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Improving the efficiency of organic syntheses, including
minimizing the energy cost and chemical waste, is a major goal
in synthetic chemistry. To this regard, performing multistep bond-
formation and/or bond-cleavage in one pot is an attractive
strategy.1 Therefore, we are interested in developing catalytic
tandem reactions, in which one catalyst promotes each step of
sequential reactions.2 Significant contribution has been achieved
by using late transition metal catalysts.3 On the other hand, we
have recently reported the one-pot process to synthesizetrans-
â-acetoxy alcohols from olefins in the presence of bis(trimeth-
ylsilyl) peroxide (BTSP) and TMSOAc, promoted by a catalytic
amount of Zr(Oi Pr)4.4 In this reaction, the Zr catalyst promotes
the epoxidation step5 and the epoxide-opening step. We planned
to extend this chemistry to a more valuable carbon-carbon bond-
forming reaction, using TMSCN as the nucleophile. In this work,
the first one-pot trans-â-cyanohydrin synthesis with broad
substrate scope is reported. From mechanistic studies, it seems
that the Zr catalyst plays a multiple role being an oxidant, a Lewis
acid, and a nucleophile, in a tandem reaction process.

We first found extremely sluggishâ-cyanohydrin formation,
when the best reaction conditions of acetoxy alcohol synthesis
were applied, using TMSCN instead of TMSOAc. From cyclo-
hexene1b, the corresponding cyanohydrin2b was obtained in
33% yield at room temperature for 30 days (CH2Cl2 as solvent)
in the presence of Zr(Oi Pr)4 (10 mol %), BTSP (2 mol equiv),
and TMSCN (2 mol equiv). Preliminary optimization of the
reaction conditions such as solvent, concentration, and reaction
temperature resulted in a synthetically acceptable reaction time
and chemical yield, using 20 mol % of Zr(Oi Pr)4 (Table 1, entry
2). Systematical survey of the Zr source6 revealed an intriguing
relationship between the steric bulkiness of the ligand of Zr and
the reaction rate (Table 1, entry 1-4). The catalyst containing
the bulkiest tertiary alkoxide ligand (3) showed the shortest
reaction time for the complete consumption of the starting material
(entry 4). We assumed that this tendency should stem from the
more facile ligand exchange (for example, from OtBu to CN) in
the case of Zr catalyst with bulkier alkoxide ligand. Efficient
ligand exchange should be the key for promoting the two
completely different steps (epoxidation and epoxide-opening).
Therefore, we attempted to observe the effect of additives which
should coordinate to Zr and facilitate the ligand exchange.
Moreover, we expected that the Lewis base should enhance the

nucleophilicity of the zirconium cyanide. Among the additives
screened,7 it was found that the reaction became much faster and
cleaner in the presence of 20 mol % of Ph3PO and the product
was obtained in 94% yield in 1.5 h (entry 5).8 Surprisingly, in
the presence of 40 mol % of Ph3PO, the reaction did not proceed
at all, indicating that the Lewis acidity of Zr would also play an
important part. The ring size of the diol ligand is not important
for the activity of the catalyst and only the steric factor seemed
to have a dominant role (entry 7-9). Finally, we have found that
even in the presence of 5 mol % of catalyst3, 2b was obtained
in 95% yield at room temperature for 12 h (entry 6).

Next we investigated the generality of this one-potâ-cyano-
hydrin synthesis. As shown in Table 2, cyanohydrin2d could be
obtained in good yield even from much less reactive cyclooctene
1d (entry 4).9 The ester group is also tolerated and the product
was obtained in completely stereoselective manner (entry 5). It
is noteworthy that the reaction of1e catalyzed by Zr(OtBu)4 in
the absence of Ph3PO resulted in the formation of many side
products. The reaction was successfully applied to1f which could
be prone to aromatize due to the oxidative conditions (entry 6).
The regioselectivity of1j and 1k was perfect (entry 10, 11),
although in the case of1k, trans isomer was contaminated with
cis isomer.10 The regioselectivity of sterically unsymmetrical
olefins was moderate only in one case (entry 12), but perfect in
other cases (entry 13-15).11 In all these cases, the major isomer
was derived from the attack of cyanide at the less hindered carbon
center.12 Thus, this one-potâ-cyanohydrin synthesis is general
to a wide variety of olefins with synthetically useful selectivities.13

