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Discovery of indium complexes as water-tolerant Lewis acids
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The work on development of organic reactions that are tolerant to air and moisture, especially
that of carbon-carbon bond forming reactions, had only started in the early 1990s. Our
laboratory had approached this subject when it was still in its infancy and had developed
methodologies for that end. In this article, our decade of work on indium complexes as Lewis

acids is summarised.

Introduction

The traditional approach to catalysis using Lewis acids is
changing rapidly from single-use, air- and moisture-sensitive
metal complexes such as AICl; and TiCly, to reusable and
highly tolerant catalysts. Notably, salts from main group
elements! are featured prominently in this progressive move
towards mild and facile reactions, with sights set on the
concept of “green chemistry”. Procedures that require organic
solvents and toxic reagents are slowly being phased out. Above
all, many laboratories are focussing on carbon-carbon bond
forming reactions in the presence of air and water,>> building
the backbone of complex molecules with methodologies not
conceivable in Victor Grignard’s time. Very often, the total
exclusion of organic solvents in every step of the synthesis
protocol for most “green” methodologies is still not possible.
However, the developments so far had established reaction
procedures that are easy to execute, and such procedures often
come with the added advantage of tolerance to many
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functional groups. This dispenses with the need for protection
and deprotection steps along the synthetic pathway, thus
simplifying procedures and conserving materials.

Our laboratory has been interested in developing water-
tolerant reactions since its establishment. For this purpose, we
initially chose indium salts for their low toxicities and stability
in air and water, properties that matched our research goal. In
this article, we will outline our decade of work on the
development of indium salts* in carbon—carbon bond forming
reactions.

Allylations

In our early studies on catalysis using water-tolerant Lewis
acids for development into aqueous-based or water-based
reactions, we had investigated the potential of lanthanide
triflates® to promote an In-mediated allylation® of a glucose-
derived aldehyde in aqueous media.” The use of Yb(OTf); in
our reaction system was found to effectively catalyse the
reaction and imparted an appreciable increase in diastereo-
selectivity and yield (Table 1). The same catalyst was then
applied to our work on the synthesis of enantiomerically
pure B-aminoalcohols. This was done through either an In- or
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Table 1 Indium mediated allylation reaction
0 H HO. VY HO.,,. Z
o X"g I o ©
OBn —_— OBn + OBn
30°C Q
Q conditions Q O)(
o)( S O)( R
Entry Conditions Yield (%) R:S
1 DMF-H,O0 (6:4), 1 h, Yb(OTD); (1 eq.) 88 6:94
2 DMF-H,0 (6:4), 2 h 82 17:83
3 H,O-THF (4:1), 10 h 72 24:76
4 H,0, 10 h 66 41:59

Table 2 Selected results (R = H) from indium mediated allylation of
protected o-aminoaldehyde

In orZn

MLn solvent

)\/\an/\’/
an
)\W anti

P
+
vy]
=

R=H, Me or CO,Me

Yield
Entry Conditions (%)  anti:syn
1 DMF-H,O0 (20:1), 0.5 h, In/La(OTf); (1 eq.) 88 92:8
2 DMF-H,0 (20:1), In, 5 h 8 87:13
3 H,O, In, 24 h 82 73:27
4 DMF-H,0 (20:1), 0.5 h, Zn/La(OTf); (1 eq.) 94 91:9
5 DMF-H,0 (20:1), Zn, 5 h 88 90:10
6 H>0, Zn, 24 h Trace —

Zn-mediated allylation on protected o-aminoaldehydes.®
Although the rates of reactions were increased, we did not
observe a significant contribution to yields and selectivities
from added Yb(OTf); and La(OTf); (Table 2).

With emerging reports on novel Lewis acids derived from
main group elements at that time, we had started investigating
the use of indium complexes for developing allylation reactions
in water. Earlier works by Marshall and Hinkle® and Baba and
co-workers'® suggested InCls as a suitable candidate.

Our first application of InCl; is in the Sn-mediated allylation
of carbonyl compounds in water (Table 3).!' Yields were

Table 3 InCls-promoted Sn-mediated allylation of carbonyl com-
pounds in water

o]
R1LH $n, InCly. J\/\
+
H20 r.t.
RZ‘P‘J\/\ Br R? anti
Entry R! R? Conditions Yield (%) anti:syn
1 Ph Me I5h 80 50:50
2 Ph Ph 15h 45 99:1
3 Ph COLEt (E) 15h 96 85:15
4 CH,Br CO,Et (E) 15h 55 80:20
5 3-CsHy4N COLEt (E) 24 h 51 80:20
6 cyclo-C¢H;; COEt (Z2) 15h 65 68:32
7 cyclo-C¢H;; CO,Et (E) 18 h (no InCl;) 60 85:15
8 cyclo-C¢Hy; CO,Et (E) 15 h 65 99:1

InCls InCI2
RZMSnBr " _ R2 4+
v
InCl,
InClI o
A S IS N
2/\/\InCI2 R \/j\ R : SN
anti R?

