
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
6/

20
25

 1
0:

14
:1

4 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Efficient access t
Fig. 1 Examples of biologically ac
dihydrobenzoxazinone or related fra

aKey Laboratory of Biomedical Polymers, Eng

Compounds & Materials, Ministry of Educa

Sciences, Wuhan University, Wuhan, H

xiuqindong@whu.edu.cn
bDepartment of Chemistry and Shenzhen G

Science and Technology, Shenzhen, Guangd

† Electronic supplementary information (E
NMR spectra of compounds. CCDC 19057
CIF or other electronic format see DOI: 10

Cite this: RSC Adv., 2019, 9, 15466

Received 10th April 2019
Accepted 3rd May 2019

DOI: 10.1039/c9ra02694k

rsc.li/rsc-advances

15466 | RSC Adv., 2019, 9, 15466–1546
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via Rh-catalyzed hydrogenation†

Ziyi Chen,a Xuguang Yin,a Xiu-Qin Dong *a and Xumu Zhang ab

Rh/(S)-DTBM-SegPhos-catalyzed asymmetric hydrogenation of prochiral (Z)-2-(2-oxo-2H-benzo[b][1,4]

oxazin-3(4H)-ylidene)acetate esters was successfully developed. A series of chiral

dihydrobenzoxazinones were prepared through this efficient methodology with good to excellent results

(up to >99% conversion, 93% yield and >99% ee), which are important motifs in the biologically active

molecules.
Introduction

Chiral dihydrobenzoxazinones and derivatives are an important
class of heterocycles, and are frequently found in biologically
active molecules.1–4 For example, compound A is a potent anti-
cholesteremic agent (Fig. 1).2 Compound B (Kinin B1) is used
for the treatment of inammation and pain in septicemia.3

Compound C is a pyruvate kinase activator, which can increase
the lifetime of red blood cells.4

Due to the great importance of chiral dihydrobenzox-
azinones and derivatives, the investigation on the
construction of these intriguing motifs has been an impor-
tant research topic in organic synthesis. Therefore, enor-
mous efforts were made to the development of efficient
enantioselective methods, and some asymmetric synthetic
methodologies have been established to access chiral
tive molecules containing chiral
mework.
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dihydrobenzoxazinones and derivatives over the past
decades.5–11 The asymmetric catalytic reduction of prochiral
benzoxazinones and derivatives is one of the most impor-
tant methods,5–7 including asymmetric hydrosilylation,5

asymmetric transfer hydrogenation,6 and asymmetric
hydrogenation.3b,7 In addition, other efficient enantiose-
lective methods were involved to prepare chiral dihy-
drobenzoxazinones and derivatives,4b,8–11 such as addition
reaction of indoles or pyrroles with benzoxazinones,8 Rh-
catalyzed asymmetric arylation of benzoxazinones and qui-
noxalinones with arylboroxines,4b dynamic kinetic resolu-
tion of a-bromo arylacetates in nucleophilic substitution
with N-alkylated 2-aminophenols,9 asymmetric Mannich
reaction of ketones with benzoxazinones,10 and organo-
catalytic reductive amination.11 Transition-metal-catalyzed
asymmetric hydrogenation has been regarded as a straight-
forward and efficient method for the synthesis of chiral
compounds with high atom-economic advantage.12 Based on
our continuing research in the eld of asymmetric hydro-
genation, much attention were paid to the synthesis of
chiral dihydrobenzoxazinones and derivatives through
asymmetric hydrogenation. We herein successfully devel-
oped Rh-catalyzed asymmetric hydrogenation of (Z)-2-(2-
oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate esters
using commercial (S)-DTBM-SegPhos ligand, affording
a series of chiral dihydrobenzoxazinones with good to
excellent results (Scheme 1, >99% conversion, 93% yield,
>99% ee).
Scheme 1 Preparation of chiral dihydrobenzoxazinones through Rh-
catalyzed asymmetric hydrogenation.
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Table 1 Screening ligands for the asymmetric hydrogenation of ethyl
(Z)-2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate 1aa

Entry Ligand Conv.b (%) eec (%)

