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Ahmad El-Hellani, Julien Monot, Reǵis Guillot, Christophe Bour, and Vincent Gandon*

ICMMO (UMR CNRS 8182), Universite ́ Paris-sud, 91405 Orsay Cedex, France

*S Supporting Information

ABSTRACT: A molecular donor−acceptor adduct has been isolated by the
reaction of the N-heterocyclic carbene 1,3-dimethyl imidazol-2-ylidene (diMe-
IMD) with GaCl3. In contrast, the structurally related, yet much more
nucleophilic, 1,3-dimethyl-2-methylene-2,3-dihydro-1H-imidazole (diMe-MDI)
gave rise to ion pairs of type [L2GaX2][GaX4], where X = Cl, Br, or I. With
IBioxMe4, a N-heterocyclic carbene that is more nucleophilic than diMe-IMD,
the outcome of the reaction was dependent on the nature of the halide. Ionic
1:1 adducts between monodentate ligands and GaX3 salts have only one
precedent in the literature. The peculiar behavior of carbon-based ligands was
explained on the basis of their electronic properties and reaction kinetics.

■ INTRODUCTION
It is well-known that the reaction of Group 13 hydrides, alkyls,
and halides (MX3, where M is a Group 13 element and X = H,
alkyl, halogen) with Lewis bases gives adducts of type MX3·L
and M2X6·2L (1:1 ratio), or adducts of type MX3·2L and
M2X6·4L (1:2 ratio; see Scheme 1).1 With boron, only 1:1

adducts have been thus far reported.1 The first M2X6·2L
complex B2H6·2NH3 was reported in 1923.2 Its structure,
elucidated by Parry in 1958, consists of an ion pair of formula
[(NH3)2BH2][BH4].

3 Such compounds are commonly formed
in reactions of boron hydride and halides with amines,
especially bidentate ones, imines, iminophosphanes, derivatives
of urea, and acetonitrile. With other Group 13 elements, most
reported 1:1 adducts are molecular species, even with bidentate
ligands, except those preorganized for chelation.4 Only rare
examples are known with monodentate ligands. With
aluminum, [(THF)2AlCl2][AlCl4] and the corresponding
bis(diisopropylamino)phosphaneimine complex have been
described.5 For gallium, only [(Me3PO)2GaI2]GaI4 has been

characterized.6 To the best of our knowledge, no examples have
been reported with indium and thallium. In fact, with
monodentate amines, ethers, nitriles, and phosphine oxides,
the heavier congeners of boron instead give rise to 1:2 adducts
of type MX3·2L or [L4MX2][MX4].

7

The selectivity between molecular adducts and ion pairs is
not yet understood as well. Only two mechanistic studies
leading to contrasting results have been published so far. The
first one concerned bidentate ligands.8 DFT computations led
to the conclusion that the molecular complexes M2X6·en and
M2X6·tmen (M = Al, Ga; X = H, Me, Cl, Br, I; en =
ethylenediamine; tmen = tetramethylethylenediamine) are
always more stable in the gas phase than the corresponding
ion pairs. However, ion pairs were systematically characterized
by X-ray diffraction. This led the authors to suggest that the
formation of ionic assemblies in the condensed phase is due to
the establishment of noncovalent interactions (ion−ion
interaction and hydrogen bonds). Thus, the selectivity is
believed to be thermodynamic in origin. In contrast, the
mechanism that was proposed to account for the formation of
[(NH3)2BH2][BH4] from B2H6 and NH3 relies on kinetic
arguments (Scheme 2).9 After nucleophilic addition of a first
equivalent of ammonia to diborane to give H3NBH2(μ-H)BH3,
one or several units of BH3·NH3 form an adduct through
dihydrogen and hydrogen bonds in which the unsaturated
boron B2 becomes sterically hindered. Consequently, the
second equivalent of ammonia adds faster to the already
complexed boron B1, giving rise to an ion pair. Only a catalytic
amount of BH3·NH3 is required to achieve this transformation.
Group 13 donor−acceptor complexes are enjoying increasing

