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Abstract Indium(lll) chloride can be used as a cheaper alternative to
gold(l) complexes as a catalyst in dehydrative reactions with allylic alco-
hols. There is often an improvement in yield and, in particular, indi-
um(lll) chloride outperforms gold(l) as a catalyst in chemoselective re-
actions. For example, substrates with pendent alkyne or alkene groups
react poorly under gold(l) catalysis, but are better tolerated under indi-
um(lll) chloride catalysis.
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In recent years, additions of heteroatoms to C-C m-bonds
have been greatly facilitated by developments in homoge-
neous gold(I) catalysis,! by virtue of the metal’s excellent
mi-Lewis acidity.? More recently, gold-catalyzed dehydra-
tive transformations of allylic alcohols 1 have emerged as
mild and selective methods for allylations (Scheme 1, eq.
1).34 Unlike many conventional transition-metal-based al-
lylations, with a gold catalyst neither the allylic alcohol nor
the incoming nucleophile need to be activated (the former
with a leaving group or the latter with a base, for example);
consequently, water is the sole byproduct. Within this con-
text, we have recently developed gold-catalyzed intermo-
lecular etherification (RXH = ROH)* and thioetherification
(RXH = RSH)® reactions that are highly regioselective (for-
mal Sy2'; Scheme 1, eq. 1). However, upon attempting to ex-
tend this chemistry to allenols 4, we found that gold cataly-
sis resulted in poor yields and/or regioselectivities, presum-
ably because the diene products 5 are unstable in the
presence of gold catalysts. Following a screen of other soft
Lewis Acids, we discovered that indium(III) chloride is an
excellent catalyst’” for the dehydrative transformation
shown in Scheme 1 (eq. 2).2

OH InCl; vs. Au(l) cat. RZ  XR
H,0
= J\/k + a2
Rz/IL\/\RS RXH IS RS
formal Sy2'

® superior chemoselectivity:
pendent C-C = bonds better tolerated by In(lll)
® cheaper catalyst, higher yields
® 11 examples with each catalyst (up to 97% yield)
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previous work:

OH R Au(l) catalyst R? R3 R4 (1)
M M +HO

R R* RSXH (2) R XR5
R . (unactivated) :

1 (unactivated) X=0,S 3 (formal Sn2')

for allenols 4, In(lll) was superior catalyst:

OH R2 SR®

M , _InCls (cat) « Ho @
R I ——— + Mo
R ROSH R’ S
R CHClg, 70-90 °C R3
4 MW 5 (formal SN2')
Scheme 1

Since indium(IIl) chloride has several advantages, in-
cluding a lower cost than gold(I) catalysts, a nontoxic na-
ture, a lower heterophilicity (for example, it readily toler-
ates sulfur), and stability to air and water,”>¢ we decided
that it would be prudent to investigate the use of indi-
um(Ill) chloride as an alternative catalyst in dehydrative re-
actions with allylic alcohols 1 (Scheme 2). We therefore set
out to compare indium(IIl) chloride with gold(I) as a cata-
lyst in these reactions,” in particular with substrates that
were previously identified as being unreactive, low-yield-
ing, or problematic during our initial studies with gold ca-
talysis. For example, the excellent -Lewis acidity of gold(I)
means that pendent alkyne or alkene groups can be prob-
lematic in gold(I) catalysis, as they can often react to pro-
duce unwanted side products (see below).

Invs. Au cat.?

3 2
OH R chemoselectivity? R R R
P > S +H.0
R R RXH (2) R XR
R
1 3 (formal Sn2)
Scheme 2

To this end, allylic alcohol 1a, with an electron-rich aro-
matic substituent, was initially investigated (Table 1), as it
produced a complex mixture of products under our previ-
ous general conditions.>® Note at this point that the choice
of the gold catalyst was based on previous optimization
studies: Gagosz's catalyst'? (Ph;PAUNT(,) is the optimal cat-
alyst for alcohol nucleophiles,>® and Echavarren’s catalyst!
6 is the optimal catalyst with thiols.!? Upon lowering the
temperature and reducing the time (30 °C, 30-60 min),
however, the reaction worked well with either indium(III)
chloride or gold(I) catalysis. Indium(IIl) chloride produced
better yields for both the alcohol nucleophiles 2a and 2b
(77% vs. 67% for 2a; 62% vs. 55% for 2b; Table 1, entries 1-4,
respectively) and for the thioacid nucleophile 2c (85% vs.
78% for 2c, entries 5 and 6). The difference in yield was
more stark when N-(tert-butoxycarbonyl)-L-prolinol 2d,
which contains a proximal N-(tert-butoxycarbonyl) moiety,

