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Abstract

The results of a solid-statéB NMR study of a series of boronic acids, boronic
esters, and boronic acid catechol cyclic esters sibmatic substituents are reported in
this thesis. Boron-11 electric field gradient (BF&hd chemical shift (CS) tensors
obtained from analyses of spectra acquired in megfields of 9.4 T and 21.1 T are
demonstrated to be useful for gaining insight ithi® molecular and electronic structure
about the boron nucleus. Data collected at 21fdr The boronic acid and boronic ester
compounds in Chapter 2 clearly show the effectbaion chemical shift anisotropy
(CSA), with tensor spansQ) on the order of 10 to 40 ppm (Chapter 2). Fa th
compounds studied in Chapter 3, signal enhancernoénis to 2.95 were achieved with a
DFS-modified QCPMG pulse sequence. To better whaled the relationship between
the NMR interaction tensors and the local structesgculations of thé'B EFG and
magnetic shielding tensors for these compounds e@rducted. The best agreement was
found between experimental results and those ddaiftom GGA-revPBE DFT
calculations. For the compounds discussed in @n&pta positive correlation was found
betweenQ and the dihedral anglez{csc), which describes the orientation of the boronic
acid/ester functional group relative to an aromatstem bound to boron. The small
boron CSA is discussed in terms of paramagnetieldihg contributions as well as
diamagnetic shielding contributions. Although thés a region of overlap, both and
the B quadrupolar coupling constants tend to be lafgeboronic acids than for the
esters. In the case of boronic acids and borasict @atechol cyclic esters in Chapter 4,
the B quadrupolar coupling constants are always lafgeboronic acids than for the

boronic acid catechol cyclic esters. It can bectated that when adequate electronic



variation is present in the compounds being styddeid generally the most characteristic
boron NMR parameter of the molecular and electrenironment for boronic acids and
esters. Importantly, these data are only religugessible in ultrahigh magnetic fields.

The experimental2 values result from a delicate interplay of sevemhpeting factors,

including hydrogen bonding, the value @fso, the type of aromatic ring system present,
and the electron-donating or withdrawing substitsdround to the aromatic ring. When
there is little electronic variation amongst thempmunds, the change in the NMR
parameters is negligible. Sufficient structuraliatons, such as those found in the ring
system bound to the boron atom, are required ierd observe a substantial change in

the NMR parameters.



Chapter 1

Introduction

1.1 Conventions and Background

This chapter provides a basic overview and desonf the relevant interactions
that are present in the observation of solid-statdear magnetic resonance (SSNMR), as
well as the NMR parameters which can be used tolaie an acquired NMR spectrum.
In the first section the Zeeman, magnetic shieldiagd quadrupolar interactions are
defined and discussed. These are all importamrantions to which a quadrupolar
nucleus is subject when exposed to an external eti@gftield. These interactions will
lead to unique lineshapes in the acquired SSNMRtspa, which can typically be
simulated using analytical methods, a process whltdws one to quantify the above
interactions using the NMR parameters discusseaibelin section 1.2'B SSNMR is
discussed in some detail. Properties of the bdafomucleus, such as the electric
guadrupole moment, the natural abundance, andutlear spin are given. In addition,
the relevant NMR interactions present for the bet@mucleus are discussed. Finally,
section 1.3 provides a description of the objestiaed scope of this thesis.

In addition to the Zeeman interaction, tHB SSNMR spectra presented here are
primarily affected by nuclear magnetic shieldig, the quadrupolar interaction between
the quadrupole momene@), and the electric field gradient (EFG) at thelaus. The

Hamiltonian operator for theB nucleus in a magnetic field may be expressetfas:

= H, + g, gy A, 8

where the first term on the right hand side of #wuation represents the Zeeman

interaction, the second represents the quadrupalaraction, the third represents the



magnetic shielding interaction, the fourth représehe direct dipolar interactions, and
the fifth represents the indirect nuclear spin-spiaraction.

The Zeeman interaction (Figure 1.1) is due to titeraction between a nuclear
spin system and the external magnetic field. Narcdpin () represents the total angular
momentum of a given nucleus, which can be relatethé nuclear magnetic moment.
The magnetic moment can interact with the exteamdironment, and in the case of
NMR, the magnetic moment of the nucleus aligns @larcone about the same axis that
the external magnetic fieldg) is oriented along while the net magnetizatiors kdéong
Bo. The total angular momentum describes the sfatieeonucleus, namely, the sum of
the angular momenta of all the protons and neutconsained within the nucleus, where
the angular momentum is represented in vector spad#hough the energy states of a
guadrupolar nucleus are not degenerate in the ebsgEmnan external magnetic field due
to the interaction between the quadrupole momenthef nucleus and the EFG, for
simplicity, let us consider the situation where theclear energy states are degenerate
outside the presence of an external magnetic fidlde Zeeman interaction leads to the
observed NMR signal. Shown below is the effectha$ interaction on the spin state

energies of a spin-3/2 € 3/2) quadrupolar nucleus.

E= (32)vyhB,

E= (12)yhB, AE=VhBE,

—
Il

8]

8}

.. E--«2yhB, AE=vhE

Energy

E= -32)yhB, AE=vhB,

Magnetic Field Strength

Figure 1.1: lllustration of the Zeeman interaction for a sBi2-system.



In the absence of an external magnetic field, &lthe spin states for a given
nucleus are degenerate (except when a nuclearup@dmoment is interacting with the
EFG). However, in the presence of an external m@gfield, the nuclear spin states are
no longer degenerate and, if one ignores all gtb&ntial interactions, are separated by a
change in energy related to the magnetogyric (®iof the nucleus, the magnitude of
the external magnetic field, and Planck’s constan{#). Relative to the case where the
nucleus is isolated, the energy of a given spiteggsimply equal to a constant (spin
number for that state) multiplied by the productych, andB,. Energy and frequency
are related by the equation

AE =hv, (2
and the energy difference between adjacent spitersgsfor a given nucleus can be

expressed as a frequency,

v, =L 3)

21T

where v, represents the nuclear Larmor frequency of thesitian. To induce these
transitions, electromagnetic (EM) radiation is agplto the system with energy equal to
AE. This radiation is usually applied in the forfnaoradio-frequency (RF) pulse. Using
eg. 3, the RF pulse is applied at the nuclear Larfrequency. The time-domain
response of the system subjected to this RF pwasesabsequently be analyzed using
Fourier analysis. The bandwidth of the frequenicthe pulse however, is much less than
the nuclear Larmor frequency, usually on the orofetens of kHz. Long pulses can

uniformly excite narrow frequency ranges, while shmulses are able to excite wider



frequency ranges. This is due to the inverseiogighip between the time and frequency
domains when they are related using Fourier arslysi

Consider an isolated spin 3/2 system. In the aeseh an external magnetic
field, while ignoring other interactions, the faaltowed states of the nuclear spin system
are degenerate. In bulk materials, however, azBwhn distribution adequately
describes the population ratio between the foun spates, where the energy difference
between these four states is far less than theemeigy. Hence the populations of the
four states are nearly identical. However, in agn&dic field, the energy gap between
these four spin states is no longer degeneratee félowing equation defines the
Boltzman factor relating the probabilityp)( of occupying an energy stat€)(at a
particular temperaturd}:

P ) ), ()
P-1/2

Therefore, the population difference between the $pin states is directly proportional
to the magnetogyric ratio of the nucleus and theereal magnetic field strength, and
inversely proportional to the temperature. Thesgmty of an NMR experiment
depends on the population difference between ttvesenergy states. Hence, sensitivity
increases with increasing and By, and decreasing T. Assuming an electronically
diamagnetic material, if the populations of the ®vergy states were equal, there would
be no net magnetization in a magnetic field. Heiitcis this population difference that
leads to a net magnetization in the external magfietd. If a static magnetic field is
applied along a particular axis only, the net méigagon due to the sample builds up
along the same axis as the static magnetic fidithen the sample is subjected to a pulse

of EM radiation which oscillates at the Larmor fuegcy and is directed orthogonally to



the static field, the net magnetization is diverfiein the axis of the static magnetic field
and towards the orthogonal plane. The spectromeasures the time dependant
magnetization in the plane. This is referred tdrassverse magnetization. The change
in magnetization in the transverse plane after Ritepulse is applied induces a time
dependant voltage in the coil around the samplthénspectrometer. It is this signal
which is referred to as the free induction decdpF The Fourier transform of this time
dependant signal leads to an NMR spectrum in #epugncy domain.

Magnetic shielding is responsible for altering tkf#ective magnetic field
experienced at the nucleus. This is due to theiom®tand presence of electrons
surrounding the nucleus. Magnetic shielding mayéeerally represented by a second-
rank tensorg. The magnetic shielding tensor can be sepaiatedhree components:
isotropic  (zero-rank), symmetric (second-rank), armahtisymmetric (first-rank).
Diagonalization of the symmetric portion ofyields the orientation of its principal axis
system (PAS) relative to an external axis systemn. its PAS, the three principal
components (i.e., the diagonal matrix elements)thaf symmetrico are ordered as
follows: 0, <0,,<0,..

The experimentally observed (chemical shift) may be defined in terms of
magnetic shielding if a suitable shielding refeeeegists:

_ 0

iso,ref

1-o

iso,ref

— Jii, sample

o, =0 iso,ref gi ,samp’? (5)

ii ,sample —

whereii = 11, 22, 33, andiso ref represents the isotropic shielding value for @nezice
compound. Under practical application in an expent, one measures the difference in

frequency, in ppm, between a given compound amdesience sample such that:



g=Y Yt 1. (6)
U

ref

The three principal components of the chemicdt ¢8iS) tensor are ordered as follows:
o, 20,,20,,. For both theo and CS tensors, the isotropic value is the avechdbe

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

the ¢ and CS tensor parametérsThe span @), which measures the chemical shift

anisotropy (CSA) is defined &s:

Q=03-0,,~0," 0y, )

while the skewK) is defined a$:

- 3T~ 92) ~ 3002, 9s) (8)
Q Q

The approximation made in the equation for skeswv ai result of the
approximation that can be made in eq. 5 when defimhemical shift. The chemical
shift tensor is referred to as axially symmetridwfo of the principal components are

equal. The figure below illustrates the effect tsllew has on a simulated lineshape.
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Figure 1.2: lllustration of the lineshapes a spin ¥z nucleus warying skew values.

Asymmetric magnetic shielding is observed whehz1.

According to Ramsey, nuclear magnetic shielding learbroken down into two
contributing components: diamagnetic shieldingyf and paramagnetic shielding
(Oparg.*>® Although the diamagnetic contribution dependsh@nelectronic ground state
of the molecule, the paramagnetic contribution deseon a sum over all excited states.
In the past, molecular orbital theory has been esgfally applied to relate electronic

structure to magnetic shielding and span. BoromrBfnetic shielding is discussed in



terms of contributions fronogi, andcrp;,m,\“'&"'6 The diamagnetic shielding term is defined

as:

o= L] oz g ®

wheree is the charge of an electran,is the mass of an electron, k indicates a sum lover
electrons, andy is the position vector for electron k relativethe nucleus.

The paramagnetic shielding term may be defined as:

(10)

j( & sz <0|§k:fk_3fm|n><n|2klfw|0>+<0|Zk'Aw|n><n|Zklf;3'Am|Q

_ [ Mo
ob, =-| =%
ap ( 2y

a4 - &

Where n indicates a sum over excited singlet states higd the angular momentum
operator. The terms in the numerator representi¢igeee of orbital mixing between the
occupied and virtual orbitals contributing to atmarar shielding componento( S5 are
permuted ovex, y, z), and the term in the denominator representsribegg gap between
the two wave functions involved in the mixing. Wdughogia andoparsare defined using
a wave function basis, they are explained using Miasit the boron nucleus.

When considering a quadrupolar nuclelus-(1/2), the nuclear charge distribution
is non-spherical. As a result of this nonspherical charge distitout the nucleus
possesses a quadrupole momeq,(eq. 11). In a prolate systemQ) has a positive
value, whereas in an oblate systaaf@ has a negative value. The nuclear quadrupole
moment can interact with the EFG at the nucleuschvieads to the nuclear quadrupolar
interaction. Unlike the nuclear magnetic shieldiegsor, the EFG tensor only possesses

a second-rank (symmetric) contribution. As with #hielding and shift tensors, the EFG

10



tensor may be diagonalized to provide the princgmahponents of the tensor and the

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

follows: |V 2|V, 2|V,{. The magnitude of the EFG tensor is fully spedifusing two

parameters. The first parameter is known as tlbeau quadrupolar coupling constant

(Co), and is expressed as:

_eVv,Q
Co =2,

(11)
where e is the fundamental charge ahdis Planck’s constant. Typical perturbation
treatments allow the quadrupolar interaction toas®first and second-order corrections
to the Zeeman states. Although there are infimitker corrections, it is often sufficiently
accurate to stop at the second-order correctidnis first-order term that is averaged
under magic angle spinning (MAS) conditionglé infra). The second-order quadrupolar
interaction often leads to lineshape broadeningS8NMR. The second parameter,

known as the asymmetry of the EFG tensor is defased

V11 _ V22 '

v, (12)

M=

The EFG tensor is axially symmetric if the asymmyetarameter is equal to zero. The
figure below illustrates the effect that an asynmudEFG has on the observed second-
order NMR lineshape. MAS reduces the second-oliderbroadening by a factor of
roughly 3% This effect can also be seen in the figure belohene the MAS spectra are

noticeably less broad when compared to the stpéctea.
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ﬂQ=0-6 nQ=O.8 nQ=1.O

Figure 1.3: lllustration of second-order central transitionT{dineshapes for a half-
integer spin quadrupolar nucleus with varying aswtmnparameter values. Static (grey,

broad) and MAS (no colour, narrow) spectra are show

Euler anglesd, 3, andy) are used to define the angles between two PAfssina

the case of SSNMR, they specify the relative oatoh between the CS and EFG tensor

12



PASs?!® Shown in Figure 1.4 is the EFG PA®%4, Vs, V11), and the CS PASD{s, 5y,

011); their relative orientations are described thtoog[3, andy.

%

33

A

Figure 1.4: Euler angles relating one coordinate system, #@ BAS {33, V22, V11) tO

another coordinate system, the CS PAg3, 022, 011).

It is useful to discuss the breadth of the centeaisition (CT) powder pattern due
to the second-order quadrupolar interaction, fstasionary sample, ignoring CSA for the

moment?

(13)

3
_ @5t 2me ) (L, }'“ i)
I/L

V
r 144 { ((2)@ - 1§

From eq. 13, it can be seen that the breadth ofGfe(Avcr) is inversely

proportional to they, of the nucleus being studied. Singeis directly proportional t®g

(eq. 3), the use of a largd, results in a decrease in second-order quadrupolar

13



broadening as well as the width of the CT in freguyeunits. Hence, if reduced
broadening due to the quadrupolar interaction srdd, higher magnetic field strengths
should be used. As CSA scales with the applield famd as broadening due to the
guadrupolar interaction is reduced at higher agpfields, the effects due to CSA are
potentially more easily analyzed. In the case gpectrum which is CSA dominated, the
broadening due to CSA can be quantified more pegcsnce quadrupolar broadening is
playing a smaller role. For the proper analysiSS&NMR lineshapes where both the
guadrupolar interaction (QI) and CSA are the domindineshape broadening
mechanisms, it is important to acquire all speatravo or more magnetic field strengths.
If a spectrum from one magnetic field is simulatédis not possible to know with
absolute certainty that the extracted NMR pararmsetee correct. If, however, a
spectrum is recorded at a different magnetic f&@tdngth and the same NMR parameters
provide an appropriate fit to the data, then onelma confident that the simulations have
yielded accurate NMR parameters. In addition, @sgrepancies between the simulated
NMR lineshapes and the experimental data at thedifierent magnetic field strengths

can be used to help estimate experimental error.

14



1.2*'B Solid-State NMR Spectroscopy

Solid-state 'B NMR spectroscopy can provide valuable informatiabout
structural and electronic properties in boron-ciomitg compound$>® Boron has two
NMR-active isotopes which possess quadrupolar nué® (I = 3; N.A. = 19.9 %;= =
10.744 %) and’B (I = 3/2; N.A. = 80.1 %:= ~ 32.084 %)-* Both of these nuclides
have small to moderate nuclear electric quadrupmenents,eQ (Q(*°B) = 84.59 mb;
Q(*'B) = 40.59 mb)® The''B nucleus is more receptive to NMR studies duetgo i
higher natural abundance, smaller quadrupole mgraextthe availability of a CT (i.e.,
m = £1/2— £1/2). The CT for a spin 3/2 quadrupolar nucleas be seen in Figure 1.1.
This figure also illustrates the satellite tramsis (ST) (i.e.m = £1/2«+ £3/2, for allAm,
= 1). Signal enhancement techniques such as dduddeiency sweeps (DFS) can
increase the population difference between the émergy states of the CT which
produces more signal due to increased net magtietiza QCPMG, another signal
enhancement technique, can lead to greater sigtealisity in fewer scans by producing
an echo train and acquiring multiple echoes pemn.sc&hese signal enhancement
techniques are discussed in more detail in Ch&pter

When NMR experiments are conducted on solutiornsdraumbling of the solute
molecules leads to an averaging of molecular catesris over the timescale of the
experiment. In most cases, this leads to shargspeend isotropic chemical shift data
may be obtained. It is well known that such NMPperxments can be applied to help
elucidate the structure of the compound being stlidorovide data about the chemical
environment of the nucleus being studied, providermation about dynamics such as

reaction rates, or simply monitor a reaction ingoess from initiation to completiof.
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In powdered samples, the lack of rapid molecularttiing often corresponds to a
static distribution of crystallites, and hence neolar, orientations. This typically leads
to NMR lineshape broadening. FdB, SSNMR spectra can provide information about
both the quadrupolar interaction between the nscéd the EFG, as well as CSA, both
of which are related to the electronic and molec@avironment. An advantage of
SSNMR experiments using quadrupolar nuclei is #olalitional parameters which reflect
the orientation-dependence of the NMR interactiares available and they help one to
determine the local geometry and bonding envirorim&dhen considering quadrupolar
nuclei, one must take the quadrupole induced sitftaccount. The QI shifts the centre
of gravity of the lineshape, which needs to be exigd. The correction due to the
guadrupole induced shift is inversely proportictoeB,.

SSNMR experiments on powdered samples using qualduprobe nuclei will,
almost always, lead to the observation of broaeéslin the spectrum. The CT is
broadened by anisotropy of second-order quadrupdi@ractions. MAS, depicted below
in Figure 1.5, was introduced as a means of enhgrspectral resolutioh. Spinning a
sample rapidly about the magic angle (54réfative to the applied static magnetic field)
leads to a time averaging of molecular orientatiohshe sample within the magnetic

field over the period of sample rotatigfr 1617181920
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Figure 1.5 MAS depicting a rotor which is rotating at an Engf 54.74° relative to the
magnetic field. This effect assists in averagihg tmolecular orientations of the

molecules in the rotor.

MAS reduces the second-order line broadening top@B times If the magic
angle Puas, as per Figure 1.5) is properly set, the firsteorline broadening can be
averaged for the satellite transitions in addititn suppressing the direct dipolar
broadening effects. Since the central transitsonsiually the region of the spectrum from
which physicochemical data is extracted, resolutddnthis region is a main focus.
Second-order quadrupolar interactions affect the 8hape of the central transition and
act as a perturbation to the Zeeman interactiorchvis the dominant interaction in the
high-field approximation. Setting the magic anglecisely will partially average this
second-order quadrupolar interaction and potegtralult in a well-resolved spectrum.

