observed for the europium
complexes of both 39 and 40 upon e_xcitation at 270 nfn. The luxﬁinescence excitation
spectra confirmed 4th—at sénsitisation through the naphthyl groups was occurring. The
- emission spectrum. of [Eu.39]3* is shown in Figure- 4.16.. That of A[Eu.40]3+ is very -
similar, reﬂectirig the similarity of the immédiate coordination environments of the
metal in the two corﬁplexes.' Comparison with the spectra in Figure 3.15 (see also
Tablé 3.2) shows that there is a distinct similarity to the spectrum of [Eu.DOTA]J, with
- arelatively- hig-h AJ =1/ AJ =2 ratio and with the shorter wévclenéth component of the

Al=2 bar‘ld. displaying a much higher intensity than its lohger wavele;xgth neighbour.
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FIGURE 416 Metal luminescence emission spectrum of [Eu.39.]3 "' in D50 following

excitation at 270 nm .
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Again, the luminescence was weak, with quantum yields. of the order of 4 x 104 in
'C]j3OD. lOne important reason for this is apparent frOrﬁ the fluorescence spectrum of
_the naphthyl group in thé europium complexes. Reference t0 Table 4.4 s.h.ows that the
ﬂﬁorescence qua_mtum yield of [Eu.39]3; is very much lower than that of the terbium
complex or the f_rg:e ligaﬁd, 'béth'in H,0 and in CH3CN. This behaviour probably
reﬂeéts the fact that Eﬁ3f is able.‘ t(; deactivate the naphthyl excited singlet state
~ efﬁcienily, through an electron uapsfer mechanism involving transient formation of
Eu2*. Sucha précess is favoured by the relative ease of reduction of Eu* to Eu?* as
mentioned earlier. Indeed a Study of intermolecular quenching of this type has been
carried oﬁt34. and a bifnolecular. quénching ra'te_'cq\nstant; of 7.2 x 10% M-1s-1'was
| reported-in CH3CN (briefly alluded .io in section 4.9). This high rate constant, coupled
with the_ l_ligh lo’éal concentration of. 'Eu34+ in the vicinityj of the naph'.thyl jgroﬁp, will
' result in election trans‘fer'q.uenching which is highly competitive with fluorescence,
accounting for thé‘ reducéd- quantum yield. Clearly, triplet forrnation will _suffer for the

same reason and hence the naphthyl-sensitised metal emission will be low.

~ The europium complexes of the ‘Bis-n'aphthyl contéjning ligands 41 and 42 were also
preparéd in CH3CN. Bearing in mind that these co;llpounds emi; strohgly around 400
| nm (the excimer band) and tha_f the free Eu3* ion displaiys -one of its strongest
absorption bands at 397 nm (e = 3 M- 1s1)35, the; overlap integral, J, for energy transfer
frofn- thé naphthyl éxcimer to the boﬁnd europium ion should be high (this applies to
both of £he:energy transfer mechanisms discussed in section 2.1_1).- On this basis, it was
~ hoped that the égropium complexes of these ligands would show more intense metal
“emission than [Eu.39]3* and [Eu.40]%*. Unfortunately, this did not prove to be the
case. The most likely explanation is that the electron transfer quériching -pathwéy is t0o
| fast relative to excimer forfnati_oﬁ and subé_equent enérgy transfer to the metal. Again,

the total fluorescence emission intensity was greatly reduced (Table 4.5).
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| The excited- state lifetimes have been measured in prdtiated and deuteriated solvents.
Use of the Horrocks-equation (section 1.3.3) gii/é_s q values of 1.37 and 1.33 for
[Eu.39]2+_ _and [Eu.40]2+ respectively; Given that only one water molecule is bound to
europium in the related, more hydrophilic complex [Eu.38]3+(3), a q' value of unity
wouid have been expected. The reason behind this discrepancy became apparent when
lifetimes were recorded in~acet0ﬁitriie. When measurements of lifetimes were
corﬁpared for dried samples of [Eu.39]3* or [Eu.40]3* in MeCN and in MeCN after
H/D exchange of the amide NH hydrogens (i.e. after dissolution in D,0), it was found
that the lifetime after H/D exchange was significantly longef (Table 4.‘8). Enhanced
- phosphorescence emision intensitiés were also noted féllowing H/D.exchange. A

: §imilar NWND exchange occurred raéidly in ;ieutériomethano-l and the lifetimes in the
| deuteﬁated solvept were. appreciably longér than those found in CH30H (Table 4.8).
Such behaviour implies that there is an additional deactivation mechanism for the
- europium SD_(')' state through coupling to amide NH vibrational levels as mentioned in

-Chabter 3. Such a mechanism is much less efficient for amide N-D vibrations, owing
1o tlleif llower stretching frequencies. An effeét of this sort has ﬁOt ‘been reported before
fo;' an ami_de-boundleuropium corﬁplex although the efféct has been noted with a 7-
coordinate ligand based on 12N4 where the single ring secondary jcimine‘ underwent

rapid NH/D f;xchange and led to a lengthening of the excited state lifetime. 36

This NH/ND éxchange appeared to occur fapidly only with the europium complex.
Monitoring of tlie‘_:llH NMR spectrum of tﬁc' related ﬁtrium complex of 40 showed that
amide NH/ND exchangc‘occurf'ed quite slowly (eg. thé émide resonance was still
épparent in D,O seQeral hours after dissolution of the complex and the CH; protons of
the C;oH7CH,NH unit appeared as a doublet). This may be aScﬁbed to the easeb of
reduction of the eﬁropium co.m[»)lex (Eulll o Euﬂ)_ in such a‘wa& that the europium acts
as a-charge sink in t.he#H{D exéhaﬁge mechanism, promoting amide imidolisation

(Scheme 4.6).”
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TABLE 4. 8 L1fet1mes of the excited states of [Eu. 39)3+ and [Eu. 40]3+ and the effect of
N-H / N-D exchange-

: Cprhplex ~ Solvent - t/ms . k/ms!

C[Eu39* - H0 . .058 1.72

~ | D0 2400 042
CHiCN2 085 1.18
CH,;CNP 190 0.53
CH;0H - 067 1.49
CD;0D 2.07 S 048

. [Eu.d0p3* . H0 059 . - . 169

7 Do - 240 - 042

- CHsCN3¢ .~ 12 098
(CHyCNbS 180 056 -
CHOHC 074 135
CD;0D¢ - 211 047

(a) No 31gn1ﬁcant change in T was found in CD3CN (b) After N-H/N-D exchange
following dissolution of the complex in DO followed by drying of the complex in .

vacuo (<10'2 mmHg, 60°C, 3h). (©) Quantum yields of [Eu. 4013+ were as follows: in
. CH30H, 0.12 x 107, mCD3OD 0.38 x 103; in CH3CN 0.19 x 10-%; and in CH3CN

after H/D exchange, 0. 27 X 10 3.

-,
Me/ ' 9 S o /- 2+

SCHEME 4.6 Posszble role of europium in promotmg N-H /N-D exchange
(R = Me or CHsz here) :

- The rate constant for depopulation of the europium excited state in water may be

| partitioned as the sum of the different c‘ontributions‘ (equation 45) where Kpat 1S the
| ) natural lummescence rate constant for em1ss1on k the rate constant for non- radlatrve
deactrvauon kOH the rate constant for energy transfer to coordinated OH oscillators

and kny the rate constant for-energy transfer to prox1mate NH oscillators.

207



. Chapter 4

ky,0 = Knpat + knr + koH + kNH | (45)
If kp,o = knat + kpp, then equation (46) holds.
kn,0-kp,o = ko +kng (46).

In the absence of an NH/ND effect and assuming that q =1 (as is suggested by the X-
~ ray anaiysis of a structurally similar compound,_[Eu.38]3+), then kgy = 1/1.05 =0.95
(ms)~! (from equations 5 and 46). From this it follows that for [Eu.39]3+ (using

equaﬁon 46 with values-from Table 4.8):
1.72-0.42 = 095+ kyy giving kyy = 0.35 (ms)1 =350 °1

A similar analysis for [Eu.40]3+ gives kyy = 320 sl 'Of course, the use of the
Horrocks Ag, parameter to estimate thé deactivatiﬁg contribution of the bound water is
‘ pérhapé. of limited validity, bearing in mind tﬁé error quoted by Horrocks discussed in
Chébter 3. On the other hand, usiné the ﬁfeﬁme data for tfle behaviour of the complex
" in MeCN prior to and after amide H/D exchange, where the problem of esﬁmétiné the
| O-H'con,tribu_tion does not arise, a_ yah'xe of 420 sl is éalcu_lated. The reasonable
agreement between thése va’lues would suggestr_ that this is probably-a» fajﬂy, reliable
Aestimate of tﬁe relative contribution of coupling of Athe amide NH oscillators .(VNH =

3250 ¢cm™!) to the Eu 5D0 emissive state. o 4' ' -

Luminescence lifétimes of the europium complex of 38 have been reported very
recently.3 Values of k of 1.93 and 0.46 (ms)! were reported in HyO and D0
respectively (éorreépbnding toq= 1.54). These values are not dissimilar to those in
Table 4.8 and are conSisEnt witﬁ the theory outlined above. Indeed ky,0 is rather
larger than the values for [Eu.3913* and [Eu.40]>* which is fully consistent with this
theory és there are, of courSé, rhor_c N-H bonds in the prim@ amide complex
[Eu.3813*. A value of 520 s”! (for 8 N-H oscillators) ~may‘be calculated in this case.
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There are of conrse two different N-H stretches for a primary. amide. These have
different energ1es (11terature vmax values are 3390 and 3210 cm 1) and will therefore
have dlfferent quenching effects on europlum Thus one would not expect the

,deactlvatmg effect for eight oscillators in [Eu.38]3+. to be exactly double that for four of
them in‘ [Eu.39]-3_+ and [E'u.4'0]-3‘;. The authors of the work in question chose to ignore
- any significance of a q value of 1.54 and disrnissed_ it as being within the usual qnoted

~error of £0.5.

4.13 Luminescence properﬁes of the terbium complexes of 39 and 40

' 4.13.1 Introduction )

The terblum complexes of 39 and 40 dlsplayed only very weak emission. - However,
degassmg of the solutions resulted in an enormous mcrease in the 1ntensrty of the metal
lummescence Itis well-estabhshed that dissolved molecular oxygen has little effect on |
' terblum lummescence (Chapter 1). On the other hand, the naphthyl triplet state will be
susceptlble to rapid quenching by molecular oxygen. Bearing in rnmd the small energy
gap between the emissive Tb Dy state (244'kJ mol!) and the triplet naphthyl level
(255kJ mol‘,1 is literatu're valne for nlaphthalene itself, 'l'able 4.1), this behaviour could
be tentatively ascribed to a backbenergy—transfer process from the metal emissive state
" 10 the naphthyl triplet, which is subsequently deactlvated by molecular oxygen. Such
an explanation would '_n0t be unprecedented (see sections 1.3.4 and 1.7.1). Since the

- back energy transfer process would require thermal activation, a marked temperature

‘ dependence would be expected.

4.13.2 Characteristics of the terbium emission spec.t_rar

The terbium emission spectrum sho'wed bands at the. wavelengths expected for the

| “transitions normally observed- However whilst it was noted in Chapter 3 that the
terblum spectra for the am1de tns—phosphmates were essentially identical to those of the

| tetraphosphmates here there are two very notable differences (Figure 4.17 cf. Figure
2.11). Firstly, the J = 6 band shows substantially enhanced intensity relative to the J = 5

band when compared to the tetraphosphinate complexes. Actually, it is well-known
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that the J = 6 band is sensitive to the metal envifonment37 and so this observation is not
altogether surprising. -A fnore interesting point is Vthe difference in the fine structure.
Here, the J: =6 and J = 5 bands do not display any sign of s‘ﬁlitting, in complete contrast
to the phosphinate complexes. Since fine structure is reduced upon _rnovihg to higher
symfnetry, this observation could be interpreted in terms of higher symmétry in the
E -tetraamide compléxes compared to the .,tetraphosphi'nates and may reflect the change
from a square zintipris.rnatic geometry for the former to the inverted square antiprismatic

structure of the latter._

120 111.|1|||l|1<||[1LJ_|||||-l|'|:1

=l

oo
<

(=) .

[\
<O

II‘IIIIIIUlllllllllllllll

Intensity .
. (arbitrary units) :
. =)
S
| I I . | I ) - | I - 1 l 1 1 | I L. 1

1|IIA'|lrr]rlrlllllllllllllﬁ*fl

400 450 500 550 - 600 650 - 700

o

wavelength / nm

. FIGURE 4.17 -Metal luminescence emission vspéctrum of [Tb.39 13+ in D,0 (degassed)
following excitation at 270 nm (excitation and emission monochromator slit widths of
2.5nm) - ' '

The emissive quantum yield of [Tb'.39]3+r in degassed ethanol solution at 295K was
deterr'nined,m be 0.11 by means of the ﬂubrimeter (using quinine sulfate as the
staxidard). _ This.cbrﬂpareS»to emission which was barely détectable using the same

instrument under aerated conditions. B -
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" 4.13.3 A Flash Photolysis Study |
With the assistance of Dr. Andrew Beeby'of the University of Durham, a nanosecond
laser flash photoly31s study was undertaken for [Th. 39]3+ in order to investigate, in
more detail, the possibility of a thermally acnvated back energy transfer process as
mentloned above. The expenme_ntal ‘details for these experiments are described in
Chapter 5.. A xenon chloride excimer laser was used to excite the sample at 308 nm.
The duration of each laser.puls_e was 20 ns. During this time, the u_'iplet level of the
naphthyl group is populated td a significant extent, owing to the very high intensity of
the laser pdlse and this _allows the absorbance of the tﬁplet state to be monitored (see
- diagram 5.8). The absorbance at several wavelengths in the range 360 - 430 nm was
- recorded an-d'the maximum absdrbance occurred at 410 nm. 'ffhis is close to the
literature value for XmaxT'T of naphthalene of 415 nm (Tabie 4.1). Fortur_lately, -gro'und -
state naphthalene does not absorb Iat'thi's waveleﬁgth and so the observed absocptjon is a':
direct rheasufe of the population of the triplet state. The rate of deactivation of the
triplet state can therefore be probed by monitoring the decay of the absorbance at this
- wavelength, followmg the excuatlon pulse. A small modlﬁcauon of the mstrumental
. set-up also allowed the decay of the terblum lummescence to be monitored on a much

- shorter tlmescale than that which could be achieved on the fluorimeter.

A degassed solution of [Tb.39]3":' in water (1073 M)-a.t‘room temperature was examined
in this way. The terbium luminescence showed an initial rapid- rise over a few
: mici‘osek:onds followed by a slow decay over several milliseconds (see Figdres 4.19 and
4.20 showing behaviour in ethanol). The pfoﬁle could be~ﬁtted~ to the sum of two-
exponentials 'wi;h good ‘residuals, and acquisition of ‘data. on short, intermediate and
-long timescales (1, 10_ and 106 ps per division oa the oscilloscope) allowed two rate
: constants to be extracted. ~"I'ﬁhe fate constant, k;, for the initial, rapid growth of the

e.mission had a value of about 270 000 s°! (T = 3.7 us) whilst the rate constant, kj, for

the slow decay was 1340 s’ (t=0.75 ms).
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| The naphthyl triplet absorption, on the other hand, displayed a rapid decay over the first
few mieroseconds, with kj about 250 000 s'1. The similarity of this value to the rate of
growth of the terbium emission is strong evidence in sunpoft of an energy transfer
~ process from the triplet state of the naphthyl group to the terbium. Following this initial
fast decay, the triplet naphthyl was observed to decay over a much longer timescale
with a rate constant, kj, of 1500 s’i, which is close to the decay constant of 1340 s
found for the térbium decay. .This observation can be interpreted m terms of formation
of triplet naphthalene by energy transfer from the terbium excited state. In other words,
an equilibrium is set up between the tnplet naphthyl state and the terblum 5D4 excited
- state, with the result that both decay at the same rate. The rapid growth of 3Np through
*.inter-systern crossing frem the excited singl'e't‘state occurred on a timescale which was
too fast to monitor using the available instrumentation. The possibility of direct energy

transfer from the singlet state to the metal could not be investigated for the same reason.

-Theeffect of oxygen on these four rate constants was examined by studying the
' behaiionr in the presence of a known pressure of oxygen. This was achieved by
intreducin_g air into the sample threugh a vacuum line with an aneroid pressure gauge
attached. The voltage across the gauge was directly proportional to the pressure and,
assuming that at atmospheric pressure, [O5] = 0.29 x 103 M in water (Table 4.2), this
allowed the concentration of dissol_ved okygen to be detemmed at each press'une. Not
~ surprisingly, the rate of the initial fast decay of 3Np was increased on introduction of
oxygen, reﬂectlng the fact that there is now an addmonal pathway-for 3Np deactivation,
namely quenchmg by oxygen; the s1gn1ﬁcance of whlch increases as the oxygen
concentration increases. In the presence of a quenching species, the observed radiative

rate constant; k¢, of an emitting or absorbing state is giQen by:
ke = kO + Tk +kg[Ql @n .
where the symbols have their usual meanings as in preceeding chapters. Thus, a plot of

‘the observed rate constant of deactivation against the concentration of the quencher Q
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should y1e1d a stralght hne of gradient kQ The k; values for the 3Np state were plotted
-against the 02 concentratlon and a hnear relatlonshrp was indeed observed. A value of
1 26 x 109 M 1s -1 was obtalned for the second order rate constant for the quenching
process. A similar analys1s has been carried out for the rate constants, k;, associated
with the growth of the terblum emission (Flgure 4.18). A kg value of 1.4 x 10° M-1s°!
was detennined in this case. The:sim'ilarity ef these ‘values is again consistent twith
_ terbium sensitisation by the 3.Np state. The. valuesr'are similar to the literature kg values
for oxygen _quenching ef the' triplet state of free naphthalene (Table 4.1). The rate
constant for the decay of the terbium emission was also increased on introduction of

- oxygen, which is further evidence in support of the proposed back energy transfer.
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-FIGURE 4. 18 The eﬁect of oxygen on the rate contant, ky, for the growth of terbtum

emission, followmg laser excitation at 308 nm and detection at 490 nm.

