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ABSTRACT: A ruthenium(II)-catalyzed highly selective Markovnikov hydro-
genation of terminal epoxides to secondary alcohols is reported. Diverse
substitutions on the aryl ring of styrene oxides are tolerated. Benzylic, glycidyl,
and aliphatic epoxides as well as diepoxides also underwent facile hydrogenation
to provide secondary alcohols with exclusive selectivity. Metal−ligand
cooperation-mediated ruthenium trans-dihydride formation and its reaction
involving oxygen and the less substituted terminal carbon of the epoxide is
envisaged for the origin of the observed selectivity.

The regioselective ring opening of epoxides to selectively
provide one of the two isomeric products is an important

transformation in medicinal chemistry and is a highly promising
industrial process for the synthesis of alcohols.1 Conventional
methods for the epoxide hydrogenation reactions are mainly
based on the use of stoichiometric amounts of strong reducing
reagents such as LiAlH4, which provide amixture of both primary
and secondary alcohols (Scheme 1a).2 The classical methods
often failed to provide satisfactory results and suffer from (i)
requirement and safety issues with the use of cryogenic
conditions, (ii) difficulties associated with a more reactive
lithium base, leading to a mixture of alcohol products, and (iii)

the generation of copious reactive waste in the environment.
Moreover, the presence of sensitive functionalities limits the
substrate scope. However, the preparation of secondary alcohols
directly from alkenes via acid-catalyzed hydration reactions3 and
the two-stepWacker oxidation of alkenes to ketones, followed by
reduction are also extensively studied in the literature.4,5Modern
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Scheme 1. Traditional and Catalytic Approaches to the
Hydrogenation of Epoxides

Table 1. Optimization for Regioselective Hydrogenation of
Styrene Oxide Catalyzed by 1a

entry H2 (bar) temp (°C) conv (%)b yield (%)c ratio A/Bd

1 10 75 40 38 80:20
2 30 75 78 76 92:8
3 50 75 >99 99 94:6
4 50 100 >99 98 90:10
5 50 50 30 28 >99:<1
6e 50 75 60 54 >99:<1
7f 50 75
8g 50 75
9h 50 75 >99 97 94:6

aReaction conditions: styrene oxide (0.5 mmol), catalyst 1 (1 mol %),
and KOtBu (2 mol %) and toluene (1.5 mL), heated to the indicated
temperature under H2 pressure. bConversion of styrene oxide was
determined by GC analysis using benzene as an internal standard.
cYields were calculated for the isolated mixture of products A and B
after column chromatography. dAlcohol ratio was determined from
the 1H NMR analysis of the reaction mixture. e0.5 mol % catalyst 1
was used. fOnly 5 mol % of KOtBu was used. gReaction was
performed without catalyst and base. hReaction was performed on a 1
mmol scale.
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transition-metal catalysis is an attractive and alternative method
for the selective ring opening of epoxides.
During the last two decades, heterogeneous and homoge-

neous catalyst systems have been developed for the selective
hydrogenation of epoxides to provide alcohols. Palladium
heterogeneous catalyst (Pd/C) was extensively studied for the
hydrogenolysis of epoxides to alcohols.6 However, controlling
the regioselectivity of ring opening and the substrate scope has
been less documented in heterogeneous catalysis. Thus,
homogeneous catalyzed reactions were developed for the
selective ring opening of epoxides, exploring the specific
reactivity of transition-metal complexes.7,8 Hydroelementation
(hydroboration and hydrosilylation) reactions are an alternative
protocol for the selective ring opening of epoxides, which
delivered the protected alcohols.9,10