Fig. 1 Proposed mechanism for the Sn/InCl; system for allylation of
aldehydes in water.

moderate to high and high diastereoselectivities were observed
for most of the substrates studied. Note that InCl; may only
have moderate effects on the yields, but had significant
influences on the final isomer ratios (entries 7 and 8,
Table 3). The reactions were proposed to occur via transme-
talation of the allyltin with the InCls, followed by preferential
participation of the resulting trans intermediate in a cyclic
complex to form the final product (Fig. 1). Such a
transmetallation mechanism was also proposed by Marshall
and Hinkle in their allylstannanes/InCl; system.'? The anti
products would have resulted from the most stable six-
membered ring transition states whereby the bulky substitu-
ents on the aldehydes adopted the equatorial position. In the
same piece of work, the convenient allylation of unprotected
sugars'® was also studied and good to excellent yields were
observed. Diastereoselectivies were generally excellent (Fig. 2).
Note the strong syn preferences in these cases were attributed
to a five-membered chelation transition state. The stereo-
chemical outcome in this study drew a close parallel to the
indium-mediated allylation system as observed by Paquette
and Thomas.'*

Our work in this new system of allylation converged with our
interest in the synthesis of fluorinated compounds, especially
compounds with CFj3 in place of CHj3. The CF; moiety, with its
high C-F strength, electron-withdrawing properties, both hydro-
and lipo-phobicities, often impart unique properties to the
equivalent hydrocarbon counterpart.’® This is especially so for
pharmacologically active compounds.

The Sn/InCl; allylation system was subsequently applied to
the synthesis of trifluoromethylated homoallylic alcohols in
water (Table 4).'° Results show that excellent yields and
selectivities were accessible (entries 2-7), and that InCl; was
indispensable (entry 1). This water-based methodology had
allowed the convenient use of aqueous formaldehyde and

OH Sn. InC AC.O OAc OAc
InCl3 c0, py
HOCH2(CH)nCHO 53°C, H,0° DMAP - ACOCHACHIHC. _~
60-90%

sugar=L-arabinose, D-ribose

D-mannose or D-glucose syn:anti from 75:25 to 95:5

Proposed mechanism:

OH
Cl CI OH
(0]
R)\? HO- W — =
N /k/o "
C|2|n\/\ syn OH

Fig. 2 Allylation of unprotected sugars in water using the Sn/InCl;
system.

2740 | Chem. Commun., 2006, 2739-2749

This journal is © The Royal Society of Chemistry 2006



Table 4 Selected results from reaction of aldehydes with 1,1,1-
trifluorobut-2-ene

Table 5 InCl;-promoted Sn-mediated or In-mediated allylation of
trifluoroacetaldehyde in water

0

Sn/InCl3 or In
/\/\ 43»
R)J\H + FCT N Br "H,0,23°C, 15h
)Oi/\ oH OH
R It R)\I/\ * RMMCF3
anti CFa syn CF3

y-coupling a-coupling
Entry R Condition Yield (%) anti:syn
1 Ph Sn 0 —
2 Ph Sn/InCl; 87 (919 y:0, 60E:40Z2) 95:5
3 H Sn/InCl; 90 (only v) —
4 cyclo-C¢Hy;  Sn/InCly; 92 (only vy) >99:<1
5 3-CsH4N Sn/InCl; 95 (only vy) 92:8
6 2-CsH4N Sn/InCl; 96 (only v) <1:>99
7 CO,H Sn/InCl; 83 (only v) <1:>99
8 Ph In 87 (only 7v) 92:8
9 H In 86 (only 7v) —
10 cyclo-C¢H;; In 90 (only y) >99:<1
11 3-CsHyN In 95 (only y) >99:<1
12 2-CsH4N In 88 (only ) <1:>99
13 CO,H In 80 (only v) 4:96

hydrated glyoxylic acid, substrates which are not possible with
classical C—C bond forming systems. Crucially, the predomi-
nantly anti products supported the six-membered ring transi-
tion state previously proposed (Fig. 3). The notable reversals
of stereochemical outcomes from 2-pyridinecarbaldehyde and
glyoxylic acid (Table 4, entries 6, 7, 12 and 13) are explained
through the bulky groups adopting the axial position as a
result of the five-membered ring chelation with the In center.
Our earlier proposal for an initial transmetalation of the
allyltin with InCl; was supported by the similar yields and
selectivities obtained with the solely In-mediated reactions
(Table 4, entries 8-13).

