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Gallium-Assisted Transfer Hydrogenation of Alkenes

Bastien Michelet, Christophe Bour, and Vincent Gandon*[a]

Abstract: We report a rare case of alkene transfer hydroge-
nation using a main-group compound instead of a transi-
tion-metal complex as catalyst. We disclosed that 1,4-cyclo-
hexadiene can be used as H2 surrogate towards olefin reduc-

tion in the presence of [IPrGaCl2][SbF6]. Hydrogenative cycli-
zations have also been carried out because this cationic gal-
lium complex is also a potent hydroarylation catalyst.

Introduction

Catalytic transfer hydrogenation is a practical synthetic
method that avoids the hazardous handling of gaseous molec-
ular hydrogen.[1, 2] Whereas various procedures have been de-
veloped for the reduction of heterofunctional groups such as
ketones and imines,[3] catalytic transfer hydrogenation of al-
kenes has been less often studied.[4] The most versatile ap-
proaches involve late transition metals such as Ru, Rh, Ir, Pd,
and Pt.[1] Methods employing catalysts based on abundant 1st
row transition metals[5] and organocatalysts[6] have also been
developed. As for main-group heteroelements, whereas the
use of frustrated Lewis pairs[7] or calcium complexes as cata-
lysts for the reduction of alkenes with H2 has become a thriving
area of research,[8, 9, 10] examples of transfer hydrogenations are
exceedingly rare.[11, 12] Styrene has been reduced into ethylben-
zene by using a large excess of 1,4-cyclohexadiene and
25 mol% iodine as nonchemoselective catalyst.[13] By using
15 mol% InCl3, highly activated electron-deficient alkenes un-
dergo reduction with NaBH4 as nonchemoselective hydrogen
donor.[14]

To our knowledge, no alkene transfer hydrogenation cata-
lyzed by a main-group compound and using a simple organic
molecule as H2 surrogate has been described.[15, 16] We have
tested a series of Group 13 Lewis acids and organic donors to-
wards alkene reduction, among which the cationic NHC galli-
um complex IPrGaCl2

+ and 1,4-cyclohexadiene emerged as the
best candidates.[17, 18, 19] Furthermore, because gallium com-
plexes efficiently catalyze the carbocyclization of arenynes into
styrene derivatives,[20] the procedure has been extended to
a new type of transfer hydrogenative cyclization process akin
to those using transition metals.[21, 22]

The triggering factor of this study was the surprising out-
come of the gallium-assisted carbocyclization of arenyne
1 (Scheme 1).[20b] Instead of the expected product 3, ketone 2
was isolated in 76 % yield. To explain the oxidation of the di-
phenyl methane fragment and concomitant reduction of the
alkene moiety of 3, we postulate the formation of alcohol 4
after hydride abstraction[23] and addition of adventitious water.
Catalytic transfer hydrogenation then takes place to give 2.[24]

Results and Discussion

Cyclohexenylbenzene was used to probe reaction conditions
applicable to simple alkenes (Table 1). With 5 mol% GaCl3, the
classical hydrogen transfer agent iPrOH did not promote the
reduction (entry 1). In contrast, exposure of the substrate to
1,4-cyclohexadiene resulted in efficient reduction at room tem-
perature (entry 2). The gallium salt proved to be the only suita-
ble catalyst among the MCl3 (M = Al, Ga, In) triad (entries 3 and
4). Gallium(III) chloride is a hygroscopic salt that is difficult to
handle, but we have previously reported that it can be advan-

Scheme 1. Cyclization of 1 (E = CO2Me) in the presence of GaCl3.
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tageously replaced by the bench-stable IPrGaCl3
[25]

used jointly with AgSbF6 to generate [IPrGaCl2]-
[SbF6].[18a,d] With this catalyst, the conversion reached
99 % (entry 5).[26] The use of silver could be avoided
by employing either the isolated cationic gallium
complex [IPrGaCl2(2,4,6-trifluorobenzonitrile)]-
[SbF6][18a] (entry 6) or a catalytic mixture of IPrGaCl3

and AlCl3 (entry 7). With [IPrGaCl2][SbF6], a low con-
version was monitored with 2,4,6-trimethylphenol
(entry 8). The use of butylhydroxytoluene (BHT) and
iPrOH as H-donor proved inefficient (entries 9 and
10). Although oxidation of Hantzsch ester occurred
to give Hantzsch pyridine in 70 % yield, no hydrogen
transfer was observed (entry 11). It is possible that
Hantzsch pyridine traps the catalyst in the form of
a stable donor–acceptor adduct,[27] or that it quench-
es an elementary step of the catalytic cycle for which
a proton is required (see mechanistic discussion
below). With Et3SiH, the product was observed in
trace amounts (entry 12). Lastly, with molecular hy-
drogen, no reaction took place (entry 13).

