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Abstract

The combination of solid-state¢ NMR and theoretical calculations to characterize
NMR parameters is applied to compounds containing P-P bonds where phosphorus
participates in a variety of bonding modes. In particular, phosphorus chemical shift
tensors and one-bond indirect spin-spin or J-coupling tensors, 'JC'P,*'P), have been
investigated experimentally by NMR and complemented by first-principles calculations.

The phosphorus chemical shift and spin-spin coupling tensors for
tetramethyldiphosphine disulfide are characterized by analysis of 'P NMR spectra
obtained at 4.7 T for a single crystal. These results were compared to those obtained
from spectra acquired at 4.7 T and 9.4 T for powder samples. The data obtained from
both methods are in exceilent agreement. It was also found that the upper limit on the
anisotropy in 'JC'P,*'P), AJ, is approximately 450 Hz.

The phosphorus chemical shift tensors for a phosphole tetramer were
characterized by analysis of *'P NMR spectra acquired at 4.7 T and 9.4 T for powder
samples. The experimental NMR results are supplemented by first principles
calculations of the chemical shift tensor. The calculations are useful for proposing
chemical shift tensor orientations.

The final example presented here is an investigation of the
phosphinophosphonium salt, [Ph,P-PPh,][GaCl,]. The structure is not available from X-
ray diffraction studies, thus characterization by other means, such as solid-state NMR,
is important. To determine the P-P bond length from the effective dipolar coupling
constant, R.;, AJ needs to be estimated, in this case by ab initio calculations on a model
system, H,P-PH,*. Combination of the calculated AJ value and the measured R yields
a P-P bond length of 2.25 A. Further calculations of 'J¢'P,*'P) for H,P-PH, offers an
opportunity to investigate the dependence of this parameter on conformation. First-
principles calculations allows one to map out the detailed orientation dependence as well

as the potential energy surface.
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Chapter 1: Introduction and Scope

1.1 Introduction

Nuclear magnetic resonance (NMR) spectroscopy is one of the most powerful
tools available for characterizing molecular structure and dynamics in chemistry.
However, it is important to recognize that some fundamental questions regarding the
relationship between NMR parameters and structure remain. An NMR spectrum is
characterized by a number of parameters, for example the chemical shift and the indirect
spin-spin coupling (or J-coupling) constant. The majority of the NMR literature
concentrates on the measurement of the isotropic values of these parameters and the
application of various empirical rules and correlations to extract information on
structure and dynamics. For example, one of the most important relationships between
an isotropic NMR parameter and molecular structure is the Karplus relationship, which
describes how the indirect spin-spin coupling over three bonds depends on the dihedral
angle.! However, the chemical shift and J coupling are tensor properties;* hence, it is
essential to characterize the anisotropic nature of these interactions to fully understand
the origins of observed trends. For example, considering only the isotropic chemical
shift leads to the observation of trends which often defy simple explanations in terms of
local structure, particularly in the case of phosphorus chemical shifts.*

The determination of the chemical shift tensor, both its principal components and
the orientation of its principal axis system (PAS) with respect to the molecule, is

particularly valuable due to its close relationship with the local structure and electronic

1
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properties of the molecule.’ Nuclear magnetic resonance spectroscopy of solids is ideal
for investigating the tensor nature of these parameters since the interactions are not
usually averaged as in the case of solution NMR studies. The field of solid-state NMR
is currently enjoying an expanding popularity, thanks in part to a number of
experimental advances which have led to applications of this technique to a range of
research problems, from protein structure to materials science. Recent advances in
computational chemistry, particularly with regards to ab initio calculation of NMR
parameters,%’? have resulted in the use of calculated results as a complement to
experimental data.

Ideally, NMR studies using single crystals are desirable since, in principle, the
chemical shift tensor as well as dipolar and J-coupling tensors may be determined
unambiguously. Unfortunately, large single crystals are rarely available; hence, powder
samples must be used. If the system of interest contains an isolated spin pair, some
orientation information can be extracted from NMR studies (see section 2.2).

One objective of my Ph.D. research was to use solid-state *'P NMR combined
with first-principles calculations to characterize the NMR parameters for systems
containing P-P bonds. The three examples illustrated in figure 1.1 have been selected
for discussion in this thesis. For one of these systems, tetramethyldiphosphine
disulfide, 1, abbreviated as TMPS, a single-crystal *'P NMR investigation was carried
out. For another compound, a phosphole tetramer, 2, the NMR parameters were

characterized experimentally using a crystalline powder sample and by theoretical
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Figure 1.1  Molecular structures of the compounds studied by solid-state NMR in this
thesis. 1: tetramethyldiphosphine disulfide, TMPS. 2: a phosphole
tetramer. 3: pentaphenylphosphinophosphonium tetrachlorogallate.



calculations. In addition, the X-ray crystal structure was redetermined in the course of
this study. For a third compound, pentaphenylphosphinophosphonium
tetrachlorogallate, [Ph,P-PPh,}[GaCl,], 3, the X-ray structure was unavailable and NMR
investigations of solid samples have provided valuable structural information.

There are three themes running through the examples presented in this thesis.
The first theme concerns the orientation of the phosphorus chemical shift tensor as a
reflection of molecular structure. It has been shown that for compounds such as
tetraethyldiphosphine disulfide, (CH,CH,),P(S)P(S)(CH,CH,),, abbreviated as TEPS,
the most shielded component of the phosphorus chemical shift tensor is directed along
the P=S bond.!®!" This observation has also been made in (CH,),PS." Investigation of
the phosphorus chemical shift tensor orientations in TMPS may aid in establishing this
observation as a general phenomenon. On a related note, one assumption about
chemical shift tensor orientations is that the direction of greatest shielding corresponds
to the direction of greatest electron density."* Studies of phosphorus shielding in a
phosphole tetramer and a phosphinophosphonium cation, where there are formal lone
pairs on the phosphorus nuclei, affords an opportunity to investigate these trends
further.

A second theme concerns the indirect spin-spin coupling tensor between
phosphorus nuclei that are bonded to each other, 'JC'P,*'P), and in particular its
anisotropy, AJ. The investigation of AJ in TMPS is relevant here, as is explained in
further detail in section 1.2. Ab initio calculations of 'J(*'P,*'P) in model compounds,

H,P-PH, and H;P-PH,", are potentially useful for exploring the dependence of



'JC'P,*'P) on conformation.

The third theme concerns the value of ab initio calculations of NMR parameters
as a complement to experimental data. The accuracy of calculated chemical shift tensor
orientations is explored in the chapter on TMPS (chapter 3) and calculations of J on a
model system, H,P-PH,*, are applied to the determination of the dipolar coupling
constant, Rpp, between the phosphorus nuclei in [Ph;P-PPh,}[GaCl,], and hence estimate
the P-P bond length (chapter 5). The contents of each chapter are discussed in more

detail in the following section.

1.2 Thesis Outline

Following a chapter detailing the relevant background theory (chapter 2), the
work on TMPS is described in chapter 3. There have been a few NMR studies of
alkyldiphosphine disulfides in the literature. Many solution studies stem from an
interest in the relationship between conformation and indirect spin-spin coupling
between phosphorus nuclei that are directly bonded to each other, 'JC'P,*'P).!***
TEPS'®!" and tetrabutyldiphosphine disulfide'® (TBPS) have been testing grounds for the
determination of anisotropy in indirect spin-spin coupling tensors. Early single-crystal
NMR studies reported large anisotropies for 'J('P,>'P) in TEPS and TBPS of 2.2 kHz'!
and 1.9 kHz,' respectively. The phosphorus chemical shift and spin-spin coupling
tensors for TMPS (figure 1.1, structure 1) are characterized by a single-crystal *'P
NMR study and by an independent analysis of *'P NMR spectra obtained from

crystalline powdered samples combined with ab initio calculations. As so much



information is available about this system, it also serves as a benchmark for evaluating
experimental NMR methods as well as ab initio approaches for the characterization of
NMR parameters. Since accurate P-P bond lengths are required for a reliable
determination of AJ, the X-ray crystal structure was redetermined. Data available in the
literature for related compounds provide an opportunity to consider some trends in
phosphorus magnetic shielding.

Chapter 4 summarizes the results for a phosphole tetramer, figure 1.1, structure
2. This compound contains two phosphorus spin pairs, each one consisting of two
three-coordinate phosphorus nuclei directly bonded to each other; characterization of
phosphorus chemical shift tensors and spin-spin coupling parameters in such
environments are relatively rare.'>!718.1920 Ap jnijtio calculations prove to be an
extremely valuable addition to the experimental *'P NMR data for a complete
characterization of the two phosphorus chemical shift tensors since single crystals large
enough for an NMR investigation were unavailable for this compound. It was found
that the relative orientation of the two chemical shift tensors reflects the local structure.
Inconsistencies between the NMR data and the published X-ray crystal structure?!
prompted a redetermination of the structure.

The structural characterization of pentaphenylphosphinophosphonium
tetrachlorogallate, [Ph,P-PPh,][GaCl,] (figure 1.1, structure 3), by solid-state NMR is
detailed in chapter 5. Phosphinophosphonium salts® represent a new class of
compounds and are thus important to characterize. X-ray crystal structures are not

available in the literature; hence, characterization by other means is vital. For the



example presented in this chapter, [Ph;P-PPh,][GaCl], some structural information is
available from analysis of *'P NMR spectra of solid samples combined with ab initio
calculation of 'J'P,*'P). Trends in 'J(*'P,*'P) are explored by ab initio calculations on
model systems, H,P-PH, and H,P-PH,*. In particular, the effect of the conformation is
considered.

Finally, extensions of the research projects described here are proposed in

chapter 7 of this thesis.



Chapter 2: Background Theory

2.1 NMR Interactions
2.1.1 Overview
The systems of interest in this thesis consist of homonuclear spin pairs, IS,

where / and S refer to spin-'2 nuclei. To analyze the NMR spectra for such a spin pair,

the following Hamiltonian needs to be considered:

H =3, (1) + H,(5) + H (D) +H (8) +H (D) +H (S) + .
M, (LS) +H,(LS) @D

where H,(/) and H,(S) are the Hamiltonian operators that describe the interaction of /
and S respectively with the applied external magnetic field, By, termed the Zeeman
interaction. H (/) and H (S) describe the interaction of each spin with an applied radio
frequency field, B,.. Hcs(/) and Hcs(S) are the nuclear magnetic shielding (or chemical
shift) Hamiltonians, Hpp(/,S) describes the dipolar interaction between / and S, and
H,(1,S) is the indirect spin-spin or J-coupling interaction between the two nuclei. H;
and H,; are under the control of the spectroscopist, hence they are termed external
Hamiltonians; the remaining terms are dependent on the nature of the system and are

hence referred to as internal Hamiltonians.



2.1.2 The Zeeman Interaction
The fundamental phenomenon upon which NMR is based involves the interaction

of the nuclear magnetic moment with B, as described by the following Hamiltonian:

A'H, = -y, I'B, 22

where v, is the magnetogyric ratio (in rad T~ s') of nucleus / and I is the nuclear spin
angular momentum operator. For NMR studies of spin-'2 nuclei, this is the largest of
the interactions described in equation 2.1. The spin states for / are described by the
quantum number m; which gives the z-component of angular momentum. For a spin-%;
nucleus, m; = +% or -'2. In the presence of B, these two states are separated by an
energy, AE, that is dependent on the magnitude of the applied magnetic field, B,, as

illustrated in figure 2.1. The corresponding frequency,

v T S5 .3)

is called the Larmor frequency.

2.1.3 Radio-Frequency Interaction
To obtain an NMR spectrum, it is necessary to induce transitions between the
allowed nuclear spin states. This is achieved by applying electromagnetic radiation at or

near the Larmor frequency and usually in a direction that is perpendicular to B,.
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Figure 2.1 The Zeeman energy as a function of the magnitude of the applied
magnetic field, B,, for a spin-'2 nucleus with y; > 0.

Typically, v, falls in the radio frequency region of the electromagnetic spectrum. The
Hamiltonian describing the interaction between / and an applied radio frequency field,
B, is identical to the Zeeman Hamiltonian (equation 2.2) except that the magnetic field

is not static. The magnitude of B, in a direction perpendicular to B, is B

Brf = 28l cos(21tvlfr+a) (2.4)

where B, is the amplitude of the applied radio frequency field, v, is its frequency (at or

near v,), and « is its phase. Under the influence of B, the net magnetization resuiting



11

from the nuclear magnetic moments are tipped away from their equilibrium positions by
an angle 6, = v,B,t, where t, is the duration of the radio frequency irradiation.

NMR is an inherently insensitive technique, as AE is much less than the thermal
energy, ksT. As a result, the population difference between the m; = +'% and m; = -4

states, An,, is very small. Under the high-temperature approximation,

An, _ AE _ Ay B, ’s
A TN T 3

where N, is the total number of nuclei, /, in the sample. Typically, An, / N, is on the

order of 10°.2

2.1.4 Nuclear Magnetic Shielding and Chemical Shift
The nuclear magnetic shielding interaction, described by a second-rank tensor,
O, arises from the interaction of electrons around the nucleus with B, to produce a local

induced magnetic field at the nucleus, B,,:

B_ -=0'B (2.6)

The nuclear magnetic shielding Hamiltonian is:

A'H (D) = v 0B Q2.7
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In general, O can be expressed as the sum of symmetric and antisymmetric parts.>*
The symmetric tensor, which has components such that o;;=g;;, influences the line shape
in NMR of solids, whereas the antisymmetric part does not to first order.>? In
principle, the antisymmetric part can play a role in the relaxation of the nucleus.” In

this thesis, the symbol O refers exclusively to the symmetric part:

o=|0,0 0 2.8)

in which there are six independent components. It may be transformed, as with any
symmetric second-rank tensor, to a frame of reference known as the principal axis

system (PAS), in which the tensor is diagonal:

g, 0 0
0" =| 0 0, 0 2.9
0 0 o

where 0,,, 0y, and 03, are the principal components (in units of ppm) of the nuclear
magnetic shielding tensor. The PAS is related to the molecular frame of reference by
Euler angles, «, B, and y.% There are still six parameters to determine (three principal

components and three Euler angles) to fully characterize the tensor. In the solid state,
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00,

(A SR

Figure 2.2  [llustration of the angles which define the orientation of the applied
magnetic field, B,, and the dipolar vector, r;s, with respect to each other

and to the principal axis system of the nuclear magnetic shielding tensor
for I.

the observed frequency is dependent on the orientation of the crystallite with respect to
B, if the shielding is anisotropic; thus equation 2.3 must be modified to include both the

Zeeman and nuclear magnetic shielding interactions:

v©,9) = v,|1-(o,, sin’@cos’d +0,,sin’Bsin’ P +a,, cos?0) (2.10)

where 0 and ¢ are polar angles defining the position of B, in the PAS of the shielding

tensor, as shown in figure 2.2.
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By convention, 0, < Gy < 03, therefore 0y, corresponds to the direction of
greatest shielding. Experimentally, the chemical shift tensor, 0, is measured rather than
the nuclear shielding tensor, the difference being that O is referenced to the bare nucleus

while & is referenced to a primary standard:

- Vi " Veer

§, = ——=x10° (ppm) @.11)

ref

where v; and v, refer to the resonance frequencies of the sample and the reference

respectively. The chemical shift and nuclear magnetic shielding are related as follows:

6 _ Rf-oii
Tl (ppm) 2.12)

ref

Since 1 - o, = 1.0, equation 2.12 simplifies to:

8; = 00, (2.13)

The largest component of the chemical shift tensor, 8,,, corresponds to the smallest
component of the nuclear magnetic shielding tensor, 9,,, in accordance with equation
2.13. Hence §,, > 8, > 6;;. The isotropic nuclear magnetic shielding is '/; the trace of

O:
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G, +0_+0
_ i T2 3
0., = — 2.14)
with an analogous expression for the isotropic chemical shift, 6,,. One can also define

two parameters, the span, Q, and the skew, k, which describe the breadth and shape of

the powder pattern:”

span = Q = 0~ 0, =5, - &, (2.15)
3(0. -0.) 3(5,-6 )
skew = x = (“"Q 2 . (”Q is0 (2.16)

Alternatively, the anisotropy and asymmetry are often used; however they have been
defined in various ways by different authors.””*® For a powder sample, in which all
possible orientations of crystallites are present, the NMR spectrum of an isolated spin
can have one of several line shapes as shown in figure 2.3, depending on the nature of
the chemical shift tensor. In one case, &,, = &,, = 34, (isotropic), in the second case
8,, = 8y or §,, = 343 (axially symmetric) and in the third case none of the components

are equivalent (non-axially symmetric).

2.1.5 Dipolar Coupling
Dipolar or direct spin-spin coupling is an interaction between nuclear magnetic
moments separated by a vector rs where the subscript indicates nuclei / and S

respectively.”* This interaction is analogous to the classical interaction between two
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Figure 2.3  Typical line shapes for an isolated spin in a powder crystalline sample
where a) all the principal components of the chemical shift tensor are
equal, b) two components are equal and c) none of the components are
the same. b) illustrates the difference between the two extreme values for
K, +1and -1.
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bar magnets.
The dipolar Hamiltonian is:

B'H (1S) = I'D-S 2.17)

where S is the nuclear spin angular momentum operator for nucleus S and D is the

dipolar coupling tensor which is diagonal in its PAS:

R, 0 0
p-{ 0 R, O (2.18)
0 0 -2R,

if I and S are not magnetically equivalent, e.g., a heteronuclear spin pair and:

32R, O 0
D-| 0 3R, O 2.19)
0 0 3R,

if  and S are magnetically equivalent, e.g., a homonuclear spin pair. Different types of
homonuclear spin pairs are discussed in further detail in section 2.2. Unlike O, D is
traceless; hence, dipolar interactions are not observed directly in NMR studies of

isotropic fluids. The unique axis of D is along rs unless there is anisotropic motion.
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The dipolar coupling constant, Ry, in frequency units (Hz) is defined as follows:

W h -
Ry, = '5',% (“2_,;) Y, ¥s(rg™) (2:20)

where 4, is the permeability of vacuum and (ris) refers to the vibrational average of the
cubed internuclear distance. Since Ry, depends only on (r,s*), the remaining factors
being constants, the dipolar coupling constant is a valuable parameter for structural
determination by NMR of solids, as will be discussed in greater detail in section 2.1.6
and chapter 5. The spectrum for / coupled to a spin-' nucleus, S, in the absence of any
other interaction except the Zeeman interaction, consists of a doublet centred at the
Larmor frequency of / with a splitting given by Rpp (3 cos? { - 1) if [ and S are not
magnetically equivalent (figure 2.4(a)) and by */, Rpp (3 cos? { - 1) if T and S are
magnetically equivalent (figure 2.4(b)), where { is the angle between By and r;s. Ina
powdered crystalline sample, all possible values of { are present, hence a characteristic
powder pattern with a Pake doublet* is observed. Figure 2.4(c) shows the Pake doublet
for a heteronuclear spin pair while the spectrum arising from a pair of magnetically
equivalent nuclei is shown in figure 2.4(d). The two subspectra, shown by dotted lines,
illustrate the fact that the dipolar line shape arises from two transitions corresponding to

ific two spin states of S.
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Figure 2.4  Calculated NMR spectra for the / nucleus of a spin pair where / and S are
a) not magnetically equivalent and b) where they are magnetically
equivalent. B, and r;5 are perpendicular in this case, i.e., (=90°. The
corresponding line shapes for powder crystalline sample, where all values
of { are present, are shown in c) for nonmagnetically equivalence and d)
for magnetic equivalence. The subspectra shown by dotted lines in c)
correspond to the two spin states of S. These spectra were calculated
using Rpp = 700 Hz.