use in organic synthesis and catalysis.10,11 They can also be used
to activate small molecules,12 and they are promising
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Scheme 1. Known Structures of Molecular (A, C) and Ionic
(B, D, E) Complexes of Group 13 MX3 Salts (X = Hydride,
Alkyl, Halide; Coordinated Atom of L: C, N, O, P, S, As, Se,
Te)
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compounds for hydrogen storage applications.13 Therefore, it is
of prime importance to understand the factors governing the
structure of these species. A recent paper dealing with In(III)-
catalyzed carbocyclization of enynes clearly illustrates this
matter (Scheme 3). Whereas InCl3 was believed to be the active

species, detailed analysis of the mechanism implicated InCl2
+.

The latter was detected by mass spectroscopy, probably bonded
to the gem-diester tether of the enyne system or of the reaction
product.14 Other reports highlight the formation of active
cations derived from molecular Lewis acids, such as [L2AlCl2]

+

or [L2AlMe2]
+ from [Me2AlCl]2.

15

Following our work on donor−acceptor adducts of gallium
halides with N-heterocyclic carbenes,16 we report that not only
molecular species but also ion pairs can be formed in this series,
even with monodentate ligands. We have studied the two
rationales discussed above and devised a kinetic scenario, taking
the electronic properties of the ligands into account.

■ EXPERIMENTAL SECTION
General. All reactions were performed in oven-dried flasks under a

positive pressure of argon. Commercially available reagents were used
as received without further purification. Gallium(III) halides were
obtained from Alfa Aesar. Hexane and dichloromethane were distilled
from calcium hydride, diethyl ether, and tetrahydrofuran (THF) were
distilled from sodium/benzophenone ketyl. 1H and 13C NMR spectra
were recorded on AM250, AV300, AV360, DRX400 MHz Bruker
spectrometers. Chemical shifts are given in units of ppm. The spectra
were calibrated to the residual 1H and 13C signals of the solvent. 71Ga
(122.0 MHz) NMR spectra were recorded on a Bruker DRX400 and
referenced to [Ga(H2O)6]

3+. Data are represented as follows: chemical
shift, multiplicity (s = singlet, d = doublet, b = broad), coupling
constant (J, in Hz), and integration. High-resolution mass spectros-
copy (HRMS) were performed on a MicrOTOFq Bruker
spectrometer.
Synthesis of 1. 1,3-Dimethylimidazolium iodide (2.2 mmol) was

suspended in dry THF (34 mL) and tBuOK (2.2 mmol) was added at

room temperature (rt) in one portion. The suspension was stirred for
45 min. The mixture was filtered and cooled to −25 °C. Gallium
trichloride (2.2 mmol) was added in one portion and the reaction
mixture was stirred overnight at rt. The clear solution was then
evaporated and ethanol was added to precipitate the complex. After
filtration, the gallium complex was obtained as a white solid. Yield:
81%, mp 88−90 °C. 1H NMR (360 MHz, THF-d8) δ 7.44 (s, 2 H),
4.07 (s, 6 H). 13C NMR (90 MHz, THF-d8) δ 125.5, 38.1.

71Ga NMR
(122.0 MHz, THF-d8) δ 263 (bs). HRMS (ESI) m/z: Calcd for
C5H8Cl2GaN2 [M−Cl]+: 234.9315; Found: 234.9329. Single crystals
were grown in THF by slow evaporation.17

Synthesis of 2−4. To a solution of 1,3-dimethyl-2-methylene-2,3-
dihydro-1H-imidazole18 (0.5 mmol) in THF (7 mL) was added
gallium(III) chloride (0.5 mmol) in one portion at −25 °C. The
cooling bath was removed, and the reaction mixture was stirred for 12
h, during which a white powder precipitated. The complex was isolated
after filtration and washings with THF. (2) Yield: 70%, beige powder,
mp 62 °C. 1H NMR (300 MHz, CD2Cl2) δ 6.99 (d, J = 3.9 Hz, 2 H),
3.78 (s, 6 H), 2.51 (s, 2 H). 13C NMR (75 MHz, THF-d8) δ 151.2,
120.7, 120.4, 35.6. 71Ga NMR (122 MHz, THF-d8) δ 249 (s). HRMS
(ESI+) m/z: Calcd for C12H20Cl2GaN4 [M]+: 359.0315, Found:
359.0310 ; HRMS (ESI−) m/z: Calcd for GaCl4 [M]−: 208.8010,
Found: 208.8018. (3) Yield: 85%, beige powder, mp 89 °C. 1H NMR
(250 MHz, THF-d8) δ 7.26 (s, 2 H), 3.82 (s, 6 H), 2.76 (s, 2 H). 13C
NMR (75 MHz, THF-d8) δ 153.0, 122.4, 36.5.

