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Abstract 

 Diboron compounds are a part of a relatively unexplored, yet immensely useful, 

class of compounds.  Their main use is for β-boration reactions where a boron center is 

rendered nucleophilic with the use of a metal catalyst or a Lewis base (alkoxide, amine, 

or NHC) to form a sp
2-sp

3 diboron compound.  The reactivity of these reagents is largely 

dictated by the nature of the B-B bond (strength and polarity); however, no experimental 

methods have been used to directly probe both of these quantities.  We demonstrate that 

unprecedented experimental information regarding the B-B bond may be obtained using 

11B solid-state NMR spectroscopy.  For example, the 11B quadrupolar coupling constants 

can be understood on the basis of the polarization of the B-B bond.  11B double-quantum-

filtered (DQF) J-resolved NMR spectroscopy was applied to easily and accurately 

measure J(11B,11B) coupling constants with high precision.  These are shown to be well 

correlated with the orbital energy of the B-B σ-bonding natural bond orbital as well as the 

hybridisation states of the boron atoms in the bond.  An increase in the p character of the 

bond by electron-donating ligands or via the formation of a sp
2-sp

3 diboron compound 

weakens the bond, increases the bond length, and decreases the J(11B,11B) coupling 

constants.  These experiments provide a detailed experimental characterization of the B-B 

bond and may be useful in understanding the reactivity of diboron compounds and in 

designing new systems.  The potential applicability of 11B DQF J-resolved NMR 

spectroscopy towards analyzing complex mixtures of diboron compounds and towards 

measuring 11B J coupling across multiple intervening bonds is also investigated and 

shows much promise. 
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Introduction 

 Understanding the electronic structure of molecular species is often the key to 

explaining reactivity and to designing more efficient reagents and catalysts.  This is often 

achieved by performing quantum chemical calculations on model systems since 

experimental techniques specifically capable of shedding light on the detailed electronic 

structure of polyatomic compounds are relatively rare.1  Electronic spectroscopies2 are a 

primary option but, since the resolution is poor3 and the necessary bands may not be 

identifiable, their use may be limited.  High-resolution single-crystal X-ray diffraction 

experiments can be used, in ideal situations, to image the electron density of a particular 

state akin to a molecular orbital.4  Similar measurements can be done using atomic force 

microscopy5 or laser tomography.6   

 Nuclear magnetic resonance (NMR) spectroscopy offers a different approach to 

gaining insight into the electronic structure of a molecule.  The NMR properties which 

are measured are largely determined by orbitals localised primarily on the studied atom, 

and often consideration of only a handful of molecular orbitals may account for the value 

of a particular NMR parameter.  For example, halogen nuclear quadrupolar coupling 

constants (CQ) can be used to comment on the hybridisation state of the halogen and the 

nature of its bonding interactions.7  Although the resolution of the electronic states is 

much lower with NMR than with the aforementioned tomographic methods, NMR 

experiments are far more generally applicable and are less constrained by the nature of 

the sample.   
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 The understanding of bonding interactions is often of particular interest when 

performing electronic structure studies.  Conveniently, these may be studied using the 

indirect nuclear spin-spin coupling interaction (J coupling) which is well known to 

depend on the overlap between the atomic orbitals of two nuclei.8  J coupling has been 

extensively used in organic chemistry and structural biology to elucidate the backbone 

structure of a molecule9 as well as to determine its conformation.10  The relationship 

between J couplings and structure in inorganic systems is somewhat less explored 

because the vast majority of metals and metalloids possess quadrupolar nuclei for which 

it is difficult to extract the J coupling information, in part due to spectral broadening 

and/or relaxation due to the nuclear electric quadrupolar interaction.  Recently, however, 

it has been shown that heteronuclear J coupling between quadrupolar nuclei can be 

determined using double-rotation (DOR) NMR.11  Homonuclear J coupling information 

between quadrupolar nuclei can also be extracted using DOR NMR.12  Robust J-resolved 

magic-angle spinning (MAS) NMR experiments, which can be applied to extract very 

precise, and small, J coupling constants for homonuclear quadrupolar spin pairs, have 

also been recently reported.13  This experiment yields a simple doublet for every 

homonuclear covalent bond.  If the two nuclei are related by crystallographic inversion 

symmetry, the splitting of the doublet is amplified (e.g., 3J for a pair of spin-3/2 nuclei 

such as 11B).  Otherwise, the splitting is simply J (see Figure 1).  Note that it is the 

crystallographic symmetry which is important, not simply the molecular symmetry.  

