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From Racemic to Enantioselective

Total Synthesis of Trigonoliimines via
Development of an Organocatalytic
Enantioselective Michael Addition of
o~Aryl-o-isocyanoacetate to Vinyl Phenyl
Selenone
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Abstract: Trigonoliimines are hexacyclic bisindole alkaloids isolated recently by Hao and co-workers. A
synthesis of (z)-trigonoliimine B was accomplished in seven steps from simple starting materials featuring the
Bischler-Napieralski reaction for closing the seven-membered ring with concomitant formation of an exo-imine.
Sulfolane was found to be the solvent of choice for this unprecedented transformation. An organocatalytic
enantioselective synthesis of o,0'-disubstituted o.-amino acids was subsequently developed using methyl o-aryl-
o-isocyanoacetates as glycine templates and vinyl phenyl selenone as a Michael acceptor. Using one of this
Michael adducts as a starting material, total synthesis of both (+)- and (-)-trigonoliimine A was subsequently

realized.
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Trigonoliimines

Introduction

Trigonoliimines were isolated in 2010
by Hao and co-workers from the leaves of
Trigonostemon lii Y. T. Chang collected in
the Yunnan province of China (Fig. 1).l1l
These oxidatively rearranged bisindole
alkaloids attracted great attention from
the synthetic community because of their
unprecedented hexacyclic scaffold and
their modest anti-HIV activity (trigono-
liimine A: EC_, = 0.95 ug/mL, TI = 7.9).
Movassaghi and Han reported a unified
strategy allowing them to access all three
natural products via enantio-enriched hy-
droxyindolenines, which were in turn pre-
pared by enantioselective oxidation of bis-
tryptamine.l2l The synthesis also allowed
them to revise the absolute configuration
of these natural products [C, S for trigo-
noliimines A (1) and B (2), C,, S for trigo-
noliimine C (3)]. Concurrently, Tambar
and co-workers published a total synthesis
of (f)-trigonoliimine C based on the same
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insightful biogenetic hypothesis.3! Shortly
after, Liu and Hao described two differ-
ent approaches to access the skeletons of
trigonoliimines, as well as a short total
synthesis of (¥)-trigonoliimine A via a key
Strecker/Houben-Hoesch sequence.ls] A
modular synthesis of (+)-trigonoliimine
C has recently been reported by Ramana
and Reddy.[®! Shi and co-workers have also
communicated an approach to the hexa-
cyclic skeleton of trigonoliimines A and
B.I71 Our group reported a total synthesis
of (x)-triogonoliimine B in 2012 featuring
a key Bischler-Napieralski reaction for the
construction of the seven-membered ring
with the concurrent installation of an exo-
imine function.!8! Aiming at developing an
enantioselective synthesis for this family
of bisindole alkaloids, we subsequently
developed an organocatalytic enantiose-
lective Michael addition reaction between

methyl o-aryl-o-isocyanoacetate and vi-
nyl phenyl selenone as a general entry to
a-aryl-o-(2'-FG-alkyl)-o-amino acids (FG
= functional group) and accomplished en-
antioselective syntheses of both (+)- and
(-)-triogonoliimine A using one of the
Michael adduct as a starting material.l°]

Synthesis of (+)-Triogonoliimine B

Our retro-synthetic analysis of trigono-
liimine B (2) is depicted in Scheme 1. We
projected to construct the seven-membered
ring (ring C) by the Bischler-Napieralski
(BN) reaction of 4.1101 Although risky, this
disconnection was chosen since it would al-
low the installation of the potentially labile
imine function at the same time. The spiro-
lactam 4 could be traced back to azidoester
5 through a sequence of lactamization and
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1 Trigonoliimine A: Ry = H, R, = OMe
2 Trigonoliimine B: Ry = OMe, R, = H

3 Trigonoliimine C

Fig. 1. Structure of
trigonoliimines.
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amidine formation. The indole unit could
be introduced by reductive amination be-
tween aldehyde 6 and o,0/'-disubstituted
amino ester 7. The latter should be acces-
sible from ethyl o-isocyanoacetate (8) by a
sequence of arylation and alkylation.

