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New Experimental Insight into the Nature of Metal�Metal Bonds
in Digallium Compounds: J Coupling between Quadrupolar Nuclei

Libor Kobera, Scott A. Southern, Gyandshwar Kumar Rao, Darrin S. Richeson, and
David L. Bryce*[a]

Abstract: Multiple bonding between atoms is of ongoing
fundamental and applied interest. Here, we report a multinu-
clear (1H, 13C, and 71Ga) solid-state magnetic resonance spec-
troscopic study of digallium compounds which have been
proposed, albeit somewhat controversially, to contain single,
double, and triple Ga�Ga bonds. Of particular relevance to
the nature of these bonds, we have carried out two-dimen-
sional 71Ga J/D-resolved NMR experiments which provide
a direct measurement of J(71Ga,71Ga) spin–spin coupling con-

stants across the gallium�gallium bonds. When placed in
the context of clear-cut experimental data for analogous
singly, doubly, and triply bonded carbon spin pairs or boron
spin pairs, the 71Ga NMR data clearly support the notion of
a different bonding paradigm in the gallium systems. Our
findings are consistent with an increasing role across the
purported gallane–gallene–gallyne series for classical and/or
slipped p-type bonding orbitals.

Introduction

The nature of multiple bonding between elements is a topic of
great fundamental and practical interest.[1–6] For example,
a series of recent papers has provided experimental evidence
and a theoretical understanding of the nature of the boron�
boron triple bond.[7, 8] The excitement around this work is
somewhat reminiscent of that generated by the first report by
Robinson in 1997 of a gallyne,[9] purported to contain a galli-
um�gallium triple bond. The description of multiple bonds be-
tween gallium atoms has attracted much attention and gener-
ated some controversy in the scientific community, with vary-
ing conclusions on the nature of Ga�Ga bonding, both in “gal-
lenes” and in “gallynes”. The original gallyne system was stabi-
lized by two sodium ions, and the short Ga�Ga distance of
2.319 � was a primary argument for the triple bond.[9] Subse-
quently, Klinkhammer proposed, on the basis of a natural
bond order analysis, that the gallium�gallium bond in the
model system HGaGaH2� consists of a s-bond, a p-bond, and
a non-classical “slipped” p-bond,[10] and similar conclusions
were reached by topographical electron localization function
analysis.[11] However, Cotton et al. concluded on the basis of
density functional theory (DFT) that the gallynes involve only
one s-bond orbital and one p-bonding orbital, along with
a nonbonding p orbital, and thus can only be considered as

exhibiting a double bond.[12] Robinson and co-workers subse-
quently carried out calculations on the more realistic complex
Na2[(C6H5)2C6H3GaGaC6H3(C6H5)2)][13, 14] and the claim was made
that the nonbonding orbital reported by Cotton et al.[12] is ac-
tually a bonding orbital, and so the originally reported gallyne
should indeed be described as containing a weak triple
bond.[14] Robinson has further described theoretical models de-
fending this claim, showing that simple compounds such as
(Me)GaGa(Me) and HGaGaH, along with their reduced species,
include a weak triple bond comprised of two coordinate
bonds and a p-bond.[15, 16] An experimental study and analysis
reported by Power and co-workers in 2002 on IArGaGaArI (1),
ArGaGaAr (2), and NaArGaGaArNa (3) [Ar = 2,6-Dipp2C6H3,
Dipp = 2,6-iPr2C6H3; Scheme 1], however, called into question
the bonding order in the purported gallene (2) and gallyne
(3).[17] A more recent analysis of the electron localization func-
tion concluded that the Ga�Ga bond is a non-classical triple
bond consisting of a regular p-bond, a “slipped” p-bond, and
a distorted s-bond.[18] The sodium cations were found to con-
tribute greatly to the short Ga�Ga distance and to participate
in the p-bond, and it was argued that these compounds
should be viewed as comprising Ga2Na2 clusters.[18] An analysis
based on domain-averaged Fermi holes of (Ph�GaGa�Ph)Na2

and Ph�GaGa�Ph2� suggested that of the three electron pairs
contributing to the Ga�Ga bond, only the p-bond can be con-
sidered a classical shared electron pair, while the two other
bonds are complex and have partial lone pair character, but
cannot be considered fully bonding.[19] The previous discussion
of gallium�gallium bonding has thus largely focused on X-ray
diffraction analyses coupled with computational chemistry and
theoretical considerations.