Very recently, the groups ofGansaüer,Norton, andBeller have
reported the anti-Markovnikov selective hydrogenation epox-
ides to primary alcohols.11 Despite these enticing developments
to attain anti-Markovnikov selective reactions, studies toward
Markovnikov selective products remain limited in the
literature.6,7 Ikariya and coworkers have reported the pioneering
ruthenium-catalyzed Markovnikov hydrogenation of terminal
epoxides.8 However, the reported methods explored a narrow
substrate scope and predominantly pertain to styrene oxides.
Thus, developing a new protocol for the selective Markovnikov
ring opening of epoxides is highly desirable. Recently, we have
reported the pincer Ru-MACHO (1)-catalyzed cross-coupling
of secondary alcohols,12 the synthesis of ketazines,13 and the α-
alkylation14 and α-olefination15 of nitriles using alcohols. Herein
we present the highly selective Markovnikov hydrogenation of
epoxides to secondary alcohols catalyzed by 1.

Table 2. Scope of Regioselective Hydrogenation of Terminal Epoxides Catalyzed by 1a

aReaction conditions: epoxide (0.5 mmol), catalyst 1 (1 mol %), and KOtBu (2 mol %) and toluene (1.5 mL) were heated to 75 °C under 50 bar
H2 pressure for 24 h. bConversion of epoxides determined by GC analysis using benzene as an internal standard. cReported yields correspond to
isolated pure compounds. dIsolated as a mixture of A and B (94:6). e10% of primary alcohol is isolated. f26% of primary alcohol isolated. gReaction
was performed using 3 mol % of catalyst and 6 mol % of base at 100 °C. hReaction was performed using 5 mol % of catalyst 1 and 10 mol % of base
at 100 °C. i42% of primary alcohol was isolated.
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At the outset, styrene oxide (0.5 mmol), catalyst 1 (1 mol %),
and base (2 mol %) in toluene solution were heated to 75 °C
under hydrogen pressure (10 bar). Upon completion, gas
chromatography (GC) and 1H NMR analyses of the reaction
mixture indicated 40% conversion of styrene oxide and the
formation of both isomers of alcohols 80:20 (branched: linear,
entry 1, Table 1). This result implies the predominant formation
of secondary alcohol under our catalytic conditions. Increasing
hydrogen pressure to 30 bar resulted in higher conversion and
yield (78 and 76%, respectively) and provided increased
selectivity for the secondary alcohol (92:8, entry 2, Table 1).
Increasing hydrogen pressure to 50 bar under similar catalytic
conditions resulted in the quantitative conversion of styrene
oxide, and alcohols were isolated in 99% yield with very good
selectivity for the secondary alcohol (94:6, entry 3, Table 1).
Furthermore, varying the temperature and reducing the catalyst
load were found to be less effective on the catalysis (entries 4−6,
Table 1).No product formationwas observed by employing only
the base and without the catalyst and the base (entries 7 and 8,
Table 1). These results clearly indicated that catalyst 1 and the
base are playing a crucial role in promoting the selective ring
opening of epoxides.

As the optimal reaction condition was attained, the substrate
scope of epoxides was investigated (Table 2). Remarkably,
except for four substrates (see later), all other terminal epoxides
subjected to catalysis exhibited complete regioselectivity for
Markovnikov hydrogenation and delivered only secondary
alcohols. The presence of electron-donating and halogen
substitutions on the aromatic ring of epoxide was very well
tolerated. 4-Methylstyrene oxide afforded 90% conversion with
72% yield of 2b, whereas 10% of the corresponding primary
alcohol was also isolated (entry 2, Table 2). 4-tert-Butylstyrene
oxide provided only 28% conversion, however, with exclusive
regioselectivity for the secondary alcohol under the optimized
conditions. With increased catalyst load and temperature (3 mol
% and 100 °C), 75% conversion was observed in which 42 and
26% of secondary and primary alcohols were isolated,
respectively (entry 3, Table 2). Gratifyingly, the electron-
withdrawing group containing styrene oxides provided excellent
selectivity in moderate to excellent yield (entries 4−6, Table 2).
2-Benzyloxirane provided a high yield and exclusive selectivity
for the secondary alcohol (entry 7, Table 2). Notably, the
palladium-catalyzed hydrogenation of 2-benzyloxirane under
heterogeneous conditions provided a mixture of both primary
and secondary alcohols.6b Furthermore, a variety of aromatic and
aliphatic glycidyl terminal epoxides was tested, which resulted in
very good yields of secondary alcohols with exclusive selectivity
(entries 8−14, Table 2). Unactivated aliphatic epoxides were
subjected to an increased catalyst load (5 mol %) and base (10
mol %), in which most of the substrates provided quantitative
conversion, and the products were isolated in good to excellent
yield (entries 15−19, Table 2). However, under similar
conditions, when 1,1-disubstituted epoxide 2-methyl-2-phenyl-
oxirane was subjected to hydrogenation, the formation of a
mixture of both isomers of alcohols was observed in the reaction
mixture (branched: linear, 50:49, entry 20, Table 2).
To further expand the scope of the protocol, we turned our