As pomted out earher the back energy transfer process is hkely to require -thermal
'actlvatron as the triplet state of the naphthyl group is expected to be of slightly higher
energy than-the Tb 5D4 state. Thus, one would expect the back energy transfer process
to be reduced as the temperature is lowered Of course, at low temperatures, the

- efficiency of other non- rad1at1ve deactivation pathways for both the terbium excited
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| state and the 3Np will also ,be diminished and so a decrease in the rate constants would
be expected. A vanable temperature study was undertaken making use of an Oxford
Instruments cryostat in Wthh the temperature of the. sample is controlled by allowmg a
.ﬂow of liquid nitrogen into the sample chamber which is counterbalanced by the
application of an electric current to a heater in the chamber (cf. VT NMR). The
temperature was monitored by means of a thermocouple and the current required to
maintain the desired temperature was controlled electronically. (Further details in
, Chapter 5, section 5.2.9). Higher temperatures were obtained through the use of a
thermostatted water Abath which rapi(ily circulated warm lwater through the sample
 holder. Ethanol was used. as the solvent for this work as it allows a large range of

~temperatures to be exammed in fluid solution “The range 150.- 330K was mvestlgated

The growth and decay profiles at 150 and 300 K are shown in Figures 4.19 and 4.20.
The rate'constant for decay of the terbium luminescence is seen to be reduced from .
,.1250 s-1 at 300K to 500 s'1 at 150K and the decay of the long-lived 3Np shows a
: srmilar pattern, w1th a reductlon in ky from 1500 to 500 s 1 Again, decay profiles
whlch are common to both the metal and the 3Np are consistent with formation of the
latter through 'back energy transfer from the terbium excited state. A further feature is
also- apparent from these decay curves. Although the amount of - 3Np initially formed is
about the same at both temperatures (mitial triplet-triplet absorbance 1s apprommately
-' equal for the two proﬁles in Figure 4.19), at later times after the flash, there i is much
less 3-Np“at 1_50K,;as ev_idehced by the smaller triplet.absorbance at 150K compared to
3OOK in Figure 4.20. This indicates that the back energy transfer' is indeed a thermally-
activated process. R’eduction of the'temperature from 300K to 150K is seen to ,reduce |
- substantially its signifiCance. ' The ratio of the amount of 3Np at long' time intervals (i,-e.
that which is formed'byenergy transfer from terbium) to the amount produced. initially
(by 1nter-system crossmg from the smglet) as measured by the absorbances, is a useful
measure of" the extent to which the back energy transfer is occurrmg Thrs ratio is
| _ effectively the equrhbnum constant K for the back energy transfer process and was

determmed at several different temperatures The variation of K with temperature

214









~ Chapter 4

should allow the enthalpy change, AHD, of the energy transfer process to be estimated

through application of the van't Hoff -isochore'(equation 48). -

. AHYT) -
dinK ~ _ ‘ (T) 48)
dT : RT? o

Since (d/dT)(l/T) -T2, an altematrve form of equatron (48) is that given below

dan . - AHO(T) ’ (49)

* Thus, the gradient of a.plot of In K against T at a given temperature will provide the
value of AHO at this tempe_rature.» "'Since'AHO is often only weakly temperature-
| dependent such a plot may approximate to a straight line. An analysis of this type was
carned out on'the ﬂash photolysis data and the result is shown in Frgure 421. The plot
| does indeed g1ve a reasonable stranht line and the enthalpy change AHP for the back
~ energy transfer process is estrmated from the gradient to be 4 5 kJ moll. Using
' hterature values for the triplet level of naphthalene and the energy of the excited -
~ terbium level, an energy gap of 11 kJ mol-1 would be pred1cted, although it should be
" noted that. this refers to AGO rather than to AH0 -The value of AGO at 298K is estirnated
to be 2 5 kJ mol 1 usmg the In. K value at this temperature Of course, one would not
expect perfect agreement with the hterature estrmate as the naphthyl tnplet energy in

[Tb. 39]3"'(aq) will 1nev1tably drffer from that of naphthalene 1tse1f

4.13.4 Effect of B cyclodextrm on terbrum lummoscence '

: Reference to Table 4 7 shows that b1nd1ng of B- cyclodextnn to [Tb 39]3+ (degassed
aqueous solutron) under the condmons grven in the table leads to a srgmﬁcant increase
in the ﬂuorescence em1ssron 1ntensrty of the naphthyl chromophore The. increase
(13%) is of a 31m11ar magnrtude to- that observed for the zinc complex and can be
1nterpreted in terms of reduced non-radiative- deactlvatlon of the: excited smglet state.

‘Of more mterest here is. the much larger rise, 44%, in the mtensxty of the metal emission
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" FIGURE 4.21 ‘A plot of In K versus T where K is the equilibrium constant for the
back energy transfer process, as determined from the trzplet absorbances at short and -

long time zntervals after the excitation flash.

toéethef .with a--signi’ﬁcant. lengthening of the luminescence lifetime (0.67 - 0.85 ms).
- These obseryations would appear to ind_icate that the"r_e. is'a reduction in the efficiency of
~ the back energy transfer deactivation process; It ié' probably not so much the energy
" transfer process,itself which is affected, hut tather the fact that the triplet naphthyi
fermed as 'a'result of the bach energy transfer is subject ta reduced'degree’ of non-
radiative deacti‘vation, in a.similar manner to the singlet state.. Enhanced
pho_sphorescence is c_ommonly observed 'for» aryl groups inclu.ded inside
cyclodextrins. 3238 '~Indeed,‘-. the effect on phoSphorescence is ‘generally more marked
than for flu'orescence,'- partly because triplet-triplet annihilation, a common
»pho‘sp‘horescence quenching channei is- greatly suppressed on binding" to the
- cyclodextrm Thus, the hfeume of the 3Np will-be mcreased and, since the Tb 5D, state
isin equlhbnum w1th the 3Np as deduced from the ﬂash ‘photolysis studies above, this
| , 1ncrease w111 also be reflected m a lengthemng of the térbium lifetime and an
enhancement of the metal luminescence mtensny Indeed the results of this experiment
. serve to relnforce the conclusnons drawn earlier concemmg th1s equlhbnum |
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*4.14 Other experiments using flash phdtolysis

As pointed t)ut earlier, the xnetal emission of the europium complex was weak and the

fluorescence of the naphthyl gronp was mnch lower than that of the terbium complex.

It wassuggested that this is probably due to an electron transfer precess from the
excited naphthyl singlet state to the Eu3* ion, favoured by the relative ease of reduction
of Eu3* to Eu?*. Such a process eught to lead to transient formation of a naphthyl
" radical cation, Np *. The tripiet—triplét abot‘ption spectrum of sucha species is reported
to have an -ahsorbance rnaximum‘of 685 nm.11 A flash photolysis experiment was
carried out on [Eu.39]3,+ in CH3CN and the absorbance at this wavelength was probed.
There was no. evidence for the formation of a Np * transient. Of course, this does not
necessarily mean that such a species-is not fpnned,'rather that charge recombination
| .occu_rs‘ on a timescale which is faster than that which could be monitored using the

instrumentation available.

The 1mportance of amine-to-aryl photomduced electron transfer as a deactivation
: pathway for the naphthyl exc1ted singlet state has been d1scussed in some detall in
preceedlng sectlons The perturbatxon of the rate of this process accounts for the
fluorescence enhancements observed .on bmdmg of metals or on protonatlon " The
effect of metal complexation on the triplet state of the naphthyl group was examined
using the l'aseri flash photolysis apparatus, monitoring the 3Np T-T absorbanee at 410
nm. The 3Np state of the free ligand 39 in degassed CH3CN dlsplayed
monoexponent1a1 decay, with a rate constant, k, of 12 200-s°! at room temperature.
Addmon_of 5 equtvalents of zinc triflate to this solution, followed by degassmg,
resulted in a red‘ueti‘on of the tripiet decay rate constant to 8400 st corresponding to an
increase inNthe' tﬁplet'lifetime from 82 te 120 us on binding of zinc. ”fhis seems.to
indicate that photbindueed electron transfer from the amine nitrogen atoms may also
sefveas a deaetivation »pathway for the triplet state of naphthalene, in a similar manner
to the singlet. (’_l'his' is censistent with the reports of pthers; for example, Davidson has
shown that the triplet excited state of l;chlo'ronaph'thalene is quenched' by tertiary
ami'nes_in polar seivents39). Such a-process will again he disfavonred by metal binding,
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owing to the increase in the ox1dation potentlal of the amine mtrogens Of course, the
behavrour w111 be quantitatlvely drfferent from that observed for the singlet (and the
concomitant changes in fluorescence) since the redox properties of the triplet and

~ singlet states will differ.

4.15 Terbium and Europium Complexes of 12N4 tetraamides incorporating a
qumolmone group as sensmser |

As pointed out in Chapter 1, the number of different types of sensmser which have been
‘ 1nvest1gated in con]unctlon w1th highly stable, water soluble complexes of europium
and terblum is quite hmited A recent report (September 1994) described the use of a
Eu3* complex of a DTPA based hgand mod1f1ed with a 7-amino-4- methyl 2(1H)
‘ qumohnone group as sensitiser (Flgure 4. 22) 40 This chromophore has the trivial name
_ ’carbostynl 124 and is denoted csl24 in subsequent discussions. The initial report was |
concerned with the ‘use of this compl_exr as an energy donor in distance ,measurements
 based on energy _transfer efﬁciencieS‘ (cf. section 2.11). Two subsequent reports have
- appeared; one on the use of the analog'ous terbium "c_omplex‘“ and a second describing
~the use of the same chromophore linked, as an amide, through one of the carboxylates

" of TTHA, TETA or DOTA.#2

In each of these reports_, it lwas--cljaim’ed- that the emissive quantum yield of the
lanthanide ion (as'opposed to the quantum yield of the entire comple_x) is probably
almost unity in DZQ- This quantum yield was no.t actually measured. The authors’
attempted to j‘ustify this rather bold statement on the basis that D,0 is very inefficient at
| deacti\ta'ting terbium luminescence, that.the carbostyril .siensitiser does not contribute to
| I_n_on-radiative deexcitation and,'.thirdly, that "polyaminocarboxylate chelates are known:
to have group frei]uencies which are unabl'e to deexcite lanthanides."- Withi. respect to
this. third point, the authors cite the early papers-b'y Horrocks on the use of lifetime
measurements in D20. and H,O for determination of q values. In fact, Horrocks has not
claimed that such ligands are unable to deactivate the excited states of the lanthanides.
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56

CY-5

DNA oligomer ~ .

FIGURE 4.22 The Eu3* cs124 complex used as an energy donor in distance
measurements based on energy transfer efficiencies,>® CY-5 is an organic dye and acts

as the energy acceptor here.

Réthéf he assumed, as others. have-done, that the sum (k0+ Zk;™M) (section 1.3.3) was
not signiﬁcantly different in HyO compared to D,O (allowing the differéncé k}izo -
kp,o to be related to the number of bound water molecules): ‘There was no reason to
assume that Zki‘“’ was »zero; In fact, the work described in Chaptef 3 has shown that C-
'H bonds, for example, m‘ay be able to deactivate the 1anthanide excited state to some
extent. -The deac;ti;ation pathways of lanthanide ions are cerfainlynot,sufficiently well
understood 't‘oAsimply assume th@it there aré no other rﬁechanisms available. The
lluminescerllc'e_' lifetin’1es‘ here are not as high as in some structurally related complexes of
- similar symmetfy,Where vaiues of k0 would be eipec_ted to be similar. For example,
_Tpyo for the terbium éomblex of the DOTA-based ligand has a value of 2.61 ms, which
is substantially less than ”th.e valué of 4.30 ms for, say, [Tb.31]. This "seems. to imply
that there are indeed bthef deactivation mechanisms operatiize. ‘ |
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A further piece of evidence was used to support the assumption .‘o.f an emissive quantum
yield of nnity, namely that the energy transfer experiments, making use of Forster
theory to calculate Rg, were. in gond agreement with the donor-acceptor distances
| 'obtained using conventional ﬂnoreseenee resonance energy transfer experiments and
the known lengths of the DNA chains. Actually_, the Ry value is relatively insensitive to
the value .of theemissive quanturn yield of the donor, ¢p, owing to the sixth root

. dependence (equation 50)'39
RS = 879x105T2n%¢p) A (50)

’ wnere the syrnbols have themeanings gi\renrin seetion 2.11. Thus, rhe authors calculate
an Ro value of 65 A_based on a donor emissive quanturn yield of unity. If one assumes.
‘a more reélisﬁc'velue of, say, 0.25, then RO dec&ases to 52 A. Pr_oport'ionateln,ihis is d .
»relatively small‘.‘chénge and could stdl be. rougnly consistent with the expected
Separatien‘-of denor and acceptor, :especially bearing in mind_-_ that ,t-here is' some
' uncertainty regarding the exaet positions of the dyes due to the flexible six-carbon

. linkers used for attachment.

" Aside from this assumption of a quantum yield of unity, the work has a rnore important
shortcorning, namely that-the- overall emissive quantum yields for the complexes, on
excitation of the>c3124"chromophore‘,_were not measured. In other words, there is no
way of conclulding' from the work published so far Whether or not the csl2d grdup is an
'e_zﬂicienr sensitiser of europium and terbium. The--aut_hors méd’ntainthdt the quantum
yield of interest'," is the probability that rhe lanthanide re-emits light after it has been
excited. On this basis, one might just as well use [Tb.DOTAJ or [Eu.'DOTA]'. The

' questlon of the efﬁmency of the energy transfer from the chromophore to the metal was

not addressed

In connection w1th the work descnbed in- this thesrs and the search for efficient
sensmsers of europrum and terbium, it was of interest to determine the overall quantum
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| yields attainable through the use of cs124 as sensitiser. Thrs after all, is the factor
which determrnes the surtablhty of a given system for the applications in mind and not
just the quantum yield of leSSlOIl ‘The ligand 57 was therefore prepared using the
procedure shown in Scheme 4. 7 again making use of the molybdenum tricarbonyl
complex of 12Ny to allow selective functionalisation of one of the four ring nitrogens.
The final product was purified -by reverse-phase HPLC and the terbium and europium
complexes were subsequently. prepared by reaction with the appropriate metal triflate in

- CH3CN, as described for the naphthyl compounds 39 and 40.

Llfetrmes ﬂuorescence quantum y1elds of the cs124 group and metal luminescence
quantum y1elds have been determined for the 2 complexes in H,O and D20 and the
results are shown in Table 49, together w1th the q values determmed by the Horrocks
equatlon The hydratton state of the terbrum complex is about 1, mdrcattng one bound
water- molecule, an observation whtch is entirely consistent with previous results on
12Ny-tetraamide complexes as described earlier. “The europium complex displays a
significantly -higher q value of 1.28. This is again consistent with an N-H / N;'D
. exchunge process "of the type described for the'europium complexes of the naphthyl
ligands 39 and 40. ItlS reassuring to find this behaviour reproduced here, as the.3

structures are very similar.
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- CICH,coCl *~

‘ = HN N0
. ~N"So BN/ CH,Cl, | N
e

1. [12N,.Mo(CO),]
2. HCl(aq) / air

. : o H /\
| 57 " ~ MeNHCOCH,CI [ j
H "H

SCHEME 4.7 The synthetic procedufe used in the preparation- of ligand 57

- The quantum yield of 'ﬂuoreécénce'for the 5512‘4 »mb.iety is lower in the terbium
complex than in the free ligand (Table 4.9). Thls could be iniérpreted in terms of
energy transfer from the excited singlet state of the chromophore to the bound metal.
‘ Bearing' in"‘mihd that the energy ,tfansfer_normally occurs from the triplet state (Chapter
1), a rather m_ore likely explanation is that the ianthanide ion, with its high spin-orbit
coubling constant, 'is able to enhance the rate of inter-system crossing. Of rather more
interest is the observation that ¢p. for the europium é‘dmplex i’s'signiﬁéantly lower than
that of the tefbiﬁm complex. This could again be due to an electron transfer process
from the excited singlet state of the ziryl chromophofe to &e metal, with fransient

formation of Eu2* and a radical cation.

- Such an effect could also account for the relatively low. metal luminescence quantum

ylelds observed for the europlum complex (H,0: 0.006; D,0: 0.014). Sensmsatmn of

- terblum is clearly more efﬁc1ent with quantum yields an order of magnitude higher.
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For both metals, the room temperature metal luminescence excitation spectra (see
Figure 4.23) closely resembled the UV absorption: spectra, consistent with an energy
transfer process from the chromophore. Thus, we can conclude that cs124 does indeed

provide reasonably efficient sensitisation of both metals, but is apparently rather more

‘suited to terbium.

The metal excitation spectrum in aqueous solution at 295K resembles that ptovided by
Li and Selvin in their related work. An excitation spectrum was also recorded in
| ethanol at 150K and is shown in Figure 4 23. Compared to the room temperature
spectrum in aqueous solution, a small bathochromic shift is noted and there appear to

be some additional bands. These almost certainly reflect a partial resolutlon of the

- vibrational fine structure on reducing the temperature.

TABLE 4.9 Luminescence data for the europium and terbium complexes of ligand 57

_'Compl_e'x  T(298K)/ms 0(298K)/ms - ¢ o
- D  HO DO . HO |
[EusT* 147 051 ,0.014 0.006 1.28 0.018
[Tb.5713+ - 112 0.88 0.15 0.3 . 102 0.04
Mos7P+ 200 138 028 025 104 0043

| (degassed) | - o |

a) qisthe hydrat10n state obtamed using the Horrocks equation.
b) A fluorescence quantum y1eld of 0.075 was. measured for the hgand 57 in water.

For both europlum and terbxum the appearance of the metal lummescence spectra were
very s1m11ar to those of the correspondlng complexes of hgands 39 and 40 (eg. compare
- figures 4.23 and 4.17). F_or example, the terbium. spectrum agam d1sp1ayed no splitting
of the_j =6 and J = 5 bands but agajn anenhanced i_ntensity of the former Was noted.
These observatiOns‘are consistent with the expected.similafity 1n the structures, all three

-ligands being N-substituted tetraamides.
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FIGURE 4.2_3 Left: Metal lumines_éénce excitation spectra (Agpy = 545 nm) of
[Tb.57 1P+ in water at 298K (dashed line) and in ethanol at 150K (solid line).

Right: Corre_c'ted emission spectrum (A, = 330 nm) of [Tb.57 13* in solution in ethanol
(20 uM) at 1 SOK Exci;‘ation and emission monochromator slit widths set to 2.5 nm. in

" each case. .

A further feature of the terbium complex is also apparent -from Table 4.9, namely' that a
substantial increase in both the quantum yield- of metal emission and of the
lur_ninéscence lifetime is observed upon degassing_of the solution. As explained for
[Tb.39]3+, si_hce: 'oxygén is knowﬁ to -have little direct effeét on lanthanide
luminescence, this is most likely,. to_reﬂe(:-t'a back energy t—rz-msferApr(')cess from the
metal to the triplet state of the chrdmophbre, which mavyvsubsequently be dt_aaétivated by
oxygen. The triplet energy of cs124 is not aVai_iabIe but ‘one might expect it to ‘bé of the .
order of 260 - 280 kJ mol'.1 \by comparison wit_h' Structurally-relafed coxﬁpounds
4. (amouhting to an energy gap relative to the Tb 5D, level of 5 -30 kJ mol'1). Under
such circumstances, significant back energy-transfer at roofn temperature would not be

unreasonable.
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* Again, such a process will require thermal activation and so a variable temperature

study of the lifetimes and intensities of the metal emission was undertaken in order to
probe the effect in more detail. The results are shown in Figure 4.24, for an aerated

solution of [Tb:57]3* in ethanol. Clearly, temperature has a very significant effect: the

lifetime at 225K is almost 4 times.its value at 335K and the intensities are greatly

affected. These observations are consistent with the proposed thermally-activated back

energy transfer-as a deactivation pathway for the excited terbium 5D4 state. The effects

of both temperature and oxygen are not as dramatlc as for [Tb.39]3*, where the

luminescence was barely detectable under aerated conditions at room temperature. This

- almost certainly reflects simply a larger energy gap between the Tb 5D4 level and the

triplet state of the chromophore in the present instance.

