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Various compounds were studied with solid-state

119

Sn and

31

P NMR

spectroscopy and quantum chemical calculations. Connections were made between the
shielding tensors and the geometric and electronic structures of the molecules. First, the
119

Sn chemical shielding anisotropy of various para substituted tetraaryl tin compounds

was shown to be dependent on the tilt angle of the phenyl rings. Tetrakis(o-tolyl) tin did
not have the shielding anisotropy predicted by the tilt angle of the rings. It was suggested
that ortho substitution distorts the structures of the phenyl rings causing the discrepancy.
Analysis of the solid-state

31

P NMR spectra of triphenylphosphorane ylides,

Ph3P=CHC(O)R, determined that increasing the electron-donating effects of the R group
decreased the δ33 component. Theoretical calculations showed that the component lay
along the ylidic bond and was dependent on the difference in phosphorus-carbon bond
lengths between the phenyl and ylidic bonds. Another study concerned the solid-state 31P
NMR of the series of triphenylphosphine derivatives, PPh3-x(o-tolyl)x where x = 0 to 3.
The addition of ortho methyl groups changed the position of the δ11 component which

could be the result of the change in energy gap between the lone pair (HOMO) and σ*
anti-bonding (LUMO).
The solid-state

31

P NMR spectra of deuterated piperazinium phosphonate and

phosphonic acid were influenced by the shielding, dipolar and spin-spin interactions, as
well as, second order quadrupolar effects. The spectrum of deuterated piperazinium
phosphonate had a chemical shielding anisotropy of 130 ppm, an effective dipolar
coupling of 2500 kHz and a one-bond phosphorus-deuterium J coupling of 90 Hz. The
phosphorus-deuterium bond length was predicted to be 1.44(2) Å.

A deuterium

quadrupolar coupling constant of 104 kHz was obtained from the CP/MAS 2H spectrum.
The non-axial symmetry of phosphonic acid complicated the analysis of the 31P spectrum.
Phosphorus-deuterium bond lengths of 1.44(5) Å and 1.40(4) Å were obtained for the
two inequivalent sites in the unit cell.
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Chapter One

1

INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy is a very popular analytical tool
among chemists with a wide variety of applications. It allows chemists to probe
molecular and electronic structure, as well as the dynamic properties of chemical
systems. With the advent of superconducting magnets, Fourier transforms of pulsed
spectra, and signal digitization, the theory associated with NMR spectroscopy continues
to be explored in order to push the boundaries of current techniques.

1.1

Nuclear Magnetic Resonance Interactions
Every observable property in quantum mechanics corresponds to an operator that

acts on a wave function to produce an eigenvalue [1]. Similar to the Schrödinger
equation for the allowed energies of a molecule or atom, NMR uses Hamiltonian
operators, H, that contain spin angular momentum operators. The total Hamiltonian,
HT, for a diamagnetic compound is given as [2]:

HT

H Z H RF H CS H Q H D H

J

H SR

(1.1)

A brief description of each interaction follows. For a more detailed description, please
see Harris [1] and Haeberlan [2].
1.1.1 Zeeman Interaction
The basis for NMR spectroscopy is the Zeeman interaction that occurs between
magnetically active nuclei and an externally applied magnetic field. Nuclei with a spin
quantum number, I, greater than or equal to ½ are considered magnetically active. When
an external magnetic field, B0, is applied to a magnetically active nucleus, (2I + 1) spin

2

state energy levels result. These energy levels will be separated by γħB0, which is often
given as the Larmour frequency, ν0:
(1.2)

B0 2

0

where γ is the magnetogyric ratio unique to each nucleus and ν0 is in units of Hertz.
The Hamiltonian (in frequency units) for the Zeeman interaction for a single
nucleus is the product of the magnetic moment of the nucleus, μ, and B0:

h 1H

ν 0 Iˆ z

h 1μ B 0

Z

(1.3)

where Iˆ z is the nuclear spin angular momentum operator along the z-direction (parallel to
the applied magnetic field).
1.1.2 Radio Frequency Interaction
Similar to the Zeeman interaction, the radio frequency interaction occurs as an
applied magnetic field, B1, interacts with the magnetic moment of the nucleus, μ. The
NMR spectrometer produces a radio frequency field B1 that is much weaker than and is
applied perpendicular to B0 which adds a time-dependency to HT. This field induces
transitions between the spin states. Assuming the field is applied along the x-direction,
the Hamiltonian (in frequency units) for the radio frequency interaction for a single
nucleus becomes:
h 1H

RF

h 1μ B1

2

B1 Iˆ x

(1.4)

where B1 is time-dependent.
1.1.3 Chemical Shielding Interaction
The Hamiltonian (in frequency units) for the chemical shielding interaction is
similar to the previous two interactions, however, the total spin operator, Î is used:
3

h 1H CS

2

Iˆ

B0

(1.5)

and σ is the chemical shielding tensor.
The Zeeman and radio frequency interactions assume that applied magnetic fields
only affect nuclei, however, they also induce a circulation of electronic charge that will
create a secondary magnetic field, Bind. At the nucleus, this secondary field opposes and
is directly proportional to B0:
Bind

B0

(1.6)

where σ is the chemical shielding tensor which describes the orientational dependence of
the interaction of the nucleus and Bind. The chemical shielding interaction reduces the
magnetic field at the nucleus, Blocal, and therefore becomes:
B local

(1

)B 0

(1.7)

1.1.3.1 Chemical Shift
Ideally, chemists would be able to accurately measure σ directly from a sample;
however, a reference of a bare nucleus, σ = 0, would be required. Since this condition is
not feasible, the frequencies of nuclei are measured relative to a reference compound.
The difference in the chemical shielding is called the chemical shift, δ:
i

(1.8)

ref

i

ref

i

ref

1.1.3.2 Chemical Shielding Tensor
The chemical shielding tensor, σ, describes the orientational dependence of the
interaction in the assigned Cartesian axis system. In NMR spectroscopy, only the
symmetric part of σ is observed directly. For further discussions, it should be assumed σ

4

is symmetric. This tensor is usually described by the principal components σ11, σ22, and
σ33 after digitalization to a principal axis system, PAS:
xx

xy

xz

where

11

22

33

yx

yy

yz

zx

zy

zz

0

11
diagonalization

0

PAS

0
0

22

0

0

(1.9)

33

, by convention.

The principal components of σ can be directly reported, but they are usually given
as the isotropic shielding, σiso, chemical shift anisotropy, Δσ, and asymmetry parameter,
ηCSA. The σiso is the observed value of the shielding in solution, since the motion of the
molecule will average the tensor:
(

11

22

iso

33

)

(1.10)

3

The directional dependence, or anisotropy, of σ11, σ22, and σ33 is represented by Δσ:
22

(a)

33

11

2

or

22

(b)

33

(1.11)

11

2

Finally, ηCSA, measures the asymmetry of the principal components:
(a)

22

11

CSA
33

or

(b)

22

33

11

iso

CSA

iso

where 0 ≤ ηCSA ≤ 1. Equations 1.11(a) and 1.12(a) are used when
and equations 1.11(b) and 1.12(b) are used when

11

22

11

22

33

(1.12)

22

22

33

.

Another variation for reporting the measurements of the chemical shifts is in
terms of span, Ω and skew, κ. The span is simply the width of the spectrum, and skew is
an indication of the position of σ22 relative to the isotropic value [3]:
3(
11

33

(1.13)
5

22

iso

)

(1.14)

1.1.3.3 Solid-state NMR
As stated above, the average (or isotropic) value of the shielding tensor is
observed in solution NMR spectroscopy. In the solid state, molecules are fixed with a
particular orientation to B0. The applied magnetic field can be defined in the PAS of the
chemical shielding tensor by two angles θ and , as seen in Figure 1.1. The observed
frequency, νobs, can therefore be represented by the equation [4]:
obs

1 (

0

11

sin 2 cos2

22

sin 2 sin 2

33

cos2 )

(1.15)

where the Zeeman interaction is also taken into account with ν0.
Using the definitions above, it can also be written as:
obs

0

The dependence on 3cos 2

Figure 1.1

0

iso

1
3

0

(3cos2

1)

CSA

sin 2 cos 2

(1.16)

1 is important and will be discussed in a future section.

The definition of angles θ and
chemical shielding tensor.

for the orientation of B0 in the PAS of the

Equation 1.16 is the observed frequency of a single nuclear orientation, i.e. the
frequency observed in the NMR spectrum of a single crystal. The solid-state NMR
spectrum of a powder, however, will show the distribution of frequencies for all possible
6

values of θ and . A broad line ‘powder pattern’ is observed with characteristic features
corresponding to σ11, σ22, and σ33. How the lineshape is characterized with the
parameters defined in equations 1.11 to 1.14 is shown in Figure 1.2.

Δσ = Ω
ηCSA = 0
κ = +1

Δσ < Ω
ηCSA = 1
κ=0

Δσ = Ω
ηCSA = 0
κ = -1

Figure 1.2

Solid-state NMR spectra due to σ illustrating how Δσ, ηCSA, Ω and κ
characterize the lineshape. The shielding increases to the right.

The shape and width of the line depend on the symmetry of the electron density at
the nucleus as seen in Figure 1.3. Molecules with high symmetry, Td and Oh, in the solidstate show a single peak since the electronic environment is equivalent in all directions.
Molecules with axial symmetry (Cn where n 3) have two equivalent principal tensor
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components. The third component lies along the molecular axis of rotation. Please note
that the spectra in Figure 1.3 are shown on a chemical shift scale increasing to the left.

Figure 1.3

Solid-state NMR spectra due to σ for (a) cubic symmetry (σ11 =σ22 = σ33)
(b) axial symmetry (σ22 = σ33) and (c) lower symmetry at the nucleus.
Adapted from [1].

1.1.3.4 Ramsey’s equations
Examining the chemical shielding interaction from a quantum mechanical
perspective, Ramsey [5] proposed that the total shielding could be broken into two
contributions: diamagnetic, σd and paramagnetic, σp:
d

8

p

(1.17)

The diamagnetic contribution, originally proposed by Lamb, concerns the ground
state electronic orbitals, ψ0 [6]:
e2
4 2me

d

0

0
k

rk rkN 1 - rk rkN
rkN 3

(1.18)
0

where αα indicates the principal component (i.e. 11, 22, or 33) and r is the positional
vector for electron k with respect to either the origin (k) or the nucleus (N). The rkα and
rkNα terms indicate the component of r in the αα direction. The permeability of a vacuum,
μ0, charge of an electron, e and mass of and electron, me, are all constant.The diamagnetic
component mostly concerns core electrons due to its inverse proportionality to rkN 3 (the
distance between the electron and nucleus). The diamagnetic component is usually
constant for a given nucleus (the exceptions are small nuclei) and does not give
information about the molecular system.
The paramagnetic contribution to the chemical shielding involves ‘mixing’
between singlet ground, ψ0, and excited state molecular orbitals, ψn [5]:

p

e2
4 2me

0
k

0

Lˆ k
rkN3

n

Lˆ k

n

0

0

k

k

En(1)

n 0

Lˆ k

n

n
k

Lˆ k
rkN3

0

E0
(1.19)

where Lˆ k is component of the angular momentum operator for the electron with respect
to the origin in the αα direction. It is important to note that non-zero terms in this
equation will correspond to transitions that are magnetically allowed by symmetry
following a selection rule of Δml = ± 1, where ml is the angular momentum quantum
number of the orbital. In addition, the paramagnetic shielding is primarily a property of
the frontier orbitals of a molecule due to its inverse relationship to the energy difference
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between them, (En – E0)-1. The symmetry allowed mixing between the highest occupied
molecular orbitals, HOMOs, and lowest unoccupied molecular orbitals, LUMOs, will
always dominate σp.
1.1.4 Quadrupolar Interaction
Nuclei with a spin quantum number greater than ½ no longer have a spherical
charge distribution, and thus have a nuclear quadrupole moment, Q, in addition to μ. The
Q for a specific nucleus is a constant and is known for most quadrupolar nuclei [7]. The
nuclear quadrupole moment will couple to the electric field gradient, efg, at the nucleus.
2

The efg is the second derivative of the electric potential, e.g.

V
x y

Vxy , caused by the

positioning of electrons and nuclei within a molecule, and thus is unique to each
molecule. The Hamiltonian (in frequency units) for the quadrupolar interaction is:
h 1H Q

eQ
Iˆ V Iˆ
2 I (2 I 1)h

(1.20)

where V is the tensor describing the efg. V is traceless by definition, thus has no
isotropic value and will not be observed in a solution spectrum. Similar to σ, V can be
diagonalized to a PAS (not necessarily the same PAS as the σ) resulting in three principal
components, eqii, where eqxx

eqzz by convention. These components are

eqyy

characterized by an asymmetry parameter, ηQ:
eqxx eq yy
Q

eqzz

(1.21)

The quadrupolar interaction Hamiltonian is often simplified by introducing a
quadrupolar coupling constant, CQ:
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h 1H Q

CQ

3Iˆ 2z ' Iˆ 2

4 I (2 I 1)
CQ

Q

(Iˆ 2x ' Iˆ 2y )

e 2 Qqzz
h

(1.22)

(1.23)

where Iˆ z ' is the nuclear spin angular momentum operator in the direction of the eqzz
component ( Iˆ x ' and Iˆ y ' are similarly defined).
1.1.4.1 Angular Dependence of the Quadrupolar Interaction
Similar to the chemical shielding interaction, it is helpful to define how the PAS
for the quadrupolar interaction relates to B0. The spherical coordinates for B0 in the PAS
of V are defined in Figure 1.4.

Figure 1.4

The definition of angles θ and
electric field gradient tensor.

for the orientation of B0 in the PAS of the

Typically, the Zeeman interaction is the dominant term of the total Hamiltonian,
with frequency values in the 10 – 1000 MHz range depending on the strength of B0 and
the γ of the observed nucleus. The quadrupolar interaction can have similar values;
however, for the purposes of this study, the ‘high-field approximation’ will be used. This
approximation allows perturbation theory to be used; assuming all other interactions can
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be estimated as perturbations of the Zeeman interaction. Now that B0 has been defined in
terms of V, the first-order perturbation for the frequency of the quadrupolar interaction is:
(1)
Q

CQ
4 I (2 I 1)

3mI2

1
2

I ( I 1)

(3cos 2

1)

1
2

Q

sin 2 cos 2

(1.24)

where mI is the spin state of the nucleus, which varies from –I to I in steps of 1. It is
important to note that this equation also depends on 3cos 2

1 and that it is greatly

simplified when ηQ is 0 (when V is axially symmetric).
1.1.5 Dipolar Interaction
Unlike the previously discussed interactions, the dipolar interaction occurs
between two magnetically active nuclei. A through-space dipole-dipole interaction will
occur when a nucleus A with spin I is a distance of rAX away from nucleus X with spin S.
The Hamiltonian (in frequency units) for the dipolar interaction is:

h 1H

D

Iˆ D Sˆ

(1.25)

where D is the dipolar coupling tensor. D is traceless by definition, thus has no isotropic
value and will not be observed in a solution spectrum. When diagonalized, the principal
values are always 1, 1, and -2 since the coupling is always along the vector rAX and
axially symmetric.
Equation 1.25 can be expanded and simplified by introducing the dipolar coupling
constant, RDD:
h 1H

D

4

ˆ
ˆ
h ˆ ˆ 3 I rAX S rAX
I Sr
r2

A X
2 3
AX

0

4

RDD Iˆ Sˆ -

3 Iˆ rAX Sˆ rAX
r2

(1.26)

where RDD (in Hertz) depends only on rAX (and the magnetogyric ratios of the nuclei
involved):
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h

0

RDD

A X
2 3
AX

4

(1.27)

4 r

1.1.5.1 The Angular Dependence of the Dipolar Interaction
Following the example of the previous two interactions, the orientational
dependence of the dipolar interaction needs to be related to B0 in order to obtain the
Hamiltonian for the NMR spectrum observed in the solid state. The observed frequency
depends on the two angles of the spherical coordinates defining rAX in the ‘Zeeman’
frame, where B0 is along the z-axis, as seen in Figure 1.5.

Figure 1.5

The spherical coordinates θ and for the orientation of rAX in the Zeeman
frame where B0 is defined as the z-axis.

Equation 1.26 can now be written as an ‘alphabetic expansion’ in terms of θ and

h 1H D

ˆ
RDD A
D
ˆ
A
D

where

Bˆ D
Cˆ D

1

4

3

2

BˆD Cˆ D

Dˆ D

Iˆ z Sˆ z (3cos 2

Eˆ D
1)

Iˆ Sˆ

Iˆ Sˆ

Iˆ Sˆ z

Iˆ z Sˆ sin cos e
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3cos2

FˆD

1
i

(1.28)

ˆ
D
D

3

Iˆ Sˆ z Iˆ z Sˆ sin cos ei

2

Eˆ D

3 Iˆ Sˆ sin 2 e
4

FˆD

3 Iˆ Sˆ sin 2 e2i
4

2i

The raising operators, Î , increase the spin state (mI) by 1 and the lowering operators, Î ,
decrease the spin state by 1.
If the high-field approximation is assumed and the dipolar interaction is treated as
a perturbation on the Zeeman interaction, only terms Â D and Bˆ D survive to a first-order
approximation. Bˆ D is also eliminated if the dipolar interaction is between heteronuclear
spin pairs. This elimination of terms occurs after analysis of the eigenfunctions of H
and H Z . Once again, the 3cos 2
independent of

D

1 term appears and the Hamiltonian becomes

Therefore, the observed frequency for nucleus A (with spin I) coupled

to a heteronucleus X (with spin S) is given by:
obs

0

mS RDD (3cos 2

1)

(1.29)

Figure 1.6 shows a ‘Pake doublet’, which is the observed solid-state NMR
spectrum for a spin-½ nucleus with a negligible chemical shielding anisotropy and a
positive dipolar coupling to a spin-½ heteronucleus. The spectrum is an overlap of two
transitions (one for each mS) with a separation of RDD between the ‘horns.’ Measuring
RDD from a solid-state NMR spectrum will directly give bond lengths for isolated spin
pairs, making it a very useful parameter.
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1.1.6 Indirect Spin-spin Interaction
The magnetic moments of two nuclei can also interact through the magnetic
moments of electrons (indirectly, through bonds). The Hamiltonian (in frequency units)
for the indirect spin-spin interaction is:

h 1H

J

Iˆ J Sˆ

(1.30)

where J is the tensor representing the indirect spin-spin coupling between the nuclei. For
this work, a symmetric J tensor with axial symmetry will be assumed. Similar to σ, the J
tensor has a non-zero trace. In a solution NMR spectrum, the average of the trace is
observed as the splitting between (2nS + 1) lines centered at ν0 (assuming no chemical
shielding interaction) where n is the number of nuclei with a spin of S that are
magnetically equivalent. The isotropic value for the J tensor is given by:

J iso

J

2J
3
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(1.31)

where J is the unique principal component of the tensor and J are the components
perpendicular to that axis. Again, similar to σ, the difference between these components
is called the J anisotropy, ΔJ:
J

J

J

(1.32)

Since the Hamiltonians for the dipolar interaction and indirect spin-spin
interaction (equations 1.25 and 1.30) are of the same form, the two cannot be observed
separately in the solid state. In solution, the dipolar coupling averages to zero with
molecular tumbling, therefore only Jiso is observed. In solid-state NMR spectroscopy, an
‘effective’ dipolar coupling, Reff, between two heteronuclei combines the two
interactions:
Reff

RDD

J
3

(1.33)

assuming that the interactions are coaxial and the main component of each lies along the
internuclear vector rAX. The frequency observed for a nucleus combining the two
interactions (to a first-order approximation) becomes:
obs

0

mS J iso

mS Reff (3cos 2

1)

(1.34)

To obtain a value for ΔJ, RDD is typically calculated with equation 1.27 (with a
bond length obtained by other methods) and Reff is measured with solid-state NMR
spectroscopy [8]. ΔJ can also be obtained from microwave spectroscopy [9]. Once
again, this equation shows dependence on 3cos 2
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1 in one of the terms.

1.1.7 Spin-Rotation Interaction
The spin angular momentum, I, of a nucleus can also couple to the rotational
angular momentum, J, of the molecule. The Hamiltonian (in frequency units) for the
spin-rotation interaction is:

h 1H

SR

Iˆ C J

(1.35)

where C is the spin-rotation coupling tensor.
The spin-rotation interaction requires that the molecule rotates, creating
fluctuating magnetic fields. The magnitude of the interaction is usually very small,
causing it to be important only in gas-phase NMR and in some relaxation studies. This
interaction will not be discussed further.

1.2

Solid-state NMR Techniques
The NMR interactions described previously simplify nicely for solution NMR

spectroscopy resulting in narrow lines showing isotropic shielding and spin-spin coupling
interactions. Solid-state NMR spectra of powder samples, however, show broad lines
resulting from the orientational dependence of the shielding, quadrupolar, dipolar and
indirect spin-spin interactions.
1.2.1 Magic-angle spinning
As mentioned previously, the term 3cos 2

1 , where θ is the angle between the

largest principal component and B0, appears in the equations for the frequency of the
chemical shielding, quadrupolar and combination dipolar and spin-spin coupling
interactions. Setting θ to 54.74º (the ‘magic angle’) reduces this term to zero. If the
sample is spun at a frequency, νrot, at an angle of 54.74º relative to B0, the expected value
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of 3cos 2

1 becomes zero for all the orientations of the nuclei [10]. This technique is

called magic-angle spinning (MAS).
1.2.1.1 MAS with the Chemical Shielding Interaction
At infinite spinning speed, MAS spectra resemble the solution spectrum, as seen
in Figure 1.7 for a theoretical nucleus experiencing the non-zero chemical shielding
anisotropy. Figure 1.7 also shows that at spinning speeds less than or equal to the
chemical shift anisotropy, ‘spinning sideband’ artifacts appear at a distance equal to the
rate of spinning away from the isotropic peak. At low spinning speeds, the spinning
sideband pattern outlines the shape of the original ‘static’ spectrum. The area under the
spectral peaks remains approximately constant over any spinning speed, meaning the
signal-to-noise ratio (S:N) is greatly increased between a static spectrum and one with
narrow lines from MAS. In addition, various inequivalent sites can be resolved if the
isotropic chemical shifts are different enough and the spectral lines are narrow enough.
Herzfeld and Berger [11] have derived formulae that relate the intensities of the
spinning sidebands to the principal components of σ. Various software programs use
these equations to extract the same information one would get from a static spectrum by
simulating (fitting) MAS spectra.
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Figure 1.7

The effect of varying spinning frequencies during MAS on the NMR
spectrum of a powder sample showing chemical shielding anisotropy. The
spectra have been scaled up by a factor of 256, 16 and 2 (top to bottom)
with respect to the bottom spectrum.

1.2.1.2 MAS with the Quadrupolar Interaction
The first-order quadrupolar interaction (equation 1.24) will also be averaged with
MAS [10]. Assuming the interaction is smaller than the Zeeman interaction, but larger
than the spinning speed, the overall shape of the spectrum should remain. Very similar to
the chemical shielding interaction, the spinning sidebands will again be at a distance of
the spinning speed away from the isotropic chemical shift. The intensities of the spectral
lines can again be analyzed to determine the CQ and ηQ values using suitable programs;
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and inequivalent sites can be resolved if the isotropic chemical shifts are different enough
and the spectral lines are narrow enough.
As CQ approaches ν0, the first-order approximation no longer holds and further
perturbations must be added to the analysis. For this work, however, the quadrupolar
interactions will be small enough that second-order effects will be ignored.
1.2.1.3 MAS with the Dipolar and Spin-spin Interaction
Spinning at the magic angle will eliminate the dipolar interaction and J anisotropy
to a first-order approximation as long as the spinning is at a higher frequency as seen in
equation 1.34. If the spinning speed is not larger than the dipolar coupling, broad spectral
lines are observed. Large dipolar coupling occur when nearby nuclei have large
magnetogyric ratios (e.g. 1H). The isotropic J value will manifest as the (2nI + 1) lines
centered at ν0 seen in solution. The isotropic J value must be a relatively large value,
since, although MAS creates narrow spectral lines, they are still usually several tens of
Hertz wide.
1.2.2 Dipolar Decoupling
Similar to decoupling in solution NMR spectroscopy where J coupling is
removed, the dipolar interaction (along with any indirect spin-spin coupling) can be
removed from solid-state spectra. Irradiation of the heteronucleus at the correct
resonance frequency should remove the interaction. The decoupling power must be
much higher in the solid-state since the dipolar interaction is several orders of magnitude
larger than the indirect spin-spin interaction. The dipolar coupling due to the large
magnetogyric ratio of 1H is again a problem; however, ‘high-power decoupling’ can
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remove it. The notation used for an NMR spectrum of a nucleus A with X decoupling is
A {X}.
1.2.3 Cross Polarization
Although the dipolar interaction is usually a limitation to solid-state NMR
spectroscopy, it can be exploited with cross polarization (CP). Polarization can be
transferred via the dipolar interaction between highly abundant nuclei, X, with a high
magnetogyric ratio and the observed nuclei, A, (often with low natural abundance and/or
a small magnetogyric ratio). Magnetic fields, B1A and B1X, are applied to the respective
nuclei via the radio frequency interaction in an attempt to satisfy the Hartmann-Hahn
condition [6]:
A

B1A

X

B1X

(1.36)

There are various benefits to using this technique. First, CP has a maximum
signal enhancement factor of

X

/

A

. As an example, CP from 1H to 13C could

theoretically increase the signal by four times. As well, since the polarization is being
transferred between the nuclei, the relaxation times (T1) will be governed by the nuclei
with the fastest rate of relaxation. A fast T1 means more scans can be performed in the
same amount of time. MAS, high-power decoupling and CP can be combined into one
experiment creating high-resolution spectra with narrow line widths without losing any
information for nuclei with low magnetogyric ratios in a method commonly called
CP/MAS.
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1.3

The Effects of Combining NMR Interactions
In the above discussions of the observable NMR interactions, it was assumed that

each interaction acted as a perturbation of the Zeeman interaction without any of the
other interactions present (with the exception of ΔJ and Reff). Combining interactions can
simply be a matter of assuming they each act separately or that one is so large that it
dominates all the others (besides the Zeeman interaction). Problems arise either when the
PAS of the interactions are not coaxial or when second-order terms are too large to be
ignored.
1.3.1 Combining Chemical Shielding and Dipolar Coupling
1.3.1.1 Effective CSA
In molecules with nuclei experiencing a combination of chemical shielding and
dipolar interactions, the simplest case occurs when σ is axially symmetric (ηCSA = 0) and
the unique component lies along the internuclear vector rAX. This means the definitions
of θ and

are equivalent for both σ and D. Equations 1.16 and 1.34 for the observed

frequency of a nucleus A with spin I with coupling to a nucleus X with spin S can be
combined:
obs

0A

0A

1
3

iso

(3cos 2

0A

1) mS Reff (3cos 2

1) mS J iso

which simplifies to [12]:
obs

where

0A

(1

iso

)

3Reff

(a)

eff

1
3

mS

0A

eff

(3cos 2

or (b)

0A

Equation 1.38(a) is used when
11

22

22

33

11

1) mS J iso

(1.37)

3Reff
eff
0A

22

22

.

22

33

mS

(1.38)

and equation 1.38(b) is used when

The effective chemical shielding anisotropy, Δσeff, will depend on the dipolar
coupling constant and is therefore related to the bond length. A plot of Δσeff versus the
spin state of X, mS, allows Reff to be calculated from the slope and has the uncoupled Δσ
as the y-intercept.
1.3.1.2 Non-axial symmetry
A loss of axial symmetry in σ complicates things, resulting in the spectra in
Figure 1.8 where σ and D are still coaxial. The top four spectra have the same Δσ and
Reff is increasing top to bottom. The bottom four spectra have a constant Reff, and Δσ is
steadily decreasing. These spectra can still be simulated with the appropriate software.

