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ABSTRACT: A catalytic asymmetric Michael/cyclization cascade reaction of 3-
isothiocyanato oxindoles and 3-nitroindoles has been disclosed with a chiral
Zn(OTf)2/diphenylamine-linked bis(oxazoline) complex as the catalyst. A
range of enantioenriched polycyclic spirooxindole derivatives containing three
contiguous stereocenters were efficiently constructed in quantitative yields with
excellent diastereo- and enantioselectivities. Importantly, the metal catalytic
strategy in this work is significantly superior to the previous organocatalytic
method in the diastereo- and enantioselectivities for almost all of the examined
cases.

The spirooxindole scaffold defines the characteristic
structural core of a large family of alkaloids and unnatural

biologically active compounds.1 Inspired by these important
motifs, a great number of asymmetric methods for the
construction of structurally diverse chiral spirooxindoles have
been investigated over the past decade.2 Thereinto, numerous
structurally and stereochemically rich polycyclic spirooxindoles
could be rapidly generated via a cascade process in a single
step.1−3 Moreover, some of these complex molecules also have
been proven to possess definite pertinence with certain
biological properties and pharmacological activities.4 Accord-
ingly, the development of efficient methods for the asymmetric
synthesis of spirooxindoles will be important in the design and
discovery of medicinally significant compounds. In particular,
finding a simple and efficient approach to access the structurally
diverse spirooxindoles with excellent stereocontrol is in high
demand.
The synthesis of spirooxindole compounds with multiple

stereocenters generally remains a significant challenge in
organic chemistry. In continuation of our investigation in
preparing various spirooxindoles,5 a highly organocatalyzed
asymmetric Michael/cyclization cascade reaction between 3-
isothiocyanato oxindoles and 3-nitroindoles for the construc-
tion of polycyclic spirooxindoles was recently reported by us.6

However, in that study, the stereoselectivity of the reaction was
found to tolerate minor variations in the substituents of the N1-
position with respect to 3-isothiocyanato oxindoles and 3-
nitroindoles (Scheme 1). To remedy the deficiency in
organocatalysis,6 we turned our attention to explore a feasible
catalytic system for the same reaction, hoping for good

functional group tolerance. To our delight, the expected
asymmetric Michael/cyclization cascade reaction could be
efficiently realized with a chiral Zn(OTf)2/diphenylamine-
linked bis(oxazoline) complex as the catalyst. More impor-
tantly, a wide range of enantioenriched polycyclic spiroox-
indoles could be smoothly obtained with excellent results (95−
99% yield, >99:1 dr for the most cases, up to >99% ee).
Notably, the metal catalysis in this work is significantly superior
to the organocatalytic method in the stereoselectivity for almost
all of the examined cases (Scheme 1). Herein we wish to report
the highly efficient metal-catalyzed strategy for the asymmetric
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Scheme 1. Asymmetric Reaction of 3-Isothiocyanato
Oxindoles and 3-Nitroindoles with Different Catalytic
System
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reaction of 3-isothiocyanato oxindoles7 and 3-nitroindoles8 with
good functional group tolerance.
We began our study by using the reaction of 1a and 2a for

optimizing the reaction conditions. As shown in Table 1, in the

presence of Zn(OTf)2 (10 mol %) and ligand L1 (11 mol %)
bearing trans-diphenyl substitution on the oxazoline rings, the
reaction could furnish spirooxindole 3a in 94% yield with 98:2
dr and 80% ee at room temperature within 24 h (entry 1). With
the Zn(OTf)2/L1 complex as the catalyst, the screening of
solvents revealed that toluene was the best (entry 5 vs entires
2−4). Enhancing the ratio of 2a to 1a from 1:1 to 1.1:1 gave
rise to an improved yield and excellent stereoselectivity (>99:1
dr, 97% ee) (entry 6). Decreasing the temperature to 0 °C
caused the reaction to furnish 3a in 75% yield with 94:6 dr and
79% ee, and a much longer reaction time was needed (entry 7).
In contrast, a slightly improved reactivity and yield could be
observed under 50 °C, albeit the dr and ee values remained
unchanged (entry 8). Adding 4 Å molecular sieves (MS) led to
a set of excellent results (entry 9).9 Another similar ligand L2
containing benzyl substitution on the oxazoline rings was
examined; 3a could be smoothly obtained with excellent results
but a little lower ee value than those obtained with L1 (entry 10
vs 9). Decreasing the catalyst loading led to different levels of
erosion on the enantioselectivity (entries 11−12).
Having established the optimal reaction conditions, we next

explored the scope of the asymmetric Michael/cyclization
cascade reaction. As shown in Table 2, the high reactivity and
excellent stereoselectivity tested by the Zn(OTf)2/L1 complex
could be expanded to a broad range of 3-isothiocyanato
oxindoles and 3-nitroindoles. First, the reaction proved to

