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 Abstract 

The results of a solid-state 11B NMR study of a series of boronic acids, boronic 

esters, and boronic acid catechol cyclic esters with aromatic substituents are reported in 

this thesis.  Boron-11 electric field gradient (EFG) and chemical shift (CS) tensors 

obtained from analyses of spectra acquired in magnetic fields of 9.4 T and 21.1 T are 

demonstrated to be useful for gaining insight into the molecular and electronic structure 

about the boron nucleus.  Data collected at 21.1 T for the boronic acid and boronic ester 

compounds in Chapter 2 clearly show the effects of boron chemical shift anisotropy 

(CSA), with tensor spans (Ω) on the order of 10 to 40 ppm (Chapter 2).  For the 

compounds studied in Chapter 3, signal enhancements of up to 2.95 were achieved with a 

DFS-modified QCPMG pulse sequence.  To better understand the relationship between 

the NMR interaction tensors and the local structure, calculations of the 11B EFG and 

magnetic shielding tensors for these compounds were conducted. The best agreement was 

found between experimental results and those obtained from GGA-revPBE DFT 

calculations.  For the compounds discussed in Chapter 2, a positive correlation was found 

between Ω and the dihedral angle (φCCBO), which describes the orientation of the boronic 

acid/ester functional group relative to an aromatic system bound to boron.  The small 

boron CSA is discussed in terms of paramagnetic shielding contributions as well as 

diamagnetic shielding contributions.  Although there is a region of overlap, both Ω and 

the 11B quadrupolar coupling constants tend to be larger for boronic acids than for the 

esters.  In the case of boronic acids and boronic acid catechol cyclic esters in Chapter 4, 

the 11B quadrupolar coupling constants are always larger for boronic acids than for the 

boronic acid catechol cyclic esters.  It can be concluded that when adequate electronic 
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variation is present in the compounds being studied, Ω is generally the most characteristic 

boron NMR parameter of the molecular and electronic environment for boronic acids and 

esters.  Importantly, these data are only reliably accessible in ultrahigh magnetic fields.  

The experimental Ω values result from a delicate interplay of several competing factors, 

including hydrogen bonding, the value of φCCBO, the type of aromatic ring system present, 

and the electron-donating or withdrawing substituents bound to the aromatic ring.  When 

there is little electronic variation amongst the compounds, the change in the NMR 

parameters is negligible.  Sufficient structural variations, such as those found in the ring 

system bound to the boron atom, are required in order to observe a substantial change in 

the NMR parameters.   
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 Chapter 1 

Introduction 

1.1 Conventions and Background 

This chapter provides a basic overview and description of the relevant interactions 

that are present in the observation of solid-state nuclear magnetic resonance (SSNMR), as 

well as the NMR parameters which can be used to simulate an acquired NMR spectrum.  

In the first section the Zeeman, magnetic shielding, and quadrupolar interactions are 

defined and discussed.  These are all important interactions to which a quadrupolar 

nucleus is subject when exposed to an external magnetic field.  These interactions will 

lead to unique lineshapes in the acquired SSNMR spectrum, which can typically be 

simulated using analytical methods, a process which allows one to quantify the above 

interactions using the NMR parameters discussed below.  In section 1.2, 11B SSNMR is 

discussed in some detail.  Properties of the boron-11 nucleus, such as the electric 

quadrupole moment, the natural abundance, and the nuclear spin are given.  In addition, 

the relevant NMR interactions present for the boron-11 nucleus are discussed.  Finally, 

section 1.3 provides a description of the objectives and scope of this thesis. 

In addition to the Zeeman interaction, the 11B SSNMR spectra presented here are 

primarily affected by nuclear magnetic shielding (σ), the quadrupolar interaction between 

the quadrupole moment (eQ), and the electric field gradient (EFG) at the nucleus.  The 

Hamiltonian operator for the 11B nucleus in a magnetic field may be expressed as:1,2 

 Z Q DD J
ˆ ˆ ˆ ˆ ˆ ˆH H H H H Hσ= + + + + ,  (1) 

where the first term on the right hand side of the equation represents the Zeeman 

interaction, the second represents the quadrupolar interaction, the third represents the 
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magnetic shielding interaction, the fourth represents the direct dipolar interactions, and 

the fifth represents the indirect nuclear spin-spin interaction.   

The Zeeman interaction (Figure 1.1) is due to the interaction between a nuclear 

spin system and the external magnetic field.  Nuclear spin (I) represents the total angular 

momentum of a given nucleus, which can be related to the nuclear magnetic moment.  

The magnetic moment can interact with the external environment, and in the case of 

NMR, the magnetic moment of the nucleus aligns along a cone about the same axis that 

the external magnetic field (B0) is oriented along while the net magnetization lies along 

B0.  The total angular momentum describes the state of the nucleus, namely, the sum of 

the angular momenta of all the protons and neutrons contained within the nucleus, where 

the angular momentum is represented in vector space.  Although the energy states of a 

quadrupolar nucleus are not degenerate in the absence of an external magnetic field due 

to the interaction between the quadrupole moment of the nucleus and the EFG, for 

simplicity, let us consider the situation where the nuclear energy states are degenerate 

outside the presence of an external magnetic field.  The Zeeman interaction leads to the 

observed NMR signal.  Shown below is the effect of this interaction on the spin state 

energies of a spin-3/2 (I = 3/2) quadrupolar nucleus.  

 

Figure 1.1: Illustration of the Zeeman interaction for a spin-3/2 system. 
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In the absence of an external magnetic field, all of the spin states for a given 

nucleus are degenerate (except when a nuclear quadrupole moment is interacting with the 

EFG).  However, in the presence of an external magnetic field, the nuclear spin states are 

no longer degenerate and, if one ignores all other potential interactions, are separated by a 

change in energy related to the magnetogyric ratio (γ) of the nucleus, the magnitude of 

the external magnetic field, and Planck’s constant/2π (ħ).  Relative to the case where the 

nucleus is isolated, the energy of a given spin state is simply equal to a constant (spin 

number for that state) multiplied by the product of γ, ħ, and B0.  Energy and frequency 

are related by the equation 

 ∆E = hν, (2) 

and the energy difference between adjacent spin systems for a given nucleus can be 

expressed as a frequency, 

 0
L 2

γν
π

= B
, (3) 

where νL represents the nuclear Larmor frequency of the transition. To induce these 

transitions, electromagnetic (EM) radiation is applied to the system with energy equal to 

∆E.  This radiation is usually applied in the form of a radio-frequency (RF) pulse.  Using 

eq. 3, the RF pulse is applied at the nuclear Larmor frequency.  The time-domain 

response of the system subjected to this RF pulse can subsequently be analyzed using 

Fourier analysis.  The bandwidth of the frequency of the pulse however, is much less than 

the nuclear Larmor frequency, usually on the order of tens of kHz. Long pulses can 

uniformly excite narrow frequency ranges, while short pulses are able to excite wider 
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frequency ranges.  This is due to the inverse relationship between the time and frequency 

domains when they are related using Fourier analysis. 

Consider an isolated spin 3/2 system.  In the absence of an external magnetic 

field, while ignoring other interactions, the four allowed states of the nuclear spin system 

are degenerate.  In bulk materials, however, a Boltzmann distribution adequately 

describes the population ratio between the four spin states, where the energy difference 

between these four states is far less than thermal energy.  Hence the populations of the 

four states are nearly identical.  However, in a magnetic field, the energy gap between 

these four spin states is no longer degenerate.  The following equation defines the 

Boltzman factor relating the probability (p) of occupying an energy state (E) at a 

particular temperature (T): 

 
0

1/2

1/2

E
kTkTp

e e
p

γ−−∆   
  +    

−

∝ =
B h

. (4) 

Therefore, the population difference between the two spin states is directly proportional 

to the magnetogyric ratio of the nucleus and the external magnetic field strength, and 

inversely proportional to the temperature.  The sensitivity of an NMR experiment 

depends on the population difference between these two energy states.  Hence, sensitivity 

increases with increasing γ and B0, and decreasing T. Assuming an electronically 

diamagnetic material, if the populations of the two energy states were equal, there would 

be no net magnetization in a magnetic field.  Hence, it is this population difference that 

leads to a net magnetization in the external magnetic field.  If a static magnetic field is 

applied along a particular axis only, the net magnetization due to the sample builds up 

along the same axis as the static magnetic field.  When the sample is subjected to a pulse 

of EM radiation which oscillates at the Larmor frequency and is directed orthogonally to 
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the static field, the net magnetization is diverted from the axis of the static magnetic field 

and towards the orthogonal plane.  The spectrometer measures the time dependant 

magnetization in the plane.  This is referred to as transverse magnetization.  The change 

in magnetization in the transverse plane after the RF pulse is applied induces a time 

dependant voltage in the coil around the sample in the spectrometer.  It is this signal 

which is referred to as the free induction decay (FID).  The Fourier transform of this time 

dependant signal leads to an NMR spectrum in the frequency domain. 

Magnetic shielding is responsible for altering the effective magnetic field 

experienced at the nucleus.  This is due to the motions and presence of electrons 

surrounding the nucleus.  Magnetic shielding may be generally represented by a second-

rank tensor, σσσσ.   The magnetic shielding tensor can be separated into three components: 

isotropic (zero-rank), symmetric (second-rank), and antisymmetric (first-rank).  

Diagonalization of the symmetric portion of σσσσ yields the orientation of its principal axis 

system (PAS) relative to an external axis system.  In its PAS, the three principal 

components (i.e., the diagonal matrix elements) of the symmetric σσσσ are ordered as 

follows: 11 22 33σ σ σ≤ ≤ . 

The experimentally observed δ (chemical shift) may be defined in terms of 

magnetic shielding if a suitable shielding reference exists: 

 
, sampleiso,ref

,sample iso,ref ,sample
iso,ref1

ii

ii ii

σ σ
δ σ σ

σ
−

= ≈ −
−

, (5) 

where ii  = 11, 22, 33, and σiso,ref represents the isotropic shielding value for a reference 

compound.  Under practical application in an experiment, one measures the difference in 

frequency, in ppm, between a given compound and a reference sample such that: 
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 6ref

ref

10
υ υδ

υ
−= × . (6) 

 The three principal components of the chemical shift (CS) tensor are ordered as follows: 

11 22 33δ δ δ≥ ≥ .  For both the σσσσ and CS tensors, the isotropic value is the average of the 

three principal components.  Here, the Maryland convention will be used for reporting 

the σ and CS tensor parameters.3  The span (Ω), which measures the chemical shift 

anisotropy (CSA) is defined as:3  

 33 11 11 33σ σ δ δΩ = − ≈ − , (7) 

while the skew (κ) is defined as:3  

 iso 22 22 iso3( ) 3( )σ σ δ δκ − −= ≈
Ω Ω

. (8) 

  The approximation made in the equation for skew is a result of the 

approximation that can be made in eq. 5 when defining chemical shift.  The chemical 

shift tensor is referred to as axially symmetric if two of the principal components are 

equal.  The figure below illustrates the effect that skew has on a simulated lineshape. 
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Figure 1.2: Illustration of the lineshapes a spin ½ nucleus with varying skew values. 

Asymmetric magnetic shielding is observed when κ ≠ ±1. 

 

According to Ramsey, nuclear magnetic shielding can be broken down into two 

contributing components: diamagnetic shielding (σdia) and paramagnetic shielding 

(σpara).
4,5,6  Although the diamagnetic contribution depends on the electronic ground state 

of the molecule, the paramagnetic contribution depends on a sum over all excited states. 

In the past, molecular orbital theory has been successfully applied to relate electronic 

structure to magnetic shielding and span.  Boron-11 magnetic shielding is discussed in 
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terms of contributions from σdia and σpara.
4,5,6  The diamagnetic shielding term is defined 

as: 
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where e is the charge of an electron, m is the mass of an electron, k indicates a sum over k 

electrons, and rk is the position vector for electron k relative to the nucleus. 

The paramagnetic shielding term may be defined as: 
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Where n indicates a sum over excited singlet states and l̂ is the angular momentum 

operator.  The terms in the numerator represent the degree of orbital mixing between the 

occupied and virtual orbitals contributing to a particular shielding component (α, β are 

permuted over x, y, z), and the term in the denominator represents the energy gap between 

the two wave functions involved in the mixing.  Although σdia and σpara are defined using 

a wave function basis, they are explained using MOs about the boron nucleus.  

When considering a quadrupolar nucleus (I  > 1/2), the nuclear charge distribution 

is non-spherical.7  As a result of this nonspherical charge distribution, the nucleus 

possesses a quadrupole moment, eQ (eq. 11).  In a prolate system, eQ has a positive 

value, whereas in an oblate system, eQ has a negative value.  The nuclear quadrupole 

moment can interact with the EFG at the nucleus, which leads to the nuclear quadrupolar 

interaction.  Unlike the nuclear magnetic shielding tensor, the EFG tensor only possesses 

a second-rank (symmetric) contribution.  As with the shielding and shift tensors, the EFG 
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tensor may be diagonalized to provide the principal components of the tensor and the 

orientation of the PAS.  The principal components of the EFG tensor are defined as 

follows: 33 22 11V V V≥ ≥ .  The magnitude of the EFG tensor is fully specified using two 

parameters.  The first parameter is known as the nuclear quadrupolar coupling constant 

(CQ), and is expressed as: 

 33
Q

eV Q
C

h
= , (11) 

where e is the fundamental charge and h is Planck’s constant.  Typical perturbation 

treatments allow the quadrupolar interaction to impose first and second-order corrections 

to the Zeeman states.  Although there are infinite order corrections, it is often sufficiently 

accurate to stop at the second-order correction.  It is first-order term that is averaged 

under magic angle spinning (MAS) conditions (vide infra). The second-order quadrupolar 

interaction often leads to lineshape broadening in SSNMR.  The second parameter, 

known as the asymmetry of the EFG tensor is defined as: 

 11 22
Q

33

V V

V
η −= . (12) 

The EFG tensor is axially symmetric if the asymmetry parameter is equal to zero.  The 

figure below illustrates the effect that an asymmetric EFG has on the observed second-

order NMR lineshape.  MAS reduces the second-order line broadening by a factor of 

roughly 3.8  This effect can also be seen in the figure below, where the MAS spectra are 

noticeably less broad when compared to the static spectra. 
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Figure 1.3: Illustration of second-order central transition (CT) lineshapes for a half-

integer spin quadrupolar nucleus with varying asymmetry parameter values. Static (grey, 

broad) and MAS (no colour, narrow) spectra are shown.  

 

Euler angles (α, β, and γ) are used to define the angles between two PASs, and in 

the case of SSNMR, they specify the relative orientation between the CS and EFG tensor 
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PASs.9,10  Shown in Figure 1.4 is the EFG PAS (V33, V22, V11), and the CS PAS (δ33, δ22, 

δ11); their relative orientations are described through α, β, and γ. 

 

Figure 1.4: Euler angles relating one coordinate system, the EFG PAS (V33, V22, V11) to 

another coordinate system, the CS PAS (δ33, δ22, δ11). 

 

It is useful to discuss the breadth of the central transition (CT) powder pattern due 

to the second-order quadrupolar interaction, for a stationary sample, ignoring CSA for the 

moment:11  
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From eq. 13, it can be seen that the breadth of the CT (∆νCT) is inversely 

proportional to the νL of the nucleus being studied.  Since νL is directly proportional to B0 

(eq. 3), the use of a larger B0 results in a decrease in second-order quadrupolar 
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broadening as well as the width of the CT in frequency units.  Hence, if reduced 

broadening due to the quadrupolar interaction is desired, higher magnetic field strengths 

should be used.  As CSA scales with the applied field and as broadening due to the 

quadrupolar interaction is reduced at higher applied fields, the effects due to CSA are 

potentially more easily analyzed.  In the case of a spectrum which is CSA dominated, the 

broadening due to CSA can be quantified more precisely since quadrupolar broadening is 

playing a smaller role.  For the proper analysis of SSNMR lineshapes where both the 

quadrupolar interaction (QI) and CSA are the dominant lineshape broadening 

mechanisms, it is important to acquire all spectra at two or more magnetic field strengths.  

If a spectrum from one magnetic field is simulated, it is not possible to know with 

absolute certainty that the extracted NMR parameters are correct.  If, however, a 

spectrum is recorded at a different magnetic field strength and the same NMR parameters 

provide an appropriate fit to the data, then one can be confident that the simulations have 

yielded accurate NMR parameters.  In addition, any discrepancies between the simulated 

NMR lineshapes and the experimental data at the two different magnetic field strengths 

can be used to help estimate experimental error. 
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1.2 11B Solid-State NMR Spectroscopy   

Solid-state 11B NMR spectroscopy can provide valuable information about 

structural and electronic properties in boron-containing compounds.4,5,6  Boron has two 

NMR-active isotopes which possess quadrupolar nuclei, 10B (I = 3; N.A. = 19.9 %; Ξ  ≈ 

10.744 %) and 11B (I = 3/2; N.A. = 80.1 %; Ξ  ≈ 32.084 %).12  Both of these nuclides 

have small to moderate nuclear electric quadrupole moments, eQ (Q(10B) = 84.59 mb; 

Q(11B) = 40.59 mb).13  The 11B nucleus is more receptive to NMR studies due to its 

higher natural abundance, smaller quadrupole moment, and the availability of a CT (i.e., 

mI = ±1/2 ↔ ±1/2).  The CT for a spin 3/2 quadrupolar nucleus can be seen in Figure 1.1.  

This figure also illustrates the satellite transitions (ST) (i.e., mI = ±1/2 ↔ ±3/2, for all ∆mI 

= 1).  Signal enhancement techniques such as double frequency sweeps (DFS) can 

increase the population difference between the two energy states of the CT which 

produces more signal due to increased net magnetization.  QCPMG, another signal 

enhancement technique, can lead to greater signal intensity in fewer scans by producing 

an echo train and acquiring multiple echoes per scan.  These signal enhancement 

techniques are discussed in more detail in Chapter 3. 

When NMR experiments are conducted on solutions, rapid tumbling of the solute 

molecules leads to an averaging of molecular orientations over the timescale of the 

experiment.  In most cases, this leads to sharp peaks, and isotropic chemical shift data 

may be obtained.  It is well known that such NMR experiments can be applied to help 

elucidate the structure of the compound being studied, provide data about the chemical 

environment of the nucleus being studied, provide information about dynamics such as 

reaction rates, or simply monitor a reaction in progress from initiation to completion.14   
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In powdered samples, the lack of rapid molecular tumbling often corresponds to a 

static distribution of crystallites, and hence molecular, orientations.  This typically leads 

to NMR lineshape broadening.  For 11B, SSNMR spectra can provide information about 

both the quadrupolar interaction between the nucleus and the EFG, as well as CSA, both 

of which are related to the electronic and molecular environment.  An advantage of 

SSNMR experiments using quadrupolar nuclei is that additional parameters which reflect 

the orientation-dependence of the NMR interactions are available and they help one to 

determine the local geometry and bonding environment.  When considering quadrupolar 

nuclei, one must take the quadrupole induced shift into account.  The QI shifts the centre 

of gravity of the lineshape, which needs to be corrected.  The correction due to the 

quadrupole induced shift is inversely proportional to B0. 

SSNMR experiments on powdered samples using quadrupolar probe nuclei will, 

almost always, lead to the observation of broad lines in the spectrum.  The CT is 

broadened by anisotropy of second-order quadrupolar interactions.  MAS, depicted below 

in Figure 1.5, was introduced as a means of enhancing spectral resolution.2  Spinning a 

sample rapidly about the magic angle (54.74o relative to the applied static magnetic field) 

leads to a time averaging of molecular orientations of the sample within the magnetic 

field over the period of sample rotation.2,15,16,17,18,19,20 
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Figure 1.5: MAS depicting a rotor which is rotating at an angle of 54.74º relative to the 

magnetic field.  This effect assists in averaging the molecular orientations of the 

molecules in the rotor. 

 

 MAS reduces the second-order line broadening by about 3 times.8  If the magic 

angle (θMAS, as per Figure 1.5) is properly set, the first-order line broadening can be 

averaged for the satellite transitions in addition to suppressing the direct dipolar 

broadening effects.  Since the central transition is usually the region of the spectrum from 

which physicochemical data is extracted, resolution of this region is a main focus.  

Second-order quadrupolar interactions affect the line shape of the central transition and 

act as a perturbation to the Zeeman interaction which is the dominant interaction in the 

high-field approximation.  Setting the magic angle precisely will partially average this 

second-order quadrupolar interaction and potentially result in a well-resolved spectrum.  

Line broadening, which manifests itself in the line patterns of a given spectrum, is 

due to anisotropy of second order quadrupolar interactions.  Under MAS conditions, this 

is determined by the second and fourth-rank tensors.  An nth rank tensor is independent of 
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any specific coordinate system and is an n-dimensional array composed of numerical 

values or components.21  For example, a zero-rank tensor can be represented by a single 

scalar value, a first-rank tensor by a vector, and a second-rank tensor by a square matrix.  

The magnetic shielding tensor is a 3 x 3 second-rank tensor.  Spinning the sample at a 

precise angle with respect to the external magnetic field could individually average each 

of these tensors.  In MAS, however, one does not spin the sample about two (or more) 

axes simultaneously.  Thus, averaging out both the second and fourth-rank tensors and 

removing line broadening due to second-order anisotropy is not possible.  In order to 

average out both second and fourth-rank tensors and fully remove the broadening due to 

second-order anisotropy, the following condition would have to be satisfied:8  

 P2(cos β2)=P4(cos β1)=0, (13) 

where P2 represents a second-order Legendre polynomial, P4 represents a fourth-order 

Legendre polynomial, and β represents the corresponding angles to make this condition 

true.  Such a condition, where the second and fourth-order Legendre polynomials are 

being averaged to zero, is satisfied when β2 = 54.7o and β1 = 30.6o.  Magic angle spinning 

will average out the second-order polynomial; hence line broadening due to second-order 

anisotropy is reduced significantly since it is only due to the effect of the fourth-order 

polynomial.  In MAS spectra, second-order quadrupolar interactions are still present, 

however, increasing the magnetic field will cause a decrease in the broadening associated 

with the second-order quadrupolar interaction.  Although the QI and CS tensors are both 

second rank tensors which can be used to describe second-order QI, the second-order QI 

is described using second and higher-order Legendre polynomials. 
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Experimental characterization and interpretation of boron chemical shift and EFG 

tensors in a series of solid boronic acids and esters are reported.  Boron-11 SSNMR 

experiments were performed under stationary and MAS conditions at B0 values of 9.40 T 

and 21.1 T.  At 21.1 T, the influence of the CS tensor on the observed SSNMR line 

shapes becomes extremely important as its linewidth (in Hz) is proportional to B0.  In 

addition to improving sensitivity, ultrahigh-field (B0 > 18.8 T) NMR spectrometers 

should therefore provide more precise measurements of the influence of the CS tensor on 

SSNMR spectra.  In the case of quadrupolar nuclei, such as 11B, a high magnetic field 

also produces narrower CT line shapes since the central transition signal broadening 

associated with the second-order quadrupolar coupling scales inversely with magnetic 

field.   

Molecular orbital (MO) analyses are performed to provide insight into the 

relationship between the molecular and electronic structure around the boron nucleus and 

the 11B NMR parameters.  CSA is often rationalized by considering contributions to the 

paramagnetic shielding term, as outlined in Ramsey’s theory of nuclear magnetic 

shielding.4,5,6  The theory may be applied in explaining the effects of orbital-mixing-

induced paramagnetic shielding on CSA.  Interpretation of experimental data alongside 

quantum chemical calculations has the potential to provide important information relating 

NMR parameters and molecular and electronic environments about the boron nucleus. 
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1.3 Objectives and Scope 

This thesis aims to relate the experimental 11B SSNMR parameters for a series of 

boronic acids, boronic esters and boronic acid catechol cyclic esters to the molecular and 

electronic structures of these compounds.  As an example, this can be accomplished by 

relating NMR parameters such as the CS tensor span (Ω) to the occupied and virtual 

MOs.  In addition, quantum chemical calculations were carried out on all compounds.  

This was done to calculate the NMR parameters.  These calculations can be carried out to 

both confirm the experimental NMR parameters, as well as to determine magnetic 

shielding contributions due to pairwise orbital mixing.  Agreement between experimental 

and calculated NMR parameters provides additional evidence that the relationships noted 

and parameters acquired are in fact valid, and often assists in understanding the local 

structure.  NMR signal enhancement techniques such as DFS and QCPMG were applied 

to these systems to test the efficacy of signal enhancement on boron-11 systems. 

In Chapter 2, a series of boronic acids and esters were studied where there was 

large variation in the molecular and electronic structure from compound to compound.  

Under these conditions, there is sufficient variation in the 11B NMR and therefore some 

of them can easily be related to the molecular structure. 

In Chapter 3, 11B SSNMR spectra of selected compounds from Chapter 2 were re-

acquired using DFS and QCPMG pulse sequences.  Signal enhancement is noted when 

these pulse sequences are used, and this allows for the acquisition of more signal in fewer 

scans, which can be useful in dilute systems. 