71Ga NMR (122 MHz,
THF-d8) δ 58 (s). HRMS (ESI+) m/z: Calcd for C12H20Br2GaN4
[M]+: 446.9305, Found: 446.9294; HRMS (ESI−) m/z: Calcd for
GaBr4 [M]−: 384.5989, Found: 384.6019. (4) Yield: 85%, white
powder, mp 108−110 °C. 1H NMR (300 MHz, CDCl3) δ 7.31 (s, 2
H), 3.90 (s, 6 H), 2.81 (s, 2 H). 13C NMR (75 MHz, THF-d8) δ 153.8,
122.3, 37.1. 71Ga NMR (122.0 MHz, CD2Cl2) δ −465 ppm (s).
HRMS (ESI+) m/z: Calcd for C12H20I2GaN4 [M]+: 542.9028, Found:
542.9008; HRMS (ESI−) m/z: Calcd for GaI4 [M]−: 576.5435,
Found: 576.5438. Single crystals were grown by slow diffusion of
diethyl ether to a dichloromethane solution of the gallium complex.17

Synthesis of 5−7. To a solution of IBioxMe4-OTf
19 (0.27 mmol)

in dry THF (3 mL) was added potassium tert-butoxide (tBuOK, 0.33
mmol) in one portion at rt. The reaction was stirred for 40 min at rt,
filtered, and evaporated under vacuum. The residue was suspended in
hexane and the gallium(III) halide (0.33 mmol) was added at rt. The
reaction mixture was stirred overnight at rt. The solvent was
evaporated and the residue was dissolved in a small amount of
dichloromethane. Diethyl ether was added to precipitate the remaining
imidazolium salt, which was removed by filtration. After evaporation,
the gallium complex was obtained as a solid. (5) Yield: 84%, gray
crystals, mp 120−122 °C. 1H NMR (250 MHz, CD2Cl2) δ 4.71 (s, 8
H), 1.78 (s, 24 H). 13C NMR (100 MHz, CD2Cl2) δ 128.5, 126.1,
110.5, 88.8, 88.4, 67.6, 65.7, 26.0, 25.9. 71Ga NMR (122.0 MHz,
CD2Cl2) δ 249 ppm. HRMS (ESI) m/z: Calcd for C22H32Cl2GaN4O4
[M+]: 555.1051; Found: 555.1042. (6) Yield: 17%, yellow solid, mp
170−173 °C. 1H NMR (250 MHz, CD2Cl2) δ 4.59 (s, 4 H), 1.95 (s,
12 H). 13C NMR (75 MHz, CDCl3) δ 126.9, 88.6, 66.3, 25.7. MS
(ESI) m/z: Calcd for C11H16Br2GaN2O2 [M−Br]+: 434.88; Found:
434.90. (7) Yield: 47%, light brown solid, mp 159−161 °C. 1H NMR

Scheme 2. Formation Mechanism of the Diammoniate of Diborane

Scheme 3. In(III)-Catalyzed Cycloisomerization of a 1,6-
enynea

aInCl2
+ is the active species.
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(250 MHz, CD2Cl2) δ 4.58 (s, 4 H), 2.07 (s, 12 H). 13C NMR (100
MHz, CDCl3) δ 126.5, 88.6, 66.8, 26.2. HRMS (ESI) m/z: Calcd for
C11H16GaI2N2O2 [M−I]+: 530.8551; Found: 530.8550. Single crystals
obtained from CH2Cl2 by slow evaporation.17

