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Abstract: Stereoselective hydrogenation of tetrasubsti-
tuted olefins is an attractive method to access com-
pounds with two contiguous stereocenters. However,
homogeneous catalysts for enantio- and diastereoselec-
tive hydrogenation exhibit low reactivity toward tetra-
substituted olefins due to steric crowding between the
ligand scaffold and the substrate. Monometallic hetero-
geneous catalysts, on the other hand, provide accessible
surface active sites for hindered olefins but exhibit
unpredictable and inconsistent stereoinduction. In this
work, we develop a Pt� Ni bimetallic alloy catalyst that
can diastereoselectively hydrogenate unactivated, steri-
cally-bulky tetrasubstituted olefins, utilizing the more
oxophilic Ni atoms to adsorb a hydroxyl directing group
and direct facially-selective hydrogen addition to the
olefin via the Pt atoms. Structure-activity studies on
several Pt� Ni compositions underscore the importance
of exposing a uniform PtNi alloy surface to achieve high
diastereoselectivity and minimize side reactions. The
optimized Pt� Ni/SiO2 catalyst exhibits good functional
group tolerance and broad scope for tetrasubstituted
olefins in a cyclopentene scaffold, generating cyclo-
pentanol products with three contiguous stereocenters.
The synthetic utility of the method is demonstrated in a
four-step synthesis of (1R,2S)-(+)-cis-meth-
yldihydrojasmonate with high yield and enantiopurity.

Introduction

Stereoselective hydrogenation of tetrasubstituted olefins is a
powerful means of generating compounds containing two
contiguous stereocenters, an essential motif in biologically-
active molecules.[1] Because of the large steric hindrance at
the tetrasubstituted olefin, the majority of homogeneous
catalysts reported for this transformation are efficient for

the hydrogenation of functionalized or activated olefins such
as α,β-unsaturated carbonyls, enamides, indenes, and
styrenes.[2] Unactivated, sterically-hindered olefins tend to
exhibit low reactivity in the presence of molecular metal
catalysts, which allows side products arising from isomer-
ization, hydrogenolysis, or catalyst deactivation to compete
with hydrogenation.[3] For this reason, there are very few
examples in the literature for the stereoselective hydro-
genation of all-carbon tetrasubstituted olefins where all four
substituents are >C1 in size.

[4] In contrast, heterogeneous
catalysts such as Pd/C, PtO2, and Raney Ni can be utilized to
affect the hydrogenation of sterically-hindered, tetrasubsti-
tuted olefins, but the catalyst exerts no control over stereo-
selectivity. In heterogeneous systems, the product stereo-
chemistry is controlled primarily by the conformation and
steric properties of the substrate molecule (Figure 1a).[5] A
heterogeneous catalyst with the ability to hydrogenate
hindered olefins with high stereoselectivity would be a
powerful tool in the synthesis of biologically-active small
molecules.
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Figure 1. (a,b) Undirected and directed heterogeneous hydrogenation
of olefins with allylic or homoallylic alcohols. (c) Biologically-active
cyclopentanes with at least two contiguous stereocenters.
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Recently, our group showed that heterogeneous bimet-
allic alloy catalysts comprising a noble metal and a base
metal were capable of hydroxyl-directed hydrogenation to
access consistent counter-steric selectivity in heterogeneous
catalysis (Figure 1b).[6] While directed reactions are only
capable of achieving diastereoselectivity rather than enan-
tioselectivity, homogeneous Ir and Rh catalysts for directed
hydrogenation have shown great utility in pharmaceutical
and natural product synthesis as a functional group-tolerant,
late-stage step for generating 1–2 stereocenters.[7] In our
proof-of-concept work on heterogeneous directed hydro-
genation, careful control of the surface composition and
ensemble geometry of the alloy enabled binding of an OH
directing group to the base metal while H2 activation and
olefin adsorption occurred at the noble metal, leading to
facially selective delivery of H2 from the same face as the
directing group. We showed that ~7 nm Pd3Cu nanoparticles
exhibited good yield and diastereoselectivity in the hydro-
genation of trisubstituted cyclohexenes with allylic and
homoallylic alcohols. Unfortunately, the Pd3Cu/SiO2 catalyst
showed poor reactivity for the hydrogenation of more
hindered tetrasubstituted cyclohexenes, likely due low
catalyst surface area and attenuation of Pd reactivity due to
alloying.[8]