Line broadening, which manifests itself in the |paterns of a given spectrum, is
due to anisotropy of second order quadrupolar asteons. Under MAS conditions, this

is determined by the second and fourth-rank tensarsr” rank tensor is independent of
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any specific coordinate system and is an n-dimeasiarray composed of numerical
values or components. For example, a zero-rank tensor can be repraséyta single
scalar value, a first-rank tensor by a vector, arsgcond-rank tensor by a square matrix.
The magnetic shielding tensor is a 3 x 3 seconl-tansor. Spinning the sample at a
precise angle with respect to the external magtietid could individually average each
of these tensors. In MAS, however, one does niot thg sample about two (or more)
axes simultaneously. Thus, averaging out boths#wnd and fourth-rank tensors and
removing line broadening due to second-order artpgtis not possible. In order to
average out both second and fourth-rank tensordudiydremove the broadening due to
second-order anisotropy, the following conditionulgbhave to be satisfiet!:
P2(cosf32)=Pa4(cosp1)=0, (13)
where P, represents a second-order Legendre polynorRiatepresents a fourth-order
Legendre polynomial, an@ represents the corresponding angles to make émditoon
true. Such a condition, where the second and Heander Legendre polynomials are
being averaged to zero, is satisfied wBer 54.7 andB; = 30.6. Magic angle spinning
will average out the second-order polynomial; hdime broadening due to second-order
anisotropy is reduced significantly since it isydue to the effect of the fourth-order
polynomial. In MAS spectra, second-order quadrapahteractions are still present,
however, increasing the magnetic field will causiearease in the broadening associated
with the second-order quadrupolar interaction.héldigh the QI and CS tensors are both
second rank tensors which can be used to desadmnd-order Ql, the second-order QI

is described using second and higher-order Leggralymomials.
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Experimental characterization and interpretatiobh@bn chemical shift and EFG
tensors in a series of solid boronic acids andresiee reported. Boron-11 SSNMR
experiments were performed under stationary and Méw&litions aB, values of 9.40 T
and 21.1 T. At 21.1 T, the influence of the CSstenon the observed SSNMR line
shapes becomes extremely important as its linewiidthdz) is proportional tdBo. In
addition to improving sensitivity, ultrahigh-fielB, > 18.8 T) NMR spectrometers
should therefore provide more precise measurentéiike influence of the CS tensor on
SSNMR spectra. In the case of quadrupolar nusleh as''B, a high magnetic field
also produces narrower CT line shapes since th&atemansition signal broadening
associated with the second-order quadrupolar cogicales inversely with magnetic
field.

Molecular orbital (MO) analyses are performed tovmle insight into the
relationship between the molecular and electrommigcture around the boron nucleus and
the '’B NMR parameters. CSA is often rationalized bysidering contributions to the
paramagnetic shielding term, as outlined in Ransseiteory of nuclear magnetic
shielding®®>® The theory may be applied in explaining the effeaf orbital-mixing-
induced paramagnetic shielding on CSA. Interpi@tadf experimental data alongside
guantum chemical calculations has the potentiplt¢é@ide important information relating

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

This thesis aims to relate the experimehtBl SSNMR parameters for a series of
boronic acids, boronic esters and boronic acidctatecyclic esters to the molecular and
electronic structures of these compounds. As amele, this can be accomplished by
relating NMR parameters such as the CS tensor @aario the occupied and virtual
MOs. In addition, quantum chemical calculationgevearried out on all compounds.
This was done to calculate the NMR parameters.sé@lealculations can be carried out to
both confirm the experimental NMR parameters, adl we to determine magnetic
shielding contributions due to pairwise orbital mix Agreement between experimental
and calculated NMR parameters provides additioniaemce that the relationships noted
and parameters acquired are in fact valid, andnadigsists in understanding the local
structure. NMR signal enhancement techniques asaddFS and QCPMG were applied
to these systems to test the efficacy of signaheodment on boron-11 systems.

In Chapter 2, a series of boronic acids and estere studied where there was
large variation in the molecular and electroniusture from compound to compound.
Under these conditions, there is sufficient vaoiatin the’’B NMR and therefore some
of them can easily be related to the molecularcsire.

In Chapter 3'B SSNMR spectra of selected compounds from Ch&ptesre re-
acquired using DFS and QCPMG pulse sequences.alSiginancement is noted when
these pulse sequences are used, and this allowsefacquisition of more signal in fewer
scans, which can be useful in dilute systems.

Finally, in Chapter 4, a series of boronic acidd &oronic acid catechol cyclic

esters were studied where there was little vanatio the molecular and electronic
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structure from compound to compound. Under thesalitions, there is not sufficient
variation in the NMR parameters to relate themh®smolecular structure. Ideally, small
changes to the structure, such as the variatiensobstituent on the aromatic ring system
would lead to observable changes in the obseRB&SNMR spectrum. Studying these
compounds proved to be a fruitful endeavor. Itvgles a handle as to how much
electronic variation needs to be present in théesysn order to have an impact on the
experimentally observedB SSNMR parameters.

SSNMR is an extremely useful technique which can used to measure
physicochemical data about a compound and to hielgidate the structure. It can
provide details such as quadrupolar or magnetielding data which liquid NMR
typically cannot. In the case 6B SSNMR, vast amounts of data can be acquired and
simulated, and NMR parameters can be calculatedywgiantum chemical methods, to
verify and help support the experimental data. Mrous signal enhancement techniques
are available and can be quite useful for the dbaraation of dilute systems where
there is a lack of boron present. Most importaritlg physicochemical data that we can
extract from analyzing a spectrum can teach us tabwal local structure, bonding
environment, and other possible interactions witarbhy NMR-active nuclei. Because
SSNMR is still a relatively young field (first obsed experimentally in 19465,there is
a lot of work that remains to be done and many eiutiat have yet to be thoroughly
studied. In the case of SSNMR, only recently haltea-high field magnets been
developed to allow for the study of nuclei whicle atherwise too impractical to study at
lower magnetic field strengths. Their observatioms also facilitated by the

development of signal enhancing pulse sequencésasuQCPMG\ide infra.
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Chapter 2

Relating"'B NMR Parameters to Molecular and Electronic Strrect

2.1 Introduction

Boronic acids and boronic estéfsare particularly important classes of
compounds that have a wide range of uses and apphis. For example, they are used
in catalytic additions to ketoné$, asymmetric conjugate additiofts, enzyme
26,27,28,29,30,31

inhibition, potent and selective serine protease inhibitiofi, Suzuki

4536 i4:38:39.404130d neutron

coupling reactions in organic synthedi materials synthes
capture therapy treatments for cancer pati&rts***° Given the broad utility of boronic
acids and esters, an understanding of the strlicimch electronic properties of these
compounds is important.

Comprehensivé’B NMR studies have been conducted on boron compoimd
solution and many isotropic chemical shiftsdf have been reportéd*® The known
boron chemical shift range for tricoordinate andraoordinate species covers
approximately 210 ppm, with tetracoordinate spetadi;ng betweeris, = 20 and -120
ppm, and tricoordinate species betwe&g = 90 and -20 ppm with respect to
F3B*O(C,Hs), at 0 ppmt**® Boronic acids and esters have chemical shiftsointion
ranging from about 18 to 31 ppth. The chemical shifts fo'B have been shown to
correlate with the ligand’srdonor ability* Thus, the interpretation dfB chemical
shifts may provide insight inter bonding. For tricoordinate boron compounds of the
series BR, BXR,, BX,R, and BX% (X = electron-withdrawing ligand; R = alkyl groyp)

as one progresses from BRo BXs; the B isotropic chemical shifts decrease

systematically, which has been interpreted as bagsgciated with increasegelectron
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backbonding from X to B? In addition, a sterically encumbered environmenids to
cause decreasedbonding; hence, a positive shift may be observied lwcreasing steric
bulk about the boroH.

In addition to literature studies reporting isoimmformation for the boron-11
nucleus in solution*'B NMR studies have been conducted on boron commoimthe
solid state. The corresponding anisotropic infaroma such a£q andngq, was collected
and reported. These solid state studies includeackerization of thé'B nucleus in

g|aSS47,48,49

glass-ceramic®®* ceramics?® boron nitride in ceramic¥;>® boron
nitrides>® and plant cells! Although''B SSNMR experiments have been carried out on
a variety of compounds, there is still much chamazation to be done as there is not
nearly as much experimental data reported on bbiom the solid state as there is in
liquids. Due to the fact that so much extra charagation information can be gained
from SSNMR, it is beneficial to carry out experinteon relevant boron compounds.

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

esters shown below. A comprehensive discussiortinglaheir NMR parameters to

molecular and electronic structure follows.

23



CHs OH

o— Sl tBu Br OH \ B\O

CHs B. H
HO\B @[ OH W
3

. N~ ~Cl
OH Br
1 2

HO
OH B~OH
B
(CL» U\«C“
S
O

o, S
Qr$ OB& e,

H;CO Oj\
1
B
Ne)
c/\/Nj(©/ Jf\;[
HsCO OCHg

9 10

Figure 2.1 Structures of the boronic acidstp 5) and boronic ester$ (o 10) used in

this study.
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2.2 Results and Discussion

2.2.1"B Solid-State NMR Spectroscopy

Shown in Table 2.1 are the experimental boron ER@ &S tensor values
obtained via analytical simulations of tH& NMR spectra of boronic acids and esters
to 10. By simultaneously fitting data at both 9.40 &id1 T, theCq, N, anddiso Values
were determined from MAS NMR spectra. Subsequerdtgtionary spectra were
analyzed to determine the, x, and Euler angles relating the two tensor PASguies
2.2102.9).

Shown in Figure 2.2 arB SSNMR spectra of boronic es@mobtained at 9.40
and 21.1 T. As a representative example, thesdrapand the extracted parameters are
discussed in detail. Th&o(*'B) value obtained fo8 is 2.76 + 0.20 MHz anglo = 0.59 *
0.10. CSA is present and broadening is therefoseiwed in the spectrum due to both
the quadrupolar interaction as well as CSAX 14 + 2 ppm). The isotropic chemical
shift of 30.3 + 1.0 ppm falls within the expectethge for a boronic est&t. For the data
obtained at both magnetic fields, simulated spefitraery well with the experimental
data; hence, there are small experimental erraregadssociated with the reported data
(Table 2.1). Thé'B NMR spectra of both MAS and stationary samplesless broad at
21.1 T. This narrowing is seen for all sampleshie present work, as the broadening of
the CT due to the second-order quadrupolar interactecreases with increasiimy.
This is always the case when broadening in thetspacis dominated by the second-
order quadrupolar interaction. QCPMG spectra waiso obtained and each
corresponding manifold of spikelets mimics the din@pe of the stationary spectra.

QCPMG was also used as a method of signal enhamtéwde infra).
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Figure 2.2 Solid-state boron-11 NMR spectroscopy &f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG
spectra of stationary powdered samples are showip B at 9.40 T and (j}'B at 21.1

T.
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Table 2.1 Experimentaf'B EFG and CS tensor parameters for compodrtdsL0?

Sample Cq/ MHz No diso/PPM  Q / ppm K a/° B/° y/°
Boronic Acids 1 3.29+0.10 0.40+0.1029.0+1.0 33+11 -0.50+0.2050+30 25+25 4040

2 3.10+£0.20 0.30+0.2030.0+14 40+10 0.40+0.60 65+100+10 0+10

3 3.05+0.10 0.10+0.2027.5+1.0 32+2 040+040 0x20 O0x10 0zx20

4 280+0.10 0.45+0.1031.0+2.0 19+1 -090+0.1040%+5 O0=%5 0+5

5 283+0.25 0.10+0.3026.0+2.0 30+*6 020020 0+60 O0%+10 0=x60
Boronic Esters 6 279+0.10 040+0.1526.5+1.0 23+2 0.30+0.10 157505 075

7 283+0.20 0.51+0.1029.8+1.0 12+2 0.60+0.10 0+30 O0%5 0+30

8 2.76+0.20 0.59+0.1030.3+1.0 14+2 -0.25+0.1025+10 O0%5 0+10

9 266+0.10 0.68+0.1030.2+1.0 10+x2 0.40+0.10 30+x15 05 0+15

10 2.89+0.10 0.37+0.0527.3+1.0 302 0.60+0.10 103+100+5 0+10

Boric Acid® 2.85+0.05 0.40+0.1019.6 +0.3 - - - - -
®ExperimentalCq, /70, dsor Q, K, and Euler angles for each boronic acid and esteipound studied. Chemical shifts are reported

with respect to solid NaBHat -42.06 ppm. Boric acid is included as the intgypresent at 19.6 ppm in compouriland3.
®The NMR parameters were included in the simulatmnsompound® and3 using 4% and 10% intensity relative to the magmal,
respectively.
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Figure 2.3 Solid-state boron-11 NMR spectroscopy Iof Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of staiy powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG

spectrum of a stationary powdered sample is shav(i) 1'B at 9.40 T.
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Figure 2.4 Solid-state boron-11 NMR spectroscopy 2f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésatb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated usMSolids
(traces (f) and (h)) using the parameters givemahle 2.1. The small peaks in spectra
(@) — (d) seen at ~ 1 and 19 ppm are due to boriil; and its spectral parameters may be

found in Table 2.1.
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There is very little variation in the measuggg(*'B), which range from 26.0 ppm
(compounds) to 31.0 ppm (compound, i.e., only about 5 % of the total known range
for tricoordinate boron. Because this range issswll, it is difficult to conclusively
relate diso(*'B) to any single structural or electronic featuaéthough there is a good
correlation between the experimental isotropic doeahshift values and the calculated
isotropic magnetic shielding valuesde infrg).

In general, the directions of the eigenvectors esponding toVzsz and d33 are
coincident within experimental error, as quantifieg the Euler anglgg. Overall, it is
found that the span is the most sensitive NMR patanto changes in the molecular and
electronic structure from compound to compoundgirggnfrom 10 ppm (compour@) to
40 ppm (compound); i.e., the variation iff2 (30 ppm) represents 75 % of the maximum
span value (40 ppm) observed. Since the spanhieakaitgest relative variation among
the NMR parameters, it is the primary focus andréistionship with the local boron

electronic and molecular structure is discussealsnbsequent section.
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Figure 2.5 Solid-state boron-11 NMR spectroscopy f Experimental spectra of a

powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.

Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters

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

(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated usMSolids

(traces (f) and (h)) using the parameters givermTable 2.1.

Experimental QCPMG

spectrum of a stationary powdered sample is show) t'B at 9.40 T. The small peaks

in spectra (a) —

parameters may be found in Table 2.1.

(d) seen at ~ 1 and 19 ppm aretalugoric acid, and its spectral
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Figure 2.6 Solid-state boron-11 NMR spectroscopy4f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids

(traces (f) and (h)) using the parameters givenaible 2.1.
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Figure 2.7 Solid-state boron-11 NMR spectroscopy5f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG

spectrum of a stationary powdered sample is shav(i) 1'B at 9.40 T.
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Figure 2.8 Solid-state boron-11 NMR spectroscopy@f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG
spectra of stationary powdered samples are showip B at 9.40 T and (j}'B at 21.1

T.
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Depicted in Figures 2.3 to 2.6, 2.9, 2.10, and &tkElLthe™'B SSNMR spectra of
compoundsl to 4, 7, 9, and 10 respectively. Upon examination of the spectrss it
apparent that th€B line shapes associated with the boronic acids teme broader than
the spectra of boronic esters. This observati@ss®ciated with the fact that the boronic
acids tend to have larg€q(*'B) andQ values. In Table 2.1, NMR parameters are also
listed for boric acid, a known decomposition pradwd boronic acid$® This
decomposition product is clearly identified in camapds2 and3 (Figures 2.4 and 2.5) as
purchased, and is responsible for the peak @ith= 19.6 ppm. In addition, spectra for
compoundsl, 2, and4 (Figures 2.3, 2.4, and 2.6) contain broad, lovenstty peaks
buried underneath the main signal. It is specdldi@t these peaks are likely due to
small amounts of an unknown impurity, decomposifooduct present in the sample, or
possibly the result of less effective suppressibthe signal due to boron nitride inside

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

powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.

Best-fit spectra were simulated using WSolids @safb) and (d)) using the parameters

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

(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givermable 2.1.

Experimental QCPMG

spectrum of a stationary powdered sample is shavj) 1'B at 21.1 T.
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Figure 2.1Q Solid-state boron-11 NMR spectroscopyf Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG

spectrum of a stationary powdered sample is shav(i) 1'B at 9.40 T.
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Figure 2.11 Solid-state boron-11 NMR spectroscopyl® Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 2.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids
(traces (f) and (h)) using the parameters givedable 2.1. Experimental QCPMG

spectrum of a stationary powdered sample is shav(i) 1'B at 9.40 T.
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A small range inCo(*'B) is observed (i.e., from 2.66 MHz for compouido
3.29 MHz for compound). In general, th€q(*'B) values for the boronic acids tend to
be slightly larger than for the esters; howevegréhs overlap in the ranges for each class
of compound. Similarly, a small range@is observed (i.e., 10 ppm for compouhtb
40 ppm for compound). Usually, theQ values for the boronic acids tend to be slightly
larger than for the esters; however, there is aperh the ranges for each class of

compound.
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Figure 2.12 Calculated and experimental borGg for the boronic acids and boronic
esters studied. Calculated values for boronic atiders which take into account
hydrogen bonding interactions are included whernglicgble. ADF calculations were
performed using the GGA revPBE functional and TZBib set on all atoms. The

following data are shown: a) calculat& for boronic acids, b) experiment@y for
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boronic acids, c) calculatedqg for boronic esters, and d) experimenta) for boronic

esters.
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Figure 2.13 Calculated and experimental bor@nvalues for the boronic acids and
boronic esters studied. Calculated values forhioracid dimers which take into account
hydrogen bonding interactions are included whengliegble. ADF calculations were
performed using the GGA revPBE functional and TZ#i® set on all atoms. The
following data are shown: a) calculat€dvalues for boronic acids, b) experimental

values for boronic acids, c) calculat@dvalues for boronic esters, and d) experime@tal

values for boronic esters.

Figures 2.14 — 2.22 illustrate tBg dependencies of the second-order quadrupolar
interaction and CSA observed in the magnetic resomdine shape for several of the

boronic acids and esters. Shown in these Figureshe stationary spectra for each
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compound, the corresponding best-fit analyticaluation, and a simulation where the
CSA is ignored (i.e2 = 0 ppm). Comparing the traces where CSA is ohetuto those
where it is not for the data acquired at 9.40 e olearly sees that the difference between
the two traces is minimal. At 21.1 T, however, thierence between the two traces is

clear. This holds true for both boronic acids astkrs
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Figure 2.14 Solid-state boron-11 NMR spectroscopy ®f(top), and8 (bottom).
Experimental spectra of stationary powdered samgieshown in (a)'B at 9.40 T and
(d) B at 21.1 T. Best-fit spectra were simulated usM@olids (traces (b) and (e)) using
the parameters given in Table 2.1. Best-fit speawt taking the effects of CSA into
account were simulated using WSolids (traces (d) (&) using the parameters given in

Table 2.1, but where the values for span wereos@fpm.
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Figure 2.15 Solid-state boron-11 NMR spectroscopy bf Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etffeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the panansegiven in Table 2.1, but where the

values forQ were set to O ppm.
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Figure 2.16 Solid-state boron-11 NMR spectroscopy df Experimental spectra of

stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
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fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etffeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to O ppm.

a)
b)
(0 (f)

T ey o O ey e
Figure 2.17 Solid-state boron-11 NMR spectroscopy of Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etfeof CSA into account were simulated

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

values forQ were set to 0 ppm.
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Figure 2.18 Solid-state boron-11 NMR spectroscopy ®f Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etffeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to 0 ppm.
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Figure 2.19 Solid-state boron-11 NMR spectroscopy ®f Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-

fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
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in Table 2.1. Best-fit spectra not taking the etfeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to O ppm.
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Figure 2.2Q Solid-state boron-11 NMR spectroscopy ©f Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etfeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to 0 ppm.
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Figure 2.21 Solid-state boron-11 NMR spectroscopy ©f Experimental spectra of
stationary powdered samples are shown irt'@)at 9.40 T and (d)'B at 21.1 T. Best-
fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
in Table 2.1. Best-fit spectra not taking the etffeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to 0 ppm.
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Figure 2.22 Solid-state boron-11 NMR spectroscopy Ifl. Experimental spectra of
stationary powdered samples are shown int'@)at 9.40 T and (d)'B at 21.1 T. Best-

fit spectra were simulated using WSolids (tracgsafid (e)) using the parameters given
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in Table 2.1. Best-fit spectra not taking the etfeof CSA into account were simulated
using WSolids (traces (c) and (f)) using the paransegiven in Table 2.1, but where the

values forQ were set to O ppm.