■ COMPUTATIONAL DETAILS
Geometry optimizations were carried out using the Gaussian 03
software package20 at the BP8621/def2-TZVPP22 level of
theory. Stationary points were characterized as minima by
calculating the Hessian matrix analytically at this level of theory.
Thermodynamic corrections were taken from these calcu-
lations. The standard state for all thermodynamic data is 298.15
K and 1 atm. For dimeric compounds and ion pairs,
counterpoise calculations were achieved to obtain the BSSE
correction at the BP86/def2-TZVPP level.23 Solvation
corrections for THF were computed at the BP86/def2-
TZVPP level, using the polarizable continuum model (PCM)
with UFF radii using the gas-phase optimized structures.24

Single-point energies at the BP86/def2-TZVPP-optimized
geometries were calculated using the ab initio method
MP225/def2-TZVPP. Only the MP2 energies (E) and Gibbs
free energies (G) are discussed. The latter include counterpoise
correction when appropriate. When solvation correction has
been applied, G becomes Gsolv.

■ RESULTS AND DISCUSSION
All 1:1 adducts of GaX3 in any monodentate ligand series
reported so far are molecular of type GaX3·L, except in one
case. With trimethylphosphine oxide, and in striking contrast
with monodentate phosphines (and even flexible diphos-
phines), the ion pair [(Me3PO)2GaI2]GaI4 was isolated.6

Since phosphine oxides are more nucleophilic than phosphines,
we wondered whether this distinct behavior could be attributed
to the electronic properties of the ligand. Unlike adducts of
GaX3 with N-heterocyclic carbenes, phosphine complexes are
quite unstable to air and moisture.26 Therefore, we focused our
study on the former category, which has already found
applications in catalysis.16 Well-defined N-heterocyclic carbene
adducts of Group 13 trihalides have been described.27 With
aluminum28 and gallium,16,29 molecular 1:1 complexes have
been crystallographically characterized. This is also true for
non-N-heterocyclic carbenes.30 Similarly, the reaction of NHCs
with indium31 and thallium trihalides32 produces molecular 1:1
adducts, but also molecular 1:2 adducts.
1,3-Dimethyl imidazol-2-ylidene (diMe-IMD) was generated

in situ from the corresponding imidazolium iodide and reacted
with GaCl3 in THF as shown in Scheme 4.

Single crystals of this unprecedented complex were grown
directly from this solution. In the solid state, the resulting
complex 1 is molecular, as shown by X-ray crystallography
(Figure 1). The geometrical features of this compound are
similar to those of previously reported (NHC)GaCl3 adducts
(see Table S2 in the Supporting Information).29a Inspection of
the crystal packing shows, as one would expect, that the

different units are bound by H-bonds between the Cl atoms,
the CH3 groups, and the vinylic hydrogens.33

There is no transformation of this adduct into the
corresponding ion pair in solution. The THF solution of 1
was studied by 71Ga NMR. A single broad peak at δ 263 ppm
was observed, which is typical for a gallium center in a C3v
environment.4a The sharp singlet of GaCl4

− at 249 ppm could
not be detected, at least with a fresh sample. With time, the
signal of GaCl4

− appeared but was due to the formation of the
hydrolysis product [diMe-IMDH][GaCl4]. As a general rule, no
equilibration between the two possible species has been
reported for any GaX3·NHC complex, even in chlorinated
solvents.29

1,3-Dimethyl-2-methylene-2,3-dihydro-1H-imidazole (diMe-
MDI) is structurally close to the diMe-IMD carbene. It is a
strong donor ligand,34 as shown by the average CO stretching
wavenumber of 2003 cm−1 for (diMe-MDI)Rh(CO)2Cl.

18 Its
reaction with GaCl3 was performed under the same
experimental conditions that were used with diMe-IMD
(Scheme 5). This time, a large amount of insoluble material
was collected.

