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NEW TOOLS IN SYNTHESIS
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Abstract: Recent advance on asymmetric hydrogenation of aro-
matic carbocyclic rings and thiophenes has been described with the
chiral ruthenium catalyst. It represents a great breakthrough in the
area of asymmetric hydrogenation as well as opens up a new path-
way for the facile synthesis of valuable optically active carbocyclic
rings and dihydro- and tetrahydrothiophenes.
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As one of the most atom-economic and efficient ap-
proaches for the construction of enantioenriched chiral
compounds, the transition-metal-catalyzed asymmetric
hydrogenation of aromatic compounds has been imple-
mented successfully with excellent enantioselectivity.!=
Despite impressive progress to date, the challenge still re-
mains to be overcome in this research field, especially for
aromatic carbocyclic rings and thiophenes. The pervasive
problem existing in these two kinds of substrates includes
highly stabilized aromatic structure which might hinder
asymmetric hydrogenation. Moreover, the weak coordi-
nation ability of aromatic carbocyclic ring would not be
beneficial to combine with catalyst to facilitate hydroge-
nation. Importantly, the poor discrimination of enantio-
topic faces for the reduction of aromatic carbocyclic
compounds might lead to poor enantioselectivity. In sharp
comparison with aromatic carbocyclic compounds, the
strong S-coordination ability of thiophenes and their cor-
responding products might poison the catalyst. Besides,
the thiophenes are susceptible to hydrodesulfurization
which is an important industrial process for the petroleum
and other fossil fuel feedstock.®® Though difficulties per-
sist, chemists continue to make progress in this field. Until
very recently, the ice of asymmetric hydrogenation of ar-
omatic carbocyclic rings and thiophenes was broken by
Glorius'®!'! and Kuwano,'? respectively. Herein, the sig-
nificance of their results is summarized.

In 2003, the Borowski group found that the bis(dihydro-
gen) ruthenium complex [RuH,(n2-H,),(PCy;),] allowed
for the regioselective hydrogenation of N-heteroaromatic
compounds, providing the products with carbocyclic ring
reduced.'*!* Inspired by this finding, Glorius and co-
workers proposed the regioselective and asymmetric hy-
drogenation of the quinoxalines to give the 5,6,7,8-tetra-
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hydroquinoxalines in the presence of suitable chiral NHC
ligands which have exhibited powerful ability in the or-
ganic synthesis (Scheme 1).1015-23

1. stabilized aromatic structure
2. weak coordination ability
3. poor discrimination of enantiotopic faces

catalyst, Ho
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1. stabilized aromatic structure
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3. hydrodesulfurization/hydrogenolysis

Scheme 1 Some challenges for the asymmetric hydrogenation of
aromatic carbocyclic rings and thiophenes

It is noteworthy that the choice of the N-heterocyclic car-
bene (NHC) ligand played a decisive role in the regiose-
lective hydrogenation. The L1 with aryl substituents only
provided 1,2,3,4-tetrahydro-quinoxaline 3a. Interestingly,
using L2 containing alkyl substituents as ligand complete-
ly reversed the regioselectivity of hydrogenation and the
aromatic carbocyclic ring was selectively hydrogenated to
deliver the 5,6,7,8-tetrahydroquinoxaline 2a (Scheme 2).

These results stimulated Glorius and co-workers to ex-
plore the chiral NHC ligands for the regioselective and
asymmetric hydrogenation of the 6-substituted 2,3-diphe-
nylquinoxalines. Therefore, various chiral NHC ligands
and other reaction parameters were systematically inves-
tigated. The chiral 1-(1-naphthyl)ethylamine derived li-
gand L5 was the most favorable ligand in view of
regioselectivity and enantioselectivity (Scheme 3). Under
the optimized conditions, the various 6-alkyl-substituted
quinoxalines were reduced smoothly with high regiose-
lectivity, although the length of chain had a little influence
on enantioselectivity (80-88% ee). Nevertheless, replace-
ment of the alkyl substituent by phenyl resulted in moder-
ate enantioselectivity. Unfortunately, when the subtituent
position was changed from the 6- to the 5-position, the en-
antioselectivity was dramatically decreased albeit with
excellent reactivity and regioselectivity.
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Scheme 2 The regioselectivity controlled by NHC ligand in the
hydrogenation process of 2,3-diphenylquinoxalines

