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Metal–metal cooperativity boosts Lewis
basicity and reduction properties of the
bis(gallanediyl) CyL2Ga2†‡

Christoph Helling, §a Lotta Döhler,c Oleksandr Kysliak,c Helmar Görls,c

Phil Liebing, c Christoph Wölper,a Robert Kretschmer *c,d,e and
Stephan Schulz *a,b

The interplay of two proximate gallium centres equips the bi-

metallic complex CyL2Ga2 (1, CyL2 = 1,2-trans-Cy[NC(Me)C(H)C(Me)

N(Dip)]2, Dip = 2,6-i-Pr2C6H3) with increased Lewis basicity and

higher reducing power compared to the monometallic gallanediyl

LGa (2, L = HC[MeCN(Dip)]2) as evidenced by cross-over experi-

ments. Quantum chemical calculations were employed to support

the experimental findings.

Introduction

Homobimetallic low-valent main-group metal complexes with
metal–metal bonds have attracted increasing attention as their
unusual bonding situation and unique frontier molecular
orbital arrangements enable transition-metal like reactivity
including small molecule activation and catalysis.1 In
addition, molecular complexes with only loosely associated or
proximate, yet distinct, low-valent main group centres facilitate
chemical transformations unavailable with the corresponding
monometallic complexes by bimetallic cooperation.2

Unfortunately, metal–metal cooperativity between low-valent
main-group metal centres has not yet been studied in full
detail due to the scarceness of such compounds. Terphenyl-

substituted group 13 diyls [MAr] (M = Al, Ga, In, Tl) often form
weakly associated dimetallenes in the solid-state, whereas they
typically dissociate into the corresponding monomeric species
in solution.3 Power and co-workers demonstrated experi-
mentally and computationally that the reactions of [2,6-
Dip2C6H3]Ga (Dip = 2,6-i-Pr2C6H3) towards H2 and ethylene is
mediated via the Ga–Ga bonded digallene [{2,6-Dip2C6H3}Ga]2,
whereas monomeric [2,6-Trip2-3,5-i-Pr2C6H]Ga (Trip = 2,4,6-i-
Pr3C6H2) was found to be unreactive.4

Recently, Kretschmer and co-workers reported bis(metalla-
nediyl) complexes X[NC(Me)C(H)C(Me)N(Dip)M]2 (X = linker
group, M = Ga, In, Tl), in which two monovalent group
13 metal centres are embedded in a single bis(β-diketiminate)
ligand framework.5 Remarkably, the dinuclear GaI complex,
CyL2Ga2 (1, CyL2 = 1,2-trans-Cy[NC(Me)C(H)C(Me)N(Dip)]2), exhi-
bits enhanced reactivity in the C–F bond activation of fluoroar-
enes compared to its monometallic counterpart LGa (2, L = HC
[C(Me)N(Dip)]2).

5d Furthermore, 1 enables the construction of
unusual intermetallic compounds for example with group 13
and 15 compounds.5e Computations revealed that a second
isomer of 1, in which the two ambiphilic GaI centres interact by
forming an intramolecular donor–acceptor complex (1′,
Fig. S30‡), is only slightly higher in energy and should hence be
accessible at room temperature.5d The isomer 1′ should feature
an increased Lewis basicity compared to 2 as one gallium
centre donates electron density to the second and hence
increases its donor capabilities. Furthermore, the formation of
a Ga–Ga bond upon the oxidative addition should equip 1 with
increased reducing power compared to the mononuclear
species. Herein, we report the results of cross-over experiments
between 1 and donor–acceptor complexes as well as haloge-
nated compounds CyL2Ga2X2 (1-X2; X = Cl 1-Cl2, I 1-I2), undoubt-
edly proving the enhanced reactivity of 1 compared to 2.

Results and discussion

To prove our hypothesis on the increased Lewis basicity of 1
compared to 2, we first synthesised the Lewis acid–base
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adducts 1-E(C6F5)3 (E = B 1-B, Al 1-Al) by reaction of 1 with
equimolar amounts of E(C6F5)3 (Scheme 1, top). Based on
in situ 1H, 11B and 19F NMR spectra, 1-B forms quantitatively
in solution but could not be isolated due to its fast decompo-
sition during work-up. However, the nature of compound 1-B
is established by use of multinuclear (1H, 13C, 11B, 19F) NMR
spectroscopy. In contrast, 1-Al forms selectively within 12 h at
ambient temperature and was obtained after work-up as a
yellow crystalline solid in moderate yield (44%).

1-Al is stable in the solid-state under inert gas atmosphere
but slowly decomposes in solution to yet unidentified pro-
ducts. The 1H and 13C{1H} NMR spectra of 1-B and 1-Al reflect
the asymmetry of the molecules due to the adduct formation,
resulting in two distinct sets of resonances for the inequivalent
β-diketiminate moieties. The 11B NMR resonance of 1-B
(−18.7 ppm) is in a comparable region as observed for 2-B
(C6F5)3 (−20.3 ppm) and Cp*Ga–B(C6F5)3 (−17.96a/−19.6 ppm;7