was used as the nucleophile: indium(IIl) chloride catalyzed
the reaction to give an excellent 90% yield of 3ad, whereas
the gold(I) catalyst produced only a moderate 53% yield (en-
tries 7 and 8, respectively). This difference is presumably
due to the lower tolerance of the gold(I) catalyst toward the
proximal N-(tert-butoxycarbonyl) moiety, as when this was
situated further from the hydroxy group, as in substrate 2e,
both catalysts produced comparable yields (72% and 71%,
respectively; entries 9 and 10). Unfortunately, when the
lone pair on the nitrogen was more available (2f vs. 2d and
2e), neither indium(III) chloride nor gold(I) successfully cat-
alyzed the reaction (entries 11 and 12), presumably due to
deactivation of the catalyst.

Since gold(l) is very alkynophilic,’® our next aim was to
probe the chemoselectivity by comparing the performance
of indium(Ill) and gold(I) catalysts using nucleophile 2g,
which has a pendent alkyne group. Unsurprisingly, the re-
action with gold(I) catalysis produced a complex mixture of
products, presumably due to unwanted side reactions at the
alkyne moiety (Table 1, entry 14). To our delight, however,
the reaction with indium(III) chloride as the catalyst pro-
ceeded smoothly to give 79% of the desired product 3ag
(entry 13). This example shows that indium(IIl) chloride,
unlike gold(I), is tolerant of pendent alkynes in the sub-
strate.

Next, we examined the reaction of the tertiary allylic al-
cohol substrates 1b with the thioacid 2c, because the latter
gave decent yields in its reactions with 1a with indium(III)
or gold(I) catalysis. Once again, the yield of the desired for-
mal Sy2' product 3bc was higher when indium(III) chloride
was used as the catalyst (84% vs. 60%, Table 1, entries 15
and 16). On a larger 1 mmol scale, the yields improved to
97% and 82% respectively.!*

Finally, we probed the chemoselectivity of the reaction
by investigating morechallenging substrates: the allylic al-
cohols 1c, 1d, and 1e with pendent alkene groups (Table 1,
entries 17-22).1% In all cases, indium(IIl) outperformed the
gold(I) catalyst 6. Allylic alcohol 1¢ with a pendent mono-
substituted alkene group, produced the desired product 3ch
in 48% yield (entry 17), whereas the corresponding gold(I)-
catalyzed reaction gave a poor 15% of 3ch together with a
mixture of unidentified products (entry 18). The related al-
lylic alcohol 1d (commercially available linalool), with a
pendent trisubstituted alkene group, also fared better un-
der indium(IIl) catalysis. Although only a modest 31% iso-
lated yield of 3dh was obtained (entry 19), in comparison,
gold(I) once again gave a mixture of unidentified products
with only a poor 16% isolated yield of the desired 3dh (en-
try 20). Finally, we investigated the reactions of commer-
cially available geraniol (1e), the primary allylic alcohol iso-
mer of 1d (entries 21 and 22). A complex mixture of prod-
ucts was formed under gold catalysis, with only 9% of 3dh
isolated (entry 22). Interestingly, the formal Sy2 product
3dh (which is the same as the formal Sy2' product from iso-
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mer 1d; entry 19) was preferred, implying that the selectiv-
ity of these reactions is under thermodynamic control, as
previously described.®

Since indium(IIl) chloride has been described as a soft
Lewis acid,'®'7 the mechanism of the reaction is thought to

Table 1 Comparison of Indium(lll) and Gold(l) Catalysis

be similar to that of the gold(I)-catalyzed reaction (Scheme
3).524.18 Activation of the alkene and H-bonding assisted de-
livery of the nucleophile (I), followed by elimination of the
catalyst and water, also assisted by hydrogen bonding in II,
produces the formal Sy2' product 3.

