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THE BIGGER PICTURE A central challenge in next-generation catalysis is the utilization of Earth-abundant
elements as catalysts for waste-free transformations. Though heterogeneous systems are well developed
in this space, mechanistic understanding is poor due to challenges with in operando characterization of
those systems. Hetero-multimetallic homogeneous systems can be actively employed here to amplify cata-
lytic activity while gaining significant insights from the suite of characterization methods available under ho-
mogeneous solution-state conditions. Here, we draw inspiration from heterogeneous hydrogenation cata-
lysts in the development of a geometrically constrained gallylene-nickel complex. This discrete molecular
system can readily cleave dihydrogen, in forming hydrido-gallyl and hydrido-nickel moieties, reminiscent
of spatially well-defined multi-site hydride formation in heterogeneous systems. The GaNi-hydride complex
demonstrates temperature-controlled dihydrogen activation, extruding H2 above 50�C, and can also catalyt-
ically transfer the activated dihydrogen to alkynes, selectively forming either (Z)- or (E)-alkenes depending on
reaction conditions. Themolecular nature of this systemallows for in-depth kinetic analysis of hydrogen elim-
ination and hydrogen transfer processes. These insights, combined with quantum chemical calculations,
demonstrate that the catalytic process proceeds via a dual-center cooperative mechanism involving both
Ga and Ni, featuring an initial hydride transfer from Ga to the alkyne substrate. Moreover, (Z)-to-(E) alkene
isomerization is shown to proceed via a closely related second-sphere, Ga-centered hydrogen abstraction
mechanism, in contrast to well-established mechanisms that proceed via classical b-hydride elimination.
This demonstrates the power of bimetallic, cooperative catalysis, which we envisage will open pathways
to further unprecedented reactive processes and mechanisms.
SUMMARY
The discovery of unique mechanisms in 3d metal catalysis is of paramount importance in utilizing these
Earth-abundant metals in place of scarce precious metals. Inspired by the Horiuti-Polanyi mechanism at
play in heterogeneous hydrogenation catalysts, we describe a bimetallic molecular catalyst that can selec-
tively semi-hydrogenate alkynes via a ligand-to-substrate hydride transfer mechanism. This mimics estab-
lished heterogeneousmechanisms inwhich remote surface-bound hydride ligands undergo a similar reactive
process. This is achieved through the development of a chelate-constrained gallium(I) ligand, which operates
in concert with nickel(0) to (reversibly) cleave H2, generating a [GaNi] 1,2-dihydride complex that is found to
be the resting state in the catalytic process. This discovery takes steps toward utilizing non-innocent low-val-
ent group 13 centers in effective cooperative catalysis, opening new mechanistic pathways that may aid in
employing Earth-abundant metals in key catalytic transformations.
INTRODUCTION

Catalytic processes that achieve the transfer of H2 to a C–C triple

bond are of central importance in chemical synthesis, presenting

a sustainable, zero-waste method for alkyne functionalization.1
Chem 11, 102349,
This is an open access article under the CC BY-
Due to the particular utility of alkyne semi-hydrogenation in

selectively accessing (Z)- or (E)-alkenes,2 the development of

efficient heterogeneous catalysts that can promote this transfor-

mation has been a key focus in applied settings.3,4 Classical

systems utilize Pd,5,6 as well as other noble metals, whereby
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Figure 1. A comparison of bimetallic dihydrogen activation in hetero- and homogeneous alkyne hydrogenation catalysts, and our work

toward bimetallic cooperativity in a molecular GaI-Ni0 system

(A) The well-established heterogeneous Horiuti-Polanyi mechanism for homolytic H2 scission.

(B) The heterogeneous pseudo-Horiuti-Polanyi mechanism for heterolytic H2 scission.

(C) Extending the pseudo-Horiuti-Polanyi mechanism to bimetallic homogeneous systems.

(D) and (E) Examples of group 13 element-assisted H2 scission in their Ni complexes.

(F) Our work toward utilizing the low-valent group 13–nickel(0) interface for reversible H2 scission and the well-defined cooperative semi-hydrogenation of alkynes

at a bimetallic interface.

Article
ll

OPEN ACCESS
site-isolation (e.g., by ‘‘poisoning’’) is required to drive selectivity

for semi-hydrogenation vs. full hydrogenation,4 due to the impor-

tance of single-atommetal sites, which readily dissociate alkene

products, circumventing over-hydrogenation.7 Numerous mate-

rials have been developed to utilize more abundant, sustainable

elements for this transformation,4 leading to a plethora of

p-block element–3d-transition metal materials that can selec-

tively hydrogenate alkynes to alkenes under non-forcing condi-

tions. Specifically, [FeGa], [NiGa], and [NiAl] alloys have demon-

strated that the group 13 elements are highly proficient in this

setting,8–10 as an important shift away from Pd-derived cata-

lysts. Heterogeneous alkene hydrogenation catalysts are well

known to operate via the (pseudo) Horiuti-Polanyi mecha-

nism,4,11–14 whereby dihydrogen undergoes scission in the for-

mation of surface hydrides (Figures 1A and 1B), which are ulti-

mately transferred to surface-coordinated alkynes. This

constitutes a bi- or poly-metallic hydrogenation mechanism,

from which we can draw inspiration for molecular homogeneous

catalysis (Figure 1C). Indeed, molecular heavier d-block bimetal-

lics reported by Mankad et al. have demonstrated utility as

alkyne semi-hydrogenation catalysts, proposed to operate via

cooperative H2 activation in forming intermolecular hydride spe-
2 Chem 11, 102349, April 10, 2025
cies that work in concert to affect selective (E)-alkene forma-