Cp* = C5Me5), hence allowing no conclusions on the donor
capability of 1. The 19F NMR spectrum of 1-Al shows the
expected three signal pattern, indicating three equivalent C6F5
groups, whereas 1-B features a more complex spectrum con-
taining distinct signals for each fluorine nucleus, potentially
due to additional secondary Ga⋯F interactions8 or restricted
Ga–B bond rotation. Single crystals of 1-Al were obtained from
a saturated benzene solution by storage at room temperature
(Scheme 1, bottom). Its molecular solid-state structure con-
firms the formation of a rare GaI–AlIII Lewis acid–base adduct,

of which only three examples have yet been structurally
characterised.6b,9 The almost planar six-membered C3N2Ga
ring containing Ga2 coordinates to Ga1 of the nearly perpendi-
cularly oriented second gallacycle, which additionally coordi-
nates to Al1 of the Al(C6F5)3 moiety, hence creating a virtually
planar coordination environment at Ga2 (sum of bond angles:
358.9(3)°) and distorted tetrahedral coordination geometries at
Ga1 and Al1, respectively. The Ga1–Ga2 (2.6109(6) Å) bond is
longer than the electron-sharing bonds of CyL2Ga(F)Ga(Ar

F)
(2.4196(5)–2.4520(8) Å)5d and the dative interactions in 2-Ga
(C6F5)3 (2.4819(2) Å)

6b and Cp*Ga–GaX2Cp* (X = Cl 2.4245(3) Å,
I 2.437(2) Å),7 respectively, but resembles the computed Ga–Ga
bond length of 1′ (2.67 Å).5d The Ga1–Al1 (2.5494(13) Å) bond
length is identical to that of 2-Al(C6F5)3 (2.5482(4) Å),

6b consist-
ent with dative Ga2→Ga1 (GaI GaI) and Ga1 Al1 (GaI AlIII)
bonding interactions. The sum of the C–Al–C bond angles in
1-Al (323.4(5)°) is smaller than those in Cp*Ga–Al(C6F5)3 (344.6
(1)°, 338.3(1)°)9a and 2-Al(C6F5)3 (334.1(2)°),6b suggesting a
stronger Ga–Al interaction in accordance with an increased
donor strength of 1.10

Next, we conducted cross-over experiments between the
known LGa–E(C6F5)3 adducts (2-E(C6F5)3; E = B 2-B, Al 2-Al)6

and CyL2Ga2 1 (Scheme 2a), which were monitored by 1H NMR
spectroscopy (Fig. S19 and S20‡). Addition of 1 to solutions of
2-E(C6F5)3 immediately afforded bright yellow solutions of 1-B
and 1-Al, respectively, and compound 2 (Scheme 2a). Despite
the relatively small energy gain (vide infra), a variable-tempera-
ture (VT) 1H NMR study on the reaction mixture of 1/2-B
(Fig. S23‡) showed no indication of a temperature-dependent
equilibrium, while the addition of an excess of 2 (Fig. S24‡)
did not result in the formation of 2-B(C6F5)3 and liberation of
1, thus supporting an irreversible Lewis acid transfer. The
cross-over experiments proved the enhanced Lewis basicity of 1
compared to 2, which is likely induced by the GaI–GaI donor–
acceptor interaction. Similar cross-over experiments of CyL2Ga2
1 with LAl–B(C6F5)3 (3-B, L = HC[MeCN(Dip)]2, Fig. S25‡)
showed no conversion even at elevated temperatures, proving
the stronger Lewis basic character of LAl (3) compared to 1.
However, the significance of the experiment might be biased
due to additional Al–F interaction in 3-B.8

Quantum chemical calculations at the BP86(D3-BJ)/def2-
SVP level of theory11 were conducted to gain mechanistic
insights and the computational findings support the experi-
mental results. The cross-over reactions of the 1/2-E(C6F5)3
couples are both exergonic, but the gain in energy is more pro-
nounced for the reaction of CyL2Ga2 1 with 2-Al (−31.1 kJ
mol−1) as compared to the reaction with 2-B (−10.7 kJ mol−1).
For the 1/2-B(C6F5)3 couple, we could locate an SN2-type tran-
sition structure on the potential-energy surface associated with
a small barrier of only 13.3 kJ mol−1, Fig. S28,‡ which agrees
well with the observed smooth reaction progress. In contrast,
the reaction of 1 with 3-B is endergonic by 52.1 kJ mol−1, in-
line with its non-occurrence in our experiments.

Since low-valent group 13 β-diketiminate complexes can act
as two-electron reductants,12 we studied the reducing capa-
bility of 1 by probing the reductive dehalogenation of LGaX2

Scheme 1 (Top) Synthesis of 1-B and 1-Al. (Bottom) Molecular struc-
ture of 1-Al in the solid-state. Hydrogen atoms, the minor component of
the disordered i-Pr group, and co-crystallised benzene molecules were
omitted for clarity. Displacement ellipsoids are drawn at 50% probability
level.
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(2-X2; X = Cl, I) with 1, Scheme 2b. In order to identify the
expected reaction products, i.e., CyL2Ga2X2 (1-X2; X = Cl 1-Cl2, I
1-I2), these were independently synthesised by reactions of 2
with InCl3 (1-Cl2, 29%) and AuI (1-I2, 56%), respectively
(Scheme S1‡). Compounds 1-Cl2 and 1-I2 are stable in the
solid-state and in solution under air- and moisture-free con-
ditions. The 1H and 13C{1H} NMR spectra of 1-Cl2 and 1-I2
each exhibit two distinct sets of resonances for the two
β-diketiminate moieties despite the nominally symmetric
nature of the molecules, arising from a fixed conformation of
the trans-cyclohexylene-bridge caused by the strain in the poly-
cyclic ring system.

