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Abstract: In the presence of TMEDA (N,N,N’,N’-tetrameth-
ylethylenediamine), partially deaggregated zinc dihydride as
hydrocarbon suspensions react with the gallium(I) compound
[(BDI)Ga] (I, BDI= {HC(C(CH3)N(2,6-iPr2-C6H3))2}

� ) by formal
oxidative addition of a Zn� H bond to the gallium(I) centre.
Dissociation of the labile TMEDA ligand in the resulting
complex [(BDI)Ga(H)� (H)Zn(tmeda)] (1) facilitates insertion of
a second equiv. of I into the remaining Zn� H to form a

thermally sensitive trinuclear species [{(BDI)Ga(H)}2Zn] (2).
Compound 1 exchanges with polymeric zinc dideuteride
[ZnD2]n in the presence of TMEDA, and with compounds I and
2 via sequential and reversible ligand dissociation and
gallium(I) insertion. Spectroscopic and computational studies
demonstrate the reversibility of oxidative addition of each
Zn� H bond to the gallium(I) centres.

Introduction

The diverse and versatile reactivity of main-group (MG) metal
hydrides has resulted in their widespread application as
stoichiometric and catalytic reagents in organic and inorganic
synthesis.[1] Meanwhile, transition metal (TM) hydrides are key
intermediates in vital catalytic processes such as
(de)hydrogenation,[2] hydroformylation,[2b,3] Fischer–Tropsch
synthesis,[4] and the Haber-Bosch process.[5] Recent years have
seen a revived interest in molecular (hetero)bimetallic com-
plexes which display potentially advantageous synergistic
effects.[6] Reaction of a MG hydride with a low-coordinate TM
complex can provide a multinuclear complex in which the
metal centres are bound by one or more bridging hydrides, by
a metal-metal bond derived from formal oxidative addition, or a
bonding situation between these extremes (Scheme 1, A).[7]

Such species can participate as reactive intermediates in
challenging catalytic transformations including C� H metalation
of arenes,[8] C� O activation,[9] and hydrodefluorination.[10] Fol-
lowing analogies between the frontier molecular orbital
situation of transition metals and low-valent main group
complexes,[11] heterobimetallics based exclusively on MG ele-
ments may have the potential to exhibit similarly useful
reactivity. In this vein, Harder and et al. demonstrated the
calcium-catalysed alumination of benzene, which likely involves
a highly reactive heterobimetallic Al� Ca intermediate formed
by formal oxidative addition of a Ca� H bond to the Al(I)
centre.[12] Structurally characterised magnesium and zinc ana-
logues [(BDI)Al(H)� M{BDI}] (BDI= {HC(C(CH3)N(2,6-iPr2-C6H3))2}

� ;
M=Mg, Zn) were prepared by this method, but proved inert
towards benzene.[12] More generally, the formation of dinuclear
main group complexes via formal oxidative addition of a MG� X
bond to a low valent MG centre has been well documented,[13]

but reversibility has only been demonstrated in a few
cases[13c–f,14] and subsequent reactivity studies remain scarce
(Scheme 1, A). We recently reported the oxidative addition of
[(tmeda)AlH2(OEt2)][BAr4

Me] (TMEDA=N,N,N’,N’-tetrameth-
ylethylenediamine, BAr4

Me = [B(3,5-Me2-C6H3)4]
� ) to the gallium(I)

compound [(BDI)Ga] (I; Scheme 1, B).[15] Formation of a non-
dative Ga� Al bond in the product [(BDI)Ga(H)� (H)Al-
Al(tmeda)][BAr4

Me] (II) may be rationalised by relief of electron
deficiency at the cationic aluminium centre provided by
generation of a strongly σ-donating hydridogallyl ligand.[16]

Reductive elimination of [LnAlH2]
+ remains energetically viable

and occurs spontaneously when electron deficiency is instead
relieved by THF or N-heterocyclic carbenes (NHCs).[15]

Although the TM-mediated chemistry of diorganozinc
reagents ZnR2 has been investigated in detail,[17] analogous low-
valent MG-mediated organozinc reactivity remains
underexplored.[14f,18] Examples of zinc-containing heterometallic
hydride complexes are numerous,[7f,h,k,m,n,8b,17g,j,19] but we are
unaware of any that derive directly from the parent dihydride
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[ZnH2]n. This lacuna is unsurprising given that polymeric [ZnH2]n
is insoluble in organic solvents, thermally sensitive, and
challenging to synthesise in an analytically pure form.[20] The
presumed polymeric structure of [ZnH2]n can be disrupted by N-
heterocyclic carbenes (NHCs) or by chelating N-donors, which
activate the monomeric units towards Lewis acids and electro-
philes, thus resulting in soluble molecular species.[21] Noting
that main-group centred oxidative addition and reductive
elimination may also be controlled by (de)coordination of
neutral donors,[15,22] we resolved to probe the chemistry of
TMEDA-deaggregated [ZnH2]n within the coordination sphere of
I (Scheme 1, C). The results of this study are disclosed herein.

