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ABSTRACT

This work investigates two main areas of interest. The first is the synthesis and study of
a variety of Lewis acid-Lewis base adducts of general formula X;B-PR; (X = CI, Br; R
= alkyl or aryl). The ''B-P and B-P NMR coupling phenomena are investigated. The
partial dissociation of some of these compounds in solution is probed by 3p and ''B
NMR. The crystal structures of many of these compounds are presented and analysed
for correlations between the properties of the phosphines and B-P bond length. It was
found that only the Tolman cone angle gave a good correlation to B-P bond length. A
compound containing a novel B,O, ring was synthesised during these studies, and
theoretical calculations performed to gain an insight into the planarity of this unusual 4-
membered ring. The first crystallographically characterised example of the tri(o-
tolyl)phosphonium cation is also presented.

The related compounds X3B-pyridine, X3B-2-picoline and X3B-4-picoline (X = Cl, Br)
are investigated by various analytical methods. Crystal structures of these B-N adducts
are presented. It is found that the structure of Cl;B-4-picoline exhibits an interesting
phase transition from orthorhombic Pnma at higher temperatures to monoclinic space
group P2;/n below ca. 170K.

The second area of work involves crystal structure analyses of a variety of co-crystals of
bis(phenylethynyl)benzene compounds, of general type R-Ph-CC-Ph-CC-Ph-R, with R
= H, F, MeO, MeS, CHj; and CF3 and a varying fluorination pattern on the phenyl rings.
The effect of these para substituents on the arene-perfluoroarene interaction was
investigated. The effect of each substituent was found to be subtle. In most cases, the
co-crystallisation induced an arene-perfluoroarene interaction that was not present in the
individual components.

Starting materials for the bis(phenylethynyl)benzene compounds often include
halogenated tolans of the form Ph-CC-Ph-X (X = Cl, Br, I), with either the halogenated
or the non-halogenated ring fluorinated. Crystal structures of PhFs-CC-Ph-X (X =1, Br,
Cl), Ph-CC-PhF4I and Ph-CC-PhF;-CC-SiMes; are presented and the arene-
perfluoroarene interaction investigated. It is found that the PhFs-CC-Ph-X (X =1 and
Br) compounds show no evidence of the interaction. The dominating intermolecular
force is a Type II halogen---halogen short contact. In contrast, the structure of the chloro
analogue is dominated by the arene-perfluoroarene interaction, with no
halogen---halogen short contacts. Neither intermolecular force is present in the Ph-CC-
PhF;-1 or Ph-CC-PhF,-CC-SiMej; structures.
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Figure 4.66: Diagram of NC-Ph-CC-Ant-CC-Ph-CN viewed down the molecular
axis, showing the alignment of Ph stacks (vertical) and anthracene stacks
(diagonal). 220
Figure 4.67: Ortep diagram for (4j). Ellipsoids plotted at 50% probability level.
Hydrogen atoms have been omitted for clarity. 220
Figure 4.68: Diagram of the two independent molecules in (4j), viewed down the
molecular axis, demonstrating the difference in the dihedral angles. 221
Figure 4.69: Packing diagram for (4j), viewed down the a axis to show the slight
overlap of anthracene and phenyl moieties. The most planar molecule is
depicted with black carbon atoms, the non-planar molecule has carbon atoms
shown in blue. Hydrogen atoms have been omitted for clarity. 222
Figure 4.70: Packing diagram for (4j), viewed down the crystallographic c axis.
The most planar molecule is depicted with black carbon atoms, the non-
planar molecule has carbon atoms shown in blue. Hydrogen atoms have been
omitted for clarity. 222
Figure 4.71: Packing diagram of (4j) viewed dewn the molecular axis, showing
almost co-planar anthracene moieties horizontally. The differently tilted
phenyl groups can be seen to align above and below each other. Hydrogen
atoms have been omitted for clarity. 223
Figure 5.1: Diagram to show the difference between Type I (left) and Type II
(right) halogen---halogen short contacts. 230
Figure 5.2: Diagram of molecules of Ph-CC-PhF's, viewed (a) perpendicular to the

CeFs ring, and (b) down the plane of the Ph-CC-PhF; ring and (c) down the
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molecular axis, showing how they stack on top of each other in an alternating
fashion to allow arene-perfluoroarene interactions. 233
Figure 5.3: Packing diagram for Ph-CC-PhFs, viewed down the b axis of the unit
cell, showing the short H--F contacts. 234
Figure 5.4: Diagram of sym-triphenethynylbenzene sym-
tris(perfluerophenylethynyl)benzene. 235
Figure 5.5: Diagram of the co-crystal of sym-triphenethynylbenzene sym-
tris(perfluorophenylethynyl)benzene, viewed perpendicular to the central ring
of the fluorinated molecule. 236
Figure 5.6: Ortep diagram for (5a), viewed perpendicular to the plane of the
perfluorophenyl ring. Thermal ellipscids are plotted to 50% probability level.
245
Figure 5.7: Stacking diagram of (5a), viewed perpendicular to the plane of the
perfluorophenyl ring. 245
Figure 5.8: Stacking diagram of (5a), viewed side on down the plane of the
perflucrophenyl ring. 246
Figure 5.9: Packing diagram of (5a) showing the almost perpendicular columns of
molecules. The short F+F interaction is visible between the columns. 246
Figure 5.10: Diagram to show the packing of (5a), viewed down the
crystallographic b axis. | 247
Figure 5.11: Diagram to show the packing of (5a), viewed down the
crystallographic ¢ axis. | 247
Figure 5.12: Diagram to show the short I---I contacts in the packing of (5a), viewed

down the crystallographic ¢ axis. 248
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Figure 5.13: Ortep diagram for (5b), viewed perpendicular to the plane of the

perfluorophenyl ring. Thermal ellipsoids are plotted to 50% probability level.

249
Figure 5.14: Stacking diagram of (5b), viewed perpendicular to the plane of the
perfluorophenyl ring. 249
Figure 5.15: Stacking diagram of (5b), viewed side on down the plane of the
perfluorophenyl ring. 250

Figure 5.16: Packing diagram of (5b) showing the almost perpendicular columns of
molecules. The short F+-F and F--H interactions are just visible between the
columns. 250

Figure 5.17: Diagram to show the packing of (5b), viewed down the
crystallographic b axis. The stack is viewed with no perspective to give a
clearer view of the short contacts. 251

Figure 5.18: Diagram to show the short Br-Br contacts in the packing of (5b),
viewed down the crystallographic ¢ axis. 251

Figure 5.19: Ortep diagram for (5¢), viewed perpendicular to the plane of the

perfluorophenyl ring. Thermal ellipsoids are plotted to 50% probability level.

252
Figure 5.20: Stacking diagram of (5c), viewed perpendicular to the plane of the
perflucropheny! ring. 253
Figure 5.21: Stacking diagram of (5c), viewed side on down the plane of the
perfluorophenyl ring. 253

Figure 5.22: Diagram to show the packing of (5¢), viewed down the
crystallographic b axis. The stack is viewed with no perspective to give a

clearer view of the short contacts. 254
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Figure 5.23: Ortep diagram for (5d), viewed perpendicular to the plane of the

perfluorophenyl ring. Thermal ellipsoids are plotted to 50% probability level.

255
Figure 5.24: Stacking diagram of (5d), viewed perpendicular to the plane of the
perfluorophenyl ring. 255
Figure 5.25: Stacking diagram of (5d), viewed side on down the plane of the
perfluocrophenyl ring. 256

Figure 5.26: Packing diagram of (5d) showing the almost perpendicular columns of
molecules 256
Figure 5.27: Packing diagrams of (5a) (a) and (5d) (b) viewed down the b axis. 257
Figure 5.28: Ortep diagram for (Se), with thermal ellipsoids plotted at 50 %
probability level. 258
Figure 5.29: Stacking diagram for (5e), viewed perpendicular to the mean plane of
the fluorinated ring. 259
Figure 5.30: Stacking diagram for (5e), viewed down the axis of the central two
molecules. 259

Figure 5.31: Packing diagram for (5e), viewed down the ¢ axis. 260
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STANDARDS, ABBREVIATIONS AND POINTS OF NOTE:

All hydrogen atoms for structures from X-ray data are given at positions derived from
X-ray data, i.e. the hydrogen atom positions have not been ‘neutron normalised’, unless
directly stated. All atomic scale distances are measured in angstroms (A), all laboratory
scale distances such as crystal dimensions are measured in millimetres (mm) and all
angles measured in degrees (°). In diagrams showing thermal ellipsoid plots, all thermal

ellipsoids have been plotted at 50% probability levels.

Abbreviations:

BPEB bis(phenylethynyl)benzene

cat catecholato
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CSD Cambridge Structural Database
DSC density scanning calorimetry
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Et ethyl
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MOCVD metal-organic chemical vapour deposition
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Chapter 1: Crystal Structure Determination using
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1.1 Introduction

1.1.1 A Brief History of Crystallography

The word ‘crystal’ originated from the Greek word ‘krustallas’, which, literally
translated, means ‘solidified from cooling’. This was because the Greeks believed that
quartz (rock crystal) was formed through transformation of ice from cooling.' The field
of crystallography was originally a branch of geology and mineralogy until it was
realised that the crystalline state of matter was common to many materials and not
solely to rocks. Crystallography is now, quite rightly, a branch of science in its own
right, sitting in the niche between physics and chemistry. The sc;ence of crystals
encompasses the external state, internal structure, growth and physical properties of

crystals.2

The modern day field of X-ray crystallography was born in 1895 with the discovery of
X-rays by R(jntgen.3 In 1912, von Laue suggested that the spacing between atoms in a
crystal should be about the right distance (1 A) to act as a diffraction grating for X-rays,
which are of a comparable wavelength. He managed to obtain a diffraction pattern of
spots using an X-ray generator and a copper sulphate crystal. This proved that X-rays
were indeed electromagnetic in nature. The work won him the Nobel prize for physics

in 1914.

The father and son team William Henry Bragg and William Lawrence Bragg, in 1913,
took this research one step further and showed that the diffraction pattern produced in
such an experiment could be used to determine the arrangement of atoms in crystals.
They solved the first ever crystal structures: those of sodium chloride, zinc sulphide and

diamond.
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nA = 2d sind
Equation 1.1

This equation understandably underpins the whole of crystallography, and this
important work was rewarded with the Nobel Prize for Physics in 1915, awarded jointly

to both father and son.

The diffraction pattern obtained in an X-ray diffraction experiment, along with
additional phase information, can be used to reconstruct the electron density pattern and
thus the arrangement of the atoms in the crystal. Before the advent of computers this
was a time consuming laborious process, but now can be done in a matter of hours or

days.

1.1.2 The Equipment

X-ray generation

To produce X-rays, a metal target must be bombarded with fast moving electrons; the
decrease in kinetic energy is released as X-rays. The radiation produc‘ed consists of a
continuum of radiation (white radiation) which is due to the collision and also sharp
emission lines corresponding to the type of metal target used. The sharp emissions are
caused when outer shell electrons move towards the nucleus to replace inner shell
electrons that have been ejected by fast collisions. The emission of excess energy as the
outer electrons move causes the sharp characteristic peaks. It is these characteristic
peaks that are used in X-ray diffraction. Usually there are several sharp emission lines
for a particular type of metal. The two most commonly used target metals in X-ray
diffraction experiments are copper and molybdenum. The emission lines which are used

as the source of X-rays for these materials are the Ko emissions at 1.5418 x 10™'% m for
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experiments presented in this thesis has no y circle: instead the value of y is fixed at

54.74°.

The Cryostream

The diffractometer is fitted with a liquid nitrogen cryostream6 to allow experiments to

be performed routinely at low temperatures (90K — 300K).

1.1.3 General Experimental Procedures

Outlined below are the methods and basic principles used to solve the crystal structures

reported in this thesis.

Choosing a good crystal

Choosing a good crystal can save hours or even days of work later on in the structure
refinement, so it is important to take time selecting a ‘good’ crystal. Good in this case
means a single crystal (not twinned), with few or no imperfections and ideally a block
which has all three dimensions between 0.1 and 0.5 mm. This is to ensure the crystal
diffracts well in all dimensions and that it is completely bathed by the X-ray beam. If
the crystal is too small, either in general or in one dimension, like a plate rather than a
block, the crystal will not diffract strongly enough for the diffractions to be detected. If
the crystal is too large it will not all fit fully within the X-ray beam. Larger crystals can
sometimes be cut carefully with a razor blade or scalpel, but this leads to the possibility

of the crystal shattering under the pressure of cutting.

To help select a good crystal the sample is analysed under a microscope. The crystal

morphology is examined to check for straight, sharp edges and flat faces. Any rounded,
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curved or aggregate crystals can be rejected straight away. Crystals with good general
morphology can be checked to see if they are truly single crystals by using a cross-
polarising microscope. A single crystal will usually appear light then dark on rotation
by 90°. Powders or amorphous samples do not. Care must be taken when using this
technique since cubic crystals do not extinguish polarised light. Tetragonal or hexagonal
crystals will also not extinguish polarised light when viewed along their ¢ axis. This is
still, however, a useful technique for identifying poor crystals. Imperfect crystals may
change gradually from light to dark, or show different shades in different sections of the
crystal. Such samples can be discarded. If no suitable crystal can be found using this

method, then the sample is abandoned.

Mounting the crystal

To place the crystal in the X-ray beam, the selected crystal is mounted onto a glass
fibre, or more often for the crystals presented in this thesis, on a hair. This is secured
with plasticine or glue into a brass pip and then mounted onto a goniometer head. To
reduce diffraction by the glass fibre or hair, it needs to be as thin as possible, but strong
enough to hold the crystal and not oscillate in the nitrogen stream. Both glass fibres and

human hair are largely amorphous and thus no diffraction occurs.

To fix the crystals onto the hair either epoxy glue or oil can be used. Glue works well
for room temperature data collections since it can hold the crystal very firmly. At lower
temperatures, however, poly-perfluorinated oil is often used. This has the advantage that
at low temperatures it freezes, acting as a reasonably strong glue, and, as a greasy
substance, it also protects the crystal from the air by completely surrounding it, which is
very useful if the crystal is air sensitive. It also means that when the experiment is

finished the crystal should be able to be retrieved intact. This was the chosen method of
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mounting the crystals used in the course of this thesis since all the structures were
carried out at low temperatures. It is important that the crystal is mounted on the very

tip of the hair or fibre, not at the side, again to reduce any diffraction caused by the hair.

Once the crystal is mounted, the goniometer head is screwed onto the diffractometer.

The crystal is centred in the beam using the adjustable screws on the goniometer head.

direct beam X ray beam

== SOURCE

BEAM
CATCHER €
DETECTOR &=

screw Lo tighten height
adjustment

are
\@'é-adjustmem

lateral —=

adjustment tateral

< adjustment

Figure 1.4: Diagram of a goniometer head, showing the adjustments which can be made to centre
the crystal in the X-ray beam.

To check that the crystal is centred it is viewed through a telescope with a crosswire.
This can often take some time with odd-shaped crystals, since it is important to be sure

that, on rotation of any of the circles, the crystal remains centred (see Figure 1.5).
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Figure 1.5: Diagram to show the adjustments which can be made to centre the crystal in the X-ray
beam.

Once the crystal is satisfactorily centred, a rotation frame is recorded to give a visual
check as to the quality of the crystal. A good quality crystal will give a nice array of
spots. A sub-standard crystal could give smudges or smears, and should be discarded. A
nice array of sharp spots, however, does not necessarily guarantee that the crystal is

going to be good enough for a full data collection and more checks are made later.

Low temperature experiments

The data collections for the structures presented in this thesis were done at low
temperatures. This is because reducing the temperature reduces the thermal motion of
the atoms. This in principle allows a more accurate determination of the positions of the

atoms in the crystal. X-ray crystallography essentially gives a time-averaged idea of
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atom positions, thus if thermal motion is high and the atoms are vibrating quite
vigorously, then the average picture will be a smear rather than a sharp sphere. Thus
low temperature experiments, which reduce vibrations, give more intense reflections

overall and so allow a better refinement to the complete structure.

There are some problems, however, associated with low temperature work. Phase
transitions may occur on cooling, which means that the crystal structure at the
experimental temperature is different from that at room temperature, which in turn can
be a problem if it is the room temperature properties of the solid that are being
investigated. Any atomic movements during the phase transition could also cause the

crystal to shatter on cooling.

Data Collection — The Matrix

The first data collection performed is the collection of the orientation matrix. This is a
usually the collection of four sets of fifteen frames collected from various orientations
of the crystal. The data are refined by least squares methods. The spots are visually
inspected on the computer screen. The matrix allows the crystallographer to check
whether a crystal that looked reasonabie under the microscope is in fact good enough
for a diffraction experiment. The cell parameters and the basic cell symmetry can be
found, and the orientation matrix calculated. The orientation matrix allows the
transformation of real space into reciprocal lattice space. The collection of the matrix
data also allows the crystallographer to decide the length of the experiment. Crystals
that diffract well and are quite large need only 10 second frames, whereas smaller,
poorer crystals may need longer time frames. The crystal system itself may also
determine the length of the experiment. To solve a triclinic system, half a sphere of data

need to be collected (a hemisphere), monoclinic cells need a quarter of a sphere of data
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and orthorhombic cells only need an eighth of a sphere. This is due to the higher
symmetry of the latter cells. It is always best to collect more data than are needed,
however the demand on diffractometer time also plays a part in determining the

experiment length.

When a good matrix has been collected, and the spots look good, the data collection can

be started. If a good matrix can not be obtained, the sample is discarded and the

experiment abandoned.

Absorption and extinction coefficients

Heavy atoms can absorb X-rays strongly. This can have a detrimental effect on the data
collected and a correction needs to be applied. This is to ensure that the intensity of the
peaks is consistent, regardless of the orientation of the crystal. An absorption correction
can be applied by inputting the crystal dimensions into the computer once the matrix
has been found and after the integration of the data (see later). This allows the computer

to correct equivalent reflections that should obviously have equivalent intensities.

Another way of applying an absorption correction is after the integration (see later).
This was the method used for the crystals presented in this thesis. This absorption
correction is a program written for CCD area detector diffractometers called SADABS,
which corrects for factors specific to area detectors. The program compares the
intensities of equivalent reflections to gauge the scaling of the intensities needed to
account for absorption. It is therefore advisable to have many more data than are needed

in order to provide the best comparison.
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There are two types of extinction: primary and secondary. Primary extinction is the
reduction in strength of the incident X-ray beam caused by Bragg reflection (see Figure
1.6). This is where the incident X-ray beam is reflected twice by the same set of planes
as 1s travels through a perfect crystal, resulting in attenuation of the beam due to
destructive interference. The ‘perfect’ crystal is however is rarely found and in reality
crystals are usually made up of small regions of perfect crystals known as ‘mosaic
blocks’. This causes secondary extinction, where individual blocks in the same crystal
are perfectly aligned. The incident beam is reflected by both the first block and the
second block, which is deeper into the crystal. The reflections from the second block are

less intense due to the beam having to travel further into the crystal.

Boundaries
of
mosaic blocks

Perfect
cx:ystal

Figure 1.6: Primary extinction (left) and secondary extinction caused by a crystal made up of
mosaic blocks (right).

Full data collection

Once the crystal has been chosen, a full data collection can be started. First, a ‘dark’
scan is carried out that enables background radiation to be subtracted from the collected
frames. The experiment is run using the parameters calculated from the matrix data
collection. Data is collected by w scans typically with a data collection time of nine to
twelve hours. Data collected at low temperature used the cryostream system detailed

above.
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Thresholding

Once the data are collected, more accurate unit cell parameters can be calculated using
up to 999 strong reflections from all crystal orientations. The SMART software is used.’
Only peaks above a certain intensity are considered, hence this process is termed
“thresholding”. The cell parameters found in this way are the ones that are finally
reported. These 999 reflections then undergo least squares refinement to see if the
individual reflections give h k and 1 integer values. If there are a significant number of
non-integer values, then it is possible that the unit cell is incorrect, or that the crystal
was twinned, or that the crystal contained areas of amorphous material. The data are
then checked for higher symmetry and the peak profiles viewed to check that the data
quality are good. The spots are analysed in terms of their widths in the x and y direction,

and the full-width-half-maximum of the rocking curve, which gives the z direction.

Integration (data reduction)

Once the precise unit cell has been calculated, the data can be integrated using
appropriate software.® This is the process where the intensities of the reflections are

converted into structure factor magnitudes. Structure factors and intensities are related

'Fhkll =K L
\ (Lp)(Abs)

by the following expression:

Equation 1.2

The Lorentz correction, L, corrects for the relative time each reflection spends in the
diffracting position; the polarisation correction, p, accounts for the partial polarisation
of the beam by the monochromator crystal, Abs is the absorption correction and K is a

scale factor. The scale factor relates to the crystal and radiation used. Thanks to the
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advances of computer technology, integration now takes approximately half an hour, as

opposed to the many hours or even days it used to take in the past.

Space group determination

The space group of the crystal can be determined using XPREP, part of the SHELXTL
application, which uses the cell parameters, Laue symmetry, Bravais lattice types and
systematic absences to determine the correct space group. Systematic absences in a
diffraction pattern are caused by the presence of a symmetry element which means that
exact destructive interference occurs between diffracted reflections (e.g. a 2, screw axis

generates reflections where [ = odd are absent).

The data are tested for the presence of an inversion centre by using normalised structure
factors. These are structure factors corrected for the decrease in intensity as sinO/A
increases due to atomic size. For a non-centrosymmetric structure, [E*1] will tend
towards 0.97 and for a centrosymmetric structure it will tend towards 0.74, thus the

presence, or otherwise, of an inversion centre can be suggested at this stage.

Obtaining a trial structure

The structure factor amplitudes gained by integration of the data need to be converted
into an electron density distribution to enable structure refinement. This is not a simple
process due to the ‘phase problem’. The measured intensities lead to only the
amplitudes of the structure factors, |Fui|. The phase information, ouhkl) is not available
from the experimental data. To convert the structure factor amplitudes into electron
densities, the Fourier synthesis given below must be performed. This requires the phase

angles, which are not yet available.
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p(xyz) = é > |F(hk)| cos 27 (hx + ky + Iz — cr(hk1))
. h k1

Equation 1.3

V is the cell volume. Overcoming the phase problem can be done in two ways, usually
depending on the type of structure. Either direct methods or Patterson methods (heavy

atom methods) can be used. The calculations are performed by SHELXTL software.”