The Sn/InCl; or In-only systems of allylation in water were
particularly useful in our synthesis of a-trifluoromethylated
alcohols from trifluoroacetaldehyde. Such an aldehyde is
volatile and unstable, with its commercially available counter-
part in the form of ethyl hemiacetal. Thus, a direct C—C bond
formation using such a hemiacetal, not feasible with classical
methods, would be a facile route to a-trifluoromethylated
alcohols. In this regard, our water-based methodolgy was
found to achieve good to excellent yields with moderate

FaC /7 )=/ R S anti
= o -

¢F,
HO._O. OH
FC\/, \\g’lncb . H\IH\I/\ syn
H 0 CFs
[ OH
/N\
F3C\ﬁ\¢/'”c'2 | ~ NSy
A _N  CF,

Fig. 3 Allylation of unprotected sugars in water using the Sn/InCl;
system.

OR! ORrR!' R®

)\R . RZ/\(\Br Sn/InCl; or In )Y&
H,0, 15h  F.C
FsC OH R® 3
R2
Yield (%)
(diastereomeric
Entry R' R? R? Condition ratio)
1 Et H H Sn/InCl; (0.1 eq.) Trace
2 Et H H Sn/InCl; (1 eq.) 85
3 Et H CO,Me  Sn/InCl; (1 eq.) 65
4 Et Me H Sn/InCl; (1 eq.) 72 (67:33)
5 Et H H In 95
6 Et H CO>Me In 87
7 Et Me H In 80 (65:35)
8 H H H In 81
9 H H CO>Me In 82
10 H Me H In 70 (68:32)
11 H CO.Et H In 0
12 H COE H In, Yb(OTY); 0
13 H Me Br In 0
14 H Me Br In, Yb(OTH); 0
15 H H Me In 0
16 H H Me In, Yb(OTf); 0

diastereoselectivities even for trifluoroacetaldehyde hydrate
(Table 5, entries 1-10). Note that unreactive allylic halides are
unable to react even with the use of Yb(OTf); (Table 5, entries
11-16). The absence of the ethoxy product could be due to the
preference of the hard In center to coordinate with the hard
OH base with OEt being the leaving group (Fig. 4). The
comparable, if not moderately better, yields from In-only
mediated reactions again reinforced our transmetalation
proposal to account for our Sn/InCl; results.

Recently, we applied the use of InCl; in catalyzing the In-
mediated one-pot allylation of dihydropyrans and dihydrofur-
ans in water (Table 6).!7 The InCl; catalysed the formation of
the lactol in situ and subsequent allylation gave the corre-
sponding 1,4- and 1,5-diols in good yields.

Current work on allylation is focused on the use of InCls in
asymmetric allylations in ionic liquids, with encouraging
preliminary results.'®

Aldol and related reactions

The aldol reaction is a powerful tool for the construction of
carbon—carbon bonds that lends itself to acyclic stereocon-
trol.'”” An important variant of the aldol reaction is the
Mukaiyama aldol reaction®® which is essentially a directed
aldol reaction.

OEt
R OH R
OFt o R, ’
F C)\OH PR, P T ORC

+ / = R4
RN H
1/\R/\|nxz X /l\ R2-|nx

2 F4iC @Az

1~

Fig. 4 Proposed mechanism of the allylation of trifluoroacetaldehyde
ethyl hemiacetal.

3

o

X
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Table 6 InCl; catalysed In-mediated allylation of dihydropyrans and

Table 8 Aldol reaction of a glucose-derived silyl enol ether with
aqueous formaldehyde

dihydrofurans in water
R3
R1 _ gr _InCls (20 mol% HO
In, H20
RZ

16h, r. t. R1 R2

n=1or2

Entry Allyl bromide n Yield (%) (anti:syn)
1 Br 1 83

2 A 2 0

3 1 77

4 Br 2 68

5 Br 1 53

6 Y\/ 2 6

7 CO,Me 1 60

8 Br 2 58

9 ~ B I 83 (40:60)

10 2 78 (40:60)

1 Et0,C. _~_ _Br 1 49 (2476)

12 NN 2 52(2377)

Our laboratory has strong interest in exploring the
chemistries of aldol reactions, especially the Mukiayama aldol
reaction. In particular, we envisioned protocols that would be
tolerant of water and air, in contrast to the initially developed
Mukaiyama aldol methodologies.

Kobayashi et al. pioneered the work in the adaptation of the
Mukaiyama aldol reaction to work in aqueous media using
lanthanide triflates as catalysts.>!*>> We were interested at that
time to investigate the feasibility of conducting the reaction in
water with catalysis from InCl;.2 However, our results
(Table 7) were found to be inconsistent, with effects from
sequence of addition of reactants playing a part in the final

Table 7 Selected results from Mukaiyama aldol reaction in water

(0] OH O
JJ\ o OTMS InClz (20mol%), H,O
R1 H R\)\R;; conditions and sequences R! R2
1 2 of addition 5
R

sequence A: 1 + InCl; then H,O then 2 (15h)
sequence B: 1 + InCl3 then H,O (15h) then 2
sequence C: 1 + InCl then 2 then H,O (15h)