Finally, in Chapter 4, a series of boronic acids and boronic acid catechol cyclic 

esters were studied where there was little variation in the molecular and electronic 
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structure from compound to compound.  Under these conditions, there is not sufficient 

variation in the NMR parameters to relate them to the molecular structure.  Ideally, small 

changes to the structure, such as the variation of a substituent on the aromatic ring system 

would lead to observable changes in the observed 11B SSNMR spectrum.  Studying these 

compounds proved to be a fruitful endeavor.  It provides a handle as to how much 

electronic variation needs to be present in the system in order to have an impact on the 

experimentally observed 11B SSNMR parameters. 

SSNMR is an extremely useful technique which can be used to measure 

physicochemical data about a compound and to help elucidate the structure.  It can 

provide details such as quadrupolar or magnetic shielding data which liquid NMR 

typically cannot.  In the case of 11B SSNMR, vast amounts of data can be acquired and 

simulated, and NMR parameters can be calculated using quantum chemical methods, to 

verify and help support the experimental data.  Numerous signal enhancement techniques 

are available and can be quite useful for the characterization of dilute systems where 

there is a lack of boron present.  Most importantly, the physicochemical data that we can 

extract from analyzing a spectrum can teach us about the local structure, bonding 

environment, and other possible interactions with nearby NMR-active nuclei.  Because 

SSNMR is still a relatively young field (first observed experimentally in 1946),22 there is 

a lot of work that remains to be done and many nuclei that have yet to be thoroughly 

studied.  In the case of SSNMR, only recently have ultra-high field magnets been 

developed to allow for the study of nuclei which are otherwise too impractical to study at 

lower magnetic field strengths.  Their observation was also facilitated by the 

development of signal enhancing pulse sequences such as QCPMG (vide infra). 
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Chapter 2 

Relating 11B NMR Parameters to Molecular and Electronic Structure 

2.1 Introduction 

Boronic acids and boronic esters23 are particularly important classes of 

compounds that have a wide range of uses and applications.  For example, they are used 

in catalytic additions to ketones,24 asymmetric conjugate additions,25 enzyme 

inhibition,26,27,28,29,30,31 potent and selective serine protease inhibition,32,33 Suzuki 

coupling reactions in organic synthesis,34,35,36 materials synthesis,37,38,39,40,41 and neutron 

capture therapy treatments for cancer patients.42,43,44,45  Given the broad utility of boronic 

acids and esters, an understanding of the structural and electronic properties of these 

compounds is important.   

Comprehensive 11B NMR studies have been conducted on boron compounds in 

solution and many isotropic chemical shifts (δiso) have been reported.14,46  The known 

boron chemical shift range for tricoordinate and tetracoordinate species covers 

approximately 210 ppm, with tetracoordinate species falling between δiso = 20 and -120 

ppm, and tricoordinate species between δiso = 90 and -20 ppm with respect to 

F3B•O(C2H5)2 at 0 ppm.14,46  Boronic acids and esters have chemical shifts in solution 

ranging from about 18 to 31 ppm.14  The chemical shifts for 11B have been shown to 

correlate with the ligand’s π−donor ability.14  Thus, the interpretation of 11B chemical 

shifts may provide insight into π bonding.  For tricoordinate boron compounds of the 

series BR3, BXR2, BX2R, and BX3 (X = electron-withdrawing ligand; R = alkyl group), 

as one progresses from BR3 to BX3, the 11B isotropic chemical shifts decrease 

systematically, which has been interpreted as being associated with increased π-electron 
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backbonding from X to B.14  In addition, a sterically encumbered environment tends to 

cause decreased π-bonding; hence, a positive shift may be observed with increasing steric 

bulk about the boron.14  

In addition to literature studies reporting isotropic information for the boron-11 

nucleus in solution, 11B NMR studies have been conducted on boron compounds in the 

solid state.  The corresponding anisotropic information, such as CQ and ηQ, was collected 

and reported.  These solid state studies include characterization of the 11B nucleus in 

glass,47,48,49 glass-ceramics,50,51 ceramics,52,53 boron nitride in ceramics,54,55 boron 

nitrides,56 and plant cells.57  Although 11B SSNMR experiments have been carried out on 

a variety of compounds, there is still much characterization to be done as there is not 

nearly as much experimental data reported on boron-11 in the solid state as there is in 

liquids.  Due to the fact that so much extra characterization information can be gained 

from SSNMR, it is beneficial to carry out experiments on relevant boron compounds. 

This chapter covers a SSNMR study of the five boronic acids and five boronic 

esters shown below. A comprehensive discussion relating their NMR parameters to 

molecular and electronic structure follows. 
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Figure 2.1:  Structures of the boronic acids (1 to 5) and boronic esters (6 to 10) used in 

this study. 
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2.2 Results and Discussion 

2.2.1 11B Solid-State NMR Spectroscopy 

Shown in Table 2.1 are the experimental boron EFG and CS tensor values 

obtained via analytical simulations of the 11B NMR spectra of boronic acids and esters 1 

to 10.  By simultaneously fitting data at both 9.40 and 21.1 T, the CQ, ηQ, and δiso values 

were determined from MAS NMR spectra.  Subsequently, stationary spectra were 

analyzed to determine the Ω, κ, and Euler angles relating the two tensor PASs (Figures 

2.2 to 2.9). 

Shown in Figure 2.2 are 11B SSNMR spectra of boronic ester 8 obtained at 9.40 

and 21.1 T.  As a representative example, these spectra and the extracted parameters are 

discussed in detail.  The CQ(11B) value obtained for 8 is 2.76 ± 0.20 MHz and ηQ = 0.59 ± 

0.10.  CSA is present and broadening is therefore observed in the spectrum due to both 

the quadrupolar interaction as well as CSA (Ω = 14 ± 2 ppm).  The isotropic chemical 

shift of 30.3 ± 1.0 ppm falls within the expected range for a boronic ester.14  For the data 

obtained at both magnetic fields, simulated spectra fit very well with the experimental 

data; hence, there are small experimental error values associated with the reported data 

(Table 2.1).  The 11B NMR spectra of both MAS and stationary samples are less broad at 

21.1 T.  This narrowing is seen for all samples in the present work, as the broadening of 

the CT due to the second-order quadrupolar interaction decreases with increasing B0.  

This is always the case when broadening in the spectrum is dominated by the second-

order quadrupolar interaction.  QCPMG spectra were also obtained and each 

corresponding manifold of spikelets mimics the lineshape of the stationary spectra.  

QCPMG was also used as a method of signal enhancement (vide infra).   
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Figure 2.2: Solid-state boron-11 NMR spectroscopy of 8.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectra of stationary powdered samples are shown in (i) 11B at 9.40 T and (j) 11B at 21.1 

T. 

 



        27

Table 2.1:  Experimental 11B EFG and CS tensor parameters for compounds 1 to 10.a 

 Sample CQ / MHz ηQ δiso / ppm Ω / ppm κ α / º β / º γ / º 
Boronic Acids 1 3.29 ± 0.10 0.40 ± 0.10 29.0 ± 1.0 33 ± 11 -0.50 ± 0.20 50 ± 30 25 ± 25 40 ± 40 

 2 3.10 ± 0.20 0.30 ± 0.20 30.0 ± 1.4 40 ± 10 0.40 ± 0.60 65 ± 10 0 ± 10 0 ± 10 
 3 3.05 ± 0.10 0.10 ± 0.20 27.5 ± 1.0 32 ± 2 0.40 ± 0.40 0 ± 20 0 ± 10 0 ± 20 
 4 2.80 ± 0.10 0.45 ± 0.10 31.0 ± 2.0 19 ± 1 -0.90 ± 0.10 40 ± 5 0 ± 5 0 ± 5 
 5 2.83 ± 0.25 0.10 ± 0.30 26.0 ± 2.0 30 ± 6 0.20 ± 0.20 0 ± 60 0 ± 10 0 ± 60 

Boronic Esters 6 2.79 ± 0.10 0.40 ± 0.15 26.5 ± 1.0 23 ± 2 0.30 ± 0.10 15 ± 75 0 ± 5 0 ± 75 
 7 2.83 ± 0.20 0.51 ± 0.10 29.8 ± 1.0 12 ± 2 0.60 ± 0.10 0 ± 30 0 ± 5 0 ± 30 
 8 2.76 ± 0.20 0.59 ± 0.10 30.3 ± 1.0 14 ± 2 -0.25 ± 0.10 25 ± 10 0 ± 5 0 ± 10 
 9 2.66 ± 0.10 0.68 ± 0.10 30.2 ± 1.0 10 ± 2 0.40 ± 0.10 30 ± 15 0 ± 5 0 ± 15 
 10 2.89 ± 0.10 0.37 ± 0.05 27.3 ± 1.0 30 ± 2 0.60 ± 0.10 103 ± 10 0 ± 5 0 ± 10 

Boric Acidb  2.85 ± 0.05 0.40 ± 0.10 19.6 ± 0.3 - - - - - 
aExperimental CQ, ηQ, δiso, Ω, κ, and Euler angles for each boronic acid and ester compound studied.  Chemical shifts are reported 

with respect to solid NaBH4 at -42.06 ppm.  Boric acid is included as the impurity present at 19.6 ppm in compounds 2 and 3. 
bThe NMR parameters were included in the simulations of compounds 2 and 3 using 4% and 10% intensity relative to the main signal, 

respectively.
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Figure 2.3: Solid-state boron-11 NMR spectroscopy of 1.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (i) 11B at 9.40 T. 
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Figure 2.4: Solid-state boron-11 NMR spectroscopy of 2.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using  WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  The small peaks in spectra 

(a) – (d) seen at ~ 1 and 19 ppm are due to boric acid, and its spectral parameters may be 

found in Table 2.1. 
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There is very little variation in the measured δiso(
11B), which range from 26.0 ppm 

(compound 5) to 31.0 ppm (compound 4), i.e., only about 5 % of the total known range 

for tricoordinate boron.  Because this range is so small, it is difficult to conclusively 

relate δiso(
11B) to any single structural or electronic feature, although there is a good 

correlation between the experimental isotropic chemical shift values and the calculated 

isotropic magnetic shielding values (vide infra).   

In general, the directions of the eigenvectors corresponding to V33 and δ33 are 

coincident within experimental error, as quantified by the Euler angle β.  Overall, it is 

found that the span is the most sensitive NMR parameter to changes in the molecular and 

electronic structure from compound to compound, ranging from 10 ppm (compound 9) to 

40 ppm (compound 2); i.e., the variation in Ω (30 ppm) represents 75 % of the maximum 

span value (40 ppm) observed.  Since the span has the largest relative variation among 

the NMR parameters, it is the primary focus and its relationship with the local boron 

electronic and molecular structure is discussed in a subsequent section. 
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Figure 2.5: Solid-state boron-11 NMR spectroscopy of 3.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using  WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (i) 11B at 9.40 T.  The small peaks 

in spectra (a) – (d) seen at ~ 1 and 19 ppm are due to boric acid, and its spectral 

parameters may be found in Table 2.1. 
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Figure 2.6: Solid-state boron-11 NMR spectroscopy of 4.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1. 
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Figure 2.7: Solid-state boron-11 NMR spectroscopy of 5.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (i) 11B at 9.40 T. 
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Figure 2.8: Solid-state boron-11 NMR spectroscopy of 6.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectra of stationary powdered samples are shown in (i) 11B at 9.40 T and (j) 11B at 21.1 

T. 
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Depicted in Figures 2.3 to 2.6, 2.9, 2.10, and 2.11 are the 11B SSNMR spectra of 

compounds 1 to 4, 7, 9, and 10 respectively.  Upon examination of the spectra it is 

apparent that the 11B line shapes associated with the boronic acids tend to be broader than 

the spectra of boronic esters.  This observation is associated with the fact that the boronic 

acids tend to have larger CQ(11B) and Ω values.  In Table 2.1, NMR parameters are also 

listed for boric acid, a known decomposition product of boronic acids.23  This 

decomposition product is clearly identified in compounds 2 and 3 (Figures 2.4 and 2.5) as 

purchased, and is responsible for the peak with δiso = 19.6 ppm.  In addition, spectra for 

compounds 1, 2, and 4 (Figures 2.3, 2.4, and 2.6) contain broad, low intensity peaks 

buried underneath the main signal.  It is speculated that these peaks are likely due to 

small amounts of an unknown impurity, decomposition product present in the sample, or 

possibly the result of less effective suppression of the signal due to boron nitride inside 

the stator. 
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Figure 2.9: Solid-state boron-11 NMR spectroscopy of 7.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (j) 11B at 21.1 T. 
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Figure 2.10: Solid-state boron-11 NMR spectroscopy of 9.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (i) 11B at 9.40 T. 
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Figure 2.11: Solid-state boron-11 NMR spectroscopy of 10.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 2.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 2.1.  Experimental QCPMG 

spectrum of a stationary powdered sample is shown in (i) 11B at 9.40 T. 
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A small range in CQ(11B) is observed (i.e., from 2.66 MHz for compound 9 to 

3.29 MHz for compound 1).  In general, the CQ(11B) values for the boronic acids tend to 

be slightly larger than for the esters; however, there is overlap in the ranges for each class 

of compound.  Similarly, a small range in Ω is observed (i.e., 10 ppm for compound 9 to 

40 ppm for compound 2).  Usually, the Ω values for the boronic acids tend to be slightly 

larger than for the esters; however, there is overlap in the ranges for each class of 

compound. 

 

Figure 2.12:  Calculated and experimental boron CQ for the boronic acids and boronic 

esters studied.  Calculated values for boronic acid dimers which take into account 

hydrogen bonding interactions are included where applicable.  ADF calculations were 

performed using the GGA revPBE functional and TZP basis set on all atoms.  The 

following data are shown: a) calculated CQ for boronic acids, b) experimental CQ for 
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boronic acids, c) calculated CQ for boronic esters, and d) experimental CQ for boronic 

esters. 

 
 

Figure 2.13:  Calculated and experimental boron Ω values for the boronic acids and 

boronic esters studied.  Calculated values for boronic acid dimers which take into account 

hydrogen bonding interactions are included where applicable.  ADF calculations were 

performed using the GGA revPBE functional and TZP basis set on all atoms.  The 

following data are shown: a) calculated Ω values for boronic acids, b) experimental Ω 

values for boronic acids, c) calculated Ω values for boronic esters, and d) experimental Ω 

values for boronic esters. 

   

Figures 2.14 – 2.22 illustrate the B0 dependencies of the second-order quadrupolar 

interaction and CSA observed in the magnetic resonance line shape for several of the 

boronic acids and esters.  Shown in these Figures are the stationary spectra for each 
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compound, the corresponding best-fit analytical simulation, and a simulation where the 

CSA is ignored (i.e., Ω = 0 ppm).  Comparing the traces where CSA is included to those 

where it is not for the data acquired at 9.40 T, one clearly sees that the difference between 

the two traces is minimal.  At 21.1 T, however, the difference between the two traces is 

clear.  This holds true for both boronic acids and esters.   

 

Figure 2.14: Solid-state boron-11 NMR spectroscopy of 3 (top), and 8 (bottom).  

Experimental spectra of stationary powdered samples are shown in (a) 11B at 9.40 T and 

(d) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids (traces (b) and (e)) using 

the parameters given in Table 2.1.  Best-fit spectra not taking the effects of CSA into 

account were simulated using WSolids (traces (c) and (f)) using the parameters given in 

Table 2.1, but where the values for span were set to 0 ppm. 
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Figure 2.15: Solid-state boron-11 NMR spectroscopy of 1.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

 

 

Figure 2.16: Solid-state boron-11 NMR spectroscopy of 2.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-
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fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

  

Figure 2.17: Solid-state boron-11 NMR spectroscopy of 4.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 
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Figure 2.18: Solid-state boron-11 NMR spectroscopy of 5.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

 

 

 Figure 2.19: Solid-state boron-11 NMR spectroscopy of 6.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 
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in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

 

 

 Figure 2.20: Solid-state boron-11 NMR spectroscopy of 7.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 
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 Figure 2.21: Solid-state boron-11 NMR spectroscopy of 9.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 

in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

 

Figure 2.22: Solid-state boron-11 NMR spectroscopy of 10.  Experimental spectra of 

stationary powdered samples are shown in (a) 11B at 9.40 T and (d) 11B at 21.1 T.  Best-

fit spectra were simulated using WSolids (traces (b) and (e)) using the parameters given 
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in Table 2.1.  Best-fit spectra not taking the effects of CSA into account were simulated 

using WSolids (traces (c) and (f)) using the parameters given in Table 2.1, but where the 

values for Ω were set to 0 ppm. 

 

Figure 2.23 is a graphical representation of the measured Ω values for different 

trigonal planar boron bonding environments.58  As the central boron atom is bound to 

more oxygen atoms and fewer carbon atoms, the experimental Ω values decrease 

dramatically.   

 
Figure 2.23: Graphical representation of experimental Ω values for the compounds being 

studied (Table 2.1) and different borate and borane compounds.58  Data points indicate 

average values for a range of compounds (boronic acids and esters) or single 

experimental measurements (borate and borane).  The vertical bars for the boronic acid 

and ester data show the range of Ω for each class of compound.  In the case of borane and 

borate, the vertical bars represent the experimental measurement error for one compound 

(trimesitylborane and triphenylborate).58 As the central boron atom is bound to more 
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oxygen atoms and fewer carbon atoms, the experimental Ω values decrease dramatically, 

as does their range.  See text for further discussion. 

 

This trend may be rationalized by considering the atomic orbitals for each species 

involved.  The oxygen atoms can donate electron density through lone pairs of electrons 

into the vacant p-orbital of the boron.  As described in more detail later, the contributions 

to the paramagnetic portion of the total σ in the boron trigonal plane are reduced upon 

increasing oxygen coordination, which can explain the observed decrease in the measured 

Ω.58  The boronic acids and esters have Ω values in the small/intermediate range relative 

to borates on the low end and boranes on the high end.  Although the spans  being 

examined are small, they are the most characteristic NMR parameters for each compound 

and can successfully be related to the immediate bonding environment (Figure 2.23). 

 

2.2.2 Computational Results   

Shown in Table 2.2 are the boron EFG and σσσσ tensor results calculated using 

Becke, three-parameter, Lee-Yang-Parr (B3LYP), restricted Hartree-Fock (RHF), and 

generalized gradient approximation - revised Perdew-Burke-Ernzerhof (GGA-revPBE) 

methods for compounds 1 to 10. Table 2.3 contains all of the computational results 

pertaining to the mentioned computational methods listing the skew values as well as the 

Euler angles.   
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Table 2.2: Calculated EFG and CS tensor parameters for compounds 1 to 10.a 

   B3LYP    RHF   GGA revPBE  

  Sample CQ / MHz ηQ Ω / ppm  CQ / MHz ηQ Ω / ppm  CQ / MHz ηQ Ω / ppm φCCBO / º 
Boronic Acids 1 3.09 0.658 20.9  3.58 0.517 19.1  2.83 0.644 21.9 0.0 

 1† 3.06 0.632 21.1  3.57 0.498 21.6  2.81 0.570 25.0 8.7 
 2 3.21 0.402 40.9  3.66 0.283 32.9  2.96 0.383 43.7 90.0 

 2† 3.16 0.399 41.6  3.63 0.271 36.1  2.91 0.380 41.8 90.0 
 3 3.03 0.534 27.9  3.50 0.406 19.3  2.81 0.504 33.4 28.1 

 3† 3.00 0.382 27.9  3.49 0.272 18.2  2.74 0.362 27.7 0.1 
 4 2.96 0.482 17.3  3.48 0.360 12.6  2.68 0.447 18.7 0.0 

 4† 2.95 0.628 25.5  3.47 0.461 20.9  2.68 0.553 23.4 0.0 
 5 3.07 0.637 28.2  3.54 0.436 17.5  2.84 0.524 32.6 36.7 

 5† 2.94 0.565 28.3  3.53 0.406 22.5  2.68 0.537 28.1 19.9 
Boronic Esters 6 2.93 0.622 23.1  3.48 0.470 17.4  2.62 0.649 23.9 0.5 

 7 3.01 0.548 15.6  3.57 0.405 13.0  2.72 0.545 11.5 3.0 
 8 3.01 0.633 20.0  3.56 0.497 23.9  2.71 0.632 15.5 2.9 
 9 3.03 0.597 18.2  3.59 0.453 17.7  2.73 0.592 14.0 1.2 
 10 3.05 0.495 32.8  3.56 0.397 27.9  2.74 0.529 32.3 61.3 

Boric Acid   2.46 0.304 13.3   3.04 0.235 10.2   2.24 0.300 11.4 0.0 
† Corresponds to boronic acid dimer 
a Calculated values for boronic acid dimers which take into account hydrogen bonding interactions are included where applicable.  

Hybrid DFT calculations were performed using the B3LYP functional and the 6-311+G* basis set on all elements.  RHF 

calculations were performed using the 6-311+G* basis set on elements.  ADF calculations were performed using the GGA revPBE 

functional and TZP basis set on all atoms.  φCCBO is defined in Figure 2.25.  Boric acid is included as the impurity present at 19.6 

ppm in compounds 2 and 3. 
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Table 2.3: Calculated magnetic shielding tensor skew and Euler angles for compounds 1 to 10 using a single basis set on all atoms.a 

  B3LYP    RHF   
 Sample κ α / º β / º γ / º  κ α / º β / º γ / º 

Boronic Acids 1 0.81 6 0 11  0.15 276 0 90 
 1† 0.24 182 8 201  0.05 242 7 62 
 2 0.44 223 0 227  0.69 178 0 272 
 2† 0.00 326 0 187  0.22 87 0 68 
 3 0.24 356 6 76  0.37 41 0 89 
 3† -0.24 156 0 254  0.01 154 0 249 
 4 -0.87 200 0 276  -0.76 217 90 270 
 4† -0.38 127 90 270  -0.14 209 90 90 
 5 0.64 177 16 275  0.73 175 13 294 
 5† -0.36 131 12 253  -0.15 219 13 306 

Boronic 
Esters 6 0.71 90 

1 
0  0.44 90 

3 
90 

 7 0.23 0 1 360  -0.93 0 1 360 
 8 -0.58 30 1 329  -0.57 268 90 90 

 9 -0.20 111 1 251  -0.79 91 88 269 
 10 0.88 342 5 66  0.44 347 8 12 

Boric Acid   -0.69 241 0 112   -0.67 264 90 90 
†Corresponds to boronic acid dimer 
a Calculated boron κ and Euler angles for each boronic acid and ester compound studied. Calculated values for boronic acid dimers 

which take into account hydrogen bonding interactions are included where applicable. Hybrid DFT calculations were performed using 

the B3LYP functional and the 6-311+G* basis set on all elements. RHF calculations were performed using the 6-311+G* basis set on 

elements. Boric acid is included as the impurity present at 19.6 ppm in compounds 2 and 3.
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Calculations similar to the ones discussed here were carried out on boronic acids 

and boronic esters 1 – 10. Both hybrid DFT calculations using the B3LYP functional as 

well as RHF calculations were performed using the 6-31G* basis set on all first and 

second row elements, while the aug-cc-pVTZ basis set was used on all heavier elements. 

These calculations yielded results that were comparable to experimental results; however, 

calculations employing a higher level basis set (6-311+G*) were carried out in attempts 

to achieve calculated NMR parameters that were more in agreement with the 

experimental data. Logically, computations which use a higher level basis set should 

provide more accurate results. That is indeed the case for the results discussed here. 

Although calculations using the 6-31G* basis set provided results that were not in 

agreement to the same extent as when the 6-311+G* basis set is used, those data are still 

useful and can be used to obtain approximate values for the NMR parameters being 

calculated. Using a higher level basis set, in the case of these boron compounds, will 

generally provide more accurate results. However, this comes at the cost of having to 

expend more computational resources. 