Figure 1.8

Shape of the static spectra for a nucleus coupled to a spin–½ heteronucleus
with varying chemical shielding anisotropy values and effective dipolar
coupling constants (assuming σ and D are coaxial).

When the coaxial assumption also fails, new spherical coordinates must be
defined in order to orient D (which can be simplified to rAX) with respect to the PAS of σ.
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Figure 1.9 defines the angles α and β. For example, the spectra in Figure 1.8 (where σ
and D are coaxial) have β = 0º and an undefined value of α.

Figure 1.9

Figure 1.10

The spherical coordinates α and β for the orientation of rAX in the chemical
shielding PAS.

The static NMR spectra for a nucleus coupled to a spin–½ heteronucleus
with a constant chemical shielding anisotropy and effective dipolar
coupling constant while varying α and β. Adapted from [3].

Figure 1.10 illustrates the effects of changing the α and β values for a constant
chemical shielding tensor and Reff. The top spectra have α = 0º and β = 90º, which
translates to a rAX vector along σ11. The column on the left rotates rAX through the σ11/ σ33
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plane until rAX is along σ33. The right column rotates rAX through the σ11/ σ22 plane until
rAX is along σ22 (α = 90º and β = 90º).
In 1981, Zilm and Grant [13] sought to extract the chemical shielding and dipolar
tensors from NMR spectra with 13C-13C and 13C -19F spin-pairs. To aid in the discussions
they defined TimS variables as seen in Figure 1.10. The TimS values for ms = ±½ describe
the six tensor components in the effective (or observed) spectrum. In 1994, Eichele and
Wasylishen [14] developed an easier way to define the spectra using Δνii, as seen in
Figure 1.10. The three splittings can be defined as:
11

Reff (1 3cos 2 sin 2 ) J iso
2

sin

2

22

Reff (1 3sin

) J iso

33

Reff (1 3cos 2 ) J iso

(1.39)
(1.40)
(1.41)

1.3.1.3 Dipolar-Splitting-Ratio
If Jiso is known, then it would appear from equations 1.39 to 1.41 that Reff, α and β
could be obtained unambiguously. Unfortunately, there are only two degrees of freedom
since the dipolar tensor is traceless and the relative sign of the splittings is unknown.
Eichele and Wasylishen [14] also developed a program that analyzes the ratios between
the Δνii, called ‘The Dipolar-Splitting-Ratio’ (DSR). DSR ‘maps’ the possible
combinations of Reff, α and β without making any assumptions. There are infinite
solutions to equations 1.39 to 1.41 given just the three Δνii. To narrow the infinite
possibilities down to a single solution, assumptions must be made to either Reff, α or β.
The most common assumption is that Reff is equal to RDD (i.e. ΔJ = 0 from
equation 1.33). RDD can be calculated from equation 1.27 with a bond length of
acceptable accuracy. Assuming ΔJ is very small compared to the RDD is generally true
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for ‘light’ elements, especially since ΔJ is divided by three when contributing to Reff [6].
For heavy elements, however, ΔJ cannot be ignored, as it is often hundreds of Hertz [6].
In cases where the bond length is not accurately known or where heavy elements
are involved, the assumptions must concern α and β. Molecular symmetry allows for
some assumptions about α and β [14]. Proper rotation axes, Cn, where n 3 will have
axial chemical shielding tensors and rAX will be parallel to either σ33 or σ11 (β = 0º, or β =
90º and α = 0º respectively). Mirror planes or C2 axes will cause chemical shielding
tensors with rAX parallel or perpendicular to at least one of the principal components (β =
0º or 90º, or α = 0º or 90º). As well, quantum chemical calculations of the shielding
tensor can provide estimates of α and β.
A final note on using DSR is that although equations 1.39 to 1.41 are written for
the coupling between two spin–½ heteronuclei, they can be used without alteration for
spin-pairs with S > ½, as long as the two sub-spectra being analyzed satisfy ΔmS = 1.
1.3.2 Combining Quadrupolar and Dipolar Interactions
If nucleus A with I = ½ is dipolar coupled to a quadrupolar nucleus X (with spin S
> ½), one would expect an MAS spectrum (with infinite spinning speed) of a single peak
at δiso since the dipolar interaction should be eliminated (see Section 1.2.2). However,
this is not the case, since the second order perturbation term causes the peak to split.
Olivieri et al. [15] have applied perturbation theory to the Hamiltonians for the
dipolar and quadrupolar interactions (with their respective alphabetic expansions).
Originally, they wished to explain the peak splitting observed in the solid-state 13C NMR
spectra of molecules with 13C-14N spin-pairs. First, they needed to define rAX in the PAS
of the quadrupolar tensor PAS as seen in Figure 1.11.
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Figure 1.11

The spherical coordinates αD and βD for the orientation of rAX in the
quadrupolar PAS.

From the definitions of αD and βD, they derived an equation for the observed
frequency of a nucleus A with I = ½ that is dipolar coupled to a quadrupolar nucleus X (S
> ½) in an MAS spectrum where νrot » Reff:
mS
obs

3RDDCQ
0 A iso

20

0X

S (S 1) 3mS 2
S (2S 1)

3cos2

D

1

Q

sin 2

D

cos 2

D

(1.42)

where ν0X is the Larmour frequency of the quadrupolar nucleus, making the splitting
inversely proportional to B0. The perturbation theory is applicable when CQ « ν0X.
For the example of 13C-14N spin-pairs, they assumed that ηQ = 0, and that eqzz
aligns with rAX (i.e. D and Q are coaxial, therefore βD = 0º). Restricting their analysis
even further such that S = 1 (which is true for 14N), they found that the δiso should be split
by 9 Reff CQ /10

0X

with a 2:1 ratio of the peaks since

mS 1
obs

mS
obs

1

using equation 1.42

[15]. This means that Reff can be calculated from the splitting if CQ is obtained from the
spectrum of X. Unfortunately, this combination of interactions also broadens the lines,
adding a high degree of error to any value of Reff obtained.
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If the two spins also interact through J coupling, (2nS + 1) lines with a splitting of
Jiso should be present in the MAS spectrum. Combining the three interactions results in
an observed frequency of [15, 16]:
mS
obs

0 A iso

mS Jiso

3Reff CQ
20

0X

S (S 1) 3mS 2
S (2S 1)

3cos2

D

1

Q

sin 2

D

cos 2 D
(1.43)

Figure 1.12 illustrates the splitting pattern observed in a MAS spectrum of a spin–
½ affected by a quadrupolar nucleus with a spin of 1 or 3/2. This figure assumes that all
of CQ, Reff and Jiso are positive. This causes the frequencies in 1.12b and 1.12d to ‘bunch’
at high frequency [17]. Also, the difference between the

mS 1/2
obs

be the absolute value of Jiso for half-integer spins. Also, as

and

Reff CQ

mS
obs

1/ 2

will always

increases with respect

0X

to Jiso, the frequencies will ‘crossover’ and may make interpretation of the spectrum more
difficult.

Figure 1.12

The schematic representations of the MAS NMR spectra for a spin–½
nucleus coupled to a nucleus with S = 1 (a) and Jiso > 0 (b) or S = 3/2 (c)
and Jiso > 0 (d) assuming ηQ = 0, and that D and Q are coaxial. Adapted
from [14].
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1.4

Motivation
Throughout this chapter, various interactions observable in NMR spectroscopy

have been examined. They all relate to either the geometric or electronic structures of
molecules or both. Although certain types of spectroscopy are useful for examining the
electronic structure (e.g. UV/vis) and diffraction methods provide accurate solid-state
structures, solid-state NMR spectroscopy is the best combination of both. A summary of
relationship between each interaction and the solid-state structure of molecules follows.
The Zeeman interaction allows each magnetically active isotope in the molecule
to be observed separately at the appropriate Larmour frequency. The circulation of
electrons in the molecule causes the chemical shielding interaction. Ramsey’s equation
relates the paramagnetic component to the difference in energy between the frontier
orbitals. Changes to the shielding tensor reflect changes to the HOMO and LUMO
energy levels. In addition, the NMR spectral lineshape for spin–½ nuclei can be directly
related to the symmetry at the observed nucleus. Finally, when combined with magic
angle spinning, there will be one isotropic chemical shift per inequivalent molecule in the
unit cell. Even small changes in structure will cause large changes in chemical shift due
to the surrounding environment of the nucleus and/or molecule.
Nuclei that have spin quantum numbers greater than 1 have NMR spectra
dominated by the quadrupolar interaction. The magnitude of the interaction depends on
the largest component of the efg tensor. The efg tensor is the second derivative of the
electric potential at the nucleus, and is therefore caused by the electronic and molecular
structure.
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The dipolar interaction depends on the distance between the two magnetically
active nuclei. Observed dipolar interactions allow for the determination of bond lengths,
even to atoms that are electron deficient. Even spectra with several interactions can be
analyzed to obtain a combination of bond lengths, molecular orbital and other structural
parameters.
This thesis is a combination of four mostly independent projects. The theme that
links these projects is the acquisition and analysis of solid-state 119Sn and 31P NMR
spectra. The background information and motivation will be presented in the
introduction section of each chapter. In general, the next three chapters attempt to assign
the changes in the principal components of the shielding tensor to changes in geometric
and electronic structure. The final chapter uses NMR spectroscopy to determine
phosphorus-deuterium bond lengths from spectra affected by the chemical shielding,
dipolar, spin-spin and quadrupolar interactions.
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INTRODUCTION
In Chapter 1, specifically Section 1.1.3.4, Ramsey’s equations were presented and
discussed. According to those equations, the paramagnetic component of the shielding
tensor depends on the magnetically allowed transitions between occupied and unoccupied
molecular orbitals. For example, any electron interactions between the aromatic ligands
and the central tin atom in tetraaryl tin compounds should result in changes to the
chemical shift tensors. The high π-electron density of aryl compounds makes such
interactions highly likely. This chapter will attempt to observe the changes in the
substitution of the aromatic ligands and the molecular geometry on the shielding tensors
of the central tin with 119Sn solid-state NMR.

2.1

Review of Tetraaryl Tin NMR

2.1.1

Tin NMR
Tin is by no means an ‘exotic’ nucleus. It has three magnetically active isotopes

(i.e. 115Sn, 117Sn, 119Sn), all of which are spin–½ and have relatively large gamma values
(-8.792, -9.578 and -10.021 107 rad T-1 s-1 respectively) [1]. The least desirable
property of the tin isotopes is their natural abundance.

119

Sn has the highest natural

abundance at 8.58%; therefore, it is typically the nucleus of choice when observing tin
containing compounds.
Bernd Wrackmeyer has written several extensive reviews that have been
summarized most recently for textbooks in 2004 and 2008 [2]. Tin-119 NMR has been
used to characterize most types of tin containing compounds including organotin
compounds, stannates and, most recently, nanoparticles. The isotropic chemical shifts
observed in 119Sn NMR span a range of 6500 ppm. This large range allows for a marked
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dependence on the formal oxidation state, the number of coordinated ligands, the type of
ligand, the associated charge, and the types of bonds present.
The accepted 119Sn NMR standard is neat SnMe4 where δiso(SnMe4) = 0 ppm [2].
In solid-state NMR, however, cyclohexyl4Sn is the standard of choice with an accepted
δiso(cyclohexyl4Sn) = - 97.1 ppm relative to SnMe4 [2]. Please see the Wrackmeyer
reviews [2] for more information tin NMR; only papers relating to tetraaryl tin
compounds will be further reviewed.
2.1.2 Solution NMR of Aryl Tin compounds
In 1970, Angelelli et al. first reviewed the solution NMR data proposing the
existence of the ‘back-bonding’ between the π-type orbitals from aromatic ligands to the
d-type orbitals of tin [3]. Observing compounds of the type [C6H5]nSnCl4-n and [pFC6H4]nSnCl4-n, where n = 0 – 4, they found that the 1H and 19F isotropic chemical shift
of the ortho and para atoms were larger when the ligand was bonded to tin compared to
benzene and perfluorobenzene, respectively. A higher chemical shift is generally
attributed to the removal of electron density at the nucleus. Angelelli et al. proposed that
the donation of electron density from the π-type orbitals of the ligands to d-type orbitals
of tin caused this increase in δiso.
In 1972, the first reports of solution 119Sn NMR spectra of tin aryls came from
McFarlane et al. [4]. They studied the series of compounds PhnSnEt4-n, where n = 0 – 4,
to discover a linear dependence between n and δiso. Unfortunately, adding more aryl
ligands (i.e. increasing n) increased the isotropic chemical shift. If the ligands were
donating electron density from their π-type orbitals to the tin atom, conventional solution
NMR wisdom would predict a decrease in δiso.
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In 1975, Kroth et al. attempted to simplify the analysis by studying the 119Sn
solution NMR spectra for compounds of the form Me3SnAr, where Ar was an ortho or
para-substituted phenyl ring [5]. They found that the 119Sn isotropic chemical shifts were
linearly dependent on both the resonance and inductive parameters,

R

and

I

, of the

substituted group. This time, the trends matched the expected ones where electrondonating groups, EDGs, caused the δiso(119Sn) to decrease and electron-withdrawing
groups, EWGs, increase δiso.
The predicted trend was also observed in the Phn-4Sn(furan)n compounds studied
by Mägi et al. [6] and the (p-MePh)n-4Sn(3-thienyl)n compounds studied by Allen et al.
[7]. Increasing n decreased δiso(119Sn) since the heterocycles are more electron rich and
thus, can more easily donate electron density to the central tin.
In 1989, Wharf [8] studied tetraaryl tin compounds where the aryl groups were all
para-substituted phenyl rings. Again, against conventional solution NMR analysis,
phenyl rings substituted with electron-donating groups increased the 119Sn δiso values.
The results were linearly dependent, however, on

R

(excluding SnPh4). Due to these

results and various references sited within, Wharf rejects the π to d ‘back-bonding’
theory. He proposed that the changes to the chemical shift tensors come from
interactions between the π-type orbitals from aromatic ligands to various unoccupied
molecular orbitals.
In 1997, Wharf and Simard expanded the previous study to ortho- and metasubstituted tetraphenyl tin compounds [9]. Adding substituents at the meta position had
only small effects on the 119Sn δiso values, however, there was still correlation to

R

.

Substitutions at the ortho position had unpredictable results. The only trend that was
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reported was that adding methyl or methoxy groups to the ortho position decreased the
119

Sn δiso values. This was vaguely attributed to ‘ortho-effects’ and was observed have an

even larger effect when two methyl groups were present (e.g. in tetrakismesityl tin).
Charissé et al. [10] also looked at the solution 119Sn NMR spectra of compounds
of the form Phn-4(p-tolyl)nSn where n = 0 – 4 as part of a larger study on MAr4
compounds with Group 4/14 elements. Once again, increasing n increased the 119Sn δiso
values (contrary to conventional solution NMR analyses). They proposed an inductive
charge transfer through the tin-carbon σ bonds from the π-type orbitals of the aromatic
ligands to the σ* anti-bonding orbitals. These σ* anti-bonding orbitals are the LUMO for
the molecule and Charissé et al. propose that they become partially occupied with this
transfer of electron density.
2.1.3 Solid-state 119Sn NMR
The first solid-state 119Sn NMR spectra were CP/MAS spectra reported by
Lippmaa et al. [11]. The first to record the solid-state 119Sn NMR spectrum of
tetraphenyl tin was Komoroski et al. in 1987 [12]. They reported a δiso of -117 ppm and a
span (Ω) of less than 40 ppm.
The only study of the solid-state 119Sn NMR parameters of tetraaryls was
performed by Charissé et al. in 1998 [13]. They studied compounds of the type Phn4ArnSn

where n = 0 – 4 and Ar = o-, m-, and p-tolyl. The authors attempted to relate

trends in the 119Sn NMR spectra to geometric parameters in the solid-state. The δiso
values in the solid-state appeared not to follow the trends seen in solution. Increasing the
number of p-tolyl ligands showed almost no change in δiso, however, increasing the
number of o-tolyl ligands decreased δiso. The authors still proposed that the shielding
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depended on the π to σ* charge transfer, however, they suggested that holding the torsion
angle of the rings fixed in the solid-state caused the changes to the trends in δiso.
Only δiso are reported for the tetraaryl tin compounds studied by Charissé et al.
[13]. The full shielding tensor was not acquired. The δiso for SnPh4, Sn(o-tolyl)4 and
Sn(p-tolyl)4 were reported as -121.1, -127.4 and -118.8 ppm, respectively.
2.1.4 Calculations of 119Sn NMR shielding tensors
2.1.4.1 Absolute shielding constant of SnMe4
Before performing quantum chemical calculations for 119Sn shielding tensors, an
accurate value for the absolute shielding constant of the standard must be found.
Equation 1.8,

i

ref

i

, says that a plot of experimental chemical shift versus

calculated shielding should yield a straight line with a y-intercept equal to the absolute
shielding of the reference compound. Since the calculations are usually done in the gas
phase,

ref

for 119Sn NMR will be the absolute shielding of SnMe4(g).

In 1995, Laaksonen and Wasylishen [14] calculated the absolute shielding of
SnMe4(l) to be 2180 ± 200 ppm. In the last few years, this value and others reported in
the article have been recalculated. The reported values for the absolute shielding of
SnMe4(g) in these reports remain well within error of the original at 2172 ± 200 ppm and
2198 ± 200 ppm [15].
2.1.4.2 Calculations of

119

Sn NMR shielding in solution

There are various studies of the best method and basis set to use when calculating
119

Sn NMR isotropic shielding values. If the method is restricted to density functional

theory (DFT), two papers published in 2002 claim to have found adequate combinations
[16,17]. Geerlings et al. used B3PW91 with IGLO-III basis sets for all elements and
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found relatively good agreement with experiment [16]. At the same time, Avalle et al.
found that the most accurate, least computationally demanding combination was achieved
with the B3LYP method combined with the TZV basis on tin and 6-311G basis on the
other atoms [17]. Thankfully, Avalle et al. compared this method to the B3PW91 with
IGLO-III combination and found negligible differences. It is important to note that these
studies were performed on structures optimized in the gas phase and their isotropic
shielding values were compared to the solution 119Sn NMR values.
Recently, many studies have looked at the relativistic effects on NMR shielding
tensors of heavy atoms. Bagno et al. studied these effects on 119Sn NMR shielding
tensors [19]. They concluded that unless tin is bonded to another heavy atom (eg.
bromine or iodine), relativistic effects could be ignored for 19Sn NMR shielding tensors.
Again, only their isotropic shielding values of the structures optimized in the gas phase
were compared to the experimental solution 119Sn NMR values.
2.1.4.3 MO contributions to 119Sn NMR shielding
In 1992, Nakatsuji et al. performed quantum chemical calculations on SnMe4-xHx
for x = 0 to 4 to determine which orbitals were having the largest effect on the isotropic
shielding on tin [19]. Their analysis showed that changes from the diamagnetic shielding
came from ligand contributions. This mainly depended on the type of ligand, and had an
additive effect. For example, each H ligand contributed 6 ppm of shielding and each Me
ligand contributed 36 ppm of shielding [19].
The paramagnetic shielding changes were largely caused by magnetically allowed
‘mixing’ of the p-type atomic orbitals (AO) of tin with the σ* LUMO mentioned
previously [19]. There was some contribution from the core 4p orbitals, but most of the
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shielding changes were due to the σ – σ* transition, where the σ orbitals were hybrids of
the 5s and 5p orbitals on tin. No contribution from the d-orbitals was seen.
Since the software, methods, and basis sets used by Nakatsuji et al. are out-dated
and unavailable to our research group, analysis of the orbital contributions to the 119Sn
shielding tensor will be performed with the natural bond orbital (NBO) analysis method
[20]. The NBO program creates Lewis bond orbitals and lone pairs to describe the
electronics of a molecule. These orbitals usually have close to two-electron occupancy
and resemble the cartoon AO pictures for electron distribution. The program can then
partially combine these simple AOs into NLMOs (natural localized molecular orbitals),
and use the NCS algorithm to calculate shielding tensors and contributions [21]. NLMOs
tend to be easy to visualize and GIAO methods can still be used for calculating shielding
tensors. The contribution of each NLMO the paramagnetic shielding is calculated by
rotating the MO by 90° and integrating the overlap with unoccupied orbitals. The
integral is then divided by the difference in energy between the MOs. This method is a
rough estimate of Ramsey’s equation (Section 1.1.3.4).
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2.2

Purpose
Compounds of the form SnAr4 will be analyzed with solid-state 119Sn NMR.

Tetraphenyl tin (Ar = Ph), tetrakis(p-tolyl)tin (Ar = p-tolyl), tetrakis(o-tolyl)tin (Ar = otolyl) and tetrakis(p-tert-butylphenyl)tin (Ar = p-tBuPh) were chosen based on the 4
symmetry at the Sn atom in the crystal structure and ease of synthesis. The equivalence
of all four phenyl rings reduced the number of geometric differences between the
compounds and limited the 119Sn shielding tensor to two unique components.
Quantum chemical calculations of the 119Sn shielding tensor on the crystal
structures will be performed using the method and basis set described by Avalle et al. to
test agreement with the experimental solid-state NMR values. Model compounds will be
used to study the effects of substitution at the para position of the phenyl rings on SnPh4.
Additionally, the effects of rotating the tilt angle of the phenyl rings with respect to the S4
axis on the 119Sn shielding tensor will be studied. An NBO analysis will be used to
determine which MOs are most important to the principal components of the 119Sn
shielding tensor. Simple molecular orbital diagrams should provide explanations for each
contribution.

40

2.3

Methods

2.3.1 Sample Preparation
SnPh4 was purchased and found to be of acceptable purity for solid-state NMR
analysis. Samples of SnAr4, Ar = p-tolyl, p-tBuPh, o-tolyl, were synthesized by Dr. G.
Penner by reacting tin tetrachloride with the corresponding Grignard reagent (ArMgCl) in
diethyl ether. Then, the compounds were extracted with CHCl3 and the solvent was
removed under vacuum. The samples were dissolved in boiling ethanol with minimal
toluene added and allowed to cool to room temperature to recrystallize. Finally, the
crystals were filtered and washed with ethanol. The purity of the samples was checked
with 1H and 13C solution NMR in CDCl3.
2.3.2 NMR Spectroscopy
Solid-state 119Sn spectra were obtained at 11.75 T (ν0 = 187.35 MHz) on a Bruker
Avance II spectrometer using a 4 mm Bruker HXY MAS probe. Experimental setup and
pulse calibrations were performed using solid Sn(cyclohexyl)4 and the isotropic peak was
set to -97.1 ppm relative to neat SnMe4. All spectra employed proton decoupling and
cross-polarization with π/2 pulses of 2.75 – 2.95 μs and contact times of 5 ms. Spinning
spectra required 256 to 2000 scans and static spectra took up to 24000 scans depending
on peak width. Recycle delays of 5 – 300 s were used depending on the molecule being
studied.
2.3.3 Spectral Processing and Simulation
Data were processed using TopSpin software. Line-broadening of 30 Hz was
applied to the MAS spectrum of Sn(p-tolyl)4. No line-broadening was required for the
other MAS spectra. Line-broadening of 100-150 Hz was applied to the static spectra.

41

Baseline corrections were applied to all spectra. Spectral simulations were performed
using the Solid Line Shape Guide within TopSpin.
2.3.4 Calculations
Quantum chemical calculations were performed using Gaussian09 running on
SHARCNET clusters. Optimizations on the hydrogen positions of the crystal structures
were performed using B3LYP for the method with a TZVPPall [22] basis set on tin and a
6-311G* basis set on all other atoms. The NMR parameters were calculated with the
gauge including atomic orbitals (GIAO) method using the same method and basis set as
the optimization. The NCS calculations [21] were also performed with the same method
and basis set. For the tilt angle calculations, the SnPh4 crystal structure with optimized
hydrogen positions was used. Only the tilt angle was changed and no geometry
optimizations were performed.
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2.4

Results and Discussion

2.4.1

119

Sn Solid-state NMR

Solid-state 119Sn NMR spectra were acquired for all four compounds. The static
spectra are shown in Figure 2.1. The spectra were ordered from smallest to largest Δσ
value from top to bottom and all spectra showed axial symmetry within error. Because of
the axial symmetry, the Δσ values were equivalent to Ω for these molecules. The
spectrum of Ar = Ph had a lower signal-to-noise ratio than the others due to a long
relaxation delay of 5 min (and thus fewer scans were acquired). The 119Sn {1H} CP/MAS
spectra are shown in Figure 2.2, to illustrate the decrease in δiso from top to bottom.
Table 2.1 summarizes the simulated 119Sn chemical shift tensors components with their
associated errors. As well, Table 2.1 contains the shielding anisotropy and asymmetry
parameter calculated using equations 1.11, 1.12 and 1.13. The isotropic chemical shifts
matched the values obtained by Charissé et al. [13] except for SnPh4, which is slightly
lower. Since the entire shielding tensor is changing, except for the symmetry (ηCSA), the
focus was trying to determine the sources of the trends in δiso and Δσ only.

Table 2.1

Experimental chemical shift tensors for tetraaryl tin compounds, SnAr4,

from solid-state 119Sn NMR spectroscopy. All values of δ and Δσ are given in
ppm with approximated errors.
Ar

δiso

δ11

δ22

δ33

Δσ

ηCSA

p-tolyl

-118.2 (3)

-108 (1)

-123 (2)

-124 (1)

16 (2)

0.1(1)

Ph

-120.6 (1)

-84 (2)

-137 (2)

-139 (2)

54 (3)

0.06(6)

p-tBuPh

-121.7 (2)

-79 (1)

-142 (1)

-143 (1)

64 (2)

0.03(3)

o-tolyl

-127.0 (2)

-53 (1)

-163 (2)

-165 (1)

111 (2)

0.03(3)
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Ar = p-tolyl

Ar = Ph

Ar = p-tBuPh

Ar = o-tolyl

Figure 2.1

Static 119Sn NMR spectra of various SnAr4.
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*

Ar = p-tolyl

*
Ar = Ph

*
Ar = p-tBuPh

*
Ar = o-tolyl
#

Figure 2.2

CP/MAS 119Sn NMR spectra of various SnAr4 spinning at either 2 kHz (Ar
= p-tolyl and Ph) or 5 kHz (Ar = p-tBuPh and o-tolyl) with a minor
impurity marked with a #. The isotropic peaks are marked with an
asterisk.

2.4.2 Crystal Structures
The crystal structures of all four tetraaryl tin compounds were found in the
literature [23-26]. These molecules were specifically chosen due to their ease of
synthesis and 4 symmetry at the tin atom. A four-fold improper rotational axis is
equivalent to an S4 point group. This symmetry causes all four aryl rings to be
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equivalent, which simplified the analysis and calculations. Table 2.2 summarizes the
point groups as well as the tin-carbon bond length and ‘tilt angle’. All the bond lengths
had a relatively high degree of error except Ar = p-tolyl since it was acquired with
neutron diffraction. The tilt angle was defined as the angle the plane of the phenyl rings
makes with the S4 axis. In Figure 2.3, it is shown by an equivalent definition as the C1Sn-C1’-C2’ torsion angle, which was easily obtained from the crystal structure.

Table 2.2

The tin-carbon bond lengths and tilt angles for tetraaryl tin compounds,

SnAr4, from X-ray and neutron diffraction studies with various space groups
containing 4 axes at the tin atom [23-26].
(°)

Ar

Diffraction Source

Space Group

r(Sn-C) (Å)

p-tolyl

neutron

I4

2.1472 (9)

49.1 (1)

Ph

X-ray

P 4 21c

2.143 (3)

58.1 (4)

p-tBuPh

X-ray

P42/n

2.138 (5)

61.6 (5)

o-tolyl

X-ray

P 4 21c

2.152 (5)

54.0 (5)

Figure 2.3

Definition of the tilt angle ( ) for SnAr4.

