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ABSTRACT

Rhodium-catalyzed reactions of sulfonate ester derivatives are biased strongly toward 1,6-insertion and thus offer a general method for assemblin g
δ-sultones. Two protocols for staging this cyclization reaction are described, which capitalize on the unique ability of either diazo or iodonium
ylide intermediates to form Rh-carbene species. The value of these heterocycles for fine chemicals synthesis is demonstrated in both reductive
and oxidative reactions that make possible excision of the −SO3− moiety.

Metal-catalyzed activation of diazo compounds has evolved
as an exceptionally powerful tool for the formation of C-C
bonds.1 Such methods are unique in their ability to func-
tionalize unactivated C-H centers under mild conditions on
substrates bearing a high degree of attendant functionality.
The application of these types of chemistries can lead to
unconventional and inventive strategies to problems in
complex molecule synthesis.2 In this context, intramolecular
diazocarbonyl C-H insertion reactions are most commonly
employed, and typically occur with beneficial levels of
chemo- and regioselectivity.1,3 A hallmark of such processes
is the overwhelming bias toward five-membered-ring forma-
tion. Although substrate conformation, local electronic ef-

fects, and catalyst ligand architecture may override this
intrinsic preference, there is no general paradigm that governs
the application of such controlling elements.2b,4-6 Accord-
ingly, an alternative tactic that would inherently favor six-
membered-ring formation could potentially create opportu-
nities to employ C-H insertion in ways not currently possible
with diazocarbonyl derivatives.

Within the context of studies related to Rh-catalyzed
intramolecular C-H amination, our laboratory has revealed
that six-membered oxathiazinane heterocycles are produced
from sulfamate starting materials through exclusiveγ-C-H
insertion.7 The marked contrast of these results vis-a`-vis five-
membered-ring formation observed with carbamate, urea, and
guanidine starting materials intimated that a similar relation-
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ship might exist between C-H insertion reactions of diazo-
sulfonyl and diazocarbonyls compounds (Figure 1).8 Interest-

ingly, the former class of substrates has received almost no
attention in the literature.9,10 Following a recent, analogous
report by Novikov, we now disclose our own findings that
(1) make available substituted six-membered-ringδ-sultones
from diazosulfonates through C-H insertion and (2) enable
the subsequent manipulation of these novel heterocycles to
value-added materials. To further augment this chemistry,
we have also delineated a protocol that obviates preparation
of diazo intermediates, using instead in situ-generated aryl-
iodonium ylides. This latter work borrows from earlier re-
ports by Dauban and Dodd, Mu¨ller, and Charette, and nicely
parallels studies in C-H amination.11-13 As such, selective
methods forδ-sultone generation and the subsequent modi-
fication of these heterocycles should open new pathways for
addressing problems in fine chemicals synthesis.

At the onset of our studies, we were aware of only a single
report that described the application of diazosulfonate esters
for metal-catalyzed alkene cyclopropanation.9,14 While at-
tempts to prepare diazo derivatives from alkyl mesylates met
with varying degrees of success, high-yielding conditions
for the generation of diazosulfonates bearing anR-ester group
were considerably more fruitful. These studies and those of
Novikov have shown that substrates such as3 may be readily
prepared from ethyl chlorosulfonylacetate2 followed by
diazo transfer (MeSO3N3, DBU, Figure 2).15-17 Such condi-

tions provide reliable access from both 1° and 2° alcohols
to the desired diazosulfonates (Table 1).18

Refluxing a CH2Cl2 solution of diazosulfonate with 2 mol
% of Rh2(OAc)4 leads to exclusive formation of the corre-

sponding six-memberedδ-sultones in the majority of sub-
strates we have examined (Table 1).19 Of the different
catalysts tested, Rh2(OAc)4 was generally superior.20 As
inferred from the collective data, 3°, benzylic, and 2° C-H
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Figure 1. Substrate design alters positional selectivity.

Figure 2. Preparative method for diazosulfonate substrates.