Our laboratory has recently reported the development of
a series of J-resolved solid-state NMR spectroscopy tech-
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niques.[20] These methods are valuable in that they enable the
measurement of indirect nuclear spin-spin (J) coupling con-
stants for pairs of quadrupolar nuclei (spin quantum number
I> 1=2) in the solid state. Such measurements are often impossi-
ble in solution due to rapid quadrupolar relaxation of many
nuclides of interest. In the solid state, quadrupolar broadening
of the line shapes for nuclei such as 11B, 71Ga, (both I = 3/2)
etc. , is often orders of magnitude larger than the J coupling
constant, thereby obscuring the effects of the latter in a stan-
dard one-dimensional solid-state NMR (SSNMR) spectrum. Our
two-dimensional J-resolved experiments alleviate these prob-
lems and have enabled the measurement of J(11B,11B) couplings
in solid diboranes, diborenes, and diborynes,[8] as well as
J(71Ga,71Ga) couplings across single Ga�Ga bonds in
Ga2Cl4(dioxane)2, Ga2Cl4(THP)2, and Ga2Cl4(THF)2.[21] The signifi-
cance of the measurements of these J couplings arises due to
their intimate relationship with the electronic structure of the
bond. In the case of multiply bonded boron compounds, we
demonstrated a strong correlation between the reduced
carbon�carbon coupling constants (K = 4p2 J/gNgN‘h)[22] for alka-
nes, alkenes, and alkynes with those of diboranes, diborenes,
and diborynes, thereby providing key insight into the nature
of the boron�boron triple bond.

The persistent interest and outstanding ambiguity in the de-
scription of Ga�Ga bonding prompted us to study this prob-
lem via NMR spectroscopy. Specifically, how do the reduced
gallium�gallium coupling constants for a gallane–gallene–gal-
lyne series compare to the values for the well-understood
carbon�carbon and boron�boron analogues, and what insight
does this provide into the nature of gallium�gallium bonding?
Here, we have focused our attention on the preparation and
solid-state NMR characterization of a prototypical series of di-
gallium systems which have been proposed to contain single
(1), double (2) and triple (3) bonds (Scheme 1). The gallium
bonding environments in these compounds have been charac-
terized by 1H, 13C, and 71Ga SSNMR spectroscopic methods. In
particular, advanced 71Ga J-resolved NMR techniques[23, 24] have
been applied to overcome issues associated with dipolar and
quadrupolar spectral broadening, and homonuclear
J(71Ga,71Ga) couplings have been extracted from the NMR spec-
tra to provide new insights into the nature of gallium�gallium
bonds.

Results and Discussion

Initial characterization by 1H and 13C solid-state NMR spec-
troscopy

Solid-state NMR spectroscopy was used to characterize the di-
gallium compounds. High-resolution 1H DUMBO magic-angle
spinning (MAS) NMR and 13C cross-polarization (CP)/MAS NMR
experiments were used for primary characterization and the re-
sulting spectra are shown in Figure 1. The assignments of the
spectra are based on the literature[17] (Table 1).

The good resolution of the 1H DUMBO/MAS NMR spectrum
for 1 allows for clear identification not only of methyl (�CH3)
and methine (>CH�) groups in the aliphatic region of the
spectrum, but also the meta and para protons (Figure 1, left).
The 13C CP/MAS NMR spectrum distinguishes more than
twenty individual peaks, which suggests a high degree of crys-
tallinity of compound 1. Both spectra show some impurity
peaks which may be attributed to unreacted intermediate
product (see Figure 1 and Figure S3 in the Supporting Informa-

Scheme 1. Compounds studied in this work. Such compounds have been described as featuring single (1), double (2), and triple (3) gallium�gallium bonds;
however, the disputed nature of these bonds is acknowledged by the grey shading.

Table 1. 1H DUMBO/MAS NMR and 13C CP/MAS NMR chemical shift as-
signments for digallium compounds 1, 2, and 3.

Assignment 1H NMR (ppm)
1 2 3

CH3� 1.10 1.25 0.95
>CH� 2.58 2.72 2.65
=CH� (m-) 6.92 ~7.46 ~7.23
=CH� (p-) 7.71 ~7.46 ~7.23

Assignment 13C NMR (ppm)
1 2 3

CH3� 23.1; 24.3; 25,8; 27.5 24.9 24.7
>CH� 30.2 30.4 30.3
m-Dipp 123.5 122.7 122.8
p-C6H3

i-Dipp 130.3 128.1 127.8
m-C6H3

o-C6H3 139.3 140.0 140.4
p-Dipp 144.9
o-Dipp 147.9 146.7 146.1
i-C6H3 149.1
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tion). Some splittings on the order of 100 Hz observed in the
13C CP/MAS NMR spectra may also be attributed to through-
space residual dipolar coupling (RDC) between carbon atoms
and the quadrupolar 127I nuclei (I = 5/2).[25] (Supporting Informa-
tion, Figure S3).

