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Solvent-Dependent Oxidative Addition and Reductive Elimination of

H, Across a Gallium-Zinc Bond

Louis J. Morris, Thayalan Rajeshkumar, Akira Okumura, Laurent Maron,* and Jun Okuda*

Abstract: H, adds reversibly across the metal-metal
bond of [(BDI)Ga(H)-Zn(tmeda)(thf)][BAr,f] (BDI=
[HC{C(CH;)N(2,6-iPr,-C¢H;)},]", TMEDA =N,N,N',N'-
tetramethylethylenediamine, BAr,” =[B(CsHs-
3,5-(CF3),)4]7). Due to the stabilising effect of solvent
coordination, hydrogenation products [(BDI)GaH,] and
[(tmeda)ZnH(thf)][BAr] are favoured in THF solu-
tion, but THF-free mixtures of [(BDI)GaH,] and
[(tmeda)ZnH(OEL,)][BAr] are predisposed towards
entropically driven dehydrogenation to [(BDI)Ga-
(H)—Zn(tmeda)][BAr, ] in fluorobenzene solution. )

Oxidative addition and reductive elimination of H, across
metal-metal bonds is not only at large on the surfaces of
heterogeneous catalysts, but also a key step in industrially
important homogeneous catalysis, such as cobalt-catalysed
hydroformylation (Scheme 1a).!" Reports of ambiphilic
main-group (MG) compounds that split dihydrogen are
growing,” but systems capable of activating dihydrogen in a
reversible manner are scarce. The cooperative action of two
main-group centres has been a successful strategy in this
respect: H, reversibly adds across the respective phosphorus
or boron centres of diphosphadiazane-diyl singlet
biradicaloid® or reduced dibora-anthracenes.”! In solution,
terphenyl-substituted tin(II) hydrides exist in equilibrium
with the dehydrogenated distannyne,! whilst reversible
hydrogenation of a stannylene can be mediated by an
external Lewis-base via a “Frustrated Lewis Pair” (FLP)-
like mechanism. Preventing formation, or aiding dissocia-
tion of a classical Lewis acid-base adduct is key to
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Scheme 1. Reversible activation of dihydrogen by a) transition metal
dimers, b) frustrated Lewis-pairs, c) gallium-zinc heterobimetallic (this
work). LB:, Lewis base; LA, Lewis acid.

reversibility in FLP systems, as is the orthogonal polarity of
proton and hydride in the hydrogenated product
(Scheme 1b).[" Addition of H, across non-dissociating main-
group single bonds is more difficult.® Mg' dimers are
kinetically inert towards H,,”! yet irreversible hydrogenation
of tetra(o-tolyl)diborane[4] occurs under mild conditions.!'”!
H, activation is well known for polar early-late transition
metal (TM) and MG-TM heterobimetallics'! and by anal-
ogy, low-valent MG-MG heterobimetallics are promising
candidates for (reversible) dihydrogen activation.

Neutral and cationic M—M’ bonded heterobimetallics
based on Al/Ga—Mg/Ca/Zn combinations were systemati-
cally evaluated by the Harder and Crimmin groups for C—F/
C—H bond activation and arene reduction.” Amongst these
elements, gallium is unusual in that relatively facile inter-
conversion between the formal oxidation states 0, +1, +2
and +3 can be controlled by charge and coordination
environment.™ Power and co-workers reported the oxida-
tive addition of H, to a gallane-diyl [GaAr'] (Ar'=2,6-(2,6-
iPr,C¢H;),CsHs) via an intermediate digallene
[Ar'Ga=GaAr]." Although the related PB-diketiminato-
gallium(I) complex [(BDI)Ga] @) (BDI =
[HC{C(CH;)N(2,6-iPr,-C4H,)},]") was also reported to react
with H, under ambient conditions, forming [(BDI)GaH,] (1-
H,), this reaction was not reproducible in our hands.["
Dehydrogenation of 1-H, can be mediated by transition
metals,'®! whilst putative [GaH,]* spontaneously dehydro-
genates to [Ga]".'"! We recently reported the reversible
oxidative addition of the M—H bonds of [AIH,]* and ZnH,
to compound 1. Following prior literature on early-late
main group heterobimetallics!? and the hydrogenation/
dehydrogenation of gallium complexes,!'*!* we hypothesised
as to the viability of dihydrogen activation by unsaturated
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heterobimetallics derived from 1 and Lewis-acidic zinc
hydride cations [L,ZnH]*.[""