+Bu *
InCl3 or Au(l) tBu | -
OH R cat. 5mol%)  R° R R XRS5 R® \P_AU_NC,\D SbFg
or
s A
R R* PRSXH@ R’ X XR5  R? R4 6
R cocl R!
1 3 3 (formal SN2 7 (formal Sy2)
Entry Allylic alcohol Nucleophile? Catalyst Temp  Time Product Yield® Ratio3/7 E/Z
(A (min) (%)
OH MeOgC@O
= O/\OH -
1 In(ll 30 30 77 >20:1 >20:1
MeO,C i | A
MeO 2a
1a MeO
3aa
2 1a 2a Au(l) 30 30 3aa 67 >20:1 >20:1
o
14
N oH X , .
3 1a 14 In(ll) 30 30 62 >20:1 >20:1
2b
MeO
3ab
4 1a 2b Au(l)¢ 30 30 3ab 55 >20:1 >20:1
(0]
o Ph)I\S
5 1a In(lll 30 60 N 85 >20:1 >20:1
HS)J\Ph (1)
2c
MeO
3ac
6 1a 2c Au(l)? 30 60 3ac 78 >20:1 >20:1
Boc
N 1
{ 7 \O
7 1a N In(lll) 30 30 X 90 >20:1 >20:1
Boc on
2d
MeO
3ad
8 1a 2d Au(l)c 30 30 3ad 53 >20:1 >20:1
HO
BocN
O
9 1a In(I) 30 30 /@/\)\ 72 >20:1 >20:1
N
Boc MeO
2e 3ae
10 1a 2e Au(l)c 30 30 3ae 71 >20:1 >20:1
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Table 1 (continued)
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Entry Allylic alcohol Nucleophile? Catalyst Temp Time Product Yield® Ratio3/7 E/Z
Q) (min) (%)
S
11 1a | P OH In(lin) 30 30 no reaction N/A N/A N/A
N
2f
12 1a 2f Au(l) 30 30 no reaction N/A N/A N/A
S
S S
13 1a -~ oH In(llt) 30 30 AN 79 52001 >20:1
29
MeO
3ag
14 1a 2g Au(l)© 30 30 complex mixture N/A N/A N/A
OH
o} Cy S _Ph
=
15 = In(ll 50 60 \|/\/ \ﬂ/ 84 00 201
gy HS)]\Ph " Cy o) 97y
1b 2e 3bc
16 1 2c Au(l 50 60  3bc 52001 >20:1
b X b o
OH SH
17 Z () 80 30 N Ssar 48 NjDf 31
| O,N (3ch)
1c 2h 3ch Ar =4-0O,NC¢H,
18 1c 2h Au()t 80 30 3che (135ch) N/Df >20:1
OH H
— x
19 /E\w Iy~ 50 240 | SAr (331("1) 251 2010
02N
1d 2h 3dh Ar = 4-0,NCeH,
20 1 2 Au(l 50 240 3dho 2.5:1 >20:1
d h (¢ dh g_fdh)
SH
_~_OH « N
21 | () 50 240 | SAr Ty 31 >20:1
OoN
Te 2h 3dh (= 7eh) Ar = 4-0,NCH,
2 e 2h Au(l)® 50 240 3dho (93dh) 6:1 >20:1

2 Alcohol nucleophiles: 5 equiv; thiol nucleophiles: 1.1 equiv (0.07 mmol scale based on 1).
b Isolated yield.

< Ph;PAUNTY,.

d Catalyst 6.

€1 mmol scale, 2 h.

fNot determined, overlapping peaks.

9 Together with a mixture of unidentified products.

The main advantage of indium(IIl) chloride is its greater
tolerance of other C-C 7t bonds. In our previous work with
allenols 4 (Scheme 1, eq. 2), control reactions showed that
the diene products 5 reacted further under gold(I) catalysis,

resulting in poor yields and complex mixtures. Similarly,

the results presented in Table 1 show that pendent alkynes
and alkenes are problematic under gold(I) catalysis as a re-
sult of unwanted side reactions, but pose less of a problem
under indium(III) catalysis.
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H RS [M] RS
3H
RL/%% \ R — grY~o'tH J\/\

I'A)‘\:X _Rﬂ] O \},R RY X XR
M 1 @ M0 5 Egeiectivity

S =small

L = large

Scheme 3

In conclusion, indium(Ill) chloride can be used as a
cheaper alternative catalyst to gold(I) in dehydrative reac-
tions with allylic alcohols. Furthermore, among the sub-
strates investigated, there was often an improvement in
yield for indium(III) chloride catalysis in comparison with
gold(I) catalysis; this improvement ranged from moderate
to significant. In particular, indium(IIl) chloride outper-
formed gold(I) when chemoselectivity was an issue. For ex-
ample, gold(I) gave a complex mixture of products from
substrates containing pendent alkene or alkyne groups (for
example, 1c¢ and 2g), whereas indium(III) chloride success-
fully gave the desired products. Another situation in which
indium(IIl) outperforms gold(I) as a catalyst is when the
substrate contains proximal heteroatoms, as in the case of
the nucleophile 2d. We therefore hope that our studies will
encourage others to consider indium(III) chloride as an al-
ternative catalyst for dehydrative reactions with allylic al-
cohols, especially in situations where pendent C-C m-bonds
are present.
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