1800
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2.1.6 J Coupling

Another interaction between two nuclei that may be measured in NMR
experiments is the indirect spin-spin or J-coupling interaction. This is an interaction
whereby a nucleus perturbs the surrounding electrons. This perturbation is
subsequently transmitted to a second nucleus through the electron network of the
molecule. The strength of the coupling depends on the nature of the electron network,
hence J coupling is an extremely useful parameter for characterizing systems where

nuclei are separated by one or more covalent bonds.”> The Hamiltonian for J coupling

between two nuclei is:*-0

A'H(LS) = 1-J-S 2.21)
where J is a second-rank tensor. Like the nuclear magnetic shielding tensor, J can be
represented by a symmetric and antisymmetric part;® however the antisymmetric part

does not perturb the NMR line shape to first order.® In its PAS, the symmetric part of

J is given by:

J-10J, 0 2.22)
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The isotropic J coupling is:

J - (2.23)

While J coupling is measured experimentally in units of Hz, comparison of indirect
spin-spin couplings for different spin pairs is facilitated by using the reduced coupling

tensor, K, which is independent of the magnetogyric ratios of the coupled nuclei:

4n?

K -
hy,Ys

J (2.24)

where K is in units of N A2 m* or equivalently in T2 J'.** The ensuing definitions also
apply to K.

The features of J may be described by the anisotropy, AJ, and the asymmetry,

.rl:29.35.36
J +J
_ _n
AJ = .133 — (2.25)
and
J.-J
_ 2 Yu
Ll s (2.26)
S0

where the principal components are assigned according to |J/y; - Jio| 2 |Jyy - Jiso| 2
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|[J22 - Jiso| - If J is axially symmetric, then AJ = J, - J, where J, is the component along
the internuclear axis while J, is perpendicular to it. The indirect spin-spin coupling
Hamiltonian (equation (2.21)) can be expressed in terms involving only J;, and an
anisotropic term which is identical in form to the dipolar Hamiltonian (equation

2.17):2%

BHAS) = J (1S I'S + 1-J'S 2.27)

where

~AJ/3 0 0
Y= 0o -An3 o0 (2.28)
0 0 2AJ/3

Consequently, it is impossible to experimentally distinguish between the dipolar
coupling and anisotropy in J. Experimentally, one measures an effective dipolar

coupling constant:

Rg=Rpp - 3 (2.29)

In practice, Rpp can be calculated from equation 2.20 if the internuclear distance is
known. If Ry, differs significantly from the experimental value of R.¢, then one can

estimate AJ. R, is available from solid-state NMR experiments or, for simple diatomic
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molecules, from hyperfine constants measured in molecular beam or high-resolution
microwave spectroscopy experiments.”’ Since R.¢ and Rp,, can have the same or
opposite signs, two possible values of AJ result from equation 2.29, one of which is
usually discarded since it is much larger than J,,,. For coupling involving lighter nuclei,
AJ is often assumed to be negligible; for heavier nuclei, AJ can be quite large.>* For
example, in thallium fluoride, AJC*TL,'F) = -13.3 + 0.7 kHz.*® While reliable
experimental determinations of AJ are scarce,'0-¥374041.42 theoretical calculations of J
offer an avenue for examining the relationship between indirect spin-spin coupling and

structure. Calculations of J from first principles will be discussed in section 2.3.2.

2.2 NMR Spectra Arising from Isolated Spin Pairs
2.2.1 Overview

For a system consisting of an isolated spin where the chemical shift is the only
internal interaction present, analysis of NMR spectra arising from single crystals can, in
principle, yield the orientation of the chemical shift tensor with respect to the molecule.
Unfortunately, single crystals of sufficient size for NMR studies are rarely available.
NMR spectra of powder samples yield the three principal components of the chemical
shift tensor; however there is no means of determining the tensor orientation relative to
the molecular frame of reference unless the chemical shift tensor is axially symmetric.
If a dipolar interaction is also present, as in the case of systems containing isolated spin
pairs, then the spectra of powder samples become sensitive to the relative orientation of

the chemical shift tensors with respect to r;s which of course is in the molecular frame
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of reference.*

Systems where an isolated spin pair is present have been extensively
investigated in the solid state.** As mentioned previously, if two nuclei have the same
magnetogyric ratio, the system is referred to as a homonuclear spin pair; otherwise they
form a heteronuclear spin pair. For a homonuclear spin pair, a further distinction can
be made between magnetic equivalence where the two nuclei are related by a centre of
inversion and crystallographic equivalence where the two nuclei are related typically by
a G, axis or a mirror plane.? In the case of magnetic equivalence, the two spins have
identical chemical shift tensor components and orientations. For nuclei that are
crystallographically equivalent but magnetically non-equivalent, the chemical shift
tensor components are the same but their orientations differ. The most general case is
observed when the two nuclei are neither magnetically nor crystallographically
equivalent. Spin pairs are often classified as A,, AB, or AX spin systems. If the two
nuclei are magnetically equivalent, they have identical resonance frequencies for any
orientation of the spin pair in B,, hence they form an A, spin system. On the other
hand, if the difference between their resonance frequencies is much greater than the
magnitude of the spin-spin couplings (dipolar and indirect), then the spin system is
designated as an AX spin system. The AB spin system lies between these two extremes.
It should be noted that such a labelling system is not entirely suitable in solid-state NMR
since the difference in the resonance frequencies as well as the magnitudes of the spin-
spin couplings are orientation dependent. It is possible to have a spin pair that is A, at

one crystallite orientation but AB or AX at another.
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In general, homonuclear spin pairs give rise to four transitions in the solid state

with intensities, P,;10.44.45.46.47

1 B

v, =§("l+"s -4 -D) P, =l~3 (2.30)
1 B

v, =§("1 * Vg + A - D) P2 =1 +B (2.31)
1 + -A+D P -l+B

v, = 3 (\rl Vg ) y = D (2.32)
1 B

v, =§(v[+vs+.4 + D) P4=1—5 (2.33)

where v, and v depend on v,, 0,;, 05, and 0;;, and the orientation of PAS of the
shielding tensor with respect to By, given by the polar angles 0 and ¢ (figure 2.2), for

each nucleus, according to equation 2.10. The terms A, B, and D are:

A=J_ -Rg(3cos’C - 1) (2.34)

B=J_+ %Rﬁ, (3cos{ - 1) (2.35)
1

D =[ (v, - vy)* + B*]? (2.36)

For an AX spin system, (v, - vs) > B; hence, D = v; - vs. Four peaks are observed, two
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in the region of the / nucleus and two in the region of the S nucleus. In both cases, the
splitting of the / and S peaks is |/, - Re(3 cos’{ - 1)|. For an A, spin system, v; = vy,
hence D = B, thus the intensities of v, and v, are zero and the remaining two peaks are
split by |Ji - /3 Regr (3 cos? { - 1)|. An interesting situation arises in NMR spectra of
solids containing isolated AB spin systems. It is possible for the two outer peaks to be
more intense than the two inner peaks.* An example of this is presented in chapter 3.
Such spectra are not observed for isotropic fluids. For a powder crystalline sample, the
addition of J coupling modifies the splittings shown in figure 2.4, as illustrated in figure

2.5. The observed line shape is dependent on the relative signs of R and J,,.

2.2.2 The Dipolar-Chemical Shift Method
The combination of anisotropic chemical shift and dipolar coupling interactions
results in a spectrum where each component of the chemical shift tensor is split

according to (in units of frequency):*®

Av,, = R (1-3cos’asin’p) (2.37)
Av,, = R (1-3sin’asin’p) (2.38)
Av,, = R (1-3cos’p) (2.39)

for an AX spin pair, where « and { are the polar angles defining the position of r;s with
respect to the PAS of G in figure 2.2. The expected line shape is illustrated in figure

2.6(a). Although one cannot measure the sign of Av;, the sum of the three splittings
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Figure 2.5 Calculated NMR spectra for the A nucleus of an AX spin pair illustrating
the effect of dipolar and J coupling. For a) J,, = +200 Hz, while
Js, = 0 Hz for b). J,, = -200 Hz for c). All spectra were calculated
using R.; = 700 Hz and in the absence of anisotropic magnetic shielding.

must be zero since the dipolar coupling tensor is traceless. One of the subspectra
shown in figure 2.4(c) is stretched out while the other is compressed, as shown in
figures 2.6(b) and (c). For an AB spin system, the overlap of the subspectra due to both
nuclei leads to complex line shapes, examples of which will be discussed in this thesis.
As iz evident from equations 2.37 to 2.39, the spectrum is sensitive to the
relative orientation of the chemical shift tensor and ry5, which is coincident with the

unique component of the dipolar coupling tensor. Thus some information regarding the
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--------------------------------------

Figure 2.6 Calculated NMR spectrum for the A nucleus of an AX spin pair
illustrating the effect of dipolar coupling and anisotropic nuclear magnetic
shielding on the line shape. The total line shape (a) is the sum of the two
subspectra, (b) and (c). For this simulation, v, = 81.033 MHz,

R.« = 1.6 kHz, Q = 200 ppm, x = 0.0 and rs is coincident with o;;
Gi.e.,a=f =0°).

chemical shift tensor orientation in the molecular frame of reference is available. This
method of relating the chemical shift tensor to the dipolar coupling is termed the
dipolar-chemical shift method for characterizing chemical shift tensors. However, since
the dipolar tensor is axially symmetric, there will be an ambiguity as to the orientation

of the shift tensors with respect to rotation about ris. The orientation of each shift
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Figure 2.7  Euler angles relating the PAS of the nuclear magnetic shielding tensor to
the molecular frame of reference for nucleus / of a spin pair, IS, where
0% is the original position of 0.

tensor relative to ris can be described by a set of Euler angles, «, B, and v, as
illustrated in figure 2.7. The angle B positions r relative to o;; while y determines
whether r; is closer to o,, or 05. The angle a describes the rotation of the chemical
shift tensors about r;s; since the dipolar tensor is axially symmetric, & cannot be
measured relative to an axis fixed in the molecular frame of reference, hence its value is
arbitrary. However, the difference between the values of « for the two chemical shift
tensors (which will be denoted by A« in this thesis) may be determined. Ac defines the

angle between the projections of the 0,; components for / and S on to the same plane. It
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should be noted that the angles above are different from those defined in figure 2.2.

The analysis of spectra dependent on as many as six chemical shift tensor
components, two sets of Euler angles and two spin-spin coupling parameters may seem
difficult if not impossible; however, computer programs*-°*! are available for
calculating spectra based on the Hamiltonian presented in section 2.1, allowing a
comparison with the experimental results. The dipolar coupling constant, Ry, can be
estimated using bond lengths from diffraction structures if available. From magic angle
spinning (MAS) NMR spectra, J,, 8.,, and, in some cases, the principal components of
&% for / and S may be determined. As well, techniques like 2D spin-echo spectroscopy
are available for homonuclear spin pairs to separate the effect of dipolar and J coupling
from the chemical shift interaction (see section 2.2.3). Acquiring spectra at two or
more applied magnetic fields is essential as the various spin interactions described in
section 2.1 scale differently with By. In practice, all the NMR spectra are simulated
until one obtains a set of NMR parameters which gives a satisfactory reproduction of all
experimental spectra. In addition, reliable ab initio calculations can provide information
concerning the orientations of chemical shift tensors and spin-spin coupling tensors with
respect to the molecular frame of reference. Ab initio calculations of these two NMR

parameters are discussed in section 2.3.

2.2.3 2D Spin-Echo NMR Spectroscopy
The 2D spin-echo NMR experiment is extremely useful in the characterization of

spin-spin coupling parameters in systems consisting of isolated homonuclear spin pairs.
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Figure 2.8  The 2D spin-echo pulse sequence which consists of a CP sequence
followed by a spin-echo pulse and then the acquisition of an FID.

The spin-spin coupling interactions are separated from the chemical shift, allowing for
an independent measurement of R, and determination of the relative signs of R.; and
J,- The basic 2D pulse sequence consists of a preparation period, an evolution time of
duration ¢, followed by an acquisition time, ¢,.”> The evolution time is incremented to
produce a 2D data set. The 2D spin-echo pulse sequence,” shown in figure 2.8,
consists of the standard cross polarization® (CP) experiment, under the Hartmann-Hahn
match condition,> for the preparation period followed by the evolution time during
which the & spin-echo pulse is applied. The spin-echo pulse has the effect of refocusing

inhomogeneities due to nuclear magnetic shielding, leaving the magnetization to evolve
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exclusively under the influence of spin-spin coupling. In the resulting 2D spectrum, the
F1 projection contains the spin-spin coupling data while the F2 projection is the normal
1D powder pattern of a stationary sample. Nakai and McDowell*~ have derived
expressions for the free induction decays (FIDs), s(#;) and s(s,), of the 2D spin-echo

NMR experiment:

s(t,) = cos’2E [exp(imAt) + exp(-in4t)]
+% sin2€ (1 + sin2§) [exp(in(D-A)t)) + exp(—in:(D—A)tl)]

(2.40)
-% sin2 (1 - sin2§) [exp(in(D+A)t)) + exp(-in(D+4)t,)]
s@t,) = (1 - sin2§)exp(i2nv e, + (1 + sin2§)exp(i2nv,1,)
¢ (1 + sin2E)exp(i2nvyr) + (1 - sin2E)exp(i2nv,r) G4

where cos 2 = (v, - v5)/D, sin 2§ = B/D and the v;s (i = 1 to 4) are given by
equations 2.30 to 2.33. For an A, or AX spin system in the absence of J coupling, the
dipolar splittings at the ‘horns’ of the Pake doublet in the F1 projection will be ¥/, R or
R.; respectively; however, the analysis of 2D spin-echo spectra is complicated by the
possibility of the spin system being A,, AB or AX at different orientations, as
mentioned previously (section 2.2.1). If J,, is also present then the splitting in the F1
projection is modified, similar to the case illustrated in figure 2.5. A centre artifact is
often observed which has been attributed to imperfect rf pulses."> Fortunately, the F1
projection can still be calculated and compared to the experimental resuits to extract the

coupling constants. Two-dimensional spin-echo spectroscopy has been used extensively



33

to investigate homonuclear spin pairs in the solid, especially in molecules containing
P-P bonds, for example, Mes'P=PMes" (Mes" =(2,4,6-tri-t-butyl) phenyl),"
[Mes"NP-PPh;][SO,CF;],*” Ph,PPPh,," the pyrophosphate anion in Na,P,0;-10H,0,"-®
and Lawesson's reagent, (C;H,OCH,PS,),.” Specific details regarding performance of
this experiment on the CMX Infinity 200 spectrometer at the University of Alberta are

given in Appendix 1.

2.3 Ab Initio Calculations of NMR Parameters
2.3.1 Nuclear Magnetic Shielding Tensors
The theoretical basis for understanding nuclear magnetic properties in terms of
modern quantum chemistry was established by Ramsey in a series of papers published
between 1950 and 1953.96!62 A commentary on the significance of these papers was
published in 2000.9 In this section, Ramsey’s formulation for nuclear magnetic
shielding and modern approaches to the calculation of this parameter will be discussed.
Ramsey's perturbation approach separates nuclear magnetic shielding into a

diamagnetic, o, and paramagnetic, ¢°, contribution:%

o=¢%+o? (2.42)

This partitioning is analogous to the separation of magnetic susceptibility into

diamagnetic and paramagnetic parts.* For shielding, the full expressions for o¢ and o?

are; %6
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where r, is the position vector for electron k and L, is its angular momentum operator,
both with respect to a chosen origin. The position vector and angular momentum
operator of electron k with respect to the nucleus of interest are denoted by r,y and L,y
respectively. One important conclusion from the above equations is that o depends
only on the ground electronic state, |0), hence it is a first-order property and easily
calculated by ab initio methods. However, o® is a second-order property, involving
mixing between ground and excited electronic states, |n), and is thus more challenging
to calculate.

Nuclear magnetic shielding is very sensitive to the molecular electronic
structure, hence very accurate electronic wavefunctions are required for ab initio
calculations at any level of theory.5"#%% The development and implementation of
methods to overcome the gauge origin problem (vide infra) has lead to further progress
in calculations of shielding tensors. Ab initio calculation of nuclear magnetic shielding
tensors may be useful to resolve the ambiguity involved in assigning tensor orientations
obtained from a dipolar-chemical shift analysis (section 2.2.2).25"-® The present status

of theoretical methods has been summarized in a number of recent reviews®”:#9:6.69 and
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will be discussed only briefly in this thesis.

Rather than using Ramsey’s formulation for nuclear magnetic shielding directly,
most modern ab initio computational approaches use an equivalent expression for the
shielding for / in terms of a second derivative of the total electronic energy, E, which is

dependent on a magnetic field, B, and the set of all nuclear magnetic moments, M, for a

molecule:®

_ azE(B,M)]
g = [TIBB—' Mr'-o (245)

where M, is the nuclear magnetic moment of /. The calculation of G thus reduces to
evaluating derivatives of molecular electronic energies. Methods in which the
derivatives are evaluated numerically are termed finite perturbation (FP) or finite field
(FF). In general, though, quantum chemical programs evaluate the derivatives
analytically, which is more computationally efficient than numerical analysis. In an
analytical evaluation, it is necessary to determine how the wavefunction responds to the
perturbation arising from the presence of B and/or M. Below, equation 2.45 is stated

more explicitly to show the dependence on the wavefunction:

.1 . |TE@M)
o1 [ M, 3B

azs(n,M)] oA

+ == 2.
M, B0 { M0 Im m-0 OB (2.46)

where A is the set of parameters that define the wavefunction. For a given molecule, it

is necessary to determine the response of the wavefunction with respect to the magnetic
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field. via the factor JA/B, to calculate the shielding for all the nuclei.

With the introduction of a magnetic field, a problem arises due to the need to
describe B using a vector potential %772 [t was recognized early on that calculated
nuclear magnetic shielding varied depending on where one placed the origin of the
vector potential, termed the gauge origin problem. While the choice of gauge does not
affect the results of an exact quantum mechanical treatment, this type of calculation is
generally impractical; hence, the gauge origin will be a factor in the quality of the
results when one uses approximate wavefunctions constructed from standard basis sets
included in quantum chemistry programs. Several methods are used to overcome this
difficulty, including GIAO” and IGLO.™ The GIAO (gauge-including atomic orbitals)
method places the gauge origin for the atomic orbitals at the nucleus on which the
orbitals are centred. The GIAOs are also referred to as London orbitals.® The IGLO
(individual gauge for localized orbitals) method uses the origin of the molecular orbital
as the gauge origin. Other methods include LORG (localized orbital local origin
method)” and CSGT (continuous set of gauge transformations method).”