Single-crystals of 1-Cl2 and 1-I2 were obtained from satu-
rated solutions in n-hexane at ambient temperature and
toluene at 5 °C, respectively (Fig. S23 and S25‡). The halide
substituents in the dihalodigallanes adopt syn-periplanar con-
formations with respect to the Ga–Ga bond (torsion angles X–
Ga–Ga–X: 1-Cl2 13.92(2)°, 1-I2 1.64(3)°), which contrasts with
non-bridged dihalodigallanes containing β-diketiminate13 and
diazabutadienide14 ligands that adopt synclinal and anti-peri-
planar conformations, respectively. The Ga–Ga and Ga–X bond
lengths in 1-Cl2 (Ga–Ga 2.4185(3) Å; Ga–Cl 2.2159(4) Å, 2.2327
(3) Å) and 1-I2 (Ga–Ga 2.4615(6) Å; Ga–I 2.6337(6) Å, 2.5779(6)
Å) are comparable to those of related dihalodigallanes (Ga–Ga
2.242–2.576 Å; Ga–Cl 2.210–2.218 Å; Ga–I 2.586–2.633 Å)13,14

based on non-bridging ligands and those of CyL2Ga(F)Ga(Ar
F)

(2.4196(5)–2.4520(8) Å),5d indicating covalent GaII–GaII and
GaII–X bonding interactions.

The cross-over experiments between 2-X2 and 1 were then
monitored by 1H NMR spectroscopy (Scheme 2b and Fig. S21,
S22‡). While no reaction occurred at ambient temperature,
heating the reaction mixtures to 90 °C for 2 days (1-Cl2) and
70 °C for 5 days (1-I2) resulted in the irreversible consumption
of 1 and 2-X2 as well as liberation of 2 and formation of 1-Cl2
and 1-I2, respectively, which were identified by 1H NMR spec-
troscopy (Fig. S21 and S22‡). 1-Cl2 and 1-I2 are formed together
with small amounts of yet unidentified side products, altering
the reaction stoichiometry. This likely results from the higher
reaction temperatures required to overcome the activation
barrier for the halogen transfer imposed by the sterically
demanding environments of the Ga centres in 1 and 2.
However, the cross-over experiments undoubtedly proved the

higher reducing power of binuclear 1 compared to mono-
nuclear 2. The reactions are consistent with one-electron oxi-
dation per Ga centre each in 1 and a two-electron reduction of
the Ga centre in 2-X2, while the syn-periplanar arrangement of
the halide substituents in 1-Cl2 and 1-I2 supports a suprafacial
addition of the halogen atoms to 1.

In contrast, 1 failed to react with LAlI2 (3-I2) even at elevated
temperatures (Fig. S26‡), indicating a stronger reduction
potential of LAl (3) compared to 1. This reaction may be
additionally hampered by the larger steric congestion of the Al
centre due to the slightly shorter Al–N and Al–I bond lengths,
respectively.15 These findings agree with the computations
according to which the dehalogenation of 2-X2 is exergonic by
63.3 (X = Cl) and 70.7 kJ mol−1 (X = I) but endergonic by
53.0 kJ mol−1 in case of 3-I2. We also tried to compute the reac-
tion pathway but despite repeated attempts, we could not
locate the respective transition structures. However, we could
identify two local minima en route 1 + 2-X2 → 1-X2 + 2,
Fig. S29,‡ these are a formal encounter complex of 1 and 2-X2

and an intermediate in which one halogen each is bound to 1
and 2, respectively.

Aiming to identify a general preference of compound 1 to
form the corresponding GaII–GaII complexes instead of two
separate GaIII moieties, we investigated the reactions of com-
pounds 1 and 2 with the aminoxyl radical TEMPO (2,2,6,6-
tetramethylpiperidine-N-oxyl, •ONR2). Gallanediyl 2 cleanly
reacts with two equivalents of TEMPO with oxidation of the
GaI centre (Scheme 3) and formation of LGa(TEMPO)2 (2-
(TEMPO)2), which was isolated as pale yellow crystals in high
yield (78%).

2-(TEMPO)2 features the expected resonances in its 1H and
13C{1H} NMR spectra, and its molecular constitution was con-
firmed by sc-XRD (Fig. S26‡). Similarly, bis(gallanediyl) 1
reacts with four equivalents of TEMPO to give
CyL2Ga2(TEMPO)4 (1-(TEMPO)4) containing two discrete GaIII

centres (Scheme 3) in 29% yield; using a 1 : 2 stoichiometry
provided a mixture of 1 and 1-(TEMPO)4. 1-(TEMPO)4 was
characterised by sc-XRD (Fig. S27‡), whereas no meaningful
NMR spectra could be obtained due to its poor solubility in
common organic solvents. The Ga centres in 2-(TEMPO)2 and
1-(TEMPO)4 are distorted tetrahedrally coordinated and feature
Ga–O bond lengths (2-(TEMPO)2 1.8505(19) Å, 1.8555(15) Å; 1-

Scheme 2 Cross-over experiments for the evaluation of (a) the Lewis basicity and (b) the reduction capabilities of 1 compared to its mononuclear
relative 2 along with the calculated Gibbs free energies at the BP86(D3-BJ)/def2-SVP level of theory.
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(TEMPO)4 1.833(6) Å, 1.850(7) Å) in the expected range. These
results show that all four electrons of the two GaI centres in 1
are in principle available for oxidation reactions.