2 R 1'1 |' | TR W TS RO TR URAT RN N S WY N NS W E 50
- L 40
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‘ : temperature /K
FIGURE 4.24 The effect of temperature on the metal luminescence intensity;( circles)

" and lifetime (squares) for [Tb.57]3* in solution in ethanol (aerated), following

excitation at 320 nm.

Curlously, the previous work on the cs124 systems discussed above found no

temperature effect on exc1ted state hfetrmes However no- expenmental detalls

concemmg this pomt WETe prov1ded in any of the pubhcauons and it seems likely that

only two temperatures were exammed 278 and 295K. The effect over th1s range would
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7 be quite small and might have been dismissed as being within the experimental error of
the measurements "The authors mamtam that the similarity of the lifetimes obtained to
.those of structurally related complexes contarmng other sensitising groups is good

_' evidence for the lack of a deactivation pathway through the cs124 group, although only
two complexes were cited. .It is perhaps worth noting in passing that the back energy
transfer is not always lclear-cut for a glven chromophore. For example, it was pointed
out in Chapter 1 that back energy transfer to bipyridine is particularly efficient in the
terbium complex of cryptand 7. In contrast it was subsequently reported that no such
effect was observed for [Tb, 9]3+ even though thrs complex also has three metal-
‘coordmated b1pyr1d1ne units. This is a rather strange result but would appear to imply

 that the back energy transfer has a sensrtlve dependence on the exact structure of the

complex. Thus, itis perhaps not completely unreasonable for the cs124 unit to display

' d1fferent behav1our in [Tb 56] compared to [Tb 57] 3+ ,although such a dtfference would . |

be very dlfﬁcult to comprehend
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CHAPTER 5
Exp\erimental Procedures
J :
5.1 Synthéﬁc procedures and characterisation
5.1.1 General points
Reaction conditions
Reactions requiring an inert afrnosphere 6r anhydrous conditions were carried out under
a dynamic atrhosphere of dry, oxygen-free nitrogen of argon using standard Schlenk-
line techniques. Sbl&enté were dried from an appropriate drying agent Where required
- and water was purified by the Puritegry 1, plus’ system. |
‘ PurijiCation procedufes
Thin: layer chromatography was carried out using neutral aluminium oxide plétes
(Merck Art 5550) or silica plates (Merck Art 5554), both Atypes being fluorescent on
“irradiatidnA at 254 nm. Preparative '<A:01\‘1mn chromatography wa_s-tc‘:arried out using
. neutral alumina (Merck Aluminium Oxidg 90; activity If-HI,'70-23’O mesh) pre-treated ‘
wiAth" ethyl acetate; or _using silica (Merck Silica Gel 60, 230-400 mesh).
Dichlorométhane for chrpmatography was HPLC or Analar® grade; other eluants were
distilled pricr to use. Ana}ysis by HPLC was performed ‘by means of a Varian
9010/9065 Polychfom sysfem using, unless stated otherwisé, a Technicol Hypersil
50DS reverSe-phase column and a ifl.ow-_rate'of 1.4 cm3 mih'l. Pré'parative HPLC was

achieved using a*Varién Vista 5500/9050 syster_n.' a

Characterisatibn ’
Infra-red spéptra were recorded using a Perkin-Elmer 1600 FT 'spectro'm'eter- with
GRAMS Analyst operating software. -Solid samples wére incorporated into KBr discs;
" liquids and oils were examined ds thin films.. The acquisition of solution spectra in

methanol was achieved using calcium‘ﬂuoride__'so'lutidn cells (0.1 cm3). =
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The 1H spectra of the paramagneuc lanthanide complexes (mcludmg the two-
. d1mens10nal COSY spectra) were obtamed by workers at the University of Turin using
a JEOL EX-9O spectrometer at 90 MHz. The 13C{1H} spectra of these complexes were
| vauired using a JEOL EX-400 instrument at 100.6 Mﬂz. In these cases, the proton
and carbon chernical shifts were.‘referenced to the resonance of internal fert-butanol
(one drop; 'SH d, Sc '3173). Diamagnetic tWO-dimensional spectra and variable

‘ temperature studies were carried out at the University of Durham on a Varian VXR400.

All other NMR spectra were acquired using a Briiker AC250 spectrometer operating at
250.13, 62.9 and 101.1 MHz for 'H, 13C{1H4} and 31P{1H} measurements respectively.
' The 1 and 13C {IH} spectra were referenced mtemally to- residual protio-solvent
resonances and are. reported relatlve to TMS (8 0). The 3P{!H} spectra were-
referenced extemally relative to H3PO4 in D,O. All chemical shifts (8) are quoted in
ppm and couphng constants in Hz. The 31P T; relaxation times were measured at the
- University of Turin using JEOL EX- 90 GX 270 and EX-400 spectrometers operating

- at 36.4, 109.3 and 162 MHzr_respectlvely.

Mass spectra (EI, CI and DCD Awere recorded with a VG 707()E spectrometer with
A samples for desorption chemical ionisation being presented as solutions in chloroform
using ammonia as the impingent gas. Glycerol was used as the matrix for samples
req'uiring fast-latom'-bombardment spectra. 'Electrospray mass spectra were recorded at
the EPSRC Mass Spectrometry Service Centre, Umversrty of Wales, Swansea using a
VG Quattro II tnple quadrupole spectrometer, or at the University of Durham using a’

VG platform spectrometer.
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'5.1.2 Details for Chapter 2

Lanthanide complexes of 1,4,7,I0-tetraazacyclododecdne-l,4,7,10-tetrayltetra-

methyleneietra( benzylphosphinic acid), 27 .

Ligand 27 was provided by Dr. Kanthi Pulukkody, having been prepared according to -

the published p'rocedure.ll

-[Eu.2_7]' Europiurﬁ oxide (530 mg, 0:15 rﬁmol) was added to a solution of ligand 27
(250 mg, O.3Q mmol) i.n Purite water (20 cm?) at pH 2 and the rﬁixtﬁre_was héated to

reflux for 18 h to give a white suspénsion; “The pH was adjusted to- 6.5 (1% KOH
' éolutio’n) and the mikture heated under reflux for a further 2 h. On cooling, it was
ﬁlteréd through a 0.45 pm filter to yield a colourless solution. After concentrating to a
volume _of 4 cm3, the solution was left to crystallisé at 4°C giving a colourless
crystalline solid (190 mg, 64%), mp > 250°C. (D20, pD 6. 90MHz): -17.99 (4H,
. CHHP) -11.41 (4H, CHHP); -7.51 (4H CHHN ring); 450 (4H, CHHN ring); -2.08
(4H, PCHHPh) -0.72 (4H, PCHHPh) 0.75 (4H, CHHN ' ring); 9.47 (4H, para-H Ar);
10.78 (8H, meta—H Ar)' 14.08 (8H, ortho-H, Ar); 34.40 (4H, CHHN' ring). '8p{'1H}
(D20, pD 6):"+86.1. /2 (ES -): 992(100 M- for 151Eu); 994 (85, M for 133gy). IR
(KBr): 3064m (Ar-H str), 297 1m and 2859m (HC H), 1495m, 1453rn 1231m, 1165s, .
1117s, 1049s, 1031s, 801m, 699s, 602m.‘

[Tb.27] Te;biﬁn; acetate &hydfate, 101 mg, ‘(-).30 mmol) was added to an aqueous
solution of ligaind 27 (250 mg,‘ 0;30 mmol) and tﬁe' pH of the resulting solution~ raised
t0 6.5.(1% KOH solution). Aftér heating to reflux for 2h, the 'solution_ was concentrated
H to a volume of 4 cm3 and left to crystallise at 4C to yié_ld a colOu;less.crystalli.ne solid
" (130 mg, 43%). 8p{'HJ (D10, pD 6): +547. m/z (ES -): 999 (100, M"). _IR (KBr):

identical to that of [Eu.27]"..
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[Dy.27]" This was prepared from the ligand 27 (100.mg, 0.12 fn_rnol) and dysprosium
chloride '(héxahydrate, 45'mg, 0.12 mmol) by the procedure described above for the
terbium complex. Sp{ 1H} (D50, pD 6): +467. m/z (ES -): 1003 (100, M").' IR (KBr):

identical to that of [Eu27-

Other lanthanide complexes of the:ligand 27 were prepared on small scales in solution
without isolation, using a stoichiometric amount of the oxide or acetate salts, and

characterised by 31P{1H} NMR and ESMS spectra (Table 5.1).

TABLE 5.1 3P{!H} NMR chemical shifts and mass spectral data for the lanthanide

“complexes of ligand 27

Compl'ex‘ of ligand 27 31p chemical shift / ppm m/z for the complex®P
' (D50, pD 6): (ESMS neg_a_ﬁve ioh detection)

calculated mass in parenthesis®

Cerum .35 " 9806 (980.2)
Prascodymium 17 9815 (9812)

" Neodymium ~ ~ -09 I 982.5 (982.2)
Samarium 541 : 9927 (9922)
Europium . 860 - | 9933 (993.2)
Tetbium 541 998.6 (999.2)
Dysprosium 467 : ‘_ 1004.0 (1004.2)
Holmium 223 - 10058 (10052)
Ytterbium 404 10147 (10142)

- (a) m/z for the most intense signal is given (100% peak in all cases except Yb3H).
(b) the spectra showed good agreement with the natural isotope distributions of the

lanthanides. (c) the calculated mass for the most abundant ion expected is given.
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' 5.1.3 Details l‘or Chapter 3
Chloro-N-phenylethangmidé. | ’ .
Triethylamine (2.45 g, 0.024 mol) was added to a selution of aniline (2.0 g, 0.02
~ mol) in dry diethylether (100 cm3). .The mixture was cooled vt.o -60°C and
chloroacetylchloride (2.9 g, 0.024 mol) added dropwise. Thepmixture was allowed to
warm to room temperature and washed with dilute ‘hy'droehloric acid (2 x 100 cm3)
followed by water (2 x 100 cm3). Removal of solvent under reduced pressure gave a
white crystalline solid (2.9 g, 85%), mp. 126-127°C. oy (CDCl3): 4.19 (2H, s,
CICHp); 7.20 (1H, , 37 72, CeHs para-H); 7:36 (2H, m, CgHs meta-H); 7.54 (2H, d,
3779, CHs ortho-H); 8.27 (1H, brs, NH). dc {IH} (CDCl3): 42.8 (CICHzl; 120.1,
125.3, 129.1 (CgHs orrho, meta, para O); 136.6 (C6H5 ipso-C); 163.8 (C=0). m/z
" (CD): 187 and 189 (so and 17, M+NH4* for 35CI and 37CI); 170 and 172 (100 and 33,
M* for 35CI and 37CI): IR (KBr): 3265m and 3145m (N-H str), 3096m (Ar-H str),
1671s (C#O str), 1602s, 1559s, 14983,'1443m, 1344m, '1252s, 962m, 750s cm’L.
~ Found: C, 56.0; H; 4.6; N, 7.9. (CgHgClNO requires C, 56.6; H, 4.8; N 8.3).

1 -( Phenylcarbamoylmethyl)-1,4,7,1 0-tetraazacyclododecane.
1,4,7,10-Tetraazacyclododecane (1.50 g, 8.8 mmol) in dibutyl ether (40. cm3) was
heated to 70°C and molybdenum hexacarbonyl (2.30 g, 8.8 mmol) added. The mixture
was heated to reflux under argon for 2 h, giving a brlght yellow prec1p1tate of the
1,4,7, lO tetraazacyclododecane molybdenum tncarbonyl complex, which was ﬁltered
under argon and drled under vacuum. The yellow complex was suspended in dry,
degassed dlmethylformamlde (40 cm3) in 1 the presence of anhydrous potass1um
carbonate (1.8g, 13 mmol) and 2-chloro-N-phenylethanamide (1.50'g,. 8.8 mmol) was
added. The ,mixture was heated at 80°C under argon for 2h and-the solvent then
removed under reduced pressure ‘with"mild heating.' The resulting brown residue was
‘taken up into aqueous h);drochlorlc acid (1M, 25 cm?)-and the mixture stirred open to
the air for '18»h ‘The pH of the solution was raised to 14 with potassium. hydroxide
'_ pellets with coohng and the dark green molybdenum residues ﬁltered off. gwmg a clear

- yellow solution. Extraction. into- dlchloromethane followed by removal of solvent
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under reduced preSsure- gave a .yellow—brown oil (1.33 g, 50%). oy (CDC13)° 2.66 -
2. 93 (19H br m, CH2CHz, NH ring); " 3.25 (2H, s, NCHzCO) 7. 06 (1H, t, 37 7.4,
- CeHs para- H) 7. 29 (2H, m, CeHs meta H); 7 69 (2H, d, 3J 8.1, C6H5 ortho-H);
10 10 (1H br s, HNPh) SC{IH} (CDCI3) 45.7, 47.1, 47.9 (CH2CH2) 59.6
(NCHzCO) 119. 4, 123 7, 128.8 (C6H5, ortho ‘meta, para C); 138.4 (C6H5, lpso -C);
- 170.0 (C—O) m/z (DCI) 306 (100 M+ +1)

Triethyl 1 0-(Phehylcarbahzoylmethyl)-1,4, 7,10-tetraazacyclododecane-1,4,7-
trzyltrtmethylenetrt(methylphosphmate)
» ‘The monosubstrtuted cycle (1. 33 g, 4.4 mmol) was heated to 80°C in anhydrous
| tetrahydrofuran under argon and. paraformaldehyde (O 60 g, 19.6 mmol) followed by
dlethoxy(methyl)phosphme (2.67 g, 19.6 mmol) were added The solutlon was heated
‘ at reflux under argon for 18 h over. molecular sieves. The excess paraformaldehyde
was filtered off and the solvent removed under vacuum g1v1ng a brown oil. The
product was purlﬁed by alumina column chromatography, (gradrent elution from
drchloromethane to 2% methanol dichloromethane; R = 0.4, 5% methanol-
- drchloromethane) g1v1ng a yellow-brown oil (1.6 g, 55%) OH (CDC13) 1.25 9H, t, 37
73 OCH2CH3); 1.37°3H, d, 2]135 PCH3) 147 (6H, d, 2 13.5, PCH3); 2.69 - 3.2
| (24H br m, CHyCHp, NCHzP NCHZCO) 4.05 (6H m, OCH2CH3) 7.06 (1H, t, 3J
7.3, CeHs para-H), 7.30 (2H, m, CgHs, meta-H), 7.68-(2H, d, 37 8.6, C6H5 ortho-H),
9.93(1}_1, br, HNPh). Sp{lH} (CDCly): 52.2,51.8, 51.4. 5c{'H} (CDCl3): 13.9 (4, 1)
90, PCHs); 16.6 (OCH,CHy); 53.5, 53.7, 540, 544, 549, 55.0, 5.2, 55.8 (CH;N,
ring; NCHQI’" POCH2CH3)‘ 60.0 (NCH,CO); 119.4; 123.6, 128.7 (CHs, ortho, meta,
| _A para C); 138.5 (ipso-C); 169.8 (C 0). m/z (DCI): 666 91, M++1) 546 (41 M*.-
PhNCO) IR (KBr): '3247m and 3131m (N-H str), 3085m (Ar-H str), 2979m and
~. 2867m (HC H str), 1670s (C—O str) 1599s 15553 1498s, 14255, 1382s, 1291m,
1254s, 1031m 901m 7525 cm
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10+ Phenylearbamoylmethyl );I ,4,7,10,-tetraazacyclododecane-1,4,7-

| triyltrirrtethylenetri( mth)tlphosphinic acid) 32 |

The monoamide triester was dissolved in a solutien of pota‘ssium:denteroxide in
deutenum 0x1de and stirred for 12 h at room temperature. The 1H NMR spectrum of
the reaction mixture showed resonances: due to ethanol and the requrred product. The
solution was amdrﬁed with dilute hydrochlonc acid to pH 6, the water removed under
rednced‘ pressure and the residue extracted into absolute ethanel giving ligand 32 in
| 7 quantitatrve yield. 8y (D20, pD 6): 1.02 (9H, d, 2J 1‘3;9, PCH3); 2.37 - 2.62 (24H, br
rn, CH,CHy, NCHZP, NCH2CO); 6.9 - 7.1 (5H, m, C¢Hs). Sp{1H} (D20, pD 6):
41.8, 42.8. SC_{IH'} (D20, pD 6): 16.4 (d, 1] 88, PCH3); 51.7, 52.2,A52'.7' (CHz ring);
559 (d, 1J 99, NCHQP)' 573 (NCHyCO); 122'1' 125.6, 129.2 (CeHs, ortho, meta, para

"_ C) 137 0 (C6H5, ipso C); 173 6 (C=0). ‘R (KBr): 3262m and 3143m (N-H str)

3096m (Ar-H str) 2982m and 2873w (HC H str), 1666s (C=0 str) 1602s, 1559s
1l498s, 1443m,, 1422s, 1390s, 1344m, 1252$, 1144m, 1039m, 886m, 750s cm™1.

: Ligands 31, 33 and 34 were prepared in a similar manner and as reported previously.]

| Lanthanzde Complexes of ngands 31-3¢4
[Eu 32] The hgand 32 (200 mg, 0. 35 mmol) was dissolved i 1n water ( 10 cm3) and the
pH ad]usted 0 2 with d11ute hydrochlonc acid. Europrum oxrde (61 mg, O 18 mmol)
was added and the solution heated to reflux for 3 h giving a clear solution. The pH was
raJsed to 6 with aqueous potass1u'm hydroxide and heanng continued for a further 3 h.
The solution waa ﬁltered_through a O.45u1n' (Millipore) filter and the water was -
removed under reduced preeeure The product -was purified by alumina column
chromatography (10% methanol dlchloromethane Rf = 0.7 in 25% methanol-
dlchloromethane) to glve a colourless s011d ( 150 mg, 60%), mp > 250 C. SP{IH}
(D20) 670 86.1, 101.1. m/z (FAB) 732 (82 M++1) IR (KBr): 3396s (br, O-H str of
water and N-H am1de str) 2977s and 287ls (HC H str), 1626s (C-O str) 1596s 1571s,
1454m, 1425m 1327m 1294s 1137s, 1070m 1034s 891m, 810m 743m, 526m.
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* Found: C 33.4; H5.9; N8.1. (CyHyoNsO7P3Eu.3H,0 requires.C 33.7; H5.7; N

- 89).