Figure 2.23 is a graphical representation of thasueedQ values for different
trigonal planar boron bonding environmerftsAs the central boron atom is bound to
more oxygen atoms and fewer carbon atoms, the iexpetal Q values decrease

dramatically.
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Figure 2.23 Graphical representation of experimerf@alalues for the compounds being
studied (Table 2.1) and different borate and borsmapounds® Data points indicate
average values for a range of compounds (boronidsaand esters) or single
experimental measurements (borate and borane). vaitieal bars for the boronic acid
and ester data show the rang&dfor each class of compound. In the case of boaade
borate, the vertical bars represent the experirhemtasurement error for one compound

(trimesitylborane and triphenylborat®) As the central boron atom is bound to more
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oxygen atoms and fewer carbon atoms, the experah@ntalues decrease dramatically,

as does their range. See text for further disounssi

This trend may be rationalized by considering theméc orbitals for each species
involved. The oxygen atoms can donate electrorsitiethrough lone pairs of electrons
into the vacanp-orbital of the boron. As described in more deftiér, the contributions

to the paramagnetic portion of the toéaln the boron trigonal plane are reduced upon
increasing oxygen coordination, which can explamabserved decrease in the measured
Q.*® The boronic acids and esters h&ealues in the small/intermediate range relative
to borates on the low end and boranes on the high eAlthough the spandeing
examined are small, they are the most characteNd¥IR parameters for each compound

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

2.2.2 Computational Results

Shown in Table 2.2 are the boron EFG amdensor results calculated using
Becke, three-parameter, Lee-Yang-Parr (B3LYP),ricdetl Hartree-Fock (RHF), and
generalized gradient approximation - revised PerBevke-Ernzerhof (GGA-revPBE)
methods for compound$ to 10. Table 2.3 contains all of the computational ressul
pertaining to the mentioned computational methatsg the skew values as well as the

Euler angles.
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Table 2.2 Calculated EFG and CS tensor parameters for cangsd to 102

B3LYP RHF GGA revPBE

Sample Co/ MHz No Q / ppm Co/ MHz Nne Q/ppm Co/MHzZ no Q/ppm @cec!/®

Boronic Acids 1 3.09 0.658 20.9 3.58 0.517 19.1 2.83 0644 219 0 O
1" 3.06 0.632 21.1 3.57 0.498 21.6 2.81 0570 250 .7 8

2 3.21 0.402 40.9 3.66 0.283 329 2.96 0.383 43.7 0.09

2 3.16 0.399 41.6 3.63 0.271 36.1 291 0.380 41.8 0.09

3 3.03 0.534 27.9 3.50 0.406 19.3 2.81 0504 334 812

3 3.00 0.382 27.9 3.49 0.272 18.2 2.74 0362 277 1 O

4 2.96 0.482 17.3 3.48 0.360 12.6 2.68 0447 187 .0 O

4 2.95 0.628 25.5 3.47 0.461 20.9 2.68 0553 234 0 O

5 3.07 0.637 28.2 3.54 0436 175 2.84 0.524 326 6.7 3

5' 2.94 0.565 28.3 3.53 0.406 225 2.68 0537 281 991

Boronic Esters 6 2.93 0.622 23.1 3.48 0470 174 2.62 0649 239 5 0
7 3.01 0.548 15.6 3.57 0.405 13.0 2.72 0545 115 .0 3

8 3.01 0.633 20.0 3.56 0.497 239 2.71 0632 155 9 2

9 3.03 0.597 18.2 3.59 0.453 17.7 2.73 0592 140 2 1

10 3.05 0.495 32.8 3.56 0.397 279 2.74 0529 323 136

Boric Acid 2.46 0.304 13.3 3.04 0.235 10.2 2.24 0.300 114 0.0

T Corresponds to boronic acid dimer

& Calculated values for boronic acid dimers whichetakto account hydrogen bonding interactions actuded where applicable.
Hybrid DFT calculations were performed using theLBB functional and the 6-311+G* basis set on akneknts. RHF
calculations were performed using the 6-311+G* $ast on elements. ADF calculations were perforosedg the GGA revPBE
functional and TZP basis set on all atomgcgo is defined in Figure 2.25. Boric acid is includesithe impurity present at 19.6

ppm in compound® and3.
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Table 2.3 Calculated magnetic shielding tensor skew and Eargtes for compoundsto 10 using a single basis set on all atdms.

B3LYP RHF
Sample « al®e B/° yl° K al® B/° y/°
Boronic Acids 1 0.81 6 0 11 015 276 O 90
1t 0.24 182 8 201 0.05 242 7 62
2 0.44 223 O 227 0.69 178 O 272
2t 0.00 326 O 187 0.22 g7 O 68
3 0.24 356 6 76 0.37 41 O 89
3t -0.24 156 O 254 0.01 154 O 249
4 -0.87 200 O 276 -0.76 217 9 270
4t -0.38 127 90 270 -0.14 209 90 90
5 0.64 177 16 275 0.73 175 13 294
5t -0.36 131 12 253 -015 219 13 306
Boronic 1 3
Esters 6 0.71 90 0 0.44 90 90
7 0.23 0 1 360 -0.93 0 1 360
8 -0.58 30 1 329 -057 268 90 90
9 -0.20 111 1 251 -0.79 91 88 269
10 0.88 342 S 66 0.44 347 8 12
Boric Acid -0.69 241 0 112 -0.67 264 90 90

tCorresponds to boronic acid dimer

& Calculated borow and Euler angles for each boronic acid and estepound studied. Calculated values for boronic aaiders
which take into account hydrogen bonding interaxgtiare included where applicable. Hybrid DFT calttahs were performed using
the B3LYP functional and the 6-311+G* basis seathrelements. RHF calculations were performed ufieg6-311+G* basis set on

elements. Boric acid is included as the impurity egent at 19.6 ppm in compound® and 3.
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Calculations similar to the ones discussed here warried out on boronic acids
and boronic esters — 10. Both hybrid DFT calculations using the B3LYP ftinoal as
well as RHF calculations were performed using tH&l6* basis set on all first and
second row elements, while the aug-cc-pVTZ badisvas used on all heavier elements.
These calculations yielded results that were coaiparto experimental results; however,
calculations employing a higher level basis seB16+G*) were carried out in attempts
to achieve calculated NMR parameters that were mareagreement with the
experimental data. Logically, computations whicle @s higher level basis set should
provide more accurate results. That is indeed #s®e dor the results discussed here.
Although calculations using the 6-31G* basis satvmted results that were not in
agreement to the same extent as when the 6-311&8% bet is used, those data are still
useful and can be used to obtain approximate vdimeshe NMR parameters being
calculated. Using a higher level basis set, indase of these boron compounds, will
generally provide more accurate results. Howeves, tomes at the cost of having to

expend more computational resources.
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Table 2.4 Calculated'B EFG parameters and CSA for compouhds 102

B3LYP RHF GGA revPBE

Sample Co/MHz o Q / ppm Co/MHz o Q/ppm Co/MHz o Q /ppm ¢cec!/®

Boronic Acids 1 2.82 0.631 17.1 2.84 0.614 16.6 2.83 0.644 219 0 O
1" 2.61 0.494 22.0 3.09 0.419 20.1 2.81 0.570 250 .7 8

2 2.92 0.439 36.0 2.90 0.422 34.7 2.96 0.383 43.7 0.0 9

2' 2.86 0.302 38.4 2.88 0.288 38.0 291 0.380 41.8 0.09

3 2.23 0.922 16.6 2.42 0.782 17.0 2.81 0.504 334 812

3f 2.80 0.338 22.7 2.79 0.339 22.4 2.74 0.362 277 1 0

4 2.78 0.466 13.8 3.34 0.364 10.3 2.68 0.447 187 .0 O

4t 2.76 0.561 22.4 3.32 0.426 18.7 2.68 0.553 234 0 O

5 2.07 0.548 15.8 2.11 0.377 17.2 2.84 0.524 32.6 6.7 3

5 2.43 0.449 24.7 2.43 0.449 24.8 2.68 0.537 28.1 991

Boronic Esters 6 2.72 0.621 17.0 2.72 0.624 16.0 2.62 0.649 239 5 0
7 2.78 0.582 115 2.79 0.574 10.8 2.72 0.545 115 0 3

8 2.79 0.640 15.5 2.80 0.638 154 2.71 0.632 155 9 2

9 2.62 0.677 12.0 3.09 0.586 17.6 2.73 0.592 140 2 1

10 2.10 0.186 15.5 2.14 0.274 16.7 2.74 0.529 32.3 1.36

Boric Acid 2.30 0.249 10.7 2.90 0.183 7.9 2.24 0.300 11.4 0.0

tCorresponds to boronic acid dimer

& Calculated boroi€o, 779, andQ values for each boronic acid and ester compountiest. Calculated values for boronic acid dimers
which take into account hydrogen bonding interangtiare included where applicable. Hybrid DFT catiahs were performed using
the B3LYP functional and the 6-31G* basis set dfilgt and second row elements, while the aug-¢@-p basis set was used on all
heavier elements. RHF calculations were perfornsaaguthe 6-31G* basis set on all first and secavd elements, while the aug-cc
pVTZ basis set was used on all heavier elements$: éddculations were performed using the GGA revRBtetional and TZP basis

set on all atomsgcgo is shown (see Figure 2.25). Boric acid is includedhe impurity present at 19.6 ppm in compouhaisd3.
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Table 2.5 Calculated magnetic shielding tensor skew and Eangtes for compoundsto 10 using two different basis sefts.

B3LYP RHF
Sample « al® B/° y/° K al® B/° y/°
Boronic Acids 1 0.79 295 0 82 0.78 283 0 98
1t -0.19 136 16 246 -0.60 300 16 71
2 0.47 236 0 214 0.36 180 0 270
2t 0.15 2 0 143 0.09 353 0 151
3 0.54 357 14 77 0.43 355 15 78
3t -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
5t -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

tCorresponds to boronic acid dimer

@Calculated boron Euler angles, which representtineesponding angles between the EFG and shietditgpr components in their

respective PASs, arkl values for each boronic acid and ester compoundiest. Calculated values for boronic acid dimersctvh

take into account hydrogen bonding interactionsimeckided where applicable. Hybrid DFT calculatiomsre performed using the

B3LYP functional and the 6-31G* basis set on abtfiand second row elements, while the aug-cc-p¥agis set was used on all

heavier elements. RHF calculations were perfornsaiguthe 6-31G* basis set on all first and secavd €lements, while the aug-cc-

pVTZ basis set was used on all heavier elementsc Boid is included as the impurity present abJ8m in compound2 and3.
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The GGA-revPBE calculated isotropic magnetic shmngdconstants are plotted
against the experimental valuesdaf in Figure 2.24. A good correlation exists between
the experimental and calculated data, as quantifie@ correlation coefficient d® =
0.9000 (excluding an outlier for boronic adyl The experimental spans are also best
reproduced by the GGA-revPBE calculations, as diiedtoy a correlation coefficient of
R? = 0.9818, once one outlier is excluded (FiguretR.2The outlier, corresponding to
boronic acidl, may be tentatively rationalized by considering ttelatively large

experimental error associated with this partical@asurement.

54



60
50
£ 401
a4
G
8 301
)
>
k5]
S 20 7
10 A
O T T T T T
0 10 20 30 40 50 60
Experimental Q / ppm
b
76 (b)
74 1
g_ f * i
a 727 —
F
3
70 1
68 - b * {
66 T T T T T
23 25 27 29 31 33

Siso / ppM
Figure 2.24 Correlation between the calculated (ADF/GGA revPBRY) experimental
span values (a) and calculated total isotropic Idimg and experimental isotropic
chemical shift values (b) measured in the solidestar each boronic acid and ester
studied. Experimentdl is plotted against the calculat@dvalues for the monomer in all
cases. Experimental isotropic chemical shift istteld against the calculated total
isotropic shielding values for the dimer where aggille. Q data ((a), diamonds) are

described by & value of 0.9818 and a trendline given by y = 1863 0.482. One
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data point for boronic acid ((a), square) is not taken into account and idteyo
separately. Data in part (b) (diamonds) haw salue of 0.9000 with a trendline given
by y =-1.0117x + 99.8. One stray data point fordmic acid2 ((b), square) is not taken

into account and is plotted separately.

The GGA-revPBE-calculated values can be used toudss the impact of
hydrogen bonding, electronic substituents, @mgso on the span. The two hydroxy
groups present in boronic acids are capable of gtngain intermolecular hydrogen
bonding. Therefore, if hydrogen bonding interacsi@re present, the boronic acids being
considered usually exist as dimers. Only one ahdtucture exists for the compounds
being studied, that of compou#d which is a dimer? Boronic acids may also exist as
oligomers in the solid state, as discussed, fomgte, by Malyet al®®®! Calculations on
both boronic acid monomers and dimers were perfdriee assess the impact of
hydrogen bonding on th&'B NMR interaction tensors. It was found th@g(*'B)
generally decreases slightly in the dimers, retatie the monomers. There is no
consistent trend in the change(fas a result of hydrogen bonding in the dimersis &
attributed to the observation that the valuegeéso (as shown in Figure 2.25) of the
optimized structures changes differentially frormgmund to compound as a result of
dimerization, in addition to the simple fact thia¢ thydroxy groups are hydrogen bonded.

Therefore, the impact of varyingceo upon calculated? values was studied
next. Shown in Table 2.2 are the GGA-revPBE opedi dihedral angles for each
boronic acid and ester (see also Figure 2.25), evtiex two carbon atoms are located in
the aromatic ring, and the boron and oxygen atomgart of the boronic acid or ester

functionality.
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Figure 2.25 Correlation between the calculat@dvalues andgcgo for monomeric and
dimeric forms of phenylboronic acid. Shown are hssdor (diamonds) Gaussian

(B3LYP) monomer, (squares) Gaussian (B3LYP) dirttegngles) ADF (GGA revPBE)

monomer, and (circles) ADF (GGA revPBE) dimer. 8hon red is@cgo

As noted earliergcgo is altered primarily by sterics, and depends an liblkiness of

nearby substituents on the aromatic ring. For gtenfor every boronic acid and ester
possessing bulky substituents on the aromatic pagjcularly in the ortho position, the
value of gcgo is always much greater relative to when there lssa bulky substituent.

As this angle is systematically varied, the origotes of MOs centered on boron, relative
to the aromatic ring, change accordingly. An exmtion of the correlation between
experimental and calculated spans (Figure 2.24gestgd a potential relationship
betweengcgo and both the experimental and calculat®d/alues. Previous work by

Zhanget al. reported a dependence of the computed energy r@intleoacids on this
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dihedral angl&? A plot of the value of2 as a function of the calculated valueg@gso

for each compound reveals no clear and direct ketioa, which is not surprising, as
there are several variables changing simultaneouBlyr example, boronic acids have
hydrogen bonding interactions taking place wherees esters do not; the aromatic
substituents are different on the various compouaasl the dihedral angle changes
primarily due to sterics. To determine if thereais underlying fundamental correlation
between span andgecso, phenylboronic acid was chosen as a model systdrhe
structures of both the phenylboronic acid monomed alimer were optimized
computationally. The value @tcgoWas then systematically altered from 0 to 90°0h 1
steps. For eaclgcso, spans were calculated using both B3LYP and GGARBE
density functional methods. The resulting variasiof the spans with dihedral angle are
shown in Figure 2.25. Two important conclusionsyrba drawn: (i) for all four data
sets, there is a distinct positive correlation lEmQ and @cgo; (ii) in all cases, th&
values are smaller for the phenylboronic acid mosotinan for the dimer. It is clear that
calculations predict that the presence of the hyeinobonding interaction results in an
increased span. The calculated variation of tlan spsults from small changes (on the
order of 1 to 5 ppm) in the values of the principaimponents of the magnetic shielding
tensor as a result of hydrogen bonding. In no dasthe calculations imply that the span
varies because of the unilateral change of a siogheponent (see Table 2.6). It is the
combination of these small changes, specificallginandoss, rather than a significant
change in a single principal component, which ldadsariation in the& values. Thevs;
values become slightly larger, and thg values become smaller, resulting in an overall

increased span.
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Table 2.6 Calculated magnetic shielding tensor components<a for phenylboronic

acid monomer and dimer as the dihedral is variech fd to 90%

MonomeP Dimer

@cec/®  on 022 o33 Q/ppm O11 022 o33 Q/ppm
0 61.2 67.7 85.6 24 .4 56.9 725 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 26.8 548 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
80 548 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

Monomef Dimer*

@cec!® O11 O22 O33 Q / ppm O11 O22 O33 Q/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 2.7 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 7.7 105.3 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

& Calculated borongceo, Q, and shielding tensor components for phenylboraaicl

monomer and dimer agcso is varied from 0 to 90°.

® Hybrid DFT calculations were performed using tH&LBP functional and the 6-31G*

basis set on all first and second row elements|ewthie aug-cc-pVTZ basis set was

used on all heavier elements.

¢ ADF calculations were performed using the GGA BERunctional 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 aombnomer were used to
compile shielding tensor magnitude and orientaiitlormation at eachgcgo. Not
surprisingly, the eigenvector correspondingota remains nearly perpendicular to the
boron bonding plane. For phenylboronic aawgs; is calculated to intersect the boron
bonding plane at an angle ranging from 76 to 98pedding on the value @tcgo. In
addition, for boronic acids and estdr$o 10, 033 remains perpendicular (within 18°) to
the boron bonding plane. (Compoudds an exception to this rule witb,, being
perpendicular, although compoudds also unique in the sense that it is a boronid a
monoester). To relate the MOs to the observedcaitulatedQ values, the individual
MO contributions to total shielding must first beaenined. As previously mentioned,
magnetic shielding may be partitioned intmy, and Opaa cOMponent§™® As
conventionally partitioned, the paramagnetic shigjderm is often the dominant term
that contributes to shielding tensor anisotrdp§. Consider an occupied MO with strong
p character and centered on boron. If virtual rotabf this orbital by 90° produces a
favorable overlap with a virtugb orbital of the boron atom, the situation resuhs i
paramagnetic contributions to the component aldrey axis of virtual rotation® To
assist in visualization, consider occupied orl8&iin Figure 2.26. A 90° rotation about a
vertical axis in the plane of the page will yield arbital orientation that overlaps with
(and looks very similar to) virtual orbital 65. R, paramagnetic shielding
contributions are experienced along this verticd$ & the plane of the page. Consider
the action of the angular momentum operator (e§j.oh0a given MO wavefunction that
can account for contributions to paramagnetic dimigl due to orbital overlap between

occupied and virtual states. The action that d@higular momentum operator has op-a
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character orbital, which is the case for the botompounds being examined, can be
visualized as a 90° rotation of the occupied okbithoparais the dominant contributor to
shielding anisotropy, it is anticipated that theteuld be a relationship between the
observedQ and the MOs involved in mixing. To assist in \@Bration of this concept,
consider the pair of MOs that give the greatestirdmurtions to Opara for compoundé

(Figure 2.26).

Occupied Orbital 33

Virtual Orbital 65

Figure 2.26 Occupied orbital 33 (HOMO -7) and virtual orbitah gLUMO +24) for
compound6. These are the two orbitals involved in mixingiethyield the largest
contribution to total isotropicpara Note the orbital overlap between a 90 degreealir
rotation of occupied orbital 33 out of the planetlod page and virtual orbital 65. This

leads to a paramagnetic shielding contribution glibve axis of rotation.

When examining the boronic acids and esters, thg bxis of the occupiep-
orbital that has the largest contribution to th&ltasotropic Opara is always along the

shielding tensor component which is coincident wtéa B-C bond ;1 or 0,2, except for
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compound4). For all boronic acids and esters¢o 10, the shielding tensor component
that is coincident with the axis of virtual rotatiof the occupied MO yields the largest
contribution to total isotropiOpara

Interestingly, when considering compourid#o 10, there is no clear correlation
between span and orbital energy gap between thgmsetand virtual states which give
the largest contribution to the total isotropig.a(Table 2.7). There is also no obvious
correlation between the span and total isotrapiga From compound to compound,
different effects need to be considered, includmgirogen bondinggcgo, and varying
electronics of the different substituents on thenaatic ring. It is likely a composite of
these different effects that clouds the relatiopdietweenQ and orbital energy gap or
total iSotropicOpara

When considering the model phenylboronic acid mogrosystem, there is a clear
correlation betwee® and total isotropi@para(Table 2.8). In addition, when the same
occupied and virtual MOs are considered from compoto compound, as the orbital
energy gap decreases, the span values increasd) is8hihe expected correlation when

the span is dominated Byara
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Table 2.7 Calculated magnetic shielding tensor componeiits tve largest contribution

to total isotropicopara fOr a given set of occupied and virtual MOs fompmundsl to

104

Compound\/IOS (OCC-VlR) 0'11b 0'22b 0'33b Oiso AE @cBC /1° Q/f 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

& Calculated boronzcgo, Q, shielding tensor components, and energy gapdohn @air
of occupied and virtual orbitals which have thegést contribution to total isotropic
Opara fOr each boronic acid and ester compound studiEte shielding tensor
components are those for the given pair of MOs, amednot the total shielding values.
Calculated values for boronic acid dimers whichetahko account hydrogen bonding

interactions are included where applicable. ADFE@laltions were performed using the

GGA revPBE functional and TZP basis set on all a&om

® Contributions (ppm) to shielding tensor principamponents for a given pair of MOs

which yield the largest contribution to total ismggrc paramagnetic shielding.
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Table 2.8 Calculated magnetic shielding tensor componeiits tve largest contribution

to total isotropicopara for a given set of occupied and virtual MOs forepylboronic

acid?
Dihedral MOs (OCC-VIR) gy;" 022" 033" Oiso AE  Q/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 05202 34.33
60 9-27 -26 0 0 -9 05165 36.22
70 9-27 -32 0 0 -11 05127 37.39
80 9-27 0 -36 0 -12  0.5098 38.01
90 9-27 0 -38 0 -13  0.5087 38.20

& Calculated boromgcgo, Q, and

pair of occupied and virtual

shielding tensor components and energy gapafth

orbitals which havee ttargest contribution to total

isotropic paramagnetic shielding for phenylborcecad as the dihedral is varied from 0

to 90 degrees. ADF calculations were performedgugie GGA revPBE functional and

TZP basis set on all atoms.