Heteronuclear J coupling involving a quadrupolar nucleus and a spin-1/2 nucleus can be 

reliably measured using J spectroscopy,14 and has also been used to obtain 4-bond 

homonuclear correlation spectra of a quadrupolar nucleus.15 
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 Much work is currently being done on the development of novel diboron reagents 

for use in β-boration reactions.16,17,18  The β-boration reaction involves the attack of a 

nucleophilic boron site, from a diboron compound, onto an electron deficient alkene to 

form a C-B bond.  The organoboron compounds that can then be formed are of 

tremendous synthetic use since the C-B bond can be easily converted to C-X, C-O, C-N, 

and even C-C bonds (using Suzuki-type cross-coupling reactions).19  Several groups have 

shown that the formation of a mixed sp
2-sp

3 diboron species substantially increases the 

reactivity.17  This is attributed to the electron donation of the additional group on the sp
3-

hybridised boron site which weakens the B-B bond and also induces a polarization of the 

bond that increases the nucleophilicity of the reactive sp
2-hybridised boron site.17,18  

Recent studies also show that there is also much to learn concerning the reactivity of 

diboron systems whose chemistry is fairly unexplored.20 

 In this Edge Article, we report on DQF J-resolved solid-state NMR measurements 

of the J(11B,11B) coupling constants in a series of diboron compounds in order to provide 

direct information on the B-B bond.  Via density functional theory (DFT) calculations we 

decompose the J coupling into various natural bond orbital (NBO) and natural localised 

molecular orbital (NLMO) contributions21 and determine which structural and electronic 

factors contribute to the J(11B,11B) values.  The sensitivity of J(11B,11B) to structure and 

symmetry is then leveraged as a screening technique to probe the nature of the B-B bond 

in a mixture of diboron reagents.  Several 11B-11B J coupling constants ranging from 9 to 

151 Hz have been measured either directly, or indirectly through 1H NMR spectra, for 

various boranes in solution.  These splittings are, however, rarely resolved for diboron 

compounds due to rapid quadrupolar relaxation.22 
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 The compounds investigated in this paper, bis(catecholato) diboron (1), 

bis(pinacolato) diboron (2), [bis(catecholato) diboron]·IMes (3), tetrahydroxy diboron 

(4), pinacolato bis(2-hydroxypropyl)amino diboron (5), tetrakis(pyrrolidino) diborane (6), 

[bis(catecholato) diboron]·picoline (7), and [bis(catecholato) diboron]·dipicoline (8), are 

shown in Scheme 1.  Some proof-of-principle experiments on samples 1 to 3 have been 

reported in a previous short communication.13  Compounds 1,23 2,17d and 424 are sp
2-sp

2 

diboron compounds with oxygen ligands.  Compound 3 represents an intermediate in an 

NHC-catalysed β-boration reaction.17a  Compound 5 is a mixed sp
2-sp

3 diboron reagent 

designed for copper-catalysed β-boration reactions.17b,e  Compound 6 features nitrogen 

ligands25 as opposed to oxygen ligands, and compounds 7 and 8, along with 1, form a 

series of compounds produced by a sequential addition of 4-picoline ligands.26  Finally, 

9-BBN (9), a popular hydroboration reagent, was also investigated due to its dimer 

structure27 in order to determine whether it is possible to measure J(11B,11B) across 

multiple intervening bonds. 

 

Results and Discussion 

Boron-11 Quadrupolar Interactions and Chemical Shifts 

 The 11B MAS NMR spectra for compounds 4, 5, 6, 8, and 9 are shown in Figure 

2.  A 11B multiple-quantum magic-angle spinning (MQMAS) NMR spectrum28 of 

compound 6 is also shown, in which the two distinct boron sites are spectrally resolved.  

This is in agreement with the single-crystal X-ray structure that features two 

crystallographically distinct boron sites.25  The parameters used for the simulations are 
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given in Table 1.  Generally, as can be expected, the three- and four-coordinate boron 

sites can be easily distinguished on the basis of their NMR parameters.29  The spectra are 

affected by the electric quadrupolar interaction between the electric field gradient (EFG) 

tensor at the nucleus and the electric quadrupole moment of the nucleus (Q) as well as the 

isotropic chemical shift (δiso).  The quadrupolar interaction is typically parameterised 

using the quadrupolar coupling constant (CQ) and the asymmetry parameter (η) which 

describe the magnitude and axial asymmetry of the EFG tensor, respectively.  The four-

coordinate boron sites are more shielded, having isotropic chemical shifts ranging from 1 

to 11.0 ppm whereas the three-coordinate boron sites have chemical shifts of 29.5 to 35.2 

ppm.  As can be also expected, the CQ values are much smaller for the four-coordinate 

boron sites (< 2.2 MHz) than for the three-coordinate boron sites (2.7 to 3.2 MHz) due to 

the higher tetrahedral symmetry of the former. 

