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Kinetics and Mechanism of the Hydrolysis of 2-Chloroethyl Sulfides
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The hydrolysis of 2-chloroethyl sulfides approaches an Sy1 mechanism only under limiting conditions where
the substrate is predissolved in an organic solvent prior to addition to water and the concentration is kept below
0.001 M. At greater substrate concentrations the kinetics are complicated by the formation of dimeric sulfonium
chloride salts. These salts are formed in pure water, in buffered aqueous solution at pH 10, and in binary
acetone-water solutions. The sulfonium chlorides are relatively stable and decompose via an Sy2 mechanism.
One pathway includes the reversible formation of the initial sulfide substrate. This reaction presumably accounts
for the recurring toxicity of mustard (2,2-dichlorodiethyl sulfide) in humans and in the natural environment.
The presence of a powerful nucleophile such as thiosulfate can effectively capture the transient ethylenesulfonium
ion intermediate formed during the initial step of hydrolysis. All dimeric suifonium chloride salts are eliminated
from the solution in the presence of thiosulfate anion, and the observed rate of the displacement reaction at
0.1-0.2 M substrate is equivalent to that measured for the limiting Sy1 mechanism at a substrate concentration

below 0.001 M.

Introduction

The kinetics and mechanism of the hydrolysis of mus-
tard (S(CH,CH,Cl),) and its monochloro derivatives
(RSCH,CH,CI, R = CH,CH,0H, CH;, C,H;) have been
extensively investigated in a number of fundamental
studies.”* These studies have confirmed that the first step
is the formation of a transient cyclic sulfonium cation via
the intramolecular assistance of the neighboring sulfur (eq
1); the cation then reacts quickly with water to form 2-
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hydroxyethy! sulfide (RSCH,CH,OH) and H* (eq 2). By
application of a steady-state approximation on the con-
centration of the short-lived ethylenesulfonium ion in-
termediate, the observed rate is related to the rate coef-
ficients in eq 1 and 2 according to eq 3. The following
limiting controls are necessary to ensure pure first-order
kinetics such that k.4 in eq 3 equals k;: the sulfide is
predissolved in a polar, organic solvent, and its concen-
tration is kept low in solution, so that the rate of the
reverse reaction (k_;[C17]) becomes negligible compared
to k.

At greater substrate concentrations in the absence of any
organic solvent, however, both dissolution and reaction
take place simultaneously. As reported in a previous pa-
per,® the initial product, RSCH,CH,OH, from reaction
with water accumulated in the aqueous phase and reacted
with the ethylenesulfonium cation to form a dimeric sul-
fonium cation (I, (RSCH,CH,)S*(R)(CH,CH,OH), shown
in Scheme I), which was identified by NMR for R = C,H;
and mustard.
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Table I. Reaction Half-lives for the Disappearance of
CEES at 20 °C

substrate
solvent concn, M products £y, min
water 4x 10 HEES and HCl 1.4°
water 3 %X 10 and HEES and HCI 2.7%
0.05 M NaCl
50 vol % acetone 4 X 1074 HEES and HCI 14°

50 vol % acetone 3 X 107* and HEES and HCl 1326
0.05 M NaCl

50 vol % acetone 0.17 I, II, HEES, and 4294

HCI
50 vol % acetone 0.17 and 0.2 M C,H,SC,H,S,0;Na  13¢
Na,yS,04 and NaCl

*Reference 4. °Reference 7. ¢Apparent first-order rate as-
sumed. ¢Rate was followed by NMR.

In this study, we will demonstrate that both the sulfide
substrate and the sulfide products are strong nucleophiles
which react with the ethylenesulfonium ion intermediate
to form additional products, resulting in a complex hy-
drolysis mechanism consisting of the reversible transfor-
mations shown in Scheme I. The reaction of 0.17 M sulfide
substrate in acetone-water mixtures will be monitored by
NMR techniques, so that the kinetics depicted in Scheme
I can be compared with rates previously measured con-
ductometrically for low concentrations. We will show by
NMR that a strong nucleophile, Y-, added to the reaction
mixture can quickly capture all the ethylehesulfonium ion
to form only one stable sulfide product, RSCH,CH,Y, and
simplify the reaction to first-order kinetics. In addition,
we will investigate the subsequent and slow decomposition
reactions of I and II ((RSCH,CH,)S*(R)(CH,CH,CIl),
shown in Scheme I) in acidic and basic solutions. Three
sulfide substrates (R = CH;, C,H;, and C,H,Cl) will be
used to further demonstrate their common hydrolysis
behavior.
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Figure 1. Hydrolysis of CEES in 50 vol % (CDg),CO-water at
20 °C.

