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ABSTRACT: A highly active and enantioselective phosphine-
nickel catalyst for the asymmetric hydrogenation of α,β-
unsaturated esters has been discovered. The coordination
chemistry and catalytic behavior of nickel halide, acetate, and
mixed halide-acetate with chiral bidentate phosphines have
been explored and deuterium labeling studies, the method of
continuous variation, nonlinear studies, and kinetic measure-
ments have provided mechanistic understanding. Activation of
molecular hydrogen by a trimeric (Me−DuPhos)3Ni3(OAc)5I
complex was established as turnover limiting followed by rapid conjugate addition of a nickel hydride and nonselective
protonation to release the substrate. In addition to reaction discovery and optimization, the previously unreported utility high-
throughput experimentation for mechanistic elucidation is also described.

■ INTRODUCTION

Enantiopure chiral compounds are important molecular agents
for the treatment of disease. Indeed, of the 29 small molecules
approved by the United States Food and Drug Administration
in 2014, 22 were chiral.1 The synthesis of chiral compounds by
metal-catalyzed asymmetric hydrogenation is a powerful
synthetic method employed on an industrial scale for the
synthesis of pharmaceuticals,2 agrochemicals,3 flavors and
fragrances,4 and fine chemicals.5 However, most asymmetric
hydrogenation methods rely on precious metal catalysts based
on rhodium, ruthenium, or iridium6 and suffer from their
associated high costs and deleterious environmental impact. By
contrast, catalysts containing first-row transition elements offer
potential advantages in cost, sustainability, and the possibility of
new chemistry derived from substitutional lability. Recently, the
cobalt-catalyzed asymmetric hydrogenation of CC bonds7

and the iron-catalyzed asymmetric hydrogenation of CO and
CN bonds8 have been reported. While these reports
demonstrate the potential of first-row transition elements in
asymmetric hydrogenation and overcome challenges associated
with precious metal catalysts, significant catalyst development is
required before first-row transition metals can rival the
reactivity, substrate scope, and ease of handling typically
associated with rhodium, ruthenium, and iridium asymmetric
hydrogenation catalysts. As part of these objectives, nickel
catalysts for asymmetric alkene hydrogenation were explored.
While heterogeneous nickel catalysts have a long-standing

history and maintain a prominent role in reduction reactions
including hydrogenation of olefins,9 there are scant reports of

homogeneous nickel hydrogenation catalysts.10 The facility and
speed with which homogeneous systems can be tuned for
reactivity and selectivity by ligand alteration makes them
attractive avenues for the development of enantioselective
hydrogenation catalysts on various substrate classes. In an ideal
case, such a system could activate molecular hydrogen, which is
an inexpensive, readily available, and atom economical reagent
that produces no waste.
While asymmetric reduction of ketones promoted by nickel

catalysts using H2 gas has recently been reported, no
mechanistic insight into the mechanism of hydrogen activation
or mode of stereoinduction have been described.11 Given this
limited precedent, it is not surprising that there are still no
examples of asymmetric reductions of olefins using chiral
homogeneous nickel catalysts with H2 gas. Only nickel-
catalyzed enantioselective transfer hydrogenation of olefins
using formic acid and triethylamine as a reductant has recently
appeared.12 Herein we describe the discovery of the first
homogeneous nickel-catalyzed asymmetric hydrogenation of
α,β-unsaturated esters, using H2 gas as the terminal reductant,
in high yield and high enantioselectivity of the products.
Catalyst discovery, optimization, and in-depth mechanistic
studies were enabled by high throughput experimentation
(HTE) allowing identification of a unique phosphine-ligated
trimetallic mixed carboxylate halide nickel complex as the active
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catalyst for heterolytic dihydrogen activation and alkene
hydrogenation.

