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Despite the large known chemical shift (CS) range for boron and the large number of11B NMR studies of
glasses, no boron CS tensors have been characterized to date. We report the application of solid-state NMR
techniques at moderate (9.4 T) and high (17.63 T) applied magnetic field strengths to the characterization of
the boron CS tensors in trimesitylborane (BMes3) and triphenyl borate (B(OPh)3). The boron CS tensor of
the former compound exhibits a remarkably large span,Ω ) 121 ( 1 ppm, which encompasses the known
range of isotropic chemical shifts for tricoordinate boron compounds. Conversely, the effect of the boron CS
tensor on the11B NMR spectra of B(OPh)3 is difficult to observe and quantify even at field strengths as high
as 17.63 T; we findΩ e 10 ppm. This marked difference in the boron nuclear magnetic shielding tensors is
reproduced accurately by a series of ab initio and DFT calculations with a range of basis sets. The difference
is rationalized in the context of Ramsey’s theory of nuclear magnetic shielding by considering contributions
to the paramagnetic shielding in the tricoordinate boron plane. Differences in the in-plane shielding tensor
components for the molecules considered are a result of variations in the effectiveness of the mixing of
occupiedσ orbitals with virtualπ orbitals under the influence of an applied magnetic field. A similar explanation
has been invoked to rationalize13C isotropic chemical shifts in classical and nonclassical carbocations. We
also report experimental and calculated boron nuclear quadrupolar coupling constants and asymmetry parameters
for BMes3 and B(OPh)3. A combination of experimental and theoretical results provides the orientation of
the CS and electric field gradient tensors in the molecular framework.

Introduction

The study of half-integer quadrupolar nuclei in the solid state
via nuclear magnetic resonance (NMR) spectroscopy has
advanced tremendously over the past decade.1 New develop-
ments aimed at averaging or refocusing the quadrupolar
interaction such as the multiple-quantum magic-angle-spinning
(MQMAS) experiment2 have allowed for the acquisition of
“high-resolution” NMR spectra of half-integer quadrupolar
nuclei, e.g.,11B, 23Na, 17O, and27Al.3,4 This is advantageous,
for example, in the resolution of multiple magnetically or
crystallographically nonequivalent nuclear sites. More recently,
several groups have begun to explore NMR interactions
traditionally only observed in the MAS spectra of spin-1/2
nuclei, which would previously have been obscured by the
typically dominant quadrupolar interaction,4 e.g., residual dipolar
couplings between quadrupolar nuclei.

Although these subtle effects are now becoming observable
using MQMAS methodology, these experiments are done under
MAS conditions where the chemical shift (CS) tensor is
averaged to its isotropic value. The CS tensor is arguably the
most important NMR parameter. With commercially available
magnetic field strengths,B0, ever-increasing, the influence of
the CS tensor will become increasingly important since it scales
linearly with B0. The magnitude and relative orientation of the

CS tensors may be important, for example, in obtaining
quantitative results from the rotational resonance5 experiments
recently introduced for half-integer quadrupolar nuclei,6,7 es-
pecially for nuclei with relatively small or moderate quadrupole
moments such as11B (Q ) 40.59 mb).8 An ongoing line of
research in our group has been the characterization of chemical
shift tensors of half-integer quadrupolar nuclei, e.g., cesium,9

molybdenum,10 aluminum,11 copper,12 and beryllium.13 Here,
we extend this work to boron.

Boron has a diverse structural chemistry and is particularly
amenable to NMR studies. Of its two naturally occurring
isotopes,11B (I ) 3/2; NA ) 80.42%;¥ ) 32.09 MHz) is best-
suited to NMR spectroscopy. This is evidenced by the large
number of isotropic shifts and indirect spin-spin coupling
constants which have been reported.14-18 In particular, many
boron-containing glasses have been examined by11B NMR.3g-i,19

The chemical shift range of boron in tricoordinate and tetraco-
ordinate compounds extends over approximately 230 ppm.18

Relatively recent work on metallaboranes20 has extended this
range to over 350 ppm.21,22 Despite the surfeit of11B NMR
data and the substantial range of chemical shifts, to date no
boron CS tensor has been characterized.