In light of the high reactivity of noble metal nano-
particles for catalytic hydrogenation, we hypothesized that
bimetallic alloy nanoparticles with the appropriate alloy
composition and higher dispersion would enable diastereo-
selective directed hydrogenation of more challenging tetra-
substituted olefins. In this work, we develop a ~2 nm Pt� Ni
nanoparticle catalyst for the diastereoselective hydrogena-
tion of unactivated tetrasubstituted alkenes with four alkyl
or aryl substituents. We target the hydrogenation of allylic
cyclopentenols to generate novel cyclopentanol products
containing three contiguous stereocenters, a structural motif

that is found in a wide array of natural products and
synthetic compounds including the prostaglandins, anti-ulcer
and anti-depression drugs, and perfumes (Figure 1c).[9]

Results and Discussion

Racemic 2-methyl-3-phenylcyclopenten-1-ol (1) was utilized
as a model compound, and hydrogenation reactions were
carried out in glass pressure tubes at room temperature
under 10 bar H2 pressure. Using commercially-available
[Ir(COD)(PCy3)(py)]PF6 (Crabtree’s catalyst), a prototypi-
cal molecular catalyst for OH-directed hydrogenation of
olefins,[10] no formation of the desired directed hydrogena-
tion product was observed (Table 1, entry 1). The dominant
product in this reaction (2d) was generated through
cleavage of the alcohol moiety, leaving the tetrasubstituted
olefin untouched. Iridium-based hydrogenation catalysts
have been shown to form Brønsted-acidic intermediates as
part of the catalytic cycle, which can cause the formation of
undesired side products in acid-sensitive substrates.[3i,11]

Allylic alcohols like compound 1 are frequently susceptible
to acid-catalyzed elimination and subsequent hydrogenation
of the more accessible olefin.[12]

To determine the optimal bimetallic alloy for this
substrate class, we first performed control experiments using
monometallic heterogeneous catalysts based on Pd, Rh, Pt,
and Ni. Among the noble metals, Pd is known to be a less
active but more selective catalyst for olefin hydrogenation
compared to Pt and Rh.[13] For this transformation, Pd/C
converted 1 exclusively to the cis-hydrogenated products 2a
and 2b with no directed diastereoselectivity (56 :44 dr) due
to the weak affinity of OH groups for a pure Pd surface
(entry 2). Commercial Rh/C, in contrast, showed full con-
version of the starting material but no formation of the cis

Table 1: Effect of Catalyst on Directed Hydrogenation Reactivity and Selectivity.a

Entry Catalyst SM Conversion (%) Product Yield (%) DR (2a:2b) Byproduct Yield (%)

1 [Ir(COD)(PCy3)(py)]PF6
b 96 0 – >90

2 Pd/C 99 95 56 :44 <5
3 Rh/C 99 0 – >90
4 Pt/SiO2 99 60 72 :28 >30
5 Ni/SiO2 7 7 81 :19 <1
6 40 mol% Raney Ni 30 30 83 :17 <1
7 Pt-Ni 600O2� 500H2

c 99 >95 90 :10 <5
8 Pt� Ni 600O2� 800H2

c 99 >95 88 :12 <5
9 Pt� Ni 300O2� 500H2

c 99 35 83 :17 >60

aStandard reaction conditions: 1 (0.1 mmol), catalyst (5 mol% by metal content unless otherwise indicated), cyclohexane (5 mL, 0.02 M), 10 bar
H2, 6 h, rt. SM conversion, product yield, and DR determined by GC with decane internal standard (Figure S2). bDCM used as solvent. c5 mol% by
Pt, 10 mol% by Ni content.
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hydrogenation products (entry 3). Byproducts resulting from
trans hydrogen addition (2c), over-reduction of the phenyl
substituent (2 f), and hydrogenolysis (2e, 2g) were observed.
Monometallic Pt/SiO2 (Figure S3) showed intermediate
behavior between Rh and Pd with 60% yield for the cis
hydrogenation products and modest directed diastereoselec-
tivity (72 :28 dr) (entry 4). The primary byproduct in the Pt-
catalyzed reaction was over-hydrogenation of the phenyl
ring (2 f), emblematic of the higher reactivity of Pt relative
to Pd. Catalysts containing Ni alone, including Ni/SiO2

(Figure S4) and commercially-available Raney Ni showed
slight improvements in diastereoselectivity for the directed
product but very low conversion (entry 5–6).