■ RESULTS
Catalyst Discovery and Optimization. Ethyl β-methyl-

cinnamate (1a) was selected as a representative substrate given
that the products of hydrogenation, chiral dihydrocinnamates,
are important motifs in pharmaceuticals,13 odorants,14 natural
products,15 and synthetic intermediates16 and are often
challenging substrates for many asymmetric hydrogenation
catalysts due to the relatively poor ability of the ester to
function as a directing group. On the basis of the success of
nickel(II)−phosphine complexes in the hydrogenation of
primary alkenes,10 we reasoned similar enantiopure variants
of these catalysts may be effective for the asymmetric
hydrogenation of α,β-unsaturated esters. HTE is a powerful
technique for rapidly conducting large arrays of experiments
and was used to facilitate the discovery of nickel hydrogenation
catalysts.17

A library of 192 chiral bidentate phosphine ligands combined
with Ni(OAc)2 was examined for the hydrogenation of 1a in
methanol solution at 500 psi of H2 at 50 °C (Scheme 1). While

cyclohexyl-substituted Josiphos ligands18 provided good
reactivity, the enantioselectivities were modest. Likewise,
Binapine19 resulted in moderate conversion with low
enantioselectivity. Bis(phospholane) ligands in the DuPhos
and BPE families20 produced low reactivity but yielded
encouraging enantioselectivity; the best result was with Me−
DuPhos with 82.7% ee at 44% conversion.

Various nickel precursors and additives were next evaluated
to improve catalyst performance. Each experiment was
conducted with Me−DuPhos as the chiral phosphine with 1a
as the substrate. These experiments uncovered a remarkable
complementary effect between with mixed halide−acetate
nickel combinations (Table 1).21 While nickel halides alone
in combination with Me−DuPhos produced low reactivity and
selectivity, addition of Bu4NOAc or, conversely, Ni(OAc)2
mixed with tetrabutylammonium halides increased both
reactivity and enantioselectivity. The order of increasing
reactivity and enantioselectivity was found to be Cl < Br < I,
and both NiI2/Bu4NOAc and Ni(OAc)2/Bu4NI afforded
complete conversion to the product in 94.3% ee.22

Having improved the reactivity and selectivity of the catalyst,
various reaction parameters were optimized (Table 2). The
loading of the nickel precursor was reduced from 5 to 2 mol %
and complete conversion was maintained (entries 1 and 2),
while additional iodide additive produced lower reactivity
(entry 3).23 Evaluation of the hydrogenation reaction in various
solvents established methanol as optimal (entries 4−10).
Increasing the concentration of the catalytic reaction to 0.5
M resulted in maximum reactivity (entries 11−15) and addition
of 10% (by volume) of water to the hydrogenation had minimal
impact on performance (entry 13), a significant advance in
catalysis with Earth abundant transition metals. At temperatures
below 50 °C, turnover was minimal (entry 16) while increasing
the temperature to 80 °C maintained reactivity but eroded
enantioselectivity (entry 17). Increasing the hydrogen pressure
to 1500 psi allowed a reduction in nickel loading to 0.5 mol %
(entries 18 and 19). Subsequent experiments were conducted
at 500 psi of H2 and 1 mol % Ni precursor for ease of handling
and to obtain complete conversion in convenient reaction times
(entry 20). Decreasing reaction pressure did confer a small
enantioselectivity benefit, but with significantly lower reactivity
(entries 21 and 22).
With optimized reaction conditions in hand, the scope of the

asymmetric hydrogenation was examined (Table 3). Both
electron-rich (entries 2−4) and electron-poor (entries 5 and 6)
substrates were hydrogenated with excellent enantioselectivity;
the electron poor alkenes exhibited slightly lower reactivity.
Potentially coordinating functional groups containing nitrogen
atoms (entries 3 and 7) and thioethers (entry 4) were well
tolerated. Introduction of an ortho methyl substituent in the
phenyl ring resulted in lower reactivity and enantioselectivity
likely due to crowding of the alkene (entry 8). In contrast to
previous reports in nickel-catalyzed transfer hydrogenation with
formic acid-triethylamine,12 aryl chlorides and bromides were
well-tolerated, with only small amounts of protodehalogenation
detected (entries 9 and 10). The phenylated butenolide
substrate, 1k, was also well tolerated (entry 11).

