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Abstract: With proper activation of the leaving group,
sulfur mustards react with Grignard reagents with neigh-
boring group participation of the sulfur atom. 2,6-Dichloro-
9-thiabicyclo[3.3.1]nonane is especially useful in this regard,
providing clean reactivity with organomagnesium nucleo-
philes on a topologically constrained scaffold.

The chemistry of 2,6-dichloro-9-thiabicyclo[3.3.1]nonane,
1, provides a good illustration of the power of anchimeric
assistance in organic chemistry.2,3 The reactivity of this
compound is enhanced by the central heteroatom, which
engages the â-chlorinated centers to facilitate nucleo-
philic substitution via a highly reactive episulfonium ion
(Scheme 1). The double inversion process preserves
stereochemistry in substitution reactions with a broad
range of heteroatom nucleophiles.

Compound 1 and its disubstituted derivatives 2 are
chiral, C2-symmetric structures. The C-Cl/Nuc axes
describe two vectors with a dihedral angle of 84°, and
the electrophilic carbon centers are quite sterically
hindered. The latter point has been most clearly dem-
onstrated by the fact that chloride in 1 cannot be
displaced by NMe3 or NEt3, whereas the weaker but less
sterically demanding nucleophile pyridine forms very
stable adducts.3 The parent dichloride and several di-
substituted derivatives can be prepared in enantiomeri-
cally enriched form either by chiral HPLC or by substi-
tution of a diastereomerically enriched bis(brucine)
adduct.3 The system therefore lends itself to the display
of functionality in chiral form, as may be found in chiral
ligands for metals, chiral acids or bases, and components
of chiral polymers.

To realize certain examples of these types of structures,
new carbon-carbon bonds must be made with mustard-
type electrophiles such as 1. The literature contains very
few well-characterized examples of anchimeric assistance
in substitution by such activated carbon nucleophiles as

magnesium, cuprate, and silyl reagents.4 The only known
example with 1 is a brief report of the use of trialkyl-
aluminum compounds.5 It should be noted that by “an-
chimeric assistance” we do not mean the tethering of a
reactive organometallic to the electrophile by means of
a pendant heteroatom,6 which renders the C-C bond-
forming event intramolecular and has occasionally been
given the anchimeric assistance label. Rather, we refer
to the stereochemically distinct double inversion process,
in which the electrophile is activated by intramolecular
interaction with a nucleophilic component and is subse-
quently captured by external nucleophile. We report here
that 1 engages in clean substitution with retention in
reactions with a variety of Grignard reagents, presum-
ably via the neighboring group participation of sulfur as
shown in Scheme 1. Precedents include the chemistry of
â-chloro-â-alkoxythioether compounds derived from the
addition of arylsulfenyl chlorides to vinyl ethers,4 ap-
plications to the synthesis of C-glycosides,7 and substitu-
tion reactions of N-(R-haloalkyl)benzotriazoles.8

Alkyl- and aryllithium reagents were found to promote
elimination in preference to substitution, although di-
substituted products from 1 were observed in trace
amounts (Scheme 2A). Grignard reagents, which are
more polarizable than lithium compounds and are there-
fore expected to be less prone toward proton abstraction,
gave intractable mixtures at 0 °C in ethereal solvents.
Such mixtures contained <10% of the desired compounds,
along with olefins derived from elimination and other
compounds. However, the use of Grignard reagents at
room temperature or above provided disubstitution of 1
with retention of configuration in good to excellent yields
for aromatic, acetylenic, and primary alkylmagnesium
bromides (Scheme 2B, Table 1). All compounds described
here were prepared in racemic form.
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Assignment of retention of configuration, and therefore
firm evidence for a pathway of neighboring group par-
ticipation, was obtained by X-ray crystallography of 2a
and 2b (Figure 1). The trans orientation of sulfur and
substituent centers in both compounds was accompanied
by characteristic coupling constants in the 1H NMR
spectrum and C-H stretching and bending bands in the
IR spectrum at uniquely high frequencies (Table 1) due
to congestion of axial C-H bonds at the 3 and 7 positions
of the chair/chair conformation favored for the 2,6-
disubstituted-9-thiabicyclo[3.3.1] core.2,9 These spectro-
scopic signatures were found in each of the remaining
substitution products 2c-i, allowing us to extend the
assignment of retention beyond the two cases character-
ized in the solid state.

