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Abstract: The chiral iron(ii) hydride complex [FeH(CNCEt3)(1a)](BF4) (3, 1a is a chiral macrocycle with an (NH)2 P2

donor set) catalyzes the base-free transfer hydrogenation (ATH) of prochiral ketones and the hemireduction of
benzils to the corresponding benzoins using iPrOH as hydrogen donor. Ketones give the same excellent enantio-
selectivity (up to 99% ee) as the parent catalyst [Fe(CNCEt3)2(1a)](BF4)2 (2), which is only active upon treatment
with NaOtBu. Benzoins, whose labile stereocenter is known to undergo racemization under basic conditions, are
formed in up to 83% isolated yield with enantioselectivity as high as 95%.
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Introduction

Enantiopure alcohols represent impor-
tant building blocks for a broad variety
of molecules[1,2] that find application in
pharmaceutical, agrochemical, and fra-
grance chemistry.[3] Thus, the asymmetric
reduction of cheap and readily available
prochiral ketones to the corresponding
enantiopure alcohols has been largely ex-
ploited in synthetic organic chemistry. The
approaches used for the enantioselective
reduction of C=O double bonds are direct
hydrogenation (AH), transfer hydrogena-
tion (ATH), and hydrosilylation (AHS),
which differ according to the hydrogen
donor employed. AH uses dihydrogen as
reducing agent, is perfectly atom econom-
ic, and is hence the method of choice in
industry[4] despite the use of molecular hy-
drogen. As for AHS, silanes are attractive
reductants since they are easy to handle,
commercially available, stable, and only
mildly hydridic.[5] Moreover, AHS oper-
ates under mild conditions, which is ideal
for late stage functionalization of com-
plex molecules.[1] Drawbacks are the hy-
drolysis of the silyl ether and the silicon
waste. Asymmetric transfer hydrogenation
(ATH) with iPrOH as hydrogen donor is
operationally simple and thermoneutral,
but is reversible and can be hence applied
only when the equilibrium favors the opti-
cally active alcohol. The use of iPrOH as
solvent and high substrate dilution maxi-
mizes the reaction yield. However, as the
enantiomeric excess (ee) erodes as equi-
librium is approached,[6] the reaction must

be monitored closely.Alternatively, formic
acid can be used as H

2
donor, as CO

2
evolu-

tion is irreversible, but the reaction is quite
exothermic, and formic acid can inhibit the
catalyst.

Based on the above considerations,
ATH with iPrOH is the method of choice
in academia.[7] However, a severe limita-
tion is that most of the precatalysts devel-
oped for this transformation require base
activation, which excludes base-sensitive
substrates from the substrate scope. An
eminent example are benzoins, whose la-
bile stereocenter readily racemizes under
basic conditions, making the asymmetric
hemihydrogenation of the correspond-
ing 1,2-diketones a formidable challenge.
The resultingα-hydroxyketones (acyloins)
contain a highly directing hydroxyl group
and an easily functionalizable prostereo-
genic carbonyl moiety. Therefore, enan-
tiomerically pure acyloins have found ap-
plication as chiral templates in asymmetric
reactions and as valuable building blocks
in the synthesis of natural products and
bioactive molecules (Scheme 1).[8]

Enantiopure benzoins have been pre-
pared by Friedel-Craft,[9] cross-benzoin
condensation,[10] oxidative kinetic resolu-
tion of diols,[11] α-hydroxylation of ke-
tones,[12] alkene ketohydroxylation, oxida-
tion of enolates or enol ethers,[13] andAHS
with chiral frustrated Lewis pairs (Scheme
2).[14] The enantioselective hemireduction
of benzils is scarcely documented with
transitionmetal catalysts[15,16] and has been
largely entrusted to enzymatic transforma-
tions.[8] Various microorganisms catalyze
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(BF
4
)
2
reduce alkylaryl ketones with high

activity (TOF up to 6650 h–1) and excellent
enantioselectivity (up to 99.6% ee).[17a,d]
Notably, these macrocyclic complexes are
the first example of iron(ii) catalysts that
give high enantioselectivity with a broad
substrate scope.[17d]

In view of the great potential of these
ligands, we set out to develop anATH cata-
lyst that does not require basic activation
and might be suitable for base-sensitive
substrates, with particular attention to the
problemof the enantioselective hemireduc-
tion of benzils to benzoins. We reasoned
that the base is most probably required
to convert precatalyst [Fe(CNCEt