Silyl enol Yield(s)
Entry Aldehyde ether Sequence (%) anti:syn
1 CHO OTMS A 51 48:52
2 B 74,69  61:39
3 C 79,55  52:48
4 CHO C 82 40:60
SN
7
12 HO,CCHO-H,0 C 80 56:44

TBDMSO TBDMSO
TMSO~/
LeW|s acid
OBn ‘CH,0 (37%.aq) OBn
rt, time
Eand Z R and S

Entry E:Z  Lewis acid (mol%) Time Yield (%) R:S
1 80:20 InCl; (40) 4-7d 73 96:4
2 80:20 In(OTf); (40) 30 min 0 (decomp.) —
3 80:20 In(OTf); (2) 0.5-1d 38 93:7
4 80:20  Yb(OTH); (40) 23d 40 88:12
5 0:100 InCl; (40) 4-7d 68 82:18
6 0:100 In(OTH; (2) 051d 37 70:30
7 0:100  Yb(OTf); (40) 2-3d 35 54:46

yield.>* The heterogenous nature of the reaction would have
also introduced inconsistencies in results from the varying
efficiencies of mixing.

In our unpublished work on the synthesis of the core
structure of zaragozic acids, we had devised a diastereoselec-
tive one carbon extension of a glucose derived silyl enol ether.
This method uses the commercially available formaldehyde
with InCl; as catalyst, giving good yields and excellent
selectivities (Table 8).>° Note that both cis and frans isomer
of the silyl enol ether gave the same major isomer. The
formaldehyde nucleophile was proposed to approach only in
one direction due to the steric restrictions imposed by the rigid
silyl enol ether. Product stereochemistry would then depend on
the preferred conformation of the molecule. An ab initio
calculation was done and we found that it corresponded well
with our experimental results (Fig. 5). The use of water in this
case is restricted to the quantities introduced by the 37%

TBDMSO

TMSO

TBDMSO

%\
TBDM
TMSO—/ 8 s
oY T b

=SS OTMS

== 0
TBOMSO” N\

0_0 0.0

®) 7 (20) 7

Fig. 5 Proposed mechanism for to account for the product stereoche-
mistry. Numbers in parentheses denote the relative energies in kJ mol .
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Table 9 Selected results (R = Ph) from stereoselective aldol reaction
of keto ester for the synthesis of 1,3-aminoalcohols

Table 10 Direct aldol reaction of glyoxylic acid monohydrate with
various ketones

/L _COCF, OTMS
R N [¢] R /

N
MeOZCJ\/LLCOQMe R neat, r.t, 16 h
/L COCF;

RT N7

OH O R N OH O

. +
2 MeO,C ¥ MeO,C

'R

Lewis acid

Entry Silyl enol ether Lewis acid R:S (Yield, %)
1 OTMS BF;-H,O No reaction
2 /I\ La(OTh)s Trace
3 Ph Yb(OTf); 90:10 (40)
4 InCl;, H,O 90:10 (40)
5 InCl4 90:10 (73)
6 }C‘)@ InCl; 86:14 (72)
7 OTMS InCl; 99:1 (56)
0]

L

8 OTMS InCl4 87:13 (58)
)\OEt

9 OTMS InCl; 99:1 (72)

formaldehyde solution. This tend to give more consistent
results and subsequent studies on Mukaiyama aldol reactions
were done with no solvent.

We proceeded to study the synthesis of 1,3-aminoalcohols
through the Mukaiyama aldol reaction of a keto ester
catalysed by InCl; under neat conditions.® Moderate to good
yields were obtained (Table 9). Most importantly, high
diastereoselectivities were observed that were explained
through shielding of the carbonyl moiety by the phenyl group
(Fig. 6). The proposal was supported by crystal structures of
the keto ester. Note that m-stacking does not play a role as
replacement of the phenyl group with cyclohexyl did not
appreciably affect the stereoselectivity.

Fig. 6 Proposed mechanism to account for the stereochemical course
of the Mukaiyama aldol reaction of the depicted keto ester.

0] 0 (0] OH
JK/R‘ + )HrOH 4“103' ), -80°C )%(OH
R H R
o} R' (6]

Entry Silyl enol ether InCl; (mol%) Time/d Yield (%) (syn:anti)
1 o} No InCl, 3 10 (73:27)
2 )]\/ 20 2 80 (60:40)
3 Ph 50 3 95 (59:41)
4 0] 20 3 94

Ph)]\
5 o] 20 3d 91

O

\ |
6 0 20 2 80 (62:38)
7 0 20 4 95 (71:29)

The direct aldol reactions that circumvent the silyl enol ether
intermediate were reported by several groups, and these
procedures often require air- and moisture-sensitive Lewis
acids.’”?® Our laboratory had applied the use of InCl; as a
catalyst in the direct aldol reaction of glyoxylic acid with
ketones without the use of solvents. Sonication is required and
excellent yields with moderate diastereoselectivities were
obtained (Table 10).>> An open-chain antiperiplanar transition
state was put forward to account for the product stereo-
chemistry. Our laboratory had also used Montmorillonite K10
with success to catalyse similar Mukaiyama-aldol reactions in
water.’® These synthetic methodologies are useful to furnish
building blocks for complex natural products through the
synthesis of o-hydroxy acids.”!