Direct Methods

Direct methods'® assume that the electron density map is everywhere positive and that it
consists of sharp isolated peaks in atomic positions. This restricts the number of
possible solutions that can fit the data. Phases are assigned to the data. Any phases
which produce negative electron density or which generate a peak too close to another
are rejected due to the original assumptions. This procedure is carried out several times
and a factor of ‘fit’ assigned to each possible solution. The best ‘fit’ solution is then
used to generate an electron density map to which atomic positions can be assigned. It is
very unlikely that all atomic positions will be found at the first attempt. The remaining

atoms can be found by applying a difference Fourier synthesis, shown below:

Foss(hkL)| -

Feac(hkD)| cos 27z (hx + ky + Iz = Qtate(hkl)

<|—

p(obs)— p(calc) =

222
ok
Equation 1.4

The electron density of the first model is calculated and then subtracted from the
observed electron density distribution. The difference density map is plotted, with the
‘missing’ atoms showing as additional peaks. The trial structure can then be refined.

Direct methods were used for all the structure solutions presented in this thesis.
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Patterson Methods (the heavy atom method)

If the crystal contains a heavy atom such as a transition metal then Patterson methods''
can be used to overcome the phase problem. The Patterson function contains no terms
for the phase angle. It uses the structure factor amplitudes to produce a vector map using

the Fourier synthesis below.

P(uvw) = éz 3N |F(nkD)|*cos2 (hu + kv + Iw)
Equation 1.5

The peaks in the Patterson map correspond to vectors between the atoms. The height of
each peak is proportional to the product of the atoms linked by the vector. Because of
this, it is the heavy atoms which dominate the map. The peaks corresponding to the
heavy atoms can be easily found using space group symmetry. The position of some of
the light atoms can be found relative to the heavy atoms, and a set of trial phases
generated. Because of the reliance on the difference between atomic weights, Patterson
is best used when the compound consists of only a few heavy atoms combined with

light atoms.

Refinement of the Trial Solution

Once a trial solution has been found, by (usually) direct methods or by Patterson
methods, the approximate arrangement of the atoms in the unit cell is known. This
approximate structure then needs to be refined, which is done using the XIS program,
which is part of the SHELXTL application. First, the peaks corresponding to atoms (if
direct methods are used) can be assigned to atoms on the basis of the size of the peak

(since larger atoms have more electron density than smaller atoms). The assignment is
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checked to make sure connectivity and bond distances are sensible. Once as many atoms
as possible have been assigned, a least squares refinement cycle is performed which can

yield ‘missing’ peaks ion the resultant difference map.

The principle'2 of least squares, the method that is used to refine the solution, is to
minimise D, the sum of the squares of the differences between the observed and the

calculated structure factors. This function is given below.

232
calc)

ob:)l — QFhkl

D= Z thl((thkl

hkl

Equation 1.6

where wyy is the weight of the reflection hkl, which is an indication of the precision of

the measurement.

The least squares program also produces other parameters which describe the precision

of the refinement. The first of these is R, the residual index:

- |lec

Z “Fabx
- hkl
2

hkl

R

F obs

Equation 1.7

The R factor gives a measure of how well the observed structure factor amplitudes fit
those calculated for the model. A good structure should have a value of R under 0.08

(generally, the lower the better).
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The second parameter which gives an idea as to the quality of the refinement is the

goodness of fit, S. For a perfect model, S will have a value of 1.

z w(Fobs® — Fcalc?)*
S — hkl

(N-P)

Equation 1.8

where N is the number of reflections used and P is the number of parameters refined.

A weighted residual index, wR; can also be used:

wR, =

z W(Fob52 —F‘mIcZ)2
Z W(Fobs2)2

Equation 1.9

where w is the weighting of each reflection (an estimation of the precision of the

measurement). Other weighting schemes can be used. The one used in SHELX is

. 1
|02 (Fo®) +(aP)? + (bP)*]

Equation 1.10

where P is [2Fcalc2 + max(Fobsz,O)] / 3. Once all the larger atoms have been found, the
hydrogen atoms can be added. In a good structure these can often be found via the
difference map. This is not, however, always possible since hydrogen atoms have only

one electron and thus only have a small scattering factor. If this is the case, the
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hydrogen atoms can be ‘fixed’ into a chemically sensible position using the XP

program.

After this is completed, further least squares refinement is carried out until the

successive least squares cycles see no change in the solution.

The non-hydrogen atoms are usually refined as thermal ellipsoids, which are ellipsoids
showing the spread of electron density with anisotropic displacement parameters. An
ellipsoid better describes the spread of electron density when the atom is undergoing
thermal motion. Six parameters of an ellipsoid are used to describe the electron
distribution, and refined using least squares as before. A problem that can be
encountered when trying to refine anisotropic atoms is that the result may not be
sensible, especially in a low quality refinement. It is important to check for non-sensible
solutions. For example, it is possible for the program to define a surface which is not

closed, which obviously makes no sense in the real world.

Post Refinement

The final structure and notes concerning the refinement are put into .cif file format,
which can then be checked manually and via the TUCr website'> for any obvious
problems. Graphics to accompany the data, as well as intermolecular contact distances,
dihedral angles and other parameters can then be calculated via the XP program, or

using Platon.'
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Chapter 2: Prototypical Lewis acid — Lewis base
adducts of boron ftrihalides with tertiary
phosphines; compounds of the type X;B-PR; (X =

halogen; R = alkyl or aryl).
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2.1 Introduction

Our group has recently reported'® that compounds of the type XsB-PR3; (X = Cl; R =
alkyl or aryl) are among the products of the phosphine-promoted substituent
redistribution of B-chlorocatecholborane (ClBcat). A search of the literature revealed
that although compounds of the type X3B'PR3 (X = any halogen; R = H, alkyl or aryl)
are well reported, many are poorly characterised, with little crystallographic or NMR
spectroscopic data, in part due to the fact that the simplest adducts were first synthesised
more than 100 years ago,'6 with some characterisation data published in the 1940s.""
Many of the simple Br;B-PR3 adducts were patented in the 1960s by Wagner'® for use
as anti-knock agents in petrol; however, no characterisation data were published. Other
boron halide-phosphine adducts have been studied by NMR spectroscopy to examine

any possible relationship between chemical shift and adduct strength. "

The only crystal structures of these adducts to have been reported previously are of
X5B-PMe; (X = Cl, Br, 1), Br;B-P(°Pr);*' and Br;B-PPh;.** The latter two structures
will be discussed later. Me;P-BCl; and Me;P-BBr; were both found to crystallise in
monoclinic space group P2;/m, whereas the iodine-containing analogue, Me;P-Bls,
crystallised in orthorhombic space group Pbca. B-P bond lengths in the three structures
were 1.957(5) A, 1.92(1) A and 1.92(2) A for the chlorine, bromine and iodine
structures respectively. The similarity in the chlorine and bromine-containing structures
was noted. The difference in the structure of the iodine compound was rationalised by

the larger size of the halogen compared to chlorine or bromine.

The crystal structure of an unusual cycloborataphosphoniane, 2,2,4,4-tetraiodo-1,1,3,3,-

tetraphenylcyclodiborataphosphoniane, [(Ph,P)-Bl,],, was published at around the same
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time as the structures of the Me;P-BX3; (X = Cl, Br, I) compounds. This elegant
molecule forms by elimination of hydrogen and iodine from the adduct Ph,PH-BI;. It
crystallises in space group P2;/c. The B-P bond distances range from 1.94(2) A to2.02
(2) A, B-I bond distances range from 2.17(2) A to 2.22(2) A and P-C bonds from
1.78(2) A to 1.83(2) A. Bond angles inside the four-membered B-P-B-P ring range from

86.8(7)° to 89.1(7)°.

There has recently been a resurgence of interest in compounds containing boron and
phosphorus bonds. This mainly concerns adducts of BHj, but also some aspects of
transition metal chemistry and work involving oligomeric, cyclic and polymeric

phosphinoboranes. Some of this work is briefly summarised below.

A tecent review™ has discussed the chemistry of amine and phosphine adducts of BH;,
H,BR, HBRR’ and BRj3. A vast number of B-N adducts were included, and the latest
developments were discussed in detail. The review discusses the main routes of
synthesis of the wide variety of H,R3.,B-NR3, and, more relevant to this chapter, the
analogous HpR3.,B'-PR3; compounds. The recent use in organic chemistry of these
adducts as hydroborating or reducing agents is summarised, and mainly concerns
complexes of BH3. The B-P and B-N adducts, which are more stable than the well-
studied THF-BH3 and Me,S-BHj3 adducts which are commonly used for hydroborations,
can also be used as hydroborating agents. Hydroboration of this type has also been
reported for the allyl-z-butylphosphine-BHj; phosphine-borane adduct. BH3 was found to
react with bis(diphenylphosphino)alkane-type phosphines, usually forming the bis-
adduct. The single exception to this is 1,2-bis((S,S)-2,4-dimethylphosphetano)benzene
which forms the mono-BH; adduct. BH; was shown to act as a protecting group for

amines and phosphines, and as an activating group. Some adducts were shown to
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undergo radical reactions. Other uses of boron-amine and boron-phosphine adducts
were as boron analogues of biological molecules for potential therapeutic use, and for

use in molecular recognition techniques.

Manners et al. have researched into oligomeric, cyclic and polymeric
phosphinoboranes. The group have succeeded in making the first high molecular weight
poly(phenylphosphinoborane)24 as part of their work investigating main group inorganic
polymer systems. The reaction was facilitated by Rh' catalysts, including [Rh(1,5-
cod);][OTf], and proceeded via the dehydrocpupling of the phosphine-borane adduct
PhPH;-BHj. In further studies, many catalytic routes” to linear, cyclic and other
polymeric phosphinoboranes were detailed. These reactions are again catalysed by a
variety of rhodium-based catalysts. In the course of investigating the mechahistic
pathways involved in these reactions, a novel platinum complex was synthesised26 with
a ligand comprising of a phosphine-borane adduct. Two complexes, differing in the
phosphine substituent of the adduct, were studied. They were (PEts),PtP(H)(Ph)-BH;
and (PEt;),PtP(Ph),'BHj3. It was found that if the latter complex was treated with one
equivalent of P(H)(Ph)-BH3, exchange occurred, resulting predominantly in the first

platinum complex.

In related studies by the same group27 it was found that the formation of the BHs or
BCl; adducts of a ferrocene complex, (n5 -CsH,),FeP(Ph)yBX; (X = H or Cl), aided the
transition metal catalysed polymerisation of bridged ferrocenophanes. It was thought
that the ligation of the phosphorus atom in the ligand to the metal centre was preventing
polymerisation. The BX3 moiety protects the phosphorus, preventing its ligation to the
metal centre, thus facilitating polymerisation. Use of this method led to the synthesis of

poly(ferrocenylphenylphosphine), [(1"|5 -CsHy),FeP(Ph)BX3], (X =H or CI).
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Starzewski et al. also utilised B-P chemistry in the course of organometallic research.”
They used the B-P dative bond to fine-tune zirconium metallocene catalysts. The work
focuses on donor/acceptor (D/A) metallocenes where one m-ligand of the sandwich
complex has a donor substituent and the other m-ligand has an acceptor substituent. A
coordinate bond forms between the donor and the acceptor, which has the effect of
influencing the m-ligand-M-n-ligand angle, altering the selectivity for substrates. The
coordinate bond also inhibits rotation of the ligands. The prototype complex involved a

ZrCl, fragment, with a Cp-PMe; n-ligand and a Cp-BCl, nt-ligand.

Figure 2.1: Diagram of CL,Zr(Cp-PMe,-BCL,Cp). Hydrogen atoms have been omitted for clarity.

This complex proved to be an effective and thermally stable catalyst for ethene
polymerisation. Utilising the same methodology, it was found that a PEt, substituent on
a 2-methylindenyl m-ligand, and BClI; substituent on the second 2-methylindenyl ligand
formed a P-B dative bond which held the mt-ligands in a rac arrangement on the ZrCl,

fragment. This catalyst was successfully used to produce highly isotactic polypropylene.
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A ferrocenophane system has been reported which utilised the B-P coordinate bond as a
donor-acceptor self-assembling ligand.”® The weak dative bond enables the rigidity of
the ligand, and thus the catalytic activity of the molecule, to be altered by choice of
solvent, addition of other Lewis acids or bases, or even changes in temperature. It was
found that the Cr(CO)s fragment is sufficiently Lewis acidic to compete successfully
with the boron for the phosphorus lone pair. This idea of reversible coordination has
considerable potential for a tailored adaptable catalytic system. Later work by the same
group has extended upon these early results, generating some elegant ferrocenophane

molecules.’°

An ansa-metallocene with a single boron atom as a bridge has been found to catalyse
the polymerisation of ethane when activated by methylaluminoxane.”’ The boron atom
was found to be susceptible to attack by nucleophiles, but is protected by coordination

by triphenylphosphine.

An interesting area of research into compounds containing B-P bonds is by Haubold ez
al.. Their research into elegant phosphaboranes, analogous in many ways to carboranes,
has produced numberous new B-P compounds in the last decade.’ Other groups have

presented structures of more complex phosphacarboranes.”

The interest of our group in B-P compounds stems from our work with rhodium boryl

35 that the labile phosphines in Wilkinsons-type rhodium

complexes.34 It is known
compounds interact with ClBcat to give, amongst other things, the adducts ClBcat-PMe;
and CI;B-PMes. Use of ClBcat as a source of boron in the presence of rhodium

complexes with labile phosphine ligands can thus be complicated by disproportionation

of the ClBcat.>
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Our group has published37 structures of the phosphine adducts of Bjthiocat;, shown
group phosp

below.

Figure 2.2: Diagram to show the structures of the PMe,Ph adduct (a) and PEt; adduct (b) of
B,thiocat,. Atoms are shown as spheres of arbitrary radius. Hydrogen atoms have been omitted for
clarity.

The structure of the bis-dimethylphenylphosphine adduct, (a) above, was also reported
at the same time. The P-B bond lengths were 1.979(4) A and 1.967(2) A for (a) and (b),
above, respectively. The bis-adduct, which is not shown, had a comparable B-P bond

distance of 1.974(2) A.

Our investigations into ClBcat and Bthiocat, adducts of tertiary phosphines highlighted
the lack of organised data in the literature for the simple X3B-PR3; compounds. This is
somewhat surprising for such prototypical Lewis acid-base systems, especially in the
light of recent interest in Group 13-15 adducts. Alkyl Al-Sb and Ga-Sb adducts® have
been investigated for their potential use as MO-CVD precursors, as have the Group 13-
15 metal halide adducts of the type XsM-DH; (X = F, Cl, Br, I; M = Al, Ga, In; D = P,

N, As).”?

A search of the Cambridge Structural Database revealed a dearth of structural

information about BX3 adducts of phosphines. The PMes; adducts of BX3 (X = Cl, Br, 1),
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discussed above, have been known for more than 25 years. It is only much more
recently, during the course of the studies presented here, that two other directly related

crystal structures have been published.

The Br3B-P("Pr); adduct® was synthesised and the crystal structure solved by Klapotke
y ry !

et al. as part of their research into X3B-PX3 adducts. The compound was found to

crystallise in the trigonal space group P3cl at 200K. The P-B bond distance is 1.95(1)

A. The molecules possess C; symmetry.

The Br;B-PPh; adduct?' crystallises in monoclinic space group P2;/n at room
Yi P 1Y

temperature. Selected bond lengths and angles are given later for comparison purposes.

Related structures of X3;B-P(SiMes); (X = Cl, Br) have also been reported.40 B-P bond
lengths were 2.022(9) A and 2.00(2) A for the chloro and bromo analogues respectively.
Both compounds crystallised in orthorhombic space group Pbca, with the cell
dimensions for the bromo analogue very similar but slightly larger than for the chloro

analogue.

Herein are presented the results of a systematic study of X3B-PR; (X =F, Cl, Br; R =
alkyl or aryl) compounds. The study was started by previous members of the group and
my work has extended upon these results; data from the whole study have been included
here and referenced accordingly. These findings have both aided our own identification
of products in the complicated mixtures of compounds which result from the substituent
redistribution reaction of ClBcat with tertiary phosphines, and contributed to a more

thorough understanding of compounds containing B-P bonds.
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2.2 Scope of this study

Presented in this chapter are synthetic data for the compounds X3B-PR3 where X = Cl,
Br and PR3 = PMes, PEt;, P(iPr)3, P("Bu);, P('Bu)s, PCys, PMe,Ph, PMePh,, PPh; and
P(o-tolyl);. NMR studies revealed interesting ''B-P and '’B-P coupling phenomena,
which is discussed, and the unexpected behaviour of Cl;B-PPh; and Cl;B-PMePh; in
solution, which is probed at low temperature. Data are examined for the known
structures of Cl;B-PMes;, BrsB-PMe; Br;B-P("Pr); and Br;B-PPh;s (295K). The
molecular structures of Cl;B-PCys, C13I;-PMezPh and Cl3B-PPh; have been obtained
previously,i but are analysed briefly here, along with the new structures of Cl;B-PEts,
Cl;B-P(Pr)s, ClsB-P("Bu)s, ClsB-P(‘Bu)s, BrsB-PEts, BrsB-PPhs (110K) and BrsB-P(o-

tolyl)s.

Also discussed are the structures of two additional compounds, {[Ph3PH]+}2[B402F10]2’

and [HP(o-tolyl);]*[BCl4]” which were obtained during this study.

' Structures Ci3B-PCy; and Cl3B-PMe,Ph solved by Andrei Churakov and Cl;B-PPh; by Christian
Lehman, University of Durham, England, 1997.
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2.3 Results and Discussion

Treatment of PMes, PEts, P('Pr);, P("Bu)s, P(‘Bu)s, PCys, PMe,Ph, PMePh,, PPh; and
P(o-tolyl); as hexane solutions with a slight excess of BCl; in heptane affords
respectively ClsB-PMe; (2a), CI;B-PEt; (2b), CB-P(Pr); (2¢), ClsB-P("Bu); (2d),
CI;B-P(‘Bu); (2e), Cl3B-PCy; (2f), Cl;B-PMe,Ph (2g), Cl;B-PMePh; (2h), Cl;B-PPh;
(2i) and CI3B‘P(o-tolyl); (2j) as white solids in high yields. Similarly, reaction of the
phosphines with a slight excess of BBr; gave analogous adducts Br;B-PMe; (2aa),
BrsB PEt; (2bb), BrsB-P(‘Pr); (2¢c), BrsB-P("Bu); (2dd), Br;B-P(‘Bu); (2ee), Br;B-PCy;
(2ff), Br;B-PMe,Ph (2gg), BrsB-PMePh, (2hh), BrsB-PPh; (2ii) and Br;B-P(o-tolyl);
(2jj). Compounds (2a)-(2j) and (2aa)-(2jj) were fully characterised by 'H, "B{'H) and

3'P{'H} NMR spectroscopy.

Attempts to prepare the BCl3 adduct of P(CgFs)s failed, consistent with the low Lewis
basicity and large steric bulk of this phosphine. An in situ NMR scale reaction with a
20:1 excess of BCls to P(CgFs); also failed to produce any indication of adduct

formation.

2.3.1 NMR Data

In the ambient temperature 31P{ 1H} NMR spectra of both (2a) — (2i) and (2aa) — (2ii) it
was possible to observe a 1:1:1:1 quartet due to coupling with quadrupolar "B (1=3/2).
It was also possible to observe coupling to '°B (°B, I = 3, 20% abundance) when a large
number of scans on a concentrated sample provided a sufficient signal/noise ratio

(except for (2dd) and (2ff)). The observed coupling constants were, as expected, in
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proportion to the magnetogryric ratios*' of the boron isotopes (y(''B) = 8.5794 x 10" rad

T' s y("*B) = 2.8740 x 10" rad T™' s™'). This is a ratio of approximately 3:1.

