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ABSTRACT: A series of tunable and regenerable biomimetic
hydrogen sources, 4,5-dihydropyrrolo[1,2-a]quinoxalines, have
been synthesized and applied in biomimetic asymmetric
hydrogenation of 3-aryl-2H-benzo[b][1,4]oxazines and 1-
alkyl-3-aryl-quinoxalin-2(1H)-ones, providing the chiral
amines with up to 92% and 89% ee, respectively.

Biomimetic approaches of asymmetric-transfer hydrogena-
tion (ATH) reactions have emerged as a preeminent

synthetic method for the preparation of chiral molecules in the
chemists’ repertoire.1 Since pioneering reports in the 1980s,
Hantzsch ester (HEH) or related compounds2,3 were the only
superior biomimetic hydride source for a long time, until
Akiyama and co-workers demonstrated another hydride
transfer reagent, benzothiazoline (Figure 1).4 However, in

ordinary, stoichiometric or excessive amount of HEH or
benzothiazoline was needed and a substantial number of
dehydrogenation wastes generated in these transformations,
which obviously limits the application of these specific
hydrogen sources in both industry and academia. Conse-
quently, the development of ATH reactions with regenerable
hydrogen source is strongly desired.
Very recently, our group discovered that Hantzsch ester5 or

dihydrophenanthridine (DHPD)6 could be regenerated in situ
by Ru(II) complexes under hydrogen gas, which had been
employed in the biomimetic asymmetric hydrogenation of
heteroaromatics and cyclic imines with excellent enantioselec-
tivities. Remarkably, the demand for hydrogen source could be
reduced to a catalytic amount (10 mol %). Although such
progress has been achieved, the harsh regeneration conditions
of HEH and limited derivatization possibility of DHPD

impelled us to seek for easy tunable and regenerable versatile
hydrogen sources.
The foregoing results have demonstrated that development

of a regenerable biomimetic hydrogen source should fulfill the
following requirements: (i) regenerate under mild conditions as
well as with high hydride transfer ability and (ii) easy control of
the reaction enantioselectivity and simultaneously with various
derivatization possibilities. Based on these guidelines, we began
our studies through investigating the transfer hydrogenation
ability of 4,5-dihydropyrrolo[1,2-a]quinoxalines, which are
easily obtained through the mild partial hydrogenation of
corresponding pyrrolo[1,2-a]quinoxalines (Scheme 1). In
addition, the latter compounds could be easily prepared and
derived from the simple starting materials.7

The readily available imine 3-phenyl-2H-benzo[b][1,4]-
oxazine 3a8 was selected as the model substrate for condition
optimization (Table 1). Gratifyingly, the exposure of ketimine
3a with pyrrolo[1,2-a]quinoxaline 1a (10 mol %) in the
presence of chiral phosphoric acid 5a and [Ru(p-cymene)I2]2 at
room temperature furnished amine 4a with 88% ee and 75% of
conversion (entry 1). Notably, the reaction failed to proceed in
the absence of 1a (entry 7). Through screening the reaction
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Figure 1. Biomimetic hydrogen sources.
Scheme 1. Ru-Catalyzed Generation of 2a from 1a with H2
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parameters including solvent, chiral phosphoric acid, and
temperature, the most suitable conditions were established as
(S)-5a/THF/benzene (1:2)/40 °C.
Then, a range of pyrrolo[1,2-a]quinoxaline derivatives in the

asymmetric-transfer hydrogenation reaction of imine 3a were
evaluated with chiral phosphoric acid (S)-5a (Table 2).
Interestingly, altering the group on the C8-position led to
slightly fluctuating enantioselectivity, while the electronic
effects of these substituent groups have a dramatic influence
on the hydrogenation activity (entry 2 vs entry 3). This may
because that electronic donor group promotes the hydride-

transfer ability of the corresponding reduction-state substance.
Such results are consistent with Zhu and Mayr’s work on
measuring and determining the thermodynamic parameters of
various organic hydride donors by using titration calorimetry
and electrochemical methods.9 As expected, when hydrogen
source precursor 1d with weaker aromaticity was employed, the
reactivity and enantioselectivity of asymmetric-transfer hydro-
genation reaction dropped dramatically (entry 4). According to
the survey above, the readily available pyrrolo[1,2-a]-
quinoxaline 1a was chosen as the best precursor of a
regenerable hydrogen source.
With the optimized reaction conditions in hand, exploration

of substrate scope was carried out (Table 3). All the 2-aryl-

substituted substrates were smoothly converted to the
corresponding amines in high yields (87−96%) with excellent
enantioselectivities (84−92% ee). The electronic properties of
the substituents had little effect on the catalytic activity and
enantioselectivity (entry 7 vs entry 8). Notably, almost full
conversion and satisfactory enantioselectivities were also
provided when chloro was introduced at the C7-position
(entries 10 and 11).
In order to further estimate the application possibility, we

applied this attractive protocol to the hydrogenation of 1-alkyl-
3-aryl-quinoxalin-2(1H)-ones (6).10 Gratifyingly, the reaction
proceeded well with high enantioselectivities and reactivity
(Scheme 2). In contrast to the reduction of 2H-benzo[b][1,4]-
oxazines 3, in these instances the reactions were carried out in
CH2Cl2/benzene with 1c as the regenerable hydride source.
Since the research on thermodynamic driving forces of

Hantzsch esters and related organic hydride donors to release
hydride has become a very important field of chemistry, the
hydride-transfer ability of diisopropyl 2,6-dimethyl-1,4-dihy-
dropyridine-3,5-dicarboxylate (8), DHPD, and 1a were
estimated by means of examining three parallel competing
reactions of reducing 3a with phosphoric acid 5e in CDCl3.