The Hartree-Fock (HF) approach, a common model for shielding calculations,
describes the electronic wavefunction by a single electronic configuration and the
influence of the other electrons is introduced as an effective, static field. This
approximation obviously does not account for the effect arising from the motion of
electrons. Electron correlation is the term used to describe the difference between the
HF model and an exact description of the system. The neglect of electron correlation

can cause severe errors in the calculated nuclear magnetic shielding for systems with
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multiple bonds or formal lone pairs.5%% Ap initio methods which allow for electron

correlation, such as Moller-Plesset (MP) perturbation theory”” or multiconfigurational
self-consistent field (MCSCF) theory,”™ often give better results that HF in such
situations.® Although not strictly an ab initio method, density functional theory (DFT)
has also been applied to the calculation of nuclear magnetic shielding.*®' Recently,
relativistic effects have been considered in conjunction with DFT.® While the Gaussian
suite of programs®™* includes DFT methods, the currently available functionals do not
include a dependence on the magnetic field, hence it is not an improvement on HF
methods in this case.®

To assess the quality of an ab initio calculation of nuclear magnetic shielding, it
is necessary to compare calculated results with experiment. However, it is the chemical
shift, 8, and not the nuclear magnetic shielding, o, which is measured experimentally.
Conversion from one scale to the other requires an absolute shielding scale.® If the
shielding for the nucleus of interest is known for a reference compound, then
measurement of the chemical shift relative to this compound can be converted to
shielding according to equation 2.13. Absolute shielding scales have been established
for a number of elements, including carbon,” oxygen,® fluorine,* and phosphorus.®
Recently, we proposed a revised absolute shielding scale for chlorine.”

With advances in computational techniques and faster computers, the quality of
the calculations is certain to improve. Significant progress has been made in the last
few years and ab initio calculations of nuclear magnetic shielding are becoming

integrated into the methodology for analyzing NMR spectra.?-%
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2.3.2 Indirect Spin-Spin Coupling (J) Tensors

For reasons outlined below, reliable ab initio calculations of J coupling are
challenging. Thus, reports have been relatively scarce compared to calculations of
nuclear magnetic shielding tensors. However, the introduction of some new
computational approaches has prompted interest in the ab initio calculation of J. In
addition, the recent observation of J coupling across hydrogen bonds* has resulted in a
number of papers focussing on the calculation of J coupling in such systems.*-7*® The
current state of J-coupling calculations has been recently reviewed.®%

In Ramsey’s theory of J coupling,®'2'%® several mechanisms for the interaction
between the nuclei and electrons are identified. One mechanism involves the coupling
between the nuclear spin and the orbital motions of the electron, termed the spin-orbit
(SO) mechanism. A formal distinction is usually made between a diamagnetic (DSO)
and paramagnetic (PSO) contribution. Another mechanism is the dipolar interaction
between the nuclear and electron magnetic moments, called the spin-dipolar (SD)
mechanism. The Fermi contact (FC) mechanism describes the interaction between a
nucleus and electrons that have a finite probability of being at the nucleus of interest.

The J-coupling Hamiltonian may be expressed in terms of a contribution from

each mechanism:

M = Hogo + Moo * Hyp * Hec (2.47)

Second-order perturbation theory is used to solve the above Hamiltonian for expressions
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describing each contribution to J:

¥ = Jpso * Jpsopso * Jsp-sp * Jrcrc ¥ Trc-sp (2.48)
where Jpso involves only the ground electronic states of the molecule. Jpsq pso has
contributions involving ground and excited singlet electronic states, while the
contributions involving SD and FC (Jsp.sp, Jec.rc, and Jec.sp) depend on ground and
excited triplet states. The full expressions for each term are given elsewhere.’>'%" [t is
important to note that Je ¢ is completely isotropic; hence, it contributes only to J,,.
The FC-SD cross term, Jec.5p, is completely anisotropic; hence, it contributes only to
AJ. Ramsey’s formalism for J coupling does not account for relativistic effects. An
extension of Ramsey’s theory to include relativistic effects was developed by Pyykkd.'®
As with calculations of nuclear magnetic shielding, modern ab initio programs
calculate J as a second derivative of E, in this case with respect to the nuclear magnetic
moments of the coupled nuclei, M; and Ms. Here, it is given in terms of the reduced

coupling tensor, K(/,S):%'®

_|PE(B,M)
Kb = [ IM oM

(2.49)
BM-0

As with nuclear magnetic shielding, the derivatives can be evaluated
numerically, '%1%-1% or apalytically. Equation 2.49 may be rewritten as follows to show

explicitly the dependence of the wavefunction on M:
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For each K(/,S) it is necessary to determine the response of the wavefunction with
respect to the magnetic moment of one of the nuclei, via the factor dA/OM,.
Determination of the full set of J-coupling tensors for a molecule is thus considered
computationally more expensive than calculations of nuclear magnetic shielding, where
0A/0B need only be determined once to obtain all the shielding tensors.

A number of different models have been used for the calculation of J coupling.
While HF methods have been applied, this approach usually fails because it cannot
accurately describe the contribution from triplet states to the FC and SD mechanisms,
termed the “triplet instability” problem.®® This can lead to calculations of J-coupling
constants with significantly different magnitudes compared to experiment'”’ or even the
wrong sign. It has been generally recognized that molecules containing multiple bonds
and/or electron lone pairs should not be investigated using the HF approach.®® More
success has been obtained with the MCSCF approach. Calculations of J coupling using
MCSCEF theory with analytical evaluation of the derivatives in equation 2.49 (termed
multiconfigurational linear response (MCLR) theory) were first reported in 1992.'%®
The agreement between calculated and experimental results are generally very
good,*”1%:11 aithough this method is still limited to small molecules. A coupled cluster
approach has also been used in the calculation of J coupling.'"!"'*!" Polarization

propagator methods with acronyms such as SOPPA (second-order polarization
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propagator approximation) and CCDPPA (coupled cluster doubles polarization
propagator approximation) focus on the perturbation rather than the

wavefunction. !'*!!5:116.117 Density functional theory has also been applied; the first
attempt was by Fukui in 1976.'"* The combination of DFT methods with a completely
analytical evaluation of the derivatives in equation 2.49 was reported recently.'® Some
recent examples of J coupling where relativistic effects are accounted for include results
for MH, (M =C, Si, Ge, Sn, Pb) and Pb(CH,);H.!" A relativistic correction to just the
FC term within the DFT formalism has been discussed.'® Examples of systems where
relativistic corrections have been applied to DFT calculation of J coupling have been
reported. 12112213

The choice of basis set is crucial in calculations of J coupling. In particular,
accurate representation of the electronic structure near the nucleus is necessary. The
convergence behaviour of correlation-consistent basis sets (denoted cc-pVXZ, where
X =2 to 6) indicates that the good results are obtained when core-valence s-type orbitals
(cc-pCVXZ) are included, and the best results are obtained with the cc-pVXZ-sun basis
set, where the s-type functions are decontracted and n tight s-functions are added.'*
Unfortunately, these basis sets are not generally available for all elements.

If reports of reliable first-principles calculations of J-coupling constants are
scarce, then reports of calculations of J are rarer still. As discussed previously (section
2.1.6), experimental measurement of J is difficult. However, it is imperative to
characterize the tensor nature of this interaction to understand its relationship to

molecular and electronic structure. Some examples of ab initio calculations of J include
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work on J(X,”F) X='H, “C, “F)'® and J(*C,?Si).'" Extensive calculations of J in

diatomic molecules established the importance of spin-spin coupling mechanisms other
than FC.*"'3 The symmetry properties of J(**Cl,'F) and J("’F,"°F) for CIF; and
J(F,""0) for OF, were explored in a subsequent publication.''® It has been

demonstrated that the inclusion of relativistic considerations tends to increase AJ.'%



Chapter 3: Phosphorus Chemical Shift Tensors for

Tetramethyldiphosphine Disulphide: A Single-Crystal 3'P

NMR, Dipolar-Chemical Shift NMR and Ab Initio

Molecular Orbital Study
3.1 Introduction

Alkyldiphosphine disulfides have been of some interest to NMR spectroscopists
due to the relationship between the indirect 3'P-*'P spin-spin coupling and structure.
The investigation of diphosphine disulfides with various alkyl groups bonded to the
phosphorus nuclei allows one to examine the effect of geometry differences such as the
P-P bond length or the C-P-C bond angle on the phosphorus chemical shift and spin-
spin coupling tensors. Solution NMR studies have been performed,' and a few
alkyldiphosphine disulfides have been investigated by NMR in the solid state, for
example TEPS (tetraethyldiphosphine disulfide)'*!! and TBPS (tetrabutyldiphosphine
disulfide).'® Initial reports indicated that anisotropy in 'J(*'P,*'P) for both TEPS and
TBPS was substantial, 2.2 kHz'' and 1.9 kHz,'s respectively. However, subsequent
work on TEPS indicated that the upper limit is 462 Hz.'°
There are no extensive ab initio studies of phosphorus magnetic shielding tensors

in the literature for these compounds and ab initio calculations of J in molecules of this
size are impractical at the present time. Some experimental and ab initio shielding
investigations of related compounds, the dithiadiphosphetanes, [RSP(S)S], (R = H,
CH;, CH,CH;, Ph, cyclo-C¢H,,, CH,Ph, or 4-methylphenyl), and

dithioxophosphoranes, RPS, (R = H, CH;, phenyl, or 2,6-dimethylphenyl) have been
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reported.'” For Ag,P,0s, a significant anisotropy in 'J('P,*'P) has been reported,
AJ = 800 + 80 Hz.'®

In this chapter, the characterization of phosphorus chemical shift and spin-spin
coupling tensors for TMPS, 1, by 'P single-crystal NMR is described. The structure is
shown again in figure 3.1(a) for convenience. These results are compared with those
obtained from an independent analysis of *'P NMR spectra of crystalline powder
samples. In addition, the quality of ab initio calculations of phosphorus magnetic
shielding tensors is evaluated by comparison with the experimental results. Finally, our
analysis leads to an upper limit on the anisotropy of 'J(*'P,*'P) for TMPS.

Comparison of results obtained from combining NMR studies of crystalline
powder samples with ab initio calculations vs results from a single-crystal NMR study
allows one to evaluate the various methods for characterizing chemical shift and spin-
spin coupling tensors.'*'* In principle, the latter experiments provide the principal
components and orientations of the chemical shift tensors, as well as dipolar and indirect
spin-spin coupling tensors. Recent advances in hardware and software have made the
single-crystal NMR experiment more efficient.'® This NMR investigation of TMPS is
ideal for such a comparison of data obtained from single-crystal NMR studies vs data
from NMR studies of crystalline powder samples and ab initio shielding caiculations. It
is straightforward to grow a large single crystal of TMPS and the molecule is
sufficiently small, allowing for ab initio calculations with acceptably large basis sets and

various levels of theory.
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Figure 3.1  (a) Schematic representation of tetramethyldiphosphine disulfide, TMPS.
(b) Labelling scheme for the TMPS structure obtained from an X-ray
diffraction study (see table 3.1). Note that there are two molecules in the
asymmetric unit.



3.2 Experimental and Computational Details

A sample of TMPS was obtained from Johnson Matthey Electronics.

X-ray Data Collection and Processing: For reasons discussed below, the X-ray
structure of TMPS was redetermined by J. F. Britten at McMaster University. A single
crystal of dimensions 0.02 mm X 0.20 mm X 0.45 mm, from a sample of TMPS
recrystallized in CH,Cl,, was mounted on a glass fiber. X-ray diffraction experiments
were carried out on a Siemens P4RA diffractometer (Mo Ka, A = 0.71069 A, graphite
monochromator) at room temperature, using the w and ¢ scan technique with a CCD
area detector. The maximum 26 value was 55.0°. The parameters for the monoclinic
cell were a = 18.860(6) A , b = 10.693(6) A, c = 7.021(4) A, and p = 94.608(3)°,
with Z = 6. With formula weight of 186.20 g/mol, the calculated density is 1.311
g/cm?. Of the 5143 reflections collected, 1686 were unique. The data were corrected
for Lorentz and polarization effects and for absorption using an empirical model.'*'

The structure was refined in C2/m,'2 where all atoms with the exception of
hydrogen atoms were refined using anisotropic temperature factors. Hydrogen atoms in
their observed positions were refined isotropically. The final cycle of full-matrix least-
squares refinement, using all unique reflections (/> 3a(0)) with 101 variable parameters,
converged with unweighted and weighted agreement factors of R = 0.0327 and
R, = 0.0706, respectively. On the final difference Fourier map, the maximum and
minimum peaks corresponded to 0.384 and -0.260 electrons A3, All calculations were
performed with SHELXTL."* Structural parameters are given in table 3.1 and the atom

labelling scheme is shown in figure 3.1(b).
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Table 3.1:  Selected bond lengths (A) and bond angles (°) for TMPS.

Site 1 Site 2
P(1)-P(1A) 2.2137 (14) P(2)-P(3) 2.2144 (10)
S(1)-P(1) 1.9569 (11) S(2)-P(2) 1.9596 (10)
P(1)-C(1) 1.799 (3) S(3)-P(3) 1.9560 (11)
P(1)-C(1A) 1.799 (3) P(2)-C(2) 1.796 (2)
C(1)-P(1)-C(1A) 105.7 (2) P(2)-C(2A) 1.796 (2)
C(1A)-P(1)-S(1) 115.50 (11) P(3)-C(3) 1.803 (3)
C(1)-P(1)-P(1A) 103.56 (10) P(3)-C(3A) 1.803 (3)
S(1)-P(1)-P(1A) 111.65 (5) C(2)-P(2)-S(2) 115.35 9)
C(3)-P(3)-S(3) 115.25 (10)
C(2)-P(2)-P(3) 103.90 (9)
S(2)-P(2)-P(3) 111.58 (4)
C(3)-P(3)-P(2) 104.02 (10)
S(3)-P(3)-P(2) 111.11 (5)
C(2)-P(2)-C(2A) 105.5 (2)
C(3)-P(3)-C(3A) 106.0 (2)

Phosphorus-31 Single-Crystal NMR: A large single crystal of TMPS, grown in CH,Cl,

with dimensions of approximately 3 mm X 3 mm X 3.7 mm, was glued into the corner

of a hollow three-sided crystal holder, made from aluminum oxide, measuring 4 mm on

each side. X-ray diffraction methods were used to determine the orientation of the

monoclinic crystal system with respect to the cube axes (table 3.2). The cell axes were
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orthogonalized using Rollett’s convention.'* The rotation matrix, R,(Y)R,(B)R, (a),'*
relates the orthogonalized crystal system and the cube frame of reference. For our

sample, « = 120.33°, § = 3.04°, and y = 242.72°.

Table 3.2:  Direction cosines to orient the monoclinic crystal axes (a, b, ¢) with
respect to the orthogonal NMR cube frame (X, Y, Z) as determined by X-

ray diffraction.
X Y VA
a 0.9972 0.0398 -0.0446
b -0.0525 0.9980 -0.0458
c -0.0268 0.0458 0.9983

Phosphorus-31 NMR data from the single crystal were obtained on a Bruker
MSL 200 spectrometer (4.7 T, corresponding to a *'P NMR frequency of 81.03 MHz),
using an automated single-crystal goniometer probe manufactured by Doty Scientific.
Rotations were performed about each of the X, Y, and Z axes of the cube, from 0° to
180° in 9° increments. All 3'P NMR spectra were acquired using CP* with high power
proton decoupling. A 'H n/2 pulse width of 3.1 ps, contact time of 5.0 ms, acquisition
time of 41 ms, and a recycle delay of 6 s were used. For each spectrum the sweep
width was 50 kHz; 64 transients were adequate to obtain a good signal-to-noise ratio.

For the FID, 3072 K of zero points were added to give a total of 4096 K data points
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before Fourier transformation with 50 Hz of gaussian line broadening. All spectra are
referenced to 85% H,PO,(aq). The peaks in each spectrum were fitted with a gaussian
function to obtain the frequencies of the peak maxima. The *'P single-crystal NMR data

for each site were analyzed by linear least squares fit to:'*

f(¥) = A, + Bcos2y + C;sin2¢ (3.1)

where f, is the NMR parameter of interest and y tracks the rotation angle of the crystal
in the goniometer about the i axis (i = X, Y, Z). For the *'P chemical shift data of
each site, the position at the centre of each doublet was plotted. In the analysis of the
3'p3IP dipolar coupling interaction, the splitting between the doublets was plotted for
both sites. Phase angles of -2° for the X rotation, -3° for the Y rotation and -6° for the
Z rotation were introduced in order to compensate for errors in the initial goniometer
positions. The standard analysis of single-crystal NMR data is described elsewhere. '
Phosphorus-31 NMR of Powder Samples: Phosphorus-31 NMR spectra of stationary or
MAS powdered samples were acquired on a Bruker MSL 200, a Chemagnetics CMX
Infinity 200 (4.7 T for both, corresponding to a frequency of 81.03 MHz for *'P), or a
Bruker AMX 400 spectrometer (9.4 T, corresponding to a frequency of 161.90 MHz )
for 3'P). CP* and high power proton decoupling were used for all experiments.
Double-air bearing MAS probes were used throughout. Samples were packed into 7
mm (MSL), 7.5 mm (Infinity) and 4 mm (AMX) o.d. zirconium oxide rotors. Typical

parameters were 'H r/2 pulse widths of 4 ps, contact times of 1 ms, and recycle delays
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of 4 s for MAS and 8 s for stationary samples. The sweep width was 62.5 kHz with

typical acquisition times of 41 ms. The FIDs were zero filled by 4096 K points to a
total of 8192 K points before Fourier transformation. All spectra are referenced to 85%
H;PO,(aq) by using solid NH,H,PO, which has an isotropic phosphorus chemical shift
of 0.8 ppm from 85% H,PO,(aq).

Phosphorus-31 NMR spectra of stationary samples were simulated using
WSOLIDS,* a program developed in this laboratory which incorporates the POWDER
routine of Alderman er al."’ NMR spectra of MAS samples were calculated using
NMRLAB,* which uses the Monte Carlo method to sample crystal orientations for
powder averaging. In our calculations 10,000 crystallite orientations were used for the
powder averaging.

The 2D spin-echo NMR spectrum was acquired on the CMX Infinity 200, using
a standard spin-echo pulse sequence with the phase cycling of Rance and Byrd.'* The
experimental parameters were similar to those used for the 1D experiments. To obtain a
2D data set, 64 increments of ¢, (see figure 2.8) were sufficient. A sweep width of 12.5
kHz in the F1 dimension was used. The data size for the 2D spectrum was 512 X 128
after zero filling. Gaussian line broadening of 100 Hz was applied to both dimensious,
then the data were processed in magnitude mode. The F1 projection of the 2D spectrum
was calculated using SpinEcho'*? which uses equations 2.40 and 2.41.