In the present work, we report the first experimental
characterization of a boron CS tensor. Boron-11 NMR spec-
troscopy of MAS and stationary solid powdered samples of
crystalline trimesitylborane (BMes3, Mes ) 2,4,6-trimethyl-
phenyl) and triphenyl borate (B(OPh)3) has been carried out at
applied magnetic field strengths of 17.63 and 9.4 T. From these
experiments, both the boron chemical shift tensors and the
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nuclear quadrupolar coupling parameters have been determined.
Marked differences in the boron shift tensors in these two
compounds are reproduced by ab initio and density functional
theory calculations with a range of basis sets. Prompted by
Olah’s 13C NMR studies of carbocations,23 parallels between
the 13C isotropic chemical shifts of carbocations and the11B
isotropic chemical shifts in analogous neutral compounds have
been illustrated in the literature.24 The 13C shifts have been
rationalized25 in terms of the paramagnetic shielding term in
Ramsey’s theory of nuclear magnetic shielding.26 Here, we
extend this discussion to rationalize the difference between the
boron CS tensors of boranes and borates.

Nuclear Magnetic Shielding and Quadrupolar
Interactions: Equations and Definitions

The relevant interactions for an isolated quadrupolar nucleus
such as11B in an external applied magnetic field have been
described extensively in the literature.27 Here, we present key
concepts and definitions essential to the following discussion.
In addition to the Zeeman interaction, we consider the quadru-
polar and nuclear magnetic shielding interactions. For a station-
ary powdered sample, both of these interactions contribute to
the observed spectrum. We may summarize the nuclear magnetic
shielding and Zeeman Hamiltonians in a succinct form to give

whereB0 is the external applied magnetic field,l is the unit
tensor,γ is the magnetogyric ratio of the nucleus being observed,
I is the nuclear spin angular momentum operator, andσ is the
nuclear magnetic shielding tensor. We note that the influence
of the shielding tensor scales linearly withB0. In its principal
axis system, the symmetric part of the shielding tensor has three
principal components designated asσ11, σ22, andσ33 whereσ11

e σ22 e σ33. The shielding tensor is directly related to the
observable CS tensor by the following equation:

Here, ii ) 11, 22, 23, or iso. In the case of light nuclei, e.g.,
11B, the isotropic shielding constant of the reference is much
less than unity, and so the relationship may be simplified to
give

The principal components of the symmetric part of the CS tensor
are designated and ordered asδ11 g δ22 g δ33. The orientations
of the CS and nuclear magnetic shielding tensors are identical.
The span of the nuclear magnetic shielding or CS tensor is
defined as28

The skew of the tensors is defined as28

The skew is unitless and can take on values between-1 and
+1.

For a nucleus such as11B in a stationary powdered sample,
the quadrupolar interaction, given to first order by

must be considered in addition to the nuclear magnetic shielding
interaction. The anglesθ andφ define the orientation ofB0 in
the principal axis system of the electric field gradient (EFG)
tensor in a manner analogous to that used for the nuclear
magnetic shielding tensor. Under conditions of sufficiently rapid
magic-angle spinning, the nuclear magnetic shielding and first-
order quadrupolar interactions are averaged to their isotropic
values and thus only the second-order quadrupolar interac-
tion1,27,29needs to be considered. The components of the EFG
tensor in its principal axis system are defined and ordered as
follows:

The quadrupolar coupling constant,CQ, is given by

where e is the charge of an electron andQ is the nuclear
quadrupole moment. The asymmetry parameter,η, is defined
as

Experimental and Computational Details

(i) Experimental Details.
Trimesitylborane (97%) and triphenyl borate were purchased

from Aldrich and used without further purification. These
compounds were powdered and packed in a glovebox under an
inert atmosphere of nitrogen into 5 mm (Si3N3) and 4 mm (ZrO2)
rotors. Solid-state NMR experiments were carried out on Varian
Inova (B0 ) 17.63 T,νL(11B) ) 240.56 MHz) and Bruker AMX
(B0 ) 9.4 T,νL(11B) ) 128.38 MHz) spectrometers, with high-
power proton decoupling. Referencing and setup were done
using solid powdered sodium borohydride. Solid NaBH4 has a
chemical shift of-42.06 ppm relative to the11B standard, liquid
F3B‚O(C2H5)2.30 Chemical shifts reported herein are therefore
with respect to liquid F3B‚O(C2H5)2 at 0.00 ppm. For MAS
experiments, the magic angle was set using the23Na resonance
of NaNO3.31 Recycle delays of 2-20 s were used. For stationary
samples, both one-pulse and quadrupolar echo (π/2-τ1-π-
τ2-ACQ)27,32experiments were carried out. Typicalπ/2 pulse
lengths for solid NaBH4 were 2.0-4.0 µs. For one-pulse
experiments, pulses of length 1.0-1.5µs were used. The probes
used at both fields caused a background in the11B spectrum as
a result of boron nitride in the stators. At 17.63 T, the intensity
of this background was low compared with the signal of interest;
the most effective method for removing it from spectra obtained
without quadrupolar echoes was simply to subtract the spectrum
of an empty rotor from the spectrum of interest. In contrast, at
9.4 T, the11B background due to the probe swamped the sample
signal; the quadrupolar echo sequence proved most effective
in this case for suppressing the background signal.

