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Catalytic Enantioselective Michael Addition of a-Aryl-a-Isocyano-
acetates to Vinyl Selenone: Synthesis of a,a-Disubstituted a-Amino
Acids and (+)- and (�)-Trigonoliimine A**
Thomas Buyck, Qian Wang, and Jieping Zhu*

a-Isocyanoacetates are well-known glycine templates for the
synthesis of racemic a,a-disubstituted a-amino acids.[1] How-
ever, catalytic enantioselective alkylation of a-isocyanoace-
tates remains underexploited. Ito, Hayashi, and co-workers
pioneered the field by discovering the first palladium-
catalyzed enantioselective allylation of methyl a-phenyl-a-
isocyanoacetate [Eq. (1), Scheme 1; DBU = 1,8-diazabicyclo-
[5.4.0]undec-7-ene].[2] The enantioselectivity of this reaction
was, however, moderate (< 39% ee). In contrast, a number of
Lewis-acid- and small-organomolecule-catalyzed enantiose-
lective [2+3] cycloadditions of a-isocyanoacetates with alde-
hydes,[3] imines,[4] azodicarboxylates,[5] and polarized carbon–
carbon double bonds, such as nitroalkenes,[6] a,b-unsaturated
ketones,[7] and maleimides,[8] have been developed to access
enantioenriched five-membered heterocycles. In contrast,
catalytic enantioselective Michael addition of a-isocyanoace-
tates was met with only limited success. Indeed, it has been
established that any Lewis acid catalyzed nucleophilic addi-
tion of a-isocyanoacetates to polarized double bonds inevi-
tably provided the [2+3] cycloadducts. The same trend holds
true for organocatalytic processes.[8] However, a recent paper
from Xu, Wang, and co-workers[9] on a tertiary amine
thiourea catalyzed enantioselective Michael addition of a-
phenyl-a-isocyanoacetate to N-aryl maleimides demon-
strated that the aforementioned reaction can be stopped at
the Michael adduct stage under appropriate reaction con-
ditions [Eq. (2), Scheme 1].

In connection with our ongoing total synthesis project, we
needed rapid access to enantiomerically enriched a-aryl-a-
(2’-FG-alkyl)-a-amino acids (FG = functional group).[10] We
were aware of the seminal contributions of Deng and co-
workers on the enantioselective Michael addition of a-
phenyl-a-cyanoacetate to vinyl phenylsulfone and the sub-
sequent conversion of the enantiomerically enriched adduct
into a,a-disubstituted amino acids [Eq. (3), Scheme 1].[11]

However, six steps were needed to convert both the cyano
and sulfone groups into other organic residues. Stimulated by

this observation, we became interested in examining the
chiral Brønsted base catalyzed nucleophilic addition of a-
aryl-a-isocyanoacetates (1) to vinyl phenyl selenone (2)[12–14]

for the synthesis of the enantiomerically enriched a-aryl-a-
(2’-FG-alkyl)-a-amino acids 3 [Eq. (4), Scheme 1].[15] The
advantage of this approach is that the resulting adduct can be
readily converted into an array of functionalized amino acids.
Indeed, phenylselenonyl is an excellent leaving group,[16]

while the isocyano group is easily hydrolyzed under mild
acidic conditions into the free amino function. We report
herein the successful development of an organocatalytic
enantioselective Michael addition of 1 to 2 for the synthesis of
the enantiomerically enriched a,a-disubstituted a-isocyano-
acetates 3 and their subsequent transformations into the
linear and the cyclic quaternary a-amino acids. Enantiose-
lective total syntheses of both (+)- and (�)-trigonoliimine A
[(+)-4a and (�)-4a][17] featuring this key transformation is
also documented.

Various cinchona-derived bifunctional organocatalysts
were screened for the reaction depicted in Equation (4)
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Scheme 1. Enantioselective alkylation of a-aryl-a-isocyanoacetates.
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(Ar = Ph). The results (for details, see the Supporting
Information) allowed us to draw the following conclusions:
a) The reaction is best carried out in a nonpolar aprotic
solvent in the presence of 4 � molecular sieves;[6–8] b) The
alkyl residue of the ester impacted the ee value of the reaction
with the following trend being clearly observable: methyl
ester> ethyl ester> tert-butyl ester; c) The presence of an
hydrogen-bond donor function at C6’ of the cinchona
alkaloids is essential and quinine derivatives having an OH
at C6’ displayed better enantiodiscriminating power than
those bearing amido and thioureido groups at 6’.[18] However,
b-ICD and its derivatives were ineffective;[19] d) The alkyl
residue introduced to the C9 OH group of quinine also
influenced the ee value of the reaction with an nBu group
being optimal. Overall, the optimum reaction conditions
involve performing the reaction of 1a (Ar = Ph) and 2 in
toluene (c 0.25m) in the presence of the catalyst 5 (0.1 equiv)
and molecular sieves at �40 8C (Scheme 2). Under these