tion.15,16 Further examples of homo- and hetero-bimetallic sys-

tems have been reported that catalyze this process,17,18

including MOF (metal-organic framework)-supported examples,

which can affect the selective semi-hydrogenation of alkynes

through cooperative mechanisms.19–22

Homogenous catalysts based upon abundant 3dmetals have

been a key focal point in the activation of H2 and subsequent

transfer to unsaturated substrates, as a move away from noble

metals.2,23,24 Cooperativity has played a key role in establishing

such systems21,25–27; numerous catalysts are now known that

feature proton acceptor ligands, which mitigate a formal oxida-

tive addition/reductive elimination mechanism.24,28 Redox-inno-

cent Lewis acid ligands have also been employed as both spec-

tators and hydride acceptors (Figure 1D),22,29–32 which are

known to amplify the catalytic efficiency of these systems.

Anionic boron (i.e., boryl) ligands have been shown to also effect

the activation of dihydrogen in TM complexes (Figure 1E) and

further effect the catalytic hydrogenation of alkynes.33 Still, in

all described systems, a terminal ligand-centered hydride is

not formed, and a broad exploration of catalytic efficacy in this

regard has thus not been reported to date.



Figure 2. Accessing a gallylene-nickel(0) complex through H2 expulsion from gallane

(A) The oxidative addition of phosphine-functionalized gallane 1 to nickel(0), forming 2, and subsequent H2 elimination or H2 transfer.

(B) The molecular structure of 1.

(C) The molecular structure of 2.

(D) The molecular structure of 3.

(E) Variable temperature 1H NMR spectra of 2 in the range 213–351 K, indicative of signal broadening and eventual H2 loss.
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Our central goal in this study was to access a redox non-inno-

cent, electropositive metallo-ligand that could affect the ‘‘molec-

ular’’ Horiuti-Polanyi activation of dihydrogen. Indeed, related

Al-Fe systems recently reported by Crimmin et al. demonstrate

a significant amplification in bond activation capacity through

bimetallic cooperativity,34–36 while the groups of both Walensky

and Fischer have demonstrated the bimetallic activation of H2 in

molecular U-Al species and soluble [NiGa] clusters, respec-

tively.37,38We targeted highly electrophilic s-donor ligands utiliz-

ing a group 13 element(I) center, built into a chelating ligand
framework, to mimic the active sites of the aforementioned het-

erogeneous semi-hydrogenation catalysts. Such a system, with

a strongly electrophilic ligand center, may benefit catalysis on

two fronts: (1) the non-innocent ligand center allows for mimicry

of the described heterogeneous hydrogenation mechanism,

whereby H2 activation generates a second-sphere, ligand-

bound hydride ligand, which is subsequently transferred to a

metal-bound unsaturated C–C bond and (2) the highly electro-

positive ligand center, which bares two vacant p-orbitals, may

drive reductive elimination from a 3d-metal center. Herein, we
Chem 11, 102349, April 10, 2025 3



Figure 3. Contour plots of the main NOCV

deformation densities r (isosurface value of

0.001 a.u.), associated energies DE(r), and

interacting orbitals in 3
The electronic charge flows from red to blue. The

eigenvalues |n| indicate the relative size of

the charge flow. All data have been computed at

the ZORA-BP86-D3/TZ2P//RI-BP86-D3/def2-SVP

level.
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report on such a system, whereby a gallylene-ligated nickel com-

plex can achieve temperature-dependent reversible activation of

dihydrogen through hydride transfer to the electropositive gal-

lium center. We demonstrate that this system can transfer the

activated dihydrogen to alkynes, selectively generating either

(Z)- or (E)-alkenes in a catalytic manner. A combination of kinetic

analyses and density functional theory (DFT) investigations sug-

gest that hydride transfer from the Ga-center to the Ni-bound

alkyne is key in this process, in a sense mimicking the dual-site

bimetallic mechanism at play in classical heterogeneous hydro-

genation catalysts.

RESULTS AND DISCUSSION

Synthesis of a geometrically constrained GaI-Ni0

complex via hydrogen extrusion from a gallane
Our initial approach toGaI-ligated Ni0 systems looked toward the

synthesis of two-coordinate gallylenes employing the phos-

phine-appended amido ligand, CyL (CyL = {[Cy2PCH2Si(
iPr)2]
4 Chem 11, 102349, April 10, 2025
(Dipp)N}; Dipp = 2,6-iPr2C6H3). Reduction

of CyLGaX2 (X = Cl, I) with a range of

reducing agents led, in all cases, to over-

reduction, with the formation of elemental

gallium residues. We then turned our

attention to a hydrogen elimination strat-

egy, given that a few systems are known

to afford complete H2 extrusion.
39,40 Addi-

tion of CyLGaH2 to IPr$Ni(h6-tol) (IPr =

[(Dipp)NC(H)]2C:) led to a formal oxidative

addition reaction, forming 1,2-dihydride

complex 2 (Figure 2A). The molecular

structure of this species reveals one termi-

nal Ga-H ligand and one Ga$$$H-Ni

bridging hydride ligand (Figure 2C), sup-

ported by computational analyses

(Figures S129 and S130 in the supple-

mental information), therefore constituting

a rare example of such a dihydride com-

plex for the group 13 elements. A broad

stretching band is observed in the ATR-

IR (attenuated total reflectance-infrared)