' [Tb 32] The ligand 32 (200 mg, 0.35 mmol) was dissolved in water (10 cm3) and the
- pH adjusted to 6. Terbium acetate (hydrate 117 mg, 0.35 mmol) was added and the
“solution reﬂuxed for'18 h. The water was removed under reduced pressure and the

product-extracted 1nto'absolute ethanol' The complex was purified by alumina-column
chromatography (10% methanol- dichloromethane, Rf “0.65 in 25% methanol-
d1chloromethane) ‘giving a colourless sohd (170 mg, 66%) mp > 250°C. SP{IH}

(DZO). 468.1, 614.9, 634.2. m/z (FAB) 738 (1()0,\M++1_). IR -identical to that of

[Eu.32],: Found: C 33.1; H5.6; N7.6. '(C22H39N5O7P3Th;3H2()>.requires_C33.4; H
57, N88). e " | |
[Yb.32]. The_yrterbi'um complex was prepared from the ligand'3é and ytterbium oxide'
by an identical procedure to that described for [Eu.32). Sp{1H) (D;0) -60.7, 432, |
-32.0. IR - 1dent1cal to that of [Eu 32] m/z (FAB) 753 (100 M++1) Found C 30 8;
, H 5.7; N7. 0 (C22H39N5O7P3Yb 6H,0 requires.C 30 7; H5.9; N 8.1).

* [Gd.32] The gadolini’um complex was prepared from the ligand 32 and gadolrnium
oxide by an identical procedure to that described for [Eu.32_]. The extrern_e line-
hroadening induced by"'G'd3+ prevents any NMR mel_asurements from being made. IR -
identical to th’at of'[Eu,32]. m/z-_(FAB): 737 (15, M*+1). Found: C 32.9; H 6.5; N
8.4. (CooH3gN507P3Gd.4H,0 requires C 327, H 59; N8.1). ' .

The complexes of ligands 31, 33 and 34 were prepared-in an analogous m'anner.

[Eu.33] ap{lH} (D20) 80.7, 931 97.1: IR (KBr): 3406s (br, O-H str of water), 2860m
(HC H str) 16255 (C-O str) '1460m, 1426m 1294m 1228m, 1144s, 1071m, 1030s,
976m, 892m 743m, 524m. mifz (FAB) 684 (10, M¥+1). Found C 27.3; H6.5; N83

(C18H39N5O7P3Eu 6H20 requires C 27. 3. H6.5: N8. 8).
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[Tb.33] 8p{!H} (D,0) 568.7, 574.0, 578.7. IR --identical to that of [Eu.33]. m/z

(FAB) 690 (35, M*+1). Found C 27.3; H 6.3; N 8.5. (C;gH3gN50;P3Tb.6H,0

" requires C 27.1; H 6.4; N 8.8).
[Yb.33] 3p{'H} (D;0) -50.3, -14.8, -13.7. IR - identical to that of [Eu.33]. m/z

(FAB) 705 (11, M*+1). Found C 27.5; H6.3; N 8.3. (C;gH3gNsO;P3Yb.5H,0

requires C 27.2; H6.2; N8.8).
[Eu.34] 8p{!H} (D;0) 55.6,76.0, 91.4. IR (KBr): 3406s (br, O-H str of water), 2867m

- (HC-H str), 1602s (C=0 str), 1454m, 1297m, 1228m, 1144s, 1073m, 1030s, 890m,

 805m, 741m, 702m, 518m. m/z (FAB) 836 (69, M*+1). Found:C41_.1;> H6.5: N7.0.
(C30H47N5O7P3Eu 3H20 requlres C 40. 5; H 6. O N7. 9)
[Tb 34] 8p{'H} (D,0) 48835, 694.7, 747. 8. IR - identical to that of [Eu.34]. m/z

~ (FAB) 842 (100, M++1) Found: C 40.8; H 6.3; N 7.0. (C3gHgsNsO7P5Tb. 3H,0

requires C 40.2; H5.9; N 7.8). _ _
[Yb.34] ‘8p{-1H} (D20)- -41.3, -35. 2 -25.0. IR - idenﬁcal to that of [Eu.34]. m/z

(FAB) 857 (100, M*++1). Found: C 39.4; H6. 4 N7T. 0. (C30H47N507P3Yb 4H,0
requ1resC388 H5.9; N7.6). . )

[Tb.31]  8p{'H}(D,0): 530.7, 598.5, 602.1. m/z (FAB): 676 (77, M++1). Found:

C27.42; H6.50. (C17H37N5P3O7Tb.4H20 requires C 27.4; H6.0). IR (KBr): 3404s
(O-H str of water and N-H amide str), 2974m and 2869m (HC H str), 1639s (C-O str),

~ 1459m, 1412m 1296m 1230m, 11485, 1070m, 1025s, 891m, 807s, 522s.
[Eu.31] dp{ 1H}(D20). 73.1, _88.'3, 93.2.- IR - identical to Atvha_t of [Tb.31]. m/z (ES -):

668 (100, M7)

-Acetyl-] 4,7, IO-tetraazacyclododecane

A ‘suspension of the ‘molybdenum- tncarbonyl complex of 14710-

;tetraazacyclododecane (840 mg, 2.4 mmql), in dry d1methylformam1de (25 cm?)

containing potassium'ca—rbonate (500 mg, 3.6 mmol) was cooled to 0°C and acetic

‘anhydride (0.23-cm?_; 24 mmol) was added dropwise under an"'atm‘osph@re of argon.

The mixture was allowed.to warm to room temperature, during which time a yellow
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 solution formed wh1ch was heated to 60°C for 1 h. The solvent was removed under
reduced pressure w1th m1ld heatmg leavmg a pale brown powder which was taken mto |
HCl(aq) (lM, 20 cm3) and stlrred open to the air for 18 h. The pH of the solution was
-rai'sed to 13 (KOH pellets), the solid molybdenum residues.‘ﬁltered off and the resulting
yellow solution ex_tracted with chlorofonn (4 x 30 cm3). The chloroform solution_w_as
dried over -anhydrous‘ potassium carbonate, ﬁltered and the solvent removed under
reduced pressure giving a colourless oil (400 mg, 78%). oy (CDCl3): 2.16 (3H, s,
NCOCH3); 2.66 (8H, br, HNCHZCHZNH); 2.79 (8H, br, NCH2CH2NCOMe); 3.54
(3H, br, NH). 3¢{!H} (CDCl3): 22.4 (NCOCHjy); 43.8, 45.8, 46.6,47.3, 47.6, 48.3,
48. 4 50.8 (CHj ring); ’172 2 (C-=O)' -m/z (DCI): 215 (100 M*l—l) IR (thin film):
-. A 2929s and 28353 (HC H str), 16325 (C-O str) 1469s 1418s 1356s; 1285m; 1261m
1034m; 1023m 752s; 663m ' o

I-Phenacyl 1 4, 7 ] O-tetraazacyclododecane

| Benzoyl chlonde (0.33 cm3, 2. 86 mmol) was added dropwise to a surred suspension of
the molybdenum tncarbonyl complex of 1 4.7, lO tetraazacyclododecane (1.00 g, 2.86
E mmol) in dry d1methylformam1de (25 cm3) in the presence of potass1um carbonate (590
" mg, 4.28 mmol), under an atmosphere of argon and w1th coohng t0 0°C. The mixture
:was allowed to warm {o room temperature and st1rred for a further 2 h, after which the
solvent was removed under reduced pressure. The resrdue was taken into aqueous
hydrochlonc acid (1M, 20 cm3) and stirred open to the air for 18 h. The pH of the
solution was ralsed to 14 with KOH pellets with cooling and the dark green

molybdenum residues filtered off, leavmg a yellow: solut10n “The product amine was

~ extracted into d1chloromethane the solution dried over anhydrous potassrum carbonate

and the solvent removed under reduced pressure grvmg a yellow oil (490 mg,. 62%).
’ SH(CDClg,)' 2.30 (34, br NH)' 2.67 '(4H br, CH, rihg)‘ 2.78 (8H, br. CH; ring);
3.61 (4H br CH, ring adjacent to N- COPh) 7. 37 (3H, m, meta and para Ar-H) 7.47
| (2H, m, ortho Ar—H) 8c{1H) (CDC13) 45.6, 47 3 47.7 (CH, ring); 126.9, 128.1
(ortho and meta C); 128.8 (par-_a C); 136.8 (zpso-C);» 173.2 (C=0). ‘m/z (DCD): 277
( 100 M*+1). IR (thin ﬁlm): 3300m and 3237m (Ar-H str), 2924s and 2819s (HC:H
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str), 1672s (C=0 str), 16253 (Ar C=C conj. to amide C-O) 1445s, 1414s, 1368s,
1353s, 1261m 1120m, 1069m 922m, 732s, 706s cm’!

Triethyl 20-( phenacyl)-1,4,7,10-tetraazacyclododecane-1,4, 7-triyltrirnethylene-
tri( ntethylphosphinate ) - | |

The monosubstituted cycle (450 mg, 1.63 mmol) was heated to 80°C in anhydrous
| tetrahydrofuran under argon and paraformaldehyde (196 mg, 6.52 mmol) followed by
diethoxy(methyl)p_hosphme (887 mg, 6.52 mmol) were added. The solution was heated

to reflux under argon for 18 h over molecular sieves contained in a Soxhlet. The excess

. paraformaldehyde was filtered off and the solvent removed under reduced pressure

.glvmg a brown oil. This was purlﬁed by’ alumina column chromatography. (gradlent

| elutlon from dlchloromethane to 2% methanol- dichloromethane; Rg = 0.4, 5%
methanol- dlchloromethane) giving a pale yellow oil (180 mg, 17%). Oy (CDC13)
128 (9H, t, 3J 6.9, OCH2CH3) 1.50 (%H, d, 27 13.6, PCH3) 2.65 - 2.95 (22H, br,
_CH2 ring and NCH2P) 4.03 (6H m, OCHZCH3) 7 35 (5H br, aromatic H). Gp{lH}
: (CDC13) 52.3, 52.5. SC{IH} (CDCl3): 13.6 (d, 1 90, PCH3) 16.6 (OCH,CH3);
52.3, 53.1, 54 0, 56.0 (CHj ring, NCH2P POCH,CHj); 60.0 (NCH,CO); 126. 2,1283
(ortho and meta C), 129.1 (para C), 136.8 (ipso C); 171.8 ('C-O).A m/z (DCI): 637
(10, M*+1); 397 (100, possit;ly M‘:-2[CHP(Me)02Et]. IR (thin film): 3054w (Ar-H
str), 2983m and 2846m (HC-H str); 1620s (C=O str), 1446m, 1420m, 1303m, 1187s,
1102m, 1035s, 961s, 792m, 707m c}n-l;, | |

- 1-C yanomethyl-] 4,71 O-tetraazacyclododecarte

Bromoacetonitrile (0.238 cm3, 3'.42' mmol) was added dropwise to a suspension of the
- molybdenumrtricarbonyl complex of 1,4,7,1'0-tetraa;acyclodode'cane (1.20 g, 342
mmol) in dry dimethylformamide (30 cm3) conta'ming .potassium carbonate (7 10 mg,
5.14 mmol) at room temoerature and under an atmosphere of argon. A brown solution
was formed which was heated at 60°C for 1 h. The solvent was removed under reduced
pressure ‘with mild heating gwmg a brown residue which was taken into HCl(aq) (1M,

20 cm3) and stirred open to the air for 18 h. The molybdenum re81dues were filtered off
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E and the yellow solution extracted with chloroform (4 x _30 cru3_). The chloroform
solution was dried over anhydrous potassiurn carbonate, filtered and the solvent
removed under reduced pressure giving a yellow oil (230 mg, 32%). oy (CDCI3) 259

| (4H, br CH, rmg), 2.71 (8H, br, CH2 rmg) 2. 80 (4H, br, CH, ring); 3.65
(NCH,CN). 5c{ IH} (CDCl3): 42.9, 439, 45.7, 46.4 (CH, ring); 50.3 (NCH,CN);
114.8 (NCHZCN).- ‘m/z (DCD): 212 A’(IO‘O‘, M*+1). IR (thin film): 2934s and 28365 (HC-
H str), 2231w (C=N str), 1668s,~-1459s, 1355m7 1115m, 1058m, 918s, 732m cm-1.

5.1.4 Details for Chapter 4 A

2- Naphthylmethylamme _
Borane-THF (1 0M, 80 cm3) was added toa solunon of 2- cyanonaphthalene (2. 5 g, 16
mmol) in THF (5 cm?-) and the mixture heated to reflux for 48 h. Excess of borane was
‘ destroyed'with methanol after which the solvent was removed under reduced pre'ssure
and the resrdue heated to reﬂux in 6M HCl for 4 h. Removal of water gave a brown
residue, to Wthh was added aqueous base (20% KOH, 30 cm3) g1v1ng a yellow

" emulsion. The mrxture was extracted with dichloromethane (2 x 40 cm3) and the

" - extracts dried over anhydrous potassium carbonaté and evaporated to give a yellow-

brown solid (2.1 g, 84%), mp 58-60°C (lit.2 59-60°C). 8y (CDCly): 1.63 (2H, br s,
' NHy): 4.08 (2H, s, CHp); 7.46-7.52 and 7.79-7.88 (7H, m, C1gH7). 8c{1H) (CDCl3):
46.6 (s,.CHz)i 125.0, 125.6, 125.9, 126.1, 127.8, 128.2 (singlets, aromatic C); 132.6,
133.6, 140.9 (singlets,-quatemary aromatic C). m/z (DCI): 158 (100, M*+1). IR
(KBr): 3345m (N-H str), 3048m (Ar-H str), 2905m and 2833w (HC-H str), 1560m,

-i464m, 1381‘s, 1310m, 1037m; 829s, 738s cm-1.

Chloro-N-( 2-naphthylmethyl )ethanamtde 43

| lTrrethylamme (l 56 g, 15 mmol) was added to a soluuon of 2- naphthylmethylamme

20g, 127 mmol) in dry dlchloromethane (80 crr_)3). The solution was cooled to -10°C

arld -chioroacetylchloride-( 1.7 g, 15 mmol) was added dropW'ise, the ternperature being

maintained below OC The rnixture_-was then alloWed to warm to room temperature

| arld washed With. adueeus HCI (0.1M, 2 x 40 cm3) followed by water (2 x 40 cm3)._ The
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‘solution was dried over anhydrous potassium carbonate and the solvent removed under
‘reduced pressure giving a pale -brown solid (2. 3g, 78%), mp. 98-101°C. SH (CDCl3):

4.18 (2H, s, ClCHz) 4.70 (2H, d, 3J 5, CH;NH), 7.42-7. 55 and 7. 78 7.90 (7H, m,

C10H7) SC{IH} (CDCl3): 42.7(s) and 44.0 (s) (CICH2 and NHCHZ) 125.7(s),

126.1(s), 126.5(s), 127.7(s), 128.7(s),- (aromatic C), 132. 8(s) 133 3(s), 134.7(s)
(quaternary aromatic C). m/z (DCI): 253 (8, M+NH4* for 37Cl); 251 (24, M+NH4* for
35C1); 236 (35, M*++1 for 37c1j- 234 (100, M*+1 for 35C). IR (KBr): 3269nt (N-H str),
~ 3053m (Ar-H str) 2934w (HC H str), 1650s (C=0 str), 1538s, 1423m, 1261m, 1239m,
1030m, 823s, 752s cm-l

1,4,7,10-tetrakis( 2 -naphthylmethylcarbtzmoylm'éthyl )-1,4,7,10-tetraazacyclododecane,

T compound 40 | |

To a‘isolution of 1,4,7,10-tetraazacyclododecane (60 mg, 0.35 mmol) in d-ry
di_methylforrnartlide was added anhydrous caesium carbonate (570 mg, 1.75 mmol) and
chloro-N- (2.rtaphthylmethyl)ethanamide (410 mg, 175 mmol). 'I:he mixture was
.stlrred at 70° C under argon for 12 h. The sohds were separated off by centrifuge and
washed with water (5 x5 cm3) followed by methanol (3 x 5cm3) leaving a wh1te solid
| (240 mg, 71%) mp. 245 C (dec.). SC{IH} [CDCl3 (0.75 cm3) contammg IOulaof
'trlfluoroacetlc ac1d] 3.18 (24H v br r1ng CH2 and NCH2CO) 4.25 (8H, s,
, NHCH2C10H7) 7. 26 7.61 (28H overlapping muluplets aromat1c H); 7. 95 (4H, br s,
| CONH). SC{IH} [CDCl3 (O 75 cm3) contalmng 10pl trlﬂuoroacetlc acid]: 44.1 (s,
IC10H7CH2NH) 50 8 (br, NCHZCHzN rmg) 55 8 (s, NCH2CO) 125.4, 126.1, 126.6,
127.0, 128 2, 129 (smglets aromatic C); 133 2, 133.7, 134.8 (singlets, quaternary
aromatic C); 165 1 (s, C=0). m/z (DCI): 961 (M*+1). IR (KBr) 3267s (N-H str),
3052m (Ar-H str) 2844m (HC-H str), 1674s (C=O str), 1600m, 15305, 1447m, 1369m,
1238m, 1106s; 827s, 745s, 578m cm -1 Found_. C, 73.3; H, 6.9; N, 1L.5.
‘(CgoH64NgO4.H20 requires C, 73.6; H, 6.8; N, 11.4). ‘
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" Chloro-N-methylethanamide.
| Dichloromethane (80 cm3) was added to én aqueous- solution (40% w/w) of
methylamme (15.5 g, 0.2 mol MeNHz) contammg 8 g of sodium hydroxide and the
'mlxture strirred vigorously w1th coolmg to -10°C. Chloroacetyl chloride (25 g, 0.22
mol) was added dropw1se such that the temperature d1d not rise above 0°C. After
addition, the mixture was allowed to warm to room temperature and the organic layer
 was separated, washed witn aque'ous HCI (1M, 2 x 30 cm3) followed by water (2 x 50
~ cm3) and~dried over pot.assium.- carbonate. Removal of solvent under reduced pressure
gave a colourless, crystalline solid (7.5 'g,.-33%). Mp 4;1-46°C (lit.3 45-46°C). Oy
‘ .(_CDClg): 2.88 (3H, d, 37 4.5, NHCH3); 4.05 (2H, s;*CICHy); 6.61 (1H, br, CONH).
o 5c{1H} \(cbc‘1'3): 26.5 (NCHj); 42.5 (CHoCD; 16'6.8‘(C=O'). m/z (CI): 127 (32,
- M+NHg* for '57c1); '1__25 '(100,, M%NH4+ for 35"_c1); 110 (30,4 M*++1 for 37Cl); 108 (94, -
M*4l for'35c1)r IR (KBr): 3326m (N-H str), 2955m and 2882m (HC-H str), 1661s
(C=0 str), 15513 1412s, 12653, ll6lm 929m, 763s, 703m, 565m FoundC 33.1;H,
- 5.5; N 12.6. (C3H6C1NO I'qulll‘CSC 335 H 5.6; N, 13. O)