All spectra were analyzed and simulated using the WSOLIDS
software package which was developed in our laboratory.33 This
package incorporates the space-tiling algorithm of Alderman
et al. for the efficient generation of powder patterns.34 For MAS
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spectra, summation of spinning sidebands into the centerband
was done using WINNMR.35

(ii) Computational Details.
All calculations of nuclear magnetic shielding and EFG

tensors were carried out using Gaussian 98 for Windows36

running on Dell Dimension computers (Pentium III, 550 MHz,
128 Mb RAM, and Pentium III, 866 MHz, 512 Mb RAM) or
using Gaussian 9836 on a 43P Model 260 IBM RS/6000
workstation with dual 200 MHz processors. The geometry used
for the calculations on trimesitylborane was taken from X-ray
diffraction atomic coordinates,37 and the geometry for trimethyl
borate was taken from electron diffraction atomic coordinates.38

Carbon-hydrogen bond lengths were set to 1.09 Å.39 Calcula-
tions of nuclear magnetic shielding tensors were done using
the GIAO (gauge-including atomic orbitals) method.40 For
comparison, both the restricted Hartree-Fock (RHF) method
and density functional theory (DFT) using the B3LYP func-
tional41 were employed for most calculations. Locally dense
basis sets42 were used for some calculations. All basis sets (3-
21G, 6-31G, 6-311G*, 6-311++G**) were available within the
Gaussian package.

The nuclear quadrupolar coupling constants,CQ, were
determined from the calculated largest EFG component,Vzz,
by means of eq 8. Conversion ofVzz from atomic units to V m-2

was carried out by using the factor 9.7177× 1021 V m-2 per
atomic unit.43 The accepted value of the nuclear quadrupole
moment,Q, for 11B is 40.59 mb.8

Results and Discussion

(i) Solid-State NMR.
Striking and definitive evidence for anisotropic boron shield-

ing is found for trimesitylborane. Shown in Figures 1 and 2 are
experimental spectra of magic-angle spinning and stationary
powdered samples of trimesitylborane obtained with an external
applied magnetic field of 17.63 T. Also shown are the best-fit
simulated spectra, which were calculated using the parameters
summarized in Table 1. The precision of these parameters was
determined by analyzing spectra of MAS and stationary samples
obtained at both 17.63 and 9.4 T (not shown). Under MAS
conditions, the CS tensor is averaged to its isotropic value. We
note that, for a quadrupolar nucleus, the observed center-of-
gravity shift is the sum of the isotropic shift and a second-order

quadrupolar shift.44 The isotropic chemical shift, quadrupolar
coupling constant, and asymmetry parameter were first deter-
mined from spectra of MAS samples (Figure 1). Since the
simulated spectra assume an infinite spinning rate, spinning
sidebands were summed into the centerband during processing
of the experimental spectrum to allow for an appropriate
comparison of experimental and simulated spectra. The isotropic
shift, 77.4( 0.5 ppm, is similar to the value reported in CDCl3

solution, 79.0 ppm.45 A quadrupolar coupling constant of 4.75
MHz is in good agreement with the values determined for a
series of trialkylboranes at 77 K via nuclear quadrupole
resonance methods by Love46 and discussed by Lucken;47 for
example, the quadrupolar coupling constant in trimethylborane
is 4.876 MHz. For B(Mes)3 at 17.63 T, the second-order
quadrupolar shift is-2.3 kHz (-9.7 ppm). The asymmetry
parameter,η, was determined to be zero. Townes-Dailey
analysis48 indicates that the asymmetry parameter should be zero
for the central atom in an isolated trigonal planar compound;47

the two in-plane components are equal. In the solid state, where
crystal packing must be considered, it has been found experi-
mentally that in some cases, e.g., triethylborane (η ) 0.009),
the asymmetry parameter can deviate very slightly from zero.46,49