Adding an equimolar quantity of [(BDI)Ga] (1) to a
Et,0 solution of [(tmeda)ZnH(OEt,)][BAr, ] (2a; BAr,” =
[B(3,5-(CF;),-C4H;),] )™ provided compound 3, which was
isolated in 90 % yield as beige microcrystals by precipitation
into n-pentane (Scheme 2). Recrystallisation from fluoro-
benzene/n-pentane provided colourless X-ray quality single
crystals of the charge-separated ion pair [(BDI)Ga(H)-Zn-
n(tmeda)][BAr,] (3a) in the monoclinic space group P2,/n.
The two metals are connected by an unsupported bond, the
length of which (2.3973(11) A) is typical of a covalent bond
between these elements.” The three-coordinate TMEDA-
ligated zinc centre lies in an approximately trigonal planar
environment (Figure 1), whilst the four-coordinate gallium
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Scheme 2. Synthesis of compound 3 and crystallisation of 3a, 3b, and
4. *Isolated yield of product precipitated from Et,O/n-pentane.
®Isolated yield of product recrystallised from C¢HsF/n-pentane; crystal-
lises as gallium hydride isomer 3 a with 6% co-crystallised isomer 3 b.
“Isolated yield of product after recrystallisation by slow evaporation of
a Et,0 solution; crystallises as zinc hydride isomer 3 b with trace co-
crystalline 3a. ¢Isolated yield of product recrystallised from THF /n-
pentane; crystallises as THF-adduct 4.

Figure 1. Structures of the cationic parts of 3a (left) and 3b (right) in
the crystal. For clarity, hydrogen atoms are omitted except for the
hydride ligand, and thermal ellipsoids are shown at the 50% level. Only
the major part of the disordered TMEDA ligand in 3b is shown. The
minor component of the disordered bimetallic core in 3a is omitted.
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centre adopts a distorted tetrahedral geometry. The terminal
gallium-bound hydride ligand was unambiguously located in
the Fourier difference map and freely refined. Significant
residual electron density located near the metal centres was
attributed to a minor co-crystallised component (6%
occupancy) of isomeric [(BDI)Ga—Zn(H)(tmeda)][BAr,f]
(3b), consistent with the solution-state isomerisation behav-
iour observed by 'H NMR spectroscopy (see below).

The zinc-hydride isomer 3b could be crystallised as the
major component by slow evaporation of a concentrated
Et,0O solution of 3. The crystal structure was solved in the
triclinic space group, P1, and contains a separated ion pair
with two molecules of Et,0O per asymmetric unit. Residual
electron density near both metal centres possibly results
from traces of co-crystallised 3a. A zinc-bound hydride was
located and freely refined, and its location is further
supported by other structural features. Namely, the gallium
centre adopts a near planar trigonal geometry (£ =357°) and
is connected to the zinc atom via a bond of 2.4766(16) A in
length. This distance is almost 0.08 A longer than that of 3a,
but similar to previously reported Ga'—Zn" donor-acceptor
complexes,™ 2! and thus consistent with a dative Ga—Zn
bond between [(BDI)Ga] and [(tmeda)ZnH]* fragments.
Significant pyramidalization (Zn_zy Ga, n-znny)=2315°) of the
zinc centre is consistent with the presence of a hydride
ligand at one vertex of the distorted zinc-centred tetrahe-
dron.

Layering a THF solution of 3 with n-pentane provided
colourless single crystals of [(BDI)Ga(H)—(thf)Zn(tmeda)]-
[BAr,F] (4), which crystallises in the monoclinic space group
P2,/n. Compound 4 can be considered as the THF-adduct of
3a, the gallium-bound hydride of which was located and
freely refined. Coordination of THF to zinc results in only
slight pyramidalization of the metal centre (Zn_zy Ga N-znN)
= 348°) and the Ga—Zn bond is of similar length to 3a
(2.4030(5) A vs. 2.3973(11) A). The PMDTA derivative
[(BDI)Ga(H)—Zn(pmdta)][BAr,] (5; PMDTA =
N,N,N',N",N"-pentamethyldiethylenetriamine) was synthes-
ised by an analogous procedure, and features a Ga—Zn bond
that is further elongated (2.4107(5) A), presumably due to
the stronger combined donor properties of the chelating
triamine (see Supporting Information for details). A band at
1792 cm™ in the solid state (KBr) FTIR spectrum of 3a was
assigned to the Ga—H stretching mode. Consistent with
increasing coordination number, the corresponding band
appears at 1707 cm™ for 4, and 1692cm™ for 5. The
corresponding spectrum obtained for isolated samples of 3b
were reproducibly identical to that of 3a. Given the
observed preference for isomer 3a in solution and by
antisolvent crystallisation, we suspect that isomerisation may
occur during sample preparation where lattice solvent is
removed in vacuo.

