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Indium-catalysed amide allylation of α-iminoamide:
highly enantioselective synthesis of amide
functionalised α-methylene-γ-butyrolactams†

Tetsuya Sengoku,a Kana Kokubo,a Masami Sakamoto,b Masaki Takahashia and
Hidemi Yoda*a

A highly enantioselective amide allylation of α-iminoamides has

been achieved using catalytic amounts of InCl3, ZnCl2 and a BINOL

derivative. This reaction allowed facile access to a variety of amide

functionalised α-methylene-γ-butyrolactams in excellent yields

with high enantioselectivities.

Allylation reactions of carbonyl compounds1,2 and imines1b–e,3

are important for the synthesis of potential drug candidates,
because both homoallylic alcohol and homoallylic amine pro-
ducts are useful building blocks for the synthesis of bioactive
heterocyclic compounds. In order to obtain the valuable pro-
ducts in an enantiomerically pure form, reactions using
various combinations of allylating agents and chiral catalysts
have been developed, and several examples have been success-
fully applied to the total synthesis of natural products.2

In the course of our studies on catalytic reactions using func-
tionalised allylating agents,4–6 we developed completely enantio-
controlled allylation of isatin derivatives5a,b or α-ketoesters5c

with β-amido allylstannane 1 by employing In(pybox)(OTf)3 as a
catalyst. The products obtained in both reactions were readily
cyclised under acidic conditions to furnish pharmaceutically
potential α-methylene-γ-butyrolactones in optically pure forms
(Scheme 1a). In addition, we recently reported that the reaction
of 1 with imides provided a new class of azaspirocyclic com-
pound containing an α-methylene-γ-butyrolactam skeleton.6

Notably, α-methylene-γ-butyrolactams are considered as particu-
larly attractive synthetic targets7 because of their selective anti-
tumour activity.8 Nevertheless, synthetic methods for this type
of compounds have not yet been fully established.9 For these
reasons, we decided to explore a new synthetic method for

chiral ester/amide functionalised α-methylene-γ-butyrolactams
6/7 by applying indium-catalysed amide allylation to α-imino-
carbonyl compounds 2/3, respectively (Scheme 1b).

Initially, we investigated the reaction of N-PMP-α-iminoester
2a (R′ = PMP, Y = OMe) or amide 3a (R′ = PMP, Y = NHPh) with
1a (R = Ph) in the presence of In(OTf)3, MS3 Å (ref. 10) and a
chiral ligand (Scheme S1, ESI†). When the reactions of these
substrates were carried out with (S,S)-Ph-Pybox, allylated pro-
ducts 4a and 5a were obtained in poor yields. In contrast, reac-
tions with (S)-BINOL worked quite well to afford 4a and 5a in
good yields with moderate enantioselectivities (74%, 34% ee
and 86%, 32% ee, respectively). We then attempted the reac-
tion in the presence of 3,3′- or 6,6′-diphenyl-BINOL11a,b to
evaluate the effect of the substituent positions on BINOL.
While utility of (S)-6,6′-diphenyl-BINOL yielded 4a and 5a with
32 and 38% ee, respectively, a much higher degree of asym-
metric induction could be observed in the reaction of 3a using
(S)-3,3′-Ph2-BINOL (58% ee).

These preliminary results with 3a encouraged us to further
optimise the reaction conditions (Table 1). Prior to extensive
screening of BINOL derivatives, we examined the indium-
catalysed reaction with metal additives.6,12 Similarly to the
good enantioselectivity observed as listed in entry 1 (89% ee),

Scheme 1 Indium-catalysed allylation with β-amido allylstannanes.

†Electronic supplementary information (ESI) available: X-ray structure of 8.
Experimental details, characterisation data, 1H and 13C NMR spectra for com-
pounds 3, 5 and 7. CCDC 1517089. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c6ob02506d
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the reaction using NiCl2 or CoCl2 gave comparable results
(Table 1, entries 2 and 3). The beneficial effect on this allyla-
tion could be obtained in the reaction employing ZnCl2
(Table 1, entry 4, 95% ee), while 5a was produced with 28% ee

when the reaction was carried out without InCl3 (Table 1, entry 5).
From these results, the use of InCl3 and ZnCl2 was found to be
suitable for this reaction.