reaction conditions, the Michael adduct 3a was isolated in
96% yield with an excellent enantioselectivity (e.r. 97:3).
When the quinidine derivative 6, a pseudoenantiomer of 5,
was used as a catalyst under otherwise identical reaction
conditions, the reaction of 1a and 2 afforded ent-3a in
quantitative yield with an e.r. of 7.4:92.6.

The scope of the present catalytic enantioselective
Michael addition was next examined by varying the aryl
substituent of the methyl a-isocyanoacetate (Table 1). The
presence of electron-donating and electron-withdrawing sub-
stituents at the ortho, meta, and para position of the phenyl
ring is tolerated (entries 2–12). However, those bearing an
electron-donating substituent (entries 2 and 3) afford, in
general, the Michael adducts with a higher e.r. value than
those having electron-withdrawing group (entries 4–12). The
a-heteroaryl a-isocyanoacetates participated in the reaction
efficiently to provide adducts in excellent yields and enantio-
selectivities (entries 13 and 14).

Some basic transformations taking advantage of the
reactivity of the isocyano and phenylselenonyl groups were
undertaken (Scheme 3). Treatment of 3a with sodium iodide
in acetone at room temperature or with sodium azide in DMF
at 40 8C afforded the iodide 7 (99 %) and azide 8 (86 %),
respectively. The compound 8 was further hydrolyzed under

mild reaction conditions (1n HCl in MeOH) to the methyl a-
phenyl-a-(2-azidoethyl)-a-aminoester (9) in 81 % yield. As it
can be expected, no racemization was observed during these
transformations (see the Supporting Information). To deter-
mine the absolute configuration of these adducts, 3e, bearing
a 4-bromophenyl substituent, was converted into the more
crystalline N-formamide derivative 11 via the azido inter-
mediate 10. X-ray crystallographic analysis allowed assign-
ment of the absolute configuration of 11, and hence that of 3e,
to be R (Scheme 3). Consequently, the absolute configuration
of all adducts shown in Table 1 was tentatively assigned to be
R by analogy.

Scheme 2. Enantioselective Michael addition of 1a to 2. [a] 1
(1.5 equiv), 2 (1.0 equiv), 5 (0.1 equiv), 4 � M.S., toluene, c= 0.25m,
�40 8C. M.S. = molecular sieves.

Table 1: Scope of catalytic enantioselective Michael addition of a-aryl-
a-isocyanoacetate to vinyl phenylselenone.

Entry Ar Product Yield [%] e.r.[b]

1 Ph 3a 96 97:3
2 4-MeC6H4 3b 95 97.9:2.1
3 4-MeOC6H4 3c 96 96.9:3.1
4 4-FC6H4 3d 92 95.8:4.2
5 4-BrC6H4 3e 92 94.5:5.5
6 3-BrC6H4 3 f 93 90.5:9.5
7 4-CF3C6H4 3g 96 92.8:7.2
8 4-NO2C6H4 3h 95 87.3:12.7
9 2-NO2-4-OMeC6H4 3 i 62 93.5:6.5[c]

10 2-FC6H4 3 j 96 93.7:6.3[d]

11 2-NO2 3k 90 89.5:10.5[d]

12 2,4-diFC6H3 3 l 90 91.1:8.9[d]

13 3-furanyl 3m 94 97.3:2.7
14 2-furanyl 3n 96 97.1:2.9

[a] 1 (1.5 equiv), 2 (1.0 equiv), 5 (0.1 equiv), 4 � M.S., toluene,
c = 0.25m, �40 8C. [b] Determined by SFC analysis on a chiral stationary
phase. [c] Reaction performed at �10 8C. [d] Reaction performed at
�20 8C.