The DFT calculated structures of 3a and 3b (B3PW91)
are in good agreement to the X-ray crystal structures, but
optimized bond lengths were slightly overestimated com-
pared to the experimental data. A dative Ga—Zn bond of
86 % s-character and 66 % gallium contribution is consistent
with 3b as a donor-acceptor complex. As a result, the four-
coordinate zinc centre carries a natural charge of 0.39,
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whereas the gallium centre is more highly charged (1.22).
Isomer 3a involves a covalent Ga-Zn bond of 63% p-
character with a 52 % contribution from gallium and similar
natural charges on each metal (0.73, Ga; 0.77, Zn). In both
compounds, the HOMO involves the metal-metal and
metal-hydride bonding orbitals (Figure 2). Whereas the
LUMO of 3b is delocalised over the BDI-ligand backbone,
it is of m-symmetry and predominantly zinc-centred in 3a.
Compound 4 displays slight polarisation of the metal-metal
bond towards gallium and predominantly BDI-based fron-
tier molecular orbitals. In each of these compounds, the
Ga—Zn Wiberg Bond Index (WBI) is consistent with a
covalent single bond (0.87, 3a; 0.84, 3b; 0.86, 4).

The NMR spectra of precipitated compound 3 are
identical to that of recrystallised 3a, 3b, and 4. In THF-d;, a
single species with well-defined BDI and TMEDA resonan-
ces was observed and assigned to THF-adduct 4, in rapid
dissociative equilibrium with the solvent. A broadened
resonance at dy=>5.72 ppm in the 'HNMR spectrum was
assigned to the gallium hydride, which shows intramolecular
correlation peaks with the isopropyl groups of the nearby
BDI ligand, but not to zinc-bound TMEDA in the corre-
sponding 'H-"H NOESY spectrum. The GaH chemical shift
is comparable to that of 5 (dz=>5.77 ppm) and [(BDI)Ga-
(H)—(H)Al(tmeda)][B(3,5-Me,-CH;),] (0y=5.39 ppm in
C,D,Br)."®] When dissolved in fluorobenzene/CyD; (10:1),
full dissociation of THF from compound 4 was indicated in
the 'H NMR spectrum, which is otherwise identical to that
of 3a and 3b. In this solvent, the major species was assigned
to the gallium-hydride isomer 3a, which shows well defined
ligand signals and a broad GaH resonance at dy=>5.75 ppm.
In addition to intramolecular coupling with the nearby
isopropyl groups, 'H-'H NOESY experiments show inter-
molecular exchange of the hydride with a broad signal
centred at dy=4.16 ppm, tentatively assigned to the ZnH
environment of isomer 3b. Broadened BDI signals of 3b

Figure 2. DFT (B3PW91) calculated HOMO (a,c) and LUMO (b,d) of
compounds 3 (a,b) and 3’ (c,d).
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were tentatively assigned on the basis of intermolecular
correlation to the corresponding resonances associated with
the ligand of 3a. These observations hint at a dynamic
equilibrium between the two isomers, and computational
assessment at the DFT level (B3PW91) agrees with a slight
thermodynamic preference for 3a (AHp,:=0.0 kcalmol™)
over 3b (AHp,=3.3 kcalmol™") in fluorobenzene solution.
Isomerisation by hydride transfer proceeds via the 3-
membered transition state TS1 (AH*p,r=18.0 kcalmol™).
Attempts to experimentally determine an equilibrium con-
stant by variable temperature (V.T.) NMR experiments in
fluorobenzene solution were frustrated by the low abun-
dance and substantial line-broadening of the minor species.
Although dissociation of THF from 4 was calculated to be
endothermic, it is entropically favourable in fluorobenzene
(exergonic by AGp,r=6.1 kcalmol™'; see Supporting Infor-
mation, Scheme S11). Invoking a THF solvent model
returned a similar potential energy surface, consistent with
observation of a single species, 4 (AHqyr=—5.2 kcalmol ™!,
with respect to 3a; Figure 3) by NMR spectroscopy in THF-
ds.