Results and Discussion

NHCs were previously shown to completely deaggregate
[ZnH2]n, providing soluble and thermally robust dimers
[(NHC)Zn(H)(μ-H)]2.

[21c] Following the isolobal analogy between
NHCs and group 13 carbenoids,[23] [ZnH2]n was suspended in a
C6D6 solution of compound I. [24] Analysis of the reaction mixture
by 1H NMR revealed a lack of reactivity and only slight
decomposition of [ZnH2]n was observed over the course of
3 days. Heating the reaction mixture to 70 °C for 3 h, however,
resulted in a 1 :4 mixture of I and [(BDI)GaH2] (I-H2)

[25] with
concomitant formation of a dark grey precipitate, presumably
metallic zinc (Scheme 2). Although I has been reported to react
with 1 bar H2 to form I-H2 at room temperature,[26] C6D6

solutions of I are inert under H2 atmosphere (ca. 1.5 bar) up to
at least 70 °C in our hands. Indeed, Power et al. showed that
related terphenyl-gallium(I) complexes react with H2 only in

Scheme 1. Generalised reactivity patterns of main-group hydrides with transition metals (A, left) and low-valent main-group compounds (A, right); Solvent
directed selectivity of oxidative addition and reductive elimination of cationic aluminium hydrides to gallium(I) compound I (B);[15] TMEDA-mediated equilibria
of compound I with neutral zinc dihydride (C, this work). TMEDA=N,N,N‘,N‘-tetramethylethylenediamine; Ar=2,6-iPr2-C6H3.

Scheme 2. Reaction of compound I with [ZnH2]n in the presence of TMEDA to provide 1 and/or 2. Yields determined were by 1H NMR spectroscopy. Isolated
yields after workup on preparative scale are shown in parentheses. Ar=C6H3-2,6-iPr2.
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their dimeric “digallene” form;[27] similar dimerization is less
feasible for the more sterically demanding BDI-system.[24] We
have found that I is able to react with H2 in the presence of
Lewis-acidic zinc hydride cations, whilst the direct oxidative
addition of H2 to the Ga(I) centre of I was calculated to be
kinetically unfeasible and only weakly exothermic.[28] It is
plausible that the originally reported oxidative addition was
promoted by Lewis acidic impurities. Generation of I-H2 during
the thermal decomposition of [ZnH2]n in the presence of I thus
implies direct zinc-to-gallium hydride transfer via thermally
unstable multinuclear heterometallic intermediates, as opposed
to reaction of I with H2 derived from the decomposition of zinc
dihydride into its elements.

The reaction was repeated in the presence of 1.2 equiv. of
TMEDA, and a homogeneous bright yellow solution was
obtained after two minutes. Analysis of this sample by 1H NMR
spectroscopy showed 75% conversion of I to two new BDI-
containing products, [(BDI)Ga(H)� (H)Zn(tmeda)] (1) and [{(BDI)-
Ga(H)}2Zn] (2), in an approximate 3 :1 ratio (Scheme 2). Immedi-
ate workup and recrystallisation from an n-hexane/toluene
mixture at � 35 °C provided single crystals of compound 1 as
yellow blocks in 47% yield. If the reaction mixture was instead
left to stand for 24 h, both species were consumed with
concomitant (re)formation of I, I-H2, and metallic zinc. Repeat-

ing the reaction under a five-fold excess of TMEDA provided
compound 1 as the sole product, crystallised on a larger scale
in 56% yield. Selective formation of compound 2 was observed
when a catalytic quantity of TMEDA (0.1 equiv.) was employed,
and yellow rod-like single crystals suitable for X-ray diffraction
analysis were obtained after recrystalising the crude product
from a concentrated n-pentane solution at � 35 °C. Owing to
low thermal stability and redistribution in solution (see below),
however, reproducibly isolating bulk quantities of compound 2
proved problematic.