Table 1. Intramolecular C-H Insertion of Diazosulfonates

a Reactions were conducted by the dropwise addition of a diazosulfonate
solution to a refluxing suspension of 2 mol % of Rh2(OAc)4 in CH2Cl2.
b Product yields are combined for the two diastereomers. Diastereomer ratios
with respect to the C3 center range from 1-3:1. c Reaction performed with
2 mol % of Rh2(esp)2. d Reaction performed with added powdered 3 Å
molecular sieves.e Reaction performed with 2 mol % of Rh2(O2CCPh3)4.
f Reaction performed with 2 mol % of Rh2(O2CC3F7)4 in CCl4. g Product
formed as a∼3:1 mixture of diastereomers; reported yield is of the mixture.
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bonds are all susceptible to functionalization. Qualitative
reactivity trends are, in fact, analogous to those of diazocar-
bonyl compounds.1 In all cases,δ-sultone products were
obtained as epimeric mixtures at theR-ester carbon center.
The bias for diazosulfonates to form six-membered-ring prod-
ucts is noted in entries 3-5, the latter two reactions yielding
novel bridging bicyclic structures.21 Such transannular inser-
tion events are less common with diazocarbonyl derivatives,
and may prove serviceable for installing angular groups at
fused carbon centers in complex polycylic natural products.22

When unsaturated sulfonate starting materials are used,
alkene cyclopropanation is quite efficient and no product of
allylic C-H insertion is obtained (entry 6). In addition, the
cis-fused cyclopropane is generated exclusively. We attribute
the strong bias of the sulfonate group toward the six-
membered products in bothσ-C-H and π-bond function-
alization reactions to the close accord between acyclic
sulfonate andδ-sultone C-S-O bond angles (102-
103°).23,24 Insertion to form the five-memberedγ-sultone
would force a C-S-O angle deformation of more than 5°.25

Interestingly, distortions in bond length are almost nil (<0.03
Å) between the acyclic and 6-membered cyclic forms.

The utility of diazo compounds notwithstanding, their
preparation with sulfonyl azide reagents and their hazard
potential raise safety concerns. Aryliodonium ylides can
function as surrogates to diazo species and may be prepared
in situ from common hypervalent iodine oxidants.11,12,26

When such species are generated in the presence of a metal
catalyst and an alkene, cyclopropanation is smoothly effected.
The iodonium ylide conditions thus offer salient advantages
over traditional diazo chemistry. On the basis of prior art,
sulfonate esters appeared well-suited as substrates for iodo-
nium ylide chemistry because of the ease of generation and
stability of theR-enolate anion. We were unaware, however,
of any report demonstrating one-pot iodonium ylide forma-
tion and metal-catalyzed C-H bond insertion employing
sulfonate esters or related starting materials (e.g., 1,3-
dicarbonyl derivatives).27

Initial attempts to induce the cyclization of sulfonate4
employed the commercial oxidant PhI(OAc)2 and catalytic
Rh2(OAc)4 (entry 1, Table 2). Although sultone5 was

generated under these conditions,∼30% of the starting
material was left unreacted along with a decomposition
product, 4-phenyl-2-butanol (20%). Switching to PhIdO
resulted in a dramatic improvement in the reaction outcome,
as5 was produced exclusively and could be isolated in 80%
yield (entry 2). This protocol has proven most effective, with
both 3 Å molecular sieves and Cs2CO3 being necessary for
high product conversion. Formation of5 was depressed in
the absence of sieves or when alternate inorganic bases were
employed. Additionally, it appears that the sparing solubility
of both Rh2(OAc)4 and PhIdO in CH2Cl2 is an important
factor for the success of this process. Circumstantial support
for this conclusion is based on the poor performance of
PhI(OAc)2 and of Rh2(oct)4 and Rh2(esp)2 as catalysts for
the reaction, both of which are completely soluble in
CH2Cl2 (entries 7 and 8).28 The use of benzene as solvent,
however, did not improve the reaction (entry 9).