spectrum of 2 at n = 1,798 cm�1, which

we attribute to overlapping signals for

the Ga–H and Ni–H moieties. The nature

of these hydride ligands is further borne

out by their 1H NMR (nuclear magnetic

resonance) spectroscopic shifts. While
these are significantly broadened at ambient temperature, they

resolve into two clear sets of doublets of doublets at 213 K (Fig-

ure 2E): the signal pertaining to the terminal gallium hydride is

found at d = 5.79 ppm (3JHP = 9.6 Hz, 3JHH = 25.0 Hz), aligning

with known terminal Ga–H ligands,41 and the bridging hydride

at d =�5.92 ppm (2JHP = 78.4 Hz, 3JHH = 25.0 Hz). The latter shift

is in keeping with known species bearing and E$$$H–Ni moiety

(E = Al, Si),42–44 though we note that no such complexes are

known for gallium. We attribute signal broadening on warming

to fluxional exchange processes in 2 at ambient temperature.

On attempting to resolve these signals at higher temperatures,

we instead observed that complex 2 spontaneously eliminates

H2 when heated. Variable temperature (VT) NMR analysis indi-

cates an onset temperature of 50�C, where H2 elimination is

slow, while complete H2 expulsion is observed after 40 min at

90�C (Figures S59 and S60). After this time, Ga–H and Ni–H hy-

dride signals can no longer be observed, and a single new signal

is observed in the 31P{1H} NMR spectrum for these mixtures.

Deep red-purple crystals of the product could be isolated from



Figure 4. Computed reaction profile for the

elimination of H2 from 2M, yielding 3M
Relative free energies (DG, at 298 K) and bond

distances are given in kcal/mol and angstroms,

respectively. All data have been computed at

the PCM-BP86-D3/def2-TZVPP//BP86-D3/def2-

SVP level.
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these reactions in up to 72% yield; a SC-XRD analysis revealed

the formation of complex 3, a highly geometrically constrained

gallylene-nickel(0) complex (Figure 2D). This H2 elimination pro-

cess is related to that observed earlier by Aldridge et al. utilizing

the related b-diketiminate system DipNacnacGaH2 (
DipNacnac =

[C{C(Me)N(Dip)}2]
�),39,40 though we note that this is not a com-

mon observation, and as yet a thermally controlled example is

unknown. Per complex 2, the CyLGa unit chelates the Ni0 cen-

ter, binding through both the P and Ga centers. This leads to a

highly bent N-Ga-Ni angle of 129.78(7)�, only slightly less acute

than that in 2 (:NGaNi 120.64(7)
�). The Ga-Ni distances are also

similar in both species (dGaNi: 2 = 2.2887(9) Å; 3 = 2.2614(7) Å),

indicating a minimal change in bond order on moving from

gallyl to gallylene ligand. We attribute this to the chelating

phosphine arm, which prevents linearization and so thwarts

multiple bond formation. Here, we note that no other ‘‘bent’’

terminal, low-coordinate triylene-TM complexes are known.

The molecular orbitals of 3 were thus investigated via compu-

tational DFT methods. We were surprised to find that, although
Scheme 1. Kinetic and thermodynamic studies of the reactions of 2 and 3 with alkyne and H2
the highest occupied molecular orbital

(HOMO) is mainly located at nickel (dyz

atomic orbital), the HOMO�1 of this spe-

cies represents a lone electron pair at Ga,

and the lowest unoccupied molecular

orbital (LUMO) a vacant p-orbital at the

same center (Figures S131–S133). As

such, 3 is in fact isoelectronic to a met-

allo-tetrylene,45 with a Z-type gallylene

ligand accepting electron density from

the Lewis basic Ni0 center.

The unprecedented nature of the
bonding situation in this group 13-TM species, particularly

the Ga–Ni interaction, deserves further analysis. To this end,

we applied the energy decomposition analysis-natural orbital

for chemical valence (EDA-NOCV) method, at the dispersion-

corrected ZORA-BP86-D3/TZ2P level, to gain more insight

into the main orbital interactions in 3 (Figure 3). By using the

neutral [Ni(NHC)] and [Ga$$$P] as fragments, we found that

the Ga-Ni interaction is mainly composed of two dative bonds

derived from the donation of electron density from two doubly

occupied d atomic orbitals at the transition metal to the vacant

p atomic orbitals at gallium (denoted as r1 and r2, in Figure 3).