3
)
2
(1a)]

(BF
4
)
2
(2) to a hydride species containing

the H–N–Fe–H motif that is held respon-
sible for hydrogen transfer to the carbon-
yl group of ketones in the putative ATH
catalytic cycle shown in Scheme 5.[18,19]
Therefore, we prepared the hydride com-
plex [FeH(CNCEt

3
)(1a)](BF

4
) (3) as the

ideal drop-in catalyst for the base-free
ATH of polar double bonds.[20]

Results and Discussion

Synthesis of Hydride 3
The hydride complex 3 was pre-

pared stepwise from the previously
reported[17a] bis(acetonitrile) complex
[Fe(NCCH

3
)
2
(1a)](BF

4
)
2

(4) (Scheme
6).[20] In the first step, complex 4 was
treated with isonitrile CNCEt

3
(1 equiv)

and an excess of KBr in dichlorometh-
ane at 50 °C for 16 h. The bromoisoni-
trile complex [FeBr(CNCEt

3
)(1a)]BF

4
(5) was isolated in good yield (80%) as
an orange solid after filtering off the salts
and precipitation with hexane. The 31P
NMR spectrum of 5 showed a tight AX
system at δ 54.3 and 49.0 (2J

P,P’
= 59.5 Hz

in THF-d
8
) for the two inequivalent P at-

oms, suggesting that both the phosphines
are in trans position to the amines (2J

P,P’
=

59.5 Hz in THF-d
8
).[20]

The bromoisonitrile complex 5 reacts
with NaBHEt

3
(1 equiv) in THF solu-

tion to give [FeH(CNCEt
3
)(1a)](BF

4
) (3).

Hydride 3 decomposes upon isolation, but
is stable in THF solution under argon and
was fully characterized by NMR spectros-
copy. In the 1HNMR spectrum, the hydride
ligand appears as a doublet of doublets at
δ –5.45 with two very similar 2J

P,H
cou-

pling constants of 64.6 and 57.5 Hz. The
large difference in the chemical shift of
the phosphines (δ 65.5 and 37.7) indicates
that the macrocyclic ligand is bent in the
cis-β configuration. In a preliminary com-
munication, we have proposed that the hy-
dride ligand is cis to both phosphines on
the basis of the significantly different 2J

P,C
values (27.0 and 14.6 Hz) in the labeled
13C-labeled derivative [FeH(13CNCEt

3
)

enantioselectivity (up to 99% ee, Scheme
3b). Notably, the catalyst reduces 1,2-ary-
lalkyl diketones at the less hindered car-
bonyl group. However, the reaction condi-
tions have to be strictly controlled in order
to avoid the formation of the diol, and
symmetric benzils have not been studied
(Scheme 3b).[16]

Our group has recently prepared chiral
14- (1a) or 15-membered (1b) macrocyclic
ligands with a N

2
P
2
donor set (Scheme 4)

and has studied their application in the
iron-catalyzed ATH of ketones.[17]

In combination with bulky isonitrile
ligands, such N

2
P
2

macrocycles stabi-
lize iron(ii) in the low spin state and give
air- and moisture-stable precatalysts that
display excellent facial recognition – and
hence enantioselectivity – in the ATH of
prochiral aromatic ketones.[17] Upon base
activation, complexes [Fe(CNCEt

3
)
2
(1)]

the asymmetric reduction of benzils to
enantiomerically enriched benzoins, with
the usual restriction of biocatalytic meth-
ods that only one single enantiomer can
be obtained. Therefore, a reliable, broadly
applicable, purely chemical method for
benzil hemireduction would mark a major
milestone.

In a seminalwork on benzil hemihydro-
genation,Ohgo reported the asymmetric di-
rect hydrogenation of benzil to (S)-benzoin
in high yield (98%) and 62% ee under mild
conditions. The catalytic system employs
achiral bis(dimethylglyoximato)cobalt(ii)
and a cinchona alkaloid (such as quinine
or quinidine) as chiral auxiliary (Scheme
3a).[15] More recently, Ikariya reported a
well-defined N-(p-toluenesulfonyl)-1,2-
diphenylethylenediamine ruthenium(ii)
complex as catalyst for theATH of 1,2-dik-
etones in quantitative yield and excellent
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substrate control, as often observed in the
reduction of α-hydroxyketones.[22]