1 (2- Naphthylmethylcarbamoylmethyl )-1,4, 7 10- tetraazacyclododecane 44

- 1,4,7, IO-Tetraazacyclododecane (0.88 g, 5.12 mmol) and molybdenum hexacarbonyl
“(1.34 g, 5.12 mmol) in dibutyl ether (40 cm?) were heated _at 160°C under argon for 2 h
giving a bright yellow precipitate of the 1,4,7 10-tetraézacyclododecane—molybdenum
tricarbonyl complex whrch was ﬁltered under argon and dried under vacuum. The
yellow complex (1.65 g, 4.7 mmol) and anhydrous potass1um carbonate (1 g, 7.2 mmol)
were taken into dry, degassed d1methylformam1de (30 cm3) and chloro—N-(2- :
naphthylmethj/l)ethanamide (-l.lO g, 4.7 mmol) was~added under argon. The mixture
was heated to 75°C under an atmospheré of argon for 3 h. The solvent was .distilled off
' under vacuum and the re51due taken up into aqueous HCI (lM 40 cm3). The resultmg
brown suspens1on was stlrred open to the air for 15 h -The pH of the solution was
- raised to-14 with potassium hydroxide pellets, with coohng. The dark green pre01p1tate
formed was -'separated by centrifuge and extracted with dichloromethane A(3' x 30 cm3)
giﬂving a_pale'v yellow solution. Removal of solvent under reduced pressure gave a pale
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yellow oil (0.70' g, 40%). dy(CDCl3): 2.42-2.70 (16H, overlapping multiplets,
NCH,CH)N ring); 3.27 (2H, s, C10H7CH2NH) 4.65 (2H, d, 37 5.8, NCH,CO); 7.45-
7.86 (TH, overlapplng multiplets, C10H7); 8.50 (1H, br, CONH). SC{IH} (CDC13)

43.1 (s), 45.5 (s), 46.4 (s), 46.9 (s), (singlets, CH2 in ring); 53.1 (s, C1oH7CH2NH);

58.9 (s, NCH,CO); 125.7, 126.0, 126.1, 126.2, 127.4, 127.9, 128.1 (singlets, aromatic
0); 132.3, 133.1; 136.0 (singlets, quaternary aromatic C); 171.5 (s, C=0). m/z (DCI):
370 (100, M*+1); 199 (31, C1oH7CH;NHCOCH3); 173 (protonated unsubstituted

. cycle).

- 1,4,7-Tris( methylcarbamo’ylmethyl )-10-( 2-naphthylmethylcarbamoylmethyl )-1,4,7,10-

tetraazacyclododecane 39

- The monosubstxtuted cycle (200 mg, 0. 54 mmol) and anhydrous caesium carbonate

(620 mg, 1.9 mmol) were taken up into dry 'dlmethylformamMe (3 cm3) and chloro-N-
methylethanamlde (200 mg, 1.9 mmol) added. The mlxture was stirred at 70°C under
argon for 24 h. Caesmm salts were removed by centrlfuge and the solvent removed

under vacuum to give a brown oil. The product was punﬁed by alumlna column

_ chromatography (gradlent elutlon from dlchloromethane to 3% methanol-

drchloromethane, Re= 0. 4 in 10% methanol d1chloromethane) and was isolated as a
colourless glussy solid (135mg, 43%). oy (CDChL): 2.65-2.76 (25H, overlappmg
multrplets br NCH2CH2 nng and NHCH3), 3.08 (4H S, NCH2CONHMe) 3. 12 (2H, s,
NCH2CONHMe) 3.32 (2H, s, NCH2CONHCH2C10H7) 4.63 (2H, d, 3J 4.4,
C10H7CH2NH) 7. 42 7.85 (7H overlappmg multlplets CioH7). Sc{lH} (CDC13) 224
(s, NHCH3) 25 9 (s NHCH3) 43 3G, C10H7CH2NH) 52 3 (br, CHp in ring); 57.8 (s,
NCH2CO) 580 (s, NCH2CO) 58.2 (s, NCH2CO), 125.9, 126.0,. 126 2, 126.4,.127. 6
127.7, 128.4 (smglets aromatic C); 132.6, 133. 2 136 O (smglets quaternary aromatic
_0); 170.1, 170.7, 175.9 (smglets C-O) m/z (DCI) 583 (14, M*+1); 442 (100, M*-
2{CH2CONHMe}), 386 (66, M*—{CH2CONHCH2C10H7}) IR (KBr) 3250m (N-H
str) 3073w (Ar-H str) 2960m and 2828m (HC H str) 1657s (C=0 str), 1562s, 1441w
1358m, 1310m, 1239m 1159w 1106m 995w cm1
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 Complex formatzon for ligand 40

| [Eu.4073* ‘A solution of europium tnﬂate in dry dlmethylformamlde (1 cm3) was added
to a suspension of the tetranaphthyl hga.nd (26 mg, 26 mmol) in dry dimethylformamide
. (A1~ cm3). The mixtdre was heafed at 70°C for 30 min,.during which time a yellow
| solutibn'foﬁned. ‘The solvent was removed undelj_'reduced pressure and"thc; residue
taken ub into 'acetdnitfilé. The resulting solution was filtered, concentrated to a volume
of 0.2 cm3 and added drop@ise..to a large excess of diethyl ether in a centrifuge tube,
with vigorous shaking betweén additions. The complt_zx precipitated as an off-white
solid, which was separated fr»om the ethAerv by centrifugé and dried under a stream of
argon (18 mg, 43%) ‘m/z (ES '+)" 1412 {22, [M3++2(CF3SO3')]+}' 1261 {22,

[M3++(CF3SO3 weT); 1112 {10 [M3++2e ') 632 {36, [M3++(CF3SO3 )]2+} 556
(50, [M3++e" ]2+} IR (KBr): 3473m (N-H str), 3111m (Ar-H str), 2935w and 2878w
© (HC-H str), 16285 (C=0 str), 1509m, 1435m, 1388m 1254s, 1226s 11655, 1031s, .
822m, 757m 639s cm™L. Found C, 487 H, 4.6; N, 7.4. [C60H64N304Eu(CF3SO3 )2}
requlresC 48.5; H41 N72] '

The terbium, yttrium, cadmium and lead complexes of ligand 40 were prepared by a
 similar procedure. o . | ‘

l’[Tb.40]3+' _m/z (ES +): "1417 (25, [M3 *+2(CF3805)I"); 1268 {42,
[M3*+(CF3805 +e T }; 1119 {40, [M3*++2¢]*}; 634 {40, [M3+'+(CF3SO3-)]2+}; 560
(68, [M3*+eT2*). IR: identical to that of [Eu40]*. Found: C,48.3; H,4.6; N, 7.2,

[Ce0HeaNgO4Tb (CF3803)s requires C, 48.3; H, 4.1; N, .11

[Y.401* By (c‘-D3bD, IH-1H COSY, 400 MHz): 2.20 (4I;I,~r'n, axial CH,CH, ring);
2.30(4H, d, 2J 14, equatorial CH,CH; ring); 2.57 (4H, d, 27 14, équatorial CH,CH,
ring); 2.64 (4H, d, 2J 17, NCH,CO); 2.95 (4H, d, 2J 7, NCHyCO); 3.34 (4H, m, axial
' CH,CHj ring); 4.58 (8H, d, 3J 3, C10H7CH2NH); 7.38 - 7.90 (28H, ‘m, aromatic H).
8c{H ) (CD30D): 46.1 (s, C'IOH7CH2NH)- 56.2, 57.1 (CH,CHy); 64.1 (NCH,CO);
| 126.8, 128. 1, 129.0, 1293, 130.4 (singlets, aromat1c C); 134.6, 135.0, 135.9 (smglets
| quaternary aromatlc C) 177.3 (C=0). m/z (ES +) '1348 {35, [M3"'+2(CF3SO3 s
1198 {12, [M3*+(CF3805)+¢T}; 599 (28, [M> ff(CF3SO.3 Bt);. 524 {100,
| | | - 247
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[M3+'+e-]2+}. IR identical to that of [Eu.40]3*. Found: C, 48.9; H, 4.5; N, 7.4.

[CooHeaNgO4Y (CF3S03°); requires C, 50.5; H, 4.3; N, 7.5].

[Cd.4012* ¢{!H) (CD30D): 45.0 (s, C1gH7CH,NH); 52.9 (br s, CH,CH, ring); 56.5

(s, NCH,CO); 127.2, 127.5, 127.8, 128.9, 129.7 (aromatic C), 134.4, 135.0, 137.2

" (quaternary aromatic C); 173.8 (C=0). m/z (ES +): 1223 {18, [MZ*+(CF3S03)I*};

537 {100, M2f}. IR (KBr): 3295m (N-H str), 3109w and 3058w (Ar-H str), 2859w

- (HC-H str), 1645s (C=O str), 1559ln, 1281s, 1249s, 1160m, 1029s, 817s, 755m, 637s

cm-l.. Found: C, 53.3; H, 4.7; N, 7.8. [CgyHgsNgO4Cd.(CF3S03),.H,O requires C,

53.6,H,4.8; N, 8.1].

- [Pb.4012* 5¢{!H} (CD30D): 44.9 (s, C1oH7CH,NH); 52.0, 54.4 (CH,CHj ring); 58.0

(NCH,CO); 127.2, 127.6, 129.0, 129.8, (singlets, aromatic C); 134.4, 135.0, 137.1
(singlets; quaternary aromatic C); 173.7 (C=0). | m/z (ES +): 1317 {77,
[M2+.+(CF3SO3')].+'}' 1168(38, [M2*+e']¥); 584 (100, M2+). IR (KBr): 3290m (N-H
sr), 3106w and 3055w (Ar-H str), 2856w (HC-H str), 1640 (C=0 str), 1559m, 1279,

| 1247s 1163s, 1089m, 1029s, 815m, 754m, 637s cm'L. Found: C, 490 H,43;N,7.2.
[CoHsN5O4Pb.(CE3S057). 3H,0 requires C, 49.0; H, 4.6; N, 7.4].

Complex formatzon for lzgand 39

[Eu 3913+ A solution of europlum triflate (29 mg, 48 mmol) in dry acetommle

(1 cm3)was addded to a solution of the mononaphthyl hgand 39 (28 mg, 48 mmol) also

. in dry acetonitrile (1 cm3). The resultmg solunon was heated for 30.min at 60°C, after

which the sblvent and. volatile material were removed under reduced pressure. The

~ yellow glassy sohd obtamed was dissolved in the minimum amount of acetonitrile and
added dropwise to a large excess (5 cm3) of dlethyl ether in a centnfuge tube with

v1gorous shaking between addmons (Wh1r11m1x) The complex precipitated-as a ﬁne

mlcrocrystallme-_sohd. (29mg, 50%). m/z (ES +): 1032 {60, [M3++2(CF3SO3 @R

883 (18, [M3*+(CF3805)+e ). IR (KBr): 330ds (N-H str), 3135m (Ar-H st)
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' 2953m and 2881m (HC-H str), 1643s (C=0 str), 1585m, 1465m, 1417m, 12815, 1225,
11655, 1087m, 10295, 638s, 517mem’L. © ' : |

| The terbium and zinc complexes wereprepared by a simjiar procedure.

[Tb30P* m/z (ES +): 1211 (5, [M3*43(CF3S0.)+Na*T*}; 1206 {2,
[M3++3(CF33039j+NH4+f}-; 1040 {55, [M3*+2(CF3S03)I'}; 890 ({17,
IM**+(CF3503)+¢ T} 445 {12, [M3++(CF;S05)*}. IR (KBr) as for Eu3*
complex. | o | o

[Zn,.39],2+ IR (KBr): 3333s(N-H str), 3127m (Ar-H str), 2942w and 2867w _(HC-H
str), 1665s (C=0 str), 1636s, 1575m; 1475m, 1413m," 12565, 1177s, 1035s, 6435, 519m
oml. miz (BS 4): 324 (100, M), - -

" 'Prepararion of Metal Triﬂar'es R s
Lead Trzﬂate Tnﬂuoromethanesulfomc acid (3 cm3) was carefully added to lead(II)
chlonde (1.0°g, 3 6 mmol) .in a two necked flask fitted with a mtrogen bubbler. A
‘ steady stream of nitrogen was passed through the suspens1on and the mixture was
- warmed to 60 C for 30 min. Anhydrous diethyl ether was added with cooling to 0°C
and the white solid removed by. filtration and washed with more dlethyl ether (4 x 20
. . m3j 'i‘he solid was extracte'd into acetonitrile, the solution filtered and the solvent
removed under reduced pressure grvmg a white solid (1.5 g, 83%). IR (KBr): .3446s,
1634m, 12635 1180s, 1034s, 646s, 582s, 518s cm!. Found: C, 4.7; H, 0.4; N, 0.
(CoF606S2Pb.H20 requires C, 46; H, 0.4, N, ). ' |

Cadmtum trzﬂate Thls was prepared ina s1m11ar manner from cadmlum chloride, but

yields were very, low.

_ Terbium triﬂate. Obtained by a similar procedure using the acetate butp,i in this case, it
| was essential to use a minimum volume of diethyl ether as the metal triflate itself has
.substantlal solublhty in this solvent Res1dua1 acetic acid was removed by heating the
crude sohd_ to 50°C under vacuum (0.0lmmHg) for 72 h. Recrystalhsatron from

acetonitrile provided the metal triflate as a white solid.
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’Europium triflate. Prepared by a procedure similar to that previously described for
lanthanum tﬁﬂate 4 Triﬂuoromethanesulphonic acid (1 cm3) was added toa suspension
of Eup03 in water. Excess oxide was added to bring the pH to 6-7. The undissolved
ox1de was removed by filtration through.a 0.45um (Mrlhpore) ﬁlter and the. water
removed under reduced pressure. The resulting white solid was dried at.160°C under
vacuum (0.0lmmHg) (1.6 g, 71%). 1R (KBr): 3452s, l663m,’ 1640m, 1256s,:1174s,
10293, 640s, 581s, 523s cm“l. Found: C, 5.6; H, 1.0; N, 0. (C3F909S3Eu.3H20

 requires C. 5.5; H, 0.9; N, 0).

Yttrium triflate. This‘was‘prepared similarly from Y,04.

Zinc triflate and copper(1l) triflate are commercially available and were used as

supplied.

N-(2 -naphthylmethyl)-Z -naphthylamide 47
A solution of 2-naphthoyl chloride (850 mg, 4 46 mmol) in dlchloromethane (20 cm3)
was added dropw1se to a solution of 2-naphthylmethylam1ne (700 mg, 4.46 mmol) in
dlchloromethane (50 cm3) in the presence of tricthylamine (1 2cm3;, 9 mmol) with
coohng to O C. On warming to room temperature chloroform (250 cm3) was added
| until a homogeneous solutron was obtained. The solution was washed with HCl(aq)
(IM, 3 x lOO"cm.3)_ followed by water (3 x 100 cm?’), dried over anhydrous ‘potassium
‘ carbonate and'the solvent removed under reduced pressure leaving a White solid (1.14
g, 82%), mp 220 - 223°C. oy .(CD‘C13):‘ 4.89 (2H, d, 37 5.7; C1oH7CH,N); 6.65 (1H,
br, CONH); - 7. 48'- 7.59 and 7.83 - 7. 94v(13H V. overiapprng muitiplets aromatic H);
8. 34 (1H, s, Hon posmon 1 of C10H7CO) 8C{1H} (CDC13) 45.2 (s, C1oH7CH;N);
'124.3, 126.8, 127 1, 127 4, 127.5, 128.2, 1284, 1293 129.4, 1296 (singlets, aromatic
O). QUatemary aromatic carbons and carbonyl carbon not observed despite > 10 000
scans and 3 s relaxatlon delay, owmg to the poor solubility- of the compound m/z
~(DCI): - 312 (100, M*+1); 155 (17 C10H7C-O+) IR (KBr): 33003 (N-H str), 3055m
(Ar-H str) 2923w (HC H str) 16385 (C-O str), 16255 15475, 1417m, 1308s, 1002w,

783m, 479m »
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CN-(2 -naphthylmethyl)-2- naphthyimethylimine 48 _
2- Naphthylmethylamme (460 mg, 2.93 mmol) was dissolved in absolute ethanol (50 |
cm3) and a solution-of 2- naphthaldehyde (460 mg, 2.93 mmol) in absolute ethanol (10
Ac{m3) was added. The mixture was heated at reflux for <2h, during Wthh time a pale
yellow ci'ystalline solid precipitated. On ceoling, the solid was separated, washed with
cold ethanol and dried under vacuum (630 mg, 70%), mp 177-178°C. 8y (CDCla):
5.16 (2H, s, C10H7CH2N); 7.51.- 8.21 (14H, overiapping multiplets, aromatic H); 8.72
(14, s, C;oH7CH=N-). SC{IH} (CDC13): 65.9 (s, C1oH;CH;N); 124.6, 126.3, 126.7,
1272, 1279, 128.4, 1286, 128.9, 129.2, 1293, 130.9 (singlets, aromatic C); 133.5,
-134 0, 134, 9, 138.0 (singlets, quaternary aromatic C); 162.9 (s, C10H7CH—N -). m/z
’ (DCI) 296 (100, M++1) 156 (22 C10H7CH-NH2+) IR (KBr): 3047m (Ar-H str),

2865m and 2806w (HC-H str), _16365 (C—N str), 1507m, 1299s, 866m, 829s, 745s,.
© 477s. Found: C.89.0; H.5.8; N, 5.5. (CyoHyoN requires C, 89.5; H, 5.8, N, 4.8).