 It can also be observed that upon the formation of a sp
3-boron site by the 

coordination of a ligand to compounds 1 and 2 (i.e., giving compounds 3 and 5) there is a 

noticeable increase in the quadrupolar coupling constant and asymmetry parameter of the 

remaining three-coordinate boron site (i.e., the chemically active site in β-boration 

reactions).  This site has maintained all of the same direct bonding interactions with its 

neighbouring atoms; however, a non-negligible change in CQ of 200 kHz is observed.  

This change is in agreement with the model of Hoveyda whereby the binding of an 

additional ligand on one of the boron atoms polarises the B-B bond and induces a larger 

positive charge on the resulting four-coordinate boron center.17a  The increase in the 

asymmetry parameter originates from the increase in the intermediate V22 EFG tensor 

component (see footnote to Table 1) which is calculated to be aligned along the B-B bond 
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vector (vide infra).  Since the sum of the EFG tensor components is always zero, the 

increase in |V22| is seen here to also increase |V33|, which is manifested in an increase in 

the magnitude of the quadrupolar coupling constant (CQ = eV33Q/h). 

 The impact of an additional ligand (see the structures of 3 and 5 in Scheme 1) is 

also evident from the deshielding of the three-coordinate 11B resonances (by 3 to 4 ppm).  

The mechanism explaining this deshielding of the three-coordinate boron site has been 

well described for boronic acids and originates from a decrease of the smallest magnetic 

shielding tensor component caused by the interaction of ligand MOs with the unoccupied 

boron p orbital.30 

 DFT calculations of the magnetic shielding and EFG tensors have been performed 

for these samples.  Both cluster-based calculations, using a single molecule of the 

substance as input, and gauge-including projector-augmented wave (GIPAW) 

calculations,31 using the published crystal structures as input,17d-e,23,24,25,26,27  have been 

performed (see Experimental for further details).  The chemical shifts and the EFG tensor 

components are both well-reproduced using both methods (see Figure 3).  The cluster-

based calculations reproduce the experimental EFG tensor components better (slope of 

1.02) than the PAW calculations, which systematically overestimate the EFG tensor 

components, as was previously mentioned32 (slope of 1.13).  This overestimation has 

been attributed to molecular motions;33 however, since the cluster-based calculations 

reproduce the EFG tensor components quantitatively, the overestimation likely originates 

from deficiencies of the pseudopotential used or the method itself.  Conversely, the 

chemical shifts seem to be better reproduced by the GIPAW DFT calculations than by the 

cluster-based calculations (see Figure 3).  The plot correlating the calculated magnetic 
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shielding with the experimental chemical shifts has a slope of -0.94 with GIPAW and 

-0.82 with cluster-based calculations; perfect agreement would give a slope of -1.  Since 

not all compounds could be included in the GIPAW DFT calculations, due to the lack of 

a known crystal structure, it may be premature to conclude that GIPAW DFT calculations 

better reproduce the 11B chemical shifts. 

Boron-Boron J Coupling Constants 

 11B J-resolved NMR experiments using a J-based double-quantum filter13 have 

been performed on all of the samples in Scheme 1.  The J-resolved spectra are shown in 

Figure 4 and the J(11B,11B) values are listed in Table 2.  The J-resolved spectra for 

compounds 1, 2, 4, and 8 have noticeably larger splittings than the other compounds (see 

Figure 4).  This originates from a symmetry-amplified J splitting effect which is present 

when the two nuclei are magnetically equivalent; for spin-3/2 nuclei such as 11B, the 

amplification factor is 3 (see Figure 1).13  The spin states associated with the quadrupolar 

central transition in these compounds are mixed which leads to a larger splitting in a J-

resolved experiment.34  This splitting is amplified whereas the actual J coupling constant 

is not.  Once this effect is taken into consideration, it can be seen that all diboron systems 

have similar J coupling constants ranging from 136 to 98 Hz.  Knowledge about either 

the molecular structure or the approximate magnitude of the coupling constant is, 

however, necessary in order to determine whether or not the J splitting is amplified; this 

is not a problem when comparing a series of analogous compounds as in the present case.  

