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HCl generated by mixing AcCl with EtOH brings about
Markovnikov hydrochlorination of olefins in excellent yields.
The products are isolated in states of high purity simply by
removal of the volatile components under reduced pressure.
Further, nitriles are transformed into imidate hydrochlorides
on similar treatment with AcCl and an alcohol. This proced-
ure for nitrile-imidate transformation is much more efficient

Introduction

Hydrochlorination of olefins is of fundamental interest,
and several methods to achieve this transformation have
been designed. Gaseous HCl does not add to monosubsti-
tuted olefins at a preparatively useful rate,[1] but addition
proceeds well when the olefin is highly substituted,[2] part
of a styryl system[3] or strained.[4] Liquefied HCl adds to
cyclohexene in the presence of Me3Al in good yield.[5] 1-
Methylcyclohexene, however, did not give the desired prod-
uct, instead furnishing 1,1-dimethylcyclohexane. Lipophilic
phosphonium salts catalysed hydrochlorination of mono-
and 1,2-disubstituted olefins with aqueous HCl under
phase-transfer conditions in good yields at elevated tem-
peratures,[6,7] but chromatographic purification of the prod-
uct was unavoidable. Mixed olefin-carbonyl complexes of
PtII catalyse addition of HCl to olefins, though the reaction
is slow.[8] Appropriately prepared Al2O3 and SiO2 have been
used to promote addition of HCl generated in situ from
the hydrolysis of various organic and inorganic chlorides by
adventitious water.[9] The reaction times were generally long
and the yields were low to moderate. Zeolite ZF520, K10
montmorillonite[10a] and SiO2

[10b] together with SOCl2 have
also been employed as sources of HCl for additions to ole-
fins. Water has been added to reactive chlorides such as
SOCl2 and Me3SiCl (rather than depending on the water
bound to solid surfaces) to generate HCl, which added
slowly to a wide range of olefins in 65�90% yields.[11]
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than that used previously, which involved continuous passing
of HCl gas into the solution of a nitrile in a solvent such as
Et2O or benzene and an alcohol until one equivalent had
been absorbed.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

Imidates are an important class of compounds that find
application in the preparation of s-triazines,[12] 1,2,4-tria-
zoles,[13] 1,2,4-oxadiazoles,[13] diazirines,[14] selenoesters,[15]

selenoamides[15] and 2-substituted pyrimidin-4-(3H)-
ones,[16] and also in the conversion of pyrimidine into pyri-
dine.[17] As important as these substances are, experimen-
tally convenient methods for their preparation are unfortu-
nately unavailable. The imidates have customarily been
prepared by passing HCl gas into a solution of a nitrile and
an alcohol in a solvent such as benzene or ether until one
equivalent had been absorbed. Stirring was continued until
the precipitation of the imidate hydrochloride was complete
(16�24 h), and the salt was collected and treated with a
base to isolate the corresponding imidate.

The generally low yields, tedious experimental procedure,
longer reaction time, need for chromatographic purification
and requirement of speciality or less readily available chemi-
cals prompted us to devise alternative methods both for the
hydrochlorination of olefins and for the transformation of
nitriles into imidates. While lecture bottles of HCl are con-
venient, the bottle itself must be handled cautiously because
of the corrosive nature of its contents, and methods to gen-
erate HCl in the laboratory are cumbersome. Generation of
HCl in situ is thus appealing, and it may be primarily for
this reason that several such methods have been discovered
in the past.[9�11]

AcCl is relatively cheap and more readily available than
any of SOCl2, Me3SiCl, Zeolite ZF520 and K10 montmoril-
lonite. These considerations prompted us to explore HCl
generation from AcCl by treatment with an alcohol. Very
recently, we have demonstrated the use of EtOH/AcCl com-
binations as a convenient source of HCl to transform allyl
acetates and allyl alcohols into allyl chlorides.[18] The AcCl/
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alcohol combination could, in principle, be used for other
reactions as well, and here we demonstrate the AcCl/al-
cohol combination as an effective reagent for: (a)
hydrochlorination of olefins, and (b) facile transformation
of nitriles into imidates.