1 (R)-Binap 22 87
2 (RC, SP)-DuanPhos 4 28
3 (S, S)-Me-DuPhos NR NA
4 (S, S)-f-Binaphane 5 49
5 (R, S)-JosiPhos 62 41
6 (S)-Binapine 22 20
7 ZhaoPhos 3 67
8 (S, S)-Ph-BPE 29 65
9 (S)-SegPhos 62 72
10 (S)-DTBM-SegPhos 73 94

a Reaction condition: substrate 1a (0.10 mmol), Rh(NBD)2BF4
(1.0 mol%), ligand (1.1 mol%), 1 mL DCM, H2 (40 atm), 50 �C, 24 h.
b Determined by 1H NMR analysis. c Determined by HPLC analysis
using a chiral stationary phase. DCM is CH2Cl2. NR ¼ no reaction. NA
¼ no available.
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Results and discussion

The initial investigation of Rh(NBD)2BF4-catalyzed asym-
metric hydrogenation of model substrate ethyl (Z)-2-(2-oxo-
2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate 1a13 was started
to evaluate a series of chiral diphosphine ligands (Fig. 2)
under 40 atm H2 at 50 �C in CH2Cl2 for 24 h. As shown in
Table 1, poor conversion and good enantioselectivity was
obtained in the presence of easily available (R)-Binap (22%
conversion, 87% ee, Table 1, entry 1). In addition, poor to
moderate results were obtained with (RC, SP)-DuanPhos, (S,
S)-f-Binaphane, (R, S)-JosiPhos, (S)-Binapine, ZhaoPhos, (S,
S)-Ph-BPE and (S)-SegPhos as the ligand (3–62% conversions,
20–72% ee, Table 1, entries 2, 4–9). No reaction was observed
using the (S, S)-Me-DuPhos as the ligand (Table 1, entry 3). To
our delight, the ligand (S)-DTBM-SegPhos provided the
promising reaction result with 73% conversion and 94% ee
(Table 1, entry 10).

The solvent played an important role in asymmetric catalytic
reaction, and the Rh(NBD)2BF4/(S)-DTBM-SegPhos-catalyzed
asymmetric hydrogenation of model substrate ethyl (Z)-2-(2-
oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate 1a was then
carried out in different solvents. We found that moderate
conversions and enantioselectivities were obtained in ethyl
acetate, CHCl3 and iPrOH (40–66% conversions, 42–70% ee,
Table 2, entries 1, 5, 9). Toluene, THF, 1,4-dioxane and DCE gave
very poor enantioselectivities (Table 2, entries 2–4, 11).
Although full conversion was achieved in TFE, moderate
enantioselectivity was provided (>99% conversion, 56% ee,
Fig. 2 The structure of chiral diphosphine ligands.

This journal is © The Royal Society of Chemistry 2019
Table 2, entry 6). Trace conversions were observed in MeOH and
EtOH (Table 2, entries 7–8). Among these solvents, DCM was
still provided the highest enantioselectivity (94% ee, Table 2,
entry 10).

In order to obtain high conversion and excellent enantio-
selectivity, the ratio of mixture of CH2Cl2 and TFE was
inspected (Table 3). When the volumetric ratio of TFE and
Table 2 Screening of solvents for the asymmetric hydrogenation of
ethyl (Z)-2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate 1aa

Entry Solvent Conv.b (%) eec (%)

1 EtOAc 64 66
2 Toluene 32 27
3 THF 75 16
4 1,4-Dioxane 50 6
5 CHCl3 40 70
6 TFE >99 56
7 MeOH Trace NA
8 EtOH Trace NA
9 iPrOH 66 42
10 DCM 73 94
11 DCE 64 22

a Reaction condition: substrate 1a (0.10 mmol), Rh(NBD)2BF4
(1.0 mol%), (S)-DTBM-SegPhos (1.1 mol%), 1 mL solvent, H2 (40 atm),
50 �C, 24 h. b Determined by 1H NMR analysis. c Determined by HPLC
analysis using a chiral stationary phase. THF is tetrahydrofuran. TFE
is triuoroethanol. DCE is dichloroethane.
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Table 3 Optimization of reaction conditions for the asymmetric hydrogenation of ethyl (Z)-2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)
acetate 1aa

Entry Metal precursor Solvent H2 (atm) Conv.b (%) eec (%)