The conformation of aryl groups in 2b, in which the
o-methyl substituents are found on the “sulfur” side of
the structure, is consistent with molecular mechanics
calculations showing this to be the most stable rotameric
form by approximately 5 kcal/mol. Rotation about the
C-aryl bond is restricted, with severe steric interactions
between the aromatic ortho positions and the axial C3-H
and equatorial C8-H atoms of the thiabicyclo[3.3.1]-
nonane core. To escape these interactions, the ortho
substituent of 2-substituted aryl fragments must be
placed away from the thiabicyclononane core, and such
compounds are locked at room temperature with respect
to rotation about the C2-aryl bond axis. Compound 2c,
derived from 1-bromo-2-methylnaphthalene, displays the
expected hindered rotation about the equivalent C2
positions in solution, giving rise to a broadened NMR
spectrum. Heating to 70 °C causes the signals to sharpen
to a single set, indicative of faster rotation around these
bonds on the NMR time scale at elevated temperature.
The stereochemical control exemplified by 2b and the
hindered bond rotation of 2c are potentially useful in the
design of chiral ligands and polymeric materials.

For the reactions described above, donor solvents were
found to be detrimental to the purity of the final
product: both diethyl ether and tetrahydrofuran, com-
monly used in Grignard preparation, promote elimina-
tion, albeit to a modest extent at room temperature
(e10% of the product mixture). Elimination can be
minimized if the ether or THF is removed by evaporation
prior to addition of 1, but this may occur at the expense
of Grignard reagent solubility and therefore of yield. The
use of dichloromethane10 instead of toluene further
suppressed elimination. However, it proved to be most
convenient to perform the reactions in toluene at 70 °C
without pre-evaporation of ethereal cosolvent. Under
these conditions, diethyl ether is carried away from the
mixture and the low-temperature elimination pathway
is further disfavored. If it is required to perform the
reaction at room temperature, the best performance is
usually obtained in dichloromethane with prior removal
of ether or THF from the Grignard mixture. In most
cases, poorer results are achieved if the Grignard reagent
concentration is less than 0.2 M. Diethynyl compound
2f was isolated in low yield due to the formation of
bridging acetylide dimers and higher oligomers. Second-
ary magnesium bromides gave mixtures of elimination
and reduction products, whereas t-BuMgCl induced
mostly reduction.

No substitution was observed for several cases in which
the magnesium reagents were prepared from aryl bro-
mides by activation of Mg0 with 1,2-dibromoethane (20%
relative to 1). In these cases, the dibromide adduct 4 was
the only product observed in addition to recovered 1; an
example is shown in Scheme 3. (Activation of metallic
Mg with catalytic amounts of iodine, rather than dibromo-
ethane, works well; compound 2c was prepared in this
manner.) Since the formation of MgBr2 would be expected
from dibromoethane and Mg0, the response of a standard
reaction to the addition of MgBr2 was tested. When 20%
MgBr2 was added to commercially available PhMgBr,
which otherwise performs well, significantly poorer re-
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SCHEME 2

TABLE 1. Isolated Yields and Characteristic Infrared
Bands of Disubstituted Products from Reactions of 1
with Grignard Reagents at 70 °C in Toluene (Scheme 2B)

RMgX yield, % product νC-H
a δC-H

b

PhMgBr 99 2a 2977 1490
o-tolyl-MgBr 98 2b 2990 1483
2-Me-1-naphthyl-MgBr 62 2c 2974 1480
vinyl-MgBr 69 2d 2973 1480
allyl-MgBr 90 2e 2981 1483
CH3CtC-MgBr 97 2f 2983 1477
HCtC-MgBr 30 2g 2980 1483
n-pentyl-MgBr 99 2h 2955 1479
MeMgBr 85 2i 2951 1480

a “Anomalous” stretching band for axial C3-H and C7-H
bonds, cm-1. b “Anomalous” bending band for axial C3-H and
C7-H bonds, cm-1.

FIGURE 1. X-ray crystal structures of 2a and 2b. (Middle)
View showing the chair/chair conformation of the bicyclo-
nonane core. (Right) View down the C2 symmetry axis.
Relevant carbon position numbers are shown on the sketch of
2b.
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sults were obtained (lower and variable substitution
yields and approximately 10% of olefins derived from
elimination of HCl from 1).