Coordination Chemistry. Having identified the optimal
catalytic conditions, synthesis and characterization of a well-
defined nickel precatalyst was explored. Previous work from our
laboratory7a has demonstrated the superior performance of
isolated precatalysts over analogous compounds generated in
situ. Stirring a THF solution of (S,S)-Me−DuPhos with a
methanol solution of Ni(OAc)2·4H2O at 50 °C for 30 min
followed by filtration and recrystallization resulted in isolation
of ((S,S)-Me−DuPhos)Ni(OAc)2 as an air-stable yellow solid.
The chloroform-d 1H NMR spectrum exhibits the number of
peaks consistent with a C2 symmetric compound. A broad
singlet was also observed in the 31P NMR spectrum and is also
consistent with a fluxional, C2-symmetric compound where the

Scheme 1. Selected Results of the Evaluation of Enantiopure
Bis(phosphines) with Ni(OAc)2 for the Asymmetric
Hydrogenation of 1aa

aResults are reported as conversion (% ee) as determined by chiral
reverse phase HPLC. Reactions favoring (R)-2a are denoted with
positive values of % ee while reactions favoring (S)-2a are denoted
with negative values of % ee.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b00519
J. Am. Chem. Soc. 2016, 138, 3562−3569

3563

http://dx.doi.org/10.1021/jacs.6b00519
http://pubsdc3.acs.org/action/showImage?doi=10.1021/jacs.6b00519&iName=master.img-001.jpg&w=236&h=256


dynamic behavior likely arises from κ2−κ1 interconversion of
the acetate ligands. Cooling a concentrated fluorobenzene
solution of ((S,S)-Me−DuPhos)Ni(OAc)2 to −35 °C
produced single crystals suitable for X-ray diffraction. The
solid state structure of ((S,S)-Me−DuPhos)Ni(OAc)2 estab-
lished an idealized planar Ni(II) center, where the carbonyl
oxygen of each acetate ligand is oriented toward, but not
discretely bound to, the nickel center (NiOcarbonyl bond
distances = 2.847 and 3.010 Å).
The coordination chemistry of the nickel halide precursor

proved more complicated. The solid-state structure of
previously reported ((S,S)-Me−DuPhos)NiI2

24 was confirmed

using single crystals obtained from mixing a 1:1 ratio of (S,S)-
Me−DuPhos and solid NiI2 in THF/methanol followed by
recrystallization. Notably, the 1H-, 13C-, and 31P-NMR spectra
of this mixture were inconsistent with the expected C2-

Table 1. Nickel Precursor and Additive Effects in the Enantioselective Hydrogenation of Substrate 1a with Me−DuPhos as the
Enantiopure Bis(phosphine).a

Bu4NX additive

NiY2 source none Bu4NCl Bu4NBr Bu4NI Bu4NOAc

NiCl2 0.0 0.0 0.2 0.7 35 (90.1)
NiBr2 1.3 0.3 0.2 0.4 98 (92.1)
NiI2 1.3 0.4 0.4 0.4 100 (94.4)
Ni(OAc)2 33 (64.1) 23 (90.5) 88 (93.5) 100 (94.3) 19 (67.5)

aResults are reported as conversion (% ee) as determined by chiral reverse phase HPLC.