In THF-d; solution, 4°? reacts under an H, atmosphere
(ca. 1.5bar) at 70°C to yield a 1:1 mixture of 1-H, and
[(tmeda)ZnH(thf)][BArS] (2b)™ in 75% spectroscopic
yield over the course of 63 h, with net oxidative addition of
H, across the Ga—Zn bond (Scheme 3). Repeating the
reaction with D, resulted in an unresolved mixture of
isotopomers. Dissociation of THF appears crucial to this
reactivity, as coordinatively saturated PMDTA derivative §
proved inert towards H, under these conditions. It was thus
anticipated that a more rapid reaction would occur between
H, and the THF-free complex 3 in fluorobenzene solution.
By contrast, the '"H NMR spectrum of this mixture remained
unchanged after 20 h at 70°C. Repeating this reaction with
D, over the course of 3 days at 70°C, however, resulted in
formation of HD, consumption of the GaH resonance in the
"H NMR spectrum and appearance of a GaD signal at d,;=
573ppm in the 2HNMR spectrum, indicating H/D
exchange.[®!

Speculating that isotopic exchange originated from
microscopic reversibility of a hydrogenation-dehydrogen-
ation equilibrium biased towards the dehydrogenated spe-
cies, 1-H, and 2a were dissolved in fluorobenzene/C¢Dy and
the solution investigated by V.T. 'H NMR spectroscopy

. dg M
dipp <\? +H, (1.5 bar) dipp % ’
H ———————————— .

—N_ M o0 N H 7
S T ] A
Nz 70°C,63h N Y
. N /o™
dipp //N\) Argon at}Tosphere dipp H N\

-Hz
[BArST [BArT
4 1-H, 2b

40%2 75%"

Scheme 3. Reaction of compound 4 with H, and of 1-H, with 2b in
THF-d,. Reaction conditions in both cases: 70°C, 63 h. Spectroscopic
yields determined by integration of '"H NMR spectrum: *yield obtained
from dehydrogenation of 1-H, and 2b; ®yield obtained from hydro-
genation of 4, both products formed in equimolar quantities.
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under an argon atmosphere. The BDI ligand signals
remained largely unaffected over a temperature range 233-
317 K, but the gallium hydride resonance became progres-
sively broadened and upfield shifted with increasing temper-
ature (dy=4.94 ppm, w;, =70 Hz, 2908 K) and compared to
pure 1-H, (6y5=>5.06 ppm, =13 Hz, 298 K). Exchange
cross-peaks between the gallium hydride resonance and a
second species at dy=3.72 ppm were also observed in a
NOESY experiment at 233 K. These observations are
consistent with an interaction between the mononuclear
species through formation of a transient p-H bridged
dinuclear trihydride cation [(BDI)Ga(H)(u-H)Zn(H)-
(tmeda)][BAr,"] (6, Scheme 4). Attempts to crystallise such
a species by layering the aforementioned solution with n-
pentane, however, repeatedly provided single crystals of
dehydrogenation product 3a. Heating a fluorobenzene
solution of 1-H, and 2a to 50°C resulted in 87 % conversion
to 3 as a mixture of isomers 3a and 3b over the course of

. * dipp
Et,0 d'pPN‘ AT —"‘\G/H |
1y 22—~ ?NPH\H/Z[";’_“] CoHleF > N" a\Zn:-N/
‘dipp 7\ 50°C,8h dpp  _N
[BArT [BALTT
6 3a