Mannich and related reactions

The Mannich reaction is an important reaction for the
preparation of B-amino-ketones and -aldehydes.*> The pro-
ducts of such reactions are used in the synthesis of natural
products and pharmaceuticals. An important variant of the
Mannich reaction is the reaction between preformed imines
from condensing aldehydes with amines, and silyl enol ethers
generated from ketones. However, imines are frequently
unstable, moisture sensitive and difficult to purify through
distillation.

Encouraged by the expanding utility of InCl;, we made use
of its water-tolerance to devise a procedure to conduct the
Mannich reaction in water. For such a methodology, we
would need to generate the imine in siru and immediately

This journal is © The Royal Society of Chemistry 2006
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Table 11 InCls-catalysed one-pot Mannich reaction in water
R2
R? s SNH O
RICHO + R2NH, + — InCl3 (20 mol%), H,0
R¢ RS R RO
R3 R4
Yield (%) (syn:anti)
OTMS
Ph OTMS
OTMS OTMS E7=4:1
Entry Aldehyde R! Amine R? : B OMe Ph EZ =41
1 H Ph 30, 8¢ 91 58 46
2 Ph Ph 54 75 80 (57:43) 68 (59:41)
3 2-Py Ph 92 94 70, 10” (69:31) 60 (52:48)
4 H 4-CIPh 21 85 78 60
5 Ph 4-CIPh 23 60 26 (60:40) 17 (74:26)
6 2-Py 4-CIPh 90 91 55, 23" (57:43) 35 (64:36)
7 H 4-MeOPh 35, 17¢ 86 41,5 20
8 Ph 4-MeOPh 30 40 45 (51:49) 11 (76:24)
9 2-Py 4-MeOPh 90 90 70, 117 (66:34) 20 (76:24)
10 CO,H Ph 10 Decomp. — —
11 CO,H 4-CIPh 31 63 — —
12 CO,H 4-MeOPh 10 Decomp. — —

O R Ry O

- RS N RSy o
Yield of: RS R' p2 R® RS Yield of aldol product.

react it with the silyl enol ether. We would thus need to
investigate if the reaction with the imine would be faster than
the competing aldol reaction.?® Results show that this one-
pot Mannich reaction produced moderate to excellent yields
in most of the reactant combinations studied (Table 11).
However, yields for enolizable imines, generated from
aqueous formaldehyde in our study (entries 1, 4 and 7), were
poor. Interestingly, there was a lack of deamination products
as usually observed in conventional Mannich reactions. The
expected competing aldol reactions were also not observed
frequently. This suggests that the formation of Mannich
products occur preferentially over the aldol products in our
system. In fact, in the absence of InCls, the aldol products
actually dominate, thus confirming the unique role that InCl;
plays in this reaction. In the same paper, we had also
reused the InCly with no significant impact to the yield of
product.

The above procedure was not successful for an enantio-
selective one-pot Mannich reaction using chiral amines. In
addition, the procedure was limited to nonenolizable alde-
hydes and aromatic amines. However, further work shows that
the use of MeOH as a solvent addressed these issues, resulting
in moderate to high yields with good to excellent diastereo-
selectivities in a variety of substrates (Fig. 7).
Diastereoselectivity was attributed to the chelation of InCl;
by the carbonyl group of the ester and the nitrogen. The
resulting rigid bidentate structure allows bulky groups to
effectively block one face, leading to high facial selectivities
(Fig. 8).

An ionic liquid version of the one-pot Mannich procedure
was also developed but shall not be discussed here.*®

InCl; (20 mol%) H

~~ MeOH, r.t.

> AN
: ) overnight MeO,C NH O
MeO,C~ ~NH, : :OT'V'S R,% OMe
_ OMe yield=40-80%
R'=alkyl, aryl R:S from 77:23 to 99:1

Fig. 7 A typical one-pot Mannich reaction in MeOH catalysed by
IHC13.

Fig. 8 Proposed mechanism to account for the diastereoselectivities
in the one-pot Mannich reaction in MeOH catalysed by InCls.