We note that amplifications of the J splittings are also observed in MQMAS NMR 

spectra, however; this is due to the detection of mixed single and triple quantum 

coherences.35   
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 When the reaction of 1 with 4-picoline, intended to form compound 8, is halted 

prematurely,26 some of the bis(catecholato) diboron will not have reacted and some will 

have ligated to one 4-picoline molecule as opposed to two, giving compound 7.  Spectra 

of the resulting mixture provides a striking example of the excellent resolution which can 

be obtained in J-resolved experiments since the linewidth is governed by the spin-spin 

relaxation time constant.34  A J-resolved spectrum of the reaction mixture extracted 

before the reaction was completed is shown in Figure 5.  It can be clearly seen that the 

symmetry-amplified doublet signals from 1 and 8 are present along with a smaller, 

unamplified doublet.  The latter doublet can be attributed to compound 7 where only a 

single 4-picoline molecule has complexed to 1.  The doublet splitting is smaller due to the 

absence of an inversion center relating the two boron sites in the crystal structure.   

 It is interesting to comment on the tremendous spectral resolution which can be 

obtained for quadrupolar nuclei in powders using DQF-J-resolved spectroscopy.  In some 

cases, the resolution that can be achieved surpasses that which could be obtained using 

DOR NMR12 or MQMAS NMR, for which the line widths are about an order of 

magnitude larger for these compounds.36  This is in part due to the fact that the DQF J-

resolved NMR experiment is insensitive to residual dipolar interaction (to 11B and 14N, 

for example),34 unlike DOR11,12 and MQMAS37,36 and thus leads to narrower resonances.  

It is also interesting to notice that the J coupling constant steadily decreases from 

compound 1 to 7 and 8 with the addition of each 4-picoline ligand, which correlates with 

a lengthening of the B-B bond.26  However, the spectral splitting greatly decreases when 

a single 4-picoline molecule is added, and then greatly increases when the second is 

added, since the inversion symmetry of the crystal is reinstated (see Figure 1).26  Thus, 
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the NMR method not only provides excellent resolution of the mixture of compounds, but 

also gives direct evidence for the presence or absence of crystallographic inversion 

symmetry.  Since the optimal double-quantum filter time depends on the J splitting and 

the samples have differing spin-spin relaxation times, this experiment is not quantitative.  

If the DQF efficiency was modeled numerically, or determined using pure forms of the 

various components, their proportions in the mixture could be quantified. 

 The J-resolved spectrum for symmetric compound 6 may be puzzling at first since 

the J-splitting is not amplified (splitting of J = 98 ± 2 Hz).  Diboron compounds with 

oxygen ligands prefer planar structures due to the stabilising effect of π delocalisation.38  

Diboron compounds with nitrogen ligands, however, have much weaker π delocalisation 

stabilisation energies and stronger hyperconjugation interactions.38  That, combined with 

steric repulsion, means a staggered structure is often preferred in these systems.39  The 

crystalline structure of 6 shows that it has a N-B-B-N dihedral angle of 76.4°.  The two 

boron nuclei are not related by an inversion center and the splitting in the DQF-J-

resolved spectrum therefore is given by J rather than 3J.34 

 To gain a greater understanding of the factors that contribute to the J(11B,11B) 

values we have analysed the J coupling in terms of natural bond orbitals (NBO)40 and 

natural localised molecular orbitals (NLMO)41,21 using the NBO 5.0 code42 implemented 

in the Amsterdam Density Functional (ADF) software.43  NBOs are a set of very 

localized (strictly 1- to 3-centered) orbitals which best reproduce the Kohn-Sham orbitals 

whereas the NLMOs are expansions of the NBOs that include the longer range effects.  

As can be seen in Figure 6, the experimental J(11B, 11B) values are very well reproduced 

with DFT which serves to validate our theoretical approach. 
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 For all the diboron compounds, nearly 100% of the J coupling originates from the 

Fermi contact (FC) mechanism.  This mechanism involves the interaction of a nucleus 

with an electron situated at the nucleus.  Since only s orbitals have a non-zero electron 

density at the nucleus, only orbitals with significant s character can contribute to J via the 