Table 2. Optimization of Reaction Parameters in the Nickel-
Catalyzed Asymmetric Hydrogenation of 1a

entry
mol %
Ni solvent

conc.
(M)

press.
(psi)

temp.
(°C) conv.b %eeb

1 5 MeOH 0.2 500 50 100 94.2
2 2 MeOH 0.2 500 50 99 93.7
3 2c MeOH 0.2 500 50 68.3 95.1
4 2 EtOH 0.2 500 50 93 94.5
5 2 iPrOH 0.2 500 50 69.7 94
6 2 TFE 0.2 500 50 100 38
7 2 THF 0.2 500 50 21.7 94
8 2 PhMe 0.2 500 50 33.2 89
9 2 PhCF3 0.2 500 50 85.4 95.4
10 2 MeCN 0.2 500 50 16.8 95.5
11 0.5 MeOH 0.2 500 50 10.3 93
12 0.5 MeOH 0.5 500 50 62.9 94.6
13 0.5 MeOHd 0.5 500 50 70.2 94.2
14 0.5 MeOH 1 500 50 49.3 95.2
15 0.5 neat 5.5 500 50 10 95.1
16 0.5 MeOH 0.5 500 20 0.5 -
17 0.5 MeOH 0.5 500 80 100 88.9
18 0.5 MeOH 0.5 1000 50 93.5 94
19 0.5 MeOH 0.5 1500 50 99.3 93.7
20 1 MeOH 0.5 500 50 100 94.8
21 1 MeOH 0.5 300 50 53.9 95.8
22 1 MeOH 0.5 100 50 16.5 96.1

aNi(OAc)2: (S,S)-Me−DuPhos: Bu4NI (1:1.05:1), 18h. bConversion
and %ee determined by chiral reverse phase HPLC. c2:1 Bu4NI: Ni
used. d10 vol % water added.

Table 3. Enantioselective Hydrogenation of α,β-Unsaturated
Estersa

aIsolated yield and %ee reported. Unless noted, all reactions reached
>98% conversion to alkane. Conversion and %ee determined by chiral
reverse phase HPLC or chiral SFC. b96% conversion. c98%
conversion. d94% conversion. e97% conversion, 1.4% of 2a formed.
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symmetric compound. Instead the chloroform-d 31P-NMR
spectrum exhibited a 1:1 ratio of two higher order multiplets
(see SI for details) consistent with coordination of two
inequivalent (S,S)-Me−DuPhos chelates. The spectroscopic
data are most consistent with [((S,S)-Me−DuPhos)2NiI][I] as
the species formed in highest concentration where the two
phosphine ligands and one iodide ligand define the
pseudotrigonal bipyramidal geometry about the nickel with
an outer sphere iodide anion. The inner-sphere iodide ligand
completes the equatorial plane. While the maximum in situ
NMR yield of [((S,S)-Me−DuPhos)2NiI][I] was obtained at a
2:1 ratio of phosphine to NiI2, detectable quantities (∼1−3%)
of ((S,S)-Me−DuPhos)NiI2 were observed. Five coordinate
[((S,S)-Me−DuPhos)2NiI][I] was inactive for the hydro-
genation of 1a under standard conditions. Controlling the
metal−ligand ratios (1:1 or 1:2) using stock solutions of NiI2 in
methanol resulted in the reliable synthesis of either ((S,S)-Me−
DuPhos)NiI2 or [((S,S)-Me−DuPhos)2NiI][I] (see SI for
details). Interconversion between these two complexes was
demonstrated by adding additional NiI2 solution to a CDCl3
solution of [((S,S)-Me−DuPhos)2NiI][I] at room temperature,
resulting in partial conversion to ((S,S)-Me−DuPhos)NiI2.
Attempts to prepare and isolate ((S,S)-Me−DuPhos)Ni-

(OAc)I have been unsuccessful. While broadened 1H and 31P
NMR signals were observed upon addition of various iodide
sources to ((S,S)-Me−DuPhos)Ni(OAc)2, attempts to isolate a
new product repeatedly resulted in crystallization of ((S,S)-
Me−DuPhos)NiI2.24 Mass spectrometry studies following
addition of NaI to a methanol solution of ((S,S)-Me−
DuPhos)Ni(OAc)2 revealed a mixture of monomeric, dimeric,
and trimeric nickel complexes containing acetate and iodide
ancillary ligands. All of the complexes detected by MS were
either cationic or sodium adducts of neutral complexes; no
anionic nickel species were detected in negative ion mode.
Determination of Catalyst Stoichiometry by the