Computational Details: Ab initio calculations were performed using the Gaussian 98
suite of programs® running on an IBM RS/6000 computer. The phosphorus nuclear

magnetic shielding was calculated using the atomic coordinates from the X-ray structure
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determined in this work. Calculations were performed using the GIAO method™ at the

HF level of theory as well as with DFT. For the DFT calculations, the Becke three
parameter functional'® using the Lee, Yang, and Parr correlation functional'*' (B3LYP)
was used. To compare calculated results with experimental results, the calculated
phosphorus nuclear magnetic shielding was converted to chemical shift using the
absolute shielding of 328.35 ppm for the phosphorus nucleus in the reference, 85%

H;PO,(aq).®

3.3 Results and Discussion
3.3.1 Phosphorus-31 NMR of a Single Crystal

The 3'P NMR spectra obtained from a single crystal of TMPS are shown in
figure 3.2. The X-ray structure of TMPS indicates the presence of six molecules in the
unit cell. In two of the six molecules, the two phosphorus nuclei are related by
inversion symmetry, hence they are crystallographically and magnetically equivalent,
i.e., they form an A, spin pair® (site 1). In the single-crystal NMR study, site 1 gives
rise to a doublet where the splitting is the *'P-*'P effective spin-spin coupling at that
particular orientation of the crystal in the applied magnetic field, B,. Since |'JC'P,*'P)|
measured in solution is less than 20 Hz,'*? the splitting is dominated by R.,. The
remaining four molecules (site 2) in the unit cell of TMPS possess mirror planes that
include the S-P-P-S plane; however the phosphorus nuclei are not related by a centre of

inversion; hence, they are not crystallographically equivalent.
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Figure 3.2  Phosphorus-31 NMR spectra of a single crystal of TMPS for rotations of

the crystal holder about its X, Y, and Z axes, acquired at 4.7 T.

In most of the NMR spectra of the TMPS single crystal (figure 3.2), four peaks are

evident. The two of lesser intensity are assigned to site 1 and the more intense set is

assigned to site 2 since the two sites are present in a 1:2 ratio. It is not obvious in

figure 3.2 that site 2 is an AB spin system, since the expected four transitions (section

2.2.1) are not immediately apparent. In fact, very few of the rotations produce NMR

spectra where there is any evidence of an AB quartet; one example is shown in figure

3.3. Since there are insufficient data to analyze site 2 as an AB spin system, it has been

analyzed as an A, spin system. The plots of the chemical shift and the dipolar splitting
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Figure 3.3  Example of a *'P NMR spectrum of the TMPS single crystal (from the
rotation about the Y axis of the crystal holder, at 36° from the initial
position). The asterisks indicate the four peaks attributed to site 2.
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as a function of crystal rotation are shown in figures 3.4 and 3.5, respectively. The
coefficients of the linear least squares fit to equation 3.1 for the chemical shift tensors
are given in table 3.3. The components of the chemical shift tensors, 8,,, 8,, and 33,
and their respective direction cosines relative to the orthogonalized crystal frame of
reference are given in table 3.4. As is evident in this table, the principal components of
the phosphorus chemical shift tensors for sites 1 and 2 are virtually identical. The
orientation of the tensor is illustrated in figure 3.6(a) for site 1. The principal
component of the phosphorus chemical shift tensor which corresponds to the direction of
greatest shielding, 8y, is closest to the P-S bond, while §,, is approximately
perpendicular to the plane containing the S-P-P-S bonds, with a P-P-3,; angle of 83°.
The angle between ,; and the P-P bond is 124° for site 1. The chemical shift tensor
orientation at the other phosphorus nucleus of site 1 is simply an inversion of the one
shown in figure 3.6(a). For site 2, the phosphorus chemical shift tensor is oriented in a
similar fashion with respect to the molecule, with 84; at 2.5° from the P-S bond and the
P-P-§,, angle of 100°. The presence of a mirror plane in site 2 requires that the P-P-5,,
angle be exactly 90°; however, the magnitude of 8, and 6,, are similar, thus it is
difficult to determine their orientations independently.'®

The principal components of the dipolar coupling tensors are given in table 3.4
with their respective direction cosines. The spin-spin coupling data for TMPS are also
summarized in table 3.5. As mentioned in section 2.1.5, the dipolar coupling tensor in
its principal axis system is axially symmetric and traceless, with the unique axis along

the internuclear vector. The non-zero trace and very slight non-axial symmetry of our
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Table 3.3:  Linear least-squares coefficients for the phosphorus chemical shift and

spin-spin coupling interactions in TMPS as functions of crystal rotation

about the cube X, Y, Z axes.?

56

rotation 4 B G
site 1 (A,)
chemical shift® X 60.18(4) 26.93(6) 8.851(6)
Y 7.406(6) 25.85(8) 62.88(8)
z 34.72(5) -53.47(7) 17.77(7)
spin-spin coupling® X -1.37(5) 3.54(7) 0.48(7)
Y -1.15Q2) -3.50Q2) -1.22(2)
Z 2.410(7) -0.09(1) -0.06(1)
site 2 (AB)
chemical shift® X 71.98(2) 17.72(2) -0.295(2)
Y 8.046(4) 47.54(5) -48.33(5)
z 27.45(3) -62.51(3) 11.74(4)
spin-spin coupling® X -1.45(4) 3.62(6) 0.52(6)
Y -1.11Q2) -3.70(3) -0.37(3)
z 2.490(4) 0.013(6) -0.01(6)

% The phase angles for the best fit to the experimental data are -2°for X, -3° for Y and

-6° for Z.
® Units of ppm.
¢ Units of kHz.



Table 3.4:  Principal components and orientations (direction cosines) of the
phosphorus chemical shift and dipolar coupling tensors relative to the
orthogonalized crystal axes (a*bc) for TMPS.
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a b c
site 1 (A,)
6,, /ppm 90.6 -0.1417 0.9836 0.1140
6,, /ppm 74.9 -0.5171 -0.1717 0.8385
6;; /ppm -63.2 0.8441 0.0599 0.5328
D, /kHz 2.538 0.9805 -0.1405 0.1373
D,,/kHz 2.365 0.1430 0.9897 -0.0081
Dy;/kHz -5.008 -0.1348 0.02753 0.9905
site 2 (AB)
8,//ppm 91.8 -0.1120 0.9795 -0.1621
6,,/ppm 74.4 0.3955 0.1964 0.8971
633/ppm -58.8 0.9106 0.0435 -0.4110
D, ,/kHz 2.566 0.9916 0.1273 0.0237
Dy /kHz 2.358 0.1280 0.9946 -0.0239
D,;/kHz -4.994 -0.0204 0.0268 0.9994
Table 3.5:  Spin-spin coupling data for TMPS.
Method D,,/kHz Rg4/kHz Rypp/kHz |J,|/Hz AJ/Hz
single crystal
site 1 (Ap) -0.035 1.669° 1.818 18.7 47
site 2(AB) -0.023 1.665° 1.816 - 453
2D spin echo - 1.690° - - -

“ Estimated experimental error is + 0.050 kHz.
® From reference 142.
 Experimental error is + 0.080 kHz.
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Figure 3.6  Orientation of the phosphorus chemical shift tensor for TMPS as
determined by (a) a single-crystal NMR study and (b) ab initio (HF)
calculations. The orientations are shown for site 1. The plane of the
page contains the S-P-P-S moiety. In both cases, d,, is approximately
perpendicular to the plane of the page.

dipolar coupling tensors is likely a consequence of experimental errors in the
single-crystal NMR experiment. In addition, anisotropic molecular motion may
contribute.”-'** The experimental values of R ¢ are 1.669 + 0.050 kHz for site 1 and
1.665 + 0.050 kHz for site 2, determined by averaging R, obtained from each of the
diagonal components of D (table 3.4). The rotation plot for the dipolar splitting (figure
3.5) indicates that the unique axis of the dipolar tensor, which is along the P-P bond, is

very close to the Z-axis of the cube, since the dipolar splitting for both sites is
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essentially invariant to rotation of the crystal about that axis. This implies that rp, and
B, are approximately perpendicular ({=90°) during the rotation about the Z axis; hence,
a splitting of %/, R is observed.

From Ry, calculated using the P-P bond lengths reported in the X-ray crystal
structure'* and R, determined experimentally, one can estimate AJ as described in
section 2.1.6.2° The most recently published crystal structure of TMPS'* reports a
significant and unexplained difference in the P-P bond lengths of sites 1 and 2,

r = 2.245(6) A and r = 2.161(4) A respectively, corresponding to Ryp, = 1.74 + 0.04
kHz and, using equation 2.29, AJ = 0.3 + 0.05 kHz for site 1, while Rpp = 1.95 +
0.03 kHz and AJ = 0.9 + 0.05 kHz for site 2. This is clearly suspicious, prompting
our redetermination of the X-ray crystal structure. From our investigation, the general
features of the X-ray structure are similar to those previously reported; however the
difference in the geometry between the two sites is much less dramatic. The P-P bond
lengths from our X-ray data are 2.2137(14) A and 2.2144(10) A for site 1 and site 2
respectively, resulting in more reasonable values of Ry, (table 3.5). For site 2, the
major structural difference between the two (CH;),PS fragments is the C-P-C bond
angle (106.0(2)° vs 105.5(2)°; see table 3.1). Using our values of Ry, for both sites,
the upper limit on AJ('P,'P) is approximately 450 Hz. In addition, there may also be a
contribution from librational motion of the molecule, which results in a smaller
observed value for the dipolar coupling constant. The reduction in the dipolar coupling

constant has been estimated to be between 3 and 5% .45@-143.146



3.3.2 Phosphorus-31 NMR Spectra of Crystalline Powder Samples

The 3'P NMR spectra of powder samples of TMPS were analyzed independently
of the single-crystal work. Before analyzing the *'P NMR spectra of stationary (figure
3.7) and MAS (figure 3.8) crystalline powder samples of TMPS, the effective dipolar
coupling constant can be measured independently using the 2D spin-echo experiment."
From simulations of the F1 projection (figure 3.9) of the 2D spin-echo NMR spectrum,
R4 = 1.69 + 0.08 kHz, in good agreement with the single crystal data. In the
simulations, it is assumed that |'J(*'P,>'P)| = 18.7 Hz which is the value measured in a
previous solution NMR study.'*

The NMR spectra of the stationary samples (figure 3.7) are simulated using the
value of R, from the 2D spin-echo NMR spectrum to obtain the chemical shift tensor
principal components given in table 3.6 and tensor orientation information discussed
below. The principal components of the phosphorus chemical shift tensors as obtained
from the single-crystal NMR study (table 3.4) are reproduced in table 3.6 for
comparison. The NMR spectra of MAS samples, spinning at various frequencies, v,
(figure 3.8) were calculated using the same parameters as obtained from the stationary
samples, with the exception of the isotropic phosphorus chemical shifts for sites 1 and
2. More accurate isotropic chemical shifts are available from the *'P NMR spectra of
MAS samples. For site 1, 6,, = 34.9 ppm while for site 2, two peaks are evident at
37.4 ppm and 37.0 ppm (figure 3.8(a), inset). The *'P NMR spectra of MAS samples

can be successfully simulated based on this information and the data obtained from the
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Experimental and calculated *'P NMR spectra of stationary powder
samples of TMPS, acquired at (a) 4.7 T (500 transients, 20 Hz gaussian
line broadening) and (b) 9.4 T (7010 transients, 25 Hz gaussian line
broadening). The same experimental NMR parameters were used to
simulate the observed spectra at both fields.
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Figure 3.8  Experimental and calculated *'P MAS NMR spectra of TMPS acquired at

(@) 9.4 T with v, = 4.00 kHz (172 transients, 10 Hz gaussian line
broadening). The inset shows details of the isotropic region. The bottom
spectrum (b) was obtained at 4.7 T with v,, = 4.00 kHz (64 transients,

10 Hz gaussian line broadening). The asterisks indicate the isotropic
regions.
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Figure 3.9  Experimental and calculated F1 projection of the 2D spin-echo *'P NMR
spectrum acquired at 4.7 T. The large centre peak (truncated in this
figure) is an experimental artifact.

simulation of the NMR spectra of stationary samples. Since the single-crystal NMR

spectra exhibited very little AB character, the subtle difference between the non-

equivalent phosphorus environments in site 2 was not apparent from that analysis.

While one can, in principle, fit the *'P NMR spectra to obtain all the chemical shift and

coupling information, these spectra (figure 3.8) are essentially featureless, hence it was

necessary to also analyze the NMR spectra of stationary samples, acquired at different
applied magnetic fields (figure 3.7). In addition, one cannot apply the Herzfeld-Berger
approach'¥’ to the spinning sideband manifold of the MAS spectra due to the presence of

strong dipolar coupling.'*®
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Table 3.6:  The isotropic phosphorus chemical shift (ppm), principal components of
the chemical shift tensor (ppm), Q (ppm), and x, for TMPS.

8w 8y ) 833 Qe k4
single crystal
sitel 343 91 75 -63 154 0.79
site2  35.7 92 74 -59 151 0.76
stationary powder (4.7 T, 9.4 T)
site 1 343 91° 75 -63 154 0.79
site 2 36.0 91 76 -59 150 0.80
MAS powder 4.7 T, 9.4 T)*
site 1 349 - - - - -
site2? 37.0 - - - - -
37.4 - - - - -
HF/6-311G**
site 1 -19 41 17 -114 155 0.69
site 2¢ -19 41 18 -115 156 0.71
-17 42 17 -111 153 0.66
HF/6-311G(3df,3pd)
site 1 10 66 56 93 159 0.88
site 2¢ 10 67 58 94 161 0.89
11 67 57 90 157 0.89
B3LYP/6-311G(d,p)
site 1 52 132 97 -74 206 0.66
site 2¢ 50 131 98 -719 210 0.69
52 132 97 -74 206 0.66

i) = bu'én; K= 3(622'6“0)/0.

® Experimental error in the principal components is + 2 ppm.

¢ Experimental error in &, for site 1 is +0.03 ppm and +0.04 ppm for site 2.

4 The phosphorus nuclei at site 2 are not chemically equivalent; hence, two sets of
principal components are given.
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In addition to obtaining the principal components of the phosphorus chemical
shift tensors, some tensor orientation information is available from the analysis of NMR
spectra of powders containing isolated spin pairs such as those in TMPS. As described
in section 2.2.2 the orientations are commonly described in terms of Euler angles, a,
and y.% The 3'P NMR spectra of stationary samples (figure 3.7) were successfully
simulated using Ac. = 0° for both site 1 and 2, indicating that the 6,; components for
adjacent phosphorus nuclei lie in the same plane. The angle between &, and the P-P
bond, B, is 63° + 3° for site 1 and 65° + 3° for site 2, equally well-described by the
supplement angles, 117° and 115°, respectively. The orientation of the principal
components of the phosphorus shielding tensor obtained from a dipolar-chemical shift

analysis is clearly consistent with the single-crystal NMR results.

3.3.3 Ab Initio Calculation of Phosphorus Shielding Tensors

The calculated principal components of the phosphorus shielding tensors for
TMPS are given in table 3.6 and the orientation for one phosphorus nucleus in site 1 is
shown in figure 3.6(b). The calculated phosphorus chemical shift tensor orientations for
site 2 are similar. Using the 6-311G** basis set, the HF results for §,,, are about
53 ppm too shielded for both sites; however, the line shapes, as described by Q and «,
are remarkably accurate. Increasing the size of the basis set to 6-311+ +G(3df,3pd)
improves the calculated value of &,,; however, it is still too shielded by about 24 ppm
for both sites. The values from DFT calculations are deshielded by only 16 ppm

compared to experimental results, but Q is overestimated. Differences between the
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isotropic chemical shift measured in the solid state compared with results from ab initio
calculations are expected since the calculations are performed on an isolated molecule.
The intermolecular effects may be substantial. For example, PH,(g) is more shielded by
28 ppm compared to PH,(/)® and P,(g) is more shielded by 93.0 ppm compared to
P,(/).'¥ This is a general trend that nuclei in the gas phase are invariably shielded
compared to the condensed phase.'*® The ab initio methods reproduce phosphorus

shielding tensor orientations quite well (figure 3.6).

3.3.4 Comparison of Results

The phosphorus chemical shift and spin-spin coupling tensors for TMPS obtained
by analysis of *'P NMR spectra of crystalline powder samples are in excellent
agreement with the single-crystal NMR study. The value of R, measured by both
single-crystal NMR and the 2D spin-echo experiment compared to Ry, calculated from
P-P bond lengths places an upper limit AJ (about 450 Hz), substantially smaller than
originally estimated for similar compounds.'''é The phosphorus chemical shift tensors
obtained from both single-crystal and powder methods are virtually identical. In
addition, analysis of >'P NMR spectra of MAS samples at 9.4 T provide additional
details regarding the chemically non-equivalent phosphorus nuclei of site 2. From the
analysis of the NMR spectra of stationary powder samples, the principal components of
the phosphorus chemical shift tensors are determined. The orientations of the most
shielded components relative to the P-P bond as well as to each other are obtained. For

both site 1 and 2, the direction of greatest shielding is in the same plane and are closest
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to the P-S bond. This is consistent with the orientation in other systems containing P=S
bonds.!®!"'2 Unfortunately, the orientation of the tensor in the molecular frame of
reference can not be determined by powder NMR methods. The full tensor orientation
is available experimentally from the single-crystal NMR study (figure 3.6(a)). The
orientation information obtained from the powder methods are consistent with the
single-crystal results.

The ab initio methods employed in this work produce line shapes that are in
good agreement with experimental results. In addition, the calculated nuclear magnetic
shielding tensor orientations are almost identical to those obtained from the single-
crystal NMR study. The invariance of the nuclear magnetic shielding tensor orientation
with basis set suggests that calculations at the HF level of theory with moderate-sized
basis sets are adequate for obtaining the shielding tensor orientation. This is
particularly useful for large systems, where high-level calculations are very difficult due

to limited computational resources.

3.3.5 Trends in Phosphorus Chemical Shifts for Alkyldiphosphine Disulfides

It has been suggested that the isotropic chemical shift at the phosphorus nucleus
is directly related to the C-P-C bond angle in alkyldiphosphine disulfides."* With the
characterization of the phosphorus chemical shift tensor in TMPS, this correlation can
be examined more rigorously. Table 3.7 lists the phosphorus chemical shift data and
the C-P-C bond angle for [R,P(S)], where R = CHj (this work), CH,CH;, " n-propyl,'*!

or n-butyl.'® It is difficult to draw any definite conclusion based on the first three
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compounds in the series, partly due to the experimental uncertainty in the C-P-C bond

angle; however, it appears that the isotropic shielding trend does not follow the bond
angle, i.e., increasing bond angle does not correlate directly with an increase or
decrease in the isotropic chemical shift. Attempts have also been made to explain the
difference between the phosphorus chemical shift for R=n-propyl and R = n-butyl by
an effect similar to the y-effect in '*C NMR.'® Trends in the principal components of
the phosphorus shift tensors should be considered, as has been done, for example, in the
case of the dithiadiphosphetanes, [RSP(S)S], (R = alkyl or aryl).'” For the
alkyldiphosphine disulfides, the limited data available on the phosphorus chemical shift
tensors (table 3.7) indicate that the intermediate component, J,,, changes the most (by
about 23 ppm) upon going from R = CH; to R = CH,CH; The smallest component,
8,,, changes by about 17 ppm and 6,; by about 7 ppm. By contrast, all the principal
componeants are similar for R = CH,CH; compared to R = n-butyl. Unfortunately, no

data on the phosphorus chemical shift tensor are available for R = n-propyl.