FC mechanism.  This is clear when one examines the main NLMOs which contribute to 

the J coupling.  For all diboron compounds, approximately 50% of the J coupling 

originates from the boron core orbitals and another 50% originates from the B-B σ-

bonding orbital (see Table 3).  Example NLMOs are depicted in Figure 6.  Perhaps 

surprisingly, the percentage contribution from the B-B σ-bonding orbital alone does not 

correlate with the J coupling or the bond length.  Interestingly, the B-B σ-bonding orbital 

is polarised towards the empty boron p orbital in compounds 3, 5, 6, and 7, in agreement 

with the presence of of σC-X (X = N or O) to pB hyperconjugation.38  This does not; 

however, seem to have an effect on the J coupling constant.  This is perhaps expected 

since a pure boron p orbital cannot contribute to the J(11B, 11B) coupling via the FC 

mechanism.  Similarly, the π-delocalisation which is present in the planar diboron 

compounds (compounds 1, 2, and 4) does not affect the J(11B, 11B) coupling.  However, 

the J(11B, 11B) values are well correlated to the B-B σ-bonding NBO energy (see Table 3 

and Figure 6).  The J(11B, 11B) values can then be used to directly report on the strength 

of the B-B σ bond, as the δiso and CQ values can be used to report on the polarization of 

the bond, as described earlier.17a   

 We can also analyze the hybridisation of the NLMOs and how they relate to the 

value of J.  As can be seen in Table 3 and Figure 6, the degree of hybridisation of the 

boron orbitals participating in the B-B bond also correlates strongly with the value of 
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J(11B, 11B).  Compounds in which the boron s orbitals contribute more strongly to the B-

B bond have a larger J coupling constant since the FC mechanism dominates the J 

coupling in this case.  This larger s character is also consistent with a shorter B-B bond.  

This is fully consistent with the observed inverse correlation of the bond length with the 

value of J (see Figure 6). 

 DFT calculations of the J coupling constants in a series of model, planar, diboron 

systems with various ligands were also performed and analysed within the NBO/NLMO 

framework.  For these calculations, the B-B bond length was purposely fixed at 1.74 Å to 

eliminate the effects of bond length variations.  This bond length was chosen as it is 

representative for these systems whose MP2 optimised bond lengths range from 1.758 Å 

to 1.714 Å.38  As can be seen in Figure 7(a), there is a dramatic increase in the calculated 

J(11B, 11B) value as the ligand atom is changed from H to C, N, O, and finally F.  This is 

consistent with our experimental observation that a diboron system with nitrogen ligands 

has a smaller J coupling constant than one with oxygen ligands.  This increase in J 

coupling constant is also consistent with the increase in the strength of the B-B bond as 

the electronegativity of the ligands increases (Figure 7(b), and the increase in the boron s 

character of the bonding NLMO (Figure 7(c)).  These calculations then show that the 

differences in J coupling constants which are observed are caused by the differences in 

the s character of the bond and not directly by differences in bond length.  The correlation 

between the J(11B, 11B) values and the s character of the bond had been hypothesised 

nearly 40 years ago.44 

 Within the framework of the hybridisation concept, according to Bent’s rule,45 

electron withdrawing groups will reduce the p character of the boron atomic orbitals and 
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thus increase the relative s character of the boron orbitals participating in the boron-boron 

bond.  This increase in s character decreases the orbital bond energy and shortens the 

boron-boron bond.  Increased s character enables an increased contribution to J(11B, 11B) 

via the FC mechanism.  This is consistent with the smaller 11B-11B J coupling constant 

measured in tertrakis(dimethylamino)diborane46 and the calculated 11B-11B J coupling 

constant in B2H4.
47  A similar effect dominates the J(13C ,1H) values of organic 

molecules.8,48  

 A potentially exciting application of 11B DQF-J-resolved spectroscopy is the 

structural study of borate glasses.49  For example, 29Si J-resolved spectroscopy is 

similarly used to probe the connectivities in silicate glasses where the number of nearest 

neighbours can unambiguously be determined even in a disordered structure.50  We have 

then explored the possibility of measuring 11B-11B J coupling across multiple intervening 

bonds in 9.  9 is a common organic reagent used in hydroboration reactions but it exists 

as a dimer connected by two 3-centered B-H-B bonds in the liquid and solid states.27  The 

boron nuclei are also related by an inversion center and thus the J splitting will be 

amplified by a factor of 3, aiding in the detection of a small J coupling constant.  The 11B 

J-resolved spectrum is shown in Figure 8.  Due to the small magnitude of the coupling 

and the short relaxation times of this sample, it was not possible to resolve a doublet; 

however, the mere presence of a J-DQF signal shows that there is a J coupling interaction 

between the two nuclei.  From the spectrum it is possible to estimate the J coupling as 10 

