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Transfer-catalyst-free biomimetic asymmetric
reduction of 3-sulfonyl coumarins
with a regenerable NAD(P)H model†

Zhou-Hao Zhu,ab Yi-Xuan Dingab and Yong-Gui Zhou *ac

A novel transfer-catalyst-free biomimetic reduction of the tetrasubsti-

tuted olefins 3-sulfonyl coumarins with the chiral and regenerable

[2.2]paracyclophane-based NAD(P)H model CYNAM has been devel-

oped, affording chiral 3-sulfonyl dihydrocoumarins with excellent

enantioselectivities.

The biomimetic asymmetric reduction (BMAR) based on NAD(P)H
models stands out owing to its combination of the advantages of
enzyme catalysis and chemical catalysis, making the synthesis
more accurate, efficient and mild. This synthesis plays an impor-
tant role in the development of novel agrochemicals, pharmaceu-
ticals and materials.1 In the past few decades, three generations of
BMAR reactions with NAD(P)H models as the core have been
developed, and here the selection of transfer catalyst is very
important according to the NAD(P)H model with different struc-
tures. In the first generation of stoichiometric NAD(P)H models,
such as Hantzsch esters (HEH)2 and chiral nicotinamide deriva-
tives,3 in situ regeneration of these models was not achieved, and
the main transfer catalysts used were the chiral organocatalysts4

and metal catalysts or reagents.5 After realizing the in situ regen-
eration of NAD(P)H models,6 the second generation based on
achiral dihydrophenanthridine (DHPD) was developed. Chiral
Brønsted acids such as phosphoric acids7 have been selected as
the transfer catalyst to realize the BMAR of imines and hetero-
aromatics. For the third generation, in 2019, Zhou and coworkers
reported the BMAR of alkenes, imines and heteroaromatics with
the regenerable and chiral ferrocene-based NAD(P)H model
FENAM, an achiral Lewis acid containing rare-earth metal or an
achiral Brønsted acid (phosphoric acid) as the transfer catalyst.8a–c

Meanwhile, using the organic catalyst urea as the transfer catalyst

can also effectively realize the BMAR of heteroaromatics.8d With
the help of the more efficient [2.2]paracyclophane-based NAD(P)H
model (abbreviated as CYNAM), Zhou and coworkers realized
the BMAR of flavonoids and 2,3-disubstituted inden-1-ones
using, respectively, a Lewis acid8e (Sm(OTf)3) and Brønsted
acid8f (p-toluenesulfonic acid monohydrate) as the transfer
catalyst (Scheme 1a). Thus, properly choosing the transfer catalyst
is essential for extending the substrate scope of the BMAR.

Optically active 3,4-dihydrocoumarins and their derivatives con-
stitute an important structural motif and are widely found in various
natural products, bioactive molecules and drugs9 and exhibit various
significant bioactivities such as anti-HIV,10a antiherpetic,10b protein
kinase10c and aldose reductase inhibition,10d anti-cancer,10e and
anti-inflammatory activities.10f Sulfonyl groups in organic com-
pounds constitute another class of intriguing functional groups
and play a key role in changing physical and chemical properties

Scheme 1 The transfer catalysts in biomimetic asymmetric reductions
based on chiral and regenerable NAD(P)H models.
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of biological targets due to their strong binding to these targets.11

Therefore, the BMAR of 3-sulfonyl coumarins through the regulation
of the transfer catalyst has great potential for achieving efficient
syntheses of chiral 3,4-disubstituted dihydrocoumarins. In the work
described in this article, we realized the first transfer-catalyst-free
BMAR of tetrasubstituted olefins, 3-sulfonyl coumarins, with the
chiral and regenerable NAD(P)H model CYNAM (Scheme 1b).

At the outset, we chose the tetrasubstituted olefin 3-sulfonyl
coumarin 1a as a model substrate. As described in the previous
work of our group, in the presence of the Lewis acid or Brønsted
acid as the transfer catalyst, the reduction was carried out in
ethyl acetate (entries 1 and 2, Table 1). Surprisingly, there was
no desired product obtained when the Brønsted acid PTSA was
used as the transfer catalyst (o5% conv., entry 1, Table 1).
When PTSA was replaced with the Lewis acid Sm(OTf)3, the
target product was obtained, but with an unsatisfactory enan-
tioselectivity (29% conv., 63% ee, entry 2, Table 1). Subse-
quently, further optimization of solvent was conducted; the
results suggested that benzotrifluoride was optimal (entries
2–6, Table 1). To further improve the activity and enantioselec-
tivity, a variety of Lewis acids were investigated (entries 6–9,
Table 1). Generally, low conversions were observed. An excellent
96% ee was obtained using Mg(OTf)2, albeit with a low 14%
conversion. Next, we decided to raise the reaction temperature
to solve the problem of poor activity, albeit with the risk of