46

tilt

The entries in Table 2.2 were ordered based on the 119Sn shielding anisotropies
from the previous section. It was noted that the trend in both the δiso and Δσ were
followed by r(Sn-C) and the tilt angle for the para substituted tetraaryl tin compounds.
As the δiso decreased and the Δσ increased, the tin-carbon bond shortened and the tilt
angle increased. The Sn(o-tolyl)4 parameters did not seem to match the trends. Section
2.4.3 attempts to determine if these relationships hold when all other parameters are
constant, or whether they are coincidental.
2.4.3 Calculations
First, the hydrogen positions were optimized for the crystal structure geometries
solved by X-ray diffraction. Then, the 119Sn shielding tensors were calculated from those
structures. The B3LYP method, and a split basis set of TZVPPall [22] on tin and 6311G* on hydrogen and carbon were used. These basis sets are an improvement on the
TZV and 6-311G basis sets used by Avalle et al. [17]. Both basis sets have polarization
that should better approximate the π-bonds. Figure 2.4 shows the linear regression of the
data for the four compounds.
The linear regressions performed on the 12 data points gave a line of best fit of
i

2510 0.96

i

where the slope was -0.96 ± 0.05 and

ref

was 2510 ± 150 ppm. The

absolute shielding of SnMe4 in the gas phase should be approximately 2200 ± 200 ppm as
per the references in the introduction. The y-intercept is within error of this value. The
calculations also had a slope that was within error of -1. The R2 value for the linear
regression was 0.970 for the calculations, showing a good level of agreement. It can be
concluded that this method and basis set combination is accurately reproducing the
electronic structure of the tetraaryl tin compounds.
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It may be important to consider that all the calculated shielding tensors were
axially symmetric due to their S4 symmetry, thus only eight unique values were
compared. This caused the analysis to weigh the perpendicular components more heavily
for the linear regression. The parallel component of the shielding tensor for Sn(p-tolyl)4
showed the largest deviation from the linear fit for unknown reasons.

Experimental shift (ppm)

-40
2650
-60

Calculated shielding (ppm)
2700

2750

2800

-80
-100
-120
-140
-160
-180

Figure 2.4

Experimental 119Sn NMR chemical shifts versus calculated shielding for
various SnAr4 (Ar = p-tolyl, Ph, p-tBuPh and o-tolyl) in the solid state using
the B3LYP method and split basis of TZVPPall on Sn, and 6-311G* on C
and H. A linear regression gave i 2510 0.96 i with an R2 of 0.970.

As an extra analysis, the shielding tensor of the totally optimized (approximating
the gas phase) structure of SnMe4 was calculated. The isotropic tensor had a value of
2623.2 ppm. This was also the value calculated by Avalle et al. for the absolute shielding
of the reference compound [17]. Forcing the linear regression to have 2623.2 ppm as a yintercept caused the line of best fit to become
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i

2623.2

i

. This line had an excellent

slope and the R2 value was only slightly lower at 0.968. Given the excellent results, all
further calculations were conducted with B3LYP and this split basis.
The same method and basis set were used for calculations on model compounds
to try to determine the source of the trends in the δiso and Δσ values. First, the 119Sn
shielding tensor of the SnPh4 crystal structure with para substituents of R = CF3, H, Me,
and OMe was calculated. These substituents are listed in order of increasing electrondonating effects and the calculated 119Sn tensor components are listed in Table 2.3.

Table 2.3

Calculated 119Sn principal shielding tensor components of SnPh4

derivatives substituted at the para position with various R groups. All values are
in ppm.
R

σ11

σ22

σ33

σiso

Δσ

CF3

2707.4

2766.7

2766.7

2746.9

59

H

2702.3

2759.0

2759.0

2740.1

57

Me

2700.4

2757.2

2757.2

2738.3

57

OMe

2692.9

2753.2

2753.2

2733.1

60

By holding the geometry constant, only the effects of the phenyl ring electronics
on the 119Sn shielding tensor for SnPh4 derivatives were observed. The isotropic
shielding at the tin nucleus decreased as the electron-donating effects increased at the
para position of the phenyl ring (five bonds away). Negligible changes to the CSA were
observed. These calculations suggested that the overall electronic structure at the tin
nucleus changed with the addition of electron density to the phenyl ring. The transfer of
electron density is most likely through the mechanism suggested by Charissé et al. [10,
13]. Figure 2.5 shows a possible interaction between the π-type orbitals on the phenyl
rings and the σ* anti-bonding orbitals on tin. Although this change in the isotropic
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shielding is only ~ 13 ppm, there is a chance that it could be observed in solution. The
solvent effects on 119Sn isotropic chemical shifts are 2ppm or less [2a].

Figure 2.5

A simplified orbital diagram for the interaction between the π orbitals on
the phenyl rings and the σ* anti-bonding orbitals on the central tin atom in
SnPh4 derivatives.

The next set of calculations was designed to test the effect of changing the tilt
angle of the phenyl rings on the 119Sn shielding tensor of SnPh4. The crystal structure
geometry of SnPh4 with optimized hydrogen positions was used. Then, defining the tilt
angle with Figure 2.3, the phenyl rings were rotated from 0° to 90° in increments of 5°
and the 119Sn shielding tensors were calculated without further optimization. The
resulting shielding tensor components are shown in Figure 2.6.
Again, because of the S4 symmetry, there were only two unique principal
components: one parallel to and one perpendicular to the S4 axis. The parallel
component,

, steadily decreased with increasing tilt angle, where the perpendicular

component,

, had a ‘u shape’ with a minimum at ~ 37°. Further analysis on the

molecular orbitals contributing to each component will attempt to reproduce these trends.
The calculated isotropic shielding for SnPh4 changes by ~ 150 ppm for tilt angles of 0° to
37°, then remains relatively constant. Since the tilt angles in this study are between 49°
and 62°, the isotropic shielding can be removed from the discussion.
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Calculated 119Sn shielding tensor components as a function of tilt angle for
SnPh4 using the B3LYP method and split basis of TZVPPall on Sn, and 6311G* on C and H. The solid line (
) represents the component
parallel to the S4 axis ( ) and the gray line ( ) represents the equivalent
components perpendicular to the S4 axis (
the isotropic shielding.

). The dashed line represents

The dependence of the calculated Δσ on the tilt angle for SnPh4 was fitted to a
5

An cos 2 (nx) where x is the tilt angle. In order to maintain a

Fourier series
n 0

smooth curve, Δσ was defined as the difference between

and

, i.e.

.

This change to the definition resulted in negative values for Δσ between 18° and 46°. A
minimum of six terms were required to fit the data accurately. The seventh term would
have been less than 5% of the largest coefficient. A plot of the data and non-linear fit is
located in the Appendices.

Table 2.4 contains the nonlinear fit coefficients. Since the

rotation of a phenyl ring has a periodicity of 90°, the largest term in the series should be
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A2. The other terms in the series account for the difference in the maximum Δσ at 0° and
90°, and the minimum occurring at 37°, not 45°.

Table 2.4

An cos 2 (nx) . Values in ppm.

Coefficients for the Fourier Series

A0

A1

A2

A3

A4

A5

-45.24

-74.26

142.97

68.53

34.96

9.39

Figure 2.7 is a plot of the Fourier Series fit for the calculated Δσ as a function of
tilt angle to simplify the comparison to the experimental results. Also plotted in Figure
2.7 are the combinations of tilt angles from Table 2.2 and Δσ from either Table 2.1
(experimental) or calculated from the crystal structure for each of the four tetraaryl tin
compounds.
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tilt angle (°)

Calculated 119Sn Δσ as a function of tilt angle for the crystal structure
geometry of SnPh4 using the B3LYP method and split basis of TZVPPall
on Sn, and 6-311G* on C and H represented with a dashed line ( ). The
experimental results for various SnAr4 (Ar = p-tolyl, Ph, p-tBuPh and otolyl) are represented by diamonds and the calculated results on the crystal
structure geometries are represented by circles.
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The diamond shapes in Figure 2.7 represent the experimental tilt angles and 119Sn
Δσ and the circles represent the calculated values of Δσ from the crystal structure
geometries. These points were almost equivalent to the Δσ predicted by the calculations
on the optimized geometry of just SnPh4. The disagreement for the calculated parallel
component of the 119Sn shielding tensor of Sn(p-tolyl)4 was discussed previously. This
agreement suggested that para substitution and changes to geometry (including bond
lengths and angles) had only small effects on the Δσ. According to quantum chemical
calculations, the Δσ of the 119Sn shielding tensor of para substituted tetraaryl tin
compounds depended primarily on the tilt angle of the phenyl rings with respect to the S4
axis.
To further validate the curve; more experimental points are needed with a wider
range of tilt angles. It was discovered that the crystal structure of Sn(p-CO2MePh)4 has
S4 symmetry at the tin and a tilt angle of 20.2° [27]. The compound is a byproduct of an
Ullmann coupling reaction and activated copper bronze was the source of tin. Two
attempts at synthesizing the compound were made; however, neither successfully
produced an amount that could be seen by solution 1H NMR and at least nine unique
compounds created. The crystal structure was available, therefore, the calculated 119Sn
Δσ = 38 ppm was obtained. Figure 2.7 predicts a Δσ ≈ -9 ppm for a tilt angle of 20.2°.
Either the calculation is inaccurate or the 119Sn Δσ of para substituted tetraaryl tin
compounds are dependent on geometry and electronic changes.
Unfortunately, the Δσ of the ortho substituted tetraaryl did not match the
calculated Δσ values of the SnPh4 compound. This disagreement suggests that either the
ortho methyls or changes in the geometry of Sn(o-tolyl)4 were affecting the 119Sn
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shielding tensor. Calculations on the crystal structure geometry predicted a Δσ value of
112 ppm, similar to the experimental value of 111 ppm. To determine if ortho
substitution alone would produce the same increase in Δσ, methyl groups were added to
the crystal structure of SnPh4. The calculated Δσ value was 66 ppm, which is higher than
the 57 ppm value for just SnPh4. This was an indication that the ‘ortho effects’ increase
the Δσ value. As well, the calculated Δσ value for the Sn(o-tolyl)4 crystal structure
geometry when the methyls were replaced by hydrogens was 78 ppm. This also indicated
that the ‘ortho effects’ increased the Δσ value. When the tilt angles of the de-methylated
Sn(o-tolyl)4 crystal structure were changed from 54° to 58.1°, the Δσ became 57 ppm.
This is an exact match with the experimental value for the 119Sn Δσ of SnPh4. This
would suggest that only the ortho effects and tilt angle were affecting the Δσ.
Unfortunately, upon further analysis, the tin-carbon bond lengths, the C1-Sn-C1’ bond
angles, and even the C1-C2 bond length affect the calculated Δσ. The results of these
analyses are located in the Appendices. Ortho effects will be examined for triphenyl
phosphines in Chapter 4.
To determine which molecular orbitals were responsible for the changes in Δσ, a
NBO analysis was performed on the SnPh4 crystal structure geometry where the tilt
angles of phenyl rings were rotated from 0° to 90° in increments of 5°. Only the
paramagnetic contributions were analyzed since the diamagnetic shielding remained
approximately constant across all tilt angles. The contributions were then categorized as
either from the p-orbitals on tin, the d-orbitals on tin, the tin-carbon sigma bonds, or the
various ligand orbitals. Figures 2.8 and 2.9 show the results for the contributions of these
groups as a function of tilt angle for

and

respectively.
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ligand

d-orbitals

p-orbitals

σ-bonds

Figure 2.8

Calculated molecular orbital contributions to the paramagnetic part of the
components of the 119Sn shielding tensor as a function of tilt angle for
SnPh4 using the B3LYP method and split basis of TZVPPall on Sn, and 6311G* on C and H and the NBO analysis. The molecular orbital were
categorized as ligand orbitals ( ), d-orbitals on tin ( ), p-orbitals on tin
( ) and tin-carbon sigma bonds (
).
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ligand

d-orbitals

p-orbitals

σ-bonds
Figure 2.9

Calculated molecular orbital contributions to the paramagnetic part of the
component of the 119Sn shielding tensor as a function of tilt angle for
SnPh4 using the B3LYP method and split basis of TZVPPall on Sn, and 6311G* on C and H and the NBO analysis. The molecular orbital were
categorized as ligand orbitals ( ), d-orbitals on tin ( ), p-orbitals on tin
( ) and tin-carbon sigma bonds (
).

The next step was to compare the profiles for each type of MO to the trends in
Figure 2.6. The most important paramagnetic MO contributions to the

components of

the 119Sn shielding tensor appeared to be the p-orbitals on tin, the tin-carbon sigma bonds
and the ligand MO contributions. The sigma bond and ligand MO contributions had the
‘u-shape’ seen in Figure 2.6. Simplified NBO overlap diagrams for the p-orbitals and
sigma bonds are given in Figure 2.10. It was assumed that the MOs overlap with the
anti-bonding σ* orbitals since they are the LUMO for tetraaryl tin compounds and the
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paramagnetic contributions are inversely proportional to the energy gap.

The 119Sn

shielding tensor as the tilt angle changes caused by the ligand MOs were not represented
in Figure 2.10 since the mechanism was not straightforward.

Figure 2.10

A simplified diagram for the mixing of molecular orbitals in SnPh4
derivatives contributing to the perpendicular components of the 119Sn
shielding tensor of the central tin atom.

Figure 2.11

A simplified diagram for the mixing of molecular orbitals in SnPh4
derivatives contributing to the parallel component of the 119Sn shielding
tensor of the central tin atom.

57 between the π-type orbitals on the phenyl
A simplified orbital diagram for the interaction
rings and the σ* anti-bonding orbitals on the central tin atom in SnPh4
derivatives.

The important paramagnetic MO contributions to the
shielding tensor were the same as the contributions to the

component of the 119Sn
component: the p-orbitals

on tin, the tin-carbon sigma bonds and the ligand MO contributions. Once again, the
sigma bond and ligand MO contributions showed the trend in Figure 2.6, by decreased
the

component as the tilt angle increased. The p-orbital contributions showed the

opposite trend. Simplified NBO overlap diagrams for the p-orbitals and sigma bonds are
given in Figure 2.11. It was also assumed that the MOs overlap with the anti-bonding σ*
orbitals since they are the LUMO for tetraaryl tin compounds and the paramagnetic
contributions are inversely proportional to the energy gap.
The NBO calculations took both the overlap integral and the energy gap into
account. Although the mechanism of the ligand contribution was not straightforward, it
was possible that the interaction shown in Figure 2.5 was responsible for the decreased
shielding in the parallel component. The degree of overlap of the π orbitals of the phenyl
rings with the LUMO σ* anti-bonding orbitals would change with the tilt angle of the
phenyl rings. The 90° tilt angle shown in Figure 2.5 would have the maximum degree of
overlap, and the 0° tilt angle would have minimum. The overlap will change the energy
difference, and therefore change the shielding tensor.
As a final note on the NBO analysis of the ligand contributions to the
component of the 119Sn shielding tensor, some of the shielding was attributed to the
carbon-hydrogen sigma bonds at the ortho positions of the phenyl rings. Further analyses
could find that this was the source of the ortho effects observed for Sn(o-tolyl)4.
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2.5

Conclusions
This chapter examined the 119Sn shielding tensors of four tetraaryl tin compounds:

Sn(p-tolyl)4, SnPh4, Sn(p-tBuPh)4, and Sn(o-tolyl)4. Both the CP/MAS and static 119Sn
solid-state NMR spectra were acquired and analyzed. The principal components of the
shielding tensor and isotropic chemical shift were reported with associated errors. The
δiso decreased and the Δσ increased in the order given.
These compounds were specifically chosen due to the S4 symmetry at the tin in
the crystal structure. The equivalence of all four phenyl rings reduced the number of
geometric differences between the compounds and limited the 119Sn shielding tensor to
two unique components (axial symmetry). The most notable difference between the
geometries was the tilt angle defined above.
Quantum chemical calculations of the 119Sn shielding tensor of the crystal
structures with a method and basis set updated from literature showed excellent
agreement with the experimental 119Sn chemical shifts. This suggests that the B3LYP
method with a split basis of TZVPPall on tin and 6-311G* on carbon and hydrogen
accurately reproduces the electronic structure of tetraaryl tin compounds. To test the
effects of substitution at the para position, R groups of CF3, H, Me, and OMe were added
to the crystal structure of SnPh4. The calculations showed that increasing the electrondonating effects of the R group even five bonds away, decreased the isotropic shielding at
the central 119Sn nucleus. This decrease was attributed to the interaction between the πtype orbitals on the phenyl rings and the σ* anti-bonding orbitals on the central tin atom.
Substitution had negligible effects on the Δσ of the 119Sn shielding tensor.
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Calculations were also performed on the crystal structure of SnPh4 changing the
tilt angle of the phenyl rings. The component of the 119Sn shielding tensor parallel to the
S4 axis decreased as the tilt angle increased, while the perpendicular component mapped
out a ‘u-shaped’ plot. Instead of comparing each component, a curve of the 119Sn Δσ as
a function of tilt angle was plotted. The curve was fit to the Fourier series
5

An cos 2 (nx) that required all six terms. Comparing the calculated influence of
n 0

tilt angle on the Δσ of the 119Sn shielding tensor to the experimental results from solidstate NMR and literature crystal structures showed excellent agreement for the three para
substituted tetraaryl tin compounds. This agreement suggests that para substitution and
changes to geometry (including bond lengths and angles) have minimal effects on the Δσ
of the 119Sn shielding tensor of tetraaryl tin compounds.
An NBO analysis on the compounds determined the tin-carbon sigma MOs and
the p-orbitals on tin to be important to both the parallel and perpendicular components of
the 119Sn shielding tensor. Simplified molecular orbital diagrams were provided to
explain each contribution. The d-orbitals on tin were found to have negligible
contributions to the 119Sn shielding tensor. The MOs located on the ligands also
influenced the 119Sn shielding tensor. It was suggested that this contribution was due to
the same π – σ* type interaction that also changes the isotropic chemical shift.
The results for Sn(o-tolyl)4 were difficult to analyze. Calculations of the 119Sn Δσ
on the crystal structure geometry showed excellent agreement with the experimental
results. The experimental and calculated values were both much larger than the Δσ
predicted by the tilt angle alone. All attempts to isolate the source of the increase in Δσ
failed. It appears that some combination of structure and ‘ortho effects’ are to blame.
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2.6

Future Work
Future work should be focused on para-substituted tetraaryl tin compounds with a

wider range of tilt angles. These compounds would further validate the relationship
between tilt angle and the anisotropy of the 119Sn chemical shielding tensor predicted by
quantum chemical calculations. Further attempts should be made to synthesize Sn(pCO2MePh)4 since it has a very unique 20.2° tilt angle. Not only is 20.2° a rare tilt angle,
but it also occurs in a unique position on the curve were the parallel and perpendicular
components are approximately equal. Other possible compounds with S4 symmetry at
the tin include Sn(p-OMePh)4 (tilt angle = 52.3°) and Sn(p-SMePh)4 (tilt angle = 46.5°)
[28]. Sn(p-SMePh)4 would also be interesting to study since the C1-Sn-C1’ angle that is
bisected by the S4 axis is only 106°, where as the compounds studied in this chapter had
angles between 111° and 113°.
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INTRODUCTION
This chapter was motivated by a study of the 31P solid-state NMR of
triphenylphosphoranes by Penner et al. in 1992 [1]. Stabilized ylides (the spelling
according to IUPAC [2]) of the form Ph3P=CHC(O)R were analyzed by solid-state 31P
NMR where R = H, Me, OMe and OEt. The study was attempting to explain the solution
NMR results showing that the isotropic 31P chemical shifts of these ylides were
independent of R. The solid-state 31P NMR spectra, however, showed a large variation in
the overall shielding tensor. This chapter updates the study by first reacquiring the
spectra and simulating the results with appropriate software instead of visual
interpretation. Also, a higher magnetic field is used to observe more lineshape features.
To extend the study, samples of R = C(O)OEt and a phosphonium salt are analyzed with
X-ray diffraction and 31P NMR spectroscopy. Most importantly, quantum chemical
calculations are performed in order to rationalize the change in the shielding tensors as
they relate to R and the changes in geometry.

3.1

Literature Review

3.1.1

31

P NMR

Phosphorus is 100% naturally abundant as phosphorus-31 with a spin of ½. The
magnetogyric ratio is 10.841 107 rad T-1 s-1 [3], which is only 2.5 times smaller than
that of protons. These factors combine for an easily observable nucleus. It is not
common for modern high field solid-state NMR probes to be tunable to the 31P resonance
frequency since nuclei with frequencies less than that of 13C (ν0 = 125.78 MHz at 11.75
T) tend to be more desirable. It is difficult for a probe to accurately acquire spectra
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across a 500 MHz range (1H ν0 = 500.0 MHz at 11.75 T), therefore frequency ranges
must be omitted.
The commonly accepted standard for 31P NMR is 85 % phosphoric acid (H3PO4).
This choice adds a relatively high degree of error mostly due to the requirement that 85 %
H3PO4 be an external standard [4]. The error is not an issue since 31P chemical shifts
have a large (~1000 ppm) range in solution alone, with a large dependence on
coordination number and electronic environment [4]. It is even less of an issue in solidstate NMR since linewidths are usually on the order of tens of Hertz. Solid-state 31P
NMR uses ammonium dihydrogen phosphate (NH4H2PO4) as an external standard with
an accepted chemical shift of 0.81 ppm relative to 85 % H3PO4 [1].
3.1.2 Ylides
Ylides are (usually) neutral compounds with a negative and positive charge on
adjacent atoms [2]. One class of these compounds is Wittig reagents that are important in
olefination reactions [5] including the synthesis of heterocycles [6]. Wittig reagents are
usually triphenylphosphorane ylides of the form Ph3P=CR2. Figure 3.1 shows how
carbonyl R groups can stabilize the ylidic form of the molecule through resonance.

Figure 3.1

Resonance structures of stabilized triphenylphosphorane ylides.
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3.1.3 Solution NMR of Ylides
The nature of the phosphorus-carbon bond in phosphorane ylides has been the
subject of research since the discovery of Wittig reagents [5]. Due to the dependence of
NMR parameters on the electronic environment of the nucleus, a large number of studies
have included solution 1H, 13C, and 31P NMR. This section will review studies that focus
particularly on stabilized triphenylphosphorane ylides Ph3P=CR’C(O)R. To simplify the
analysis, the carbon involved in the ylidic bond will be referred to as “C1.”
In 1976 Albright et al. compared the solution 31P and 13C NMR parameters of
various stabilized and unstabilized triphenylphosphorane ylides, Ph3P=CHR to the
corresponding phosphonium salt, Ph3P+–CH2R [7]. Across all of the derivatives, the
isotropic 13C chemical shifts for C1 showed no overall trend comparing the ylides to the
corresponding salts. The isotropic 31P chemical shifts had a trend of increasing between
the ylide and the salt. Since the phosphorus atom in the salt was purely cationic, the ylide
would have to have more electron density at the phosphorus. The one-bond coupling
between phosphorus and C1, 1J(31P,13C), was at least twice as large for the ylide as
compared to the salt. This difference was at least partially due to the decrease in scharacter at the carbon nucleus caused by removing the double bond, which has been
linked to changes in 1J(31P,13C) [7].
Proton NMR parameters of stabilized phosphorane ylides, Ar3P=CHC(O)R, were
published by Sabounchei et al. in 2008 [8]. Again, comparisons were made to the
corresponding salt. The isotropic 1H chemical shifts of the protons attached to C1
increased between the ylide and the salt in all cases. This increase suggested that more
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electron density was located on C1 giving it a slightly negative charge [8]. As well the
two-bond phosphorus proton coupling, 2J(31P,1H), was larger for the ylides. Sabounchei
et al. suggested this indicated more electron density between phosphorus and C1 [8].
Brittain and Jones examined a large number of ylides with 31P solution NMR,
including seven acylmethylene triphenylphosphoranes Ph3P=CHC(O)R where R = H,
Me, 1-methyl-2-pyrrolyl, 2-thienyl, 2-furyl, Ph and OEt [9]. They proposed various
reasons for the observed trends in the isotropic chemical shifts including electrondonating and withdrawing ability, and the rotation angle of the R group with respect to
the P=C–C=O plane [9]. This analysis was based solely on the R groups with ring
structures over changes in chemical shift of 0.6 ppm and 0.7 ppm for CDCl3 and C6D6,
respectively.
In summary, the solution 1H, 13C, and 31P NMR spectra of triphenylphosphorane
ylides did not provide insight into the phosphorus-carbon bond. The spectra showed
expected trends when compared to the corresponding phosphonium salts and showed
only small changes when compared between R groups.
3.1.4 Solid-state NMR of Ylides
The paper by Penner et al. analyzed Ph3P=CHC(O)R ylides with solid-state 31P
NMR spectroscopy where R = H, Me, OMe and OEt [1]. They discovered that the small
change in the isotropic chemical shifts was the result of opposing trends in shielding
tensor components. Instead of comparing the isotropic chemical shift difference between
the ylides, the chemical shift anisotropy, Δσ, from equation 1.11, was used. The Δσ,
ranging from 41 to 85 ppm for the ylides, were compared to a phosphonium salt (P+–C
bond) and a phosphaethene (P=C bond). The phosphonium salt had a Δσ of 39 ppm
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which was similar to the ylide where R = H (Δσ = 41 ppm). The phosphaethene had a
large Δσ value of 850 ppm. The authors suggested that the compounds with larger Δσ
have increased double bond character in the phosphorus-carbon bond. They also
proposed that the electron-donating effects of the R groups were changing the amount of
electron density in the π-bond. For example, the ethoxide group would be the most
electron-donating, and therefore, had the largest Δσ of 85 ppm.
Penner et al. also analyzed the solid-state 31P NMR spectra of Ph3P=CHC(O)OEt
where C1 was enriched with 13C. This spectrum showed a combination of CSA and the
dipolar interaction between 31P and 13C (see Section 1.3.1 of this work). According to the
best fit of the dipolar-splitting ratios, the δ33 component lay along the phosphorus-carbon
bond. Unfortunately, no conclusions could be made regarding the orientation of the other
two principal components of the shielding tensor.
3.1.5 Quantum Chemical Calculations on Ylides
Many computational studies have been performed on ylides in solution during the
last 15 years, particularly focusing on the conformation across the double bond.
Castañeda et al. [10] determined that the most stable form has carbonyl group ‘syn’ to the
phosphorus by comparing energies for the totally optimized structures. These studies
used HF, MP2 and B3LYP methods with a 6-31G(d) basis set. This conformation has
been reported for the solid-state structures of Ph3P=CR’C(O)R compounds and
referenced by Castañeda et al. [10]. In fact, the optimized structures were similar to the
solid-state geometries.
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The 2007 study by Castañeda et al. [10b] also reported calculations of the
‘Natural Charges,’ for the atoms in ylides with the form Ph3P=C(CN)C(O)R. The values
for phosphorus and C1 were reported to be quite stable at ~ 1.7 and ~ - 0.8, respectively.
In 1995, Power reported on quantum chemical calculations and experimental
values of the principal components of the 31P shielding tensor of molecules in the series
R3PX where X=BH3, CH2, NH and O [11]. The NMR calculations were performed with
the LORG (local origin local orbital) method using a large basis set of 6-311+G(3d) on P
and X, where a small 3-21G basis set was used on the remaining carbon and hydrogen
atoms. The experimental gas-phase geometries for Me3PX were used except for X = NH.
The calculated σii varied with the P–X bond length. The σ33 component in particular
showed a negative linear dependence on the bond length (the phosphorus nucleus was
more shielded as the bond shortened). This finding was easily explained by the σ33
component being parallel to the P–X bond. Power also separated the contributions from
the various orbitals to the calculated σii. He determined that the σ33 was mostly affected
by the P–X bond orbital and the lone pairs on the X atom (if present) which explained the
linear dependence [11].
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3.2