Experimental
General procedures

All manipulations were carried out under an atmosphere of
purified argon using standard Schlenk and glovebox tech-
niques. Toluene and n-hexane were dried with an MBraun
Solvent Purification System, and benzene was distilled from
Na/K alloy. Deuterated benzene was dried over activated mole-
cular sieves (4 Å) and degassed prior to use. Starting materials
CyL2Ga2 (1),

5d LGa (2),16 B(C6F5)3,
17 Al(C6F5)3(toluene),

18 LGa–B
(C6F5)3 (2-B(C6F5)3),

6a LGa–Al(C6F5)3 (2-Al(C6F5)3),
6b LGaCl2 (2-

Cl2),
15 and LGaI2 (2-I2)

15 were prepared according to literature
procedures. AuI, InCl3, and TEMPO were obtained from com-
mercial sources and used as received. NMR spectra (δ in ppm)
were recorded using a Bruker Avance DPX 300 (1H 300.1 MHz,
13C{1H} 75.5 MHz, 11B 96.3 MHz, 19F 282.4 MHz), a Bruker
Avance Neo 400 (1H 400.1 MHz, 13C{1H} 100.6 MHz, 11B
128.4 MHz, 19F 376.5 MHz), or a Bruker Avance III HD (1H
600.1 MHz, 13C{1H} 150.9 MHz, 11B 192.5 MHz, 19F
564.7 MHz) spectrometer and were referenced to internal
C6D5H (1H δ = 7.16, 13C δ = 128.06), external BF3(OEt2) (

11B δ =
0.00), or external CFCl3 (19F δ = 0.00) standards. IR spectra
were recorded in a glovebox either with an Agilent Cary 630
FTIR or an ALPHA-T FT-IR spectrometer both equipped with a
single-reflection ATR sampling module. Microanalyses were
performed at the elemental analysis laboratory of the
University of Duisburg-Essen. Melting points were measured
in wax-sealed glass capillaries under argon atmosphere using a
Thermo Scientific 9300 apparatus and are uncorrected.

Synthetic procedures

Synthesis of CyL2Ga2–B(C6F5)3 (1-B). CyL2Ga2 (10 mg,
0.0136 mmol) and B(C6F5)3 (7 mg, 0.0136 mmol) were dis-
solved in C6D6 (0.5 mL) resulting in a bright yellow solution,
which was subjected to NMR spectroscopic analysis, indicating
the clean formation of 1-B. Several attempts to isolate 1-B as a
pure material failed due to facile decomposition. 1H NMR

(400.1 MHz, C6D6): δ 7.25 (br d, 3JHH = 7.8 Hz, 1 H, C6H3(i-
Pr)2), 7.20 (t, 3JHH = 7.7 Hz, 1 H, C6H3(i-Pr)2), 7.04 (m, 2 H,
C6H3(i-Pr)2), 7.00 (dd, JHH = 7.5, 1.5 Hz, 1 H, C6H3(i-Pr)2), 6.88
(dd, JHH = 6.6, 2.5 Hz, 1 H, C6H3(i-Pr)2), 4.91 (s, 1 H, γ-CH),
4.56 (s, 1 H, γ-CH), 3.79 (dt, JHH = 10.9, 3.5 Hz, 1 H, NCH), 3.70
(m, 1 H, NCH), 2.86 (m, 2 H, CH(CH3)2), 2.43 (m, 2 H,
CH(CH3)2), 1.74 (s, 3 H, CCH3), 1.60 (s, 3 H, CCH3), 1.55 (m, 1
H, CH2), 1.49 (m, 1 H, CH2), 1.39 (s, 3 H, CCH3), 1.32 (m, 2 H,
CH2), 1.28 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 1.18 (m, 1 H,
CH2), 1.11 (s, 3 H, CCH3), 1.04 (d, 3JHH = 6.7 Hz, 3 H, CH
(CH3)2), 1.01 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 0.97 (d, 3JHH =
6.7 Hz, 3 H, CH(CH3)2), 0.94 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2),
0.89 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 0.85 (d, 3JHH = 6.7 Hz, 3
H, CH(CH3)2), 0.80 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 0.67
(m, 3 H, CH2).

13C NMR (100.6 MHz, C6D6): δ 168.3 (CCH3),
168.0 (CCH3), 167.1 (CCH3), 165.8 (CCH3), 147.8 (C6H3(i-Pr)2),
145.1 (C6H3(i-Pr)2), 144.3 (C6H3(i-Pr)2), 143.1 (C6H3(i-Pr)2),
142.2 (C6H3(i-Pr)2), 139.2 (C6H3(i-Pr)2), 127.1 (C6H3(i-Pr)2),
125.4 (C6H3(i-Pr)2), 125.1 (C6H3(i-Pr)2), 124.3 (C6H3(i-Pr)2),
124.2 (C6H3(i-Pr)2), 104.3 (γ-CH), 104.2 (γ-CH), 64.1 (NCH),
62.7(NCH), 38.6 (CH2), 30.5 (CH2), 30.1 (CH(CH3)2), 29.8 (CH
(CH3)2), 28.8 (CH(CH3)2), 28.5 (CH(CH3)2), 26.0 (CH(CH3)2),
25.8 (CH2 & CH(CH3)2), 25.4 (CH2 & CH(CH3)2), 25.2 (CCH3),
25.2 (CH(CH3)2), 24.6 (CH2), 24.1 (CH(CH3)2), 23.5 (CCH3),
23.2 (CH(CH3)2), 23.2 (CH(CH3)2), 22.8 (CCH3), 22.7 (CH
(CH3)2), 21.9 (CCH3) (C6F5 not observed). 11B NMR
(128.4 MHz, C6D6): δ −18.7 (s, 1 B, B(C6F5)3).

19F NMR
(376.5 MHz, C6D6): δ −120.9 (br s, 1 F, o-C6F5), −122.3 (br s, 1
F, o-C6F5), −122.6 (br s, 1 F, o-C6F5), −129.0 (br s, 1 F, o-C6F5),
−129.8 (br s, 1 F, o-C6F5), −133.7 (br s, 1 F, o-C6F5), −160.9 (t,
3JFF = 20.7 Hz, 1 F, p-C6F5), −162.6 (t, 3JFF = 19.6 Hz, 1 F,
p-C6F5), −163.5 (br s, 1 F, p-C6F5), −164.1 (br s, 2 F, m-C6F5),
−164.3 (br s, 2 F, m-C6F5), −165.1 (br s, 1 F, m-C6F5), −167.5
(br s, 1 F, m-C6F5).