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

which yield the largest contribution to total isigrc paramagnetic shielding.
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Both the paramagnetic shielding tensor componestsvell as the total magnetic
shielding components are plotted agaiasiso in Figure 2.27. Asgcgo increases from

0 to 90°, the separation between and oz3 increases, which equates to an increasing
span (eq. 7). In the plot where the contributitmgaramagnetic shielding are plotted
againstgcgo, the paramagnetic contribution ¢q; becomes increasingly negative with

increasing dihedral while the paramagnetic contrdouto o33 also decreases slightly.
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Figure 2.27: Correlation between the ADF/GGA revPBE calculatethlt magnetic
shielding tensor components (bottom), total isatrapa. tensor components (top) and

¢ ceo for phenylboronic acid. The three data sets ah géot represent;; (diamonds),
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022 (squares), ands; (triangles). ExperimentdD is plotted against the calculat€d

values for the monomer in all cases.

As a consequence of the paramagnetic contributmro;t becoming increasingly
negative, the total isotropiyara Will become more negative and the span will inseea
However, a plot of total magnetic shielding agai@gsiso reveals that;; shifts in the
negative direction, whilesz becomes more positive &cgo increases. Consequently, it
is concluded thadiamagneticshielding contributions play a non-negligible rdle
determining the span values observed. Numeridaksgaare tabulated in Tables 2.9 and

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

J/i I
K2 9
)822

one of the boronic esters.

833
o ‘0d }m
| 811

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

orientations of the chemical shift tenso&; andd,, are both in the plane of the page,

andd;; is perpendicular to the plane of the page.
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Table 2.9 Calculated magnetic shielding tensor componentsdorpoundd to 102

Boronic Acids

1

2

3 4 5
Contribution On O O33 Oiso Ou O O33 Oisc On O O33 Oiso On O O33 Oiso On 02 O33 Oisc
od(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
od(VaIence Density) -0.5 33.6 38.3 23.8 85 295 345 242 -05 32.8.13923.8| 42 329 409 24p 3.1 342 396 256

d

o} 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
o’ (OCC-OCC) | 229 286 162.071.2| 16.4 62.2 101.660.1| 10.8 21.0 132.954.9| 123 22.6 138.457.8| 145 194 123.7525
¢” (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
a® -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 575 716 825 706 514 708 932 718 5676 838 719 554 698 788 680 572 745 85247
*Boronic acid calculations are performed on theatim
Boronic Esters 6 7 8 9 10
Contribution Ou 02 Os3 Oisc | On 02 Os3 Oisc | On 02 Os3 Oisc | On O Os3  Oisqc | On 02 Os3  Oisc
o%(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
o%(Valence Density) 3.0 35.1 400 26.0 30 365 381 259 25 365 386.7| 27 367 376 257 66 349 36.0 258
o® 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
o’ (OCC-OCC) | 243 247 892 46.0 31.2 330 961 534 304 33.B79540| 315 433 938 562 288 49.0 87.7 552
o” (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
a” -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 63.7 714 876 742 651 678 765 698 59B.9 754

69.0

626 69.7 765 69

.6 599 643 922.17

& Calculated boron magnetic shielding tensor compisntam each boronic acid and ester compound studiettulated values for

boronic acid dimers which take into account hydrogending interactions were used fioto 5. ADF calculations were performed

using

the

GGA

revPBE

functional

and TZP

basis set n o

all atoms.
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Table 2.10 Calculated magnetic shielding tensor componentplienylboronic acid.

Dihedral 0 10 20 30 40
Contribution Oy 02 O33 Oiso O 02 Os3 Oisc O11 02 Os3 Oisc | On O Os3 Oisc O11 O Os3 Oisc
o%(Core Density) | 163.9 164.2 164.2 164.1163.9 164.2 164.3 164.1 163.9 164.2 164.3 164.1| 163.9 164.2 164.3 164.1| 163.9 164.2 164.3 164.1
o’(Valence Density) 3.4 331 39.2 252 37 332 392 253 45 334 39562 58 338 386 261 7.3 343 381 266
o® 167.3 197.3 203.4 189.8167.6 197.4 203.5 189.5168.4 197.6 203.3 189.8|169.7 198 202.9 190.2| 171.2 198.5 202.4 190.7
a” (OCC-0CC) 77 185 334 199 77 182 333 197 75 173 33®3| 73 159 329 18Fy 73 143 327 181
o” (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
a” -136.2 -135.7 -81.7 -117.9-136.4-136.4 -81.7 -118.2-138.1 -137 -81.9 -119 -140.3137.9 -82.2 -120.1-142.3 -139 -82.6 -121.3
Total 612 677 856 715 61 666 862 713 607 6475 707/ 602 611 889 701 585 595 90.1 694
*Boronic acid calculations are performed on theeatim
Dihedral 50 60 70 80 90
Contribution O 02 Os3 Oisc On O O33 Oisc O11 O Os3 Gisc | On O O33 Oisc O11 O Os3 Oisc
0%(Core Density) | 163.9 164.2 164.3 164.1163.9 164.2 164.3 164.1163.9 164.2 164.3 164.1| 163.9 164.1 164.3 164.1| 163.9 164.1 164.3 164.1
o%(Valence Density) 89 347 375 271 104 351 369 275 117 355.33627.8| 126 357 36 28/ 129 357 358 281
o® 172.8 198.9 201.8 191.2174.3 199.3 201.2 191. 175.6 199.7 200.6 191.9|176.5 199.8 200.3 192.2| 176.8 199.8 200.1 192.3
o” (OCC-0CC) 73 126 325 173 74 111 324 17 7.5 10 32.3 616.7.6 93 322 164 7.7 9.1 322 163
o (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
o” -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| -145.2143.3 -83.8 -124.1
Total 56.7 58.8 91 68.8 55.6 58 918 685 55 57249 68.3| 548 569 928 682 548 56.7 93 682

& Calculated boron magnetic shielding tensor compisnésr phenylboronic acid agcgo is varied from 0 to 90 degrees. ADF

calculations

were  performed

using the GGA

revPBE ncfional and

TZP basis set

on all atoms.
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2.2.4 Effect of Substituents

Due to the demonstrated importance of diamagneigding, a brief study was
conducted to determine the effects of strong arld electron-donating and withdrawing
groups on the boron shielding tensor. Phenylboragid was used as a control
molecule, and a steric group (bromine), a mild tetecdonating group (carboxylic acid
ester), a strong electron-donating group (aminepila electron-withdrawing group
(carboxyl), and a strong electron-withdrawing grdojro) were each substituted in the

ortho, meta, and para positions of the aromatig. riData are found in Table 2.11.
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Table 2.11 Calculated and magnetic shielding tensor components foriasef steric,

electron donating, and electron withdrawing grosipisstituted on phenylboronic aéd.

Compound o1° 02" 03’ Totalopa: O 0 03 Totaloge Q/ppm
phenylboronic acid -136.2135.7 -81.7 -117.9 61.2 67.7 85.6 71.5 24.4
o-steric -138.9-132.2 -81.5 -117.5 58.7 724 854 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 61.0 688 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 59.7 705 854 71.9 25.7
strong 0-EWG -140.4133.7 -83.9 -119.3 56.4 63.2 92.6 70.7 36.2
strong m-EWG -139.6132.5 -95.6 -122.6 55.3 60.1 92.8 69.4 37.5
strong p-EWG -144.8140.7 -83.2 -122.9 55.3 58.7 93.1 69.1 37.8
mild o-EDG -136.0-133.4 -80.6 -116.7 505 705 86.4 72.2 27.0
mild m-EDG -135.9-133.6 -81.8 -117.1 509 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 0-EDG -140.7132.4 -82.9 -118.7 61.4 66.1 84.6 70.7 23.2
strong m-EDG -136.8135.3 -81.3 -117.8 619 66.8 857 71.4 23.7
strong p-EDG -137.8133.8 -81.6 -117.7 63.9 65.7 85.6 71.8 21.7
Compound o1° 0" o0’ Totalopa: O 0 03 Totaloge Q/ppm
phenylboronic acid -136.2135.7 -81.7 -117.9 61.2 67.7 85.6 71.5 24.4
o-steric -137.8-134.1 -81.6 -117.8 589 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 68.2 855 71.6 24 .4
mild o-EWG -136.5-135.4 -81.3 -117.7 595 70.2 85.6 71.8 26.0
mild m-EWG -137.1-133.8 -81.4 -117.4 60.2 694 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 0-EWG -137.2133.9 -80.1 -117.1 585 719 86.7 72.4 28.2
strong m-EWG -136.8133.9 -81.0 -117.3 50.6 70.2 85.7 71.8 26.0
strong p-EWG -137.8132.6 -81.3 -117.2 599 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 69.2 854 71.8 24.6
strong 0-EDG -140.9132.2 -82.1 -118.4 61.9 66.3 84.5 70.9 22.7
strong m-EDG -136.3135.2 -81.3 -117.6 61.2 67.8 855 71.5 24.3
strong p-EDG -135.9135.5 -81.8 -117.7 61.7 67.7 85.3 71.6 23.6

& Calculated boronQ and magnetic shielding tensor components for gubesd

phenylboronic acid. ADF calculations were performaesing the GGA revPBE

functional and TZP basis set on all atoms. Bromwas used as a steric group, carboxyl

as a mild electron withdrawing group, nitro as @rgg electron withdrawing group,



carboxylic acid ester as a mild electron donatirgug, and amine as a strong electron
donating group.

® Phenylboronic acid structure has been fully optediz

¢ Phenylboronic acid structure hascgo fixed at O degrees.

4 Shielding tensor component which contributestaltisotropic paramagnetic shielding.

While changes in the isotropic shielding constaetsanall for all substituents, it
was found that the presence of electron-withdravgrayps correlates with increases in
the calculated? values (up to 13.5 ppm), while electron-donatingugs have less of an
effect on the calculate@ values. For both shifts io;; in the negative direction which
increaseQ, and shifts iroy; in the positive direction which decreaein general, it was
011 Which had the largest change in magnitude asudtressubstitution. These results
are logical because tricoordinate boron compouhds feature boron atoms bound to
multiple oxygen atoms have smaller obsergedsalues due to the lone pairs on the
oxygen donating electron density to a virtual M@tced on the boron atorfi.

In this chapter, a series of ten boronic acid aabtic esters were studied by
SSNMR, simulated, and their NMR parameters caledlat various levels of theory. It
has been shown that the span is the most chasitediMR parameter. Molecular
orbital (MO) analysis can be used to relate spatal isotropic paramagnetic shielding,
and energy gap in phenylboronic acid — a modelesystin the case of compountls-
10, span can be related to the dihedral angle onelaéive MO orientations. The effects
of various substituents were studied, and a detafealysis 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),( 2,6-dibromophenylboronic acid
(2), 2-chloropyridine-3-boronic acid3), 2-(hydroxymethyl)phenylboronic acid cyclic
monoester 4), and 2-acetyl-3-thiopheneboronic ac#))( and five boronic esters (4-
fluorophenylboronic acid neopentylglycol est&), (4-nitrophenylboronic acid pinacol
ester D, 1H-indazole-5-boronic acid pinacol ester 8),( 4-(2-
propynylcarbamoyl)phenylboronic  acid pinacol ester(9), and 2,4,6-
trimethoxyphenylboronic acid neopentyl glycol egté)) in this study (Figure 2.1) were
purchased from Aldrich and used without further ifozation. The manufacturer
performed various analytical techniques on allh& tompounds studied in this chapter
to verify purity. These techniques include solntistate'H and *C NMR, infrared
spectroscopy, and elemental analysis. Melting tpamalysis was also performed by the
manufacturer, and the specified melting points wesefied. Samples were powdered
and packed in a glovebox under an inert atmospberetrogen into 4 mm o.d. ZrO
rotors, and NMR experiments were conducted usindgraker Avancelll NMR
spectrometer Bp = 9.40 T,v (*'B) = 128.38 MHz). Spectra were acquired using
TopSpin 2.0 software. A Bruker 4.0 mm HXY triplesonance MAS probe tunedt®
on the X channel was used. Experimental refergnaalibration, and setup were done
using solid powdered sodium borohydride. Solid NaBas a chemical shift of -42.06
ppm relative to the primary standard, liquigBFO(C,Hs), (whereds(*'B) = 0.00 ppm§?>

For both MAS and stationary samples, the Hahn ¢of®- 1, - TT- T - ACQ)**®° pulse
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sequence was used. MAS spinning frequencies rainged12 to 15 kHz. Typical72
pulse lengths for solid NaBHvere ~3.0us. For the ten samples under study, the “solid
772" pulse was used (e.g., 3(®/( + 1/2) = 1.5us, wherel = 3/2 for*'B). Recycle
delays of 2 to 120 s were employed. Signal avarpgias carried out over a period of 4
min to 4 h for both static and MAS samples. Protiezoupling was applied during
acquisition of the spectra of stationary sampldse probes used at both fields exhibit a
small, but manageable backgrourB signal in the acquired spectra, as a result cfbo
nitride in the stators. The Hahn echo pulse setpigras generally found to be effective
at suppressing the background signal.

900 MHz Data: Samples were powdered and packed in a gloveboxrandey
argon atmosphere into 2.5 mm o.d. ZmBtors, and NMR experiments were conducted
using a Bruker Avancell NMR spectrometd, (= 21.1 T,v.(*'B) = 288.80 MHz).
Spectra were acquired using TopSpin 1.3 softwatheatNational Ultrahigh-Field NMR
Facility for Solids in Ottawa (www.nmr900.ca). Auker 2.5 mm HX MAS VT probe
tuned to''B on the X channel was used. The referencingbwlpn, and setup
procedures were identical, and the pulse sequemeése widths, pulse delays and
experiment times were similar to those used at 9.40he MAS speed was 30 kHz. All
MAS samples were cooled to room temperature usingTaunit to prevent sample
decomposition caused by heat production at fashspy speeds.

Spectral Processing and Simulatioata were processed using TopSpin 2.0.
FIDs were left-shifted to the echo maxima when Bsagy, apodized using a Gaussian
function of 5-25 Hz for MAS samples and 20-200 de stationary samples, and Fourier

transformed. Stack plots were produced with DMFiSpectral simulations were
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performed using the WSolids1 progrdmvhich incorporates the space-tiling algorithm
of Alderman et af® The error associated with spectral parameters dedsrmined
heuristically by analyzing the spectra (MAS andistacho) obtained at both magnetic
fields. In simulations, error was estimated beratig each NMR parameter individually
from the optimum value until there was a noticeatlilcrepancy in the experimental
spectrum, and discontinuities were varied untiligigon from the experimental spectrum
was observed. Of the compounds studied, an X-rgstal structure is available for
compound4™ only; this structure indicates a single crystaisgmhically unique boron
site. NMR spectra acquired presently strongly ssgthat there is a single unique boron
site for all other compounds studied as well. Ashs all spectra were simulated using a
single boron site for each compound. In some ¢ds®s acid or other decomposition

products were simulated as an additional boron site

Quantum Chemical Calculations

A model for each compound was generated using atdntdond lengths in
Gaussview '03. These structures were then sulsj@otgeometry optimization using the
B3LYP hybrid DFT functional (‘B3LYP'S® and the 6-311+G* basis set for all atoms,
while keeping the coordinates of the carbon andrdgeh atoms in the aromatic ring
system frozen so as to not perturb the planaritthefaromatic system and to assist in
convergence. On the resulting optimized structBBt,YP was then used to perform an
unrestrained second geometry optimization using @H&l1+G* basis set. These
optimized structures were subjected to further NM&culations. Dihedral angles

(@cso) of interest were altered simply by defining a n@wso in Gaussview '03 for the
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optimized structure. Although the crystal struetdor phenylboronic acid has been
reported’’ geometry optimizations were performed in ordesystematically varyzcso
These computations were performed to isolate thmaainof varyinggcsoon the boron
magnetic shielding tensor. EFG amdtensors were calculated using Gaussiaft 03
running on an in-house 304 CPU system, and the émimin Density Functional
packag& (ADF) running on the High Performance Computingtial Laboratory
(www.hpevl.org) cluster. DFT calculations emplayiB3LYP* used the 6-311+G*
basis set on all atoms. RHF calculations were edsded out using the same basis set.
Finally, magnetic shielding, EFG, and MO analysaécalations using ADF employing
the GGA-revPBE DFT method (‘GGA-revPBE’) were cadriout using the TZP basis set
on all atoms.

Boron-11 quadrupolar coupling constants were catedl from the largest
principal component of the EFG tensdkgs, using eq 5. Calculated NMR parameters
were parsed using EFGShiéldThe factor 9.7177 x £V m™ per atomic unit is used to

convertVss from atomic units to V .2
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Chapter 3

Signal Enhancement Using Double Frequency SweeapthanQuadrupolar

Carr-Purcell-Meiboom-Gill Pulse Sequence

3.1 Introduction

The effectiveness of modified-QCPMGand DFS-modified-QCPMEG ™ signal
enhancement techniques for boronic acids and eatersdiscussed in the following
section. The FID produced via QCPMG consists pfilse train series of echoes. The
Fourier transform of this FID produces a spectrumsgsting of a manifold of spikelets
which are separated bytj?. The QCPMG pulse sequence is similar to the Hato
pulse sequence, as shown in Figure 3.1, excefveuseng pulse is applied N times after

the original echd®

m2 T -~ T ~
X Y Y
T Ty T3 Ty
QCPMG <> e
< < >) N
T 21 Z
T2 T ~ T2 =
X Y Y
modified-QCPMG <> <>
B S E— < > N
T ~ 21 =

Figure 3.1 A graphical illustration depicting the QCPMG pailsequence. Note that in

the modified-QCPMG pulse sequence, tirefocusing pulse in the echo train has been

replaced with av2 pulse. Reproduced from reference 76.
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The sequence suppresses homonuclear dipolar cquplamce a longer effective is
observed, allowing more echoes in the echo traibeacacquired in the time-domain,
resulting in sharper spikelets in the frequency-diori’ The signal enhancement can be
explained by considering that the observed NMR aiga being split into separate
spikelets. Modified-QCPMG is similar to the contienal QCPMG pulse sequence,
except that therpulses in the QCPMG echo train are replaced withpulses? The
modified pulse sequence produces narrower spikaefetss more effective at suppressing
homonuclear dipolar couplinfg. Since this method is more sensitive, increasgdasi
enhancement is achieved and can be further antpiifieen it is used in conjunction with
DFS.

DFS is a time-dependant amplitude modulated radéguiency sweep which

inverts the populations of the STs simultaneoushis RF sweep is depicted below in

Figure 3.2""
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Figure 3.2 A graphical illustration of a double frequencyesp in the time domain. The

‘|||| '
I

amplitude profile is shown on the left, and theresponding frequency sweep is shown

in the right. The high and low frequency sidedhsf CT are swept simultaneously. A
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diverging pulse is applied far from the CT and avarging pulse is applied near the CT.

T represents the duration of the sweep. Reprodinoedreference 77.

It is these sweeps which lead to population trangfehe central transition and hence
signal enhancement. This is achieved by produeingreater population difference
between the two spin states in the central tramsitiThis population inversion can be
seen in Figure 3.3. The theoretical signal enhaece factor is B wherel represents the
spin of the nucleuS. To observe al2enhancement factor, there needs to be uniform
excitation, and all of the STs must simultaneousyinverted. Since boron-11 is spin
3/2, the theoretical signal enhancement factor. isAB example from the literature of

such signal enhancement is shown in Figure3.4.

—> L LLL m_=-3/2
L > LLL) ® m =-1/2
DFS s
ST Inversion SE—
__, __eeeee CTTT 1T Ry
, 0000000 eocee . _ ),

CT Population Difference=5-3 =2 CT Population Difference=7-1=6

Figure 3.3 An illustration of how signal enhancement is aoled using DFS. DFS

causes a simultaneous inversion of the ST whichgnik a larger population difference

in the CT. This increased net magnetization leadscreased signal enhancement.
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DFS Modified-QCPMG L |IH ‘ J
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Modified QCPMG |
o FTTTIRRERAIImY

QCPMG i

Hahn-echo 5

T T T T
-100 200 ppm

¥Rb SSNMR of stationary powdered RbCIO,

Figure 3.4 An ®’Rb QCPMG SSNMR spectrum of RbGIThe static Hahn-echo
spectrum is shown alongside various QCPMG spestgaificant signal enhancement is
noted when modified-QCPMG is applied, and even rs@eal can be acquired when a
DFS shaped pulse is used in addition to QCPMG.dignhancement factors are shown

to the right of each spectrum. Reproduced frorerezfce 76.
Such a technique is advantageous because moia sambe collected in fewer scans.