The similarity between the 1H DUMBO/MAS NMR spectra,
and between the 13C CP/MAS NMR spectra, of the digallium
compounds 2 and 3 indicates a comparable degree of overall
crystallinity. Additionally, a decreased presence of impurities in
2 and 3 is noted. In the 13C CP/MAS NMR spectrum of 2,
a small signal at 69 ppm is attributed to residual diethyl ether
solvent.[26] An impurity at 0.1 ppm is clearly visible in the 1H
DUMBO/MAS NMR spectrum of system 3. This impurity can be
attributed to the silicone grease used to join reaction flasks
during sample preparation.[26]

While these spectra provide useful characterization informa-
tion, they do not provide direct information on the gallium�
gallium bond. Therefore, the systems were further investigated
by 71Ga NMR spectroscopy.

Gallium-71 NMR spectroscopy

Gallium has two NMR-active isotopes, 69Ga and 71Ga (I = 3/2),
with natural abundances of 60.1 and 39.9 %, respectively. The
less-abundant 71Ga isotope is observed presently due to its
smaller quadrupole moment, which contributes to its higher
spectral receptivity relative to 69Ga.[27] Regardless, a strong ap-

plied magnetic field must be used, because both isotopes typi-
cally give rise to relatively broad spectral lines, often covering
hundreds of ppm.[21, 27] For nuclei with large quadrupolar inter-
actions, the static quadrupolar Carr–Purcell–Meiboom–Gill
(QCPMG) experiment, or a modification thereof (wideband uni-
form-rate smooth truncation (WURST)-QCPMG) are often ad-
vantageous.[28–30] For compounds 1 to 3, it was found that fast
T2(71Ga) relaxation rendered these experiments impractical. In-
stead, regular 71Ga spin-echo NMR experiments were carried
out at 21.1 T (Figure 2). The line shapes are largely due to the
71Ga nuclear electric quadrupolar interaction between the galli-
um quadrupole moment and the electric field gradient (EFG).
In principle, the spectra are also influenced by gallium chemi-
cal shift anisotropy (CSA); however, the impact of CSA is ex-
pected to be small relative to the dominant quadrupolar cou-
pling and, as such, the spectra were fit only on the basis of the
quadrupolar interaction and an isotropic chemical shift. The re-
sulting NMR parameters are listed in Table 2. Errors were deter-
mined on an iterative heuristic basis, but then increased to ac-
count for our neglect of small CSA effects.

Typical gallium isotropic chemical shifts range from �700 to
700 ppm with respect to aqueous Ga2(NO3)3, reflective of the
oxidation state and coordination geometry.[27] Chemical shifts
for GaI range from �700 to 0 ppm, those for GaII from 200 to
250 ppm, and from 0 to 700 ppm for GaIII.[21, 27] Additionally,
a strong correlation between 27Al NMR and 71Ga NMR chemical
shifts of gallium and aluminum oxides, silicates or phosphates

Figure 1. Experimental 1H DUMBO/MAS NMR spectra collected at 10 kHz MAS (left panel) and 13C CP/MAS NMR spectra acquired at 8 kHz MAS (right panel) of
digallium compounds 1, 2, and 3. B0 = 9.4 T. Asterisks denote impurities. A regular 4 mm ZrO2 rotor was used. Spinning sidebands are indicated by “ssb”.
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can be seen.[31, 32] Generally, 27Al chemical shifts correspond
with Al�O environments: for 4-coordinate Al the chemical shift
ranges from 50 to 80 ppm, the chemical shift range of 5-coor-
dinated Al is about 30 to 40 ppm, and 6-coordinated Al shifts
range from about �10 to 15 ppm.[33] Analogously, the 71Ga
chemical shifts of 4-coordinate Ga sites fall within the range of
90 to 120 ppm, 5-coordinate Ga sites resonate between 0 ppm
and 30 ppm, and 6-coordinate Ga sites fall between �60 and
10 ppm.[27, 31, 32] The Ga coordination also has a direct influence
on the quadrupolar interaction and this trend is observed with
71Ga in a wide range of inorganic compounds. The 71Ga quad-
rupolar coupling constants (CQ) of various gallium oxides in
tetra-, penta-, and hexagonal coordination environments range
from a few MHz up to 17 MHz.[34] However, in our case, as well
as in previous work,[21] CQ reaches values exceeding 19 MHz,
which is indicative of the increasing magnitude of the EFG,
consistent with asymmetric gallium environments in the digal-
lium systems. These compounds also exhibit unexpected
chemical shift values which fall outside of the traditional re-
gions for these coordination environments.[27, 31–33]