Alloying a noble metal with a base metal typically
attenuates its rate of hydrogenation and weakens olefin
binding to the surface.[14] Based on our monometallic results,
we postulated that Pt-based bimetallic alloys would retain
good reactivity toward hindered olefins while mitigating
undesired over-hydrogenation pathways. The base metal
would simultaneously increase the affinity of the surface
toward the OH directing group and drive diastereoselective
hydrogen addition. A preliminary screen of supported Pt� M
bimetallic alloys using a trisubstituted olefin, the benchmark
substrate from our previous work,[6] showed that catalysts
containing a 1 :2 ratio of Pt :Ni exhibited good OH-directed
diastereoselectivity (Table S1). Combined with the fact that
monometallic Ni catalysts are capable of imparting some
directed diastereoselectivity, both in our controls and in the
literature,[15] we decided to focus our catalyst optimization
efforts on Pt� Ni nanoparticles supported on SiO2.

Bimetallic alloy catalysts were synthesized through
sequential incipient wetness impregnation using Pt(NH3)4-
(NO3)2 and Ni(NO3)2 precursors followed by air calcination
and forming gas (5% H2/balance N2) reduction to give
supported metal alloy nanoparticles that are 2.0 wt% by Pt
loading and 1.2 wt% by Ni loading, a Pt :Ni atomic ratio of
1 :2 (Table S2). Keeping the metal weight loadings constant,
we varied the calcination and reduction temperatures in
order to obtain a series of well-dispersed bimetallic alloy
nanoparticles with varying size distribution and degree of
alloying.[16] For our standard condition, we used a calcination
temperature of 600 °C and reduction temperature of 500 °C
to achieve full decomposition of metal amine and nitrate
precursors in air and reduction of both Pt and Ni oxide
species to form Pt� Ni alloy nanoparticles in H2.

[17] The

Pt� Ni 600O2–500H2 catalyst exhibited high yield and
90 :10 dr for the directed hydrogenation product (entry 7).
Raising the reduction temperature to 800 °C had relatively
little effect on hydrogenation reactivity (entry 8), but low-
ering the calcination temperature to 300 °C altered the
catalyst dramatically, resulting in formation of >60% side
products (2d, 2e, 2g) and significantly lower product
diastereoselectivity (entry 9). For the standard Pt� Ni 600O2-
500H2 catalyst, excellent batch-to-batch reproducibility was
observed over four synthetic batches when tested in the
hydrogenation of 1 (Table S3).

Characterization of these three Pt� Ni catalysts using X-
ray diffraction (XRD), X-ray absorption spectroscopy
(XAS), and scanning transmission electron microscopy
coupled to energy-dispersive X-ray spectroscopy (STEM-
EDS) showed clear differences in structure that could be
correlated to their catalytic behavior. Powder XRD showed,
in all cases, broad features consistent with a face-centered
cubic (FCC) crystal structure with peak positions between
pure Pt and pure Ni, indicative of small alloyed nanocrystals
(Figure 2a). While peak centers were challenging to deter-
mine in the 300O2� 500H2 sample due to line broadening, the
peak positions of the 600O2� 800H2 and 600O2� 500H2

sample reflect an approximate Pt36Ni64 alloy stoichiometry
based on Vegard’s law (Figure S5–S7, Table S4). For the
samples calcined at 600 °C in air, very sharp monometallic Pt
peaks were also observed, indicating that large Pt crystals
were present. STEM imaging and EDS mapping data on all
samples showed small nanoparticles (1.5–3.2 nm) with aver-
age Pt :Ni ratios ranging from 25 :75 to 29 :71 (Figure 2d–f,
S8–S11). The average nanoparticle size is correlated to the
thermal treatment temperatures, with the smallest particles
observed on Pt� Ni 300O2� 500H2 and the largest particles on
Pt� Ni 600O2� 800H2. Large (>200 nm) monometallic Pt
crystallites were observed only in a more Pt-rich sample
(1 :1 Pt :Ni ratio), but their presence is not precluded in the
1 :2 Pt :Ni samples since STEM imaging interrogates only a
small quantity of the catalyst (Figure S12).