Results and Discussion

(1) Reaction Products and Rates. Observed first-
order rate coefficients for the disappearance of 2-chloro-
ethyl ethyl sulfide (CEES, R = C,H;) over a large range
of concentrations are expressed in half-lives and listed in
Table I. The effects of the polarity of the solvent system,
chloride ion, and substrate concentration on the observed
rate are isolated and compared. At substrate concentra-
tions below 0.001 M,® the rate was measured previously
by monitoring the generation of H* conductometrically,*
or with a pH-Stat method when chloride was added.” The
presence of 50 vol % acetone reduced the first-order rate
coefficient, k,, to 10% of its value in pure water.* Added
chloride ion at 0.05 M retarded the rate about 50% in pure
water and as much as 90% in the acetone-water mixture.’
On the basis of these rates and eq 3, the competition factor!
of the chloride ion against water, k_,/k,, for reacting with
the cyclic ethylenesulfonium ion intermediate was calcu-
lated before; it was 20 M™! in water and 197 M1 in 50%
acetone at 0.05 M ionic strength.” At 0.17 M substrate,
however, not only is the chloride ion effect significant, but
the kinetics are also complicated by the formation of I and
II. In the homogeneous system of 0.17 M CEES in a 50
vol % (CD;),CO-water mixture shown in Figure 1, three
products were detected by 'H NMR: I, II, and a small
amount of 2-hydroxyethyl ethyl sulfide (HEES). II was
a reaction intermediate, which subsequently hydrolyzed
to form I. Since CEES primarily reacted with itself, the
rate followed that of a second-order rate equation very well
(i.e., ~-d[CEES]/dt = k,[CEES]?), with a k, value of 5.51
X 1078 g1 M1 at 20 °C. For the purpose of comparison,
the reported haif-life in Table I was based on fitting the
same data to a first-order rate equation with a 10% error
in the resulting & p.q.

As shown in Table I, in the presence of a far more
powerful nucleophile than water or any of the sulfides in
the reaction mixture, e.g., S,04% (with a previously re-
ported competition factor of 27 000 M for mustard hy-

(6) The limiting substrate concentration under which the sulfide
converts stoichiometrically to H* was determined: In a pure water so-
lution, 0.001 M 3CH,SCH,CH,CIl at 99% '3C enrichment was added and
reacted. The *C NMR data of the final reaction mixture were accumu-
lated for 18 h to determine if compound I were present. The spectrum
had three peaks representing 10.6 mol
(3 CH,4SC,H,)S*(*3CH,)(C,H,OH) and 89.4 mol % 13CH3SCHQCH20H
This showed that only 90% of the sulfide produced H*. These results
will be discussed in a separate publication.

(7) Knier, B. L.; Lews, R. E.; Yang, Y.-C.; Durst, H. D. “Effect of
Chloride Ion Concentration on the Hydrolysis of 2-Chloroethyl Ethyl
Sulfide”, Proceedings of the 1987 Scientific Conference on Chemical
Defense; Chemical Research, Development and Engineering Center, Ab-
erdeen Proving Ground, MD, November 1987. This study will be pub-
lished in the open literature.
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Figure 2. Dissolution and hydrolysis of 0.2 M CEMS in water
at 20 °C.

drolysis),? the reaction rate clearly became first-order, and
only two stable salt products, C,H;SC,H,S,0;Na and
NaCl, were formed. For mustard, both chlorines were
replaced to form one organic compound (NaS,0;C,H),S.
The NMR parameters of these thiosulfate esters can be
found in the Experimental Section.