By using 1,4-cyclohexadiene as hydrogen donor,
the reduction of other simple or activated alkenes
was then carried out (Table 2). The gem-disubstituted
alkene 1,1-diphenylethylene was fully converted
within one hour at 20 8C to give 1,1-diphenylethane
(entry 1). With the trisubstituted alkene (Z)-1,2-di-
phenyl-1-methylethene, the reaction took place at
40 8C (entry 2). On the other hand, tetraphenylethene
remained unchanged, even at 80 8C (entry 3). The

presence of ester or ketone functionalities was perfectly toler-
ated. Selective reduction of the alkene moiety occurred with
benzylidenemalonates (entries 4 and 5) or phenylbutenoates
(entries 6 and 7). Trans-chalcone was also selectively reduced
into 1,3-diphenylpropanone (entry 8). In the absence of an aryl
substituent, only traces of product were observed (entry 9).

The reduction of endocyclic alkenes was performed at 25 8C
(Table 3). Indenes substituted at the 3-position (entries 1–3), as
well as 4-ethyl-1,2-dihydronaphthalene (entry 4), gave rise to
the expected products in good to excellent yields. In contrast,
the use of indene and dihydronaphthalene themselves (R = H)
led to polymers.

Owing to the ability of Ga(III) complexes to catalyze hydroar-
ylation of alkynes to give phenyl-substituted alkenes,[28]

a formal three-component coupling between 4-ethynylbiphen-
yl, anisole, and H2 was attempted (Scheme 2). Gratifyingly, the
expected product 7 was isolated in 78 % yield.

The dihydronaphthalene derivative 8 transformed very
cleanly into 9 in 1 h at 80 8C with 91 % yield (Scheme 3). Again,
the formation of 9 can be envisaged by hydroarylation of are-
nyne 10.[29] The reaction of the latter with 1,4-cyclohexadiene
eventually furnished 9 in 85 % yield.

The generality of this tandem process was validated further
by using arenynes 11 a–f (Table 4). The desired bicyclic prod-
ucts were isolated in good to excellent yields even in the case

Table 1. Catalytic transfer hydrogenation of cyclohexenylbenzene.

Entry Cat. H Donor Conv.
[%][a]

1 GaCl3 iPrOH 0
2 GaCl3 1,4-CHD[b] 87
3 AlCl3 1,4-CHD 0
4 InCl3 1,4-CHD 9
5 [IPrGaCl2][SbF6][c] 1,4-CHD 99
6 [IPrGaCl2·(2,4,6-

trifluorobenzonitrile)][SbF6]
1,4-CHD 87

7 [IPrGaCl2][AlCl4][d] 1,4-CHD 87
8 [IPrGaCl2][SbF6][c] 2,4,6-trimethyl-

phenol
30

9 [IPrGaCl2][SbF6][c] BHT[e] –[f]

10 [IPrGaCl2][SbF6][c] iPrOH 0
11 [IPrGaCl2][SbF6][c] Hantzsch ester[g] 0
12 [IPrGaCl2][SbF6][c] Et3SiH <5
13 [IPrGaCl2][SbF6][c] H2

[h] 0

[a] Conversion was determined by GLC analysis. [b] 1,4-Cyclohexadiene.
[c] Generated in situ by using IPrGaCl3 (5 mol%) and AgSbF6 (7 mol%);
see ref. [18d] for the solid-state structure of [IPrGaCl2][SbF6] . [d] Generated
in situ by using IPrGaCl3 (5 mol%) and AlCl3 (50 mol%). [e] Butylhydroxyto-
luene. [f] Complex mixture. [g] Diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridi-
nedicarboxylate. [h] 1 atm.

Scheme 2. Trimolecular hydroarylation/transfer hydrogenation tandem reaction.

Table 2. Catalytic transfer hydrogenation of alkenes.

Entry R1 R2 R3 [b] R4 [b] T [8C] t [h] Yield [%][c]

1 Ph Ph H H 20 1 67
2 Ph Me Ph H 40 2 70
3 Ph Ph Ph Ph 80 4 0
4 Ph H E1 E1 80 16 72
5 4-MeOC6H4 H E2 E2 40 4 75[d]

6 Ph Ph E2 H 80 4 50
7 Ph Me H E2 80 4 50
8 Ph H H COPh 80 4 56
9 Me Me E2 H 80 16 <5

[a] Generated in situ by using IPrGaCl3 (5 mol%) and AgSbF6 (7 mol%); see ref. [18d] for
the solid-state structure of [IPrGaCl2][SbF6] . [b] E1 = CO2Et; E2 = CO2Me. [c] Yield deter-
mined by 1H NMR spectroscopic analysis by using p-anisaldehyde as internal standard.
[d] Isolated yield.
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of a double tandem reaction, which gave rise to tricyclic prod-
uct 12 f in 91 % isolated yield (entry 6).