Method of Continuous Variation. Because of the challenges
associated with isolation of well-defined, catalytically relevant
intermediates, alternative characterization methods were
employed in an attempt to identify the active nickel species
responsible for the enantioselective hydrogenation of 1a. The
method of continuous variation (“Job plots”) was used to
elucidate catalyst stoichiometry.25 Rather than measure a
property of the catalyst (or more likely a catalyst resting
state) directly, catalytic performance as a function of a range of
precursor component ratios were evaluated. The method of
continuous variation is applicable when all conditions examined
do not result in complete conversion to product; thus,
conditions were used that produced partial conversion for all
stoichiometries examined. The ability of HTE to execute arrays
of reactions under identical conditions proved critical for the
rapid completion of these experiments. While it is conceivable
that a single multidimensional Job plot26 would reveal the
stoichiometry of nickel and its three potential ligands (Me−
DuPhos, acetate, iodide), we hypothesized that the same
information could also be gleaned from a series of conventional
Job plots by fixing the stoichiometry of some species relative to
each other while varying their mole fraction against others. This
approach would require far fewer reactions and provide higher
resolution data. The results of these studies are presented in
Figure 1.
Conditions C1 and C3 fixed the stoichiometries of Ni(OAc)2

with nBu4NI and NiI2 with
nBu4NOAc, respectively, and varied

their mole fraction versus (S,S)-Me−DuPhos. Both of these

conditions yielded maximum conversion to product at a mole
fraction of 0.5, indicating a 1:1 Ni/DuPhos stoichiometry.
Condition C2 fixed the Ni(OAc)2 and (S,S)-Me−DuPhos
stoichiometry and varied their mole fraction versus nBu4NI;
maximum conversion at a mole fraction of 0.75 and indicates
3:1 Ni/I stoichiometry. Finally, condition C4 fixed NiI2 and
(S,S)-Me−DuPhos stoichiometry and varied their mole fraction
versus nBu4NOAc; maximum conversion at a mole fraction of
0.36, suggesting either a 1:2 Ni/OAc stoichiometry (x = 0.33)
or a 3:5 Ni/OAc stoichiometry (x = 0.375). Combined with the
MS studies that indicate an absence of anionic nickel
complexes, these experiments are consistent with a catalyst
stoichiometry of ((S,S)-Me−DuPhos)3Ni3(OAc)5I.

27 This
stoichiometry is likely associated with a resting state and
corresponds to conditions designed to obtain optimal
conversion and does not represent a true active catalyst. As
will be described in a subsequent section, reaction with H2 is
rate determining, and the resulting nickel hydride responsible
for alkene insertion have a different stoichiometry than ((S,S)-
Me−DuPhos)3Ni3(OAc)5I. It also should be noted that
shoulders are observed in the data with C2 and C3 and are
consistent with formation of multiple species under catalytic
conditions that are likely interconverting on the time scale of
the catalytic reaction. These observations are also consistent
with the low activity of the simple ((S,S)-Me−DuPhos)NiX2
compounds.
The presence of a trimetallic nickel species under catalytic

conditions suggested that nonlinear effects would also be likely.
As shown in Figure 2, a negative nonlinear effect was observed
upon mixing compositions of Me−DuPhos with varying
enantiopurity. Least squares curve fitting support a trimeric
(ML)3 system with a statistical distribution of ligands, with g =
rheterochiral/rhomochiral = 1.16 and ee0′ = 6.05%, indicating a
heterochiral catalyst with slightly higher reactivity and lower
selectivity compared to the homochiral catalyst.28