Very recently, Kuwano and co-workers documented an-
other significant asymmetric hydrogenation of aromatic
carbocyclic rings, naphthalenes (Scheme 4).'? Their inspi-
ration was derived from the serendipity in asymmetric hy-
drogenation of N-Boc indoles, in which they discovered
the naphthyl substituent was also partially reduced.?* In
this ingenious work, the oxygen atom which severs as a
bridge between naphthalene ring and chiral catalyst to fa-
cilitate hydrogenation is essential, otherwise, the transfor-
mation would fail to proceed. Notably, trans-chelating
ferrocene derived bisphosphine ligand (Ph-TRAP) is very
crucial for the enantioselectivity. Both 2,6- and 2,7-disub-
stituted naphthalenes performed very well with up to 92%
enantiomeric excess. Particularly, for the 6-alkyl- or 6-
aryl-2-alkoxynaphthalenes, the alkoxy-substituted aro-
matic ring was preferentially hydrogenated. Besides, the
hydrogenation mechanism was well supported by the con-
trol experiments (Scheme 5). The reaction probably starts
with hydrogenation of the less substituted C=C bond to
give the partially hydrogenated intermediate 8, followed
by rapid further reduction to afford the desired chiral

Biographical Sketches

Yong-Gui Zhou was born
in Hubei Province, China, in
1970. He received his BSc
degree from Huaibei Coal
Industrial Teachers’ Col-
lege in 1993 and PhD from
Shanghai Institute of Organ-
ic Chemistry in 1999, under
the supervision of Profes-

Lei Shi was born in Jiangsu
Province, China, in 1978.
He received his BSc degree
from Dalian University of
Technology in 2001. Then,
he started his PhD study in
applied chemistry at Dalian
University of Technology
under the supervision of
Professors Xiao-Bing Lu
and Xiao-Jun Peng and re-

Zhi-Shi Ye was born in
Zhejiang Province, China,
in 1984. He obtained his
BSc degree and MSc degree
from Wenzhou University
in 2007 and 2010, respec-
tively. He came to Dalian

© Georg Thieme Verlag Stuttgart - New York

product.

sors Li-Xin Dai and Xue-
Long Hou. He joined Xumu
Zhang’s group at the Penn-
sylvania State University,
USA, as a postdoctoral fel-
low that same year, and in
2002 he began his indepen-
dent research career at the
Dalian Institute of Chemical

ceived his PhD degree in
2007. After one year work
in Professor Wei-Min Dai’s
group in Hong Kong Uni-
versity of Science and Tech-
nology, he worked with
Professor Andreas Gan-
sduer at Bonn University as
a postdoctor supported by
Alexander von Humboldt
Foundation. In 2010, he

Institute of Chemical Phys-
ics and started his PhD re-
search under the supervision
of Professor Zhou. His PhD
project was mainly focused
on asymmetric hydrogena-
tion of heteroaromatic com-

Physics, Chinese Academy
of Sciences, where he is cur-
rently a professor of chemis-
try. His research interests
include the development of
catalytic asymmetric reac-
tions, mechanistic elucida-
tion, and  asymmetric
synthesis.

joined Professor Yong-Gui
Zhou’s group, Dalian Insti-
tute of Chemical Physics,
Chinese Academy of Sci-
ences. His research interests
are centered on developing
new catalytic methodology
for asymmetric chemical
transformations.

pounds. After receiving his
PhD in 2013, he joined the
research group of Ming-Ji
Dai in Purdue University as
a postdoctor.