If Y is an added nucleophile that also reacts with the
ethylenesulfonium ion intermediate shown in eq 2, a de-
rivation similar to that of eq 3 results in eq 4, which shows
that although k.4 remains close to k; and is independent
of Y at low chloride ion concentrations, it becomes smaller
than &, as the chloride concentration increases, unless
sufficient Y with a large k, value is present so that k,[Y]
is significantly greater than k_;[C]].

ky + R Y]

Byt = k 4
T T RL[CE] + ky, + Ry[Y] @

The thiosulfate anion not only competes effectively with
the sulfide substrate and water, completely eliminating the
formation of I, II, and HEES, but also overcomes the
rate-inhibiting effect of the chloride ion. Thus, the ob-
served rate approaches that measured for 0.001 M sub-
strate in the absence of any added chloride ion. The
agreement shown in Table I is remarkable since the rates
measured by pH-Stat were determined for ideally dilute
solutions under precise temperature controls. However,
it is important to point out that Y does not affect the
absolute k; value, which is controlled by the solvent po-
larity only.*

Similar product profiles were observed in both pure
water and buffer solutions of the sulfide at about 0.2 M
total concentration, which were initially two phases, and
in which both dissolution and reaction occurred simulta-
neously. The composition in the top aqueous phase of each
mixture was monitored by 'H NMR from time 0 until the
sample became one phase,? after which time the resulting
solution was continually monitored for up to 30 h. No
sulfide substrate was ever detected in the aqueous phase
in any of the samples, indicating that the concentration
of the sulfide dissolved in water had been less than the
detection limit of the 'H NMR (about 0.005-0.01 M). We
believe this is due to both the small solubility of the sulfide

(8) Ogston, A. G.; Holiday, E. R.; Philpot, J. St. L.; Stochen, L. A,
Trans. Faraday Soc. 1948, 44, 45-52.

(9) Determined by making a material balance so that the initial sulfide
was accounted for by the sum of the amounts of all the components in
the aqueous phase. Separately, the organic phase of a CEES sample in
contact with water was monitored by GC/MS for weeks to detect any
change in its composition. As the CEES phase dissolved and reacted with
water, it remained 100% pure until the CEES completely disappeared
into the aqueous phase.
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Table II. NMR Parameters of RSCH,CH,Cl and Its Hydrolysis Products

13C NMR parameters®

H NMR parameters®

R = CH;, CEMS¢ 11 I HEMS CEMS*# II 1 HEMS
CH,;S 15.8 14.1 14.1 14.2 2.00 (s) 2.19 (s) 2.18 (s) 2.11 (s)
CH,S* 22.9 23.1 3.03 (s) 3.00 (s)

SCH,CH, 36.4 27.2 27.2 36.4 2.68 (t) 3.04 (t) 3.04 (t) 2.67 (t)
*SCH,CH, 44.7 449 3.5-3.9 (t) 3.5-3.9 (t)
SCH,CH, 43.1 42.2 42.1 59.8 3.52 (t) 3.5-3.9 (t) 3.5-3.9 (t) 3.75 (t)
*SCH,CH, 37.7 56.2 3.5-3.9 (t) 4.09 (t)

13C NMR parameters® 'H NMR parameters®

R = C;H; CEES II I HEES CEES 11 1 HEES
CH,,CH,S 17.1 171 16.7 17.1 1.21 (t) 1.24 (t) 1.24 (t) 1.21 (%)
CH,CH,S* 11.2 11.2 1.56 (t) 1.53 (t)

CH,CH,S 28.1 28.2 28.2 28.2 2.7 (q) 2.7 (q) 2.7 (q) 2.56 (q)
CH,CH,S* 37.8 37.5 3.60 (@) 3.53 (q)

SCH,CH, 36.1 28.2 28.2 35.8 2.88 (t) 3.12 (t) 3.09 (t) 2.7 (t)
*SCH,CH, 452 45.2 3.7-3.8 (t) 3.7-3.8 ()

SCH,CH, 46.4 41.1 42.9 63.6 3.83¢ (1) 3.7-3.8 (1) 3.7-3.8 (t) 4.1 (t)
*SCH,CH, 43.3 59.0 3.97¢ (t) 4.2 (t)

13C NMR parameters® 'H NMR parameters®
R = C,H,Cl Hf CH-TG H-2TG TG H/ CH-TG H-2TG TG

SCH,CH,Cl 35.8 2.92

SCH,CH,CI 45.0 3.69

SCH,CH,0H 36.3 36.2 2.74 2.66

SCH,CH,OH 63.2 63.2 3.6-3.7 3.60

*SCH,CH,0H 46.4 46.4 3.6-3.75 3.63

*SCH,CH,0H 59.0 59.0 4.01 4.01

SCH,CH,S* 28.6 28.6 2.96 3.11

SCH,CH,S* 44.2 43.8 3.6-3.7 3.75

R = C,H,0H 13C NMR parameters:® CH¢?
SCH,CH,Cl1 37.7¢
SCH,CH,Cl 470
SCH,CH,0H 38.1¢
SCH,CH,0H 65.3