Observation of resolved coupling to "B is less common than observation of resolved
coupling to "B because of the larger quadrupole moment of B (Q('°B) = 7.4 x 107
m?*; Q(''B) = 3.55 x 10°° m?), and strongly suggests that in these compounds the boron
nucleus must be in a highly symmetric electronic environment so that the interaction of
the quadrupole moment with the electric field gradient is vanishingly small. The
J'P{'H} NMR data is shown below, with the 11B{]H} NMR data and B-P bond lengths,
where applicable, in Table 2.1 for the BCl; adducts (2a)-(2j) and in Table 2.2 for the

BBr; adducts (2aa)-(2jj).
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Table 2.1: "B{'"H} and *'P{'H} NMR data (in C¢D¢) and B-P bond lengths for adducts (2a)-(2j)

Compound # TP(™H} NMR "B{'"H} NMR Top B-P bond
shift (ppm)* shift (ppm) (Hz)® length (A)
Cl;B-PMe; (2a) -11.73,q 3.0,d 164 1.957(5)"
(-11.74, sept) (55)
CL;BPEt, (2b) -0.05, q 3.0,d 157 1.981(3)
(-0.05, sept) (52)
CLB-P(Pr); (2¢) 475, q 3.7,d 148 2.004(4)
(4.75, sept) (50)
ClLB-P("Bu)s (24d) -3.56, q 3.2,d 156 1.975(3)
(-3.56, sept) (&1))
CLB-P('Bu)s (2e) 19.14,q 5.2,d 137 2.055 (3)°
(19.14, sept) (46)
CLB-PCy; @ :3.16, q 3.9,d 148 2.025(2)
(-3.16, sept) (48)
Cl;B-PPhMe, (2g) -11.19,q 34,d 160 1.975(1)
(-11.20, sept) (53)
Cl;B-PPh,Me (2h) -8.38,q 3.8,d 156 -
(-8.38, sept) (52)
Cl;B-PPh; (2i) -1.66, q 4.6,d 152 2.014(3)
(-1.66, sept) (51
Cl3B-P(o-tol)s° 2j) 12.08, s (br) 6.9, s (br) - -

®values in parentheses are for the ""B-""P isotopomer

® values in parentheses are Jiog.31p

¢ CDCl, solvent

d average of the values for 4 independent molecules in the unit cell.
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Table 2.2: "B{'H} and *'P{*H} NMR data (in C4D;) and B-P bond lengths for adducts (2aa)-(2jj)

Compound # TP{TH} NMR "B{’H} NMR Jop B-P bond
shift (ppm)” shift (ppm) (Hz)" length (A)
Br;B-PMe; (2aa) -11.80, q -13.9,d 157 1.924(12)"
(-11.80, sept) (53)
Br;B-PEt, (2bb) -3.39,q -15.0,d 149 1.970(3)
(-3.39, sept) (50)
BrsB-P(Pr); (2cc) -1.68, q -145,d 139 -
(-1.68, sept) (47)
Br;B-P("Bu); (2dd) -6.91,q -14.6,d 146 -
Br;B-P(‘Bu); (2ee) 10.83,q -15.6,d 126 -
(10.84, sept) (42)
Br;B-PCy; (2f1) 9.79,q -14.6,d 138 .
Br;B-PPhMe, (2gg) -12.46, q -13.8,d 152 -
(-12.47, sept) (50
Br;B-PPh,Me (2hh) -11.21,q -14.3,d 149 -
(-11.21, sept) (49)
Br;B-PPh, (2ii) 551, q -14.1,d 145 1.991(5)
(-5.51, sept) (48)
Br;BP(o-tol);° (2i) -23.06, s (br) -12.2,d 130 2.044(6)

*values in parentheses are for the ""B->'P isotopomer
® values in parentheses are Jiog 31p
° CDCl; solvent

A further area of interest arising from the coupling of the quadrupolar boron nuclei to
31p was noted for the spectrum of Cl;B-PMe,Ph (2g). Deconvolution of the spectrum
allowed accurate determination of the linewidths and intensities of the individual lines
in the multiplets. In the case of the septet for the '°B isotopomer the lines showed a
systematic variation in linewidth and intensity across the septet. The major effect
observed was that the outermost lines are relatively narrow, becoming broader and more
intense on moving inwards before narrowing again towards the centre of the pattern (see

Figure 2.3, Table 2.3 and Table 2.4, below).
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Table 2.4: Results of the deconvolution of the 1°_B isotopomer of (2g).
Frequency (Hz) Height (mm) Width (Hz) Integral (a.u.)

-1292.64 15.10 14.07 333.71
-1240.54 12.29 19.26 37191
-1187.33 13.73 17.90 385.87
-1133.19 13.18 14.88 308.04
-1079.90 13.26 15.88 330.94
-1026.80 12.35 22.73 441.05
-973.76 15.28 12.66 304.01

The pattern shows that the peaks have a symmetrical variation in the linewidths and the
outer peaks of the septet are narrowest, forming “fangs”. This is the sort of pattern
expected for a spin-1/2 nucleus (A) coupled to a spin-3 nucleus (X) when Tix) > 1/Jax,
and where Tix, is dominated by quadrupolar, rather than dipolar, interactions.*’
However, the slight asymmetry which is readily discernable in the pattern shows that
pure quadrupolar interaction is not the only mechanism contributing to the relaxation of
X, and indicates that a significant contribution from the interaction of the quadrupole

moment with the shielding anisotropy is likely.

The interesting phenomenon of the variation in linewidths forming “fangs”, was
reported in 1963 for NbFs where the decet produced in the '°F spectrum (from coupling
to the *Nb nucleus, 1=9/2) has similar “fangs”.43 This is due to the difference in
relaxation times for the different levels in the quadrupolar nucleus. Thus, in our system,
the "B (I = 3) has seven possible states (3, 2, 1, 0, -1, -2, -3) with different relaxation
times. All the different states are ‘seen’ by the *'P nucleus, and thus any difference in

relaxation times between these states of the '°B nucleus influences the *'P spectrum.
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This results in the differing linewidths of the P spectrum. Slower relaxation times
result in a sharp peak on the *'P spectrum, thus the “fangs” are caused by the slowest
relaxation time for the 3 and -3 state of the '°B. The peaks with the largest linewidths

result from the fastest relaxation times between the states in the '°B.

The relaxation times of the different states are a complex issue governed by the number
of possible relaxation pathways (quantum transitions). A first quantum transition, which
is the most likely, is one in which relaxation occurs to the next state i.e. +3 to +2 (or -3
to —2). There is also the lower probability of second quantum transitions i.e. from +3 to
+1 (or -3 to —1) and progressively lower probabilities of third, fourth, fifth and sixth
quantum transitions (ignored here due to the very low probabilities of them occurring,
although some of these are likely to make contributions to the relaxation). It can be seen
that nuclei in state +3 can only have one first quantum transition, to the +2 state, but
nuclei in the +2 state can have 2 possible first quantum transitions (to the +3 or the +1
state). These differing relaxation mechanisms mean that the relaxation times for nuclei
in the different states can vary and thus explains why the linewidths in the septet in the

3'p spectrum are different.

The integrated intensity of peaks due to the '°B isotopomer is expected to be a quarter
of that due to the ''B isotopomer; due to the relative abundances of "B and '°B (80.42%
and 19.58% respectively). It was found, however, that in several of the p'H) spectra
acquired under “typical” conditions (20° pulse, 1 s acquisition, 2 s recycle, continuous
decoupling) the relative intensity of the signals from the '°B isotopomer compared with
those from the ''B isotopomer was significantly less than would be expected from the
natural abundances of the nuclei. On re-running the spectrum of one sample (2g) with a

much longer recycle time (20 s), the relative intensities of the two isotopomers gave the
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expected ratio, indicating a difference in the 3P T, of the two isotopomers. The same

sample was therefore used in a 3p T, experiment, the results of which are given below.

Table 2.5: T, results for the 'B isotopomer of (2g).

Frequency (Hz) T1 (s) Error (s)
-1372.02 14.76 0.17
-1212.62 14.83 0.16
-1052.98 14.82 0.16
-893.53 14.76 0.17

Table 2.6: T; results for the log isotopomer of (2g).

Frequency (Hz) Ty (s) Error (s)
-1292.64 16.56 0.21
-1240.54 15.72 0.36
-1187.33 15.75 0.63
-1133.19 16.33 0.41
-1079.90 15.41 0.24
-1026.80 15.84 0.35
-973.76 16.40 041

Two things are apparent. First, the >'P T, of the ''B isotopomer is significantly less than
that of the '°B isotopomer, which explains the observation above. Second, there is a
systematic variation in the *'P T, across the septet of the '°B isotopomer, mirroring the
T, (linewidth) variations discussed previously. These effects in the NMR spectra of
spin-1/2 nuclei coupled to boron have been observed before in the F T, times of BE,

anions.**
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In the *'P{'H} NMR spectrum of both Cl;B-PPh,Me (2h) and ClsB-PPhs (2i), two peaks
are observed. One is the expected adduct quartet, however, the other is somewhat broad,
and does not coincide with that expected for free phosphine (-20.9 ppm for (2h) vs. —
27.5 ppm for PMePh; and -5.5 for (2i) vs. 4.3 ppm for PPh;). Analysis indicated a
pure compound, thus, the cause was suspected to be slow exchange of phosphine in the
solution. The *'P{'H} NMR spectrum for (2j) and (2jj) showed only a broad singlet,
with no quartet, shifted from the value expected for the free phosphines (12.1 ppm and —
23.1 ppm, free phosphine at —28.6 ppm), which again suggests phosphine exchange but

at a more rapid rate.

Low temperature JP{'H} NMR studies on (2g), (2h), and (2i) were performed to
establish whether exchange was occurring. For compound (2g), where there was no
evidence for exchange at ambient temperature, no change was observed in the spectrum
at -31°C as expected. In the spectrum of (2h), however, the peak at —20.85 ppm in the
ambient temperature spectrum was no longer observed at —31°C, suggesting that either
the equilibrium constant for adduct formation had increased, or exchange had been
slowed enough to broaden the peak to the point where it was not detected, or both. In
the spectrum of (2i) at —31°C, the peak at —5.53 ppm was still visible, although it was

much smaller and broader, again suggesting that exchange was occurring.

To further support this conclusion, *'P{'H} MAS (Magic Angle Spinning) solid-state

NMR experiments were performed on (2a), (2g), (2h), (2i), (2j).
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Table 2.7: Solid-State ¥'P{'H} MAS NMR results

# Solid State Solid State Shift of Free Difference Solution *'P shift (in
Shift of adduct Phosphine, 8, (ppm)*’ CgDe) of adduct (ppm)
(ppm)
(2a) 27171 liquid - -11.73
(2g) -6.84 liquid - -11.19
(2h) -7.79 liquid - -8.38
(2i) 5.03 -10.3 15.3 -1.66
2j) 23.10 - 315 54.6 12.08

3 CDCl; solvent.

It can be seen that the solid state chemical shifts are shifted significantly to the left
(upfield) of the solution state spectra. The presence of only a single peak in the spectra
again support the evidence that the compounds are pure, but that exchange occurs in

solution.

The '""B{'H} NMR spectra of the adducts (2a) — (2i) and (2aa) — (2ii) all display a
doublet caused by coupling of ''B to the phosphorus atom *'P (I = 1/2). The spectrum of
compound (2jj) also shows B-P coupling, which was not observed in the *'P{'H} NMR
spectrum. The spectrum of (2j) shows only a broad singlet, with no B-P coupling at
ambient temperature. The fact that the coupling for (2jj) can be seen, but the coupling
for (2j) cannot, suggests that there is a stronger interaction between P(o-tolyl); and BBr;
than with BCl3 which means the barrier to dissociation is higher and therefore exchange
is comparably much slower. This is consistent with BBr3 being a stronger Lewis acid*
than BCl;. Slow exchange in (2h), (2i), (2j) and (2j) which is implied by the *'P{'H}

NMR spectra should lead to broadening in the ''B{'H} NMR spectra. This is not
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evident, however, due to the fact that quadrupolar nuclei give peaks that are inherently
broad.*’ It is conceivable that if exchange occurs in (2j) and (2jj), presumably due to the
steric bulk (Tolman cone angle = 194")48 and low Lewis basicity (pK, (HP(o-tolyl);") =
3.08) of the phosphine, it could occur to a lesser extent in (2i) and (2h), which have less
bulky phosphines (cone angle (PPh;) = 145°, (PMePh,) = 136°). Exchange is not
observed in the other adducts, as these have generally less bulky, more basic phosphines
(e.g. PCys, although being very bulky (cone angle = 170°), has a much higher Lewis

basicity (pK, (HPCy;*) = 9.7).

2.3.2 Crystallographic Data

The crystal structure of (2a) has been reported previously.19 Structural analyses of (2b),
(2¢), (2d), (2e), (2f) and (2g) were performed, and the molecular structures are shown
below. Selected crystal data for all compounds are shown in Table 2.8. Selected bond
length and angles are presented in Table 2.9. The boron and phosphorus atoms in each
structure are approximately tetrahedral. Varying the phosphine seems to have very little
effect on the B-Cl bond length, with all B-Cl distances falling in the range 1.843(3) A
(in (2b)) to 1.866(5) A (in (2a)). The P-C(alkyl) distance shows a greater dependence
on phosphine, as is to be expected, with bond lengths ranging from 1.807(1) A, 1.807
(6) A and 1.807(3) A in (2g), (2a) and (2b), which have the least bulky methyl and ethyl
phosphine groups, to 1.913(2) A in (2e), with the bulkiest fert-butyl substituent. These

are all comparable with published data.*’



Table 2.8: Crystal data for compounds (2a) - (2g) and (2i)*

Compound Cl;B-PMe; C13B-PEt; ClsBP(Pr)s CLB-P("Bu); Cl3B-P(‘Bu); Cl;B-PCy;  CI;B-PMe,Ph  Cl;B-PPh;
(Literature)"® (2b) (2¢) 2d) (2e) (20 (2g) (21)

Formula C3H9BC]3P C(,H15BC13P C9H21BC13P C 1 2H27BC13P C12H27BC13P C18H33BC13P CgH] 1BC13P C 1 8H15BC13P

Formula weight 193.25 235.31 277.39 319.47 319.47 397.57 255.30 379.43

Crystal System monoclinic orthorhombic monoclinic trigonal monoclinic trigonal orthorhombic monoclinic

Space Group P2/m P2,2,2, P2,/c R3c Pc R3c P2,2:2; P2:/n

alA 6.9570(10) 7.0992(5) 14.897(1) 14.990(1) 14.7580(11)  14.7121(1) 6.2432(1) 11.8911(1)

b/A 10.6300(10) 11.8304(8) 14.008(1) 14.990(1) 14.0241(12) 14.7121(1) 10.7745(1) 9.7556(1)

c/A 6.4760(5) 13.4392(8) 15.076(1) 13.579(1) 16.0336(14) 16.3817(3) 17.6431(2) 15.8195(1)

al/’ 90 90 90 90 90 90 90 90

B/° 112.76(1) 90 116.01(1) 90 90.093(5) 90 90 92.4650(10)

y/° 90 90 90 120 90 120 90 90

U/A’ 441.6 1128.71(13)  2827.5(4) 2642.4(3) 3318.4(5) 3070.71(6) 1186.80(3) 1833.44(3)

Z 2 4 8 6 8 6 4 4

D. /g cm” 1.45 1.385 1.303 1.205 1.279 1.290 1.429 1.375

w/ mm’ 1.1 0.896 0.726 0.592 0.628 0.523 0.859 0.582

Temperature ambient 150(2) 110(2) 120(2) 110(2) 110(2) 110(2) 110(2)

F(000) - 488 1168 1020 1360 1272. 520 776

Crystal Size / mm 05 x 030 x 036x0.09x 036x024x 068x005x 040x055x 0.60x 030x 0.60x 0.30 x 0.40 x 040 x
0.15 0.08 0.06 0.04 0.85 0.30 0.20 0.10

* This work unless otherwise indicated.



Table 2.9: Selected bond lengths (A ) and angles (°) for compounds (2a) — (2g) and (2i)*

(2a)”  (2b) Qcy° Q2c)° (2d) (2e)° (2¢)° e)° (2e)° e’ et @’
PMe; PEt, P('Pr); P("Bu), P(‘Bu), PCy, PMe,Ph PPh,
B-P 1.957¢(5)  1.981(3) 1.996(3) 2.011(3) 1.975(3) 2.0537(17)  2.0552(18)  2.0554(17) 2.0571(19) 2.025(2) 1.9749(14) 2.014(3)
B-Ci 1.850(3) 1.857(3) 1.859(3) 1.848(3) 1.853(1) 1.8531(17) 1.852(2) 1.8576(19) 1.845(2) 1.8543(8) 1.8531(14) 1.852(3)
1.866(5) 1.844(3) 1.855(3) 1.855(3) 1.853(1) 1.8610(19) 1.8564(19) 1.8523(18) 1.854(2) 1.8543(8) 1.8518(14) 1.856(3)
1.866(5) 1.843(3) 1.845(3) 1.848(3) 1.853(1) 1.8486(18) 1.8501(19) 1.8539(18) 1.8562(19) 1.8543(8) 1.8472(14) 1.845(3)
P-C 1.822(4) 1.807(3) 1.838(3) 1.842(3) 1.817(2) 1.9062(16) 1.9032(16) 1.9063(16) 1.9074(16) 1.8413(11) 1.8109(12) 1.822(2)
1.807(6) 1.814(3) 1.840(3) 1.844(3) 1.817(2) 1.9112(16) 1.9093(16) 1.9113(15) 1.9105(16) 1.8413(11) 1.8065(13) 1.817(2)
1.807(6) 1.814(3) 1.849(2) 1.849(3) 1.817(2) 1.9130(16) 1.9012(16) 1.9114(16) 1.9105(16) 1.8413(11) 1.8076(13) 1.821(2)
P-B-X 108.0(2) 107.02(14) 111.14(17) 111.17(15) 108.29(9) 111.76(9) 110.79(9) 111.21(9) 110.54(10) 109.17(7) 107.84(7) 107.78(13)
X=Cl) 107.02) 108.70(15) 107.91(15) 108.85(15) 108.29(9)  110.66(8) 110.13(9) 110.62(8) 110.11(9) 109.17(7) 105.59(7) 107.99(13)
107.0(2) 109.00(15) 108.20(14) 107.89(15) 108.29(9) 109.61(9) 111.32(9) 110.28(9) 111.27(9) 109.17(7) 108.36(7) 107.79(13)
X-B-X 110.9(Q2) 110.52(16) 109.71(15) 109.07(16) 110.63(8) 108.47(9) 108.12(9) 108.37(9) 108.24(9) 109.77(7) 111.63(7) 110.69(14)
(X=Cl) 111.8(2) 110.63(16) 109.98(16) 110.01(16) 110.63(8) 108.16(9) 107.90(10) 108.11(9) 108.14(10) 109.77(7) 111.54(7) 111.12(14)
111.8(2) 110.85(15) 109.86(18) 109.84(15) 110.63(8) 108.07(9) 108.47(10) 108.16(9) 108.45(10) 109.77(7) 111.58(7) 111.31(13)
C-P-C 108.0(2) 106.43(14) 110.90(13) 109.46(12)  107.36(6) 109.84(7) 109.42(7) 109.49(7) 109.62(8) 111.56(4) 108.73(6) 107.76(11)
107.8(3) 107.33(15) 105.27(12)  105.14(12) 107.36(6) 109.66(7) 109.78(8) 109.97(7) 109.43(7) 111.56(4) 107.82(6) 108.13(11)
107.8(3) 107.25(14) 108.25(12) 109.59(13) 107.36(6) 109.64(7) 110.05(7) 109.82(7) 109.94(7) 111.56(4) 108.50(6) 108.35(11)
C-P-B 113.3(2) 111.60(14) 113.85(13) 115.13(13) 111.50(5) 109.02(8) 109.44(8) 109.48(7) 109.49(8) 107.30(4) 111.92(6) 111.03(11)
110.3(2) 112.18(14) 110.87(12) 109.97(12)  111.50(5) 108.79(7) 109.14(7) 109.19(7) 109.22(8) 107.30(4) 109.65(6) 111.16(11)
110.3(2) 111.74(14) 107.33(13) 107.33(12) 111.50(5) 109.88(7) 109.00(8) 108.87(7) 109.12(7) 107.30(4) 110.15(6) 110.30(11)

? This work unless otherwise indicated.
® 2 independent molecules in the unit cell.
¢ 4 independent molecules in the unit cell.
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The molecular structure of (2b) at 150K is shown in Figure 2.4. It crystallises in the

orthorhombic space group P2,2,2;, which is chiral and non-centrosymmetric.

Figure 2.4: Molecular structure of (2b), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50% probability level.

The molecular structure of compound (2¢) at 110K is in the common centrosymmetric
space group P2,/c. There are two independent molecules in the asymmetric unit, one of

which is shown for illustration in Figure 2.5.
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Figure 2.5: Molecular structure of one of the independent molecules of (2¢), showing the atom
labelling scheme. The thermal ellipsoids are plotted to 50% probability level.

The two independent molecules differ in the conformation of the iso-propyl arms of the

phosphine as shown in Figure 2.6.

Figure 2.6: ‘OFIT’ overlap diagram of the two independent molecules of (2¢).
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One is almost an inversion of the other, and the B-P distances (1.996(3) and 2.011(3) A)
are within 3 e.s.d.s of each other, with an average distance of 2.004(3) A. There is one
very small P-C-P bond angle in both molecules (105.27(12) and 105.14(12)°), which
occurs where the iso-propyl arm is aligned directly between chlorine atoms CI(2) and

CI(3), presumably to reduce steric crowding of the carbon atoms.

There is pseudo-C3; symmetry along B-P, as seen in Figure 2.5. The ‘OFIT’ diagram in
Figure 2.6, where the three chlorine atoms of each molecule have been superimposed,
interestingly shows almost mirror symmetry between the superimposed iso-propyl
groups. There is, however, no crystallographic symmetry in either of the independent

molecules in the structure.

Compound (2d) (Figure 2.7) has exact C3 symmetry, crystallising in the trigonal space
group R3c. It has the same B-P bond length as (2b) (1.981(3) A), which is to be
expected since the two phosphines have the same cone anglc33 (132°) and very similar

pK. values ([HPEt;]" = 8.69, [HP("Bu)s]” = 8.43).

Figure 2.7: Molecular structure of (2d), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50% probability level.
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Compound (2e) crystallises in the monoclinic space group Pc. There are four molecules
in the asymmetric unit, one of which is shown for illustration in Figure 2.8, all of which
are very similar. Indeed, Figure 2.9 shows all four molecules plotted superimposed on
each other (over atoms P(1), B(1), CI(1), CI(2) and Cl(3)) demonstrating how similar

they all are.

Figure 2.8: Molecular structure of one of the four independent molecules in the unit cell of (2e),
showing the atom labelling scheme. The thermal ellipsoids are plotted to 50% probability level.

Cltn

J—

=

BN
PN

Clt3)
Cli2)

Figure 2.9: ‘OFIT’ plot of the four independent molecules in Cl;B-P(‘Bu)s, (2¢), demonstrating the
similarity of all molecules.
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The B-P bond lengths in this structure are longer than in any of the other BCl; adducts
presented herein (2.057(2) A, 2.055(2) A, 2.055(2) A and 2.054(2) A). The P-C bond
lengths are also the longest of these adducts (ranging from 1.913(2) Ato 1.903(2) A).
These two characteristics are most probably due to the sheer bulk of the phosphine
(cone angle = 182°). Indeed, it is so bulky that the very fact that the adduct forms at all
is a demonstration of the very high Lewis basicity of the phosphine (pK, of [HP('‘Bu);]*

=11.4).

The molecular structure of (2f) at 100K is shown in Figure 2.10. It crystallises in the
trigonal space group R3c, the same as compound (2d). It has a large B-P bond distance
(2.025(2) A), since it again has a bulky phosphine (cone angle = 170°) with a relatively

high Lewis basicity (pK, (HPCy;") = 9.7).