Consideration of the geometry about the boron atom in
trimesitylborane50 (space groupC2/c, Z ) 4), as indicated by
the X-ray crystal structure,37 shows that the boron atom and

Figure 1. Boron-11 MAS NMR spectrum of solid powdered trimesi-
tylborane along with the best-fit simulation using the parameters shown
in Table 1. The experimental spectrum (B0 ) 17.63 T,νL(11B) ) 240.56
MHz) was acquired at an MAS rate of 10.5 kHz with a recycle delay
of 5.0 s and is the sum of 2000 acquisitions. To obtain a second-order
quadrupolar powder pattern near the limit of an infinite spinning rate,
spinning sidebands were summed with the centerband to produce the
spectrum shown here. The11B resonance of external solid NaBH4 was
set to 0 kHz.

Figure 2. Boron-11 NMR spectrum of stationary solid powdered
trimesitylborane along with the best-fit simulation using the parameters
shown in Table 1. A span,Ω, of 121 ppm is used for the best-fit
simulation. Also shown is the simulated spectrum obtained when the
span is assumed to be zero. The experimental spectrum (B0 ) 17.63
T, νL(11B) ) 240.56 MHz) was obtained with a recycle delay of 2.0 s
and is the sum of 2000 acquisitions. Background signal from the probe
in the spectral region 0-20 kHz was subtracted from the original
spectrum to give the result shown here. The11B resonance of external
solid NaBH4 was set to 0 kHz.

TABLE 1: Experimental Boron-11 Chemical Shift Tensors
and Quadrupolar Parameters for Trimesitylborane and
Triphenyl Borate

trimesitylborane triphenyl borate

δiso/ppma 77.4( 0.5 17.9( 0.5
Ω/ppm 121( 1 <10
κ 1.0 0.0( 0.3
CQ/MHz 4.75( 0.01 2.32( 0.02
η 0.0 0.0
R 0 0b

â 0 0
γ 0 0

a With respect to liquid F3B‚OEt2 at 0.00 ppm (converted by
subtracting 42.06 ppm from shift referenced to solid NaBH4). b The
Euler angles were set to zero for the best-fit simulation shown in Figure
4 although, given the small span of the shielding tensor, we cannot
conclusively determine its orientation with respect to the EFG tensor.
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one mesityl group lie on a 2-fold rotation axis; there is no true
3-fold symmetry. An idealized trimesitylborane molecule would
haveD3 point group symmetry. From the experimental value
of η ) 0, we conclude that the largest component of the EFG
tensor is perpendicular to the tricoordinate boron plane. This
orientation is reproduced by ab initio calculations (vide infra).

Analysis of 11B NMR spectra of stationary powdered tri-
mesitylborane at 17.63 T (Figure 2) and 9.4 T (not shown)
allows for the determination of the principal components of the
boron chemical shift tensor (δ11 ) δ22 ) 117.7 ppm,δ33 )
-3.3 ppm) as well as its orientation relative to the EFG tensor.
As shown in Figure 2 and Table 1, the span of the boron CS
tensor was determined to be 121( 1 ppm. For comparison, a
simulated spectrum for which the span was set to zero is also
shown. Thus, at 17.63 T, where 121 ppm is equivalent to 29
kHz for 11B, anisotropic shielding accounts for more than half
of the total breadth (35 kHz) of the powder pattern! Parameters
obtained from the best-fit simulated spectrum for trimesitylbo-
rane indicate that the CS tensor is coincident with the EFG
tensor and that the skew,κ, of the CS tensor is 1.0. This means
that the in-plane components of the CS tensor are equal, as is
the case for the EFG tensor. Although the electric field gradient
and nuclear magnetic shielding tensors are fundamentally
different properties, in the case of trimesitylborane both of these
tensors are oriented such that their largest components are
coincident. This is not always the case, even in situations of
relatively high symmetry.11,13

We are unaware of any other definitive reports of anisotropic
boron shielding measured using experimental solid-state NMR
techniques. Power has provided a qualitative estimate of the
span of the boron CS tensor in solid Ph3P‚BH3 and finds it to
be less than 50 ppm;51 our own work on this compound indicates
that the span is likely less than 30 ppm. We note that a span on
the order of 200 ppm has been determined for gaseous BF52 on
the basis of the spin-rotation data of Cazzoli et al.53 Spin-rotation
data are also available for a series of linear boron-containing
molecules, FBO, ClBO, and FBS, although the results have not
been interpreted explicitly in terms of the span of the shielding
tensor.54,55 The spans of the boron shielding tensors for these
three linear triatomic molecules, as derived from the spin-
rotation data, are approximately 210-220 ppm.