¢ Chemical shifts relative to external TSP; solvent = H,0. ®Chemical shifts relative to internal TSP; solvent = H,0 for R = CH; and
C,H,Cl; solvent = 50% (CDy),CO in water for R = C;H;. Also, s = singlet, t = triplet, g = quartet. °Solvent = none. ¢Chemical shift
relative to external TSP-D,0. ¢ Assignments may be reversed. H is mustard; solvent = none; 1*C chemical shifts relative to external TMS;
'H chemical shifts relative to internal TMS; all 'H resonances are triplets. #CH is mustard chlorohydrin; solvent = acetone; chemical shifts

relative to external TSP.

in water and the fact that the reaction rate was faster than
the rate of solution. As shown in Figure 2, three products,
I, II (R = CH,), and a small amount of 2-hydroxyethyl
methyl sulfide (HEMS), were formed in the 0.2 M 2-
chloroethyl methyl sulfide (CEMS)-water mixture, which
became one phase after about 40 min.

Both Figures 1 and 2 show that II was initially the
primary product which then converted to I directly. We
propose that this may be accomplished by an intramo-
lecular attack of the bivalent sulfur in II to form a transient
dithiane disulfonium ion intermediate with a six-mem-
bered ring structure, followed by attack of water at any
of the four cyclic CH, groups (see eq 5).

R
/
34
_—_—[ 1 + HCI (5)
S OH
/
R

11 I

In the 0.17 M CEES—-water and CEES-buffer mixtures,
only compound I and HEES were found in the aqueous
phase. Although II could not be identified, this may have
resulted from overlapping 'H signals of the methyl groups
in I and II. Furthermore, CEES presumably has a lower
solubility than CEMS; and the concentration of II in the
above solutions is smaller than in the CEMS solution. In
the presence of OH™ in the buffer solution, although HEES
at 0.03 M was the only product in the aqueous phase for

R

R
/ -/
\E'/ /s oHy Cl sk
Isj == qu\
R/ H/

OH,

the first 30 min, compound I subsequently started to form
from reaction of CEES with HEES. A maximum con-
centration of I of 0.06 M (36% of the total CEES) was
reached in the solution at 24 h. This shows that even in
the 0.5 M carbonate buffer of 1 X 10 M hydroxide ion,
which has a reported competition factor of 8000 M™! for
mustard hydrolysis,® formation of the dimeric sulfonium
salts cannot be completely prevented.

In summary, as hydrolysis occurs, both the sulfide
substrate and the sulfide product are strong nucleophiles
that react with the same cyclic ethylenesulfonium ion in-
termediate to form additional products. Table IT sum-
marizes both the 'H and 3C NMR shifts of the compounds
identified.

(2) Hydrolysis of I. Compound I was stable in both
the above acidic and basic solutions for at least 1 day. It
slowly hydrolyzed via an Sy2 mechanism to form 2 mol of
RSCH,CH,0H and 1 mol of HCIl at a rate dependent on
the hydroxide ion concentration.!%!! In the pH 10 buffer,
the observed first-order rate coefficient for hydrolysis of
I R = C.H;) was 2.01 X 106571 at 20 °C, corresponding
to a second-order rate constant of 2.01 X 1025 ML, In
pure water, however, the hydrolysis of I did not fit a
first-order rate equation because H* was being produced
with time. After about 4 months, there was still 10 mol
% of 1 left in solution, and an equilibrium among I, HEES,

(10) Hughes, E. D.; Ingold, C.; Pocker, Y. Chem. Ind. (London) 1959,
1282,
(11) Swain, C. G.; Kaiser, L. E. J. Am. Chem. Soc. 1958, 80, 4089-4094.
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and HC] appeared to have been reached, which is discussed

below.