± 7 Hz.  This is consistent with the magnitude of the 11B-10B J coupling measured in 

diborane (|J(11B,10B)| = 1.3 Hz; |J(11B,11B)| = 3.8 ± 0.5 Hz).51  A two-bond J coupling 

constant would likely be even smaller than a J coupling across a 3-centered 2-electron 
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bond.  Therefore, in order to measure J(11B, 11B) in borate glasses it may be advantageous 

to perform MAS NMR experiments at cryogenic temperatures to increase the spin-spin 

relaxation time constants.52 

 Interestingly, DFT calculations indicate that the two-bond J coupling constant is 

negative in 9 (J(11B, 11B)TPSS = -10.0 Hz), in contrast to the positive one-bond values for 

the diboron compounds.  An NLMO analysis shows that this is because the two 3-

centered bonds contribute negligible amounts to the J coupling whereas the B-C σ-

bonding orbitals instead contribute most of the J coupling.  These have a tail which 

connects to the other boron site (see Figure 8).  Since these orbitals have a node in 

between the two boron nuclei, the sign of the FC contribution to J coupling is inverted 

and the J coupling is negative.8 

 

Conclusions 

 It has been demonstrated that 11B DQF-J-resolved spectroscopy is a robust tool 

for studying a variety of diboron compounds.  The J(11B, 11B) values which are measured 

with this method were shown to be rich in useful electronic information.  The J(11B, 11B) 

values are shown to be correlated with the energy of the B-B σ-bonding NBO.  Within a 

related series of compounds, a larger J coupling constant then directly correlates with a 

stronger B-B bond.  The J coupling constants also directly report on the hybridisation of 

the boron orbitals which contribute to the B-B bond.  Along with the EFG tensor data and 

11B chemical shifts it is then possible to gain experimental insight into the B-B bonding 

orbital as well as the polarization of the bond.  This makes 11B NMR a very powerful 
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technique for screening potentially useful β-boration reagents.  For example, diboron 

compounds with nitrogen ligands have noticeably weaker B-B bonds and may then have 

a higher reactivity towards electron deficient alkenes than diboron compounds with 

oxygen ligands.53 

 It was also demonstrated that 11B DQF-J-resolved spectroscopy can be used as a 

high-resolution analysis technique for separating the signals from a mixture of diboron 

systems and identifying stable reaction intermediates.  For the systems studies here, the 

resolution of this technique surpasses that of MQMAS and DOR NMR, which are some 

of the leading techniques used to obtain high-resolution NMR spectra of quadrupolar 

nuclei in solids.  Additionally, the splittings observed in the J-resolved spectra indicate 

the presence or absence of crystallographic inversion symmetry.  

 Using the symmetry amplification of the J splitting in 9-BBN (9) it was possible 

to measure a rare example of a J coupling between two quadrupolar nuclei across 

multiple intervening bonds.  This is an exciting advance towards studying amorphous 

systems such as borate glasses where measuring J coupling could yield unprecedented 

structural information. 

 

Experimental 

 Compounds 1, 2, 4, 6, 9, 4-picoline, and bis(2-hydroxypropyl)amine were 

obtained from Aldrich and used without further purification.  All reactions were 

performed using standard Schlenk and glove box techniques using anhydrous solvents.  

Samples 3,13 5,17b 7, and 826 were prepared using published literature procedures.  
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NMR experiments 

 All 11B NMR experiments were performed at an applied external magnetic field 

of 9.4 T using a Bruker Avance III NMR spectrometer equipped with a Bruker 4 mm 

triple resonance MAS probe.  The 11B MAS NMR spectra were acquired using a spin-

echo sequence to remove the probe background signal.  The 11B central-transition 

selective 90° pulse length was 20 µs and the echo delay was 80 µs for rotor 

synchronisation (νrot = 12.5 kHz).  Between 8 and 192 transients were acquired for each 

sample using a relaxation delay of 4 s.  The chemical shifts were referenced to 

F3B·O(C2H5)2 using NaBH4 as a secondary reference (-42.06 ppm).54  Spectral line 

shapes were simulated using WSolids1.55 

 The 11B DQF J-resolved MAS NMR experiments were performed using the 

published pulse sequence,13 25 µs central-transition selective 90° pulses, and high-power 

1H decoupling.  The MAS frequency was typically 12.5 kHz and the t1 increments were 

set to either 40 µs or 80 µs for rotor synchronization.  36 t1 slices of 64 to 540 transients 

were acquired and the spectra were processed in magnitude mode.  Sample 9 was cooled 

to 0°C in order to increase its spin-spin relaxation time constant and obtain sharper J-

resolved signals.  The DQF J-resolved MAS NMR experiments are straightforward to 

run, since only the double-quantum filter delay needs to be optimised, and are quite 

sensitive; a high quality J-resolved spectrum can be obtained in 2 h in a moderate applied 

magnetic field.   