Synthesis of CyL2Ga2−Al(C6F5)3 (1-Al). CyL2Ga2 (50 mg,
0.0681 mmol) and Al(C6F5)3(tol) (42 mg, 0.0681 mmol) were
dissolved in toluene (2 mL) and the resulting yellow solution
was stirred for 24 h at ambient temperature. The solution was
slightly concentrated and stored at −30 °C overnight to afford
yellow analytically pure crystals of 1-Al. Single-crystals suitable
for X-ray diffraction were obtained from a saturated benzene
solution at ambient temperature. Yield: 38 mg (0.0301 mmol,
44%). Mp: 196 °C (dec.). Anal. calcd for C58H58AlF15Ga2N4: C,
55.18; H, 4.63; N, 4.44. Found: C, 55.5; H, 5.00; N, 4.47. 1H
NMR (400.1 MHz, C6D6): δ 7.07 (m, 3 H, C6H3(i-Pr)2), 6.97 (d,
3JHH = 7.6 Hz, 1 H, C6H3(i-Pr)2), 6.83 (m, 2 H, C6H3(i-Pr)2), 4.93
(s, 1 H, γ-CH), 4.66 (s, 1 H, γ-CH), 3.92 (t, 3JHH = 10.4 Hz, 1 H,
NCH), 3.47 (t, 3JHH = 9.9 Hz, 1 H, NCH), 3.20 (sept, 3JHH = 6.7
Hz, 1 H, CH(CH3)2), 3.14 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2),
2.57 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 2.29 (d, 3JHH = 12.5
Hz, 1 H, CH2), 2.20 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 1.63
(s, 3 H, CCH3), 1.51 (m, 1 H, CH2), 1.46 (s, 3 H, CCH3), 1.39 (s,
3 H, CCH3), 1.36 (s, 3 H, CCH3), 1.34 (m, 2 H, CH2), 1.19 (m, 1
H, CH2), 1.15 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.10 (d, 3JHH =
6.7 Hz, 3 H, CH(CH3)2), 1.05 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2),
1.02 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 0.99 (d, 3JHH = 6.8 Hz,

Scheme 3 Synthesis of 2-(TEMPO)2 and 1-(TEMPO)4 (NR2 =
N(Me2CCH2)2CH2).

Dalton Transactions Communication

This journal is © The Royal Society of Chemistry 2024 Dalton Trans., 2024, 53, 4922–4929 | 4925

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 1
0:

58
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4DT00172A


3 H, CH(CH3)2), 0.95 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2),
0.86 (m, 1 H, CH2), 0.78 (m, 1 H, CH2), 0.73 (d, 3JHH = 6.7 Hz, 3
H, CH(CH3)2), 0.61 (m, 1 H, CH2), 0.23 (d, 3JHH = 6. Hz, 3 H,
CH(CH3)2).

13C NMR (100.6 MHz, C6D6): δ 171.5 (CCH3), 169.2
(CCH3), 168.9 (CCH3), 165.8 (CCH3), 151.3 (C6F5), 149.0 (C6F5),
143.8 (C6H3(i-Pr)2), 143.7 (C6H3(i-Pr)2), 143.3 (C6H3(i-Pr)2),
142.7 (C6H3(i-Pr)2), 141.6 (C6H3(i-Pr)2), 141.2 (C6H3(i-Pr)2),
138.3 (C6F5), 135.9 (C6F5), 125.3 (C6H3(i-Pr)2), 124.6 (C6H3(i-
Pr)2), 124.4 (C6H3(i-Pr)2), 124.1 (C6H3(i-Pr)2), 103.2 (γ-CH), 99.3
(γ-CH), 66.4 (NCH), 66.4 (NCH), 37.7 (CH2), 33.0 (CH2), 29.6
(CH(CH3)2), 28.6 (CH(CH3)2), 28.3 (CH(CH3)2), 25.9 (CH2), 25.8
(CH(CH3)2), 25.6 (CH2), 25.2 (CH(CH3)2), 24.6 (CH(CH3)2), 24.5
(CH(CH3)2), 24.4 (CCH3), 24.3 (CH(CH3)2), 23.9 (CCH3), 23.9
(CCH3), 23.8 (CCH3), 23.6 (CH(CH3)2), 23.4 (CH(CH3)2), 22.9
(CH(CH3)2).

19F NMR (376.5 MHz, C6D6): δ −118.1 (br s, 6 F,
o-C6F5), −156.4 (t, 3JFF = 19.8 Hz, 3 F, p-C6F5), −162.6 (m, 3 F,
m-C6F5). IR (neat): ν 2950, 2917, 2861, 1632, 1537, 1501, 1430,
1370, 1314, 1257, 1051, 1015, 950, 794, 759, 681, 604, 494,
430 cm−1.