A catalytic cycle that accounts for both the carbocyclization
of arenyne I and the transfer hydrogenation is shown in
Scheme 4. Various activation processes can be envisaged be-
cause the mechanism of the transfer hydrogenation likely in-
volves a relatively stable benzylic carbocation such as IV.
Whereas Ga+ could be the actual catalyst, it is also possible
that the highly electrophilic gallium complex generates an
active Brønsted acid in the reaction mixture.[30] For instance,
the coordination of adventitious water to IPrGaCl2

+ could form
IPrGaCl2(OH2)+ as proton source. Thus, the cyclization of I
could be due to the coordination of [Ga]+ to the triple bond
or its protonation to give II. Nucleophilic attack of the arene
moiety would give rise to the Wheland intermediate III. A 1,3-
proton shift would then lead to the stabilized carbocation IV. A
hydride would then be transferred from 1,4-cyclohexadiene to
IV to give V. If [X] = Ga, a protodegallation step would finish
the cycle. If [X] = H, E1-elimination would regenerate the active
species.

Additional experiments were carried out to gain more in-
sight into this mechanistic ambiguity (Table 5). Considering
that the gallium complex can possibly deliver three equivalents
of protons, the transfer hydrogenation of cyclohexenylbenzene
was carried out in the presence of a three-fold excess of pow-
dered K2CO3, proton sponge, or 2,6-(tBu)2-pyridine relative to
gallium (entries 1–3). Whereas the conversion was 99 % with-
out the base, it dropped to 10 % with K2CO3 and 0 % with the
other two. With a 1:2 or a 1:1 ratio of gallium vs. 2,6-(tBu)2-pyri-

Table 3. Catalytic transfer hydrogenation of cycloalkenes.

Entry Substrate n R Yield [%][b]

1 5 a 1 Me 75
2 5 b 1 Et 90
3 5 c 1 Bn 95
4 5 d 2 Et 90

[a] Generated in situ by using IPrGaCl3 (5 mol%) and AgSbF6 (7 mol%).
[b] Yield was determined by 1H NMR spectroscopic analysis by using p-
anisaldehyde as internal standard.

Scheme 3. Bimolecular hydroarylation/transfer hydrogenation tandem reac-
tion.

Table 4. Gallium-assisted hydrogenative cyclizations of arenynes.

Entry Substrate[a] Product[a] Yield
[%][b]

1 11 a 12 a 99

2 11 b 12 b 88

3 11 c 12 c 55

4 11 d 12 d 92

5 11 e 12 e 97

6 11 f 12 f 91[c]

[a] E = CO2Me. [b] Isolated product. [c] dl/meso ratio 3:1; 2.4 equiv of 1,4-
CHD.

Scheme 4. Mechanistic proposal, [X] = Ga or H (the dashed arrow is only
valid for [X] = Ga).
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dine, no reaction took place (entries 4 and 5). Brønsted acids
were then tested as catalysts (entries 6–8). Low conversions of
4 and 22 % were obtained with HBF4·OEt2 and TfOH, respec-
tively. With HCl·OEt2, no reduction product was formed. We
then tested the possibility of a Lewis-acid-assisted Brønsted-
acid-catalyzed event. Whereas BF3·OEt2 is an inactive complex
(entry 9), a mixture of BF3·OEt2 and TfOH gave rise to the ex-
pected product in 91 % conversion (entry 10). Again, HCl·OEt2

proved to be inefficient, even in the presence of BF3·OEt2

(entry 11). Similar results could be obtained by using AlCl3,
GaCl3, or InCl3 instead of BF3·OEt2 (entries 12–17).

The finding that boron, aluminum, and indium salts were
not efficient catalysts by themselves (see Table 5, entry 9, and
Table 1, entries 3 and 4) indicates a Lewis-acid-assisted Brønst-
ed-acid-catalyzed event with such species. The case of GaCl3

and [IPrGaCl2][SbF6] remains unclear because these complexes
are very active by themselves and the use of a base could also
quench the protodegallation step.[31] It is also notable that the
use of TfOH together with [IPrGaCl2][SbF6] reduced the conver-
sion from 99 (see Table 1, entry 5) to 72 % (Table 5, entry 18).

Although conversions of over 90 % could be reached with
MX3/TfOH systems, the use of [IPrGaCl2][SbF6] remains the best
choice because, as stated above, it is more robust than simple
Group 13 MX3 salts and, furthermore, it is more versatile for
transfer hydrogenation, as shown in Scheme 5. These alkenes
were reduced in moderate yield (24 %) with the BF3·OEt2/TfOH
system. For the same substrates, [IPrGaCl2][SbF6] gave rise to
the desired products in 75 and 50 % yield, respectively (see
Table 2, entries 5 and 6).