Table 3.7:  Comparison of d,, and C-P-C bond angle for [R,P(S)],.

R 0o/ppm 9§, /ppm O,/ppm  O;;/ppm C-P-C/deg
CH, (site 1)° 34.1 91 75 -63 105.7(2)
CH,CH,*® 50.7 108 98 -54 107.5209)
n-propyl ¢ 45.9 - - - 107.8(2)
n-butyl 49.5 104.7 97.5 -53.7 -
(multiple sites)” 49.7 106.3 9% -53.1
¢ This thesis.

® Reference 10.
¢ NMR data from reference 15, X-ray crystal structure from ref 151.
4 NMR data from reference 16, no crystal structure available.
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3.4 Conclusions

The characterization of the phosphorus chemical shift and spin-spin coupling
tensors for TMPS presented in this paper serves as a benchmark for the evaluation of
experimental NMR powder methods as well as the reliability of ab initio methods. The
excellent agreement between the calculated and experimental phosphorus chemical shift
tensor orientations is particularly encouraging. For TMPS, as for TEPS,'° AJ('P,*'P) is
less than 500 Hz. A number of alkyldiphosphine disuifides have been characterized by
NMR and attempts have been made to account for trends in the isotropic phosphorus
chemical shifts; however, it is clear that the entire phosphorus chemical shift tensor
must be considered. In addition, the structural data available in the literature for
alkyldiphosphine disulfides are limited, hence correlations between a particular

structural feature in this class of compounds and the phosphorus chemical shifts are

tenuous at best.



Chapter 4: Characterization of Phosphorus Chemical Shift Tensors in
a Phosphole Tetramer: A Combined Experimental NMR
and Theoretical Study

4.1 Introduction

The phosphole tetramer, 2 (figure 4.1), was first synthesized in 1982'52 and the
X-ray crystal structure was reported subsequently.?! Solid-state NMR investigations of
similar systems where two three-coordinate phosphorus nuclei are directly bonded are
relatively rare.'>!7-1920 [n the case of the phosphole tetramer, analysis of the 'P NMR
spectra acquired with cross polarization and MAS revealed a difference in the isotropic
phosphorus chemical shifts of 1.7 ppm with 'JC'P,*'P),,, = -362 Hz.'**'* Here, we use
the presence of phosphorus spin pairs to characterize the phosphorus chemical shift
tensors via the dipolar-chemical shift NMR method (section 2.2). In contrast to the
earlier *'P NMR investigations of MAS samples,'*!>* NMR spectra of stationary
samples obtained at different applied magnetic fields are fully analyzed. It is also
demonstrated that analysis of the *'P 2D spin-echo NMR spectrum of the phosphole
tetramer is invaluable for refining the coupling parameters. Ab initio calculations
complement the experimental data and suggest orientations of the phosphorus chemical
shift tensors in the molecular frame of reference. Inconsistencies between the NMR
data (vide infra) and the original X-ray data* prompted a redetermination of the crystal

structure.
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PO c@

Figure 4.1  Molecular structures of the phosphole tetramer (2) and the model
structure for 2 used for ab initio calculations (4). For clarity, the methyl
and phenyl groups have been removed from the 3D representation on the
left.

4.2 Experimental and Computational Details

The synthesis of the phosphole tetramer has been described previously.' A
sample was provided by Professor F. Mathey (DCPH Ecole Polytechnique).
Phosphorus-31 NMR Spectra: All *'P NMR spectra of stationary and MAS samples
were acquired on Bruker MSL 200 (4.7 T), Chemagnetics CMX Infinity 200 (4.7 T)
and Bruker AMX 400 (9.4 T) spectrometers operating at *'P NMR frequencies of 81.03
MHz and 161.98 MHz, respectively. Cross polarization* under the Hartmann-Hahn

match condition and high-power proton decoupling were used for all NMR experiments.
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At the lower field, double air bearing MAS probes were used with the sample packed in

7 mm o.d. (for the MSL) and 7.5 mm o.d. (for the CMX) zirconium dioxide rotors.
For the stationary sample, a 'H /2 pulse of 3.6 ps, contact time of 5 ms, acquisition
time of 43 ms, and a recycle delay of 5 s were used. A sweep width of 24 kHz was
used and 100 Hz of gaussian line broadening was applied before Fourier transformation.
For spectra acquired with MAS at 1.50 or 2.00 kHz, similar pulse widths were used.
The acquisition time was 20 ms and the sweep width was 40 kHz. A total of 4096 data
points were acquired. Before Fourier transformation, 4096 zero points were added and
10 Hz of gaussian line broadening was applied.

A double air bearing MAS probe was used at the higher field as well, with the
sample packed in a zirconium dioxide rotor (4 mm 0.d.). For both MAS and stationary
samples, a 'H n/2 pulse of 3.6 ps with a contact time of 3 ms and a recycle delay of 10
s were used. For the stationary sample, an acquisition time of 8 ms was used. The
sweep width was 65 kHz and 1024 points were acquired. The data were zero filled by
1024 points and 100 Hz of gaussian line broadening was applied. With MAS at 2.00 or
4.00 kHz the sweep width was 100 kHz and acquisition time was 30 ms. In total, 4096
points were acquired and zero filled by 4096 points. Gaussian line broadening of 20 Hz
was applied before Fourier transformation. All *'P NMR spectra are referenced to the
primary standard, 85% H,PO,(aq) by setting the *'P isotropic peak of solid NH,H,PO,
to +0.8 ppm. Spectra of stationary samples at both fields were simulated using
WSOLIDS.® Spectra of MAS samples were calculated using NMRLAB. In our

simulations, 10,000 crystallite orientations were used.
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2D Spin-Echo *'P NMR Spectrum: The 2D spin-echo NMR spectrum was acquired at

4.7 T (Bruker MSL 200) with a standard spin-echo pulse sequence using the phase
cycling of Rance and Byrd."*® A 'H n/2 pulse of 5.5 pus was used with a contact time of
5.5 ms and a recycle delay of 10 s. For each ¢, increment, 64 transients were acquired
for a total of 64 increments. Gaussian line broadenings of 200 Hz and 100 Hz were
applied to the F1 and F2 projections respectively. The experimental and calculated 2D
NMR spectra were processed in magnitude mode. The F1 projection was calculated
using SpinEcho.'*

X-Ray Data Collection and Processing: The X-ray diffraction study was carried out by
T. Stanley Cameron at Dalhousie University. A crystal of approximate dimensions 0.10
X 0.10 x 0.10 mm, recrystallized from chlorobenzene, was mounted on a glass fibre.
A Rigaku AFCS5R diffractometer was used for all measurements. Calculations were
performed using teXsan.'* The crystals have cell dimensions a = 11.523 (4) A b=
23.083 (1) A, c = 15.115(1) A, a = 89.99 (1)°, p = 92.71 (1)° and ¥ = 89.99 (1)°.
The merging Ry, for the reflection data, merged on the assumption that the cell is
monoclinic, is 3.04% for 244 equivalent reflections with / > 50(/). The reflections for
which # = 2n + 1 are weak in intensity and are generally diffuse. The strong
reflections thus belong to a cell where a = 5.762 (1) A. Both cells have systematic
absences consistent with a space group P2,/c. The molecule for the structure in the
larger cell refines to R = 4.7%. The refinement used unit weights.

Computational Details: Theoretical calculations were performed with the Gaussian 94

suite of programs® running on an IBM RISC/6000 computer. Using RHF theory and
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the GIAO method,” the phosphorus nuclear magnetic shielding tensors were determined
for the model geometry, 4 (figure 4.1), of the phosphole tetramer based on the X-ray
crystallography results for half of the molecule with the methyl and phenyl groups
replaced by hydrogen atoms. A partial geometry optimization using HF theory with the
6-311G basis set on all the atoms was carried out. The P-P bond length, the dihedral
angle between the rings, and the C-H bond lengths were fixed at the X-ray structure
values for the optimization. Ab initio calculations of nuclear magnetic shielding were
performed using the 6-311+ +G(d,p) basis set on phosphorus and neighbouring nuclei,
while the 6-311G basis set was used on the remaining atoms to keep computation times
within reasonable limits.'* To compare with experimental results, the calculated
phosphorus shielding is converted to chemical shift by using the absolute shielding of

328.35 ppm for the phosphorus reference, 85% H;PO,(aq).”*

4.3 Results and Discussion
4.3.1 Experimental Determination of Phosphorus Chemical Shift Tensors

The observed and calculated *'P NMR spectra of stationary samples of the
tetramer are shown in figure 4.2, while NMR spectra of MAS samples are shown in
figures 4.3 and 4.4. Best-fit parameters are given in table 4.1. In the text to follow, a
brief account of how these parameters were obtained is presented.

The 3'P NMR spectra of the phosphole tetramer with MAS indicate the presence

of a unique phosphorus spin pair in the crystal'™'> and, as indicated in table 4.1, the
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Figure 4.2  Experimental and calculated *'P NMR spectra of stationary samples of the
phosphole tetramer acquired at a) 4.7 T (2180 transients) and b) 9.4 T
(458 transients). In both cases, 100 Hz gaussian line broadening was

applied.
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Figure 4.3  Experimental and calculated *'P NMR spectra of crystalline powder
samples of the phosphole tetramer spinning at the magic angle, acquired
at 4.7 T for v, of a)2 kHz or b) at 1.5 kHz. For each spectrum 256
transients were acquired and 10 Hz of gaussian line broadening was
applied. The asterisk indicates &;,.
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Figure 4.4  Experimental and calculated 3'P NMR spectra of crystalline powder

samples of the phosphole tetramer spinning at the magic angle, acquired
at9.4 T for v, of a) 4 kHz or b) 2 kHz. For each spectrum 512
transients were acquired and 20 Hz of gaussian line broadening was
applied. The asterisk indicates 3.
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Table 4.1:  Experimental and calculated isotropic phosphorus chemical shift,
principal components® of the phosphorus chemical shift tensors, £2, and

for the phosphole tetramer.
Site [ 8,° [ [ Q K
Experimental P. -7.3 36 19 -77 113 0.7
Py 9 35 18 -80 115 0.7
HF* P1 -49.7 29 -18 -160 189 0.5
P2 -53.7 23 21 -163 186 0.5

2 All chemical shifts and Q are given in ppm.

® Estimated error on the principal components is + 5 ppm.

¢ GIAOs were used with the 6-311+ +G(d,p) basis set on phosphorus and adjacent
atoms for structure 4. The 6-311G basis set was used on the remaining atoms.

NMR spectra have been analyzed accordingly. However, in the previously reported
crystal structure of the phosphole tetramer®' there are two molecules in the asymmetric
unit related by a pseudo mirror plane, hence four unique P-P bond lengths were
reported; 7 = 2.198(6), 2.191(6), 2.201(6) and 2.175(6) A.?' Given the reported X-ray
structure, one would expect to see potentially 8 different phosphorus sites in the *'P
MAS NMR spectrum,; similarly up to 16 different methyl carbon sites could be
anticipated in the *C MAS NMR spectrum. Experimentally, we observe only two
unique *'P sites at both 4.7 and 9.4 T. Carbon-13 NMR spectra of MAS samples
revealed two “C sites at both fields (5, = 15.5 + 0.1 ppm and 17.1 + 0.1 ppm).

This apparent disagreement between our NMR results and the reported X-ray data
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prompted a redetermination of the X-ray data. Repeated attempts were made to grow
suitable single crystals; however, the best crystals obtained were less than ideal for
X-ray diffraction. The R factor for our X-ray data is 0.047, compared to the R factor of
0.089 reported previously.?!

The space group obtained from the new X-ray data is P2,/c with the asymmetric
unit consisting of one molecule, rather than a space group of P with two molecules in
the asymmetric unit as had been previously reported,? hence there are four
crystallographically non-equivalent phosphorus sites and potentially eight non-equivalent
methyl groups. In both cases, the unit cell contains four molecules. The molecular
structure obtained from our X-ray data is essentially the same as the reported
structure;?' however, our results indicate that the molecule contains a near perfect C,
axis which relates the two phosphorus spin pairs (figure 4.1, structure on the left). This
also reduces the number of different phosphorus sites from four to two and the number
of different methyl carbons down to four. Given that the isotropic *'P chemical shifts of
the two phosphorus sites only differ by 1.7 ppm,'**'> it is not surprising that the four
methyl carbons in the C, position (figure 4.1, middle structure) are isochronous;
similarly for those in position 4.

Within the unit cell the two phosphorus spin pairs related by the near perfect C,
axis have very similar environments though the two atoms of each pair are in different
environments. From the diffuse reflections for which 4 = 2n + 1, it would appear that
there are stacking errors in the @ direction. The molecules are packed in layers

approximately perpendicular to the a direction; however, there are too few reflections
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for which 4 = 2n + 1 (51 out of a total of 766) to test this suggestion. Using equation
2.20, and an average P-P bond length of 2.192(9) A from the new X-ray crystal
structure, Rpp = 1.873 kHz with an estimated error of + 0.05 kHz, based on the error
in the X-ray data. Also, with four phosphorus nuclei in each molecule, each *'P-*'P
spin pair is not truly isolated since there will be mutual dipolar coupling. From the
internuclear distances between phosphorus nuclei that are not directly bonded to each
other, the values of Ry, are 233 Hz (r = 4.392 A) and 169 Hz (r = 4.882 A), hence
the NMR spectral features are largely determined by the much larger dipolar coupling
between phosphorus nuclei that are directly bonded to each other rather than the
phosphorus nuclei forming the other spin pairs in the molecule.

The value of R, and the relative signs of R.; and 'J(*'P,*'P),, are obtained from
the 2D spin-echo experiment. Figure 4.5 shows the experimental and calculated F1
projections of the 3'P 2D spin-echo NMR spectrum of the phosphole tetramer. Using
Jiso = -362 Hz,'1 the best value of R4 is 1.80 + 0.05 kHz (figure 4.5(a)), which is
in good agreement with the value calculated from the crystal structure. The difference,
R.¢ - Rpp = 73 1+ 50 Hz, is very small and could arise from vibrational averaging and
possibly AJ. The smaller dipolar couplings between the phosphorus nuclei that are not
directly bonded to each other most likely contribute to line broadening; however, it is
possible they could slightly modify the value of R. The sensitivity of the F1 projection
to R, can be seen in figure 4.5(b), where the agreement between the experimental

spectrum and one calculated using R.s = Ryp = 1.873 kHz is not as good. As well, the



a)

b)

c)

Figure 4.5

The calculated (dashed line) and experimental (solid line) F1 projections
of the 2D spin-echo 3'P NMR spectrum of the phosphole tetramer,
acquired at 4.7 T. The best fit is obtained for a) R, = 1.80 kHz,

Jo = 362 Hz. If R = Rpp = 1.873 kHz and J,,, = -362 Hz, the
projection shown in b) is obtained. If R = 1.80 kHz and J,,, = +362
Hz the splitting between the ‘horns’ is increased, as shown in d).
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poor fit in the simulation using 'JC'P,*'P),, = + 362 Hz with Ry = 1.80 kHz (figure

4.5(c)) indicates that R.¢ and 'J(C'P,*'P),, must have opposite signs. In fact, for
UE'P,'P),, to be positive, R.q must be less than 1.20 kHz to obtain a satisfactory fit of
the two most intense peaks, which seems unreasonable in light of previous investigations
JC'P,*'P).!1° A negative J-coupling constant is consistent with INDO (intermediate
neglect of differential overlap) calculations of 'J('P,*'P). For example, the calculated
UJC'P,*'P) in (CH,),P-P(CH,), is -254 Hz for a dihedral angle between the formal lone
pairs of 74°,'S” which is similar to the dihedral angle for the phosphole tetramer, 78°.
The dependence of J on conformation is discussed in more detail in chapter 5.

The spin-spin coupling data ('JC'P,*'P),, = -362 Hz and Rq = 1.80 Hz) were
used to simulate the experimental 3'P NMR spectra of a stationary sample shown in
figure 4.2 to obtain the principal components of the chemical shift tensor given in table
4.1 and tensor orientation information discussed below. The experimental error in the
principal components of the two chemical shift tensors is estimated to be + 5 ppm. As
a result, 8,;, 8,,, and &4, are virtually identical for the two phosphorus chemical shift
tensors.

The NMR spectra of MAS samples, shown in figure 4.3 and 4.4, demonstrate
that the quality of the simulations using these new parameters is comparable to
previously published work.'*'%* Although the agreement between the calculated and
experimental NMR spectra is good at both fields for stationary and MAS samples, there
are some subtle differences between observed and calculated NMR spectra. These

differences probably arise because neither of the two phosphorus spin pairs in the
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Figure 4.6  The relative orientation of the two phosphorus chemical shift tensors in
the phosphole tetramer, determined from simulation of the P NMR
spectra acquired at 4.7 T and 9.4 T. For P,, the Euler angles are
a =0°p =78°and y = 167°. For Pg, a = 82°, = 78° and
y = 167°.

molecule is strictly isolated (i.e., these spin pairs interact with one another).

As detailed in section 2.2, it is possible to obtain some chemical shift tensor
orientation information from the NMR spectra of systems containing spin pairs. For the
phosphole tetramer, the NMR line shape is particularly sensitive to A, which is the
dihedral angle between the 3,; components of the two phosphorus chemical shift tensors.
Best-fit calculated NMR spectra were obtained with Ae = 82 + 3°. For both

phosphorus chemical shift tensors, the 8;; component is tipped away from the



Figure 4.7 The phosphorus chemical shift tensor orientations for 4 determined by ab
initio calculations. For P1, 8y, is out of the plane of the page, while for
P2, §,, is approximately out of the plane. In the case of P1, the §,; and
6,; components are situated at angles of 19.3° and 79.1° respectively
from rpp . For P2, §,, is at an angle of 27.5° and &4, at an angle of 79.0°
from rpp.

internuclear vector by p = 78 + 5°. In figure 4.6, the relative orientation of the two

phosphorus chemical shift tensors is illustrated. In both cases, y = 167 £ 5° places the

least shielded component, 8,,, closest to rpp. Unfortunately, the ambiguities associated

with the dipolar-chemical shift method prevent the determination of the absolute

orientation of the chemical shift tensor in the molecular frame of reference.

4.3.2 Ab Initio Calculations of Phosphorus Shielding Tensors

As already mentioned, ab initio calculations may be used to help fix the relative



85

orientations (figure 4.6) in the molecular axis system (figure 4.7). Ab initio calculation
results for the phosphorus nuclear magnetic shielding tensors in the model system, 4,
for the phosphole tetramer are given in table 4.1. The two phosphorus sites are labelled
as P1 and P2 rather than P, and P; (figure 4.1) since it is not known how the two sites
in the NMR spectra should be assigned to the molecule. In a partial optimization of the
geometry, the P-C bond lengths and the ring bond angles were allowed to change,
resulting in changes that were largely within the errors stated in the crystal structure.