 
 



        52

Table 2.4: Calculated 11B EFG parameters and CSA for compounds 1 to 10.a 

   B3LYP    RHF   GGA revPBE  
  Sample CQ / MHz ηQ Ω / ppm  CQ / MHz ηQ Ω / ppm  CQ / MHz ηQ Ω / ppm φCCBO / º 

Boronic Acids 1 2.82 0.631 17.1  2.84 0.614 16.6  2.83 0.644 21.9 0.0 

 1† 2.61 0.494 22.0  3.09 0.419 20.1  2.81 0.570 25.0 8.7 
 2 2.92 0.439 36.0  2.90 0.422 34.7  2.96 0.383 43.7 90.0 

 2† 2.86 0.302 38.4  2.88 0.288 38.0  2.91 0.380 41.8 90.0 
 3 2.23 0.922 16.6  2.42 0.782 17.0  2.81 0.504 33.4 28.1 

 3† 2.80 0.338 22.7  2.79 0.339 22.4  2.74 0.362 27.7 0.1 
 4 2.78 0.466 13.8  3.34 0.364 10.3  2.68 0.447 18.7 0.0 

 4† 2.76 0.561 22.4  3.32 0.426 18.7  2.68 0.553 23.4 0.0 
 5 2.07 0.548 15.8  2.11 0.377 17.2  2.84 0.524 32.6 36.7 

 5† 2.43 0.449 24.7  2.43 0.449 24.8  2.68 0.537 28.1 19.9 
Boronic Esters 6 2.72 0.621 17.0  2.72 0.624 16.0  2.62 0.649 23.9 0.5 

 7 2.78 0.582 11.5  2.79 0.574 10.8  2.72 0.545 11.5 3.0 
 8 2.79 0.640 15.5  2.80 0.638 15.4  2.71 0.632 15.5 2.9 
 9 2.62 0.677 12.0  3.09 0.586 17.6  2.73 0.592 14.0 1.2 
 10 2.10 0.186 15.5  2.14 0.274 16.7  2.74 0.529 32.3 61.3 

Boric Acid   2.30 0.249 10.7   2.90 0.183 7.9   2.24 0.300 11.4 0.0 
†Corresponds to boronic acid dimer 
a  Calculated boron CQ, ηQ, and Ω values for each boronic acid and ester compound studied. Calculated values for boronic acid dimers 

which take into account hydrogen bonding interactions are included where applicable. Hybrid DFT calculations were performed using 

the B3LYP functional and the 6-31G* basis set on all first and second row elements, while the aug-cc-pVTZ basis set was used on all 

heavier elements. RHF calculations were performed using the 6-31G* basis set on all first and second row elements, while the aug-cc 

pVTZ basis set was used on all heavier elements. ADF calculations were performed using the GGA revPBE functional and TZP basis 

set on all atoms. φCCBO is shown (see Figure 2.25). Boric acid is included as the impurity present at 19.6 ppm in compounds 2 and 3. 
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Table 2.5: Calculated magnetic shielding tensor skew and Euler angles for compounds 1 to 10 using two different basis sets.a 

  B3LYP    RHF   
 Sample κ α / º β / º γ / º  κ α / º β / º γ / º 

Boronic Acids 1 0.79 295 0 82  0.78 283 0 98 
 1† -0.19 136 16 246  -0.60 300 16 71 
 2 0.47 236 0 214  0.36 180 0 270 
 2† 0.15 2 0 143  0.09 353 0 151 
 3 0.54 357 14 77  0.43 355 15 78 
 3† -0.50 319 0 169  -0.48 314 0 173 
 4 -0.96 24 0 90  -0.81 217 90 270 
 4† -0.27 306 90 90  -0.12 121 90 270 
 5 0.85 2 18 69  0.85 2 17 74 
 5† -0.35 133 19 254  -0.34 133 18 253 

Boronic Esters 6 0.63 270 1 180  0.67 90 1 360 
 7 0.00 359 0 1  -0.29 0 2 360 

 8 -0.84 77 0 282  -0.96 268 89 91 
 9 -0.45 164 2 197  -0.58 91 90 268 
 10 0.84 184 9 175  0.86 5 9 354 

Boric Acid   -0.68 151 0 203  -0.78 84 90 270 
†Corresponds to boronic acid dimer 
a Calculated boron Euler angles, which represent the corresponding angles between the EFG and shielding tensor components in their 

respective PASs, and κ values for each boronic acid and ester compound studied. Calculated values for boronic acid dimers which 

take into account hydrogen bonding interactions are included where applicable. Hybrid DFT calculations were performed using the 

B3LYP functional and the 6-31G* basis set on all first and second row elements, while the aug-cc-pVTZ basis set was used on all 

heavier elements. RHF calculations were performed using the 6-31G* basis set on all first and second row elements, while the aug-cc-

pVTZ basis set was used on all heavier elements. Boric acid is included as the impurity present at 19.6 ppm in compounds 2 and 3. 
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The GGA-revPBE calculated isotropic magnetic shielding constants are plotted 

against the experimental values of δiso in Figure 2.24.  A good correlation exists between 

the experimental and calculated data, as quantified by a correlation coefficient of R2 = 

0.9000 (excluding an outlier for boronic acid 2).  The experimental spans are also best 

reproduced by the GGA-revPBE calculations, as quantified by a correlation coefficient of 

R2 = 0.9818, once one outlier is excluded (Figure 2.24).  The outlier, corresponding to 

boronic acid 1, may be tentatively rationalized by considering the relatively large 

experimental error associated with this particular measurement. 
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Figure 2.24: Correlation between the calculated (ADF/GGA revPBE) and experimental 

span values (a) and calculated total isotropic shielding and experimental isotropic 

chemical shift values (b) measured in the solid state for each boronic acid and ester 

studied.  Experimental Ω is plotted against the calculated Ω values for the monomer in all 

cases.  Experimental isotropic chemical shift is plotted against the calculated total 

isotropic shielding values for the dimer where applicable.  Ω data ((a), diamonds) are 

described by a R2 value of 0.9818 and a trendline given by y = 1.0536x + 0.482.  One 
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data point for boronic acid 1 ((a), square) is not taken into account and is plotted 

separately.  Data in part (b) (diamonds) have a R2 value of 0.9000 with a trendline given 

by y = -1.0117x + 99.8.  One stray data point for boronic acid 2 ((b), square) is not taken 

into account and is plotted separately. 

 

The GGA-revPBE-calculated values can be used to discuss the impact of 

hydrogen bonding, electronic substituents, and φCCBO on the span.  The two hydroxy 

groups present in boronic acids are capable of engaging in intermolecular hydrogen 

bonding.  Therefore, if hydrogen bonding interactions are present, the boronic acids being 

considered usually exist as dimers.  Only one crystal structure exists for the compounds 

being studied, that of compound 4, which is a dimer.59  Boronic acids may also exist as 

oligomers in the solid state, as discussed, for example, by Maly et al.60,61  Calculations on 

both boronic acid monomers and dimers were performed to assess the impact of 

hydrogen bonding on the 11B NMR interaction tensors.  It was found that CQ(11B) 

generally decreases slightly in the dimers, relative to the monomers.  There is no 

consistent trend in the change of Ω as a result of hydrogen bonding in the dimers.  This is 

attributed to the observation that the value of φCCBO (as shown in Figure 2.25) of the 

optimized structures changes differentially from compound to compound as a result of 

dimerization, in addition to the simple fact that the hydroxy groups are hydrogen bonded.  

Therefore, the impact of varying φCCBO upon calculated Ω values was studied 

next.  Shown in Table 2.2 are the GGA-revPBE optimized dihedral angles for each 

boronic acid and ester (see also Figure 2.25), where the two carbon atoms are located in 

the aromatic ring, and the boron and oxygen atoms are part of the boronic acid or ester 

functionality.   
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Figure 2.25: Correlation between the calculated Ω values and φCCBO for monomeric and 

dimeric forms of phenylboronic acid. Shown are results for (diamonds) Gaussian 

(B3LYP) monomer, (squares) Gaussian (B3LYP) dimer, (triangles) ADF (GGA revPBE) 

monomer, and (circles) ADF (GGA revPBE) dimer.  Shown in red is φCCBO. 

 

As noted earlier, φCCBO is altered primarily by sterics, and depends on the bulkiness of 

nearby substituents on the aromatic ring.  For example, for every boronic acid and ester 

possessing bulky substituents on the aromatic ring, particularly in the ortho position, the 

value of φCCBO is always much greater relative to when there is a less bulky substituent.  

As this angle is systematically varied, the orientations of MOs centered on boron, relative 

to the aromatic ring, change accordingly.  An examination of the correlation between 

experimental and calculated spans (Figure 2.24) suggested a potential relationship 

between φCCBO and both the experimental and calculated Ω values.  Previous work by 

Zhang et al. reported a dependence of the computed energy of boronic acids on this 
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dihedral angle.62  A plot of the value of Ω as a function of the calculated value of φCCBO 

for each compound reveals no clear and direct correlation, which is not surprising, as 

there are several variables changing simultaneously.  For example, boronic acids have 

hydrogen bonding interactions taking place whereas the esters do not; the aromatic 

substituents are different on the various compounds, and the dihedral angle changes 

primarily due to sterics.  To determine if there is an underlying fundamental correlation 

between span and φCCBO, phenylboronic acid was chosen as a model system.  The 

structures of both the phenylboronic acid monomer and dimer were optimized 

computationally.  The value of φCCBO was then systematically altered from 0 to 90º in 10° 

steps.  For each φCCBO, spans were calculated using both B3LYP and GGA-revPBE 

density functional methods.  The resulting variations of the spans with dihedral angle are 

shown in Figure 2.25.  Two important conclusions may be drawn: (i) for all four data 

sets, there is a distinct positive correlation between Ω and φCCBO; (ii) in all cases, the Ω 

values are smaller for the phenylboronic acid monomer than for the dimer.  It is clear that 

calculations predict that the presence of the hydrogen bonding interaction results in an 

increased span.  The calculated variation of the span results from small changes (on the 

order of 1 to 5 ppm) in the values of the principal components of the magnetic shielding 

tensor as a result of hydrogen bonding.  In no case do the calculations imply that the span 

varies because of the unilateral change of a single component (see Table 2.6).  It is the 

combination of these small changes, specifically in σ11 and σ33, rather than a significant 

change in a single principal component, which leads to variation in the Ω values.  The σ33 

values become slightly larger, and the σ11 values become smaller, resulting in an overall 

increased span.   
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Table 2.6: Calculated magnetic shielding tensor components and Ω for phenylboronic 

acid monomer and dimer as the dihedral is varied from 0 to 90º.a 

  Monomerb     Dimerb   
φCCBO / º σ11 σ22 σ33 Ω / ppm  σ11 σ22 σ33 Ω / ppm 

0 61.2 67.7 85.6 24.4  56.9 72.5 83.0 26.1 
10 61.0 66.6 86.2 25.2  56.2 71.9 83.7 27.5 
20 60.7 64.0 87.5 26.8  54.8 69.9 85.3 30.5 
30 60.2 61.0 88.9 28.7  53.1 67.6 86.8 33.7 
40 58.5 59.5 90.1 31.6  51.5 65.5 88.1 36.6 
50 56.7 58.8 91.0 34.3  50.4 63.7 89.2 38.8 
60 55.6 58.0 91.8 36.2  49.8 62.2 90.3 40.5 
70 55.0 57.4 92.4 37.4  49.7 60.9 91.2 41.5 
80 54.8 56.9 92.8 38.0  49.9 59.9 91.9 42.0 
90 54.8 56.7 93.0 38.2   50.3 29.2 92.3 42.0 
          
  Monomerc     Dimerc   

φCCBO / º σ11 σ22 σ33 Ω / ppm  σ11 σ22 σ33 Ω / ppm 
0 80.1 80.1 97.8 17.7  73.3 87.9 96.1 22.8 
10 79.8 80.0 98.1 18.3  72.7 87.5 96.8 24.1 
20 79.1 79.9 98.7 19.6  71.3 86.1 98.3 27.0 
30 78.2 79.6 99.6 21.4  69.7 84.6 99.9 30.2 
40 77.3 79.3 100.5 23.2  68.3 83.1 101.2 32.9 
50 76.5 78.9 101.4 24.9  67.3 81.8 102.3 35.0 
60 75.7 78.6 102.5 26.8  66.9 80.4 103.4 36.5 
70 74.9 78.2 103.8 28.9  66.8 79.2 104.4 37.6 
80 74.1 77.7 105.3 31.2  67.0 78.1 105.0 38.0 
90 73.1 77.1 106.9 33.8   67.5 77.2 105.3 37.8 

a  Calculated boron φCCBO, Ω, and shielding tensor components for phenylboronic acid 

monomer and dimer as φCCBO is varied from 0 to 90º.   
b Hybrid DFT calculations were performed using the B3LYP functional and the 6-31G* 

basis set on all first and second row elements, while the aug-cc-pVTZ basis set was 

used on all heavier elements.   
c ADF calculations were performed using the GGA revPBE functional and TZP basis set 

on all atoms. 
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2.2.3 MO Analysis of Boron Shielding Tensors 

GGA-revPBE calculations for the phenylboronic acid monomer were used to 

compile shielding tensor magnitude and orientation information at each φCCBO.  Not 

surprisingly, the eigenvector corresponding to σ33 remains nearly perpendicular to the 

boron bonding plane.  For phenylboronic acid, σ33 is calculated to intersect the boron 

bonding plane at an angle ranging from 76 to 90º, depending on the value of φCCBO.  In 

addition, for boronic acids and esters 1 to 10, σ33 remains perpendicular (within 18º) to 

the boron bonding plane.  (Compound 4 is an exception to this rule with σ22 being 

perpendicular, although compound 4 is also unique in the sense that it is a boronic acid 

monoester).  To relate the MOs to the observed and calculated Ω values, the individual 

MO contributions to total shielding must first be examined.  As previously mentioned, 

magnetic shielding may be partitioned into σdia and σpara components.4,5,6 As 

conventionally partitioned, the paramagnetic shielding term is often the dominant term 

that contributes to shielding tensor anisotropy.4,5,6  Consider an occupied MO with strong 

p character and centered on boron.  If virtual rotation of this orbital by 90º produces a 

favorable overlap with a virtual p orbital of the boron atom, the situation results in 

paramagnetic contributions to the component along the axis of virtual rotation.58  To 

assist in visualization, consider occupied orbital 33 in Figure 2.26.  A 90º rotation about a 

vertical axis in the plane of the page will yield an orbital orientation that overlaps with 

(and looks very similar to) virtual orbital 65.  Hence, paramagnetic shielding 

contributions are experienced along this vertical axis in the plane of the page.  Consider 

the action of the angular momentum operator (eq. 10) on a given MO wavefunction that 

can account for contributions to paramagnetic shielding due to orbital overlap between 

occupied and virtual states.  The action that this angular momentum operator has on a p-
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character orbital, which is the case for the boron compounds being examined, can be 

visualized as a 90º rotation of the occupied orbital.  If σpara is the dominant contributor to 

shielding anisotropy, it is anticipated that there should be a relationship between the 

observed Ω and the MOs involved in mixing.  To assist in visualization of this concept, 

consider the pair of MOs that give the greatest contributions to σpara for compound 6 

(Figure 2.26).   

 
 
Figure 2.26: Occupied orbital 33 (HOMO -7) and virtual orbital 65 (LUMO +24) for 

compound 6.  These are the two orbitals involved in mixing which yield the largest 

contribution to total isotropic σpara.  Note the orbital overlap between a 90 degree virtual 

rotation of occupied orbital 33 out of the plane of the page and virtual orbital 65.  This 

leads to a paramagnetic shielding contribution along the axis of rotation. 

 

When examining the boronic acids and esters, the long axis of the occupied p-

orbital that has the largest contribution to the total isotropic σpara is always along the 

shielding tensor component which is coincident with the B-C bond (σ11 or σ22 except for 
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compound 4).  For all boronic acids and esters 1 to 10, the shielding tensor component 

that is coincident with the axis of virtual rotation of the occupied MO yields the largest 

contribution to total isotropic σpara.   

Interestingly, when considering compounds 1 to 10, there is no clear correlation 

between span and orbital energy gap between the occupied and virtual states which give 

the largest contribution to the total isotropic σpara (Table 2.7).  There is also no obvious 

correlation between the span and total isotropic σpara.  From compound to compound, 

different effects need to be considered, including: hydrogen bonding, φCCBO, and varying 

electronics of the different substituents on the aromatic ring.  It is likely a composite of 

these different effects that clouds the relationship between Ω and orbital energy gap or 

total isotropic σpara.   

When considering the model phenylboronic acid monomer system, there is a clear 

correlation between Ω and total isotropic σpara (Table 2.8).  In addition, when the same 

occupied and virtual MOs are considered from compound to compound, as the orbital 

energy gap decreases, the span values increase, which is the expected correlation when 

the span is dominated by σpara.   
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Table 2.7: Calculated magnetic shielding tensor components with the largest contribution 

to total isotropic σpara for a given set of occupied and virtual MOs for compounds 1 to 

10.a 

Compound MOs (OCC-VIR) σ11
b σ22

b σ33
b σiso ∆E φCCBO / º Ω / ppm 

1 102-201 0 0 -6 -2 0.4615 8.7 25.0 
2 43-70 -2 -58 0 -20 0.3156 90.0 41.8 
3 42-75 -8 -8 0 -5 0.4240 0.1 27.7 
4 45-67 -6 0 -9 -5 0.3377 0.0 23.4 
5 49-81 0 -12 0 -4 0.3887 19.9 28.1 
6 33-65 0 -16 0 -5 0.4553 0.5 23.9 
7 39-74 -17 0 0 -5 0.4379 3.0 11.5 
8 39-59 -20 0 0 -7 0.3444 2.9 15.5 
9 46-70 -12 0 0 -4 0.3389 1.2 14.0 
10 43-60 0 -7 -5 -4 0.3290 61.3 32.3 

a  Calculated boron φCCBO, Ω, shielding tensor components, and energy gap for each pair 

of occupied and virtual orbitals which have the largest contribution to total isotropic 

σpara for each boronic acid and ester compound studied. The shielding tensor 

components are those for the given pair of MOs, and are not the total shielding values.  

Calculated values for boronic acid dimers which take into account hydrogen bonding 

interactions are included where applicable. ADF calculations were performed using the 

GGA revPBE functional and TZP basis set on all atoms.   

b Contributions (ppm) to shielding tensor principal components for a given pair of MOs 

which yield the largest contribution to total isotropic paramagnetic shielding. 

 

 

 

 

 

 



     64

Table 2.8: Calculated magnetic shielding tensor components with the largest contribution 

to total isotropic σpara for a given set of occupied and virtual MOs for phenylboronic 

acid.a 

Dihedral MOs (OCC-VIR) σ11
b σ22

b σ33
b σiso ∆E Ω / ppm 

0 21-36 0 -45 0 -15 0.4316 24.39 
10 21-36 0 -38 -1 -13 0.4285 25.71 
20 21-36 0 -27 -3 -9 0.4215 26.80 
30 21-36 0 -18 -3 -7 0.4139 28.69 
40 18-58 0 -12 -7 -6 0.6885 31.56 
50 9-27 -19 0 0 -6 0.5202 34.33 
60 9-27 -26 0 0 -9 0.5165 36.22 
70 9-27 -32 0 0 -11 0.5127 37.39 
80 9-27 0 -36 0 -12 0.5098 38.01 
90 9-27 0 -38 0 -13 0.5087 38.20 

a  Calculated boron φCCBO, Ω, and shielding tensor components and energy gap for each 

pair of occupied and virtual orbitals which have the largest contribution to total 

isotropic paramagnetic shielding for phenylboronic acid as the dihedral is varied from 0 

to 90 degrees. ADF calculations were performed using the GGA revPBE functional and 

TZP basis set on all atoms.   

b Contributions (ppm) to shielding tensor principal components for a given pair of MOs 

which yield the largest contribution to total isotropic paramagnetic shielding. 
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Both the paramagnetic shielding tensor components as well as the total magnetic 

shielding components are plotted against φCCBO in Figure 2.27.  As φCCBO increases from 

0 to 90º, the separation between σ11 and σ33 increases, which equates to an increasing 

span (eq. 7).  In the plot where the contributions to paramagnetic shielding are plotted 

against φCCBO, the paramagnetic contribution to σ11 becomes increasingly negative with 

increasing dihedral while the paramagnetic contribution to σ33 also decreases slightly.   

 

 
Figure 2.27: Correlation between the ADF/GGA revPBE calculated total magnetic 

shielding tensor components (bottom), total isotropic σpara tensor components (top) and 

φCCBO for phenylboronic acid.  The three data sets on each plot represent σ11 (diamonds), 
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σ22 (squares), and σ33 (triangles).  Experimental Ω is plotted against the calculated Ω 

values for the monomer in all cases.   

 

As a consequence of the paramagnetic contribution to σ11 becoming increasingly 

negative, the total isotropic σpara will become more negative and the span will increase.  

However, a plot of total magnetic shielding against φCCBO reveals that σ11 shifts in the 

negative direction, while σ33 becomes more positive as φCCBO increases.  Consequently, it 

is concluded that diamagnetic shielding contributions play a non-negligible role in 

determining the span values observed.  Numerical values are tabulated in Tables 2.9 and 

2.10.  Shown below is a diagram demonstrating the chemical shift tensor components in 

one of the boronic esters. 

 

Figure 2.28: A molecular diagram showing the structure of compound 7 as well as the 

orientations of the chemical shift tensors.  δ33 and δ22 are both in the plane of the page, 

and δ11 is perpendicular to the plane of the page. 
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Table 2.9: Calculated magnetic shielding tensor components for compounds 1 to 10.a 

Boronic Acids  1     2     3     4     5   

Contribution σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso 

σd (Core Density) 163.9 164.1 164.3 164.1 163.4 164.2 164.7 164.1 163.8 164.2 164.4 164.1 163.8 164.2 164.3 164.1 163.8 164.1 164.4 164.1 

σd (Valence Density) -0.5 33.6 38.3 23.8 8.5 29.5 34.5 24.2 -0.5 32.8 39.1 23.8 4.2 32.9 40.9 24.6 3.1 34.2 39.6 25.6 

σd 163.4 197.7 202.6 187.9 171.9 193.7 199.2 188.3 163.3 197.0 203.5 187.9 168.0 197.1 205.2 188.7 166.9 198.3 204 189.8 

σp (OCC-OCC) 22.9 28.6 162.0 71.2 16.4 62.2 101.6 60.1 10.8 21.0 132.9 54.9 12.3 22.6 138.4 57.8 14.5 19.4 123.7 52.5 

σp (OCC-VIR) -307.6 -177.8 -156.6 -214 -273.5 -157.0 -138.2 -189.6 -251.8 -161.9 -138.7 -184.1 -267.3 -163.6 -143.8 -191.5 -248.7 -157.9 -143.7 -183.4 

σp -142.0 -128.7 -81.3 -117.4 -143.6 -125.9 -80.0 -116.5 -141.1 -127.6 -79.4 -116.1 -142.3 -125.8 -94.0 -120.7 -141.8 -127.9 -82.4 -117.4 
Total 57.5 71.6 82.5 70.6 51.4 70.8 93.2 71.8 56.2 75.6 83.8 71.9 55.4 69.8 78.8 68.0 57.2 74.5 85.3 72.4 

*Boronic acid calculations are performed on the dimer                
                     

Boronic Esters  6     7     8     9     10   

Contribution σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso 

σd (Core Density) 163.8 164.1 164.4 164.1 163.8 164.1 164.4 164.1 163.8 164.1 164.4 164.1 163.8 164.1 164.4 164.1 163.9 164.1 164.4 164.1 

σd (Valence Density) 3.0 35.1 40.0 26.0 3.0 36.5 38.1 25.9 2.5 36.5 38.1 25.7 2.7 36.7 37.6 25.7 6.6 34.9 36.0 25.8 

σd 166.8 199.2 204.4 190.1 166.8 200.6 202.5 190.0 166.3 200.6 202.5 189.8 166.5 200.8 202.0 189.8 170.5 199.0 200.4 190.0 

σp (OCC-OCC) 24.3 24.7 89.2 46.0 31.2 33.0 96.1 53.4 30.4 33.0 98.7 54.0 31.5 43.3 93.8 56.2 28.8 49.0 87.7 55.2 

σp (OCC-VIR) -200.6 -170.4 -161.8 -177.6 -220.7 -189.5 -168.4 -192.9 -226.0 -191.4 -165.4 -194.3 -219.1 -205.9 -167.4 -197.5 -227.9 -182.3 -166.8 -192.3 

σp -135.7 -132.7 -79.3 -115.9 -137.2 -133.2 -90.3 -120.2 -142.3 -129.0 -91.0 -120.7 -139.1 -131.4 -90.0 -120.2 -140 -134.1 -79.4 -117.8 
Total 63.7 71.4 87.6 74.2 65.1 67.8 76.5 69.8 59.8 71.9 75.4 69.0 62.6 69.7 76.5 69.6 59.9 64.3 92.2 72.1 

a  Calculated boron magnetic shielding tensor components for each boronic acid and ester compound studied. Calculated values for 

boronic acid dimers which take into account hydrogen bonding interactions were used for 1 to 5. ADF calculations were performed 

using the GGA revPBE functional and TZP basis set on all atoms.
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Table 2.10: Calculated magnetic shielding tensor components for phenylboronic acid.a 

Dihedral  0     10     20     30     40   

Contribution σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso 

σd (Core Density) 163.9 164.2 164.2 164.1 163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1 

σd (Valence Density) 3.4 33.1 39.2 25.2 3.7 33.2 39.2 25.3 4.5 33.4 39 25.6 5.8 33.8 38.6 26.1 7.3 34.3 38.1 26.6 

σd 167.3 197.3 203.4 189.3 167.6 197.4 203.5 189.5 168.4 197.6 203.3 189.8 169.7 198 202.9 190.2 171.2 198.5 202.4 190.7 