The precipitate was crystallized from a CH2Cl2 solution after
slow diffusion of Et2O. X-ray structure analysis revealed the
ionic nature of 2 (Figure 2; see also Table S3 in the Supporting
Information). The crystal packing showed a network of H-
bonds between the Cl atoms of the GaCl2

+ fragment and vinylic
hydrogens.33 Moreover, the GaCl4

− ion of one unit sits on an
imidazolium ring of another unit, as a consequence of
Coulombic interaction.35 71Ga NMR of 2 in CH2Cl2 did not
show a signal corresponding to a molecular adduct; only the
sharp peak of GaCl4

− was observed (δ 249 ppm). As is usually
the case in such assemblies, the gallium nucleus of the cationic
moiety could not be detected.4a

The formation of ion pairs is normally facilitated when ions
are of small size. However, with diMe-MDI, ion pairs were also

Scheme 4. Synthesis of (diMe-IMD)GaCl3 (1)

Figure 1. Crystal structure of 1 (thermal ellipsoids at 50% probability
level; hydrogen atoms omitted for the sake of clarity).

Scheme 5. Synthesis of [(diMe-MDI)2GaX2]GaX4 (2−4)
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obtained with the larger GaBr4
− (3) and GaI4

− (4) ions. These
complexes could not be characterized by X-ray diffraction but
71Ga NMR (GaBr4

−, δ 58 ppm; GaI4
−, δ −465 ppm) and

HRMS analyses left no doubt concerning the structural
assignment.
The relative solubilities of 1 and 2 raise two questions. While

complex 1 is soluble in THF (from which single crystals were
grown), complex 2 precipitates from this solvent (single crystals
were grown in CH2Cl2). Therefore, one may wonder whether
molecular adducts are formed in THF in both cases, from
GaCl3·THF,

36 in which case the conversion of 2 into an ion
pair might be due to a solvent effect. The second question
concerns the steric hindrance created by diMe-IMD, compared
to diMe-MDI. Indeed, diMe-IMD has a %Vbur of 26.1 and
diMe-MDI of 18.7.37 On the basis of the reaction of IBioxMe4

19

with GaCl3, these two hypotheses seem quite unconvincing.
First, ion pair 5 was obtained either in hexane or in THF
(Scheme 6). Therefore, an ion pair can be obtained perfectly in
THF, even though Ga2Cl6 is instantaneously cleaved into
monomeric GaCl3·THF. This result is in agreement with the
reaction of NH3 with B2H6 or BH3·THF, giving both
[(NH3)2BH2][BH4], albeit as a side-product in the latter
case.9 Second, IBioxMe4 is much more sterically demanding
than diMe-IMD, its %Vbur being of 30.2,

37 yet two such ligands
can coexist at the same gallium center. Again, X-ray analysis and
71Ga NMR revealed that the ion pair was present both in the
solid state (Figure 3) and in solution. This time, there is a clear
dependence of the nature of the halide on the reaction
outcome. Starting from GaBr3 or GaI3, and under the same
experimental conditions, only the molecular adducts 6 and 7
were formed (see Table S2 in the Supporting Information for
geometrical data).

To make the four-coordinate arrangement possible in 5, the
bulky IBiox ligands are twisted away from each other. By doing
so, the CGaC angle is even more acute than in 2 (114.8° vs
120.4°), and the ClGaCl angle is larger (108.0° vs 103.3°). In
contrast with phosphane adducts for which the Ga−X bonds
are longer in neutral GaEX3 than in cationic GaE2X2

+,4a,8 the
Ga−Cl bond lengths are longer in 2 than in the molecular
adduct 1. However, 2 does not have a NHC ligand, so the
comparison is somewhat convoluted. In fact, the average
Ga1−Cl bond length is exactly the same in the two NHC
adducts 5 and 1 (2.186 Å). Importantly, the Ga1−Cl bond
lengths are significantly shorter in 5 than in 2. This underlines
the fact that IBioxMe4 is less electropositive than diMe-MDI
(vide infra). The NCN angle is significantly different in 5
(102.5°) from that in 2 (106.7°), but this is again due to the
different nature of the imidazolium rings. These angles are
actually similar in 1 and 2 (∼106°), and in the more rigid IBiox
derivatives 5−7 (∼103°), regardless of their molecular or ionic
nature. In 5, the GaCl4