Figure 2.10: Molecular structure of (2f), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50% probability level. Hydrogen atoms have been omitted for clarity.

Compound (2g) (Figure 2.11) crystallises in orthorhombic space group P2,2,2;. This is

the same space group as (2b).
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Figure 2.11: Molecular structure of (2g), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50 % probability level.

Compound (2i) crystallises in the monoclinic, centrosymmetric space group P2;/n. This
is the same space group as the BBr3; analogue, which was reported previously,” and the
lower temperature version (2ii) presented herein. The molecular structure is shown in
Figure 2.12. The cone angle of PPh; is 145°, which is larger than that for the linear alkyl
phosphines (PMe; = 118° PEt; = 132°, P("Bu); = 132°) but significantly smaller than
the branched alkyl phosphines, would suggest that a reasonably short B-P bond length
should be found in (2i). The Lewis basicity, however, is much lower (pK, (HPPh3") =

3.84) thus the bond is almost as long as that in (2e) and (2f) at 2.014(3) A.
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X
ci2e)  cen

Figure 2.12: Molecular structure of (2i), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50% probability level. Hydrogen atoms have been omitted for clarity.

The crystal structures of (2aa) and (2ii) (both at 295K) have been reported

2l as has the structure of Br;B-P("Pr); (at 200K).20 The low temperature

elsewhere,’
structure of (2ii) has been determined by our group.ii Below are presented crystal data

for all five known adducts and selected bond lengths and angles and the low

temperature structures of (2bb) and (2jj).

% Crystals grown by F. S. Souza, structure solved by W. Clegg, University of Newcastle-upon-Tyne.



Table 2.10: Crystal data for the five known Br;B-PR; adducts (2aa), (2bb), Br;B-P("Pr)s, (2ii) and (2jj).

Compound Br;B-PMe; Br3;B-PEt; Br;B-P("Pr); Br;B-PPh; Br;B-PPh; Br;B-P(o-tolyl);
(Literature)"’ (2bb) (Literature)® (2ii) (ours) (Literature)*! (24))

Formula C3H9BBI‘3P C6H15BC13P C9H2|BBT3P C18H15BBI'3P C]ngsBBI‘:;P C21H21BBI'3P

Formula weight 326.60 277.39 410.343 512.81 512.81 554.89

Crystal System monoclinic orthorhombic trigonal monoclinic monoclinic orthorhombic

Space Group P2,/m P2:2:2; P-3cl P2/ P2:/n Pna2,;

alA 7.091(2) 7.2464(2) 11.5423(6) 12.0247(16) 12.093(1) 20.4261(12)

b/A 10.996(2) 12.2020(3) 11.5423(6) 9.9857(13) 10.038(1) 10.1260(6)

c/A 6.672(1) 13.7193(4) 13.8066(7) 15.833(2) 16.009(2) 10.2236(6)

al’ 90 90 90 90 90 90

B/e 112.38(1) 90 90 93.128(3) 93.10(1) 90

y/° 90 90 90 90 90 90

u/A’ 481.1 1213.1(1) 1593.0(1) 1898.3(4) 1940.5 2114.6(2)

Z 2 4 4 4 4 4

D./g cm” 2.25 2.019 1.711 1.794 1.755 1.743

u/ mm’! 13.8 10.055 7.667 6.455 8.441 5.802

Temperature (K) ambient 110.0(2) 200(3) 160(2) 293 110(2)

F(000) - 704 799 992 - 1088

Crystal Size / mm 0.50x034x0.10 0.61x0.06x0.04 0.39x0.29x0.16 0.50x0.44x0.26 0.28x0.35x0.54 0.10x0.10x0.05
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Table 2.11: Selected bond lengths (A) and angles (°) for compounds (2aa), (2bb), (2ii) and (2jj).

Br;B-PMe, (2bb) Br;B-P(*Pr), (2ii) Br;B-PPh, Qi)
(Literature)'® Br;B-PEt;  (Literature)®®  BrsB-PPhy  (Literature)”  BrsB-P(o-

tolyl)s
B-P 1.924(12) 1.970(3) 1.95(1) 1.991(5) 1.988(10) 2.044(6)
B-Br 2.025(6) 2.020(3) 2.009(3) 2.000(5) 2.005(8) 2.021(6)
2.016(10) 2.005(3) 2.009(3) 2.003(4) 2.013(9) 2.018(6)
2.016(10) 2.026(3) 2.009(3) 1.998(4) 1.978(9) 2.014(6)
P-C 1.806(8) 1.812(3) 1.816(6) 1.811(4) 1.808(4) 1.820(5)
1.825(12) 1.813(3) 1.816(6) 1.800(4) 1.802(4) 1.825(4)
1.825(12) 1.815(3) 1.816(6) 1.802(4) 1.803(4) 1.831(4)
P-B-Br 108.9(4) 110.08(17)  109.2(3) 108.2(2) 108.6(4) 110.1(2)
107.8(5) 109.13(16)  109.2(3) 108.8(2) 107.6(4) 109.8(3)
107.8(5) 107.21(15)  109.2(3) 107.9(2) 108.8(4) 109.6(3)
Br-B-Br 110.6(4) 110.25(15)  109.7(3) 110.3(2) 109.7° 109.4(3)
110.0(5) 110.32(16) 109.7(3 110.7(2) 111.5° 109.0(3)
110.0(5) 109.80(16) 109.7(3 110.9(2) 110.6° 109.0(2)
C-P-C 107.2(4) 105.70(17)  105.7(2) 107.75(18) 108.0° 106.0(2)
107.3(7) 106.89(16)  105.7(2) 108.44(18) 107.5* 107.7(2)
107.3(7) 107.05(17)  105.7(2) 107.23(18) 107.5% 106.3(2)
C-P-B 111.8(3) 112.10(16)  113.0(2) 110.76(19) 111.9(3) 112.1(2)
111.3(5) 112.72(15)  113.0(2) 110.83(18) 110.4(3) 113.1(2)
111.3(5) 111.94(16)  113.0(2) 108.44(18) 111.3(3) 111.3(2)

* e.s.d.s not given

A structural analysis of (2bb) showed that it crystallised in the same space group
(P2,2,2,) as the BCl; analogue, (2b), both having similar B-P bond lengths ((2bb) =

1.970(3) A and (2b) = 1.981(3) A).
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Figure 2.13: Molecular structure of (2bb), showing the atom labelling scheme, The thermal
ellipsoids are plotted to 50% probability level.

In the molecular structure of (2jj) (Figure 2.14), the bromine atoms are almost eclipsed
by the ipso carbons of the phenyl rings of the o-tolyl moieties, which shows a rotation
of the phosphine about the B-P bond in comparison to the tn'pheny]phosphine analogue.
This is presumably to accommodate the extra bulk of methyl groups ortho to the P-C

bonds.

Figure 2.14: Molecular structure of (2jj), showing the atom labelling scheme. The thermal ellipsoids
are plotted to 50 % probability level. Hydrogen atoms are omitted for clarity.
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Comparing the BBrs-containing structures with the BCl; analogues reveals that
changing from chlorine to bromine has little effect on the crystal or molecular structure.
Although BBrs3 is a stronger Lewis acid, the B-P bond lengths are not significantly
longer. B-Br distances are not affected by changing the phosphine moiety, in the same

way as observed for the BCl; analogues.

2.3.3 Data correlations

Many authors have attempted to correlate the apparent strength of the B-P bond with
various physical data. As the majority of crystal structures have only been reported here,
it seems prudent to attempt correlations with the B-P bond length. There are several
properties of phosphines that could provide a possible correlation with bond length. The

data used in these correlations are shown below.

Table 2.12: Phosphine data used in the correlation study of the B-P adducts.
Compound # °'P{'H}NMR °‘'P{'TH}NMR Tolmancone Tolman ‘electronic pK," of

shift shift of oxide angle* parameter’ R;PH*
(ppm) (ppm) ©) v (cm™)*
PMe; a -61.5 36.2 118 2064.1 8.65
PEt, b 21 48.3 132 2061.7 8.69
P(Pr); c 19.16 - 160 2059.2 -
P("Bu); d -31.1 432 132 2060.3 8.43
P(‘Bu)s e 61.5 41 182 2056.1 11.40
PCys, f 10.9 50 170 2056.4 9.65%
PMe,Ph g -45.4 34.3 122 2065.3 6.49%
PMePh, h 27.5 - 136 2067.0 457
PPh, i -4.3 29.3 145 2068.9 2.73
Po-tolyl);  j -28.6 - 194 2066.6 3.08%

P(CFs); - 73.8 82 184 2090.9 .
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The first property to be considered is the pK, of HPR;'. A correlation would be
predicted if the B-P bond is purely a o-bond. If this is the case, it would be predicted
that the B-P bond length will increase with decreasing pK. values.® To test this

hypothesis, a plot of pK, of HPR;" vs. B-P bond length was generated.
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Graph 2.1: B-P bond lengths plotted against R;PH" for adducts (2a) to (2g) and (2i).

We observe a general trend in the expected direction, but (2e) and (2f) are far from the
expected locations. Whilst the two PR3 ligands involved are certainly very basic, they
are also the largest of the ligands so it seemed possible that steric factors could become

much more important as the ligand bulk increases.

A plot of the same property, pK, of HPR;3', against B-P bond lengths for the BBr;
adducts is shown below. Although the correlation is not a very good one, the general
trend towards decreasing B-P separation with increasing phosphine basicity is apparent

even for the very large P(o-tolyl); in (2jj).
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Graph 2.2: B-P bond lengths plotted against R;PH' for adducts (2aa), (2bb), (2ii) and 2jp)-

It is highly probable that steric factors affect the length of the B-P bond, thus for the
next attempt at correlation we used a measure of the bulk of the phosphines, namely the
Tolman cone angles.*® A plot of PR3 cone angles against B-P bond length is shown

below for the BCl; adducts.
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Graph 2.3: B-P bond lengths plotted against the Tolman cone angle for adducts (2a) to (2g) and (2i)
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It can be seen that, to an extent, the larger the cone angle, the greater the B-P bond
length (goodness-of-fit of the trendline, R% = 0.91). This is not unexpected, but again,
the deviation of values away from a trendline implies that more than just sterics affect
the B-P bond length. A similar plot for the BBr; adducts (shown below) shows that they
fit slightly better to a trendline, however it must be remembered that there are fewer
structures to consider for the BBr; adducts, thus care must be taken when drawing

conclusions about the quality of the trend fits.
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Graph 2.4: B-P bond lengths plotted against the Tolman cone angle for adducts (2aa), (2bb), (2ii)
and (2jj).

Evidently, some kind of compromise between electronic (both o- and n-interactions)
and steric factors must be used if we are to obtain a reasonable correlation. We should

be able to develop such a 2 parameter fit i.e. dg.p = a(cone angle) + b(pK,) where a and

b will differ for BCl; vs. BBr;.

Another characteristic of the adduct which reflects all these features of the phosphine is

the >'P chemical shift. On adduct formation, the 3P resonance shifts from that of the
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free phosphine, some moving to a higher and some to lower field. The extent of this
change should reflect the degree of interaction between R;P and BX;. The plots for the

BCl; and BBr; adducts are shown below.
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Graph 2.5: B-P bond lengths plotted against the difference in *'P NMR shift between the adduct
and the free phosphine for adducts (2a) to (2g) and (2i)
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Graph 2.6: B-P bond lengths plotted against the difference in *'P NMR shift between the adduct
and the free phosphine for adducts (2aa), (2bb), (2ii) and (2jj).
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There is indeed a good correlation for the BCl; adducts (goodness-of-fit, R* = 0.93).
Again, the general trend is also observed for the BBr; adducts. On similar grounds, it
might be expected that B-P bond length would correlate with Hpllp coupling constant,

as shown below (goodness of fit, R = 0.93 for BCl; adducts and 0.98).
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Graph 2.7: B-P bond lengths plotted against UBA1Pp coupling constant for adducts (2a) to (2g) and
(2i).
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Graph 2.8: B-P bond lengths plotted against ipgslp coupling constant for adducts (2aa), (Zbb), (2ii)
and (2jj).

Another interesting correlation can be seen when the smallest X-B-P-C torsion angle is
plotted against the cone angle of the phosphine. Generally, the cone angle has little
effect on the torsion angle, with most adducts having a C1-B-P-C torsion angle between
35° and 45°. Exceptions to this are the adducts of the very small small cone angle
phosphines PMe; and PMe,Ph (adducts (2a) and (2g)), which have larger Cl-B-P-C
torsion angles near 60°, and the very large cone angle phosphine PCys;, which has a

smaller CI-B-P-C torsion angle of just 30°.
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Graph 2.9: Tolman cone angle plotted against the smallest CI-B-P-C torsion angle for adducts (2a)
to (2g) and (2i)
Despite the small amount of data available for the analogous BBr; adducts, a similar
trend can be seen. Adducts (2bb), (2ii) and BrsB-P("Pr); have very similar Br-B-P-C
torsion angles, despite differences in cone angle. The adduct of PMes, however, which
has a very small cone angle, has a much larger Br-B-P-C torsion angle of near 60°, as in
the case of the BCl; analogue. Adduct (2jj), which contains P(o-tolyl)s, a phosphine
with a very large cone angle, displays the smallest Br-B-P-C torsion angle of close to

10°.

It seems that for phosphine adducts with small cone angles, the molecule adopts a
staggered formation, with a large X-B-P-C torsion angle, to minimise repulsions
between phosphine alkyl groups and halogen atoms. When cone angle increases, the X-
B-P-C torsion angle decreases to better accommodate the phosphine P-C bond whilst

remaining in a partially staggered conformation.



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS

86

Smallest Br-B-P-C torsion angle (°)

~
[«

[+2]
o

A
(@)

B
o
L

[F%)
o
L

[\
o
)

—
(=]
L

o

o (2aa)
(2bb)\o ) <(2i'i') |
Br,BP(Pr); —7 (2ii) (published)
° (2)
0 slo 160 150 260

Tolman cone angle (°)

250

Graph 2.10: Tolman cone angle plotted against the smallest CI-B-P-C torsion angle for adducts
(2aa), (2bb), (2ii), Br;B-P("Pr); and (2jj)

When the phosphine cone angle is very large, for example in PCys or P(o-tolyl)s, the X-

B-P-C cone angle decreases dramatically, since any repulsions caused by adopting a

non-staggered conformation of the P-C bond are presumably compensated for by

creating more room for the bulky alkyl or aryl substituents, which occupy the staggered

positions in preferences to the P-C bond.
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2.4 Conclusion

We have presented for the first time an extensive study of a simple group of
prototypical Lewis acid-Lewis base adducts, X3;B-PR3. Coupling phenomena between
"B and "B nuclei with the *'P nucleus have been investigated and dissociation of some
species in solution that is visible by NMR has been noted. The chemical structures of
new X3B-PR; compounds have been presented, along with a brief comparison to
previously solved and published structures of a similar type. Data correlations have
been attempted to achieve an a priori method for B-P bond length and bond strength
prediction. Correlations of B-P bond length with phosphine cone angle look promising,
as do correlations with pK,. However, the correlations are not simple and many factors
seem to influence the B-P bond distance and strength. It seems that a correlation with
cone angle, with some kind of ‘correction’ for pK, would probably give an excellent
correlation, showing that the bond length is dependent upon base strength until a certain

steric ‘threshold’, where cone angle begins to dictate over pK,.
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2.5 Related Work

During the studies on these adducts, two related compounds have been fortuitously
isolated. The presence of adventitious water in solvent in an attempt to isolate F;B-PPh;
led to the formation of a novel B,0O, ring system {[I-[PPh3]+}2[B4F1002]2’ (2k).
Similarly, an attempt to prepare ClsB-P(o-tolyl); led to the isolation of [HP(o-
tolyl);]* [BCl4]” (21), the first crystallographically characterised example of the [HP(o-

tolyl);]" cation. The structures of these two compounds are discussed below.

2.5.1 {[prh3]+}2[4F100212-: a discussion of B,O, rings.

Attempts to grow single crystals of F;B-PPh; from slow diffusion of a dichloromethane
solution into toluene led to the formation of colourless crystals of two different
morphologies: needles and cubes. X-ray diffraction studies on the cubic-shaped crystals
showed these to be {[Ph3PH]+}2[B402F10]2’ (2k), whose anion contains an unusual B,O,

ring.

The novel dianion in the crystal of {[Ph3PH]+}2[B402F10]2' (2k), (shown in Figure 2.15)

lies on a centre of inversion and thus the B,0; ring is rigorously planar.
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Fl2A} FUOA)

Figure 2.15: Structure of the B,O,F 10> dianion in {[Ph;PH]*},[B,O,F 1wl CK) showing the atom
numbering, plotted with S0% probability ellipsoids

The B-O bond distances in the ring are 1.498(2) A and 1.505(2) A. The ring is nearly
square, with O-B-O and B-O-B internal angles of 88.8(1) and 91.2(1)° respectively. A
BF; group is coordinated to each oxygen atom, with the B-O bond distance of 1.512(2)
A, and two fluorine atoms are bonded to each ring boron atom. The B-F bond distances
in the BF, and BF; groups are very similar, averaging 1.362(3) and 1.374(5) A
respectively. Interestingly, the coordination about oxygen is trigonal planar with the
sum of the angles being 359.9(2)°. A search of the CSD revealed that, of the nine known
occurrences of three coordinate oxygen in a B3O fragments, only the B0, rings have
angles which sum very close to 360°. Crystallographic data is shown in Table 2.13, and

selected bond lengths and angles are available in appendix A2k.
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Table 2.13: Selected crystal data for {[PhyPH]*},[B,0,F,]* (2k)

Compound {[PhsPH]" },[B4O,Fol”
Formula CisH16B2FsOP
Formula weight 395.90

Crystal System monoclinic
Space Group P2i/n

alA 11.638(3)
b/A 12.174(3)
c/A 13.542(3)

al® 90

B/° 93.688(3)

y/° 90

U/A’ 1914.6(8)

Z 4

D./gcm™ 1.373

u/mm’ 0.194
Temperature (K) 150(2)

F(000) 808

Crystal Size / mm 034x0.22x0.18

X-ray diffraction data were collected for the needle shaped crystals, but would not solve
satisfactorily. The uncertainties in the symmetry and the inherent weakness of the data
is reflected in a large R; value of 20%, but this model (see Figure 2.16) is still
substantial evidence for the formation of [HPPhs;] [BF,4]. The {[Ph3PH]+}2[B402F10]2'
(2k) salt apparently results from hydrolysis of FsB-PPh; due to traces of adventitious
water. Attempts to prepare {[PhsPH]"},[B4OoFio]* (2k) and [HPPh;]*[BFs] by
stoichiometric addition of water in C¢Dg solution led to a complex mixture of products

when analysed by in situ ''B NMR spectroscopy.
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Figure 2.16: Isotropic possible solution for the needle shaped crystals which formed with those of
{[Ph;PH]*},[B,O,Fo]*. Itis plausible that they are [HPPh;]*[BF,] as shown, but the refinement
was far from satisfactory.

If [HPPhs]"[BF,] does form, however, it is possible that the hydrolysis reaction in the

presence of minute traces of water proceeds as shown below.

6 Ph;P-BF; + 2H,0 > 2[Ph3PH]+[BF4]- + [Ph3PH]2+[B402F10]2‘ + 2PPh;

Equation 2.1

56,57 the

Although fluoroborates with rings containing five or more atoms are known,
dianion in {[Ph3PH]+}2[B402F10]2' (2k) represents the only structurally well-
characterised discrete ring consisting solely of boron, fluorine and oxygen atoms.
Unlike the common six-membered rings containing alternating boron and oxygen,*® and
four-membered rings containing alternating aluminium and oxygen,” only four crystal
structures containing four-membered B,O, rings have been reported.60 Three of the

structurally characterised compounds contain three coordinate oxygen atoms. The first

two, the porphyrin complex, [B2O(BCl3)2(TpClpp)] (TpClpp = dianion of 5,10,15,20-






STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 93

The third structure does not have a trigonal planar oxygen atom, although it is three
coordinate. ©® A diagram of the molecule, 4-oxa-3-borahomoadamantane dimer, is

shown below.

Figure 2.19: Diagram of 4-oxa-3-borahomoadamantane dimer.

The internal B-O bond lengths in the porphyrin-trapped structure from Brothers et al.
are very similar to those in {[PhsPH]"},[B4O,F 10]* (2K). The authors noted that the B-O
bond lengths were the shortest reported and that this could be a result of the constraints
of complexation within the bulky porphyrin. The similarity of the B-O bond distances
with {[Ph3PH]+}2[B402F10]2' would, however, imply that the porphyrin ring is not
responsible for the phenomenon. It may, however, affect the internal angles of the B,O,
ring since the O-B-O angle (91.154°) is less acute than the angle in
{[Ph3PH]+}2[B402F10]2' (88.82(12)°), and the ring is therefore “squashed” in the other
direction. The explanation for the trigonal planar oxygen in this compound was also
attributed to the bulk of the porphyrin, but since our non-bulky {[PhsPH]" }2[B4O,F0]*
is similarly planar, this is not a true explanation for the effect. The neutral B,0; ring
system [Me,B-O-BMe;], from Vahrenkamp ez al. also displays a trigonal planar oxygen
but is not excessively bulky.

1.%* The structure of 2,4-

Another example of a B,O, ring has been reported by Noth er a
bis(2,2,6,6-tetramethylpiperidino)-1,2,3,4-dioxadiboretane, an elegant molecule, is

dissimilar to the structures shown above in that the oxygen is 2-coordinate.
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Figure 2.20: Diagram of 2,4-bis(2,2,6,6-tetramethylpiperidino)-1,2,3,4-dioxadiboretane. Atoms are
shown as spheres of arbitrary radius. Hydrogen atoms have been omitted for clarity.

A further example of trigonal planar oxygen was recently described by the group of
Schroder® in a complex with alkoxide bridging between BF; and a copper atom. In
{C6F4-1,2-[B(CgFs5)2]2(u-OR)} (R = CHjs, CgFs), it was suggested66 that the planar

geometry about the oxygen could be due either to the bulky groups about O, or to the

bite angle of the bidentate moiety coordinated to it.