(3) Formation of I from Protonated RSCH,CH,OH.
In solutions containing RSCH,CH,0OH and excess HCl at
4 M concentration, all of the 2-hydroxyethyl sulfide was
slowly converted to compound I for R = CH; and C,H; at
20 °C. The dimerization mechanism of RSCH,CH,0H
including protonation followed by dehydration is also
proposed in Scheme I. The rate data on the disappearance
of HEMS during the first 100 h (80% completion of the
reaction) fit a second-order rate equation very well, with
a k, value of 3.38 X 106 st M at 20 °C. Similarly the
k, obtained for HEES was 3.97 X 10 s M! from the rate
data up to 60% reaction. The rate-determining step may
also be the formation of the cyclic ethylenesulfonium

cation as dehydration took place.

Beyond 80% reaction for HEMS and 60% for HEES,
additional reactions of I and HEES were suspected, be-
cause the observed rate of the disappearance of
RSCH,CH,OH increased and that line broadening of the
groups adjacent to the bivalent sulfur was observed in both
the °C and 'H NMR spectra of I in the final solution. One
possibility might be the formation of a trimer, RS-
(CH,CH,S*R),CH,CH,0H, from reaction of I with the
cyclic ethylenesulfonium ion as I becomes the primary

nucleophile in the mixture.

In protonated thiodiglycol (TG, R = CH,CH,OH) so-

lutions, the two sulfonium

HOCH,CH,SCH,CH,S*(CH,CH,0H), (CH-TG) and S-
(CH,CH,S*(CH,CH,0H),), (H-2TG), which are shown in
Scheme II for mustard-water mixtures and were identified
previously,® were produced. CH-TG started to form first,
and subsequently a small amount of H-2T'G was detected.
Therefore, we have also provided direct evidence for the
reverse reactions shown in Scheme II, in which the forward
reactions of mustard with water were proposed by Berg-

mann and co-workers!? 40 years ago.

(4) Thermal Decomposition of I. As water was being
evaporated from the final acidic (HCI) solution at room

CHoCH,OH

(H-2TG)

acidic solution containing I was analyzed by gas chroma-
tography (GC), compound I decomposed in the GC in-
jection port and on the column: two major products, CEES
and HEES, were observed for R = C,H;; and three major
products, H, CH, and TG, were observed from a mixture
of CH-TG and H-2TG salts (see Scheme II).

At atmospheric pressure with heating to about 90 °C,
I (R = C,H;) decomposes quickly to form an organic layer
containing three major compounds: RSCH,CH,C],
(RSCH,CH,),;0, and RSCH,CH,SR at molar ratios of 2:1:1
(GC/MS was used to confirm the NMR identification of
the above compounds). This shows that I decomposes via
a number of different paths. In fact, any of the three
carbons adjacent to S* can be attacked by any of the nu-
cleophiles in the solution. It also shows that, at elevated
temperatures, mustard is not likely to be produced from
the direct substitution of the two hydroxyl groups in TG
by two chlorines, as was reported in the literature in the
past,'®!4 but rather from the decomposition of the inter-
mediate sulfonium salts, CH-T'G and H-2T'G, which form
readily from TG in concentrated HCI solutions. Indeed,
a number of recent publications'®!7 on the synthesis of
these (alkylthio)ethyl halides from their corresponding
hydroxide derivatives have all overlooked the presence of
the dimers as reaction intermediates.

(5) Formation of Sulfonium Aggregates in Pure
and Concentrated RSCH,CH,Cl. For accurate rate
measurements, it is important to point out that I also forms
slowly in the pure sulfide substrate as it ages, and in so-
lutions of the sulfide in organic solvents. After acquiring
13C NMR scans for over 18 h, a trace amount of I was
detected in pure CEMS that had been stored for about a
year at ambient conditions. We believe that the dimeri-
zation and subsequent hydrolysis reactions shown in eq
5 also occur in the pure sulfides, although at much slower
rates than in aqueous solutions. Consistently, 1,4-dithiane
was identified as a common thermal degradation product
in a number of aged 2-chloroethyl sulfide samples in a
separate study.'® Significant dimerization also occurred

salts,

temperature under vacuum, I (R = C,H;) decomposed

slowly (in days) to form CEES and HEES, perhaps par-
tially via the formation of II, which was then attacked by
CI" to form 2 mol of CEES (see the reverse reaction of eq
5 and Scheme I). Similarly, when a sample of the final

(13) Welti, D.; Whittaker, D. J. Chem. Soc. 1962, 3955-3960.