− ion lies on top of the imidazolium ring
as a result of ion pairing. The crystal packing of 5 shows H-
bonds between the Cl atoms of both the GaCl2

+ and the
GaCl4

− moieties with the CH2 and the CH3 groups of the
ligand.
Calculations were carried out to gain more insight into the

factors governing the selectivity. Unlike the study that was
carried out on the BH3/NH3 system, the large size of the
molecules precludes the search for transition states, so the
following discussion is restricted to minima. For large dimeric
structures, the IBioxMe4 series could not be computed. Table 1
shows the MP2 energies relative to the possible outcome of the
reaction of L with Ga2Cl6 or with GaCl3·THF. The molecular
adducts were treated either as separate entities (eqs 1 and 4), or
as H-bonded entities (eqs 2 and 5).8 The formation of the ion
pair corresponds to eqs 3 and 6. With diMe-IMD, whether or
not the solvent effect is taken into account, the thermodynami-
cally favored process is the formation of the molecular dimer
[(diMe-IMD)GaCl3]2, which is in agreement with the
experimental result. However, the dimer [(diMe-MDI)GaCl3]2
is also energetically favored although the ion pair was isolated.
One may argue that more-complex scaffolds in the solid state
may reverse this order. However, we stress again that no change
in structure could be observed between the solid state and the
solution phase.
We then divided the addition of the two L units into two

steps. Addition of one L to Ga2Cl6 gives rise to LGaCl2(μ-
Cl)GaCl3. Because of the low symmetry around the
quadrupolar gallium nuclei, such a complex cannot be observed
by 71Ga NMR. However, the existence of NH3BH2(μ-H)BH3
could be ascertained by 11B NMR, even in THF.9 The
formation of the chlorine-bridged complex is appreciably
exothermic in all cases (Table 2, eq 7). It is also worthy of
note that even when Ga2Cl6 is dissociated into GaCl3·THF, the

Figure 2. Crystal structure of 2 (thermal ellipsoids at 50% probability
level; hydrogen atoms omitted for the sake of clarity).

Scheme 6. Synthesis of [(IBioxMe4)2GaCl2]GaCl4 (5), (IBioxMe4)GaBr3 (6), and (IBioxMe4)GaI3 (7)
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formation of the chlorine-bridged complex remains exothermic
(eq 8).
Various isomers are possible for LGaCl2(μ-Cl)GaCl3. Only

the energies related to the most stable ones are given in Table
2. In fact, as shown in Figure 4, the best organization
corresponds to that in which the nascent GaCl4

− ion is oriented
toward the imidazolium ring, as a result of weak H-bonds (ρmax
≤ 0.0078 e Å−3) and ion pairing with the ring (ρmax ≤ 0.0045 e
Å−3). This effect is quite strong with the diMe-IMD, the
outward isomer lying 8.5 kcal/mol above the inward isomer.
On the other hand, presumably because of the increased
distance between the forming GaCl4

− moiety and the
imidazolium ring, the inward isomer with diMe-MDI is more
stable by only 1 kcal/mol. With IBioxMe4, only the inward
isomer converged (see Figure S1 in the Supporting Information
for details).

In agreement with Bent’s rule38 and Gutmann’s rule,39 the
Ga2−Cl1 bond distance should become longer and gain in ionic
character with more electropositive ligands (Table 3). The
nucleophilicity of diMe-IMD, IBioxMe4, and diMe-MDI was
estimated by their highest occupied molecular orbital (HOMO)
level. In correlation with the average CO stretching wave-
numbers,40 the nucleophilicity increases in the following order:
diMe-IMD < IBioxMe4 < diMe-MDI. A nice relationship
between this factor and the Ga2−Cl1 bond length is observed.
Clearly, a more electropositive ligand weakens this bond
(decreasing bond order) and increases the charge at Ga2. It is
interesting to note that while Ga1 is the center bearing the
largest charge with diMe-IMD, Ga2 bears the largest charge
with IBioxMe4 and diMe-MDI. The latter promotes the most
important charge transfer in the series.
Inspection of the unoccupied molecular orbitals of