Synthesis of CyL2Ga2Cl2 (1−Cl2). InCl3 (15 mg, 0.0681 mmol)
was added to a solution of CyL2Ga2 (50 mg, 0.0681 mmol) in
benzene (1 mL) and the resulting suspension was stirred for
4 h. The reaction mixture was filtered, and volatiles were
removed from the filtrate in vacuo. The residue was washed
with n-hexane (3 × 2.5 mL) and dried under reduced pressure
affording 1-Cl2 as a pale yellow solid. Single-crystals suitable
for X-ray diffraction were obtained from a saturated solution in
n-hexane at ambient temperature. Yield: 16 mg (0.0199 mmol,
29%). Mp: 266 °C (dec.). Anal. calcd for C40H58Cl2Ga2N4: C,
59.66; H, 7.26; N, 6.96. Found: C, 59.8; H, 7.09; N, 6.71. 1H
NMR (400.1 MHz, C6D6): δ 7.21 (dd, JHH = 7.7, 1.8 Hz, 1 H,
C6H3(i-Pr)2), 7.17 (t, 3JHH = 7.5 Hz, 1 H, C6H3(i-Pr)2), 7.11 (m, 3
H, C6H3(i-Pr)2), 6.94 (m, 1H, C6H3(i-Pr)2), 4.99 (dt, JHH = 11.6,
3.7 Hz, 1 H, NCH), 4.57 (s, 1 H, γ-CH), 4.56 (s, 1 H, γ-CH), 3.93
(sept, 3JHH = 6.6 Hz, 1 H, CH(CH3)2), 3.60 (dt, JHH = 10.9, 5.0
Hz, 1 H, NCH), 3.24 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.16
(sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 2.76 (sept, 3JHH = 6.8 Hz,
1 H, CH(CH3)2), 2.37 (m, 1 H, CH2), 2.07 (m, 1 H, CH2), 1.73 (s,
3 H, CCH3), 1.63 (m, 2 H, CH2), 1.60 (s, 3 H, CCH3), 1.60 (d,
3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.57 (s, 3 H, CCH3), 1.55 (s, 3 H,
CCH3), 1.52 (d, 3JHH = 6.6 Hz, 3 H, CH(CH3)2), 1.45 (m, 1 H,
CH2), 1.40 (m, 2 H, CH2), 1.25 (d, 3JHH = 6.7 Hz, 3 H, CH
(CH3)2), 1.19 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 1.06 (d, 3JHH =
6.7 Hz, 3 H, CH(CH3)2), 0.96 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2),
0.85 (m, 1 H, CH2), 0.77 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2).

13C
NMR (100.6 MHz, C6D6): δ 167.6 (CCH3), 167.1 (CCH3), 166.4
(CCH3), 165.8 (CCH3), 147.3 (C6H3(i-Pr)2), 145.1 (C6H3(i-Pr)2),
144.1 (C6H3(i-Pr)2), 142.7 (C6H3(i-Pr)2), 142.2 (C6H3(i-Pr)2),
139.9 (C6H3(i-Pr)2), 127.3 (C6H3(i-Pr)2), 127.3 (C6H3(i-Pr)2),
125.7 (C6H3(i-Pr)2), 124.7 (C6H3(i-Pr)2), 124.3 (C6H3(i-Pr)2),
124.2 (C6H3(i-Pr)2), 98.8 (γ-CH), 97.1 (γ-CH), 62.4 (NCH), 62.2
(NCH), 32.9 (CH2), 32.5 (CH2), 30.0 (CH(CH3)2), 28.7 (CH
(CH3)2), 28.4 (CH(CH3)2), 27.9 (CH(CH3)2), 26.8 (CH(CH3)2),
25.7 (CH2), 25.5 (CH(CH3)2), 25.3 (CH2 & CH(CH3)2), 25.0 (CH
(CH3)2), 25.0 (CH(CH3)2), 24.7 (CH(CH3)2), 24.6 (CCH3), 24.5
(CCH3), 24.3 (CH(CH3)2), 21.8 (CCH3). IR (neat): ν 2951, 2916,

2857, 1556, 1504, 1431, 1375, 1314, 1258, 1188, 1078, 1023,
942, 793, 759, 741, 633, 537, 438 cm−1. N.B.: In.

Synthesis of CyL2Ga2I2 (1-I2).
CyL2Ga2 (98 mg, 0.1300 mmol)

and AuI (42 mg, 0.1300 mmol) were suspended in 5 ml of
toluene and stirred overnight at room temperature. The solids
were filtered off and the volume of the brown/orange filtrate
was reduced in vacuum to about 1 ml. Upon storage at 5 °C,
yellow crystals of 1-I2 appeared, which we filtered off, washed
with 2.5 ml of toluene and dried in vacuum. Yield: 36 mg
(0.0364 mmol, 56%). Mp: 240 °C (dec.). Anal. calcd For
C40H58Ga2N4I2: despite repeated attempts, no satisfactory
microanalysis could be obtained, most likely due to incom-
plete removal of co-crystallised solvent. 1H NMR (400.1 MHz,
toluene-d8): δ 7.15 (m, 2 H, C6H3(i-Pr)2), 7.06 (m, 3 H, C6H3(i-
Pr)2), 6.92 (dd, JHH = 5.6, 3.5 Hz, 1 H, C6H3(i-Pr)2), 5.03 (br s, 1
H, NCH), 4.59 (s, 1 H, γ-CH), 4.56 (s, 1 H, γ-CH), 3.93 (br s, 1 H,
CH(CH3)2), 3.74 (dt, JHH = 11.0, 5.0 Hz, 1 H, NCH), 3.13 (br s, 2
H, CH(CH3)2), 2.63 (m, 2 H, CH(CH3)2 & CH2), 2.19 (br s, 1 H,
CH2), 1.71 (s, 3 H, CCH3), 1.64 (m, 5 H, CH(CH3)2 & CH2), 1.63
(s, 3 H, CCH3), 1.62 (s, 3 H, CCH3), 1.60 (d, 3JHH = 6.6 Hz, 3 H,
CH(CH3)2), 1.50 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.49 (s, 3 H,
CCH3), 1.22 (d, 3JHH = 6.6 Hz, 3 H, CH(CH3)2), 1.20 (m, 2 H,
CH2), 1.16 (d, 3JHH = 6.8 Hz, 3 H, CH(CH3)2), 1.01 (d, 3JHH = 6.6
Hz, 3 H, CH(CH3)2), 0.93 (m, 2 H, CH2), 0.85 (d, 3JHH = 6.8 Hz,
3 H, CH(CH3)2), 0.78 (br d, 3JHH = 5.9 Hz, 3 H, CH(CH3)2).

