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ABSTRACT

It is reported that Hg(ClO4)2 3 3H2O could efficiently activate the cheap but less reactive allyltrimethylsilane for the allylation of isatins or isatin
ketoimines, with catalyst loading down to 0.1 mol %. This is the first example of Sakurai�Hosomi allylation of ketoimines using
allyltrimethylsilane. A rare example of chiral mercury catalysis is also reported.

The exploration of new catalytic properties of cheap and
easily available metal salts such as iron, bismuth, and
copper salts is of current interest in organic synthesis. In
contrast, limited attention was paid to mercury catalysis,
mainly because of the worry about its toxicity.1 This is to
some extent perplexing becausemercury is still widely used
for gauges, barometers, high-intensitydischarge lamps, elec-
trodes, electrical switches, and extraction of gold.1a In
addition, mercury amalgam is a common tooth filling, and
thimerosal is still used in vaccines in many countries.1a No
convincing proof revealed that mercury-containing vaccines
and mercury amalgams lead to adverse health effects.1

Recent studies have shown that mercury compounds
have interesting properties worthwhile to explore.2 For
example, Barron reported that a stabilized arene�mercury
complex could efficiently catalyze H/D exchange of C6D6

with arenes.2a,b Nishizawa had identified Hg(OTf)2 as a

powerful catalyst for a series of transformations,2c,d which
had been applied to natural product synthesis. A recent
example was the synthesis of hippuristanol via Hg(OTf)2-
catalyzed spiroketalization by Deslongchamps.2f

In light of these facts, we believe the discovery of new
catalytic properties of mercury, an “element ofmystery”,1a is
still needed. During our efforts in the synthesis of 3,3-
disubstituted oxindoles for biological evaluation,3 we had
developedahighly efficientFriedel�Crafts reactionof 3-sub-
stituted 3-hydroxyoxindoles and aromatic compounds cat-
alyzed by Hg(ClO4)2 3 3H2O.3d Its high efficiency results
from aromatic mercuration that produces a strong acid to
facilitate the generation of carbocationic intermediate and
simultaneously forms the more reactive nucleophile aryl
mercural. Here, we wish to report that Hg(ClO4)2 3 3H2O
could activate allyltrimethylsilane for a highly efficient
allylation of isatins and isatin derived ketoimines.
The Sakurai�Hosomi allylation reaction is very useful

for the synthesis of homoallylic alcohols or amines from
inexpensive and nontoxic allylsilanes.4 Although signifi-
cant achievements have been made in allylation reactions
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by Leighton, using strain-release-activated silane reagents,
the activation of less reactive allysilanes for reaction design
is still needed.4k,l In this context, two activation models
have been adopted: one is to activate the electrophile by an
acid to react with allylsilane (eq 1),4b and the other is to
activate allylsilanes by a Lewis base to directly react with
electrophiles4c or to help the formation of reactive allyl
metallic species (eq 2).4h�j Despite achievements, efficient
allylation of ketones or ketoimines is very limited, which
often relies on the dual activation of both reaction partners
and using allyltrimethoxysilane or specially designed allyl-
silanes that can be easily activated by Lewis base to form
reactive allylmetallic species.4h�j As far as we knew, the
catalytic allylation of ketoimines using cheaper but less
reactive allyltrimethylsilane 1 was not reported yet,4 and
no catalytic asymmetric allylation of ketones using allyl-
trimethylsilane was reported.4

To activate the less reactive allyltrimethylsilane 1 for
reaction development, we considered a new approach: the
direct activation of silane 1 by a Lewis acid. It was pos-
tulated that the interaction of a carbophilicLewis acidwith
the double bond of 1 might form an intermediate carbo-
cation, which was stabilized by hyper-conjugative overlap
with the adjacent carbon�silicon bond, followed by the
cleavage of the silyl electrofuge to afford a reactive allylic
metallic species for further transformations (eq 3). To test
this hypothesis, we first analyzed the interaction between
silane 1 and Lewis acids (10 mol %) by NMR analysis
under N2. We found that hard Lewis acids such as Sc-
(OTf)3 and In(ClO4)3 3 8H2O have no obvious interaction

with silane1 after several hours (Figure 1). SoftLewis acids
such as Ph3PAuOTf and AgOTf could interact with 1