Purpose
This study will probe the consequences of the electron-donating effects of R

group on the geometry and solid-state 31P NMR parameters of stabilized
triphenylphosphorane ylides, Ph3P=CHC(O)R. X-ray diffraction crystal structures will
be examined to find trends in the solid-state geometry. As well, solid-state static and
CP/MAS 31P NMR spectra of all five compounds (R = C(O)OEt, H, Me, OEt and Me
phosphonium chloride salt) will be acquired to compare the principal components of their
chemical shift tensor.
Quantum chemical calculations of the shielding tensor will be performed on the
X-ray crystal structures at the HF and B3LYP/6-311++G** level of theory. These results
will be used to orient the principal axes of the shielding tensors in the molecular
geometry.
To simplify the analysis of the effects of the R group, Me3P=CHC(O)R ylides
will be used as model compounds. Trends in the geometry at the phosphorus atom of the
totally optimized molecule will be analyzed at the B3LYP/6-311++G** level of theory
and compared to the X-ray structures. NMR calculations will be performed on the
optimized model compounds to determine if the electron-donating effects of the R group
cause the trends seen in the experimental solid-state 31P NMR.
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3.3

Methods

3.3.1 Sample Preparation
All compounds were purchased and found to be of acceptable purity for solidstate NMR analysis. The commercial names for the Ph3P=CHC(O)R compounds are
ethyl (triphenylphosphoranylidene)pyruvate (R = C(O)OEt),
(triphenylphosphoranylidene)acetaldehyde (R = H), 1-(triphenylphosphoranylidene)-2propanone (R = Me), (carbethoxymethylene)triphenylphosphorane (R = OEt) and 2oxopropyltriphenylphosphonium chloride (salt).
For X-ray crystallography, Ph3P=CHC(O)C(O)OEt was dissolved in benzene. A
single crystal suitable for X-ray analysis (pale yellow prism, 0.6 x 0.4 x 0.4 mm) was
selected from the bulk product produced by slow evaporation at room temperature.
Similarly, [Ph3PCH2C(O)Me][Cl] salt was dissolved in dichloromethane. A single clear
crystal suitable for X-ray analysis was selected from the bulk product produced by slow
evaporation at room temperature.
3.3.2 NMR Spectroscopy
Solid-state 31P spectra were obtained at 11.75 T (ν0 = 202.46 MHz) on a Bruker
Avance II spectrometer using a 4 mm Bruker HXY MAS probe. Experimental setup and
pulse calibrations were performed using solid NH4H2PO4 and the isotropic peak was set
to 0.81 ppm relative to 85 % H3PO4. All spectra employed proton decoupling and crosspolarization with π/2 pulses of 2.9 μs and contact times of 2 ms. Spinning spectra only
required 8 scans and static spectra took up to 800 scans depending on peak width.
Recycle delays of 3 – 10 s were used for all spectra.
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3.3.3

Spectral Processing and Simulation
Data were processed using TopSpin software. Line-broadening of 5-10 Hz was

applied to the MAS spectra and 50-100 Hz was applied to the static spectra. Baseline
corrections were applied to all spectra. Spectral simulations were performed using the
Solid Line Shape Guide within TopSpin.
3.3.4 X-ray Diffraction
The X-ray diffraction analysis for R = C(O)OEt was performed by Dr. D.
Soldatov at the University of Guelph. The crystal was analyzed at room temperature on a
SuperNova Agilent single-crystal diffractometer equipped with a microfocus CuKα (λ =
1.54184 Å) radiation source and Atlas CCD detector.
The phosphonium salt was analyzed by Dr. J. Britten at McMaster University.
The single crystal was analyzed at room temperature on a Bruker Smart Apex2 CCD
diffractometer with a fine-focus sealed tube Mo-Kα (λ = 0.71073 Å) radiation source.
3.3.5 Calculations
Quantum chemical calculations were performed using Gaussian 03 running on
SHARCNET clusters using either the HF or the B3LYP method and a 6-311++G** basis
set for all atoms. The NBO calculations [12] were performed using Gaussian 09, B3LYP
method and a 6-311++G** basis set. NMR parameters were calculated with the gauge
including atomic orbitals (GIAO) method. The shielding tensor components were
oriented to the molecular geometry using the EFGShield program [13] from the Gaussian
03 output files.
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3.4

Results and Discussion

3.4.1 X-ray crystal structures
Ethyl (triphenylphosphoranylidene)pyruvate crystallized in the monoclinic space
group P21/n, with a = 11.9946(2), b = 9.0409(1), c = 19.0630(3) Å, β = 106.723(4)° and
a cell volume of 3413.5(3) Å3 at room temperature. There were 4 molecules per unit cell.
792 parameters were refined using 4131 unique reflections to give R = 0.0436 and Rw2=
0.1213. Figure 3.2 shows the molecular structure of R = C(O)OEt in the solid state at
room temperature with thermal ellipsoids on all non-hydrogen atoms. The ellipsoids
showed noticeable librations in one of the phenyl rings (C21 to C26) and in the ethoxy
group.

Figure 3.2

Structure of Ph3P=CHC(O)C(O)OEt with thermal ellipsoids shown at the
50% probability level for all non-hydrogen atoms.
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The crystal structure was very similar to that of the other three ylides. Their Xray diffraction structures were found in the literature [14-16]. Table 3.1 summarizes
some of the geometric parameters common to all four ylides.

Table 3.1

Selected bond lengths and a torsion angle for phosphorane ylides,

Ph3P=CHC(O)R from X-ray diffraction studies.
(PCCO) (°)

R

r(P-C1) (Å)

r(C1-C2) (Å)

r(C2-O) (Å)

C(O)OEt

1.722(2)

1.385(2)

1.248(2)

1.4(2)

H

1.710(7)

1.38(1)

1.249(8)

-1(1)

Me**

1.710(5)

1.392(8)

1.246(7)

-5.3(8)

OEt***

1.706(1)

1.408(2)

1.234(2)

-10.7(2)

*

* ref [14] **ref [15] ***ref [16]

Comparing the parameters in Table 3.1 proved to be difficult due to large error in
the R = H and R = Me parameters. The phosphorus-C1 bond length was longer in the
newly analyzed ylide than in the others. Their P-C1 bond lengths are all equal within
error. The C1-C2 bond length for R = C(O)OEt was within error to R = H and Me, and
shorter than R = OEt. For the carbonyl bond length, R = C(O)OEt, H and Me are
equivalent again, with a shorter C=O bond length for R = OEt. Most interestingly, the PC1-C2-O torsion angle decreased down the table. Breaking the planarity lessens the
conjugation of the molecular orbitals for these ylides. The R groups are ordered such that
the electron-donating effects increase down the table. Calculations in Section 3.4.3
would examine whether the crystal packing forces or the increasing electron-donating
effects were causing this change in planarity.

75

2-Oxopropyltriphenylphosphonium chloride crystallized in the monoclinic space
group P21/n, with a = 9.380(2), b = 9.386(2), c = 21.031(5) Å, β = 94.048(5)° and a cell
volume of 1847.0(8) Å3 at room temperature. There were 4 molecules per unit cell. 744
parameters were refined using 4029 unique reflections to give R = 0.0414 and Rw2=
0.1020. Figure 3.3 shows the molecular structure of the phosphonium salt in the solid
state at room temperature with thermal ellipsoids on all non-hydrogen atoms. The
ellipsoids showed librations in the phenyl rings, most noticeably in C20 and C22.

Figure 3.3

Structure of [Ph3P–CH2C(O)Me][Cl] with thermal ellipsoids shown at the
50% probability level for all non-hydrogen atoms.
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This crystal structure was similar to [Ph3P–CH2C(O)Me]2[Pd2Cl6] which was
previously solved by Lassahn et al. [17], however, it appears the choice of anion does
affect the molecular geometry. The most noticeable difference between the two
structures occurred in the 2-oxopropyl group (CH2C(O)Me). The bond between the
phosphorus and the methylene carbon was 1.785(2) Å, and the bond between the
methylene carbon and the carbonyl was 1.504(2) Å for the Cl- anion. The corresponding
values for the Pd2Cl62- anion were 1.813(6) and 1.530(8) Å, respectively [17]. The most
likely sources of the change in geometry are the crystal packing forces since Pd2Cl62- is a
much larger anion than Cl-.
The bond lengths for the phosphonium salt were also compared to the ylides in
Table 3.1. The P-C1 and C1-C2 bond lengths are much larger and the C=O is shorter for
the phosphonium salt. This trend is as expected since the resonance structures seen in
Figure 3.1 no longer exist in the phosphonium salt. The P-C1 and C1-C2 bonds will have
much less double bond character and the C=O will regain its double bond character.
Since the P-C1 bond in the phosphonium salt is a single bond, the phosphorus
atom is surrounded by four carbon atoms attached with single bonds. The phosphoruscarbon bond lengths are 1.785(2), 1.788(1), 1.790(2) and 1.795(1) Å. Only the last bond
length is not within error of at least one of the others. The phosphorus atom of the
phosphonium salt has approximately C3 symmetry at the nucleus due to the nearly cubic
arrangement of carbon atoms. Since the P-C1 bond is shorter for the ylides, the
symmetry at the phosphorus atom is reduced to, at most, a mirror plane. The mirror
plane would contain the phosphorus, C1, C2, and the oxygen atom as well as one of the
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ipso carbons. The mirror plane would also have to bisect the Cipso-P-Cipso angle of the
other two phenyl rings.
3.4.2 Solid-state 31P NMR
The solid-state 31P NMR spectra of all five compounds were acquired. Both
CP/MAS and static spectra were simulated giving the shielding tensor components
summarized in Table 3.2. As well, Table 3.2 shows the shielding anisotropy, asymmetry
parameter and span calculated from the tensor components using equations 1.11, 1.12 and
1.13.

Table 3.2

Experimental chemical shift tensors for phosphorane ylides,

Ph3P=CHC(O)R, and a phosphonium salt Ph3P–CH2C(O)R from solid-state 31P
NMR spectroscopy. All values are given in ppm with approximated errors.
R

X–

δiso

δ11

δ22

δ33

Δσ

ηCSA

Ω

Me

Cl

18.3(1)

33(1)

11(1)

11(1)

22

0

22

C(O)OEt

n/a

19.0(1)

50.2(5)

11.1(7)

-4.3(5)

47

0.5

55

H

n/a

16.4(1)

44.1(5)

12.0(8)

-7.0(5)

42

0.7

51

Me

n/a

16.9(1)

52.0(5)

8.4(7)

-9.6(5)

53

0.5

62

OEt

n/a

18.7(1)

76.1(4)

-3.5(6)

-16.4(4)

86

0.2

93

The values in Table 3.1 are similar to those reported by Penner et al. for R = H,
Me and OEt [1]. With the addition of the data for R = C(O)OEt, an electron-withdrawing
group, the trends in δ11, δ22, Δσ and η reported in [1] no longer held true. However, the
trend in δ33 was maintained.
The R groups were once again ordered such that the electron-donating effects
increase down the table. The only parameter that follows the same trend for all four
ylides was the δ33 component. The decrease in δ33 as the electron-donating effect of the
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R group increased can be seen in Figure 3.4, where the static 31P NMR spectra are shown.
The experimental CP/MAS spectra for the four ylides are shown in Figure 3.5 to illustrate
the lack of trend in the isotropic chemical shift.

R = C(O)OEt

R=H

R = Me

R = OEt

Figure 3.4

Static 31P NMR spectra of various Ph3P=CHC(O)R.
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R = C(O)OEt

*

*
R=H

*
R = Me

*
R = OEt

Figure 3.5

CP/MAS 31P NMR spectra of various Ph3P=CHC(O)R spinning at 5 kHz.
The isotropic peaks are marked with an asterisk.

There were two measured parameters that followed the trend in electron-donating
effects in the R group of Ph3P=CHC(O)R in the solid state: the P-C1-C2-O torsion angle
and the δ33 of the chemical shift tensor. Section 3.4.3 will attempt to determine if this
relationship held when all other parameters were held constant.
The experimental CP/MAS and static spectra for the phosphonium salt are shown
in Figure 3.6. This spectrum showed a small Δσ and an ηCSA value approximately equal
to 0. These values indicate an axial to near cubic symmetry at the phosphorus nucleus
(see Figure 1.2). This was expected since the X-ray crystal structure discussed above
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revealed that the phosphorus atom in the phosphonium salt had four almost equivalent PC bonds. This created a high symmetry at the phosphorus nucleus. The 31P NMR spectra
for the ylides had larger Δσ and η values since the symmetry was reduced to an
approximate mirror plane at the phosphorus and the P-C bond lengths were no longer
equal. The CP/MAS spectrum showed an isotropic chemical shift of 18.3 ppm, which
was within the range of the ylides (16.4 to 19.0 ppm). This served as another example as
to the benefits of acquiring the entire chemical shift tensor instead of just the isotropic
value.

Figure 3.6

Static and CP/MAS 31P NMR spectra of [Ph3PCH2C(O)Me][Cl].
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3.4.3 Calculations
In order to explain the trends observed in the crystal structures and 31P NMR
spectra, quantum chemical calculations were performed. First, the hydrogen positions for
the X-ray crystal structures either from literature [14-16] or from this work were
optimized. The hydrogen positions for crystal structures solved with X-ray diffraction
are known to have a high degree of error [18]. The B3LYP method and a relatively large
basis set of 6-311++G** were used for all nuclei and the non-hydrogen atom positions
were held constant with in Gaussian09.
Again using 6-311++G**, the shielding tensor was calculated from crystal
structures with optimized hydrogen positions. To check the validity of the method and
basis set combination used, the relationship between the calculated shielding and
experimentally determined chemical shifts from equation 1.8 was used:

i

ref

i

.

Figure 3.7 shows a plot of the calculated principal components of the shielding tensor
versus the experimental chemical shifts from Table 3.2 using HF and B3LYP methods.
The linear regressions performed on the 15 data points for the HF/6-311++G**
level of theory gave a line of best fit of
and the intercept,

ref

i

340 0.91 i where the slope was -0.91 ± 0.04

, was 340 ± 15 ppm. The linear regressions performed on the 15

data points for the B3LYP/6-311++G** level of theory gave a line of best fit of
i

288 0.93 i where the slope was -0.93 ± 0.06 and

ref

was 288 ± 16 ppm. The

absolute shielding of 85% H3PO4 in the gas phase at 300 K (

ref

) was found in literature

to be 328.35 ppm [19]. The y-intercept for the HF calculations was closest to this value.
The B3LYP calculations, however, had a slope closer to -1. The R2 values for the linear
regressions were 0.973 for the HF calculations and 0.956 for the B3LYP calculations.
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Both of these values showed an acceptable level of agreement. Given that the HF and
B3LYP results both showed linear regressions that fit the expected trends, all further
calculations were conducted with the B3LYP/6-311++G** level of theory.
100

Chemical Shift (ppm)

80

60
40
20
0
200

250

300

350

400

-20
Calculated Shielding (ppm)
-40

Figure 3.7

Experimental 31P NMR chemical shifts versus calculated shielding for
[Ph3PCH2C(O)Me][Cl] and Ph3P=CHC(O)R where R = C(O)OEt, H, Me
and OEt with HF/6-311++G** ( ) and B3LYP/6-311++G**( ). Linear
regressions gave i 340 0.91 i and i 288 0.93 i respectively.

Since the calculations reflected the experimental parameters, they were more
closely examined. The EFGShield program [13] orients calculated shielding tensors to
the internal coordinates of the molecule. Figure 3.8 shows the orientation of the principal
components of the 31P shielding tensor calculated with the GIAO method at the
B3LYP/6-311++G** level of theory for R = C(O)OEt and R = H looking down the σ11
(left) or σ33 (right) components.
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R = CO2Et

R=H

Figure 3.8

The principal axis system of the 31P shielding tensors calculated with
B3LYP/6-311++G** for Ph3P=CHC(O)R where R = C(O)OEt and R = H
looking down the σ11 (left) or σ33 (right) components.. Hydrogen atoms
removed for clarity.

As seen in Figure 3.8, the σ33 component of the shielding tensor lay closest to the
P-C1 bond for all the ylides. This agreed with the calculations done on Ph3PX
compounds by Power [11]. The σ11 component was 90° to σ33 almost in the P-C1-C2-O
plane, and σ22 was calculated to be nearly perpendicular to the P-C1-C2-O plane. Further
analysis of the orientation of the shielding tensor with respect to the molecule was
performed, however, no trends could be found across all four ylides.

84

The final analysis of the ylide crystal structures was Natural Bond Orbital (NBO)
calculations. These calculations were used to get a relatively reliable value for the charge
on the phosphorus and carbons atoms [10b]. The calculated charges are summarized in
Table 3.3. The charge on the phosphorus atom did not match any previously reported
trends for the ylides in this report and only differed by 0.014 units. The charge on the
carbon atom became more negative as the electron-donating effects of the R group
increased. This was expected since electron-donation stabilizes the negative charge on
C1 through the enolate resonance structure seen in Figure 3.1.

Table 3.3

The charge on phosphorus and C1 for Ph3P=CHC(O)R ylides and a

phosphonium salt Ph3P–CH2C(O)R calculated with NBO and B3LYP/6311++G** level of theory from X-ray diffraction structures with hydrogen atoms
in optimized positions.
R

X–

Charge on P

Charge on C1

Me

Cl

1.634

-0.816

C(O)OEt

n/a

1.612

-0.864

H

n/a

1.606

-0.913

Me

n/a

1.620

-0.909

OEt

n/a

1.612

-0.940

In order to extend the analysis further, calculations were performed on ‘model’
compounds of the form Me3P=CHC(O)R. These compounds were selected in order to
reduce computational demands and simplify the analysis of the effect of changing the R
group. For the same reasons, small R groups of CF3, C(O)H, H, OMe and NH2 were
chosen (listed in order of increasing electron-donating effects). These molecules were
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completely optimized with the B3LYP/6-311++G** level of theory and then the
shielding tensors were calculated using the GIAO method at the same level of theory.
Table 3.4 summarizes the results of the geometry optimization of the
trimethylphosphoranes giving the equivalent parameters to Table 3.1. The change in the
torsion angle was non-existent for the model compounds, suggesting that either sterics or
crystal packing forces were the cause of the observed changes for the ylides in the solid
state. There were trends of decreasing P-C1 bond length and increasing C1-C2 bond
length, suggesting more electron density located between the phosphorus and C1.

Table 3.4

Optimized bond lengths and a torsion angle for trimethylphosphorane

ylides, Me3P=CHC(O)R from calculations with B3LYP/6-311++G**.
(PCCO) (°)

R

r(P-C1) (Å)

r(C1-C2) (Å)

r(C2-O) (Å)

CF3

1.732

1.399

1.243

0.02

C(O)H

1.727

1.402

1.253

0.02

H

1.726

1.408

1.247

0.04

OMe

1.712

1.417

1.238

0

NH2

1.711

1.428

1.251

0

Further examination of the optimized geometries of the trimethylphosphoranes at
the phosphorus nucleus led to the discovery of trend in the average phosphorus – methyl
(P-Me) bond lengths. The average P-Me bond lengths increased from 1.824 Å to 1.830 Å
as electron-donating effects increased; in fact, all three P-Me bond lengths showed this
trend. Using the numbering shown in Figure 3.9, Table 3.5 summarizes the experimental
bond phosphorus – phenyl (P-Ph) bond lengths in the ylides studied. Neither the bond
lengths nor the average showed a trend with electron-donating effects, however, the
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difference between the average P-Ph and the P-C1 bond length (see Table 3.1), Δr(P-C),
increased with increasing electron-donating effects.

Figure 3.9

Numbering of the phenyl rings of Ph3P=CHC(O)R in Table 3.5.

Table 3.5

Phosphorus-carbon bond lengths for Ph3P=CHC(O)R ylides from X-ray

diffraction. The average and difference between the average and r(P-C1) from
Table 3.1 are also reported. Numbering from Figure 3.9. All values in Å.
R

r(P-Ph1)

r(P-Ph2)

r(P-Ph3)

Average r(P-Ph)

Δr(P-C)

C(O)OEt

1.817(2)

1.805(2)

1.804(1)

1.809

0.087

H

1.800(6)

1.797(6)

1.816(6)

1.804

0.094

Me

1.801(6)

1.811(5)

1.800(6)

1.804

0.094

OEt

1.811(1)

1.809(2)

1.809(1)

1.810

0.104

The calculated 31P shielding tensors for the optimized trimethylphosphoranes are
summarized in Table 3.6. The model compounds also reproduced the trend in the σ33
component observed experimentally. It should be noted that because of the relationship
i

ref

i

(equation 1.8), the decrease in δ33 seen in Table 3.2 is equivalent to an

increase in σ33 seen in Table 3.6. Since the same trend was observed in the model data, it
suggested that the change in σ33 was related to the change in R group. No other trends
appeared in the NMR parameters as they relate to the change in R group electrondonating effects.

87

Table 3.6

Calculated 31P shielding tensors for trimethylphosphorane ylides,

Me3P=CHC(O)R using the GIAO method and B3LYP/6-311++G**. All values
are reported in ppm.
R

σiso

σ11

σ22

σ33

Δσ

ηCSA

Ω

CF3

306.0

269.8

306.7

341.6

53

1.0

72

C(O)H

305.1

271.9

298.4

345.0

60

0.7

73

H

309.2

276.8

303.9

346.8

56

0.7

70

OMe

308.3

253.9

311.2

359.8

77

0.9

106

NH2

310.6

255.9

313.1

362.6

78

0.9

107

Section 1.1.3.4 in Chapter 1 summarized Ramsey’s equations and explained the
relationship between molecular orbitals and shielding in NMR spectroscopy. The
paramagnetic component of the shielding is dependent on the magnetically allowed
‘mixing’ of ground and excited state orbitals. In the case of these triphenylphosphorane
ylides, the entire 31P shielding tensor changes with R group substitution without any
overall trends relating to the electron-donating effects (besides σ33). Therefore, no
conclusions can be made regarding the change in electronic structure at the phosphorus
atom. Substitution of the R group must have an effect on the energies several molecular
orbitals and/or their ability to ‘mix.’
In order to determine if the change in torsion angle observed in the solid state
structures affected any of the NMR parameters, further calculations were performed on
Me3P=CHC(O)H. Freezing the torsion angle in steps of 2° between 4 and -12°, the
structures were optimized at the B3LYP/6-311++G** level of theory. The 31P shielding
tensors were calculated as before. The σ11 component increased by 0.2 ppm, the σ22
component decreased by 1.2 ppm, and the σ33 component increased by 0.6 ppm. These
changes are minor and are unlikely to be seen experimentally. The bond lengths for the
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optimized structures did not change to 0.001Å accuracy. It appears the changes to the
PCCO torsion angle between 4 and -12° in phosphorane ylides have minimal effects on
the NMR parameters and geometries.
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3.5

Conclusions
The consequences of the electron-donating effects of R group on the geometry

and solid-state 31P NMR parameters of stabilized triphenylphosphorane ylides,
Ph3P=CHC(O)R, were studied. New X-ray diffraction crystal structures of ethyl
(triphenylphosphoranylidene)pyruvate (R = C(O)OEt) and 2oxopropyltriphenylphosphonium chloride were reported. Solid-state static and CP/MAS
31

P NMR spectra of all five (R = C(O)OEt, H, Me, OEt and phosphonium salt)

compounds were acquired at 11.75 T and simulated to extract the principal components
of the chemical shift tensor. The δ33 component decreased as the electron-donating
effects of the R group increased.
Quantum chemical calculations of the shielding tensor were performed on the Xray crystal structures at the HF and B3LYP/6-311++G** level of theory. There was good
agreement between the experimental and theoretical results for the 31P shielding tensors.
Examining these results with EFGShield [13], it was determined that the σ33 component
is oriented approximately along the phosphorus – C1 bond. The NBO calculations
showed no trend and only minor changes to the charge on phosphorus for all the
compounds. The charge on C1 showed a decrease with increasing electron-donating
effects.
To simplify the analysis of the effects of the R group, Me3P=CHC(O)R ylides
were used as model compounds. Total optimizations at the B3LYP/6-311++G** level of
theory showed a change in the phosphorus – methyl and phosphorus – C1 bond lengths.
Similar trends were produced by reexamining the X-ray crystal structures of the
triphenylphosphorane ylides and taking the difference between the average phosphorus –
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phenyl bond length and phosphorus – C1 bond length. NMR calculations on the
optimized model compounds showed the σ33 component of the 31P shielding tensor
increased as the electron-donating effects of the R group increased. This trend is the
equivalent to the δ33 component decreasing for the triphenylphosphorane ylides. The
theoretical calculations and experimental results therefore, suggest that the electrondonating effects of the R group in Ph3P=CHC(O)R ylides manifests as a change in the δ33
component of the 31P shielding tensor.
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3.6

Future Work
As shown above, there are no straightforward relationships between the electron-

donating effects of the R groups and the 31P shielding tensor (except σ33). Non-linear
relationships could be examined with NBO analysis and NCS algorithm [20].
Calculations on both the crystal structures and model Me3P=CHC(O)R compounds could
yield interesting results. As well, future work could examine trend in the charge on C1 as
the electron-donating effects of the R group changed. This trend indicates that the 13C
shielding tensor of C1 may be more sensitive to the changing electron structure of the
ylides. Also, the relationship between the two may be more obvious than the 31P results.
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INTRODUCTION
This chapter was motivated by a study of the 31P solid-state NMR of phosphines
by Penner and Wasylishen in 1989 [1]. Although the solid-state 31P NMR spectra various
phosphines were acquired and analyzed visually, the spectra of tristolylphosphines
showed large changes to the 31P shielding tensor depending on the location of the methyl
groups. The authors speculated that the large changes to the shielding tensor were due to
the ortho methyl groups, an ‘ortho effect,’ but did not determine the source. This chapter
updates the study by first reacquiring the spectra of triphenyl, tris(o-tolyl), diphenyl-otolyl and tris(p-tolyl)phosphine at a higher magnetic field. The principal components of
the shielding tensor were obtained by simulation with the appropriate software, instead of
being obtained by visual inspection. As well, bis(o-tolyl)phenylphosphine was
synthesized and analyzed with 31P solid-state NMR spectroscopy to complete the series
PPh3-x(o-tolyl)x, where x = 0 - 3. Comparing the 31P NMR spectra should clarify the
trends caused by the ‘ortho effect.’ In addition, quantum chemical calculations are
performed in order to determine which molecular orbitals are affected by the addition of
methyl groups at the ortho position of triarylphosphines.