N N-Bts(2 naphthylmethvl)amzne 49 _
The imine (0.58 g 1.97 mmol) was taken into absolute ethanol (30 cm3) and sodium
: b_orohydnde (0.16 g, 4.2 mmol) was ad_ded to the stufred suspension. The mixture was
heated under reflux for 2h, during which time a yellow solution was formed. The
‘solvent was removed under reduced pressure and the residue taken up into
dichloromethane (25‘cm3) and -washed with aqueous base (KOH, IM, 3 x 15 cm?). The
solution was dned over KoCOj3 and the solvent removed under reduced pressure
leavmg a pale yellow solid (470 mg, 81%), mp 82 - 83°C. SH(CDCI3) 1 91 (1H, br s,
NH); 4.11 (4H, s, C10H7CH2N);- 7.52 -7.63 (6H, overlappmg mult1plets, aromatic H);
7.90 - 7.96 (>8H,-i -overlapping‘multiplets, aromatic H) ASC{II-I'_} (CDCly): 5_3.74 (s,
CIOH-,CHZN)“ 126.0, | 126.5, 127.0, 127.1, 128.2, 128.5 (singlets, aromatic C); 133.2, .
' 133 9, 138.3 (quatemary aromatic C). m/z (DCI)' '298 (100, M*+1); 156 (17,
C10H7CH2NH+) 141 (21 C10H7CH2"’) IR (KBr) 3447m (N-H str), 3050m (Ar-H
str), 2814m and 2770w (HC-H str), 1507m, 1433m, 1360w, 1095m, 863m, 8155, 746s,

478s.
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' N,N-Bis(2- naphthylmethyl)ethanamtde 46
Tnethylamme (0. 068 cm3 0.49 mmol) followed by acetic. anhydnde (0.046 cm3, 0.49
mmol) were added to a solution of the bls-naphthyl amine (112 mg, 0.38 mmol) in
dichlorometnane (2 cm3) and the mixture stirred at room temperature under argon for
18 h. More dichlo_romethane (10 cm3) was added and the' soluti'onv washed with
HCl(ag) (0.1M, 2 x 10 cm3) followed by water (3 x 10 cmd). After drying over
anhydrous potassium carbonate, the solvent was removed under reduced pressure
leaving a brown oil. Purification was aehieved by means of silica column
chromatography, (gradient elution from hexane to 20% ethyl acetate / 80% llexane, R¢
= 0.55 in 20% EtOAc / 80% hexane) giving a pale yellow oil (30 mg, 24%).
SH(CDC13) 2. 34 (3H S, CH3) 4.66.(2H, s, C10H7CH2N) 4.88 (2H, s, C{gH,CH,N); -
| 7 50 - 7.92 (14H, overlappmg multiplets, aromatlc H). SC{IH} (CDCl3): 21.8 (CH3)
48.2° (C10H7CH2N) 50.8 (C1oH7CH;,N);. 124.4, 124.8, 125.9, 126.2, 126.4, 126 6,
1271, 127 7 128.5, 128.9 (aromatic C);. 132 8, 1333, 133 5 133.7, 134 8 (quaternary
,aromatlc C), 171.4 (C=0)." m/z (DCI): .340 ‘ (100, M*+1); 198 (12,
: CVI_OH7\CH2NCOMe_+); 156 (17, C10H7CH2NH+). IR (KBr): 3053m (Ar-H str), 2950m
and 2926m (HC-H str), l645s (C:O str), 14213, 1367m, l238m, 989w, 816s, 7.52m.

Chloro-N, N-bts( 2- naphthylmethyl )ethanamzde 45

The b1s-naphthyl amine (470mg, 1 58 mmol) was dissolved in- dry d1chloromethane
: (2()cm3) and tnethylamme (350ml 2.5 mmol) was added The solution was stirred
under argon- w1th coohng to 10 C and chloroacetylchlonde (200ml 2.5 mmol) was
added dropw1se, the temperature being mamtamed below 0°C. On warming to room
temperature, the solutlon was: washed with HCl(aq) (1M, 3x lOcm3) followed by water A
G x 100m3) dned over anhydrous K2C03 and the solvent removed under reduced

| pressure, leaving a pale brown 011 (530mg,. 89%). oy (CDCly): 4.24 (2H, s, CICHy);

- 471 (2H, s, C10H7CH2NCO) 4.87 (2H, s, C10H7CH2NCO) 7. 40 - 7.90 (14H,
o 'overlappmg multlplets aromatlc H). 8C{1H} (CDC13) 421 (s ClCHZ), 49.3 (s,

k _"C10H7CH2NCO), 509(s, C10H7CH2NCO) 1249, 1256 1266 1269, 127.2, 1217,

"1283 1292 1296(smglets aromatic C) 1334, 1336 1338 1339 1344(smglets
. | ' ’ 253
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| quatemary aromatic C); 167 9 (C=0). m/z (DCI): 376 (9 M*+1 for 37Cl)' 374 (26,
M*+1 for 35CI); 340(100 [M+ Cl+HJ+1); 141 (18, CioH7CHz"). IR (KBr): 3053m
(Ar-H str) 2942m. and 2868w (HC-H str), l657s (C=0 str), 1453s 1370s, 127lm

. 1209m, 942m 816s, 753s.

| Compound 51 A
The molybdenum trrcarbonyl complex of 14,7, 10-tetraazacyclododecane (430mg, 1.23

mmol) was taken 1nto dry, degassed dimethylformamide (25. cm3) with anhydrous

potassium carbonate (250mg, 1.8 mmol) ‘and chloro N,N-bis(2- naphthylmethyl)

~ ethanamide was added under argon. The mixture was heated at 80°C under argon for

3h during Wthh trme a brown solut1on was obtamed The solvent was removed under

S reduced pressure and the residue taken up into HCl(aq) (1M, 30 crn3) and stirred open

to air for 18h.. The brown solid formed was separated by centrifuge and extracted with

' dichloromethane The resulting yellow solution was washed with aqueous base (KOH,
1M, 3 x 25 cm3) dried over anhydrous potass1um carbonate and the solvent removed

: under reduced pressure leavmg a yellow 011 (550mg, 40%). The punty of the product

at thrs stage, as judged by HPLC, was poor. An attempt at purification by reverse-

phase HPLC proved‘ unsatisfactory and thecompound was therefore used.in' the next

step. w1thout futher. purrﬁcatlon SH (CDC13) 2.67-2. 84 (12H br, overlapping

. 'multlplets, CH2 rmg) 3.03 (7H br NCH2CH2NC02 and N-H) 4.72 {2H, S,

 NCO,CH,CO); 492 (2H s, C10H7CH2N) 4.95 (2H. 5. CioHsCHyN) 7.51 - 7.98
(28H, overlapprng multiplets, aromatrc H) SC{IH} (CDCly): 43.3
(NHCH,CH,NHCH,CH,NCO,); 43.8 (NHCHZCHZNHCHZCHZNC02) 45.1
(NHCH,CH,CO,):  49.5 (C;gH CHyN); -~ 504 (CigHzCHaN):- 516
(NHCH,CH,CO,); 639 (NCO,CHy); 1245, 125.1, 1258, 1260, 126.5, 127.1, 127.4,
128.4, 129.7, 1300, 132.9, 133.5, 1338, 134.1 (aromatic C) 1156.6 (NCO,);. 1703
(NCOCHj). miz (DCI) 414 (20, M*-C10H7CH2+H+1), 356 (45, M* -
[(CoHN)4C= OJ+H+1); . 340- (100, M+_- [(CoH 4N)4C02]+H+1) 199 {33,
(CHgN)(C=0*); 141 (CioHiCH*). R (thm ﬁlm) 3052m (Ar—H str); 2935m,
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- 2846m (HC-H str) 1703m (carbamate C=0 str) 1.6553_(amide_ C=0 str); 1466m;
1370m; 1222w 817m.

-ngana' 41
The monoalkylated denvauve 51 (200 mg, 0.36 mmol) was—dxssolved in anhydrous
dlmethylformamlde (2. cm3) and anhydrous caesium carbonate (472 mg, 1.45 mmol)
was added followed by chloro N-methylethanamide (156 mg, 1.45 mmol). The
mixture was heated at 80°C under argon for 18h Removal of solvent under reduced
- pressure gave a brown 011 wh1ch was punﬁed by sﬂlca column chromatography
- A gradlent elutlon from CHCl, / MeOH / NH3(aq, 0. 88) 55/45/0 to- 50/45/5 Rf=0.6
B (55/45/5)} glvmg a colourless sohd (40 mg, 15%) mp. dec (180 C) SH(CDCI3) 2.66
(8H, brs, CH2CH2 ring); 2 75-2.79 (9H overlappmg doublets, CONHCH3);- 3.05 -
- 3.07 (4H NCH 2CH2NC02CH2 and 2H, NCH2CONHMe) 4 3.20 v(s |
NCHZCONHMe) 3.49 (4H, br, NCH2CH2NC02) 4.56 (2H S, NC02C HZCON) '
4. 83 (C10H7CH2N)- 4.89 (C10H7CH2N) 7.29 - 7.95 (14H, overlappmg multlplets
~ aromatic H; and 3H br, CONHMe overlappmg with aromatic H). Sc{H} (CDCly):
- 28. 6 (CONHCH3 ) 47.0 (NC'H 2CH2NCH2CH2N CO,); 48.6
‘ (NCH2CH2NCH2CH2NC02) 54.0 (s, NCH2CH2NC02) 54.3 (NCH,CH,NCOy);
59.3 (s, NCHZCONHMe), 62.9 (CO,CH,CON); 124.9, 125 0, 126.5, 126. 8, 127.1,
l27.4, l’28‘:4, 1294, 129.9 (siaglers, aromatic C); 133.3, 133.6, 134.0, 134.4 (singlets,
quaternary aromaric C)»;-_ 157.0 (s,_NCQ’zCHi),; 168.1 [s, (C19H7CH2),NCO]; 171.4,
171;5 (singlets, MeNHCO). m/zA(ES +): 790 {5, [M+Na*]*}; 768 {100, [M+1]+}.-IR |
A (KBr)‘ 3319m'(N—H'str)' .» 3054w (Ar-H str)"‘2938m 2817m (HC-H str); 1702s
(carbamate C=0 str) 1663 (am1de I); 1533 (am1de H). -Found (FAB NOBA mamx)
| M+ 767.4240 (0.6 ppm) [C42H55N806 requlres M767. 4245] '

Complexes of the carbamate lzgand 41 were prepared in solution in acetonitrile without
| _1solat1on usmg a 10% excess of the approprlate metal trlflate salt, and were
. characterlsed by electrospray mass spectroscopy (posmve ion detect10n mode):
c 2+ 978 {3 [M2++(CF3SO3 )]*} 829 (8, M2*4e ]+} 415 {100 M2},
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Zn2*+ 980 {6, [M2*+(CF;SO5)I*); 416 {100, M2+).
Pb2* 1122 (6, [M2*+CF;805)* }; 487 {100, M2+).

1, 7-Bis(paramethoxybenzenesulphonyl )-1,4,7,1 O-tetrctazacyclododecnne 53
A procedlire similar to that described previonsly for the preparation of the paratoluene-
sulfonyl analogue (52) was employed. 5 A solution of 1,4,7; lO-tetraazacyclododecane
(1. 29 g 1.5 mmol) in dry pyndme (12 cm3) was’ added dropwise to.a solution of 4-
.. methoxybenzenesulfonyl chloride (3.10 g 15 mmol) in pyrldlne (30 cm3) over a period
“of 15 minutes, with cooling to 0°C. The rnixtureiwas allowed to warm to room
- temperature and stirred for a futher 2h. The pyridine was removed under reduced
‘pressure and.the- yellow residue treated -vt'\ith rvater- 30 crn3) and the resulting
suspension stirred at room temperature for 1h. The solid was separated by filtration,
washed with water 3 x30 cxn3) followed’by saturated aqueous potassium carbonate
solutlon (3 X 30 cm3) and finally methanol (3 x 30 cm3) (Yield 3.1 g, 81%). Mp >
250 C By (CDC13) 3.28 (8H, br, HNCHZCHZNSOZAr) 3.52 (8H, br
2 NCH2CH2N502Ar) 4.00 (s, 6H, OCH3) 7 15 (4H, d, 37 8.9, Ar); 7.85 (4H, d, 3789,
SC{IH} (CDC13) 49.2 (s, OCH3) 52.3 (s, NCHZCHZNSOzAr) 55.7 (s,
NCHZCHZNSOzAr)' 114.4 (s, meta C); 128.5 (s, C-OMe); 129.5 (s, ortho C); 163.9
(s, C- SOz) m/z (ESMS posmve ion): 513 (55 M++1) 535 (17 M+Na*); 551 (6
“ M+K?). IR (KBr) 3447m (N-H str), 3170w (Ar-H str) 2978m and 2937m (HC H str),
, 1597s, 1496s, 1339s, 12585, 1157s 1095m, 1016m 701s, 561s. Found: M* (CI):
5_13.1.850. [C22H33N4S206 requnes M.513-18,42v]- ’ o , '

1, 7-Bts( 4- methoxybenzenesulphonyl) -4,1 O-bls( methylcarbamoylmethyl) I 4 7,10-

tetraazacyclododecane 54 '

' Chloro N- methylethanamlde (580 mg, 5. 40 mmol) was added to a suspension of the
.dtsulfonamlde (1. 1 g, 2 15 mmol) in dry drmethylformamxde (10 cm3) containing
| ”anhydrous caesmm carbonate (1.76 g, 5.40 mmol) and potassrum 1od1de (714 mg, 4.30

— mmol) The mixture was. heated at 75 C under an atmosphere of argon for 48h. [The

progress of the reaction was: readlly momtored by alumma TLC the R¢ values (5%
‘ | 255
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A methanol-dichlorornethane) of the starting material and thev rn'onoa.lkylated and
dialkylated c‘ompounds were 0.4, 0.6 and 0.8 re_spectively]. The solvent was removed
under reduced zpressure and the residue‘.taken into. dichloromethane ‘and filtered‘.
ARemoval of solvent from the resulting yellow solution gaue a brown residue which was
purified by silica column chrornatography; (gradient elution from dichloromethane to
3% methanol-dichlorornethane, Rf:z 0.4 in 5% methanol-dichloromethane), giving a

~_colourless solid (1.19 g, 84%),-mp 112 - 115°C. 8y (CDCl): 2.87 (6H, d, 37 4.9,

. CONl-ICH3); 2.95 '(8_H, br, NCHZCHzN); 3.12 (8H, br, NCH,CH;N); 3.25 (4H, s,
NCH,CONHMe); 7.00 (4H, d, 37 8.8, Ar); 7.69 (4H, d, 378.8, An). 8c{1H} (cpc13j;
26.2 (s, CONHCHQ); 50.7 (s, OCH3) 55.8 and 56.0 (singlets, NCHzCHzN); 58.7 (s,
 NCH;CONHMe); 11438 (5, méta C); 129.2.(5, C-OMe); 1297 (s, ortho O; 1635 (s,

C- SOz)' 17l:8 (CONHMe) ~m/z (ES +)"V655-(100' Mﬂ-l)' 677 (80, ~M+Na+) IR_.
" (KBr): 3395m (N—H str), 3076w (Ar-H str), 2943m and 2841m (HC H str), -1662s _‘
(C=0 str) 1596s 1497m, 13353 1261s, 11553 1093m, 1023m 699s, 558s. Found: C, .
49.2;H,6.2, N, 12.2 (C28H42N68208.42H20 requires C, 48.7; H, 6.7; N, 12.2).

- 1,7-Bis( methylcrzrbdmoylmethyl )-l 4, 7;'1 O_-tetraazacyclododecane 55
" A solution of »hydrogen bromidei-n acetic acid (33%; 30 cm3) was added to 54 (2.0 g,
13.06 mmol) in the 'presence of phenol (2.88 g, 30.6 mmol) and the mixture was heated
at.. 110°C for 48 h A further 20 cm3 of HBr/AcOH was then added and ‘heating
continued for a further 48 h. The-resulting brown solution was added dropwise to a
large excess of diethyl ether in a large centrifuge tube. The solid which precipitated
was separated by centnfuge ‘washed w1th ether, dr1ed under reduced pressure and taken
up into water The pmk solution obtamed ‘was filtered and passed down an anion
exchange column (Amberllte IRA 400 in OH‘ form). The basic fractlons collected
were combined and the water removed by freeze-drymg giving an oily solid. 3¢ NMR
1nd1cated that the required compund was- present but contammated with a significant
| - propornon of monoam1de Separat1on was achieved by selective: prec1p1tat10n of the
~diamide from toluene, giving a colourless solid (300mg, 31%). Mp. 95 - 98°C. oy
(éDCl_g):, 2.45 (iH, br s, NH amine); 2.65 (16H, br, CH;CHj ring); 2.81 (6H, d, 37
| - | 256
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4.8, CONHCH3); 3.17 (4H, s, NCH,CO); 7.51 (2H, br d, 37 4.8, CONHMe).. &c{'H)

(CDCly): 266 (s, CONHCH3); 46.6 (s, NHCH,CH,NCH,CO); 54.1 (s,
NHCH,CH,NCH,CO); 60.3 (s, NCH,CO); 1727 (s, CONHMe) rn/z (DCI): 315
(100, M*+1). IR (KBr): 2941m and 2835m (H-H str), 16345 (C=O str), 1560s, 1465m,
' 1406m, 1281w, 1068m, 975m, 786w cml Found: M+ (CI) 315.2508. [C14H31N602

requrres M 315 25085]

1 7-st[N N-bzs(2 naphthylmethvl)carbamoylmethyl] -4,10-
bis(methylcarbamoylmethyl)-1,4,7,10- tetraazacyclododecane Ca complex
[Ca.d2PH(I)y B

A solutlon of the’ blS naphthyl chloroamlde 45 (232 mg, 062 mmol) in dry

- dxmethylformamrde (1 cm3)~ was added to a solution of the rrans-diamide 55 (96 mg,

0.31 Cr'nmol) in dimethylformamide (1 cm3) in the presence of anhydrous caesium

 carbonate (250 mg, 0.77 mmol) and potassium iodide (1.03 mg, 0.62 mmol). | The

mixture was heated at 75°C under an atmosphere of argon for 48 h. The solvent was

‘removed under reduced pressure and the residue taken into dichloromethane and -

filtered Removul of solvent gave a brown oil which was purified by column
chromatography on silica (gradient elution from drchloromethane to 2% NHj(aq) / 18%
methanol / 80% drchloromethane Rf = (.5 by TLC under these condmons) The
product was further purrﬁed by prec1p1tat10n from chloroform ethanol grvmg a fine,
.off-white. sohd'whlch proved to be the calcium eomplex-of the required ligand as its
1od1de salt (40 mg, 10%) mp > 250 C. SH(d(, DMSO 363K 400 MHz): 2.48 (8H, br,
NCHZCHZN ring); 2 57 (6H d, 3] 4.4, CONHCH3) 2. 83 (8H br, NCHZCHZN ring);
3.33 (4H S, NCHZCO) 3.73. (4H, s, NCH2CO) 4.82 (8H, s, C10H7CH2N) .7.38 - -
7.92 (28H, overlappmg multlplets Ar- H) 8 62 (2H, d, 3J 4.4, CONHMe). SC{IH}
(CDC13, 298K): 27 0 (CH3) 49 5 (br, C10H7CH2N) - 5. 1 (NCH2CH2N) 533
(NCHZCHZN), 57 3 (NCH2CO) 58.0 (NC’H2CO) 124.7, 126.0, 126.4, 127.1, 127.5,
128 4, 128 6, 129 6 130 0, 132. 5 133.5, 133.7, 133.9 (aromatrc C) 174.4 (C=0);
1746(C O) m/z (ES +) 1156 {5 [M2++I I} 515 {100 M2+} IR(KBr) 3223m
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' 1309m, 1234m, 1093m, 999m, 817m, 754m. Found: C, 56.6; H, 5.0; N, 8.4; Ca, 3.;
" L 18.7. (CepHegCalpNgO4.H,O requires C, 57.2; H, 5:4; N, 8.6; Ca, 3.1; I, 19.5).