slowly. However, borderline Lewis acid Bi(OTf)3 and soft
Lewis acid Hg(ClO4)2 3 3H2O or Hg(OTf)2 could rapidly
interact with silane 1 within 10 min, and the generation of
propylene was observed by NMR analysis. Next, we
examined the performance of these Lewis acids in the
reaction of silane 1 and isatin 2a in CH2Cl2 at 25 �C, with
2mol%catalyst. Some typical results were shown inTable
1 (for details about NMR studies, screened Lewis acids,
and optimization, see the Supporting Information). Of
hardLewis acids screened, In(ClO4)3 3 8H2O and Sc(OTf)3,
which failed to activate silane 1, catalyze this reaction slowly
(Table 1, entries 1 and 2), possibly through the activation
of isatin 2a. Of Lewis acids interacting with silane 1,
Ph3PAuOTf and Bi(OTf)3 catalyze the reaction slowly,
giving product 3a in 10 and 50% yield after 2 days, res-
pectively (Table 1, entries 3 and 4).
In contrast, Hg(OTf)2 and Hg(ClO4)2 3 3H2O enable the

completion of reaction within 2 h to afford 3a in 99 and
95%yield, respectively (Table 1, entries 5 and 6).Although
Hg(OTf)2 was more reactive, cheap and easy to handle,
Hg(ClO4)2 3 3H2O

5was chosenas theoptimum.The catalyst
loading could be reduced to 0.3mol% for a 7.0mmol scale
reaction, which finishedwithin 12 h to give 3a in 93%yield

Table 1. Comparing Different Lewis Acids

entrya cat. � time (h) yieldb (%)

1 Sc(OTf)3 2 48 31

2 In(ClO4)3 38H2O 2 48 75

3 Ph3PAuCl þ AgOTf 2 48 10

4 Bi(OTf)3 2 48 50

5 Hg(OTf)2 2 1 99

6 Hg(ClO4)2 3 3H2O 2 2 95

7 Hg(ClO4)2 3 3H2O 1 4 98

8c Hg(ClO4)2 3 3H2O 0.3 12 93

9d Hg(ClO4)2 3 3H2O 0.1 144 71

aOn a 0.40 mmol scale. b Isolated yield. cOn a 7.0 mmol scale. dOn a
20.0 mmol scale, with 23% of 2a recovered.

Figure 1. NMR analysis of the interaction between selected
Lewis acids and silane 1.
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(Table 1, entry 8). Further lowering the catalyst load-
ing to 0.1 mol % for a 20.0 mmol scale reaction, product
3a could still be obtained in 71%yield after 6 days,with 23%
of 2a recovered. As far as we know, this is the lowest cata-
lyst loading for the allylation of ketones using allylsilane.
We further examined the substrate scope by running the

reaction in CH2Cl2 with 1 mol % of Hg(ClO4)2 3 3H2O
(THF was used when unprotected isatins dissolved poorly
in CH2Cl2). The nature and the position of the substituents
on isatin had no obvious influence, and all the desired
products 3a�l were obtained in high yield (Scheme 1).
These products are very useful.6k For example, product
3a can be used for the synthesis of CPC-1,6b donaxaridine,
and dioxibrassinine,6i and product 3h for convolutamy-
dine A, B, and E.6i In the total synthesis of perophora-
midine,6f Qin used 6.0 equiv of allylmagnesium bromide to
react with 6-bromoisatin to ensure the high yield of product
3d; our method is obviously a good alternative.
We next tried theHg(ClO4)2 3 3H2O catalyzed allylation of

isatin derived ketomines 4 using silane 1. As far as we knew,
the use of allyltrimethylsilane 1 for allylation of ketoimines
wasunknown, and the limited reports on Sakurai�Hosomi
allylation of ketomines were based on themore reactive but
expensive allyltrimethoxysilane or special allylsilanes.4h,j

We were pleased to find that different substituted isatin
ketoimine4workedwell inMeOHat 40 �C,using 5mol%of

Hg(ClO4)2 3 3H2Oas the catalyst (Scheme2). It shouldalsobe
noted that aminooxindoles 5were very useful building blocks
for a number of bioactive compounds,6a but synthetic
methods to 3-allyl-3-aminooxindoles were very limited.7

In the NMR studies, we observed that Bi(OTf)3 could
interact with allyltrimethylsilane 1 as rapidly as Hg(OTf)2,
but it catalyzed the allylation of isatin 2 very slowly (entry 4
vs 5, Table 1). During our work, Meshram also reported
that the use of 5 mol % Bi(OTf)3 3 4H2O was necessary to
catalyze the allylation of isatin 2, with slow addition at
�78 �C and then warmed to 20 �C.6j Although less reac-
tive than Hg(OTf)2, Hg(ClO4)2 3 3H2O is obviously more
efficient than Bi(OTf)3 3 4H2O for this reaction, and the
catalyst loading could be down to 0.1 mol %.
We further compared both catalysts (Scheme 3). First,