Results and Discussion

The results of the hydrochlorinations are collected in
Table 1. The olefins that generated more stable benzylic and
tertiary carbocations on Markovnikov protonation reacted
rapidly to furnish products in high yields. For instance, 2-
vinylnaphthalene and 4-methoxystyrene underwent smooth
reaction in 75 min and 10 min, respectively, whereas the less
electron-rich parent styrene and 4-chlorostyrene reacted
very slowly. Mono- and 1,2-disubstituted olefins such as 1-
decene and cyclooctene, respectively, did not react at all
(not shown). Interestingly, geranyl chloride added HCl ac-
ross the remote double bond only (entry 6) and no addition

Table 1. Markovnikov hydrochlorination of olefins with AcCl/EtOH

[a] Only trace amount of the product was formed after 6 h. [b] AcCl was added at 0 °C. [c] The ratio of ax:eq chlorides by 1H NMR
spectroscopy was 10:1. [d] The ratio of ax:eq chlorides by 1H NMR spectroscopy was 4.5:1. [e] a:b:c � 3.1:1.3:1. [f] a:b:c � 4.6:1.3:1.
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of HCl across the double bond of the allyl chloride unit
occurred even though it was trisubstituted. Similar obser-
vations had also been made earlier by Julia and Roy.[21]

1,2-Dimethylcyclohexene (entry 8) reacted rapidly to gen-
erate a 91:9 mixture of trans- and cis-1-chloro-1,2-dimeth-
ylcyclohexane. In order to investigate the mechanism of ad-
dition, aliquots were withdrawn and analysed for product
distribution. The change in the ratio of the trans- and cis-
1-chloro-1,2-dimethylcyclohexanes with reaction time is
given in Figure 1. The predominance of trans isomer at the
very beginning of the reaction suggests predominantly trans
addition; the small amount of cis isomer that was formed
during the course of the reaction isomerizes to the trans
isomer. The reaction should thus involve Markovnikov pro-
tonation of olefin and preferential capture of the resultant
cation by chloride ion from the axial face. Alternatively, a
protonium ion could be formed, opening in 1,2-diaxial
manner on chloride ion attack to furnish the observed pre-
dominant product. In the past, addition of HCl to olefins
has been carried out in Et2O, pentane, MeOH, AcCl and
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CH2Cl2 or in the absence of a solvent. The addition was
predominantly trans in Et2O (95:5),[2b][2c] pentane (92:8)[2a]

and MeOH (95:5)[2a] and cis in AcCl (76:24)[2a] and
CH2Cl2 (88:12).[2b,2c]

Figure 1. Change in trans/cis ratio with time (slope: 0.203 min�1)

The reaction of (R)-(�)-limonene produced a 4.5:1 mix-
ture of two dichlorides (entry 9). The predominant product
was the more stable conformer with axial chlorine.[22] Both
α-pinene and β-pinene furnished the same product mixture,

Table 3. A comparison of the new method with literature procedures for Markovnikov hydrochlorination of olefins

[a] This work. [b] Gaseous HCl was continuously bubbled into the solution. [c] Al2O3 and SiO2 adsorbents were equilibrated with atmos-
pheric moisture at 120 °C for a minimum of 48 h prior to use. [d] No chlorinated product was formed.
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consisting of limonene hydrochloride, endo-2-chloro-1,7,7-
trimethylbicyclo[2.2.1]heptane and endo-2-chloro-1,3,3-tri-
methylbicyclo[2.2.1]heptane. Limonene hydrochloride, how-
ever, was the major product in both instances.

The poor reactivity of 1,2-disubstituted and electron-de-
ficient olefins with AcCl/EtOH offered the promise of
chemoselective hydrochlorination of electron-rich olefins.
Indeed, addition of HCl to carvone (entry 12) was fully
chemoselective as it took place only at the more electron-

Table 2. Effect of excess EtOH on the efficiency of hydrochlori-
nation

Ethanol AcCl Time % Starting material
(equiv.) (equiv.) (min) reacted

08 08 80 100
24 08 80 65
40 08 80 19
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rich olefin. The AcCl/EtOH combination is thus suitable
for the chemoselective hydrochlorination of electron-rich
trisubstituted and styryl olefins in the presence of electron-
deficient and mono- and 1,2-disubstituted olefins.

We wished to explore the influence of excess EtOH on
the efficacy of the above hydrochlorination and so we stud-
ied the reaction behaviour of 2-vinylnaphthalene with dif-
ferent AcCl/EtOH ratios (Table 2). The reaction was com-
plete within 80 min when 8 equivalents each of AcCl and
EtOH were used (Entry 1), but was only 65% complete after
80 min when 8 equivalents of AcCl and 24 equivalents of
EtOH were used (entry 2). Further, the reaction was only
19% complete after 80 min when 8 equivalents of AcCl and
40 equivalents of EtOH were used. Thus, excess EtOH re-
tarded the reaction. This may tentatively be due to solvation
of H� by EtOH, lowering its electrophilicity. The percent-
age of the reacted starting material was calculated from the
relative 1H integrals of the terminal olefinic protons in the
starting material and the CHCl in the product.