exhibit no significant bias toward both the electronic nature and
the substitution pattern of the substituents on the phenyl ring
of 3-nitroindoles, as demonstrated by affording the products
3b−j in 95−99% yields with up to >99:1 dr and 99% ee
(entries 1−9). More importantly, a series of 3-nitroindoles with
different substituent groups on the N1-position also performed
very well, delivering the products 3k−r in excellent yields as
well as dr and ee values (entries 10−17). Yet, 3-isothiocyanato
oxindoles bearing different substituents, regardless of variation
at the N1-position (1b−d) or at the phenyl ring (1e−f), were
also very compatible with the standard reaction conditions and
led to their respective products in high to excellent results
(entries 18−22). And in one case among them, product 3u
could be formed in 96% yield with 85:15 dr and 92% ee with
the Zn(OTf)2/L2 complex as the catalyst (entry 20).
With the above-mentioned satisfactory results in hand, we

were interested in comparing the current developed metal
catalytic system with our previously reported organocatalytic
system for the same reaction. In light of the results summarized
in Table 2, we were pleased to find that, in general, the
reactions were able to proceed smoothly with the chiral
Zn(OTf)2/L1 complex and afford the corresponding polycyclic
spirooxindoles in quantitative yields with excellent stereo-
selectivities. For the cases of 3b−j and 3v−w except for 3h, the
stereoselectivities with the metal catalytic system are superior to
the results achieved with the organocatalytic system (entries 1−
6, 8−9, and 21−22). In addition, for the other examples of 3k−
u, the method in this work gives significantly improved
stereoselectivities compared with those obtained using the
organocatalytic method (entries 10−15, 17−20). Therefore, we
can draw the conclusion that this well-developed metal catalytic
system makes up for the deficiency of stereoselectivity with the
organocatalytic system in our previous report.6 When we used
electron-donating 3-nitroindole 2s as a substrate reacting with
1a, unfortunately, the reaction did not take place (entry 23).
To gain insight into the reaction mechanism, comparative

experiments were carried out with ligands L2 and L3 for the
reaction of 1a and 2a. As shown in Scheme 2, 3a could be
obtained in 98% yield with >99:1 dr and 98% ee in the presence
of L2. However, by replacing L2 with ligand L3, the same
reaction gave 3a in 96% yield but with 77:23 dr and only 26%
ee. By comparing these results and the structures of ligands L2
and L3, we think that there is almost no H-bonding interaction
between ligand L3 and substrate 1a, but it is probably between
L2 and 1a. Therefore, it suggests that the NH proton of the
diphenylamine moiety in the ligand is vital for excellent
diastereo- and enantioselectivity.
The nonlinear effect10 for the present catalytic system was

also investigated with ligand L1 in different enantiomeric
purities. The relationship between the ee values of 3a and
ligand L1 showed that a slightly positive nonlinear effect existed
(Figure 1).11 This observation suggested that minor oligomeric
aggregates existed in the reaction system. Nevertheless, the
catalytic composition was also attempted to be examined by
using ESI-MS. A spectrum was obtained for a mixture of
Zn(OTf)2 and ligand L1 in a 1:1.1 ratio. The MS peak at m/z
996.0804 (m/z calcd for [L1 + Zn(OTf)2 + Na]+ 996.0797)
was observed.11 These results revealed that the major
monomeric complex Zn(OTf)2/L1 would function as the
most active and effective catalytic intermediate.
Based on the above experimental observations, the absolute

configuration of spirooxindole products, and the previous
relevant reports,7f,12,13 a possible transition state was tentatively

Table 1. Conditions Optimizationa

ligand solvent
temp
(°C)

time
(h)

yield
(%)b drc ee (%)d

1 L1 CH2Cl2 rt 24 94 98:2 80
2 L1 DCE rt 24 81 93:7 58
3 L1 THF rt 24 trace − −
4 L1 dioxane rt 24 93 67:33 39
5 L1 toluene rt 24 92 98:2 95
6 L1 toluene rt 24 96 >99:1 97e

7 L1 toluene 0 72 75 94:6 79e

8 L1 toluene 50 8 99 >99:1 97e

9 L1 toluene 50 8 99 >99:1 99e,f

10 L2 toluene 50 8 98 >99:1 (+)98e,f

11 L1 toluene 50 12 99 99:1 95e,f,g

12 L1 toluene 50 15 98 92:8 56e,f,h

aUnless specified, the reactions were carried out with 1a (0.1 mmol)
and 2a (0.1 mmol) in 1.0 mL of solvent for the indicated time. bYield
of isolated product as a mixture of diastereoisomers. cDetermined by
chiral HPLC. dEe of the major diastereomer was determined by chiral
HPLC analysis after the product reacting with CH3I.