4.1

Literature Review

4.1.1 Triphenylphosphine Derivatives
Triphenylphosphine derivatives are of interest to chemists when synthesizing
organometallic catalysts. Many catalysts contain triphenylphosphine derivatives as
ligands; the most famous of these is Wilkinson’s catalyst [2]. It has been established that
the effectiveness and selectivity of these catalysts depend on their electronic and
structural properties [3]. Since the interactions probed by NMR spectroscopy are
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affected by electronic and structural changes, it is an ideal tool for the characterization of
triphenylphosphines. This chapter will focus on the NMR parameters of uncomplexed
triphenylphosphines.
4.1.2

31

P NMR

A general overview of 31P NMR spectroscopy is given in the previous chapter on
phosphorane ylides. As well, a yearly review of the studies concerning the NMR spectra
of organophosphorus compounds is published, most recently in 2012 [4].
4.1.3 Solid-state NMR of Triphenylphosphines
Although triphenylphosphines are most often used as ligands, they are ordered
solids at room temperature. The solid-state 31P NMR spectra of uncomplexed
triphenylphosphines was first reported in 1982 [5]. Bemi et al. reported the isotropic
chemical shift and Δσ for various phosphines measured from CP/MAS and static spectra.
Unfortunately, they used a 2.114 T magnet where the Larmour frequency of 31P was only
36.4 MHz; this meant the principal components of the shielding tensor could not be
accurately measured for most phosphines since the key features were contained within a
single broad peak.
A study by Penner and Wasylishen in 1989 was the first to focus solely on the
solid-state 31P NMR spectra of uncomplexed phosphines [1]. An interesting trend
emerged when they compared tristolylphosphines substituted at the ortho, meta, or para
position. Tris(p-tolyl)phosphine and tris(m-tolyl)phosphine had similar Δσ values of 37
and 38 ppm. Also, the meta substituted phosphine had a lower symmetry due to a lack of
C3 symmetry in the crystal structure. Tris(o-tolyl)phosphine, however, had a much
smaller Δσ value of less than 15 ppm. Since a similarly small Δσ value was observed for
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tris(mesityl)phosphine, it was proposed that methyl groups on the same side of the
molecule as the lone pair on phosphorus decreased the δ11 and δ22 components. When
examining the solid-state 31P NMR spectrum of diphenyl-o-tolylphosphine, Penner and
Wasylishen found that the δ22 component had decreased, however, the δ11 component was
similar to that of tris(p-tolyl)phosphine and tris(m-tolyl)phosphine. This finding
supported the previous conclusion.
Another interesting characteristic of the solid-state 31P NMR spectrum of tris(otolyl)phosphine was the two peaks observed with CP/MAS. The crystal structure had
two inequivalent molecules in the unit cell, supporting this result. The large difference of
5.5 ppm in isotropic chemical shift and difference in Δσ was explained by the difference
in the tilt angles of the phenyl rings with respect to the pseudo C3 axis [1].
4.1.4 Calculations of 31P Shielding
Most calculations involving the 31P shielding tensor have focused on the isotropic
chemical shifts and their empirical relationships to the electronic properties of phosphines
[6]. The most recent study performed a linear regression on the 31P δiso values for 291
phosphines as a function of the electronegativity of the atoms 1, 2 and 3 bonds away [7].
Even in this paper, the authors admit that changes in the solvent will cause large changes
in the 31P δiso [7]. In addition, as shown in the previous chapter, changes to the electronic
structure at the phosphorus nucleus do not necessarily result in changes to δiso.
As reviewed in the previous chapter, Power calculated the principal components
of the 31P shielding tensor for various Me3PX compounds [8]. He used the LORG (local
origin local orbital) method with a large basis set of 6-311+G(3d) on P and X, and a
small 3-21G basis set was used on the carbon and hydrogen atoms. For these
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compounds, he found that σ33 was oriented along the P – X bond. This meant that the P –
X sigma bond and the orbitals on X had the most influence on the σ33 component. The
σ11 and σ22 components were influenced by the 2p orbitals on phosphorus, the orbitals of
the three methyl groups and the orbitals on X. Due to the nature of the LORG analysis,
the contributions into paramagnetic and diamagnetic shielding were not separated.
The LORG method was unavailable to our research group; therefore, analysis of
the orbital contributions to the 31P shielding tensor will be performed with the natural
bond orbital (NBO) analysis method [9] and specifically the NCS algorithm [10]. Please
see Section 2.1.4.3 for a brief explanation of this analysis.
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4.2

Purpose
This study will compare the 31P shielding tensors of five triarylphosphines:

triphenylphosphine (0), diphenyl-o-tolylphosphine(1), bis(o-tolyl)phenylphosphine (2),
tris(o-tolyl)phosphine (3) and tris(p-tolyl)phosphine (4) to determine the effects of ortho
substitution. The solid-state static and CP/MAS 31P NMR spectra will be acquired and
simulated.
Various quantum chemical calculations of 31P shielding tensors will be
performed. Calculations on the literature crystal structures will complete the calibration
curve for 31P shielding tensors started in Chapter 3. The orientation of the PAS of the 31P
shielding tensor in the molecular geometry of the phosphines will be examined to extract
any trends. Calculations will also be performed to determine how changing the tilt angle of
the phenyl rings affects the 31P shielding tensor. To test the effects of substitution, model
compounds will be created by adding methyl groups sequentially at the ortho position PPh 3.
The relative energies of the MOs for these compounds will be compared to the calculated and
experimental shielding tensor. As well, an NBO analysis [9] will be used to determine which
MOs are most important to the principal components of the 31P shielding tensor. Simple
molecular orbital diagrams should provide explanations for each contribution.
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4.3

Methods

4.3.1 Sample Preparation
Compounds 0, 1, 3 and 4 were purchased and found to be of acceptable purity for
solid-state NMR analysis. Bis(o-tolyl)phenylphosphine (2) was synthesized by a 4th year
project student, Matthew White. He performed a basic Grignard reaction with
dichlorophenylphosphine and o-tolylmagnesium bromide in diethyl ether. The
compound was extracted, and further purified by recrystallization from chloroform. The
purity of the sample was confirmed by 1H, 13C and 31P solution NMR in CDCl3.
4.3.2 NMR Spectroscopy
Solid-state 31P spectra were obtained at 11.75 T (ν0 = 202.46 MHz) on a Bruker
Avance II spectrometer using a 4 mm Bruker HXY MAS probe. It is not common for
modern high field solid-state NMR probes to be tunable to the 31P resonance frequency
since nuclei with frequencies less than that of 13C (ν0 = 125.78 MHz at 11.75 T) tend to
be more desirable. Experimental setup and pulse calibrations were performed using solid
NH4H2PO4 and the isotropic peak was set to 0.81 ppm relative to 85 % H3PO4. All
spectra employed proton decoupling and cross-polarization with π/2 pulses of 2.9 μs and
contact times of 2 ms. Spinning spectra of compounds 1 to 4 only required 8 scans and
static spectra took up to 200 scans depending on peak width. Recycle delays of 3 – 10 s
were used for these compounds. PPh3 had a long recycle delay of 30min. The spinning
spectrum was acquired in one scan and the static spectrum took 16 scans.
4.3.3 Spectral Processing and Simulation
Data were processed using TopSpin software. Line-broadening of 5 Hz was
applied to the MAS spectra and 50-100 Hz was applied to the static spectra of
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compounds 1 to 4. Line-broadening of 20 Hz was applied to the spinning spectrum of
PPh3. No line-broadening was applied to the static spectrum of PPh3. Baseline
corrections were applied to all spectra. Spectral simulations were performed using the
Solid Line Shape Guide within TopSpin.
4.3.4 Calculations
Quantum chemical calculations were performed using Gaussian 03 or 09 running
on SHARCNET clusters using either the HF or the B3LYP method and a 6-311++G**
basis set for all atoms. The 31P shielding tensor components were oriented to the
molecular geometry using the EFGShield [11] program from the Gaussian 03 or 09
output files. The NBO calculations [9] using the NCS algorithm [10] were performed
using Gaussian 09 using B3LYP method and a 6-311++G** basis set. NMR parameters
were calculated with the gauge including atomic orbitals (GIAO) method.
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4.4

Results and Discussion

4.4.1 Solid-state 31P NMR
The solid-state 31P NMR spectra of all five compounds were acquired. Both
CP/MAS and static spectra were simulated giving the shielding tensor components
summarized in Table 4.1. As well, Table 4.1 contains the shielding anisotropy and
asymmetry parameter calculated from the tensor components using the equations from
Chapter 1. The static spectra of all five compounds are given in Figure 4.1 to compare
the shielding tensor changes as methyl groups are added to the ortho position of
triphenylphosphine. The CP/MAS spectra are given in Figure 4.2. The spectra indicate
that the addition of methyl groups causes a decrease in the δ11 component, where δ22 and
δ33 remain relatively constant.

Table 4.1

Experimental chemical shift tensors for triarylphosphines from solid-state

31

P NMR spectroscopy. All values are given in ppm with approximate errors.

Compound

δiso

δ11

δ22

δ33

Δσ

ηCSA

0

-9.5(1)

9.8(5)

3.3(9)

-41.7(5)

48(1)

0.20(5)

1

-17.5(1)

12.8(5)

-28.1(9)

-37.1(5)

45(2)

0.30(7)

2

-18.6(2)

3.4(5)

-28.8(9)

-30.3(6)

34(2)

0.05(6)

3a

-27.3(1)

-24(1)

-25(1)

-34(2)

10(3)

0.3(3)

3b

-32.8(1)

-30(1)

-32(1)

-36(1)

6(2)

0.5(5)

4

-10.6(1)

1.8(5)

0.5(9)

-34.2(5)

35(1)

0.06(6)
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PPh3

PPh2(o-tolyl)

PPh(o-tolyl)2

P(o-tolyl)3

P(p-tolyl)3

Figure 4.1

Static 31P {1H} NMR spectra of various triarylphosphines.
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*

PPh3

#
*

PPh2(o-tolyl)
*

PPh(o-tolyl)2

#
*

*

*

P(o-tolyl)3

*

P(p-tolyl)3

Figure 4.2

CP/MAS 31P NMR spectra of various triarylphosphines spinning at 5kHz
(except PPh(o-tolyl)2 that was spinning at 10kHz). Minor impurities are
marked with #. Isotropic peaks are marked with an asterisk.

As seen in Figure 4.1, the static 31P spectrum of tris(o-tolyl)phosphine had an
unusual lineshape. The CP/MAS spectrum in Figure 4.2 showed two isotropic peaks
separated by 5.5 ppm indicating two nonequivalent molecules in the unit cell. Figure 4.3
shows the simulated spectrum with two sites. To achieve a reasonable level of error, the
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δiso were held constant at the values from the MAS spectrum at -27.3 and -32.8 ppm. As
well, the shoulder at -36 ppm was assumed to be the δ33 component of 3b. This shoulder
was not observed by Penner and Wasylishen in 1989 [1].

Experimental

Simulated

Figure 4.3

Experimental static 31P NMR spectrum of tris(o-tolyl)phosphine and the
best-fit simulation with two sites.

Although compound 4 is not a member of the PPh3-x(o-tolyl)x, where x = 0 – 3
series, it is included as a reference for compound 3. These molecules are isoelectronic
(three tolyl rings bonded to phosphorus); however, their spectra show a large difference
in δ11 and δ22. Their δ33 components are equivalent. This suggests that the electronic
effects from the addition of methyl groups have only minor effects on the 31P shielding
tensor and that the ortho groups are directly responsible for the difference in δ11 and δ22.
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The majority of values reported in Table 4.1 were within error of those found
previously [1]. The δ11 value for compound 1 differed by 15 % (2.2 ppm) which was
most likely due to differences in phasing or baseline corrections. The 31P NMR spectrum
of PPh3 was assumed to be axial by Penner and Wasylishen; however, at higher field
strength, the δ11 shoulder was observed. Therefore, there is not agreement with the
previously reported δ11 and δ22 values for PPh3. The isotropic chemical shift values for
both compounds 0 and 3 differed from the values reported by Penner and Wasylishen by
8-15 % for unknown reasons; usually errors in the MAS spectra are less than 0.2 ppm (~
1 % error).
4.4.2 Crystal Structures
The crystal structures of all four compounds were found in the literature [12-16].
Table 4.2 summarizes the phosphorus-carbon bond lengths and ‘tilt angles’ for each
molecule in the solid-state. The bond lengths were all 1.84 ± 0.01 Å. Only one value
was given for 4 since the molecule has C3 symmetry. The tilt angle for these compounds
was difficult to define for two reasons. First, besides compound 4, the molecules did not
have C3 axes; therefore any definition relating to an assumed axis would have a high
degree of error. Second, defining the location of the lone pair on phosphorus would have
resulted in an even greater degree of error. Also, any quantum chemical calculations
cannot define or freeze coordinates with respect to a lone pair or dummy atom. For the
purposes of this study, the C2-C1-C1’-C2’ torsion angle was defined as the tilt angle, as
seen in Figure 4.4. There was a large range of angles observed: from 49 to 111°.
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Table 4.2

The phosphorus-carbon bond lengths and tilt angles for triarylphosphines

from X-ray diffraction studies [12-16]. Tilt angle defined in Figure 4.4.
Compound

r(P-C) (Å)

Tilt Angles (°)

0

1.832(2)

1.831(2)

1.827(1)

104.9(2)

70.9(2)

49.3(2)

1

1.83(2)

1.84(1)

1.85(1)

65(2)

90(2)

96(2)

2

1.835(2)

1.836(1)

1.836(2)

86.6(3)

88.3(3)

111.1(3)

3a

1.8365(8) 1.837(1)

1.837(1)

84.8(1)

92.1(1)

93.0(1)

3b

1.8297(9) 1.836(1)

1.837(1)

78.0(1)

84.3(1)

99.7(1)

4

1.842(5)

Figure 4.4

86.3(7)

Definition of the tilt angle ( ) for triarylphosphine derivatives.

4.4.3 Calculations
Using the same method as in Chapter 3, the 31P shielding tensors were calculated
from the crystal structure geometry for all six molecules. The hydrogen positions were
optimized with B3LYP/6-311++G**, then the NMR calculations were performed with
the same basis set and either the HF or the B3LYP method. Figure 4.5 shows a plot of
the calculated principal components of the shielding tensor versus the experimental
chemical shifts for both the ylides and phosphines.
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100.0

Chemical shift (ppm)

80.0
60.0
40.0
20.0
0.0
200
-20.0

250

300

350

400
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-40.0
Calculated shielding (ppm)
-60.0

Figure 4.5

Experimental 31P NMR chemical shifts versus calculated shielding for
triarylphosphines and triphenylphosphorane ylides with HF/6-311++G** (
) and B3LYP/6-311++G**( ). Linear regressions gave
349 0.94 i and i 318 1.04 i respectively.
i

The shielding calculations also allowed for the chemical shifts of 3a and 3b to be
assigned to the two inequivalent sites reported for the crystal structure. Both the relative
isotropic shielding and Δσ were matched to the calculated values. The assigned sites
were the opposite of what was reported by Penner and Wasylishen [1]. They assumed
that the large variation in the tilt angles of 3b would produce the larger Δσ.
The linear regressions performed on the 33 data points for the HF/6-311++G**
level of theory gave a line of best fit of
0.02 and the intercept,

ref

i

349 0.94 i where the slope was -0.94 ±

, was 349 ± 8 ppm. The linear regressions performed on the 30

data points for the B3LYP/6-311++G** level of theory gave a line of best fit of
i

318 1.04

i

where the slope was -1.04 ± 0.08 and

ref

was 318 ± 24 ppm. As

previously stated, the absolute shielding of 85% H3PO4 in the gas phase at 300 K (
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ref

)

was found in literature to be 328.35 ppm [17]. The y-intercept for the B3LYP
calculations was within error of this value. In addition, the B3LYP calculations had a
slope that was within error of -1. Unfortunately, the R2 value for the linear regression of
the B3LYP calculations was 0.852 where the HF calculations had a much better value of
0.983. Even a visual inspection of the two sets of data show that the HF data were better
fit to the linear regression. Both methods have their advantages; however, the
forthcoming calculations use B3LYP since it tends to give more accurate relative
energies [18].
The principal components of the 31P shielding tensor from the calculations above
were oriented to the molecular geometry using the EFGShield program [11] for each
crystal structure. Figures 4.6 and 4.7 show compounds 0 - 4 looking down the σ11 or σ33
component (right and left respectively). The calculated σ33 components of the 31P tensors
of 0, 1, 3a and 3b were closest to passing through the lone pair. In compound 2,
however, the σ22 component was closest to the lone pair. It appears that the equivalence
between components δ22 and δ33 of compounds 2 in the experimental 31P spectrum was by
chance, not because of the molecular symmetry around phosphorus. The orientation of
the σ11 and σ22 components did not seem to follow any pattern or trend. As previously
noted, the δ11 component was most affected by the addition of the o-tolyl groups. In
general, the σ11 component was approximately perpendicular to the pseudo C3 axis and
never along a phosphorus-carbon bond. It will be assumed that the paramagnetic
contribution to the σ11 component will be most affected by mixing of MOs due to rotation
in the x or y direction, (Rx or Ry). Unlike the other compounds, the symmetry of the
crystal structure of compound 4 had a C3 axis at the phosphorus atom. This forced the
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σ33 component to be along the C3 and the other two components to be equivalent, as seen
in Figure 4.7. This agreed with what was observed in the axially symmetric 31P NMR
spectrum of 4.

PPh3

PPh2(o-tolyl)

PPh(o-tolyl)2

Figure 4.6

The orientation of the principal axis system of the 31P shielding tensor with
respect to the molecular geometry of some triarylphosphines looking down
the σ11 (left) or σ33 (right) components.
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P(o-tolyl)3 3a

P(o-tolyl)3 3b

P (p-tolyl)3

Figure 4.7

The orientation of the principal axis system of the 31P shielding tensor with
respect to the molecular geometry of compounds 3a, 3b, 4 looking down
the σ11 (left) or σ33 (right) components.

From the results of Chapter 2, it was seen that the tilt angle of the phenyl rings
had a large effect on the 119Sn NMR of tetraaryl tin compounds. Therefore, the first
calculations on model compounds were performed on triphenylphosphine (PPh3) at the
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B3LYP/6-311++G** level of theory. The tilt angle, defined in Figure 4.4, was held
constant for all three rings while the other geometric parameters were allowed to relax to
their lowest energy values. Tilt angles were stepped from 0° to 190° in increments of
10°. The calculated principal components of the 31P shielding tensors are plotted in
Figure 4.8 as a function of tilt angle. The σ11 and σ22 components remained relatively
constant as the tilt angle changed, especially in the 75° to 93° range where most of the tilt
angles were observed for compounds 1 – 4. Therefore, the tilt angle is unlikely to be the
cause of the trend observed in the 31P spectra of compounds 1 – 3. Although the σ33
component showed the largest effect, it remains relatively constant in the experimental
31

P NMR spectra of the triarylphosphines.

Calculated Shielding (ppm)

390
370
350
σ33

330
310
290

σ22
270
250

σ11

230
0.0

Figure 4.8

50.0

100.0
Tilt Angle (°)

150.0

200.0

Calculated 31P shielding tensor components as a function of previously
defined tilt angle for PPh3 using B3LYP/6-311++G**. The solid line (
) represents the σ33 component, and the dashed lines ( and
)
represent the σ22 and σ11 components respectively.
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To determine the MOs that will affect the σ11 component of the 31P shielding
tensor, a symmetry analysis was performed. As with most types of spectroscopy, there
are symmetry allowed and symmetry forbidden ‘transitions’ in NMR [19]. Ramsey’s
equation (Section 1.1.3.4), states that the paramagnetic contribution to the shielding
tensor is dependent on the overlap integral of a ground-state and an excited-state
molecular orbital related by Lˆ k . It can be shown that Lˆ k transforms as the rotational
operator R̂ as long as the symmetry at the nucleus is equivalent to that of the whole
molecule [19]. Figure 4.9 shows the partial molecular orbital diagram for a general
molecule with C3 symmetry with each MO assigned either A or E symmetry. The σ and
σ* orbitals are the bonding and anti-bonding phosphorus-carbon MOs and n is the lone
pair on phosphorus. The symmetry allowed transitions are marked in grey for mixing
due to Rx or Ry operators (that have E symmetry as per the C3 character table). These
transitions should be the major contributions to the σ11 component of the 31P shielding
tensor.

Figure 4.9

A partial MO diagram for PPh3 derivatives assuming C3 symmetry.
Arrows denote symmetry allowed transitions that can contribute to the σ11
component of the 31P paramagnetic shielding tensor.
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Although Figure 4.9 only considers three ground-state (two of which and
degenerate) and three excited-state (two of which and degenerate) MOs, there are three
symmetry allowed transitions that can affect the σ11 component. There are two allowed σ
to σ* transitions that get even more complicated when the E orbitals are no longer
degenerate due to a loss of C3 symmetry, i.e. for compounds 1 and 2. On the other hand,
the n to σ* transition will only affect the σ11 component if the σ* MO has E type
symmetry. It is also the HOMO to LUMO transition, thus it has the smallest energy gap.
Since the paramagnetic shielding is inversely proportional to the energy gap, this
transition should have a large contribution to the σ11 component. The n to σ* transition is
an important and simpler interaction to study; therefore, the focus of the next set of
calculations will be the effect of methyl substitution at the ortho position of
triphenylphosphine on these orbitals.
To calculate only the ortho effect, model compounds were created by completely
optimizing PPh3 with B3LYP/6-311++G**, and then adding methyl groups at the ortho
position with carbon-carbon bond lengths of 1.54 Å. The ortho groups were added on the
side of the phenyl ring closest to the lone pair, since that was what was observed in the
crystal structures. Only four compounds, P(o-tolyl)xPh3-x where x = 0 - 3, fit this
definition and P(p-tolyl)3 was also added to the analysis. These model compounds were
used in two analyses: an analysis of the relative energies of the MOs and an NBO
analysis to obtain the overall contribution from each MO to the 31P shielding tensor.
First, as mentioned previously, the symmetry allowed n to σ* transition was the
simplest to study. Ramsey’s equation gives the relationship

p

(E n

E 0 ) 1 . Therefore,

a plot of the calculated shielding component as a function of the inverse of the energy gap
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between the MOs should give a straight line as long as the overlap integrals stay constant.
Figure 4.10 shows the calculated σ11 shielding component of the three model compounds
versus inverse energy gap between the lone pair MO and the σ* (E) MO. The energy gap
was calculated in units of kJ/mol.
The linear regressions performed on five data points gave a line of best fit of
11

1.89 106 (E σ*

En )

1

3720 where the slope was (1.89 ± 0.25) 106 ppm mol / kJ

and the y-intercept was -3720 ± 530 ppm. This linear relationship suggested that the
methyl groups at the ortho position were changing the n to σ* energy gap, which was
directly affecting the σ11 component of the 31P shielding tensor.

Calculated Shielding (ppm)

315.0
310.0
305.0
300.0
295.0
290.0
285.0
280.0
275.0
270.0
265.0
2.11

2.115

2.12

2.125

2.13

2.135

2.14

1000/ΔE (mol/kJ)

Figure 4.10

Calculated σ11 components of the 31P shielding tensor as a function of the
energy gap between the lone pair and σ* MOs for PPh3 using B3LYP/6311++G**. A linear regression gave 11 1.89 106 (E σ* E n ) 1 3720
with an R2 of 0.951.

The calculated energy gap of the model compounds was also directly compared to
the experimental δ11 component. Figure 4.11 shows linear relationship also holds for the
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experimental data. This plot had 6 points due to the two inequivalent sites in P(o-tolyl)3.
The line of best fit was

11

1.81 106 (E σ*

En )

1

3850 where the y-intercept was

3850 ± 310 ppm and the slope was (-1.81 ± 0.15) 106 ppm mol / kJ with an R2 value
of 0.974. This line had an even better fit than the calculated shielding values. Although
these data fit a straight line, further analysis was needed since there was two other
symmetry allowed transitions to take into account.
20
15

Chemical Shift (ppm)

10
5
0
-52.11

2.115

2.12

2.125

2.13

2.135

2.14

-10
-15
-20
-25
-30
-35
1000/ΔE (mol/kJ)

Figure 4.11

Calculated σ11 components of the 31P shielding tensor as a function of the
energy gap between the lone pair and σ* MOs for PPh3 using B3LYP/61.81 106 (E σ* E n ) 1 3850
311++G**. A linear regression gave 11
with an R2 of 0.974.

One possible analysis that could verify this correlation is UV-vis spectroscopy. A
plot of the chemical shift as a function of the maximum absorption wavelength should
also yield a straight line (since

E=

hc

). Barbarella et al. showed this correlation for

the 13C chemical shifts of tBu2C=X [20]. Unfortunately, the π-bond transitions of the
three phenyl rings dominate the UV-vis spectrum, masking the n to σ* signals [21].
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Next, an NBO analysis was performed on these model compounds to uncover any
trends in the contributions to the σ11 component from the various MOs. The
contributions were categorized as either from the p-orbitals on phosphorus, the lone pair,
the phosphorus-carbon sigma bonds, or the various ligand orbitals. As well, the
contribution from the carbon-hydrogen sigma bonds of the methyl groups was examined,
as a subset of the total ligand MO contribution. A summary of these contributions to the
σ11 component is found in Table 4.3 based on the number of o-tolyl groups.

Table 4.3

Calculated MO contributions to the σ11 component of the 31P shielding

tensor for model compounds P(o-tolyl)xPh3-x where x = 0 – 3 and P(p-tolyl)4,
using B3LYP/6-311++G** and the NBO analysis. All values are given in ppm.
Compound

Lone Pair

2p

P-C σ-bonds

ligand

C-H (methyl)

0

34.5

101.2

-436.6

-46.5

-

1

26.7

58.8

-370.8

-62.9

-0.1

2

268.9

-76.5

-484.1

-23.7

-11.4

3

207.2

-80.0

-365.6

-50.1

-15.6

4

479.7

-78.6

-748.5

12.8

-1.4

Examining the values from Table 4.3, the largest contributions to the σ11
component of the 31P shielding tensor were from the 2p orbitals on phosphorus, the lone
pair and the P-C sigma bonds. According the calculations done on both the model
compounds and crystal structures, the LUMOs were the anti-bonding P-C σ* orbitals.
Therefore, it was assumed that the MOs mentioned above mix with the P-C σ* orbitals
when the NBO orbital diagrams were created. Figure 4.12 shows the simplified overlap
diagrams for the lone pair, 2p and P-C sigma bond contributions to the σ11 component of
the 31P shielding tensor. It should be noted that the coordinate axis system was chosen for
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z to be along the C3 axis and for one of the P-C bonds in the yz-plane. This assigned axis
system is an over-simplification of the PAS of the 31P shielding tensor seen in Figure 4.6.