lowering the enantioselectivity. It was fortunate that as the
temperature was increased, the activity increased while good
enantioselectivity was also maintained (entries 9–12, Table 1).
Then, the investigation of the background reaction was initiated.
To our surprise, without the transfer catalyst Mg(OTf)2, the
biomimetic asymmetric reduction could proceed smoothly with
only a slight decrease in activity (70% conversion) and even an
increase in enantioselectivity (97% ee, entry 13, Table 1). Increas-
ing the amount of the ruthenium complex regeneration catalyst
was found to improve the activity (up to 73% conv.), and a dosage
of 1.5 mol% provided the best results (entries 13–16, Table 1).
Additionally, in the absence of the NAD(P)H model CYNAM, the
reduction did not occur (entry 17, Table 1), indicating that the
reaction did not undergo the direct ruthenium-catalyzed hydro-
genation process.

To further improve the activity, we investigated the effect of
using different NAD(P)H CYNAM models on enantioselectivity
and activity (entries 1–3, Table 2). Although excellent enantios-
electivity was achieved while the activity was further improved,
the substrate apparently could still not be fully converted.
Subsequently, we found that the more electron rich the
CYNAM, the higher the activity. Thus, the more electron-rich
CYNAM (Sp)-3d containing two electron-donating methoxy
groups was designed and synthesized (for details, see ESI†).
As expected, the activity in this case was significantly increased
(entry 4, Table 2). Finally, testing various temperatures sug-
gested that 90 1C was optimal with regards to enantioselectivity
and activity (entries 4–6, Table 2). An excellent isolated yield of
2a (0.15 mmol) was achieved by increasing the reaction time
from 22 h to 28 h (99% yield, entry 7, Table 2). Thus, the
optimal reaction conditions were determined to involve the
use of 3-sulfonyl coumarin 1 (0.15 mmol), [Ru(p-cymene)I2]2

(1.5 mol%), CYNAM (Sp)-3d (10 mol%), H2 (55 bar),and benzo-
trifluoride (3 mL) at 90 1C for 28 h.

Table 1 Optimization of the reaction conditions

Entrya Acid Solvent T (1C) Conv.b (%) eec (%)

1 PTSA EA 50 o5 —
2 Sm(OTf)3 EA 50 29 63
3 Sm(OTf)3 DCM 50 11 73
4 Sm(OTf)3 THF 50 22 50
5 Sm(OTf)3 Toluene 50 16 57
6 Sm(OTf)3 PhCF3 50 61 74
7 Er(OTf)3 PhCF3 50 64 73
8 La(OTf)3 PhCF3 50 12 91
9 Mg(OTf)2 PhCF3 50 14 96
10 Mg(OTf)2 PhCF3 70 32 96
11 Mg(OTf)2 PhCF3 90 39 96
12 Mg(OTf)2 PhCF3 110 78 95
13 — PhCF3 110 70 97
14d — PhCF3 110 71 97
15e — PhCF3 110 73 97
16f — PhCF3 110 73 97
17eg — PhCF3 110 o5 —

a Reactions were carried with 1a (0.10 mmol), [Ru(p-cymene)I2]2

(0.5 mol%), (Sp)-3a (10 mol%), Lewis acid (20 mol%), Brønsted acid
(4 mol%), solvent (2 mL), and H2 (55 bar), at the indicated temperature
for 22 h. b Conversion and diastereoselectivity were determined
from analysis of 1H NMR spectra. c Determined using chiral HPLC.
d [Ru(p-cymene)I2]2 (1.0 mol%). e [Ru(p-cymene)I2]2 (1.5 mol%).
f [Ru(p-cymene)I2]2 (2.0 mol%). g Without (Sp)-3a. PTSA denotes p-tol-
uenesulfonic acid monohydrate. EA denotes ethyl acetate. DCM denotes
dichloromethane. THF denotes tetrahydrofuran. PhCF3 denotes
benzotrifluoride.