The bonding is completed by the expected donation from the

phosphine to the vacant s atomic orbital of the nickel atom (de-

noted as r3). Our calculations indicate that r1 is almost twice

as strong as r2, with no possible backdonation from the gal-

lium to the transition metal, which therefore agrees with the

Lewis representation of 3 given in Figure 2 featuring a strong

Ni/Ga dative bond and an available lone pair at the gallium

center.
/D2, respectively

Chem 11, 102349, April 10, 2025 5



Scheme 2. Kinetic and thermodynamic studies of the reactions of 2
and 3 with alkyne and H2/D2, respectively
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Kinetic and DFT analysis of the mechanism of H2

elimination from 2
The mechanism for the elimination of H2 from 2 was also inves-

tigated here (Figure 4). To this end, we investigated the pro-

cess involving the model system 2M, in which the bulky cyclo-

hexyl and isopropyl substituents were replaced by methyl

groups. The overall dihydrogen extrusion process is ender-

gonic by 7.2 kcalmol�1, with a relatively large barrier of

30.7 kcalmol�1, which accounts for the observation that this

process is only accessible at higher temperatures. An initial

hydride migration from Ga to Ni (viz., TS1, DGz =

17.1 kcalmol�1) leads to nickel-dihydride complex INT1

(DGR = 9.2 kcalmol�1), which is converted to Ni-H2 complex

INT2 (DGR = 7.7 kcalmol�1) via a formal reductive elimination.

This species readily undergoes a barrierless dissociation of H2

in forming 3M (DGR = 7.2 kcalmol�1). Notably, reductive elim-
6 Chem 11, 102349, April 10, 2025
ination of H2 from NiII centers is typically a challenging pro-

cess. It is thus likely that the Z-type ligand character of the

GaI ligand in this system aids in driving this process, as has

been recently observed in zinc-coordinated nickel species.46

Now looking at the reverse reaction, i.e., H2 activation by

3M, a barrier of only 23.5 kcalmol�1 is found, with an overall

exergonic reaction profile. Given that 3 can be seen as isoelec-

tronic to a metallo-tetrylene, which are known to undergo

oxidative addition at the tetryl center,47,48 the mechanism for

H2 binding and activation at Ga was also investigated using

DFT methods (Figure S134). Although this pathway can indeed

be located, the computed barrier for this process of

48.9 kcalmol�1 far exceeds that of the Ni-mediated pathway

and would not incite facile H2 activation at ambient tempera-

ture. Experimentally, we find that complex 3 does indeed acti-

vate H2, under 1 atm of pressure at ambient temperature

within minutes. Thus, this represents the temperature-

controlled reversible activation of dihydrogen. Conducting

the same reaction with D2 gives access to the deuterated de-

rivative of 2 (i.e., 2-D), allowing for the determination of a room

temperature primary equilibrium isotope effect (EIE) of 2.41 for

the activation of H2/D2 by 3 (Scheme 1). Such a large normal

value may suggest particularly weak Ga�H/Ni�H bonds and

aids in confirming that no low-energy H2 s-complex is

formed.49,50 Conducting an Eyring analysis for the elimination

of H2 from 2 in the temperature range 344–362 K (Figures

S65–S69) gave a DGz
298 value of 28.3 kcalmol�1, in keeping

with that for the calculated mechanism given in Figure 4, so

supporting the predicted pathway.
Figure 5. Computed reaction profile for the

hydrogenation of 2-butyne by 2M, yielding

3M and 2-butene

Relative free energies (DG, at 298 K) and bond

distances are given in kcal/mol and angstroms,

respectively. All data have been computed at

the PCM-BP86-D3/def2-TZVPP//BP86-D3/def2-

SVP level.



Figure 6. The proposed catalytic cycle, based on DFT calculations

and supported by kinetic analyses, for the semi-hydrogenation of

2-butyne mediated by 2M
Relative free energies (at 298 K) were computed at the PCM-BP86-D3/def2-

TZVPP//BP86-D3/def2-SVP level.
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Experimental and computational analysis of the
stoichiometric hydrogen transfer reactivity of 3
Further reactivity studies of 2 and 3 revealed that (1) hydride

complex 2 can be accessed by the dehydrogenation of ammonia

borane, and perhaps more importantly, (2) that 2 can be

dehydrogenated by unsaturated C-C species (Scheme 2). In a

first instance, a 1:1:1 mixture of 1, [Ni(cod)2], and IPr selectively

leads to the formation of 3, with cod abstracting H2 from 2 in situ,

borne out by the observation of cyclooctane and cyclooctene in

these reaction mixtures. This represents a one-pot process for

accessing gallium(I) ligands by complete dehydrogenation of a

gallane. Though stoichiometric reactions of 2 with alkenes are

sluggish, the addition of 4-octyne to 2 rapidly leads to the forma-

tion of 3 and (Z)-4-octene. In order to gain thermodynamic in-

sights into this dehydrogenation process, an Eyring analysis

was conducted. Here, we investigated the reaction of 2 with

(Me3Si)CCMe, which leads to a slower, more readily monitored

reaction within the temperature range of 297 to 327 K (Scheme

2; Figures S71–S80). We find a DGz
298 value of 25.9 kcalmol�1,

in addition to DHz and DSz values of 16.0 kcalmol�1 and �33.2

calK�1mol�1, respectively. Of note here is the entropic factor,

for which a negative value is indicative of an associative mecha-

nism, again aligning with a rate-limiting insertion process. This is

further bolstered when conducting the same study with 2-D,

which yields a slightly higher DGz
298 value of 26.2 kcalmol�1,

indicating that scission of the stronger Ga–D bond is again rate

determining. Here, a primary KIE of 1.71 also aligns with a

rate-limiting insertion reaction.51,52 The mechanism for this pro-

cess was further probed by DFT methods (Figures 5 and S115).