Next, we focused our attention on the effect of 3,3′-substitu-
ents of BINOL. The use of BINOL derivatives bearing
2-naphthyl11a or 4-substituted phenyl groups11d,e led to excel-
lent enantioselectivities (Table 1, entries 6–11, 90–96% ee),
however, introduction of a more sterically demanding 2,6-di-
methylphenyl group11c or reduced catalyst loading resulted in
a decrease of enantiomeric excess (Table 1, entries 12 and 13).
Thus, the reaction conditions shown in entry 10 proved to be
optimum13 and were used for further investigation.

To explore the scope regarding the substituent R1, imine 3a
was subjected to the reaction with various N-substituted β-amido
allylstannanes (Table 2). N-Arylamido and N-alkylamido deriva-
tives 1b–g afforded the corresponding adducts 5b–g in quite
high yields with good to excellent enantioselectivities, respect-
ively (Table 2, entries 2–7).14 We further investigated the sub-
strate effect with respect to α-iminoamides. Reactions of 3b,c
that bear electron-donating (4-methoxyphenyl) or electron-with-
drawing (4-trifluoromethylphenyl) groups gave results compar-
able to that with the phenyl derivative 3a (Table 2, entries 8 and
9). Due to lower reactivity of the naphthyl derivative 3d relative to
the phenyl derivatives, increase of both catalyst loading and reac-
tion period was required to obtain 5j, resulting in a moderate ee
value (Table 2, entry 10).

With a variety of homoallylic amine products in hand,
subsequent attempt to convert them into α-methylene-
γ-butyrolactams 7 was made. Treatment of 5a with Boc2O
under basic conditions smoothly provided the corresponding
α-methylene-γ-butyrolactam 7a in 98% yield (Table 2, entry 1).
It is remarkable that the enantiomeric excess remained con-

Table 1 Metal and ligand effects for the reaction of 3a with 1a a

Entry Ar
Additive
([mol %]) t [h]

Yield [%]
(ee [% ee])b

1 Ph — 24 97 (89)
2 Ph NiCl2 (10) 24 91 (86)
3 Ph CoCl2 (10) 24 94 (84)
4 Ph ZnCl2 (10) 24 99 (95)
5c Ph ZnCl2 (20) 24 99 (28)
6 2-Naphthyl ZnCl2 (10) 24 97 (95)
7 4-NO2C6H4 ZnCl2 (10) 15 93 (90)
8 4-MeC6H4 ZnCl2 (10) 2 97 (94)
9 4-MeC6H4 ZnCl2 (10) 4 99 (96)
10d 4-MeC6H4 ZnCl2 (10) 9 92 (95)
11e 4-MeOC6H4 ZnCl2 (10) 5 92 (96)
12d 2,6-Me2C6H3 ZnCl2 (10) 24 98 (63)
13d, f 4-MeC6H4 ZnCl2 (5) 24 88 (75)

a All reactions were carried out with 1a in dry MeCN in the presence of
InCl3 (20 mol%), (S)-3,3′-Ar2-BINOL (25 mol%), additive and MS3 Å
(1.5 g mmol−1) ar r.t. under an Ar atmosphere. b The ee values were
determined by HPLC analysis using Daicel Chiralpak IC. c Reaction
performed in the absence of InCl3.

d Reaction performed at 0 °C.
e Reaction performed at −10 °C. fReaction performed in the presence
of 10 mol% of InCl3 and 13 mol% of ligand.

Table 2 Scope of amide allylation and lactamisation

Entry 1 (R2) 3 (R1) t [h] 5
Yield of 5 [%]
[ee (/%)]a 7 (R3)

Yield of 7 [%]
[ee (/%)]a Abs config.b

1 1a (NHPh) 3a (Ph) 4 5a 99 (96) 7a (N(Boc)Ph) 98 (96) S
2 1b (NH(4-MeC6H4)) 3a 6 5b 99 (91) 7a 98 (91) S
3 1c (NH(4-MeOC6H4)) 3a 6 5c 98 (92) 7a 96 (92) S
4 1d (NH(4-tBuC6H4)) 3a 6 5d 98 (92) 7a 97 (92) S
5 1e (NH(Nap))c 3a 6 5e 99 (94) 7a 98 (93) S
6 1f (NH(4-ClC6H4)) 3a 18 5f 96 (90) 7a 90 (90) S
7 1g (NH(nC5H11)) 3a 19 5g 92 (82) 7a 95 (80) S
8 1a 3b (4-MeOC6H4) 3 5h 96 (93) 7b (N(Boc)Ph) 90 (92) (S)d