The solid-state structures of compounds 1 and 2 were
elucidated by single-crystal X-ray diffraction. Compound 1
crystallises from n-hexane/toluene as yellow blocks in the
orthorhombic space group Pnma, with half a molecule per
asymmetric unit such that C3, Ga1, H1, Zn1 and H2 are bisected
by a mirror plane (Figure 1a). The ethylene backbone of the
TMEDA ligand was disordered across the mirror plane in two
components of equal occupancy. The two metal centres each
adopt a distorted tetrahedral geometry and are joined by a
Ga� Zn bond 2.4348(16) Å in length. A terminal hydride ligand
bound to each metal centre was located and freely refined,
such that the dinuclear H1-Ga1-Zn1-H2 unit adopts an antiper-
iplanar conformation. In addition to heterometallic clusters,[29]

several prior examples of unsupported Ga� Zn bonds have been

Figure 1. X-ray crystal structure of a) 1 and b) 2; c) representation of HGaGaH dihedral torsion angle θ and fold angle ϕ between the Ga� Ga axis and NCCCN
plane of the BDI ligand in compounds 2 and III;[18a] d) view down the Ga1-Ga2 axis of 2. Except for metal-bound hydrides, hydrogen atoms are omitted for
clarity. Only one of the two crystallographically independent molecules of compound 2, and only the major component of disordered isopropyl groups are
shown. Only one component of the TMEDA-backbone disorder in compound 1 is shown. Displacement parameters are shown at the 50% level. Selected
distances (Å) and angles (°) for 1: Ga1-Zn1 2.4348(6), Ga1-N1/N1’ 2.0353(15), Zn1-N2/N2’ 2.2237(18), Ga1-H1 1.55(3), Zn� H2 1.51(3), N1/N1’-Ga1-Zn1 113.38(4),
N1’-Ga1-N1 90.63(8), N2/N2’-Zn1-Ga1 113.89(5), N2-Zn1-N2’ 82.58(10), H1-Ga1-Zn1 133.9(10), Ga1-Zn1-H2 136.5(13). Symmetry operations to generate primed
atoms:+x, 3/2–y,+ z. Selected distances (Å) and angles (°) for Zn1-centred molecule of 2: Ga1-Zn1 2.4334(12), Zn1-Ga2 2.4338(12), Ga1-N2 1.994(4), Ga1-N1
1.993(4), Ga2-N4 1.994(4), Ga2-N3 1.992(4), Ga1-H1 1.51(4), Ga2-H2 1.63(4), N2-Ga1-Zn1 111.79(13), N1-Ga1-Zn1 118.08(12), N1-Ga1-N2 92.41(17), Ga1-Zn1-Ga2
172.68(2), N4-Ga2-Zn1 111.47(13), N3-Ga2-Zn1 118.03(13), N3-Ga2-N4 93.14(17). For a table including selected distances and angles for the Zn2-centred
molecule of 2, see Supporting Information.
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crystallographically characterised,[18,29c,30] albeit hydride-substi-
tuted complexes of this type have not been previously
reported. The metal-metal bond of 1 is significantly elongated
compared to those of other non-dative dinuclear Ga� Zn
compounds (2.3230-2.4107(5) Å).[18a–c,28,30b,c] The Ga� N bonds of
1 (2.0353(15) Å) are of intermediate length relative to I
(2.0528(14), 2.0560(13) Å)[24a] and I-H2 (1.960(1), 1.963(1) Å),[25]

consistent with partial oxidation of the gallium(I) centre.
Crystallographically characterised [(tmeda)ZnXX’] moieties cover
a wide range of Zn� N distances, and the Zn1� N2 distance of 1
(2.2237(18) Å) is unremarkable in this respect. Compound 1 is
structurally similar to dihydridogallyl-aluminylium cation II.[15]

Aside from slightly longer Ga� N bond lengths, which likely
reflect the more electron rich bimetallic core of the neutral
molecule, the H1-Ga1-Zn1 (133.9(10)°) and Ga1-Zn1-H2
(136.5(13)°) angles are both significantly wider than the
analogous angles in II (H1-Ga1-Al1, 117.1(9)°; Ga1-Al1-H2,
126.7(9)°).

The crystal structure of compound 2 (Figure 1b) was solved
in the non-centrosymmetric orthorhombic space group, Pca21,
with two crystallographically independent molecules per asym-
metric unit. Aside minor differences that presumably arise from
packing forces, the two molecules are similar, with a near-linear
(172.58(2)°, 173.35(2)°) trinuclear Ga� Zn� Ga core. An unsup-
ported Ga� Zn-Ga unit was previously reported in Fischer’s
closely related methyl complex [{(BDI) GaMe}2Zn] (III),[18a] and
Jones’s [({DippDAB}Ga)2Zn(tmeda)] (DippDAB= [(2,6-iPr2-C6H3)NC-
(H)=C(H)N((2,6-iPr2-C6H3))]