attention to diepoxides. Interestingly, aromatic and aliphatic
diepoxides provided quantitative conversion and yield with the
complete formation of the corresponding secondary diols
(Scheme 2). The products were isolated as mesomers due to

Scheme 2. Scope of the Regioselective Hydrogenation of
Terminal Diepoxides Catalyzed by 1a

aReaction conditions: diepoxide (0.5 mmol), catalyst 1 (2 mol %),
and KOtBu (4 mol %) and toluene (1.5 mL) were heated to 75 °C
under 50 bar H2 pressure for 24 h. The conversion of diepoxides
determined by GC analysis using benzene as an internal standard is
given within parentheses. Reported yields correspond to the isolated
pure compound. bReaction was performed using 10 mol % of catalyst
and 20 mol % of base at 100 °C.

Scheme 3. Mechanistic Studies for the Hydrogenation of
Terminal Epoxides Catalyzed by 1

Scheme 4. Plausible Mechanism for the Selective
Hydrogenation of Epoxides Catalyzed by 1
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the presence of C2 symmetry. In contrast with previous reports,
the exclusive regioselectivity to secondary alcohols makes this
process a new green alternative for the synthesis of diols.6

Toward understanding the reaction mechanism, the reaction
with N2 gas (50 bar) was performed (devoid of hydrogen), in
which no epoxide ring opening occurred (Scheme 3a). The
absence of the isomerization of the epoxide to ketone confirms
that the reaction does not proceed via Meinwald rearrange-
ment.16 This result indicates the importance of H2 gas in the
initial formation of ruthenium dihydride intermediate II and its
role in the selective epoxide ring-opening reactions. Notably,
internal epoxides did not undergo ring opening under the
optimized reaction conditions (Scheme 3b). An enantiopure
chiral epoxide R-(+)-glycidol was subjected to our catalysis,
which provided a complex mixture (Scheme 3c).
On the basis of these experimental observations and our

previous reports12−15,17 involving catalyst 1, a catalytic cycle for
the regioselective ring opening of epoxides to secondary alcohols
is proposed (Scheme 4). Catalyst 1 in the presence of base is
converted to reactive unsaturated intermediate I.17b,18 The
heterolytic activation of H2 by I involving amine−amide metal−
ligand cooperation leads to the formation of saturated ruthenium
dihydride intermediate II.19 Perhaps the formation of inter-
mediate III upon the reaction of II with epoxide preferably
involves less substituted carbon and oxygen centers of the
terminal epoxide. Hydrogen pressure also plays an important
role in the conversion of epoxide as well as the product
selectivity. At 10 bar hydrogen pressure, only 40% conversion of
epoxide occurred, in which a considerable amount of anti-
Markovnikov primary alcohol was formed, 20% (Table 1, entry
1), indicating the involvement of other mechanistic pathways at
low pressure. However, the use of 50 bar hydrogen pressure
provided the complete conversion and a very high selectivity for
the Markovnikov secondary alcohols (Table 1, entries 3 and 9;
Table 2), indicating that a high hydrogen pressure is essential for
the effective formation of ruthenium dihydride intermediate II
and its further selective reaction with epoxide. Notably, the
internal epoxide failed to undergo ring opening when subjected
to catalysis (Scheme 3b). Thus, the preferential approach of
metal hydride to the less substituted terminal carbon of epoxide,
precluding the internal tertiary carbon and the interaction of the
acidic amine proton with the epoxide oxygen, leads to the
selective formation of intermediate III. On III, themetal hydride
and amine proton are concomitantly transferred to the epoxide
through a six-membered cyclic transition state, resulting in the
selective formation of the secondary alcohol and the
regeneration of the active intermediate I to complete a catalytic
cycle.
In conclusion, a ruthenium-catalyzed highly Markovnikov