σp (OCC-OCC) 7.7 18.5 33.4 19.9 7.7 18.2 33.3 19.7 7.5 17.3 33.1 19.3 7.3 15.9 32.9 18.7 7.3 14.3 32.7 18.1 

σp (OCC-VIR) -154.7 -143.4 -129.5 -142.6 -154.7 -145.3 -128.1 -142.7 -154.4 -149.3 -125.3 -143 -153.9 -153.5 -122.6 -143.4 -157.2 -153.5 -120.5 -143.7 

σp -136.2 -135.7 -81.7 -117.9 -136.4 -136.4 -81.7 -118.2 -138.1 -137 -81.9 -119 -140.3 -137.9 -82.2 -120.1 -142.3 -139 -82.6 -121.3 
Total 61.2 67.7 85.6 71.5 61 66.6 86.2 71.3 60.7 64 87.5 70.7 60.2 61.1 88.9 70.1 58.5 59.5 90.1 69.4 

*Boronic acid calculations are performed on the dimer                
                     

Dihedral  50    60    70    80    90   

Contribution σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso σ11 σ22 σ33 σiso 

σd (Core Density) 163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1 163.9 164.1 164.3 164.1 163.9 164.1 164.3 164.1 

σd (Valence Density) 8.9 34.7 37.5 27.1 10.4 35.1 36.9 27.5 11.7 35.5 36.3 27.8 12.6 35.7 36 28.1 12.9 35.7 35.8 28.1 

σd 172.8 198.9 201.8 191.2 174.3 199.3 201.2 191.6 175.6 199.7 200.6 191.9 176.5 199.8 200.3 192.2 176.8 199.8 200.1 192.3 

σp (OCC-OCC) 7.3 12.6 32.5 17.5 7.4 11.1 32.4 17 7.5 10 32.3 16.6 7.6 9.3 32.2 16.4 7.7 9.1 32.2 16.3 

σp (OCC-VIR) -159.9 -153.1 -118.8 -143.9 -161.7 -152.8 -117.6 -144 -162.9 -152.7 -116.9 -144.1 -163.5 -152.6 -116.4 -144.2 -163.6 -152.6 -116.2 -144.2 

σp -143.7 -140.2 -83 -122.3 -144.6 -141.4 -83.4 -123.1 -145 -142.4 -83.6 -123.7 -145.2 -143 -83.8 -124 -145.2 -143.3 -83.8 -124.1 
Total 56.7 58.8 91 68.8 55.6 58 91.8 68.5 55 57.4 92.4 68.3 54.8 56.9 92.8 68.2 54.8 56.7 93 68.2 

a Calculated boron magnetic shielding tensor components for phenylboronic acid as φCCBO is varied from 0 to 90 degrees. ADF 

calculations were performed using the GGA revPBE functional and TZP basis set on all atoms.
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2.2.4 Effect of Substituents 

Due to the demonstrated importance of diamagnetic shielding, a brief study was 

conducted to determine the effects of strong and mild electron-donating and withdrawing 

groups on the boron shielding tensor.  Phenylboronic acid was used as a control 

molecule, and a steric group (bromine), a mild electron-donating group (carboxylic acid 

ester), a strong electron-donating group (amine), a mild electron-withdrawing group 

(carboxyl), and a strong electron-withdrawing group (nitro) were each substituted in the 

ortho, meta, and para positions of the aromatic ring.  Data are found in Table 2.11.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



     70

Table 2.11: Calculated Ω and magnetic shielding tensor components for a series of steric, 

electron donating, and electron withdrawing groups substituted on phenylboronic acid.a 

Compoundb σ11
d σ22

d σ33
d Total σpara  σ11 σ22 σ33 Total σiso Ω / ppm 

phenylboronic acid -136.2 -135.7 -81.7 -117.9  61.2 67.7 85.6 71.5 24.4 
o-steric -138.9 -132.2 -81.5 -117.5  58.7 72.4 85.4 72.2 26.7 
m-steric -136.3 -134.4 -80.9 -117.2  60.4 69.8 85.8 72.0 25.4 
p-steric -136.8 -134.4 -81.2 -117.5  61.0 68.8 85.7 71.8 24.7 

mild o-EWG -140.2 -138.4 -83.2 -120.6  56.1 58.3 93.9 69.4 37.9 
mild m-EWG -137.1 -133.4 -81.3 -117.3  60.1 70.1 85.3 71.8 25.3 
mild p-EWG -137.9 -132.7 -81.6 -117.4  59.7 70.5 85.4 71.9 25.7 

strong o-EWG -140.4 -133.7 -83.9 -119.3  56.4 63.2 92.6 70.7 36.2 
strong m-EWG -139.6 -132.5 -95.6 -122.6  55.3 60.1 92.8 69.4 37.5 
strong p-EWG -144.8 -140.7 -83.2 -122.9  55.3 58.7 93.1 69.1 37.8 
mild o-EDG -136.0 -133.4 -80.6 -116.7  59.5 70.5 86.4 72.2 27.0 
mild m-EDG -135.9 -133.6 -81.8 -117.1  59.9 70.3 85.8 72.0 25.8 
mild p-EDG -136.6 -133.1 -81.9 -117.2  60.7 69.8 85.6 72.0 24.9 

strong o-EDG -140.7 -132.4 -82.9 -118.7  61.4 66.1 84.6 70.7 23.2 
strong m-EDG -136.8 -135.3 -81.3 -117.8  61.9 66.8 85.7 71.4 23.7 
strong p-EDG -137.8 -133.8 -81.6 -117.7   63.9 65.7 85.6 71.8 21.7 

           
Compoundc σ11

d σ22
d σ33

d Total σpara  σ11 σ22 σ33 Total σiso Ω / ppm 
phenylboronic acid -136.2 -135.7 -81.7 -117.9  61.2 67.7 85.6 71.5 24.4 

o-steric -137.8 -134.1 -81.6 -117.8  58.9 71.6 84.9 71.8 26.1 
m-steric -136.6 -134.8 -81.1 -117.5  60.5 69.0 85.6 71.7 25.1 
p-steric -136.7 -134.8 -81.3 -117.6  61.2 68.2 85.5 71.6 24.4 

mild o-EWG -136.5 -135.4 -81.3 -117.7  59.5 70.2 85.6 71.8 26.0 
mild m-EWG -137.1 -133.8 -81.4 -117.4  60.2 69.4 85.1 71.6 25.0 
mild p-EWG -137.9 -133.1 -81.7 -117.6  59.8 69.8 85.2 71.6 25.4 

strong o-EWG -137.2 -133.9 -80.1 -117.1  58.5 71.9 86.7 72.4 28.2 
strong m-EWG -136.8 -133.9 -81.0 -117.3  59.6 70.2 85.7 71.8 26.0 
strong p-EWG -137.8 -132.6 -81.3 -117.2  59.9 70.3 85.6 71.9 25.6 
mild o-EDG -134.8 -133.9 -81.8 -116.8  59.7 70.3 85.7 71.9 26.0 
mild m-EDG -136.1 -134.0 -82.0 -117.4  60.0 69.5 85.6 71.7 25.6 
mild p-EDG -136.4 -133.5 -82.1 -117.3  60.8 69.2 85.4 71.8 24.6 

strong o-EDG -140.9 -132.2 -82.1 -118.4  61.9 66.3 84.5 70.9 22.7 
strong m-EDG -136.3 -135.2 -81.3 -117.6  61.2 67.8 85.5 71.5 24.3 
strong p-EDG -135.9 -135.5 -81.8 -117.7   61.7 67.7 85.3 71.6 23.6 

a Calculated boron Ω and magnetic shielding tensor components for substituted 

phenylboronic acid. ADF calculations were performed using the GGA revPBE 

functional and TZP basis set on all atoms. Bromine was used as a steric group, carboxyl 

as a mild electron withdrawing group, nitro as a strong electron withdrawing group, 
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carboxylic acid ester as a mild electron donating group, and amine as a strong electron 

donating group. 
b Phenylboronic acid structure has been fully optimized.   
c  Phenylboronic acid structure has φCCBO fixed at 0 degrees.   
d  Shielding tensor component which contributes to total isotropic paramagnetic shielding. 

 

While changes in the isotropic shielding constant are small for all substituents, it 

was found that the presence of electron-withdrawing groups correlates with increases in 

the calculated Ω values (up to 13.5 ppm), while electron-donating groups have less of an 

effect on the calculated Ω values.  For both shifts in σ11 in the negative direction which 

increase Ω, and shifts in σ11 in the positive direction which decrease Ω, in general, it was 

σ11 which had the largest change in magnitude as a result of substitution.  These results 

are logical because tricoordinate boron compounds that feature boron atoms bound to 

multiple oxygen atoms have smaller observed Ω values due to the lone pairs on the 

oxygen donating electron density to a virtual MO centred on the boron atom.58  

In this chapter, a series of ten boronic acid and boronic esters were studied by 

SSNMR, simulated, and their NMR parameters calculated at various levels of theory.  It 

has been shown that the span is the most characteristic NMR parameter.  Molecular 

orbital (MO) analysis can be used to relate span, total isotropic paramagnetic shielding, 

and energy gap in phenylboronic acid – a model system.  In the case of compounds 1 – 

10, span can be related to the dihedral angle on the relative MO orientations.  The effects 

of various substituents were studied, and a detailed analysis of magnetic shielding tensor 

components was performed. 
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2.3 Experimental 

Solid-State NMR Spectroscopy 

400 MHz Data: The five boronic acids (2-(tert-

butyldimethylsilyloxy)naphthalene-6-boronic acid (1), 2,6-dibromophenylboronic acid 

(2), 2-chloropyridine-3-boronic acid (3), 2-(hydroxymethyl)phenylboronic acid cyclic 

monoester (4), and 2-acetyl-3-thiopheneboronic acid (5)), and five boronic esters (4-

fluorophenylboronic acid neopentylglycol ester (6), 4-nitrophenylboronic acid pinacol 

ester (7), 1H-indazole-5-boronic acid pinacol ester (8), 4-(2-

propynylcarbamoyl)phenylboronic acid pinacol ester (9), and 2,4,6-

trimethoxyphenylboronic acid neopentyl glycol ester (10)) in this study (Figure 2.1) were 

purchased from Aldrich and used without further purification.  The manufacturer 

performed various analytical techniques on all of the compounds studied in this chapter 

to verify purity.  These techniques include solution state 1H and 13C NMR, infrared 

spectroscopy, and elemental analysis.  Melting point analysis was also performed by the 

manufacturer, and the specified melting points were verified.  Samples were powdered 

and packed in a glovebox under an inert atmosphere of nitrogen into 4 mm o.d. ZrO2 

rotors, and NMR experiments were conducted using a Bruker AvanceIII NMR 

spectrometer (B0 = 9.40 T, νL(
11B) = 128.38 MHz).  Spectra were acquired using 

TopSpin 2.0 software.  A Bruker 4.0 mm HXY triple-resonance MAS probe tuned to 11B 

on the X channel was used.  Experimental referencing, calibration, and setup were done 

using solid powdered sodium borohydride.  Solid NaBH4 has a chemical shift of -42.06 

ppm relative to the primary standard, liquid F3B•O(C2H5)2 (where δ(11B) = 0.00 ppm).63 

For both MAS and stationary samples, the Hahn echo (π/2 - τ1 - π - τ2 - ACQ)64,65 pulse 
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sequence was used.  MAS spinning frequencies ranged from 12 to 15 kHz.  Typical π/2 

pulse lengths for solid NaBH4 were ~3.0 µs.  For the ten samples under study, the “solid 

π/2” pulse was used (e.g., 3.0 µs/(I + 1/2) = 1.5 µs, where I = 3/2 for 11B).  Recycle 

delays of 2 to 120 s were employed.  Signal averaging was carried out over a period of 4 

min to 4 h for both static and MAS samples.  Proton decoupling was applied during 

acquisition of the spectra of stationary samples. The probes used at both fields exhibit a 

small, but manageable background 11B signal in the acquired spectra, as a result of boron 

nitride in the stators.  The Hahn echo pulse sequence was generally found to be effective 

at suppressing the background signal. 

900 MHz Data:  Samples were powdered and packed in a glovebox under a dry 

argon atmosphere into 2.5 mm o.d. ZrO2 rotors, and NMR experiments were conducted 

using a Bruker AvanceII NMR spectrometer (B0 = 21.1 T, νL(11B) = 288.80 MHz).  

Spectra were acquired using TopSpin 1.3 software at the National Ultrahigh-Field NMR 

Facility for Solids in Ottawa (www.nmr900.ca).  A Bruker 2.5 mm HX MAS VT probe 

tuned to 11B on the X channel was used.  The referencing, calibration, and setup 

procedures were identical, and the pulse sequences, pulse widths, pulse delays and 

experiment times were similar to those used at 9.40 T.  The MAS speed was 30 kHz.  All 

MAS samples were cooled to room temperature using a VT unit to prevent sample 

decomposition caused by heat production at fast spinning speeds.   

Spectral Processing and Simulation:  Data were processed using TopSpin 2.0.  

FIDs were left-shifted to the echo maxima when necessary, apodized using a Gaussian 

function of 5-25 Hz for MAS samples and 20-200 Hz for stationary samples, and Fourier 

transformed.  Stack plots were produced with DMFit.66 Spectral simulations were 
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performed using the WSolids1 program67 which incorporates the space-tiling algorithm 

of Alderman et al.68  The error associated with spectral parameters was determined 

heuristically by analyzing the spectra (MAS and static echo) obtained at both magnetic 

fields.  In simulations, error was estimated by altering each NMR parameter individually 

from the optimum value until there was a noticeable discrepancy in the experimental 

spectrum, and discontinuities were varied until deviation from the experimental spectrum 

was observed.  Of the compounds studied, an X-ray crystal structure is available for 

compound 459 only; this structure indicates a single crystallographically unique boron 

site.  NMR spectra acquired presently strongly suggest that there is a single unique boron 

site for all other compounds studied as well.  As such, all spectra were simulated using a 

single boron site for each compound.  In some cases, boric acid or other decomposition 

products were simulated as an additional boron site. 

 

Quantum Chemical Calculations 

A model for each compound was generated using standard bond lengths in 

Gaussview ’03.  These structures were then subjected to geometry optimization using the 

B3LYP hybrid DFT functional (‘B3LYP’)69 and the 6-311+G* basis set for all atoms, 

while keeping the coordinates of the carbon and hydrogen atoms in the aromatic ring 

system frozen so as to not perturb the planarity of the aromatic system and to assist in 

convergence.  On the resulting optimized structure, B3LYP was then used to perform an 

unrestrained second geometry optimization using the 6-311+G* basis set.  These 

optimized structures were subjected to further NMR calculations.  Dihedral angles 

(φCCBO) of interest were altered simply by defining a new φCCBO in Gaussview ’03 for the 
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optimized structure.  Although the crystal structure for phenylboronic acid has been 

reported,70 geometry optimizations were performed in order to systematically vary φCCBO.  

These computations were performed to isolate the impact of varying φCCBO on the boron 

magnetic shielding tensor. EFG and σσσσ tensors were calculated using Gaussian 0371 

running on an in-house 304 CPU system, and the Amsterdam Density Functional 

package72 (ADF) running on the High Performance Computing Virtual Laboratory 

(www.hpcvl.org) cluster.  DFT calculations employing B3LYP69 used the 6-311+G* 

basis set on all atoms.  RHF calculations were also carried out using the same basis set.  

Finally, magnetic shielding, EFG, and MO analysis calculations using ADF employing 

the GGA-revPBE DFT method (‘GGA-revPBE’) were carried out using the TZP basis set 

on all atoms.   

Boron-11 quadrupolar coupling constants were calculated from the largest 

principal component of the EFG tensor, V33, using eq 5.  Calculated NMR parameters 

were parsed using EFGShield.9  The factor 9.7177 x 1021 V m-2 per atomic unit is used to 

convert V33 from atomic units to V m-2.73  
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 Chapter 3 

Signal Enhancement Using Double Frequency Sweeps and the Quadrupolar 

Carr-Purcell-Meiboom-Gill Pulse Sequence 

3.1 Introduction 

The effectiveness of modified-QCPMG74 and DFS-modified-QCPMG75,76 signal 

enhancement techniques for boronic acids and esters are discussed in the following 

section.  The FID produced via QCPMG consists of a pulse train series of echoes.  The 

Fourier transform of this FID produces a spectrum consisting of a manifold of spikelets 

which are separated by (2τ)-1.  The QCPMG pulse sequence is similar to the Hahn-echo 

pulse sequence, as shown in Figure 3.1, except a refocusing pulse is applied N times after 

the original echo.76   

 

 

Figure 3.1: A graphical illustration depicting the QCPMG pulse sequence. Note that in 

the modified-QCPMG pulse sequence, the π refocusing pulse in the echo train has been 

replaced with a π/2 pulse.  Reproduced from reference 76. 
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The sequence suppresses homonuclear dipolar coupling, hence a longer effective T2 is 

observed, allowing more echoes in the echo train to be acquired in the time-domain, 

resulting in sharper spikelets in the frequency-domain.77  The signal enhancement can be 

explained by considering that the observed NMR signal is being split into separate  

spikelets.  Modified-QCPMG is similar to the conventional QCPMG pulse sequence, 

except that the π pulses in the QCPMG echo train are replaced with π/2 pulses.74  The 

modified pulse sequence produces narrower spikelets and is more effective at suppressing 

homonuclear dipolar coupling.77  Since this method is more sensitive, increased signal 

enhancement is achieved and can be further amplified when it is used in conjunction with 

DFS.   

DFS is a time-dependant amplitude modulated radio frequency sweep which 

inverts the populations of the STs simultaneously. This RF sweep is depicted below in 

Figure 3.2.77 

 

Figure 3.2: A graphical illustration of a double frequency sweep in the time domain.  The 

amplitude profile is shown on the left, and the corresponding frequency sweep is shown 

in the right.  The high and low frequency sides of the CT are swept simultaneously.  A 
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diverging pulse is applied far from the CT and a converging pulse is applied near the CT.  

τ represents the duration of the sweep.  Reproduced from reference 77. 

 

It is these sweeps which lead to population transfer to the central transition and hence 

signal enhancement.  This is achieved by producing a greater population difference 

between the two spin states in the central transition.  This population inversion can be 

seen in Figure 3.3.  The theoretical signal enhancement factor is 2I, where I represents the 

spin of the nucleus.77  To observe a 2I enhancement factor, there needs to be uniform 

excitation, and all of the STs must simultaneously be inverted.  Since boron-11 is spin 

3/2, the theoretical signal enhancement factor is 3.  An example from the literature of 

such signal enhancement is shown in Figure 3.4.76 

 

 

 

Figure 3.3: An illustration of how signal enhancement is achieved using DFS.  DFS 

causes a simultaneous inversion of the ST which will give a larger population difference 

in the CT.  This increased net magnetization leads to increased signal enhancement. 
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Figure 3.4: An 87Rb QCPMG SSNMR spectrum of RbClO4. The static Hahn-echo 

spectrum is shown alongside various QCPMG spectra. Significant signal enhancement is 

noted when modified-QCPMG is applied, and even more signal can be acquired when a 

DFS shaped pulse is used in addition to QCPMG. Signal enhancement factors are shown 

to the right of each spectrum.  Reproduced from reference 76. 

  

 Such a technique is advantageous because more signal can be collected in fewer scans.  

It is postulated that this sequence could be beneficial due to the large magnetogyric ratio 

and natural abundance of 11B.  
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3.2 Results and Discussion 

Shown in Figure 3.5 are QCPMG, modified-QCPMG, and DFS modified-

QCPMG NMR spectra for a representative boronic ester (9), where signal enhancement 

factors for the modified-QCPMG and DFS modified-QCPMG spectra relative to the 

QCPMG spectrum are shown.   

 

Figure 3.5: Solid-state boron-11 NMR spectroscopy of 9 (left) and 3 (right).  

Experimental 11B spectra of stationary powdered samples at 9.40 T are shown in (a) and 

(d) using the QCPMG pulse sequence, (b) and (e) using the modified-QCPMG pulse 

sequence with a signal enhancement factor of 1.04 and 1.35 respectively, and (c) and (f) 

using the DFS modified-QCPMG pulse sequence with a signal enhancement factor of 

2.16 and 2.71 respectively, relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Figure 3.5 also presents analogous data for a representative boronic acid (3).  Further 

examples of signal enhancement for additional boronic acids and esters may be found in 

the following figures. The QCPMG, modified-QCPMG, and DFS modified-QCPMG 

pulse sequences were applied to the following samples, and signal enhancement was 

successfully achieved in all cases to varying degrees. 

 

Figure 3.6: Solid-state boron-11 NMR spectroscopy of 1.  Experimental 11B spectra of 

stationary powdered samples at 9.40 T are shown in (a) using the QCPMG pulse 

sequence, (b) using the modified-QCPMG pulse sequence with a signal enhancement 

factor of 1.18, and (c) using the DFS modified-QCPMG pulse sequence with a signal 

enhancement factor of 1.96 relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Figure 3.7: Solid-state boron-11 NMR spectroscopy of 2.  Experimental 11B spectra of 

stationary powdered samples at 9.40 T are shown in (a) using the QCPMG pulse 

sequence, (b) using the modified-QCPMG pulse sequence with a signal enhancement 

factor of 1.05, and (c) using the DFS modified-QCPMG pulse sequence with a signal 

enhancement factor of 1.85 relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Presently, the modified-QCPMG pulse sequence results in signal enhancement factors 

ranging from 1.04 in compound 9 to 1.42 in compound 5, relative to the standard 

QCPMG pulse sequence.  Similarly, the DFS modified-QCPMG pulse sequence provides 

signal enhancement factors ranging from 1.80 in compound 8 to a high of 2.95 in 

compound 5, relative to the standard QCPMG pulse sequence.  The signal enhancement 

factors were measured by comparing the relative intensities of the most intense peak.  

Namely, the less intense spectrum was overlaid on top of the more intense spectrum.  The 

less intense spectrum was increased in magnitude until its most intense peak became the 

same height as the most intense peak in the more intense spectrum.  The factor by which 

the magnitude of the less intense spectrum had to be increased to match the more intense 

spectrum is represented by the signal enhancement factor. 
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Figure 3.8: Solid-state boron-11 NMR spectroscopy of 5.  Experimental 11B spectra of 

stationary powdered samples at 9.40 T are shown in (a) using the QCPMG pulse 

sequence, (b) using the modified-QCPMG pulse sequence with a signal enhancement 

factor of 1.42, and (c) using the DFS modified-QCPMG pulse sequence with a signal 

enhancement factor of 2.95 relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Figure 3.9: Solid-state boron-11 NMR spectroscopy of 8.  Experimental 11B spectra of 

stationary powdered samples at 9.40 T are shown in (a) using the QCPMG pulse 

sequence, (b) using the modified-QCPMG pulse sequence with a signal enhancement 

factor of 1.05, and (c) using the DFS modified-QCPMG pulse sequence with a signal 

enhancement factor of 1.80 relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Figure 3.10: Solid-state boron-11 NMR spectroscopy of 10.  Experimental 11B spectra of 

stationary powdered samples at 9.40 T are shown in (a) using the QCPMG pulse 

sequence, (b) using the modified-QCPMG pulse sequence with a signal enhancement 

factor of 1.09, and (c) using the DFS modified-QCPMG pulse sequence with a signal 

enhancement factor of 2.04 relative to QCPMG.  Spikelets are separated by 2500 Hz. 
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Although high-quality 11B SSNMR spectra were acquired without the use of these 

signal enhancement techniques in the present study, it is worth noting that they were 

successful and that they might be useful for 11B SSNMR in more dilute systems.33,78  One 

specific example could involve achieving signal enhancement of the 11B CT of boronic 

acids present in dilute quantities in systems such as modified protease inhibitors.32  

QCPMG, modified-QCPMG, and DFS modified-QCPMG spectra analogous to all 

of those shown above were acquired with different spikelet separations, νCPMG.  Figures 

3.5 to 3.10 show spectra where νCPMG = 2500 Hz.  Spectra were also acquired for νCPMG = 

1000 Hz and νCPMG = 500 Hz.  These spectra are not shown simply because they are 

similar to those shown in Figures 3.5 – 3.10.  As with all QCPMG spectra, their 

lineshapes mimicked the lineshape of the static spectra for all values of νCPMG.  Consider 

a situation where two QCPMG spectra with different νCPMG values are acquired for the 

same compound.  The spectrum with the lower νCPMG value will contain more spikelets 

simply because the spacing is smaller and they are more close together.  This spectrum 

will also yield spikelets of lower intensity than the spectrum with a larger νCPMG value.  

The total integrated intensity of all the spikelets remains constant between the two 

spectra; however, because the spectrum with a smaller νCPMG value has more spikelets, 

the total integrated intensity is spread out over more spikelets.  The spectrum with the 

larger νCPMG value has the same total integrated intensity spread out over fewer spikelets; 

hence they will be taller and more intense. 