6,7a e0.11 mmol of
2a was used. f100 mg of 4 Å MS was used. gZn(OTf)2 (5 mol %) and
L1 (5.5 mol %) were used. hZn(OTf)2 (3 mol %) and L1 (3.3 mol %)
were used. DCE = 1,2-dichloroethane.
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proposed. As shown in Figure 2, the 3-nitroindoles were
activated by the Zn(II) core serving as a Lewis acid.12

Concurrently, the 3-isothiocyanato oxindoles were directed by

the NH group serving as a Lewis base.13 These imply that the
catalyst plays a dual-functional role in the catalytic process.7f

Thus, under the action of the Zn(OTf)2/L1 complex as
catalyst, (1) the 2-position of 3-nitroindoles was attacked at the
Re face by the activated 3-isothiocyanato oxindoles from the Si
face. Subsequently, (2) the intramolecular cyclization leads to
the formation of the polycyclic spirooxindole compounds.
In conclusion, we have developed a highly efficient Zn-

catalyzed Michael/cyclization cascade reaction of 3-isothiocya-
nato oxindoles and 3-nitroindoles. With a chiral Zn(OTf)2/
diphenylamine-linked bis(oxazoline) complex as the catalyst, a
wide range of enantioenriched spirooxindoles could be
efficiently constructed in quantitative yields with excellent
diastereo- and enantioselectivities. Importantly, the metal

Table 2. Substrate Scope Examinationa

obtained in this work with organocatalysise

entry 1 R3/R4 time (h) 3 yield (%)b drc ee (%)d drc ee (%)d

1 1a 5-Cl/Ts (2b) 9 3b 97 >99:1 98 >99:1 93
2 1a 5-Br/Ts (2c) 8 3c 98 >99:1 95 >99:1 93
3 1a 5-OMe/Ts (2d) 13 3d 96 >99:1 98 97:3 95
4 1a 5-OBn/Ts (2e) 9 3e 99 >99:1 98 97:3 93
5 1a 5-CN/Ts (2f) 8 3f 99 >99:1 99 82:18f 59f

6 1a 4-Cl/Ts (2g) 8 3g 99 95:5 95 97:3 90
7 1a 4-Br/Ts (2h) 9 3h 95 93:7 91 >99:1 94
8 1a 6-Cl/Ts (2i) 8 3i 99 >99:1 99 >99:1 93
9 1a 7-Me/Ts (2j) 9 3j 97 >99:1 98 97:3 96
10 1a H/Bs (2k) 8 3k 98 >99:1 99 >99:1 95
11 1a H/Ms (2l) 8 3l 97 >99:1 98 77:23 31
12 1a H/Ns (2m) 8 3m 99 >99:1 99 91:9 72
13 1a H/Ac (2n) 9 3n 99 >99:1 >99 50:50 80
14 1a H/Cbz (2o) 9 3o 96 >99:1 >99 67:33 75
15 1a H/CO2Et (2p) 9 3p 98 >99:1 >99 66:34 83
16 1a H/CO2Me (2q) 10 3q 97 >99:1 >99
17 1a H/Boc (2r) 8 3r 97 >99:1 >99 55:45 77
18 1b 2a 8 3s 99 >99:1 98 84:16 40
19 1c 2a 8 3t 96 >99:1 94 86:14 39
20 1d 2a 8 3u 96 85:15 92g 79:21 36
21 1e 2a 8 3v 97 >99:1 99 96:4 92
22 1f 2a 8 3w 98 >99:1 97 >99:1 95
23 1a H/Me (2s) 12 3x nr − −

aThe reactions were carried out with 1 (0.1 mmol) and 2 (0.11 mmol) in 1.0 mL of toluene with 100 mg of 4 Å MS at 50 °C. bIsolated yield.
cDetermined by 1H NMR analysis of crude reaction mixture. dEe of major diastereomer was determined by chiral HPLC analysis after the product
reacting with CH3I.

6,7a eThe results refer to being obtained with organocatalysis in ref 6. fThe result was obtained by using the standard reaction
conditions reported in ref 6. gZn(OTf)2 (10 mol %) and L2 (11 mol %) were used. For the abbreviations of Ts, Bs, Ms, Ns, Ac, Cbz, and Boc, see ref
6. nr = no reaction.

Scheme 2. Comparative Experiments with Ligands L2−3

Figure 1. Investigation of nonlinear effect.

Figure 2. Proposed transition state.
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catalytic strategy in this work is significantly superior to the
previous organocatalytic method in the diastereo- and
enantioselectivities for almost all of the examined cases. This
well-developed metal catalytic system makes up for the
deficiency of stereoselectivity with the organocatalytic system
in our previous report. A possible transition state model,
characterized by the catalyst playing a dual-functional role, was
also proposed. Further exploration of the catalytic system for
other asymmetric syntheses of heterocyclic compounds is still
in progress.
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