Figure 4.12 A simplified diagram for the mixing of molecular orbitals in PPh3
derivatives contributing to the σ11 component of the 31P shielding tensor of
the central phosphorus atom.
The contributions from each category of MO had different trends as the number
of o-tolyl groups increased. For example, the contribution from the lone pair greatly
increased then leveled off, as more o-tolyl groups were added. The contribution from the
P-C σ-orbitals greatly decreased then returned to the starting value, as more o-tolyl
groups were added. These trends suggest that the methyl groups are affecting the energy
of the ground-state and excited state MOs, as well as the magnitude of the overlap
integrals. The straight line in Figure 4.11 appears to be merely a coincidence, not an
explanation of how methyls at the ortho positions of triarylphosphines affect δ11.
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4.5

Conclusions
A series or triarylphosphines, P(o-tolyl)xPh3-x where x = 0 – 3 was studied with

solid-state 31P NMR spectroscopy and quantum chemical calculations. Solid-state static
and CP/MAS 31P NMR spectra were acquired at 11.75 T and simulated to extract the
principal components of the chemical shift tensor. The δ11 component decreased as the
number of o-tolyl groups increased.
Inspection of the literature crystal structures showed similar phosphorus-carbon
bond lengths for all molecules and two inequivalent sites in the tris(o-tolyl)phosphine
unit cell (in agreement with the CP/MAS 31P NMR spectrum).
Quantum chemical calculations of the shielding tensor were performed on the Xray crystal structures at the HF and B3LYP/6-311++G** level of theory. There was good
agreement between the experimental and theoretical results for the 31P shielding tensors.
Examining these results with EFGShield [11], it was determined that the σ33 component
oriented approximately along the phosphorus lone pair for compounds 0, 1 and 3. The
σ22 component was closest to the lone pair for compound 2.
Calculations were also performed on a completely optimized structure of PPh3
changing the tilt angle of the phenyl rings with respect to the C3 axis. Changing the tilt
angle had a large effect on the σ33 component, but negligible effects on the σ11 and σ22
components of the 31P shielding tensor.
The next two sets of calculations were performed on model compounds where
methyl groups were added to the ortho position of completely optimized PPh3. A
symmetry analysis of the HOMO-1, HOMO, LUMO and LUMO+1 orbitals for
molecules with C3 symmetry showed three symmetry allowed transitions. The n to σ*
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transition was focused on due to simplicity. A linear dependence of the σ11 component of
the 31P shielding tensor on the inverse of the n to σ* energy gap was observed.
An NCS analysis on the same group of compounds showed contributions to the
σ11 component primarily from the lone pair on phosphorus, the 2p orbitals of phosphorus
and the phosphorus-carbon σ-type MOs. None of these contributions provided a
straightforward trend, likely indicating a complex interaction between the methyl groups
and the MOs of triarylphosphines.
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INTRODUCTION
In the previous three chapters, the solid-state 31P NMR spectra have shown
lineshapes dominated by the chemical shielding interaction. This chapter examines the
31

P NMR spectra of phosphonate anions where non-negligible interactions between the

phosphorus and deuterium are observed. This system not only has chemical shielding,
dipolar and spin-spin interactions, but also second order quadrupolar effects. The theory
outlined in Section 1.3 will be used throughout this chapter to obtain phosphorusdeuterium bond lengths in the solid state

5.1

Literature Review

5.1.1 Phosphonate Nomenclature
Before reviewing the literature concerning phosphonates, it may be prudent to
define them. Figure 5.1 shows the IUPAC conventions [1]. When phosphoric acid
(H3PO4) is reduced, the resulting acid should be triprotic phosphorous acid, P(OH)3 and
in aqueous solution the acid should form phosphate anions, PO33-. This is not the case.
The energetically favoured diprotic phosphonic acid, HPO(OH)2, is formed and
dissociates in aqueous solution to become phosphonate anions, HPO32-.

Figure 5.1

Nomenclature for the isomers of H3PO3 and their anions.
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5.1.2 Phosphonate P-H Bond Lengths
Determining solid-state structures to a high degree of accuracy is generally done
with diffraction methods. Although X-ray diffraction is far more common, it is known to
provide inaccurate hydrogen positions [2]. In order to get accurate phosphorus-hydrogen
bond lengths in the solid state, neutron diffraction studies were the best option.
Considering neutron diffraction consists of a small fraction of crystal structure studies, it
is surprising that there were several neutron diffraction structures of crystals containing
phosphonate anions, summarized in Table 5.1.

Table 5.1

Phosphorus-hydrogen bond lengths from literature neutron diffraction

studies of compounds containing phosphonate.
Compound

Site r(P-H) (Å) Reference

LiH(HPO3)
HPO(OH)2 and HPO(OH)2 – d3

[Mg(H2O)6][HPO3]

1.396(4)

[3]

1

1.386(5)

[4]

2

1.391(5)

[4]

1.431(8)

[5]

The neutron diffraction structure of HPO(OH)2 was interesting for two reasons.
First, there were two inequivalent molecules in the unit cell. The P-H bond lengths for
the two sites were equivalent within error. Second, the crystal structures of the fully
protonated and fully deuterated molecules were solved, and determined to be equivalent
within error [4].
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The Farrar group from the University of Wisconsin has been interested in the P-H
bond lengths of phosphonates both in solution [6-8] and in the solid state [5-7]. These
papers all quote bond lengths obtained by solid-state NMR. One paper claimed a P-H
bond length of 1.46(5) Å was obtained for anhydrous Na2HPO3 along with a 31P Δσ of
150 ppm [6]. Another paper reports a bond length of 1.45(2) Å for HPO32-, 1.41(1) Å for
HPO2(OH)– and 1.36(1) Å for HPO(OH)2 [7]. Full details of these experiments have
only been published as a dissertation [9]. It is assumed that the bond lengths were
calculated in a similar manner to what is reported in this chapter, except examining the
phosphorus-hydrogen pair instead of phosphorus-deuterium.
The only other report of solid-state NMR of phosphorus directly bonded to a
deuterium was by Stringfellow et al. [10]. They examined the CP/MAS 31P NMR spectra
of deuterated phenylphosphinic acid. No analysis of the dipolar coupling was done due
to the 250 Hz width of the lines; however, dipolar effects were observed at 4.7 and 9.4 T
magnetic fields.
Accurately determining phosphorus-hydrogen bond lengths with solid-state NMR
is difficult, because of large dipolar interactions. As described in Chapter 1, dipolar
coupling to 1H is normally removed by high-power decoupling methods. In order to view
the phosphorus-hydrogen interactions in the 31P spectrum, decoupling could no longer be
used. The dipolar coupling is directly dependent on the product of the magnetogyric
ratios of the nuclei involved. Since 1H has one of the highest gamma values (γ = 26.7519
107 rad T

1

s 1 ) [11], the dipolar coupling to phosphorus and most importantly, to all

the other hydrogens would be quite large. The advantage of a large phosphorus-hydrogen
dipolar coupling is that it would be easy to observe. The disadvantage is the line-
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broadening caused by short relaxation delays. A short relaxation in the time domain
Fourier transforms into a large uncertainty in the frequency domain. The 2H
magnetogyric ratio is approximately one sixth of that of hydrogen (γ = 4.1066 107
rad T

1

s 1 ) [11]. This reduces the observable effects of the dipolar coupling on the

spectrum; however, high-power decoupling of 1H can be used to narrow the lineshapes.
5.1.3 Motional Averaging
An important consideration when reporting bond lengths are the effects of
motional averaging. In the solid state, there are several possibilities for the nature of the
motion; however in the case of ionic solids, vibrational and librational motion is the most
likely [12].
5.1.3.1 Vibrational motion
Classical mechanics describes a vibrating dimer as a simple harmonic oscillator
(HO) where the atoms pass through the equilibrium bond length, re. The energy of the
system is E ( x)

1

2

kx 2 where k is the force constant and x is the how far the bond length

is from equilibrium, x

r re . Switching to the quantum mechanical HO, energy states

are described by quantum number v, with energy E (v) = (v + 1 2)h [13]. The vibrational
frequency, ν, is usually in the IR region of the electromagnetic spectrum. Figure 5.2
shows the parabolic energy curve for a HO centered at re with evenly spaced energy
levels in gray. The wave functions at each energy level are symmetric around re,
therefore, the expected bond length is re.
Unfortunately, the HO does not completely describe the vibration of bonds, in
particular the dissociation energy, D0. As the frequency of the vibration increases, the
bond becomes weaker and eventually, the bond breaks. The Morse potential takes the
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dissociation energy into account by decreasing the spacing between the energy levels
such that a continuum is formed. Figure 5.2 shows how the Morse potential (in black)
approaches D0 for large values of v. As well, Figure 5.2 shows that the Morse potential
energy levels can be approximated as the HO for v = 0. As v increases, however, the
Morse potential deviates from the HO and the expected bond length becomes longer
(shown in blue).

Figure 5.2

Comparison of the allowed energy levels of the classical HO and Morse
potential for v = 0 to 7. The expected bond lengths for the Morse potential
are mapped in blue.

For the HO, the vibrational frequency and force constant are related by:

1
2

k

(5.1)

where μ is the reduced mass. The vibrational frequency for the P-H bond of phosphonate
(in solution) was found in literature to be ~ 2300 cm-1 [7]. If it is assumed that for the
phosphorus-hydrogen pair, the phosphorus atom does not move, then the reduced mass
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becomes the mass of the hydrogen atom. Since deuterium has twice the mass of
hydrogen, the vibrational frequency for the phosphorus-deuterium bond becomes
P

2

1
H

2

P

1

H

1630cm 1 .

The ratio of populations of the energy levels is describes by the Boltzmann
distribution [13]:

n1
n0

E

e

k BT

(5.2)

where n1 is the population at v = 1, n0 is the population at v = 0, ΔE is the energy
difference between v = 1 and v = 0, kB is the Boltzmann constant and T is the
temperature. Using a vibrational frequency of 1630 cm-1 and ΔE = hν, there are only ~
0.05 % of phosphonate molecules in v = 1 at room temperature. Even at 365 K, only ~
0.17 % of molecules are in an excited vibrational state.
Since these vibrations occur at a rate higher than the NMR time scale, the dipolar
interaction will depend on the expected bond length. As shown above, the expected bond
length can be assumed to be re since only the ground state vibrational level is occupied.
Vibrational corrections can be ignored for any reported phosphorus-deuterium bond
lengths.
5.1.3.2 Librational motion
In addition to vibrations within the molecules, the entire molecule and crystal
structure can vibrate. These motions are called lattice vibrations or ‘librations.’
Librations are not as straightforward as vibrations, thus there are various models for their
motion [12]. Some librations cannot even be modeled, or are completely random. As the
temperature increases, the librations will become more pronounced, changing the
expectation value of r, r . To determine if librational corrections should be applied to
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the reported bond lengths, the spectrum will be run at a higher temperature. If there are
librational motions with non-negligible effects on r the dipolar coupling constant
should change when the temperature increases.
5.1.3.3 Expected Bond Length Errors
From the equations in Chapter 1, the dipolar interaction is dependent on the cubed
inverse of the internuclear vector, RDD

1

r3

. As mentioned above, when vibrational or

librational motion occurs at a frequency greater than the NMR time scale, the expectation
1

value,

1

1

1
r

3

3

r3

is observed. Unfortunately, r is not equal to

1

r3

3

and the value of

is always larger than r [13]. This means any values for the internuclear

phosphorus-deuterium distance reported will be larger than the actual r .
5.1.4 Calculations
Quantum chemical calculations on phosphonates were also performed by the
Farrar group [7,8]. They were trying to match trends observed in their solution IR and
NMR spectra. First, the IR spectra of Na2HPO3·5H2O in water showed an increased
vibrational frequency for the P-H stretch as the pH of the solution decreased [7]. This
suggested that the P-H bond shortened as the phosphonate anion became protonated.
They were able to produce the same trend with calculations at the MP2/6-31G* level of
theory on completely optimized isolated phosphonate anions (i.e. HPO32-, HPO2(OH)and HPO(OH)2) [7]. The calculations showed that for each proton added, the P-H bond
length shortened by 0.05 Å from the 1.46 Å value for HPO32-. To explain the results a
natural bond orbital (NBO) analysis was performed. The hybridization of the P-H σ bond
showed that the 3s orbital contribution increased as the anion became protonated, while
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the 3p contribution decreased [7]. This may indicate that the 3s orbitals participate in the
π-type character of the P-O bonds.
The solution NMR analyses done by the Farrar group measured the relaxation
times of Na2HPO3·5H2O in a D2O/ethylene-d6 glycol mixture while changing the
temperature and pH [6]. Since the relaxation times depend on the shielding anisotropy
and dipolar interaction, values for both were obtained. A P-H bond length of 1.460(5) Å
and a 31P Δσ of 128 (5) ppm provided the best fit to experimental data [6]. Calculations
of the NMR parameters with HF/6-311G** by the Farrar group showed that the σiso and
Δσ for both 1H and 31P depended on the P-H bond length of the phosphonate anion [8].
Increasing the P-H bond length decreased σiso and Δσ. Calculations of the efg tensor for
deuterated phosphonate showed a decrease in the deuterium |CQ| value with protonation.
The HPO32-, HPO2(OH)- and HPO(OH)2 species had calculated |CQ| values of 109.7, 67.3
and 58.0 kHz respectively.
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5.2

Purpose
This chapter will examine the solid-state 31P NMR spectra of deuterated

piperazinium phosphonate and phosphonic acid. The combination of chemical shielding,
dipolar, spin-spin and quadrupolar interactions should provide several values for the
effective dipolar coupling (Reff), from which phosphorus-deuterium bond lengths can be
calculated. Analysis of the second order quadrupolar interaction will require that a 2H
spectrum be acquired and analyzed. The bond lengths and associated errors will be
compared to neutron diffraction results, as well as the calculations and experiments
performed by the Farrar group.
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5.3

Methods

5.3.1 Sample Preparation
Deuterated phosphonic acid, HPO(OH)2-d3, was synthesized by reacting D2O
with phosphorus trichloride in a 3:1 molar ratio. First, PCl3 was dissolved in chloroform
in a round-bottom flask with a condenser and drying tube attached. While the solution
was stirred in an ice bath, D2O was added dropwise. The reaction was left overnight
while the ice bath melted, then the chloroform was removed under vacuum. The
remaining D2O was removed with a boiling water bath under vacuum while stirring. The
solid was then recrystallized from methanol. The purity was checked with 1H and 31P
solution NMR in chloroform-d. Approximately 95% deuteration was achieved.
Deuterated piperazinium phosphonate was synthesized by simply dissolving
purchased piperazine in water or D2O and adding HPO(OH)2-d3 in a 1:1 molar ratio.
Crystalline product was produced by slow evaporation at room temperature in a fume
hood from an Erlenmeyer flask.
5.3.2 NMR Spectroscopy
Solid-state 31P spectra were obtained at 11.75 T (ν0 = 202.46 MHz) on a Bruker
Avance II spectrometer using a 4 mm Bruker HXY MAS probe. Experimental setup and
pulse calibrations were performed using solid NH4H2PO4 and the isotropic peak was set
to 0.81 ppm relative to 85 % H3PO4. The spectra of deuterated piperazinium
phosphonate employed proton decoupling and cross-polarization with π/2 pulses of 2.9 μs
and contact times of 2 ms. The spinning spectrum required 400 scans and the static
spectrum required 10000 scans. A recycle delay of 5 s was used for both. The spinning
spectrum of deuterated phosphonic acid directly observed 31P with a π/2 pulse of 3.0 μs.
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The spectrum was acquired in only 8 scans; however, a recycle delay of 300 s was
necessary.
Solid-state 2H spectrum of deuterated piperazinium phosphonate was also
obtained at 11.75 T (ν0 = 76.77 MHz) on a Bruker Avance II spectrometer. A 4 mm
Bruker HFX MAS probe was used and the magic angle was set by maximizing the
number of rotational echoes in the 23Na FID of a solid sample of NaNO3 spinning at
5kHz. Experimental setup and pulse calibrations were performed using solid (CH3)2SO2d6 and the isotropic peak was set to 2.77 ppm relative to TMS. The spectrum of
deuterated piperazinium phosphonate employed proton decoupling and cross-polarization
with π/2 pulses of 3.0 μs and contact times of 10 ms. The spinning spectrum required
800 scans and a recycle delay of 5 s was used.
5.3.3 Spectral Processing and Simulation
Data were processed using TopSpin software. No line-broadening was applied to
the 31P spectra. Line-broadening of 20 Hz was applied to the 2H CP/MAS spectrum.
Baseline corrections were applied to all spectra. Spectral simulations were performed
using the Solid Line Shape Guide within TopSpin.
5.3.4

Calculations
Quantum chemical calculations were performed using Gaussian 09 running on

SHARCNET clusters using the B3LYP method and a 6-311++G** basis set for all
atoms. The 31P shielding tensor components were oriented to the molecular geometry
using the EFGShield program [15] from the Gaussian 09 output files. NMR parameters
were calculated with the gauge including atomic orbitals (GIAO) method. The J
anisotropy calculations were performed with the Amsterdam Density Functional (ADF)
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program [16], specifically the CPL option [17] available through SHARCNET. The
hybrid B3LYP method with a basis set of TZ2P was used for all atoms. The spin-dipolar
contribution was included; however, relativistic effects were not.
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5.4

Results and Discussion

5.4.1 Piperazinium Phosphonate
5.4.1.1 Crystal Structure
The crystal structure of piperazinium phosphonate has been solved by X-ray
diffraction as a monohydrate [18]. Table 5.2 summarizes the geometric parameters of the
phosphonate anion. The bond lengths and angles show pseudo C3v symmetry at the
phosphorus atom with the C3 axis along the P-H bond. The shortened P-O3 bond length
appears to be the largest deviation from an ideal geometry. For the results presented in
this chapter, it was assumed that deuteration would not change the crystal structure.

Table 5.2

Selected bond lengths and angles for the phosphonate anion of

piperazinium phosphonate from the literature [18].
r(P-O1)

1.523(1) Å

a(H-P-O1)

106.25(6)°

a(O1-P-O2)

111.96(8)°

r(P-O2)

1.523(1) Å

a(H-P-O2)

106.28(6)°

a(O1-P-O3)

112.44(8)°

r(P-O3)

1.515(1) Å

a(H-P-O3)

106.26(6)°

a(O2-P-O3)

113.04(8)°

5.4.1.2 Calculations
The ADF program with the CPL option [15, 16] was used to perform three
calculations on a single phosphonate anion using the X-ray crystal structure of
piperazinium phosphonate. The phosphorus-deuterium bond lengths were set to 1.32,
1.41 or 1.48 Å and the J coupling tensor was calculated. The bond lengths corresponded
to Jiso values of 70, 64 and 61 Hz, respectively. Changing the bond length had very little
effect on the ΔJ; all calculations gave ΔJ = 2.0 ± 0.7 Hz. The calculated 1J(31P,2H) values
were all positive. This is in agreement with the solution NMR work done by the Farrar
group with relaxation times [6].
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5.4.1.3 Solid-state 31P NMR
The solid-state 31P NMR spectrum for piperazinium phosphonate was influenced
by both the chemical shielding and dipolar interactions. Section 1.3.1 explains that the
simplest case when combining these two interactions occurs when the shielding tensor is
axially symmetric (ηCSA = 0) and the unique component lies along the internuclear vector
rAX. Since the phosphonate anion has approximately C3v symmetry at the phosphorus
atom with the C3 axis along the P-H bond, equation 1.37 should apply to this spectrum.
Equation 1.37 states

3Reff
eff

obs

0A

(1

iso

)

1
3

0A

eff

(3cos 2

1) mS J iso where

mS .

0A

Applying this equation, each deuterium spin state will have a different Δσeff
based on the effective dipolar coupling constant (and therefore, the P-2H bond length).
Since deuterium has a spin of 1, it has three possible mS values: -1, 0 and +1. The mS =
+1 spin state will have the largest Δσeff, followed by the mS = 0 spin state which will not
affected by the dipolar interaction, followed by the mS = -1 spin state which will have the
smallest Δσeff. Simulating the total solid-state 31P spectrum was accomplished by
assuming there were three overlapping sites. Figures 5.3 and 5.4 show the experimental
and simulated 31P spectra of piperazinium phosphonate with and without spinning. Table
5.3 summarizes the 31P principal shielding tensor components for each mS value of
deuterium. The assignment of the mS values of deuterium was done assuming a positive
Reff value. Since the magnetogyric values for deuterium and phosphorus are positive, Reff
must be positive (Equation 1.27). This is further evidence that Jiso is positive, since the
mS = -1 isotropic peak has the highest δiso value. A positive Jiso value agrees with what
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previous work [6] and the calculations from Section 5.4.1.2 predicted. The magnitude of
the Jiso was larger than the calculated values for any of the bond lengths.

*

Experimental

Simulated

Figure 5.3

Experimental static 31P NMR spectrum of deuterated piperazinium
phosphonate and the best-fit simulation with one site for each of the
deuterium spin states: mS = +1 (green), mS = 0 (red) and mS = -1 (blue). A
spectral frequency of ν0(31P)= 202.46 MHz was used. The asterisk denotes
a small amount of ‘mobile’ protonated phosphonate ion.
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*

Experimental

mS = -1 0 +1

*

Simulated

Figure 5.4

Experimental CP/MAS 31P NMR spectrum of deuterated piperazinium
phosphonate and the simulated spectrum with three sites (one for each of
the deuterium spin states). The inset shows the isotropic peaks: mS = +1
(green), mS = 0 (red) and mS = -1 (blue). The asterisk denotes the isotropic
peaks. A resonance frequency of ν0(31P)= 202.46 MHz was used.
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Table 5.3

Experimental chemical shift tensors for deuterated piperazinium

phosphonate from solid-state 31P NMR spectroscopy where ν0(31P)= 202.46 MHz.
All values are given in ppm with approximated errors.
mS

δiso

δ11

δ22

δ33

Δσeff

ηCSA

+1

2.25(6)

113.5(5)

-51(2)

-55(2)

166(2)

0.04(4)

0

2.70(8)

89(1)

-39(2)

-42(2)

130(2)

0.04(4)

-1

3.12(6)

65(1)

-26(2)

-29(2)

93(2)

0.05(5)

As stated in Chapter 1, if Δσeff is plotted against mS, the equation of the line
should give a y-intercept of Δσ and a slope of

3Reff

. For the results from Table 5.3, the

31

0 P

31

P Δσ was 130 ± 2 ppm and Reff was found to be 2500 ± 100 Hz. It was assumed that ΔJ

was very small compared to the RDD, and therefore Reff = RDD. This is generally true for
‘light’ elements, especially since ΔJ is divided by three when contributing to Reff [19].
As well, this assumption was validated by the calculations on the phosphonate anion with
ADF that gave ΔJ = 2 Hz. Using equation 1.27, RDD
values for

2

H

(4.1066 107 rad T

1

s 1 ) and

31

P

0

4

h

A X
2 3
AX

4 r

, with literature

(10.8394 107 rad T

1

s 1 ) [11], the

phosphorus-deuterium bond length for the phosphonate anion was found to be 1.44 ±
0.02 Å. No vibrational or librational corrections were applied to this value since no
changes to the static 31P NMR spectrum were observed when the temperature was
increased to 365 K.
Comparing this value to the bond lengths in Table 5.1, it was within error of the
neutron diffraction results for [Mg(H2O)6][HPO3], but not within error of phosphonic
acid (-d3) or LiH(HPO3). This difference in bond length may have been due to the
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protonation/pH effects studied by the Farrar group [5-8]. Since the phosphonate anions
of piperazinium and magnesium salts had no covalent oxygen-hydrogen bonds, the
phosphorus-deuterium bond length was longer. This value is also within error of the
solid-state results reported by the Farrar group for Na2HPO3 and HPO32- of 1.46(5) Å and
1.45(2) Å, respectively.
Since deuterium is a quadrupolar nucleus (I > ½), the CP/MAS 31P NMR
spectrum of piperazinium phosphonate was also influenced by second order effects from
combining quadrupolar and dipolar interactions. Section 1.3.2 explains how the second
order perturbation term affects the positions of the isotropic peaks for each of the mS. In
this case, it was assumed the quadrupolar and dipolar tensors were coaxial and ηQ = 0 due
to the approximately C3v molecular symmetry with the C3 axis along the phosphorusdeuterium bond. Since this condition was met and the deuterium has a spin quantum
number of 1, equation 1.43 simplifies to:

mS
obs

0 A iso

mS J iso

3Reff CQ
10

2 3mS 2 .

0X

Reff was then determined from the experimental isotropic chemical shifts for each value
of mS. Equations 5.3, 5.4 and 5.5 give the frequencies for each mS:
1
obs

0
obs

1
obs

J iso

0 A iso

0 A iso

0 A iso

2

J iso

3Reff CQ
10

3Reff CQ
10

(5.4)

0X

3Reff CQ
10

(5.5)
0X

where the CQ from the 2H spectrum is still required to solve for Reff.
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(5.3)

0X

Figure 5.5 shows the 2H CP/MAS spectrum for deuterated piperazinium
phosphonate that has been recrystallized from H2O to eliminate all deuterium signals
except the one directly bonded to phosphorus due to the very low exchange rate of the P2

H bond. The 1J(31P, 2H) coupling was observed and measured to be 89 ± 5 Hz. The

simulation program does not consider J coupling for spectra dominated by the
quadrupolar interaction; therefore, the spectrum was simulated with two separate sites.

Experimental

Simulated

Figure 5.5

Experimental CP/MAS 2H NMR spectrum of deuterated piperazinium
phosphonate spinning at 5kHz and the simulated spectrum. The inset
shows the isotropic peak split by the 1J(31P,2H) coupling constant.
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The overall shape of the simulation matched well to the experimental spectrum;
however, the relative intensities of the spinning sidebands were not always in agreement.
The disagreement was likely due to some combination of other interactions (e.g. CSA) or
possibly due to the cross-polarization from 1H. The best-fit simulated parameters were
δiso (2H) = 6.3 ± 0.5 ppm, ηQ = 0.05 ± 0.05 and |CQ| = 104 ± 3 kHz. The assumption that
ηQ = 0 was validated, and equations 5.3 to 5.5 have only three unknowns: δiso(31P), Jiso (to
be compared to the 2H spectrum) and Reff. The quadrupolar coupling value was similar to
the 109.7 kHz value calculated by the Farrar group for the unprotonated HPO32- anion.
The CQ must be positive in order that the isotropic chemical shifts ‘bunch’ at high
frequency: i.e. the δiso for mS =0 is closer to mS = -1 than mS = +1.
Solving for δiso(31P) and Jiso from equations 5.3 to 5.5 was quite simple. The
δiso(31P) is simply the average of the values from Table 5.3, giving δiso(31P) = 2.69 ± 0.08
1
obs

ppm. The Jiso is the half the difference between the outer transitions (i.e. J iso

1
obs

2

)

in frequency units. For the chemical shifts reported in Table 5.3, Jiso = 90 ± 10 Hz which
is in agreement with the value from the 2H spectrum.
Once δiso(31P) and Jiso were known, the Reff could be calculated from any of the
equations. The simplest relation was equation 5.4 that became: 2.0 Hz

since the difference between the

0
obs

2

3Reff CQ
10

0 2H

and δiso(31P) was 0.01 ppm or 2.0 Hz at ν0(31P)=

202.46 MHz. Solving the equation gives Reff = 2440 Hz when ν0(2H) is 76.77 MHz. This
value is within error of the results for the effective CSA; however, the error on this value
would be much bigger than the value itself. Most likely the agreement was purely
coincidental.
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5.4.2 Phosphonic Acid
5.4.2.1 Crystal Structure
Although the P-H bond lengths for the neutron diffraction structure of phosphonic
acid were summarized in Table 5.1, the other important bond lengths and angles are
summarized in Table 5.4. It was mentioned before that deuteration produced no
measurable change in the geometric parameters, however, the protonated and deuterated
crystal structures have two inequivalent molecules per unit cell [4]. Even these two sites
are equivalent within error for all parameters except the O2-P-O3 angle and P-O3 bond
length. The P-O3 bond length is most likely to have an effect on the 31P shielding tensor.

Table 5.4

Selected bond lengths and angles for phosphonic acid from a neutron

diffraction study [4]. There are two inequivalent molecules per unit cell.
r(P-O) (Å)

a(H-P-O) (°)

a(O-P-O3) (°)

site 1

site 2

site 1

site 2

site 1

site 2

O1

1.549(3)

1.551(5)

108.9(3)

108.0(3)

114.1(2)

114.2(2)

O2

1.553(3)

1.551(3)

108.0(3)

107.4(3)

114.3(2)

115.2(2)

O3

1.508(3)

1.497(3)

109.6(3)

109.6(3)

-

-

Since phosphonic acid has two covalently bonded hydrogens to O1 and O2, the PO1 and P-O2 bond lengths increase by ~ 0.03 Å with respect to the anion of piperazinium
phosphonate. As well, the π-bonding increases in the P-O3 bond, slightly shortening the
bond length. Because of the inequivalence of the P-O bonds, the molecule no longer has
C3v symmetry. The only symmetry element that could be assigned to the molecule is a
mirror plane bisecting the O1-P-O2 bond angle such that P, O3 and H are in the plane.
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5.4.2.2 Calculations
Before attempting to analyze the 31P NMR spectrum, shielding tensor calculations
were performed using the geometry from the crystal structure [4]. Since neutron
diffraction provides reasonable hydrogen positions, no optimizations or adjustments were
made to the crystal structure. Table 5.5 summarizes the results of the calculated 31P
shielding tensors. As a preliminary investigation, shielding tensor calculations were
performed on monomers of both sites. Unfortunately, the calculated tensors had Δσ
values of 193 ppm and 179 ppm, which were much larger than the experimental value of
130 ppm reported in the previous section for piperazinium phosphonate. To increase the
accuracy of the results, two 8-mer clusters of molecules with either site 1 or site 2 at the
center were constructed from the crystal structure. These calculations should be a better
approximation of a solid-state environment. As predicted, the Δσ values from the cluster
calculations were much closer to the 130 ppm from the previous section.