2� ).[18c] The two-coordinate zinc centre
of 2 is located centrally (within experimental error) between
two hydridogallyl units of distorted tetrahedral geometry, akin
to the trimetallic core of III. Direct bonding interaction between
the hydrides and central zinc atom are ruled out by the long
distances between these atoms (H1-Zn1, H2-Zn1; 3.48(4) Å,
3.62(4) Å). The Ga� Zn distances of 2 (Ga1� Zn1, Zn1� Ga2;
2.4334(12), 2.4338(12) Å, respectively) are similar to that of
compound 1 (2.4348(6) Å), but slightly shorter than those of III
(2.4631(7), 2.4609(7) Å).[18a] Like III, the {(BDI)GaX} units adopt a
staggered conformation when viewed down the Ga� Ga axis,
yet the H1-Ga1-Ga2-H2 dihedral angle is much larger (θ=

134.4(19)°, vs. C2-Ga1-Ga2-C41 θ=93.41(17)° for III). This
conformational discrepancy is also reflected in the N� Ga-Ga� N
torsion angles (see Supporting Information, Table S4). Presum-
ably due to additional steric pressure imposed by the methyl
substituents, the NCCCN planes of III are near-perpendicular to
the Ga� Ga axis (fold angle (Figure 1c) ϕ �74, 90°), minimising
steric clash between the staggered Dipp substituents. By
contrast, the analogous angles of 2 are much smaller (ϕ �25°)
and the Dipp groups face towards the centre of the molecule,
such that two of the four aromatic substituents are near-
eclipsed (Figure 1d). The importance of attractive intramolecular
dispersion forces between sterically demanding ligand substitu-
ents has been previously highlighted,[31] and similar forces may
be in effect here.

The solid-state (KBr) IR spectrum of 1 contains two
absorptions at ν=1641 and 1581 cm� 1, which are respectively
assigned to the Ga� H and Zn� H stretching modes. The Ga� H
stretching absorption of 2 was assigned to a sharp band at ν=

1638 cm� 1. The significant redshift relative to I-H2 (ν=1893 and
1861 cm� 1)[25] and molecular zinc hydrides,[21b,c] is consistent
with the relatively electron-rich bimetallic core.

Compounds 1 and 2 were analysed computationally at
the DFT level (B3PW91). Gas-phase optimised structures were
in good agreement to the crystallographically determined
structures. NBO analysis shows the HOMO of compound 1
(Figure 2) to be represented by the Ga� Zn bond with
significant delocalisation over both hydride ligands, whilst
the LUMO is based on the BDI ligand. This contrasts with the
situation in II, where the M� H σ-bonding electrons occupied
lower lying molecular orbitals and the LUMO involved an
Al� Ga π-orbital.[15] The Wiberg Bond Index (WBI) of the
Ga� Zn bond is 0.85, consistent with a covalent single bond.
The bond is polarised Gaδ+� Znδ� (natural charges 0.71 (Ga),
0.55 (Zn)), and 64 % of the electron density is contributed by
the gallium centre. As expected, both metal-hydride bonds
are polar-covalent in nature, with WBI values of 0.77 (Ga� H)
and 0.64 (Zn� H) and 70%/76% contribution from the
respective hydrides. The HOMO of compound 2 (Figure 2) is
delocalised over the entire H� Ga-Zn-Ga� H unit, whilst the
LUMO is ligand-based. The Ga� Zn bonds are derived from
overlap of s (45%) p (55%) orbitals of the terminal gallyl
ligands (70 % gallium contribution) with similarly hybridised
orbitals of the central zinc atom (s 50%; p 50%). The
delocalised bonding situation is reflected in the WBI values of
0.64 (Ga� Zn) and 0.20 (Ga� Ga), and each metal carries a
comparable charge (0.58, Ga; 0.62, Zn). The bonding situation
is reminiscent to that of the central [Zn3]

2+ unit in Jones’s
comparable linear trizinc complex [(L*Zn)2Zn] (IV, L* = N(2,6-
{C(H)Ph2}2-4-Me-C6H2)(SiiPr3)). The central zinc atom of IV was
formally assigned the oxidation state zero, with a natural
charge of only 0.18 (vs. 0.62 for 2). The two-coordinate
terminal zinc atoms of IV were calculated to engage in metal-
metal bonding exclusively through the valence s-orbitals.[32] A
BDI-supported trizinc complex was also reported by Crimmin
and et al.[10b] Based on the relative Pauling electronegativity
values of gallium (1.81) and zinc (1.65),[33] the metals in
compound 2 are assigned the respective formal oxidation

Figure 2. DFT calculated HOMO (top), Wiberg Bond Indices (WBIs, bottom,
blue), and Natural Charges (bottom, red) of compounds 1 (left), and 2 (right).
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states of + 1 and + 2. The high covalency and delocalisation
of electron density across the trinuclear core suggested by
computational data, however, suggests that suggests non-
negligible contributions by the resonance forms
[(BDI)(H)GaI!ZnI� GaII(H)(BDI)] in addition to that implied on
the basis of electronegativity and formal oxidation state
alone [(BDI)(H)GaI!ZnII !GaI(H)(BDI)].