The calculated tensor orientations, depicted in figure 4.7, are similar for both P1
and P2 with respect to the local geometry about each phosphorus nucleus. The §,,
components are closest to the P-P bond at angles of 19.3° and 27.5° for P1 and P2,
respectively while the &,; component for P1 forms an angle of 79.1° with the
internuclear vector, and the corresponding angle for P2 is 79.0°. The calculated
orientations of 8, and 3,; for both phosphorus nuclei are consistent with the
experimental observations. In addition, the dihedral angle between the 855 principal
components is 87.8°, in good agreement with the value of 82° determined by analysis
of *'P NMR spectra. These ab initio calculations indicate that the 8;; components are
not aligned in the general direction of the formal lone pairs, as had been previously
suggested. '3!3 In fact, &, is closest to the direction of the formal lone pairs. For the
phosphole tetramer, the §,; components are in the plane of the respective phosphole
rings and approximately perpendicular to the P-P bond.

With respect to the magnitudes of the principal components, the experimental

and calculated results show similar trends (table 4.1). The small calculated isotropic >'P
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chemical shift difference, 4 ppm, between the two sites is consistent with experiment.
The calculations also predict that &,, and 6, are similar, while 3, is quite distinct, as
reflected in the skews of about 0.5, comparable to the skews of 0.7 observed
experimentally. However, the calculated isotropic chemical shifts are too small by
about 43 ppm and the values of Q are significantly larger than the experimental results.
Some reasons for this discrepancy between calculated and experimental results
have been discussed in the previous chapter (section 3.3.3). In addition, the presence of
formal lone pairs in the phosphole tetramer makes ab initio calculations more
challenging. Inclusion of electron correlation has been shown to be important for
obtaining good quantitative agreement between calculated and experimental shielding
tensors in systems with formal lone pairs and multiple bonds.53%% The importance of
lone pairs in determining the nuclear magnetic shielding in phospholes has been
demonstrated in a series of ab initio calculations on phospholes and the phospholide
ion.'”® A recent investigation of some model phosphorus systems, for example PH;,
indicates that the inclusion of electron correlation in ab initio calculations yields
improved results for isotropic shielding.'* The use of a model geometry consisting of
half of the phosphole tetramer may also contribute to this discrepancy. Given these
factors, quantitative agreement between the experimental and ab initio values is not
expected, and seemingly good calculated results may be due to the fortuitous
cancellation of errors. The primary goal with respect to ab initio calculations of nuclear
magnetic shielding tensors is to obtain the tensor orientation in the molecular frame of

reference. The results for TMPS (chapter 3) and previous results®%'% suggest that ab
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iniﬁ'o methods reproduce well the experimental tensor orientation.

The relative orientation of the 8,; components of the two phosphorus shielding
tensors in the phosphole tetramer appears to be related to the relative orientation of the
adjacent phosphole rings (see figure 4.7). In the crystal structure, the rings are
arranged such that the ring planes are approximately parallel to each other and twisted
about the bridging P-P bond (figure 4.1, structure on the left). The twist angle between
adjacent phosphole rings, ¢, ranges between 102°-105°, which can be equally well
described by the supplement angle range of 75°-78°. This agrees well with A which is
82° determined experimentally and 87.8° from ab initio calculations. This structure-
tensor relationship can be further demonstrated by ab initio calculation of the
phosphorus tensor orientations at various values of ¢,,. Further calculations on our
model system using ¢, = 0°, 70°, 110° and 180° indicate that the &;; components are
oriented relative to the local geometry in a similar manner as shown in figure 4.7, with

Aa reflecting ¢, (A = 0°, 60.5°, 109.5° and 180° for the corresponding ¢, listed

above).

4.3.3 Trends in Phosphorus Chemical Shifts for Phospholes

There has been some discussion in the literature over the aromaticity of
phospholes, '®! recently revived by the synthesis of some planar phospholes. '
Aromaticity in phosphorus heterocycles was recently reviewed.'® While *'P solution
NMR has been used routinely to characterize this important class of compounds, there

are few comprehensive NMR investigations of the chemical shift tensors. The
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phosphorus chemical shift tensors of several phosphole derivatives have also been

characterized recently by solid-state NMR.'®* Comparison of the phosphorus chemical
shift tensors in phospholes (table 4.2 with structures given in figure 4.8), reveals that
d;, in the phosphole tetramer is smaller compared to the other phospholes. For all
phospholes investigated by *'P solid-state NMR thus far, the spans of the phosphorus
chemical shift tensors are relatively small compared with systems where the phosphorus
nucleus is known to be participating in a delocalized electron framework. For example,
the span of the phosphorus chemical shift tensors in Mes'P=PMes" is 1239 ppm'’ and
Q = 779 ppm in benzo-1,3,2-dithiaphospholium aluminum chloride.' The large spans
in these systems have been attributed to the presence of low-lying excited states with the

proper symmetry to mix with the highest occupied molecular orbitals (equation 2.44).'%
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Table 4.2:  Phosphorus chemical shift tensor principal components® for some

phospholes’.
Compound [ 8, 6, &y Q K Ref.
5-phenyldibenzophosphole -17.3 12 -19 45 57 0 163
(two sites) (5) 164
-19 9 21 45 54 0
1,2,5-triphenylphosphole (6) 0.7 30 6 22 5 0 167
cis-2,10- 753 (PS) 129 122 25 154 09 168

dimethyl[1,2,3]benzothia-di-
phospholof{2,3b](1,2,3] 53.7(PC)) 190 25 -54 244 0
benzothiadiphosphole (7)

¢ All chemical shifts and € are given in ppm.
b Structures are shown in figure 4.8.

Me Me

Figure 4.8  Molecular structures of compounds §, 6, and 7 in table 4.2.



4.4 Conclusions

The analysis of *'P NMR spectra of a stationary and MAS samples of the
phosphole tetramer indicates that the principal components of the two phosphorus
chemical shift tensors are virtually identical. Regarding the phosphorus chemical shift
tensor orientation, the &,, components of both tensors are closest to rpp, while the 8;;
components are tilted away at an angle of 78°, in addition to being twisted relative to
each other by an angle of 82°. This latter angle is thought to reflect the relative
orientation of the phosphole rings, which are related by a dihedral angle ranging from
75° to 78°. Ab initio results support the experimental conclusions and indicate that the
6,; components are not aligned with the formal lone pairs on the phosphorus nuclei.
The characterization of the phosphorus chemical shift tensors in the phosphole tetramer
is greatly aided by the 2D spin-echo experiment as well as by employing ab initio

calculations to suggest an orientation of the tensor in the molecular frame.



Chapter 5: JC'P,*'P) Coupling Tensors - Conformational Studies in
Model Systems and Structural Characterization of
[Ph,P-PPh,]J{GaCl]

5.1 Introduction

Phosphinophosphonium cations are representative of a new class of
compounds;? however, the lack of X-ray diffraction data® means that alternative
methods such as NMR are vital for characterizing these compounds in the solid state.
In addition, 'J('P,'P) is not observed in solution NMR for some of these compounds,'®’
most likely due to intermolecular exchange. One can apply the dipolar-chemical shift
method (section 2.2.2) to characterize the phosphorus chemical shift tensors as well as
the 3'P,>'P spin-spin coupling interactions. From the dipolar coupling constant, the P-P
bond length may be estimated according to equation 2.20. However, as discussed in
section 2.1.6, the Hamiltonians describing the dipolar interaction and the contribution
from the anisotropy in J are identical in form; hence, they are inseparable
experimentally. For this reason, accurate measurement of internuclear distances via Rpp
requires some knowledge of AJ.

Comprehensive understanding of how trends in J reflect molecular and electronic
structure is still lacking, primarily a consequence of the difficulty in characterizing the

complete tensor experimentally. For one-bond J-coupling involving phosphorus nuclei,

2 Since the preparation of this chapter, the X-ray crystal structures of [Ph,P-PPh,][GaCL] and
[Ph,P-PPh,][SO;CF;] have been obtained (N. Burford, T. Stanley Cameron, P. J. Ragogna, E. Ocando-
Mavarez, M. Gee, Robert McDonald, and R. E. Wasylishen, J. Am. Chem. Soc. 123, 7947 (2001)).
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reports in the literature indicates that AJ may be substantial;'?*'™ however, as is evident
from the work on TMPS (chapter 3) and the phosphole tetramer (chapter 4), it is
difficult to distinguish the effect of AJ from the consequences of vibrational averaging.
A possible avenue for determining the contribution of AJ to R is via ab initio
calculations. Details of ab initio methods for calculating J have been discussed in
section 2.3.2. In addition, first-principles calculations of 'J(*'P,*'P) allow one to
investigate the influence of formal electron lone pairs as well as determine the
dependence on conformation of the lone pairs with respect to rotation about the P-P
bond. While variable temperature NMR studies in solution have provided some
insight,’ many conformations are not experimentally accessible.

For a representative phosphinophosphonium sait, [Ph;P-PPh,}{GaCl,}, compound
3 (figure 5.1(a)), the calculation of 'J(*'P,>'P) has been used to obtain an estimate of
Rpp, from the experimentally measured value of R (see equation 2.29). From Ry the
P-P bond length may be estimated according to equation 2.20. H,P-PH," is used as a
model system for Ph,P-PPh,* since ab initio computational methods currently available
are limited to small molecules for J-coupling calculations. To further examine the
relationship between molecular structure and trends in J, calculations on H,P-PH, have
also been performed. In addition, the phosphorus chemical shift tensors have been
characterized and these experimental results are complemented by ab initio calculation

of phosphorus shielding tensors in a model compound, (CH;);P-P(CH;),*.
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Structures of the molecules discussed in this chapter; (a)
[Ph;P-PPh,][GaCl,], indicating the labelling convention for the two
phosphorus nuclei; (b) (CH;);P-P(CH;)," and a Newman projection
defining ¢ycep; (¢) H,P-PH, and a Newman projection defining ¢pp; (d)
H,P-PH,* and a Newman projection defining, ¢pp...



5.2 Experimental and Computational Details
Sample Preparation: A sample of [Ph,P-PPh,}[GaCl,] was provided by Dr. Edgar
Ocando-Mavarez and Professor Neil Burford. All samples for NMR work were
prepared in an inert atmosphere as this compound is air sensitive. Details and
suggestions for handling air-sensitive NMR samples are presented in Appendix 2.
NMR Spectra: Phosphorus-31 NMR spectra were acquired for stationary or MAS
samples of powdered crystalline [Ph,P-PPh,]{GaCl,] at applied magnetic fields of 4.7 T
(Chemagnetics CMX 200 spectrometer) and 9.4 T (Bruker AMX 400 spectrometer).
The standard CP experiment* with high-power proton decoupling was used in both
cases. For experiments at 4.7 T, the sample was packed into a 4 mm (0.d.) zirconium
oxide rotor and a proton 90° pulse of 3.0 ps, contact time of 5.0 ms, and recycle delay
of between 5 and 8 s were used. Typical sweep widths were 50 kHz with acquisition
times of 41 ms. Before Fourier transformation, 2048 points of zero filling was applied.
Experiments at 9.4 T were performed on a sample packed into a 2.5 mm (o0.d.)
zirconium oxide rotor. Parameters similar to those for experiments at 4.7 T were used.
All 3'P NMR spectra are referenced to the primary standard, 85% H;PO,(aq), by setting
the isotropic peak in the *'P NMR spectrum of solid NH,H,PO, to +0.8 ppm. Gaussian
line broadening of between 20 and 40 Hz for the spectra of MAS samples and between
100 and 200 Hz for spectra of stationary samples was applied.

The 2D spin-echo experiment was performed at 4.7 T using parameters identical
to the 1D experiments. For each ¢, increment, 224 transients were acquired, for a total

of 64 increments. The sweep width in the F2 dimension was 28.6 kHz and the
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acquisition time was 12 ms. In the F1 dimension, the sweep width was 12.5 kHz.
Gaussian line broadening of 200 Hz in F1 and 100 Hz in F2 was applied, followed by
processing in magnitude mode. The experimental data were zero filled to 512 points X
512 points.

The spectra of MAS samples were simulated using the program NMRLAB,*
while the spectra of stationary samples were simulated using WSOLIDS.* The F1
projection of the 2D spin-echo spectrum was calculated using SpinEcho.'*?
Computational Details: Calculation of nuclear magnetic shielding tensors for
(CH,),P-P(CH,),* was carried out at the HF level using the 6-311G** basis set on the
phosphorus and carbon atoms and 3-21G on the hydrogen atoms. The structure was
first optimized at the HF level using the 6-311G** basis set on all atoms, resulting in
(see figure 5.1(b) for atom labelling) P(1)-P(2) = 2.219 A, PQ)-C = 1.848 A,
P(1)-C(1) = 1.816 A, P(1)-C(1)’ = 1.814 A, C(1)-P(1)-C(1)" = 108.3°,
C(1)’-P(1)-C(1)’ = 108.2°, C-P(2)-C = 102.1°, C(1)'-P(1)-P(2) = 108.0° and
Oumerr = 180°. ypp is the dihedral angle between the plane containing the P(1)-P(2)
bond and also bisecting the C-P(2)-C bond angle and the plane containing the P(1)-P(2)
and P(1)-C(1) bonds. All C-H distances were 1.08 A and H-C-H bond angles were
109.5°. All calculations were performed with Gaussian 98* using an IBM RS/6000
workstation.

Indirect 3'P,*'P spin-spin coupling tensors for H,P-PH, and H,P-PH,* were
calculated using the MCSCF approach with complete active space self-consistent field

(CASSCF) wavefunctions™'® as implemented in DALTON, an ab initio electronic



structure program,'”! installed on an IBM RS/6000 workstation. For CASSCF
wavefunctions, it is necessary to choose active and inactive space combinations. The
active space consists of the molecular orbitals into which electrons may be placed to
produce configurations that are used to construct the electronic wavefunctions. It
usually consists of a number of occupied and virtual molecular orbitals. The inactive
space consists of the molecular orbitals which remain doubly occupied for all electron
configurations. The selection of active and inactive spaces was made based on MP2
natural molecular orbital occupation numbers and energies.'” The inactive/active space
used are given in the following format: for each molecular orbital symmetry, the
number of inactive orbitals and active orbitals is given. For example, 1010/2131
indicates that there are four different molecular orbital symmetries. For the first
symmetry type, 1 molecular orbital is inactive and 2 are active, 0 inactive and 1 active
for the second symmetry, 1 inactive and 3 active for the third symmetry, and O inactive
and 1 active for the fourth symmetry. Calculations of J for H,P-PH, and H,P-PH,"
were performed with cc-pVTZ (correlation-consistent polarization valence triple-zeta)
basis sets'™ on all atoms.

An experimental geometry'’ was used for H,P-PH, with the exception of ¢pp
which was varied between 0° and 180° in 30° increments, keeping all other bond
lengths and bond angles fixed. ¢pp is the dihedral angle between the planes which both
contain the P-P bond but each one bisects one of the H-P-H bond angles (see figure
5.1(c)). The bond lengths and angles are as follows: P-P = 2.2191 A, P-H = 1.4155

A, H-P-H = 92.0°. The experimental value of ¢pp is 74.0°. For H,P-PH,, the
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inactive/active space used to calculate 'J(*'P,>'P) as a function of ¢pp (table 5.2)
consisted of 55/54, which corresponds to a total of two unoccupied orbitals in the active
space, one per molecular orbital symmetry. For studying the effect of other geometry
factors (table 5.4), an inactive/active space consisting of 55/43, which does not include
any unoccupied orbitals, was used.

For H;P-PH,*, the geometry was optimized at the HF level with the
6-311+ +G(3df,3pd) basis set on all atoms. The optimized structure is as follows (see
figure 5.1(d) for atom labelling): P(1)-P(2) = 2.209 A, P(1)-H(1) = 1.387 A, P(1)-
H(1) = 1.386 A, P(2)-H = 1.403 A, H(1)-P(1)-P(2) = 116.6°, H(1)'-P(1)-P(2) =
110.2°, H-P(2)-P(1) = 92.4°, H(1)’-P(1)-H(1)' = 106.3°, and H-P(2)-H = 96.5°.
Similar to the calculations for H,P-PH,, the angle ¢y, Was varied between 0° and
180°. ¢pp. is the dihedral angle between the plane containing the P(1)-P(2) bond and
also bisecting the H-P(2)-H bond angle and the plane containing the P(1)-P(2) and
P(1)-H(1) bonds. MCSCF calculations for the dependence of 'J(*'P,*'P) on ¢y, for
H,P-PH,* (table 5.3) were performed using an inactive/active space 10/8, i.e., one

unoccupied orbital in the active space.

5.3 Results and Discussion
5.3.1 Phosphorus-31 NMR Spectra of [Ph,P-PPh,][GaCl,]

The *'P NMR spectra for a crystalline powder sample of [Ph;P-PPh,][GaCl,] are
shown in figures 5.2 (obtained at 4.7 T) and 5.3 (obtained at 9.4 T) for various MAS

rates. From the spectra acquired at the higher MAS rates, the isotropic chemical shifts



(a)

(b)

(c)

Figure 5.2

*

T
expt
calc
80 " 40 0 40 -8 ppm
* t
expt
calc
80 40 0 -40 -80 ppm
]
1.
_A-____M_.__Ji JUL A Xt
: Ax N ‘u e w  calc
80 40 0 -40 -80 ppm

Experimental and calculated *'P NMR spectra of MAS samples of
[Ph,P-PPh,][GaCl,}, acquired at 4.7 T. The spinning rates are (a)

2.17 kHz (128 transients), (b) 2.72 kHz (256 transients), and (c) 5.02
kHz (256 transients). In each case, 40 Hz of gaussian line broadening

98

was applied. The asterisk and dagger mark the isotropic region for P(1)

and P(2) respectively.



@a)

(b)

(c)

Figure 5.3

expt
J\ ’L Jk J‘\ M A calc
60 40 20 0 -20 40 -60 -80 ppm
. t
1
expt
A J\ A ~
calc
60 40 20 0 20 -40 60 -80 ppm
»
T
1 expt
Mo
e calc
6 40 20 0 -20 40 60 -80 ppm

Experimental and calculated *'P NMR spectra of MAS samples of
[Ph,P-PPh,][GaCl,}, acquired at 9.4 T. The spinning rates are (a)

2.65 kHz, (b) 5.38 kHz, and (c) 7.03 kHz. In each case, 512 transients
were acquired and 20 Hz of gaussian line broadening was applied. The
asterisk and dagger mark the isotropic rcgion for P(1) and P(2)

respectively. A signal possibly due to a decomposition product is
indicated by f.



100

for each phosphorus nucleus and the magnitude of 'J¢'P,*'P),, may be estimated and
refined in subsequent simulations of all the NMR spectra. The data are summarized in
table 5.1. The assignment of the phosphorus chemical shifts to sites in the molecule is
made on the basis of known trends and on results of ab initio calculation of phosphorus
nuclear magnetic shielding in a model system, (CH;);P-P(CH;),* (vide infra).
Calculations for nuclear magnetic shielding in Ph;P-PPh,* would entail a time-
consuming geometry optimization since an experimental geometry is not available.

