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ABSTRACT

Two domino reactions of vinylcyclopropyl oxime ethers involving (i) thiyl radical addition, ring-opening, and hydroxylation reactions and (ii)
thiyl radical addition, ring-opening, and aldol-type reactions were developed.

The classical thiol-olefin co-oxygenation reaction, tradition-
ally called hydroxysulfenylation, is an instrumental step in
the multistep synthesis of functionalized cyclic peroxide.
Hydroxysulfenylation is one of the interesting modes of
reactions in organic synthesis that leads to the production
of many functionalized products.1 A diverse array of
hydroxysulfenylations including the electron-rich or electron-
deficient alkenes as radical acceptors has been documented.2

The ring-opening hydroxysulfenylation reaction is poorly

understood. Feldman and Parvez have widened the scope of
the thiol-olefin co-oxygenation reaction on vinylcyclopropyl
derivatives and opened avenues to the synthesis of sulfur-
free five-membered cyclic peroxides.3 On the other hand,
the multicomponent reaction involving the domino process
is an important field of research and attracts great interest
and use in organic syntheses. A handful of examples on the
thiophenol-catalyzed domino reaction leading to the produc-
tion of the cyclopentane derivatives have been reported.4

However, the domino reaction involving a multiprocess
leading to the formation of the carbon-sulfur and carbon-
carbon bond is restricted. Recently, we have published two
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separate reports on hydroxysulfenylation and the domino
radical-addition-aldol-type reaction on the R,�-unsaturated
oxime ethers.2d,5

In this paper, we initially aimed to develop the thiyl radical
addition and hydroxylation reaction on the vinylcyclopropyl
oxime ether 1 to produce the R-hydroxy oxime ethers 2
which are crucial synthetic precursors to 1,2-amino alcohols
abundantly found in many naturally occurring compounds.6a

The oxime ethers 2 are also suitable intermediates for the
synthesis of unnatural amino acids, �-blockers, and
antibiotics.6b-d Our second goal was to develop a novel
domino process for the synthesis of �-hydroxy oxime ethers
3. These oxime ethers are 1,3-amino alcohol precursors found
in many molecules of pharmaceutical and biological interest
and constituents of several antibiotics7 and other biologically
active natural products (Scheme 1).8

Initially, the possibility of thiyl radical addition to the
olefin part, ring-opening of cyclopropane in the vinylcyclo-
propyl oxime ether 1, and subsequent trapping of the
intermediate radical by molecular oxygen was explored. The
exposure of E-oxime ether 1 to thiophenol 4a in the presence
of triethylborane under an oxygen atmosphere did success-
fully provide the desired ring-opened hydroxysulfenylation
product 2a with a yield of 78% (Table 1, entry 5). Under a
similar set of reaction conditions, the corresponding Z-isomer
1 with p-chlorothiophenol also provided the identical E-
oxime ether 2b with a yield of 87% (Table 1, entry 8).

The amount of thiophenol and triethylborane used has an
impact on the chemical efficiency and yield of the reaction
products. To achieve good conversion and yield, more than 3
equiv of thiophenol was necessary for this reaction (Table 1,

entries 1-5). After several sets of reactions were screened, the
use of 0.5 equiv of triethylborane was found to deliver good
yields from the reaction (Table 1, entry 5). Substituted thiophe-
nols carrying either electron-donating or -withdrawing groups
on a benzene ring also worked well under our reaction
conditions (Table 1, entries 6 and 7). High yields and the best
results were observed when 3.5 equiv of p-chlorothiophenol
4b was used (Table 1, entry 6). E-Selectivity was found
throughout the screening of the reaction irrespective of the
configuration of the oxime ether 1 (Table 1, entries 8 and 9). A
mixture of E/Z isomers 1 led to the formation of E-oxime ether
2 in good yields (Table 1, entry 10). The hydroxysulfenylation
product 2 was not found when diphenyl disulfide 5 was used
as a thiyl radical source (Table 1, entry 11).

In order to reveal the reaction route of our domino
hydroxysulfenylation reaction, additional reactions were
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Scheme 1

Table 1. Hydroxysulfenylation of Vinylcyclopropyl Oxime
Ether 1

entry substrate thiol (equiv)
Et3Ba

(equiv) 2a-cb(%)

1 1E PhSH 4a (4) 1.5 2a (70)
2 1E PhSH 4a (4) 1 2a (72)
3 1E PhSH 4a (3) 1 2a (68)c

4 1E PhSH 4a (3.5) 1 2a (76)
5 1E PhSH 4a (3.5) 0.5 2a (78)
6 1E p-Cl-C6H4SH 4b (3.5) 0.5 2b (88)
7 1E p-MeO-C6H4SH 4c (3.5) 0.5 2c (84)
8 1Z p-Cl-C6H4SH 4b (3.5) 0.5 2b (87)
9 1Z p-MeO-C6H4SH 4c (3.5) 0.5 2c (82)
10 1E/Z p-Cl-C6H4SH 4b (3.5) 0.5 2b (86)
11 1E PhSSPh 5 (3.5) 0.5 n.d.

a A 1.04 M hexane solution was used. b Isolated yield. c Starting material
(15%) was recovered.

Scheme 2. Thiol Radical-Addition Reaction of Vinylcyclopropyl
Derivatives

2652 Org. Lett., Vol. 11, No. 12, 2009



carried out (Scheme 2). In the absence of sufficient amounts
of oxygen, the reaction of the oxime ether 1 did not give
hydroxy sulfide 2a but hydrolyzed aldehyde 6. However, in
the presence of sufficient amounts of oxygen, vinylcyclo-
propylaldehyde 7 and ester 8 gave the corresponding thiol
addition and ring-opened products 6 and 9, respectively
(Scheme 2). The formation of the Michael-type of adducts
6 and 9 demonstrated that the oxime ether group is very
important for our domino type of hydroxylation reaction.