Figure 1. Job plots for asymmetric hydrogenation of 1a. Conditions: 50
μmol (9.5 mg) scale, MeOH, 0.5M, 500 psi H2, 50 °C, 18h.
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Mechanistic Studies. With insight into the nature of the
active species formed under catalytic hydrogenation conditions,
the order of the catalytic reaction with respect to each of the
components was determined. Such information is critical for
determining the stoichiometry of the transition structure in the
turnover-limiting step of the catalytic reaction. The successful
application of microscale HTE to Job plots and nonlinear
studies motivated use of similar techniques for kinetic analyses.
By conducting catalyst-loading studies under conditions
selected to produce partial conversion across the data set, the
manner in which conversion varied with catalyst loading would
yield the rate law. Assuming the concentration of catalyst does
not change over time, the differential rate law can be expressed
as follows:

− =S
t

k H S
d[ ]

d
[Cat] [ ] [ ]a b c

2 (1)

where [S] and [Cat] are the substrate and catalyst
concentrations and a, b, and c are the order of the reaction
with respect to catalyst, hydrogen, and substrate, respectively.
Separation of terms and integration yields:

∫ ∫− =d k t
1

[S]
[S] [Cat] [H ] dc

t
a b

[S]

[S]

0
2

t

0 (2)

This expression can be solved for various reactions orders c
with respect to the substrate to provide familiar integrated rate
laws. For example, for a reaction that is zero order in substrate
with constant catalyst and hydrogen concentration,

= − +k t[S] [Cat] [H ] [S]t
a b

2 0 (3)

Likewise, for reactions that are first and second order with
respect to substrate, these integrated rate laws, respectively, are
as follows:

= − +S k tln[ ] [Cat] [H ] ln[S]t
a b

2 0 (4)

= +k t
1

[S]
[Cat] [H ]

1
[S]t

a b
2

0 (5)

Traditionally, a plot of [S], ln [S], or 1/[S] vs time is
prepared, and reaction order is established by linearity. We
hypothesized that if [Cat]a or [H2]

b were instead plotted as the
independent variable while holding time constant, then similar
conclusions about the order of the reaction would be able to be
drawn, not only about the order of the reaction with respect to
the substrate, but also with respect to catalyst and H2.
For this transformation, plots of 1a remaining versus catalyst

concentration at different H2 pressures are linear (Figure 3),

suggesting that the reaction is zero order with respect to
substrate and first order with respect to nickel species.29

Likewise, plots of 1a remaining versus H2 pressure for different
catalyst concentrations are linear (Figure 4), suggesting the
reaction is first order in hydrogen. These results were
confirmed on gram scale by hydrogen uptake and with in situ
IR measurements.
With the kinetic data in hand, a series of additional

experiments were conducted to gain insight into the
mechanism of action. Open questions include the role of the
acetate ligands in the H2 activation process and what redox
processes, if any, at nickel are operative. Such insights are
critical for rational design of next generation catalysts with
improved performance. A series of isotopic labeling studies was
conducted; the first of which involved the reduction of 1a with
500 psi of D2 gas in CH3OH solution. Analysis of the 2a
produced from this reaction established exclusive formation of
the d1 isotopologue where the deuterium label was incorpo-
rated solely at the benzylic position of the alkane (Scheme 2a).
Repeating the experiment with H2 gas and CH3OD produced a
different isotopomer of 2a-d1, where the deuterium was located
as an approximately 1:1 ratio in the diastereotopic positions
adjacent to the ester functional group (Scheme 2b). Performing
the hydrogenation reaction with both D2 and CH3OD yielded
the expected 2a-d2 product (Scheme 2c) where deuterium was
located in the benzylic position and on the carbon adjacent to
the ester again as a 1:1 mixture of diastereomers. These
observations eliminate a dihydride type mechanism and support
a pathway shown in Scheme 3 involving heterolytic cleavage of
dihydrogen (dideuterium) likely by a nickel carboxylate

Figure 2. Nonlinear study for asymmetric hydrogenation of 1a.
Conditions: 20 μmol (3.8) mg scale, 1% Ni(OAc)2/Bu4NI/Me−
DuPhos (1:1:1.05), MeOH, 0.2 M, 500 psi H2, 50 °C, 18 h.