It is postulated that this sequence could be beiaéfiue to the large magnetogyric ratio

and natural abundance 9B.
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3.2 Results and Discussion

Shown in Figure 3.5 are QCPMG, modified-QCPMG, dbBES modified-
QCPMG NMR spectra for a representative boronicrg®e where signal enhancement
factors for the modified-QCPMG and DFS modified-Q@P spectra relative to the

QCPMG spectrum are shown.

|
o L1
(e) -
T :
o L 1LLJ_L,__
16061601606160
ppm ppm

Figure 3.5 Solid-state boron-11 NMR spectroscopy 6f (left) and 3 (right).

Experimental'B spectra of stationary powdered samples at 9.46eTshown in (a) and
(d) using the QCPMG pulse sequence, (b) and (elgutie modified-QCPMG pulse
sequence with a signal enhancement factor of 1n@41a35 respectively, and (c) and (f)
using the DFS modified-QCPMG pulse sequence witigaal enhancement factor of

2.16 and 2.71 respectively, relative to QCPMG.k8lgits are separated by 2500 Hz.
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Figure 3.5 also presents analogous data for a geptative boronic acid3). Further
examples of signal enhancement for additional kioranids and esters may be found in
the following figures. The QCPMG, modified-QCPMGidaDFS modified-QCPMG
pulse sequences were applied to the following saspm@nd signal enhancement was

successfully achieved in all cases to varying degjre

el \IJ L,-.»I__J ]

[ WP e

(a)

T T T T T T T T T T T T T T T T T T T

200 100 0 -100 [ppm]

Figure 3.6 Solid-state boron-11 NMR spectroscopylof Experimentaf'B spectra of
stationary powdered samples at 9.40 T are showfa)jnusing the QCPMG pulse
sequence, (b) using the modified-QCPMG pulse semuavith a signal enhancement
factor of 1.18, and (c) using the DFS modified-QGPMulse sequence with a signal

enhancement factor of 1.96 relative to QCPMG. &pik are separated by 2500 Hz.
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Figure 3.7 Solid-state boron-11 NMR spectroscopy2of Experimental’B spectra of
stationary powdered samples at 9.40 T are showfa)nusing the QCPMG pulse
sequence, (b) using the modified-QCPMG pulse semuavith a signal enhancement
factor of 1.05, and (c) using the DFS modified-QGPMulse sequence with a signal

enhancement factor of 1.85 relative to QCPMG. &pik are separated by 2500 Hz.
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Presently, the modified-QCPMG pulse sequence mesalisignal enhancement factors
ranging from 1.04 in compounfl to 1.42 in compound, relative to the standard
QCPMG pulse sequence. Similarly, the DFS modif@PMG pulse sequence provides
signal enhancement factors ranging from 1.80 inpmmd8 to a high of 2.95 in
compoundb, relative to the standard QCPMG pulse sequende signal enhancement
factors were measured by comparing the relativensities of the most intense peak.
Namely, the less intense spectrum was overlaidprot the more intense spectrum. The
less intense spectrum was increased in magnitutletarmost intense peak became the
same height as the most intense peak in the mtyes@a spectrum. The factor by which
the magnitude of the less intense spectrum hae iadreased to match the more intense

spectrum is represented by the signhal enhanceraetat f
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Figure 3.8 Solid-state boron-11 NMR spectroscopysof Experimental’B spectra of

stationary powdered samples at 9.40 T are showfa)nusing the QCPMG pulse
sequence, (b) using the modified-QCPMG pulse semuavith a signal enhancement
factor of 1.42, and (c) using the DFS modified-QGPMulse sequence with a signal

enhancement factor of 2.95 relative to QCPMG. &pik are separated by 2500 Hz.
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Figure 3.9 Solid-state boron-11 NMR spectroscopy8f Experimental’B spectra of

stationary powdered samples at 9.40 T are showfa)nusing the QCPMG pulse
sequence, (b) using the modified-QCPMG pulse semuevith a signal enhancement
factor of 1.05, and (c) using the DFS modified-QGPMulse sequence with a signal

enhancement factor of 1.80 relative to QCPMG. &pik are separated by 2500 Hz.
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Figure 3.1Q Solid-state boron-11 NMR spectroscopyléf Experimentaf'B spectra of
stationary powdered samples at 9.40 T are showfa)nusing the QCPMG pulse
sequence, (b) using the modified-QCPMG pulse semuavith a signal enhancement
factor of 1.09, and (c) using the DFS modified-QGPMulse sequence with a signal

enhancement factor of 2.04 relative to QCPMG. &8pik are separated by 2500 Hz.
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Although high-quality"'B SSNMR spectra were acquired without the use edeh
signal enhancement techniques in the present study,worth noting that they were
successful and that they might be usefult8rSSNMR in more dilute systeni$’® One
specific example could involve achieving signal @mtement of thé'B CT of boronic
acids present in dilute quantities in systems sischmodified protease inhibitofs.

QCPMG, modified-QCPMG, and DFS modified-QCPMG speeanalogous to all
of those shown above were acquired with differguiitedet separationsicpme. Figures
3.5 to 3.10 show spectra whexguc = 2500 Hz. Spectra were also acquiredvigtive =
1000 Hz andvcpme = 500 Hz. These spectra are not shown simply usecgéhey are
similar to those shown in Figures 3.5 — 3.10. Ashwall QCPMG spectra, their
lineshapes mimicked the lineshape of the statictspdor all values o0bcpyc. Consider
a situation where two QCPMG spectra with differepémc values are acquired for the
same compound. The spectrum with the lowgivc value will contain more spikelets
simply because the spacing is smaller and theynamre close together. This spectrum
will also yield spikelets of lower intensity thahet spectrum with a largecpmc value.
The total integrated intensity of all the spikele&nains constant between the two
spectra; however, because the spectrum with a envalhyc value has more spikelets,
the total integrated intensity is spread out overerspikelets. The spectrum with the
largervcpuc value has the same total integrated intensityagpoait over fewer spikelets;
hence they will be taller and more intense.

QCPMG is an efficient signal enhancement technigué, in the case of the five
compounds studied here, the signal enhancemenalweasst always uniform amongst all

of the spikelets within a given spectrum. Thistasbe expected since the overall
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lineshape andvcpug are not changing. This feature is especially irgra if the
QCPMG spectra are being used to simulate the shawshape and extract NMR
parameters. If the signal enhancement was nobumjfthis would lead to distortions in
the horns and discontinuities of the simulatedcstectrum.

QCPMG spectra can be useful for extracting NMR ipatars. As previously
mentioned, the pattern formed by the spikelets mime lineshape of the static spectrum.
So, using NMR spectrum simulation software, oneld¢@imulate the lineshape of the
QCPMG spectrum as though it were a static spectrurhis technique is extremely
useful under any circumstance where signal enhaewceis required. If, for example, a
particular nucleus which has a low natural abundaiscbeing observed, this signal
enhancement technique would be beneficial in progidnore signal in fewer scans.
This, of course means less time spent acquiringtispen the spectrometer.

Both DFS and QCPMG spectra were acquired for fm@mounds in this chapter
and signal enhancement was achieved in all caSash signal enhancement techniques
are extremely useful for acquiring more signal ewér scans and can be an important
tool when studying dilute systems. Not only canRMI provide signal enhancement in
situations where the signal to noise is low, busitlso useful in serving as a basis to
extract NMR parameters including information abthe quadrupolar interaction and

CSA.
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3.3 Experimental

Solid-State NMR Spectroscopy

400 MHz Data:Four boronic acids (2-(tert-butyldimethylsilyloxy@gphthalene-6-
boronic acid 1), 2,6-dibromophenylboronic aci@)( 2-chloropyridine-3-boronic acid),
and 2-acetyl-3-thiopheneboronic aciél))( and three boronic esters 1H-indazole-5-
boronic acid pinacol este8) 4-(2-propynylcarbamoyl)phenylboronic acid pinkester
(9), and 2,4,6-trimethoxyphenylboronic acid neopemlyicol ester 10)) in this study
(Figure 2.1) were purchased from Aldrich and usé@dout further purification. Samples
were powdered and packed in a glovebox under am ateosphere of nitrogen into 4
mm o.d. ZrQ rotors, and NMR experiments were conducted usiyuker Avancelll
NMR spectrometerBp = 9.40 T,v (*'B) = 128.38 MHz). Spectra were acquired using
TopSpin 2.0 software. A Bruker 4.0 mm HXY triplesonance MAS probe tunedt
on the X channel was used. Experimental refergnaalibration, and setup were done
using solid powdered sodium borohydride. Solid NaBas a chemical shift of -42.06
ppm relative to the primary standard, liquigBFO(C,Hs), (whereds(*'B) = 0.00 ppm§?3
For these stationary samples, the QCPNMI@ € 1, - T-12— ACQ (1) - [T3- TT- 14— ACQ
(21)]n)"° pulse sequence was used. Typig2l pulse lengths for solid NaBHvere ~3.0
Ks. For the seven samples to which signal enhandetaehniques were applied, the
“solid 72" pulse was used (e.g., 38/(l + 1/2) = 1.5us, wherd = 3/2 for''B). Recycle
delays of 2 to 120 s were employed. Signal avarpgias carried out over a period of 4
min to 4 h for all static samples. Proton decouplivas applied during acquisition of the
spectra of these stationary samples. The numbfetl @choes acquired (N) depended on

the transverse (spin-spin) relaxation time constantin most cases, 96 full echoes were
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acquired. The value oft2vas varied from 450-950s, depending on the desired spikelet
separation in the frequency domaigpmc. Modified QCPMG (V2 - 11 - T-T,— ACQ (1)
- [13- W2 - 14— ACQ (2r)]n) experiments were conducted, where tiulse in the echo

train was replaced with &2 pulse’®

Double-frequency sweep (DFS) shaped pulses
were also used in conjunction QCPMG experimentsethance the CT signal
intensity”>’® The probes used at both fields exhibit a small,rbanageable background
18 signal in the acquired spectra, as a result ofibaitride in the stators. The QCPMG
pulse sequence was generally found to be effeatigaeippressing the background signal.
Spectral ProcessingData were processed using TopSpin 2.0. FIDs wedte |
shifted to the echo maxima when necessary, anddfauansformed. Stack plots were
produced with DMFif® QCPMG spectra can simply be compared to the simdland

experimental Hahn-echo static spectra since the ND&Rpikelet pattern mimics the

lineshape of the static Hahn-echo spectrum whanltheshapes are overlaid.
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Chapter 4

Limitations of Relating'B NMR Parameters to Structure

4.1 Introduction

As previously mentioned in Chapter 2, boronic aidd boronic estetshave a
wide range of uses and applications. Having thiéityalto relate the acquired'B
SSNMR parameters to the molecular and electronictsires of these compounds would
be incredibly useful since SSNMR can provide stradtinformation and information
about the local bonding environment, i.e., by beatde to relate magnetic shielding
tensor data to boron molecular orbitals.

Chapter 2 provided a detailed analysis'8fNMR spectra of MAS and stationary
samples of ten boron compounds. In all caS8&CS and EFG tensor information was
extracted from simulations of the static and MA8c&m. It is noted that tHeg andQ
values were found to be larger, on average, foorioracids than for esters. Although
the ranges associated wifly and gs, are small relative to their absolute magnitude, th
compounds in Chapter 2 have adequate structur@ticar that there is a significant
difference in NMR parameters from compound to coomgb Notably, the CS tensor
span provided the largest range amongst all thgpoands, and was the NMR parameter
most characteristic of the molecular and electratrigcture.

When considering compoundss — 10, some exhibit hydrogen bonding while
others do not, boronic esters are in varying riygfesns with different substituents, and
the aromatic ring bound to the boron has diffemartistituents bound to it. As there is
great structural variation amongst these compoutids,ocal environment around the

boron varies a substantial amount. This is theaedor the large variation in span
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between the compounds in Chapter 2. In additithpagh the variations i€q and dso

are small as compared to span, there is still abhetdifference in these values, which
allows for structural comparisons to be made. h@ present chapter, a new series of
boron compounds are studied: six boronic acids rand boronic acid catechol cyclic
esters (see Figure 4.1). Unlike the boronic airidShapter 2, these catechol cyclic esters
are all very structurally similar. In all casese tboron atom is in the same catechol ring
system. The only difference between the compousdse substituent that is bound to
the aromatic ring. Similarly, the boronic acidsudied in this chapter are more
structurally similar than those in Chapter 2. Héhe boron atom is always bound to a
phenyl ring that has varying substituents. In Gaag, not only were the substituents
varied, but the boron atom was bound to diversenatic systems such as naphthalene,
phenyl, pyridine, and thiophene.

In Chapter 2, good correlation between experimeandl GGA-revPBE calculated
spans, and between the calculated boron isotrdp&ding and experimental chemical
shift values was observed. This chapter includesilas computational analyses
comparing calculated and experimental spans, asagetalculated isotropic shielding
and experimental chemical shift. The compoundshia chapter will be analyzed to
determine if clear correlations between the expemtal and calculated values are
observed, as was the case in Chapter 2. As prdyioutlined, the boron CS tensor in
boronic acids, and most notably the span of thegdSor, is governed by the interplay of
several competing factors. Experiments performedampounds similar t@ — 10 in
this chapter provided a comparative study, wheee dffects of specific changes in

structure or SSNMR parameters were probed.
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The boronic acid and ester compounds studied sthi@sis can serve as building
blocks in supramolecular materials. This is a vemciting use of boronic acid
compounds that has several vital applications gioly dealing with increasing energy
demand$? Thus, the motivation into studying larger compadsisuch a®5 and large
boron containing frameworks will be discussed.

Much groundbreaking work into the development application of boron
containing covalent organic frameworks (COFs) hesnbconducted by Yaghi et.?3l.A
COF is an extended organic structure where thelipngilblocks, such as compounds
containing trigonal boron bound to oxygens and atmnrings, are linked by strong
covalent bonds. These COF materials can be furaltzed into materials that can serve
as gas storage devices (most notably for stbrage) or in catalytic applicatioffs.
Considerable research has also gone into the dawelat of metal organic frameworks
(MOFs), which also has large potential in materighemistry to be exploited for the
same application¥. One obvious advantage to the use of a COF relativa MOF is
that if the framework used for hydrogen storagetaios only light elements, and hence
more hydrogen can be stored per mass unit. Oama@e of such a framework is COF-
1, a framework constructed via the slow dehydratémiboronic acid® Similarly, a
larger framework, COF-5, can be constructed bystbes dehydration of diboronic acid
in the presence of hexahydroxy triphenyl&heCOF-1 is composed of linked units of
boroxine anhydride, while COF-5 is composed oféikinits of triboronate ester. In this
work, the starting materials and COFs were all yrea using'B SSNMR. The
lineshapes obtained are reported to be very seasiti the immediate chemical and

geometrical bonding environment. TH8 SSNMR spectra that were acquired for the
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COFs had lineshapes that were coincident with geetsa of the linked units that they
are composed of and not coincident with the linpskeof the starting material. This
provides useful evidence that in fact the COFshaiag formed and are composed of the
proposed linked units.

An ab initio study of hydrogen adsorption onto COF-1 was cdiroet by Ahuja
et. al. using DFT theo? This computational study provides insight intoen the
hydrogen adsorbs onto the COF and the energiegdobfpen adsorption at different sites
at various temperatures was conduéfed.

COFs are also of interest in catalysis because tbhaeyain a large pore in the
middle®® which can be tailored to interact with a substraicting as a scaffold to
interact with the substrate, causing a conformatichange. This conformational change
can then allow the substrate to have the abilite#xt with a target molecule. In the case
of a MOF, the metal centre is present inside thenéwork and the pore size may be
tailored to only allow molecules of a desired simgde of the pore so that it may interact
with the metal and undergo a catalytic reacffon.

Although COFs are not the focus of this thesiss wery important to note that
boron containing compounds, specifically boronicsacare an extremely useful class of
compounds that can be used in supramoleculesdtm applications such as hydrogen
storage or catalytic transformations. In additidB, SSNMR is an invaluable tool which
can be used to analyze and characterize these/hgtdatile structures.

The boron-containing compounds in this chapter wgrghesized and selected as
possible candidates for potential applications iapramolecular chemistry in

collaboration with Dr. Kenneth Maly (Wilfrid LauneUniversity). They all have the
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potential to be transformed into supramolecularcttires via slow dehydration reactions.
Different substituents on the boronic acids aneérsstvould become integrated into the
COF and, depending on the intended application,sthstituents could be tailored to
undergo specific interactions with a particular |tdte, or another desired function.
Studying these compounds usii® SSNMR is an important step in probing the local
boron structure. Acquiring thé'B SSNMR spectra of the starting materials and
comparing the lineshapes to those of the unit tinikethe COF and to the lineshape of
the COF itself would prove a useful method of idgirtg the structures, and acquiring
physicochemical data about the boron environmetiienframework. In addition, when
a substrate is present inside the pore of the CtBFSSNMR could be used to probe if
the boron is interacting with the substrate and twdféect this interaction has on the
boron environment.

This chapter covers a SSNMR study of the six bar@uids and nine boronic
acid catechol cyclic esters shown in Figure 4.1.comprehensive discussion relating

their NMR parameters to molecular and electromacstire follows.
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Figure 4.1 Structures of the boronic acidkl(to 16) and boronic acid catechol cyclic

esters {7to 25) studied within this chapter.
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4.2 Results and Discussion

4.2.1"B Solid-State NMR Spectroscopy

Shown in Table 4.1 are the experimental boron ERG @S tensor values
obtained via analytical simulations of tH8 NMR spectra of compoundsl to 25. By
simultaneously fitting the data at both 9.40 andlLZ, theCq, ng, anddis, values were
determined from MAS NMR spectra. Subsequentlytjastary spectra were analyzed
to determine th€, x, and Euler angles relating the two tensor PASgpeEmental and
simulated spectra can be found in Figures 4.2 6.4.1

In Table 4.1, thé’B SSNMR parameters are also listed for boric aiknown
decomposition product of boronic acfds. This decomposition product is clearly
identified in compound$1 and17 (Figures 4.2 and 4.8) and is responsible for tekp
with dso = 19.6 ppm. In addition, several spectra contamad, low intensity peaks
buried underneath the main signal. It is specdl#état these peaks are likely due to
small amounts of an unknown impurity or decomposigproduct. As a result, several
of the fits in this Chapter are tentative, and mahthe parameters are less precise than

those determined in Chapter 2.
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Table 4.1 Experimental’B EFG and CS tensor parameters for compouddds 252

Sample Co/MHz No Oiso/ppm  Q / ppm K al° B/° y/°
Boronic Acid 11 3.00£0.10 0.70+0.10 28505 20zx2 0.90#00. 0+40 05 040
12 3.00£0.10 0.45+0.05 29.0+x05 246 0.60#00. 0+10 0x2 0zx10
13 340+£0.10 050+0.10 30.1+02 23+2 -045@50 0x10 7x1 010
14 3.15+£0.05 0.60+0.10 28005 25%3 0.80200. 0+10 05 0x10
15 3.20+£0.10 059+£0.01 29.2+0.7 204 0.85#0. 0+10 05 0x10
16 320+0.10 040+0.10 29.8+05 25%5 0.00@01. 0+10 0x4 0z10
Catechol Cyclic Ester 17 268+0.17 080+0.10 308+01 24+3 -045@50 0x10 5+3 0zx10
18 272+0.06 080+0.01 314+04 23+x1 -0.70#0 0+10 8%x2 010
19 270+£0.10 0.78+0.02 30.3+x0.2 225 -015@50 7+3 0x2 73
20 268+£0.02 0.80+0.10 29.7+03 23+3 -0.15@850 8+2 0x2 82
21 273+£0.10 0.80+0.10 302+x0.2 25+2 -0.10#00 0x15 0x2 015
22 270+£0.10 0.80+0.10 296+02 24+2 -020#00 0x15 0x2 015
23 271+0.03 084+0.04 31.0+x02 264 -0.40#0 0+10 10+2 010
24 276+0.02 081+£0.01 30.7+08 25+2 -0.25650 0+10 7x2 010
25 268+0.02 0.75+0.05 319+03 22+2 -040200 0+10 O0x2 010
Boric Acid® 285+0.05 040+0.10 19.6+0.3

®ExperimentalCo, 77q, dso, Q, K, and Euler angles for each boronic acid and esteipound studied. Chemical shifts are reportet wit
respect to solid NaBHat -42.06 ppm. Boric acid is included as the iritgypresent at 19.6 ppm in th&8 SSNMR spectra associated
with compoundd4.1 and17.