Table 5.5

Calculated 31P shielding tensors for monomers and clusters for the two

inequivalent of solid phosphonic acid. All values are given in ppm.
Site

σiso

σ11

σ22

σ33

Δσ

1

monomer

302.6

173.7

270.0

464.0

193

1

8-mer

301.5

208.5

316.6

379.4

140

2

monomer

306.8

187.5

270.7

462.1

179

2

8-mer

307.3

226.0

323.9

371.9

122

1

rPO3 = 1.497 Å

304.0

211.3

318.0

382.6

139

Although the geometries are very similar, both the monomer and cluster
calculations show a change in the 31P shielding tensor between the two sites. In the
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cluster calculations, the isotropic shielding changed by ~ 6 ppm and the σ11 component
changed by ~ 18 ppm between the two sites. To test the effects of the P-O3 bond length
on the 31P shielding tensor, an additional calculation was performed on the site 1 cluster.
The P-O3 bond length of the central phosphonic acid molecule was decreased to 1.497 Å
while the rest of the atomic positions remained constant. The isotropic chemical
shielding increased when the P-O3 bond was shortened, matching the trend between the
sites. The overall 31P shielding tensor, particularly the Δσ value, however, did not change
substantially. This indicates that a number of factors (beyond the P-O3 bond length)
contributed to shielding differences between the two sites.
The principal components of the 31P shielding tensor from the calculations were
oriented to the molecular geometry using the EFGShield program [15]. The central
molecule of the 8-mer clusters is shown in Figure 5.6 looking down the σ11 or σ33
component (right and left respectively) with the rest of the cluster removed for clarity.

Site 1

Site 2

Figure 5.6

The orientation of the principal axis system of the 31P shielding tensor with
respect to the molecular geometry of site 1 and 2 of phosphonic acid
calculated from 8-mer clusters (other molecules removed for clarity).
Looking down the σ11 (left) or σ33 (right) components.
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The molecules and the tensor orientations were almost identical between the two
sites. The major difference between the sites was the σ33 component of site 2 was ~ 180°
from the σ33 component of site 2. The mirror plane predicted from the crystal structure
was not reflected in the orientation of the tensor since O3 was not in the plane of the 1H,
σ11 and σ33. The main agreement between the shielding PAS and the phosphonic acid
molecular geometry was that the phosphorus-hydrogen bond lies almost directly along
the σ11 component (in the plane of the σ11 and σ33).
Section 1.3.1.2 summarizes how an NMR spectrum influenced by the dipolar and
shielding interactions changes when the shielding tensor is no longer axially symmetric
and no longer coaxial with the dipolar tensor. The spectrum becomes dependent on the
spherical-coordinate α and β angles that define the internuclear bond in the shielding
principal axis system (Figure 1.9 in Chapter 1). These angles can be measured from the
EFGShield output [15]. For the 8-mer cluster of the site 1, the angles were calculated as
α = 3° and β = 77°. Site 2 had calculated angles of α = 0° and β =102°. Since β is
usually reported between 0° and 90°, β becomes 78° for site 2. These angles will be used
to reduce the number of possible solutions for Reff in the Dipolar-Splitting Ratio (DSR)
method [20] used to analyze the solid-state 31P NMR spectrum.
5.4.2.3 Solid-state 31P NMR
The solid-state CP/MAS spectrum of deuterated phosphonic acid was acquired at
ν0(31P)= 202.46 MHz. Figure 5.7 shows the experimental spectrum along with the
simulated spectrum using 6 sites (two inequivalent phosphorus nuclei each coupled to the
three spin states of 2H). Figure 5.8 shows the isotropic peak region of the spectrum. No
decoupling was used when acquiring the spectrum, therefore the minor amount of
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phosphonic acid remaining in the sample was visible as a doublet (split by 1J(1H,31P) ≈
750 Hz) approximately centered at each set of peaks. The values for each site are found
in Table 5.6 where site 1 was assigned to the peaks with a higher chemical shift based on
the calculated values in Table 5.5. The δiso values were separated by ~ 4 ppm as
predicted by the calculations. The Δσeff values were in better agreement with the
calculations on the clusters.

*

Experimental

*

Simulated

Figure 5.7

Experimental MAS 31P NMR spectrum of deuterated phosphonic acid
spinning at 5 kHz and the simulated spectrum. The asterisk denotes the
isotropic peaks. A resonance frequency of ν0(31P)= 202.46 MHz was used.
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Table 5.6

Experimental chemical shift tensors for deuterated phosphonic acid from

solid-state MAS 31P NMR spectrum where ν0(31P)= 202.46 MHz and the sample
was spun at 5kHz. All values are given in ppm with approximated errors.
Site

mS

δiso

δ11

δ22

δ33

Δσeff

1

+1

12.2(1)

101.9(8)

-1(1)

-64.3(8)

135(2)

0

12.8(1)

78.7(9)

12(1)

-52.6(9)

99(2)

-1

13.3(1)

58.4(8)

25(1)

-43.5(8)

85(2)

+1

7.8(1)

99.9(8)

-6(1)

-70.3(8)

138(2)

0

8.4(1)

75.5(9)

7(1)

-57.2(9)

101(2)

-1

9.0(1)

54.4(8)

21(1)

-48.2(8)

86(2)

2

mS = -1

-1
0

0

+1

Figure 5.8

+1

Isotropic peaks for the two inequivalent sites of deuterated phosphonic
acid in the experimental (top) and the simulated (bottom) MAS 31P NMR
spectrum spinning at 5 kHz. A resonance frequency of ν0(31P)= 202.46
MHz was used.
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Although the tensors are no longer coaxial, the isotropic spin-spin coupling
constant is still equal to the average separation between the peaks, or half the difference
between the mS = -1 and +1 isotropic chemical shifts. The calculated Jiso values were
therefore 110 ± 20 Hz for site 1 and 120 ± 20 Hz for site 2. These values are within error
of each other and deuterated piperazinium phosphonate. The isotropic chemical shifts of
the two sites of phosphonic acid were higher than the 2.7 ppm of piperazinium
phosphonate. From the calculation where the P-O3 bond length was shortened and
comparing the crystal structures, it appears that the 31P δiso value of phosphonates
decreases as the phosphorus-oxygen bond length decreases.
The Reff, α and β values for deuterated phosphonic acid were calculated with the
DSR program developed by Eichele and Wasylishen [20]. Values of Δνii were taken
from the experimental results; however, the values were adjusted to meet the condition
that the Δνii must sum to zero. The Δνii are just the difference between the δii (in
frequency units) for any ΔmS = 1. For example, Δν11 = 4900 Hz for the difference
between the δ11 components of mS = 0 and +1. Jiso also needs to be accounted for,
therefore the value used in the DSR analysis was Δν11 = 4800 Hz. The α angle was
assumed to be 0° in order to find unique solutions to Reff and β. Due to the error in the
experimental values of the 31P shielding tensor and the error in spinning sideband
analysis [21], the error in Reff and β was quite large. Nevertheless, β = 75° ± 10° and Reff
= 2500 ± 300 Hz were the best fit for site 1, and β = 80° ± 10° and Reff = 2700 ± 200 Hz
were the best fit for site 2. The β angles agree well with the calculated values.
Once again, it was assumed that Reff = RDD (since ΔJ was assumed to be
negligible), and the phosphorus-deuterium bond length was calculated. The bond length
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was found to be 1.44 ± 0.05 Å for site 1 and 1.40 ± 0.04 Å for site 2. These bond lengths
are equivalent within error of each other and piperazinium phosphonate (1.44 ± 0.02 Å).
They are also in agreement with the neutron diffraction study values of 1.386(5) Å and
1.391(5) Å.
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5.5

Conclusions
The solid-state 31P NMR spectra of deuterated piperazinium phosphonate and

phosphonic acid were acquired at 202.46 MHz and simulated. The combination of
chemical shielding, dipolar, spin-spin and quadrupolar interactions complicated the
analysis. Fortunately, the pseudo C3v symmetry of piperazinium phosphonate somewhat
simplified the analysis of both the static and CP/MAS spectra. Values of 31P Δσ =130 ±
2 ppm and Reff = 2500 ± 100 Hz best fit the data when considering just the dipolar and
shielding interactions. This Reff corresponds to a P-2H bond length of 1.44 ± 0.02 Å
which is consistent with the P-H bond length of [Mg(H2O)6][HPO3] from neutron
diffraction. The 2H CP/MAS spectrum was acquired. Values of 1J(31P, 2H) = 89 ± 5 Hz,
δiso (2H) = 6.3 ± 0.5 ppm, ηQ = 0.05 ± 0.05 and CQ = 104 ± 3 kHz were obtained through
simulation. The analysis of the second order effects combining the dipolar, spin-spin and
quadrupolar interactions on the 31P CP/MAS spectrum had a high degree of error. Values
of δiso(31P) = 2.69 ± 0.08 ppm and 1Jiso(31P, 2H) = 90 ± 10 Hz were obtained; however, the
error in Reff was too high to report a value. The Jiso, Reff and CQ were all positive.
The crystal structure of deuterated phosphonic acid did not have axial symmetry
at the phosphorus, and had two inequivalent sites in the unit cell. Thankfully, 31P
shielding tensor calculations on 8-mer clusters indicated that the phosphorus-hydrogen
bond was aligned with the σ11 component in the σ11/σ33 plane for both sites. This
alignment causes α to be 0° when orienting the internuclear P-2H vector in the principal
axis system of the shielding tensor with spherical coordinates. Analysis of the 31P MAS
chemical shift data for site 1 gave values of δiso(31P) = 12.8 ± 0.1 ppm, Jiso (31P, 2H) = 110
± 20 Hz, β = 75° ± 10° and Reff = 2500 ± 300 Hz. Similarly, site 2 had values of
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δiso(31P) = 8.4 ± 0.1 ppm, Jiso (31P, 2H) = 120 ± 20 Hz, β = 80° ± 10° and Reff = 2700 ±
200 Hz. The corresponding phosphorus-deuterium bond lengths were 1.44 ± 0.05 Å for
site 1 and 1.40 ± 0.04 Å for site 2. These are within error of the neutron diffraction bond
lengths of 1.386(5) Å and 1.391(5) Å.
The large degree of error on the second order quadrupolar interaction results for
deuterated piperazinium phosphonate and the effective shielding anisotropy results of
deuterated phosphonic acid limited the comparisons that can be made. The analysis of
the effective shielding anisotropy for deuterated piperazinium phosphonate provided a
phosphorus-deuterium bond length that suggested that the phosphonate anion has no
covalent oxygen-hydrogen bonds in the solid state. The 2H CQ value further supported
this conclusion.
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5.6

Future Work
It appears that in order to obtain phosphorus-deuterium bond lengths with a

reasonable amount of accuracy, axial molecules are preferred. Other possible crystals
containing phosphonate ions with approximately C3 symmetry at the phosphorus nucleus
include Li2HPO3 and (NH4)2HPO3 [22]. Numerous attempts have been made to
crystallize these molecules, however, the product often also contains LiH(HPO3) and
NH4H(HPO3). These crystal structures no longer have C3 symmetry at the phosphorus
since one of the oxygens is covalently bonded to a hydrogen.
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6.

Concluding Remarks
Solid-state 119Sn and 31P NMR provided insight into the geometric and electronic

properties of tetraaryl tin compounds, triphenylphosphoranes, triphenylphosphines, and
phosphonic acid derivatives. Quantum chemical calculations were also used to aid in the
analysis. The MAS and static spectra of all the compounds were acquired with the only
obstacles being the length of the relaxation delays for some of the compounds. Future
work was assigned at the end of each chapter.
The MAS spectra gave accurate isotropic chemical shifts, as well as the number
of inequivalent molecules in the unit cell. As well, the isotropic 1J(31P,2H) of deuterated
piperazinium phosphonate and two sites of phosphonic acid were observed. Simulation
of these spectra also provided values for the principal components of the chemical shift
tensor.
Since 119Sn or 31P are spin–½ nuclei, the lineshape of static NMR spectra were
dominated by the shielding tensor of the nucleus. The symmetry of the molecule often
dictated that lineshape. The axial symmetry of the 119Sn NMR spectra of the tetraaryl tin
derivatives was caused by the S4 axis in the crystal structure. The 31P NMR spectrum of
piperazinium phosphonate was also axial due to the approximately C3v symmetry at the
phosphorus in the solid state. Their solid-state NMR spectra, therefore, had two unique
components: one parallel to and one perpendicular to the principal rotation axis. There
was no C3 symmetry at the phosphorus in the phosphorane ylides, the series PPh3-x(otolyl)x where x = 0 – 3, or phosphonic acid. Their spectra showed unique values of σ11,
σ22 and σ33. To relate the shielding tensor to the molecular geometry required quantum
chemical calculations. Even with a lack of symmetry, the principal shielding components
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still corresponded to geometric parameters. The σ33 component for the ylides was
approximately along the P – C1 ylidic bond, the σ33 component for the
triphenylphosphine derivatives was usually aligned with the phosphorus lone pair, and
the σ11 component for phosphonic acid was aligned with the phosphorus-deuterium bond.
Changes to the geometry of these molecules in the solid state could be observed
as changes to the shielding tensors. The tilt angle of the phenyl rings in the para
substituted tetraaryl tin compounds affected the shielding anisotropy. The difference in
length between the phosphorus-carbon bond lengths could be observed as changes to the
σ33 component. The tilt angles of the phenyl rings of the triphenylphosphines only
changed the σ33 component, which was not affected by ortho substitution. The dipolar
interaction (and therefore the phosphorus-deuterium bond length) changed the effective
shielding anisotropy of the phosphonic acid derivatives.
The shielding tensor is also related to the electronic structure of the molecule with
Ramsey’s equations. The changes in the 119Sn shielding tensor for SnPh4 derivatives
were due to symmetry allowed ‘mixing’ of the σ-bonds (HOMOs), p-orbitals and dorbitals with the σ* anti-bonding LUMOs. The change in the energy gap between the
lone pair HOMO and σ* anti-bonding LUMOs was correlated to the change in δ11
observed as x increased in the series PPh3-x(o-tolyl)x where x = 0 – 3.
Quantum chemical calculations of the 119Sn and 31P shielding tensors from
literature crystal structures were mostly successful. The B3LYP method, and a
combination of TZVPPall and 6-311G* basis sets were recommended for accurate 119Sn
shielding tensors. A calibration curve for the 31P shielding tensors of organophosphines
was created for HF and B3LYP methods using a 6-311++G** basis set.
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A1.

Crystallographic Information Files

A1.1

Ethyl(triphenylphosphoranylidene)pyruvate (Ph3P=CHC(O)C(O)OEt)
C(1)-C(2)
1.385(2)
C(1)-P(1)
1.7223(16)
C(1)-H(1)
0.9300
C(2)-O(2)
1.2481(19)
C(2)-C(3)
1.535(2)
C(3)-O(3)
1.195(2)
C(3)-O(4)
1.309(2)
O(4)-C(4)
1.464(3)
C(4)-C(5)
1.306(4)
C(4)-H(4A)
0.9700
C(4)-H(4B)
0.9700
C(5)-H(5A)
0.9600
C(5)-H(5B)
0.9600
C(5)-H(5C)
0.9600
P(1)-C(31)
1.8036(14)
P(1)-C(11)
1.8046(15)
P(1)-C(21)
1.8166(16)
C(11)-C(12)
1.387(2)
C(11)-C(16)
1.388(2)
C(12)-C(13)
1.383(2)
C(12)-H(12)
0.9300
C(13)-C(14)
1.378(3)
C(13)-H(13)
0.9300
C(14)-C(15)
1.379(3)
C(14)-H(14)
0.9300
C(15)-C(16)
1.388(2)
C(15)-H(15)
0.9300
C(16)-H(16)
0.9300
C(21)-C(22)
1.371(3)
C(21)-C(26)
1.386(2)
C(22)-C(23)
1.385(3)
C(22)-H(22)
0.9300
C(23)-C(24)
1.359(4)
C(23)-H(23)
0.9300
C(24)-C(25)
1.362(4)
C(24)-H(24)
0.9300
C(25)-C(26)
1.386(3)
C(25)-H(25)
0.9300
C(26)-H(26)
0.9300
C(31)-C(32)
1.379(2)
C(31)-C(36)
1.389(2)
C(32)-C(33)
1.392(2)
C(32)-H(32)
0.9300
C(33)-C(34)
1.373(3)
C(33)-H(33)
0.9300
C(34)-C(35)
1.370(3)
C(34)-H(34)
0.9300
C(35)-C(36)
1.384(2)
C(35)-H(35)
0.9300
C(36)-H(36)
0.9300
____________________________________________________

Table 1. Crystal data and structure refinement.
Identification code
shelxl
Empirical formula
C23 H21 O3 P
Formula weight
376.37
Temperature
295 K
Wavelength
1.54184 A
Crystal system, space group
Monoclinic, P2(1)/n
Unit cell dimensions
a = 11.9946(2) A alpha = 90 deg.
b = 9.0409(1) A beta = 106.723(4) deg.
c = 19.0630(3) A gamma = 90 deg.
Volume
1979.80(5) A^3
Z, Calculated density
4, 1.263 Mg/m^3
Absorption coefficient
1.389 mm^-1
F(000)
792
Crystal size
0.6 x 0.4 x 0.4 mm
Theta range for data collection 3.91 to 76.86 deg.
Limiting indices
-14<=h<=14, -11<=k<=11, 24<=l<=24
Reflections collected / unique 34180 / 4131 [R(int) = 0.0255]
Completeness to theta = 76.86 98.9 %
Absorption correction
Semi-empirical from equivalents
Max. and min. transmission
1.00000 and 0.70300
Refinement method
Full-matrix least-squares on F^2
Data / restraints / parameters 4131 / 0 / 245
Goodness-of-fit on F^2
1.054
Final R indices [I>2sigma(I)] R1 = 0.0432, wR2 = 0.1210
R indices (all data)
R1 = 0.0436, wR2 = 0.1213
Largest diff. peak and hole
0.416 and -0.251 e.A^-3

Table 2. Atomic coordinates ( x 10^4) and equivalent
isotropic displacement parameters (A^2 x 10^3).
U(eq) is defined as one third of the trace of the orthogonalized
Uij tensor.
_____________________________________________________
x
y
z
U(eq)
_____________________________________________________
C(1)
6317(1)
3109(2)
4196(1)
51(1)
C(2)
5418(1)
2820(2)
3569(1)
49(1)
O(2)
5368(1)
1773(1)
3134(1)
60(1)
C(3)
4409(1)
3933(2)
3407(1)
56(1)
O(3)
4370(1)
5013(2)
3760(1)
78(1)
O(4)
3576(1)
3553(2)
2823(1)
94(1)
C(4)
2564(2)
4535(4)
2613(2)
141(2)
C(5)
1733(3)
4044(5)
2057(3)
194(2)
P(1)
7512(1)
1958(1)
4406(1)
44(1)
C(11)
8110(1)
1735(2)
3646(1)
45(1)
C(12)
8042(2)
2909(2)
3167(1)
57(1)
C(13)
8539(2)
2798(2)
2599(1)
69(1)
C(14)
9096(2)
1517(2)
2499(1)
68(1)
C(15)
9168(2)
342(2)
2972(1)
67(1)
C(16)
8674(2)
446(2)
3544(1)
57(1)
C(21)
7257(1)
125(2)
4719(1)
53(1)
C(22)
6247(2)
-617(3)
4385(1)
92(1)
C(23)
6034(3)
-2004(3)
4627(2)
107(1)
C(24)
6826(3)
-2649(2)
5203(1)
89(1)
C(25)
7842(2)
-1938(2)
5533(1)
86(1)
C(26)
8068(2)
-549(2)
5298(1)
71(1)
C(31)
8629(1)
2752(2)
5157(1)
48(1)
C(32)
9747(1)
2965(2)
5117(1)
57(1)
C(33)
10617(2)
3426(2)
5733(1)
68(1)
C(34)
10366(2)
3645(2)
6384(1)
67(1)
C(35)
9253(2)
3461(2)
6424(1)
72(1)
C(36)
8376(2)
3035(2)
5811(1)
65(1)
_____________________________________________________

Table 3a. Bond lengths [A]
_________________________________________________
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Table 3b. Bond angles [deg].
____________________________________________________
C(2)-C(1)-P(1)
118.37(12)
C(2)-C(1)-H(1)
120.8
P(1)-C(1)-H(1)
120.8
O(2)-C(2)-C(1)
126.40(14)
O(2)-C(2)-C(3)
118.59(13)
C(1)-C(2)-C(3)
115.00(14)
O(3)-C(3)-O(4)
123.31(16)
O(3)-C(3)-C(2)
125.35(15)
O(4)-C(3)-C(2)
111.34(15)
C(3)-O(4)-C(4)
116.32(18)
C(5)-C(4)-O(4)
113.3(3)
C(5)-C(4)-H(4A)
108.9
O(4)-C(4)-H(4A)
108.9
C(5)-C(4)-H(4B)
108.9
O(4)-C(4)-H(4B)
108.9
H(4A)-C(4)-H(4B)
107.7
C(4)-C(5)-H(5A)
109.5
C(4)-C(5)-H(5B)
109.5
H(5A)-C(5)-H(5B)
109.5
C(4)-C(5)-H(5C)
109.5
H(5A)-C(5)-H(5C)
109.5
H(5B)-C(5)-H(5C)
109.5
C(1)-P(1)-C(31)
108.81(7)
C(1)-P(1)-C(11)
112.21(7)
C(31)-P(1)-C(11)
107.76(7)
C(1)-P(1)-C(21)
114.84(8)
C(31)-P(1)-C(21)
105.04(7)
C(11)-P(1)-C(21)
107.74(7)
C(12)-C(11)-C(16)
119.31(14)
C(12)-C(11)-P(1)
118.74(11)
C(16)-C(11)-P(1)
121.91(11)
C(13)-C(12)-C(11)
120.21(16)
C(13)-C(12)-H(12)
119.9
C(11)-C(12)-H(12)
119.9
C(14)-C(13)-C(12)
120.31(17)
C(14)-C(13)-H(13)
119.8
C(12)-C(13)-H(13)
119.8
C(13)-C(14)-C(15)
119.93(16)
C(13)-C(14)-H(14)
120.0
C(15)-C(14)-H(14)
120.0
C(14)-C(15)-C(16)
120.08(16)
C(14)-C(15)-H(15)
120.0
C(16)-C(15)-H(15)
120.0
C(15)-C(16)-C(11)
120.16(15)
C(15)-C(16)-H(16)
119.9
C(11)-C(16)-H(16)
119.9
C(22)-C(21)-C(26)
118.63(17)
C(22)-C(21)-P(1)
120.26(14)
C(26)-C(21)-P(1)
121.11(13)
C(21)-C(22)-C(23)
120.7(2)
C(21)-C(22)-H(22)
119.6
C(23)-C(22)-H(22)
119.6
C(24)-C(23)-C(22)
120.3(2)
C(24)-C(23)-H(23)
119.8
C(22)-C(23)-H(23)
119.8
C(23)-C(24)-C(25)
119.7(2)
C(23)-C(24)-H(24)
120.1
C(25)-C(24)-H(24)
120.1
C(24)-C(25)-C(26)
120.7(2)
C(24)-C(25)-H(25)
119.6
C(26)-C(25)-H(25)
119.6
C(21)-C(26)-C(25)
119.9(2)
C(21)-C(26)-H(26)
120.1
C(25)-C(26)-H(26)
120.1
C(32)-C(31)-C(36)
119.42(14)
C(32)-C(31)-P(1)
121.61(12)
C(36)-C(31)-P(1)
118.74(13)
C(31)-C(32)-C(33)
119.98(16)
C(31)-C(32)-H(32)
120.0
C(33)-C(32)-H(32)
120.0
C(34)-C(33)-C(32)
120.04(18)
C(34)-C(33)-H(33)
120.0
C(32)-C(33)-H(33)
120.0
C(35)-C(34)-C(33)
120.28(15)
C(35)-C(34)-H(34)
119.9
C(33)-C(34)-H(34)
119.9

C(34)-C(35)-C(36)
120.17(17)
C(34)-C(35)-H(35)
119.9
C(36)-C(35)-H(35)
119.9
C(35)-C(36)-C(31)
120.04(17)
C(35)-C(36)-H(36)
120.0
C(31)-C(36)-H(36)
120.0
____________________________________________________

Table 4. Anisotropic displacement parameters (A^2 x 10^3).
The anisotropic displacement factor exponent takes the form:
-2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]
____________________________________________________
U11
U22
U33
U23
U13
U12
____________________________________________________
C(1) 50(1)
59(1)
43(1)
-5(1)
10(1)
1(1)
C(2) 44(1)
59(1)
43(1)
3(1)
12(1)
0(1)
O(2) 54(1)
69(1)
48(1)
-7(1)
1(1)
6(1)
C(3) 48(1)
65(1)
56(1)
6(1)
16(1)
2(1)
O(3) 75(1)
66(1)
91(1)
-8(1)
19(1)
11(1)
O(4) 58(1) 110(1)
93(1) -27(1) -13(1)
33(1)
C(4) 72(2) 141(3) 172(3) -42(2) -27(2)
56(2)
C(5) 110(2) 186(4) 215(4) -73(3) -64(3)
88(3)
P(1) 45(1)
48(1)
35(1)
-2(1)
5(1)
-4(1)
C(11) 45(1)
48(1)
37(1)
-3(1)
5(1)
-4(1)
C(12) 66(1)
54(1)
54(1)
6(1)
22(1)
6(1)
C(13) 83(1)
72(1)
59(1)
13(1)
31(1)
7(1)
C(14) 75(1)
78(1)
56(1)
-3(1)
30(1)
2(1)
C(15) 80(1)
63(1)
64(1)
-8(1)
27(1)
10(1)
C(16) 68(1)
51(1)
49(1)
1(1)
15(1)
5(1)
C(21) 62(1)
54(1)
44(1)
-1(1)
16(1)
-7(1)
C(22) 91(1)
81(1)
83(1)
16(1)
-8(1) -36(1)
C(23) 116(2)
85(2) 109(2)
9(1)
16(2) -48(2)
C(24) 138(2)
62(1)
85(2)
7(1)
58(2) -17(1)
C(25) 111(2)
69(1)
82(1)
25(1)
34(1)
7(1)
C(26) 73(1)
66(1)
70(1)
16(1)
14(1)
-2(1)
C(31) 52(1)
48(1)
38(1)
-2(1)
4(1)
-2(1)
C(32) 55(1)
63(1)
47(1)
-3(1)
7(1)
-9(1)
C(33) 58(1)
72(1)
63(1)
-3(1)
-1(1) -16(1)
C(34) 72(1)
60(1)
51(1)
-9(1) -10(1)
-4(1)
C(35) 82(1)
81(1)
43(1) -13(1)
3(1)
7(1)
C(36) 62(1)
85(1)
45(1) -11(1)
10(1)
0(1)
___________________________________________________

