
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
D

ec
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 1

/1
8/

20
26

 9
:4

8:
50

 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
Enantioselective
aDepartment of Chemistry, National Dong

Taiwan. E-mail: chinpiao@gms.ndhu.edu.t

863 3597
bDepartment of Nursing, Tzu Chi University

Taiwan

† Electronic supplementary informa
10.1039/c8ra09575b

Cite this: RSC Adv., 2018, 8, 41355

Received 21st November 2018
Accepted 23rd November 2018

DOI: 10.1039/c8ra09575b

rsc.li/rsc-advances

This journal is © The Royal Society of C
Nozaki–Hiyama–Kishi allylation-
lactonization for the syntheses of 3-substituted
phthalides†

Sharad V. Kumbhara and Chinpiao Chen*ab

We report the synthesis of bipyridyl ligands and these ligands were applied in the chromium-catalyzed

enantioselective Nozaki–Hiyama–Kishi allylation of substituted (2-ethoxycarbonyl)benzaldehydes and

subsequently lactonized to synthesize phthalides with an optimal enantioselectivity of 99%. This

approach was applied to synthesize (S)-cytosporone E at a 71% yield in three steps.
The addition of organochromium reagents to carbonyl
compounds was pioneered by Nozaki et al.1 and is a versatile
reaction forming carbon–carbon bonds for use with various
building blocks to synthesize complex natural products and
pharmaceuticals.2 Organochromium reagents are formed in situ
through the oxidative addition of Cr(II) species to allyl, propargyl
halides, and triates (aryl, vinyl halides, and triates requiring
catalytic amounts of Ni(II) salt)3a,b and can be added to alde-
hydes and ketones to produce the corresponding alcohols.3 The
major disadvantage of the original NHK allylationmethod is the
excessive amount of Cr(II) salts necessary for the formation of
the organochromium reagent.1,4 Fürstner and Shi5 reported
NHK allylation that requires only catalytic amounts of active
Cr(II) species; Mn is used as the reducing agent, and trime-
thylchlorosilane prolongs the catalytic cycle. These improve-
ments have driven chemists to improve the enantioselectivity of
this reaction. Several chiral ligands have been used as enan-
tioselective catalysts for the allylation of aldehydes.6 A chiral
bipyridyldiol was used as the efficient enantioselective catalyst
in an asymmetric NHK reaction to provide the corresponding
homoallylic alcohol and simultaneously form lactone in high
enantiomeric excess (90% ee).6n The successful application of
these ligand systems motivated us to investigate the NHK ally-
lation of (2-ethoxycarbonyl)benzaldehydes and simultaneous
lactonization to produce phthalides. This approach was then
employed to enantioselectively synthesize (S)-cytosporone E.

Pineno-bipyridyl alcohols are readily obtainable from (+)-a-
pinene in four steps (Scheme 1); these steps include the ster-
eoselective alkylation of chiral bipyridine with ketones to obtain
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desired products 4–7.6o In a previous work, we used benzalde-
hyde, allyl chloride, and ligand 6 under Fürstner's reaction
conditions to obtain the corresponding product with 70% yield
and 75% ee.6n In the same study, a bipyridyldiol was applied
under Fürstner's reaction conditions to prepare phthalide 8
with 92% yield and 90% ee. To improve the enantioselectivity of
the NHK reaction using ligand 6 under Fürstner's reaction
conditions, we obtained the optimal reaction conditions using
benzaldehyde, allyl bromide, CrCl3 (10 mol%), ligand 6
(30 mol%), and Et3N (60 mol%) to provide a product with 83%
yield and 90% ee.6o

Initial evaluation of non-symmetrical bipyridine ligands (4–
7) in the Cr(II)-catalyzed addition of allyl bromide to (2-
ethoxycarbonyl)-3,5-dimethoxybenzaldehyde revealed that
ligand 6 has excellent reactivity and enantioselectivity (Table 1,
entry 7). The resulting homoallylic alcohols can lactonize to give
the phthalide 8. Allylation of (2-ethoxycarbonyl)-3,5-
dimethoxybenzaldehyde using Cr–6 complex was optimized by
performing the reaction in various solvents and at various
reaction temperatures. (See ESI.†) Reactions performed at 0 �C
Scheme 1 Ligand synthesis.6o
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Table 1 Optimization of chiral bipyridyl alcohol ligands for the chro-
mium-catalyzed addition of allyl bromide to (2-ethoxycarbonyl)-3,5-
dimethoxybenzaldehyde