*These NMR parameters were included in the simulatiof the’'B SSNMR spectra of compoundd and17 using 8 % and 7 %

intensity relative to the main signal, respectively
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Figure 4.2 Solid-state boron-11 NMR spectroscopyldf Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated us§olids
(traces (f) and (h)) using the parameters givemable 4.1. The small lineshape in
spectra (a) — (d) at ~ 19.6 ppm is due to borid,aend its'’B SSNMR spectral

parameters may be found in Table 4.1.
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Figure 4.3 Solid-state boron-11 NMR spectroscopyl® Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @safb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.4 Solid-state boron-11 NMR spectroscopyl® Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givehahle 4.1.
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Figure 4.5 Solid-state boron-11 NMR spectroscopylegf Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids é@safb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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A small range irCQ(”B) Is observed ranging from 2.68 MHz for compouds
20, and25 to 3.40 MHz for compound3. An analogous statement can be made for the
span, which ranged from 20 ppm in compoubiisand15, to 26 ppm in compoun23.

Similarly, there is also very little variation ihe measuredis,(*'B) values, which
range from 28.0 ppm (compourd) to 31.9 ppm (compoundb5), only about 3.5 % of
the total known range for tricoordinate boron. Eompoundd41 —25, the chemical shift
range is even smaller than that of the compounadiext in Chapter 2. Due to this
increasingly small range, it is difficult to consluely relatediso(*'B) to any single
structural feature. There is only a small variatim magnetic shielding between
compounds, meaning that there is little changehéedlectron density around the boron
nucleus. In addition, there is a lack of correatbetween the experimental isotropic

chemical shift values and the calculated isotropggnetic shielding valueside infra).
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Figure 4.6 Solid-state boron-11 NMR spectroscopyl& Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated us§olids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.7. Solid-state boron-11 NMR spectroscopyl@ Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated us§olids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.8 Solid-state boron-11 NMR spectroscopylat Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @safb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids
(traces (f) and (h)) using the parameters givermable 4.1. The small lineshape in
spectra (a) — (d) at ~ 19.6 ppm is due to borid,aand its''B SSNMR spectral

parameters may be found in Table 4.1.

106



=

(o]

T T T T T T
60 50 40 30 20 10 0 -10 20 -30
5("'B) / ppm

(e)

T T T T T T T
60 50 40 30 20 10 O -10 -20 -30

3("'B) / ppm

.

h)

(9)

1T T T T T T T T T T T T T T 1T
100 90 80 70 60 50 40 30 20 10 0O -10-20-30 -40 -50

5("'B) / ppm

T T T T T T T T T T T T T T T T
100 90 80 70 60 50 40 30 20 10 O -10-20 -30 -40 -50
5(""B) / ppm

Figure 4.9 Solid-state boron-11 NMR spectroscopyl®& Experimental spectra of a

powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.

Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters

given in Table 4.1. Experimental spectra of stery powdered samples are shown in

(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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In general, the directions of the eigenvectors esponding toVzz and d33 are
coincident within experimental error, as the Eudergle 3= 0. When considering
compoundsl — 10, the span was the most sensitive NMR parametehamges in the
molecular and electronic structure, with a rang8@ppm (10 ppm for compouredo 40
ppm for compoun®). However, the range in span for compoudds- 25 is much
smaller; only 6 ppm. Although the rangeCns much smaller here, it still has the largest
relative variation among the NMR parameters for poondsl1 - 25. For this reason it
remains the primary focus and its relationship witie local boron electronic and
molecular structure will be discussed later in thiapter.

As a representative sample with a good fit, shawRigure 4.15 aré&'B SSNMR
spectra of boronic acid catechol cyclic e&éobtained at 9.40 and 21.1 T. Tﬁ@(”B)
value obtained foR4 is 2.76 + 0.02 MHz ango = 0.81 + 0.01. Boron CSA is apparent
in this sample as a span value of 25 + 2 ppm wgsired to obtain a good fit. The
isotropic chemical shift of 30.7 = 0.8 ppm fallstlwn the expected range for a boronic

estertt
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Figure 4.1Q Solid-state boron-11 NMR spectroscopyl® Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.11 Solid-state boron-11 NMR spectroscopy26f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givehahle 4.1.
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Figure 4.12 Solid-state boron-11 NMR spectroscopy2df Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of steiry powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.13 Solid-state boron-11 NMR spectroscopy2@ Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésatb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Depicted in Figures 4.2 to 4.14, and 4.16 are ttle SSNMR spectra of
compoundsll to 23, and25 respectively. Upon examination of the spectra simould
note that thé'B line shapes associated with the boronic acids terbe broader than the
spectra of the boronic acid catechol cyclic estdisis observation is associated with the
fact that the boronic acids tend to have largeati Co(*'B) values. In Chapter 2 there
was a large variation i which allowed for a differentiation of the bororacids from
the esters since the values for the acids weredifpilarger. However, the compounds
studied in this chapter have only a small variatiorQQ; hence it is not possible for
differentiation between the boronic acids and bmratid catechol cyclic esters using
this NMR parameter. It should be noted that thpeeinentalCq values are always
larger for the boronic acids (3.00 to 3.40 MHz)rthar the boronic acid catechol cyclic
esters (2.68 to 2.76 MHz). This is shown belowFigure 4.17. Unlike the compounds
studied in Chapter 2, there is no region of ovebajween the two classes of compounds

here; theCq values are distinctly different for the acids tanthe catechol cyclic esters.
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Figure 4.14 Solid-state boron-11 NMR spectroscopy2@ Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids

(traces (f) and (h)) using the parameters givehahle 4.1.
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Figure 4.15 Solid-state boron-11 NMR spectroscopy2df Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c)'B at 21.1 T.
Best-fit spectra were simulated using WSolids ésafb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stary powdered samples are shown in
(e) B at 9.40 T and (g}'B at 21.1 T. Best-fit spectra were simulated udigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.16 Solid-state boron-11 NMR spectroscopy2&f Experimental spectra of a
powdered sample undergoing MAS are shown in'@)at 9.40 T and (c}'B at 21.1 T.
Best-fit spectra were simulated using WSolids @satb) and (d)) using the parameters
given in Table 4.1. Experimental spectra of stery powdered samples are shown in
(e) B at 9.40 T and (gJ'B at 21.1 T. Best-fit spectra were simulated uaigolids

(traces (f) and (h)) using the parameters givenaible 4.1.
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Figure 4.17 A plot of experimentalCq values versus the type of compound being
studied. The boronic acid compounds are plottethereft, as squares, and the boronic

acid catechol cyclic esters are plotted on thetrigh triangles.

The fact that th€q values are all consistently larger for the boratis (3.00 —

3.40 MHz) than for the boronic acid catechol cyésters (2.68 — 2.76 MHz) is a useful
observation that demonstrates the benefittBISSNMR experiments on these types of
compounds. When performing NMR experiments inlidpgid state, the rapid motion of
the molecules leads to an averaging of the molecafgéentations, thus averaging
anisotropic interactions. A disadvantage to thithat a great deal of the fine structure of
the lineshape is lost along with the data it cor#ai The averaging of molecular
orientations will only lead to an isotropic chemishift with no CSA. Likewise, th€q
value cannot typically be measured simply by spésimulation under these conditions.
With only &is, information available, it limits the comparison obmpounds to one

another using only NMR data. However, in the cas¢he boron compounds being
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studied here, there is little variation in g values. The very narrow rangedy is too
small for it to be used to compare these compotmésch other, and it is not sufficient
to distinguish between the boronic acids and theorio acid catechol cyclic esters.
However, in the solid-state, there are many othigiRNparameters that may be used to
compare compounds to one another. Fortunatelythéencase of the compounds in
Chapter 4, th€q allows us to distinguish between the two classempounds. Thus,
the SSNMR experiments can distinguish between tirerfic acids and boronic acid
catechol cyclic esters. In Chapter 2, the spanevalas the most characteristic NMR
parameter amongst the compounds but there wasastédbion of overlap between the
span values for both sets. It is likely the mdsaracteristic NMR parameter since the
compounds were structurally dissimilar and theres véaich a large range in the
experimental span values with little error. Hehes compounds are very similar to one
another, and there exists an NMR paramefg) (hat clearly distinguishes between the
acids and esters with no region of overlap. Thiskely due to the fact that the structural
similarity amongst compounds will result in a veiynilar Cq value for each compound
in a given structure class (boronic acids, for epl@n However, since boronic acids and
boronic acid catechol cyclic esters are structyrdiliferent, Co values which are notably
different from one another are observed. This @¢ the case for other SSNMR
parameters since the relative range is much snaaliéthe error is much larger.

It was noted in Chapter 2 for compourtls- 10 that experimental boron span
values varied significantly amongst different tocdinate boron compounds. This trend
was rationalized by considering the molecular aibitfor each species involved.

However, since compoundd — 25 all haveQ values which are approximately equal to
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one another, it is not useful to perform a molecathital analysis to distinguish amongst
the compounds. This observation does not renderstidy of these compounds
uninformative but rather provides a handle as tev hmuch electronic variation is
necessary in order for there to be an impact or'®éNMR span. When there are no
variations in structure except for the substitueatind to the aromatic ring, which is
distant from the boron nucleus, the variation ie gimulated NMR tensor span is
negligible. This is the case for the boronic amtkchol cyclic esters.

Upon examination of thé'B SSNMR spectra acquired for compourids— 25
(Figures 4.2 to 4.16), one may notice that sevaréiiem do not have an ideal lineshape,
and it appears as though multiple boron sites neyresent in the sample. Multiple
guantum magic angle spinning (MQMAS) experimentsrewperformed on several
compounds as a means of determining if multiplessivere present. MQMAS can
improve resolution and hence if multiple sites present, they can be observed in the
isotropic dimension. Although MQMAS experimentd diot reveal multiple boron sites,
based on the lineshapes observed, there is thébpipsshat a distribution in theCq
values exist for each compound.

Because MQMAS was unable to conclusively deteentimmultiple sites were
present, four of the compounds studied in this @hapere re-crystallized so that a
crystal structure could be solved, in order to ielate the atomic structure and determine
how many crystallographically unique boron sites present. In order to obtain pure
samples, the compounds were recrystallized usinghtgdrofuran (THF). Long needle-

like crystals were obtained for each compound &ed trystal structures were solved.
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Four crystal structures were solved by |. KorobKowiversity of Ottawa) using
single crystal X-ray diffraction for compound4, 12, 21, and22. If one simply looks at
the SSNMR spectra for any of these compounds,codatly those of21 and 22, it is
obvious that there are multiple boron sites, omapurity present. Figure 4.18 shows an
example of a spectrum that was acquired befordigatton and after recrystallization.
Presented in Figures 4.19 — 4.22 are the asymmaetiis for compound&l, 12, 21, and

22.

| | | | | T 1 | T T
60 50 40 30 20 10 O -10 -20 -30

5(""B) / ppm
Figure 4.18 Solid-state boron-11 NMR spectroscopyl@ Experimental spectra of a
powdered sample undergoing MAS are shown irt'@at 9.40 T for the compound after

recrystallization and (b)'B at 9.4 T for the compound before purification.
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Figure 4.19 ORTEP diagram depicting the crystal structure faompound 11.
Hydrogen positions were calculated using geomeatyrozation calculations and plotted
relative to the heavier atom positions. Arrows resgnt the hydrogen bonding

interaction between two adjacent units.

Figure 4.20 ORTEP diagram depicting the crystal structure fmmpound 12.
Hydrogen positions were calculated using geomgttyrozation calculations and plotted
relative to the heavier atom positions. Arrows esent the hydrogen bonding interaction

between two adjacent units.
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Figure 4.21 ORTEP diagram depicting the crystal structure fmmpound 21.
Hydrogen positions were calculated using geomattyrozation calculations and plotted

relative to the heavier atom positions.

Fl

Figure 4.22 ORTEP diagram depicting the crystal structure faympound 22.
Hydrogen positions were calculated using geomeatyrozation calculations and plotted

relative to the heavier atom positions.

These crystal structures and recrystallizationfiesrithat*'B SSNMR spectra are

being acquired of the boron-containing compoundsjuestion and not some form of
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decomposition product(s). Once the pure compowsldnystallized, these crystals can
be used to collect the SSNMR spectrum, ensuring thie pure sample is responsible for
the observed signal. After recrystallization thsetid appears to be multiple boron sites
present. Consider Figure 4.21 for compo@fudthis compound was synthesized with the
intent that it possess a Cl atom at the para posif the aromatic ring bound to the
boron atom. However, the ORTEP diagram indicatas & methyl group is present in
that position (see C7). There is one possibleasdn that could explain these
observations. It is possible that, in the casecahpound2l, there are two boron
compounds present: one that has a chlorine atdheipara position, and another that has
a methyl group in that same position. If this e tcase, when the sample was
recrystallized, both compounds would have crystadliout of the solvent and formed the
needle-like crystals that were collected. By cleankce single crystal chosen for analysis
happened to be that of the compound with the megjnglp at the para position.
However, when thé'B SSNMR spectrum was collected, both compounds wersent,
each possessing a unique boron site; hence thewapegelded a lineshape that indicates
multiple boron sites. In spectra where it appélaas there are multiple sites or there are
distortions in the lineshape, it is likely that etlcompounds are present which give rise
to another boron site, as is the case in comp@indOther low intensity peaks in the

spectra, such as that boric acidat= 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 tertsdesilated using the DFT
B3LYP method for compoundkl to 25. Table 4.3 contains the analogous information

for calculations using the GGA-revPBE method fompoundsl1 to 25.
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Table 4.2 Calculated EFG and CS tensor parameters for cangsi1to 25°

B3LYP
Sample Co/MHz  nqg Ocac  Q/ppm K al/° B/° y/°
Boronic Acid 11 3.085 0.671 75.065021.935 0.786 65 0 294
11t 3.062 0.590 74.824827.561 -0.232 39 2 295
12 3.101 0.645 75.544021.315 0.918 284 1 152
12t 3.066 0.581 74.603328.016 -0.241 316 7 70
13 3.113 0.659 74.918221.503 0.927 269 0 92
13t 3.085 0.579 74.655327.608 -0.251 43 4 109
14 3.081 0.662 74.574921.021 0.929 165 0 277

14t 3.076 0.560 73.225627.870 -0.153 313 18 74

15 3.101 0.635 75.549521.580 0.824 276 0 174

15t 3.073 0.564 74.997226.971 -0.251 137 5 253

16 3.105 0.628 75.349021.905 0.805 59 0 31

167 3.075 0.558 74.998127.258 -0.243 138 4 252

Catechol Cyclic Ester 17 2.710 0.915 70.729325.936 -0.921 270 90 90
18 2.725 0.888 71.032724.415 -0.959 88 21 272

19 2.738 0.897 70.578924.518 -0.995 270 50 90

20 2.705 0.914 70.525023.906 -0.947 90 0 270

21 2.725 0.862 71.035023.494 -0.856 308 0 52

22 2.723 0.871 71.016723.083 -0.897 90 0 270

23 2.782 0.945 69.265427.915 -0.762 272 90 90

24 3.017 0.754 69.097744.340 -0.308 323 0 37

25 2.720 0.889 70.442423.661 -0.936 90 31 270

Boric Acid 2.465 0.304 78.401913.326 -0.694 241 0 112

T Corresponds to boronic acid dimer

& Calculated values for boronic acid dimers whichethlydrogen bonding interactions into account actuded where applicable.
Hybrid DFT calculations were performed using the.BB functional and the 6-311+G* basis set on adineknts. Boric acid is
included as the impurity present at 19.6 ppm ingouamdsl1 and17.
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Table 4.3 Calculated EFG and CS tensor parameters for camjsilto 25°

GGA revPBE
Sample Co/MHz  ng Ocalc Q/ppm  ¢cepe/°
Boronic Acid 11 2.80 0.693 72.24321.260 0

11t 2.78 0.599 71.47124.205 2
12 2.82 0.668 72.55322.559 0
12t 2.79 0.590 71.51325.017 6
13 2.84 0.677 72.11822.522 0
13t 2.82 0.585 71.36524.911 3
14 2.84 0.678 71.10322.203 6
14t 2.81 0.564 70.29625.513 1
15 2.82 0.656 72.58423.089 0
15t 2.81 0.572 71.72924.421 4
16 2.83 0.648 72.42623.713 0
16t 2.81 0.566 71.64624.754 3
Catechol Cyclic Ester 17 241 0.933 67.49721.492 0
18 2.43 0.905 67.82221.188 0
0

0

0

0

0

9

4

19 2.45 0.910 67.39121.322
20 2.41 0.930 67.28120.697
21 2.43 0.875 67.79820.475
22 2.43 0.884 67.83719.958
23 2.50 0.955 66.00023.094
24 2.74 0.742 65.32722.636
25 2.42 0.905 67.01720.173 1
Boric Acid 2.24 0.300 78.598 11.4 0
T Corresponds to calculations which used a boronttdimer.

0

& Calculated values for boronic acid dimers whichetélydrogen bonding interactions
into account are included where applicable. Th&Bé& calculations were performed
using the GGA-revPBE functional and the TZP bast an all elements. @cgo IS

defined in Figure 2.25. Boric acid is includeditawas the impurity present at 19.6 ppm

in compoundd.1 and17.
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The above ADF calculations were performed usingGIBA rev-PBE functional
and the TZP basis set on all elements shown ineTdl8. These calculations yielded
results that were comparable to experimental refwtvever, calculations employing a
larger basis set (TZ2P) and using the VWN LDA mdthere also carried out in an
attempt to achieve calculated NMR parameters threaevin better agreement with the
experimental data. Logically, computations whide w@a higher level basis set should
provide more accurate results. These results lavevrs in Table 4.4. In addition, the
inclusion of the VWN LDA should yield results thahore closely reflect the
experimental data. This is indeed the case forréselts discussed here. Although
calculations using the TZP basis set and the XaaldbA provided results that were not
in agreement to the same degree as when the TZ2® 4& and VWN LDA were used,
those data are still useful and can be used tarobfgproximate values for the NMR
parameters being calculated. The improved accucacyes at the cost of having to
expend more computational resources. These rem@tsonsistent with recent work by
Autschbach et. al., who showed that GGA revPBEutalions using the TZ2P basis set
and the VWN LDA did a much better job at calculgtithe CS and EFG tensor
information than the TZP basis set with the X-alpBs for various?’Al systems:* Al
discussion of calculated NMR parameters beyond ghist refer to the GGA rev-PBE
calculations where the TZ2P basis set and VWN LDAravused unless specified

otherwise.
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Table 4.4 Calculated EFG and CS tensor parameters for camjsilto 25°

GGA revPBE
Sample Co/MHz  ng Ocalc Q/ppm  ¢cepe/®
Boronic Acid 11 2.95 0.621 72.32121.848 0
117 2.94 0.548 71.53124.342 2
12 2.97 0.597 72.63523.083 0
127 2.94 0.540 71.56925.135 6
13 2.98 0.606 72.19723.091 0
137 2.97 0.536 71.42725.097 3
14 2.97 0.588 71.24523.778 6
147 2.96 0.515 70.33825.636 14
15 2.97 0.585 72.67023.617 0
157 2.96 0.523 71.80124.632 4
16 2.97 0.576 72.52724.252 0
167 2.96 0.516 71.73324.973 3
Catechol Cyclic Ester 17 2.57 0.867 67.64021.974 0
18 2.59 0.841 67.95821.614 0
19 2.61 0.846 67.52621.792 0
20 2.57 0.863 67.45021.171 0
21 2.59 0.811 67.95420.956 0
22 2.59 0.821 67.98220.440 0
23 2.66 0.891 66.12922.265 0
24 2.89 0.694 65.54143.239 90
25 2.58 0.840 67.09020.648 1
Boric Acid 2.27 0.288 78.605 12.3 0

T Corresponds to calculations which used a boront@dmer

& Calculated values for boronic acid dimers whichetélydrogen bonding interactions
into account are included where applicable. The8d- Aalculations were performed
using the VWN LDA, GGA-revPBE functional, and th&ZP basis set on all elements.
@ceo Is defined in Figure 2.25. Boric acid is includeslit was the impurity present at

19.6 ppm in compoundkl and17.
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The GGA-revPBE calculatedis, values are plotted against the experimental
values ofdso In Figure 4.23. Although there is only a weakretation between the
experimental and calculated data, one should matethere are two separate clusters of
data points on the plot. The data points towahgstop of the graph are those for the
boronic acids and they all have larger calculatgglvalues. The data points towards the
bottom right are those for the boronic acid catéclgolic esters and they all have smaller
calculatedois, values. It is important to point out that althbuthere is a distinct
difference between the calculated, values for each set of compounds, there is a large
region of overlap between tldg, values, which implies that the experimerdig] values
do not differentiate the two sets of compoundsffe@ntly, in Chapter 2, an analogous
plot (Figure 2.24) shows a good correlation betwagianddis,. This can be explained
by the fact that compounds— 10 are all structurally very different from one anath
hence, the electronic environment has sufficieniatian to cause th@is, (and diso)
values to be more distinct between compounds. @alge led to a larger range of
experimentab, values for compounds— 10. However, the range and relative error of
the experimentabd, values is much smaller than it was for compouhdslO. It is this
small range and large error which may lead to ther gorrelation between calculated
and experimental values. The general trend howasecorrect in that the slope is
negative, implying thabis, and ds, values are inversely related to one another. When
considering the boronic acids and boronic esteGhapter 2, there was no distinction in
Oiso (@nd &is0) values between the two sets of compounds duéhdovast structural
differences. When considering compoudds- 25, the boronic acids are all very similar

to one another, as are the boronic acid catecladicogsters. This is likely what led to
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the two distinct regions of data points observethaplot below. This implies that there
are distinct shielding contributions in these systeéhat push theis, values for the acids

to larger values.