QCPMG is an efficient signal enhancement technique, and in the case of the five 

compounds studied here, the signal enhancement was almost always uniform amongst all 

of the spikelets within a given spectrum.  This is to be expected since the overall 
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lineshape and νCPMG are not changing.  This feature is especially important if the 

QCPMG spectra are being used to simulate the static lineshape and extract NMR 

parameters.  If the signal enhancement was not uniform, this would lead to distortions in 

the horns and discontinuities of the simulated static spectrum.   

QCPMG spectra can be useful for extracting NMR parameters.  As previously 

mentioned, the pattern formed by the spikelets mimic the lineshape of the static spectrum.  

So, using NMR spectrum simulation software, one could simulate the lineshape of the 

QCPMG spectrum as though it were a static spectrum.  This technique is extremely 

useful under any circumstance where signal enhancement is required.  If, for example, a 

particular nucleus which has a low natural abundance is being observed, this signal 

enhancement technique would be beneficial in providing more signal in fewer scans. 

This, of course means less time spent acquiring spectra on the spectrometer. 

Both DFS and QCPMG spectra were acquired for five compounds in this chapter 

and signal enhancement was achieved in all cases.  Such signal enhancement techniques 

are extremely useful for acquiring more signal in fewer scans and can be an important 

tool when studying dilute systems.  Not only can QCPMG provide signal enhancement in 

situations where the signal to noise is low, but it is also useful in serving as a basis to 

extract NMR parameters including information about the quadrupolar interaction and 

CSA. 
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3.3 Experimental 

Solid-State NMR Spectroscopy 

400 MHz Data: Four boronic acids (2-(tert-butyldimethylsilyloxy)naphthalene-6-

boronic acid (1), 2,6-dibromophenylboronic acid (2), 2-chloropyridine-3-boronic acid (3), 

and 2-acetyl-3-thiopheneboronic acid (5)), and three boronic esters 1H-indazole-5-

boronic acid pinacol ester (8), 4-(2-propynylcarbamoyl)phenylboronic acid pinacol ester 

(9), and 2,4,6-trimethoxyphenylboronic acid neopentyl glycol ester (10)) in this study 

(Figure 2.1) were purchased from Aldrich and used without further purification.  Samples 

were powdered and packed in a glovebox under an inert atmosphere of nitrogen into 4 

mm o.d. ZrO2 rotors, and NMR experiments were conducted using a Bruker AvanceIII 

NMR spectrometer (B0 = 9.40 T, νL(11B) = 128.38 MHz).  Spectra were acquired using 

TopSpin 2.0 software.  A Bruker 4.0 mm HXY triple-resonance MAS probe tuned to 11B 

on the X channel was used.  Experimental referencing, calibration, and setup were done 

using solid powdered sodium borohydride.  Solid NaBH4 has a chemical shift of -42.06 

ppm relative to the primary standard, liquid F3B•O(C2H5)2 (where δ(11B) = 0.00 ppm).63 

For these stationary samples, the QCPMG (π/2 - τ1 - π -τ2 – ACQ (τ) - [τ3 - π - τ4 – ACQ 

(2τ)]N)79 pulse sequence was used.  Typical π/2 pulse lengths for solid NaBH4 were ~3.0 

µs.  For the seven samples to which signal enhancement techniques were applied, the 

“solid π/2” pulse was used (e.g., 3.0 µs/(I + 1/2) = 1.5 µs, where I = 3/2 for 11B).  Recycle 

delays of 2 to 120 s were employed.  Signal averaging was carried out over a period of 4 

min to 4 h for all static samples.  Proton decoupling was applied during acquisition of the 

spectra of these stationary samples.  The number of full echoes acquired (N) depended on 

the transverse (spin-spin) relaxation time constant T2.  In most cases, 96 full echoes were 
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acquired.  The value of 2τ was varied from 450-950 µs, depending on the desired spikelet 

separation in the frequency domain, νCPMG.  Modified QCPMG (π/2 - τ1 - π -τ2 – ACQ (τ) 

- [τ3 - π/2 - τ4 – ACQ (2τ)]N) experiments were conducted, where the π pulse in the echo 

train was replaced with a π/2 pulse.74  Double-frequency sweep (DFS) shaped pulses 

were also used in conjunction QCPMG experiments to enhance the CT signal 

intensity.75,76  The probes used at both fields exhibit a small, but manageable background 

11B signal in the acquired spectra, as a result of boron nitride in the stators.  The QCPMG 

pulse sequence was generally found to be effective at suppressing the background signal. 

Spectral Processing:  Data were processed using TopSpin 2.0.  FIDs were left-

shifted to the echo maxima when necessary, and Fourier transformed.  Stack plots were 

produced with DMFit.66  QCPMG spectra can simply be compared to the simulated and 

experimental Hahn-echo static spectra since the QCPMG spikelet pattern mimics the 

lineshape of the static Hahn-echo spectrum when their lineshapes are overlaid. 
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Chapter 4 

Limitations of Relating 11B NMR Parameters to Structure  

4.1 Introduction   

As previously mentioned in Chapter 2, boronic acids and boronic esters23 have a 

wide range of uses and applications.  Having the ability to relate the acquired 11B 

SSNMR parameters to the molecular and electronic structures of these compounds would 

be incredibly useful since SSNMR can provide structural information and information 

about the local bonding environment, i.e., by being able to relate magnetic shielding 

tensor data to boron molecular orbitals.   

Chapter 2 provided a detailed analysis of 11B NMR spectra of MAS and stationary 

samples of ten boron compounds.  In all cases, 11B CS and EFG tensor information was 

extracted from simulations of the static and MAS spectra.  It is noted that the CQ and Ω 

values were found to be larger, on average, for boronic acids than for esters.  Although 

the ranges associated with CQ and δiso are small relative to their absolute magnitude, the 

compounds in Chapter 2 have adequate structural variation that there is a significant 

difference in NMR parameters from compound to compound.  Notably, the CS tensor 

span provided the largest range amongst all the compounds, and was the NMR parameter 

most characteristic of the molecular and electronic structure.  

When considering compounds 1 – 10, some exhibit hydrogen bonding while 

others do not, boronic esters are in varying ring systems with different substituents, and 

the aromatic ring bound to the boron has different substituents bound to it.  As there is 

great structural variation amongst these compounds, the local environment around the 

boron varies a substantial amount.  This is the reason for the large variation in span 
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between the compounds in Chapter 2.  In addition, although the variations in CQ and δiso 

are small as compared to span, there is still a notable difference in these values, which 

allows for structural comparisons to be made.  In the present chapter, a new series of 

boron compounds are studied: six boronic acids and nine boronic acid catechol cyclic 

esters (see Figure 4.1).  Unlike the boronic acids in Chapter 2, these catechol cyclic esters 

are all very structurally similar.  In all cases, the boron atom is in the same catechol ring 

system.  The only difference between the compounds is the substituent that is bound to 

the aromatic ring.  Similarly, the boronic acids studied in this chapter are more 

structurally similar than those in Chapter 2.  Here, the boron atom is always bound to a 

phenyl ring that has varying substituents.  In Chapter 2, not only were the substituents 

varied, but the boron atom was bound to diverse aromatic systems such as naphthalene, 

phenyl, pyridine, and thiophene. 

In Chapter 2, good correlation between experimental and GGA-revPBE calculated 

spans, and between the calculated boron isotropic shielding and experimental chemical 

shift values was observed.  This chapter includes similar computational analyses 

comparing calculated and experimental spans, as well as calculated isotropic shielding 

and experimental chemical shift.  The compounds in this chapter will be analyzed to 

determine if clear correlations between the experimental and calculated values are 

observed, as was the case in Chapter 2.  As previously outlined, the boron CS tensor in 

boronic acids, and most notably the span of the CS tensor, is governed by the interplay of 

several competing factors.  Experiments performed on compounds similar to 1 – 10 in 

this chapter provided a comparative study, where the effects of specific changes in 

structure or SSNMR parameters were probed.   
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The boronic acid and ester compounds studied in this thesis can serve as building 

blocks in supramolecular materials. This is a very exciting use of boronic acid 

compounds that has several vital applications including dealing with increasing energy 

demands.80  Thus, the motivation into studying larger compounds such as 25 and large 

boron containing frameworks will be discussed. 

 Much groundbreaking work into the development and application of boron 

containing covalent organic frameworks (COFs) has been conducted by Yaghi et. al.80  A 

COF is an extended organic structure where the building blocks, such as compounds 

containing trigonal boron bound to oxygens and aromatic rings, are linked by strong 

covalent bonds.  These COF materials can be functionalized into materials that can serve 

as gas storage devices (most notably for H2 storage) or in catalytic applications.80  

Considerable research has also gone into the development of metal organic frameworks 

(MOFs), which also has large potential in materials chemistry to be exploited for the 

same applications.81  One obvious advantage to the use of a COF relative to a MOF is 

that if the framework used for hydrogen storage contains only light elements, and hence 

more hydrogen can be stored per mass unit.   One example of such a framework is COF-

1, a framework constructed via the slow dehydration of diboronic acid.80  Similarly, a 

larger framework, COF-5, can be constructed by the slow dehydration of diboronic acid 

in the presence of hexahydroxy triphenylene.80  COF-1 is composed of linked units of 

boroxine anhydride, while COF-5 is composed of linked units of triboronate ester.  In this 

work, the starting materials and COFs were all analyzed using 11B SSNMR.  The 

lineshapes obtained are reported to be very sensitive to the immediate chemical and 

geometrical bonding environment.  The 11B SSNMR spectra that were acquired for the 
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COFs had lineshapes that were coincident with the spectra of the linked units that they 

are composed of and not coincident with the lineshapes of the starting material.  This 

provides useful evidence that in fact the COFs are being formed and are composed of the 

proposed linked units.  

An ab initio study of hydrogen adsorption onto COF-1 was carried out by Ahuja 

et. al. using DFT theory.82  This computational study provides insight into where the 

hydrogen adsorbs onto the COF and the energies of hydrogen adsorption at different sites 

at various temperatures was conducted.82   

COFs are also of interest in catalysis because they contain a large pore in the 

middle,80  which can be tailored to interact with a substrate, acting as a scaffold to 

interact with the substrate, causing a conformational change.  This conformational change 

can then allow the substrate to have the ability to react with a target molecule.  In the case 

of a MOF, the metal centre is present inside the framework and the pore size may be 

tailored to only allow molecules of a desired size inside of the pore so that it may interact 

with the metal and undergo a catalytic reaction.83 

Although COFs are not the focus of this thesis, it is very important to note that 

boron containing compounds, specifically boronic acids, are an extremely useful class of 

compounds that can be used in supramolecules, to aid in applications such as hydrogen 

storage or catalytic transformations.  In addition, 11B SSNMR is an invaluable tool which 

can be used to analyze and characterize these highly versatile structures. 

The boron-containing compounds in this chapter were synthesized and selected as 

possible candidates for potential applications in supramolecular chemistry in 

collaboration with Dr. Kenneth Maly (Wilfrid Laurier University).  They all have the 
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potential to be transformed into supramolecular structures via slow dehydration reactions.  

Different substituents on the boronic acids and esters would become integrated into the 

COF and, depending on the intended application, the substituents could be tailored to 

undergo specific interactions with a particular substrate, or another desired function.  

Studying these compounds using 11B SSNMR is an important step in probing the local 

boron structure.  Acquiring the 11B SSNMR spectra of the starting materials and 

comparing the lineshapes to those of the unit linked in the COF and to the lineshape of 

the COF itself would prove a useful method of identifying the structures, and acquiring 

physicochemical data about the boron environment in the framework.  In addition, when 

a substrate is present inside the pore of the COF, 11B SSNMR could be used to probe if 

the boron is interacting with the substrate and what effect this interaction has on the 

boron environment. 

This chapter covers a SSNMR study of the six boronic acids and nine boronic 

acid catechol cyclic esters shown in Figure 4.1.  A comprehensive discussion relating 

their NMR parameters to molecular and electronic structure follows. 
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Figure 4.1:  Structures of the boronic acids (11 to 16) and boronic acid catechol cyclic 

esters (17 to 25) studied within this chapter. 
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4.2 Results and Discussion   

4.2.1 11B Solid-State NMR Spectroscopy 

Shown in Table 4.1 are the experimental boron EFG and CS tensor values 

obtained via analytical simulations of the 11B NMR spectra of compounds 11 to 25.  By 

simultaneously fitting the data at both 9.40 and 21.1 T, the CQ, ηQ, and δiso values were 

determined from MAS NMR spectra.  Subsequently, stationary spectra were analyzed 

to determine the Ω, κ, and Euler angles relating the two tensor PASs.  Experimental and 

simulated spectra can be found in Figures 4.2 – 4.16. 

In Table 4.1, the 11B SSNMR parameters are also listed for boric acid, a known 

decomposition product of boronic acids.23  This decomposition product is clearly 

identified in compounds 11 and 17 (Figures 4.2 and 4.8) and is responsible for the peak 

with δiso = 19.6 ppm.  In addition, several spectra contain broad, low intensity peaks 

buried underneath the main signal.  It is speculated that these peaks are likely due to 

small amounts of an unknown impurity or decomposition product.  As a result, several 

of the fits in this Chapter are tentative, and many of the parameters are less precise than 

those determined in Chapter 2. 
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Table 4.1:  Experimental 11B EFG and CS tensor parameters for compounds 11 to 25.a 

  Sample CQ / MHz ηQ δiso / ppm Ω / ppm κ α / º β / º γ / º 
Boronic Acid 11 3.00 ± 0.10 0.70 ± 0.10 28.5 ± 0.5 20 ± 2 0.90 ± 0.10 0 ± 40 0 ± 5 0 ± 40 

 12 3.00 ± 0.10 0.45 ± 0.05 29.0 ± 0.5 24 ± 6 0.60 ± 0.10 0 ± 10 0 ± 2 0 ± 10 
 13 3.40 ± 0.10 0.50 ± 0.10 30.1 ± 0.2 23 ± 2 -0.45 ± 0.05 0 ± 10 7 ± 1 0 ± 10 
 14 3.15 ± 0.05 0.60 ± 0.10 28.0 ± 0.5 25 ± 3 0.80 ± 0.20 0 ± 10 0 ± 5 0 ± 10 
 15 3.20 ± 0.10 0.59 ± 0.01 29.2 ± 0.7 20 ± 4 0.85 ± 0.15 0 ± 10 0 ± 5 0 ± 10 
 16 3.20 ± 0.10 0.40 ± 0.10 29.8 ± 0.5 25 ± 5 0.00 ± 1.00 0 ± 10 0 ± 4 0 ± 10 

Catechol Cyclic Ester 17 2.68 ± 0.17 0.80 ± 0.10 30.8 ± 0.1 24 ± 3 -0.45 ± 0.05 0 ± 10 5 ± 3 0 ± 10 
 18 2.72 ± 0.06 0.80 ± 0.01 31.4 ± 0.4 23 ± 1 -0.70 ± 0.10 0 ± 10 8 ± 2 0 ± 10 
 19 2.70 ± 0.10 0.78 ± 0.02 30.3 ± 0.2 22 ± 5 -0.15 ± 0.05 7 ± 3 0 ± 2 7 ± 3 
 20 2.68 ± 0.02 0.80 ± 0.10 29.7 ± 0.3 23 ± 3 -0.15 ± 0.05 8 ± 2 0 ± 2 8 ± 2 
 21 2.73 ± 0.10 0.80 ± 0.10 30.2 ± 0.2 25 ± 2 -0.10 ± 0.10 0 ± 15 0 ± 2 0 ± 15 
 22 2.70 ± 0.10 0.80 ± 0.10 29.6 ± 0.2 24 ± 2 -0.20 ± 0.10 0 ± 15 0 ± 2 0 ± 15 
 23 2.71 ± 0.03 0.84 ± 0.04 31.0 ± 0.2 26 ± 4 -0.40 ± 0.10 0 ± 10 10 ± 2 0 ± 10 
 24 2.76 ± 0.02 0.81 ± 0.01 30.7 ± 0.8 25 ± 2 -0.25 ± 0.05 0 ± 10 7 ± 2 0 ± 10 
 25 2.68 ± 0.02 0.75 ± 0.05 31.9 ± 0.3 22 ± 2 -0.40 ± 0.20 0 ± 10 0 ± 2 0 ± 10 

Boric Acidb   2.85 ± 0.05 0.40 ± 0.10 19.6 ± 0.3           
aExperimental CQ, ηQ, δiso, Ω, κ, and Euler angles for each boronic acid and ester compound studied.  Chemical shifts are reported with 

respect to solid NaBH4 at -42.06 ppm.  Boric acid is included as the impurity present at 19.6 ppm in the 11B SSNMR spectra associated 

with compounds 11 and 17. 
bThese NMR parameters were included in the simulations of the 11B SSNMR spectra of compounds 11 and 17 using 8 % and 7 % 

intensity relative to the main signal, respectively. 
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Figure 4.2: Solid-state boron-11 NMR spectroscopy of 11.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1.  The small lineshape in 

spectra (a) – (d) at ~ 19.6 ppm is due to boric acid, and its 11B SSNMR spectral 

parameters may be found in Table 4.1. 
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Figure 4.3: Solid-state boron-11 NMR spectroscopy of 12.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.4: Solid-state boron-11 NMR spectroscopy of 13.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.5: Solid-state boron-11 NMR spectroscopy of 14.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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A small range in CQ(11B) is observed ranging from 2.68 MHz for compounds 17, 

20, and 25 to 3.40 MHz for compound 13.  An analogous statement can be made for the 

span, which ranged from 20 ppm in compounds 11 and 15, to 26 ppm in compound 23. 

 Similarly, there is also very little variation in the measured δiso(
11B) values, which 

range from 28.0 ppm (compound 14) to 31.9 ppm (compound 25), only about 3.5 % of 

the total known range for tricoordinate boron.  For compounds 11 – 25, the chemical shift 

range is even smaller than that of the compounds studied in Chapter 2.  Due to this 

increasingly small range, it is difficult to conclusively relate δiso(
11B) to any single 

structural feature.  There is only a small variation in magnetic shielding between 

compounds, meaning that there is little change in the electron density around the boron 

nucleus.  In addition, there is a lack of correlation between the experimental isotropic 

chemical shift values and the calculated isotropic magnetic shielding values (vide infra).   
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Figure 4.6: Solid-state boron-11 NMR spectroscopy of 15.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.7: Solid-state boron-11 NMR spectroscopy of 16.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.8: Solid-state boron-11 NMR spectroscopy of 17.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. The small lineshape in 

spectra (a) – (d) at ~ 19.6 ppm is due to boric acid, and its 11B SSNMR spectral 

parameters may be found in Table 4.1. 
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Figure 4.9: Solid-state boron-11 NMR spectroscopy of 18.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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In general, the directions of the eigenvectors corresponding to V33 and δ33 are 

coincident within experimental error, as the Euler angle β = 0.  When considering 

compounds 1 – 10, the span was the most sensitive NMR parameter to changes in the 

molecular and electronic structure, with a range of 30 ppm (10 ppm for compound 9 to 40 

ppm for compound 2).  However, the range in span for compounds 11 – 25 is much 

smaller; only 6 ppm.  Although the range in Ω is much smaller here, it still has the largest 

relative variation among the NMR parameters for compounds 11 - 25.  For this reason it 

remains the primary focus and its relationship with the local boron electronic and 

molecular structure will be discussed later in this chapter. 

As a representative sample with a good fit, shown in Figure 4.15 are 11B SSNMR 

spectra of boronic acid catechol cyclic ester 24 obtained at 9.40 and 21.1 T.  The CQ(11B) 

value obtained for 24 is 2.76 ± 0.02 MHz and ηQ = 0.81 ± 0.01.  Boron CSA is apparent 

in this sample as a span value of  25 ± 2 ppm was required to obtain a good fit.  The 

isotropic chemical shift of 30.7 ± 0.8 ppm falls within the expected range for a boronic 

ester.14 
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Figure 4.10: Solid-state boron-11 NMR spectroscopy of 19.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.11: Solid-state boron-11 NMR spectroscopy of 20.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.12: Solid-state boron-11 NMR spectroscopy of 21.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.13: Solid-state boron-11 NMR spectroscopy of 22.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Depicted in Figures 4.2 to 4.14, and 4.16 are the 11B SSNMR spectra of 

compounds 11 to 23, and 25 respectively.  Upon examination of the spectra, one should 

note that the 11B line shapes associated with the boronic acids tend to be broader than the 

spectra of the boronic acid catechol cyclic esters.  This observation is associated with the 

fact that the boronic acids tend to have larger relative CQ(11B) values.  In Chapter 2 there 

was a large variation in Ω which allowed for a differentiation of the boronic acids from 

the esters since the values for the acids were typically larger.  However, the compounds 

studied in this chapter have only a small variation in Ω; hence it is not possible for 

differentiation between the boronic acids and boronic acid catechol cyclic esters using 

this NMR parameter.  It should be noted that the experimental CQ values are always 

larger for the boronic acids (3.00 to 3.40 MHz) than for the boronic acid catechol cyclic 

esters (2.68 to 2.76 MHz).  This is shown below in Figure 4.17.  Unlike the compounds 

studied in Chapter 2, there is no region of overlap between the two classes of compounds 

here; the CQ values are distinctly different for the acids than for the catechol cyclic esters. 
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Figure 4.14: Solid-state boron-11 NMR spectroscopy of 23.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.15: Solid-state boron-11 NMR spectroscopy of 24.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.16: Solid-state boron-11 NMR spectroscopy of 25.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T and (c) 11B at 21.1 T.  

Best-fit spectra were simulated using WSolids (traces (b) and (d)) using the parameters 

given in Table 4.1.  Experimental spectra of stationary powdered samples are shown in 

(e) 11B at 9.40 T and (g) 11B at 21.1 T.  Best-fit spectra were simulated using WSolids 

(traces (f) and (h)) using the parameters given in Table 4.1. 
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Figure 4.17: A plot of experimental CQ values versus the type of compound being 

studied. The boronic acid compounds are plotted on the left, as squares, and the boronic 

acid catechol cyclic esters are plotted on the right, as triangles.  

   

 The fact that the CQ values are all consistently larger for the boronic acids (3.00 – 

3.40 MHz) than for the boronic acid catechol cyclic esters (2.68 – 2.76 MHz) is a useful 

observation that demonstrates the benefits of 11B SSNMR experiments on these types of 

compounds.  When performing NMR experiments in the liquid state, the rapid motion of 

the molecules leads to an averaging of the molecular orientations, thus averaging 

anisotropic interactions.  A disadvantage to this is that a great deal of the fine structure of 

the lineshape is lost along with the data it contains.  The averaging of molecular 

orientations will only lead to an isotropic chemical shift with no CSA.  Likewise, the CQ 

value cannot typically be measured simply by spectral simulation under these conditions.  

With only δiso information available, it limits the comparison of compounds to one 

another using only NMR data.   However, in the case of the boron compounds being 



     118

studied here, there is little variation in the δiso values.  The very narrow range of δiso is too 

small for it to be used to compare these compounds to each other, and it is not sufficient 

to distinguish between the boronic acids and the boronic acid catechol cyclic esters.  

However, in the solid-state, there are many other NMR parameters that may be used to 

compare compounds to one another.  Fortunately, in the case of the compounds in 

Chapter 4, the CQ allows us to distinguish between the two classes of compounds.  Thus, 

the SSNMR experiments can distinguish between the boronic acids and boronic acid 

catechol cyclic esters.  In Chapter 2, the span value was the most characteristic NMR 

parameter amongst the compounds but there was still a region of overlap between the 

span values for both sets.  It is likely the most characteristic NMR parameter since the 

compounds were structurally dissimilar and there was such a large range in the 

experimental span values with little error.  Here, the compounds are very similar to one 

another, and there exists an NMR parameter (CQ) that clearly distinguishes between the 

acids and esters with no region of overlap.  This is likely due to the fact that the structural 

similarity amongst compounds will result in a very similar CQ value for each compound 

in a given structure class (boronic acids, for example).  However, since boronic acids and 

boronic acid catechol cyclic esters are structurally different, CQ values which are notably 

different from one another are observed.  This is not the case for other SSNMR 

parameters since the relative range is much smaller and the error is much larger. 

It was noted in Chapter 2 for compounds 1 – 10 that experimental boron span 

values varied significantly amongst different tricoordinate boron compounds.  This trend 

was rationalized by considering the molecular orbitals for each species involved.  

However, since compounds 11 – 25 all have Ω values which are approximately equal to 
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one another, it is not useful to perform a molecular orbital analysis to distinguish amongst 

the compounds.  This observation does not render the study of these compounds 

uninformative but rather provides a handle as to how much electronic variation is 

necessary in order for there to be an impact on the 11B NMR span.  When there are no 

variations in structure except for the substituent bound to the aromatic ring, which is 

distant from the boron nucleus, the variation in the simulated NMR tensor span is 

negligible.  This is the case for the boronic acid catechol cyclic esters. 