The similar chemical shifts and the quadrupolar parameters
for both crystallographically distinct gallium sites of compound
1 (Table 2) suggest the existence of an asymmetric planar (C�
Ga�Ga�C) core with a formal GaII oxidation state.[21, 35] The NMR
parameters of the impurity (CQ = 3.6 MHz, hQ = 0 and diso =

35 ppm) are indicative of the presence of a mononuclear GaIII

site in a pseudo-octahedral coordination environment.[36] The
chemical shift and relatively large CQ of systems 2 and 3 sug-

gest a planar, trans-bent (C�Ga�Ga�C) core geometry with an
oxidation state of + 1. The chemical shift values and large
values of CQ and h can be explained by structural asymmetry
along the Ga�Ga bond.

The aforementioned 71Ga NMR spectra provide useful infor-
mation about the oxidation states and the coordination envi-
ronments of each of the gallium sites, but they do not provide
direct proof of Ga�Ga bonding nor the bond order. Direct ex-
amination of the Ga�Ga bond was carried out using shifted-
echo two-dimensional J/D-resolved NMR experiments, which
allow for deep insight into the nature of Ga�Ga bonds
(Figure 3). These experiments are quite challenging on these
systems due to the dominant quadrupolar broadening of the
spectra. In addition, fast T2 relaxation led to a complete loss of
the Ga signal when using a double-quantum filtered version of
the experiment. Unfortunately, the unfiltered spectra are affect-
ed by a dominant peak at zero frequency. This peak is due in
part to spin states which are not affected by J-modulation
during the evolution of the pulse sequence (see references
[21] and [23]). Despite this, a simple two-pulse experiment pro-
vided sufficient sensitivity and resolution (Figure 3).

In such experiments, we have shown that the J-splitting
magnitude and shape of each doublet component depends in-
timately on whether or not the quadrupolar spins are related
by an inversion center.[21] The X-ray crystal structures show that
the directly bonded gallium spin pairs are related by an inver-
sion center in compounds 2 and 3 (resulting in A2 spin sys-
tems), but that they are crystallographically and magnetically
non-equivalent (AX spin system) in gallane 1 (Table 2).[17]

Armed with this knowledge, the doublets of the 71Ga J/
D-resolved spectra may be fitted to extract both the isotrop-

ic J coupling constant and the effective dipolar coupling con-
stant (Reff = RDD�DJ/3). The experimental anisotropic J coupling
(DJ) can be determined, if the direct dipolar coupling constant,
RDD (equal to (m0g1g2�h< r12

�3> /8p2), is known.[21] The effect of
Reff on the spectra shown in Figure 3 is manifested in the
breadth and sense of the powder patterns associated with
each component of the doublet.[21] The shape of each doublet
component is an anisotropic powder pattern with a breadth of
3Reff/2 in the case of the AX spin system (compound 1), and
9Reff/2 in the case of A2 spin systems (compounds 2 and 3).[21]

Additionally, the sense of these powder patterns is opposite
for the A2 case compared to the AX case. The value of
J(71Ga,71Ga) is determined by measuring the difference be-

Figure 2. 71Ga spin-echo spectra of static powdered digallium compounds 1, 2, and 3. Experimental data, solid lines; simulated data, dashed lines. The asterisk
denotes an impurity resonance in 1.

Table 2. 71Ga NMR parameters and structural information for the Ga�Ga
spin pairs in digallium compounds 1, 2, and 3.[a]

Cmpd[b] Site diso

[ppm]
CQ

[MHz]
h rGaGa

[�]
Spin
system

Space
group

CCDC
number

1 Ga(1) 200�50 21.2�1 0.60�0.1 2.493 AX P21/c 186154
Ga(2) 180�50 20.5�1 0.52�0.1 2.493 AX

2 Ga 66�50 19.0�1 0.74�0.1 2.627 A2 P1̄ 186153
3 Ga 95�50 19.3�1 0.72�0.1 2.347 A2 P21/n 186155

[a] CQ = eV33Q/h and h = (V11�V22)/V33, where Q is the nuclear electric quad-
rupole moment, and V11, V22, and V33 are the principal components of the
electric field gradient tensor. [b] NMR parameters of the impurity (unreact-
ed intermediate product) in 1: diso = 35(�20) ppm; CQ = 3.6(�0.5) MHz; h<