Table 2 Optimization of the NAD(P)H models and temperature

Entrya Model T (1C) Conv.b (%) eec (%)

1 (Sp)-3a 110 73 97
2 (Sp)-3b 110 82 97
3 (Sp)-3c 110 93 98
4 (Sp)-3d 110 495 98
5 (Sp)-3d 90 96 98
6 (Sp)-3d 70 78 98
7 (Sp)-3d 90 99d 98

a Reactions were carried with 1a (0.10 mmol), (Sp)-3 (10 mol%),
[Ru(p-cymene)I2]2 (1.5 mol%), benzotrifluoride (2 mL), and H2

(55 bar) at the indicated temperature for 22 h. b Conversion and
diastereoselectivity were determined from 1H NMR analysis.
c Determined using chiral HPLC. d Isolated yield on 0.15 mmol scale
and 28 h.
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With the optimal conditions in hand, the substrate scope of
the transfer-catalyst-free biomimetic asymmetric reduction of
3-sulfonyl coumarins 1 was investigated (Scheme 2). First,
various sulfonyl groups were examined. High yields and enan-
tio- and diastereoselectivities were obtained (2a–2h). However,
due to the low steric hindrance of methane sulfonyl, the
diastereoselectivity when using this group was reduced to
10 : 1, the diastereomers apparently could not be not isolated
using column chromatography, and the optical purity appar-
ently could not be determined accurately. Fortunately, after
performing allyl alkylation, the single chiral product 2i was
obtained in good yield, enantioselectivity and diastereoselec-
tivity. Single chiral products can be obtained.

Furthermore, the reaction was found to tolerate an array of
functional groups on the aromatic ring (2j–2q), including both
electron-donating and electron-withdrawing substituents. Note
that the o-tolyl substituent (2p) showed a relatively obvious
steric effect, in turn decreasing the yield to 24%. We tested
increasing the temperature to 110 1C and increasing the reac-
tion time to 48 h. Unfortunately, the yield here only increased
to 41% and the enantioselectivity decreased to 97% ee. Exam-
ples of different substituents on the fused aromatic ring were
also tested, and they all yielded excellent results (2r–2s). Mean-
while, this methodology was also compatible with heteroaryl-
substituted substrates (2t). The reaction with a substrate
containing a methyl group substituted at the 4-position showed

only a moderate yield (72%) and diastereoselectivity (10 : 1) with
a little loss of enantioselectivity (94% ee). After allyl alkylation,
the single chiral product 2u was obtained in 56% yield and 93%
ee. The absolute configuration of 2l was assigned as (3R,4S)
according to its X-ray diffraction analysis (see ESI† and note
deposition of X-ray results at the CCDC with the identification
number 2069554†).

Owing to the absence of transfer catalyst, the recycling of the
NAD(P)H model became much easier. The result was illustrated
by the example of the biomimetic asymmetric reduction of 1l
catalyzed by CYNAM (Sp)-3c (Scheme 3). The NAD(P)H model
CYNAM (Sp)-3c was recovered with 98% yield.

To investigate the utility of this methodology, 2l was further
modified (Scheme 4). First, a quaternary stereocenter was
constructed by alkylating 2l in 98% yield with high diastereos-
electivity and enantioselectivity. Additionally, reduction of the
lactone of 2l produced the corresponding diol, and protection
of this diol with an acetyl group delivered 5 in 95% yield.

To investigate the role of the ruthenium complex, control
experiments were carried out, as summarized in Scheme 5. The
NAD(P)H model (CYNAM (Sp)-3c) was regenerated by using H2

and [Ru(p-cymene)I2]2. Generally, the ruthenium complex was a
Lewis acid, which might have acted as a transfer catalyst to
accelerate the reduction process. To shed light on the function
of the ruthenium complex, two control experiments were con-
ducted using a stoichiometric amount of (Sp)-3c-H as the
hydrogen source (Scheme 5). The experimental results indi-
cated that inclusion of the ruthenium complex was not neces-
sary for the hydride transfer process to proceed, and the
enantiocontrol derived from NAD(P)H model. The low yield
was mainly ascribed to the instability of (Sp)-3c-H, which could
be directly dehydroaromatized to (Sp)-3c. All in all, the ruthe-
nium complex played a critical role in the regeneration of the
NAD(P)H model, but it did not act as a Lewis acid to participate
in the transfer process. Based on the above experimental results
and our previous work,8 a plausible mechanism was derived
and is illustrated in ESI.†

In conclusion, without the participation of a transfer
catalyst, the biomimetic asymmetric reduction of the tetrasub-
stituted olefins 3-sulfonyl coumarins was successfully realized
with chiral and regenerable CYNAM. A broad range of highly
diastereo-enriched and enantiomerically enriched 3-sulfonyl

Scheme 2 Substrate scope.