Upon examination of the 11B SSNMR spectra acquired for compounds 11 – 25 

(Figures 4.2 to 4.16), one may notice that several of them do not have an ideal lineshape, 

and it appears as though multiple boron sites may be present in the sample.  Multiple 

quantum magic angle spinning (MQMAS) experiments were performed on several 

compounds as a means of determining if multiple sites were present.  MQMAS can 

improve resolution and hence if multiple sites are present, they can be observed in the 

isotropic dimension.  Although MQMAS experiments did not reveal multiple boron sites, 

based on the lineshapes observed, there is the possibility that a distribution in the CQ 

values exist for each compound. 

  Because MQMAS was unable to conclusively determine if multiple sites were 

present, four of the compounds studied in this Chapter were re-crystallized so that a 

crystal structure could be solved, in order to elucidate the atomic structure and determine 

how many crystallographically unique boron sites are present.  In order to obtain pure 

samples, the compounds were recrystallized using tetrahydrofuran (THF).  Long needle-

like crystals were obtained for each compound and their crystal structures were solved. 
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Four crystal structures were solved by I. Korobkov (University of Ottawa) using 

single crystal X-ray diffraction for compounds 11, 12, 21, and 22.  If one simply looks at 

the SSNMR spectra for any of these compounds, particularly those of 21 and 22, it is 

obvious that there are multiple boron sites, or an impurity present.  Figure 4.18 shows an 

example of a spectrum that was acquired before purification and after recrystallization.  

Presented in Figures 4.19 – 4.22 are the asymmetric units for compounds 11, 12, 21, and 

22. 

 

 

Figure 4.18: Solid-state boron-11 NMR spectroscopy of 16.  Experimental spectra of a 

powdered sample undergoing MAS are shown in (a) 11B at 9.40 T for the compound after 

recrystallization and (b) 11B at 9.4 T for the compound before purification. 
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Figure 4.19: ORTEP diagram depicting the crystal structure for compound 11.  

Hydrogen positions were calculated using geometry optimization calculations and plotted 

relative to the heavier atom positions.  Arrows represent the hydrogen bonding 

interaction between two adjacent units. 

 

Figure 4.20: ORTEP diagram depicting the crystal structure for compound 12.  

Hydrogen positions were calculated using geometry optimization calculations and plotted 

relative to the heavier atom positions. Arrows represent the hydrogen bonding interaction 

between two adjacent units. 
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Figure 4.21: ORTEP diagram depicting the crystal structure for compound 21.  

Hydrogen positions were calculated using geometry optimization calculations and plotted 

relative to the heavier atom positions. 

 

 

Figure 4.22: ORTEP diagram depicting the crystal structure for compound 22.  

Hydrogen positions were calculated using geometry optimization calculations and plotted 

relative to the heavier atom positions. 

 

These crystal structures and recrystallization verifies that 11B SSNMR spectra are 

being acquired of the boron-containing compounds in question and not some form of 
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decomposition product(s).  Once the pure compound has crystallized, these crystals can 

be used to collect the SSNMR spectrum, ensuring only the pure sample is responsible for 

the observed signal.  After recrystallization there still appears to be multiple boron sites 

present.  Consider Figure 4.21 for compound 21: this compound was synthesized with the 

intent that it possess a Cl atom at the para position of the aromatic ring bound to the 

boron atom.  However, the ORTEP diagram indicates that a methyl group is present in 

that position (see C7).  There is one possible situation that could explain these 

observations.  It is possible that, in the case of compound 21, there are two boron 

compounds present: one that has a chlorine atom in the para position, and another that has 

a methyl group in that same position.  If this is the case, when the sample was 

recrystallized, both compounds would have crystallized out of the solvent and formed the 

needle-like crystals that were collected.  By chance, the single crystal chosen for analysis 

happened to be that of the compound with the methyl group at the para position.  

However, when the 11B SSNMR spectrum was collected, both compounds were present, 

each possessing a unique boron site; hence the spectrum yielded a lineshape that indicates 

multiple boron sites.   In spectra where it appears that there are multiple sites or there are 

distortions in the lineshape, it is likely that other compounds are present which give rise 

to another boron site, as is the case in compound 21.  Other low intensity peaks in the 

spectra, such as that boric acid at δiso = 19.6 ppm are due to decomposition products. 
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4.2.2 Computational Results   

Shown in Table 4.2 are the boron EFG and CS tensors calculated using the DFT 

B3LYP method for compounds 11 to 25.  Table 4.3 contains the analogous information 

for calculations using the GGA-revPBE method for compounds 11 to 25. 
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Table 4.2: Calculated EFG and CS tensor parameters for compounds 11 to 25.a 

      B3LYP    

  Sample CQ / MHz ηQ σcalc Ω / ppm κ α / º β / º γ / º 
Boronic Acid 11 3.085 0.671 75.0650 21.935 0.786 65 0 294 

 11† 3.062 0.590 74.8248 27.561 -0.232 39 2 295 
 12 3.101 0.645 75.5440 21.315 0.918 284 1 152 
 12† 3.066 0.581 74.6033 28.016 -0.241 316 7 70 
 13 3.113 0.659 74.9182 21.503 0.927 269 0 92 
 13† 3.085 0.579 74.6553 27.608 -0.251 43 4 109 
 14 3.081 0.662 74.5749 21.021 0.929 165 0 277 
 14† 3.076 0.560 73.2256 27.870 -0.153 313 18 74 
 15 3.101 0.635 75.5495 21.580 0.824 276 0 174 
 15† 3.073 0.564 74.9972 26.971 -0.251 137 5 253 
 16 3.105 0.628 75.3490 21.905 0.805 59 0 31 
 16† 3.075 0.558 74.9981 27.258 -0.243 138 4 252 

Catechol Cyclic Ester 17 2.710 0.915 70.7293 25.936 -0.921 270 90 90 
 18 2.725 0.888 71.0327 24.415 -0.959 88 21 272 
 19 2.738 0.897 70.5789 24.518 -0.995 270 50 90 
 20 2.705 0.914 70.5250 23.906 -0.947 90 0 270 
 21 2.725 0.862 71.0350 23.494 -0.856 308 0 52 
 22 2.723 0.871 71.0167 23.083 -0.897 90 0 270 
 23 2.782 0.945 69.2654 27.915 -0.762 272 90 90 
 24 3.017 0.754 69.0977 44.340 -0.308 323 0 37 
 25 2.720 0.889 70.4424 23.661 -0.936 90 31 270 

Boric Acid   2.465 0.304 78.4019 13.326 -0.694 241 0 112 
† Corresponds to boronic acid dimer 
a  Calculated values for boronic acid dimers which take hydrogen bonding interactions into account are included where applicable.  

Hybrid DFT calculations were performed using the B3LYP functional and the 6-311+G* basis set on all elements.  Boric acid is 

included as the impurity present at 19.6 ppm in compounds 11 and 17. 
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  Table 4.3: Calculated EFG and CS tensor parameters for compounds 11 to 25.a 
   GGA revPBE   

  Sample CQ / MHz ηQ σcalc Ω / ppm φCCBO / º 
Boronic Acid 11 2.80 0.693 72.243 21.260 0 

 11† 2.78 0.599 71.471 24.205 2 
 12 2.82 0.668 72.553 22.559 0 
 12† 2.79 0.590 71.513 25.017 6 
 13 2.84 0.677 72.118 22.522 0 
 13† 2.82 0.585 71.365 24.911 3 
 14 2.84 0.678 71.103 22.203 6 
 14† 2.81 0.564 70.296 25.513 14 
 15 2.82 0.656 72.584 23.089 0 
 15† 2.81 0.572 71.729 24.421 4 
 16 2.83 0.648 72.426 23.713 0 
 16† 2.81 0.566 71.646 24.754 3 

Catechol Cyclic Ester 17 2.41 0.933 67.497 21.492 0 
 18 2.43 0.905 67.822 21.188 0 
 19 2.45 0.910 67.391 21.322 0 
 20 2.41 0.930 67.281 20.697 0 
 21 2.43 0.875 67.798 20.475 0 
 22 2.43 0.884 67.837 19.958 0 
 23 2.50 0.955 66.000 23.094 0 
 24 2.74 0.742 65.327 22.636 90 
 25 2.42 0.905 67.017 20.173 1 

Boric Acid   2.24 0.300 78.598 11.4 0 
† Corresponds to calculations which used a boronic acid dimer. 
a  Calculated values for boronic acid dimers which take hydrogen bonding interactions 

into account are included where applicable.  These ADF calculations were performed 

using the GGA-revPBE functional and the TZP basis set on all elements.  φCCBO is 

defined in Figure 2.25.  Boric acid is included as it was the impurity present at 19.6 ppm 

in compounds 11 and 17. 
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The above ADF calculations were performed using the GGA rev-PBE functional 

and the TZP basis set on all elements shown in Table 4.3. These calculations yielded 

results that were comparable to experimental results however, calculations employing a 

larger basis set (TZ2P) and using the VWN LDA method were also carried out in an 

attempt to achieve calculated NMR parameters that were in better agreement with the 

experimental data.  Logically, computations which use a higher level basis set should 

provide more accurate results.  These results are shown in Table 4.4.  In addition, the 

inclusion of the VWN LDA should yield results that more closely reflect the 

experimental data.  This is indeed the case for the results discussed here. Although 

calculations using the TZP basis set and the X-alpha LDA provided results that were not 

in agreement to the same degree as when the TZ2P basis set and VWN LDA were used, 

those data are still useful and can be used to obtain approximate values for the NMR 

parameters being calculated.  The improved accuracy comes at the cost of having to 

expend more computational resources.  These results are consistent with recent work by 

Autschbach et. al., who showed that GGA revPBE calculations using the TZ2P basis set 

and the VWN LDA did a much better job at calculating the CS and EFG tensor 

information than the TZP basis set with the X-alpha LDA  for various 27Al systems.84  All 

discussion of calculated NMR parameters beyond this point refer to the GGA rev-PBE 

calculations where the TZ2P basis set and VWN LDA were used unless specified 

otherwise. 
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Table 4.4: Calculated EFG and CS tensor parameters for compounds 11 to 25.a 

   GGA revPBE   
  Sample CQ / MHz ηQ σcalc Ω / ppm φCCBO / º 

Boronic Acid 11 2.95 0.621 72.321 21.848 0 
 11† 2.94 0.548 71.531 24.342 2 
 12 2.97 0.597 72.635 23.083 0 
 12† 2.94 0.540 71.569 25.135 6 
 13 2.98 0.606 72.197 23.091 0 
 13† 2.97 0.536 71.427 25.097 3 
 14 2.97 0.588 71.245 23.778 6 
 14† 2.96 0.515 70.338 25.636 14 
 15 2.97 0.585 72.670 23.617 0 
 15† 2.96 0.523 71.801 24.632 4 
 16 2.97 0.576 72.527 24.252 0 
 16† 2.96 0.516 71.733 24.973 3 

Catechol Cyclic Ester 17 2.57 0.867 67.640 21.974 0 
 18 2.59 0.841 67.958 21.614 0 
 19 2.61 0.846 67.526 21.792 0 
 20 2.57 0.863 67.450 21.171 0 
 21 2.59 0.811 67.954 20.956 0 
 22 2.59 0.821 67.982 20.440 0 
 23 2.66 0.891 66.129 22.265 0 
 24 2.89 0.694 65.541 43.239 90 
 25 2.58 0.840 67.090 20.648 1 

Boric Acid   2.27 0.288 78.605 12.3 0 
† Corresponds to calculations which used a boronic acid dimer 
a  Calculated values for boronic acid dimers which take hydrogen bonding interactions 

into account are included where applicable. These ADF calculations were performed 

using the VWN LDA, GGA-revPBE functional, and the TZ2P basis set on all elements. 

φCCBO is defined in Figure 2.25.  Boric acid is included as it was the impurity present at 

19.6 ppm in compounds 11 and 17. 
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The GGA-revPBE calculated σiso values are plotted against the experimental 

values of δiso in Figure 4.23.  Although there is only a weak correlation between the 

experimental and calculated data, one should note that there are two separate clusters of 

data points on the plot.  The data points towards the top of the graph are those for the 

boronic acids and they all have larger calculated σiso values.  The data points towards the 

bottom right are those for the boronic acid catechol cyclic esters and they all have smaller 

calculated σiso values.  It is important to point out that although there is a distinct 

difference between the calculated σiso values for each set of compounds, there is a large 

region of overlap between the δiso values, which implies that the experimental δiso values 

do not differentiate the two sets of compounds.  Differently, in Chapter 2, an analogous 

plot (Figure 2.24) shows a good correlation between σiso and δiso.  This can be explained 

by the fact that compounds 1 – 10 are all structurally very different from one another 

hence, the electronic environment has sufficient variation to cause the σiso (and δiso) 

values to be more distinct between compounds.  This also led to a larger range of 

experimental δiso values for compounds 1 – 10.  However, the range and relative error of 

the experimental δiso values is much smaller than it was for compounds 1 – 10.  It is this 

small range and large error which may lead to the poor correlation between calculated 

and experimental values.  The general trend however, is correct in that the slope is 

negative, implying that σiso and δiso values are inversely related to one another.  When 

considering the boronic acids and boronic esters in Chapter 2, there was no distinction in 

σiso (and δiso) values between the two sets of compounds due to the vast structural 

differences.  When considering compounds 11 – 25, the boronic acids are all very similar 

to one another, as are the boronic acid catechol cyclic esters.  This is likely what led to 
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the two distinct regions of data points observed in the plot below.  This implies that there 

are distinct shielding contributions in these systems that push the σiso values for the acids 

to larger values.   

Shown in Figure 2.27 are the diamagnetic contributions that play an important 

role in the magnetic shielding tensor for these compounds.  Figure 2.27 shows that σ33 

(and possibly σ22) are shifting to a more positive value, which causes an increase in σiso 

and hence, the calculated σiso values for the boronic acids tend to be larger than those of 

the boronic acid cyclic catechol esters. 
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Figure 4.23: Correlation between the calculated (ADF/GGA revPBE) total isotropic 

shielding and experimental and isotropic chemical shift values measured in the solid state 

for each boronic acid and boronic acid catechol cyclic ester studied in Chapter 4.  

Experimental isotropic chemical shift is plotted against the calculated total isotropic 
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shielding values for the dimer where applicable.  These data have a R2 value of 0.4808 

with a trend line given by y = -1.913x + 126.57. 
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Figure 4.24: Correlation between the calculated (ADF/GGA revPBE) and experimental 

span values measured in the solid state for each boronic acid and boronic acid catechol 

cyclic ester studied.  Experimental span is plotted against the calculated span values for 

the dimer where applicable.  

 

Figure 4.24 shows a very poor correlation between the experimental and 

calculated Ω values.  This poor agreement is likely due to the small range of spans 

observed for the compounds studied in this chapter, which is just 6 ppm.  In addition, the 

error associated with the experimental span values ranges from 1 to 6 ppm.  Thus, in 

some cases, the error is exactly equal to the entire range of the span values.  With such a 

small Ω range and such large measurement error, it is not practical to try and relate Ω  
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values with the molecular or electronic environment.  What can be said however, is that 

for compounds such as the boronic acid catechol cyclic esters, simply altering the 

substituent on the aromatic ring system, which is relatively distant from the boron 

nucleus, is not enough electronic variation to have a significant impact on the observed  

CS NMR parameters. 

The GGA revPBE-calculated values for compounds 11 – 25 cannot be used to 

discuss the impact of hydrogen bonding or electronic substituents on the span as was 

done in Chapter 2.  There is simply not enough electronic variation amongst the 

compounds.  

Once again, the impact of φCCBO (see Figure 2.25 for angle definition) upon 

calculated Ω values was studied.  Shown in Figure 4.24 are the calculated Ω values 

versus the calculated GGA-revPBE optimized dihedral angles for the optimized structure 

of each boronic acid and boronic acid catechol cyclic ester. 

 

 



     133

15

20

25

30

35

40

45

0 20 40 60 80 100

Dihedral / o

ΩΩ ΩΩ
 / 

p
p

m

 

Figure 4.25: Correlation between the calculated Ω values and φCCBO for compounds 11 - 

25. 

 

As noted earlier, φCCBO is altered primarily by sterics, and hence depends on the 

bulkiness of nearby substituents on the aromatic ring.  As discussed in Chapter 2, the 

φCCBO values discussed here are referring to those calculated using the GGA-revPBE 

functional.  Figure 4.25 reveals no clear and direct correlation between φCCBO and Ω, 

which is not surprising since the dihedral angle for the vast majority of the compounds is 

either equal to zero or has a value close to zero.  Nevertheless, the general trend of 

increasing Ω with increasing φCCBO can be observed.  The reason that the φCCBO values are 

so small amongst these compounds is due to there being bulky groups adjacent to the ring 

system which would cause the angle to increase.  The general relationship between Ω and 
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φCCBO discussed earlier tells us that at small φCCBO values, one can expect to see smaller 

Ω values.  In the case of compounds 11 - 25, most have φCCBO values that are close to one 

another, similar to their spans.  Therefore the data in Figure 4.25 are consistent with the 

span values observed; most of the compounds listed here have small and similar φCCBO 

values as well as small and similar Ω values.  In the case of the large angle for compound 

24, the Ω value is large as expected. 

 

4.2.3 Effect of Varying the Ring System Bound to the Boron Atom 

One main difference between the two sets of compounds 1 – 10 and 11 – 25 is 

that each of the compounds 1 – 10 have the boron atom contained in completely different 

environments.  To investigate what effects the ring system bound to the boron atom have 

on the NMR parameters, a computational study was performed on a series of compounds 

where the ring system was systematically varied.  The compounds studied are shown in 

Figure 4.26.  
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Figure 4.26: Structures of the boron compounds with varying ring systems (26 – 36) 

used in section 4.2.3. 

 

Each compound was constructed in Gaussview and a hybrid DFT geometry 

optimization calculation using the B3LYP functional with the 6-311+G* basis set on all 

atoms was performed.  ADF calculations using the GGA-revPBE method and TZP basis 

set on all atoms were used to calculate magnetic shielding and EFG tensor information on 

the optimized structures.  Shown in Table 4.5 are the boron EFG and CS tensors 

calculated using the B3LYP and GGA-revPBE methods for compounds 26 to 36. 
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The observed results follow the conclusions made earlier relating the CCBO 

dihedral angle, the span, and the paramagnetic shielding contributions.  In cases where 

the compounds have a dihedral angle of nearly zero, the contributions to paramagnetic 

shielding are small and therefore small spans are observed.  In the case of compound 34, 

a large dihedral angle is calculated, which correspondingly has a large calculated span.  

No experimental data were acquired for these compounds.  In conclusion, varying the 

ring system bound to the boron atom will have a notable impact on the calculated NMR 

parameters.  When the ring system leads to the compound having a large dihedral angle, 

the contributions to paramagnetic shielding increase and a larger span value is observed. 
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Table 4.5: Calculated EFG and CS tensor parameters for compounds 26 to 36.a 
     B3LYP     GGA revPBE  
Sample CQ / MHz ηQ σcalc Ω / ppm κ α β γ  CQ / MHz ηQ σcalc Ω / ppm φCCBO / º 

26 3.101 0.645 74.975 21.027 0.848 12 0 295  2.821 0.665 71.985 21.563 0 
27 3.096 0.634 76.676 23.232 0.551 280 0 185  2.815 0.645 73.779 24.809 0 
28 3.036 0.597 75.761 22.238 0.896 193 0 264  2.751 0.615 72.782 23.766 0 
29 3.110 0.645 74.659 20.320 0.885 174 0 306  2.832 0.665 71.921 21.797 0 
30 2.996 0.693 71.526 14.430 -0.815 149 0 211  2.697 0.715 68.124 9.624 0 
31 3.037 0.624 72.547 19.867 -0.370 0 1 360  2.740 0.627 69.447 15.634 2 
32 2.950 0.642 76.552 23.440 0.683 269 2 181  2.644 0.677 73.331 24.494 0 
33 3.123 0.646 75.108 21.709 0.917 176 0 275  2.848 0.664 72.120 23.449 0 
34 3.305 0.528 73.572 34.834 0.991 302 0 58  3.045 0.536 70.052 37.191 90 
35 3.103 0.605 75.058 24.358 0.676 211 0 254  2.874 0.623 71.587 26.946 0 
36 3.221 0.564 75.840 31.775 0.509 179 16 279   2.944 0.544 72.291 34.202 32 

a Hybrid DFT calculations were performed using the B3LYP functional and the 6-311+G* basis set on all elements. 

ADF calculations were performed using the GGA-revPBE functional and the TZP basis set on all elements.  φCCBO 

is defined in Figure 2.25.
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In this chapter, a series of six boronic acids and nine boronic acid catechol cyclic 

esters were studied by 11B SSNMR, their spectra were simulated to extract experimental 

EFG and CS tensor information, and their NMR parameters were calculated at various 

levels of theory.  It has been shown that the CQ is the most characteristic NMR parameter 

amongst these compounds.  However, since they are all quite structurally similar to one 

another, there does not appear to be a clear correlation between calculated and 

experimental span values.  The structural similarities as well as the non-negligible role of 

diamagnetic shielding make it difficult to correlate calculated σiso values to observed δiso 

values.  The effects of various ring systems were studied, and several crystal structures 

were determined and helped to explain what appears to be multiple boron sites in several 

of the 11B SSNMR spectra.  These compounds, however, follow the trend where when a 

large calculated φCCBO is observed, the calculated Ω value is correspondingly large.  

Although no substantial variation was seen in the 11B NMR parameters, these compounds 

remain an extremely important and useful class of compounds which should be studied 

and characterized.  They possess a wide range of practical applications including 

hydrogen storage and catalysis.   
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4.3 Experimental 

Solid-State NMR Spectroscopy 

400 MHz Data: The six boronic acids (4-methoxyphenylboronic acid (11), 3,4-

dimethoxyphenylboronic acid (12), p-tolylboronic acid (13), o-tolylboronic acid (14), 4-

fluorophenylboronic acid (15), and 4-chlorophenylboronic acid (16)), and nine boronic 

catechol cyclic esters (4-methoxyphenylboronic acid catechol cyclic ester (17), 3,4-

dimethoxyphenylboronic acid catechol cyclic ester (18), p-tolylboronic acid catechol 

cyclic ester (19), o-tolylboronic acid catechol cyclic ester (20), 4-chlorophenylboronic 

acid catechol cyclic ester (21), 4-fluorophenylboronic acid catechol cyclic ester (22), 4-

methoxyphenylboronic acid catechol cyclic ester (23), phenylboronic acid catechol cyclic 

ester (24), and phenylboronic acid catechol cyclic ester trimer (25)) studied in this 

chapter (Figure 4.1) were synthesized and provided by the laboratory of Dr. Kenneth 

Maly, Wilfrid Laurier University, Waterloo, ON.  Some samples were used without 

further purification, while others required re-crystallization.  Solution state 1H NMR 

experiments were performed on all of the compounds studied in this chapter.  The 

experimental data verify the purity of the compounds since all of the resonance peaks are 

located at appropriate chemical shift values which represent the chemical environment of 

the different protons.  For those compounds which appeared to have multiple sites in the 

11B SSNMR spectrum, re-crystallization was performed by dissolving the compound in a 

small amount of liquid THF, and then slowly allowing the solvent to evaporate.  In these 

cases, a single crystal was collected for X-ray analysis and the remaining crystals were 

powdered and packed into a 4mm rotor.  The corresponding 11B SSNMR spectra were 

then acquired for each re-crystallized compound.  All experimental details concerning the 
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SSNMR spectroscopy of the compounds listed above are identical to those used for 

compounds 1 – 10 and are as outlined in Chapter 2.3. 

900 MHz Data:  All experimental details concerning the SSNMR spectroscopy of 

the compounds listed above are identical to those used for compounds 1 – 10 and are as 

outlined in Chapter 2.3.   

Spectral Processing and Simulation:  Data were processed and simulated in the 

same manner as compounds 1 – 10 and are as outlined in Chapter 2.3. Of the compounds 

studied, X-ray crystal structures are available for compounds 11, 12, 21, and 22; these 

structures indicate a single crystallographically unique boron site.  Boron-11 NMR 

spectra acquired strongly suggest that there is a single unique boron site for all other 

compounds studied as well.  As such, all spectra were simulated using a single boron site 

for each compound except where noted.   

 

Quantum Chemical Calculations 

All computational details for the compounds listed above are identical to those 

used for compounds 1 – 10 and are as outlined in Chapter 2.3. Calculations employing 

the RHF method were not performed on these compounds. Analogous calculations were 

also carried out using ADF72 employing the GGA-revPBE DFT method, TZ2P basis set 

on all atoms, and the VWN LDA.84 

 

Crystallography 

Crystals of compounds 11, 12, 21, and 22 were grown from slow evaporation of 

saturated solutions of THF.  Single crystals were mounted on a glass fiber or plastic mesh 
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with viscous oil and flash cooled to the data collection temperature.  Unit cell 

measurements and intensity data collections were performed on a Bruker-AXS SMART 

1k or APEX CCD diffractometer using graphite monochromated Mo-Kα radiation (λ = 

0.71073 Å).  Unit cell parameters were obtained from 60 data frames, 0.3° ω, from three 

different sections of the Ewald sphere.  The unit cell parameters, equivalent reflections, 

and systematic absences in the diffraction data are consistent with space groups P21/n for 

11, P21/c for 12, P21/c for 21, and P21/n for 22. The data-sets were treated with 

SADABS absorption corrections based on redundant multiscan data.85  The crystal data 

and refinement parameters for compounds 11, 12, 21, and 22 are listed in Appendix A.  