The dianion B4O,F;> in {[PhsPH]*}2[B4OsF1o]* (2K) is simple and elegant with only
16 atoms, making it ideal for theoretical studies. Extended Hiickel and ab initio MO
calculations were carried out®” on the dianion (disregarding the two phosphine counter
cations) to gain insight into the bonding within the ring and the geometrical preference
at oxygen in [B4O,F 0]*. EHMO calculations® were performed on both the dianion
B402F102' and the B202F42' fragment, and the resulting energy level diagram is shown in
Figure 2.21, along with plots of the frontier orbitals of the B,O,F,> fragment; lower
lying orbitals include the B-F bonds, fluorine p-electrons and the oxygen and boron s-
orbitals. The bonding in the B,0,F,* square can be seen to arise from the B-O ¢ bonds
in HOMO-3 and HOMO-4. The in- and out-of-plane combinations of the other oxygen
p-orbitals produce the four remaining orbitals shown for the B,O,F,4 fragment in Figure

2.21; from the HOMO downwards these are O-O o*, nt*, i, 6. The Lewis basicity of the
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Clearly, B,O, rings are inherently destabilised by 4 electron interactions of both 6- and
T-symmetry between the oxygen atoms. Stable systems can be formed by complexation
of Lewis acids such as BX3, or, in the case of AlLO, systems, by increasing the

separation between the oxygen centres.

2.5.2 [HP(o-tolyl);]'[BCl,]: the first crystallographically
characterised example of the [HP(o-tolyl);]" cation.

Attempts7l to grow high-quality single crystals of Cl3B-P(o-tolyl); by slow diffusion of
dichloromethane solution into hexane led to characterization by X-ray diffraction of the
hydrolysis product [HP(o-tolyl);]*[BCls]” (21). The formation of this hydrolysis product
is assumed to be due to the presence of adventitious water in the dichloromethane
solvent, leading to the formation of HCI on reaction with BCls, with the acid going on

to form the title compound.

The structure contains the first crystallographically characterised example of the tri-(o-

tolyl)-phosphonium ion, which is shown below.

The average P-C bond length in this molecule of 1.7985(18) A is ca. 2% shorter than
that in P(o-tolyl); (P-C (average) = 1.836 A)"> and the C-P-C bond angle of 110.69(14)°

is greater than in the parent phosphine (C-P-C (average)= 102.8(2)°).
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Figure 2.23: Molecular structure of [HP(o-tolyl);]* [BCl,]" (21) with ellipsoids at 50% probability.
Hydrogen atoms on the o-tolyl substituents have been omitted for clarity.

The cation has a near-tetrahedral phosphorus atom (C-P-C angles 111.09(9)°, 109.90(8)°
and 111.07(8)°) and the BCly anion is near-tetrahedral at boron (Cl-B-Cl angles range
from 108.78(11)° to 110.40(11)°). There are no unusually short cation-anion contaéts.
The librational corrections to the title structure at 100K were small and the comparisons

of its molecular parameters with published structures remain valid.

A search of the Cambridge Structural Database’ for related HPPh; cations reveals that
there are 11 such structures known. The average P-C bond length is 1.788 A, less than
1% shorter than for the HP(o-tolyl); cation. This value would be expected to be shorter
because the latter has greater steric hindrance about this bond due to the extra methyl
groups on the phenyl rings, but the difference is minimal. The overall range of this P-C
bond length in the triphenylphosphonium cation is 1.753 A to 1.849 A, presumably

displaying a dependence on the counter ion present. The example with the shortest
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average P-C bond length™ (1.769 A) contained the PrCls anion, and the structure
displaying the largest average P-C bond length” (1.809 A) contained the CdBr*
dianion. The bond angle data display few differences, with the average
triphenylphosphonium ion C-P-C bond angle of 110.62° being identical within
experimental error to the value of 110.69(14)° for the tri(o-tolyl)phosphonium ion. The
tetrachloroborate anion shows weak interactions from three of the chlorine atoms to
three different methyl group hydrogen atoms of the cation, with donor:-acceptor
distances ranging from 3.59 to 3.76 A and D-H-~A angles from 136 to 171°. There is no
evidence for the hydrogen atom H(1) of the phosphonium cation to be involved in H-

bonding.
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2.6 Experimental

2.6.1 General Procedures

Air sensitive compounds were manipulated in a nitrogen atmosphere using Schlenk
techniques or an Innovative Technology, Inc. System 1 glove box. Glassware was dried
in an oven before transfer into the glove box. NMR spectra were recorded on Vartan
Mercury 200 (‘H, *C, "F, *'P), Bruker AM-250 (‘H, "°C, *'P), Varian Unity 300 ('H,
3¢, !"B), and Varian Unity Innova 500 (‘H, ''B) instruments. Proton NMR spectra were
referenced to external SiMey4 via residual protons in the deuterated solvents, lIB, 19F,
and *'P shifts were referenced to external BFs;:OEt,, CCLF and 85% H;PO,
respectively. Variable temperature 3P NMR experiments were conducted on a Varian
VXR-400 instrument. Chemical shifts are reported in ppm and coupling constants in
Hz. Multiplicities are reported as (s) singlet, (d) doublet, (t) triplet, (q) quartet and (m)
multiplet. Elemental analyses were conducted in the Department of Chemistry at the
University of Durham using an Exeter Analytical Inc. CE-440 Elemental Analyzer.
Mass spectra were run in the Department of Chemistry at the University of Durham on a
Micromass Autospec machine with EI ionisation. Toluene was dried and deoxygenated
by passage through columns of activated alumina and BASF-R311 catalyst under argon
pressure using a modified version of the Innovative Technology, Inc. SPS-400 solvent
purification system.76 Chloroform and CDCl; were dried over calcium hydride, CgDg
was dried over potassium metal, and hexane was dried over sodium. All were distilled
under nitrogen before use. Phosphines were purchased from Aldrich and Strem and

were checked for purity by *'P{'H} NMR before use.
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2.6.2 Synthesis

Synthesis of Cl;B-PMe; (2a). A solution of PMes (0.078 g, 1.03 mmol) in hexane (5
cm3) was added dropwise to 1.0M BCls in heptane (1.5 cm’, 1.5 mmol). A white solid
formed immediately. After standing overnight, the solid was isolated by filtration,
washed with hexane (3 x 2 cm’ ) and dried in vacuo yielding 0.159 g of (2a) as a white
powder (80%). NMR (Cg¢Dg): 'H & 0.58 (d, 2Jy.p = 12 Hz), '"B{'H} § 3.0 (d, Js.p = 164
Hz), *C{'H} & 4.8 (d, Jcp = 44 Hz), *'P{'H} § -11.73 (q, J''s.p = 164 Hz, ''B-P), -
11.74 (septet, JIOB.p = 55 Hz, 10B-P). (Found: C, 18.49; H 4.70%. Calculated for

C3HyBCl3P: C, 18.65; H, 4.69%).

Synthesis of CIB-PEt; (2b). A solution of PEt; (0.035 g, 0.296 mmol) in hexane (8
cm’) was added dropwise to 1.0M BCl; in heptane (0.45 cm’, 0.45 mmol). A white
solid formed immediately. After standing overnight, ~75% of the solvent was removed
in vacuo. The product was isolated by filtration, washed with cold hexane (2 x 2 cm3)
and dried in vacuo yielding 0.045 g of (2b) as fine white needles (64%). NMR (C¢Dg):
'H 8 0.66 (m, CH,CH3), 1.26 (m, CH,CH3), ''B{'H} § 3.0 (d, Jp.r = 155 Hz), *'P{'H} §
-0.05 (g, J"'5.p = 157 Hz, ""B-P), -0.05 (septet, J'%.p = 52 Hz, '°B-P). (Found: C, H %.

Calculated for CiH,sBBr3P: C, 30.62; H, 6.42%).

Synthesis of CLB-P(Pr); (2¢). A solution of P(Pr); (0.47 g, 0.293 mmol) in hexane (5
cm’) was added dropwise to 1.0M BCl; in heptane (0.45 cm’, 0.45 mmol) in hexane (3
cm?). The reaction mixture turned cloudy instantly, and a fine white precipitate formed.
After stirring overnight 75% of the solvent was removed in vacuo and the reaction
mixture was cooled to —30 °C. The product was isolated by filtration, washed with cold

hexane (2 x 2 cm3) and dnied in vacuo yielding 0.057 g of (2¢) as a white powder
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(70%). NMR (CgDg): 'H 8 0.97 (m, C(CHs)s), 2.21 (septet, CH(Me)s), "'B{'H} § 3.7 (d,
Jpp = 147 Hz)) *'P{'H} 8§ 4.75 (q, I''5.p = 148 Hz, ''B-P), 4.75 (septet, J'%.p = 50 Hz,

"°B-P). (Found: C, 38.82; H, 7.71%. Calculated for CoH,;BCI3P: C, 38.97; H, 7.63%).

Synthesis of Cl3B-P("Bu); (2d). A solution of P("Bu); (0.099 g, 0.49 mmol) in hexane
4 cm’ ) was added dropwise to 1.0M BCls in heptane (0.75 cm?, 0.75 mmol). A white
solid formed immediately. After standing overnight, the solid was isolated by filtration,
washed with hexane (3 x 2 cm®) and dried in vacuo, yielding 0.130 g of (2d) as a white
powder (83%). NMR (C¢Ds) 'H 8 0.74 (t, 3H, Jy.y = 7 Hz, CH,CH,CH,CH3), 1.08 (q of
t, 2H, Jy.y = 7 Hz, 6 Hz, CH,CH, CH,CH3), 1.34 (m, 2H, CH,CH,CH,CH3), 1.58 (m,
2H, CH,CH,CH,CH;), '"B{'H} § 3.2 (d, Jpp = 155 Hz), "C{'H} & 24.4 (d, Jcp = 3
Hz), 24.3 (d, Je.p = 5.5 Hz), 18.2 (d, Je.p = 22 Hz), 13.3 (s), >'P{'H} 8 -3.56 (q, J''5.p =
156 Hz, 'B-P), -3.56 (septet, J'%.p = 51 Hz, '°B-P). (Found: C, 45.13; H, 8.66%.

Calculated for C;;H;BCIsP: C, 45.11; H, 8.52%).

Synthesis of Cl;B-P(‘Bu)s (2e). A solution of P(‘Bu); (0.061 g, 0.302 mmol) in hexane
(5 cm3) was added dropwise to 1.0M BCl; in heptane (0.45 cm’, 0.45 mmol). The
solution turned cloudy, and a white precipitate formed. After stirring overnight, and
then cooling to —30 °C, the product was isolated by filtration, washed with hexane (2 x 2
cm’® ) and dried in vacuo yielding 0.072 g of (2e) as a white powder (75%). NMR (C¢Dg)
"B{'H} § 5.2 (d, Js.p = 138 Hz), *'P{'H} § 19.14 (q, I''s.p = 137 Hz, ClsB-P(Bu)y),
19.14 (septet, I'%p = 46 Hz, CI3B-P('Bu)s) . (Found: C 43.39, H 8.38%. Calculated for

C12H27BClI5P: C, 45.11%; H, 8.52%).
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Synthesis of Cl;B-PCy; (2f). A solution of PCy; (0.140 g, 0.50 mmol) in hexane (10
cm’) was added dropwise to a 1.0M BCl; in heptane (0.75 cm®, 0.75 mmol). A fine
white solid precipitated immediately. After standing for 2 h, the solid was isolated by
filtration and dried in vacuo, yielding 0.188 g of (2f) as a white powder (95%). NMR
(CéDs) 'H § 1.00 (m, 3H), 1.49 (m, SH), 2.08 (m, 2H), 2.38 (m, 1H), ''B{'H} § 3.90 (d,
Jap =150 Hz), *'P{'H} 8 -3.16 (q, J"'s.p = 148 Hz ''B-P), -3.16 (septet, J'’p.p = 48 Hz,

1°B.P). (Found: C, 54.02; H, 8.53%. Calculated for C,sH33BCI5P: C, 54.37; H, 8.37%).

Synthesis of Cl;B-PMe,Ph (2g). A solution of PMe,Ph (0.138 g, 1.00 mmol) in hexane
(4 cm®) was added dropwise to 1.0M BCl; in heptane (1.5 cm’, 1.5 mmol). A white
solid formed immediately. After shaking and standing overnight, the product was
isolated by filtration and dried in vacuo, yielding 0.188 g of (2g) as a white powder
(74%). NMR (CgDg) 'H 8 7.29 (m, 2H, Ph), 6.94 (m, 3H Ph), 1.02 (d, 6H Jyp= 12 Hz,
Me), "'B{'H} 6 3.40 (d, Jg.p = 161 Hz), >C{'H} § 132.1 (d, Jc.p = 3 Hz, Ph), 131.8 (d,
Jop = 8 Hz, Ph), 128.8 (d, Jc.p = 11 Hz, Ph), 126.7 (d, Jc.p = 20 Hz, Ph), 5.2 (d, Jop = 44
Hz, Me), *'P{'H} 6 -11.19 (q, J''5.p = 160 Hz, ''B-P), -11.20 (septet, J'°sp = 53 Hz,
'°B-P). (Found: C, 37.58; H, 4.35%. Calculated for CgH;;BCI3P: C, 37.63; H, 4.34%).

MS (EI)

Synthesis of Cl;B-PPh,Me (2h). A solution of PPh,Me (0.101 g, 0.50 mmol) in hexane
4 cm3) was added dropwise to 1.0M BCls in heptane (0.75 cm’, 0.75 mmol). A white
solid formed immediately. After standing overnight, the solid was isolated by filtration
and dried in vacuo, yielding 0.142 g of (2h) as a white powder (89%). NMR (C¢Dg) 'H
8 7.49 (m, 4H, Ph); 6.946 (m, 6H, Ph), 1.50 (d, 3H, Juyu = 12 Hz, Me), ''B{'H} § 3.75

(d, Jg.p = 155 Hz), *'P{'H} & -20.85 (s, br,), -8.38 (q, J''5.p = 156 Hz, ''B-P), -8.38
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(septet, J'%p = 52 Hz, '°BP). (Found: C, 48.96; H, 4.10 %. Calculated for

Ci3Hi3sBCLI3P: C, 49.20; H, 4.13%).

Synthesis of Cl3B-PPh; (2i). A solution of PPhs (0.210 g, 0.80 mmol) in hexane (10
cm3) was added dropwise to 1.0M BCls in heptane (1.20 cm’, 1.2OV mmol) in hexane (5
cm®). A white solid formed immediately. After standing overnight, the solid was
isolated by filtration, washed with cold hexane (3 x 2 cm3), and dried in vacuo, yielding
0.293 g of (2i) as a white powder (96%). NMR (C¢D¢) 'H & 6.91 (m, 2H, Ph), 7.01 (m,
1H, Ph), 7.96 (m, 2H, Ph), ''B{'H} 8 4.59 (d, Jg.p = 152 Hz), C{'H} § 134.3 (d, Jc.p =
39 Hz, Ph), 132.4 (s, Ph), 129.0 (d, Jc.p = 11 Hz, Ph), 128.7 (d, Jc.p = 7 Hz, Ph), *'P{'H}
8 -5.53 (s (br)), -1.66 (q, J''5.p = 152 Hz, ''B-P), -1.66 (septet, I'%.p = 51 Hz, '°B-P).
(Found: C, 57.02; H, 3.98%. Calculated for C;3H;sBCI;P: C, 56.98, H, 3.98%). MS (EI)

m/z = 262 (PPhs), 185 (PPh;), 108 (PPh). No adduct ions are observed.

Synthesis of Cl;B-P(o-tolyl); (2j). A solution of P(o-tolyl); (0.152 g, 0.50 mmol) in
hexane (12 cm’) was added dropwise to 1.0M BCl; in heptane (0.75 cm?, 0.75 mmol).
A fine white precipitate formed immediately. After standing overnight, the solid was
isolated by filtration, washed with hexane (3 x 2 cm’) and dried in vacuo, yielding 0.190
g of (2j) as a white powder (90%). NMR (C¢Dg) 'H § 7.00 (m, 3H, free P(o-tolyl)s);
6.73 (m, H, free P(o-tolyl)s); 2.61 (s; free phosphine CH;); ''B{'H} & 6.9 (s (br)),
BC{'H} &, *'P{'H} &: -29.75 (s; P(o-tolyl);). (Found C 59.92, H 5.20 %. C1,H»BCI;P
requires C 59.84, H 5.02%). MS (m/z) 304 (P(o-tolyl)s), 289 (P(o-tolyl)2(CsHy)). No

adduct peaks observed.
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In situ reaction of BCl; with P(CgF's)s. A solution of P(C¢Fs); (0.006 g; 0.011 mmol)
in a small amount of C¢Dg was placed in a 5 mm NMR tube and 1.0M BCl; in heptane
(0.02 cm’; 0.02 mmol) was added. No new signals were observed by Sp{'H} NMR

(CsDg).

In situ reaction of BCl; (20:1 excess) with P(C¢F's)s. A solution of P(C¢Fs); (0.004 g;
0.0075 mmol) in a small amount of C¢Dg was placed in a 5 mm NMR tube, and 1.0M
BCl; in heptane (0.15 cm’; 0.15 mmol) was added. No new signals were observed by

UB{'H}, PF{'H} or *'P{'H} NMR (C¢Dy).

Synthesis of Br;B-PMe; (2aa). A solution of PMe; (0.076 g, 0.999 mmol) in hexane (4
cm3) was added dropwise to a solution of BBr; (0.224 g, 0.894 mmol) in hexane (4
cm’). A white solid formed instantly. After stirring overnight, the solid was isolated by
filtration, washed with cold hexane (2 x 2 cm®) and dried in vacuo, yielding 0.260 g of
(2aa) as a white powder (89%). NMR (C¢D¢) 'H 8 0.65 (d, J,.p = 12 Hz), "'B{'H} § -
14.0 (d, Jg.p = 158 Hz), *'P{'H} § -11.80 (g, J"'s.p = 157 Hz, ''B-P), -11.80 (septet, J'%.
p =53 Hz, IOB-P). (Found: C, 11.43; H, 2.90%. Calculated for C3H¢BBr3P: C, 11.03; H,

2.78%).

Synthesis of Br;B-PEt; (2bb). A solution of PEt; (0.118 g, 0.999 mmol) in hexane (4
cm3) was added dropwise to a solution of BBr; (0.255 g, 1.018 mmol) in hexane (4
cm’). A white solid formed immediately. After stirring overnight, 75% of the solvent
was removed in vacuo). The product was isolated by filtration, washed quickly with
cold hexane (1 x 2 cm’) and dried in vacuo, yielding 0.304 g of (2bb) as a white powder

(83%). NMR (C¢Dg) 'H 8 0.69 (m, 3H, CH,CH>), 1.40 (m, 2H, CH,CH3), "'B{'H} § -



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 106

15.0 (d, Jg.p = 150 Hz), *'P{'H} § -3.39 (q, J''5.p = 149 Hz, ''B-P), -3.39 (septet, J'%pp =
50 Hz, '°B-P). (Found: C, 19.58; H, 4.15%. Calculated for C¢H;sBBrsP: C, 19.55; H,

4.10%).

Synthesis of BrsB-P(Pr); (2¢cc). A solution of P(Pr); (0.160 g, 0.999 mmol) in hexane
4 cm’ ) was added dropwise to a solution of BBr3 (0.251 g, 1.002 mmol) in hexane (4
cm’). A white solid formed immediately. After stirring overnight, 75% of the solvent
was removed in vacuo. The product was then isolated by filtration, washed quickly with
cold hexane (2 x 2 cm®) and dried in vacuo, yielding 0.319 g of (2¢c) as a white powder
(78%). NMR (C¢Dy) 'H & 1.02 (m, 6H, CH3), 2.43 (m, 1H, CH), ''B{'H} § -15.0 (d, Js.p
= 138 Hz), >'P{'H} & -1.68 (q, I"'s.p = 139 Hz, ""B-P), -1.68 (septet, J'%p = 47 Hz,

1OB-P). (Found: C, 26.40; H, 5.40%. Calculated for CoH,;BBr3P: C, 26.32; H, 5.15%).

Synthesis of Br:B-P("Bu); (2dd). A solution of P("Bu); (0.061 g, 0.302 mmol) in
hexane (4 cm3) was added dropwise to a solution of BBr; (0.077 g, 0.307 mmol) in
hexane (4 cm®). A white solid formed immediately. After stirring overnight, 50% of the
solvent was removed in vacuo. The product was then isolated by filtration, washed with
cold hexane (2 x 2 cm’) and dried in vacuo, yielding 0.087 g of (2dd) as a white powder
(64%). NMR (CsDg) 'H § 0.51 (t, 9H, Jyp = 7 Hz, (CHy)3CH3), 1.04 (q of t, 6H, Jyy.yy =
7 Hz, CH,CH,CH,CHj3), 135 (m, 6H, CH,CH,CH,CHj;), 1.68 (m, 6H,
CH,CH,CH,CH3). ''"B{'H} & -14.6 (d, Jz.p = 150), *'P{'H} & -6.91 (q, J''5.p = 146 Hz,

"'B-P). (Found: C, 32.13; H, 6.25%. Calculated for C;,H,7BBrsP: C, 31.83; H, 6.01%).

Synthesis of Br;B-P(‘Bu); (2ee). A solution of P(‘Bu); (0.061 g, 0.302 mmol) in hexane

(5 cm®) was added dropwise to a solution of BBr; (0.077 g, 0.307 mmol) in hexane (3
g
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cm®). A white solid formed immediately. After stirring overnight, the solid was isolated
by filtration, washed with cold hexane (2 x 2 cm®) and dried in vacuo, yielding 0.082 g
of (2ee) as a white powder (60%). NMR (C¢Dg) ''B{'H} & -15.6 (d, Tpp = 127),
3'p{'H} & 10.83 (q, J''sp = 126 Hz, "'B-P), 10.84 (septet, I'%.p = 42 Hz, '°B-P).

(Found: C, 31.39; H, 6.05%. Calculated for C;;H»7BBr3P: C, 31.83; H, 6.05%).