Pt LIII-edge XAS enabled more precise quantification of
the average coordination geometry around Pt atoms in each
catalyst (Figure 2b, S13). Pt� Pt and Pt� Ni coordination
numbers and bond lengths were obtained through EXAFS
data fitting and compared to expected values from known
Pt� Ni alloy crystal structures (Table 2, Figure S14, Ta-
ble S5). Based on the fitted data, the total coordination

Table 2: EXAFS Fitting Parameters for the Pt L3-Edge.

Sample Scattering Pair CN R (Å) σ2 (Å2) ΔE0 (eV) CNPt� Ni/CNPt-Pt

Pt Foila Pt� Pt 12 2.775 0.005 9.4�0.4 –
Pt� Ni 600O2� 500H2 Pt� Ni 5.2�0.10 2.56�0.002 0.005 7.3�0.3 1.4

Pt� Pt 3.6�0.02 2.71�0.008
Pt� Ni 600O2� 800H2 Pt� Ni 5.4�0.01 2.57�0.001 0.005 6.0�0.2 1.6

Pt� Pt 3.4�0.07 2.71�0.005
Pt� Ni 300O2� 500H2 Pt� Ni 4.4�0.2 2.55�0.008 0.005 6.8�0.4 1.2

Pt� Pt 3.7�0.1 2.72�0.003

aIn the reference Pt foil sample, coordination number and bond length are assumed to match theoretical values and used to determine the
amplitude reduction factor for the Pt L3-Edge. Overlays of fitted and experimental data are provided in Figure S15.
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number (CN) for all samples ranged from 8–9, as expected
for nanoparticles with 2–3 nm diameter,[18] and bond lengths
for Pt� Ni and Pt� Pt scattering matched closely to the
intermetallic PtNi crystal structure. In Pt� Ni 600O2� 500H2,
Pt� Ni CN of 5.2 and Pt� Pt CN of 3.6 was observed, which
represents a lower ratio of CNPt-Ni/CNPt-Pt than the expected
ratio of 2 for a PtNi intermetallic alloy. The Pt� Ni catalyst
reduced at 800 °C showed a slightly higher ratio of CNPt� Ni/
CNPt-Pt with otherwise similar structural parameters. These
fitted EXAFS data support the powder XRD observation of
both an alloyed PtNi phase and a monometallic Pt phase in
the two samples calcined at 600 °C in O2. Lowering the air
calcination temperature to 300 °C resulted in a smaller Pt� Ni
CN relative to Pt� Pt and a CNPt� Ni/CNPt-Pt of only 1.2. No
sharp Pt features were observed in the XRD for Pt� Ni
300O2� 500H2, but the low CNPt-Ni/CNPt-Pt ratio indicated that
Pt-rich or monometallic Pt species were present as nano-
crystalline particles that were indistinguishable from the
alloy in the broad XRD peaks. Previous literature has shown
that calcination temperatures �300 °C partially decompose
the Pt(NH)4(NO3)2 precursor to a strongly-bound Pt4+

species on SiO2, which may lead to a lower degree of Pt� Ni
mixing and phase segregation in the subsequent reduction
step.[17a]

The Pt LIII-edge EXAFS showed that all alloy structures
were slightly Pt-rich relative to the PtNi intermetallic phase;
thus significant quantities of unalloyed Ni must be present in
the sample to reach the impregnated ratio of 1 :2 Pt :Ni.
Indeed, Ni K-edge XANES and EXAFS revealed the
presence of unalloyed Ni oxide and Ni metal nanoparticles
(Figure S13, Table S6). This observation is fairly typical for
incipient wetness impregnation syntheses, where the more

oxophilic and less reducible partner in the bimetallic is
added in excess and remains partially unalloyed.[16c,19] Given
the low reactivity from the Ni/SiO2 control catalyst, we
anticipate that the unalloyed Ni species do not contribute
significantly to the catalytic reactivity.