Bi(OTf)3 failed to catalyze the allylation of ketoimine 4a

under the same conditions.AlthoughOllevier reported that
the allylation of compound 6 only gave the desired product
7 in 16%yield with carbamate 8 in 36%yield,8 even using 5
mol % of Bi(OTf)3 3 4H2O and 5.0 equiv of silane 1 in
refluxing CH2Cl2, we found that the use of 5 mol % of
Hg(ClO4)2 3 3H2O and only 2.0 equiv of 1 could afford the
desired product 7 in 70% yield at room temperature.
The catalytic asymmetric allylation of isatins is of great

interest because enantioenriched 3-allyl-3-hydroxyoxin-
doles are very useful.6a Although Krische have already
developed a highly enantioselective allylation of N-benzyl
isatins using allylacetate,6d the allylation of unprotected
isatins waited for development,6 and only 42% ee was
obtained when using tetraallylstannane.6b In the Pd-cata-
lyzed asymmetric allylation of unprotected isatin 2a using
allyl alcohol and Et3B, Zhou found the nitrogen of the

Scheme 1. Allylation of Isatins 2Using Allyltrimethylsilane 1a,b

aOn a 0.40 mmol scale. b Isolated yield.

Scheme 2. Allylation of Isatin Derived Ketoimine 4a,b

aOn a 0.40 mmol scale. b Isolated yield.
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product was also masked with an allyl group.6e Although
chiral mercury catalysis was rare,9 we found that at 0 �C in
THF, 1.0 mol % of (S)-BINAP/Hg(ClO4)2 3 3H2O could
give theS-enantiomer of product 3 in excellent yieldwith up
to 63% ee. Although there has much room for improve-
ment, this is the first example of catalytic asymmetric
allylation of ketones using allyltrimethylsilane.4

To gain more insight into the mechanism, we first tried
NMR studies and observed little interaction between Hg2þ

andN-methylisatin, suggestingHg(ClO4)2 3 3H2Omight not
act as a Lewis acid to activate isatin (see the Supporting
Information). Since diallylmercury 9 could react with alde-
hydes in water,10 we tried the reaction of 9 and 2a, which
worked slowly, and found 1.7 equiv of 9was need to ensure
90% yield of product 3a after 24 h.We also prepared allyl-
mercury triflate 10 or perchlorate 11, from anion exchange
of allylmercury chloride 13 usingAgOTf or AgClO4 3H2O,
to react with 2a but found that no reaction took place.

To probe if diallylmercury 9 was the key intermediate for
allylation of isatin, we tried using different Hg(II) sources to
mediate the reaction of isatin 2a with silane 1. Although the
use of 1mol%of 9 or 2mol%of TMSOTf failed to initiate
the reaction (Table 2, entries 1 and 2), the combination of
bothresulted inhighreactivity (Table2, entry3).Thepossible
role of TMSOTf was to cleave the Hg�Obond of adduct 10
to release O-TMS protected product 15 and allylmercury
triflate 11, which further interact with silane 1 to give
diallylmercury 9. Indeed, the in situ prepared triflate 11 or
perchlorate 12 initiated the reaction well (Table 2, entries 6
and 7), though allylmercury chloride 13 failed to initiate the
reaction (Table 2, entry 5). These results were also in

accordance with NMR studies that the in situ generated 11

or 12 could react with silane 1 as quickly as Hg(OTf)2 or
Hg(ClO4)2 3 3H2O. These results also confirmed that weak-
coordinating counteranions such as OTf� and ClO4

�

were key to ensure the high Lewis acidity of Hg(II) to
activate silane 1. A possible catalytic cycle was then pro-
posed as below (for more details and discussion, please see
the Supporting Information).

In conclusion, we have demonstrated that Hg(OTf)2 and
Hg(ClO4)2 3 3H2O could activate allyltrimethylsilane for a
highly efficient allylation of isatins and isatin ketoimines. The
catalyst loadingcouldbedownto0.1mol%, the lowestknown
for a Sakurai�Hosomi allylation reaction. Our results further
demonstrated thatmercury salts had some interesting catalytic
propertiesworthwhile to explore.2,11Efforts todevelopahighly
enantioselective version are now in progress in our laboratory.
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Table 2. Control Experiments

entry Hg source additive time (h) yielda (%) eeb (%)

1 9 no 48 trace

2 no TMSOTfc 48 trace

3 9 TMSOTfc 2 91

4 9 TMSOTfc and

(S)-BINAPd

72 84 57

5 13 no 24 trace

6 13 AgOTfe 4 90

7 13 AgClO4 3H2O
e 4 91

a Isolated yield. bBy HPLC analysis. c 2.0 mol %. d 1.0 mol %, in
THFat 0 �C. e 1.1mol%; both silver salts could not catalyze the reaction
(13: allylmercury chloride).

Scheme 3. Comparing Bi(OTf)3 with Hg(ClO4)2 3 3H2O
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