selective hydrogenation of epoxides is demonstrated. The
catalyst exhibits superior reactivity to control regioselectivity
with a wide substrate scope. Diverse aromatic, benzylic, glycidyl,
and aliphatic terminal epoxides and also diepoxides were well
tolerated to provide secondary alcohol products in good to
excellent yield. Interestingly, this transformation contrasts the
recently reported catalytic anti-Markovnikov selective hydro-
genation of epoxides and compliments the efficient and selective
synthesis of secondary alcohols from epoxides.11 Metal−ligand
cooperation-mediated dihydrogen activation to ruthenium
trans-dihydride formation and its preferential reaction with
oxygen and the less substituted terminal carbon of the epoxide is
suggested to be the origin of observed Markovnikov selectivity.
The concomitant transfer of amine proton and metal hydride to

the epoxide through a six-membered cyclic transition state is
proposed to provide the selective formation of secondary
alcohols. The synthetic utilities of such mechanistic pathway are
currently under investigation.
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Mazet, C. Isomerization of Terminal Epoxides by a [Pd−H]Catalyst: A
Combined Experimental and Theoretical Mechanistic Study. J. Am.
Chem. Soc. 2013, 135, 6177−6183. (d) Michel, B. W.; Camelio, A. M.;
Cornell, C. N.; Sigman, M. S. A General and Efficient Catalyst System
for a Wacker-Type Oxidation Using TBHP as the Terminal Oxidant:
Application to Classically Challenging Substrates. J. Am. Chem. Soc.
2009, 131, 6076−6077.
(6) (a) Nandi, S.; Patel, P.; Jakhar, A.; Khan, N. H.; Biradar, A. V.;
Kureshy, R. I.; Bajaj, H. C. Cucurbit[6]uril-Stabilized Palladium
Nanoparticles as a Highly Active Catalyst for Chemoselective
Hydrogenation of Various Reducible Groups in Aqueous Media.
ChemistrySelect 2017, 2, 9911−9919. (b) Thiery, E.; Le Bras, J.; Muzart,
J. Palladium NanoParticles-Catalyzed Regio- and Chemoselective
Hydrogenolysis of Benzylic Epoxides in Water. Green Chem. 2007, 9,
326−327. (c) Kwon, M. S.; Park, I. S.; Jang, J. S.; Lee, J. S.; Park, J.
Magnetically Separable Pd Catalyst for Highly Selective Epoxide
Hydrogenolysis underMild Conditions.Org. Lett. 2007, 9, 3417−3419.
(d) Sajiki, H.; Hattori, K.; Hirota, K. Pd/C(en)-Catalyzed Regiose-
lective Hydrogenolysis of Terminal Epoxides to Secondary Alcohols.
Chem. Commun. 1999, 1041−1042. (e) Dragovich, P. S.; Prins, T. J.;
Zhou, R. Palladium Catalyzed, Regioselective Reduction of 1,2-
Epoxides by Ammonium Formate. J. Org. Chem. 1995, 60, 4922−4924.
(7) (a) Yakabe, S. One-pot System for Reduction of Epoxides Using