The case of trimesitylborane represents a very clear example
of anisotropic boron shielding. The horns of the stationary
powder spectrum are very sharp. In particular,11B-11B
intermolecular homonuclear dipolar interactions are small due
to the fact that the boron nucleus is quite sheltered from boron
nuclei in adjacent molecules by the large mesityl groups. It has
been our experience that this is not the case for many compounds
for which one might expect to detect anisotropic boron shielding.
Additionally, many trigonally coordinated boron atoms are
bonded to nitrogen in compounds such as borazines. We have
found that, under stationary conditions, heteronuclear14N-11B
dipolar interactions will cause the11B NMR spectrum to be
broadened to an extent which renders the definitive character-
ization of boron CS tensors difficult even at field strengths as
high as 17.63 T.

If compounds in which boron atoms may be subjected to
significant 11B-11B homonuclear or14N-11B heteronuclear
dipolar couplings are excluded, other likely candidates for
significant boron shielding anisotropy, beyond the boranes, are
the borates, B(OR)3. Shown in Figures 3 and 4 are the11B NMR
spectra of MAS and stationary samples of solid powdered
triphenyl borate along with best-fit simulations. As with
trimesitylborane, the quadrupolar parameters (Table 1) were

extracted from analysis of the spectra of MAS samples at 9.4 T
(Figure 3) and 17.63 T (not shown). The quadrupolar coupling
constant, 2.32 MHz, is less than half the value of that for
trimesitylborane. This reduction upon moving from a triarylbo-
rane to a triaryl borate is supported by the measurements of
Love,46 e.g.,CQ(11B) for B(OH)3 is 2.56 MHz. In sharp contrast
to the spectrum of stationary trimesitylborane, that of triphenyl
borate derives most of its breadth from the quadrupolar
interaction (Figure 4). At 17.63 T, the total breadth is only about
6 kHz, compared to 35 kHz for trimesitylborane. The isotropic
shift, 17.9 ( 0.5 ppm, is in good agreement with the value
reported in solution, 16.5 ppm.56 On the basis of the the best-
fit parameters obtained from analyses of the spectrum shown
in Figure 4 (17.63 T) and a spectrum acquired at 9.4 T (not
shown), the span of the boron CS tensor was determined to be
less than 10 ppm. Also shown is a simulated spectrum for which
the span was assumed to be zero. Although the span is an order
of magnitude less than in trimesitylborane, the results presented
in Figure 4 demonstrate that the span of the boron CS tensor in
triphenyl borate is certainly nonzero. The simulated spectrum
is not very sensitive to the skew or the orientation of the CS
tensor with respect to the EFG tensor, as is to be expected when
the span is small. Thus, from the experimental data alone we

Figure 3. Boron-11 MAS NMR spectrum of solid powdered triphenyl
borate along with the best-fit simulation using the parameters shown
in Table 1. The experimental spectrum (B0 ) 9.4 T, νL(11B) ) 128.3
MHz) was acquired at an MAS rate of 9.0 kHz with a recycle delay of
10.0 s and is the sum of 5686 acquisitions. To observe this signal, a
π/2-τ1-π-τ2 echo sequence was used to suppress the overwhelming
background resonance from boron nitride in the probe stator. The11B
resonance of external solid NaBH4 was set to 0 kHz.

Figure 4. Boron-11 NMR spectrum of stationary solid powdered
triphenyl borate along with the best-fit simulation using the parameters
shown in Table 1. A span,Ω, of 8 ppm is used for the best-fit
simulation. Also shown is the simulated spectrum obtained when the
span is assumed to be zero. The experimental spectrum (B0 ) 17.63
T, νL(11B) ) 240.56 MHz) was obtained with a recycle delay of 20.0
s and is the sum of 128 acquisitions. Background signal from the probe
in the spectral region 0-20 kHz was subtracted from the original
spectrum to give the result shown here. The11B resonance of external
solid NaBH4 was set to 0 kHz.
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cannot conclusively determine the relative orientations of these
tensors in triphenyl borate. However, given the coincident
experimental orientation for trimesitylborane and results ob-
tained from ab initio calculations (vide infra), it is likely that
the largest component of the EFG and nuclear magnetic
shielding tensors,Vzz andσ33, are coincident.