Others

The Diels-Alder reaction is an important cycloaddition
reaction for the construction of six-membered rings. Breslow
had pioneered the study on carrying out the Diels—Alder
reaction in water.*® Our laboratory had studied the catalytic
behaviour of InCl; for this pericyclic reaction and had
demonstrated that significant improvements in yields and
regioselectivities were observed in the presence of InCls
(Table 12).*7 InCl; was also demonstrated to improve the

2744 | Chem. Commun., 2006, 2739-2749

This journal is © The Royal Society of Chemistry 2006



Table 12 Selected results from InCl; catalysed Diels—Alder reaction
in water

Table 13  Selected results from the InCl; catalysed conjugate addition
of amines to a,B-ethylenic compounds in water

Yield (%)

Entry Reactants Major product (endo:exo)
1 — 89 (91:9)
5 o * @ ﬁb 60 (74:26)
CHO
3 Br 85 (90:10)
= +
cHO @ 4 CHO
Br
4 99 (100:0
QO L )
CHO
/
CHO
5 Br 88 (90:10)
+
<O Ao

Br
6 = CHO 95 (5:95)
o, £ (Y
TPs0” TIPSO

7 Br Z CHO 88 (one
:< + Br regioisomer)
CHO TIPSO X

TIPSO

Conditions: water, room temperature, InCly (20 mol%), 4 h. “ No InCls.

selectivity of the Diels—Alder reaction using Evan’s chiral
auxilliary®® from low to moderate (Fig. 9).

The direct synthesis of f-amino derivatives can be achieved
through a conjugate addition of amines with o,B-ethylenic
compounds. We were able to carry out such a reaction under
mild conditions in water with the yield of the reaction
increased by the addition of InCl;.* Moderate to good yields,
albeit with poor diastereoselectivities, were obtainable with a
wide variety of substrates (Table 13). Note that the reaction
can occur without the use of InCl; but suffers a yield penalty.

Related to our work on aldol reactions, we found that under
neat conditions, InCl; catalyses the 1,4-addition of o,B-unsa-
turated carbonyl compounds with silyl enol ethers (Table 14).4°
Moderate to excellent yields were obtained in most of the
reactant combinations. InCl; was proven to be an essential
catalyst, without which no reaction can take place. InCls can
also be recovered and reused with no loss in catalytic activity.

o © Q
@ + \)LNJ\O H0 2 N>¥O
/ 0 \)

Ph—"
No InCls: 74%, endo:exo = 85:15, 12% de

20 mol% InCl3: 94%, endo:exo = 95:5, 28% de
120 mol% InCly.  95%, endo.exo = 96:4, 46% de

Ph—s"

Fig. 9 Asymmetric Diels-Alder reaction catalysed by InCls.

R H R X X X
1\N/+/\ InCl3 (20 mol%) "1~ > N \/\,lq/\/

| Z4 |
R2 Hzo, rt. R2 RZ
1 2
(when Ry=H)
Yield (%)
Entry Reactants Conditions (1:2 or de)
1 /\COZMe + BnNH, 6 h 70 (33:67)
2 No InCl;, 6 h 20 (35:65)
3 Nen + (PoNH 16 h 82
4 No InCl;, 16 h 62
5 P /'\ 23 h 45 (14% de)
6 SNEco.E * No InCls, 23 b 40 (15% de)
Ph”" “NH,
7 3d 70 (7% de)
FsCu 2
g NI coE PhJ\NHz No InCl;, 3d 75
9 21 h 78 (60% de,
0 CO,Et BNH 3R major)
10 o 3 * B2 No InCls, 21 h 63 (60% de,
\)\) 3R major)

The versatility of the bifunctional cyanohydrins in the
synthesis of complex molecules prompted us to develop
synthetic methodologies that would realise these compounds
with simple procedures. Evans et al. developed the use of
TMSCN in place of traditional HCN as a safer source of CN
for this addition reaction.*' Our intention was to study the
scope and limitation of this reaction in water. We found that
this reaction did not occur without Lewis acids but proceeded
to give a good yield with InCl; (Table 15, entries 1-4).*?

Table 14 Selected results from the 1.4-addition of o,B-unsaturated
cabonyl compounds with silyl enol ethers

o} RZ O

(e} OTMS
+ InCl5 (20 mol%) W
Rs%)\ k !
R‘IJV\ R2 — R4 —bneat R R

R3
OTMS QTMS OTMS QTMS OTMS
2 \)\
}\Ph Y\ome Zph é OEt
1 2 3 4 5
o,B-Unsaturated Silyl enol Yield (%)
Entry carbonyl ether Conditions (antizsyn)

1 (0] 1
2 1
3 2
4 3
5 4
6 5
7 o 1
8 2
9 )J\/ 3
10 4
11 5
12 (0] 1
13 2
14 Eto)k/\ 4

No InCls, r.t. (1 h)

No reaction

r.t. (0.5 h) 67
0°Ctor.t. 82
r.t. (0.5 h) 86 (65:35)
r.t. (0.5 h) 90 (65:35)
0°C(5h),rt.(2h) 66
r.t. (2 min.) 68
0°C (1 h) 12
r.t. (0.5 h) 51
=30 °C to r.t. 48
0°C(0.5h), r.t. (1 h) 18
r.t. (24 h) 64
r.t. (0.5 h) 90
r.t. (15 h) 14 (30:70)
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Table 15 Selected results from the addition of TMSCN to aldehydes
in water catalysed by InF;

o Catalyst, H,0 OH
)J\ + TMSCN (2 eq) ——¥S0 022 /k
R H r.t., overnight R CN
Entry Aldehyde Catalyst (mol%) Yield (%)
1 0 — No reaction
2 KF (100) No reaction
3 H TBAF (100) No reaction
4 InCl; (100) 60 (conversion)
5 InF; (30) 95
6 ] InF; (30) 80
~ H
| P>
N