Scheme 3. Transformations and determination of absolute configura-
tion of 11. Conditions: a) NaI, acetone, RT, 99%; b) NaN3, DMF,
40 8C, 86% for 8 ; 76% for 10 ; c) 1n HCl, in MeOH, 81%; d) 1n HCl
in Et2O, 70%. DMF= N,N-dimethylformamide.
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The synthetic potential of the a-aryl-a-(2’-phenylseleno-
nylethyl)-a-isocyanoacetates 3 was further demonstrated by
their transformations into important heterocycles as shown in
Scheme 4. Treatment of 3k with sodium azide and subsequent

hydrolysis of the isocyano group and N acetylation of the
resulting primary amine afforded the compound 12. Hydro-
genation of 12 in the presence of Raney nickel directly
afforded the 3-acetamido-3’-(2-aminoethyl) oxindole 14 in
72% yield. In contrast, selective reduction of azido group
under Staudinger conditions (PPh3, THF/H2O, 50 8C) pro-
vided the 2,2-disubstituted pyrrolidinone 13, which is the core
structure of BMS-561392, a potent and selective TNF-a-
convertase enzyme inhibitor.[20]

The key role played by the OH group at C6’ of 5 in the
enantioselective addition implied that it might be involved in
the hydrogen bonding with the substrate. Since the divalent
carbon atom of the isocyano group has a strong tendency to
form hydrogen bonds with even a slightly acidic proton,[21]

a stereochemical model (Figure 1) implicating a Z enolate of
methyl a-isocyanoacetate[3e] was proposed based on previous
observations that protonated cinchona alkaloids adopted, in

nonpolar solvent, an anti open confor-
mer.[22] The OH group at C6’ formed
hydrogen bonds with both the ester
and the selenone groups, thus defining
the positioning of the two reactants. A
pseudo-intramolecular Si-face attack
of enolate to the vinyl selenone would
deliver, after protonation, the Michael
adduct with an absolute configuration
of R. In this working model, the ester
moiety has a steric interaction with the
quinoline subunit of the catalyst.
Therefore, increasing the size of the
R group would destabilize this transi-
tion state, thus leading to a diminished

enantioselectivity. This trend was indeed observed as the
reaction involving tert-butyl a-isocyanoacetate gave the
product with a much lower e.r. value than that obtained
with the methyl counterpart.

Trigonoliimines A and B (4, Scheme 1) were isolated by
Hao in 2010 from the leaves of Trigonostemon lii Y. T. Chang
collected in the Yunnan Province of China.[17] Structurally,
trigonoliimines A and B contain a quaternary carbon atom
whose four substituents are crosslinked to form five-, six-, and
seven-membered tricyclic cores of the hexacyclic structure.
The fascinating molecular architecture of trigonoliimines has
attracted the attention of synthetic chemists.[23, 24]

An asymmetric total synthesis of (+)-trigonoliimine A
[(+)-4a] by applying the so-developed enantioselective
Michael addition as a key element is depicted in Scheme 5.
The SNAr reaction between methyl a-isocyanoacetate (15)
and 4-methoxy-2-nitrofluorobenzene (16)[25] afforded the
desired methyl a-(4’-methoxy-2’-nitro)phenyl-a-isocyanoace-
tate (17) in 74% yield. Catalytic enantioselective Michael
addition of 17 to vinyl phenylselenone (2) under the standard
reaction conditions afforded the adduct 3 i in 62 % yield (e.r.
93.5:6.5). Nucleophilic displacement of the phenylselenone
by sodium azide afforded 18, which was converted, upon
acidic treatment, into the quaternary a-amino ester 19 in 94%

Scheme 4. Derivatization to chiral 3,3-disubstituted oxindole and pyr-
rolidinone: a) NaN3, DMF, 40 8C, 69%; b) HCl in MeOH, RT, 81 %;
c) Ac2O, CH2Cl2, RT, quant; d) Raney nickel, H2, MeOH, RT, 72%;
e) PPh3, THF/H2O (5:1), 50 8C, 77%. THF = tetrahydrofuran.

Figure 1. Possible
transition-state model
consistent with the
observed stereoselec-
tivity.

Scheme 5. Reagents and conditions: a) Cs2CO3 (1.5 equiv), DMSO,
76%; b) 2, 5 (0.1 equiv), toluene, 4 � M.S., �10 8C, 62%, e.r. 93.5:6.5;
c) NaN3, DMF, RT, 94%; d) HCl, MeOH, quantitative; e) 20, NaBH-
(OAc)3, CH2Cl2, 73%; f) PPh3, THF/H2O, 60 8C, 78%; g) H2, Raney Ni,
MeOH, RT, 84%; h) PPTS, HC(OMe)3, 60 8C, 66%; i) POCl3, sulfolane,
80 8C, 54%. DMSO= dimethylsulfoxide, PPTS= pyridinium para-tolue-
nesulfonate.
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yield over two steps. Reductive alkylation of 19 with 2-(1H-
indol-3-yl)acetaldehydealdehyde (20) provided 21. Stau-
dinger reduction of the azide was followed by spontaneous
lactamization to furnish the g-lactam 22 in 78 % yield.
Reduction of nitro group followed by the treatment of
resulting diamine 23 with trimethyl orthoformate (PPTS,
60 8C) yielded the spirocycle 24 without event.