0.1.
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tween the centers of gravity of each of the two doublet com-
ponents. In the case of an A2 spin system (where I = 3/2), this
splitting is equal to three times J(71Ga,71Ga); in the AX case, the
splitting is directly equal to J(71Ga,71Ga).[20, 21, 23]

Spectra were fit using two independent methods. First, the
raw data sets containing both the zero-frequency peak and
the lower-intensity doublets of interest were fit. Second, the
zero-frequency peak was removed from the frequency domain
through a simple subtraction of a Gaussian peak of appropri-
ate breadth. The resulting doublet spectra were of very good
quality for compounds 1 and 2 (Figure 3) and these doublets
were also fit directly. The breadth of the zero-frequency peak
and low intensity of the doublet peaks for compound 3 pre-
cluded the application of the subtraction approach. Neverthe-
less, the full spectrum for 3 could be fit directly, and special
care was taken to ensure the correctness of the fit (Supporting
Information, Figure S5).

Several precautions were taken in the fitting of the spectra
in Figure 3 to account for the impact of direct dipolar cou-
pling; these have been described previously.[21] Briefly, we
made the assumption that the effective dipolar coupling con-
stant is relatively insensitive to spectral offset. This is a valid as-
sumption given the moderate overall breadth of the 71Ga
powder patterns and the high values of the quadrupolar asym-
metry parameter (h ; far from axial symmetry), as explained in
reference [21] . To alleviate concerns about the weakness of the
observed doublet peaks as well as their partial overlap with
the zero-frequency peak, we acquired the corresponding shift-
ed-echo 2D J/D-resolved NMR spectrum for a system contain-

ing only monovalent (non-coupled) gallium atoms (Supporting
Information, Figure S4); this spectrum shows only a broad
zero-frequency peak, with no evidence of doublet structure, as
anticipated.

The most well-defined powder patterns are obtained for the
doublet components of 2 (perhaps in part due to the absence
of nearby 127I or 23Na spins which are present for 1 and 3, re-
spectively), and their sense is consistent with an A2 spin
system (see right-hand panel of Figure 3). The spectrum of
1 was fit using powder patterns of opposite sense to those for
2 and 3 ; however, their shape is not well-resolved due to spec-
tral broadening.

The experimental J(71Ga,71Ga) coupling constants are listed
in Table 3 and do not show a clear trend with respect to the
proposed bond orders for these compounds. This behavior
suggests non-classical bonding character (non-traditional mul-
tiple bonds) in these systems. The influence of the bond order
on the J coupling constants can be assessed using direct com-
parisons with experimental data for different spin pairs such as
13C�13C or 11B�11B in systems where the nature of the bonding
is well-established and accepted.[8] We have converted the ex-
perimental J coupling constants to reduced coupling constants
(K), which removes the dependence of the values on nuclide-
specific magnetogyric ratios, thereby providing a more suitable
parameter for the comparison of differences or similarities in
electronic structure between different spin pairs. Several points
are worthy of discussion. First, the K(71Ga,71Ga) constants are
overall roughly an order of magnitude larger than the K(13C,
13C) or K(11B, 11B) values, which is in agreement with established

Figure 3. Experimental static 71Ga J/D-resolved NMR (upper) and simulated spectra (red dashed line) of compounds 1, 2, and 3 measured at 21.1 T, with deter-
mined J or 3 J coupling values (left). On the right are experimental 71Ga J/D-resolved NMR (upper) and simulated (bottom) spectra after subtracting simulation
of the dominant zero-frequency signal.
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trends for heavier elements.[22] Shown in Figure 4 b is a plot of
the experimental K(71Ga,71Ga) values for 1, 2, and 3 versus the
experimental K(13C, 13C) values for ethane, ethene, and ethyne
and also versus the K(11B, 11B) values for tetramethyldiborane,
a diborene stabilized by two N-heterocyclic carbenes (NHC),
and an NHC-stabilized diboryne.[8] While there is an excellent
linear correlation between the K(13C, 13C) and K(11B, 11B) values
(Figure 4 a),[8] no such clear correlation exists between the
K(71Ga,71Ga) and the K(13C, 13C) or K(11B, 11B) values, providing
a strong indication of a different bonding mechanism in the
series of gallium compounds.