Synthesis of Br;B-PCy; (2ff). A solution of PCys (0.084 g, 0.300 mmol) in hexane (10
cm3) was added dropwise to a solution of BBr3 (0.077 g, 0.307 mmol) in hexane (3
cm®). A white solid formed immediately. After stirring overnight, the solid was isolated
by filtration, washed with cold hexane (2 x 2 cm’) and dried in vacuo, yielding 0.106 g
of (2ff) as a white powder (67%). NMR (C¢Dg) 'H § 1.01 (m, 3H, Cy), 1.51 (m, 5H,
Cy), 2.17 (d, 2H, Jyu = 13 Hz, Cy), 2.60 (d of t, 1H, Ju.y = 12 Hz, Cy), ''B{'H} § -14.6
(d, Jgp = 141 Hz) *'P{'H} § -9.79 (q, J''5.p = 139 Hz, ''B-P). (Found: C, 40.74; H,

6.34%. Calculated for C1sH33BBr3P: C, 40.72; H, 6.26%).

Synthesis of BriB-PMe,Ph (2gg). A solution of PMe,Ph (0.041 g, 0.297 mmol) in
hexane (5 cm3) was added dropwise to a solution of BBr; (0.076 g, 0.303 mmol) in
hexane (3 cm®). A white solid formed immediately. After stirring, then cooling to —-30
°C, the product was isolated by filtration, washed with cold hexane (2 x 2 cm3) and
dried in vacuo, yielding 0.072 g of (2gg) as a white powder (62%). NMR (C¢Dg) 'HS
1.12 (d, 6H, Ju.y = 12Hz, Me), 6.93 (m, 2H meta-Ph), 7.01 (m, 1H, para-Ph), 7.32 (m,
2H, ortho-Ph), '"B{'H} § -13.8 (d, J.p = 152 Hz), >'P{'H} 6 -12.46 (g, J''5.p = 152 Hz,
'B-P), -12.47 (septet, J'°5.p = 50 Hz, '°B-P). (Found: C, 24.67; H, 2.87%. Calculated for

CsH1 1 BBrsP: C, 24.72; H, 2.85%).
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Synthesis of Br;B:-PMePh, (2hh). A solution of PMePh; (0.060 g, 0.300 mmol) in
hexane (4 cm’ ) was added dropwise to a solution of BBr3; (0.077 g, 0.307 mmol) in
hexane (4 cm’). A white solid formed immediately. After stirring overnight, 25% of the
solvent was removed in vacuo. The product was isolated by filtration, washed with cold
hexane (2 x 2 cm?®) and dried in vacuo, yielding 0.088 g of (2hh) as a white powder
(65%). NMR (CsDg) 'H 8 1.61 (d, 3H, Jyy = 12 Hz, Me), 6.90 (m, 4H, meta-Ph), 6.98
(m, 2H, para-Ph), 7.57 (m, 4H, ortho-Ph), "'"B{'H} 6 -14.3 (d, Js.p= 150 Hz), *'P{'H} §
-11.21 (q, J"'pp = 149 Hz, "B-P), -11.21 (septet, J'%.p = 49 Hz, '°B-P). (Found: C,

34.88; H, 2.96%. Calculated for C,3H3BBr;P: C, 34.64; H, 2.91%).

Synthesis of BriB-PPh; (2ii). A solution of PPh3 (0.130 g, 0.519 mmol) in hexane (4
cm’) was added dropwise to a solution of BBr; (0.131 g, 0.499 mmol) in hexane (8
cm’). A white solid formed immediately. After stirring overnight, the solid was isolated
by filtration, washed with cold hexane (2 x 2 cm?®) and dried in vacuo, yielding 0.195 g
of (2ii) as a white powder (76%). NMR (C¢Dg) 'H 8§ 6.92 (m, 2H, Ph), 7.01 (m, 1H,
para-Ph), 7.88 (m, 2H, Ph), "'B{'H} & -14.1 (d, Jg.p = 144 Hz), *'P{'H} § -5.51 (g, ]''5.
p = 145 Hz, ''B-P), -5.51 (septet, J'%.p = 48 Hz, '°B-P). (Found: C, 42.17; H, 2.95%.

Calculated for Cy3Hy5BBrsP: C, 42.16; H, 2.95%).

Synthesis of Br;B-P(o-tolyl); (2jj). A solution of P(o-tolyl); (0.091 g, 0.299°mmol) in
hexane (10 cm®) was added dropwise to a solution of BBr3 (0.077 g, 0.307 mmol) in
hexane (3 cm’). A white solid formed immediately. After stirring overnight, the product
was isolated by filtration, washed with cold hexane (2 x 2 cm3) and dried in vacuo, ‘
yielding 0.110 g of (2jj) as a white powder (66%). NMR (C¢Dy) 'H§2.70 (s (br), Me),

6.68 (m, Ph), 7.00 (m, Ph), 7.41 (m, Ph), "'B{'H} § -12.2 (d, Jg.r = 130 Hz), >'P{'H} § -
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23.06 (s (br)). (Found: C, 45.28; H: 3.78%. Calculated for C,;H,BBr;3P: C, 45.45; H,

3.81%).

Synthesis of F3B-PPh;. A solution of BF3-Et;0O (0.5 ml; 4.08 mmol) was added
dropwise to a solution of triphenylphosphine (0.525 g; 2.00 mmol) in hexane. A white
solid formed instantly. After stirring for 1 h, the solution was left to recrystallise at —30
°C. The solid was isolated by filtration, washed with toluene, and dried in vacuo,
yielding 0.555 g of F3B-PPh; (84%). CsH;5sBF;P requires: C, 65.50; H, 4.58; Found: C,
65.03; H, 4.52%. Solid-state >'P{'H} NMR: § -8.8 ppm. Partial characterisation of

F;B-PPhj has been reported previously.

Experiment to determine concentration effect on 3p NMR of (2g), (2h) and (2i)
Five NMR samples were made from the five following solutions: Solution A: Cl;BPPh;
(2i) (0.010 g; 0.026 mmol) in 90% toluene/10% C¢Ds (6.7 cm’) [0.0039 M]; *'P{'H}
NMR (400 MHz): &: -0.656 (q; 151 Hz); -4.260 (s). Solution B: 1 cm’ of solution A
diluted with 1 cm® of 90% toluene/10% CgDg [0.0020M]; *'P{'H} NMR (400 MHz): &:
-0.66 (q; 151 Hz); -4.254 (s). Solution C: Cl3BP-Ph,Me (2h) (0.015 g; 0.047 mmol) in
90% toluene/10% CgDs (12.1 cm®) [0.0039 M]; *'P{'H} NMR (400 MHz): &: -7.33 (q; J
= 155 Hz); -26.07 (s). Solution D: 1 cm® of solution C diluted with 1 cm® of 90%
toluene/10% CeDs [0.0020M]; *'P{'H} NMR (400 MHz): §: -7.33 (q; J = 155 Hz); -
26.08 (s). Solution E: Cl3B-PPhMe, (2g) (0.008 g; 0.031 mmol) in 90% toluene/10%

CsDs (8 cm®) [0.0039 MJ; *'P{'H} NMR (400 MHz): §: -10.25 (q; J = 159 Hz).

VT NMR experiments on (2h) and (2i) Concentrated solutions of (2h) and (2i) were

made up using 90% toluene/10% C¢Ds solvent in two NMR tubes. (2h): *'P{'H} NMR
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(400 MHz): 30°C: § -7.38 (q; J = 154.7 Hz); -26.01 (s); 20°C: § -7.31 (g; J = 155.0 Hz),
-26.26 (s); 0°C: 8 -7.16 (q; J = 155.5 Hz); -26.20 (s); -20°C: & -6.97 (q; J = 155.6 Hz).
(2i): *'P{'H} NMR (400 MHz): 30°C: & -0.63 (q; 150.8 Hz); -4.06 (s); 20°C: & -0.66 (q;
J =150.8 Hz); -4.28 (s); 0°C: 6 -0.70 (q; J = 151.8 Hz); -4.74 (s); -20°C: 8: -0.74 (q; ] =

151.8 Hz); -5.26 (s); -60°C: 6 -0.78 (q; coupling constant was indiscernible); -6.16 (s).

2.6.3 Crystallography

Crystals of (2b), (2¢), (2d), (2e), (2f), (2g), (2bb), (2ii), (2jj), (2k) and (21) were
examined on a Bruker AXS SMART CCD diffractometer with Mo-Ko radiation (A=
0.71073A) and a Cryostream (Oxford Cryosystems) open-flow Ny gas cryostat. Semi-
empirical absorption corrections, by comparison of Laue equivalents, were applied. The
structures were solved by direct methods, and refined on F* values for all unique
reflections. The largest electron density features were close to heavy atoms. Programs
were standard manufacturers’ control and data processing software, together with

SHELXTL’ and local programs.
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Chapter 3: Lewis acid — Lewis base adducts of :
boron trihalides with pyridine, 2-picoline and 4-

picoline.




STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 112

3.1 Introduction

Pyridine adducts of boron trihalides were primarily studied more than 40 years ago’ to
probe the relative Lewis acidity of the boron trihalides. Until studies of this type were
carried out, it was generally believed that the relative acceptor abilities of the boron
trihalides were BF; > BCl; > BBr3; > BI; on the basis of the relative electronegativities
of the halogen atoms involved. The results of the pyridine adduct study, among others,
showed that the stabilities of the adducts of the boron trihalides reversed this trend,
suggesting a reversal in Lewis acidity. Indeed, this was the basis of many papers around
that time, as researchers attempted to rationalise this phenomenon. Of course, the
accepted explanation for this, that the electronegativities of the halides do not
compensate for the loss of planarity and thus m-overlap on changing geometry from

trigonal planar to tetrahedral at the boron atom, evolved from this early work.

The facile synthesis of the boron trihalide adducts of pyridine prompted publication of
characterisation data for these compounds, including crystal structures of

F3B-pyridine”’, ClsB-pyridine® and BrsB-pyridine.?'

Photoelectron spectroscopic and
theoretical studies including ab initio MO calculations have been carried out on
F;B-pyridine to examine the structure and, among other things, to calculate binding

. . . 2
energics and 1onisation energles.8

The F;B-pyridine adduct was studied theoretically by a group who were using N-
pyridine to probe the acidity of sites on sulphated zirconia catalysts.83 Modelling the
entire catalyst would have been a large and complicated system for calculation, so BF;

was used as a model of a Lewis acid site, where calculated data could be compared to
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experimental data to check consistency. This system, however, did not prove to be the

best approximation and many other prototypical Lewis acids were also studied.

The pyridine adduct of BBr; was reported™ to be formed on addition of pyridine to the
compound (Ph3;P),Rh(CO)Br-BBrs. This was said to be further proof of the existence of
the rhodium-boryl compound, a supposition which has been questioned, particularly
since the data presented are not consistent with more recent characterisation of Rh-B
containing compounds.® It is more likely that the pyridine actually displaced PPh; from
a Phs;P-BBr; adduct which formed alongside the rhodium complex (which was probably
boron-free). Evidence for this is in the ''B NMR data. The authors suggested that the
rhodium-boron coupling could be resolved, giving rise to a doublet with a 1%Rh-'"B
coupling constant of the order of 145-149 Hz. The ''B NMR for rhodium-boryl
complexes reported since display broad peaks for which Rh_—B coupling is not resolved.
Indeed, the coupling constants of 145-149 Hz are consistent with those of the Ph;P-BX;
adducts reported here in Chapter 2, and these adducts are probably responsible for the
"B NMR signal. It is completely plausible that the phosphine in a BX3 adduct was
displaced by pyridine resulting in the observed X;B-pyridine adduct since the B-N

dative bond is stronger than the B-P dative bond.

In contrast, picoline adducts of boron trihalides have not been studied. A search of the
Beilstein database®® for adducts of BX3 (X = halogen) with 2-, 3- or 4-picoline revealed
that the only published87 compounds of this type are F3B-2-picoline and F3;B-4-picoline.
In this study, formation of the BF; adduct was found to activate the methyl group of the
picoline moiety. Subsequent reaction of the adduct with an aromatic aldehyde (4-

(dimethylamino)benzaldehyde)) gave a facile route to 2- and 4-styrylpyridines.
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Our group has previously examined BF; adducts of pyridine derivatives®® during
research into the effect of BR3 coordination on the non-linear optical (NLO) properties
of DMAP (4-Me;N-CsH4N) and related compounds. Binding of Lewis acids, including
BF;, to the nitrogen donor alters the electron distribution in the donor molecule,

consequently enhancing the second-order NLO properties.

Figure 3.1: Diagram of the DMAP adduct of BF;. Atoms are shown as spheres of arbitrary radius.

We have previously studied® the formation of B-N adducts between the diborane(4)
compound Bjcat, (cat = catecholato; 1,2-O,C¢H4) and 4-picoline. Addition of 1
equivalent of 4-picoline to Bocat; yields the mono-adduct B,cat,(4-picoline), where a B-
N bond has formed between one boron atom and the nitrogen on the picoline. !'B NMR
studies on the adduct displayed two different boron signals: one from the tetrahedral
boron atom at & = 13 ppm and one from the 3-coordinate boron at 8 = 32 ppm consistent
with the 3-coordinate boron shift in the parent Bycat, compound. Structural studies
confirmed these results, with a B-N bond distance of 1.644(2) A. The B-B bond
distance lengthens on complexation from 1.678(3) A in Byeat; to 1.706(3) A in the

adduct, due to the change from a trigonal planar sp? 3-coordinate boron atom to a
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tetrahedral sp® 4-coordinate boron atom. Addition of 2 equivalents of 4-picoline gives

the bis-adduct B,cat,(4-picoline),.

Figure 3.2: Diagram of the (a) mono-adduct and (b) bis-adduct of 4-picoline with B,cat,. Atoms are
shown as spheres of arbitrary size.

There was only one signal on the ''B NMR spectrum from the tetrahedral boron atoms
at 8 = 13 ppm, wholly consistent with the formation of a bis-adduct. Structural studies
revealed a similar B-N bond distance (1.659(2) A) and B-B bond distance (1.713(4) A )
to the mono-adduct. It was found that 4-picoline would not react with the ‘more

sterically hindered B;pin; (pin = pinacolato; OCMe,CMe,0) or B,(NMe;),

The thiocatecholate analogue of B,cat, (B,(1,2-S,C¢Hy),) also forms adducts with 4-
picoline.”® Both the mono- and bis-adducts have been structurally characterised, and the
B-N bond distances are found to be similar to those of the Bjcat, adducts, being
1.648(5) A for the mono-adduct and 1.645(6) A for the bis-adduct. The B-B distances
are also similar, showing the same lengthening from that of Bycat, (1.701(7) A for the

mono-adduct and 1.715(10) A for the bis-adduct.



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 116

Figure 3.3: Diagram of the (a) mono-adduct and (b) bis-adduct of 4-picoline with B;thiocat,. Atoms
are shown as spheres of arbitrary size,

In a related study, the 4-picoline adducts of MeBcat (2-methyl-2-(4-methylpyridine)-
1,3,2-benzodioxaborole) and PhBcat (2-(4-methylpyridine)-2-phenyl-1,3,2-
benzodioxaborole) were structurally characterised.”’ MeBcat-4-picoline crystallises in

the orthorhombic space group Pbca, and PhBcat-4-picoline in the triclinic space group

P1. Each structure had two independent molecules in the unit cell with 2 similar B-N
bond distances (1.660(2) and 1.6444(19) for MeBcat-4-picoline and 1.651(3) and

1.654(4) for PhBcat-4-picoline).

A search of the Cambridge Structural Database’” revealed that there are 397 structures
containing 4-picoline. The majority of these, (266) involve 4-picoline as a metal ligand
and 113 involve 4-picoline bound to a non-metal. The N-A (A = atom bound to N) bond
distances vary, as expected, as A changes. There are discrete ranges for different types
of atom A, which are detailed below, where the N-A bond distance is available on the

CSD.
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Table 3.1: Discrete bond distance ranges for 4-picoline adducts (from a search of the CSD).

Bond Type Occurrence Range (A)

N-M 207 3.081 -1.954
N-B 10 1.680 - 1.641
N-C 16 1.530 - 1.421
N-N 2 1.409 — 1.385
N-O S 1.349 - 1.305
N-H 21 1.197 - 0.789

As can be seen from the above table, there are ten instances of N-B bonds in 4-picoline
compounds. Eight of these have been published by our group and have been discussed
above. The other two contain the longest and shortest examples of known B-N (where N
is in 4-picoline) bond distances. The longest B-N bond distance of 1.681(3) A occurs in
the 4-picoline bis-adduct®® of the unusual 1,4-diethyl-2,5-bis(trimethylsilyl)-1,4-
diborinane. The long B-N distance can be attributed to the presence of bulky

trimethylsilyl groups adjacent to each coordinating boron atom.

Figure 3.4: Diagram of the bis-4-picoline adduct of 1,4-diethyl-2,5-bis(trimethylsilyl)-1,4-
diborinane, CSD refcode PIVHOR. Atoms are shown as spheres of arbitrary radius. Hydrogen
atoms have been omitted for clarity.

The shortest B-N bond distance of 1.641(3) A is for the 4-picoline mono-adduct® of
2,3,4,5-tetraethyl-1,2,3-oxadiborole. The short B-N distance in this case could be due to
the presence of the adjacent oxygen atom which withdraws electron density from the

boron atom, thus increasing the Lewis acidity of the boron.
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Figure 3.5: Diagram of the 4-picoline adduct of 2,3,4,5-tetraethyl-1,2,3-oxadiborole, CSD refcode
YENXEU. Atoms are shown as spheres of arbitrary radius. Hydrogen atoms have been omitted for
clarity,

The CSD search also revealed that there were several examples of structures with 4-
picoline as a solvent of crystallisation or as part of a co-crystal. Examples of the latter
were studied to probe hydrogen-bonding in 4-picoline systems with alcohols. Some

examples of this are outlined below.

Malarski er al. have investigated how changes in temperature and the isotopic
substitution of hydrogen by deuterium affects the hydrogen bonding in the co-crystal of
4-picoline with pentachlorophenol. The room temperature X-ray structure of these two
systems,94 both the OH and OD analogues, showed that the hydrogen-containing system
had a short, strong hydrogen bond, with an O-H-N distance of 2.552(4) A. This
distance was significantly greater in the deuterium containing system with O-D-N =
2.638(3) A. The effect of cooling95 the hydrogen-containing system to 80K was a
significant contraction in the O-H-N distance to 2.515(4) A. There is very little effect
on the deuterium analogue where only a slight reduction in O-D-N to 2.628(6) A was

observed.
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Figure 3.6: Diagram of 4-picoline with pentachlorophenol, CSD Refcode GADGUN, showing the
very short hydrogen bond (centre). Atoms are shown as spheres of arbitrary radius.

The strong O-H:-N hydrogen bonding between 4-picoline and phenols understandably
led to the investigation of the use of this interaction in crystal engineering. Zaworotko
and Biradha reported”® the self-assembly of 4-picoline groups into a novel cluster when
co-crystallised with 1,3,5-trihydroxybenzene in the ratio 3:1. The O-H--N interaction

links the cluster to the 1,3,5-trihydroxybenzene.

Figure 3.7: Diagram of the 4-picoline hexamer (CSD Refcode HIMGAL) surrounding a molecule of
1,3,5-trihydroxybenzene. Atoms are shown as spheres of arbitrary size.

The cluster itself has the appearance of a supramolecular analogue of cyclohexane. C-

H:m interactions join the hexamer together, with the C-H-7 interactions replacing
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what would be C-C bonds in cyclohexane. The 4-picoline molecules are arranged in a
chair conformation, with the methyl group of each unit of the hexamer accommodated
in the central void of the clusters of ‘cyclohexane’ analogues. This is an interesting
structure since the strong O-H--N interaction, although integral in forming the 3(4-
picoline)-1,3,5-trihydroxybenzene unit, is not the controlling influence in the hexamer
formation. The O-H-N interaction is relegated in importance, despite its strength, by
the C-H - interaction which governs the structure of the supramolecular cyclohexane

analogue.

The compound 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol ((Phy)(OH)C-C=C-C=C-
C(OH)(Ph),) forms elegant inclusion compounds97 on crystallisation with either
pyridine, 3-picoline or 4-picoline, in a 1:2 ratio. The host molecule forms cages, with

two pyridine or picoline molecules located in each cage (see Figure 3.8).

Figure 3.8: Diagram of the inclusion compound of 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol with
4-picoline, CSD Refcode XELKUU. Atoms are shown as spheres of arbitrary radius.
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The guest molecules are all held in the host cage by O-H-*N hydrogen bonds with the
hydroxyl groups. The D---A hydrogen bond distances range from 2.747(2) A at 165(2)°
for the pyridine guest, to 2.768(2) A at 169(1)° for the 4-picoline guest. Competition
studies showed that 4-picoline is always favoured for inclusion by this host, but
competition between 3-picoline and 4-picoline depends upon the guest concentrations in
the mother liquor. The different affinity of the pyridine and 4-picoline guests for the
host compound means the inclusion crystallisation process could be utilised to separate

mixtures of the two guest molecules.

The 1:1 complex of 4-picoline with 4—r|itrophenol98 is also held by an O-H---N hydrogen
bond which, at 2.668(2) A, is shorter than in the inclusion compound discussed above.
The O-H-N angle is slightly larger at 174(2)°. The mean planes of the phenyl rings in
the complex are at an angle of 57.8° to each other. The dimers adopt a herringbone

packing motif in the crystal.

The crystal structure of 4-picoline was originally published over 40 years ago.” The
compound crystallises in the space group P2;/m. It has since been redetermined a
number of times. The most recent of these'® was in the space group I4,/a. Selected
bond distances and angles are shown in Table 3.2 to allow comparisons later in this

chapter.
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Table 3.2: Selected bond distances and angles for 4-picoline, taken from the CSD.