The superiority of the [IPrGaCl2][SbF6] complex was also
demonstrated in the tandem process (Table 6). With BF3·OEt2/

TfOH (entry 1), AlCl3/TfOH (entry 2), and InCl3/TfOH (entry 4),
the cyclized products 9’ and 9 were not observed. With GaCl3/
TfOH (entry 3), the cyclization took place but the selectivity to-
wards 14 was moderate.

Thus, transfer hydrogenation of alkenes is possible through
Lewis-acid-assisted Brønsted-acid catalysis. However, with galli-
um complexes, a direct Lewis-acid activation cannot be ruled
out.

Conclusions

This study has shown that chemoselective alkene transfer hy-
drogenations can be promoted by a main-group compound
instead of a transition metal complex. At this time, our efforts
have focused on styrene derivatives using [IPrGaCl2][SbF6] as
catalyst. We expect that a more electrophilic species will in-
crease the scope of alkenes, as is the case for frustrated Lewis
pairs/H2 systems. Nevertheless, styrene derivatives can be rap-
idly constructed by gallium-catalyzed hydroarylation of alkynes,
which allowed the development of an unprecedented hydro-
genative cyclization process.

Experimental Section

General procedure for the hydrogenative cyclization of are-
nynes (Scheme 3 and Table 4): A solution of [IPrGaCl2][SbF6] was
prepared by adding IPrGaCl3 (5 mol%, 7 mg) and AgSbF6 (7 mol%,
6 mg) to dichloroethane (DCE) (1 mL) in a screw-cap vial under
argon. Arenyne 10 or 11 a–f (0.25 mmol) and 1,4-cyclohexadiene
(1.2 equiv, 29 mL) were subsequently added and the mixture was
stirred at 80 8C for 2 h. The solution was cooled to RT and filtered

Table 5. Effect of acids and bases in the transfer hydrogenation of cyclo-
hexenylbenzene.

Entry Catalyst Additive x y Conv. [%][a]

1 [IPrGaCl2][SbF6][b] K2CO3 5 15 10
2 [IPrGaCl2][SbF6][b] proton sponge 5 15 0
3 [IPrGaCl2][SbF6][b] 2,6-(tBu)2-pyridine 5 15 0
4 [IPrGaCl2][SbF6][b] 2,6-(tBu)2-pyridine 5 10 0
5 [IPrGaCl2][SbF6][b] 2,6-(tBu)2-pyridine 5 5 0
6 – HBF4·OEt2 – 15 4
7 – TfOH – 15 22
8 – HCl·OEt2 – 15 0
9 BF3·OEt2 – 5 – 0
10 BF3·OEt2 TfOH 5 15 91
11 BF3·OEt2 HCl·OEt2 5 15 0
12 AlCl3 TfOH 5 15 99
13 AlCl3 HCl·OEt2 5 15 0
14 GaCl3 TfOH 5 15 99
15 GaCl3 HCl·OEt2 5 15 12
16 InCl3 TfOH 5 15 99
17 InCl3 HCl·OEt2 5 15 17
18 [IPrGaCl2][SbF6][b] TfOH 5 15 72

[a] Conversion was determined by GC analysis. [b] Generated in situ by
using IPrGaCl3 (5 mol%) and AgSbF6 (7 mol%).

Scheme 5. Lewis-acid-assisted Brønsted-acid-catalyzed transfer hydrogena-
tion of alkenes.

Table 6. Lewis-acid-assisted Brønsted-acid-catalyzed cyclization/transfer
hydrogenation tandem reaction.

Entry Catalyst Product Conv. [%][a]

1 BF3·OEt2 – 0
2 AlCl3 – 0
3 GaCl3 9’/9 (46:54) 94[b]

4 InCl3 – 0

[a] Conversion was determined by 1H NMR spectroscopic analysis. [b] Iso-
lated yield.
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through a pad of Celite. The volatiles were removed under reduced
pressure and the crude product was purified by chromatography
over silica gel (cyclohexane–ethyl acetate mixture ) to afford the
product 9 or 12 a–f.
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Gallium-Assisted Transfer
Hydrogenation of Alkenes

Not just transition metals : A rare case
of alkene transfer hydrogenation is re-
ported using a main-group compound
instead of a transition-metal complex as
catalyst (see scheme). 1,4-Cyclohexa-
diene can be used as H2 surrogate to-

wards olefin reduction in the presence
of [IPrGaCl2][SbF6] . Because this cationic
gallium complex is also a potent hydro-
arylation catalyst, unprecedented hydro-
genative cyclizations can also be carried
out.
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