NaBH4, PdCl2 Catalyst, and Moist Alumina. Synth. Commun. 2010, 40,
1339−1344. (b)Noguchi, Y.; Yamada, T.; Uchiro,H.; Kobayashi, S. Pd-
Catalyzed Hydrogenolysis of 4,5-Epoxy-2-alkenoates: Model Study of
the Acyl Side-chain of Polyoxypeptin. Tetrahedron Lett. 2000, 41,
7493−7497. (c) Oshima, M.; Yamazaki, H.; Shimizu, I.; Nisar, M.;
Tsuji, J. Palladium-Catalyzed Selective Hydrogenolysis of Alkenylox-
iranes with Formic Acid. Stereoselectivity and Synthetic Utility. J. Am.
Chem. Soc. 1989, 111, 6280−6287. (d) Fujitsu, H.; Shirahama, S.;
Matsumura, E.; Takeshita, K.; Mochida, M. Catalytic Hydrogenation of
Styrene Oxide with Cationic Rhodium Complexes. J. Org. Chem. 1981,
46, 2287−2290.
(8) Ito, M.; Hirakawa, M.; Osaku, A.; Ikariya, T. Highly Efficient
Chemoselective Hydrogenolysis of Epoxides Catalyzed by a (e5̀
C5(CH3)5)Ru Complex Bearing a 2-(Diphenylphosphino)ethylamine
Ligand. Organometallics 2003, 22, 4190−4192.
(9) Hydroboration of epoxides: (a) Patnaik, S.; Sadow, A. D.
Interconverting Lanthanum Hydride and Borohydride Catalysts for
C=O Reduction and C-O Bond Cleavage. Angew. Chem., Int. Ed. 2019,
58, 2505−2509. (b) Song, H.; Ye, K.; Geng, P.; Han, X.; Liao, R.; Tung,
C.-H.;Wang,W. Activation of Epoxides by a Cooperative Iron-Thiolate
Catalyst: Intermediacy of Ferrous Alkoxides in Catalytic Hydro-
boration. ACS Catal. 2017, 7, 7709−7717. (c) Desnoyer, A. N.; Geng,
J.; Drover, M. W.; Patrick, B. O.; Love, J. A. Catalytic Functionalization
of Styrenyl Epoxides via 2-Nickela(II)oxetanes.Chem. - Eur. J. 2017, 23,
11509−11512.
(10) Hydrosilylation of epoxides: (a) Zhang, J.; Park, S.; Chang, S.
Piers’ Borane-Mediated Hydrosilylation of Epoxides and Cyclic Ethers.
Chem. Commun. 2018, 54, 7243−7246. (b) Wenz, J.; Wadepohl, H.;
Gade, L. H. Regioselective Hydrosilylation of Epoxides Catalysed by
Nickel(II)HydridoComplexes.Chem. Commun. 2017, 53, 4308−4311.
(c) Zhang, Y.-Q.; Poppel, C.; Panfilova, A.; Bohle, F.; Grimme, S.;
Gansauer, A. SN2 Reactions at Tertiary Carbon Centers in Epoxides.
Angew. Chem., Int. Ed. 2017, 56, 9719−9722. (d) Henriques, D. S. G.;
Zimmer, K.; Klare, S.; Meyer, A.; Rojo-Wiechel, E.; Bauer, M.; Sure, R.;
Grimme, S.; Schiemann, O.; Flowers, R. A., II; Gansauer, A. Highly
Active Titanocene Catalysts for Epoxide Hydrosilylation: Synthesis,
Theory, Kinetics. Angew. Chem., Int. Ed. 2016, 55, 7671−7675.
(11) (a) Yao, C.; Dahmen, T.; Gansaüer, A.; Norton, J. Anti-
Markovnikov Alcohols via Epoxide Hydrogenation Through Cooper-
ative Catalysis. Science 2019, 364, 764−767. (b) Liu, W.; Li, W.;
Spannenberg, A.; Junge, K.; Beller, M. Iron-Catalysed Regioselective