11

Through 1H NMR analysis, the hydride-transfer ability is
established as Hanztsch ester 8 > DHPD > 1a (Scheme 3).
Nevertheless, it is quite conceivable that 1a, located toward the
bottom of the rank of hydride-donating abilities, could act as an

Table 1. Conditions Optimization for Biomimetic
Asymmetric Hydrogenation of Imine 3aa

entry CPA solvent conv (%)b ee (%)c

1 (S)-5a THF 75 88
2 (S)-5a CH2Cl2 83 79
3 (S)-5a benzene 28 90
4 (S)-5a THF/benzene (1:1) 92 89
5 (S)-5a THF/benzene (1:2) 95 91
6 (S)-5a THF/benzene (2:1) 95 89
7d (S)-5a THF/benzene (1:2) <5
8e (S)-5a THF/benzene (1:2) >99 92
9 (S)-5b THF/benzene (1:2) 86 75
10 (S)-5c THF/benzene (1:2) 90 77
11 (S)-5d THF/benzene (1:2) 98 90

aConditions: 0.15 mmol of imine 3a, [Ru(p-cymene)I2]2 (0.5 mol %),
(S)-5 (1 mol %), 1a (10 mol %), 2 mL of solvent, H2 (40 psi), 38 h, rt.
bDetermined by 1H NMR spectroscopy analysis of the crude product.
cDetermined by HPLC. dWithout 1a. e40 °C.

Table 2. Survey of Pyrrolo[1,2-a]quinoxalines for
Biomimetic Asymmetric Transfer Hydrogenation of 3aa

entry hydrogen source convb (%) eec (%)

1 1a 99 92
2 1b 72 90
3 1c 99 91
4 1d 48 70

aConditions: 0.15 mmol of imine 3a, [Ru(p-cymene)I2]2 (0.5 mol %),
(S)-5a (1 mol %), 1 (10 mol %), THF/benzene 2/1 (2 mL), H2 (40
psi), 38 h, 40 °C. bDetermined by 1H NMR spectroscopy analysis of
the crude product. cDetermined by HPLC.

Table 3. Biomimetic Asymmetric Transfer Hydrogenation of
3a

entry R Ar yieldb (%) eec (%)

1 H C6H5 92 (4a) 92 (−)
2 H 4-MeC6H4 93 (4b) 85 (−)
3 H 4-PhC6H4 88 (4c) 88 (−)
4 H 4-ClC6H4 92 (4d) 87 (−)
5 H 4-BrC6H4 95 (4e) 88 (−)
6 H 4-FC6H3 95 (4f) 87 (−)
7 H 3-MeOC6H4 89 (4g) 88 (−)
8 H 3-BrC6H4 90 (4h) 92 (−)
9 H 2-naphthyl 87 (4i) 84 (−)
10 Cl C6H5 96 (4j) 87 (−)
11 Cl 3-MeOC6H4 94 (4k) 90 (−)

aConditions: 0.2 mmol of imine 3, [Ru(p-cymene)I2]2 (0.5 mol %),
(S)-5a (1 mol %), 1a (10 mol %), THF/benzene 2/1 (2 mL), H2 (40
psi), 38 h, 40 °C. bIsolated yield. cDetermined by HPLC.
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important complement to the hydrogen source library as well as
a potentially efficient reductant in accessing selective hydro-
genation of molecules containing more than one unsaturated
bond. It is necessary to point out that different hydride sources
have diverse hydride transfer abilities and distinct selectivities
under specified conditions, and this knowledge will shed light
on the mechanism illustration and new organohydride sources
for ATH reactions or other related reactions.12

In conclusion, a series of tunable and regenerable hydrogen
sources, 4,5-dihydropyrrolo[1,2-a]quinoxalines, have been
synthesized and employed as hydrogen sources in biomimetic
asymmetric hydrogenation of 3-aryl-2H-benzo[b][1,4]oxa-zines
and 1-alkyl-3-aryl-quinoxalin-2(1H)-ones, providing the chiral
amines with up to 92% and 89% ee, respectively. The sequence

of hydrogen-transfer ability of this new developed hydrogen
source and other known hydrogen sources is established, which
will provide useful information for development of new
asymmetric-transfer hydrogenation reactions. Further detailed
mechanistic studies of the reactions and investigations on the
application of the regenerable chiral hydrogen sources are
currently ongoing in our laboratory.
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