Shown in Figure 2.27 are the diamagnetic contrimgithat play an important
role in the magnetic shielding tensor for these poamds. Figure 2.27 shows thak
(and possiblyo,y) are shifting to a more positive value, which @auan increase i0iso
and hence, the calculateg, values for the boronic acids tend to be largen tih@se of

the boronic acid cyclic catechol esters.
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Figure 4.23 Correlation between the calculated (ADF/GGA revPB&hRl isotropic
shielding and experimental and isotropic chemibét salues measured in the solid state
for each boronic acid and boronic acid catechollicyester studied in Chapter 4.

Experimental isotropic chemical shift is plottedaegst the calculated total isotropic
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shielding values for the dimer where applicablehede data have R 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 revPBRY) experimental
span values measured in the solid state for eamdnimoacid and boronic acid catechol

cyclic ester studied. Experimental span is plotigdinst the calculated span values for

the dimer where applicable.

Figure 4.24 shows a very poor correlation betweka éxperimental and
calculatedQ values. This poor agreement is likely due to shaall range of spans
observed for the compounds studied in this chapteich is just 6 ppm. In addition, the
error associated with the experimental span vataages from 1 to 6 ppm. Thus, in
some cases, the error is exactly equal to theeerainge of the span values. With such a

small Q range and such large measurement error, it igraatical to try and relat@
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values with the molecular or electronic environmewWhat can be said however, is that
for compounds such as the boronic acid catecholiccgsters, simply altering the
substituent on the aromatic ring system, which dkatively distant from the boron
nucleus, is not enough electronic variation to hawagnificant impact on the observed
CS NMR parameters.

The GGA revPBE-calculated values for compoutds- 25 cannot be used to
discuss the impact of hydrogen bonding or electrauibstituents on the span as was
done in Chapter 2. There is simply not enough telac variation amongst the
compounds.

Once again, the impact aftcso (see Figure 2.25 for angle definition) upon
calculatedQ values was studied. Shown in Figure 4.24 arectileulatedQ values
versus the calculated GGA-revPBE optimized dihedngjles for the optimized structure

of each boronic acid and boronic acid catecholicyedter.
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Figure 4.25 Correlation between the calculat@dvalues andg.cgo for compoundd.1 -

25,

As noted earliergzcgo is altered primarily by sterics, and hence depesmdshe
bulkiness of nearby substituents on the aromatig. riAs discussed in Chapter 2, the
¢ceso values discussed here are referring to those eadzlilusing the GGA-revPBE
functional. Figure 4.25 reveals no clear and dicarrelation betweemgcso and Q,
which is not surprising since the dihedral angletfe vast majority of the compounds is
either equal to zero or has a value close to zdxevertheless, the general trend of
increasing with increasinggceso can be observed. The reason thatghgovalues are
so small amongst these compounds is due to therg belky groups adjacent to the ring

system which would cause the angle to increase gEneral relationship betwe@nand
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@ceo discussed earlier tells us that at smgalso values, one can expect to see smaller
Q values. In the case of compourids- 25, most havegcgo values that are close to one
another, similar to their spans. Therefore the datFigure 4.25 are consistent with the
span values observed; most of the compounds Irsteel have small and similgtcgo
values as well as small and simifarvalues. In the case of the large angle for comgou

24, theQ value is large as expected.

4.2.3 Effect of Varying the Ring System Bound te Boron Atom

One main difference between the two sets of comg®lin-10 and11 —25is
that each of the compoundls- 10 have the boron atom contained in completely deffier
environments. To investigate what effects the spgtem bound to the boron atom have
on the NMR parameters, a computational study waemmpeed on a series of compounds
where the ring system was systematically variette dompounds studied are shown in

Figure 4.26.

134



29 30 31
OH X
0 B |
B OH — _OH
oj/ N" B
OH
32 33 34
HO.___OH
OH B
B
| N OH | N
~ ~
N N
35 36

Figure 4.26 Structures of the boron compounds with varyimg $ystems26 — 36)

used in section 4.2.3.

Each compound was constructed in Gaussview andbaidhpFT geometry
optimization calculation using the B3LYP functiomvaith the 6-311+G* basis set on all
atoms was performed. ADF calculations using theAG&/PBE method and TZP basis
set on all atoms were used to calculate magneigtdismg and EFG tensor information on
the optimized structures. Shown in Table 4.5 dre boron EFG and CS tensors

calculated using the B3LYP and GGA-revPBE methadsdmpound26to 36.
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The observed results follow the conclusions maddieeaelating the CCBO
dihedral angle, the span, and the paramagnetiddsigecontributions. In cases where
the compounds have a dihedral angle of nearly zBecontributions to paramagnetic
shielding are small and therefore small spans bsereed. In the case of compol8d
a large dihedral angle is calculated, which comesingly has a large calculated span.
No experimental data were acquired for these comg®u In conclusion, varying the
ring system bound to the boron atom will have ablgt impact on the calculated NMR
parameters. When the ring system leads to the contphaving a large dihedral angle,

the contributions to paramagnetic shielding inceessd a larger span value is observed.
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Table 4.5 Calculated EFG and CS tensor parameters for conys26 to 36.°

B3LYP GGA revPBE
SampleCo/MHz ng  Gcac Q/ppm K o B vy Co/MHz ng Ocac Q/ppm ¢ccac/®
26 3.101 0.64574.975 21.027 0.848 12 0 295 2.821 0.66571.985 21.563 0
27 3.096 0.63476.676 23.232 0.551280 0 185 2.815 0.64573.779 24.809 0
28 3.036 0.59775.761 22.238 0.896 193 0 264 2.751 0.61572.782 23.766 0
29 3.110 0.64574.659 20.320 0.885174 0 306 2.832 0.66571.921 21.797 0
30 2.996 0.69371.526 14.430 -0.815149 0 211 2.697 0.71568.124 9.624 0
31 3.037 0.62472.547 19.867 -0.370 0 1 360 2.740 0.62769.447 15.634 2
32 2.950 0.64276.552 23.440 0.683269 2 181 2.644 0.67773.331 24.494 0
33 3.123 0.64675.108 21.709 0.917176 0 275 2.848 0.66472.120 23.449 0
34 3.305 0.52873.572 34.834 0.991302 0 58 3.045 0.53670.052 37.191 90
35 3.103 0.60575.058 24.358 0.676211 0 254 2.874 0.62371.587 26.946 0
36 3.221 0.56475.840 31.775 0.509 179 16 279 2.944 0.54472.291 34.202 32

#Hybrid DFT calculations were performed using thé.BB functional and the 6-311+G* basis set on ahants.

ADF calculations were performed using the GGA-reiRBnctional and the TZP basis set on all eleme@sso

is defined in Figure 2.25.
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In this chapter, a series of six boronic acids ame& boronic acid catechol cyclic
esters were studied ByB SSNMR, their spectra were simulated to extragieeixnental
EFG and CS tensor information, and their NMR patansewere calculated at various
levels of theory. It has been shown that@ggs the most characteristic NMR parameter
amongst these compounds. However, since theyllageite structurally similar to one
another, there does not appear to be a clear atorl between calculated and
experimental span values. The structural simiéwias well as the non-negligible role of
diamagnetic shielding make it difficult to corredatalculated;s, values to observeds,
values. The effects of various ring systems wémdied, and several crystal structures
were determined and helped to explain what apgedrs multiple boron sites in several
of the''B SSNMR spectra. These compounds, however, foll@mrend where when a
large calculatedgcgo is observed, the calculated value is correspondingly large.
Although no substantial variation was seen in'tBeNMR parameters, these compounds
remain an extremely important and useful classoofiounds which should be studied
and characterized. They possess a wide range adftigal 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 adid), 3,4-
dimethoxyphenylboronic acidl®), p-tolylboronic acid 13), o-tolylboronic acid 14), 4-
fluorophenylboronic acid16), and 4-chlorophenylboronic acidg)), and nine boronic
catechol cyclic esters (4-methoxyphenylboronic acadechol cyclic esterly), 3,4-
dimethoxyphenylboronic acid catechol cyclic est&8),( p-tolylboronic acid catechol
cyclic ester 19), o-tolylboronic acid catechol cyclic este20], 4-chlorophenylboronic
acid catechol cyclic esteRY), 4-fluorophenylboronic acid catechol cyclic es{2?), 4-
methoxyphenylboronic acid catechol cyclic es&3),(phenylboronic acid catechol cyclic
ester R4), and phenylboronic acid catechol cyclic estemén @5)) studied in this
chapter (Figure 4.1) were synthesized and provigedhe laboratory of Dr. Kenneth
Maly, Wilfrid Laurier University, Waterloo, ON. $@e samples were used without
further purification, while others required re-dalization. Solution statéH NMR
experiments were performed on all of the compoustisiied in this chapter. The
experimental data verify the purity of the composisthce all of the resonance peaks are
located at appropriate chemical shift values whegresent the chemical environment of
the different protons. For those compounds whigbeared to have multiple sites in the
1B SSNMR spectrum, re-crystallization was perforrbgdlissolving the compound in a
small amount of liquid THF, and then slowly allogithe solvent to evaporate. In these
cases, a single crystal was collected for X-rayly@maand the remaining crystals were
powdered and packed into a 4mm rotor. The corregipg 'B SSNMR spectra were

then acquired for each re-crystallized compound.eXperimental details concerning the
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SSNMR spectroscopy of the compounds listed aboeeidentical to those used for
compoundd — 10 and are as outlined in Chapter 2.3.

900 MHz Data: All experimental details concerning the SSNMR spesttopy of
the compounds listed above are identical to thege dor compound$ — 10 and are as
outlined in Chapter 2.3.

Spectral Processing and Simulatiobata were processed and simulated in the
same manner as compourids 10 and are as outlined in Chapter 2.3. Of the comgsun
studied, X-ray crystal structures are availabledompoundsll, 12, 21, and22; these
structures indicate a single crystallographicallyique boron site. Boron-11 NMR
spectra acquired strongly suggest that there imgesunique boron site for all other
compounds studied as well. As such, all spectr@ wienulated using a single boron site

for each compound except where noted.

Quantum Chemical Calculations

All computational details for the compounds lisedabve are identical to those
used for compounds — 10 and are as outlined in Chapter 2.3. Calculationpleying
the RHF method were not performed on these commoukitalogous calculations were
also carried out using ADEemploying the GGA-revPBE DFT method, TZ2P basts se

on all atoms, and the VWN LD

Crystallography

Crystals of compoundsl, 12, 21, and22 were grown from slow evaporation of

saturated solutions of THF. Single crystals weoaimed on a glass fiber or plastic mesh
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with viscous oil and flash cooled to the data il temperature. Unit cell
measurements and intensity data collections werferpged on a Bruker-AXS SMART
1k or APEX CCD diffractometer using graphite monachated Mo-Kx radiation A =
0.71073 A). Unit cell parameters were obtainednf@0 data frames, 0.33, from three
different sections of the Ewald sphere. The uaelt parameters, equivalent reflections,
and systematic absences in the diffraction dat@@msistent with space group21/ for
11, P21fc for 12, P21/c for 21, and P21h for 22. The data-sets were treated with
SADABS absorption corrections based on redundartisnan dat&> The crystal data
and refinement parameters for compoutdis12, 21, and22 are listed in Appendix A.
The structures were solved using direct methods rafided with full-matrix, least-
squares procedures df2. All non-hydrogen atoms were refined with anigpic
displacement parameters. All hydrogen atoms weratdd as idealized contributions.
The C-C and C-O bond distances of the THF solvai¢cuale were restrained with the
commands DFIX and SADI and the thermals were nesidawith the command SIMU.
Atomic scattering factors and anomalous dispersaefficients are contained in various

versions of the SHELXTL program librafy.
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Chapter 5

Conclusions

In this study'B CS and EFG tensor information was successfullgsueed from
the'’B SSNMR spectra acquired for twenty-five boron coonpds: eleven boronic acids,
five boronic esters, and nine boronic acid catedyalic esters. Signal enhancement
techniques were successfully applied and enhandemaetors of up to 1.42 were
achieved for modified-QCPMG, whereas factors oD@ 2.95 were achieved for DFS
modified-QCPMG, relative to the QCPMG sequence alofheCq andQ values were
found to be larger, on average, for boronic acids ) than for esters6(— 10) for the
compounds studied in Chapter 2. For the compounuies! in Chapter 4, th€q values
were always larger for the boronic acidsl < 16) than for the boronic acid catechol
cyclic esters 17 — 25). For boronic acid4 - 5, the span has an average value of 30.8
ppm, while for the five boronic esteBs- 10, the average value is 17.8 ppm. In the case
of B quadrupolar coupling constants, the average vial@€) MHz for boronic acids -

5 and 2.8 MHz for boronic este- 10. For boronic acidd1 - 16, the span has an
average value of 22.8 ppm, while for the boroniic @aatechol cyclic esters7 - 25, the
average value is 23.7 ppm. In the case'8f quadrupolar coupling constants, the
average value is 3.2 MHz for boronic acitl$ - 16 and 2.7 MHz for boronic acid
catechol cyclic esterk7 - 25. The ranges associated with andds, are small relative to
their absolute magnitudes from compound to compourddwever, for compoundk —
10, the CS tensor span exhibits a significant retatisnge (75 %), and is the most
characteristic NMR parameter to relate the molecalad electronic structure. For

compoundsll — 25, there is little variation in the NMR parameterghis is due to the
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fact that there is little structural variation beem the compounds. The change in
substituents on the aromatic ring is too distaminfthe boron nucleus to be felt. Because
there is no bulky group near the boron nucleudttey ¢he dihedral angle, it is similarly
small from compound to compound and all of evalues are similar. It has been
advantageous to acquire data at a high magnelicdirength as the effects of CSA could
be more precisely quantified.

Good correlation between experimental and GGA révRBIculated spans, as
well as between the calculated isotropic shielding experimental chemical shift values
was observed for compounds— 10, but not for compound&l - 25. The span was
shown to be positively correlated witlicso in @ model boronic acid over the range of 0
to 90 degrees. This is true regardless of whellydrogen bonding is taking place,
althoughQ does not increase as steeply Witlaso when hydrogen bonding is occurring.
The hydrogen bonding interaction is correlated wittlecrease in the total paramagnetic
contribution to the isotropic magnetic shieldinglandecrease in the span. Contrary to
the situation typically seen for larger spans, di@nagnetic part of the shielding tensor
was shown to play a key role in explaining the ob=e trends in CSA. The presence of
an electron-withdrawing group substituted on a rhdol@onic acid resulted in an
increase in the calculated. Finally, the type of ring system that the bowrtom is
located in will have an impact on the simulated NNdRrameters. There must be
adequate structural variation for a change in tMR\parameters to be observed.

It has been shown that the boron chemical shifsdenn boronic acids, and
particularly the span of the CS tensor, is goverhgda delicate interplay of several

competing factors, including hydrogen bonding, dila¢ angle, and the various electron-
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donating or withdrawing substituents bound to themetic ring. It is therefore
speculated that futurfB SSNMR experiments performed on similar matenils be
most beneficial in comparative studies, where dpeaidividual changes in structure
may be probed and characterized.

Perhaps the most important point to be made iSSBAMR is an invaluable tool
that can be applied to boron (and other) systemgprtvide important structural
information and to learning important data abot lthcal boron environment which can
provide insights into the molecular and electrosmvironment. Consider a case where
crystallographic data is not available for a patac compound which cannot be
crystallized or it is impractical to do so. Theusture is not known but the results here
show that predictions can be made to relate the tfpcompound being studied to a
particular NMR parameter. Chapter 2 shows thah sj@a distinguish between boronic
acids and boronic esters when they are structuddffgrent, and Chapter 4 shows that
the Cq can distinguish the type of compound, i.e. borauil vs. boronic acid catechol
cyclic ester, when they are structurally similar.

As outlined in Chapter 4, the boronic acid and restenpounds studied in this
thesis can be utilized as building blocks in suprktular systems including COFs and
MOFs. More specifically, boron serves as an imgrarcomponent in COFs that can be
used for applications such as hydrogen storage catalytic transformations. This being
the case, characterizing SSNMR tensors of poteotigdling blocks in the COFs, namely
the compounds studied in this thesis, is a verjuleadeavor. In fact, it i5'B SSNMR
that is used to identify the local environment bé tboron nucleus and to assist in

identifying the structure of such COFs and thewuaftwhich they are composed.
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If studying a system where the abundance of basamot an issue, routine pulse
sequences such as a Hahn-echo can be used tcedogthirstatic and MAS spectra which
can be used to probe the structure. If, howevatilide system of low abundance is
being studied, signal enhancement techniques su€i+& or QCPMG can be applied to
the system to achieve greater signal in fewer scaite use of SSNMR, as opposed to
liquid NMR can provide much more useful data abihét nucleus being studied. For
example, one can learn important information abibet magnetic shielding or EFG
tensor. In the context of this thesis, SSNMR patans such as span can be simulated
from the experimental spectrum. This NMR parameter be related to calculated NMR
interactions such as paramagnetic shielding. Ithis contribution to paramagnetic
shielding that can be used to relate the NMR pararmeo electronic properties such as
the bonding environment or MO orientations. In gah SSNMR is an extremely
important technique which can be used to gain & am®unt of data for many different
nuclei and this information can be used to expkstiuctural and electronic features
present in the compound. SSNMR was successfuplieapto the boron systems studied
here and continues to grow as an important fieldsfodying “more difficult” nuclei such
as those with a low gyromagnetic ratio, large qupdie moment, or low natural
abundance.

Future work on the boron compounds discussed mtki@sis includes acquisition
techniques that would improve resolution. One seicimple is acquiring data at higher
magnetic field strengths. In cases where therenaperities present, or where there are
two overlapping boron sites with similar chemicdifts, better resolution would be

beneficial in that it would allow for separation tife two sites in question and their
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respective NMR parameters could be determined witemaller experimental error.
Acquiring MQMAS spectra of all compounds at botlghiand low magnetic field
strengths may also provide adequate resolutioreparste, in the isotropic dimension,
any distribution in NMR parameters present withigigen boron-containing compound.
In addition, all of the compounds in this study gldobe recrystallized and their crystal
structures determined. Of all the compounds whezecrystal structure does exist, there
is only one boron site. However, that does notessarily mean that all of the
compounds in this study possess one site. Theaepsssibility that there are multiple
sites present which overlap each other and havilasiMR parameters to one another.
In addition, procedures to develop these boronaioimg compounds into
supramolecules such as COFs should be developetis is a possibility for any or all
of the compounds studied in this thesis, they cdwddfunctionalized to carry out a
desired action in such a framework.