For this compound, [Ph,P-PPh,][GaCl,], the phosphorus chemical shifts obtained
from a sample dissolved in CH,Cl, compared to the solid state differ by less than 8
ppm. The impurity peak in figure 5.3 is attributed to a decomposition product. It is not
observed in the spectra at 4.7 T (figure 5.2), probably due to differences in the
effectiveness of the rotors at excluding air from the sample.

The difference between the isotropic chemical shifts of the two coupled
phosphorus nuclei is 33.2 ppm, which is 2.61 kHz or 5.38 kHz at an applied magnetic
field of 4.7 T or 9.4 T respectively. These conditions are ideal for the rotational
resonance (RR) experiment,'” whereby the dipolar coupling interaction is restored for a
homonuclear spin pair when the difference between the isotropic chemical shifts is nv
where n is typically 1 to 3. Indeed, the *'P NMR spectra shown in figures 5.2(b) and
5.3(a),(b) were acquired under conditions of RR. While R, may have been measured
from RR by generating Zeeman magnetization exchange curves, for this compound it
was simpler to use the results of the 2D spin-echo experiment, presented below, to

obtain R.q.
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Table 5.1:  Phosphorus chemical shift tensor principal components and spin-spin

coupling parameters for [PhyP-PPh,]J[GaCl,].

parameter P(1)

solution: ¢
0. / ppm 15.4 -10.6
1JC'P,)'P) / Hz not observed

solid state and ab initio data: expt. ab initio ® expt. ab initio ®
O /ppm* 15.4 40 -17.8 -79
8,/ ppm ¢ 36 22 23 3
6, / ppm 23 43 -8 -13
5,, / ppm -14 -56 68 -167
Q / ppm 50 34 91 170
K 0.48 0.28 0.32 0.10
' C'P,'P) / Hz 323 +2
R/ kHz 1.70 + 0.05

¢ E. Ocando, N. Burford, unpublished results. The solvent is CH,Cl,.

b Ab initio data are for the optimized (CH,),P-P(CH,),* structure. Calculations are
carried out at the HF level using 6-311G** basis set on phosphorus and carbon atoms

while the 3-21G basis set was used on all the hydrogen atoms.

¢ Experimental error on ., is + 0.1 ppm, obtained from spectra of MAS samples.
4 Experimental error on the principal components is + 2 ppm, obtained from spectra of

stationary samples.
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The F1 projection from the 2D spin-echo 3'P NMR spectrum is shown in figure

5.4 along with simulations using opposite signs (figure 5.4(a)) and the same signs for
JC'P,*'P),, and R4 (figure 5.4(b)). From these simulations, R.; = 1.70 + 0.05 kHz
and 'JC'P,*'P),, is clearly negative relative to R.y. Using the data from 3P NMR
spectra of MAS samples and the spin-spin coupling data from the 2D spin-echo
spectrum, the *'P NMR spectra obtained at two applied magnetic fields for a stationary
sample may be analyzed. The best simulations are shown in figure 5.5 and the principal
components of the two phosphorus chemical shift tensors as well as spin-spin coupling
parameters which give the best overall fit to all the experimental spectra are given in
table 5.1. The two features of note in the phosphorus nuclear magnetic shielding are
that one of the phosphorus nuclei is more shielded than the other and its chemical shift
tensor has a larger span. Based on known trends in phosphorus shielding, that
phosphines are in general more shielded than phosphonium centres,*'’ the spectra may
be assigned to the phosphorus nuclei as in table 5.1. In addition, calculated phosphorus
chemical shift tensors in (CH,);P-P(CH,),* indicate that the phosphine centre, P(2), is
more shielded and has a significantly larger span (table 5.1).

Regarding shielding tensor orientations in the molecular frame of reference, the
position of the 83 components relative to the P-P bond, given by 8, and the orientations
relative to each other, given by Ax, have been determined experimentally. For P(1) and
P(2), p = 81 + 2° and 78 + 2° respectively and Aa = 25°. The third Euler angle, vy,
is2 + 5° for P(1) and 78 + 2° for P(2). Note that y for P(1) has a larger error than y

for P(2). The angle y determines whether &,; or 8, is closest to rgp. The spectrum is
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an asterisk is an experimental artifact. Simulations are shown with

R.s = 1.70 kHz and (a) 'JC'P,*'P),, = -323 Hz and (b) 'JC'P,*'P),, =

+ 323 Hz.
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Figure 5.5  Experimental and calculated *'P NMR spectra of stationary powder
samples of [Ph;P-PPh,](GaCl,] acquired at (a) 4.7 T (5000 transiens,
200 Hz gaussian line broadening) and (b) 9.4 T (3774 transients, 100 Hz
gaussian line broadening). Also shown are the calculated subspectra for
each phosphorus site.
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relatively insensitive to y for P(1) since the difference between 8,, and &,, for P(1) is
much smaller than for P(2); hence the position of §,, and 5y, is not as easily defined in
the case of P(1). The calculated orientation of the &,; component for P(1) (figure 5.6(a))
is in agreement with experiment; however, this is not the case for P(2) where the 8,
component is calculated to be 34° away from the P-P bond (figure 5.6(b)). This is
significantly different from the experimental result, p = 78°. In addition, the
calculations predict that the &,; components for both tensors are aligned, i.e., Aa = 0°,
whereas the experimental results predict an offset, Aa = 25 + 2°. While it may be
tempting to further compare the experimental and calculated phosphorus shielding tensor
orientations, it should be noted that calculations are performed on an optimized
geometry of a model cation. In contrast to the situation for TMPS (chapter 3) and the
phosphole tetramer (chapter 4), much less information is available about the

experimental structure of [Ph;P-PPh,][GaCl,].

5.3.2 Dependence of 'J('P,*'P) on conformation: H,P-PH, vs. H,P-PH,*

If one wishes to compare experimental and calculated results, as well as use the
calculated J coupling to obtain structural information in these types of systems,
knowledge of how J depends on the conformation is essential. H,P-PH, and H,P-PH,"*
are prototypical molecules for such an investigation. Indirect experimental evidence that
1J('P,*'P),, depends on conformation was first reported in 1970 in a variable
temperature NMR study of P,F,'” and in 1971 for 1,2-dimethyl-1,2-diphenyl

biphosphine.'™ Since then, this phenomenon has been observed in a number of other
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(b)

Figure 5.6  Calculated orientation of the phosphorus chemical shift tensors for (a)
P(1) and (b) P(2) in (CH,),P-P(CH;),*. In both cases, the §,, component

is perpendicular to the plane of the page. The hydrogen atoms have been
omitted for clarity.
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systems.’>'" The general trend for biphosphines appears to be as follows: a small

positive 'J('P,3'P),, is observed for the conformation where the formal lone pairs are
trans with respect to each other (¢pp = 180°) while 'JC'P,'P),, is large and negative
for the cis conformation (¢pp = 0°).'® In addition, biphosphines are not fixed in a
particular conformation, hence the observed value of 'J(*'P,*'P),,, must be averaged over
several conformations. The calculated potential energy curve for rotation of the PH,
fragment about the P-P bond in H,P-PH, indicates that the cis and trans arrangements of
the formal electron lone pairs about the P-P bond have energies of 11.3 and 3.3 kJ mol™
respectively relative to the energy minimum at ¢pp = 77° (note that RT = 2.45 kJ mol*
at T = 295 K).'®' Our calculations at the HF level of theory using the cc-pVTZ basis
set on all atoms give results that are in qualitative agreement with reference 181 and
indicate that the energy for rotation about the P-P bond is relatively flat for
conformations between ¢pp = 60° and ¢pp= 180° (figure 5.7).

Shown in figure 5.8 is the dependence of 'J(*'P,*'P) on ¢y, in H,P-PH,. The
data are given in table 5.2. The experimental value for 'J(*'P,*'P),, is -108.2 + 0.2
Hz.'® While it is apparent that the quantitative agreement is not very good, it is evident
that 'J('P,>'P) is highly dependent on the dihedral angle. The FC mechanism is largely
responsible for the dihedral angle dependence of 'J('P,*'P),,, although the SD
mechanism makes a non-negligible contribution to the magnitude. An early molecular
orbital SCF study also found a similar dependence of 'J('P,*'P),,, on ¢p.'™ Our results

are compared to results from other calculations'®'® in table 5.2. It is interesting to
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Figure 5.7  Plot of the total energy for H,P-PH, as a function of ¢pp. All energies
are relative to ¢pp = 180°.

note that the calculated 'J('P,*'P),, results differ significantly with respect to the
magnitude of the FC contribution; however, the trends are the same. The anisotropy in
J is calculated to be significantly larger than 'J('P,*'P),, and it is also very dependent
on ¢pp for H,P-PH, as illustrated in figure 5.8(b).

In contrast to H,P-PH,, 'J(*'P,*'P) for H,P-PH," is relatively independent of
¢ep.., defined in figure 5.1(d). Figure 5.9 illustrates the dependence of J in H,P-PH,*
on ¢pp. With the data given in table 5.3. This result is reasonable, since rotation of the

PH, group does not result in a significant change in the overall structure as is the case
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Table 5.2:  Calculated values of 'JC'P,*'P) for H,P-PH, as a function of ¢pp.

Contributions to 'J¢'P,>'P),,

/ Hz
b/ ° YCPYP), AJCPFP) DSO PSO SD FC
/ Hz [ Hz
this work ¢
0 44 377 0.1 39 56 -139
30 41 393 0.1 24 50 -115
60 -51 378 0.1 6 46 -103
90 -30 330 0.1 4 47 -81
120 8 294 0.1 10 66 -67
150 45 232 0.1 8 50 -12
180 64 203 0.1 6 52 6
SCF MO / (12s9p) -[6s4p] ®
0 -238 - -0.1¢ 4 -242
75 -165 - 2 4 -166
120 -70 - -3 4 -71
180 11 - -2 4 9
SOS-CI / STO-431G ¢
0 -142 263 0.1 35 59 236
74 -125 221 0.1 6 54 -185
180 35 57 0.1 12 63 41
SCF / (12s8p) ~ [6s4p] ©
81 -76 - 0 0.2 118 -194
expt/ - -108.2 + 0.2 - - - - -

@ Calculated using the MCSCF approach with cc-pVTZ basis set and an inactive/active
space consisting of 55/54.

® From reference 183.

¢ The total orbital contribution is given. DSO + PSO.

4 SOS-CI (sum-over-states configuration interaction) data are from reference 184. STO
stands for Slater-type orbital.

¢ From reference 185. The basis set has added polarization functions.

/ From reference 182.
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Table 5.3:  Calculated values of 'JC'P,>'P) for H,P-PH,* as a function of ¢, .*

Contributions to 'J¢'P,*'P),,, /Hz
boe. /°  YC'PP),/Hz AJCPYP)/Hz DSO PSO SD  FC

0 -195 107 0.1 -7 4 -193
30 -198 120 0.1 -11 3 -189
60 -200 126 0.1 -15 2 -187
90 -189 118 0.1 -11 3 -181

120 -177 108 0.1 -7 3 -173
150 -188 128 0.1 -13 3 -176
180 -195 137 0.1 -18 2 -180

¢ Calculations performed at the MCSCEF level with the cc-pVTZ basis set using an
inactive/active space of 10/8.
when one of the PH, groups in H,P-PH, is rotated with respect to the P-P bond. For
H,P-PH,*, the magnitude of 'J(*'P,*'P),, is much larger than in H,P-PH,, with the
dominant contribution from the FC mechanism. For H;P-PH,*, the anisotropy in J is
smaller relative to 'JC'P,*'P)., in contrast to the situation for H,P-PH,. The trend in
LJ('P,*'P) for H,P-PH, vs. H,P-PH,* has also been reported in semi-empirical
calculations of 'J(**N,'*N),,, for the analogous nitrogen-containing compounds.'® As
well, it was noted that the calculated value of 'J(**C,"’N),, in methylamine is virtually
independent of rotation of the NH, fragment about the C-N bond.'*

The replacement of one of the lone pairs in H,P-PH, with a bonding pair (to a
hydrogen atom) in H;P-PH,* results in a decrease in ‘J(*'P,*'P);,, as well as a decrease

in the anisotropy in J. In terms of reduced coupling constants (see equation 2.24),
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\K(P,P),,, for H,P-PH, vs. H,P-PH,* with dpp = (pp, = 0° are -22 X 10" NA2m? and

‘99 x 10" NAm? respectively. This is contrary to the generally observed lone pair
effect, where an increase in 'K, is observed when a lone pair is replaced by a
bond.**'®" For example, 'K(N,C),, for CH;CH,CH,NH, is 12.7 X 10" NAm? vs.
14.4 x 10" NAm? for CH,CH,CH,NH,*,'* and for P(CH,), vs. P(CH,),*, 'K(P,C),,
= -11.1 X 10" NAm? and 45.3 X 10" NAm respectively.'®® Two exceptions are
(CH,),P-P(CH,), vs. (CH,),P-P(S)(CH;),, with 'K(P,P),, = 91 X 10" NA?m? and
'K(P,P),, = -114 x 10" NAm respectively,'® and Ph,P-PPh, ('K(P,P),, = -101 x
10" NA2m3)" vs. PhyP-PPh,* ('K(P,P),, = -164 x 10" NAm?, this work). It should
be noted that 'K(P,P),, for Ph,P-PPh, is likely very dependent on the lone pair
conformation and hence changes in the dihedral angle may change the trend with respect
to Ph,P-PPh,*.

Another factor that must be considered is a change in structure besides rotation
about the P-P bond. It has been claimed that 'J('P,*'P),, for RR’P-PRR’ is sensitive to
the R-P-R’ bond angle (where R, R’ are any one of the following: H, an alkyl group, or
phenyl).'® To investigate the influence of geometry, 'J(*'P,*'P),, was calculated for
H,P-PH, geometries where one bond length or angle was changed to match the
corresponding parameter in the geometry used for H;P-PH,* (table 5.4). In this
manner, the effect of changing each bond length or angle may be determined. The
calculated 'J('P,*'P),,, values for H,P-PH, using two different active spaces are given in
the first two lines of table 5.4. This illustrates that using a larger active space (first

line) does not significantly change the calculated coupling constant compared to the



114

results obtained using a smaller active space (second line). The next four lines present
the calculated 'J(*'P,*'P),, values obtained when a given bond length or angle in
H,P-PH, is changed to match the corresponding bond length or angle in H,P-PH,*. As
is evident from the data in table 5.4, none of the geometry differences between H,P-PH,
and H,P-PH,* can account for the difference in 'J(*'P,>'P),, for these two molecules.
Unfortunately, further MCSCEF calculations on systems of this size are not possible with

available computational resources.

Table 5.4:  Geometry dependence of 'J('P,3'P),, for H,P-PH,.

geometry alteration J3'P,*'P),, / Hz
H,P-PH, experimental geometry (¢pp, = 0°) ° 44
H,P-PH, experimental geometry (¢, = 0°) * -58
P-P in H,P-PH, changed t0 2.2192 A ¢ -55
H-P-H in H,P-PH, changed to 95° ° -52
H-P-H in H,P-PH, changed to 106.37° * -18
H-P in H,P-PH, changed to 1.386 A * 67
H,P-PH,* (¢pp, = 0°) € -195

¢ From table 5.2.

® MCSCEF calculations using the cc-pVTZ basis set on all atoms and an inactive/active
space of 55/43.

¢ From table 5.3.
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5.3.3 Estimate of rpp in [Ph,P-PPh,][GaCl]

As was stated in the introduction (section 5.1), to obtain an estimate of the P-P
bond length in [Ph;P-PPh,]J[GaCl,], it is necessary to have an estimate of the anisotropy
in the J coupling, since it is experimentally inseparable from Rp,. With a value for AJ,
one can obtain Ry, from R, according to equation 2.29. As mentioned in section 2.1.6,
reliable measurements of AJ are scarce. An estimate of AJ may be obtained from ab
initio calculations; however computer resources limit the size of the molecule one can
use for J calculations. In this case, H;P-PH," is the smallest possible model compound
for Ph,P-PPh,*. As the results for H;P-PH,* indicate that AJ is virtually independent of
¢pp.. (figure 5.9), one may use the average AJ over all conformers of H;P-PH,*,

121 Hz. Using this value in equation 2.29, a value of 1.74 +0.05 kHz is obtained for
Rpp, hence rpp = 2.25 + 0.03 A in [Ph;P-PPh,][GaCl,}, according to equation 2.20. If
one assumes that Ry = Rpp, then rpp = 2.26 + 0.03 A which is within experimental
error of the first estimate. In this case, AJ is relatively small, hence a reliable estimate
of the vibrationally averaged P-P bond length may be obtained for R.;. However, the
ab initio calculations of J for H,P-PH, indicate that one cannot necessarily assume that

AJ for all one-bond P-P J-coupling tensors will be small.

5.4 Conclusions
The phosphorus chemical shift and *'P-*'P dipolar coupling tensors in
[Ph,P-PPh,][GaCl,] have been characterized by solid-state NMR. By combining the

experimental results with ab initio calculations of 'J('P,’'P) for H;P-PH,", a reliable
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estimate of the P-P bond length in [Ph;P-PPh,][GaCl,] has been obtained, 2.25 +

0.03 A. It should be noted that vibrational averaging and possible rocking motion of the
P-P bond have been ignored. In addition, the dependence of indirect spin-spin coupling
on lone pair conformation has been investigated for H,P-PH, and H,P-PH,* using the
MCSCF approach. It was found that 'J(*'P,*'P) for H,P-PH, is very dependent on

conformation, in contrast to H,P-PH,*.
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Chapter 6: Conclusions

The phosphorus chemical shift and spin-spin coupling tensors for three different
compounds containing P-P bonds have been characterized by solid-state *'P NMR. The
combination of experimental methods and ab initio calculations has proven to be very
useful for exploring the tensor nature of each interaction.

For the first example, TMPS (chapter 3), the phosphorus NMR parameters were
characterized by NMR studies on both a single crystal and a powder crystalline sample.
There are two molecules in the asymmetric unit; however the difference between the
two sites is very subtle, as evident in a redetermination of the X-ray crystal structure.
This difference is also clearly evident in the *'P NMR spectra, from which two unique
phosphorus chemical shift tensors have been characterized. The tensor orientation is
such that the direction of greatest shielding, 84;, lies along the P=S bond. The
experimental and calculated orientation of the phosphorus chemical shift tensors are in
excellent agreement. It was also shown that the anisotropy in the *'P,'P indirect spin-
spin coupling for TMPS is less than 500 Hz, contrary to earlier reports for similar
compounds.'"' This compound serves as a benchmark for testing the reliability of ab
initio calculations of nuclear magnetic shielding tensors.

The second system described in this thesis was the phosphole tetramer. Since a
large single crystal was not available, the phosphorus NMR parameters for this

compound were characterized by analysis of >'P NMR spectra of powdered samples
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(chapter 4). In this case, ab initio calculations of chemical shift tensor orientations
proved to be invaluable. It was found that &, is closest to the P-P bond for both
phosphorus chemical shift tensors. The 5,; component is situated in the same plane as
the phosphole ring. The relative orientation of the 8;; components for the phosphorus
nuclei reflects the local geometry of the phosphole rings.