Hardman’s crystallographic measurements[17] indicate that
the bond distances increase in the order 3<1<2 (Table 2);
the measured J(71Ga,71Ga) values do not show a clear positive
or negative correlation with these distances. This is in contrast
to the established dependence of J(11B,11B) on the bond length
within a series of s-bonded diboranes,[23] thereby discrediting
the possibility that compounds 2 and 3 are held together only
by longer or shorter s-bonds. All of the measured J(71Ga,71Ga)
coupling constants are an order of magnitude smaller than
those observed previously for the single Ga�Ga bonds in gal-
lium(II) halides stabilized by organoligands.[21] This diversity can
be induced by mixed oxidation states of gallium (I, III) chlor-
ides combined with different steric shielding[15] in comparison
with the presently investigated systems.

Given the extensive previous theoretical and computational
studies on the nature of multiple gallium�gallium bonds, we
prefer not to rely overly on computation in the present work.
Nevertheless, in order to understand the nature of gallium�
gallium bonds in these digallium systems in more detail, and
to corroborate the experimentally measured J(71Ga,71Ga)
values, a series of quantum chemical calculations using the
B3LYP functional was performed (Supporting Information,
Table S1). This method was chosen based on the quality of
previously obtained results.[21] For compound 1, the electronic
structure of which is the least controversial, excellent agree-
ment is obtained between experimental and computed values
(1415(�50) Hz vs. 1472 Hz). For systems 2 and 3, discrepancies
between the experimental and calculated values of a few hun-
dred Hz are noted; this level of agreement is consistent with
a previous report on gallium(II) chlorides stabilized by organoli-

gands.[21] Nevertheless, the experimentally observed trend is
indeed reproduced, that is, j J(71Ga,71Ga) j increases in the order
2<3<1. Furthermore, the calculations successfully reproduce
the experimentally observed order of magnitude difference in
the values of J(71Ga,71Ga) for the presently studied compounds
(�1 kHz) compared to those reported for the single Ga�Ga
bonds in gallium(II) chlorides stabilized by organoligands
(�10 kHz).[21]

The experimental trend in DJ(71Ga,71Ga), that is, 1<2<3, is
not in concordance with the known experimental trend for
DJ(13C,13C) for the ethane, ethene, and ethyne series, where the
smallest value is noted for ethene and the largest for
ethyne.[37] This provides further clear evidence for a different
electronic structure in the purported gallane–gallene–gallyne
systems relative to the prototypical carbon systems. Generally,
the anisotropies of the spin–spin coupling tensors report on
local symmetry and on the electronic structures of the bonds
between the coupled nuclei.[37–39] The J coupling involves the
Fermi-contact (FC), spin-orbital (SO), and spin-dipolar (SD) con-
tributions, as well as a FC � SD cross-term which only contrib-

Table 3. Experimental 71Ga,71Ga spin–spin coupling values for digallium
systems.

Cmpd RDD
[a]

[Hz]
Reff

[b]

[Hz]
j Jiso j [b]

[Hz]
DJ [c]

[kHz]

1 728 465�50 1415�50 0.79�0.15
2 618 168�50 849�50 1.35�0.15
3 866 68�50 1268�50 2.40�0.15

[a] Direct dipolar coupling constant calculated from the experimental gal-
lium–gallium distances determined by X-ray diffraction.[17] [b] Obtained
from spectral fitting. [c] Determination of experimental DJ values was car-
ried out according to Reff = RDD�DJ/3, where RDD was calculated from the X-
ray crystal structures. DJ = J33�(J11 + J22)/2.

Figure 4. a) Correlation between reduced indirect nuclear spin–spin coupling
constants (K) for B,B spin pairs in B2Me4, a NHC-stabilized diborene, and a di-
boryne, with C,C spin pairs in ethane, ethane, and ethyne, respectively (see
reference [8] for further details). b) Correlation between K for Ga,Ga versus
C,C spin pairs (* and solid line) and between Ga,Ga and B,B spin pairs (~

and dotted line) for 1 (X�X), 2 (X = X), and 3 (X�X) compounds. The lack of
a positive correlation between the data sets in (b) indicates a different elec-
tronic structure for the digallium compounds in comparison with the classi-
cal s/p model.
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utes to the anisotropy. The FC interaction is often generated
due to covalent bonding between nuclei, mediated by over-
lapping orbitals with s character. The SO contribution reflects
the interaction between the magnetic moments of the nuclei
and the orbital angular momentum of the surrounding elec-
trons, and may be subdivided into diamagnetic (DSO) and par-
amagnetic (PSO) parts. A coupling between the nuclear spins
and the electronic spins is defined as the SD mechanism.[37, 38]