CO-adsorption diffuse-reflectance infrared Fourier
transform spectroscopy (CO DRIFTS) corroborated the
bulk alloy structure and provided further information about
the exposed surface area of each phase. Monometallic Ni/
SiO2 showed negligible CO adsorption at 30 °C (Fig-
ure S17a). Monometallic Pt/SiO2 showed two distinct fea-
tures corresponding to CO adsorption on Pt terraces
(2094 cm� 1) and on undercoordinated Pt sites at the edges
and corners of small nanoparticles (2071 cm� 1) (Fig-
ure 2c).[20] Upon formation of the Pt� Ni alloy in the
600O2� 500H2 and 600O2� 800H2 samples, the terrace peak
red-shifted to 2075 cm� 1 due to the dilution of the surface
with Ni atoms.[21] Peak broadening was also observed on the
alloy surface, arising from heterogeneity in the local Pt
ensemble as well as the presence of undercoordinated
atoms. In these two samples, no clear peak for CO
adsorption on monometallic Pt terraces was observed
despite the presence of highly crystalline Pt0 in the XRD,
confirming that the exposed surface area of Pt0 is much
smaller than that of Pt� Ni alloy nanoparticles. In contrast,
Pt� Ni 300O2� 500H2 showed two peaks at 2089 cm

� 1 and
2072 cm� 1, which correspond most closely to a Pt-rich alloy
and undercoordinated Pt species, respectively.

Based on all of the structural characterization, there is a
clear correlation between the efficiency of the reaction and
the fraction of exposed Pt� Ni alloy surface. The two samples
that exposed a consistent Pt� Ni alloy surface based on CO

Figure 2. (a) Synchrotron powder XRD, (b) Pt L3-Edge EXAFS, (c) CO DRIFTS, (d,e,f) STEM images, average particle size, and average Pt :Ni ratio
determined by EDS for Pt� Ni alloy catalysts.
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DRIFTS, Pt� Ni 600O2� 500H2 and 600O2� 800H2, showed
negligible isomerization and good diastereoselectivity in the
directed hydrogenation. The sharp monometallic Pt peaks
observed in the XRD have little impact on catalytic
reactivity because the exposed surface area of a few
>200 nm Pt crystallites is negligible compared to that of the
many <4 nm Pt� Ni nanoparticles. In contrast, Pt� Ni
300O2� 500H2 generated >60% isomerized side products
due to its large proportion of <2 nm Pt-rich nanoparticles.

We chose the Pt� Ni 600O2� 500H2 (labeled as Pt� Ni/
SiO2 henceforth) as our optimized catalyst and studied the
effect of solvent, H2 pressure, catalyst loading, and substrate
concentration in the directed hydrogenation reaction (Ta-
ble 3, S7). As observed in previous work on haptophilic
effects in heterogeneous catalysis, the presence of Lewis
basic functionality on the solvent molecule has an attenuat-
ing effect on the reactivity and directivity of the catalyst.[22]

For this catalytic system, toluene showed comparable
diastereoselectivity to cyclohexane, our standard non-inter-
acting solvent. As the solvent becomes more capable of
adsorbing to the catalyst surface, diastereoselectivity drops
in the order of methyl tert-butyl ether (MTBE) > tetrahy-
drofuran (THF) > ethanol (EtOH), and the chelating
dimethoxyethane (DME) shuts down hydrogenation reac-
tivity altogether. Varying the adsorption ability of the
directing group likewise has a significant effect on reaction
diastereoselectivity. Consistent with our previous observa-
tions on Pd� Cu alloys, increasing the steric bulk on the
directing group via formation of an ether (OMe or OMOM)
weakens the directing effect and strengthens the substrate

steric preference toward the undirected product, thereby
attenuating the overall diastereoselectivity (Table S8).