The structures were solved using direct methods and refined with full-matrix, least-

squares procedures on F2.  All non-hydrogen atoms were refined with anisotropic 

displacement parameters.  All hydrogen atoms were treated as idealized contributions.  

The C–C and C–O bond distances of the THF solvent molecule were restrained with the 

commands DFIX and SADI and the thermals were restrained with the command SIMU.  

Atomic scattering factors and anomalous dispersion coefficients are contained in various 

versions of the SHELXTL program library.85 
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 Chapter 5 

Conclusions 

In this study, 11B CS and EFG tensor information was successfully measured from 

the 11B SSNMR spectra acquired for twenty-five boron compounds: eleven boronic acids, 

five boronic esters, and nine boronic acid catechol cyclic esters.  Signal enhancement 

techniques were successfully applied and enhancement factors of up to 1.42 were 

achieved for modified-QCPMG, whereas factors of 1.80 to 2.95 were achieved for DFS 

modified-QCPMG, relative to the QCPMG sequence alone.  The CQ and Ω values were 

found to be larger, on average, for boronic acids (1 – 5) than for esters (6 – 10) for the 

compounds studied in Chapter 2. For the compounds studied in Chapter 4, the CQ values 

were always larger for the boronic acids (11 – 16) than for the boronic acid catechol 

cyclic esters (17 – 25).  For boronic acids 1 - 5, the span has an average value of 30.8 

ppm, while for the five boronic esters 6 - 10, the average value is 17.8 ppm.  In the case 

of 11B quadrupolar coupling constants, the average value is 3.0 MHz for boronic acids 1 - 

5 and 2.8 MHz for boronic esters 6 - 10. For boronic acids 11 - 16, the span has an 

average value of 22.8 ppm, while for the boronic acid catechol cyclic esters 17 - 25, the 

average value is 23.7 ppm.  In the case of 11B quadrupolar coupling constants, the 

average value is 3.2 MHz for boronic acids 11 - 16 and 2.7 MHz for boronic acid 

catechol cyclic esters 17 - 25.  The ranges associated with CQ and δiso are small relative to 

their absolute magnitudes from compound to compound.  However, for compounds 1 – 

10, the CS tensor span exhibits a significant relative range (75 %), and is the most 

characteristic NMR parameter to relate the molecular and electronic structure.  For 

compounds 11 – 25, there is little variation in the NMR parameters.  This is due to the 
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fact that there is little structural variation between the compounds. The change in 

substituents on the aromatic ring is too distant from the boron nucleus to be felt. Because 

there is no bulky group near the boron nucleus to alter the dihedral angle, it is similarly 

small from compound to compound and all of the Ω values are similar. It has been 

advantageous to acquire data at a high magnetic field strength as the effects of CSA could 

be more precisely quantified.   

Good correlation between experimental and GGA revPBE calculated spans, as 

well as between the calculated isotropic shielding and experimental chemical shift values 

was observed for compounds 1 – 10, but not for compounds 11 - 25.  The span was 

shown to be positively correlated with φCCBO in a model boronic acid over the range of 0 

to 90 degrees.  This is true regardless of whether hydrogen bonding is taking place, 

although Ω does not increase as steeply with φCCBO when hydrogen bonding is occurring.  

The hydrogen bonding interaction is correlated with a decrease in the total paramagnetic 

contribution to the isotropic magnetic shielding and a decrease in the span.  Contrary to 

the situation typically seen for larger spans, the diamagnetic part of the shielding tensor 

was shown to play a key role in explaining the observed trends in CSA.  The presence of 

an electron-withdrawing group substituted on a model boronic acid resulted in an 

increase in the calculated Ω.  Finally, the type of ring system that the boron atom is 

located in will have an impact on the simulated NMR parameters.  There must be 

adequate structural variation for a change in the NMR parameters to be observed. 

It has been shown that the boron chemical shift tensor in boronic acids, and 

particularly the span of the CS tensor, is governed by a delicate interplay of several 

competing factors, including hydrogen bonding, dihedral angle, and the various electron-
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donating or withdrawing substituents bound to the aromatic ring.  It is therefore 

speculated that future 11B SSNMR experiments performed on similar materials will be 

most beneficial in comparative studies, where specific individual changes in structure 

may be probed and characterized. 

Perhaps the most important point to be made is that SSNMR is an invaluable tool 

that can be applied to boron (and other) systems to provide important structural 

information and to learning important data about the local boron environment which can 

provide insights into the molecular and electronic environment.  Consider a case where 

crystallographic data is not available for a particular compound which cannot be 

crystallized or it is impractical to do so.  The structure is not known but the results here 

show that predictions can be made to relate the type of compound being studied to a 

particular NMR parameter.  Chapter 2 shows that span can distinguish between boronic 

acids and boronic esters when they are structurally different, and Chapter 4 shows that 

the CQ can distinguish the type of compound, i.e. boronic acid vs. boronic acid catechol 

cyclic ester, when they are structurally similar. 

As outlined in Chapter 4, the boronic acid and ester compounds studied in this 

thesis can be utilized as building blocks in supramolecular systems including COFs and 

MOFs.  More specifically, boron serves as an important component in COFs that can be 

used for applications such as hydrogen storage or in catalytic transformations.  This being 

the case, characterizing SSNMR tensors of potential building blocks in the COFs, namely 

the compounds studied in this thesis, is a very useful endeavor.  In fact, it is 11B SSNMR 

that is used to identify the local environment of the boron nucleus and to assist in 

identifying the structure of such COFs and the units of which they are composed. 
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If studying a system where the abundance of boron is not an issue, routine pulse 

sequences such as a Hahn-echo can be used to acquire both static and MAS spectra which 

can be used to probe the structure.  If, however, a dilute system of low abundance is 

being studied, signal enhancement techniques such as DFS or QCPMG can be applied to 

the system to achieve greater signal in fewer scans.  The use of SSNMR, as opposed to 

liquid NMR can provide much more useful data about the nucleus being studied.  For 

example, one can learn important information about the magnetic shielding or EFG 

tensor.  In the context of this thesis, SSNMR parameters such as span can be simulated 

from the experimental spectrum.  This NMR parameter can be related to calculated NMR 

interactions such as paramagnetic shielding. It is this contribution to paramagnetic 

shielding that can be used to relate the NMR parameters to electronic properties such as 

the bonding environment or MO orientations.  In general, SSNMR is an extremely 

important technique which can be used to gain a vast amount of data for many different 

nuclei and this information can be used to explain structural and electronic features 

present in the compound.  SSNMR was successfully applied to the boron systems studied 

here and continues to grow as an important field for studying “more difficult” nuclei such 

as those with a low gyromagnetic ratio, large quadrupole moment, or low natural 

abundance. 

Future work on the boron compounds discussed in this thesis includes acquisition 

techniques that would improve resolution.  One such example is acquiring data at higher 

magnetic field strengths.  In cases where there are impurities present, or where there are 

two overlapping boron sites with similar chemical shifts, better resolution would be 

beneficial in that it would allow for separation of the two sites in question and their 
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respective NMR parameters could be determined with a smaller experimental error.  

Acquiring MQMAS spectra of all compounds at both high and low magnetic field 

strengths may also provide adequate resolution to separate, in the isotropic dimension, 

any distribution in NMR parameters present within a given boron-containing compound.  

In addition, all of the compounds in this study should be recrystallized and their crystal 

structures determined.  Of all the compounds where the crystal structure does exist, there 

is only one boron site.  However, that does not necessarily mean that all of the 

compounds in this study possess one site.  There is a possibility that there are multiple 

sites present which overlap each other and have similar NMR parameters to one another.  

In addition, procedures to develop these boron-containing compounds into 

supramolecules such as COFs should be developed.  If this is a possibility for any or all 

of the compounds studied in this thesis, they could be functionalized to carry out a 

desired action in such a framework. 

In the broader context of SSNMR in general, there is still much to be done.  There 

are many “more difficult” nuclei that have not been studied yet due to their low natural 

abundance, large quadrupole moment, or low gyromagnetic ratio.  However, as time goes 

on, higher magnetic fields are becoming accessible, therefore increasing the number of 

NMR active nuclei which can be routinely studied.  Higher magnetic field strengths 

reduce the broadening originating from the quadrupolar interaction since this broadening 

scales inversely with magnetic field strength.  In cases where the system is dominated by 

the QI, but CSA is also present, this is extremely beneficial.  Also, new signal 

enhancement techniques are constantly being developed which will allow for acquisition 

of difficult spectra in less time.  Systems that were previously deemed impractical due to 
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their low receptivity are becoming more and more practical.  Characterizing the magnetic 

shielding and EFG tensors in such systems is becoming increasingly realistic as this field 

continues to grow and flourish. 
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Appendix A – Crystal Structure Data 

     Table A1:  Crystal data and structure refinement for 11.  
   
   
      Identification code 11  
   
      Empirical formula C7H9BO3  
   
      Formula weight 151.95  
   
      Temperature 200(2) K  
   
      Wavelength 0.71073 Å  
   
      Crystal system, space group Monoclinic,  P2(1)/n  
   
      Unit cell dimensions a = 11.0935(9) Å    alpha = 90 deg.  
                                               b = 5.0442(3) Å      beta = 111.133(5) deg.  
                                               c = 13.8754(10) Å  gamma = 90 deg.  
   
      Volume 724.22(9) Å3 

   
      Z, Calculated density 4,  1.394 mg/m3  
   
      Absorption coefficient  0.105 mm-1  
   
      F(000) 320  
   
      Crystal size 0.21 x 0.18 x 0.16 mm  
   
      Theta range for data collection 2.03 to 28.33 deg.  
   
      Limiting indices -12<=h<=14, -6<=k<=6, -18<=l<=18  
   
      Reflections collected / unique 6426 / 1778 [R(int) = 0.0269]  
   
      Completeness to theta = 28.33 98.3 %  
   
      Absorption correction Semi-empirical from equivalents  
   
      Max. and min. transmission 0.9834 and 0.9783  
   
      Refinement method Full-matrix least-squares on F2  
   
      Data / restraints / parameters 1778 / 0 / 100  
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      Goodness-of-fit on F2 1.026  
   
      Final R indices [I>2σ(I)]  R1 = 0.0436, wR2 = 0.1181  
   
      R indices (all data)  R1 = 0.0592, wR2 = 0.1300  
   
      Largest diff. peak and hole 0.426 and -0.249 e. Å-3 

  
 
 

         Table A2:  Atomic coordinates (x 104) and equivalent isotropic  
         displacement parameters (Å2 x 103) for 11.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                                x                  y                 z            U(eq)  
         ________________________________________________________________  
   
          B(1)         2956(2)       -617(3)       -915(1)       23(1)  
          O(1)         2421(1)       1417(2)      -1593(1)       28(1)  
          O(2)         3058(1)      -3045(2)      -1308(1)       29(1)  
          O(3)         4752(1)        352(2)       3501(1)       33(1)  
          C(1)         3419(1)       -278(2)        281(1)       22(1)  
          C(2)         2991(1)       1794(3)        747(1)       26(1)  
          C(3)         3397(2)       2067(2)       1815(1)       26(1)  
          C(4)         4277(1)        263(3)       2444(1)       24(1)  
          C(5)         4730(1)      -1809(3)       2004(1)       26(1)  
          C(6)         4299(1)      -2071(3)        942(1)       24(1)  
          C(7)         4318(2)       2487(3)       3970(1)       38(1)  
         ________________________________________________________________  
  
 
           Table A3:  Bond lengths [Å] and angles [deg] for 11.  
           _____________________________________________________________  
   
            B(1)-O(2)                     1.3616(16)  
            B(1)-O(1)                     1.3736(17)  
            B(1)-C(1)                     1.5602(17)  
            O(3)-C(4)                     1.3694(14)  
            O(3)-C(7)                     1.4287(17)  
            C(1)-C(2)                     1.3987(17)  
            C(1)-C(6)                     1.4020(18)  
            C(2)-C(3)                     1.3913(17)  
            C(3)-C(4)                     1.3883(19)  
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            C(4)-C(5)                     1.3919(18)  
            C(5)-C(6)                     1.3818(16)  
   
            O(2)-B(1)-O(1)              118.42(11)  
            O(2)-B(1)-C(1)              118.77(11)  
            O(1)-B(1)-C(1)              122.80(11)  
            C(4)-O(3)-C(7)              116.76(11)  
            C(2)-C(1)-C(6)              116.86(11)  
            C(2)-C(1)-B(1)              122.49(12)  
            C(6)-C(1)-B(1)              120.65(11)  
            C(3)-C(2)-C(1)              122.18(12)  
            C(4)-C(3)-C(2)              119.24(12)  
            O(3)-C(4)-C(3)              124.30(11)  
            O(3)-C(4)-C(5)              115.70(11)  
            C(3)-C(4)-C(5)              120.00(11)  
            C(6)-C(5)-C(4)              119.86(12)  
            C(5)-C(6)-C(1)              121.84(12)  
           _____________________________________________________________  
   
            
 

Symmetry transformations used to generate equivalent atoms:  
             
  
    Table A4:  Anisotropic displacement parameters (Å2 x 103) for 11.  
    The anisotropic displacement factor exponent takes the form:  
    -2 π2 [ h2 a*2  U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
                 U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    B(1)     31(1)      20(1)      19(1)      -1(1)      10(1)      -3(1)  
    O(1)     48(1)      18(1)      19(1)       0(1)      10(1)       2(1)  
    O(2)     50(1)      18(1)      19(1)      -1(1)      11(1)       0(1)  
    O(3)     47(1)      32(1)      18(1)      -2(1)       9(1)       5(1)  
    C(1)     30(1)      18(1)      19(1)      -1(1)      10(1)      -3(1)  
    C(2)     37(1)      18(1)      22(1)       1(1)      11(1)       2(1)  
    C(3)     38(1)      19(1)      22(1)      -1(1)      13(1)       2(1)  
    C(4)     32(1)      23(1)      19(1)      -1(1)       9(1)      -4(1)  
    C(5)     32(1)      24(1)      22(1)       1(1)       8(1)       2(1)  
    C(6)     32(1)      20(1)      23(1)      -2(1)      12(1)       0(1)  
    C(7)     60(1)      31(1)      23(1)      -6(1)      16(1)       2(1)  
    _______________________________________________________________________  
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         Table A5:  Hydrogen coordinates (x 104) and isotropic  
         displacement parameters (Å2 x 103) for 11.  
   
         ________________________________________________________________  
   
                               x                 y                z           U(eq)  
         ________________________________________________________________  
   
          H(1A)        2540          2858         -1268          43  
          H(2B)        2780         -2964         -1956          44  
          H(2A)        2404          3056           320          31  
          H(3A)        3076          3471          2110          31  
          H(5A)        5334         -3041          2434          32  
          H(6A)        4607         -3506           652          29  
          H(7A)        4719          2345          4724          57  
          H(7B)        3376          2402          3765          57  
          H(7C)        4562          4178          3744          57  
         ________________________________________________________________  
  
 
 

    Table A6:  Torsion angles [deg] for 11.  
         ________________________________________________________________  
   
          O(2)-B(1)-C(1)-C(2)                                -158.83(13)  
          O(1)-B(1)-C(1)-C(2)                                  19.6(2)  
          O(2)-B(1)-C(1)-C(6)                                  21.3(2)  
          O(1)-B(1)-C(1)-C(6)                                -160.25(13)  
          C(6)-C(1)-C(2)-C(3)                                  -0.9(2)  
          B(1)-C(1)-C(2)-C(3)                                 179.25(13)  
          C(1)-C(2)-C(3)-C(4)                                   1.4(2)  
          C(7)-O(3)-C(4)-C(3)                                  -1.2(2)  
          C(7)-O(3)-C(4)-C(5)                                 178.98(13)  
          C(2)-C(3)-C(4)-O(3)                                 179.36(12)  
          C(2)-C(3)-C(4)-C(5)                                  -0.9(2)  
          O(3)-C(4)-C(5)-C(6)                                 179.59(12)  
          C(3)-C(4)-C(5)-C(6)                                  -0.2(2)  
          C(4)-C(5)-C(6)-C(1)                                   0.8(2)  
          C(2)-C(1)-C(6)-C(5)                                  -0.2(2)  
          B(1)-C(1)-C(6)-C(5)                                 179.65(13)  
         ________________________________________________________________  
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      Table A7:  Crystal data and structure refinement for 12.  
   
   
      Identification code 12  
   
      Empirical formula C8H11BO4  
   
      Formula weight 181.98  
   
      Temperature 200(2) K  
   
      Wavelength 0.71073 Å  
   
      Crystal system, space group Monoclinic,  P2(1)/c  
   
      Unit cell dimensions a = 5.5550(18) Å   alpha = 90 deg.  
                                                      b = 9.532(3) Å       beta = 95.269(4) deg.  
                                                      c = 17.406(5) Å     gamma = 90 deg.  
    
      Volume 917.8(5) Å3  
   
      Z, Calculated density 4,  1.317 mg/m3  
   
      Absorption coefficient 0.103 mm-1  
   
      F(000) 384  
   
      Crystal size 0.27 x 0.22 x 0.22 mm  
   
      Theta range for data collection 2.35 to 26.43 deg.  
   
      Limiting indices -6<=h<=5, -11<=k<=4, -17<=l<=21  
   
      Reflections collected / unique 3331 / 1836 [R(int) = 0.0122]  
   
      Completeness to theta = 26.43 97.4 %  
   
      Absorption correction Semi-empirical from equivalents  
   
      Max. and min. transmission         0.9778 and 0.9728  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     1836 / 0 / 119  
   
      Goodness-of-fit on F2             1.047  



     153

   
      Final R indices [I>2σ(I)]      R1 = 0.0354, wR2 = 0.1046  
   
      R indices (all data)               R1 = 0.0394, wR2 = 0.1088  
   
      Extinction coefficient             0.037(6)  
   
      Largest diff. peak and hole        0.275 and -0.188 e. Å-3  
  
 
 
         Table A8:  Atomic coordinates (x 104) and equivalent isotropic  
         displacement parameters (Å 2 x 103) for 12.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                               x                  y                  z             U(eq)  
         ________________________________________________________________  
   
          B(1)         7984(3)       6574(1)       4413(1)       29(1)  
          O(1)          933(2)      10277(1)       2875(1)       35(1)  
          O(2)         3932(2)       9045(1)       2074(1)       34(1)  
          O(3)         8605(2)       6753(1)       5178(1)       38(1)  
          O(4)         9024(2)       5490(1)       4045(1)       36(1)  
          C(1)         6072(2)       7597(1)       3998(1)       29(1)  
          C(2)         5878(2)       7810(1)       3194(1)       27(1)  
          C(3)         4191(2)       8728(1)       2846(1)       26(1)  
          C(4)         2556(2)       9423(1)       3286(1)       28(1)  
          C(5)         2718(3)       9222(2)       4076(1)       37(1)  
          C(6)         4481(3)       8326(2)       4424(1)       37(1)  
          C(7)         -769(2)      11009(2)       3299(1)       39(1)  
          C(8)         5745(3)       8538(2)       1616(1)       42(1)  
         ________________________________________________________________  
  
 
           Table A9:  Bond lengths [Å] and angles [deg] for 12.  
           _____________________________________________________________  
   
            B(1)-O(3)                     1.3554(16)  
            B(1)-O(4)                     1.3705(17)  
            B(1)-C(1)                     1.5686(18)  
            O(1)-C(4)                     1.3672(15)  
            O(1)-C(7)                     1.4329(16)  
            O(2)-C(3)                     1.3714(14)  
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            O(2)-C(8)                     1.4257(16)  
            C(1)-C(6)                     1.3912(18)  
            C(1)-C(2)                     1.4088(16)  
            C(2)-C(3)                     1.3810(17)  
            C(3)-C(4)                     1.4071(17)  
            C(4)-C(5)                     1.3822(18)  
            C(5)-C(6)                     1.3951(19)  
   
            O(3)-B(1)-O(4)              118.27(11)  
            O(3)-B(1)-C(1)              118.32(11)  
            O(4)-B(1)-C(1)              123.39(11)  
            C(4)-O(1)-C(7)              117.06(10)  
            C(3)-O(2)-C(8)              117.20(10)  
            C(6)-C(1)-C(2)              117.62(11)  
            C(6)-C(1)-B(1)              120.11(11)  
            C(2)-C(1)-B(1)              122.26(11)  
            C(3)-C(2)-C(1)              120.92(11)  
            O(2)-C(3)-C(2)              125.12(11)  
            O(2)-C(3)-C(4)              114.53(10)  
            C(2)-C(3)-C(4)              120.35(10)  
            O(1)-C(4)-C(5)              125.64(11)  
            O(1)-C(4)-C(3)              114.98(10)  
            C(5)-C(4)-C(3)              119.36(11)  
            C(6)-C(5)-C(4)              119.73(12)  
            C(5)-C(6)-C(1)              121.94(12)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
             
  
    Table A10:  Anisotropic displacement parameters (Å2 x 103) for 12.  
    The anisotropic displacement factor exponent takes the form:  
    -2 π2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
   
    _______________________________________________________________________  
   
                  U11        U22        U33        U23        U13        U12  
    _______________________________________________________________________  
   
    B(1)     34(1)      29(1)      24(1)       0(1)      -1(1)       1(1)  
    O(1)     36(1)      34(1)      34(1)       2(1)      -1(1)      10(1)  
    O(2)     42(1)      38(1)      22(1)       5(1)       4(1)      11(1)  
    O(3)     52(1)      39(1)      23(1)      -2(1)      -5(1)      15(1)  
    O(4)     46(1)      36(1)      23(1)      -4(1)      -8(1)      11(1)  
    C(1)     35(1)      28(1)      24(1)       0(1)      -2(1)       2(1)  
    C(2)     32(1)      26(1)      25(1)      -2(1)       2(1)       2(1)  
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    C(3)     32(1)      26(1)      21(1)       1(1)      -1(1)      -3(1)  
    C(4)     30(1)      25(1)      30(1)       1(1)      -2(1)       2(1)  
    C(5)     41(1)      41(1)      29(1)      -3(1)       6(1)      10(1)  
    C(6)     46(1)      42(1)      22(1)       2(1)       2(1)       9(1)  
    C(7)     36(1)      33(1)      49(1)      -3(1)       2(1)       8(1)  
    C(8)     47(1)      53(1)      28(1)       6(1)       9(1)      10(1)  
    _______________________________________________________________________  
  
 
         Table A11:  Hydrogen coordinates (x 104) and isotropic  
         displacement parameters (Å2 x 103) for 12.  
   
         ________________________________________________________________  
   
                               x                 y                z           U(eq)  
         ________________________________________________________________  
   
          H(3A)        9633          6146          5333          58  
          H(4A)        8265          5360          3611          53  
          H(2A)        6923          7315          2886          33  
          H(5A)        1635          9693          4380          44  
          H(6A)        4597          8210          4968          44  
          H(7A)       -1828         11583          2944          59  
          H(7B)         100         11615          3685          59  
          H(7C)       -1745         10329          3557          59  
          H(8A)        5365          8835          1079          63  
          H(8B)        5796          7511          1641          63  
          H(8C)        7321          8919          1813          63  
         ________________________________________________________________  
  
 
         Table A12:  Torsion angles [deg] for 12.  
         ________________________________________________________________  
   
          O(3)-B(1)-C(1)-C(6)                                 -21.61(19)  
          O(4)-B(1)-C(1)-C(6)                                 157.08(13)  
          O(3)-B(1)-C(1)-C(2)                                 158.85(12)  
          O(4)-B(1)-C(1)-C(2)                                 -22.46(19)  
          C(6)-C(1)-C(2)-C(3)                                   1.04(18)  
          B(1)-C(1)-C(2)-C(3)                                -179.41(11)  
          C(8)-O(2)-C(3)-C(2)                                  -8.97(18)  
          C(8)-O(2)-C(3)-C(4)                                 171.16(11)  
          C(1)-C(2)-C(3)-O(2)                                 177.27(11)  
          C(1)-C(2)-C(3)-C(4)                                  -2.87(18)  
          C(7)-O(1)-C(4)-C(5)                                  -1.05(18)  
          C(7)-O(1)-C(4)-C(3)                                -179.95(11)  
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          O(2)-C(3)-C(4)-O(1)                                   1.48(15)  
          C(2)-C(3)-C(4)-O(1)                                -178.40(11)  
          O(2)-C(3)-C(4)-C(5)                                -177.49(11)  
          C(2)-C(3)-C(4)-C(5)                                   2.63(18)  
          O(1)-C(4)-C(5)-C(6)                                -179.45(12)  
          C(3)-C(4)-C(5)-C(6)                                  -0.6(2)  
          C(4)-C(5)-C(6)-C(1)                                  -1.2(2)  
          C(2)-C(1)-C(6)-C(5)                                   1.0(2)  
          B(1)-C(1)-C(6)-C(5)                                -178.54(13)  
         ________________________________________________________________  
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      Table A13:  Crystal data and structure refinement for 21.  
   
