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The total synthesis of two diastereomers of spirotryprostatin A has been established starting with an asymmetric 1,3-dipolar cycloaddition of
methyl 2-(2-nitrophenyl)acrylate with azomethine ylides catalyzed by a Bronsted acid.

The spiro[pyrrolidin-3,3’-oxindole] unit constitutes a
core structural element prevalent in a large family of
alkaloid natural products exhibiting important bioactivity
profiles and having interesting structural properties.'*
Spirotryprostatins A and B (Figure 1) were isolated from
the fermentation broth of Aspergillus fumigatus and have
proven to completely inhibit the G2/M progression of cell
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division in mammalian tsFT210 cells.* The unique struc-
ture of these natural compounds has attracted much
attention from synthetic chemists.* In 2000, Williams
reported the first total synthesis of spirotryprostatin B by
using a chiral auxiliary-induced asymmetric synthesis of
the spiro[pyrrolidin-3,3’-oxindole] core skeleton.** On the
other hand, the significant biological activity has intrigued
intense interest in the development of biologically promis-
ing analogues with improved efficiency and selectivity.’
Danishefsky has found that the configuration of the
stereogenic center of the spirooxindole (C3) moiety

spirotryprostatin A
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Figure 1. Structures of spirotryprostatin A and B.




appears to be less important, given the spirotryprostatin
analogies.*® It would be appealing to prepare the diaster-
eoisomers of spirotryprostatin alkaloids to clarify the
effects of the configuration on biological activities.

Scheme 1. Strategy for the Synthesis of Spiro[pyrrolidin-3,
3’-oxindole]
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Recently, we established a series of chiral Bronsted acid
catalyzed 1,3-dipolar cycloaddition reactions of azomethine
ylides.® Encouraged by these achievements, we proposed to
expand the protocol to use methyl 2-(2-nitrophenyl)acrylate
as a substrate, resulting in the generation of pyrrolidines
that are able to undergo a nitro reductive lactamization
reaction’ to afford the spiro[pyrrolidin-3,3'-oxindole] unit
that appeared in the spirotryprostatin alkaloids (Scheme 1).
It is noteworthy that although elegant reports describe
catalytic asymmetric 1,3-dipolar cycloaddition reactions of
azomethine ylides to electron-deficient olefins that yield
chiral pyrrolidines,*® methyl 2-(2-nitrophenyl)acrylate and
its anologues were seldom successfully involved in highly
enantioselective catalytic variants. Herein we report a chiral
Brensted acid catalyzed 1,3-dipolar cycloaddition reaction of
methyl 2-(2-nitrophenyl)acrylate with azomethine ylides and
the applications to the enantioselective synthesis of the
diasteromers of spirotryprostatin A.

At the outset of the study, we examined a reaction
of methyl 2-(2-nitrophenyl)acrylate (4a) with benzalde-
hyde and diethyl 2-aminomalonate in the presence of
structurally diverse binol-based phosphoric acids 1la—d
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Figure 2. Bronsted acids used in this study.

(Figure 2) in dichloromethane at 0 °C (Table 1). However,
none of them afforded a satisfactory cyclization reaction
(entries 1—4). Encouragingly, the bisphosphoric acid 1e
enabled the reaction to give an excellent enantioselectivity
of 93% ee albeit with a low yield. Elevating the reaction
temperature from 0 to 30 °C rendered the reaction pro-
ceeding in 92% yield and with maintained stereoselectivity
(entry 6). The solvent screening revealed that toluene was
the best media in terms of enantioselectivity (entries 6—9),
although the yield was slightly lower than that obtained in
dichloromethane. Lowering the catalyst loading resulted
in a slow reaction with a diminished enantioselectivity
(entry 11).