1 Rh(NBD)2BF4 TFE/DCM ¼ 1 : 2 40 61 94
2 Rh(NBD)2BF4 TFE/DCM ¼ 1 : 4 40 59 93
3 Rh(NBD)2BF4 TFE/DCM ¼ 1 : 8 40 66 96
4 Rh(NBD)2BF4 TFE/DCM ¼ 2 : 1 40 56 91
5 Rh(NBD)2BF4 TFE/DCM ¼ 4 : 1 40 96 95
6 Rh(NBD)2BF4 TFE/DCM ¼ 8 : 1 40 90 95
7 [Rh(COD)Cl]2 TFE/DCM ¼ 4 : 1 40 72 90
8 [Ir(COD)Cl]2 TFE/DCM ¼ 4 : 1 40 37 73
9 Ni(OAc)2 TFE/DCM ¼ 4 : 1 40 NR NA
10 Rh(NBD)2BF4 TFE/DCM ¼ 4 : 1 20 96 97

a Reaction condition: substrate 1a (0.10 mmol), metal precursor (1.0 mol%), (S)-DTBM-SegPhos (1.1 mol%), 1 mL solvent, H2, 50 �C, 24 h.
b Determined by 1H NMR analysis. c Determined by HPLC analysis using a chiral stationary phase.

Table 4 Substrate scope study for the Rh-catalyzed asymmetric
hydrogenation of (Z)-2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)-yli-
dene)acetate estersa

a Reaction condition: substrate 1 (0.10 mmol), Rh(NBD)2BF4 (1.0 mol%),
(S)-DTBM-SegPhos (1.1 mol%), 1 mL solvent, H2 (20 atm), 50 �C, 24 h.
Conversion was determined by 1H NMR analysis. Yield is isolated yield.
ee was determined by HPLC analysis using a chiral stationary phase.
The conguration of 2d was determined by X-ray analysis.14
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DCM is 4 : 1, the best results can be afforded with 96%
conversion and 95% ee (Table 3, entry 5). In addition, several
metal precursors were investigated in this asymmetric hydro-
genation. Moderate conversion and excellent enantiose-
lectivity was achieved with [Rh(COD)Cl]2 as metal precursor
(72% conversion, 90% ee, Table 3, entry 7). [Ir(COD)Cl]2 gave
poor reactivity and moderate enantioselectivity (37% conver-
sion, 73% ee, Table 3, entry 8). There was no reaction in the
presence of Ni(OAc)2 (Table 3, entry 9). To our delight, nearly
the same reaction result can be achieved when the pressure of
H2 was decreased from 40 atm to 20 atm (96% conversion, 97%
ee, Table 3, entry 10).

Aer establishing the optimized reaction conditions, we
focused our attention on the exploration of the substrate
scope generality of this Rh-catalyzed asymmetric hydroge-
nation of various prochiral (Z)-2-(2-oxo-2H-benzo[b][1,4]oxa-
zin-3(4H)-ylidene)acetate esters. As listed in Table 4, the Rh-
catalyzed asymmetric hydrogenation of a series of (Z)-2-(2-
oxo-2H-benzo[b][1,4]oxazin-3(4H)-ylidene)acetate esters
could proceed smoothly, affording the desired hydrogenation
products chiral dihydrobenzoxazinones (2a–2k) with good to
excellent results (81% to >99% conversions, 80–93% yields,
88% to >99% ee). The substrates (Z)-2-(2-oxo-2H-benzo[b][1,4]
oxazin-3(4H)-ylidene)acetate esters bearing electron-
withdrawing (1b–1d, 1j) or electron-donating (1e–1i)
substituted groups on the benzo ring worked well in this
asymmetric hydrogenation. In addition, we found that the
position of substituted group on the benzo ring had little
effect on the reactivity and enantioselectivity. Moreover, the
ester group was well tolerated in this catalytic system. When
the ethyl ester group was changed to methyl ester group, the
substrate methyl (Z)-2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)-
ylidene)acetate (1k) was hydrogenated with high conversion
and excellent enantioselectivity (92% conversion, 87% yield
and 99% ee).
15468 | RSC Adv., 2019, 9, 15466–15469 This journal is © The Royal Society of Chemistry 2019
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Conclusions

In conclusion, the Rh/(S)-DTBM-SegPhos-catalyzed asymmetric
hydrogenation of a variety of prochiral (Z)-2-(2-oxo-2H-benzo[b]
[1,4]oxazin-3(4H)-ylidene)acetate esters was successfully real-
ized. This efficient methodology afforded chiral dihy-
drobenzoxazinones with good to excellent results (81% to >99%
conversions, 80–93% yields, 88% to >99% ee), which are
important and unique building blocks in the biologically active
molecules.
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