In the case of the gallium�gallium bonds, all of our NMR
data are consistent with a difference in the electronic structure
across the series of compounds 1, 2, and 3, but are clearly in-
consistent with a classical s/p-bonding model across this
series. The large values of j J(71Ga,71Ga) j for 1 and 3, which
have the shortest gallium�gallium distances, are consistent
with a dominant contribution from the FC mechanism and a s-
bond; however, as mentioned, there is no clear correlation be-
tween bond length and j J(71Ga,71Ga) j across the full series of
three compounds, suggesting that some non-FC mechanisms
also play a nontrivial role. This is supported by our DFT calcula-
tions, and is in contrast to the case of carbon�carbon bonding
where the FC mechanism is overwhelmingly dominant.[37]

Indeed, our calculations show that the contribution from the
PSO term increases substantially in the order 1<2<3 (see the
Supporting Information).

The experimental trend observed for DJ clearly indicates
a significant contribution from non-FC terms since the FC term
is purely isotropic. It is well known that couplings between
heavy elements often feature non-FC contributions from the
SO and SD mechanisms.[22, 40] As the paramagnetic SO term is
known to be important in bonding situations which do not in-
volve s-type orbitals,[41] the experimentally observed increase
in DJ is consistent with an increased contribution from p-
bonding orbitals in the order 1<2<3.

The participation of sodium anions in the gallium-gallium
triple bond[18] evokes questions about their arrangement and
mobility, because this information may provide an improved
understanding of the nature of this multiple bond. The experi-
mental 23Na MAS NMR spectrum of 3 is depicted in Figure S6
in the Supporting Information. Interestingly, the narrow and
relatively symmetric resonance centered at �3.25 ppm may
suggest that the Na2Ga2 cluster comprises relatively mobile
Na+ ions.

Conclusions

In this contribution, we have demonstrated that two-dimen-
sional J/D-resolved NMR experiments are powerful tools to
measure spin–spin coupling interactions between quadrupolar
metal nuclei which give rise to broad spectral lines, including
those with fast relaxation times. These experiments provide
a new experimental handle on the nature of gallium�gallium
bonds. In a prototypical series of digallium compounds, iso-
tropic and anisotropic parts of the J(71Ga, 71Ga) coupling tensor
were measured and interpreted in the context of analogous
13C and 11B NMR data for singly and multiply bonded species
featuring carbon�carbon or boron�boron bonds. The experi-
mental values of j J(71Ga,71Ga) j were found to increase in the

order 2<3<1 and this was reproduced by hybrid DFT calcula-
tions. The experimental values of DJ increase in the order 1<
2<3. Both of these trends are in disagreement with the
known trends for coupling constants in singly, doubly, and
triply bonded carbon and boron systems. The j J(71Ga,71Ga) j
values also do not correlate simply with the gallium�gallium
distances. Taken together, these results uphold the somewhat
enigmatic reputation that multiple gallium�gallium bonds
have garnered in the literature. While the values of coupling
constants in isolation cannot be translated directly into bond
orders, the following conclusions are reached: 1) there is signif-
icant covalent bonding between pairs of gallium atoms in all
three samples; 2) the measured values of j J(71Ga,71Ga) j and DJ
show that the electronic structure across the 1, 2, 3 series is
clearly different from that for related carbon�carbon and
boron�boron series; 3) the increase in DJ in the order 1<2<
3, and lack of a straightforward correlation between gallium�
gallium bond length and J(71Ga,71Ga), is consistent with an in-
creased role across the series for classical and/or slipped p-
type bonding orbitals, perhaps of the type described by Klink-
hammer.[10]

Experimental Section

Sample preparation

GaI was prepared according to a literature procedure.[36] GaI
(0.784 g, 4 mmol) in toluene (10 mL) was cooled to �78 8C using
a dry-ice acetone bath. (LiAr)2 (Ar = 2,6-Dipp2C6H3, Dipp = 2,6-
iPr2C6H3) was prepared according to a literature procedure.[42] A so-
lution of (LiAr)2 (1.616 g, 2 mmol) in toluene (20 mL) was added
dropwise over a period of 1 h. The mixture was allowed to warm
to room temperature over a period of 6 h. The dark green solution
was filtered and concentrated to about 10 mL to give a light
yellow precipitate. This solution was kept at room temperature for
an additional hour and then the precipitate was isolated by de-
cantation. This was then washed with 2 mL hexane and dried to
give compound 1 (IArGaGaArI). The dark green liquid was dried to
give a red crystalline solid. This was recrystallized from 2 mL of
warm hexane to give 2 (ArGaGaAr). A solution of 2 (0.268 g,
0.5 mmol) in diethyl ether (10 mL) was added to sodium metal
(0.161 g, 7 mmol) and stirred for 4 h at room temperature. The
dark purple solution was filtered to separate the excess sodium.
This was concentrated, and cooled in a freezer at �20 8C for one
week to afford a dark red solid (3 ; NaArGaGaArNa). These com-
pounds have been synthesized according to literature proce-
dures.[17] The acquired 1H NMR spectra correspond with the litera-
ture data for 1, 2, and 3[17] (Supporting information, Figure S1). The
prepared samples were stored under inert atmosphere in a glove-
box at 277 K.