First, it was found that alkyne binding at either Ni or Ga is
feasible, with the former having a slightly more favorable energy

(i.e., 1.8 kcalmol�1) than the latter (i.e., 5.8 kcalmol�1). Insertion

proceeds in both cases: this leads to an ‘‘energetic sink’’

of �31.9 kcalmol�1 through binding at Ga, making this Ga-

centered mechanism unfeasible. Conversely, insertion at Ni pro-

ceeds through an energetically feasible barrier of 23.6 kcalmol�1,

whereby the Ga–H ligand is transferred to the alkyne fragment.

This, as far as we are aware, represents a unique bimetallic

mechanism for alkyne hydrogenation. Finally, a small barrier of

0.8 kcalmol�1 is computed for the formal reductive elimination

of the product alkene at Ni, leading to a p-complex. This can

then readily eliminate its alkene ligand (�3.3 kcalmol�1) to form

3. Key observations here are (1) the calculated barrier to alkyne

insertion, which is both rate limiting and in keeping with the

magnitude of that observed experimentally, and (2) the near bar-

rierless reductive elimination of the alkene fragment at Ni, which

we again attribute to the electronic nature of the Ga ligand.

Notably, the former point aids in validating the proposed mech-

anism to some degree, further bolstered by the calculated KIE of

1.63, which aligns with the experimentally derived value of 1.71.

Combining the calculated energetic profiles for H2 activation

and alkyne hydrogenation, one finds an overall energetically

feasible reaction profile for alkyne semi-hydrogenation mediated

by 2/3 (Figure 6). This mechanism explicitly involves both Ga and

Ni, and as such should be considered as a cooperative process

for the semi-hydrogenation of alkynes. Given the ligand-to-sub-

strate hydride transfer mechanism, in conjunction with the con-

strained nature of the Ga–Ni unit in this system, one may

consider this as a molecular model for established heteroge-

neous [GaNi] catalysts for the same catalytic process.

Alkyne semi-hydrogenation catalyzed by 2/3
Having established that (1) constrained gallylene-nickel complex 3

activates dihydrogen under mild conditions and (2) that dihydride

complex 3 can transfer dihydrogen to 4-octyne to selectively

generate (Z)-4-octene, we sought to explore the utility and scope

of this system in alkyne semi-hydrogenation catalysis (Scheme 3).

Thisparticularlyexplored theselectivity for (E)/(Z)-alkene formation

and the full hydrogenation to the respective alkane. First, the cat-

alytic semi-hydrogenation of 4-octyne was optimized, leading to

the following conditions: reactions are conducted in C6D6, with

1–2 mol % 2 or 3 as a catalyst at temperatures between 25�C
and 80�C. A 0.5 bar H2 overpressure is utilized to prevent the gen-

eration of negative pressures. This leads to complete semi-hydro-

genation to (Z)-4-octene in 3 h at ambient temperature with 1 mol

%catalyst. Conducting reactions on a slightly larger scale (i.e., us-

ing 40 mg 2) allowed for vacuum transfer of all volatiles and isola-

tion of the solid residue, which was confirmed by NMR spectros-

copy to contain a 5:1 mixture of 2 and 3, respectively

(Figures S120 and S121 in the supplemental information). This is

in keeping with 2 being the catalyst resting state, as one would

expect from the kinetic and computational experiments described

above. Additionally, we note that while monitoring all catalytic re-

actions, the only observed species is 2, again indicative of this be-

ing the catalyst resting state.

Extending the scope for aliphatic alkynes, we found that the

reaction rate and selectivity are distinctly affected by chain

length, most likely due to steric pressure. 5-Decyne is selectively
Chem 11, 102349, April 10, 2025 7



Scheme 3. Scope of the catalytic semi-hy-

drogenation of internal alkynes mediated

by 2 or 3
All reactions employed 4 or 8 mM catalyst solu-

tions in toluene for 1 or 2 mol % loadings, respec-

tively, with 0.05 mmol mesitylene as an internal

standard. Reactions were performed in Teflon-

sealed Schlenk flasks, with stirring using a mag-

netic stir bar at 1,500 rpm. The given percentages

relate to the conversion of the alkyne substrate to A,

B, and C, and also account for by-products. All

conversions are calculated by 1H NMR spectros-

copy, by integration against an internal standard.
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semi-hydrogenated to (Z)-5-decene in 8 h, being significantly

slower than 4-octyne, while 3-hexyne shows full conversion to

3-hexene after just 2 h, with 81% selectivity for the (Z)-isomer.

The smaller 2-hexyne leads to near-equal mixtures of (E):(Z) iso-

mers, implying important steric effects in limiting the rate of

alkene isomerization. The (Z)-isomers can also be accessed for

the semi-hydrogenation of bis(aryl)alkynes, albeit with some

degree of (E)-isomer formation. Notably, however, simply

increasing reaction temperature here leads to complete and se-

lective formation of (E)-isomers, demonstrating control over

selectivity using this catalytic system. Here, we also demon-

strate the tolerance of fluoride and ether functional groups.

