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a b s t r a c t
A new metal-free method is reported for the stereocontrolled opening of vinyl epoxides using boron
trichloride or tribromide to yield the corresponding vicinal chlorohydrins and bromohydrins with high
regioselectivities and exclusive diastereoselectivity. Synthesis of vicinal haloamines from vinyl aziridines
was also demonstrated under the same conditions.
Ó 2016 Elsevier Ltd. All rights reserved.
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Vicinal halohydrins are useful synthetic intermediates in the
synthesis of marine natural products,1 including stereochemically
complex chlorosulfolipids.1b,d,e Therefore, their stereoselective
synthesis remains an attractive synthetic target. A variety of
stereoselective substitution reaction of epoxides and vinyl
epoxides by the SN2 mechanism have been reported. However,
there is still a room to improve the efficiency and the simplicity
of the reaction.2 Furthermore, the processes including double
inversion of configuration (retention) are mostly limited to
boronic/boric acids,3a,3b azides,3c and alkoxy or phenoxy3d
nucleophiles, reacting with unsaturated epoxides in the presence
of suitable boron reagents and palladium catalyst. Broadening
the scope of such transformations would be very useful for
organic synthesis, providing the access to both stereochemical
products from the same precursor (Scheme 1). To the best of our
knowledge, no such process has been demonstrated with halide
nucleophiles.2,4 Here, we report the results of our investigations
that led to the development of the mild method for the practical
stereocontrolled synthesis of vicinal halohydrins and haloamines
from unsaturated three-member ring heterocycles, that proceeds
through the SN2 displacement.
Vinyl epoxides, possessing strong electron withdrawing group
at the double bond, allow for higher regioselectivity control of
the epoxide opening, due to their increased reactivity for a nucleophilic attack of halides at the allylic position.2 Therefore, it
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seemed interesting to investigate the reaction of vinyl esters with
the boron halides. We speculated that the palladium-catalyzed
reaction of boron trihalide reagents with a,b-unsaturated-c,depoxyesters would involve the formation of p-allyl palladium
intermediates, which might undergo an intramolecular nucleophilic attack by halides at the c-position with a double inversion
of the configuration, yielding syn-opening of the epoxide.3 Alternatively, an SN2 displacement would lead the anti-opening of the
epoxide (Scheme 1). All of the epoxide substrates tested in this
study were obtained in racemic form by the sequence consisting
of epoxidation of allylic alcohols by mCPBA, Parikh-Doering oxidation of hydroxyl group and Wittig or Horner–Wadsworth–Emmons
olefination. For the initial studies, we selected (E)-ethyl 6-benzyloxy-cis-4,5-epoxy-2-hexenoate3a (1a, Table 1, entry 1) as a
model substrate and tested its reactions with 3 equiv of
commercial solution of boron trichloride in dichloromethane
(1 M) in the presence of palladium catalyst (Pd(PPh3)4, 10 mol %).
A screen of solvents revealed that ethereal (such as
tetrahydrofuran, 2-methyltetrahydrofuran, dioxane, diethyl ether,
isopropyl ether, methyl tert-butyl ether) or non-polar solvents
(like dichloromethane or toluene) were not suitable, leading to
either mixture of products or decomposition of the starting
material. The reaction performed best in neat ethanol or
methanol. In the latter case, a high level of transesterification of
the ethyl esters was observed, and the products were isolated
mostly as the methyl esters (entry 1, footnote b); higher order
alcohols (2-propanol, 2-methyl-2-butanol) were less successful in
terms of yields and purities. The products were obtained as a
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successful also with substoichiometric amounts of BCl3
(0.7 equiv), indicating the efficiency of halide transfer. Replacing
boron trichloride with boron tribromide (commercial 1 M
solution in dichloromethane) afforded the corresponding
bromohydrin 2b (entry 2) in high yields and high selectivities.
Under all the tested conditions, an intramolecular attack of the
halide that would lead to a double inversion of configuration does
not occur, even if the reaction conditions allow the formation of
the putative p-allyl palladium intermediates. These results suggest
that the halide ion is not delivered from the epoxide-coordinated
boron halide3 but is present in the reaction solution. The presence
of the free halide suggests a rapid hydrolysis of BX3 to B(OR)3 in the
presence of ROH. Also, unlike other nucleophiles tested for the processes involving a double inversion of configuration, reaction with
halides does not require additional activation of the allylic position
of the a,b-unsaturated-c,d-epoxyester substrate for a nucleophilic
attack. A plausible reaction mechanism would imply the activation
of the C-heteroatom bond of the heterocycle by a coordination of
the BX3 (or BOR3) and the subsequent attack of the halide ion at
the c-position (allylic) proceeding through the SN2 type substitution (Scheme 2).2
The protocol seems synthetically attractive, affording highly
pure SN2 type products under simple conditions in short times
and without the need for additional work-up steps, such as the
deprotection of silyl ethers for the methods involving the use of
TMSCl as a reagent.6 Taking advantage of simplicity and practicability of our method, we tested several other substrates (Table 1)
under these conditions. We obtained products 2c–d with high
yields and regiocontrol (entries 3–4). The obtained compounds

OH

SN2

CO2 Et

R

CO2Et

R
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Scheme 1. Alternative stereochemistry of the epoxide opening reactions.

single diastereomer in good yields with high regiocontrol (>95:5),
after the concentration of the reaction mixture in vacuo and its
chromatographic purification on a short silica pad. However, we
found that under these conditions reactions proceeded quickly
also in the absence of palladium catalyst.5 In both cases the stereochemical result was the same; as shown in Table 1, the reactions
of cis-epoxide 1a led to syn-chlorohydrin 2a (entry 1), resulting
from the inversion of configuration. The stereochemistry of the
model product was confirmed by the independent synthesis of
anti-chlorohydrin 2c (entry 3) from trans-epoxide 1b by the
trimethylsilyl chloride/charcoal method6b and the comparison of
its proton NMR spectra. Additives like pinacol3d or varying the
ratio of boron halide to the substrate has not changed the
stereochemical outcome of the reaction. The reaction was