To get preliminary insight into the reaction mechanism, several
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Table 1. One-Pot Synthesis of2b from Cyclohexene1ba

a The reaction was performed with 2 equiv of BTSP and TMSCN
in dichloroethane as solvent at 50°C unless otherwise noted.b For the
preparation method of3-6, see ref 13.c The reaction was quenched
when 1b disappeared on NMR.d Isolated yield.e The reaction was
conducted at room temperature.
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techniques were used. First, we found that this one-pot reaction
proceeded stepwise. The intermediate epoxide was observed
tracing the reaction of1a, 1d, and 1i by 1H NMR. Second,
TMSCN was necessary to promote the epoxidation step. Thus,
in the absence of TMSCN, no reaction took place from cyclo-
hexene1b, BTSP, and Zr(OtBu)4. However,2b was obtained
adding TMSCN to this mixture. On the contrary, BTSP was not
necessary for the epoxide-opening step. Cyclohexene oxide
reacted with TMSCN in the presence of 20 mol % of Zr(OtBu)4,
and2b was obtained in 65% yield at 50°C for 1.5 h. Therefore,
cyanide should be incorporated in the catalyst. Further evidence
of the catalyst structure was obtained from NMR studies. After
addition of Ph3PO (1 equiv) to the mixture of Zr(OtBu)4 and the
diol (1 equiv), the peaks corresponding to Ph3PO showed large
downfield shift (31P NMR: ∆δ ) 8.3 ppm). After further addition
of TMSCN (4 equiv) to this mixture, the signals corresponding
to 4 equiv of TMSOtBu and 2 equiv of HCN emerged, indicating
the generation of zirconium dialkoxy dicyanide coordinated by
Ph3PO (7) as shown in Scheme 1. The third bit of information
was obtained from kinetic studies. The initial reaction rates of
the epoxidation of1b and the epoxide opening of cycloheptene
oxide were studied, varying the concentration of3.14 Very
interestingly, the reaction rate of the epoxidation step showed a
first-order and that of the epoxide opening a second-order
dependency on the catalyst concentration. These results indicated

that the catalyst(s) should change the mode of action in one pot,
promoting the epoxidation step in the single metal-centered
mechanism and the epoxide-opening step in the binuclear metal-
centered mechanism. Considering the precedent studies concerning
the reaction mechanism of the Ti-catalyzed epoxidation15 and Yb-
catalyzed epoxide opening by cyanide,16 we proposed a working
hypothesis for this novel reaction (Scheme 1). Addition of BTSP
to the precatalyst7 may give8 by ligand exchange from cyanide
to trimethylsilyl peroxide.17 The olefin might then attack the
peroxide activated by bidentate coordination to Zr center (9), thus
giving the epoxide as the initial product and10. From10, ligand
exchange by TMSCN would regenerate7 with the formation of
disiloxane. On the other hand, partial dissociation of Ph3PO might
generate a binuclear catalyst11 possessing a vacant site on Zr.
The epoxide, generated by the first catalytic cycle, would be
activated coordinating to this Lewis acidic Zr. The cyanide transfer
from the adjacent Zr cyanide (12) followed by silylation by
TMSCN would give the silylatedâ-cyanohydrin.18 This reaction
mechanism is consistent with the reaction rate dependency on
the catalyst observed by the kinetic studies. Therefore, the Zr
catalyst works as an oxidant, a Lewis acid, and a nucleophile.
This multiaction of the Zr catalyst should be the key factor for
the success of this one-pot process.

Preliminary application to the catalytic asymmetric reaction
was performed using TADDOL derivative14as the chiral ligand
(Scheme 2).19 Although the enantioselectivity is still not satisfac-
tory, this result demonstrates the possibility for the one-pot
synthesis of chiralâ-cyanohydrins16,20 from olefins.

In conclusion, we have accomplished the general one-pot
synthesis ofâ-cyanohydrins from olefins promoted by Zr catalyst.
Further optimization of the enantioselective reaction is ongoing.
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Table 2. One-Pot Synthesis ofâ-Cyanohydrins2 from Olefins1
Promoted by3-Ph3PO (1:1) Complexa

a For the representative procedure, see ref 13.b 4 equiv of TMSCN
were used.c 4 equiv of TMSCN and BTSP were used.d Ph3AsO was
used instead of Ph3PO. e 10 mol % of Zr(OtBu)4 and 20 mol % of the
diol were used.f Hf(OiPr)4 was used instead of Zr(OtBu)4.

Scheme 1.Working Model for the Catalytic Cycle

Scheme 2
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