In the broader context of SSNMR in general, therstill much to be done. There
are many “more difficult” nuclei that have not bestndied yet due to their low natural
abundance, large quadrupole moment, or low gyroetagratio. However, as time goes
on, higher magnetic fields are becoming accessthkrefore increasing the number of
NMR active nuclei which can be routinely studiedHigher magnetic field strengths
reduce the broadening originating from the quadiampioteraction since this broadening
scales inversely with magnetic field strength.céses where the system is dominated by
the QI, but CSA is also present, this is extrembgneficial. Also, new signal
enhancement techniques are constantly being deactMvpich will allow for acquisition

of difficult spectra in less time. Systems thatrevpreviously deemed impractical due to

146



their low receptivity are becoming more and moracpical. Characterizing the magnetic
shielding and EFG tensors in such systems is bewpmcreasingly realistic as this field

continues to grow and flourish.
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Appendix A — Crystal Structure Data

Table Al: Crystal data and structure refinementXfar

Identification code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient
F(000)

Crystal size

Theta range for data collection

Limiting indices

Reflections collected / unique

Completeness to theta = 28.33

Absorption correction
Max. and min. transmission
Refinement method

Data / restraints / parameters

11
&HoBOs
151.95
200(2) K
0.71073 A
Monoclirf2(1)/n
a=11.0935(9) A &ph90 deg.
50442(3) A beta = 111.133(5) deg.
d3.8754(10) A gamma = 90 deg.
724.22(9) A
4, 1.394 mg/m
0.105 nim
320
0.21 x0.18 x 0.16 mm
2.03 to 28188.
-12<=h<=14, -6<=k<=6, -18<=18
6426 / 177818 = 0.0269]
98.3 %
Semi-empirical from eglents
0.9834 and 0.9783

Full-matrix least-squane$o

1778 /0/100
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Goodness-of-fit on’F 1.026

Final R indices [1>@(])] R1 = 0.0436, wR2 = 0.1181

R indices (all data) R1 = 0.0592, wR2 = 043

Largest diff. peak and hole 0.426 and -0.248°

Table A2: Atomic coordinates (x pand equivalent isotropic
displacement parameters ¢A10°) for 11.

U(eq) is defined as one third of the trat&he orthogonalized
Uij tensor.

X y z U(eq)

B(1) 2056(2)  -617(3) -915(1)  23(1)
o(1) 2421(1)  1417(2) 1593(1)  28(1)
0(2) 3058(1) -3045(2) 1308(1)  29(1)
0(3) 4752(1)  352(2) 3501(1)  33(1)
C(1) 3419(1)  -278(2) 281(1)  22(1)
C() 2091(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@) 4318(2)  2487(3) 3970(1)  38(1)

Table A3: Bond lengths [A] and angles [deg] fbt.

B(1)-0(2) 1.3616)16
B(1)-O(1) 1.3736)17
B(1)-C(1) 1.5602)17
0(3)-C(4) 1.3694)14
0(3)-C(7) 1.4287(17
C(1)-C(2) 1.3987Y17
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)
C(5)-C(6)

0(2)-B(1)-O(1)
0O(2)-B(1)-C(1)
O(1)-B(1)-C(2)
C(4)-0(3)-C(7)
C(2)-C(1)-C(6)
C(2)-C(1)-B(1)
C(6)-C(1)-B(1)
C(3)-C(2)-C(1)
C(4)-C(3)-C(2)
O(3)-C(4)-C(3)
0O(3)-C(4)-C(5)
C(3)-C(4)-C(5)
C(6)-C(5)-C(4)
C(5)-C(6)-C(1)

1.3919)18
1.3818)16

118.42(11)
118.77(11)
122.80(11)
116.76(11)
116.86(11)
122.49(12)
120.65(11)
122.18(12)
119.24(12)
124.30(11)
115.70(11)
120.00(11)
119.86(12)
121.84(12)

Symmetry transformations used to generate equivatems:

Table A4: Anisotropic displacement parameters ¢A10°) for 11.
The anisotropic displacement factor exponetggdhe form:

218 [h*a*® Ull+..+2hka*b*U12]

Ull  U22  U33 23 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)  O(1)
C(7) 60(1) 31(1) 23(1) -6(1)16(1)  2(1)
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Table A5: Hydrogen coordinates (x 9)0and isotropic
displacement parameters ¢A10°) 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] fdrl.

0(2)-B(1)-C(1)-C(2) -158.83(13)
0O(1)-B(1)-C(1)-C(2) 19.6(2)
0(2)-B(1)-C(1)-C(6) 21.3(2)
0O(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)-0(3)-C(4)-C(3) -1.2(2)
C(7)-0(3)-C(4)-C(5) 178.98(13)
C(2)-C(3)-C(4)-0(3) 179.36(12)
C(2)-C(3)-C(4)-C(5) -0.9(2)
0(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(2) 0.8(2)
C(2)-C(2)-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 refinementX@r

Identification code

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 26.43
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

Goodness-of-fit on’F

12
H11BO,
181.98
200(2) K
0.71073 A
Monocliri2(1)/c
a=5.5550(18) A alphfo deg.
b=9.532(3) A  beta =95.269(4) deg.
c=17.406(5) A gamma = 90 deg.
917.8(5) A

4, 1.317 mg/m

0.103 nitn
384

0.27 x0.22 x 0.22 mm
2.35 to 261d8.

-6<=h<=5, -11<=k<=4, -17<=21
3331/ 183618 = 0.0122]
97.4 %

Semi-empirical from eglents
0.9778 ara¥ 28
Full-matdast-squares orf F

183611/

1.047
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Final R indices [I1>@(1)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Table A8: Atomic coordinates (x fpand equivalent isotropic

R1 = 0.0354, wR2 = 0.1046

R1 =0.63%R2 = 0.1088

0.037(6)

displacement parameters’(A10°) for 12.

U(eq) is defined as one third of the tratthe orthogonalized

0.275 éndssg e. A

Uij tensor.
X y z U(eq)

B(1) 7984(3)  6574(1) 4413(1)  29(1)
0(2) 933(2) 10277(1) 2875(1) 35(1)
0(2) 3932(2) 9045(1) 2074(1) 34(1)
0(@3) 8605(2) 6753(1) 5178(1) 38(1)
0o4) 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(2)
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(2)
C(6) 4481(3) 8326(2) 4424(1) 37(2)
C(7) -769(2)  11009(2) 3299(1) 39(1)
C(8) 5745(3) 8538(2) 1616(1) 42(1)

Table A9: Bond lengths [A] and angles [deg] fb2.

B(1)-0(3)
B(1)-O(4)
B(1)-C(1)
O(1)-C(4)
O(1)-C(7)
O(2)-C(3)

1.3554)16
1.3705(17
1.5686)18
1.3672(15
1.4329(16
1.3714(14
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0(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

0(3)-B(1)-0O(4) 118.27(11)
0(3)-B(1)-C(1) 118.32(11)
O(4)-B(1)-C(1) 123.39(11)
C(4)-0(1)-C(7) 117.06(10)
C(3)-0(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)
0(2)-C(3)-C(2) 125.12(11)
0(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 geeeggtiivalent atoms:

Table A10: Anisotropic displacement parameters ¢&10%) for 12.
The anisotropic displacement factor exponekdggahe form:
218 [h?ar®Ull + ...+ 2 hka*b*U12]

ull u22 U33 U23 uUl3 U1z

B(1) 34(1) 29(1) 24(1)
O(1) 36(1) 34(1) 34(1)
0(2) 42(1) 38(1) 22(1)
O(3) 52(1) 39(1) 23(1)
O(4) 46(1) 36(1) 23(1)
C(1) 35(1) 28(1) 24(1)
C(2) 32(1) 26(1) 25(1)

0(1)-1(1)  1(1)
2(1)-1(1)  10(1)
5(1) 4(1)  11(1)
-2(1)-5(1)  15(1)
-4(1)-8(1)  11(1)
0(1)-2(1)  2(1)
-2(1) 2(1)  2(1)
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C(3) 32(1) 26(1)
C(4) 30(1) 25(1)
C(5) 41(1) 41(1)
C(6) 46(1) 42(1)
C(7) 36(1) 33(1)
C(8) 47(1) 53(1)

21(1)
30(1)
29(1)
22(1)
49(1)
28(1)

1(1)-1(1)
1(1)-2(1)
-3(1) 6(1)
2(1) 2(1)
-3(1) 2(1)
6(1) 9(1)

-3(1)
2(1)
10(1)
9(1)
8(1)
10(1)

Table A11: Hydrogen coordinates (x 90and isotropic
displacement parameters ¢A10°) 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] fdr2.
0(3)-B(1)-C(1)-C(6) -21.61(19)
0(4)-B(1)-C(1)-C(6) 157.08(13)
0(3)-B(1)-C(1)-C(2) 158.85(12)
0(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)-0(2)-C(3)-C(2) -8.97(18)
C(8)-0O(2)-C(3)-C(4) 171.16(11)
C(1)-C(2)-C(3)-0(2) 177.27(11)
C(1)-C(2)-C(3)-C(4) -2.87(18)
C(7)-0O(2)-C(4)-C(5) -1.05(18)
C(7)-0O(2)-C(4)-C(3) -179.95(11)
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0(2)-C(3)-C(4)-O(1)
C(2)-C(3)-C(4)-O(1)
0(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-C(5)
O(1)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
B(1)-C(1)-C(6)-C(5)

1.48(15)

-178.40(11)
-177.49(11)

2.63(18)

-179.45(12)

-0.6(2)
-1.2(2)
1.0(2)

-178.54(13)
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Table A13 Crystal data and structure refinementZar

Identification code 21

Empirical formula 181:BO;

Formula weight 210.03

Temperature 296(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclif2(1)/c

Unit cell dimensions a=17.@81A alpha =90 deg.

b =5.0462(9) A beta = 100.382(9) deg.
c=12.544(2) A gamma = 90 deg.

Volume 1113.4£8)

Z, Calculated density 4, 1.28§/nT

Absorption coefficient 0.082 mMm

F(000) 440

Crystal size 0.12 x10x10.05 mm

Theta range for data collection 2.32 torZ24eq.

Limiting indices -21<=h<z2b<=k<=5, -14<=I<=14
Reflections collected / unique 15231 72A8R(int) = 0.0460]
Completeness to theta = 24.77 98.6 %

Absorption correction Semi-enyal from equivalents
Max. and min. transmission 0.9959 arsd02

Refinement method Full-matdast-squares orf F
Data / restraints / parameters 1872145/

Goodness-of-fit on%F 1.061
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Final R indices [I1>@(1)]

R indices (all data)

Largest diff. peak and hole

R1 =0.0485, wR2 = 0.1251

R1 = 0.p6®R2 = 0.1413

0.152 &nhd40 e. A3

Table A14 Atomic coordinates (x fPand equivalent isotropic
displacement parameters ¢A10°) for 21.
U(eq) is defined as one third of the trat&he orthogonalized

Uij tensor.

X y z U(eq)
B(1) 7645(1) 1027(5) 548(2) 51(2)
0(1) 7649(1) -70(3) 1562(1) 58(1)
0(2) 8210(1) -76(3) 67(1) 60(1)
C@) 7083(1) 3159(4) 33(2) 50(2)
C(2 7077(1) 4069(5) 1016(2) 60(1)
C(@3) 6559(1) 5943(5) 1489(2) 64(1)
C4) 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(2)
C(13) 8226(1) -1920(4) 1696(2) 54(1)

Table A15. Bond lengths [A] and angles [deg] .

B(1)-0(2)
B(1)-O(1)
B(1)-C(1)
0(1)-C(13)
0(2)-C(8)
C(1)-C(6)

1.383(3)
1.387(3)
1.533(3)
1.380(2)
1.383(2)
1.386(3)
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C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(4)-C(7)
C(5)-C(6)
C(8)-C(13)
C(8)-C(9)
C(9)-C(10)
C(10)-C(11)
C(11)-C(12)
C(12)-C(13)

0(2)-B(1)-0O(1)
0(2)-B(1)-C(1)
O(1)-B(1)-C(1)
C(13)-0(1)-B(1)
B(1)-0(2)-C(8)
C(6)-C(1)-C(2)
C(6)-C(1)-B(1)
C(2)-C(1)-B(1)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(5)-C(4)-C(3)
C(5)-C(4)-C(7)
C(3)-C(4)-C(7)
C(6)-C(5)-C(4)
C(5)-C(6)-C(1)
C(13)-C(8)-C(9)
C(13)-C(8)-0(2)
C(9)-C(8)-0(2)
C(8)-C(9)-C(10)
C(11)-C(10)-C(9)
C(10)-C(11)-C(12)
C(13)-C(12)-C(11)
C(8)-C(13)-C(12)
C(8)-C(13)-O(1)
C(12)-C(13)-0(1)

1.391(3)
1.381(3)
1.382(3)
1.382(3)
1.503(3)
1.379(3)
1.365(3)
1.369(3)
1.388(4)
1.367(4)
1.376(4)
1.367(3)

110.89(18)
124.99(18)
124.12(18)
105.17(15)
105.20(15)
117.1(2)
121.31(18)
121.53(18)
121.5(2)
120.9(2)
117.8(2)
121.3(2)
120.8(2)
121.4(2)
121.2(2)
122.1(2)
109.29(18)
128.6(2)
116.2(2)
121.4(2)
121.8(2)
116.7(2)
121.8(2)
109.44(17)
128.7(2)

Symmetry transformations used to geeegguivalent atoms:
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Table A16 Anisotropic displacement parameters &10%) for 21.

The anisotropic displacement factor exponekggsahe form:
21 [h?ar®Ull +...+2hka*b*U12]

Ull  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() 65(1) 61(1) 57(1) 41)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) 41) -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(22) -4(1) 1(1) 10(1)
C(8) 60(1) 54(1) 51(1) -2(1) 3(1) 1(1)
CO) 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 90and isotropic
displacement parameters ¢A10°) 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] f&l.
0(2)-B(1)-0O(2)-C(13) -0.8(2)
C(1)-B(2)-0(1)-C(13) 178.69(18)
0(1)-B(1)-0O(2)-C(8) 1.1(2)
C(1)-B(2)-0(2)-C(8) -178.40(19)
0(2)-B(1)-C(1)-C(6) -178.06(19)
0(1)-B(1)-C(1)-C(6) 2.5(3)
0(2)-B(1)-C(1)-C(2) 3.4(3)
0(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)
0(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)
0(2)-C(8)-C(13)-C(12) 178.47(18)
C(9)-C(8)-C(13)-0(2) -178.4(2)
0(2)-C(8)-C(13)-0(1) 0.5(2)
C(11)-C(12)-C(13)-C(8) 0.8(3)
C(11)-C(12)-C(13)-0(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 genexgtgvalent atoms:
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Table A19 Hydrogen bonds fa21 [A and deg.].

D-H...A dD-H) d(H..A)d(D..A) <(DHA)
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Table A20: Crystal data and structure refinementZar

Identification code 22

Empirical formula 18HsBF O,

Formula weight 213.99

Temperature 200(2) K

Wavelength 0.71073 A

Crystal system, space group Monoclif2(1)/n

Unit cell dimensions a=12.@22 alpha =90 deg.

b=4.7353)A  beta=98.611(7) deg.
c=17.487(11) A gamma = 90 deg.

Volume 1012.0(%8)

Z, Calculated density 4, 1.40§/nT

Absorption coefficient 0.105 Mm

F(000) 440

Crystal size 0.27 x9x20.11 mm

Theta range for data collection 2.36 t®24eq.

Limiting indices -14<=h<5158<=k<=5, -20<=I<=20
Reflections collected / unique 8091 /A 1R(int) = 0.0855]
Completeness to theta = 24.99 98.8 %

Absorption correction Semi-enyal from equivalents
Max. and min. transmission 0.9885 arsy 22

Refinement method Full-matdast-squares orf F
Data / restraints / parameters 1767 146/

Goodness-of-fit on%F 1.012
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Final R indices [1>@(])] R1 = 0.0558, wR2 = 0.1198

R indices (all data) R1 =0.11WR2 = 0.1502
Extinction coefficient 0.008(3)
Largest diff. peak and hole 0.194 émd83 e. A

Table A21: Atomic coordinates (x fPand equivalent isotropic
displacement parameters ¢A10°) for 22.

U(eq) is defined as one third of the trat&he orthogonalized
Uij tensor.

X y z U(eq)

o(1) 4192(2)  2339(4) 703(1)  43(1)
0(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() 5535(2) -2095(6) 1722(2)  46(1)
Cc@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@) 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 [A] and angles [deg] 2.

O(1)-C(7) 1.387(3)
O(1)-B(1) 1.397(4)
0(2)-B(1) 1.393(4)
0(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)-0(1)-B(1) 105.2(2)
B(1)-0(2)-C(12) 105.6(2)
0(2)-B(1)-O(1) 110.7(3)
0(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)-0(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)-0(2) 128.8(3)
C(7)-C(12)-0(2) 108.8(3)

Symmetry transformations used to geeegguivalent atoms:
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Table A23 Anisotropic displacement parameters &10°) for 22.

The anisotropic displacement factor exponetggdhe form:
21 [h?a*® Ull + ...+ 2 hka*b* U12]

ull u22 Uu3s 23 Ul3 Uiz

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(l) 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() 45(2) 40(2) 73(2) -10(2)14(2) 0(2)
C@) 61(2) 32(2) 55(2) -6(2)22) 102
C(5) 60(2) 37(2) 542) 22)172) -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) 22)17(2) -5(2)
C(O) 61(2) 38(2) 6122 2(2) 4(2) -5(2)
C(10) 50(2) 39(2) 74(2) -92)-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 90and isotropic
displacement parameters ¢A10°) 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(@BA) 3911 6363 -450 61
H(OA) 2269 8835 -787 65
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H(10A) 788 8066
H(11A) 874 4685

-158 66
845 61

Table A25. Torsion angles [deg] f&2

C(12)-0(2)-B(1)-O(1)
C(12)-0(2)-B(1)-C(1)
C(7)-0(1)-B(1)-0(2)
C(7)-0(1)-B(1)-C(1)
0O(2)-B(1)-C(1)-C(2)
O(1)-B(1)-C(1)-C(2)
0O(2)-B(1)-C(1)-C(6)
O(1)-B(1)-C(1)-C(6)
C(6)-C(1)-C(2)-C(3)
B(1)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(2)-C(3)-C(4)-F(1)
F(1)-C(4)-C(5)-C(6)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
B(1)-C(1)-C(6)-C(5)
B(1)-O(1)-C(7)-C(12)
B(1)-O(1)-C(7)-C(8)
C(12)-C(7)-C(8)-C(9)
O(1)-C(7)-C(8)-C(9)
C(7)-C(8)-C(9)-C(10)
C(8)-C(9)-C(10)-C(11)
C(9)-C(10)-C(11)-C(12)
C(10)-C(11)-C(12)-C(7)
C(10)-C(11)-C(12)-O(2)
C(8)-C(7)-C(12)-C(11)
O(1)-C(7)-C(12)-C(11)
C(8)-C(7)-C(12)-0(2)
O(1)-C(7)-C(12)-0(2)
B(1)-O(2)-C(12)-C(11)
B(1)-0(2)-C(12)-C(7)

0.7(3)
179.3(3)
-0.7(3)

-179.2(3)
179.5(3)
-2.2(4)
-0.5(4)
177.9(3)
-0.3(4)
179.7(3)
0.5(4)
-0.3(5)
179.8(2)
179.8(3)
-0.1(5)
0.3(4)
-0.1(4)
179.9(3)
0.4(3)
179.1(3)
-0.7(4)
-179.3(3)
0.6(4)
-0.3(5)
0.1(4)

-0.2(4)

178.9(3)

0.5(4)
179.4(2)

-178.8(2)

0.1(3)
-179.7(3)
-0.5(3)

Symmetry transformations used to genexgtevalent atoms:
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Table A26: Hydrogen bonds fa22 [A 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 fdr6.

#!/bin/sh

$ADFBIN/adf << eor

Title PF3 - scf

Basis
Type TZP
End

Symmetry NOSYM

Atoms

OIOIOCDIIIIOOOOO

16.
End

0O

Integration 6.0
gtens
XC

GGA revPBE
End

locorb
end

1.05849800

-0.33345900
-1.05770800
-0.33345900

1.05849600
1.60923700

-0.86853000
-0.86853300

1.60923700
-2.61693200
-3.26513300
-4.22742900
-3.26513700
-4.22743400

1.74038200
3.50022200

1.2134210006000600
1.2023290006000100
0.0000030000001200
-1.2023260000001500
-1.2134190000000800
2.1467910006001300
2.14598600.06000300
-2.1459810000002400
-2.1467880000001100
0.000000am00002300
-1.211638@00000000
-1.19381400.06001100
1.2116350m06000700
1.19380900.06003600
0.000001am06000200
-0.00000200.06001100
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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
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Appendix C — MQMAS Spectra

| E

e

i

-&

8

g

— spinning sideband -8

- —————————
100 80 &0 an 20 0 -20 F2 [ppm]

Figure Al: Two-dimensiona'B MQMAS spectrum of compoun®l. The signal for
this compound can be seen in the isotropic dimenaiong the F1 axis. Shown at ~ 54

ppm along the F1 axis is a spinning sideband.
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[rel]

40 35 0 25 20 15 10 [ppm]

Figure A2: One-dimensional slices of tHeB MQMAS spectrum of compounéi.
These slices are running through the lineshaperafden the isotropic dimension along
the F1 axis. Each slice running through the liapghobserved along the isotropic
dimension is shown in a different colour. Notetttiere appears to be a slight change in

Cq values between each slice.
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