The execution of this synthetic strategy
is depicted in Scheme 2. An S Ar reaction
between ethyl isocyanoacetate (8) and
2-fluoronitrobenzene (9) (Cs,CO,, DMSO,
rt) afforded ethyl o-(2-nitrophenyl)-o.-
isocyanoacetate (11) in 77% yield.l'll
Alkylation of 11 with 2-azido iodoeth-
ane (NaH, DMF, rt) followed by acidic
work-up provided the o,0-disubstituted-
a-aminoester 7. Reductive alkylation of
amine 7 with aldehyde 6 under standard
conditions [NaBH(OAc),, CH,Cl,, rt] af-
forded the secondary amine S in an es-
sentially quantitative yield. The one-pot
Staudinger reduction of azide (PPh,, THF-
H20, 60 °C) and lactamization under opti-
mized conditions (CaCl,, MeOH, 80 °C)
provided the desired y-lactam 12 in 72%
isolated yield. Reduction of nitro group fol-
lowed by amidine formation furnished spi-
rolactam 4. To complete the synthesis, our
strategy called for the Bischler-Napieralski
(BN) reaction for the closure of the seven-
membered ring. However, to the best of
our knowledge, no example dealing with
the formation of hexahydroazepino[4,5-
blindole skeleton with the concomitant
formation of an exo-imine function had
been reported at the outset of this work.
Initial trials using classical BN conditions
(POCI,, toluene, reflux or POCL/P,O, tol-
uene, reﬂux) failed to produce the desired
product. After extensive survey of reaction
conditions, it was found that the BN reac-
tion of 4 proceeded smoothly in sulfolane

at 80 °C to provide trigonoliimine B (2) in
51% yield.

Overall, trigonoliimine B (2) was syn-
thesized in seven steps from commercially
available starting material with 12% over-
all yield. From a synthesis design view-
point, the use of readily accessible oo
disubstituted oi-aminoester 7 as a pivotal
intermediate and the realization of the un-
precedented Bischler—Napieralski reaction
are instrumental to the conciseness of the
synthetic route.

Development of an Enantio-
selective Michael Addition of
a-Aryl-o-isocyanoacetate to Vinyl
Phenyl Selenone

One major drawback of the aforemen-
tioned synthesis is the lack of stereocon-
trol. To address this issue, we became
interested in developing a general synthe-
sis of enantioenriched o-(2'-FG-alkyl)-
a-aryl-a-amino acids.['2] Towards this
end, we thought to exploit a catalytic en-
antioselective Michael addition between
a-aryl-a-isocyanoacetate and vinyl phe-
nyl selenone.[13] The advantages of this ap-
proach is that the Michael adduct is eas-
ily amenable to further functional group
manipulations since i) the isocyano group
is readily hydrolyzed to amine under mild
acidic conditions and ii) phenyl selenone
is an excellent leaving group that is prone
to react with a range of nucleophiles.[!4
This is in sharp contrast to the Michael ad-
duct resulting from the o-cyanoacetate and
vinyl phenyl sulfone whose conversion to
a-amino ester needed a tedious multistep
sequence.[15]

Scheme 1. Retro-
— NH NGz | synthetic analysis of
/@\Cy)\@ " O/QDL/B\C :> /q,qi;)j\@ trigonoliimine B.
MeO H ©f
2
CHO NH, No2 NO,
B , Et0C E0OC. NN
MeO H [¢] \© :
6 Ny 7 8 9 10
NH, NO Scheme 2. Total
NC NO2 ol L °| Synthesis of trigo-
EtOZC—/ ——— EtO,C z noliimine B (2): a)
Cs,CO,, DMSO, 1,
77%:; b) 10, NaH,
DMF, rt, then ethano-
NH NO o
o A NH Yo @ < O ® | lic HCI (1.25 M), 70%:
Meo™ X N EtOZC l N ¢) 6, NaBH(OAc),,
N3 CH,CI,, rt, quantita-
SN tive; d) POPhS, THF-
e f H,0, 60 °C, then
- Yo N CaCl,, MeOH, 80 °C,
MeO N HN N 'J 72%; €) H,, Raney
H , o Ni, MeOH, 81%; f)
tngonoumme HC(OMe)s, PPTS, 60
°C, 75%; g) POCI,,
sulfolane, 80 °C,
51%.

Although alkylation of o-isocyano-
acetates is well developed for the synthe-
sis of racemic o, o-disubstituted o.-amino
acids,[1¢l there was only one example of
enantioselective allylation reported by
Ito and Hayashi.['7l Similarly, catalytic
enantioselective Michael addition of
o-isocyanoacetates met only with limited
success. Indeed, Lewis acid-catalyzed nu-
cleophilic addition of o-isocyanoacetates
to polarized double bonds inevitably pro-
vided the [2+3] cycloadducts;!!8191 the
same trend holds true for organocatalytic
processes, 20 with one exception being re-
ported by the group of Xu and Wang.[2!]