Solid-state NMR spectroscopy

Dry powdered samples of 1, 2, and 3 were packed into individual
ZrO2 rotors. Solid-state NMR spectra were recorded at 9.4 and 21.1
T using Bruker AVANCE III and Bruker AVANCE II spectrometers, re-
spectively. A 4 mm cross-polarization (CP)/magic angle spinning
(MAS) probe was used for 1H and 13C experiments at Larmor fre-
quencies of n(1H) = 400.130 MHz and n(13C) = 100.613 MHz, respec-
tively. The 13C CP/MAS NMR spectra were collected at 8 kHz and
the 1H DUMBO/MAS NMR spectra were collected at 10 kHz spin-
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ning speed. The 1H MAS NMR and 13C MAS NMR isotropic chemical
shifts were calibrated with adamantane (1H: 1.85 ppm; central
signal) and glycine (13C: 176.03 ppm; carbonyl signal) as external
standards. A 1H DUMBO/MAS NMR set-up experiment on glycine is
described and depicted in the Supporting Information, Figure S2.

For 23Na, a 4 mm CP/MAS probe was used at a Larmor frequency
of n(23Na) = 105.842 MHz. A MAS rate of 11 kHz was employed. The
23Na isotropic chemical shift was calibrated with NaCl(s) as an ex-
ternal standard (23Na: 7.2 ppm). The p/2 pulse length was 2.1 ms and
the recycle delay was 5 s. 71Ga NMR spectra were collected on sta-
tionary samples using a 4 mm CP/MAS probe operating at
a Larmor frequency of n(71Ga) = 274.510 MHz (B0 = 21.1 T). The ex-
ternal standard Ga2(SO4)3(aq.) was used to determine the p/2 central
transition (CT)-selective pulse as well as for chemical shift calibra-
tion (71Ga: 0.0 ppm).[43] The 2D shifted echo two-pulse 71Ga J-re-
solved NMR techniques were developed in our laboratory and eval-
uated in previous work.[21] For the current work, this two-pulse ex-
periment (90 8CT–(t1/2)–180 8CT–(t1/2)–acq.) was carried out under
static conditions at B0 = 21.1 T. The 90 8CT selective pulse length was
1.2 ms and the recycle delay was 0.5 s. The t1 evolution period con-
sisted of 32 to 48 increments each consisting of 2048 or 3072
scans, depending on the sample. All NMR experiments were per-
formed at room temperature.
71Ga NMR spectra of stationary samples were simulated using the
“QUAD central” model in the line shape analysis feature of Bruker’s
Topspin 3.5. CSA was not included in the fits. The simulated 71Ga J/
D resolved spectra were prepared using a superposition of line
shapes generated using the “CSA” model in the same software. A
manual analysis of the doublet breadths and positions was also
used to confirm the parameters obtained through the simulations.

Quantum chemical calculations

DFT calculations were conducted on models of the three gallium
systems. The Cartesian coordinates of the atoms in the models
were obtained from the published crystal structures without fur-
ther optimization (CCDC numbers 186154 (1), 186153 (2), and
186155 (3)).[17] To reduce computational requirements, the isopro-
pyl groups were removed and the resulting terminal C�C bonds
were replaced with C�H bonds. NMR parameters for each structure
were calculated using Gaussian version 2009, rev. D.01.[44] The
B3LYP functional was used with custom TZP basis sets on all
atoms.[45–48]
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New Experimental Insight into the
Nature of Metal�Metal Bonds in
Digallium Compounds: J Coupling
between Quadrupolar Nuclei

Must be going Ga�Ga : The nature of
gallium�gallium bonding is assessed by
measuring J(71Ga,71Ga) coupling con-
stants by solid-state NMR spectroscopy.
These experimental data demonstrate
that while Ga–Ga systems may feature
multiple bonds, their electronic struc-
ture clearly differs from that established
for analogous carbon�carbon or
boron�boron bonds.
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