These observations suggest that Br-for-Cl substitution
is enhanced by MgBr2. Furthermore, either the bromide
adduct 4 is a much poorer electrophile than 1 toward
Grignard nucleophiles or the organomagnesium byprod-
uct of the Br-for-Cl substitution is a poor nucleophile. The
former possibility was discounted by comparisons be-
tween 1 and 4 in reactions with a standard amine
nucleophile (benzylamine, acetonitrile solution, room
temperature) and with PhMgBr (toluene, 70 °C). In the
first case, 4 was found to be at least 10 times more
reactive than 1, whereas in the second case, both elec-
trophiles were consumed within a very short time. Thus,
4 can be expected to be reactive with bona fide Grignard
nucleophiles. It must therefore be the case that RMgCl
is produced from the reaction of 1, RMgBr, and MgBr2

in an inactive or poorly active form. It is perhaps
worthwhile to note in this context that commercially
available organomagnesium bromides were found to be
superior to chlorides in terms of overall yield and the
formation of unwanted byproducts, whereas iodides gave
little or no substitution. For example, MeMgBr gave 2i
in 85% yield (Table 1) while MeMgCl provided 2i in
approximately 42% yield, along with 7% of unreacted 1
and approximately 4% of material containing the olefinic
products of elimination.

To compare 1 to simple sulfur mustard electrophiles,
a series of reactions was performed on the S-ethyl- and
S-phenyl â-chlorothioether electrophiles 5 and 6 (eq 1,
Table 2). The former is presumed to react with participa-
tion of the alkylthioether group, while the latter is known
to eschew anchimeric assistance in favor of direct sub-
stitution of halide nucleophiles.11 For both 5 and 6,
PhMgBr gave phenyl substitution in high yield. In
contrast, n-pentyl-MgBr provided alkyl attack with 5, but

bromide attack with 6. Cyclopentylmagnesium bromide
also deposited bromine on 6, and gave reduction with 5.
A mixture of methyl and bromine substitution products
was observed for MeMgBr with 6. It therefore appears
that, without anchimeric assistance (compound 6), treat-
ment with Grignard reagents results largely in substitu-
tion by bromide and not alkyl. When an episulfonium
intermediate is accessible (as with 5), alkyl attack and
elimination are more favored. The clean reactivity of
PhMgBr may result from its weaker basicity, more Lewis
acidic Mg2+ center, or different aggregation state com-
pared to alkylmagnesium reagents.

The nature of the optimal solvent is obviously different
for the Grignard reactions of 1 (best performed in toluene)
and its wide-ranging substitution chemistry with hetero-
atom nucleophiles (done in water or acetonitrile).3 While
the distribution of potential magnesium species (RMgBr,
MgR2, and oligomeric variations) is affected by the
reaction conditions,12 we suggest that the solvent exerts
its most important influence on the electrophile.13 In a
nonpolar medium, the reactive episulfonium ion inter-
mediate that drives the chemistry of this system is highly
disfavored. This charged species is of course destabilized
by a mismatch with a nonpolar environment, but more
importantly, aprotic solvents provide no protic solvation
to the outgoing chloride ion.14 Lewis acidic magnesium
complexes can overcome this problem by assisting the
departure of chloride to promote episulfonium ion forma-
tion (Figure 2), but only when nucleophilic solvents such
as ether and THF (which might otherwise compete for
binding to the metal ion) are absent. (Lewis acids have
been used for the generation of R-alkoxyepisulfonium ions
from the corresponding â-chlorothioethers.7d) The deliv-
ery of the carbon nucleophile to the episulfonium ion may
occur from within the proposed intermediate ion pair, as
shown in Figure 2, or may occur from a different
organomagnesium center.

Substitution reactions of simple alkyl halides with
Grignard reagents are surprisingly rare.15 One reason
may be the complex interplay between factors such as
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SCHEME 3

TABLE 2. Reactions of Grignard Nucleophiles with
2-Chloroethyl Ethyl Sulfides 5 and 6 (Eq 1)

entry R1 R2 R3 product yield, %

1 Et n-pentyl n-pentyl 7 26
2 Et cyclopentyl H 8 91
3 Et Ph Ph 9 82
4 Ph n-pentyl Br 10 60
5 Ph cyclopentyl Br 10 51
6 Ph Ph Ph 11 98
7 Ph Me Br, Me 10, 12 70, 30
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solvent, counterion, and leaving group, which contributes
to variable outcomes as described above. Alternative
strategies, such as transition metal catalysis,16 are usu-

ally required. As shown here, anchimeric assistance,
engineered with the proper combination of Lewis acid and
solvent, provides another powerful activating mechanism
for such transformations.
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FIGURE 2. Proposed Lewis acid assisted formation and alkylation of episulfonium ion from 2,6-dichloro-9-thiabicyclo[3.3.1]-
nonane.
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