Bond Distances (A) Bond Angles (°)
N(1)-C(1) 1.337(2) C(1)-N(1)-C(1") 116.2(2)
C(1)-C(2) 1.396(3) N(1)-C(1)-C(2) 123.7(2)
C(2)-C(3) 1.397(3) C(1)-C(2)-C(3) 119.3(2)
C(3)-C4) 1.506(3) C(2)-C(3)-C4) 121.4(1)

C(2)-C(3)-C(12") 117.3(2)

There are significantly fewer published structures of crystals containing 2-picoline. A
search of the Cambridge Structural Database revealed 118 structures, none of which
contain a B-N bond. The N-A bond distances again fall into discrete ranges (see Table

3.3) depending on A (A = atom bound to N), as seen for the 4-picoline structures.

Table 3.3: Discrete bond distance ranges for 2-picoline adducts (from a search of the CSD).

Bond Type Occurrence Range (A)
N-M 75 2.697-1.942
N-C 4 1.494 — 1.468
N-O 3 1.358 - 1.321
N-H 13 1.504 - 0.82

Many of the structures containing 2-picoline have been published by White et al., who
investigatedlo1 structures of the type
L X L
N N\ /S
M M
/7 N7\
L X L
where M = a metal, X = a halogen and L = a unidentate nitrogen ligand. As the specific
metals, ligands and halogens are varied, so is the macromolecular motif. The version

with L = 2-picoline, M = copper and X = iodine forms a dimer of the type shown above.

Other combinations of ligand, metal and halogen lead to different types of structure,
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from small molecules like the dimer shown, to elegant cubane-type structures and
ladder-type polymers. An interesting polymer was formed from the M = copper and X =
iodine compound shown above by changing the ligand from 2-picoline to acridine
(anthracene with a nitrogen atom substituted at the 2 position of the central ring). The

result is a long —(Cu-I),- polymer backbone with pendant acridine ligands.

A more recent study102 by White et al. explored the effect of stoichiometry on
complexes formed between Al,Clg and unidentate nitrogen base adducts including 2-
picoline. The dimer disproportionates with Me-C=N to give ionic species of different
types e.g. [AICI(NCMe)s][AICl4],-MeCN. It was found that reaction of the dimer with
bases such as NMe; gave a 1:2 complex of AICI;2NMe; with a trans trigonal
bipyramidal geometry. Reaction with 2-picoline, however, gave the 1:1 complex
Cl3Al-2-picoline. The X-ray crystal structure of this compound will be discussed in

detail in comparison with Cl;B-2-picoline later in this chapter.

Other studies involving 2-picoline have investigated hydrogen bonding. A recent
example is the neutron diffraction study of 2-picoline co-crystallised with
pentachlorophenol.'® This revealed a particularly short O-H-N hydrogen bond
(1.535(7) A). This was the shortest one from neutron data at the time of publication.
Other very short O-H:N hydrogen bonds have been presented104 involving 4,4’-

bipyridines.
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3.2 Scope of this study

During our study of the phosphine-promoted redistribution of B-chlorocatecholborane
ClBcat,'” we also examined pyridine, 2-picoline, 4-picoline and triethylamine adducts
of ClBcat, to investigate the effect of nitrogen 6-donors on the stability of the adduct
with respect to the redistribution. It was this work which led to the study presented
herein. It seemed prudent to investigate also the adducts which these compounds formed
with BCl; and BBr3, in addition to the X3B-PR3 adducts discussed at length in Chapter

2, for a complete comparison.

The study presented here contains the first details and characterisation of boron trihalide
adducts with 2-picoline and 4-picoline, including the first structural characterisation of
X3B-picoline adducts. A comparative study of the known boron trihalide adducts with

pyridine is also presented.
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3.3 Results and Discussion

Treatment of pyridine, 2-methyl-pyridine (2-picoline) and 4-methyl-pyridine (4-
picoline) with BCls afforded Cl;B-pyridine (3a) as a cream solid, Cl3B-2-picoline (3b)
as an off-white solid and Cl;B-4-picoline (3¢) as a white solid. Similarly, reaction with
BBr; generates comparable adducts BrsB-pyridine (3d) as a white solid, and Br;B-2-
picoline (3e) and Br;B-4-picoline (3f) as off-white solids. Compounds 3a and 3d have
been reported and structurally characterised elsewhere'* and have been synthesised and
included here for comparison of characterisation data. Compounds (3a-¢) and (3d-f)
were fully characterised by 'H, 13C{ 'H} and 11B{ IH} NMR spectroscopy, and (3b), (3¢)

and (3e) by single crystal X-ray diffraction techniques.

The NMR data for compounds (3a-f) are presented in Table 3.4. The "H NMR chemical
shift of the ortho proton in all cases was higher than 8.5 ppm, due to the influence of the
nitrogen, and though this peak in the BCl; adducts was only a broad singlet, in the BBr;
adducts splitting due to coupling to the boron could be seen. This suggests a stronger
interaction between the N-BBr; than with N-BCl;. As mentioned above, this is to be
expected since the Lewis acidity of BBr; is greater than'”’ for BCls, although the B-N

bond length in (3c) is not significantly longer than that in (3f).
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Table 3.4: NMR data in C¢D¢ for adducts 3a-f

Compound # T"B{'H} NMR 'HNMR shifts (ppm) “C{'H} NMR
shift (ppm) shifts (ppm)

Cl;B-pyridine  (3a) 8.9 8.75 (s, br, 2H, Py) 144.1 (s, Py)
6.47 (,T=7Hz, IH,Py) 142.1 s, Py)
6.12 (t,J=7Hz, 2H, Py)  125.0 (s, Py)

ClsB-2-picoline  (3b) 8.9 9.28 (s, br, 1H, Py) 145.1 (s, Py)
6.38 (m, 1H, Py) 141.6 (s, Py)

5.99 (m, 2H, Py) 129.7 (s, Py)

2.82 (s, 3H, CH3) 122.1 (s, Py)

24.5 (s, CH3)

Cl;B-4-picoline  (3c) 8.8 8.68 (m, 2H, Py) 143.4 (s, Py)
6.03 (d, 2H, Py) 125.9 (s, Py)

1.38 (s, 3H, CHjy) 20.7 (s, CHj)

Br;B-pyridine  (3d) -6.8 9.00 (s, br, 2H, Py) 124.8 (s, Py)
6.34 (m, 1H, Py) 142.1 (s, Py)

5.99 (m, 2H, Py) 145.3 (s, Py)

Br;B-2-picoline  (3e) -7.9 9.58, (s, br, 1H, Py) 147.1 (s, Py)
6.35 (m, 1H, Py) 142.1 (s, Py)

5.96 (m, 2H, Py) 130.3 (s, Py)

2.91 (s, 3H, CHj) 122.3 (s, Py)

25.8 (s, CH3)

Br;B-4-picoline  (3f) -6.9 8.90 (s, br, 2H, Py), 144.6 (s, Py)
5.86 (m, 2H, Py), 125.6 (s, Py)
1.25 (s, 3H, CH3) 20.6 (s, CH3)

The published data'® for the 2- and 4-picoline adducts with BF; contain only the 'H
NMR shifts of the picoline methyl groups: 6 = 2.87 ppm (F3;B-2-picoline) and 8 = 2.68
ppm (F3B-4-picoline). The value for the 2-picoline adduct is very similar to that of the
BCl; and BBr; adducts presented here (& = 2.82 ppm and 8 = 2.91 ppm respectively).

The values for the 4-picoline adducts, however, differ significantly from values in this
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study for the BCl; adducts and BBr3 adducts which are § = 1.38 ppm and & = 1.25 ppm
respectively. The prior study used CDCl; as a solvent whereas the BCl; and BBr; NMR

experiments were run in C¢Dg which may account for the differences.

The "'B{'H} NMR spectra display the singlet which would be expected, since ''B does
not couple to "N (I = 1). The stronger Lewis acidity of BBr; compared to BCls is

reflected in adduct shifts which differ by approximately 16 ppm on changing the halide.

The crystallographic data for compounds (3b), (3¢) and (3f) are shown in Table 3.5
alongside the literature data for (3a) and (3d), with selected bond lengths and angles in

Table 3.6.
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Table 3.5: Crystallographic data for compounds (3b), (3¢) and (3f)

Compound Cl3B-2-picoline  Cl3B-4-picoline Cl3;B-4-picoline Br;B-4-

(3b) (3¢1) 100K (3¢2) 180K picoline
(36)

Formula CsH7;BCI3N CeH7BCI3N CsH7BCI3N C¢H7BBrsN

Formula 210.29 210.29 210.29 343.67

weight

Crystal System orthorhombic ~ monoclinic orthorhombic ~ monoclinic

Space Group Pnma P2;/n Pnma P2;/m

alA 10.0304(9) 7.214(1) 8.990(1) 6.4829(4)

b/A 6.8481(5) 8.954(1) 7.256(1) 9.8812(6)

c/A 12.8675(10) 13.963(2) 14.076(2) 7.7791(4)

ol 90 90 90 90

B/° 90 94.65(2) 90 91.145(4)

v/° 90 90 90 90

U/ A’ 883.86(12) 899.0(2) 918.2(2) 498.22(5)

y4 4 4 4 2

D./gcm” 1.580 1.554 1.521 2.291

u/ mm’ 0.966 0.949 0.929 12.083

Temperature 110(2) 100(2) 180(2) 110(2)

F(000) 424 424 424 320

Crystal size 040 x 042 x 043 x 036 x 021 x 036 x 030 x 0.30 x

(mm”) 0.60 0.21 0.43 0.18

Omax / © 28.98 29.09 29.0 29.0

Maximum 13,9, 17 9,12,19 12,9, 19 8,13, 10

indices h,k,l

Reflections 10143 6716 11250 4232

Measured

Unique 1259 2367 1312 1379

reflections

Rint 0.0254 0.0653 0.0355 0.0360

Transmission  0.7323-0.6171 0.8404-0.7064 0.8497-0.6913  0.2103-0.1087

factors

Number of refined 83 102 73 74

parameters

Extinction - - 0.005(2) 0.0151(15)

parameter

R’ @l data,on P  0.0688 0.3380 0.0893 0.0686

R [daa with P > 0.0258 0.1160 0.0297 0.0262

26(F)]

Goodness of fit 1.098 1.166 1.051 1.064

on F2

Largest +0.329,-0386 +2.035.-2.008 +0.283,-0.222 +0.631,-0.680

difference-ma

e

features /e A




Table 3.6: Selected bond lengths (A ) and angles (°) for compounds 3a-d and 3f"

Bond or angle Ga)” (3b) (3c1) (100K) (3¢2) (180K) 3™ (30
(X=ClorBr) Cl;Bpyridine CL3B-2-picoline Cl;B-4-picoline Cl;B-4-picoline Br,B-pyridine Br3;B-4-picoline
B-N 1.592(3) 1.609(2) 1.592(7) 1.585(2) 1.59(2) 1.582(5)
B-X 1.835(2) 1.8466(10) 1.841(7) 1.843(1) 1.99(2) 2.027(4)
1.839(3) 1.8437(17) 1.850(7) 1.838(2) 2.01(2) 2.003(2)
1.836(3) 1.838(7) 1.908(7) 1.96(2) 2.003(2)
1.763(13)
N-C 1.346(3) 1.3667(17) 1.358(7) 1.348(2) 1.32(2) 1.360(3)
1.348(3) 1.3719(18) 1.371(7) 1.357(2) 1.332) 1.360(3)
C-CH, 1.500(2) 1.497(7) 1.499(2) 1.498(5)
N-B-X 110.5(1) 108.29(6) 110.0(4) 110.82(13) 106.8 110.86(16)
107.3(2) 111.00(10) 108.9(4) 107.62(8) 109.8 110.86(16)
108.7(2) 106.1(4) 105.2(2) 1095 106.2(2)
X-B-X 110.2(1) 108.22(6) 110.2(3) 109.32(7) 109.6 109.15(19)
109.8(2) 112.84(9) 110.1(3) 112.12(12) 111.5 109.85(14)
110.3(1) 111.4(3) 109.6 109.85(14)
C-N-C 118.8(2) 118.83(12) 118.7(5) 118.65(15) 1215 118.4(3)
C-N-B 121.6(2) 119.24(12) 124.3(5) 123.61(15) 117.9 120.58(17)
119.6(2) 121.93(12) 117.0(4) 117.74(15) 120.6 120.58(17)

* This work unless otherwise indicated.
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Compound (3b) crystallises in the orthorhombic space group Pnma (Figure 3.9).

Figure 3.9: Cl;B-2-picoline (3b) showing atom labelling. Thermal ellipsoids are plotted at the 50%
probability level.

The atoms in the pyridine ring and atoms CI(2), B and C(1) lie on a crystallographic
mirror plane. The compound contains the longest B-N bond length recorded for these
pyridine-based adducts, 1.609(2) A, which is probably due to the methyl group in the 2-
position affecting coordination to BCls;. This B-N bond length is significantly shorter
than any of the B-P lengths in the phosphine adducts. This could be because the
nitrogen in a pyridine ring has little steric crowding compared to that in a tertiary
phosphine, but mainly because nitrogen is much smaller than phosphorus. The van der
Waals radius''' of nitrogen is 1.54 A compared to 1.90 A for phosphorus. Similarly the
B-P bond length''? in Cl3B-PMe; is much longer at 1.957(5) A than the corresponding
B-N bond length in Cl;B-NMes which is recorded twice in the Cambridge Structural

Database” as 1.574 A'" and 1.611 A."" In (3b), there are no significantly short
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contacts between the Cl atoms and the H atoms on the methyl group, with the shortest

CI(1)---H(14) separation being 3.096 A.

To compare the B-N bond length with other links to 2-picoline, a search of the
Cambridge Structural Database was performed. There are 118 crystal structures
containing 2-picoline recorded in the Cambridge Structural Database. None of these
contain a B-N bond as seen in (3b). There are, however, a wide variety of compounds,
with the N atom of the picoline most commonly found bound to a copper atom. The
bond distance from the nitrogen atom of the picoline to the bound atom varies

considerably but with some general trends.

>
°
25 4
008,
°
O 0000000000006
2 ¢ 000000000000, o0
g
8
c 3b
2 15 000
2 %000
E %00
Q
[+4]
1 oo
*0
esese ]
0.5
L e o AT oo o o o s o o o o o e o T LI BN A B e e
RN eAed@‘g@eere » o O & &S F S
& & F @ ¢ OIS F S & &‘5&&«»
*)Qé\ﬂi?g(}? ‘3&@%6?9026&(;) Qc;)\pwbgq’f;@@ \dg,qs\‘@{pﬂ@@g' '17 d’
&
Refcode

Graph 3.1; Graph to show bend distances for N-A (A = any atom) containing compounds of 2-
picoline in order of size,

The longest bond distance is for a lead adduct (CSD Refcode KIFHEM), shown by ¢,

with a N-Pb bond distance of 2.697 A. This is considerably longer than any of the other
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species listed in the CSD. This large bond distance is most likely attributable to the
large size of the lead atom. The next longest, shown by o, is a calcium adduct (CSD
Refcode TAPJID), with a N-Ca bond distance of 2.580 A. This large bond distance
could be partly attributable to the fact that the calcium is 6 coordinate. Other structures
containing a Ca-N bond where the calcium is 6 coordinate have Ca-N distances ranging
from 2.633 A to 2.206 A, so this example is still quite large. The rest of the 2-picoline-
metal adducts, shown by ¢, have B-M (M = metal) bond distances within a relatively
small range, from 2.354 A for silver-containing system (CSD Refcode DEDNOP) down
to the AICl; adduct (CSD Refcode TOGSAJ) with a bond distance of 1.942 A. This
latter compound will be discussed in more detail later on. There is a significant
reduction in bond distance for species which contain a N-CH3; bond, shown by ¢, the
longest bond distance for this type of compound being 1.504 A. The B-N bond distance
in adduct (3b), shown by ¢, is intermediate of these distances, being shorter than the N-
Al compound but longer than any of the N-CHj species at 1.609 A. The N-CHj; ones
range from 1.504 A to 1.468 A. The picoline N-oxides, shown by ¢, have N-O
distances ranging from 1.358 to 1.321 A. The shortest bond distances are all attributable
to 2-picolinium ion, shown by ¢. Due to the inherent difficulties in locating H atoms
accurately using X-ray diffraction these data are not always reliable, however it is
reasonable to expect that the N-H distance will be much smaller than any other N-A

distances, due to the small size of the H atom.

There are no other 2-picoline-boron adducts in the database, but there is a 2-picoline-
AICl; adduct recorded (refcode TOGSAJ). As another Group 3-Group S adduct it is
worth considering for comparison purposes. The compound was synthesised by White
et al. as part of their studies into the effect of stoichiometry on formation of unidentate

N-donor compounds with AICl; dimer.'"> Thus, 2-picoline formed a 1:1 adduct, which
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looks very similar to (3b). The symmetry-related chlorine atoms also ‘straddle’ the
methyl group to minimise repulsions. The larger AI-N bond distance of 1.942 A
compared to the B-N bond distance in (3b) (1.609 A) is attributable to the greater size
of the Al atom. This is supported by the larger AI-N-Cye bond angle (126.6°) compared

to the B-N-Cye angle (121.93°).

The structure of (3¢2) at 180K is shown in Figure 3.10. It crystallises in the

orthorhombic space group Pnma.

Figure 3.10: Cl;B-4-picoline (3c2) at 180K, showing atom labelling. Thermal ellipsoids are plotted to
50% probability level. Disordered Cl atoms have been omitted for clarity.

There is minor rotational disorder of the BCls group. CI(1) and CI(2) have occupancies
of 0.95 and 0.475 whereas CI(3) and Cl(4) have occupancies of 0.05 and 0.025
respectively. The molecule sits on a mirror plane including B, CI(2) [C1(4)], C(1) and all

of the atoms in the pyridine ring (see Figure 3.11).
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ciia) /A

Figure 3.11: Ortep diagram of (3c2), viewed down the axis of the molecule, showing the rotational
disorder in the chlorine atoms.

On cooling to 100K, a phase transition was found to occur at ca. 170K. The overall
change in the structure is relatively small, however twinning occurs, and the crystal

system becomes monoclinic (space group P2,/n). (Figure 3.12):

Figure 3.12: C1;B-4-picoline (3c1) at 100K, showing atom labelling. Thermal ellipsoids are plotted at
the 50% probability level.
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The B-N bond lengths in the low- and high-temperature structures are not significantly
different (1.592(7) and 1.585(2) A respectively), and none of the other bond lengths or
angles change significantly. In the low temperature structure, the molecule does not sit
on a mirror plane. This can be seen more clearly when examining packing diagrams for

the two different structures.

Figure 3.13: Packing diagram for (3¢c1) (100K), projected down the b cell axis. Short contacts
between the chlorine and methyl group are shown by dotted lines.

Figure 3.14: Packing diagram for (3c2) (180K), projected down the a cell axis. The greater
symmetry can be seen, with more atoms in the molecule co-planar. (Two low occupancy chlorine
atoms CI(3) and Cl(4) have been omitted for clarity).

In the 100K structure 3¢l (data shown in Table 3.4), the molecules are closer together
than in the higher temperature structure; the shortest distance being from the methyl

group to a chlorine atom (for C(1)-H(1A)---CI(1), the C---Cl distance is 3.722(6) A. This
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is 0.27 A greater than the sum of the covalent radii). The atoms of the pyridine ring are
almost co-planar, but the BCls group and the methyl group sit just out of the plane. This
distance between the molecules increases after the phase transition (Table 3.6) because
the molecules move away from each other and the methyl groups and BCls groups
move and rotate slightly so that the boron atom, CI(3) and the methyl carbon, C(1)
become co-planar with the atoms of the ring. The greater symmetry can be clearly seen

in Figure 3.14.

The stacking diagrams shown in Figure 3.15 illustrate this more clearly. In the lower
temperature structure (3cl), the two molecules “overlap” a little bit, with the methyl
group of one molecule being positioned over the area of the phenyl ring of the next
molecule in the stack. In the higher temperature structure, the molecules move away

from each other somewhat, so there is no overlap of methyl groups and phenyl rings.

(3cl) 100K (3c2) 180K

Figure 3.15: Stacking diagrams for structures (3c1) and (3c2). The projection if perpendicular to
the plane of the N(1)-C(2)-C(3)-(C4)-C(5)-C(6) ring.

The only structural characterisation of a Br;B-picoline adduct obtained in this study is
for (3f), and is shown in Figure 3.16. The compound crystallises in the monoclinic

space group P2;/m. The B-N distance of 1.582(5) A is not significantly different from
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those in the BCl; analogues, which is also the case for the Br;B pyridine adduct.''®. This
suggests that changing the halogen atom on the boron has little effect on the B-N
distance. Indeed, the B-N bond length in the BF; analogue117 i1s 1.603(6) A (the average
of the two similar independent molecules). This is very similar to the BCl3 and BBr3
analogues, despite the fact that BF; is a weaker Lewis base than BBr3; and BCls. Other
than the obvious difference in the B-X bond length due to the different halogens, there

are no significant differences in any of the bond lengths or angles.

Ci4) ci

Figure 3.16: Br;B-4-picoline (3f) showing atom labelling. Thermal ellipsoids are plotted at the 50%
probability level.

One point of interest is that although Br;B-4-picoline lies on a crystallographic mirror
plane; the orientation of the pyridine ring is different from (3¢2). The ring in (3f) lies
perpendicular to the crystallographic mirror plane, not parallel to it as is seen for the

chlorine-containing analogues.

A comparison of the structures presented above and the crystal structures of the picoline
base alone is not possible for the 2-picoline adduct, since this structure has not been
published. Structural data for 2-picoline species is only available where it has

crystallised as a solvent hydrogen-bonded to another compound.'"® The structural
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characterisation of 4-picoline, however, has been published.”9 Selected bond lengths
and angles for this structure are shown in Table 3.7 for comparison with analogous bond

lengths and angles in the BX3 adducts (given in Table 3.6).

Table 3.7: Selected bond lengths and angles in 4-picoline from published data (CSD Refcodes
Z771VG11 [A] and ZZZIVGO02 [B], a neutron diffraction study, respectively).