Benzene solutions of compound 1 are stable at ambient
temperature in the presence of excess (>5 equiv.) TMEDA for at
least one week. The 1H NMR spectrum of a TMEDA-stabilised
C6D6 solution is consistent with retention of the solid-state
structure in solution. The Cs-symmetry of compound 1 is
reflected in the appearance of two septets and four doublets
pertaining to the isopropyl protons of the Dipp substituents.
The γ-methine signal of the BDI-backbone appears at δH =

4.86 ppm whilst the respective gallium and zinc-bound hydrides
resonate as a pair of mutually coupled doublets at δH =6.32,
4.52 ppm (3JHH =12.3 Hz). The hydride resonances fall within the
typical chemical shift range of gallium and zinc hydrides.
Although of a similar magnitude to that observed in II (3JHH =

11.0 Hz),[15] the coupling constant is much larger than typical for
3JHH coupling through a metal-metal bond (3JHH�3–6 Hz),[34] a
feature that is indicative of restricted rotation about a highly
covalent bond. Correct assignment is supported by 1H-1H
NOESY experiments, which showed intramolecular through-
space coupling between the metal hydrides and nearby N-
methyl and/or isopropyl protons of the supporting ligands. Two
broad resonances were assigned to free TMEDA in rapid
intermolecular exchange with a second, even broader TMEDA
environment in the δH =1.5–2.0 ppm range. The exchange
process was indicated by cross peaks of positive phase in the
corresponding 1H-1H NOESY spectrum. Assignment of the latter
signal to zinc-ligated TMEDA was supported by recording a
1H NMR spectrum of isolated crystals of 1 in C6D6, without
additional equivalents of stabilising TMEDA. Aside from minor
variations in chemical shift and apparent coupling constant, this
NMR spectrum is otherwise identical to that recorded in the
presence of excess TMEDA. Tellingly, however, a minor quantity
of free TMEDA was also observed in this solution, along with
0.1 equiv. of 2. These observations provide evidence for both
facile dissociation of TMEDA, and reductive elimination of ZnH2

from 1 with respective generation of unsaturated intermediate
[(BDI)(H)Ga� ZnH] (1’) and I. Recombination of these species
generates trimetallic 2 by oxidative addition of the Zn� H bond.
Over the course of 16 h, C6D6 solutions of pure 1 partially
decompose with precipitation of metallic zinc to yield TMEDA, I
and I-H2. Decomposition was completed by heating the mixture
to 60 °C for one hour, providing I and I-H2 as the only soluble
BDI-containing species in a 1 :3 ratio. A signal at δH =4.47 ppm
was assigned to H2 derived from thermal decomposition of
ZnH2 into its elements.

Further evidence for reductive elimination of ZnH2 from 1
was gleaned whilst studying the reaction between I and a slight
excess of [ZnH2]n (1.2 equiv.) in the presence of 5 equiv. of
TMEDA by in situ 1H NMR spectroscopy. It was noticed that
both hydride signals of the product 1 appeared as broadened
singlets instead of the well-resolved doublets observed for

isolated samples. After 20 h. at room temperature, decomposi-
tion of the excess [ZnH2]n to its elements was evident by
formation of a grey precipitate, and the hydride doublets of 1
were resolved. It was hypothesised that these observations
derive from rapid exchange between compound 1 and solvated
oligomeric clusters “[(ZnH2)x(tmeda)y]”, which decompose over
time. Limited spectroscopic evidence for such species was
provided by analysing suspensions of [ZnH2]n in a C6D6 solution
of 5 equiv. of TMEDA by 1H NMR spectroscopy; a broad signal
observed at δH =4.57 ppm was tentatively ascribed to soluble
zinc hydride species. Further, 1/1-d2 slowly exchanges with
excess [ZnD2]n/[ZnH2]n in the presence of 5 equiv. of TMEDA,
respectively (see Supporting Information for details).

The 1H NMR spectrum of freshly dissolved crystals of 2 is
consistent with the solid-state structure, and agrees with the
in situ NMR spectrum of the reaction between I and [ZnH2]n

in the presence of 0.1 equiv. of TMEDA. The γ-methine proton
resonates at δH = 4.68 ppm and the gallium-hydrides appear
as a broad singlet δH = 5.86 ppm. Two overlapping septets at
δH = 3.25–3.46 ppm belonging to the BDI-isopropyl groups
indicate a greater degree of conformational flexibility
compared to the relatively congested bimetallic core of
compound 1. Additional resonances, however, already hint at
the low thermal stability of this compound and within 10 h at
25 °C, quantitative disproportionation to an equimolar sol-
ution of I and I-H2 was observed with concomitant precip-
itation of metallic zinc (Scheme 2). Analogies can be drawn to
Harder’s trimagnesium complex [(tBuBDIDipep)Mg� Mg� Mg-
(tBuBDIDipep)] (tBuBDIDipep = HC{C(tBu)N(2,6-(C(H)Et2)2-C6H3)}2),
which eliminates metallic magnesium at 80 °C with formation
of a Mg(I) dimer, [{k1-