The span of the boron CS tensor in triphenyl borate may be
compared with those for the central atom in the analogous
trigonally coordinated carbon and nitrogen moieties CO3

2- and
NO3

-. The trend is that the span of the CS tensor of the central
atom increases from boron (e10 ppm in B(OPh)3) to carbon
(75 ppm in CaCO3)57,58 to nitrogen (231 ppm in NH4NO3),59

across the periodic table. A discussion of the carbon and nitrogen
chemical shifts has been presented by Spiess.58

A selection of tricoordinate and tetracoordinate boron com-
pounds and their isotropic chemical shifts are presented in Figure
5. The chemical shifts shown here bridge most of the known
range. Also shown is the boron shift tensor for trimesitylborane.
Clearly, this tensor spans the range of most tricoordinate boron
isotropic chemical shifts. Metallaboranes are not represented
on this chemical shift scale. Some metallaboranes exhibit
isotropic boron chemical shifts as large as 226 ppm;22 these
are undoubtedly special compounds in which the boron nuclei
are also expected to exhibit large shielding anisotropy.

(ii) Ab Initio Calculations.
The results of ab initio calculations of the11B nuclear

magnetic shielding and EFG tensors in trimesitylborane are
presented in Table 2. Since there is no absolute shielding scale
for boron, we discuss the calculated nuclear magnetic shielding
tensors in terms of their span and skew rather than their principal
components to allow for comparison with experiment. A reliable
absolute shielding scale for boron would allow for a direct
comparison of the experimental and calculated principal com-
ponents. The experimentally determined tensors are reproduced
very well by the calculations. At the RHF/6-311G* level, a span
of 117 ppm is predicted while the B3LYP functional with the
same basis set gives a span of 127 ppm. Both of these results
are in excellent agreement with the experimental value of 121
( 1 ppm. Trimesitylborane is a moderately sized molecule with
61 atoms. Thus, the effect of locally dense basis sets was

investigated, i.e., where the boron atom and the carbon atoms
directly bonded to boron are represented by a relatively large
basis set (6-311G* or 6-311++G** in this case) and the
remaining atoms are represented by a relatively small basis set
(3-21G in this case). Our results show a decrease in the
calculated span, from 117 to 104 ppm for the RHF calculation
and from 127 to 109 ppm for the DFT calculation. All of the
calculations predict a skew of∼0.9 for the boron shielding
tensor, compared to the experimental value of 1.0. The predicted
orientation of the shielding tensor is in agreement with the
experimental chemical shift tensor orientation;δ33 is perpen-
dicular to the tricoordinate boron plane (Figure 6), and the
component of intermediate shielding,δ22, lies along the mo-
lecularC2 axis.

The calculations presented here have been carried out on
single gas-phase molecules while the experiments are performed
in the solid state. Thus, the good agreement between theory
and experiment suggests that intermolecular interactions involv-
ing the boron nuclei are weak. Certainly the bulky trimesityl
substituents hamper boron-boron interactions. Bailey has
demonstrated the reliability of the B3LYP functional and the
MP2 method for the calculation of quadrupolar coupling
constants in small molecules in the gas phase, where intermo-
lecular effects are relatively unimportant.60 Our calculated
quadrupolar coupling constants for trimesitylborane range from
4.26 to 5.44 MHz, and all are in reasonable accord with the
experimental value of 4.75 MHz. We note that the addition of
diffuse functions makes essentially no difference to the calcu-
lated quadrupolar coupling constants (e.g., 6-311G*/3-21G
compared with 6-311++G**/3-21G). All the calculations
presented here predict an asymmetry parameter of zero, in
agreement with experiment. The calculated orientation is
consistent with our experimental conclusion thatVzz is perpen-
dicular to the tricoordinate boron plane (Figure 6). The results
for trimesitylborane extend the good agreement between ex-
perimental and theoretical11B quadrupolar coupling constants
obtained by Bailey.60