9 1a 3c (4-CF3C6H4) 5 5i 99 (95) 7c (N(Boc)Ph) 97 (95) (S)d

10e, f 1a 3d (Nap)c 66 5j 94 (57) 7d (N(Boc)Ph) 90 (57) (S)d

a The ee values were determined by HPLC analysis using Daicel Chiralpaks IB (for 5i), IC (for 5a, 5f–h and 5j), IE (for 5b–e, 7c and 7d) and IF (for
7a and 7b). b Absolute configuration of both lactams 7 and their precursors 5. cNap: 1-naphthyl. d The configuration was tentatively assigned on
the basis of reaction mechanisms. e Reaction performed at room temperature. f 40 mol% of InCl3, 50 mol% of 3,3′-(4-MeC6H4)2-(S)-BINOL and
20 mol% of of ZnCl2 were used.
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stant in the course of this transformation. Other substrates
bearing various substituted amido groups 5b–g as well as aryl
groups 5h–j were also successfully cyclised under the identical
conditions, affording the corresponding lactams 7a–d in excel-
lent yields with complete retention of enantiomeric purities
(Table 2, entries 2–10).

We next turned to determine the absolute configuration of
the newly formed stereocenter through single-crystal X-ray
diffraction analysis using the anomalous dispersion method.15

α-Methylene-γ-butyrolactam 7a (96% ee) prepared from 5a
could be converted into the crystalline 4-chlorophenyl ester 8
through basic hydrolysis followed by esterification (Scheme 2).
The enantiomeric purity of the sample was found to be main-
tained during the reactions. The ester 8 was further purified by
recrystallisation from chloroform/hexane to afford X-ray
quality crystals. Single-crystal X-ray diffraction analysis showed
that the molecules adopt the chiral triclinic space group P1
with the Flack parameter as low as 0.1 (0), clearly demonstrat-
ing that the absolute configuration of the newly formed stereo-
centre is S (Fig. S1, ESI†).15,16 Furthermore, the configurations
of the major enantiomers of all the lactams 7a in Table 2 were
also unambiguously confirmed to be S by comparing their
chiral HPLC retention time with that of (S)-7a.17

To understand the role of InCl3 and ZnCl2, several NMR
experiments were performed. As can be seen in Table 1
(entries 1–5), the use of InCl3 and BINOL is necessary for the
asymmetric induction. It can be assumed that InCl3 would
contribute to the asymmetric induction through complexation
with BINOL.18 The 1H NMR spectrum of an equimolar mixture
of 3a, InCl3 and a BINOL derivative showed that all the reson-
ances attributed to 3a were significantly shifted downfield rela-
tive to those of original 3a (Fig. S2, ESI†). This observation
suggests that the substrate would coordinate to the In–BINOL
complex.

Meanwhile, upon treatment of an allylindium species, pre-
pared by mixing 1a and InCl3,

6 with ZnCl2, a new species was
formed that we tentatively assigned as an allylzinc species, as
shown by 1H NMR analysis (Fig. S3, ESI†). In a control experi-
ment, no reaction occurred when 1a was directly treated with
ZnCl2. These results indicate that InCl3 would promote in situ
generation of the allylzinc species from allylstannanes 1 via
formation of the allylindium intermediate. Consequently, we
postulated at present that the reaction of α-iminoamides with
1 takes place through nucleophilic addition of allylindium and
allylzinc species to imines activated by the In–BINOL complex.

In conclusion, we have demonstrated the new catalytic
enantioselective allylation of α-iminoamides. The reaction of

α-iminoamides with β-amido allylstannanes in the presence of
InCl3, ZnCl2 and a BINOL derivative was found to be quite
effective to give high enantioselectivity. This work represents
not only a significant expansion of the scope of amide allyl-
ation but also an achievement in the facile synthesis of phar-
maceutically potential α-methylene-γ-butyrolactams. The suc-
cessful development of the reaction showing the wide sub-
strate generality and the high level of stereocontrol will provide
new opportunities for the future development of promising
drug candidates bearing methylenelactam structures. Further
investigations on the synthetic application of this methodology
are currently underway in our laboratory.
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