# N—C2 Cz-C3 C3:C4 C4-}VIC C2NC3
(A) (A) (A) (A) ©)

A 1.337 1.397 1.392 1.506 116.77

B 1.344 1.390 1.397 1.499 116.10

No esds are provided as data was taken from the CSD.

It can be seen (from Table 3.6 and Table 3.7) that the N-C bond distances in the
uncoordinated 4-picoline are a little bit shorter (by 0.1 - 0.2 A) than in the coordinated
4-picolines, and the C-N-C angles are 2° smaller when the base is uncoordinated. This
is presumably because of redistribution of the electron density on complex formation
with BX3. The Cing-Cmeny bond distances are very similar in all structures (average
1.503 A in uncoordinated 4-picoline and average 1.498 A in coordinated 4-picoline),
suggesting that the electron density movement on complex formation does not affect

this bond greatly.

The bases used in these experiments all have very similar pKa values, thus changing the
base would not be expected to yield structural differences unless steric factors are

involved.



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 139

Table 3.8: pKa values'? of the pyridine and picoline Lewis bases used in this study

Lewis Base pKa value
pyridine 5.25
2-picoline 5.97
4-picoline 6.02

The nitrogen atom is expected to be a better donor atom to BX3 than the phosphorus
donors used in Chapter 2 due to the better size compatibility of nitrogen with boron,
allowing better orbital overlap, forming a stronger dative bond. This meant that there
was no real expectation of any exchange in solution as seen with the phosphine adducts

of Chapter 2, and indeed no evidence for this was seen in the NMR data (Table 3.4).

The B-N bond lengths would be expected to shorten as Lewis acidity increased i.e. N-
BF; > N-BCl; > N-BBr3 with a possible difference due to increased steric hindrance
caused by the adjacent methyl group when forming the 2-picoline adduct, but the
variation in bond lengths are all within experimental error (Table 3.6) so no further
conclusions can be drawn. The published FsB-pyridine B-N bond length'*' of 1.603(5)
A is also within experimental error of the other pyridine adducts, so this was no

surprise.

The structural data for (3b), (3c1), (3¢2) and (3f) were analysed using Platon'?? and no

unexpected short contacts or other packing phenomena were detected.



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 140

3.4 Conclusion

The characterisation data for these compounds hold few surprises. The proton NMR
data shows very similar chemical shifts for all the adducts, with only a slight change
noticeable on changing the Lewis acid from BCls to BBr3, this being accounted for by
the increase in Lewis acidity. The ''B{'H} NMR data also reflects this change in acidity
a little more significantly with a change in chemical shift of approximately 16 ppm on
changing the acceptor molecule (the BCl; adducts have a shift close to 9 ppm, the BBr;
adducts have a shift close to —8 ppm). Changing the Lewis base from pyridine to 2- and
4-picoline has little effect on the data which again is not surprising due to the similarity
in pK, values of the bases. The 2-picoline adduct NMR data, especially in the case of
BBr3, show a slightly anomalous shift if only pK, values are considered since 2-picoline
has a lower pK, value than 4-picoline, but this discrepancy can be accounted for by the
steric hindrance of forming the dative bond adjacent to the methyl group. This is only a
small influence on the bond formation though since it is not reflected in the bond

lengths (within experimental error).
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3.5 Experimental

3.5.1 General Procedures

Air sensitive compounds were manipulated in a nitrogen atmosphere using Schlenk
techniques or an Innovative Technology, Inc. System 1 glove box. Glassware was dried
in an oven before transfer into the glove box. NMR spectra were recorded on Varian
Mercury 200 (‘H, *C), Bruker AM-250 ('H, *C), Varian Unity 300 (‘H, °C, ''B), and
Vanan Unity Innova 500 (lH, “B) instruments. Proton NMR spectra were referenced to
external SiMey via residual protons in the deuterated solvents, and "B chemical shifts
were referenced to external BF;-OEt;. Chemical shifts are reported in ppm, coupling
constants are reported in Hz and multiplicities are reported as (s) singlet and (m)
multiplet. Elemental analyses were conducted in the Department of Chemistry at the
University of Durham using an Exeter Analytical Inc. CE-440 Elemental Analyzer.
Toluene was dried and deoxygenated by passage through columns of activated alumina
and BASF-R311 catalyst under argon pressure using a modified version of the
Innovative Technology, Inc. SPS-400 solvent purification system.123 Chloroform and
CDCI; were dried over calcium hydride, C¢Ds was dried over potassium metal, and
hexane was dried over sodium. All were distilled under nitrogen before use. Pyridine
and picolines were purchased from Aldrich and Strem and were checked for purity by

'"H NMR before use.

3.5.2 Experimental Procedures

Synthesis of Cl;B-pyridine (3a). A solution of pyridine (0.040 g, 0.506 mmol) in
hexane (4 cm’) was added dropwise to 1.0M BCls in heptane (0.75 cm’, 0.75 mmol)

which had been diluted in hexane (4 cm3). An off-white precipitate formed immediately.
precip y



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 142

After stirring for 6 h and cooling to =30 °C, 25% of the solvent was removed in vacuo.
The product was isolated by filtration, washed with cold hexane (2 x 2 cm’) and dried in
vacuo, yielding 0.063 g of (3a) as a cream-coloured powder (65%). NMR (C¢Dg) 'HS
6.03 (m, 2H, meta-Py), 6.38 (m, H, para-Py), 8.72 (s (br), 2H, ortho-Py), ''B{'H} § 8.9
(s), PC{'H} & 124.9 (s, Py) 141.9 (s, Py) 144.1 (s, Py). Found: C, 30.51; H, 2.67; N,

6.95%. Calculated for CsHsBCI3N: C, 31.40; H, 2.63; N, 7.32%.

Synthesis of Cl3B-2-picoline (3b). A solution of 2-picoline (0.047 g, 0.505 mmol) in
hexane (4 cm3) was added dropwise to 1.0M BCl; in heptane (0.75 cm’, 0.75 mmol)
which had been diluted in hexane (4 cm®). An off-white precipitate formed immediately.
After stirring for 6 h and cooling to -30 °C, 25% of the solvent was removed in vacuo.
The product was isolated by filtration, washed with cold hexane (2 x 2 cm’ ) and dried in
vacuo, yielding 0.059 g of (3b) as an off-white powder (56%). NMR (CsDg) "H§2.82
(s, 3H, Me), 5.98 (m, 2H, meta-Py), 6.37 (m, 1H, para-Py), 9.72, (s (br), 1H, ortho-Py)
"UB{'H} § 8.9 (s, B-N), *C{'H} § 24.5 (s, CH3), 122.1 (s, Py), 129.7 (s, Py), 141.6 (s,
Py), 145.1 (s, Py). Found: C, 34.02; H, 3.44; N, 6.38%. Calculated for C¢H;BCI3N: C,

34.27; H, 3.35; N, 6.66%.

Synthesis of Cl3;B-4-picoline (3¢). A solution of 4-picoline (0.047 g, 0.505 mmol) in
hexane (4 cm’ ) was added dropwise to 1.0M BCl; in heptane (0.75 cm3, 0.75 mmol)
which had been diluted in hexane (4 cm®). A white precipitate formed immediately.
After stirring for 6 h and cooling to -30 °C, 25% of the solvent was removed in vacuo.
The product was isolated by filtration, washed with cold hexane (2 x 2 cm’) and dried in
vacuo, yielding 0.081 g of (3¢) as a white powder (76%). NMR (CsDg) 'H§1.30 (s, 3H,

Me), 5.94 (m, 2H, meta-Py), 7.74 (m, 2H, para-Py), "'B{'H} & 8.8 (s), *C{'H} § 20.7



STRUCTURAL STUDIES OF NOVEL MOLECULAR SYSTEMS 143

(s, CH3) 125.9 (s, Py) 143.4 (s, Py). Found: C, 34.48; H, 3.49; N, 6.46%. Calculated for

CsH;BCI3N: C, 34.27; H, 3.35; N, 6.66%.

Synthesis of Bri;B-pyridine (3d). A solution of pyridine (0.040 g, 0.506 mmol) in
hexane (4 cm3) was added dropwise to BBr; (0.129 g, 0.515 mmol) in hexane (3 cm3).
A white precipitate formed immediately. After stirring overnight, and cooling to -30 °C,
the product was isolated by filtration, washed with cold hexane (2 x 2 cm3) and dried in
vacuo, yielding 0.104 g of (3d) as a white powder (62%). NMR (C¢Ds) 'H § 5.99 (m,
2H, meta-Py), 6.34 (m, 1H, para-Py)), 9.00 (s (br), 2H, ortho-Py), "'B{'H} & -6.8 (s),
BC{'H} § 124.8 (s, Py), 142.1 (s,Py), 145.3 (s, Py). Found: C, 18.22; H, 1.53; N,

4.25%. Calculated for CsHsBBrsN: C, 18.43; H, 1.57; N 4.15%.

Synthesis of Br;B-2-picoline (3e). A solution of 2-picoline (0.047 g, 0.505 mmol) in
hexane (4 cm’ ) was added dropwise to a solution of BBr; (0.129 g, 0.515 mmol) in
hexane (3 cm®). An off-white precipitate formed immediately. After stirring overnight
and cooling to =30 °C, 25% of the solvent was removed in vacuo. The product was
isolated by filtration, washed with cold hexane (2 x 2 cm®) and dried in vacuo, yielding
0.128 g of (3e) as an off-white powder (74%). NMR (C¢Ds) 'H & 2.91 (s, 3H, Me), 5.96
(m, 2H, meta-Py), 6.35 (m, 1H, para-Py), 9.58, (s (br), 2H, ortho-Py). ''B{'H} § -7.9
(s), PC{'H} &8 25.8 (s, CH3) 122.3 (s, Py), 130.3 (s, Py), 142.1 (s, Py), 147.1 (s, Py).
Found: C, 21.04; H, 2.07; N, 3.97%. Calculated for CsH;BBr3N: C, 20.97; H, 2.05; N,

4.08%.

Synthesis of BriB-4-picoline (3f). A solution of 4-picoline (0.047 g, 0.505 mmol) in

hexane (4 cm’) was added dropwise to a solution of BBr; (0.132 g, 0.527 mmol) in
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hexane (3 cm®). An off-white precipitate formed immediately. After stirring overnight
and cooling to =30 °C, 25% of the solvent was removed in vacuo. The product was
isolated by filtration, washed with cold hexane (2 x 2 cm?) and dried in vacuo, yielding
0.117 g of (3f) as an off-white powder (67%). NMR (C¢Dg) 'H § 1.25 (s, 3H, Me), 5.86
(m, 2H, meta-Py), 8.90 (s (br), 2H, ortho-Py), 'B{'H} § -6.9 (s), *C{'H} & 20.6 (s,
CHs) 125.6 (s, Py) 144.6 (s, Py). (Found: C, 21.21; H, 2.09; N, 4.00%. Calculated for

CsH7sBBr3N: C, 20.97; H, 2.05; N, 4.08%).

3.5.3 Crystallography

Crystals of (3b), (3c), and (3f), were examined on a Bruker AXS SMART CCD
diffractometer with Mo-Ko radiation (A= ().710731&) and a Cryostream (Oxford
Cryosystems) open-flow N, gas cryostat. Semi-empirical absorption corrections, were
applied using SADABS.'* The structures were solved by direct methods, and refined
on F* values for all unique reflections. The largest electron density features were close
to heavy atoms. Programs were standard manufacturers' control and data processing

software, together with SHELXTL'? and local programs.126
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Chapter 4: Substituted and selectively fluorinated |

1,4-bis(phenylethynyl)benzenes: arene-perfluoro-

arene interactions and crystal packing motifs.
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4.1 Introduction

Non-covalent interactions play a very important role in determining the structure of
crystals, and a detailed knowledge of the many different types is the aim of those
looking to prepare the ‘designer crystal’.'”” The vast variety of these interactions,
however, mean there is much work still to be done before crystal engineering
approaches an ‘exact science’ and not educated guess work! The strongest non-covalent

12
8 and has been

interaction is the hydrogen bond. It has been studied in much detail,
used widely to enable crystal engineering. Other weaker, more subtle interactions,
however, are often implicated in molecular self-assembly and are being investigated
widely in further attempts to engineer crystals to a specific motif and control crystalline,

including liquid crystalline, behaviour. 129

One such subtle effect, the arene-arene interaction, which occurs between two phenyl
rings of aromatic compounds, is thought to be the origin of certain, often biological,
phenomena. The interaction of aromatic bases in DNA is, for example, thought to play a
role in the double helix motif by contributing some of the attractive forces which holds
the elegant structure together. Indeed, the carcinogenic properties of certain aromatic
compounds is thought to be due to their ability to intercalate themselves between other
bases in the double helix, thus altering the conformation of the DNA. Aromatic
interactions have also been implicated'*® in the catalytic activity of metallocene
complexes where the interaction helps to align the substrate prior to binding in the
organisation of peptides and proteins, and in the molecular recognition"' of ammonium

and imminium ions by a cyclophane host (a cation-mt-interaction).'*?
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A special case of the arene-arene interaction, the arene-perfluoroarene interaction, was
first reported in 1960.' It was found that a 1:1 mixture of benzene and
hexafluorobenzene (HFB), which have melting points of 5.4°C and 5.0°C respectively,
formed a solid with a melting point of 23.7°C. A phase diagram was later constructed
for varying compositions of the two components. The maximum melting point was
found to occur for the equimolar mixture, and thus it was postulated that a 1:1 complex
formed, held together by arene-perfluoroarene interactions. The nature of the
interaction, however, was to remain a puzzle for some time. A similar white solid was
also observed in the 1:1 mixture of aniline and HFB, which showed that this

phenomenon was not solely observed for the benzene-HFB system.

Further work was carried out on these and other such systems to determine the nature of
these complexes and their interactions. Phase diagrams for the mixtures of HFB with a
variety of methyl-substituted benzene derivatives'** showed that, for the majority, the
complexes seemed to form when the composition was 1:1. A complex did not occur in
the mixture of HFB and pentafluorobenzene (PFB), but complexes were shown to be
present in mixtures of PFB with methyl-substituted benzenes.'*

% alluded to the possibility of four

Differential scanning calorimetry (DSC) studies"?
different solid-state phases in the complex. The highest temperature phase was probed
by single crystal X-ray diffraction'®” and although the structure was quite disordered it
did demonstrate the presence of infinite stacks of alternating benzene-HFB units. This is
significantly different to the herringbone packing displayed in the crystals of the
individual components.'® X-ray crystal structures of the other phases could not be

obtained due to the crystals breaking into powder when cooled, but information was

obtained some years later by neutron powder diffraction.'*® Again, it was found that the
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structures of the lower temperature phases also consisted of infinite columns of

alternating benzene and HFB molecules (see Figure 4.1).

=

Figure 4.1: Infinite stacks of alternating phenyl (black and red) and perfluorophenyl (black and
green) units in the 1:1 complex of benzene with hexafluorobenzene.

The attractive forces which held these structures togéther was originally believed to
originate via charge transfer between a donor and an acceptor, but since there were no
characteristic UV absorptions for the HFB and methylbenzene complex, this theory was
abandoned in favour an explanation based on electrostatic interactions. The basis of this

interaction is the quadrupole moment present in both benzene and hexafluorobenzene.

It is widely accepted that benzene is non-polar. It has no net dipole moment, which
occurs if onc end of the molecule has more electron density than the other. The
distribution of electron density across the benzene ring, however, is not uniform. The
slightly greater electronegativity of carbon compared to hydrogen leads to the electrons
in the m-system being localised on the carbon atoms. This makes the area above and
below the centre of the ring slightly negatively charged, but the area at the periphery,

where the hydrogen atoms are located, slightly positively charged. It can be thought of
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as an electron rich core surrounded by an electron-poor torus (doughnut-shape) of
hydrogen atoms. This electrostatic inhomogeneity is known as a quadrupole. The

quadrupole in benzene'* is of magnitude —29 x 10°°C m™.

The presence of this quadrupole can explain the common T-shaped arene-arene
interaction seen in its most simple form in crystalline benzene. The phenyl rings align
perpendicular to each other, so that the slightly positive area of one ring is pointing
directly towards the negative centre section of an adjacent ring. This quadrupolar effect
can also explain how benzene, a hydrocarbon which can be thought of as being
hydrophobic, can interact with polar molecules such as water.'*! The 8+ hydrogen
atoms in the water molecule align so they are pointing into the negative area of the

benzene quadrupole.

Hexafluorobenzene also has a quadrupole. It again has no net dipole and consists of two
atom types, carbon and fluorine, with differing electronegativities. In this case,
however, fluorine is more electronegative than carbon, so the centre of the ring, nearest
the carbon atoms, is the electron poor area, and the torus of fluorine atoms is electron

“0C m™. This is of approximately

rich. The magnitude'* of this quadrupole is 31.7 x 10
the same magnitude, but opposite in sign, to benzene. Like benzene, in its pure form,
hexafluorobenzene crystallises in a perpendicular fashion, end-to-face, so that the
positive areas on one ring interact directly with the negative areas on the adjacent
molecules. Hexafluorobenzene can also utilise the quadrupole to interact with water.
This time, it is the oxygen atom which is oriented towards the centre of the ring, the

opposite way to the benzene-water complex. The nature of the two quadrupoles in

benzene and hexafluorobenzene — similar magnitudes but opposite signs — demonstrate
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how it can be favourable for the two molecules to stack alternately on top of each

other.'*?

Similar stacking motifs were seen'* for complexes of hexafluorobenzene with methyl-
substituted benzenes and aniline derivatives. The stacking is not restricted to benzene

derivatives, with the 1:1 complex'*

of biphenyl and perfluorobiphenyl published in the
late 70s demonstrating the same phenomenon. Other larger molecules have exhibited
this stacking, and with their publication debate has raged as to the extent of electrostatic

contribution to the system. Many calculations have been performed suggesting varying

degrees of contribution from electrostatics, the remainder of the attractive force coming
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from van der Waals contributions.'® A recent density functional calculation'
suggested that the contribution to the overall potential from electrostatic component
could be only 15% of the total, with dispersive (van der Waals) forces responsible for
the remaining 85%. This is contrary to the common suggestion that the major influence
in arene-perfluoroarene interactions is electrostatic. Recent unpublished results'*’ from
our collaborators, however, suggest that this result may have arisen from the over-
simplification of the calculation by assigning partial charges to all the atoms and
performing a time independent study. Since van der Waals forces are time dependent,
the conclusions drawn from a time independent study seem doubtful. When a full

electron distribution study148 1s undertaken, it is found that the electrostatic contribution

is actually nearer to 90% of the total, with very little van der Waals contribution at all.

Potential applications of the arene-perfluoroarene interaction are plentiful, with some

already being demonstrated in the literature. An elegant example was published by

149

Grubbs er al., who utilised it™ to align monomers for solid state dimerisation and

polymerisation initiated by UV radiation. The phenyl-substituted butadiynes
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polymerised in this way are thought to give cis-polydiacetylenes, whereas normal
polymerisation would give the trans isomers. The same group treated fluorinated
stilbenes and distyrylbenzenes in the same way to give cyclobutanes and

polycyclobutanes. 150

The potential for use in molecular recognition was reported using a di-nuclear palladium
macrocycle containing fluorinated phenyl rings which associates with benzene
derivatives. The selectivity for the fluorinated macrocycle with p-dimethoxybenzene
was 25 times that for p-dicyanobenzene. This specificity was not seen with the non-

fluorinated macrocycle. 151

Although the arene-perfluoroarene interaction is weak in the solution state, with
attractive forces decreasing at a rate of r° (where r is the distance between two
quadrupoles), it has been shown that it can influence solution state synthesis of
macrocycles.152 Arene-perfluoroarene attractive forces stabilised a transition state for
partially fluorinated macrocycles, leading to a greater yield than for the non-fluorinated
or completely fluorinated analogues where the transition state was not stabilised in this

way.

A very recent example of the interaction occurring in the solution state was

demonstrated by Grubbs.'*

When octafluoronaphthalene (OFN) is dissolved in high
molecular weight (n = 180) poly(ethylene glycol) (PEG) end capped with 1-pyrene
butyroyl chioride followed by the addition of water, the PEG shows a large increase in

viscosity. This is due to the the arene-perfluoroarene interaction between the pyrene

groups and the OFN causing aggregation in solution, forming a hydrogel.
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The interaction can influence the crystal structure in substituted ferrocenes'™* of the type
Fe(PhCp),, with three different structural motifs observed for the Fe(PhCp),,
Fe(PhFsCp), and (PhCp)Fe(PhFsCp). In the first compound, the two phenyl rings are in
the anti conformation, avoiding each other. The unsymmetrical ferrocene shows an
eclipsed conformation due to arene-perfluoroarene interaction between the two phenyl
rings. Interestingly, the perfluoro derivative also shows an eclipsed formation, this time
controlled by stacking of the fluorinated ring of one molecule interacting with the
cyclopentadienyl ligand on the next molecule; again an example of arene-perfluoroarene

interaction.

Other conjugated organic materials have been investigated and have shown interesting
arene-perfluoroarene packing motifs. For example 4.4’-bis(2,3,4,5,6-
pentafluorostyryl)stilbene, which it is hoped will have interesting electronic and optical
properties, self-assembles into a ‘brick-wall’ structure held together by the arene-
perfluoroarene interaction; each molecule overlaps with two halves of neighbouring

155

molecules in the rows above and below it. °~ Many distyrylbenzene derivatives were

6

investigated by Bazan'>® and co-workers, and many selectively fluorinated 1:1 co-

crystals exhibited the influence of the arene-perfluoroarene interaction.

Our group’s contribution to work in this area arose as part of continuing studies into
bis-phenylethynylbenzene (BPEB) ‘rigid rod’ molecules. The structure, linear and non-
linear optical properties and liquid crystal phase behaviour of these conjugated rigid rod
systems is being investigated. Work on a huge variety of rigid rods has been
widespread, in our group and others, over the last decade and is an area of continuing

interest.'”’
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The BPEBs in which our group is interested are prepared by palladium (or copper)
catalysed cross-coupling reactions of the appropriate terminal alkenes with iodoarenes.
This method allows synthesis of different variations and combinations of arene and

perfluoroarene moieties in the rod.

Our emerging interest in