Crystal structure data are unavailable for triphenyl borate,
and rather than using an ab initio optimized structure, we have
carried out calculations on a model compound, trimethyl borate,
for which electron diffraction data exist.38 Quantitative agree-
ment between experimental and theoretical results is thus not
expected; however, distinct differences between the boron
shielding tensors of boranes and borates is expected. The results
of these calculations are summarized in Table 3. The calculated
shielding tensors exhibit spans ranging from 0.9 ppm (B3LYP/
6-311++G**) to 4.9 ppm (RHF/6-311++G**) and support the
experimental observation thatΩ is less than 10 ppm. The
calculated skews are not very consistent as the basis set and/or
method of calculation is altered, ranging from-0.88 to 0.93;
however, this is not surprising for a shielding tensor with such
a small span. Indeed, the experimental value ofκ has a large
uncertainty associated with it, 0.0( 0.3. While we have
observed a very anisotropic boron CS tensor for trimesitylbo-
rane, the boron CS tensors of trialkyl and triaryl borates are
fortuitously nearly isotropic. A relatively small span for trimethyl
borate and a relatively large span for trimethylborane was
predicted by Ebraheem and Webb in 1977 on the basis of the
results of semiempirical CNDO/S calculations.61 IGLO (indi-
vidual gauge for localized orbitals) calculations on BF3 indicate
that the in-plane boron shift tensor components are actually
larger than the unique component which is perpendicular to the
molecular plane (κ < 0);25 our own GIAO calculations also give
a negative skew. This result implies that indeed the borates are

Figure 5. Boron chemical shift scale with representative compounds
over the range of known isotropic chemical shifts for three- and four-
coordinate boron. These data are from refs 14-18 except for B(Mes)3
and B(OPh)3 (this work). The usual reference is F3B‚O(C2H5)2 at 0.00
ppm. Also indicated is the boron chemical shift tensor in trimesitylbo-
rane. The span of this tensor, 121 ppm, covers the known range of
isotropic shifts for tricoordinate boron. The component of the shift tensor
which is perpendicular to the tricoordinate boron plane is denoted by
δ⊥, and the two equivalent components which lie in this plane are
designated byδ|. Boron chemical shifts in some metallaboranes may
be as high as 226 ppm, thereby extending the total boron shift range to
over 350 ppm.
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at a crossing-over point, where all three principal components
of the boron CS tensor are serendipitously almost equal.

The calculated quadrupolar coupling constant for trimethyl
borate, 2.25 MHz at the B3LYP/6-311++G** level, is in accord
with the experimental value of 2.32 MHz in triphenyl borate.
Once again, the asymmetry parameter is zero for all calculations.
As for trimesitylborane, the calculations indicate that the largest
component of the EFG tensor is perpendicular to the tricoor-
dinate boron plane.

(iii) Rationalization of the Difference in Spans: Compari-
son with 13C Shifts of Carbocations.

The explanation for the marked difference in the spans of
the boron shielding tensors for a triarylborane compared to a
triaryl borate is not immediately obvious. Both boron atoms
are in symmetrical trigonal planar environments bonded to first-
row elements. On the basis of symmetry considerations alone,
one might expect the spans to be comparable. In the following
section, ab initio calculations of the molecular electronic
structures are presented and the difference in shielding tensors
is rationalized in the context of Ramsey’s theory of nuclear
magnetic shielding.

Several reports have described apparent correlations between
the 13C isotropic chemical shifts of trigonal planar carbon-
centered cations and the11B isotropic chemical shifts of
analogous tricoordinate neutral boron compounds.24 The IGLO
ab initio method has been applied to the calculation of13C
isotropic chemical shifts in various classical and nonclassical
carbocations.25,62 Kutzelnigg has presented an explanation for
the large range of values forδiso(13C).25 In the context of
Ramsey’s theory, the nuclear magnetic shielding tensor may
be decomposed into diamagnetic (σd) and paramagnetic (σp)

contributions. For nuclei other than hydrogen, generally the
paramagnetic term is the dominant factor in determining the
anisotropy of the shielding tensor.63

When virtual “rotation” of an occupied MO results in
favorable overlap of this MO with a low-lying virtual MO,
paramagnetic deshielding is observed for the direction of the
axis of rotation. For example, in classical carbocations, rotation
of occupied bonding orbitals about any direction in the plane
of the carbocation leads to favorable overlap with an empty pz

orbital which resides on the central carbon atom. Thisσ f π*
magnetic dipole allowed transition is of primary importance in
determining the magnitude of the in-plane tensor components
and, consequently, the isotropic chemical shift. For nonclassical
carbocations, the pz orbital is involved in bonding and thus is
not available for the rotation of charge described above.
Accordingly, nonclassical carbocations have smaller isotropic
chemical shifts than do classical carbocations. The difference
in energy between the ground state and excited singlet states is
critical in deciding which virtual “rotations” will be important
in determiningσp. The closer in energy the occupied and virtual
orbitals involved in the rotation are, the greater the (usually
negative) paramagnetic contribution will be.