tBuBDIDipep}Mg� Mg{k2-
tBuBDIDipep}].[35] Jo-

nes’s linear trizinc complex IV was also reported to slowly
decompose in both solution and solid state with deposition
of metallic zinc, although the other products were not
identified.[32] It is plausible that decomposition of 2 proceeds
via an undetected dinuclear intermediate [(BDI)(H)Ga� Ga-
(H)(BDI)], which rapidly disproportionates to the observed
products. Consistent with this proposal, the aluminium
congener [(BDI)(H)Al� Al(H)(BDI)] is known to disproportion-
ate to [(BDI)AlH2] and [(BDI)Al] in C6D6 solution at 50 °C.[13c]

The labile nature of both complexes prompted a more
detailed analysis of the dynamic solution-state behaviour.
Addition of a C6D6 solution of compound 2 to a seven-fold
excess of TMEDA resulted in immediate formation of 1 and I in
equimolar ratio (Scheme 3a).[36] Furthermore, dissolving an
equimolar mixture of I and 1 in toluene-d8 provided a 2 :2 : 1 : 1
mixture of I, 1, 2, and TMEDA (Scheme 3b). Acquisition of a
1H-1H NOESY spectrum at 0 °C with a 400 ms evolution time
showed, in addition to expected intramolecular NOE and
through-bond coupling correlations, intermolecular correlation
peaks of positive phase, indicative of chemical exchange on the
timescale of the experiment (Figure 3). Specifically, the gallium-
hydride resonance of 2 at δH =5.77 ppm exchanges with both
the gallium- and zinc hydride resonances of 1 (δH =6.23,
4.44 ppm, respectively). Similarly, evidence for exchange be-
tween 1 and 2, and between 2 and I, but not between I and 1
(on the 400 ms timescale) was provided by cross-peaks
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correlating to the γ-methine signals of the respective BDI ligand
backbones (Figure 3). Similar intermolecular exchange peaks
were observed between resonances of TMEDA in its complexed
and un-complexed forms (see Supporting Information). When
the mixing time was decreased to 250 ms, only a weak signal
for I–2 exchange was detected, and no cross peaks were
observed for exchange between 1 and 2, but pronounced
correlation between coordinated and free TMEDA remained.
This indicates that the kinetics of ligand dissociation are faster
compared to oxidative addition and reductive elimination of
Zn� H bonds, and supports the hypothesis that formation of 2
from 1 occurs in a stepwise fashion via I. These observations
account for the TMEDA-dependent selectivity observed in the
synthesis of 1 and 2, and confirm the reversible, N-donor

controlled nature of oxidative addition and reductive elimina-
tion of Zn� H bonds in this system. The thermodynamics of this
equilibrium (Scheme 3b) were quantified by van’t Hoff analysis
over the temperature range 247–278 K, returning values of
ΔH=22.0 kJmol� 1, ΔS=73.5 JK� 1 mol� 1. Below 247 K, substan-
tial signal broadening likely indicative of slower kinetics
prevented acquisition of meaningful van’t Hoff plots, especially
considering the near thermoneutrality of this equilibrium (ΔG-
(298 K)=0.1 kJmol� 1). These observations are complementary
to recent work by the Aldridge group, who showed that
reductive elimination and oxidative addition of tin hydrides to a
formally Sn(I) centre was controlled by (de)coordination of a
hemilabile ligand.[22c]

Scheme 3. Stoichiometric experiments demonstrating the TMEDA-controlled interconversion of 1 and 2 via oxidative addition and reductive elimination of
Zn� H bonds. Chemical shifts of key resonances in the 1H NMR shown for (b). Ar=C6H3-2,6-iPr2.

Figure 3. Expanded NOESY spectrum (400 MHz, toluene-d8, 273 K, 400 ms evolution time) obtained from the equimolar reaction of I and 1 (Scheme 4b),
highlighting cross-peaks indicative of exchange between I and 2, and between 2 and 1.
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The interconversion of 1 and 2 was investigated computa-
tionally using Density Functional Theory (DFT) at the B3PW91
level including solvent (benzene, see Supporting Information
for details). Consistent with experimental observations, the
overall process was calculated to be almost thermoneutral,
with 2 residing at ΔH= + 2.3 kcal/mol relative to 1+ I (Fig-
ure 4). A plausible reaction pathway was calculated to involve
initial dissociation of TMEDA, which is endothermic by
+ 7.1 kcal/mol and provides the unsaturated intermediate 1’.
Nucleophilic attack of I at the linear two-coordinate zinc
centre leads to the donor-acceptor complex 1’’ with a long
Zn1-Ga2 distance of 3.106 Å. Subsequent oxidative addition
of the Zn� H bond at the Ga2 centre to give 2 was calculated
to proceed via a 3-membered transition state, TS1 at ΔH= +