(Aryl)(alkyl)alkynes allow only for the selective formation of

(E)-isomers, with moderate to good conversions; however, side

reactions become prominent here when employing short alkyl

chains. It is interesting to note that ene-yne 1-phenyl-4-

penten-1-yne selectively forms the (Z)-isomer of 1-phenyl-4-

penten-1-ene, with no over-hydrogenation of the internal or ter-

minal alkene observed, again demonstrating a high degree of

selectivity with this catalyst. Finally, and most impressively, tri-

methylsilyl-substituted alkynes can also be semi-hydrogenated

under the given conditions using 2 as the catalyst. This selec-

tively leads to the formation of (E)-isomers, with extended reac-

tion times and higher temperatures typically required (i.e., 30–48

h, 45�C–80�C). Nevertheless, these are among the most chal-

lenging alkynes to functionalize, highlighting the potential of

the described cooperative mechanism in this catalytic system.

As a whole, the catalytic efficiency of 2 and 3 compares favor-

ably with earlier reported Ni-centered catalysts for alkyne
8 Chem 11, 102349, April 10, 2025
semi-hydrogenation,2,22,53–55 with notably

mild conditions. In this light, the activity of

catalysts 2/3 was also compared against

their synthetic precursors, i.e., 1, Ni(cod)2,

and IPr$Ni(h6-tol) (Table S6 in the supple-

mental information). For this, the semi-hy-

drogenation of diphenylacetyene was

screened, given that 2/3 can selectively

generate (Z) or (E) stilbene from this alkyne

depending on reaction temperature (i.e.,

RT or 60�C, respectively), with little

observed over-hydrogenation. Both 1

and Ni(cod)2 demonstrate no activity for

this catalytic process, with the latter form-

ing metallic nickel, as has been described
previously.56 IPr$Ni(h6-tol) does show activity, with�60%alkyne

conversion observed for comparable reaction times and condi-

tions used for full alkyne consumption employing 2, demon-

strating an enhanced activity in the latter. Further, conducting

catalysis using IPr$Ni(h6-tol) at 60�C leads to minimal isomeriza-

tion (i.e., (E):(Z) ratio of 18:82), and catalyst decomposition (see

the supplemental information for details). These combined con-

trol experiments would indicate that bimetallic 2 is a superior

catalyst in regard to efficiency, stability, and alkene isomerization

capacity.

Given that both (Z) and (E) alkenes can be accessed using 2 as

a catalyst, we were curious as to the mechanism of this process,

and particularly whether it involves both Ni and Ga. First, it was

found that pure samples of (Z)-stilbene are readily and selectively

isomerized to (E)-stilbene at 60�C in 7 h (1 mol % 2, 1.5 bar

H2), with just 3% over-hydrogenation to 1,2-diphenylethane

(Table S7 in the supplemental information). The mechanism of

this process was then subjected to computational assessment,

giving additional key insights (Figure S136 in the supplemental

information). Akin to that observed for alkyne hydrogenation,

the (Z)-alkene first coordinates at Ni, followed by Ga–Hmigration

to the alkene fragment with a barrier of 30.5 kcalmol�1. This

is �5 kcalmol�1 greater than that found for alkyne insertion,

aligning with the observation that isomerization is significantly

favored at higher temperatures. Following alkane rotation, rather

than a classical single-center b-hydride elimination process, a

dual-centered b-hydrogen abstraction reaction proceeds, medi-

ated by gallium. This perhaps gives insights into the proficiency

of this bimetallic catalyst for (Z)-(E) isomerization compared to
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single-site IPr$Ni(h6-tol), and to the best of our knowledge, rep-

resents a novel dual-centered mechanism for such a process.

Conclusions
We have described the synthesis of a low-coordinate, geometri-

cally constrained gallylene-nickel(0) complex through complete

dihydrogen extrusion from a (hydridogallyl)-nickelhydride com-

plex, accessed through the oxidative addition of a gallane to

nickel(0). This system can achieve the reversible activation of di-

hydrogen, which generates a highly reactive ligand-centered hy-

dride ligand. This facilitates the semi-hydrogenation of alkynes,

with hydride transfer from the gallium center being the rate-

limiting step in the mechanism, as supported by in-depth kinetic

and computational investigations. This gives key insights into the

power of bimetallic cooperative catalysis and opens a new vista

in the development of such non-innocent ligands built upon low-

valent group 13 elements.

EXPERIMENTAL PROCEDURES

Syntheses for compounds 2 and 3 are given below. Full experimental informa-

tion for all new compounds, catalysis studies, and kinetic studies can be found

in the supplemental experimental procedures.

Synthesis and analytical data for 2

Method A

A Schlenk flask was loaded with CyLGaH2 (0.200 g, 0.349 mmol) and IPr$Ni(h6-

tol) (0.188 g, 0.349 mmol). The flask was cooled to�78�C, and toluene (20 mL)

was added with rapid stirring. The reaction mixture was stirred for 30 min at

this temperature, allowed to warm to ambient temperature, and stirred for a

further 16 h, after which time the reaction mixture was filtered, and all volatiles

removed in vacuo, yielding a red solid. This residue was extracted with

pentane (15 mL), filtered, concentrated to �4 mL, and stored overnight at

room temperature, resulting in the formation of large dark red crystals suitable

for single-crystal X-ray diffraction analysis. The supernatant solution was

removed by filtration, and the crystals were washed with small amounts of

cold pentane (2 3 2 mL) and dried in vacuo, yielding 2 (0.273 g, 0.268 mmol,

77%) as a dark red crystalline solid.