Table 5. Hydrogen coordinates ( x 10^4) and isotropic
displacement parameters (A^2 x 10^3).
___________________________________________________
x
y
z
U(eq)
___________________________________________________
H(1)
6276
3906
4497
62
H(4A)
2260
4660
3029
170
H(4B)
2811
5499
2491
170
H(5A)
2024
3931
1641
291
H(5B)
1099
4736
1942
291
H(5C)
1466
3105
2180
291
H(12)
7660
3774
3229
69
H(13)
8497
3593
2282
83
H(14)
9423
1444
2113
81
H(15)
9549
-521
2906
81
H(16)
8719
-349
3861
68
H(22)
5699
-185
3991
110
H(23)
5346
-2497
4394
128
H(24)
6674
-3571
5372
107
H(25)
8391
-2390
5920
103
H(26)
8764
-71
5529
86
H(32)
9921
2800
4678
68
H(33)
11368
3585
5704
82
H(34)
10955
3920
6799
80
H(35)
9086
3622
6865
86
H(36)
7616
2938
5836
78
___________________________________________________
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A1.2

Triphenylpropanonephosphonium Chloride

Table 1. Crystal data and structure refinement.
Identification code
shelxl
Empirical formula
C21 H20 O P Cl
Formula weight
354.79
Temperature
295 K
Wavelength
0.71073A
Crystal system, space group
Monoclinic, P2(1)/n
Unit cell dimensions a = 9.380(2) A alpha = 90 deg.
b = 9.386(2) A beta = 94.048(5) deg.
c = 21.031(5) A gamma = 90 deg.
Volume
1847.0(7) A^3
Z
4
Absorption coefficient
0.298 mm^-1
F(000)
744
Theta range for data collection 1.94 to 30.64 deg.
Limiting indices
-6=h<=13, -13<=k<=13, -27<=l<=30
Reflections collected / unique 27590 / 4029 [R(int) = 0.0425]
Refinement method
Full-matrix least-squares on F^2
Goodness-of-fit on F^2
1.051
Final R indices [I>2sigma(I)] R1 = 0.0425, wR2 = 0.1020
R indices (all data)
R1 = 0.0655, wR2 = 0.1162

Table 2. Atomic coordinates and equivalent isotropic displacement
parameters.
U(eq) is defined as one third of the trace of the orthogonalized Uij
tensor.
_____________________________________________________
x
y
z
U(eq)
_____________________________________________________
P1
0.68249(3) 0.29952(4) 0.39021(2) 0.0325(1)
O1
0.98696(13) 0.18694(15) 0.39190(6) 0.0605(5)
C1
0.76383(16) 0.19758(18) 0.33092(7) 0.0378(4)
C2
0.91568(15) 0.14938(17) 0.34514(8) 0.0409(4)
C3
0.9693(2)
0.0521(3)
0.29682(12) 0.0606(7)
C4
0.78144(14) 0.45771(16) 0.41116(7) 0.0381(4)
C5
0.8411(2)
0.5343(2)
0.36401(10) 0.0580(6)
C6
0.9086(3)
0.6613(3)
0.37951(16) 0.0802(9)
C7
0.9146(3)
0.7108(3)
0.44106(16) 0.0828(9)
C8
0.8566(2)
0.6347(3)
0.48805(13) 0.0738(8)
C9
0.78958(19) 0.5066(2)
0.47338(9) 0.0531(6)
C10 0.65605(15) 0.20122(16) 0.46127(7) 0.0375(4)
C11 0.53630(19) 0.2296(2)
0.49417(8) 0.0499(5)
C12 0.5206(2)
0.1665(2)
0.55263(9) 0.0566(6)
C13 0.6222(2)
0.0746(2)
0.57768(9) 0.0599(7)
C14 0.7388(2)
0.0416(3)
0.54471(10) 0.0681(7)
C15 0.75678(19) 0.1048(2)
0.48657(9) 0.0560(6)
C16 0.51007(14) 0.35283(17) 0.35592(7) 0.0371(4)
C17 0.42781(17) 0.2587(2)
0.31743(8) 0.0480(5)
C18 0.29213(19) 0.3001(3)
0.29446(10) 0.0623(7)
C19 0.23795(19) 0.4298(3)
0.30935(10) 0.0647(7)
C20 0.3185(2)
0.5216(3) 0.34688(10) 0.0634(7)
C21 0.45581(18) 0.4848(2)
0.36994(8) 0.0504(5)
Cl1
0.90445(5) 0.38583(5) 0.20836(2) 0.0549(2)
___________________________________________________

C10 -C11
1.386(2)
C10 -C15
1.387(2)
C11-C12
1.382(3)
C12 -C13
1.363(3)
C13 -C14
1.371(3)
C14 -C15
1.380(3)
C16 -C17
1.394(2)
C16 -C21
1.379(2)
C17 -C18
1.385(3)
C18 -C19
1.364(4)
C19 -C20
1.361(3)
C20 -C21
1.388(3)
C1 -H1A
0.933(19)
C1 -H1B
0.92(2)
C3 -H3A
0.94(3)
C3 -H3B
0.92(3)
C3 -H3C
0.995(19)
C5 -H5
0.94(2)
C6 -H6
0.90(3)
C7 -H7
0.93(3)
C8 -H8
1.00(3)
C9 -H9
0.96(2)
C11 -H11
0.924(19)
C12 -H12
0.95(2)
C13 -H13
0.95(2)
C14 -H14
0.92(3)
C15 -H15
0.96(2)
C17 -H17
0.919(19)
C18 -H18
0.89(3)
C19 -H19
0.957(19)
C20 -H20
0.915(19)
C21 -H21
0.953(19)
____________________________________________________

Table 3a. Bond lengths [A]
_________________________________________________
P1-C1
1.7852(16)
P1-C4
1.7895(16)
P1-C10
1.7884(16)
P1-C16
1.7948(15)
O -C2
1.202(2)
C1 -C2
1.504(2)
C2-C3
1.480(3)
C4 -C5
1.375(2)
C4 -C9
1.384(2)
C5 -C6
1.378(3)
C6 -C7
1.373(5)
C7 -C8
1.363(4)
C8 -C9
1.382(3)
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Table 3b. Bond angles [deg].
_______________________________________________
C1 -P1 -C4
112.14(7)
C1 -P1 -C10
113.48(7)
C1 -P1 -C16
106.63(7)
C4 -P1 -C10
108.81(7)
C4 -P1 -C16
107.73(7)
C10 -P1 -C16
107.78(7)
P1 -C1 -C2
117.89(11)
O1 -C2 -C1
122.58(15)
O1 -C2 -C3
123.10(15)
C1 -C2 -C3
114.32(14)
P1 -C4 -C5
119.11(13)
P1 -C4 -C9
120.07(12)
C5 -C4 -C9
120.69(15)
C4 -C5 -C6
119.0(2)
C5 -C6 -C7
120.2(3)
C6 -C7 -C8
121.0(3)
C7 -C8 -C9
119.5(2)
C4 -C9 -C8
119.58(18)
P1 -C10 -C11
118.89(12)
P1 -C10 -C15
121.75(12)
C11 -C10 -C15
119.21(15)
C10 -C11 -C12
120.19(16)
C11 -C12 -C13
119.96(17)
C12 -C13 -C14
120.55(19)
C13 -C14 -C15
120.2(2)
C10 -C15 -C14
119.85(17)
P1 -C16 -C17
120.18(12)
P1 -C16 -C21
120.02(12)
C17 -C16 -C21
119.74(14)
C16 -C17 -C18
118.83(18)
C17 -C18 -C19
121.2(2)
C18 -C19 -C20
119.84(19)
C19 -C20 -C21
120.6(2)
C16 -C21 -C20
119.76(18)
P1 -C1 -H1A
106.7(12)
P1 -C1 -H1B
108.1(12)
C2 -C1 -H1A
108.2(12)
C2 -C1 -H1B
106.0(12)
H1A -C1 -H1B
109.9(17)
C2 -C3 -H3A
112.6(17)
C2 -C3 -H3B
108.4(18)
C2 -C3 -H3C
108.5(12)
H3A -C3 -H3B
103(2)
H3A -C3 -H3C
108(2)
H3B -C3 -H3C
116(2)
C4 -C5 -H5
123.4(12)
C6 -C5 -H5
117.6(12)
C5 -C6 -H6
114.5(19)
C7 -C6 -H6
125.3(19)
C6 -C7 -H7
123.6(17)
C8 -C7 -H7
115.4(17)
C7 -C8 -H8
119.8(15)
C9 -C8 -H8
120.6(15)
C4 -C9 -H9
118.7(15)
C8 -C9 -H9
121.7(15)
C10 -C11-H11
120.2(13)
C12 -C11-H11
119.6(13)
C11 -C12 -H12
118.1(13)
C13 -C12 -H12
121.9(13)
C12 -C13 -H13
118.6(12)
C14 -C13 -H13
120.9(12)
C13 -C14 -H14
119.9(16)
C15 -C14 -H14
119.9(16)
C10 -C15 -H15
119.3(13)
C14 -C15 -H15
120.9(13)
C16 -C17 -H17
119.7(11)
C18 -C17 -H17
121.4(11)
C17 -C18 -H18
117.4(19)
C19 -C18 -H18
121.4(18)
C18 -C19 -H19
117.6(12)
C20 -C19 -H19
122.5(12)
C19 -C20 -H20
121.1(12)
C21 -C20 -H20
118.3(12)
C16 -C21-H21
122.5(11)
C20 -C21 -H21
117.8(11)
____________________________________________

Table 4. Anisotropic displacement parameters (A^2).
The anisotropic displacement factor exponent takes the form:
-2 pi^2 [ h^2 a*^2 U11 + ... + 2 h k a* b* U12 ]
_______________________________________________________________
U11
U22
U33
U23
U13
U12
_______________________________________________________________
P1
0.0333(2) 0.0355(2) 0.0288(2) -0.0027(1) 0.0023(1) -0.0003(1)
O1
0.0463(6) 0.0801(10)0.0541(7) -0.0168(7) -0.0039(5) 0.0078(6)
C1
0.0414(7) 0.0393(8) 0.0329(7) -0.0061(7) 0.0050(5) -0.0012(6)
C2
0.0414(7) 0.0417(8) 0.0404(8) -0.0025(7) 0.0091(6) 0.0002(6)
C3
0.0597(11) 0.0612(13) 0.0624(13)-0.0150(10) 0.0160(9) 0.0125(10)
C4
0.0349(6) 0.0352(7) 0.0434(8) -0.0059(6) -0.0021(5) 0.0001(5)
C5
0.0673(11) 0.0487(10) 0.0580(12) -0.0007(9) 0.0055(9) -0.0133(8)
C6
0.0825(15) 0.0519(13) 0.106(2) 0.0066(14) 0.0063(14)-0.0218(11)
C7
0.0670(13) 0.0480(12) 0.130(2)-0.0252(14)-0.0168(14)-0.0128(10)
C8
0.0668(12) 0.0679(14) 0.0838(16)-0.0357(13)-0.0148(11)-0.0041(10)
C9
0.0532(9) 0.0543(11) 0.0507(10) -0.0177(8) -0.0038(8) -0.0012(8)
C10
0.0426(7) 0.0380(8) 0.0320(7) 0.0004(6) 0.0033(5) -0.0033(6)
C11
0.0561(9) 0.0510(10) 0.0441(9) 0.0034(8) 0.0147(7) 0.0057(8)
C12 0.0731(12) 0.0547(11) 0.0445(10) -0.0010(8) 0.0224(9) -0.0046(9)
C13 0.0791(12) 0.0594(12) 0.0418(10) 0.0119(9) 0.0076(9)-0.0156(10)
C14 0.0685(12) 0.0723(14) 0.0627(12) 0.0287(11)-0.0008(10) 0.0048(10)
C15
0.0483(9) 0.0668(12) 0.0535(10) 0.0180(9) 0.0069(8) 0.0070(8)
C16
0.0354(6) 0.0443(8) 0.0317(7) 0.0021(6) 0.0022(5) -0.0011(5)
C17
0.0448(8) 0.0480(10) 0.0505(10) 0.0001(8) -0.0017(7) -0.0086(7)
C18
0.0458(9) 0.0721(13) 0.0668(12) 0.0027(10) -0.0112(8) -0.0139(9)
C19
0.0392(8) 0.0902(16) 0.0637(12) 0.0139(11) -0.0033(8) 0.0059(9)
C20 0.0536(10) 0.0730(14) 0.0630(12)-0.0018(10) -0.0003(9) 0.0232(9)
C21
0.0479(8) 0.0552(11) 0.0472(9) -0.0083(8) -0.0032(7) 0.0106(7)
Cl1
0.0641(3) 0.0553(3) 0.0464(2) 0.0095(2) 0.0128(2) 0.0088(2)
________________________________________________________________

Table 5. Hydrogen coordinates and isotropic
displacement parameters (A^2).
___________________________________________________
x
y
z
U(eq)
___________________________________________________
H1A
0.707(2) 0.117(2) 0.3233(9) 0.053(5)
H1B
0.764(2) 0.252(2) 0.2944(10) 0.056(5)
H3A
0.912(3) -0.029(3) 0.2902(13) 0.103(9)
H3B
0.961(3) 0.097(3) 0.2581(15) 0.102(9)
H3C
1.067(2) 0.020(2) 0.3119(10) 0.076(6)
H5
0.840(2) 0.504(2) 0.3216(11) 0.071(6)
H6
0.943(3) 0.707(3) 0.3464(14) 0.103(10)
H7
0.960(3) 0.795(3) 0.4541(13) 0.097(8)
H8
0.866(2) 0.670(3) 0.5328(12) 0.084(7)
H9
0.750(2) 0.449(3) 0.5055(11) 0.078(7)
H11
0.466(2) 0.290(2) 0.4769(10) 0.062(6)
H12
0.438(2) 0.190(2) 0.5745(11) 0.076(7)
H13
0.611(2) 0.035(2) 0.6188(10) 0.068(6)
H14
0.805(3) -0.023(3) 0.5613(12) 0.092(8)
H15
0.838(2) 0.083(2) 0.4633(11) 0.074(6)
H17
0.4632(19) 0.170(2) 0.3088(9) 0.048(5)
H18
0.242(3) 0.239(3) 0.2692(12) 0.084(7)
H19
0.142(2) 0.451(2) 0.2938(10) 0.074(6)
H20
0.285(2) 0.610(2) 0.3565(10) 0.066(6)
H21
0.509(2) 0.553(2) 0.3954(9) 0.057(5)
___________________________________________________
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A2.

Additional Tables of Calculated Values

Table A2.1 Principal 119Sn shielding tensor components calculated for tetraaryl tin
compounds, SnAr4, using B3LYP and a split basis of TZVPPall for Sn, and 6-311G* for
C, H and O. All values in ppm.
Ar
σzz
σyy
σxx
Δσ
Ph
2702.3
2759.0
2759.0
57
o-tolyl
2674.9
2786.6
2786.6
112
p-tolyl
2748.0
2744.5
2744.5
-3
t
p- BuPh
2693.2
2762.1
2762.1
69
p-(CO2Me)Ph
2750.0
2787.7
2787.7
38
Table A2.2 Principal 119Sn shielding tensor components calculated for tetraphenyl tin
rotating the tilt angle of the phenyl rings. All values in ppm.
σzz
σyy
σxx
σiso
Δσ
angle (°)
0
2806.2
2944.5
2944.5
2898.4
138.3
5
2804.2
2927.4
2927.4
2886.3
123.2
10
2800.7
2883.4
2883.4
2855.8
82.7
15
2797.0
2831.4
2831.4
2819.9
34.4
20
2792.7
2784.3
2784.3
2787.1
-8.4
25
2788.2
2751.2
2751.2
2763.6
-36.9
30
2782.6
2734.4
2734.4
2750.5
-48.2
35
2774.3
2730.1
2730.1
2744.9
-44.2
40
2763.4
2734.7
2734.7
2744.3
-28.7
45
2750.8
2741.3
2741.3
2744.5
-9.5
50
2737.0
2748.2
2748.2
2744.4
11.2
55
2722.3
2754.5
2754.5
2743.8
32.2
60
2707.4
2760.2
2760.2
2742.6
52.8
65
2693.4
2765.8
2765.8
2741.7
72.4
70
2680.5
2771.4
2771.4
2741.1
90.9
75
2667.7
2775.3
2775.3
2739.5
107.7
80
2655.9
2777.1
2777.1
2736.7
121.2
85
2647.9
2777.9
2777.9
2734.6
130.0
90
2640.6
2775.7
2775.7
2730.7
135.1
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Table A2.3 Contributions by various molecular orbitals to the perpendicular 119Sn
component of the shielding tensor for tetraphenyl tin. The tilt angle of the phenyl rings
was rotated with respect to the S4 axis. The calculations were done using NBO software
and the NCS algorithm. All values in ppm.
d-orbitals
p-orbitals
Sn-C σ-bonds
ligand orbitals
angle (°)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

-293.6
-293.7
-294.2
-294.9
-295.1
-294.8
-293.9
-291.7
-290.1
-288.5
-287.3
-286.1
-285.1
-284.4
-284.0
-283.8
-283.6
-283.3
-283.1

-858.1
-857.3
-862.2
-873.4
-888.1
-900.2
-907.6
-911.5
-913.9
-916.9
-920.7
-924.7
-928.9
-932.9
-936.2
-939.1
-941.8
-943.6
-945.0

-962.4
-974.6
-1002.5
-1029.7
-1050.5
-1064.3
-1071.2
-1072.7
-1069.2
-1063.4
-1057.2
-1051.1
-1044.8
-1038.3
-1031.8
-1026.5
-1023.2
-1021.4
-1022.4

-51.5
-56.4
-66.3
-78.8
-89.2
-95.5
-97.7
-95.7
-90.7
-86.5
-84.2
-77.1
-74.3
-72.5
-70.1
-64.9
-63.6
-65.5
-65.9

Table A2.4 Contributions by various molecular orbitals to the parallel 119Sn
component of the shielding tensor for tetraphenyl tin. The tilt angle of the phenyl rings
was rotated with respect to the S4 axis. The calculations were done using NBO software
and the NCS algorithm. All values in ppm.
d-orbitals
p-orbitals
Sn-C σ-bonds
ligand orbitals
angle (°)
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

-276.2
-276.5
-277.4
-279.0
-280.8
-282.5
-284.5
-286.5
-288.3
-290.2
-292.8
-295.6
-298.7
-302.0
-304.7
-307.4
-309.1
-310.4
-310.1

-958.2
-955.6
-952.5
-948.4
-942.8
-936.0
-928.9
-922.4
-917.7
-914.1
-911.5
-909.7
-908.8
-909.0
-910.0
-912.7
-916.5
-919.6
-922.3

-985.3
-988.6
-992.2
-996.0
-1000.7
-1005.4
-1010.8
-1017.9
-1025.6
-1035.3
-1044.5
-1054.3
-1063.8
-1072.2
-1079.3
-1086.0
-1091.5
-1095.4
-1099.8
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-62.8
-63.1
-64.1
-69.6
-72.1
-75.9
-80.0
-85.4
-96.9
-108.4
-116.3
-123.4
-124.7
-130.3
-135.8
-135.0
-136.7
-136.9
-137.8

Table A2.5 Calculated 119Sn shielding anisotropy for SnAr4 with S4 symmetry
changing the aryl group, tilt angle, C1-Sn-C1’ angle and/or the Sn-C bond length.
Starting geometries were either the crystal structure of SnPh4 (A) or Sn(o-tolyl)4 (B).
Geometry
A

B

Ar
Ph
o-tolyl
Ph
Ph
Ph
o-tolyl
o-tolyl
Ph
Ph
Ph
Ph
Ph
Ph

tilt angle (°)
58.1
58.1
58.1
58.1
54.0
54.0
54.0
54.0
58.1
58.1
54.0
54.0
58.1

C1SnC1’ angle (°)
111.0
111.0
112.5
111.0
112.5
112.5
112.5
112.5
112.5
112.5
111.0
112.5
111.0

rSnC (Å)
1.43
1.43
1.43
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.52
1.43
1.43

rC1-C2 (Å)
1.39
1.39
1.39
1.39
1.39
1.39
1.38
1.38
1.38
1.42
1.38
1.38
1.38

Δσ (ppm)
57
66
41
55
23
41
112
78
57
7
80
93
74

Table A2.6 Angles between the calculated principal components of the 31P shielding
tensor and the P-C1 bond or the P-C1-C2-O plane for solid-state ylides Ph3P=CHC(O)R.
R
σ33- P-C1 (°)
σ33- plane (°)
σ11- P-C1 (°)
σ11- plane (°)
OEt
17.9
3.83
102.4
15.3
Me
27.6
44.9
95.3
1.65
H
37.9
59.9
66.3
16.0
CO2Et
23.0
34.8
80.6
12.0
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Table A2.7 Experimental 31P chemical shifts and calculated 31P shielding for
phosphorane ylides and triphenylphosphine derivatives using either HF or B3LYP
and 6-311++G**. All values in ppm.
Experimental
Calculation
HF
B3LYP
12.8
352.2
274.7
3.4
369.2
305.1
-24
397.4
313.8
-30
401.8
322.8
1.8
372.4
296.0
-28.1
394.2
314.9
-28.8
398.2
323.6
-25
401.4
316.9
-32
406.9
335.0
0.4
372.5
301.1
-37.1
413.6
337.3
-30.3
403.6
334.5
-34
406.3
321.5
-36
407.5
336.8
-34.2
407.7
329.9
33
349.7
291.3
76.1
290.1
231.7
52
318.0
261.2
44.1
324.1
271.1
50.2
314.8
262.6
11
357.3
297.1
-3.5
375.1
320.0
8.4
360.4
299.8
12.0
355.1
298.5
11.1
357.6
302.6
11
369.8
307.3
-16.4
389.4
333.2
-9.6
382.4
326.8
-7.0
380.2
330.9
-4.3
380.2
327.5
9.8
353.9
281.5
3.3
368.1
295.3
-41.7
414.0
338.1
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Table A2.8 Principal 31P shielding tensor components calculated for
triphenylphosphine rotating the tilt angle of the phenyl rings. All values in ppm.
σ11
σ22
σ33
σiso
Δσ
angle (°)
189.2
250.4
263.9
315.9
276.7
58.7
177.7
258.3
270.7
307.7
278.9
43.2
165.4
265.1
273.6
298.6
279.1
29.3
152.3
269.7
276.1
294.7
280.2
21.8
138.5
272.0
277.1
295.1
281.4
20.5
124.1
272.7
277.9
300.0
283.5
24.7
109.7
273.8
278.5
307.7
286.7
31.6
95.5
276.0
278.2
315.9
290.0
38.9
82.1
274.3
280.8
320.9
292.0
43.3
69.4
275.8
279.3
330.2
295.1
52.7
57.6
275.8
277.0
339.0
297.3
62.6
46.7
275.1
276.9
345.6
299.2
69.6
36.4
274.8
277.4
351.1
301.1
75.0
26.7
274.1
276.7
356.8
302.5
81.4
17.4
270.3
272.1
362.1
301.5
90.9
8.4
263.0
264.1
366.3
297.8
102.7
0.0
257.1
258.6
367.4
294.4
109.6
Table A2.9 Principal 31P shielding tensor components and HOMO/LUMO energies
calculated for PPh3-x(o-tolyl)x and P(p-tolyl)3 where methyl groups have been added to an
optimized PPh3 structure.
σ11
σ22
σ33
lone pair
σ*
Energy gap
x
(ppm)
(ppm)
(ppm)
(Hartrees)
(Hartrees)
(kJ/mol)
0
274.3
280.8
320.9
-0.22189
-0.03481
472.7
1
267.8
310.8
322.4
-0.22051
-0.03327
473.1
2
286.7
324.4
329.5
-0.21911
-0.03253
471.4
3
312.1
317.1
326.7
-0.21776
-0.03249
468.1
p-tolyl
279.6
285.2
318.9
-0.21280
-0.02635
471.1
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A3.

Calculations

A3.1

NBO Analysis of Charges in Gaussian09

# b3lyp/6-311++g(d,p) geom=connectivity pop=nbo
A3.2

NCS Analysis of NMR Shielding Tensors in Gaussian09

# nmr=giao b3lyp/6-311++g(d,p) geom=connectivity pop=ncsdiag
A3.3

Typical ADF Input

#! /bin/sh
$ADFBIN/adf << eor
Title Phosphonate
Basis
type TZ2P
core None
end
Atoms
P
H
O
O
O
End

2.81040000 -0.15220000 2.47760000
3.12570000 0.62030000 1.45440000
3.23620000 0.60380000 3.72960000
1.30140000 -0.34760000 2.41600000
3.58340000 -1.44160000 2.28960000

CHARGE -2
Symmetry NOSYM

(must specify no symmetry for NMR calculations)

xc
hybrid B3LYP
end
integration
accint 6.0
accsph 7.5
end
SCF
Converge 1.0e-8 1.0e-7
end
save TAPE10
end input
eor
rm logfile
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A3.4

CPL Input for ADF

$ADFBIN/cpl <<eor
nmrcoupling
gamma 2 4.1066e7
dso
pso
sd
scf convergence 1e-7
nuclei 1 2
end

(changes atom 2 to deuterium)
(includes diamagnetic contributions)
(includes paramagnetic contributions)
(includes spin-dipolar contributions)
(specifies coupled nuclei)

endinput
eor
mv TAPE21 PHO3.t21

A3.5

NMR Input for ADF

$ADFBIN/nmr << eor
NMR
U1K BEST
Out TENS
Nuc 1 2
SCF 1.d-4
End
eor

(specifies nuclei)

rm TAPE15 TAPE10
rm logfile
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A3.6

TZVPPall Basis Set for Sn

****
Sn 0
S
8
1.00
1226384.5636
0.24129087548E-03
183811.29293
0.18716988224E-02
41830.698267
0.97466012111E-02
11841.274486
0.39802743673E-01
3857.1785750
0.13124073185
1391.0772793
0.31854236130
542.40696226
0.48781774398
214.98637843
0.29186104865
S
4
1.00
1243.9204280
-0.28630758807E-01
388.92242192
-0.13330306993
69.601750038
0.55294141174
32.655731435
0.62398817999
S
2
1.00
47.637373412
-0.30232292540
10.298659456
0.42499078759
S
1
1.00
6.8141042493
1.0000000000
S
1
1.00
2.6208220360
1.0000000000
S
1
1.00
1.1070354494
1.0000000000
S
1
1.00
0.18803773505
1.0000000000
S
1
1.00
0.76250082931E-01
1.0000000000
P
6
1.00
7173.0172250
0.22272289249E-02
1700.5738820
0.18525281214E-01
548.73445235
0.90882579977E-01
207.18599284
0.27875388214
84.292181581
0.48138433868
35.199763591
0.30154033265
P
4
1.00
128.05065945
-0.25375563286E-01
21.069119049
0.35450697026
10.017358769
0.60627541434
5.0143077576
0.24588232256
P
1
1.00
3.0590136407
1.0000000000
P
1
1.00
1.5767319374
1.0000000000
P
1
1.00
0.75509550079
1.0000000000
P
1
1.00
0.19851692464
1.0000000000
P
1
1.00
0.65038326055E-01
1.0000000000
D
5
1.00
712.46801141
0.29646337654E-02
214.34908705
0.24913555971E-01
81.896389330
0.10954799983
34.929377639
0.28449684042
15.578356162
0.42031708040
D
1
1.00
7.0956605912
1.0000000000
D
1
1.00
2.9354924589
1.0000000000
D
1
1.00
1.1886621603
1.0000000000
D
1
1.00
0.43471685815
1.0000000000
D
1
1.00
0.13758668700
1.0000000000
D
1
1.00
0.25581609905
1.0000000000
F
1
1.00
0.29392848500
1.0000000000
****
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A4.

Additional Figures

Figure A4.1 Calculated 119Sn shielding anisotropy for SnPh4 as a function of the tilt
An cos 2 (nx) ).
angle fitted with a six term Fourier series (
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