Table 1
Substrate scope for the reaction of vinyl epoxides and azidiridines with boron trihalides
Entry

Substrate

1
2

O

BX3

CO2 Et

BnO
3
4

BCl3
BBr3

Product

BnO

O

CO2Et 1b

Yield (%)

Footnotes

CO2 Et

3
3.5

88
85

a, b
a

CO2Et

2c X = Cl
2d X = Br

21
4

86
90

a
a

CO2Et

2e X = Cl
2f X = Br

4
3

99
99

a
a

CO2 Et

2g X = Cl
2h X = Br

6.5
5.5

96
74

a
a

2i X = Cl
2j X = Br

5
3

93
97

a, c
a, d

CO2Et

2k X = Cl
2l X = Br

5
5

93
92

a, e
a, f

CO2Et

2m X = Cl
2n X = Br

4
4

99
97

a
a

2o X = Cl
2p X = Br

3.5
3

83
-

g
g, h

X
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Time (h)
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OH
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OH
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9
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O
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X
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CO2 Et 1e
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BnO

OH
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X

11
12

O

BCl3
BBr3

CO2 Et

OH

1f

13
14

O

CO2 Et 1g

X
BCl3
BBr3

OH
X

15
16

O
Ph

CO2 Et

1h

BCl3
BBr3

OH
CO2 Et

Ph
X

a
b
c
d
e
f
g
h

EtOH as a solvent.
In MeOH >85% of transesterification with similar yields of the product (see Supplementary Material).
Regioisomeric ratio of >90:10 determined by 1H NMR by integration of methyl group signals (doublets at 1.24 and 1.46 ppm, respectively).
Regioisomeric ratio of >95:5 determined by 1H NMR by integration of methyl group signals (doublets at 1.27 and 1.65 ppm, respectively).9b
Regioisomeric ratio of ca 4:1 determined by 1H NMR by integration of methine group signals (multiplets at 3.74 and 3.98 ppm, respectively).
Regioisomeric ratio of ca 5:1 determined by 1H NMR by integration of a-carbon proton signals (doublets of doublets at 7.05 and 6.91 ppm, respectively).
Et2O as a solvent.
A mixture of polymeric products.
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Scheme 2. Plausible mechanisms of the epoxide opening reactions mediated by
boron trihalides.

are stable under the reaction conditions, with similar yields
obtained for the reaction times between 3 and 21 hrs (entries 1
and 3). Next, to probe the scope of the heterocycle component,
we tested the reactions of novel vinyl N-tosyl azidirines 1c and
1d to obtain haloamines 2e–h (entries 5–8) with excellent yields
as well as high levels of regioselectivity. The aziridines 1c and 1d
were prepared in good yields and with excellent E-selectivities
by Horner–Wadsworth–Emmons olefination7 of the aziridine
2-carboxaldehydes developed by the Borhan group (see Supplementary Material for details).8
Using 1H NMR, we were not able to detect the presence of any
significant amounts of regioisomeric products (>5%) for the reactions of substrates 1a–d bearing a benzyloxymethyl group on the
epoxide ring (entries 1–8). For the reaction of smaller (E)-ethyl
trans-4,5-epoxy-2-hexenoate (1e) with the adjacent methyl substituent, a similar regioisomeric ratio of >95:5 for the obtained
bromohydrin 2j was readily determined by integration of methyl
group signals in 1H NMR spectra (entry 10, see footnote d).9b
The minor regioisomer results from the attack of the halide at
the homoallylic position. By analogy, we determined the
regioisomeric ratio of >90:10 for the corresponding chlorohydrin
2i (entry 9, see footnote c). The significantly lower
regioselectivities (ca. 4:1–5:1) were obtained only for the
reactions of propyl substituted cis-epoxide 1f10 (entries 11–12,
and footnotes e and f, respectively), while its trans-isomer 1g10
afforded products 2m–n with much higher selectivities (<5% of
regioisomers, entries 13–14). These results show that the combination of both steric and electronic effects can be responsible for the
control of regiochemistry. Notably, all products in Table 1 were
obtained with exclusive diastereoselectivity, favoring the formation of the anti stereoisomers for the trans configuration of the
starting materials, supporting the SN2 mechanism.
The more challenging electron-deficient cinnamyl derivative
1h9 possessing an additional activated benzylic position, reacted
successfully with boron trichloride to produce anti-chlorohydrin
2o (entry 15) as a major regioisomer, after changing the solvent
to diethyl ether. This compound could not be obtained by the
TMSCl/charcoal protocol6b or other methods.9a However, we were
not able to isolate the corresponding bromohydrin 2p (entry 16,
reported as a 2:1 mixture of regioisomers9b) in pure form; a
mixture of polymeric products was detected in the 1H NMR and
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ESI-MS spectra. It is noteworthy that under our standard
conditions (i.e. MeOH or EtOH as solvent), we observed
competitive epoxide opening and this side-product could not be
separated.
In summary, we developed a practical method for the stereocontrolled synthesis of vicinal halohydrins from a,b-unsaturatedc,d-epoxyesters, that utilizes boron halides as a source of halide.
A variety of chloro- and bromohydrins were obtained with high
yields and selectivities, including cinnamyl derivative. We also
demonstrated the examples of vicinal haloamines, obtained from
the same reaction of the corresponding vinyl N-tosylaziridines.
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