Method B

Agas-tight Teflon-valve Schlenk flaskwas loadedwith 3 (0.100 g, 0.098mmol),

and the solid dissolved in toluene (15 mL) at ambient temperature. The flask

was subsequently pressurized with dihydrogen (5.0 grade, 1.5 bar) using 1

freeze-pump-thaw cycle, the flask was sealed, and the reactionmixture stirred

for 1.5 h at room temperature. After this time, the reaction mixture was filtered,

and all volatiles were removed in vacuo, yielding a dark red solid, which was

washed with small amounts of cold pentane (2 3 5 mL) and dried in vacuo,

yielding 72 mg of red crystalline powder. In addition, the pentane washing so-

lution was concentrated to 5 mL and stored overnight at room temperature,

leading to the formation of dark red crystals. These were isolated by filtration,

washed with cold pentane (2 mL), and dried in vacuo, giving a combined yield

of 92 mg (0.091 mmol, 93%) as a dark red crystalline solid.
1HNMR (THF-d8, 400MHz,213K): d=7.52–7.47 (m,1H,Ar-CH), 7.43 (t, 3JHH=

7.3 Hz, 2H, Ar-CH), 7.40–7.35 (m, 3H, Ar-CH), 7.31 (dd, 3JHH = 12.2, 7.8 Hz, 2H,

Ar-CH), 6.91–6.84 (m, 2H, NHC-HC=CH), 6.76 (t, 3JHH = 7.5 Hz, 1H, Ar-CH),

5.79 (dd, Ga-H, 3JHP/
3JHH = 25.0, 9.6 Hz, 1H), 4.06 (d, 3JHH = 9.1 Hz, 1H, iPr-CH),

3.38–3.27 (m, 1H, iPr-CH), 3.15–2.80 (m, 3H, iPr-CH), 2.69–2.57 (m, 1H, iPr-CH),

2.22 (s, 1H,Ali-CH), 1.84 (d, 3JHH=11.3Hz, 1H,Ali-CH), 1.67 (d, 3JHH=9.3Hz, 2H,

Ali-CH), 1.60 (d, 3JHH = 11.5 Hz, 1H, Ali-CH), 1.50 (d, 3JHH = 6.7 Hz, 5H, Ali-CH),

1.40 (d, 3JHH=7.9Hz, 7H,Ali-CH), 1.35 (dd, 3JHH=12.6, 6.5Hz, 6H,Ali-CH), 1.31–

1.24 (m, 5H,Ali-CH), 1.20 (d, 3JHH=6.5Hz, 6H,Ali-CH), 1.15 (d, 3JHH=7.0Hz, 6H,

Ali-CH), 1.08 (d, J=7.3Hz, 7H,Ali-CH), 1.00–0.93 (m,10H,Ali-CH), 0.84 (d, 3JHH=

7.6Hz, 3H, Ali-CH), 0.77 (d, 3JHH = 7.4Hz, 8H, Ali-CH), 0.41 (t, 3JHH = 13.6Hz, 1H,

Ali-CH), 0.28 (d, 3JHH=7.1Hz, 3H,Ali-CH),�0.36 (s, 1H,Ali-CH),�5.92 (dd,Ni-H,
3JHH/

2JHP = 78.4, 25.0 Hz, 1H). 13C{1H} NMR (THF-d8, 101 MHz, 298 K): d =
204.39 (d, 3JPC = 6.1 Hz, N-C-N), 149.59 (Ar-C), 147.37 (br, Ar-C), 146.70 (Ar-

C), 145.72 (Ar-C), 139.48 (br, Ar-C), 130.30 (br, Ar-C), 125.58 (br, Ar-C), 124.95

(br, Ar-C), 123.37 (br, Ar-C), 122.26 (br, Ar-C), 41.65 (d, 3JPC = 16.9 Hz, Ali-C),

35.24 (Ali-C), 29.44 (br, Ali-C), 29.39 (br, Ali-C), 29.33 (br, Ali-C), 28.63 (br, Ali-

C), 28.51 (br, Ali-C), 28.20 (br, Ali-C), 27.68 (br, Ali-C), 27.41 (br, Ali-C), 26.78

(br, Ali-C), 24.36 (br, Ali-C), 24.01 (br, Ali-C), 23.76 (br, Ali-C), 23.66 (br, Ali-C),

23.39 (br, Ali-C), 20.39 (br, Ali-C), 20.07 ( Ali-C), 19.52 (Ali-C), 16.10 (Ali-C),

14.57 (Ali-C),6.80 (d, 2JPC = 9.0 Hz, Si-CH2-P).
31P{1H} NMR (THF-d8, 162

MHz, 298 K): d = 20.1 (s, CH2-P-(Cy)2).
Mass spectrometry

[LIFDI-HRMS]: [C58H89GaN3NiPSi]
+: calc. 1,017.5396; exp. 1,017.5267.
Elemental analysis

C58H91GaN3NiPSi: calc. C, 68.31% H, 9.19% N, 4.12%; found C, 68.48% H,

9.37% N, 4.12%.

IR spectroscopy ṽ [cm�1]

[ATR]: 1,798 (br, Ga-H, Ni-H).