H2 pressure had no effect on diastereoselectivity; both
lower (1 bar) and higher (70 bar) H2 pressures showed
~90 :10 dr and full conversion. Using D2 instead of H2 also
provided similar yield and selectivity. NMR analysis of the
deuterated product showed that deuterium atoms add
primarily to the carbon atoms that originally comprised the
olefin, indicating that adsorbed intermediates exhibit mini-
mal isomerization on the Pt� Ni surface during catalysis
(Figure S20). At lower catalyst loading (1 mol%), incom-
plete conversion (80%) and attenuated diastereoselectivity
(85 :15 dr) were observed in cyclohexane. However, switch-
ing the solvent to toluene enhanced both reactivity and
diastereoselectivity, enabling full conversion and 90 :10 dr in
6 h at 1 mol% catalyst loading. Characterizing reaction
aliquots over the 6 h time course, we observed that the
product diastereomeric ratio remained constant throughout
the reaction (Figure S21). Finally, increasing the substrate
concentration by 25-fold to 0.5 M in toluene had no
deleterious effect on conversion and selectivity, which will
facilitate future scale-up efforts for this process.

Using the optimized Pt� Ni/SiO2 catalyst in cyclohexane
at room temperature and 10 bar H2, a broad scope of
tetrasubstituted cyclopentenols were effective substrates in
the heterogeneous directed hydrogenation reaction (Ta-
ble 4). In all cases, the dominant diastereomer was deter-
mined by Nuclear Overhauser Effect Spectroscopy (NO-
ESY) on the isolated product. Assignment of key NOE
cross-correlations for representative substrates are shown in
Figures S22–S26, and all remaining characterization is
provided in the Spectral Data section of the Supporting
Information. We began by varying the identity of the R2

substituent while maintaining a methyl group in the R1

position. In addition to the benzene-substituted compound
(2) used for reaction optimization, a diverse set of phenyl-
substituted compounds were both reactive and selective in
the directed hydrogenation. Alkyl functional groups of
varying steric bulk (methyl, n-hexyl, t-butyl) at the meta-
and para-positions on the phenyl ring were well-tolerated,
reaching full conversion in <10 hours and achieving
~90 :10 dr (3, 4, 6, 7). ortho-Substitution required 24 h
reaction time and afforded much lower diastereoselectivity
(5). Substitution of the phenyl ring with polar functional
groups, including fluoro, trifluoromethyl, methoxy, and
trifluoromethoxy generally provided good yields and dia-
stereoselectivities in the reaction (8–13). Oxygen-containing
heterocycles (14) and polyaromatics (15, 16, 17) were also
tolerated.

Substrates with alkyl and benzyl groups in the R2

position were equally active and diastereoselective in the
Pt� Ni-catalyzed directed hydrogenation reaction (18–20).
The presence of an alkyl ether moiety on the substrate (19),
which has the potential to compete with directing group
adsorption to the catalyst surface, did not attenuate the rate
or diastereoselectivity. Installing an n-pentyl chain in the R1

position on the olefin, proximal to the alcohol, generated
extremely hindered tetrasubstituted olefins (21–25). Few
molecular catalysts are able to hydrogenate olefins of this

Table 3: Effect of Reaction Parameters.

Deviation from Standard Conditiona Conversion (%) DR (2a :2b)

None 99 90 :10
Toluene 99 90 :10
MTBE 99 83 :17
THF 75 69 :31
EtOH 97 66 :34
DME 0 –
1 bar H2 99 90 :10
70 bar H2 99 91 :9
10 bar D2 99 91 :9
1 mol% 80 85 :15
1 mol%, toluene 98 90 :10
1 mol%, 0.5 M, toluene 99 90 :10

aStandard conditions: 1 (0.1 mmol), Pt� Ni/SiO2 (5 mol% by Pt,
10 mol% by Ni content), cyclohexane (5 mL, 0.02 M), 10 bar H2, 6 h,
rt. Conversion by remaining starting material and DR determined by
GC with decane internal standard. Negligible isomer peaks were
observed.
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Table 4: Substrate Scope Studies.a