17.0 kcal/mol.
C6D6 solutions of 1 or 1-d2 were inert towards a ca. 1.5 bar

of H2 or D2. No evidence was found for H/D exchange and
although the expected hydrogenation product I-H2 (or I–D2)
was observed by 1H NMR spectroscopy, its evolution was
accompanied with formation of I and deposition of metallic
zinc (see Supporting Information for further details). Isotopic
labelling confirmed both hydride/deuteride ligands to derive
from thermolysis of the heterobimetallic, rather than from
reaction with H2 or D2.

Conclusions

[(BDI)Ga] (I) readily inserts into one or both Zn� H bond(s) of
partially deaggregated zinc dihydride as hydrocarbon/TMEDA
suspension by oxidative addition, providing the bimetallic and
trimetallic hydridogallyl-zinc complexes 1 and 2. Both insertion
processes are reversible, and selectivity can be controlled by
adjusting the stoichiometry of TMEDA. Decomposition to I, I-H2,
and metallic zinc is proposed to proceed via complex 2 and is

thus inhibited by the presence of excess TMEDA. These results
demonstrate the effect of labile ligands on controlling formal
oxidative addition and reductive elimination in main-group
compounds.[15,22] Understanding the potentially dynamic solu-
tion-state behaviour of reduced heterobimetallic complexes is
of relevance to the application of such species in small-
molecule activation and catalysis.

Experimental section
Full details of all experiments and characterisation data of the
described compounds are given in the Supporting Information.

Synthesis and characterisation of [(BDI)Ga(H)-(H)Zn{tmeda}]
(1)

A Schlenk flask was charged with [ZnH2]n (14.5 mg,
0.215 mmol)[20a,21a] and [(BDI)Ga] (I) (100 mg 0.205 mmol).[24]

TMEDA (117 mg, 1.0 mmol) and benzene (5 mL) were added and
the reaction mixture was rapidly stirred, resulting in the
formation of a bright yellow solution. The reaction mixture was
stirred at room temperature for 1 h, then passed through a
cannula filter. Compound 1 was obtained as a yellow powder
upon removal of all volatiles and stripping of residual TMEDA
with n-pentane. Yield 78 mg, 56%. Single crystals suitable for X-
ray diffraction analysis were obtained from an n-hexane/toluene
solution at � 35 °C. Compound 1 is indefinitely stable in the solid
state at � 35 °C, and stable in benzene solution for at least a
week in the presence of an excess (>5 equiv.) of TMEDA, but
otherwise decomposes over the course of a day in hydrocarbon
solvents. Here, the 1H and 13C NMR characterisation data is
reported in pure C6D6, and those recorded in TMEDA-stabilised
C6D6 solutions are detailed in the Supporting Information, as are
experimental procedures for preparation of 1-d2.
1H NMR (400 MHz, C6D6): δ 7.29–7.20 (m, 2H, para-dipp), 7.13–7.10
(m, 4H, meta-dipp), 6.36 (d, J=10.9 Hz, 1H, Ga-H), 4.88 (s, 1H, HC
{(CNdipp)CH3)}2), 4.55 (d, J=11.7 Hz, 1H, Zn-H), 4.03 (hept, J=

Figure 4. DFT calculated reaction pathway for the reaction between 1 and I. See Supporting Information for full details; Ar=C6H3-2,6-iPr2.
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6.8 Hz, 2H, HC(CH3)2)), 3.60 (hept, J=6.8 Hz, 2H, HC(CH3)2)), 2.31 (br,
1H, NCH2-uncomplexed), 2.09 (br, 4H, NCH3-uncomplexed), 1.77 (d,
J=6.8 Hz, 6H, HC(CH3)2), 1.74 (s, 6H, HC{(CNdipp)CH3)}2), 1.73–1.57
(br, 16H, NCH2 +NCH3), 1.38 (d, J=6.7 Hz, 6H, HC(CH3)2), 1.30 (d, J=

6.9 Hz, 6H, HC(CH3)2), 1.21 (d, J=6.9 Hz, 6H, HC(CH3)2).*some
integrals deviate from the expected values due to overlapping with
decomposition products I and 2.
13C{1H} NMR (101 MHz, C6D6): δ 166.18 (HC{(CNdipp)CH3)}2), 145.72
(ipso-dipp), 145.31 (ortho-dipp), 143.75 (ortho-dipp), 125.38 (meta-
dipp), 124.36 (meta-dipp), 123.94 (para-dipp), 93.86 (HC
{(CNdipp)CH3)}2), 57.27 (br, NCH2), 47.98 (br, NCH3), 29.61 (HC(CH3)2),
27.68 (HC(CH3)2), 26.84 85 (HC(CH3)2), 25.24 (HC(CH3)2), 24.74
(HC(CH3)2), 24.61 (HC(CH3)2), 23.57 (HC{(CNdipp)CH3)}2).