| 1,7-Bis[N,N-bis( 2-ndphthylmethyl )carbamoylmethyl]-4,1 0; )
bis( methylcarbarﬁoylmethyl )-1 4 7 1 0-tétradzacyclododecane 42
Dilute aqueous acid (HCI, 0.01M, 3 cm3) was added to. the calcium complex obtained
as above'_(15 mg, 0.012 mmol).followed by methauol (1 cm3). The mixture was stirred
© at room temperature for 18h and an-excess of DOTA was added. The pH was raised
slowly to 13 by the droowise addition of KOH (O,IM aq). Extraction into

' 'diChloromethane (3.x5 cm3) and rern0va1' of SOIVeni under reduced pressure gave a

, ' colourless residue (4 mg, 35%) 8H(CDC13) 2. 55 (16H, br CHj ring); 2.67 (6H d,

3J 4. 6 CONHCH3); 3.32 (4H, br s, NCHZCO) 3.47 (4H br s, NCH,CO); 4 64 (4H,
" brs, C10H7CH7_N) 4:86 (4H, br S C10H7CH2N) 7.35 - 791 (28H, overlapping
multlplets aromatlc H) m/z (ES +): 1012 {5, [M+Nat*}*}; 990 {12, [M+H**}; 496
{30 [M+(H+)2]2+} ‘IR (KBr) 3210m (N-H str), 3115m (Ar-H str), 2969m and 2843m

(HC-H str), 1643s_ (C=0 str),_,1313m, 1085m, 990m, 754m,

Complexes of the‘bis-naphthyluligand 42 were prepared in solution in acetonitrile
‘without isolarion, using a 10% excess of the appropriate metal triﬂare, arld were
cﬁaracterised by electospray mass Spectroscopy (p0sitive ion detection): '

Cu* 526 (10, M%)
Pb2* 598 (80, M2*}

| Eu*-1140 (12, [M¥*+2e T}

Chloro-N-[7-(4- methyl -2(1H)- qumolmone) ]ethanamtde

7 -Amino-4-methyl- 2(1H) qumolmone (carbostynl 124, 200 mg, 1.15 mmol) was taken
| into dry d1chloromethane 2 cm3) and methylamme 0.19 cm3, 1. 38 mmol) was added.
| Chloroacetylchlonde (O 11 cm3 1 38 mmol) was added dropwise to the stirred
suspensmn under argon with: coohng to -10°C. The mlxture was allowed to warm. to
room temperature and stirred for a furth_er 2h. The resulting white solid was separated.
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by centrifuge and  washed with HCl(aq) (O.IM; ‘.2 x4 -cm3) followed by water (4 x 4
cm'3). and finally methanol (4 x 4 cm3). The solid was dried under vacuum to give the
required product (210 mg, 73%), mp > 250°C. &y (dg-DMSO): 2.38 (3H, s, CHj);

4.29 (Zl{, s, ClCHz); 6.28 (1H, s, C=CH-CO); 7.34 (1H, dd, J 2.0 and 8.7, Ar-H
position-6); 7.66 (1H, d, J 8.7, Ar-H position-5); 7.\74‘(1H_,.d,~ J 2.0, Ar-H position-8);
10.57 (1H, s, ClCH2CONH); 11.61 ( 1H, s, C:CH—CONH).' Compound not sufficiently

| soluble to obtaih 13C NMR. m/z (CI): 253-(33, M*+1 for 37Cl); 251 (100, M*+1 for
- 35q)); 217 (33, [M*-Cl+H]+1). m/z (ED): 252 (26, M* for 7Cl); 250 (78, M* for
35C1); 174 (100, M*-CICHCO). IR (KBr): 3171m (N-H str), 3025m (Ar-H str),
2972m and 2919m (ahphatlc C-H str) 1675s (amrde I band for open-chain amide),

~ 1647s (amide I band for ring amide), 1613s (C-C con]ugated to C=0), 1585m (amide II
band. for open-cham amide), 1547s, 1459m, 1403s, 1269m, 885m, 856m. Found: C,

53.5;H4.4; N, 10.4. (C12H11N202C1.H20~rmuires C, 53.6;H,4.9; N, 10.4).

—‘14-{ [ 7—'( 4-methyl-2( 1H)-quinolinone) ].carbamoylmethyl_ }-1,4, 71 0- .
' tetraazacyclododecane | o ' o J g
The molybdenum tricarbonyl complex of 1 4 7,10- tetraazacyclododecane (280 mg, 0.8
'mmol) prepared as descrlbed above in the synthesis of- ligand 32, was taken up into
dry,- degassed dlmethylformamrde S cm3) and anhydrous. potassrum carbonate (166
mg, 1. 2 mmol) and potassrum bromlde (95 mg, 0.8 mmol) were added The
A chloroacetylated carbostyrrl (200 mg, 0.8 mmol) was added and the mixture surred at
70 C for 6h under an atmosphere of argon after whrch the solvent was removed under
reduced pressure with mlld heatrng The resulting’ brown residue was. taken into
: HCl(aq) (lM 10 cm3) and the mrxture stirred at room temperature and open to the air |
for 18 h. The pH of the solution was raised to 14 with KOH pellets wrth cooling and
the. dark green molybdenum resrdues ﬁltered off giving a clear pale yellow solution.
_ Extraction into drchloromethane (6:x 15 cm3) followed by removal of solvent under
reduced- pressure gave a pale yellow 011 (170 mg, 55%). oy (CDC13) 2.44 (1H, s,
A CH3) 2 74: (16H br CH, rmg) 2. 88 (3H; br amine N-H m rmg) 3. 35 (2H, s,
NCH2C(_)),. 6.35 (1H, s, C=CH:CO), 7.55(1H, d, J 8.8, Ar-H posmon-S), 7.60 (1H, d
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" not sufficiently resolved to obtain J value, Ar-H position-8); 7.9d (1H, dd, larger J 8.8,
'Ar-H.posi:tion-6);. 10.56 (1H, s, ClCHQCONH)t__ 8c{!H} (CDCl3): 19.6 (CH3); 46.2,
46.7,47.6,47.7 (CHjy ring); 60.3 (NC’H2CO); 106.0 (CH3C=CH); -117.4 (CH3C=CH);

| 115.0, 119.3, 125.7 (tertiary iarom_atic' carbons); 139.7, 141.2, | 149.2 (aromatic
quaternary carbons); 165.0 (CH.3C=CHC=O);. 171.5 V(NCHz_CO). m/z (ES +): 387
(100, M*+1); 409 (M+Na*). IR (thin film): 2940m, 2843m (HC-H str); 1674s (amide
I band for open-cha‘in amide); 1654s (amide I band for ring amide); 1607m (C=C conj
to C=0); 1541s; 1459m; 1405m; 1356m; 1293m; 819w,

1, 4 7-Tris( methylcarbamovlmethyl) -10- {N-[7-(4- methyl-2( 1H)- qumolmone) J-N-
- methylcarbamoylmethyl ]carbamoylmethyl} -1,4,7, 10- tetraazacyclododecane 57
The monoalkylated macrocycle (150 mg, O 39 mmol) was d1ssolved in dry
' dxmethylformamlde 2 cm3) and anhydrous caesnum ‘carbonate (190 mg, O 58- mmol)
and potassmm 1od1de (65 mg, Q.39vmmol) were added. Chloro-N-methylethanamlde
| (210 mg, 1. 95 mrnol) was added and the mixture stirred under an atmosphere of argon
~at 75°C for 48 h The solvent was removed under reduced pressure and the residue
- taken into d1chloromethane, filtered and the dlchloromethane removed from the
' resultrng clear solution leavmg.a yellow oil. The product was purified by alumina
" column ehrornatograp_hy (gradient elution from dichlorornethane to 3% methanol-
dichiorornethane; Rf = 0.6, ld%» methanol-dichloromethane) giying a yellow oil. The
product obtained Arequ»ired further puriﬁeation which was achieved by means of
preoarative reverse-phase HPLC, using. a Rainin Dynamax 60A colurnn gradient
elution from 10% A /90% B at t=0to 90% Al 10% B at t= 20, flow rate = 10 cm3-
.min"1 Aobs = 1330 nm, retentlon time = 10.4 min. - (A = CH3CN contammg 0.1%
* trifluoroacetic acid; B HZO contammg 0. 1% trﬂuoroacetrc acid). Removal of solvent
by freeze-drying gave the requlred compound as a pale yellow solid (45 mg; 13%). dy
‘(DZO) 2.13(3H, s, CH—CCH3) 2.23 (3H s, NHCH3) 234 (3H s, NHCH3); 2.38
(6H S, NHCH3) 3.6-2. 7 (24H v br CH2 ring + NCHZCO) 6 20 (1H, S, CI—13C-CH)
6. 95 (1H br. s, Ar—H posmon 8) 7. 26 (1H, br d, J 8.5, Ar-H posmon -6); 7.45(1H,d, J
8.5, Ar-H posmon'-S). 3¢t I_H} (D70): 18.1 (CH=CCH3_), 25.6,'25.7 (NHCHy); 48.9,
| | ‘ 260
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‘50.5 (CH; ring); 54.8,55.0, 55.4 (NCHZCO); 104.6 (CH3C=CH);_ 115.6, 117.3, 126.6
(tertiary aromatic C); l.l 84 lCH3C=CH); 138.6, 140.0, 150.4 (quaternary aromatic O);
163.6 (CH5C=CHCO); 169.6'(NCH2CO).‘ m/z (ES +): 67A2 '(34, M*+1); 356 (100,
M+Ca2+) IR (KBr): 3303m (N-H str); 3104 m '(Ar-H str); 2973m, 29l9m (aliphatic
C-H str) 1684s, 1677s, 16555 16483 (amide I bands); 1585m (am1de II band); 1429m,

- 1397m 12055, 1133m, 801m 722m

_ Lanthanide complexes of ligand 57 |
[Eu.571>* The ligand 57 (its diprotonated trifluoroacetate salt, 15 mg, 0.0167 mmol)

-was dlSSOlVCd in anhydrous acetomtnle (1 cm3) to which was added a solution of"
europlum triflate (lO mg, 0. 0167 mmol) 1n acetomtrrle 2 cm3) The mixture was
- warmed to 50°C for 2h after which the solvent was removed under reduced pressure.
The residue was taken up into the minimun volume of acetonitrile and added dropwise
to a large volume of anhydrous diethyl ether (5 cm3) in a centrifuge tube, with
vrgorous shaking between addrtlons (Wh1r11m1x) "The complex precrpltated as-a fine

'mrcrocrystallme solid (10 mg, 47%) [The complex proved to be too hygroscoprc to

| ‘ obtam a rehable microanalysis; sample homogenelty was confirmed by analytical

~ HPLC using the conditions descnbed in-the preparation of the ligand 57, retention time
7.4 min]. m/z (ES +): 1120 {6, [M3++(CF3SO3 NItk 9712, [M3++(CF3SO3 )€
TR 822 {3, [M3++2e 1); 486 {78, [M3*+(CF3803)P* }; 410{45 M3 24). R
(KBr): 3151w (Ar-H str); 2985w, 2927w (aliphatic C-H str); 1639s (amide I band);
- 1545m (amide 11) 1418m 12795, 1251s,1171s, 1()3ls, 640s -

[Thb. 57]3+ The terblum complex was prepared in a similar manner to that described
above for tbe europlum complex from the hgand 57 (15 mg, 00167 mmol) and
_terbium triflate (10 mg, 0. 0167 mmol) (Yleld =11 mg, 52%) m/z (ES +): 1128 {3,
[M3++(CF3SO3 )Z]+ b 829 {12, [M3++2e T} 489 {48 M3++(CF3SO3 ))2+} 414

{100 [M3++e ]2+} IR 1dent.1cal to that of the europlum complex
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5.2 Experimental; Details ol‘ Luminescence Measurements
5.2.1 Ultra-violet Spectroscopy | |
Ultra-violet absorbance spectra were obtained using a Unicam UV / Vis Spectrometer
- UV2-100, controlled thro‘ugh Unicam Vision Software Version 2.11 on a PC. A
'tungsten lamp was used for wavelengths greater than 325nm; shorter wavelengths were
produced by a deuterium lamp. Spectra were 'acquired with a bandwidth of A2 nm-and
were rn_easured using a scan speed of 120 nm min! and a data interval of 0.5 or 2.0 nm.
| Samples were contalned in quartz cuvettes with a path length of 1 cm; All spectra were
run. agamst a reference of pure solvent contamed ina matched cell.
Exnnctron coefﬁcrents were calculated using the Beer-Lambert Law

A = ec 1
where Ais the absorbance {= log 10(10/1) where Iy and I are the measured light
_‘1ntensmes in the absence and presence of the sample, respectively}, c the. concentranon
(mol dm 3 and 1 the path length (cm). The absorbance ata number of different solunon

concentratrons was measured and the extinction coefficient obtained from the gradient

of a plot of A against c.

5 2.2 Lummescence Spectroscopy Instrumentatlon

. Fluorescence and phosphorescence spectra were. acqu1red using a Perkin- Elmer LS 50B
ALummescence Spectrometer controlled through Perkm Elmer Fluorescence Data
Manager Instrument Control Versron 3.00 ona PC The optlcal layout and the path of
the radiation is shown i m Figure 5.1, The excitation source is a xenon flash tube,
triggered at a frequency of 50Hz, which produces_'an intense, short duration pulse of
radiation oVer the spectral ‘ran'ge 200 - 800 nm, with:a width at half peak intensity of
less than lOus The l1ght is focussed onto the excitation monochromator where it is
'dlffracted by the grating (controlled by a. stepper motor) A narrow. wavelength band
"'emerges the half-peak width. of which is determined by the sht wxdths selected
(typlcally 25- 15 nm) The majonty of the exc1tat10n béam is focused onto the' sample

but a small proportlon is reflected bya beam sphtter onto a reference photomulnpher
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tube. This allows the signal from the sample to be corrected for fluctuations in the
" intensity of light from the source. Light emitted by the sample is focused onto the
erniss.ion monochromator, the resolution again being determined' by rhe slit widths

selected, and is subsequently detected by the sample photomultiplier tube.

5.2.3 Acquisi’tioh of fluorescence':.md- phospherescence spectra

In fluorescence mode,-at each Wevelengtlr interval, the sigr,ral is integrated over 80 us to
collect all the light emitted by the sample. Phosphorescence oc_cﬁrs over a much longer
time interval (> 80 ps) and two further parameters must be considered in this case,
' rramely rhe gate rime, over which the integraﬁen 1s performed, and. the delay time,
- which is the interval- between exeitﬁtio,r_r of the sample and commencement of the

integration (Figure 5.2).

B * ¥ , " te= width at half height
| | " tg=delay from beginning of pulse
: to beginning of observation
tg = gate width of detector .

2. / -
.;; ™~ - .
5 / t, \. L - Luminescence
S o i : : decay
. / ’ . ’
/
!
< ty »
t,

-time — =
FIGURE 5.2 Diagram illustratr'ng some of the variables in theacqui&jtion of

phosphorescence spectra

In acquiring metal luminescence spectra,.a delay l;ime of 0.1 ms was normally used,

withr a gate time of 10 ms. Since the lifetimes of the complexes,-studied were all of the
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order 0.5 - 4 5 ms, these conditions ensured that a large proportion of the emitted light

was detected thereby favouring the 31gna1 ~to-noise ratio.

Solutions for acquiring ﬂuorescence and- phosphorescence spectra were contained in
quartz fluorescence cuvettes with a path length of 1 cm The absorbance at the selected
excitation wavelength was 0.5 or -less in all cases (< 0:1 for the determination of
quantum yields - section 5.2.5). The excitation and emission monochromator slit
~ widths may be varied 1ndependently In all discussions, the slit width value refers to

the half-height bandwidth; for example a "2.5 nm slit width" corresponds to a slit width

. giving a half-peak width of 2.5 nm. Large slit widths' give a higher 81gnal 1ntens1ty but

w1th a loss of resolution The most highly resolved emission spectra were obtained

Wlth'Sllt widths of 10 nm (excitation) and 2.5 nm (emission). '

A Hamamatsu R928 ph‘otomultiplier tube was used for detection of the emitted light.
This has a'higher sensitivity in the red region of the spectrum compared to other
_commonly-used commercially available detect_ors,- which is particularly important in
the study of the eur0p1um complexes The Vsensitivity of the tube has a marked
dependence on wavelength however, and spectra must be corrected for this. ThJS was
achieved by dividing spectra obtained by a correction curve (Figure 5.3).  All of the
spectra shown in this thesis have been corrected in this way The correction curve was
generated by running an emission spectrum of the light emitted by a lamp of known

spectral proﬁle and ratioing the s_pectrum so obtained with the known spectrum.

Phosphorescence excitation spectra were acquired by monitoring the emission at 619
nm (for Eum) and 545 nm (for Tbm) Excitation spectra are automatrcally corrected by

the spectrometer for wavelengths greater than 230 nm, by means of the reference

photomultiplier tube.
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FIGURE 5.3 Correction curvégeneratéd for the R928 photomultiplier tube . -

5.2.4 Lifetimes. - o

"~ Quoted .lifetimes (T dre the averege of at least 5 se?mate measurements, each of which
was obtained by rﬁonitoring the emission intensity at 619 nm (for Eull) or 545 nm (for
| To!) after 20 different delay_tim_ee spanning a range of at least 2 lifetimes. Slit widths
of 15 nm v:vere typieally used for the europium cemple'xeS' the higher intensiﬁee‘ of most
of the terblum complexes allowed slit widths of 5 nm or lower to be used In order for
an accurate decay curve to be generated, it is important that the gate time is short

compared to the lummescence lifetime: it proved possible to use a gate time of 0. 1 ms

in most cases whilst mamtammg a satisfactory s1gna1 -to- n01se ratio.

.Except where stated otherwise, monoexponential decay of the luminescence was

observed: the phosphorescence decay curves were fitted with good residuals to an

equation of the form - ] _ _
I(t) = I(0) exp(-t/T)

266



. Chapter 5

| using a curve-ﬁtting program (Kaleidagraph software running on an Apple Macintosh
or Grafit software on aPC) '

{Here I(t) 1s the 1nten51ty at time t after the excitation flash, I(O) the 1rut1al mten31ty at
time t =0 and tis the phosphorescence lifetime} .