Under analogous conditions (Scheme
8b), the catalytic system formed by the
bis(isonitrile) complex 2 after activation
with NaOtBu (10 equiv vs. 2) reduced 8a to
racemic benzoin rac-9a in 22% yield and a
significant amount of meso-10a (54%) af-
ter 15 min of reaction time. After 30 min,
only meso-hydrobenzoin (meso-10a) was
detected.[20] Overall, these results suggest
that, in the presence of base, benzoin 9a
rapidly racemizes and that (R)-9a is then
rapidly reduced to meso-10a (Scheme 9).
The latter reaction is highly favored be-
cause the catalyst preference for the for-
mation of the S enantiomer reinforces the
substrate control that favors themeso prod-
uct. When the reaction is carried out under
base-free conditions, the reduction of the
major product (S)-9a to meso-10a is slow
as it goes against the catalyst native sense

(1a)](BF
4
).[20] However, ongoing spec-

troscopic 2D NMR studies suggest that
the hydride is located in trans position
to the phosphine resonating at high field
(Scheme 6).[21]

Hydride 3 in the ATH of Aromatic
Ketones

The hydride complex 3 was tested in
the base-free ATH of selected ketones
with iPrOH as hydrogen donor un-
der the same conditions used with the
bis(isonitrile) complex 2, with the sole
remarkable difference that no base was
added (Scheme 7).[20]

As compared to the system formed by
2 and base, catalyst 3 is on average less ac-
tive, but maintains the same excellent en-
antioselectivity (up to 99%). Interestingly,
when NaOtBu (10 equiv) is added, hydride
3 catalyzes the ATH of acetophenone with
the same activity observed for 2/NaOtBu,
which suggests that the base is not only
needed for the formation of the active spe-
cies, but may also play a role in catalyst
turnover.

Hydride3intheATHof1,2-Diketones
With a catalyst for the base-freeATH of

standard ketones in hand, we explored its
application in the base-free hemireduction
of benzil 8a to benzoin 9a. Preliminary
experiments showed that the reaction
proceeded sluggishly under the standard
conditions used for the reduction of mo-
noketones. However, upon increasing the
catalyst loading to 1 mol% and lowering
the substrate concentration to 0.05 M,
(S)-benzoin (9a) was obtained in 75%
yield and 95% ee after 75 min of reaction
time (Scheme 8a). Recrystallization from
iPrOH gave (S)-9a as single enantiomer
(>99.95% ee) in 61% overall yield.[20]
Under the conditions in Scheme 8a, only
traces of meso-hydrobenzoin (meso-10a)
were formed. Longer reaction times gave
substantial amounts of meso-10a and an
increased enantiomeric excess for (S)-9a,
which indicates that benzoin 9a under-
goes kinetic resolution (that is, (R)-9a,
the minor enantiomer, is hydrogenated to
meso-10 faster than (S)-9a). This implies
that the second reduction operates under

O
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of induction of forming an S stereocenter,
which allows the reaction to stop at the
benzoin intermediate. At the same time,
the fast reduction of the minor product
(R)-9a to meso-10a leads to the observed
kinetic resolution.

The excellent and unprecedented result
achieved in the hemireduction of unsubsti-
tuted benzil 8a prompted us to enlarge the
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Conclusions

In summary, the chiral iron(ii) hydride
[FeH(CNCEt

3
)(1a)](BF

4
) (3) is the first

base-free iron(ii) catalyst for the ATH of
ketones, and in particular for base-sen-
sitive substrates. Catalyst 3 displays the
same enantioselectivity and, when base is
added, the same activity of the benchmark
bis(isonitrile) complex [Fe(CNCEt

3
)
2
(1a)]

(BF
4
)
2
(2) that operates under basic con-

ditions. We have exploited the base-free
nature of catalyst 3 for the hemireduc-
tion of benzils, which gives highly enan-
tiomerically enriched α-hydroxyketones
that would rapidly racemize in basic me-
dia. Thus, catalyst 3 is the first highly en-
antioselective catalyst for the reduction
of symmetrically substituted, diaromatic
α-diketones and represents a viable, broad-
ly applicable, and purely chemical method
for the highly enantioselective synthesis of
acyloins. Therefore, 3 nicely complements
Ikariya’s catalyst for the hemireduction of
alkylaryl α-diketones, which exploits the
preferential reduction of the less hindered
position.[16] Our next goals are to improve
the catalyst activity and expand the sub-
strate scope. To this end, we are carrying
out extensive NMR spectroscopic studies
to better understand the nature of the active
species and to disclose the role of the base.
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