 The 11B MQMAS NMR spectrum of 6 was acquired using the 3-pulse z-filtered 

sequence with proton decoupling.56  The excitation, conversion, and detection pulses 
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lasted 4.5, 2.0, and 20 µs, respectively.  80 t1 slices of 1560 scans were acquired with a t1 

increment of 80 µs and the spectrum was processed using the States method.57 

DFT calculations 

 GIPAW DFT calculations of the 11B magnetic shielding and EFG tensors were 

performed using the CASTEP-NMR program (version 4.4).31  The published crystal 

structures were used as input.17d-e,23,24,25,26,27  The data were analysed using the EFGShield 

program (version 4.1).58  Standard, on-the-fly generated ultrasoft pseudopotentials 

available within CASTEP were used for all atoms.  A 610 eV kinetic energy cutoff and 

“fine” quality k-point grids were used in all cases.  The generalised gradient 

approximation (GGA) DFT functional of Perdew, Burke, and Ernzerhof (PBE)59 was 

used for all the calculations. 

 Cluster-model DFT calculations were performed using the ADF program (ver. 

2009)43 and the data were analysed using EFGShield.58  The models consisted of a single 

molecular unit, with the exception of 4 for which the four neighbouring molecules, which 

form hydrogen bonds, were also included.  The shielding and EFG tensor calculations 

used the revised PBE GGA functional of Zhang and Yang60 whereas the J coupling 

calculations used the meta-GGA functional of Tao, Perdew, Staroverov, and Scuseria 

(TPSS).61  All calculations used the quadruple-zeta quadruple-polarised (QZ4P) basis 

set.62  The NBO/NLMO analysis of the J coupling constants was performed using the 

NBO program (version 5.0)42 which is incorporated into ADF. 
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Table 1.  11B NMR parameters for the diboron compounds studied in this work. 

compound δiso / ppm CQ / MHza 
η

a 

1
c
 30.5 ± 0.5 2.85 ± 0.05 0.85 ± 0.05 
2

c 31.5 ± 0.5 2.70 ± 0.05 0.85 ± 0.1 
3 4-coordinatec 1 ± 1b N/Ab N/Ab 

3 3-coordinatec 34 ± 1 2.9 ± 0.1 0.90 ± 0.05 
4 29.5 ± 1.0 3.2 ± 0.1 0.58 ± 0.05 
5 4-coordinate 7.0 ± 0.5 (-)1.7 ± 0.1 0.7 ± 0.1 
5 3-coordinate 34 ± 1 2.0 ± 0.1 0.90 ± 0.05 
6 site A 31.2 ± 0.5 2.7 ± 0.1 1.00 ± 0.05 
6 site B 35.2 ± 0.5 2.9 ± 0.1 0.50 ± 0.08 
8 11.0 ± 0.5 (-)2.2 ± 0.05 0.15 ± 0.10 
9 29 ± 1 (-)2.7 ± 0.1 1.00 ± 0.15 
a CQ = eV33Q/h and η = (V11-V22)/V33 where Vii are the principal EFG tensor components 

ordered as |V33|≥|V22|≥|V11|, Q is the nuclear electric quadrupole moment, e is the 

fundamental charge and h is Planck’s constant.  Although only |CQ| can be measured 

using conventional means, the sign of CQ is obtained from DFT calculations. 

b No anisotropic lineshape was observed.  

c From reference 13. 

 

 

Table 2.  J(11B,11B) coupling constants for the compounds in Scheme 1 extracted using 
11B DQF-J-resolved NMR. 

compound J(11B,11B) / Hz 
1 136 ± 1 
2 120 ± 2 
3 106.8 ± 0.6 
4 121 ± 3 
5 111 ± 3 
6 98 ± 2 
7 115 ± 4 
8 108 ± 1 
9 (-)10 ± 7 
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Table 3.  Results from an NBO/NLMO analysis of the boron-boron bonds in compounds 

1 to 8.   

compound B-B bond NLMO 
/ %a 

B core NLMO  / 
%a 

B-B bonding 
NBO energy/ a.u. 