LGaCl2(μ-Cl)GaCl3 is also persuasively telling (Figure 5).
With L = diMe-IMD, the lowest unoccupied orbital showing a
strong coefficient at gallium is LUMO+1, which is centered at
Ga1. On the other hand, LUMO+2 is centered at Ga2. The
same order is found with L = IBioxMe4 (see Figure S2 in the
Supporting Information). In sharp contrast, the LUMO is
already centered on Ga2 with diMe-MDI.
The second addition of L will give rise to the ion pair if it

occurs at Ga2, or to the molecular adduct if it occurs at Ga1

(Scheme 7). Under either charge or orbital control, one expects
the formation of the molecular adduct with diMe-IMD, the
formation of an ion pair with diMe-MDI, and an intermediate

Figure 3. Crystal structure of 5−7 (thermal ellipsoids at 50% probability level; hydrogen atoms omitted for the sake of clarity).

Table 1. Relative Energies and Gibbs Free Energies for the
Formation of Molecular Adducts and Ion Pairs at the MP2/
def2-TZVPP Level

L equation
ΔE (kcal/

mol)
ΔG (kcal/

mol)
ΔGsolv (kcal/

mol)

diMe-IMD eq 1 −93.1 −77.5
eq 2 −115.1 −87.7
eq 3 −108.6 −79.5
eq 4 −27.6 −26.6 −28.4
eq 5 −73.8 −63.4 −70.2
eq 6 −72.1 −55.2 −66.3

diMe-MDI eq 1 −85.3 −67.8
eq 2 −106.3 −75.9
eq 3 −102.6 −72.3
eq 4 −23.6 −21.7 −28.7
eq 5 −69.3 −51.6 −73.6
eq 6 −66.0 −48.0 −71.3

Table 2. Relative Energies and Gibbs Free Energies for the
Formation of LGaCl2(μ-Cl)GaCl3 at the MP2/def2-TZVPP
Level

L equation
ΔE (kcal/

mol)
ΔG (kcal/

mol)
ΔGsolv (kcal/

mol)

diMe-IMD eq 7 −60.7 −46.0
eq 8 −22.7 −21.7 −18.6

diMe-MDI eq 7 −57.0 −41.4
eq 8 −19.0 −17.1 −18.7

IBioxMe4 eq 7 −64.4 −48.8
eq 8 −26.5 −24.5 −18.0

Inorganic Chemistry Article
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case that is difficult to predict with IBioxMe4. In the third case,
the charges give a slight preference for Ga2, yet Ga1 bears a
larger LUMO+2 coefficient (see Table 3 and Figure 5).
In any case, Ga1 remains the most accessible center, the steric

factor always disadvantaging Ga2. On the basis of the work of
Zhao and Shore (highlighted in Scheme 2), we wondered

whether a molecular adduct could catalyze the formation of the
ion pair.9 Various isomeric scaffolds containing one (diMe-
IMD)GaCl3 and one (diMe-IMD)GaCl2(μ-Cl)GaCl3 were
optimized (see Table 4).
Complexes IMDA‑C exhibit H-bonds between the vinylic

hydrogens or those of the CH3 groups with the Cl atoms
(Figure 6).33 Only IMDB and IMDC can protect Ga1 against
nucleophilic attack, yet moderately. With MDI, thanks to the
extra carbon, the binding now comprises two intermolecular H-
bonds with the vinylic hydrogens (ρmax = 0.0094 e Å−3 each)
and two ion-pairing interactions between the nascent GaCl4

−

ion and the two imidazolium rings (ρmax = 0.0054 and 0.0045 e

Figure 4. BP86/def2-TZVPP-optimized inward and outward isomers of (diMe-IMD)GaCl2(μ-Cl)GaCl3 (only H-bonds <2.90 Å are represented).