Analysis calculated for C35H59GaN4Zn: C, 62.65; H, 8.86; N, 8.35%.
Found: C, 62.43; H, 8.62; N, 8.67%.

IR (KBr pellet): ν=1641, 1581 cm� 1 (Ga� H, Zn� H).

Synthesis and characterisation of [(BDI)GaH}2Zn] (2)

In the glove box, a Schlenk flask was charged with [ZnH2]n (12 mg,
0.205 mmol) and [(BDI)Ga] (I) (100 mg, 0.178 mmol). A 5 mL n-
pentane solution of TMEDA (2.4 mg, 0.021 mmol) was added by
pipette. The reaction mixture was stirred for 90 min., resulting in a
cloudy bright-yellow solution, which was cycled onto a Schlenk line
and cooled to � 78 °C for 15 minutes to encourage precipitation of
by-product 1 and supress disproportionation. Cannula filtration at
this temperature provided a bright yellow solution from which
volatiles were removed under vacuum to provide a yellow powder,
identified as a 2 :1 mixture of [{(BDI)GaH}2Zn] (2) and I by 1H NMR
spectroscopy. Compound 2 was extracted from the crude product
with minimal n-pentane, filtered, and stored at � 35 °C for several
days to obtain single crystals of 2 as yellow rods suitable for X-ray
diffraction analysis. Yield 34 mg, 16%. Compound 2 is unstable in
solution; isolated samples completely decomposed to an equimolar
solution of I and [(BDI)GaH2] (I-H2) over the course of 10 h with
concomitant deposition of metallic zinc. As a result, 13C NMR data
was obtained at 273 K.
1H NMR (400 MHz, 298 K, C6D6): δ 7.15–7.02 (m, 5H, meta-dipp), 6.97
(dd, J=7.5, 1.6 Hz, 2H, para-dipp), 5.86 (br, 1H, GaH), 4.68 (s, 1H, HC
{(CNdipp)CH3)}2), 3.37 (2x overlapping hept, J=6.9 Hz, 4H, HC-
(CH3)2)), 1.49 (s, 6H, HC{(CNdipp)CH3)}2), 1.26 (d, J=6.7 Hz, 7H,
HC(CH3)2), 1.20 (d, J=6.7 Hz, 7H, HC(CH3)2), 1.10 (two overlapping
doublets, J=6.9, 12H, HC(CH3)2). *Some integrals deviate from the
expected values due to overlapping peaks assigned to decom-
position products.
1H NMR (400 MHz, toluene-d8, 273 K): δ 7.10–7.00 (m, 4H, dipp),*
6.94 (m, dipp), 5.78 (s, 1H, GaH), 4.63 (s, 1H, HC{(CNdipp)CH3)}2),
3.42-3.22 (2x overlapping hept, J=6.9, 6.8 Hz, 4H, HC(CH3)2)), 1.47
(s, 6H, HC{(CNdipp)CH3)}2), 1.22 (2x overlapped d, J=6.8, 6.8 Hz,
13H, HC(CH3)2),** 1.10 (d, J=6.7 Hz, 6H, HC(CH3)2), 1.05 (d, J=

6.9 Hz, 6H, HC(CH3)2).* overlaps with solvent.**Inaccurate integral
due to overlapped decomposition product.
13C{1H} NMR (101 MHz, toluene-d8, 273 K): δ 166.84 HC
{(CNdipp)CH3)}2, 144.76 (1-dipp), 141.44 (2,6-Dipp), 126.34 (3,5-
Dipp), 124.54 (3,5-Dipp), 123.86 (4-Dipp), 94.66 (HC{(CNdipp)CH3)}2),
29.26 (HC(CH3)2), 27.64 (HC(CH3)2), 27.22 (HC(CH3)2), 24.93 (HC(CH3)2),
24.82 (HC(CH3)2), 24.04 (HC(CH3)2), 22.87 (HC{(CNdipp)CH3)}2).

We were unable to obtain meaningful elemental analysis due to
low thermal stability and high air/moisture sensitivity of this
compound.

IR (KBr pellet): ν=1638 cm� 1 (Ga� H).

Deposition Number(s) 2170768 (1) and 2170769 (2) contain the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.
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