Using o-phenyl-o-isocyanoacetate
13a and vinyl phenyl selenone (14) as
test substrates, various cinchona alkaloid-
derived bifunctional organocatalysts were
screened. The results allowed us to draw
the following conclusions: i) the presence
of an hydrogen bond donor function in
C(6") of cinchona alkaloids is essential and
quinine derivatives having C(6")-OH func-
tion displayed better enantio-discriminat-
ing power than those bearing 6'-amido and
6'-thioureido groups.!22! However, 3-ICD
and its derivatives were ineffective;[23] ii)
the alkyl residue introduced to the C(9)-
OH group of quinine influenced also the
er of the reaction with C(9)-O"Bu being
optimum,; iii) the alkyl residue of ester
impacted the er of the reaction with the
following trend being clearly observable:
methyl ester > ethyl ester > tert-butyl ester;
iv) the reaction is best carried out in a non-
polar aprotic solvent in the presence of 4A
molecular sieves. Overall, the optimum
conditions found consisted of perform-
ing the reaction of 13a and 14 in toluene
(c 0.25 M) in the presence of catalyst 16
(0.1 equiv) and molecular sieves at —40 °C.
Under these conditions, the Michael ad-
duct 15a was isolated in 96% yield with
an excellent enantioselectivity (er 97/3,
Scheme 3). When quinidine derivative 17,
a pseudoenantiomer of 16, was used as a
catalyst under otherwise identical condi-
tions, the same reaction afforded ent-15a
in quantitative yield with an er of 7.4/92.6.

The scope of this transformation was
next investigated by varying the aryl sub-
stituent of the methyl o-isocyanoacetate.
As it is seen from Table 1, both electron-
donating group and electron-withdrawing
group at ortho, meta or para position of the
phenyl were tolerated to deliver the product
in high yields with good to excellent enan-
tioselectivities. However, those bearing an
electron-donating substituent afforded, in
general, the Michael adducts with higher
er than those having electron-withdrawing
groups. o-Heteroaryl-o-isocyanoacetates
participated in the reaction efficiently to
provide adducts in excellent yields and en-
antioselectivities.

To illustrate the versatility of these
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Scheme 3.
16 (0.1 equiv), 4A MS Enantioselective
CNYCOOMe | tol, ¢ 0.25 M, -40 °C CF",’: +~COOMe Michael addition of
Ph SeOsPh  yield: 96%, er: 97/3 ><L 13ato14.
13a 14 ' 15a SeOzPh
Table 1. Scope of enantioselective Michael addition.
CNYCO?Me l conditions? (;I: » _COOMe
Ar SeO,Ph
13 14 Se0,Ph
Entry Ar Product  Yield [%] er”
1 Ph 15a 96 97:3
2 4-MeCH, 15b 95 97.9:2.1
3 4-MeOCH, 15¢ 96 96.9:3.1
4 4-FCH, 15d 92 95.8:4.2
5 4-BrCH, 15e 92 94.5:5.5
6 3-BrCH, 15f 93 90.5:9.5
7 4-CF,CH, 15¢ 96 92.8:7.2
8 4-NO,C.H, 15h 95 87.3:12.7
9 2-NO,-4-MeOCH, 15i 62 93.5:6.5¢
10 2-FCH, 15j 96 93.7:6.3¢
11 2-NO,CH, 15k 90 89.5:10.5¢
12 2,4-diFC H, 151 90 91.1:8.9¢
13 3-furanyl 15m 94 97.3:2.7
14 2-furanyl 15n 96 97.1:2.9

213 (1.5 equiv), 14 (1.0 equiv), 16 (0.1 equiv), 4A MS, toluene (c 0.25 M), 40 °C. *Determined by
SFC analysis on a chiral stationary phase. °Reaction performed at —10 °C. Reaction performed at

-20 °C.
Scheme 4.
AcHN )
HN__COOMe ~_-NH, | Transformations of
— o Michael adduct 15: a)
19 N3 N Nal, acetone, rt, 99%;
22 b) NaN,, DMF, 40
b'CT R=H ¢ °C, 86% for 19; 76%
for 20; 69% for 21;
CN__COOMe CN__COOMe b oo AcHN. cooMe | ©) 1N HCIlin MeOH,;
/\ - =" o . PN 81% for 19; 8.1% for
I R=H Rx 15 SeOPh R =2-NO, no, Na 21; d)IN HCl in Et,0,
18 21 70%; €) Ac,0, CH,Cl,,
b,d | R=4-Br g rt, quant.; f) H,, Raney
nickel, MeOH, rt,
72%; g) PPh,, THF/
e N OHCHN __COOMe O %
,_ N NHAG H,O (5/1), 50 °C,
ﬂ 77%.
O,N /@
23