Table 3 presents a comparison of the efficiency of the new
procedure with literature methods. It is clear that the new
method is generally superior to others as far as the
hydrochlorination of trisubstituted olefins is concerned.
Though the reaction between 1-methylcyclohexene and K10
montmorillonite/SOCl2 is quantitative, it takes relatively a
very long time and also generates a mixture of both the
Markovnikov and the anti-Markovnikov products. The new
method takes slightly longer than the procedure with
Me3SiCl/H2O as the source of HCl for the chemoselective
hydrochlorination of carvone. The yield, however, is slightly

Table 4. Reactions of different nitriles with AcCl and selected alcohols

[a] Reaction% indicates the percentage of the starting material reacted. [b] Ratio of the isomers was 1.4:1. [c] Only a trace amount of the
product was formed.
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better with the new method. Although the reason is not
understood at present, the AcCl/EtOH method was very
slow in the hydrochlorination of styrene (entry 2) in com-
parison to other methods; it took 14 h until completion. In
contrast, p-methoxystyrene had reacted completely within
10 min (Table 1).

The results of the reactions of different nitriles with selec-
ted alcohols and AcCl are collected in Table 4. The opti-
mum nitrile/AcCl/alcohol ratio for a preparative-scale reac-
tion was 1:8:12. The formation of an imidate from a pri-
mary alcohol was relatively faster than from a secondary
alcohol. The reaction of benzonitrile was slower than that
of benzylnitrile. This may be due to the enhanced stability
of the vinyl cation formed by protonation of nitrogen
thanks to conjugation with the aromatic ring. The presence
of electron-donating groups on the aromatic ring would
therefore be expected to retard the reaction further. Indeed,
the ratio of the rates of the reactions of p-methoxybenzon-
itrile and of benzonitrile was 45:55. Slightly electron-with-
drawing groups on the aromatic nucleus could be tolerated,
allowing the reaction to proceed. For instance, p-chloroben-
zonitrile reacted more slowly than p-methoxybenzonitrile,
the relative rate ratio being 40:60. (The relative reaction
rates were calculated from 1H integrals of product mixtures
obtained from competitive reactions of equimolar mixtures
of two nitriles.) More strongly electron-withdrawing sub-
stituents on the aromatic ring are therefore likely to be det-
rimental to imidate formation; p-nitrobenzonitrile, for in-
stance, did not react. A tentative reason for this complete
failure may be the failure of protonation of nitrogen due
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to the strong electron-withdrawal toward the aromatic ring
caused by the nitro function, resulting in less efficient (or
no) formation of the requisite vinyl cation.

Conclusion

In summary, use of the AcCl/EtOH combination (8
equivalents each) brings about the transformation of olefins
into Markovnikov hydrochlorides in high yields with a con-
siderable shortening of reaction time in an operationally
convenient procedure (see Exp. Sect.). Chromatographic
purification is not generally necessary, as the product ob-
tained from removal of volatiles is pure enough to be used
directly in subsequent synthetic manoeuvres. This pro-
cedure is also effective for the transformation of nitriles into
imidates in excellent yields over timespans generally shorter
than reported previously (see Exp. Sect.). Since this method
generates HCl in situ, it obviates the dangerous nuisance of
corroded/frozen valves that is often experienced with lecture
bottles. The additional convenience of the clean transform-
ation of the initial solvent-cum-reactant into an inert and
easily removed solvent-cum-product is alchemical wizardry
at its best.[24]

Experimental Section

General Procedure for the Hydrochlorination of Olefins: AcCl
(8 mmol, 0.57 mL) was added dropwise to a solution of olefin
(1 mmol) in dry EtOH (8 mmol, 0.47 mL). The reaction flask was
stoppered tightly and the stirring was continued at 30 °C. After the
reaction was complete by TLC, the unchanged AcCl and EtOH, if
any, and the EtOAc that had formed from the reaction of EtOH
with AcCl were removed under reduced pressure to obtain the
product.

General Procedure for the Preparation of Imidates: AcCl (8 mmol,
0.57 mL) was added to a stirred solution of a nitrile (1 mmol) and
an alcohol (12 mmol). The reaction flask was stoppered tightly and
the stirring was continued at 25 °C. After the reaction was complete
by TLC, the volatiles were removed under reduced pressure to iso-
late the imidate hydrochloride. Alternatively, the reaction mixture
was cooled to 0 °C and mixed slowly with saturated aqueous
NaHCO3 solution, until gas evolution had ceased. The product was
extracted into Et2O (3 � 5 mL) and the organic solution was
washed with H2O (1 � 5 mL) and brine (1 � 5 mL) and concen-
trated under reduced pressure to obtain the imidate.

Supporting Information: 1H, 13C and analytical data on several of
the compounds prepared in this study (see also the footnote on the
first page of this article).
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