Table 3. HOMO Levels, Selected Geometrical Data, Wiberg Bond Orders, and Natural Charges of BP86/def2-TZVPP
Optimized LGaCl2(μ-Cl)GaCl3

L HOMO (eV) of L Ga1−Cl1 (Å) (B.O.)a Ga2−Cl1 (Å) (B.O.)a q(Ga1)b q(Ga2)b

diMe-IMD −4.83 2.410 (0.404) 2.336 (0.494) 1.206 1.189
IBioxMe4 −4.45 2.414 (0.402) 2.341 (0.488) 1.203 1.207
diMe-MDI −3.48 2.402 (0.411) 2.371 (0.448) 1.208 1.260

aWiberg natural bond order. bNBO partial charge.41

Figure 5. Orbital contour plot (cutoff of 0.03) of LGaCl2(μ-Cl)GaCl3.

Scheme 7. Addition of L to LGaCl2(μ-Cl)GaCl3

Table 4. Relative Energies and Gibbs Free Energies for
[LGaCl2(μ-Cl)GaCl3][LGaCl3] Adducts at the MP2/def2-
TZVPP Level

Liso ΔE (kcal/mol) ΔG (kcal/mol)

IMDA −5.9 3.7
IMDB −14.3 −4.3
IMDC −15.9 −5.5
MDI −18.9 −5.8
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Å−3). It results in a stabilization of 18.9 kcal/mol compared to
the separated fragments (Table 4). The Ga1 centered is far
better protected in this case. It is also of note that Ga2 keeps
bearing the strongest charge (Ga1: 1.196, Ga2: 1.264) and the
largest LUMO coefficient in this adduct.
Thus, a ligand such as diMe-MDI is perfectly suited to give

rise to ion pairs, because it strongly polarizes the Ga2−Cl1 bond
and the geometry of (diMe-MDI)GaCl3 allows the protection
of the most accessible gallium center (Ga1). On the other hand,
diMe-IMD is not electropositive enough and the molecular
adduct cannot efficiently protect Ga1. For (IBioxMe4)GaCl3,
one can imagine that the methyl groups can establish H-bonds
with the Cl atoms at Ga1, which will also hinder it sterically.
Pertaining to Bent’s rule, IBioxMe4 gives molecular adducts
when reacted with GaBr3 and GaI3. Because Br and I are less
electronegative than Cl, there is less p character concentrated in
the Ga−Br and Ga−I bonds, so their cleavage will be more
difficult. Only a very nucleophilic ligand such as diMe-MDI will
be able to do so.
The above mechanistic proposal relies on the cleavage of

Ga2Cl6 into LGaCl2(μ-Cl)GaCl3 as first step. In THF, Ga2Cl6 is
actually already cleaved into GaCl3·THF, yet a small amount of
GaCl3 could form (THF)GaCl2(μ-Cl)GaCl3 (Scheme 8). This
species could react with the carbon-based ligand L to give
[(THF)(L)GaCl2][GaCl4]. Unlike indium and thallium,

gallium is reluctant to reach coordination numbers higher

than 4. That means that the transformation of [(THF)(L)-

GaCl2][GaCl4] into the final product [L2GaCl2][GaCl4] would

proceed in a dissociative fashion, leading to LGaCl2(μ-

Cl)GaCl3. Thus, this possible pathway is finally equivalent to

the one previously discussed.

■ CONCLUSION

This study shows that the reaction of monodentate carbon-

based ligands with gallium(III) halides can give rise to ionic 1:1

adducts of type [L2GaX2][GaX4]. The formation of these rare

nonchelated assemblies is favored by strongly donor ligands.

Calculations suggest that the formation of these species is due

to the polarization of the Ga2−X1 bond in LGa2X2(μ-X
1)Ga1X3,

an intermediate that is formed after addition of one ligand unit

onto dimeric or monomeric GaX3. Consistent with the

formation mechanism of the diammoniate of diborane, it is

also possible that a catalytic amount of molecular L·GaX3

directs the addition of the second ligand unit onto the most

electropositive gallium center.

Figure 6. BP86/def2-TZVPP-optimized geometries of [LGaCl2(μ-Cl)GaCl3][LGaCl3] adducts (only H-bonds <2.90 Å are represented).

Scheme 8. Addition of L to (THF)GaCl2(μ-Cl)GaCl3
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