Unless stated otherwise, lifetimes were found to be ihdependent of concentration over

the range examined (corresponding to an absorbance range of 0.5 to 0.05) and were

generally reproducible to within at least + 0.1 ms.

5.2.5 Quantum yields.

Quantum y1elds of fluorescence and phosphorescence were measured according to- the

-method of Haas and Stem wh1ch may be summansed as follows.

o o number of photons emitted " E
.= oL —
number of photons absorbed o A

where A is the area under the absorbance curve in the excitation band and E is the

comblned area under the emission bands.

Therefore

¢S - - Es/ As_

where s denotes values for a standard and u the values for the sample under
_1nvest1gat10n The integrated emission mtensmes of the standard and the unknown
were obtained under the same 'condruons, using minimum excnauon slit widths (to
minimise-tllezspread of excitation wavelengths).j Spectra were acquiredv.for‘ a'number of
solutions of‘different absorbance in the range (_).01'- 0:1 and the emission intensity was
| plotted against the absor_bance. Under these conditions, the Iuminescence intensity
should be directly propo-rtional to the absorbance and a straight line is expected the
gradrent of which gives E/A. The ratio of the. gradrents for sample and standard thus

gives the. relattve quantum yreld . '
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In the case of phosphorescence only a portlon of the total emission is observed, as

determined by the gate and delay times.- The observed emission (Epg) can be related to

the required total emission (Eyy) through the following expressron.8

E | - 1l-exp(</7T) ,
total = p 4 7 (50)
Egps - - exp(-ty/ 1) - exp[-(tg +1t;) / 7] -

where T-is the lifetime, t4 and‘.tg are the delay and gate times respectively and c is the

cycle time (time interval'betvveen successive flashes; ¢ = 20 ms in this work).

: Quinine sulfate t¢ = 0.546 in H,SO, (1M)9]‘ was used as the standard for the terbium
complexes and [Ru(bipy)3]2+ (<|> = 0.028 in aerated waterlo) for the europium
complexes. In- general the quantum y1e1ds were reproducrble to within about 10%.
There is a larger error in'the values for most of the europium complexes owing to the '
low mtenS1ty of emission. Excitation wavelengths were chosen to correspond to
reasonably 'flat’. portlons of the absorbance spectra, thereby mm1m1smg the uncertainty

_in the absorbance.

" 5.2.6 Effect of metal ions on fluorescence intensities

The effect of metal ions on ﬂuorescence (_Chapter- 4) was. investigated by addition of a
solution of the metal n‘iﬂate to 3 cm3 of a solution of the ligand in the same solvent. In
each case, theconc'entration of the metal triflate solution was first adjusted such that the
volume of solution to be added, containing the required numb'er of equivalents of M,

was lOOul The addlnon thus results in a constant dilutlon (of only 3.3%) wh1ch is the

: same for all the metals and wh1ch has a neghglble effect on the ﬂuorescence mtensrty

The rates of” metal complexation in the. naphthyl systems were studied by monitoring
'the ﬂuorescence intensity-at’ 337 nm (for monomer em1ssron) or 401 nm (exc1mer) at
-mtervals of ls (for the aqueous solut10ns) or every 0.2 s (for the solutlons in

acetomtnle), followmg addition of the metal salt. The resulting growth or decay curves
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were examined using Kaleidagraph software, as exemplified by the effect of Cd?* on

the tetranaphthy! ligarid 40 (Figure 5.4).

100 40
5 75__ -"30 g
. ] N
232 4 . BE
xn S ca
§ = 50 N -—20- 2
=2 1™ ' - _g_?.",-
$oRG AN BN g
AN - %3
[} ] - L
£ 25 ] ~ i 10 5
p ] ~ I 3
0 A ‘-l T | ' 0
0 500 lOOOA 1500 2000

. FIGURE 5.4 Increase in monomer emission (solid line) and decay in excimer emission
: (broken.line) for ligand 40 (MeCN, [40] =5 x 1 0°%M, [CF 3C02H] =10* M) following
tzddition of Cd(CF3S 03)2 (5 x1 03 M). Urtdér these conditions, pseudo-ﬁrst-order
kinetics are followed and the data were fitted to an equation of the form | '
I(t)=c-A exp( -kt) for the increase in monomer emission, gtvmg k=31x103s
( correlatton coeﬂiczent = 0. 999 95 ). Excimer decay was ﬁtted 10 a curve of the form

IH=c+A exp(-kt), givingk=295x107 s Is1(R=0.999 92),

5. 2 7 Effect of |3 cyclodextrm |

When monitoring the effect of added B- cyclodextrm (Aldnch) on the complexes of the
naphthyl hgands the following procedure was adopted A solution of the complex in

" water was prepared (3.64 x 10~ mol dm"3) and a 1.5 cm? ahquot was d11uted with 1.5

cm3 water and its fluorescence spectrum was recorded (Kex 270nm excitation and
emrssron sht w1dths of 5 nm). A second 1. 5 cm3 sample was added to 1.5 cm3 of a
solution of B-cyclodextrin in water (1.82 x ‘,_10'7 mol dm 3)___and the fluorescence
s_pectrl._lm; recorded. The difference in emission in_tensities for '_theft-»vo solutions was -
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noted and, as a control, the spectrum of the initially prepared sample was recorded
-ag-ain. The enhancements in fluorescence- intensity were found to be highly
reproducible. The effect was also-investigated at other concentrations as detailed in

Chapter 4.

- 5.2.8 DegaéSing of solutions
Where'hecessary, solutions were dégassed by means of four freeze-pump-thaw cycles
in degassing cells of the type shown in Figure 5.5. A vacuum-line equipped with a

mercury diffusion pump was uséd for this purpose, (base pressure <10-3 mmHg).

to vacuum line

_ - quartz
- fluorescence cuvette
]

|

.~ Youngs tap

glass bulb for containment of ‘

graded quartz-glass stem solution during degassing

FIGURE_S.S’l D'iagram of the cells used for measuring luminescence spectra of

degassed solutions

5.2.9 Variable Temperatilre Luminescence Spectroscopy
. In recording spectra at tem_pefauirés exceeding 298K, a Grant thermostatted water bath
‘'was used, which rapidly cirpulafed warm water through a channel bored into the sample

holder of the spectrometer.
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, Low temperature spectra were acquired using a varialale temperature liquid nitrogen
cryostat, Oxford Instruments model DN1704, controlled by an Oxford Instruments ITC
4 temperature controller. A schematic ‘diagram of the cryostat is shown m Figure 5.6.

‘The sample cell is loaded from the top and- posmoned at the bottom in a chamber which
is pump -filled with dry helium prlor to use. There are four quartz windows providing

~optical . access to the sample; these are separated from the outer windows: by an

evacuated chamber, thus.excluding water vapour which would otherwise condense on

, _the inner windows on cooling. A liquid nitrogen reservoir, isolated from the

surroundings by an outer vacuum chamber, surrounds the central sar_nple access tube.

The sample is cooled by ‘allowing a flow of liquid nitrogen from the reservoir to-the
sample space heat e')‘(changer,r through»a capillary. tube. The flow rate is controlled by

| the exnaust valve. A platinum resistance thermorneter and heater are fitted to the heat

exchanger; the temperature controller is used to supply the required amount of heat to
balance the co‘oling power and thus set the required temperature. The fluorimeter was

adapted to hold the cryostat in such a way thatthe sample was positioned in a
reprc_d-ucible position at the intersecti'onof the excitation and emission beam paths of .

the instrument.

Ethanol was 'chosen as the- solvent for variable temperature. studies as its freezing point
is sufﬁclently.lcw fora large range of temperatu_res to be available m ﬂui_d solution (the
‘range 150 - 330K was used). Low temperature spectra of the terbium cemple_x of the
carbos_tyril’ ligand:(57) were obtained in aerated solution. A Hellma Suprasil 101.098
QS low-tem‘p:erature cuvette was used for this purpcse These cells are manufactured
from a single plece of quartz and are less prone to fracture on’ warming to room
temperature\ than are conventlonal cells In the case of the terblum complexes of the
naphthyl ligand, 1t was necessary to de-gas the solutlons for low temperature study
Thls was ach1eved by modtfymg the low temperature cells in a srmllar manner to that

shown in Flgure 5. 5 but w1th a much longer. glass stem (ca. 30 cm) in order to allow

 the sample to be posmoned at the bottom of the cryostat.
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FIGURE 5.6 S_cheniatic diagram of the DN1704 variable temperature liquid nitrogen
cryostat used for low temperature luminescence. (Reproduced from reference 11).
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.5.2.' 10 Flash Photolysis and Laser Induced Emission Studies

The apparatus used for n'anosecond laser flash photolysis is shown in Figure 5.8. The
sample was excited by pulses of laser radlatlon of wavelength 308 nm, produced by a
' Lambda Phys1k EMG101 xenon chloride-excimer laser. Maximum pulse energy at the

sample was of the order of 1 mJ, with a pulse duranon of 20 ns.

lenses

w lampI - lle_li-s—-l—l—il—l - ” . ﬂ 'monochromator
S i i Tty
Thermostatted | ' I_PM_TJ

sample holder

S = sample cuvette

storage ————  amplifie
- oscilloscope |

-digital R l-———-—]
ifier

.excimer laser ..
A =308 nm’

FIGURE 5.8 Schemanc dtagram of the apparatus for nanosecond laser flash

photolyszs measurements

The transient, naphthyl triplet- produced on laser excitation was ohseryed by absorptlon
spectroseopy. (41(‘_)4nm')" at right angles to the exciting pulse. Light from a 100W
tungsten fﬂament?lamp vyas foeussed onto the sample and .the.'attenuated light emerging
was focussed ‘onto a Bentham TM3OO monochromator (set at 410 nm) and ‘integrated
using a photomultlpller tube (Hamamatsu R928). The output was spht into two
componentsﬁ by the amphﬁer,, one of which represented the large Iy value (Flgure 5.9).
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The other was AC coupled such that only the rap1d1y changing component of the signal

‘due to the tran31ent was observed, (I3) and amplified x 10. The signals were fed mto a
A Tektromx TDS 320 digital storage oscﬂloscope connected to a PC and were recorded
when triggered by a photodiode with the ﬁring of the laser. The transient decay was
observed after about 10 consecntive laser pulses; as this increased the s'ig“nal-'to-noise

ratio.

‘ FIGURE 5.9 Illustratmg the output s1gnals Iy and I [, from the ampltﬁer of the flash-.

photolyszs set-up and their relatzonshtp to the quantity of interest, I,
The absorbance at time t was calculated as follows:

A, = logp X)) = o
t | £10 It £10 . IO _ < ,Ia(measured) )
o 10

The obserVed.signnls were thus converted to a plot of absorbance against time. At the
Wavelength used (410 nm), gtound-state naphthalene does not absorb and so the profile

obtained represents the decay of the triplet naphthalene with time.

| The expenmental set-up for observatlon of the laser-lnduced metal luminescence was
similar except that the lamp was dlsconnected the monochromator was set to 490 nm
(terbium emits: strongly at this wavelength) and the monochromator slit width was

increased to allow more light onto the grating.
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| . Appendix ‘
Courses Lectures and Seminars Attended

First year courses
Ionic and Molecular Recognmon
Organometallics in Synthesis

Polymer Synthesis

Research colloquia, seminars and lectures
-organized by the Department of Chemistry (October 1992-J uly 1995)

o The following were attended:

1992

- October 20t
; October 22nd

November 5th

Dr. H. E. Bryndza, Du Pont Central Research.
Synthesis, Reactions and Thermochemistry of Metal (Alkyl) Cyanide
Complexes and their Impact on Olefin Hydrocyanation Catalysis.

Prof. A. Davies, University College London.
The Ing'old,-Albert Lecture The Behaviour of Hydrogenasa

Pseudo"metal. - : : . )

Dr. C.J. Ludman Un1vers1ty of Durham

. ‘ Explos1ons A Demonstration Lecture

" November 11"

‘November 12th N

Deeember ond

Prof D. Robins, Glasgow Umvers1ty .

Pyrrohzxdme Alka101ds Blologlcal Act1V1ty, Blosynthems and
Beneﬁts ' :

P,fof.‘ M. R. Truter, Univefslly_ College; London. -

L-u'ck'and‘ Logic in H_ost- - Gue'stj Chemistry.

Prof A F. Hegarty, University College, Dublm

. nghly Reactlve Enols Stablhsed by Stenc Protectxon

~ December 9%

Dr R A A1tken, Umversny of St Andrews
" The Versaule Cycloaddmon Chemlstry of BU3P CS;
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1993

January 218t - Prof. L. Hall, Cambridge.
' ' NMR - Window to the Human Body.

January 27®  Dr. W. Kerr, University of Strathclyde.
Development of the Pauson-Khand Annulation Reaction :
Organocobalt Mediated Synthesis of Natural and Unnatural Products.

February 111 Prof S Knox Bristol University.
The Tzlden Lecture Organic Chemlstry at Polynuclear Metal Centres.

Febrnary 17t Dr.R. w. Kemmltt, Un1vers1ty of Leicester.
Oxatnmethylenemethane Metal Complexes '

Mareh"lOFh : Dr.P. K. Baker, Univers'ity,College of North Wales, B‘an-gor. :
7'Chemis‘tr“y of Highly Versatile 7-Coordinate Comple’xes'. T

March 24%  Prof. L. O. Sutherland, University of Lrverpool
- Chromogemc Reagents for Cations. ‘

_ June 16t Prof. A K. Covington, Universlty of Newcastle. ‘
' Use of Ion Selective Electrodes as Detectors in Ion Chromatography.

" October 218 Prof, R..Adams; University of South Carolina, USA.

’ Chemistry of Metal Carbonyl Cluster Complexes : Development of
Cluster Based Alkyne Hydrogenation Catalysts. '

- Novemberv 17" Dr. A.Parker, Rutherford Appleton Laboratory, Didcot.

" o Apphcatlons of Time Resolved Resonance Raman Spectroscopy to - -

Chemical and B1ochemlcal Problems

Novernber 24“‘ Dr. P.G: Bruce, Un1versny of St. Andrews
- , _Structure and Propemes of Inorganic Sohds and Polymers

November 25® Dr. R.P. Wayne Un1vers1ty of Oxford.
- "The Ongm and Evolution of the. Atmosphere
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- December 18t

1994-

January 260

February 9 |

Febmal'y 16th
Feb;dery 230
| —March 2“‘l -
Maréh gth |

March 101

March 2510 -

N ovember- l6‘h "

" November 234
: - New Approaches to Asymmetric Catalysis.

Appendix

Prof. M.A. McKervey, Queen's Umversnty, Belfast.
Synthe51s and Apphcanons of Chemlcally Mod1ﬁed Cahxarenes

Y-

. Prof. J. Evans, University of Southampton.

Shining Light on Catalysts.

Prof D. Young, University of Sussex.
Chemical and Biological Studies on the Coenzyme Tetrahydrofohc

Acid.

Prof. K.H. Theopold University of Delaware, USA..

. Paramagneuc Chromlum Alkyls Synthesis and React1v1ty

Prof. P.M. Maitlis, University of Sheffield.
Across the Border : From Homogeneous to Heterogeneous Catalysis.

Dr. C. Hunter, University of Sheffield. _
Noncovalent. Interacuons between Aromaue Molecules

Prof F Wllkmson, Loughborough Umversuy of Technology
Nanosecond and Plcosecond Laser Flash Photolysis.

- _Prof. S.V. Ley University of Cambridge. o
~ New. Methodsvfor Organic Syn!‘,hesis. =

Dr.J. Dilworth, Umversny of Essex. .
lTechneuum and Rhemum Compounds w1th Apphcatlons as Imagmg

Agents

Piof. M Page, University of Huddersﬁeld.. N
Four Membered Rings and -Lactamase.

Dr J. M. J; Williams, University of Loughborough.
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Appendix

1995

January 11% . Prof P. Parsons Umversxty of Readmg
Apphcatmns of Tandem Reactions in ‘Organic Synthes1s :

January 181 DrG. Rumbles, Imperial College, London.
Real-or.Imaginary 3rd Order no‘n-Linear Optical Materials.

February 8%  DrD. O’ Hare, Oxford Un1vers1ty
Synthesis and Solid State Propemes of Poly- Ohgo- and Multidecker

Metallocenes

 February 22“‘1_ Prof. E Schaumann, Un1vers1ty of Clausthal
o ' SlllCOH and Sulphur Medlated ng opemng Reactlons of Epox1de

"~ March 1% | 'Dr M. Rosseinsky, Ox-ford University.
' Fullerene Intercalation Chemistry.
April 26" Dr M. Schroder, University of Edinburgh.
V Redox Active Macrocychc Complexes : Rings, Stacks and Liquid
' Crystals ’
May 4 Pprof. AU, Kresge, University of Toronto.

B The Ingold Lecture Reactive Intermediates : Carboxylic Acid Enols
and Other Unstable Species. ’

Graduate Colloquia, comprising talks by third-year graduate students, have been

attended each year.

Conferences Attended

‘X VIIIth International Symposiﬁm On Macrocyclic Chemistry,* June 27th - July 2nd
University Of Twente, Enschede, The Netherlands - 1993

Stereochemistry at Shefﬁeld ‘ - December 151 1993
Umversuy of Sheffield - '
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- Appendix

R.S.C. UK. Macrocyc[es,Gfoup,* _ X January 5-6t 1994
University of Warwick ‘ S

R.S.C. U.K. Macrocycles Group, : Janurary 4-5t 1995
University of Newcastle upon Tyne :

* indicates poster presented .
Publications

M. Murru, D. Parker, G. Williams and A. Beeby, 'Luminescence Behaviour of Stable
- Europium and Terbium Complexes of Tetraaza Phosphinates: Efficient Through-space
Energy Transfer From Phenyl to Terbium', J. Chem. Soc., Chem. Commun., 1993, 1116.

S. Aime, A.S. Batsanov, M. Botta, J.A.K. Howard, D. Parker, K.‘Senanayavke and G.
Williams, 'Solution and Solid-State Characterisation of Highly Rigid, Eight-Coordinate
Lanthanide(IIT) Complexes of a Macrocyclic Tetrabenzylphosphinate', Inorg. Chem.,
1994, 33, 4696. - ‘ —

"S. Aime, M. Botta, D. Parker and J.A.G. Williams, 'Nuclear 'Magnetic Resonance -
Studies of Neutral Lan_thanide(III) Complexes: with Tetraaza-macrocyclic.Ligands
containing Three Phosphinate and One Carboxamide Coordinating Arms', J. Chem.
Soc., Dalton Trans., 1995,2259. - |

D. Parker and J.A.G. Williams, 'Luminescence Behaviour of Cadmium, Lead, Zinc,
Copper, Nickel and Lanthanide Complexes of Octadentate Macrocyclic Ligands
- Bearing Naphthyl Chromophores', J. Chem. Soc. Perkin Trans. 2, 1995, 1305.
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