Entry Ligand Solvent Temp [�C] Yielda [%] eeb [%]

1 4 THF r.t. 86 83
2 5 THF r.t. 89 89
3 6 THF r.t. 89 93
4 7 THF r.t. 85 90
5 4 THF 0 88 87
6 5 THF 0 89 89
7 6 THF 0 86 97
8 7 THF 0 87 92
9 6 CH2Cl2 r.t. 58 86
10 6 DMF r.t. 36 84
11 6 Toluene r.t. NR —
12 6 Ether r.t. NR —
13 6 CH2Cl2 0 68 89
14 6 DMF 0 15 82
15 6 Toluene 0 NR —
16 6 Ether 0 NR —

a Isolated yield. b The ee% were determined on a Chiracel OJ HPLC
column.

Table 2 Catalytic enantioselective synthesis of phthalides

Entry Product Yielda [%] eeb [%]

1 8 87 97

2 9 85 94

3 10 89 99

4 11 86 96

5 12 90 97

6 13 76 96

7 14 70 96

8 15 90 98

9 16 79 97

10 17 77 98

a Isolated yields. b ee% were determined on a Chiracel OJ HPLC column
aer recrystallization.
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in THF afforded better results than all of screened conditions
(Table 1).

Ligands 4 and 5, which had less steric hindrance, showed
slightly lower enantioselectivity than ligands 6 and 7. The
reaction conducted at room temperature resulted in a product
with less enantioselectivity than the reaction at 0 �C. Table 1
shows the results of allylation using various solvents. Using
toluene and diethyl ether did not result in formation of the
product. Dichloromethane and DMF exhibited some trans-
formation with low yield. THF exhibited the most desirable
result, with high yield and enantioselectivity. Considering the
optimized reaction conditions, we investigated the generality of
the NHK allylation followed by transesterication to produce
the corresponding phthalides by using various aldehydes (Table
2). All reactions were completed within 48 h and produced
adducts with good to excellent yields (70%–90%) and enantio-
selectivities (94%–99% ee). The position and electronic prop-
erties of substituents on the aromatic ring exerted a weak
inuence on the enantioselectivity of the reaction. Substrates
with electron-withdrawing (Table 2, entries 8 and 9), electron-
donating (Table 2, entries 1–3, 5–7, and 10), and neutral
(Table 2, entry 4) groups in various substitution patterns
participated in this reaction efficiently (general procedure for
preparation of phthalides can be found in the ESI†).

This highly enantioselective catalyst was explored to deter-
mine its promise as an enantioselective catalyst of NHK allyla-
tion–lactonization. A natural product, (R)-cytosporone E, was
synthesized through asymmetric allylation–lactonization.
41356 | RSC Adv., 2018, 8, 41355–41357
Ohzeki andMori synthesized (S)-cytosporone E with 11.5% yield
(nine steps) and 45% ee using AD-mix-b® as an asymmetric
dihydroxylation reagent.7 The enantiomers of a tris(tert-
butyldimethylsilyl)-protected derivative was separated by
preparative HPLC on Chiralcel® OD to obtain pure (S)-
This journal is © The Royal Society of Chemistry 2018
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Scheme 2 Synthesis of (S)-cytosporone E.
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cytosporone E (98.4% ee). Wyatt et al. synthesized racemic
cytosporone E at 41.4% yield (seven steps).8 Therefore, asym-
metric NHK allylation–lactonization was used in this study as
an efficient allylation reaction using ligand 6 as the enantiose-
lective catalyst to provide the corresponding homoallylic
alcohol and simultaneously form lactone 10 in a high yield
(89%) and enantiomeric excess (98.8%). Lactone 10 was con-
verted into compound 18 through treatment with 9-BBN, Cs2-
CO3(aq), bromobutane, Pd(OAc)2, and PCy3 (Scheme 2). Finally,
the methoxyl groups of 18 were cleaved using BBr3 to obtain (S)-
cytosporone E (19) at 71% yield (three steps).

In summary, a chiral Cr(II) complex prepared using bipyr-
idine alcohol and CrCl3 efficiently catalyzed the enantioselective
NHK allylation–lactonization of substituted (2-ethoxycarbonyl)-
benzaldehyde to produce phthalides with excellent enantiose-
lectivity (up to 99% ee). This approach was used to synthesize
(S)-cytosporone E and obtained excellent yield and
enantioselectivity.
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