13C
NMR (100.6 MHz, toluene-d8): δ 167.4 (CCH3), 167.2 (CCH3),
144.6 (C6H3(i-Pr)2), 142.4 (C6H3(i-Pr)2), 127. (C6H3(i-Pr)2), 127.3
(C6H3(i-Pr)2), 124.3 (C6H3(i-Pr)2), 124.2 (C6H3(i-Pr)2), 99.4
(γ-CH), 97.9 (γ-CH), 32.7 (CH2), 30.3 (CH(CH3)2), 28.8 (CH
(CH3)2), 28.4 (CH(CH3)2), 27.8 (CH(CH3)2), 25.4 (CH2), 25.4 (CH
(CH3)2), 25.3 (CH2 & CH(CH3)2), 24.9 (CH(CH3)2), 24.7 (CH
(CH3)2), 24.3 (CH(CH3)2), 22.0 (CCH3). IR (neat): ν 2958, 2925,
2864, 1556, 1506, 1433, 1377, 1312, 1260, 1189, 1018, 864, 794,
759, 732 cm−1.

Synthesis of CyL2Ga2(TEMPO)4 (1-(TEMPO)4). Toluene (6 mL)
was added to a mixture of CyL2Ga2 (100 mg, 0.14 mmol) and
TEMPO (85 mg, 0.545 mmol) at room temperature. Colorless
crystals of 1-(TEMPO)4 formed within 5 minutes and the flask
was stored at −30 °C for 3 h. The crystals were separated by fil-
tration and dried in vacuum. Yield: 54 mg (0.040 mmol, 29%).
Mp: 187 °C. Anal. calcd for C76H130Ga2N8O4: C, 67.15; H, 9.64;
N, 8.24. Found: C, 67.51; H, 9.49; N, 7.84. NMR studies were
not possible due to the low solubility of 7 in common organic
solvents. IR (neat): ν = 2963, 2930, 2870, 1539, 1470, 1396,
1368, 1323, 1267, 1182, 1131, 1044, 1014, 954, 915, 788, 751,
665 cm−1.

Synthesis of LGa(TEMPO)2 (2-(TEMPO)2). Benzene (2 mL)
was added to a mixture of LGa (50 mg, 0.1026 mmol) and
TEMPO (32 mg, 0.2052 mmol) at ambient temperature and the
resulting pale yellow solution was stirred for 30 minutes. The
solution was concentrated until incipient crystallisation and
stored at ambient temperature overnight affording pale yellow
analytically pure crystals of 2-(TEMPO)2. Yield: 64 mg
(0.0800 mmol, 78%). Mp: 249 °C. Anal. calcd for
C47H77GaO2N4: C, 70.58; H, 9.70; N, 7.00. Found: C, 71.8; H,
10.1; N, 7.00. 1H NMR (400.1 MHz, C6D6): δ 7.21 (m, 6 H,
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C6H3(i-Pr)2), 4.85 (s, 1 H, γ-CH), 4.69 (sept, 3JHH = 6.7 Hz, 1 H,
CH(CH3)2), 4.29 (sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.45
(sept, 3JHH = 6.7 Hz, 1 H, CH(CH3)2), 3.33 (sept, 3JHH = 6.7 Hz,
1 H, CH(CH3)2), 1.85 (m, 1 H, CH2CH2CH2), 1.81 (s, 3 H,
C(CH3)2), 1.74 (m, 2 H, CH2CH2CH2 & CH2CH2CH2), 1.62 (m, 1
H, CH2CH2CH2), 1.59 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.55
(d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.53 (m, 2 H, CH2CH2CH2),
1.53 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.52 (d, 3JHH = 6.7 Hz, 3
H, CH(CH3)2), 1.50 (s, 3 H, CCH3), 1.48 (s, 3 H, CCH3), 1.45 (s,
3 H, C(CH3)2), 1.42 (s, 3 H, C(CH3)2), 1.38 (s, 3 H, C(CH3)2),
1.36 (m, 3 H, CH2CH2CH2 & CH2CH2CH2), 1.28 (d, 3JHH = 6.7
Hz, 3 H, CH(CH3)2), 1.24 (m, 1 H, CH2CH2CH2), 1.20 (m, 1 H,
CH2CH2CH2), 1.15 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.10 (m, 1
H, CH2CH2CH2), 1.06 (d, 3JHH = 6.7 Hz, 3 H, CH(CH3)2), 1.01
(s, 3 H, C(CH3)2), 0.96 (s, 3 H, C(CH3)2), 0.72 (s, 3 H, C(CH3)2),
0.42 (s, 3 H, C(CH3)2).