Figure 3. Plot of 1a remaining vs catalyst concentration for the
asymmetric hydrogenation of 2a. Conditions: 30 μmol (5.7 mg) scale,
Ni(OAc)2/(S,S)-Me−DuPhos/Bu4NI (1:1:1), MeOH, 0.3 M, 90−490
psia H2, 50 °C, and 19.25h.
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followed by enantioselective conjugate addition of the NiH
to form a nickel enolate. Subsequent nonselective protonation
by methanol releases the alkane.30 Importantly, these studies
establish the critical role of both the nickel carboxylate and the
methanol solventthe former is a key component for the
heterolytic activation of dihydrogen while the later is a source
of protons for reduction of the alkene. While well established in
ruthenium-catalyzed asymmetric hydrogenation, heterolytic H2
cleavage with nickel complexes while precedented,10b,e,f is rare
and has not been previously applied to asymmetric reductions.
The combined experimental observations are consistent with

the pathway shown in Scheme 3. The resting state of the
catalyst is the trimeric ((S,S)-Me−DuPhos)3Ni3(OAc)5I
complex, which is likely in equilibrium with a number of
monomeric and dimeric nickel on complexes on the time scale
of catalytic turnover, consistent with coordination chemistry
studies and mass spectrometry data. Heterolytic hydrogen
activation is rate determining, generating a nickel hydride
intermediate and an equivalent of acetic acid.31 Oxidative
addition of dihydrogen to low-valent nickel is unlikely based on

the deuterium labeling studies and the observation that catalysts
formed from Ni(COD)2 were unreactive.

■ CONCLUSIONS
A new nickel catalyst for the asymmetric hydrogenation of α,β-
unsaturated esters using H2 as the stoichiometric reductant has
been discovered and optimized with the aid of high throughput
experimentation. An air stable nickel source in combination
with iodide additives and Me−DuPhos were the most effective
in methanol solvent and a range of electron donating and
withdrawing functional groups were well tolerated. High
throughput experimentation also enabled rapid application of
the method of continuous variation and kinetic studies and
established an unusual trimetallic species, likely formed in low
concentration and in equilibrium with other nickel compounds,
as the active species for alkene hydrogenation. Deuterium
labeling studies identified the essential role of the carboxylate
ligands in facilitating the heterolytic cleavage of dihydrogen and
the role of methanol as a proton source to complete product
formation. These studies have not only validated HTE as a tool
for the discovery of new Earth abundant transition metal
catalysts for asymmetric hydrogenation, but also demonstrate
its utility to rapidly uncover new mechanisms for first row
transition metal catalysts and identify active species with
unanticipated stoichiometry that evade traditional character-
ization methods.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/jacs.6b00519.

Characterization data (CIF)
1H and 13C NMR spectra for new compounds and
tabulated data from microscale screens (PDF)

Figure 4. Plot of 1a remaining vs hydrogen pressure for the
asymmetric hydrogenation of 2a. Conditions: 30 μmol (5.7 mg) scale,
Ni(OAc)2/(S,S)-Me−DuPhos/Bu4NI (1:1:1), MeOH, 0.3 M, 90−490
psia H2, 50 °C, and 19.25h.

Scheme 2. Deuterium Labeling Studies for the
Hydrogenation of 1a by (S,S)-Me−DuPhos Nickel Catalysts
in Methanola

aDeuterium incorporation determined by 1H NMR spectroscopy.
Conditions: 1% Ni(OAc)2, 1.05% (S,S)-Me−DuPhos, 1% Bu4NI,
MeOH or MeOD, 0.5M, 500 psi H2 or D2, 50 °C, 18h.

Scheme 3. Proposed Catalytic Cycle for Asymmetric
Hydrogenation of 1a
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