Cyclization of sulfonate esters with PhIdO, Cs2CO3, and
catalytic Rh2(OAc)2 is functional with a range of 2° alcohol-
derived materials (Table 3). Highest yields ofδ-sultones are
obtained for substrates bearing 3° and benzylic C-H bonds.
The success of these reactions is apparently due to a
combination of effects involving Thorpe-Ingold-type pre-
organization and the established electronic preference of Rh-
carbenoids for 3° and benzylic C-H centers.1,29 In substrates
lacking these structural elements, product yields are dimin-

(19) The addition of powdered 3 Å molecular sieves was found to
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see: Espino, C. G.; Fiori, K. W.; Kim, M.; Du Bois, J.J. Am. Chem. Soc.
2004, 126, 15378-15379. Interestingly, syringe-pump addition of Rh2(oct)4
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Table 2. In Situ Iodonium Ylide Formation and C-H Insertion

a A ) Rh2(OAc)4; B ) Rh2(oct)4; C ) Rh2(esp)2. Reactions performed
at 25 °C with 1.3 equiv of oxidant, 3.0 equiv of base, and 100 mg of
powdered 3 Å molecular sieves.b Product conversion based on1H NMR
integration.c Isolated yield in parentheses; product obtained as a 6:1 mixture
of epimers at C3 and>20:1 cis/trans selectivity at C4/C6.d 4-Phenyl-2-
butanol accounted for most of the mass balance in this reaction.e Reaction
performed in C6H6.
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ished when compared to analogous experiments conducted
with diazo compounds (cf. entries 1 and 3, Tables 1 and 3).
Both base-promoted decomposition of the starting sulfonate
and the adventitious consumption of PhIdO are observed
in reactions that underperform. Nevertheless, the success of
this method for certain substrate types and its facile, single-
step operation make it a worthy compliment to the diazo
chemistry. Further investigations will continue to advance
this technology as a broadly applicable tool for synthesis.

The chemistry ofδ-sultones as synthetic intermediates en
route to complex molecules has not been fully exploited.30

As with their smaller-ring counterparts, it is possible to
displace the C-O bond with nucleophiles of varying strength
(eq 1). In our hands, NaCN, NaN3, NaOAc, and thiolates

are all found to react with 1° and 2° alcohol-derived sultones
to give the corresponding sulfonate salts. Direct extrusion
of SO3 (or SO4

2-) from these ring-opened products, however,
proved unfeasible under a variety of conditions investigated.31

Presumably, it is for this reason that sultones have enjoyed
only sparing use as electrophilic reagents. Accordingly, we
have developed a two-step protocol to effect the removal of
the SO3

- moiety from the acyclic products (e.g.,6). Initial

conversion of the sulfonate salt to the sulfonyl chloride with
use of oxalyl chloride is clean and quantitative. Subsequent
treatment of the sulfonyl chloride with Zn(Cu) couple in
THF/AcOH affords the desired ester product.32 Although this
procedure requires two steps, the overall sequence is high
yielding and does not necessitate isolation of the intermediate
sulfonyl chloride. This protocol should help to expand the
potential applicability of C-H insertion methods for sultone
assembly.

Following literature reports, removal of the sulfonyl
linkage was also examined under oxidative conditions.30b,33

Treatment of the potassium enolate derived from sultone7
with Davis oxaziridine in THF furnishes lactol8 in 85%
yield (eq 2).34 This transformation presumably involves

O-atom transfer followed by C-S bond cleavage. The
intermediateR-keto ester is then trapped internally by the
pendant alcohol. Sultone ring-opening employing this method
is easily executed, extremely efficient, and well-suited for
application in complex synthesis.

Chemoselective generation ofδ-sultones through Rh-
catalyzed C-H insertion makes available a novel class of
heterocycles, which have the potential to serve as valuable
intermediates in synthesis. Sulfonate ester starting materials
are conveniently prepared from 1° and 2° alcohols and may
be subjected to one of two sets of conditions for processing
to the desired sultone. With the ability to modify the cyclized
products through SN2 displacement and enolateR-oxidation
reactions, new strategies for employing Rh-catalyzed C-H
functionalization in complex synthesis may be unveiled.
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Table 3. Rh-Catalyzed C-H Insertion of Sulfonate Esters

a Reactions were conducted by addition of iodosobenzene (1.2 equiv),
powdered 3 Å molecular sieves, Cs2CO3 (3 equiv), and 2-4 mol % of
Rh2(OAc)4 to a solution of substrate in CH2Cl2. b Product yields are reported
for the mixture of C3-epimers. Diastereomer ratios with respect to theR-ester
carbon range from 1-6:1.
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