B-B bond sp
x 

hybridisationb 

1 51.8 58.0 -0.399 1.32 
2 50.5 62.0 -0.335 1.47 
3 54.9 56.2 -0.339 1.17 and 2.33 
4 59.0 56.0 -0.376 1.25 
5 53.8 58.8 -0.300 1.38 and 1.67 
6 47.0 65.1 -0.280 1.89 
7 51.4 58.2 -0.363 1.21 and 1.95 
8 46.0 52.4 -0.308 1.93 

a These numbers correspond to the percentage of the J coupling which originates from those particular 

NLMOs. 

b The number indicated corresponds to the p character of the bond (x). 

 

 

 

 

Scheme 1.  Structures of the boron compounds discussed in the text. 
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Figure 1.  A schematic representation of the result of a 11B DQF-J-resolved NMR 

experiment on a molecule wherein the boron atoms are not related by a crystallographic 

inversion centre (top) and a molecule wherein the boron atoms are related by 

crystallographic inversion symmetry (bottom).  The symmetry in the bottom diboron 

system leads to an amplification of the J splitting (but not the coupling constant itself) by 

a factor of 3. 

 

 

Figure 2.  11B MAS NMR spectra of compounds 4, 5, 6, 8, and 9 acquired at 9.4 T using 

a Hahn echo sequence.  The MQMAS NMR spectrum of 6, including slices along the 

isotropic dimension, is also shown.  In all cases the experimental spectra are in black and 

the simulations are in red.  An asterisk denotes an impurity.  A slight upwards tilt in the 

Page 25 of 31 Chemical Science

C
he

m
ic

al
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t



26 

 

MQMAS spectrum of 6 is observed which is caused by the second-order quadrupolar-

dipolar cross term interaction between 11B nuclei and the 14N and 11B nuclei. 36 

 

Figure 3.  Correlations between the experimental EFG tensor components and the 

calculated ones using (a) cluster model DFT (Vii
ADF = 1.02Vii

exp, R = 0.990) and (c) PAW 

DFT (Vii
CASTEP = 1.13Vii

exp, R = 0.989) are shown.  The correlations between the 

experimental chemical shifts and the calculated magnetic shielding constants using (c) 

cluster model DFT (σiso
ADF = -0.825δiso

exp + 97.0 ppm, R = 0.980) or (d) GIPAW DFT 

(σiso
CASTEP = -0.941δiso

exp + 94.6 ppm, R = 0.988) are shown. 
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Figure 4.  Slices of the indirect dimension of the 11B DQF-J-resolved NMR experiments 

carried out on the diboron compounds shown in Scheme 1. 
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Figure 5.  Slices of the indirect dimension of 11B DQF-J-resolved NMR spectra for (a) 8, 

(b) 1, and a reactive mixture containing 1, 7, and 8, as marked by the colour-coded 

dashed lines. 
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Figure 6.  The σB-B NLMO and the boron core NLMO are depicted in (a) and (b), 

respectively (blue).  The boron atoms are coloured pink, the carbon atoms are grey, the 

oxygen atoms are red, and the hydrogen atoms are white.  The correlations between the 

experimental J(11B,11B) coupling constants and the (c) B-B bond length (J = 1072.2 Hz – 

dB-B · 559.0 Hz/Å, R = 0.94), (d) TPSS/QZ4P computed J(11B,11B) values (J = 52.8 Hz – 

J
TPSS · 0.713, R = 0.95), (e) σB-B NBO energy (J = 31.38 Hz – ENBO · 246.3 Hz/a.u., R = 

0.87), and (f) the hybridisation state of the boron orbitals in the σB-B NLMO (J = 178.12 

Hz – x ·39.6 Hz, R = 0.86) are also shown. 
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Figure 7.  In (a) the DFT calculated J(11B,11B) values are plotted as a function of the 

ligand (L).  (b) DFT calculated as a function of the NBO energy. (c) J(11B,11B) values 

versus the hybridisation state of the boron orbitals comprised in the σB-B NLMO. 

 

 

Figure 8.  In (a), one of the four the σC-B NLMOs is shown which is responsible for the 

J(11B,11B) coupling in 9.  In (b), the 11B DQF-J-resolved NMR spectrum of 9 is shown; 

the presence of a signal is indicative of a non-negligible J coupling. 
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Graphical abstract 

 

 

One sentence text: 

J couplings measured between 11B spin pairs in solid diboron compounds provide insight 

into electronic structure and crystallographic symmetry. 
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