The 1H NMR spectra of the reaction mixture of 1 with
thiophenol and triethylborane in CD2Cl2 under nitrogen
atmosphere exhibited a doublet signal (J ) 13.5 Hz) at δ
6.66 ppm due to the R-proton of the enamine. According to
our previous report,5a this observation suggests the formation
of E-boryl enamine C (Scheme 3). Considering the results,

(i) involving the significance of the oxime ether group, (ii)
characterization of the E-boryl enamine intermediate C, and
(iii) feasible formation of aldehyde 6 in the absence of
sufficient amounts of oxygen, the proposed reaction route
for the domino hydroxysulfenylation reaction is presented
in Scheme 3.

Triethylborane is known to immediately react with thiophe-
nol to give diethyl phenylthioborane 10 and ethane gas.2d,9

Homolytic cleavage of the B-S bond by molecular oxygen
at the boron atom generates the thiyl radical,10 which reacts
with vinylcyclopropyl oxime ether 1 to produce the homoal-
lylic carbon-centered radical A. Radical A is not very stable,
but more stable aminyl radical B is captured by triethylborane
to afford the E-boryl enamine intermediate C, which can
undergo an ene-type reaction with oxygen to form intermedi-
ate D. The peroxide D will be readily reduced by thiophenol
to give the final alcohol 2a accompanying the formation of
the diphenyl disulfide 5. However, hydroxysulfenylation of
1 with diphenyl disulfide 5 did not proceed (Table 1, entry
11), which excluded the regeneration of the thiyl radical from
5 in the reaction mechanism.

Next, we explored the possibility of the thiyl radical
addition to 1 and subsequent ionic trapping of the N-boryl
enamine intermediate C by a suitable eletrophile for the
development of a new domino reaction triggered by thiyl
radical addition (Table 2). The domino thiyl radical addition

and aldol-type reaction of E-vinyl oxime ether 1 was first
tested with p-methoxythiophenol 4c as a thiyl radical
precursor and p-chlorobenzaldehyde 11a as an electrophile,
respectively, in the presence of triethylborane. To achieve
good conversion and yield of the domino product, the
systematic study on the reaction conditions involving the ratio
of the substrate, electrophile, and other reagents was
investigated. The �-hydroxy oxime ether 12a was isolated
with a yield of 82% and good diastereoselectivity when 3.5
equiv of p-methoxythiophenol 4c, 1 equiv of p-chloroben-
zaldehyde 11a, 1 equiv of triethylborane, and 1 equiv of
trimethylaluminum were employed under an inert atmosphere
(Table 2, entry 1). Encouraged by our expected domino
reaction of 1, we surveyed the scope of using different
thiophenols and aldehydes. Substituents on the thiophenol
ring with both electron-withdrawing and electron-donating
groups proved to be tolerated (Table 2, entries 1-5 and 7),
and simple thiophenol 4a was also effective (Table 2, entry
6). As an electrophile, p-methoxy- and o-methoxybenzalde-
hydes 11b,c and 2-furfural 11d worked effectively and were
found to be good trapping agents (Table 2, entries 4, 5, and
7, respectively). In related reactions, formaldehyde did not
work well but cyclohexylaldehyde 11e gave the same type
of �-hydroxy oxime ether 12g in good yields.
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Scheme 3. Reaction Mechanism

Table 2. Thiol Radical-Addition and Aldol-Type Reaction of
Oxime Ether 1

a A 1.04 M hexane solution (1 equiv) was used. b A 1.07 M hexane
solution (1 equiv) was used. c Thiophenol (3.5 equiv) was used. d Aldehyde
(1 equiv) was used. e 12a-g were obtained as the E-isomer only;
diastereomeric ratios were 9:1-7:3. f Isolated yield. g A mixture of E/Z
isomers was used.
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The erythro-configuration of the major isomer 12b was
determined by the formation of its cyclic cis-acetonide
derivative 13 of the corresponding reduced 1,3-amino alcohol
(Scheme 4).11 According to our previous report on the

domino hydroxysulfenylation reaction, the reaction is be-
lieved to proceed via the formation of an E-boryl enamine
intermediate C5a and subsequent trapping by the aldehyde
11 to afford the desired compound 12. The preferential
erythro-selectivity of the aldol-type reaction can be explained
by invoking a six-membered-ring transition state E as shown

in Scheme 5. The E-boryl enamine C reacts with the Me3Al-
activated aldehyde in such a fashion that steric repulsion

between the sulfide chain substituent and aryl group of the
aldehyde 11 is minimized.

As reported in Houk’s study on the aldol reaction of an
enamine with acetaldehyde, an axial or equatorial methyl
group on acetaldehyde is predicted to be almost equal in
energy, and thus, it is not unusual to find an axial Ar2 group
in the transition state.12

In conclusion, we have succeeded in two domino reactions
of vinylcyclopropyl oxime ethers involving thiyl radical
addition-ring-opening reaction-hydroxylation and thiyl
radical addition-ring-opening-aldol-type reactions. Both
domino reactions construct highly functionalized acyclic
ε-thio-δ,γ-unsaturated-R-hydroxy oxime ethers and ε-thio-
δ,γ-unsaturated-�-hydroxymethyl oxime ethers, which are
versatile intermediates in organic synthesis and play an
important role in biological and chemical processes.13

Additionally, the success of our multicomponent reaction
with vinylcyclopropyl oxime ether provided the impetus to
develop the allyl sulfide containing 1,3-amino alcohol
compounds in a single operation.
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Scheme 4. Preparation of Cyclic Acetonide Derivative

Scheme 5. Possible Transition State of the Domino Aldol-Type
Reaction
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