The third compound described here, [Ph;P-PPh,][GaCl,], was prepared in the
Burford lab. The solid-state >'P NMR investigation of this compound provided the P,P
bond length (chapter 5). Ab initio calculations of 'J(*'P,*'P) on model systems provided
insight into the dependence of J on molecular structure. For H,P-PH,, 'J('P,*'P) is
very dependent on the rotation of the PH, fragment about the P-P bond while it is nearly
independent of rotation in H;P-PH,*.

From the resulits of these three projects some general conclusions may be drawn.
It is evident from the results for the phosphole tetramer and for [Ph;P-PPh,][GaCl,] that
one cannot assume that the direction of greatest shielding corresponds to the generally
perceived direction of greatest electron density, i.e., along the formal lone pairs.
Furthermore, knowledge of the anisotropy in 'J(*!P,3'P) is important for obtaining an
estimate of the bond length from R.,. The investigation of AJ in TMPS further
establishes the observation that AJ(*'P,*'P) is small in diphosphine disulfides, contrary
to earlier reports.'''¢ On the other hand, first-principle calculations indicate significant
anisotropies for 'J(*'P,*'P) in H,P-PH, and H,P-PH,*. In each of the projects discussed
in this thesis, ab initio calculations of NMR parameters play a significant role. The

reliability of ab initio calculations for characterizing phosphorus chemical shift tensor
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orientations is established by comparison with results from a single-crystal *'P NMR
study of TMPS. For the phosphole tetramer, it is possible to fix the chemical shift
tensor orientation in the molecular frame of reference by comparing calculated tensor
orientations with the orientation information available from the analysis of spectra
obtained from powder crystaliine samples. First-principles calculations of 'J('P,’'P)
were necessary to establish that AJ(*'P,*'P) makes a very small contribution to R.4,
hence a reliable estimate of rpp could be obtained for [Ph;P-PPh,][GaCl,].

In the past few years, the value of ab initio calculations as a complement to
experimental results in the field of NMR has been recognized. The continuous
improvement and availability of computational methods and resources have undoubtedly
contributed to extending the range of systems which may be studied. While ab initio
calculations are yielding reliable qualitative results for nuclear magnetic shielding
tensors, much more work needs to be done to reach the same level of confidence with J
coupling. In this respect, it is essential that the results from first-principle calculations
be compared with reliable experimental data. Some specific suggestions are given in the
next chapter. At the same time, it is important for NMR spectroscopists to use more
quantum chemistry methods and keep up to date with the latest developments in this

field.



Chapter 7: Future Research Directions

7.1 Introduction

Several extensions of the research presented in this thesis are worthy of
consideration. Suggestions include an investigation of phosphorus chemical shift tensors
in other phosphinophosphonium cations (section 7.2) as well as further ab initio
calculations (section 7.3). While the calculations of J appears to be promising, much
more effort needs to be expended in this area. Ab initio calculations are presently
limited to relatively small systems. The recent success of DFT approaches at
calculating J for numerous spin pairs are most encouraging.'?"-'2'2 Qbviously, the
potential of this approach for calculating 'J(*'P,’'P) should be investigated. Section 7.4
presents some preliminary results and suggestions for further theoretical studies of
indirect spin-spin coupling for systems containing phosphorus spin pairs. All the spin
systems discussed in this thesis involve two coupled spin-'42 nuclei. An example of a

system consisting of three coupled spin-'2 nuclei is outlined in section 7.5.

7.2 [Ph,(C1)P-PPh,){GaCl]

The precursor to [Ph,P-PPh,][GaCl,] (chapter 5), [Ph,(Cl)P(1)-P(2)Ph,][GaCL,],
has also been isolated.'® In this case, the coupling of P(1) to a chlorine nucleus
complicates the appearance of the spectra. Chlorine has two naturally occurring
isotopes; ¥Cl: spin-*/,, N.A. = 75.53 % and 'Cl: spin-*/,, N.A. = 24,47 %.

Phosphorus-31 NMR spectra of MAS samples are shown in figure 7.1, obtained at
120
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Phosphorus-31 NMR spectrum of solid [Ph,(Cl)P-PPh,]{GaCl,], acquired
with MAS at (a) 4.53 kHz at an applied magnetic field of 4.7 T. Sixteen
transients were acquired and 10 Hz of gaussian line broadening was
applied. A spectrum acquired at an applied magnetic field of 9.4 T with
MAS at 13 kHz is shown in (b). Sixteen transients were acquired and
50 Hz of gaussian line broadening was applied. The asterisks indicate
spinning sidebands.
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applied magnetic fields of 4.7 T and 9.4 T. The analysis of the spectra arising from a

spin-%2 nucleus coupled to a quadrupolar nucleus has been presented in the
literature;'%!-'%2 however, many of the simulations are suspect, e.g., reference 192.
Carbon-13 coupled to *”’Cl has been investigated in chloroketosulfones.'” It is
important that experiments be carried out at several applied magnetic fields, as is
evident in reference 193. The line shape for [Ph,(Cl)P-PPh,][GaCl,] is further
complicated by the coupling of P(1) to the phosphine centre. Initial simulation of the
MAS spectra proved to be unsuccessful. Preliminary *'P NMR studies of
[Ph,(CI)P-PPh,][GaClL,] by CP experiments indicate that the proton relaxation times are
long; recycle delays in excess of 2 minutes were needed to avoid saturation. Further

experiments on this compound are in progress.

7.3 Ab Initio Calculations of Phosphorus Chemical Shift Tensors

The results from ab initio calculations of phosphorus chemical shift tensors
presented in this thesis indicate that qualitative agreement with experiment may be
expected. However, there appears to be a systematic discrepancy between the
experimental and calculated results. For all three compounds presented in this thesis,
the values of §,, calculated at the HF level are more shielded by about 50 ppm. As
mentioned in section 3.3.3, changes in the phosphorus chemical shift on the order of
tens of ppm have been observed upon changing from the gas to liquid state. Clearly,
the influence of intermolecular effects on the phosphorus chemical shift needs to be

considered if one is to obtain quantitatively reliable resuits. Investigations along these
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lines on model systems, such as PH; or P, for which the gas to liquid shifts are known

(see section 3.3.3), are recommended.

7.4 Characterization of 'J('P,'P)

While 'JC'P,*'P),, is large and negative in H,P-PH,,'® a large positive value,
+720 Hz, is observed in molecules of the type H,(CH,); ,PPF;,'* and a value of +766
Hz was reported for the potassium salt of FO,PPO,F?*.'% Successful calculation of
JC'P,*'P),, for these molecules which, together with H,P-PH,, span the range of
observed 'J(*'P,*'P)., values, would be of great value. A survey of INDO results (FC
contribution only), which includes the above-mentioned molecules, has been reported.’’
In addition, a large negative values of 'J('P,*'P),,, approximately -480 Hz, have been
observed for a series of diphospholes.'* Given the success of MCSCF-'®-!!° and DFT
methods'?!'2'2 for calculating J coupling, application of these theoretical approaches to
the above systems would be of interest. For the larger molecules, DFT may be the only
possibility with currently available computer resources. Initial results are promising;
however, systematic studies to reproduce experimental trends are warranted.

There are a number of other small phosphorus-containing molecules besides
H,P-PH, for which experimental data are available.”’ One system of fundamental
importance is diphosphene, P,H,, as well as the analogous nitrogen compound, diazene,
N,H,. Results for J from calculations using the MCSCF approach with the cc-pVTZ
basis set for the trans isomers of these two compounds are given in table 7.1. For

comparison, data from an early ab initio study'”’ using smaller basis sets are also given.



Table 7.1:  'J(X,X) and 'K(X,X) for P,H, and N,H,.*
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Contributions to 'J,/Hz

X, X)/Hz AJX,X)Hz DSO PSO DS FC
trans-N,H, (X="N)
CASI -249 -220 0 -115 -16  -118
CASI -25 74 0 10 1 -36
SOS CI® -17 - 0 -15 0.2 -2
diazenes© +10to0 20
trans-P,H, (X=>'P)
CASII -1985 1076 0.2 -531 -1069 -385
CASIV -348 -1463 0 -386 49 -12
SOs C1¢ -552 - 0 -498 9 -76
diphosphenes® + 510 to 670
Contributions to 'K, /
10" NAm?
KX, X)o/ AKX, X)/ DSO PSO DS FC
10" NA*m? 10" NA’m?
trans-N,H, (X=N)
CASI -2017 -1782 0 932 -130 -956
CASII -203 598 0.3 79 12 -293
SOS CI°® -138 - 0.1 -122 2 -16
diazenes ¢ + 80to 160
trans-P,H, (X=P)
CASI -1006 174 0.1 269 542  -195
CASIV -176 -742 0.1 -196 25 -6
SOS CI ¢ -280 - 0 -262 5 -39

diphosphenes® + 260 to 340

4 Calculations performed at the MCSCEF level with cc-pVTZ basis set.
® From reference 197. The geometry for trans N,H, was not given.

¢ From reference 201.

4 From reference 197, using the STO/6-31G** basis set. The geometry used for trans

P,H, is as follows: P-P = 2.034 A, P-H = 1.44 A, and P-P-H = 95.6°.

¢ From reference 204.
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The reduced coupling tensor, K (equation 2.24), is also presented in table 7.1.

The molecular geometries used are as follows. For trans-P,H,, the P-P bond
length = 2.00 A, the P-H bond length = 1.40 A and the P-P-H angle = 108°, based on
typical values for diphosphenes.'®®!® For trans-N,H,, the N-N bond length = 1.247 A,
the N-H bond length = 1.029 A, and the N-N-H bond angle = 106.3°.2°
The smallest active spaces used in both cases, 1010/1120 (denoted by CASI) for N,H,
and 4141/3120 (CASII) for P,H, do not include virtual molecular orbitals, and thus
give the same results as an HF calculation.”® The larger active spaces, 1010/2231
(CASII) for N,H, and 4141/4231 (CASIV) for P,H,, include a virtual orbital for each
molecular orbital symmetry. As is evident for N,H,, the magnitude of 'J(**N,N),,
calculated with CASII is in reasonable agreement with experimental values that are
typical of diazenes.®" Unfortunately, the sign of this coupling is not known; however,
early semi-empirical calculations predicted that 'J(**N,"*N) is negative except possibly in
hydrazine type compounds.?*2® The MCSCF results discussed above and early ab
initio resuits'”’ for N,H, in table 7.1 are in agreement with this prediction.

For P,H,, calculations using the larger active space, CASIV, predict a value of
-348 Hz for 'JC'P,*'P),, and a large negative AJ of -1463 Hz. Unfortunately, no
experimental data are available for P,H,; however typical values of 'J(*'P,*'P),, for
diphosphenes range between 510 and 670 Hz in magnitude, depending on the
substituents.2** The sign of the coupling is not known, but it has been suggested'*-*
that it is negative on the basis of early ab initio calculations which predicted a negative

value,'”” 'J('P,*'P),, = -552 Hz, due to the large negative contribution from the orbital
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mechanism. The type of basis set used for the early ab initio calculations,

STO/6-31G**, is known to be unreliable for indirect spin-spin coupling calculations.®
Semi-empirical approaches predict a large positive value, +830 Hz when only the FC
mechanism is considered.”

Also given in table 7.1 are the contributions of each mechanism to 'J;,, and 'K,.
For P,H,, the magnitude of 'J'P,*'P),, is dominated by the PSO contribution; however,
it not definitive which mechanism dominates 'J(**N,'*N),, in N,H,. Comparison of the
contributions obtained using an active space with no virtual orbitals vs the results using
one that does include virtual orbitals illustrates the triplet instability problem discussed
in section 2.3.2 where the contributions that depend on the triplet states are known to be
poorly calculated if virtual orbitals are not included in the MCSCF space. While
calculations qualitatively predict the trend in 'J,,, for P,H, vs N,H,, comparison of the
values of 'K, is more telling of problems with the ab initio results. In this case, the
calculated results are clearly wrong compared to the experimental results, i.e., using the
larger active space, the magnitude of 'K, for N,H, is larger than that for P,H,,
contrary to the experimental trend. For these systems, further work is necessary,
possibly using restricted active spaces.”-!'>?® Even for a molecule as small as P,H,,
extensive study of the dependence of the calculated J on the active space is not possible
with currently available computational resources. It should be noted that systems such
as N,H, and P,H,, where there are muitiple bonds and formal electron lone pairs,

present a difficult computational challenge.®
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7.5 NMR Spectra Arising from Three Coupled Homonuclear Spin-%2 Nuclei in the
Solid State

A logical extension to the investigations of spin pairs presented in this thesis is to
systems of multiple coupled spins. Analysis of spectra arising from multiple spin
systems are of interest in biomolecules where multiple labelling allows for more
information to be extracted.?® The theory for the analysis of spectra arising from three
coupled heteronuclear spin-'42 nuclei has been presented in the literature, for the
AA’X, ¥ ABX,™ and AX, cases. The iterative fitting of MAS spectra arising from
an ABX spin system to obtain chemical shift tensors has been reported.2' In principle,
the ambiguity regarding the orientation of the chemical shift tensor with respect to the
molecular frame of reference, which is an inherent limitation of the dipolar-chemical
shift method (section 2.2.2), is eliminated in the analysis of spectra for three coupled
spins. For example, it was demonstrated for doubly "*C labelled L-alanine that the
carbon chemical shift tensors obtained from an analysis of powder samples®!! agreed
well with results from a single-crystal NMR study.?'? In this case, the presence of both
the BC-C, and “C,-"*N spin pair was exploited to fix the carbon chemical shift tensors
relative to the molecule.

The above discussion pertains to multiple heteronuclear spin systems. A
homonuclear four spin system, the fully *C labelled monoammonium salt of maleic
acid, has been investigated by solid-state NMR.?"* An example of a homonuclear three

spin system is illustrated in figure 7.2, where a linear arrangement of three phosphorus
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Figure 7.2  Structure of a phosphorus-containing homonuclear three-spin system.

nuclei is present.2'* A linear arrangement of phosphorus nuclei will simplify the
analysis of the spectra. An investigation of the phosphorus chemical shift tensors and
spin-spin coupling parameters in such a unique molecule would be a valuable
contribution to an understanding of the relationship between structure and NMR
parameters. A program available for simulating solid-state NMR spectra, SIMPSON,!
is capable of calculating spectra arising from multiple coupled spins with the inclusion
of chemical shift, dipolar and spin-spin coupling interactions and may be useful for this

project.



Appendix 1: Performing the 2D Spin-Echo NMR Experiment on the
CMX Infinity 200 at the University of Alberta

The 2D spin-echo NMR spectra presented in this thesis were obtained using a
Bruker MSL 200 spectrometer (figure 4.5) or a Varian Chemagnetics CMX Infinity 200
(figures 3.9 and 5.4). For the benefit of future users, the details of the procedure used
to obtain 2D spin-echo NMR spectra using the CMX Infinity 200 and to process the
data to a form that can be used for simulation with the program SpinEcho'*® are
presented here. The following description pertains to the pulse program shown in figure
2.8. The phase cycling of Rance and Byrd was used. '

After setting up the parameters for a standard 1D NMR experiment using CP,
the = pulse on the X channel needs to be calibrated. This must be done using the same
X power settings as used for CP. The important 2D parameters are dw2, tl_evolve,
and al2. The dwell time for the second dimension, dw2, should be set so that the sweep
width in the F1 projection (sweep width = 1/dw2) is larger than the largest splitting
expected, i.e., larger than 2R, for a spin pair where the two nuclei are not magnetically
equivalent and 3R, for the case of magnetic equivalence (see figure 2.4). The
parameter tl_evolve corresponds to the time between the CP part of the pulse program
and the n pulse as well as the time following the & pulse and before acquisition. In the
version of the 2D spin-echo pulse sequence used on the CMX Infinity 200, the

parameter is calculated based on the value of al2, which is the number of times
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tl_evolve is incremented, and dw2. The maximum value of t1_evolve is dw2*al2.
Usually al2 = 64 experiments is acceptable.

Once the data are collected, they are processed using Spinsight software.?5 It is
recommended that zero filling and gaussian line broadening be applied in both
dimensions. To obtain a symmetric 2D NMR spectrum, it is necessary to process in
magnitude mode for both dimensions. To ease simulation of the F1 projection with
SpinEcho,'® it is useful to have the file in a format that is usable with WSOLIDS* or
other processing software available for PCs. At the time of preparation of this thesis,
there is no direct method for doing this. Instead, a print out of the F1 projection is
scanned and a program called SPECMAKE?'S which is part of the WSOLIDS* software
package, is used to convert the scanned image to a data file. The print out of the F1
projection is obtained by executing a macro with Spinsight, called 1dshow_proj. Note
that in the display, Spinsight uses the wrong value of the dwell time to calculate the
scale (dw instead of dw2). This is corrected by changing the value of dw to the value
used for dw2 in the acquisition panel before the F1 projection is printed out. If the 2D
spectrum is printed out, the scale for the F1 projection is correct. While it is not
necessary to convert the spectrum data in this way, simulation of the spectra and

preparation for publication is easier.



Appendix 2: Handling Air-Sensitive NMR Samples

This appendix is intended to provide some details with regards to handling air-
sensitive samples for NMR studies. Some general strategies will first be presented,
followed by some comments pertaining to specific rotor designs.

For samples that are extremely air-sensitive, sealed Pyrex MAS rotor inserts
may be used.?'” The sample is heat sealed into the inserts or an epoxy sealant may be
used. Heat sealing is generally more difficult given the small size of the inserts and the
need to obtain as symmetric a seal as possible so as not to hamper MAS. If the sample
is packed directly into the MAS rotors, an additional precautionary measure to avoid
contact with air is to seal the rotor itself into a glass tube and break it open once the
NMR experiment is set up.

The rotors used to obtain the NMR spectra presented in this thesis are
manufactured by either Bruker or Varian-Chemagnetics. It has been the experience of
the solid-state NMR group at Dalhousie University and University of Alberta that the
Bruker rotors are generally sufficiently air-tight and no special precautions are needed
beyond ensuring that the rotor caps are tight fitting. For the Varian-Chemagnetics
rotors, there are a number of strategies for dealing with air-sensitive samples, for
example the use of glass inserts as discussed above is a common solution. Inserts are
commercially available for various Varian-Chemagnetics rotors. The rotor illustrated in
figure A2.1 was used to obtain NMR spectra of air-sensitive samples on the Varian-

Chemagnetics spectrometer. The only modification to the commercial design is an
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< 40mm ——>

WAL

Figure A2.1 An illustration of a Varian-Chemagnetics rotor. (a) drive tip. (b) spacer.
(c) zirconium oxide sleeve. (d) epoxy seal. (e) end cap, with a hole for
variable temperature experiments.

epoxy seal applied to the inner surface of the end cap, which is manufactured with a

vent hole for variable temperature experiments. The drive tips usually fit very tighty,

hence there is no difficulty with excluding air at the other end of the rotor.
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