Scheme 3 Recovery of the NAD(P)H model CYNAM.

Scheme 4 Transformations of (+)-2l.
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dihydrocoumarins were conveniently prepared with up to yields
of 99%, 420 : 1 d.r. and 99% ee. Moreover, due to the absence
of transfer catalyst, the NAD(P)H model CYNAM could be
completely recovered in a convenient manner, indicating its
good application prospects. In addition, successful derivatiza-
tions of the product showed its good synthetic multifunction-
ality. Efforts are underway in our laboratory to expand the
applications of the BMAR to other transformations.
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(d) R. H. Houtkooper, C. Cantó, R. J. Wanders and J. Auwerx, Endocr.
Rev., 2010, 31, 194; (e) H. Wu, C. Tian, X. Song, C. Liu, D. Yang and
Z. Jiang, Green Chem., 2013, 15, 1773; ( f ) C. T. Walsh, B. P. Tu and
Y. Tang, Chem. Rev., 2018, 118, 1460; (g) A. N. Kim and B. M. Stoltz,
ACS Catal., 2020, 10, 13834.

2 (a) S. G. Ouellet, A. M. Walji and D. W. C. MacMillan, Acc. Chem.
Res., 2007, 40, 1327; (b) M. Rueping, J. Dufour and F. R. Schoepke,
Green Chem., 2011, 13, 1084; (c) C. Zheng and S.-L. You, Chem. Soc.
Rev., 2012, 41, 2498; (d) Q. Yin, S.-G. Wang and S.-L. You, Org. Lett.,
2013, 15, 2688; (e) Z.-L. Xia, C. Zheng, S.-G. Wang and S.-L. You,
Angew. Chem., Int. Ed., 2018, 57, 2653; ( f ) Z.-Y. Han, H. Xiao and
L.-Z. Gong, Bioorg. Med. Chem. Lett., 2009, 19, 3729.

3 (a) Y. Ohnishi, M. Kagami and A. Ohno, J. Am. Chem. Soc., 1975,
97, 4766; (b) N. Kanomata and T. Nakata, J. Am. Chem. Soc., 2000,
122, 4563; (c) N.-X. Wang and J. Zhao, Synlett, 2007, 2785;
(d) C.-B. Bai, N.-X. Wang, Y. Xing and X.-W. Lan, Synlett, 2017,
402; (e) C. Zhu, K. Saito, M. Yamanaka and T. Akiyama, Acc. Chem.
Res., 2015, 48, 388; ( f ) C. Zhu and T. Akiyama, Org. Lett., 2009,
11, 4180; (g) C. Zhu and T. Akiyama, Adv. Synth. Catal., 2010,
352, 1846; (h) A. Henseler, M. Kato, K. Mori and T. Akiyama,
Angew. Chem., Int. Ed., 2011, 50, 8180; (i) T. Sakamoto, K. Mori
and T. Akiyama, Org. Lett., 2012, 14, 3312.

4 (a) J. W. Yang, M. T. Hechavarria Fonseca, N. Vignola and B. List,
Angew. Chem., Int. Ed., 2004, 44, 108; (b) S. G. Ouellet, J. B. Tuttle and
D. W. C. MacMillan, J. Am. Chem. Soc., 2005, 127, 32; (c) N. J. A.
Martin, X. Cheng and B. List, J. Am. Chem. Soc., 2008, 130, 13862;

(d) L. Ren, T. Lei, J.-X. Ye and L.-Z. Gong, Angew. Chem., Int. Ed.,
2012, 51, 771; (e) F. Shi and L.-Z. Gong, Angew. Chem., Int. Ed., 2012,
51, 11423; ( f ) Z.-Y. Han, H. Xiao, X.-H. Chen and L.-Z. Gong, J. Am.
Chem. Soc., 2009, 131, 9182; (g) J. B. Tuttle, S. G. Ouellet and
D. W. C. MacMillan, J. Am. Chem. Soc., 2006, 128, 12662;
(h) R. I. Storer, D. E. Carrera, Y. Ni and D. W. C. MacMillan, J. Am.
Chem. Soc., 2006, 128, 84; (i) J. W. Yang, M. T. Hechavarria Fonseca
and B. List, Angew. Chem., Int. Ed., 2004, 43, 6660; ( j ) S. Mayer and
B. List, Angew. Chem., Int. Ed., 2006, 45, 4193; (k) N. J. A. Martin and
B. List, J. Am. Chem. Soc., 2006, 128, 13368; (l ) N. J. A. Martin,
L. Ozores and B. List, J. Am. Chem. Soc., 2007, 129, 8976; (m) N. T. Jui,
J. A. O. Garber, F. G. Finelli and D. W. C. MacMillan, J. Am. Chem.
Soc., 2012, 134, 11400; (n) A. E. Allen and D. W. C. MacMillan, J. Am.
Chem. Soc., 2011, 133, 4260; (o) P. V. Pham, K. Ashton and
D. W. C. MacMillan, Chem. Sci., 2011, 2, 1470.