UV/vis spectroscopy lmax [nm] (ε [Lmol�1cm�1])

340 (12,6050), 444 (27,470).
Synthesis and analytical data for 3

Method A

A Schlenk flask was loaded with Ni(cod)2 (0.240 g, 0.873 mmol), dissolved in

toluene (20 mL), and the solution cooled to �78�C. Subsequently, IPr was

added (0.339 g, 0.873 mmol) as a solution in toluene (10 mL) over the course

of 10 min. The reaction solution was then stirred for 30 min at room tempera-

ture. The resulting solution was again cooled to �78�C, and CyLGaH2

(0.500 mg, 0.698 mmol) was added as a solution in toluene (20 mL) over the

course of 10 min. The reaction mixture was stirred for 10 min at �78�C, fol-
lowed by 16 h at room temperature. The reaction mixture was subsequently

filtered, and all volatiles were removed in vacuo, yielding a dark red powder.

This residue was washed with pentane (10 mL) and dried in vacuo, yielding 3

(494 mg, 0.484 mmol) as an analytically pure dark red crystalline powder. In

addition, the pentane washing solution was concentrated to 5 mL and stored

at ambient temperature overnight, leading to the formation of dark red-purple

crystals suitable for single-crystal X-ray diffraction analysis. These were iso-

lated by filtration, washed with a small amount of cold pentane (2 mL), and

dried in vacuo, yielding 3 (73 mg, 0.072 mmol). Combined yield of 3: 567 mg

(0.556 mmol, 64%).
1H NMR (C6D6, 400 MHz, 298 K): d = 7.21 (dd, 3JHH = 7.3, 5.0 Hz, 4H, NHC/

N-Dipp-CH), 7.12 (d, 3JHH = 7.6 Hz, 4H, NHC/N-Dipp-CH), 7.06 (t, 3JHH =

7.5 Hz, 1H, NHC/N-Dipp-CH), 6.56 (s, 2H, NHC-HC=CH), 3.78 (p, 3JHH =

6.8 Hz, 2H, N-Dipp-iPr-CH), 3.23 (p, 3JHH = 6.8 Hz, 4H, NHC-Dipp-iPr-CH),

1.99–1.88 (m, 4H, Cy-CH), 1.80–1.75 (m, 2H, Cy-CH), 1.73–1.66 (m, 4H, Cy-

CH), 1.61 (s, 2H, Cy-CH), 1.43 (d, 3JHH = 6.9 Hz, 6H, N-Dipp-iPr-CH3), 1.38

(d, 3JHH = 6.8 Hz, 14H, NHC-Dipp-iPr-CH3/iPr-CH), 1.28 (d, 3JHH = 6.6 Hz,

6H, N-Dipp-iPr-CH3), 1.25–1.18 (m, 9H, Cy-CH), 1.15 (s, 1H, Cy-CH), 1.11

(m, 6H, iPr-CH3), 1.03 (m, 18H, N-Dipp-iPr-CH3/iPr-CH3), 0.99 (m, 2H, Si-

CH2-P).
13C{1H} NMR (C6D6, 101 MHz, 298 K): d = 196.39 (d, 3JPC =

43.9 Hz, N-C-N), 145.88 (NHC-Dipp-ipso/OCH), 145.28 (N-Dipp-ipso/OCH),

144.32 (N-Dipp-ipso/OCH), 138.31 (NHC-Dipp-ipso/OCH), 129.37 (Dipp-pCH),

124.36 (NHC-Dipp-mCH), 123.22 (NHC-Dipp-mCH), 122.86 (NHC-HC=CH),

121.82 (Dipp-pCH), 40.96 (d, 2JPC = 17.1 Hz, Cy-CH), 34.45 (Cy-CH), 30.56

(d, 4JPC = 2.8 Hz, Cy-CH), 30.15 (d, 4JPC = 3.2 Hz, Cy-CH), 28.58 (NHC-

Dipp-iPr-CH), 28.33 (Cy-CH), 28.23 (N-Dipp-iPr-CH3), 28.12 (N-Dipp-iPr-

CH), 28.01 (Cy-CH), 27.87 (Cy-CH), 26.85 (Cy-CH), 25.59 (Cy-CH), 23.60

(Cy-CH), 23.57 (N-Dipp-iPr-CH3/NHC-Dipp-iPr-CH3/iPr-CH), 22.74 (Cy-CH),

19.74 (iPr-CH3), 19.30 (iPr-CH3), 15.60 (d, 3JPC = 3.9 Hz), 14.30 (Cy-CH),

4.52 (d, 2JPC = 5.6 Hz, Si-CH2-P).
31P{1H} NMR (C6D6, 162 MHz, 298 K): d =

31.1 (s, CH2-P-(Cy)2).
29Si{1H} NMR (C6D6, 400 MHz, C6D6, 298 K): d = �0.3

(d, 2JSiP = 6.2 Hz, CH2-Si-(
iPr)2).
Mass spectrometry

[LIFDI-HRMS]: [C58H91GaN3NiPSi]
+: calc. 1,017.5396 exp. 1,017.5452.
Chem 11, 102349, April 10, 2025 9
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Elemental analysis

C58H91GaN3NiPSi: calc. C, 68.44% H, 9.01% N, 4.13%; found C, 67.10% H,

9.18% N, 3.86%.

UV/vis spectroscopy lmax [nm] (ε [Lmol�1cm�1])

282 (100,008), 451 (76356), and 536 (53,715).
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