(14) Organic Chemistry of Bivalent Sulfur; Reid, E. E., Ed.; Chemical
Publishing: New York, 1960; Vol. II, Chapter 5.

(15) Eliel, E. L.; Doyle, T. W. J. Org. Chem. 1970, 35, 2716-2722.

(16) Billington, D. C.; Golding, B. T. J. Chem. Soc., Chem. Commun.
1978, 208-209.

(12) Stein, W. H.; Moore, S.; Bergmann, M. J. Org. Chem. 1946, 11,

664674,

(17) Trujillo, D. A.; McMahon, W. A.; Lyle, R. E. J. Org. Chem. 1987,
52, 2932-2933.
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in a 2% stock solution of CEMS in acetone, which had
been stored at 5 °C in a refrigerator for about 3 months.
Similarly, McManus and co-workers'® recently noted that
their previous rate data for (methylthio)ethyl tosylate were
inaccurate because dimerization had occurred in their stock
solution using CDCl; as the solvent.

Recently, Sunko and co-workers? measured only 50%
of the theoretical [H*] in the hydrolysis of {methylthio)-
ethyl halides in binary solvent mixtures of very low water
content. We repeated their synthesis of the (methyl-
thio)ethyl iodide and found that the compound contained
50% dimers, which may account for the loss of 50% [H*]
in their data. Within a few days the compound degraded
further to a tar-like material. It is conceivable that, in
these pure or very concentrated solutions (including both
aqueous and organic solvents), I and II may continue to
react as nucleophiles with the substrate to form trimers,
which in turn form the next higher aggregates of the
general formula of an n-mer, RS(CH,CH,S*-
R),.,CH,CH,X (X = OH or Cl), thus resulting in a chain
reaction until all of the substrate is reacted.

On the basis of the above, the reaction mechanism
proposed in Scheme I has been proven. We believe I and
II (and perhaps their higher aggregates in more concen-
trated solutions) are the key compounds in the reversible
and complex transformations of the 2-chloroethyl sulfides
in aqueous solutions and are likely to be responsible for
the recurring toxicity of mustard in humans and in the
natural environment.?! The physiological effects and
toxicities of a series of the above sulfonium salts need to
be investigated,'? particularly since the proposed cell-
poisoning mechanism of mustard in humans is based on
the simplified Sy1 hydrolysis mechanism and is not fully
understood.!® The recent use of mustard in the Iran-Iraq
War?? makes it clear that there is an urgent need in seeking
effective cures for mustard burns and in improving our
knowledge of the toxic effects of mustard.

Experimental Section

Materials. Vacuum-distilled mustard was used. WARNING:
Mustard (H) is a potent vesicant and must be handled in a closed
system or in a hood with a minimum velocity of 100 ft/min. The
mustard derivatives CH3SC,H,Cl (CEMS) and C,H;SC,H,Cl
(CEES) and their hydroxy analogues, CH;SC,H,OH (HEMS) and
C,H;SC,H,OH (HEES), as well as S(C,H,OH), (thiodiglycol or
TG) were doubly vacuum distilled products from Fairfield
Chemical Co. Acetone-dg (99.5% D) was used as received from
Norell Chemical Co. The pH 10 buffer solution was composed
of 0.25 M HCO3* and 0.25 M CO4%". HPLC grade acetone and
doubly distilled, deionized water were used for the preparation
of all solutions.

Nuclear Magnetic Resonance (NMR) Experiments. The
NMR spectra were recorded by using a Varian XL-200 super-
conducting FTNMR system operating at 50 MHz for 3C spectra
and at 200 MHz for 'H spectra. In all cases, the spectra were
recorded at probe temperature (ca. 20 °C) and were referenced
either internally or externally to TSP, sodium 3-(trimethyl-
silyl)propionate-2,2,3,3-d,. The accuracies of the reported chemical

(18) Rohrbaugh, D. K.; Yang, Y.-C.; Ward, J. R. J. Chromatogr. in
press.

(19) McManus, S. P.; Sedaghat-Herati, M. R.; Harris, J. M. Tetrahe-
dron Lett. 1987, 28, 5299-5300.

(20) Sunko, D. E.; Branko, J.; Ladika, M. J. Org. Chem. 1987, 52,
2299-2301.

(21) Seagrave, S. Yellow Rain; M. Evans: New York, 1981; p 39.