(not isolated) 87%2
Scheme 4. Dehydrogenation of 1-H, in fluorobenzene solution medi-
ated by 2a. *Products 3a and 3 b exist as an equilibrium mixture in this
solvent. Only the major species 3a is shown for simplicity. Broadening
of the signals assigned to 3b prevents reliable quantification of
spectroscopic yield, and the more accurately determined total con-
version of 1-H, to 3 as a mixture of isomers is reported instead.
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48 h with concomitant production of H, (Scheme 4), as
determined by in situ 'H NMR spectroscopy. THF-dg
solutions of 1-H, and 2b are stable under argon at room
temperature, but slowly dehydrogenate at 70°C to provide 4
in 40% spectroscopic yield after 2 days (Scheme 3). Re-
charging this mixture with H, returned 1-H, and 2b in 73 %
spectroscopic yield after 3 days at 70°C. Furthermore,
mixtures of 1-H, and 2b undergo H/D exchange at 70°C
under a D, atmosphere. H/D exchange was not observed for
pure 1-H,, which is also stable with respect to dehydrogen-
ation in the absence of 2a/b. In contrast to literature reports,
compound 1 is unreactive towards H, in our hands.!"”

The reaction between 4 and H, was computationally
explored at the DFT (B3PW91) level with THF solvent
correction. Displacement of THF and addition of H, across
the Ga—Zn bond of 4 faces a barrier of AH 1yr=
43.1 kcalmol™' (see Supporting Information, Scheme S6).
Prior dissociation of THF and hydride transfer to provide
zinc-hydride isomer 3b (AHyr=9.0 kcalmol ™) is endother-
mic, but enables access to a less kinetically demanding
pathway involving insertion H, into the Ga—Zn bond of 3b
via an FLP-like transition state TS2 (AH yp=
39.3 kcalmol ™', Figure 3). Initial formation of dinuclear
trihydride 6 is endothermic (AHpyr=7.3 kcalmol™"), but
coordination of THF to the Lewis-acidic zinc cation drives
the reaction towards hydrogenated products 1-H, and 2b
(AHyr=—5.6 kcalmol ™). Direct oxidative addition of H, to
compound 1 was calculated to be slightly exothermic
(AHpr=—8.0kcalmol™'), but kinetically prohibitive
(AH* 13z =50.8 kcalmol™'; see Supporting Information,
Scheme S3). Although the enthalpy of hydrogenation of 3a
(AHp=12.3 kcalmol ™) to 6 (AHp,r=14.2 kcalmol™') was
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Figure 3. DFT calculated pathway for isomerisation of 3a and 3 b and the reaction of 4 with H,. Calculated potential energies AHq; (kcal mol™) are
shown with Gibbs free energies AGy¢ (kcal mol™') in parentheses. Contributions from the [BAr,”]™ anion, THF solvent and dispersion interactions

are included, see Supporting Information for details.

Angew. Chem. Int. Ed. 2022, 61, €202208855 (4 of 6)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

calculated to be near thermoneutral in fluorobenzene, it is
entropically disfavoured and not observed, since the stable
THF-adduct 2a cannot form. The experimentally observed
dehydrogenation of 1-H, and 2a (AHp,-=0.0 kcalmol ') to
3a (AHpp=123kcalmol™) via 6 and TS2 (AHpr=
45.4 kcalmol™) in fluorobenzene was calculated to be
endothermic on account of the prerequisite dissociation of
Et,0 from 2a (see Supporting Information, Scheme S12).
Thus, overall dehydrogenation may be rationalised by
entropically favourable release of Et,0O and H,. Although
subject to intrinsically high errors due to the harmonic
approximation, the overall dehydrogenation was calculated
to be exergonic by AGp,r=—7.0 kcalmol™" (see Supporting
Information, Scheme S12). Similar arguments can be made
for the slow partial dehydrogenation of 1-H, and 2b to give
4 in THF (AGqyr=—6.6 kcalmol™, Figure 3).* Dehydro-
genation of 1-H, can be considered to be Lewis-acid
mediated through formation of a p,-H interaction between
1-H, and the d" zinc cation, and is thus mechanistically
distinct  from  previously reported  TM-mediated
processes.'%!

In conclusion, dihydrogen adds across a Ga—Zn bond
with formal two electron oxidation of the gallium(I) centre.
Stabilisation of the Lewis acidic [(tmeda)ZnH]" cation by
coordinating THF is decisive in favouring H-H cleavage in
this solvent, resulting in reversible formation of [(BDI)-
GaH,]. Conversely, in weakly coordinating fluorobenzene
solution, the system is biased towards entropically driven
dehydrogenation. These findings highlight the potential for
heterobimetallics to optimise catalytically relevant oxidative

addition and reductive elimination in main-group
complexes.”!
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