   
      Identification code                21  
   
      Empirical formula                  C13H11BO2  
   
      Formula weight                     210.03  
   
      Temperature                        296(2) K  
   
      Wavelength                         0.71073 Å  
   
      Crystal system, space group        Monoclinic,  P2(1)/c  
   
      Unit cell dimensions               a = 17.881(3) Å    alpha = 90 deg.  
                                                     b = 5.0462(9) Å    beta = 100.382(9) deg.  
                                                      c = 12.544(2) Å    gamma = 90 deg.  
   
      Volume                             1113.4(3) Å3  
   
      Z, Calculated density              4,  1.253 mg/m3  
   
      Absorption coefficient             0.082 mm-1  
   
      F(000)                             440  
   
      Crystal size                       0.12 x 0.11 x 0.05 mm  
   
      Theta range for data collection    2.32 to 24.77 deg.  
   
      Limiting indices                   -21<=h<=21, -5<=k<=5, -14<=l<=14  
   
      Reflections collected / unique     15231 / 1872 [R(int) = 0.0460]  
   
      Completeness to theta = 24.77      98.6 %  
   
      Absorption correction              Semi-empirical from equivalents  
   
      Max. and min. transmission         0.9959 and 0.9902  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     1872 / 0 / 145  
   
      Goodness-of-fit on F2             1.061  
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      Final R indices [I>2σ(I)]      R1 = 0.0485, wR2 = 0.1251  
   
      R indices (all data)               R1 = 0.0692, wR2 = 0.1413  
   
      Largest diff. peak and hole        0.152 and -0.140 e. Å-3  
  
 
         Table A14:  Atomic coordinates (x 104) and equivalent isotropic  
         displacement parameters (Å2 x 103) for 21.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                                x                  y                  z           U(eq)  
         ________________________________________________________________  
   
          B(1)         7645(1)       1027(5)        548(2)       51(1)  
          O(1)         7649(1)        -70(3)       1562(1)       58(1)  
          O(2)         8210(1)        -76(3)         67(1)       60(1)  
          C(1)         7083(1)       3159(4)         33(2)       50(1)  
          C(2)         7077(1)       4069(5)      -1016(2)       60(1)  
          C(3)         6559(1)       5943(5)      -1489(2)       64(1)  
          C(4)         6025(1)       6980(4)       -933(2)       59(1)  
          C(5)         6030(1)       6089(5)        110(2)       68(1)  
          C(6)         6548(1)       4218(5)        584(2)       62(1)  
          C(7)         5464(1)       9029(5)      -1446(2)       80(1)  
          C(8)         8561(1)      -1937(4)        800(2)       56(1)  
          C(9)         9141(1)      -3633(6)        700(2)       80(1)  
          C(10)        9373(2)      -5342(5)       1563(2)       85(1)  
          C(11)        9036(2)      -5320(5)       2457(2)       82(1)  
          C(12)        8450(1)      -3614(5)       2544(2)       71(1)  
          C(13)        8226(1)      -1920(4)       1696(2)       54(1)  
         ________________________________________________________________  
  
 
           Table A15:  Bond lengths [Å] and angles [deg] for 21.  
           _____________________________________________________________  
   
            B(1)-O(2)                     1.383(3)  
            B(1)-O(1)                     1.387(3)  
            B(1)-C(1)                     1.533(3)  
            O(1)-C(13)                    1.380(2)  
            O(2)-C(8)                     1.383(2)  
            C(1)-C(6)                     1.386(3)  
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            C(1)-C(2)                     1.391(3)  
            C(2)-C(3)                     1.381(3)  
            C(3)-C(4)                     1.382(3)  
            C(4)-C(5)                     1.382(3)  
            C(4)-C(7)                     1.503(3)  
            C(5)-C(6)                     1.379(3)  
            C(8)-C(13)                    1.365(3)  
            C(8)-C(9)                     1.369(3)  
            C(9)-C(10)                    1.388(4)  
            C(10)-C(11)                   1.367(4)  
            C(11)-C(12)                   1.376(4)  
            C(12)-C(13)                   1.367(3)  
   
            O(2)-B(1)-O(1)              110.89(18)  
            O(2)-B(1)-C(1)              124.99(18)  
            O(1)-B(1)-C(1)              124.12(18)  
            C(13)-O(1)-B(1)             105.17(15)  
            B(1)-O(2)-C(8)              105.20(15)  
            C(6)-C(1)-C(2)              117.1(2)  
            C(6)-C(1)-B(1)              121.31(18)  
            C(2)-C(1)-B(1)              121.53(18)  
            C(3)-C(2)-C(1)              121.5(2)  
            C(2)-C(3)-C(4)              120.9(2)  
            C(5)-C(4)-C(3)              117.8(2)  
            C(5)-C(4)-C(7)              121.3(2)  
            C(3)-C(4)-C(7)              120.8(2)  
            C(6)-C(5)-C(4)              121.4(2)  
            C(5)-C(6)-C(1)              121.2(2)  
            C(13)-C(8)-C(9)             122.1(2)  
            C(13)-C(8)-O(2)             109.29(18)  
            C(9)-C(8)-O(2)              128.6(2)  
            C(8)-C(9)-C(10)             116.2(2)  
            C(11)-C(10)-C(9)            121.4(2)  
            C(10)-C(11)-C(12)           121.8(2)  
            C(13)-C(12)-C(11)           116.7(2)  
            C(8)-C(13)-C(12)            121.8(2)  
            C(8)-C(13)-O(1)             109.44(17)  
            C(12)-C(13)-O(1)            128.7(2)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
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    Table A16:  Anisotropic displacement parameters (Å2 x 103) for 21.  
    The anisotropic displacement factor exponent takes the form:  
    -2 π2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
   
    
_______________________________________________________________________  
   
                  U11        U22        U33        U23        U13        U12  
    
_______________________________________________________________________  
   
    B(1)     56(1)      50(1)      46(1)      -4(1)      11(1)      -7(1)  
    O(1)     67(1)      62(1)      46(1)       2(1)      15(1)       1(1)  
    O(2)     70(1)      68(1)      45(1)       4(1)      17(1)      12(1)  
    C(1)     54(1)      49(1)      48(1)      -5(1)      10(1)      -5(1)  
    C(2)     65(1)      61(1)      57(1)       4(1)      19(1)       5(1)  
    C(3)     72(1)      60(1)      59(1)      11(1)      13(1)       4(1)  
    C(4)     59(1)      43(1)      71(1)      -8(1)       4(1)      -3(1)  
    C(5)     69(1)      65(2)      72(2)     -13(1)      19(1)       9(1)  
    C(6)     72(1)      64(1)      53(1)      -3(1)      17(1)       4(1)  
    C(7)     81(2)      58(1)      95(2)      -4(1)       1(1)      10(1)  
    C(8)     60(1)      54(1)      51(1)      -2(1)       3(1)       1(1)  
    C(9)     77(2)      84(2)      81(2)      -1(2)      16(1)      19(1)  
    C(10)    77(2)      67(2)     104(2)       3(2)      -4(2)      14(1)  
    C(11)    87(2)      62(2)      86(2)      20(1)     -14(2)      -8(1)  
    C(12)    81(2)      70(2)      58(1)      14(1)       1(1)     -11(1)  
    C(13)    59(1)      50(1)      50(1)       0(1)       3(1)      -8(1)  
    
_______________________________________________________________________  
  
 
         Table A17:  Hydrogen coordinates (x 104) and isotropic  
         displacement parameters (Å2 x 103) for 21.  
   
         ________________________________________________________________  
   
                                x               y                z           U(eq)  
         ________________________________________________________________  
   
          H(2A)        7430          3401         -1407          72  
          H(3A)        6569          6514         -2191          77  
          H(5A)        5678          6765           501          81  
          H(6A)        6537          3656          1287          75  
          H(7A)        4958          8447         -1413         120  
          H(7B)        5513          9272         -2189         120  
          H(7C)        5563         10676         -1064         120  
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          H(9A)        9367         -3640            88          97  
          H(10A)       9767         -6528          1532         102  
          H(11A)       9206         -6490          3021          99  
          H(12A)       8217         -3613          3150          85  
         ________________________________________________________________  
  
 
         Table A18:  Torsion angles [deg] for 21.  
         ________________________________________________________________  
   
          O(2)-B(1)-O(1)-C(13)                                 -0.8(2)  
          C(1)-B(1)-O(1)-C(13)                                178.69(18)  
          O(1)-B(1)-O(2)-C(8)                                   1.1(2)  
          C(1)-B(1)-O(2)-C(8)                                -178.40(19)  
          O(2)-B(1)-C(1)-C(6)                                -178.06(19)  
          O(1)-B(1)-C(1)-C(6)                                   2.5(3)  
          O(2)-B(1)-C(1)-C(2)                                   3.4(3)  
          O(1)-B(1)-C(1)-C(2)                                -176.00(19)  
          C(6)-C(1)-C(2)-C(3)                                  -0.2(3)  
          B(1)-C(1)-C(2)-C(3)                                 178.4(2)  
          C(1)-C(2)-C(3)-C(4)                                   0.0(3)  
          C(2)-C(3)-C(4)-C(5)                                   0.2(3)  
          C(2)-C(3)-C(4)-C(7)                                 179.7(2)  
          C(3)-C(4)-C(5)-C(6)                                  -0.2(3)  
          C(7)-C(4)-C(5)-C(6)                                -179.7(2)  
          C(4)-C(5)-C(6)-C(1)                                   0.0(4)  
          C(2)-C(1)-C(6)-C(5)                                   0.2(3)  
          B(1)-C(1)-C(6)-C(5)                                -178.4(2)  
          B(1)-O(2)-C(8)-C(13)                                 -1.0(2)  
          B(1)-O(2)-C(8)-C(9)                                 177.9(2)  
          C(13)-C(8)-C(9)-C(10)                                 0.0(4)  
          O(2)-C(8)-C(9)-C(10)                               -178.8(2)  
          C(8)-C(9)-C(10)-C(11)                                 0.2(4)  
          C(9)-C(10)-C(11)-C(12)                                0.2(4)  
          C(10)-C(11)-C(12)-C(13)                              -0.6(4)  
          C(9)-C(8)-C(13)-C(12)                                -0.5(3)  
          O(2)-C(8)-C(13)-C(12)                               178.47(18)  
          C(9)-C(8)-C(13)-O(1)                               -178.4(2)  
          O(2)-C(8)-C(13)-O(1)                                  0.5(2)  
          C(11)-C(12)-C(13)-C(8)                                0.8(3)  
          C(11)-C(12)-C(13)-O(1)                              178.3(2)  
          B(1)-O(1)-C(13)-C(8)                                  0.2(2)  
          B(1)-O(1)-C(13)-C(12)                              -177.6(2)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table A19:  Hydrogen bonds for 21 [Å and deg.].  
 
________________________________________________________________________ 
   
 D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA)  
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Table A20:  Crystal data and structure refinement for 22.  
   
   
      Identification code                22  
   
      Empirical formula                  C12H8BFO2  
   
      Formula weight                     213.99  
   
      Temperature                        200(2) K  
   
      Wavelength                         0.71073 Å  
   
      Crystal system, space group        Monoclinic,  P2(1)/n  
   
      Unit cell dimensions               a = 12.362(8) Å     alpha = 90 deg.  
                                                      b = 4.735(3) Å       beta = 98.611(7) deg.  
                                                      c = 17.487(11) Å   gamma = 90 deg.  
   
      Volume                             1012.0(11) Å3  
   
      Z, Calculated density              4,  1.405 mg/m3  
   
      Absorption coefficient             0.105 mm-1  
   
      F(000)                             440  
   
      Crystal size                       0.27 x 0.25 x 0.11 mm  
   
      Theta range for data collection    2.36 to 24.99 deg.  
   
      Limiting indices                   -14<=h<=14, -5<=k<=5, -20<=l<=20  
   
      Reflections collected / unique     8091 / 1767 [R(int) = 0.0855]  
   
      Completeness to theta = 24.99      98.8 %  
   
      Absorption correction              Semi-empirical from equivalents  
   
      Max. and min. transmission         0.9885 and 0.9722  
   
      Refinement method                  Full-matrix least-squares on F2  
   
      Data / restraints / parameters     1767 / 0 / 146  
   
      Goodness-of-fit on F2             1.012  
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      Final R indices [I>2σ(I)]      R1 = 0.0558, wR2 = 0.1198  
   
      R indices (all data)               R1 = 0.1177, wR2 = 0.1502  
   
      Extinction coefficient             0.008(3)  
   
      Largest diff. peak and hole        0.194 and -0.183 e. Å-3  
  
 
         Table A21:  Atomic coordinates (x 104) and equivalent isotropic  
         displacement parameters (Å2 x 103) for 22.  
         U(eq) is defined as one third of the trace of the orthogonalized  
         Uij tensor.  
   
         ________________________________________________________________  
   
                               x                   y                 z           U(eq)  
         ________________________________________________________________  
   
          O(1)         4192(2)       2339(4)        703(1)       43(1)  
          O(2)         2721(2)       1549(4)       1335(1)       44(1)  
          F(1)         6199(2)      -7289(4)       3230(1)       71(1)  
          B(1)         3796(3)        789(7)       1282(2)       40(1)  
          C(1)         4463(2)      -1396(6)       1804(2)       40(1)  
          C(2)         5535(2)      -2095(6)       1722(2)       46(1)  
          C(3)         6128(3)      -4057(7)       2197(2)       52(1)  
          C(4)         5620(3)      -5336(6)       2757(2)       50(1)  
          C(5)         4573(3)      -4743(6)       2862(2)       49(1)  
          C(6)         4002(3)      -2771(6)       2385(2)       46(1)  
          C(7)         3329(2)       4059(6)        391(2)       41(1)  
          C(8)         3299(3)       6025(7)       -193(2)       51(1)  
          C(9)         2327(3)       7473(7)       -384(2)       54(1)  
          C(10)        1440(3)       7013(7)        -10(2)       55(1)  
          C(11)        1482(3)       5024(7)        583(2)       50(1)  
          C(12)        2444(2)       3595(6)        767(2)       40(1)  
         ________________________________________________________________  
  
 
           Table A22:  Bond lengths [Å] and angles [deg] for 22.  
           _____________________________________________________________  
   
            O(1)-C(7)                     1.387(3)  
            O(1)-B(1)                     1.397(4)  
            O(2)-B(1)                     1.393(4)  
            O(2)-C(12)                    1.393(3)  
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            F(1)-C(4)                     1.369(3)  
            B(1)-C(1)                     1.535(5)  
            C(1)-C(2)                     1.394(4)  
            C(1)-C(6)                     1.399(4)  
            C(2)-C(3)                     1.382(4)  
            C(3)-C(4)                     1.380(5)  
            C(4)-C(5)                     1.363(4)  
            C(5)-C(6)                     1.375(4)  
            C(7)-C(12)                    1.376(4)  
            C(7)-C(8)                     1.379(4)  
            C(8)-C(9)                     1.380(4)  
            C(9)-C(10)                    1.376(5)  
            C(10)-C(11)                   1.397(4)  
            C(11)-C(12)                   1.364(4)  
   
            C(7)-O(1)-B(1)              105.2(2)  
            B(1)-O(2)-C(12)             105.6(2)  
            O(2)-B(1)-O(1)              110.7(3)  
            O(2)-B(1)-C(1)              124.6(3)  
            O(1)-B(1)-C(1)              124.7(3)  
            C(2)-C(1)-C(6)              117.5(3)  
            C(2)-C(1)-B(1)              122.2(3)  
            C(6)-C(1)-B(1)              120.3(3)  
            C(3)-C(2)-C(1)              121.7(3)  
            C(4)-C(3)-C(2)              117.7(3)  
            C(5)-C(4)-F(1)              118.6(3)  
            C(5)-C(4)-C(3)              123.2(3)  
            F(1)-C(4)-C(3)              118.2(3)  
            C(4)-C(5)-C(6)              118.1(3)  
            C(5)-C(6)-C(1)              121.9(3)  
            C(12)-C(7)-C(8)             121.8(3)  
            C(12)-C(7)-O(1)             109.7(3)  
            C(8)-C(7)-O(1)              128.5(3)  
            C(7)-C(8)-C(9)              116.1(3)  
            C(10)-C(9)-C(8)             122.3(3)  
            C(9)-C(10)-C(11)            121.1(3)  
            C(12)-C(11)-C(10)           116.3(3)  
            C(11)-C(12)-C(7)            122.4(3)  
            C(11)-C(12)-O(2)            128.8(3)  
            C(7)-C(12)-O(2)             108.8(3)  
           _____________________________________________________________  
   
           Symmetry transformations used to generate equivalent atoms:  
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    Table A23:  Anisotropic displacement parameters (Å2 x 103) for 22.  
    The anisotropic displacement factor exponent takes the form:  
    -2 π2 [ h2 a*2 U11 + ... + 2 h k a* b* U12 ]  
   
    
_______________________________________________________________________  
   
                 U11        U22        U33        U23        U13        U12  
    
_______________________________________________________________________  
   
    O(1)     42(1)      36(1)      54(1)       2(1)      19(1)      -1(1)  
    O(2)     46(1)      35(1)      54(1)      -2(1)      18(1)      -4(1)  
    F(1)     86(2)      50(1)      72(1)       4(1)      -2(1)      13(1)  
    B(1)     39(2)      31(2)      53(2)     -11(2)      17(2)     -10(2)  
    C(1)     45(2)      28(2)      50(2)      -8(2)      14(2)      -4(1)  
    C(2)     47(2)      35(2)      60(2)      -1(2)      19(2)      -3(2)  
    C(3)     45(2)      40(2)      73(2)     -10(2)      14(2)       0(2)  
    C(4)     61(2)      32(2)      55(2)      -6(2)       2(2)       1(2)  
    C(5)     60(2)      37(2)      54(2)       2(2)      17(2)      -3(2)  
    C(6)     47(2)      36(2)      56(2)      -3(2)      20(2)      -2(2)  
    C(7)     41(2)      29(2)      53(2)      -6(2)       9(2)      -3(1)  
    C(8)     56(2)      42(2)      58(2)       2(2)      17(2)      -5(2)  
    C(9)     61(2)      38(2)      61(2)       2(2)       4(2)      -5(2)  
    C(10)    50(2)      39(2)      74(2)      -9(2)      -1(2)       2(2)  
    C(11)    44(2)      40(2)      70(2)     -11(2)      17(2)      -3(2)  
    C(12)    45(2)      29(2)      49(2)      -6(2)      12(2)      -4(2)  
    
_______________________________________________________________________  
   
 
         Table A24:  Hydrogen coordinates (x 104) and isotropic  
         displacement parameters (Å2 x 103) for 22.  
   
         ________________________________________________________________  
   
                               x                 y                z           U(eq)  
         ________________________________________________________________  
   
          H(2A)        5866         -1199          1329          56  
          H(3A)        6861         -4510          2140          63  
          H(5A)        4248         -5666          3253          59  
          H(6A)        3272         -2329          2453          55  
          H(8A)        3911          6363          -450          61  
          H(9A)        2269          8835          -787          65  
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          H(10A)        788          8066          -158          66  
          H(11A)        874          4685           845          61  
         ________________________________________________________________  
  
         Table A25:  Torsion angles [deg] for 22.  
         ________________________________________________________________  
   
          C(12)-O(2)-B(1)-O(1)                                  0.7(3)  
          C(12)-O(2)-B(1)-C(1)                                179.3(3)  
          C(7)-O(1)-B(1)-O(2)                                  -0.7(3)  
          C(7)-O(1)-B(1)-C(1)                                -179.2(3)  
          O(2)-B(1)-C(1)-C(2)                                 179.5(3)  
          O(1)-B(1)-C(1)-C(2)                                  -2.2(4)  
          O(2)-B(1)-C(1)-C(6)                                  -0.5(4)  
          O(1)-B(1)-C(1)-C(6)                                 177.9(3)  
          C(6)-C(1)-C(2)-C(3)                                  -0.3(4)  
          B(1)-C(1)-C(2)-C(3)                                 179.7(3)  
          C(1)-C(2)-C(3)-C(4)                                   0.5(4)  
          C(2)-C(3)-C(4)-C(5)                                  -0.3(5)  
          C(2)-C(3)-C(4)-F(1)                                 179.8(2)  
          F(1)-C(4)-C(5)-C(6)                                 179.8(3)  
          C(3)-C(4)-C(5)-C(6)                                  -0.1(5)  
          C(4)-C(5)-C(6)-C(1)                                   0.3(4)  
          C(2)-C(1)-C(6)-C(5)                                  -0.1(4)  
          B(1)-C(1)-C(6)-C(5)                                 179.9(3)  
          B(1)-O(1)-C(7)-C(12)                                  0.4(3)  
          B(1)-O(1)-C(7)-C(8)                                 179.1(3)  
          C(12)-C(7)-C(8)-C(9)                                 -0.7(4)  
          O(1)-C(7)-C(8)-C(9)                                -179.3(3)  
          C(7)-C(8)-C(9)-C(10)                                  0.6(4)  
          C(8)-C(9)-C(10)-C(11)                                -0.3(5)  
          C(9)-C(10)-C(11)-C(12)                                0.1(4)  
          C(10)-C(11)-C(12)-C(7)                               -0.2(4)  
          C(10)-C(11)-C(12)-O(2)                              178.9(3)  
          C(8)-C(7)-C(12)-C(11)                                 0.5(4)  
          O(1)-C(7)-C(12)-C(11)                               179.4(2)  
          C(8)-C(7)-C(12)-O(2)                               -178.8(2)  
          O(1)-C(7)-C(12)-O(2)                                  0.1(3)  
          B(1)-O(2)-C(12)-C(11)                              -179.7(3)  
          B(1)-O(2)-C(12)-C(7)                                 -0.5(3)  
         ________________________________________________________________  
   
         Symmetry transformations used to generate equivalent atoms:  
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 Table A26:  Hydrogen bonds for 22 [Å and deg.].  
 ___________________________________________________________________ 
   
 D-H...A                      d(D-H)      d(H...A)    d(D...A)    <(DHA)  
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Appendix B – Calculation Input Information 

 

Sample ADF calculation input file for 16. 

#!/bin/sh 
 
$ADFBIN/adf << eor 
Title PF3 - scf 
 
Basis 
 Type TZP 
End 
 
Symmetry NOSYM 
 
Atoms 
1. C                  1.05849800    1.21342100   -0.00000600 
2. C                 -0.33345900    1.20232900   -0.00000100 
3. C                 -1.05770800    0.00000300    0.00001200 
4. C                 -0.33345900   -1.20232600    0.00001500 
5. C                  1.05849600   -1.21341900    0.00000800 
6. H                  1.60923700    2.14679100   -0.00001300 
7. H                 -0.86853000    2.14598600   -0.00000300 
8. H                 -0.86853300   -2.14598100    0.00002400 
9. H                  1.60923700   -2.14678800    0.00001100 
10. B                 -2.61693200    0.00000000    0.00002300 
11. O                 -3.26513300   -1.21163800    0.00000000 
12. H                 -4.22742900   -1.19381400   -0.00001100 
13. O                 -3.26513700    1.21163500   -0.00000700 
14. H                 -4.22743400    1.19380900   -0.00003600 
15. C                  1.74038200    0.00000100   -0.00000200 
16. Cl                 3.50022200   -0.00000200   -0.00001100 
End 
 
Integration 6.0 
 
qtens 
 
XC 
   GGA revPBE 
End 
 
locorb 
end 
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End Input 
eor 
 
$ADFBIN/epr << eor 
CLGEPR 
  NUCLEI ALL 
  OUTPUT 
    SIZE LARGE 
  SUBEND 
END 
END INPUT 
eor 
 
cp TAPE21 chloro4nmr.t21 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



     171

Appendix C – MQMAS Spectra 

 

 

 

 
Figure A1: Two-dimensional 11B MQMAS spectrum of compound 21.  The signal for 

this compound can be seen in the isotropic dimension along the F1 axis.  Shown at ~ 54 

ppm along the F1 axis is a spinning sideband. 
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Figure A2: One-dimensional slices of the 11B MQMAS spectrum of compound 21. 

These slices are running through the lineshape observed in the isotropic dimension along 

the F1 axis.  Each slice running through the lineshape observed along the isotropic 

dimension is shown in a different colour.  Note that there appears to be a slight change in 

CQ values between each slice. 
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