5 (a) N. Kanomata and T. Nakata, Angew. Chem., Int. Ed. Engl., 1997,
36, 1207; (b) N. Kanomata and T. Nakata, J. Am. Chem. Soc., 2000,
122, 4563; (c) J. W. Yang and B. List, Org. Lett., 2006, 8, 5653;
(d) M. Terada, F. Li and Y. Toda, Angew. Chem., Int. Ed., 2014,
53, 235; (e) Y.-L. Du, Y. Hu, Y.-F. Zhu, X.-F. Tu, Z.-Y. Han and L.-
Z. Gong, J. Org. Chem., 2015, 80, 4754; ( f ) X.-F. Tu and L.-Z. Gong,
Angew. Chem., Int. Ed., 2012, 51, 11346.

6 (a) H. C. Lo and R. H. Fish, Angew. Chem., Int. Ed., 2002, 41, 478;
(b) H.-J. Xu, Y.-C. Liu, Y. Fu and Y.-D. Wu, Org. Lett., 2006, 8, 3449;
(c) B. Procuranti and S. J. Connon, Chem. Commun., 2007, 1421;
(d) Q.-A. Chen, M.-W. Chen, C.-B. Yu, L. Shi, D.-S. Wang, Y. Yang and
Y.-G. Zhou, J. Am. Chem. Soc., 2011, 133, 16432; (e) L. Zhao, J. Wei,
J. Lu, C. He and C. Duan, Angew. Chem., Int. Ed., 2017, 56, 8692.

7 (a) Q.-A. Chen, K. Gao, Y. Duan, Z.-S. Ye, L. Shi, Y. Yang and
Y.-G. Zhou, J. Am. Chem. Soc., 2012, 134, 2442; (b) Z.-P. Chen,
M.-W. Chen, R.-N. Guo and Y.-G. Zhou, Org. Lett., 2014, 16, 1406;
(c) L.-Q. Lu, Y. Li, K. Junge and M. Beller, J. Am. Chem. Soc., 2015,
137, 2763; (d) M.-W. Chen, B. Wu, Z.-P. Chen, L. Shi and Y.-G. Zhou,
Org. Lett., 2016, 18, 4650; (e) Z.-B. Zhao, X. Li, M.-W. Chen, B. Wu
and Y.-G. Zhou, Chin. J. Chem., 2020, 38, 1691.

8 (a) J. Wang, Z.-H. Zhu, M.-W. Chen, Q.-A. Chen and Y.-G. Zhou,
Angew. Chem., Int. Ed., 2019, 58, 1813; (b) J. Wang, Z.-B. Zhao,
Y. Zhao, G. Luo, Z.-H. Zhu, Y. Luo and Y.-G. Zhou, J. Org. Chem.,
2020, 85, 2355; (c) Z.-B. Zhao, X. Li, B. Wu and Y.-G. Zhou, Chin.
J. Chem., 2020, 38, 714; (d) Z.-B. Zhao, X. Li, M.-W. Chen, Z. K. Zhao
and Y.-G. Zhou, Chem. Commun., 2020, 56, 7309; (e) Z.-H. Zhu,
Y.-X. Ding, B. Wu and Y.-G. Zhou, Chem. Sci., 2020, 11, 10220;
( f ) Z.-H. Zhu, Y.-X. Ding, B. Wu and Y.-G. Zhou, Org. Lett., 2021,
23, 7166.

9 (a) D. Yu, M. Suzuki, L. Xie, S. L. Morris-Natschke and K.-H. Lee,
Med. Res. Rev., 2003, 23, 322; (b) P.-L. Wu, Y.-L. Hsu, C.-W. Zao,
A. G. Damu and T.-S. Wu, J. Nat. Prod., 2005, 68, 1180;
(c) F. G. Medina, J. G. Marrero, M. Macı́as-Alonso, M. C. González,
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