7 0 InF; (30) 85

MH
8 0] InF3 (30) 80

%H
9 o] InF; (30) 75

VLH
10 InF3 (30) 75

Interestingly, use of InF3; gave good to excellent yields for a
variety of substrates, including the hemiacetal form of the
volatile trifluoroacetaldehyde (entries 5-10). Competitive
studies also show that the reaction is highly chemoselective
towards aldehydes, with TMSCN unable to react with ketones
under our reaction condition.

The formation of tetrahydropyran rings are often central to
many syntheses of natural products. This Prins reaction is
often performed under strong acidic conditions or, with water-
and air-sensitive Lewis acids.*® Prior to our work, Li and co-
workers had achieved such a reaction using 100 mol% of
InCly.*** Our group had further modified the reaction by
using allylchlorosilane as allylating agent and conducting the
reaction in CH,Cl,. With our protocol, we require only
20 mol% of InCl; (Fig. 10).* The tolerance of such a
procedure to water was demonstrated by the equivalent yields
and selectivities obtained in the presence of 1% water.

Chiral indium complexes

One of the most efficient way to effect asymmetric synthesis of
enantiomerically pure compounds from achiral substrates is
the use of chiral catalysts. However, most often these catalysts
are moisture- and air-sensitive thus limiting their utility. Our
laboratory had been studying the feasibility of a water-tolerant
chiral catalyst and recently, we had developed the first
catalytic chiral indium complex that is water-tolerant.

Prior to several attempts on developing asymmetric catalytic
systems,*’ our initial work on a chiral indium complex was

Cl

0 s| cl InCly (20 Mol%)
SR
R” H v CH,Cl,, 25(C
R” N0 R
%,
(reactlon time, ©/\/ ©/ O/
yield) (2h, 90%) 4 h, 45%) (2 h, 65%)
(
(1h 65%)  (1h,94%) : (4 h, 45%)

Fig. 10 Prins cyclisation reaction catalysed by InCl;.

E ‘ PTol,
I ! PTol,

OH
. j\ 5 mol% (S)-Tol-BINAP-AGNO3 )\/\
3 +
Y R~ hH H,O/EtOH (1:9) R A
-40°C, 5-60 h

ooy

X=H, OH, CI, OMe

Q_f

&, % 70-98% yield
§ o ©/\/ & 30-58% ee
\@/‘1’7 (requires 25°C)

(S)-Tol-

(S)-Tol-BINAP:

(S)-isomer major

92-100% yield
71-81% ee

Fig. 11 Catalytic  enantioselective

BINAP-AgNO;,

allylation  with

Table 16 Asymmetric allylation of benzaldehyde using (S)-BINOL—

In(111) complexes
© + Insalts
OH
OO (15 mg per 0.1 mmol In salt)

4AMS

(S)-BINOL CH,Cly, 2 h atr.t.
(S)-BINOL-In(lll) OH
complex
/\/SnBu3 (20 mol%) ¥ AN
4 hat-78°C
16 hatr.t

Entry Indium reagent Solvent Equiv. of 1 Yield (%) ee (%)

1 lnF3> CHzclz 1.0 0 —
2 In(O'Pr); CH,CL, 1.0 36 0
3 InBrs CH,Cl, 1.0 38 73
4 InCl; CH-CL, 1.0 52 78
6 InCly (reduced MS) CH,Cl, 2.0 36 83
7 InCl; (10 mol%)  CH,Cl, 2.0 12 73
8 InCl; CHCl; 2.0 52 90
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o (S)-BINOL-In(Ill) complex OH
)k SnBu (20 mol%) )\/\
R™ TH+ 3 R AN

53-76% yield
90-96% ee

4AMS, CH,Cl,
4hat-78°C

R= alkyl, aryl 16hatrt

Fig. 12 Enantioselective allylation of aldehydes using BINOL-In(I11)
complex.