Table 1. Screening Catalysts and Optimization of Reaction
Conditions”

PhCHO * j’\OZE‘ N dLCOZCHs 10 mol % 4
conditions
H,NT CO,EL NO,

2 3 4a
yield ee

entry catalyst solvent (%)° dr® (%)*

1 la CH,Cl, 9° nd 0

2 1b CH,Cl, 12¢ nd )

3 1c CH,Cl, trace® nd nd

4 1d CHyCly 8° nd -20

5 le CH,Cly 24° nd 93

6 le CHyCly 92 >50:1 92

7 le CHCl;3 73 >50:1 93

8 le CICH,CH,Cl 65 >50:1 92

9 le toluene 85 97:3 97

10 le toluene 87 nd 98

11 le toluene 80 nd 92¢

“The reaction was carried out in 0.1 mmol scale in solvent (1 mL)
with 3 A MS (100 mg) at 30 °C for 72 h, and the ratio of 2a/3/4a was 1.2/
1/2. *Isolated yield based on 3. ¢ Determined by 'HNMR. ¢ Ee values
were determined by HPLC analysis. “ The reaction was carried at 0 °C.

715 mol % of catalyst was used. € 5 mol % of catalyst was used.

Having the optimized conditions in hand, we next
investigated the scope of aldehydes. As shown in Table 2,
the protocol tolerated a wide range of aldehyde substrates.
Basically, aromatic aldehydes gave higher levels of enan-
tioselectivity than aliphatic ones. The electronic feature of the
substituent on the aryl ring seemingly exerted little effect on
the stereoselectivity. Thus, high levels of enantioselectivity
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Table 2. Scope of Aldehydes of the Asymmetric Three-Com-
ponent 1,3-Dipolar Cycloaddition Reaction®

Et0:Q Co,Et
CO,Et dL NH
RCHO + )\ + CO,CH; 10 mol % 1e, toluene . “(R
HoN™ OB NO, 3AMS, 30°C Eo,Me
2 3 da
yield ee
entry 5 R (%)° dr¢ (%)*
1 5b 4-FCgHy 88 >99:1 98
2 5¢ 4-MeCgH4 86 >99:1 95
3 5d 4-CNCgH,4 81 >99:1 97
4 5e 4-MeOCgH, 96 >99:1 95
5 5f 4-CF3CgHy 73 >99:1 97
6 5g 4-C1C¢H4 80 99:1 97
7 5h 4-BrCgHy 82 >99:1 98
8 5i 2-C1C¢H, 97 99:1 96
9 5j 3-CICgH, 80 99:1 97
10 5k 2-Cl, 3-C1C¢H, 95 >99:1 98
11 51 2-furan 73 99:1 91
12 5m 2-thiophene 77 99:1 96
13 5n 1-naphthyl 86 99:1 93
14 50 2-naphthyl 88 99:1 93
15 5p 2-MeOPhCH=CH 75 20:1 >99
16 5q C-C(;Hll 25 — 74

“The reaction was carried out in 0.1 mmol scale in toluene (I mL)
with 3 A MS (100 mg) at 30 °C for 72 h, and the ratio of 2/3/4a was 1.2/1/
2. *Isolated yield based on 3. “ Determined by 'H NMR. ¢ Determined
by HPLC.

were observed for either of the electronically rich, neutral, or
poor aromatic aldehydes (entries 1—10). Heterocyclic aro-
matic aldehydes such as 2-furancarbaldehyde and 2-thiophe-
nealdehyde participated in smooth cycloaddition reactions in
fairly good yields and excellent enantioselectivities (entries
11—12). Either a- or S-naphthaldehyde served as a good
substrate to yield Sn or 50 with 93% ee (entries 13—14).
Significantly, an azomethine ylide generated from an o,
SB-unsaturated aldehyde also successfully reacted with 4a in
an excellent enantioselectivity of >99% ee (entriy 15). An
attempt to use an aliphatic aldehyde as the reaction compo-
nent led to a sluggish reaction with moderate enantioselec-
tivity (entry 16). The relative and absolute configurations of Sh
were assigned by X-ray analysis (Figure 3), and the stereo-
chemistry of the other products was assigned by analogy.

The generality for the scope with respect to the substituent
on the phenyl ring of methyl 2-(2-nitrophenyl)acrylates was
finally explored (Table 3). The presence of electronically
withdrawing or donating substituents on the phenyl ring
was nicely tolerated, giving the desired products in high
yields and with excellent levels of stereoselectivity.

The synthetic potential of the 1,3-dipolar cycloaddition
presented currently is demonstrated in the synthesis of
spirotryprostatin alkaloid derivatives (Scheme 2). Unfor-
tunately, the initial trial in the three-component 1,3-dipolar
cycloaddition of prenyl aldehyde (7), diethyl 2-aminomalo-
nate (3), and methyl 2-(4-methoxy-2-nitrophenyl)acrylate
(8) catalyzed by the bisphosphoric acid (1e) under the
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Figure 3. X-ray structure of 5h.