aReaction conditions: Substrate (0.1 mmol), Pt� Ni/SiO2 (5 mol% by Pt, 10 mol% by Ni content), cyclohexane (5 mL, 0.02 M), 10 bar H2, 6–24 h,
rt. Isolated yields determined after purification by column chromatography. The dominant diastereomer for each product is assigned by NOESY.
Diastereomeric ratios determined by gas chromatography on the isolated product and reported as the ratio of directed product to all other
stereoisomers. All compounds are racemic. b10% MTBE added as a co-solvent to facilitate substrate dissolution. c10 mol% catalyst loading and
48 hour reaction time utilized.
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type, particularly those bearing four>C1 alkyl or aryl
substituents.[4b,c] The additional steric encumbrance created
by replacing the methyl substituent with a bulkier n-pentyl
did slow down the reaction, necessitating 24–48 hour reac-
tion times for the dialkyl (22–24) and alkyl-aryl (25)
substrates. The diastereoselectivity, however, was higher on
average across this series of substrates compared to their
methyl-substituted counterparts. Importantly, the reducible
ester functionality in 24 remained untouched under these
hydrogenation conditions.

In addition to the tetrasubstituted olefins, several
trisubstituted alkenes with homoallylic and allylic alcohols
were hydrogenated by the Pt� Ni catalyst with good con-
version and diastereoselectivity (Table S9). Cyclic primary
alcohols in a cyclohexene scaffold—terpinen-4-ol, cis-car-
veol, and trans-carveol—showed full conversion and good
directed diastereoselectivity using the Pt� Ni alloy catalyst
while monometallic Pt showed little or no direction. The
presence of a diol in trans-sobrerol inhibited hydrogenation
reactivity relative to the mono-ol substrates, but the
directing effect from the cyclic OH remained strong. Moving
the directing group off the ring to a more distal position (α-
terpineol) or substantially increasing the steric bulk of the
directing face (cis-verbenol) diminished directivity.

Some functional groups and substitution patterns on the
olefin were slow to react in the hydrogenation, including
Lewis basic nitrogen functionality that can poison the
catalyst surface, esters and amides that are directly con-
jugated to the alkene, and particularly bulky substituents
(Table S10). Other functional groups—furan, naphthalene,
and benzamide—were susceptible to over-hydrogenation at
the arene. Reducible amide and ester functionality were
stable under hydrogenation conditions, but nitro, benzyl
ether, and chloro functional groups were partially hydro-
genated or hydrodehalogenated. Catalyst development ef-
forts remain ongoing in our group to address these reactivity
and functional group tolerance issues.

Substrate 24 is a reduced derivative of the fragrance
compound methyl dihydrojasmonate (26) and could serve as

a valuable precursor toward the selective production of its
individual stereoisomers (Figure 3).[23] Commercially, methyl
dihydrojasmonate (trade name Hedione) is sold as a
thermodynamic mixture of stereoisomers dominated by the
trans compounds (26c, 26d). However, the only compound
in the mixture with a strong fragrance is the (1R,2S)-(+)-cis
isomer 26a.[24] Several processes have been developed to
enrich the commercially-available mixture with the cis
isomers 26a and 26b in their racemic form through
oxidation to the α,β-unsaturated cyclopentenone 27 followed
by hydrogenation, but only one previous example exists of
the direct formation of 26a through asymmetric
hydrogenation.[4c,25] We postulated that our heterogeneous
directed hydrogenation could be utilized in conjunction with
an asymmetric reduction of the ketone moiety to selectively
produce the desired product 26a as a single enantiomer.

Beginning with commercially available methyl dihydro-
jasmonate as a mixture of stereoisomers, oxidation using
SO2Cl2 afforded cyclopentenone 27. Reduction of the
ketone using an asymmetric Corey-Bakshi Shibata (CBS)
reduction with (R)-(+)-2-methyl-CBS-oxazaborolidine as
the catalyst yielded allylic alcohol 28 with 87% yield and
86% enantiomeric excess (ee). Applying the Pt� Ni/SiO2

heterogeneous catalyst under the conditions developed
above resulted in highly diastereoselective hydrogenation of
the tetrasubstituted olefin to generate 29 with 94 :6 dr and
critically, no erosion of enantiomeric excess. Finally, re-
oxidation of the alcohol using Dess–Martin periodinane
yielded the desired product 26a with high diastereomeric
ratio (95 :5 cis : trans) and enantiomeric excess (82% ee).
This four-step route has an overall yield of 74% from the
starting commercial compound and takes a mixture that
began with only 5% of the biologically-active enantiomer
26a and enriches it to 86%.

