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The use of bis(trimethylsilyl) peroxide (BTSP) offers a useful
method for selective Baeyer-Villiger oxidations in the presence
of C-C double bonds.1 The reaction proceeds efficiently upon
treatment with BTSP, catalytic amounts of SnCl4, and additives
such as (()-trans-1,2-(diamino)cyclohexane and (()-trans-N,N′-
bis(p-toluenesulfonyl)cyclohexane-1,2-diamine, giving the cor-
responding Baeyer-Villiger product in which the C-C double
bond remains unchanged. On the other hand, we have found that
olefins are directly functionalized to chlorohydrins and also
acetoxy alcohols in one pot by the combination of BTSP,
trimethylsilyl (TMS) X (X ) Cl, OAc), and a catalytic amount
of Lewis acid (Scheme 1). We describe these results, including a
possible reaction mechanism, as well as a preliminary application
to metal-catalyzed asymmetric direct chlorohydrin formation from
olefins, in this contribution.

The reaction using cyclohexene was examined in detail. It was
first found that the reaction of cyclohexene with SnCl4 (10 mol
%), BTSP (2 mol equiv), and TMSCl (2 mol equiv), in CH2Cl2
at -20 °C for 48 h, provided the chlorohydrin1a in 69% yield
after acidic workup. On the other hand, in the absence of TMSCl,
almost quantitative starting material was recovered. The stereo-
chemistry of1awas determined by comparison with an authentic
sample. The present new method for the direct synthesis of
chlorohydrins was successfully applied to a variety of olefins as
shown in Scheme 1.2,3 It is noteworthy that the chlorohydrins6a
and7a can be synthesized in a highly stereocontrolled manner.4

To get some insight into the mechanism of this novel
chlorohydrin synthesis, the reaction of SnCl4 with BTSP was first
examined. It was found that when 1 mol equiv of BTSP (13C: δ
) - 1.27,29Si: δ ) 27.35) was reacted with SnCl4 in CH2Cl2 at
- 20 °C for 1 h, evolution of Cl2 gas was observed. This was
confirmed by the reaction oftrans-5-decene to give the corre-
sponding erythro-dichloride in 5% yield together with the
chlorohydrin5a (78%), although in other cases, no dichloride
could be isolated. Furthermore, the NMR spectrum showed the
quantitative formation of hexamethyldisiloxane (13C: δ ) 2.01,
29Si: δ ) 7.45). These results suggest that (Cl2SnO)n (8) is formed
as the active catalyst concomitantly with Cl2 and hexamethyl-
disiloxane by the reaction of SnCl4 and BTSP (Scheme 2).
Actually, (Cl2SnO‚1.5 pyridine complex)n was successfully
obtained by adding pyridine to the mixture, and the structure was
confirmed by comparison with an authentic sample (IR).5,6

Moreover, we were pleased to find that commercially available
(SnIIO)n could promote chlorohydrin formation (Scheme 1).3,7

Thus, the active species of the catalyst would be (Cl2SnO)n.
Second, the epoxide was found not to be the intermediate in this
reaction. During the reaction, none of the corresponding epoxide
was detected by TLC or NMR analysis. Furthermore, when the
mixture of cyclohexene oxide and cycloheptene was subjected
to the chlorohydrin-forming conditions (SnCl4 (10 mol %), BTSP
(1.2 mol equiv), and TMSCl (2 mol equiv)),trans-2-chlorocy-
cloheptanol was obtained in 84% yield with cyclohexene oxide
remained unchanged. Finally, from the18O-labeling experiment,
it was found that the oxygen atom of the product chlorohydrin
was derived from the oxygen atom of (Cl2SnO)n species. We
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Scheme 1.Direct Chlorohydrin and Acetoxy Alcohol
Synthesis from Olefins with BTSP, TMSX, and Lewis Acidsa

a Reactions under conditions A were performed at-20 °C. Reactions
under conditions B and C were performed at ambient temperature.b4
mol equiv of BTSP was used.
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prepared18O-labeled (Cl2SnO)n by the reaction of SnCl4 and18O-
labeled BTSP.3 The reaction using this pregenerated (Cl2Sn18O)n
(1 mol equiv),16O-BTSP (2 mol equiv) and TMSCl (2 mol equiv)
afforded18O-labeled product6a in 44% yield. The incorporation
of 18O atom was detected by mass spectroscopy after conversion
to the corresponding epoxide. From this evidence, a possible
reaction mechanism for chlorohydrin formation is postulated in
Scheme 2. The first step may be an insertion of an olefin to a
Sn-O bond to give9.8 Maybe this step is an equilibrium process,
in which starting8 and the olefin are in a thermodynamically
more favored state.9 As a result, no reaction could proceed in the
absence of TMSCl. Reaction of9 with TMSCl followed by the
attack of BTSP could give11. Furthermore, the reaction of11
with TMSCl possibly via the transition state12 could give the
TMS-protected chlorohydrin and hexamethyldisiloxane with the
regeneration of the catalyst8. This model also explains the
stereochemistry of6aand7a, in which the hydroxyl group exists
cis to the ester or ether group that can function as directing groups
for (Cl2SnO)n by coordination.10

Next, we extended this novel reaction to the formation of more
synthetically useful diol derivatives. Development of one-step
trans-diol derivative formation from olefin is quite challenging.11

We expected that if we used TMSOAc, instead of TMSCl,trans-
â-acetoxy alcohols could be obtained via the hypothetical
transition state12 (X ) OAc). In fact, the SnCl4-catalyzed reaction
of TMSOAc afforded a 5 (61%):1 (12%) mixture of acetoxy
alcohol 1b and chlorohydrin1a. Having obtained this exciting
result, we optimized the reaction conditions and found that Zr-
(OiPr)4 was the best Lewis acid for the acetoxy alcohol forma-
tion.12 Thus, in the presence of Zr(OiPr)4 (10 mol %), BTSP (2
mol equiv), and TMSOAc (2 mol equiv),trans-â-acetoxy alcohols
were obtained in good yields (Scheme 1).3 Interestingly, the Zr-
catalyzed reaction proceeds, contrasting with the Sn-catalyzed

reaction, via an epoxide intermediate,13 which was confirmed by
1H NMR of the reaction mixture, as well as by the fact that the
epoxide reacted smoothly to give the acetoxy alcohol.3 Moreover,
in the case oftrans-5-decene, the epoxide (5c) was the major
product, and only a trace amount of the acetoxy alcohol was
obtained. Judging from the stereochemistry of6b and7b,14 the
epoxide formation was found to take place from the opposite side
of the ester and ether groups. Importantly, of Zr(OiPr)4, BTSP,
and TMSOAc, each is essential for generating the active species.
Thus, in the absence of TMSOAc, even epoxidation did not take
place. Furthermore, the epoxide did not afford the acetoxy alcohol
in the absence of BTSP. Although the structure of the catalytic
species is not clear at this point, it appears that the actual catalytic
species may be an oxozirconium complex.15

These new reactions prompted us to investigate their ap-
plicability to catalytic asymmetric reactions.16,17 A preliminary
result using diisopropylL-tartrate (L-DIPT) as a chiral ligand is
shown in Scheme 3.3,18-20

In conclusion, we have developed a conceptually new method
for the direct synthesis of chlorohydrins and acetoxy alcohols from
olefins. These reactions are potentially extended to catalytic
asymmetric processes. Further studies for improvement of enan-
tioselectivities by designing new chiral ligands, are currently under
investigation.
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Scheme 2.Possible Mechanism of Chlorohydrin Formation
from Olefins

Scheme 3.Catalytic Asymmetric Synthesis of Chlorohydrins
from Olefins
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