To complete the synthesis, the Bischler–Napieralski
reaction was envisioned to close the remaining seven-
membered ring.[26] To the best of our knowledge, there was
no example, prior to our work on the synthesis of trigonolii-
mine B, in the literature dealing with the formation of
a hexahydroazepino[4,5-b]indole skeleton with the concur-
rent formation of an exo-imine function.[23c] Application of
our previously developed conditions to 24 afforded the
desired product in only 20% yield, and was accompanied by
degradation. Therefore, the reaction conditions were reopti-
mized by varying the stoichiometry and concentration of the
reaction. Gratefully, under optimum reaction conditions
(sulfolane, c = 0.025m, POCl3 (40.0 equiv), 80 8C, 70 h), the
(+)-4 a was isolated in 54 % yield. All spectroscopic data for
our synthetic product are in perfect agreement with those
reported in the literature. The sign of specific rotation of our
synthetic sample ([a]D =+ 225 (c = 0.3, CHCl3, e.r. 92:8) is
opposite to that of Movassaghi�s synthetic compound ([a]D =

�294 (c = 0.24, CHCl3, e.r. 97:3), thus indicating the R confi-
guration at C20 for our synthetic sample. Following exactly
the same synthetic sequence using quinidine derivative 6 as
a bifunctional catalyst, (�)-trigonoliimine A [(+)-4a] ([a]D =

�189, c = 0.29, CHCl3, e.r. 86.5:13.5) was synthesized in 6.8%
overall yield.

In conclusion, a catalytic enantioselective cinchona-alka-
loid-catalyzed Michael addition between methyl a-aryl-a-
isocyanoacetates and vinyl phenylselenone has been devel-
oped. The resulting enantioenriched a-aryl-a-(2’-phenylsele-
nonylethyl)-a-isocyanoacetates 3 were subsequently con-
verted into a-aryl-a-(2’-FG-alkyl)-a-amino acids and medic-
inally important heterocycles such as oxindoles and pyrroli-
dinones. A concise total synthesis of (+)- and (�)-trigonoli-
imine A(nine steps, overall yield 7.5% and 6.8%,
respectively) was completed using the Michael adduct 3 i as
a starting material.[27] The successful cyclization of 24 into the
natural product 4a further illustrates the power of the
Bischler–Napieralski reaction for the formation of a seven-
membered ring with concurrent creation of an exo-imine
function, a hitherto unknown transformation.

Experimental Section
Typical procedure: A solution of methyl a-phenyl-a-isocyanoacetate
(1a ; 18.3 mg, 1.0 mmol) in toluene (0.2 mL) was added to a solution
of vinyl phenylselenone (2 ; 15.0 mg, 0.07 mmol), 5 (2.6 mg,
10 mol%), 4 � molecular sieves (8.0 mg) in toluene (0.1 mL) at
�40 8C . After being stirred at �40 8C for 20 h, the reaction mixture
was directly submitted to column chromatography (petroleum ether/
ethyl acetate 7:3 to 3:7) to afford 3a (26.1 mg, 96%, e.r. 97:3).
1H NMR (400.13 MHz, CDCl3): d = 7.99–7.92 (m, 2H), 7.79–7.72 (m,
1H), 7.70–7.63 (m, 2H), 7.50–7.39 (m, 5H), 3.79 (s, 3H), 3.51 (ddd,
J = 12.2, 11.9, 5.7 Hz, 1H), 3.30 (ddd, J = 12.2, 11.5, 5.4 Hz, 1H), 2.99–
2.83 ppm (m, 2H). 13C NMR (100.62 MHz, CDCl3): d = 166.9, 163.6,

141.0, 134.9, 132.8, 130.7, 130.0, 129.7, 127.1, 124.9, 69.5, 54.6, 54.1,
32.3 ppm. ATR-IR ~n ¼3063 (w), 2958 (w), 2135 (m), 1748 (s), 1447
(m), 1254 (s), 1165 (w), 1065 (w), 941 (s), 886 (s), 731 (s), 697 (m), 687
(s); HRMS (ESI) calcd for C18H18NO4Se+ [M+H]+ 392.0396; found
392.0409.
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