13C{1H} NMR (100.6 MHz, C6D6): δ 171.1
(CCH3), 171.0 (CCH3), 146.1 (C6H3(i-Pr)2), 145.5 (C6H3(i-Pr)2),
145.4 (C6H3(i-Pr)2), 144.4 (C6H3(i-Pr)2), 143.8 (C6H3(i-Pr)2),
143.4 (C6H3(i-Pr)2), 128.6 (C6H3(i-Pr)2), 127.4 (C6H3(i-Pr)2),
125.0 (C6H3(i-Pr)2), 124.9 (C6H3(i-Pr)2), 124.9 (C6H3(i-Pr)2),
124.3 (C6H3(i-Pr)2), 100.0 (γ-CH), 61.1 (C(CH3)2), 60.4
(C(CH3)2), 59.3 (C(CH3)2), 59.2 (C(CH3)2), 41.9 (CH2CH2CH2),
41.4 (CH2CH2CH2), 41.2 (CH2CH2CH2), 41.1 (CH2CH2CH2),
34.1 (C(CH3)2), 33.8 (C(CH3)2), 33.2 (C(CH3)2), 31.4 (C(CH3)2),
29.0 (CH(CH3)2), 28.8 (CH(CH3)2), 27.7 (CH(CH3)2), 27.2 (CH
(CH3)2), 26.3 (CH(CH3)2), 26.2 (CCH3), 26.0 (CH(CH3)2), 25.9
(CH(CH3)2), 25.7 (CH(CH3)2), 25.5 (CH(CH3)2), 25.4 (CCH3),
25.0 (CH(CH3)2), 24.7 (CH(CH3)2), 24.2 (CH(CH3)2), 20.8
(C(CH3)2), 20.6 (C(CH3)2), 20.4 (C(CH3)2), 20.1 (C(CH3)2), 18.1
(CH2CH2CH2), 18.0 (CH2CH2CH2). IR (neat): ν = 2966, 2929,
2869, 1523, 1437, 1398, 1319, 1254, 1179, 1018, 937, 862, 787,
761, 678, 523, 447 cm−1.

Computations

All geometry optimisations and frequency calculations were
performed with the Gaussian16 program package19 in conjunc-
tion with the BP86 functional11a,b and def2-SVP basis sets.11c

The D3 version of Grimme’s dispersion correction with the
Becke–Johnson damping function was applied to account for
dispersion effects.11d The absence of imaginary frequencies
confirmed stationary points as minima. All energies (given in
kJ mol−1) are corrected by the (unscaled) zero-point vibrational
energy and by thermal energies at 298.15 K.

Crystallography

The crystals of 1-Al, 2-Cl2, 2-I2, 1-(TEMPO)4, 2-(TEMPO)2, and
S1 were mounted on nylon loops in inert oil. Crystallographic
data of 1-Al, 1-Cl2, 2-(TEMPO)2, and S1 were collected on a
Bruker D8 Kappa diffractometer with APEX2 detector (Mo-Kα

radiation, λ = 0.71073 Å) at 100(2) K. Absorption corrections
were performed semi-empirically from equivalent reflections
on the basis of multiscans (Bruker AXS APEX2). The intensity
data of 2-I2 and 1-(TEMPO)4 were collected on a Nonius
KappaCCD diffractometer using graphite-monochromated Mo-
Kα radiation. Data were corrected for Lorentz and polarisation
effects; absorption was taken into account on a semi-empirical

basis using multiple-scans.20 The crystallographic data are
summarised in Tables S1 and S2.‡ The structures were solved
by direct methods (SHELXS-9721 and SHELXS22) and refined
anisotropically by full-matrix least-squares on F2

(SHELXL-2017 and SHELXL-2018).23 Hydrogen atoms were
refined using a riding model or rigid methyl groups. In 1-Al,
an i-Pr group is disordered over two positions. Its bond
lengths and angles were restrained to be equal (SADI) and
RIGU restraints were applied to its atoms’ displacement para-
meters. Due to their close proximity, C35 and C35′ were
refined with common displacement parameters (EADP). A
benzene molecule is strongly disordered over a centre of
inversion. Two alternate positions could be identified of
which one is on the centre of inversion. The local symmetry
of these positions was ignored in the refinement (negative
PART). The bond lengths and angles of all solvent molecules
were restrained to be equal (SADI) and the atoms were
restrained to lie on a common plane (FLAT). RIGU restraints
were applied to the anisotropic displacement parameters.
Additionally, for residue 3 ISOR restraints were used. In 1-Cl2,
the cyclohexylene ring is disordered over two positions. The
displacement of the smaller component could only be refined
isotropically and EADP constraints had to be applied to dis-
placement parameters of C11 and C11′ to avoid correlations
with the occupancy. In addition, one chlorine atom is dis-
ordered over two positions. The Cl–Ga bond lengths of both
components were restrained to be equal (SADI). One of the
i-Pr groups (C10–C12) of 1-I2 is disordered. The disorder
could be resolved to a ratio of 65 : 35%. The crystal of 1-
(TEMPO)4 was treated as a twin by 180° rotation and addition-
ally by inversion. Determination of the twinned cell was per-
formed with CellNow, whereas TWINABS was used for data
reduction and absorption correction.24 The two i-Pr groups of
1-(TEMPO)4 are disordered. The disorder could be resolved to
ratios of 69 : 31% (C15–C17) and 54 : 46% (C18–C20), respect-
ively. On the crystal of 2-(TEMPO)2 there was a small satellite
crystal that could not be removed. Treatment as non-merohe-
dral twin revealed its reflections to be very weak (I < 1σ).
Including the second component had no influence on the
model thus the twinning/satellite could be ignored. The
absolute structure of S1 could be determined reliably.
Parsons’ quotient method was used to determine the absol-
ute structure parameter x.25

Conclusions

To conclude, the superior basicity and enhanced reducing
capability of bimetallic 1 compared to its monometallic
counterpart 2 were unambiguously demonstrated by cross-over
experiments involving Lewis acid and halogen transfer reac-
tions. The increased reactivity of 1 is attributed to an inter-
action between the GaI centres. Such synergistic interactions
in low-valent bimetallic complexes are expected to play a
crucial role in main group element-mediated bond activation
processes and catalytic transformations in the future.
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