Hydrogenation of Terminal Epoxides to Alcohols Under Mild
Conditions. Nat. Catal. 2019, 2, 523−528.
(12) (a)Thiyagarajan, S.; Gunanathan, C.Catalytic Cross-Coupling of
Secondary Alcohols. J. Am. Chem. Soc. 2019, 141, 3822−3827.
(b) Thiyagarajan, S.; Gunanathan, C. Ruthenium-Catalyzed Direct
Cross-Coupling of Secondary Alcohols to β-Disubstituted Ketones.
Synlett 2019, 30, 2027−2034.
(13) Kishore, J.; Thiyagarajan, S.; Gunanathan, C. Ruthenium(II)-
Catalysed Direct Synthesis of Ketazines Using Secondary Alcohols.
Chem. Commun. 2019, 55, 4542−4545.
(14) Thiyagarajan, S.; Gunanathan, C. Ruthenium-Catalyzed α-
Olefination of Nitriles Using Secondary Alcohols. ACS Catal. 2018, 8,
2473−2478.
(15) Thiyagarajan, S.; Gunanathan, C. Facile Ruthenium(II)-
Catalyzed α-Alkylation of Arylmethyl Nitriles Using Alcohols Enabled
by Metal−Ligand Cooperation. ACS Catal. 2017, 7, 5483−5490.
(16) (a) Wang, Z. Meinwald Rearrangement. In Comprehensive
Organic Name Reactions and Reagents; Wiley: Hoboken, NJ, 2010; pp
1880−1882. (b)Rickborn, B. InComprehensiveOrganic Synthesis; Trost,
B. M., Fleming, I., Pattenden, G., Eds.; Pergamon: Oxford, U.K., 1991;
Vol. 3, pp 733−755. (c) Meinwald, J.; Labana, S. S.; Chadha, M. S.
Peracid Reactions. III. The Oxidation of Bicyclo [2.2.1]heptadiene. J.
Am. Chem. Soc. 1963, 85, 582−585.
(17) (a) Krishnakumar, V.; Gunanathan, C. Ruthenium-Catalyzed
Selective α-Deuteration of Aliphatic Nitriles Using D2O. Chem.
Commun. 2018, 54, 8705−8708. (b) Krishnakumar, V.; Chatterjee,
B.; Gunanathan, C. Ruthenium-Catalyzed Urea Synthesis by N−H
Activation of Amines. Inorg. Chem. 2017, 56, 7278−7284. (c) Chatter-
jee, B.; Gunanathan, C. The Ruthenium-Catalysed Selective Synthesis
of mono-Deuterated Terminal Alkynes. Chem. Commun. 2016, 52,
4509−4512. (d) Chatterjee, B.; Gunanathan, C. Ruthenium Catalyzed
Selective α-and α,β-Deuteration of Alcohols Using D2O. Org. Lett.
2015, 17, 4794−4797.
(18) Anaby, A.; Schelwies,M.; Schwaben, J.; Rominger, F.; Hashmi, A.
S. K.; Schaub, T. Study of Precatalyst Degradation Leading to the
Discovery of a New Ru0 Precatalyst for Hydrogenation and
Dehydrogenation. Organometallics 2018, 37, 2193−2201.
(19) Zhang, L.; Raffa, G.; Nguyen, D. H.; Swesi, Y.; Corbel-Demailly,
L.; Capet, F.; Trivelli, X.; Desset, S.; Paul, S.; Paul, J.-F.; Fongarland, P.;
Dumeignil, F.; Gauvin, R. M. Acceptorless Dehydrogenative Coupling
of Alcohols Catalyzed by Ruthenium PNP Complexes: Influence of
Catalyst Structure and of Hydrogen Mass Transfer. J. Catal. 2016, 340,
331−343.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b03995
Org. Lett. 2019, 21, 9774−9778

9778

http://dx.doi.org/10.1021/acs.orglett.9b03995