InCl,
* fransmetallation? [allylic indium species]
ikt S
%\/SHBU:; Yy p

(S)-BINOL-In(Ill)

(S)-BINOL ———
complex

Fig. 13 Postulated process for the formation of chiral indium
complex.

developed through the study on the asymmetric allylation of
carbonyl compounds.*® With the optimization of an early
promising result, we found that InCls, in the presence of 4A
molecular sieves in CH>Cl,, reacts with the chiral ligand (S)-
BINOL to give an active chiral indium complex. This BINOL-
In(111) complex catalyzes the allylation of benzaldehyde in a
highly enantioselective manner with excellent yields (Fig. 11,
Table 16).* The study shows that InCl; with 2 equivalents of
allyl tributylstannane gave the best allylation result. The
quantity of molecular sieves (MS) is also critical (entry 6) and
20 mol% of the catalyst is required to maintain the high yields
and enantioselectivities (entry 7). A variety of aldehydes were

Table 17 Selected results from the asymmetric allylation of ketones
using (R)-BINOL-In(111) complexes

(R)-BINOL-In(lll)
complex

2
0 (20 mol%) HO R
SnBu "
+ /\/ 3 .
R1JJ\R2 = 4AMS, CH,Cl, R1M
1 72hatrt

saioalonaise

Indium Equiv.

Entry reagent of 1 Temp/°C Ketone Yield (%) ee (%)
1 InCl; 2.0 =78 tort. 2 25 81
2 InCly 3.0 —-78tort. 2 46 81
3 InCl; 3.0 r.t. 2 54 81
4 InBr; 3.0 r.t. 2 76 82
5 InBr; 3.0 r.t. 3 41 84
6 InBr; 3.0 r.t. 4 60 80
7 InBr; 3.0 r.t. 5 61 90

also allylated using this procedure and good yields with high
enantioselectivities were obtained (Fig. 12).

The requirement for an excess allyltributyl stannane is
actually surprising to us and our study shows that it is essential
to form the final catalytic complex. Observations of several
controlled experiments, including an NMR study, suggest its
possible participation through transmetallation with InCls.

Table 18 Selected results from asymetric Diels—Alder reaction catalysed by (S)-BINOL-In(11I) complex

(S)-BINOL + InCly (20 mol%)
(1) 4AMS, CH,Cly, 2 h

(2) allyltributyl stannane

R1
2 1 60 mMol% R2 S
R RWCHO (60 mol%) ZCHO
+
RS N conditions R3

Ré  R'=Me (1) or Br (2) R*

=

= NS

NS
3 4 MeO 5
Entry Reactants Conditions (°C, h) Major product R! Yield (%) ee (%)

1 3+1 r.t. 20 R’ Me 63 98
2 3+2 —20, 20 S wCHO Br 74 98
3 3+2 r.t., 20 + H,O Br 70 80
4 4+1 —20, 20 Me 71 98
5 4+2 —20, 20 Br 72 98
6 4+2 r.t., 20 + H,O Br 72 66
7 5+1 —=20,20 Me 75 97
8 5+2 —-20, 20 Br 77 94
9 5+2 —20, 20 + H,O Br 61 94
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Fig. 14 Proposed assembly of the (S)-BINOL-In(111) complex with
dienophile.

The resulting indium species then form the catalytic complex
by reaction with (S)-BINOL (Fig. 13). Mechanistic study is
still on-going to confirm this hypothesis.

An important aspect of the above protocol is the tolerance
of the formed chiral indium complex to small amounts of
water. We had attempted to develop this procedure towards an
asymmetric allylation of aldehydes in water. However, we
found that for a 30 mol% catalyst loading, 7.4 equivalents of
water (relative to InCls) gave the best results in terms of yield
without any penalty in enantioselectivities.”® Further addition
of water (above 22.2 equiv.) resulted in poor yields and
enantioselectivities. These data, however, are only able to
confirm the moisture tolerance of our methodolgy and efforts
are still being directed towards an aqueous or water-only chiral
catalytic system.

Extending an allylation methodology from aldehydes to
ketones is usually not possible due to the lesser reactivities of
ketones. Such allylations are normally carried out using the
more reactive tetraallystannanes.’’ However, we are able to
adopt the chiral BINOL-In(111) complexes to the allylation of
ketones to give chiral tertiary alcohols (Table 17).2 In this
procedure, the use of the stronger Lewis acid, InBrj, is
necessary for good to excellent yields and enantioselectivities
in a variety of ketone substrates.

In broadening the scope of the BINOL-In(111) complexes
even further, we had exploited their use in the asymmetric
Diels-Alder reaction.>® Experiments show that the BINOL-
In(111) complex is equally applicable for such reactions, with
moderate to good yields and high enantioselectivities
(Table 18).>* A possible assembly of catalyst and dienophile
to account for the stereochemistry of the products was
proposed (Fig. 14).

Conclusions

The exploration of the chemistry of In salts, since our
laboratory’s inception, has resulted in understanding of the
applicability of such water-tolerant salts in many organic
reactions. Work is still ongoing, especially in developing such
chemistries in ionic liquids and to further refine the potential
of such systems in enantioselective reactions. In particular,
our future investigations are directed towards the design of
new chiral Lewis acids that are effective in water. Focus on
such catalysts is on indium as a catalytic centre. With the
advent of organocatalysts, we also have an emerging
program that aims to dispense with the need for metal
centres, with functionalisation of biomolecules as a strategy
towards new catalysts.
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