Michael adducts, some basic transforma-
tions taking advantage of the reactivity of
isocyano and phenyl selenone groups were
undertaken. As shown in Scheme 4, treat-
ment of 15a (R = H) with sodium iodide

in acetone at room temperature afforded
the iodide 18 in 99% yield. Reaction of
15a with sodium azide in DMF at 40 °C
followed by hydrolysis of the isonitrile
group to amine (IN HCI in MeOH) fur-

nished o,0-disubstituted aminoester 19 in
70% overall yield. It is interesting to note
that the isonitrile can also be hydrolyzed
to the N-formyl group under milder acidic
conditions as demonstrated by conver-
sion of 15e (R = 4-Br) to 20. Treatment
of 15k (R = 2-NO,) with sodium azide
followed by hydrolysis of the isocyano
group and N-acetylation of the resulting
primary amine afforded compound 21.
Hydrogenation of 21 (H,, Raney Ni) di-
rectly afforded the 3-acetamido-3'-(2-ami-
noethyl) oxindole 22 (72% yield) resulting
from the chemoselective lactamization of
the aniline nitrogen. On the other hand,
selective reduction of azido group under
Staudinger conditions (PPh,, THF-H,O,
50 °C) provided the 2,2- dlsubstltuted pyr—
rolidinone 23. Both heterocycles are im-
portant building blocks in the synthesis of
natural products and drug candidates.

Total Synthesis of (+)- and
(-)-Trigonoliimine A

With the above methodology in hand,
an enantioselective total synthesis of
(+)-trigonoliimine A was accomplished
as shown in Scheme 5. Reaction of
methyl  o-(4-methoxy-2-nitrophenyl)-o.-
isocyanoacetate (25), prepared by S Ar re-
action between 8 and 24, with vinyl phenyl
selenone under our optimized conditions
delivered the adduct (R)-15i (62% yield,
er = 93.5/6.5). Displacement of seleno-
nyl group by azide followed by hydrolysis
of isocyanide under mild acidic condi-
tions delivered the enantioenriched qua-
ternary aminoester 27 in 94% yield over
two steps. Reductive alkylation of 27 with
2-(1H-indol-3-yl)acetaldehyde (6) provid-
ed 28. Staudinger reduction of azide fol-
lowed by spontaneous cyclization afforded
v-lactam 29 in 78% yield. Reduction of the
nitro group in 29 afforded aniline 30 that,
upon reaction with trimethyl orthoformate,
was converted to spirolactam 31. Finally,
the Bischler-Napieralski reaction of 31
under carefully optimized conditions [sul-
folane, ¢ 0.025 M, POCl3 (40.0 equiv), 80
°C, 70 h] afforded the (+)-trigonoliimine
A [(+)-1a] in 54% yield. All spectroscopic
data for our synthetic product are in per-
fect match with those reported in the lit-
erature. The sign of the specific rotation
of our synthetic sample ([a], +225 (c 0.3,
CHCL), er 92/8) is opposne to that of
Movassaghl s synthetic compound ([a],
294 (c 0.24, CHCl,), er 97/3) 1nd1cat1ng
the (R)-conﬁguration at C(20) for our syn-
thetic sample. Following exactly the same
synthetic sequence using quinidine deriva-
tive 17 as a bifunctional catalyst, (-)-trigo-
noliimine A [(-)-1a] ([a], 189, (c 0.29,
CHCL,), er 86.5/13.5) was synthesized in
6.8% overall yield.
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CN_ _COOMe NC NO, NC NO, NH, NO,
CN_COOMe _ b _MeOOC c Meoom Meoom
+ E——
8 SeO,ph  OMe
OMe
24 (R)-15i 26 27
@me o, @Jw B\
MeOOC
OMe HNE
N3
28 29 X=NO, (R)-31 (+)-1 (+)-trigonoliimine A
30 X = NH,

Scheme 5. Total synthesis of (+)-trigonoliimine A (1):
d) HCI, MeOH, quantitative; €) 6, NaBH(OAc),,
h) PPTS, HC(OMe),, 60 °C, 66%; i) POCI, (40.0 equiv), sulfolane, ¢ 0.025 M,

93.5/6.5; ¢) NaN,, DMF, rt, 94%;
rt, 84%;
80 °C, 54%.

Conclusion

In summary, we have accom-
plished a highly efficient total synthe-
sis of (¥)-trigonoliimine B (2) in seven
steps from commercially available ethyl
a-isocyanoacetate (8) and 2-fluoro-nitro-
benzene (9) with an overall yield of 12%.
The o,0-disubstituted amino ester 5 was a
pivotal intermediate since it allowed us to
construct the central tricyclic C-D-E rings
in a straightforward manner. Additional
features of this synthesis included the use
of sulfolane as solvent for the BN reaction
that led to the formation of a seven-mem-
bered ring with concurrent creation of an
exo imine function. We believed that this
solvent could find applications in perform-
ing Bischler—Napieralski reactions that are
difficult to realize otherwise. Stimulated
by the synthetic importance of o-(2'-FG-
alkyl)-a-aryl-oi-amino acids (FG = func-
tional group), an organocatalytic enanti-
oselective synthesis of o,0'-disubstituted
o-amino acids was subsequently developed
allowing the realization of enantioselective
syntheses of both (+)- and (-)-trigonolii-
mine A (1). Therefore, the present work
clearly illustrated the synergism between
methodological development and target-
oriented synthesis.[24]
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