(22) United Nations Security Council Report S/16433, March 1986.
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shift values (8) are +0.1 ppm for ®C and +0.05 ppm for 'H.
Quantitative data were obtained from the digital integration of
the peak areas of interest. The *C NMR spectra were accumu-
lated with the following parameters: pulse width = 3-5 us (31—
45°); sweep width = 12 kHz; acquisition time = 1.25-2.7 s; and
pulse delay = 2.0-3.5 s. The number of transients varied for each
experiment depending on the signal-to-noise ratios required or
desired; and, in all cases, WALTZ decoupling was used. The 'H
NMR spectra were accumulated with the following parameters:
pulse width = 3 us (30°); sweep width = 4 kHz; acquisition time
= 3.75 s; and pulse delay = 10.0 s.

(1) Dissolution and Hydrolysis Studies. One milliliter of
doubly distilled water or buffer solution at pH 10 was placed in
a 5 mm o.d. Pyrex NMR tube to which 20 uL. of CEMS or CEES
was added. The sample was capped, wrapped with Parafilm, and
periodically shaken vigorously to dissolve the sulfide. Between
shakings, '"H NMR spectra of the solution were recorded with the
automatic intensity mode of the spectrometer. Quantitative data
were obtained by digital integration of the methyl region of the
spectrum as a function of time. The spectrometer had previously
been tuned to a D,O-TSP sample, and the spectra were run
unlocked since there was no deuterium in the sample and only
four transients were required. Due to the heterogeneous nature
of the samples during dissolution, the data obtained have
£(10-15)% accuracy. After the 2-chloroethyl sulfide had com-
pletely dissolved and the sample was one phase,’ the precision
of the quantitation increased to %(3-5)%.

The slow hydrolysis of I was monitored by *C and/or 'H NMR
until almost all of I was hydrolyzed to form HEES and HCl.

" Concentrations in area % for both I and HEES were determined

by the average of the separate digital integrations of the OCH,
and SCH, resonances in the 3C spectrum and are of £(5~7)%
accuracy. Alternately, the CH; region in the 'H spectrum was
used to determine the amounts of I and HEES present.

For a typical rate measurement, 20 uL. of CEES was added to
1.0 mL of a solution of 50% acetone-dg and 50% distilled water
(by volume), which was contained in a 5 mm o.d. Pyrex NMR
tube. The tube was shaken so that the sample became homo-
geneous before analysis started. The disappearance of CEES and
the formation of products were monitored by 'H NMR. The
deuteriated acetone was the lock solvent, and the quantitative
data from integration of the CHj; peaks have an accuracy of
+(2-3)%.

Sodium thiosulfate solutions of 0.7 M in water were used to
repeat the above dissolution and hydrolysis studies for both CEES
and mustard. In the acetone-water mixture, however, the con-
centration of Na,S,0; was reduced to 0.2 M to keep the solvent
system one phase. Only one organic product was detected by
NMR during reaction; it did not react further when it was sub-
sequently monitored for 3 months in the same solution.
CH,CH,SCH,CH,S,05~ *C NMR (H,0, external TSP-D,0) 16.8
(CHj), 27.7 (CH3CH,S), 32.9 (SCH,CH,S,057), and 37.3 ppm
(SCH,CH,S,05); 'H NMR (4.8 ppm std HDO) (in the same order)
1.35(t,3H,J = 7.4 Hz), 2.75 (q, 2 H, J = 7.4 Hz), 3.09 (t, 2 H,
J =~ 7.4 Hz), and 3.43 ppm (t, 2 H, J ~ 7.4 Hz). The 13C shifts
(H,0, external TSP-D,0) for the product from mustard ("O3-
S,CH,CH,SCH,CH,S,047) are 37.5 ("0;S,CH,) and 33.4 ppm
(CH,S).

(2) NMR Kinetic Runs of Protonated RSCH,CH,OH Re-
actions. Equal volumes (0.2 mL) of RSCH,CH,0H (R = CHj,,
C,H;, or C,H,OH), distilled water, and concentrated hydrochloric
acid (38%) were placed in a 5 mm o.d. Pyrex NMR tube, and the
tube was shaken to mix the three components. The composition
of the sample was monitored by 'H NMR with time until all of
the initial RSCH,CH,OH was reacted. *C NMR spectroscopy
was used to confirm the structures of the sulfonium chloride salts
formed.
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