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ABSTRACT

We report the synthesis of cyclic sulfates by halocyclization. The resulting cyclic sulfate products can be opened selectively with sodium
azide to transform them into highly functionalized compounds that contain azide, alcohol, and halide groups.

Cyclic sulfates are versatile electrophiles.1,2 They react with
a variety of nucleophiles to facilitate the construction of
natural products3 and specific functionality, such as aziri-
dines,4 modified sugars,5 and cyclopropane derivatives.6,7 The
use of cyclic sulfates was limited by the lack of an efficient
method for their synthesis8 until the advent of methods for
the oxidation of cyclic sulfite intermediates.9 The increased

accessibility of cyclic sulfates has augmented our under-
standing of their reactivity and extended their use in
synthesis. Access to cyclic sulfates incorporating a wider
range of functional groups would expand further the scope
of their applications. To this end, we report a new method
for cyclic sulfate synthesis.

We hypothesized that unsaturated monosulfates could be
transformed into cyclic sulfates through halocyclization
reactions (Figure 1).10,11 This approach would yield cyclic

sulfate derivatives with the products containing a total of
three electrophilic centers. Because each new electrophilic
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Figure 1. Scheme depicting cyclic sulfate generation by halocy-
clization.
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site should exhibit a different reactivity, the products could
undergo independent sequential reactions with distinct nu-
cleophiles. The conditions associated with sulfation and
halocyclization reactions are mild; consequently, this syn-
thetic approach could greatly expand the range of substrates
from which cyclic sulfates can be generated.

The low nucleophilicity of the sulfate group and the
anticipated high reactivity of the resulting cyclic products
led to questions regarding the plausibility of the proposed
halocyclization route. Our first objective was to determine
its feasibility. Sulfates are poor nucleophiles, yet weakly
nucleophilic species such as benzyl ethers, phosphotriesters,
and phosphonic acid derivatives can participate in halocy-
clization reactions.10-12 Our initial studies with pyridinium
4-(p-methoxybenzyl)oxy-(Z)-2-buten-1-sulfate (1) yielded
promising results. When sulfate1 was treated withN-
iodosuccimide (NIS), the product13 of exocyclization,2, was
the only one obtained (Figure 2, 40% yield). To optimize

the reaction, a variety of electrophiles and solvents were
investigated. Electrophilic reagents such asN-bromosuccin-
imide and NIS promoted cyclic sulfate formation, but
halogens and interhalogens were more effective. In the
presence of excess halide, however, the cyclic sulfate
products revert back to starting materials. Accordingly, we
found that the combination of bromine or chloroiodine in
the presence of silver nitrate afforded the highest yields.
Alkene1, for example, affords the cyclic sulfate in 91% yield
under these conditions (Table 1). These results demonstrate
the feasibility and efficiency of this route to cyclic sulfates.

The effect of alkene geometry on the product structure
was investigated using the diastereomeric pyridinium sulfates
1 and3 (Figure 2). Each sulfate was synthesized by treatment
of the corresponding alcohol with pyridine-sulfur trioxide
complex.14 In the absence of directing substituents on the
substrate, halocyclization reactions typically afford the five-

membered ring cyclic sulfate derived fromexocyclization
over the six-membered isomer arising fromendocycliza-
tion.15 As anticipated, theZ-isomer of pyridinium sulfate1
afforded the five-membered ring isomer2 as the only product
(Figure 2). In contrast, the halocyclization reaction of
E-allylic sulfate3 yielded the six-membered ring isomer4.
This outcome was unexpected but not unprecedented. Dif-
ferences in regioselectivities forcis andtrans isomers have
been observed previously in the iodocyclization of allylic
imidates.16

Steric and electronic effects can influence the regioselec-
tivity of halocyclization reactions; consequently, we exam-
ined the effects of various substituents on cyclic sulfate
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Figure 2. Effect of alkene geometry on the regiochemistry of
cyclization. Conditions: (a) ICl, AgNO3; (b) Br2, AgNO3.

Table 1. Synthesis of Cyclic Sulfates by Halocyclizationa

a Reaction conditions: MeCN/2% H2O, 2.4 equiv of Br2, 1.2 equiv of
AgNO3, 0 °C, 30 min.b K2CO3 used, not AgNO3. c One equivalent of Br2.
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formation (Table 1). For most substrates containingcis-
alkenes,exocyclization to form the five-membered ring was
preferred. Thecis cinnamyl derivative (Table 1, entry 2),
however, was an exception; it underwent cyclization to form
selectively the six-membered ring. Thus, groups that can
stabilize electropositive centers influence the regioselectivity,
a result that is consistent with a late transition state. The
trans alkenes provided the more stable 6-membered cyclic
sulfates as the reactions ofE-alkenes containing methyl
(Table 1, entry 4) or phenyl (entry 5) substituents illustrate.
The bromocyclization reaction of a substrate with an allylic
alkoxy group (Table 1, entry 3), however, was less regiose-
lective (exo to endo ratio of 14:86). A diallyl derivative
underwent selective reaction to afford the cyclized product
possessing an unmodified alkene (Table 1, entry 9). With a
simple homoallylic sulfate (Table 1, entry 7), both six- and
seven-membered ring systems were generated, with the six-
membered ring system predominating as expected. The
reaction of a homoallylic sulfate with a more substituted
alkene occurred with high regioselectivity (Table 1, entry
8). Overall, the results indicate that excellent and predictable
regioselectivities are obtained in the halocyclization reactions
of alkenyl sulfates. Significantly, many of the cyclic sulfates
generated via halocyclization are not accessible from tradi-
tional oxidation approaches.

An important advantage of the halocyclization approach
to forming cyclic sulfates is that the products possess
contiguous electrophilic centers. We anticipated that the
resulting cyclic sulfates would be versatile intermediates as
if the electrophilic sites could be differentiated. We therefore
examined the reactivity of a series of bromo cyclic sulfate
derivatives with sodium azide. As anticipated, the nucleo-
philic azide reacts selectively with the five-membered cyclic
sulfates at the primary carbon to afford the ring-opened
monosulfate (Table 2, entry 1). No nucleophilic displacement
of the bromide was observed. The selectivity for nucleophilic
displacement of the cyclic sulfate group was maintained even
in the case of less reactive six-membered-ring cyclic sulfates
(Table 2, entries 2-5). Although the cyclic sulfate is always
opened, the site of reactivity appears to be influenced by
inductive effects (Table 2, compare entries 2 and 4).

Cyclic sulfate formation through halocyclization comple-
ments the Sharpless strategy and other cyclic sulfite oxidation
methods.9,8d From halocyclization reactions, six-membered
and larger cyclic sulfate ring systems can be generated; these
compounds are difficult to access through cyclic sulfite
intermediates. Moreover, a diversity of functional groups can
be incorporated into the halocyclization substrates, including

those that are incompatible with oxidants needed to convert
cyclic sulfites to sulfates. The halocyclization process occurs
with predictable regioselectivity, and the resulting products
can be selectively modified. Nucleophilic addition reactions
occur exclusively at the most reactive site of the cyclic
sulfate; thus, sequential modifications of the cyclic sulfate
products can be carried out. Significantly, this approach to
cyclic sulfate formation introduces two new stereocenters,
which could be used advantageously in both target- and
diversity-oriented organic syntheses. Given the advantages
and versatility of the halocyclization reaction, we anticipate
it will provide access to a wide range of valuable synthetic
intermediates.
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Table 2. Reaction of Cyclic Sulfates with Sodium Azidea

a Reaction conditions: NaN3/DMF.
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