Comparison of the ab initio calculated boron shielding tensors
in trimesitylborane and trimethyl borate indicates that the
component perpendicular to the tricoordinate plane,σ⊥, varies
little compared to the in-plane shielding components. For
example, at the RHF/6-311G* level,σ⊥ is 122 ppm for
trimesitylborane and 96 ppm for trimethyl borate. The average
of the in-plane components, however, increases from 8 ppm in
the borane to 101 ppm in the borate. As for carbocations, it is
clear that the in-plane components are those which vary the
most drastically from compound to compound andthus these
components determine the oVerall span of the shielding tensor
as well as the isotropic shielding. Tricoordinate boron com-
pounds such as triarylboranes and triaryl borates also have a
virtual pz orbital available for magnetic dipole allowed transi-
tions (rotations) which resides on boron. From a qualitative point
of view, in borates the lone pairs on oxygen may be considered
to donate strongly into the vacant orbital on boron, thus reducing
its availability for the charge rotation discussed above. This
would result in a reduction ofσp. From a more quantitative
standpoint, ab initio calculations (RHF/6-311G**) of the mo-
lecular orbitals for B(CH3)3 and B(OH)3 in theC3h point group
reveal that the e′ f a′′ (σ f π*) transition, which involves the
requisite rotation about an axis in the plane of the tricoordinate
boron (Figure 7), has a smaller energy gap in the borane
(0.59405 hartree) than in B(OH)3 (0.80555 hartree). Thus, we
invoke the same explanation to rationalize the drastic difference
between the boron CS tensors for trimesitylborane and triphenyl
borate which we have observed experimentally. The boron

TABLE 2: Ab Initio and Density Functional Theory Calculations of the Boron-11 Nuclear Magnetic Shielding Tensor and
Quadrupolar Coupling Parameters for Trimesitylborane

method basis seta σiso/ppm Ω/ppm κ CQ/MHz η

RHF 6-31G 56 112 0.91 5.02 0.00
RHF 6-311G*/3-21G 66 104 0.90 4.63 0.00
RHF 6-311G* 46 117 0.91 5.44 0.00
RHF 6-311++G**/3-21G 65 104 0.90 4.62 0.00
DFT/B3LYP 6-31G 41 116 0.90 4.74 0.01
DFT/B3LYP 6-311G*/3-21G 54 109 0.88 4.26 0.01
DFT/B3LYP 6-311G* 28 127 0.89 5.23 0.00
DFT/B3LYP 6-311++G**/3-21G 54 109 0.88 4.26 0.01
exptb 121 1.00 4.75 0.00

a The first listed basis set was used on boron and the carbon atoms directly bonded to boron. The second basis set listed was used on all
remaining atoms. Where only one basis set is listed, this was applied to all atoms.b Solid state (this work).

Figure 6. Calculated orientation of the boron chemical shift tensor
and electric field gradient tensor in trimesitylborane. (a) View from
above the tricoordinate boron plane. Bothδ11 andδ22 lie in this plane.
The intermediate shift component,δ22, lies along aC2 symmetry axis.
(b) View along the tricoordinate boron plane. Theδ33 and Vzz

components are perpendicular to the tricoordinate boron plane. The
EFG tensor is axially symmetric.
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nuclei in 4-coordinate boron compounds have smaller isotropic
chemical shifts due to their different electronic structures, most
importantly the lack of a virtual pz orbital.

Conclusions

The present work has provided the first experimental char-
acterization of a boron chemical shift tensor, for trimesitylbo-
rane. In analogy with13C chemical shifts of carbocations, it
has also been shown that the in-plane11B chemical shift tensor
components, which are largely responsible for differences in
the isotropic chemical shift and the span of the shift tensor,
vary greatly between boranes and borates. Ab initio and density
functional theory calculations have been used to reproduce
accurately the chemical shift tensor in trimesitylborane. Ex-
perimental characterization of the boron chemical shift tensor
for triphenyl borate is less precise; the very small spans and
the range of skews predicted by the ab initio calculations support
our observation that the span of the boron shift tensor is very
small in borates. This last point is pertinent to11B NMR studies
of borate glasses, especially under stationary conditions. Finally,

we wish to point out the need for a reliable absolute boron
nuclear magnetic shielding scale. Such a scale would allow for
more insightful comparisons between experimental chemical
shift tensors and calculated nuclear magnetic shielding tensors.
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