Finally, the heterogeneous directed hydrogenation cata-
lyst is both scalable and recyclable. To facilitate scale-up
efforts, the reaction was performed at 0.2 M in toluene with
1 mol% catalyst for 1.0 g (5.7 mmol) of cyclopentenol 1.
These conditions enabled the use of a standard glass

Figure 3. Synthesis of enantiopure (1R,2S)-(+)-cis-methyl dihydrojasmonate utilizing heterogeneous directed hydrogenation.
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pressure vessel equipped with a magnetic stir bar for the
reaction, and only one H2 refill was needed during the 24 h
period. Gratifyingly, the large-scale reaction proceeded
cleanly to the hydrogenated product, and we obtained 92%
isolated yield and 90 :10 dr for the directed product (Fig-
ure 4a). Another advantage of heterogeneous catalysts is the
ability to regenerate and reuse the catalyst over multiple
hydrogenation cycles. At the end of each cycle, the reaction
mixture was simply filtered or centrifuged to separate the
solid Pt� Ni/SiO2 catalyst from the organic products in the
liquid phase. Because the catalyst was exposed to air during
the work up, a mild reduction at 300 °C in forming gas (5%
H2/balance N2) was carried out to regenerate the active
Pt� Ni surface. In the absence of regeneration, the reactivity
of the catalyst drops significantly with each subsequent cycle
(Table S12). With the forming gas treatment, the catalyst
retained good reactivity (>95%) and diastereoselectivity (>
84 :16 dr) in the hydrogenation of 1 over four reaction cycles
though conversion began to drop in the 5th cycle (Figure 4b).
To better understand catalyst structural changes during
recycling and regeneration, we performed CO DRIFTS and
STEM imaging on the recycled catalysts. STEM imaging
revealed that Pt� Ni nanoparticles grew from 2.2 nm to
3.0 nm in average diameter after one 300 °C regeneration
step (Figure S33). This nanoparticle sintering is likely
responsible for the slow degradation of catalytic activity
observed during recycling. In addition, the CO DRIFTS
peak shifted from 2075 cm� 1 to 2059 cm� 1 after catalysis,
consistent with an increase in surface-exposed Ni due to
oxidation, and recovered partially to 2065 cm� 1 after 300 °C

regeneration (Figure S17). The incomplete recovery of the
initial Pt� Ni surface ensemble, reflecting an irreversible
enrichment of the surface with Ni atoms over multiple
cycles, likely alters catalyst diastereoselectivity.[26] Increasing
the temperature of regeneration to 500 °C improved recov-
ery of the Pt� Ni ensemble but exacerbated the nanoparticle
sintering process (Figure S17, S33), leading to good reten-
tion of diastereoselectivity but a more pronounced loss in
reactivity (Table S12). Extensive work in the literature has
been done to characterize surface restructuring processes
that occur in Pt bimetallic alloys when exposed to oxidizing
and reducing environments, and achieving full regeneration
of the original surface composition remains a significant
challenge.[27]

Conclusion

In conclusion, this work provides the first example of a
diastereoselective OH-directed hydrogenation of a tetrasub-
stituted cyclopentene substrate, providing access to novel
cyclopentanol products with three contiguous stereocenters.
The bimetallic Pt� Ni catalyst developed herein shows
unique catalytic properties relative to known homogeneous
and heterogeneous catalysts, underscoring the importance of
the PtNi alloy surface toward simultaneously binding and
activating the OH directing group, H2, and the tetrasub-
stituted olefin. Using bimetallic alloys as a modular catalytic
framework, we anticipate that directed heterogeneous
reactions can become a general strategy toward achieving
stereoselective and regioselective transformations of chal-
lenging substrates.

Supporting Information

General information, catalyst synthesis and characterization
methods, supplementary Figures and tables, synthesis and
characterization of all organic substrates and hydrogenated
products, and spectral data. The authors have cited addi-
tional references within the Supporting Information.[6,17a, 28]
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