Table 3. Scope of Olefins of the Asymmetric Three-Component
1,3-Dipolar Cycloaddition Reactions”

CO,Et R’
PhCHO + )\2 . \/(:H\COZCHsm mol % 1e, tolueneg
HNTCOEL N, 3AMS, 30°C

R? NO,
2a 3 4 6
yield ee
entry 6 R! R? (%) dr° (%)

1 6a F H 96 47:1 93
2 6b H Br 91 48:1 92
3 6¢ H Cl 95 99:1 93
4 6d MeO H 80 99:1 95

“The reaction was carried out in 0.1 mmol scale in toluene (1 mL)
with 3 A MS (100 mg) at 30 °C for 72 h, and the ratio of 2a/3/4 was 1.2/1/
2. b Isolated yield based on 3. ¢ Determined by 'H NMR. ¢ Determined
by HPLC.

optimized conditions only afforded the desired 9 in a low
yield.? Interestingly, conducting the reaction under an argon
atmosphere at 40 °C with 5 equiv of 8 gave 9 in 94% yield
and with >99:1 dr and >99% ee. An attempt to perform
reductive lactamization of compound 9 with Zn/HOAc
failed to directly give the spiro[pyrrolidin-3,3’-oxindole]
11. On the contrary, the major product revealed that the
hydroxylamine intermediate easily underwent a cyclization
reaction, but it was difficult to cleave the N—O bond under
the same reduction conditions. Alternatively, a stepwise
approach to the target molecule 11 ultimately proved
successful. Thus, the reduction of 9 with Zn/HOAc, fol-
lowed by protection of the resultant N-hydroxyoxindole
with BnBr/TEA, and then cleavage of the N—O bond with
Sml, in the presence of water in THF provided 11 in a good

(9) Less than 15% yield was obtained.
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Scheme 2. Total Synthesis of 18-Epispirotryprostatin A and
9,18-Bis-epispirotryprostatin A

10 mol % e, E10:Q co,kt
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| + /k + CO,Me40°C,72h —
HoN" > CO,Et o Y M§>
MeO NO, > 991 dr, 2
>99% ee MeO NO,
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13%, 2 steps

18-epispirotryprostatin A
15%, 2 steps

overall yield. Ba(OH),-8H,O performed better than KOH
or NaOH in the hydrolysis of 11. Decarboxylation followed
by esterification with SOCI, in methanol gave 12 with a dr of
1.2:1, which was treated with the acid chloride derived from
N-Boc-L-proline to give 13. Deprotection of the proline

(10) For biological activities, see Supporting Information.
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moiety followed by a subsequent lactamization gave
18-epispirotryprostatin A and 9,18-bis-epispirotryprostatin
A, respectively. The chiral center of 18-epispirotryprostatin
A was assigned the R configuration on the basis of the
observation of a strong NOE interaction between H* and
H*. However, for the product 9,18-bis-epispirotryprostatin
A, nearly no NOE interaction was observed, thus suggesting
that the corresponding H' and H? are in anti-positions.

The biological investigation revealed that the diastereoi-
somers showed similar efficiency in inhibiting MDA MB-
468 cells, but a little lower than natural product, which
suggested that the configuration of C9 and C18 of the
molecule was not the key element in the structure—activity
relationships among spirotryprostatin A.'°

In summary, we have disclosed a 1,3-dipolar cycloaddi-
tion reaction of azomethine ylides with methyl 2-(2-nitro-
phenyl)acrylate, yielding highly enantioenriched pyrroli-
dine derivatives, which can be readily transformed to the
spiro[pyrrolidin-3,3’-oxindole] unit by easily operative re-
actions. The methodology holds great potenial in total
synthesis as demonstrated by its applications to the synth-
esis of diastereoisomers of spirotryprostatin A. Moreover,
the biological evaluation suggested that the configuration
of the stereogenic center of spirooxindole (C9 and C18)
was not the key element affecting the anticancer biological
activity of spirotryprostatin alkaloids.
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