Synlett 2014, 25, 928—-931



930 Z.-S. Ye et al.

NEW TOOLS IN SYNTHESIS

N_ _Ph
\©j Jv\ [Ru(cod)(2-methylallyl),]
N P NHC-HX, KOtBu, H,
1a

H
/N Ph 7z N Ph
LG, - LXK
N Ph N Ph
H
2a 3a

SO ST ST

L3 L4 L5

3a: <1% 3a: <1%

3a: <1%

2a: 99%, 24% ee 2a: 99%, 80% ee 2a: 99%, 88% ee

Bu Bn Ph CF3

R /N Ph
\Oi I R Et n-Pr
.
N Ph

ee 88% 84%

82% 84% 70% 30%

Scheme 3 Ru/NHC-catalyzed regioselective and asymmetric hydrogenation of 6-subsitituted 2,3-diphenylquinoxalines
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Scheme 4 Asymmetric hydrogenation of naphthalenes

aromaticity break step
= OEt slow Z OEt
8

Ru-H
fast

N
R
& OEt
[RuCla(p-cymene)L6], Hp (:O
OFEt 1h “OEt

8a 93% ee, 97%

chirality-inducing stepl

Scheme 5 Proposed mechanism of asymmetric hydrogenation of
naphthalenes
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In sharp contrast to aromatic carbocyclic rings, the substi-
tuted thiophenes display strong S coordination which
might result in deactivation of catalyst. Inhibiting the co-
ordination of catalyst with thiophenes is a primary re-
quirement for successful hydrogenation of thiophenes.
The carbene ligands which possess strong electron-donat-
ing ability could make the metal more electron rich and S
coordination of catalyst could be effectively weakened.?>~
30 Very recently, ruthenium—-NHC complexes also have
been successfully applied in the asymmetric hydrogena-
tion of thiophenes and benzothiophenes by the Glorius
group (Scheme 6).!'! As expected, the reaction process
was impeded in the absence of NHC ligand, which indi-
cated the NHC ligand is crucial for the hydrogenation of
thiophenes. Both 2- and 3-alkyl-substituted benzothio-
phenes were hydrogenated smoothly to furnish the corre-
sponding  dihydrobenzothiophenes with  excellent
enantioselectivities. However, the reduction of aryl-sub-
stituted benzothiophene failed to process. Although the
monosubstituted thiophenes showed high reactivity in the
reaction, the almost racemic products were achieved.
Gratifyingly, the 2,5-disubstituted thiophenes containing
aryl substituents were successfully hydrogenated to afford
the products with perfect diastereoselectivities and excel-
lent enantiomeric excess.

In conclusion, the Glorius and Kuwano research groups
disclosed highly enantioselective hydrogenation of chal-
lenging substrates, aromatic carbocyclic rings, and thio-
phenes with chiral ruthenium catalyst, respectively.
Importantly, the suitable ligands, NHC and #rans-chelat-
ing bisphosphine ligand (Ph-TRAP), played a critical role
in these transformations. Although the substrate scope is
relatively limited, it represents a great breakthrough in the
area of asymmetric hydrogenation of aromatic com-
pounds as well as opens up a new pathway for the facile
synthesis of valuable optically active carbocyclic rings
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Scheme 6 Ru/NHC-catalyzed asymmetric hydrogenation of thio-
phenes and benzothiophenes

and dihydro- and tetrahydrothiophenes. These elegant
strategies may provide some useful hints for ligand design
and development of new catalytic systems for the asym-
metric hydrogenation of other challenging aromatic car-
bocyclic rings, phenols, and anilines.

Acknowledgment

This work was financially supported by the National Natural Sci-
ence Foundation of China (21202162) and the State Key Laboratory
of Fine Chemicals (KF1110).

References
(1) Zhou, Y.-G. Acc. Chem. Res. 2007, 40, 1357.

© Georg Thieme Verlag Stuttgart - New York

@
3)
“4)
)
(6)
(N
®)

©)
(10)

)
(12)
(13)
(14)

(15)
(16)
(17
(18)
(19)

(20)
@n

(22)
(23)
24

(25)
(26)

@7
(28)

29
(30)

Wang, D.-S.; Chen, Q.-A.; Lu, S.-M.; Zhou, Y.-G. Chem.
Rev. 2012, 112, 2557.

Glorius, F. Org. Biomol. Chem. 2005, 3, 4171.

Kuwano, R. Heterocycles 2008, 76, 909.

Fleury-Brégeot, N.; de la Fuente, V.; Castillon, S.; Claver, C.
ChemCatChem 2010, 2, 1346.

Wang, L.; He, W.; Yu, Z. Chem. Soc. Rev. 2013, 42, 499.
Rodriguez, J. A.; Hrbek, J. Acc. Chem. Res. 1999, 32, 719.
Topsee, H.; Clausen, B. S.; Massoth, F. E. Hydrotreating
Catalysis: Science and Technology; Springer: Berlin, 1996.
Bianchini, C.; Meli, A. Acc. Chem. Res. 1998, 31, 109.
Urban, S.; Ortega, N.; Glorius, F. Angew. Chem. Int. Ed.
2011, 50, 3803.

Urban, S.; Beiring, B.; Ortega, N.; Paul, D.; Glorius, F.

J. Am. Chem. Soc. 2012, 134, 15241.

Kuwano, R.; Morioka, R.; Kashiwabara, M.; Kameyama, N.
Angew. Chem. Int. Ed. 2012, 51, 4136.

Borowski, A. F.; Sabo-Etienne, S.; Donnadieu, B.;
Chaudret, B. Organometallics 2003, 22, 1630.

Borowski, A. F.; Vendier, L.; Sabo-Etienne, S.; Rozycka-
Sokolowska, E.; Gaudynb, A. V. Dalton Trans. 2012, 41,
14117.

N-Heterocyclic Carbenes in Synthesis; Nolan, S. P., Ed.;
Wiley-VCH: Weinheim, 2006.

Glorius, F. N-Heterocyclic Carbenes in Transition Metal
Catalysis; Springer: Berlin, 2007.

Diez-Gonzalez, S.; Marion, N.; Nolan, S. P. Chem. Rev.
2009, 109, 3612.

Vougioukalakis, G. C.; Grubbs, R. H. Chem. Rev. 2010, 110,
1746.

Kantchev, E. A. B.; O’Brien, C. J.; Organ, M. G. Angew.
Chem. Int. Ed. 2007, 46, 2768.

Vora, H. U.; Rovis, T. Aldrichimica Acta 2011, 44, 3.
Nair, V.; Menon, R. S.; Biju, A. T.; Sinu, C. R.; Paul, R. R.;
Jose, A.; Sreekumar, V. Chem. Soc. Rev. 2011, 40, 5336.
Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007,
107, 5606.

Phillips, E. M.; Chan, A.; Scheidt, K. A. Aldrichimica Acta
2009, 42, 55.

Kuwano, R.; Kaneda, K.; Ito, T.; Sato, K.; Kurokawa, T.; Ito,
Y. Org. Lett. 2004, 6, 2213.

Droge, T.; Glorius, F. Angew. Chem Int. Ed. 2010, 49, 6940.
Perrin, L.; Clot, E.; Eisenstein, O.; Loch, J.; Crabtree, R. H.
Inorg. Chem. 2001, 40, 5806.

Lever, A. B. P. Inorg. Chem. 1990, 29, 1271.

Fielder, S. S.; Osborne, M. C.; Lever, A. B. P.; Pietro, W. J.
J. Am. Chem. Soc. 1995, 117, 6990.

SiiBner, M.; Plenio, H. Chem. Commun. 2005, 5417.
LeuthduBer, S.; Schmidts, V.; Thiele, C. M.; Plenio, H.
Chem. Eur. J. 2008, 14, 5465.

Synlett 2014, 25, 928—-931



