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Summary 

Cyclodisone (l,5,2,4-dioxadithiepane-2,2,4,4,-tetraoxide, NSC 348948) is a chemically unstable, poorly water soluble investi- 
gational cytotoxic agent. The aqueous degradation of cyclodisone at 25°C (ionic strength of 0.5, NaCIO4 and NaC1) as a function of 
pH, was investigated. In the presence of NaC1, the pH-rate profile could be described by, kobs = kl[H+]/(K,+[H+]) + k2Ka/(Ka 
+ [H+]), where kl equals 5.27 × 10 -4 min 1, k2 equals 2.7 x 10 -5 rain 1 and K~ was 1 x 10-10 (pK. of 10). In the presence of NaCIO4, 
k2 was negligible and the data could be fit with a value of 3.10 x 10 -4 min i for kl and 8.56 x 10-11 for K, (pKa of 10.06). The pKa in 
this case refers to the ionization of the methylene group between the two sulfur atoms. At both high and low pH values, the major 
degradation step appeared to be hydrolysis, via an early transition state Sn2 mechanism, of the ethylene-oxygen bond to produce the 
monohydroxyethyl ester of methane disulfonic acid. The primary decomposition product undergoes further hydrolysis to give the 
final products, ethylene glycol and methane disulfonic acid. The results from 180-enriched water experiments clearly demonstrated 
the C-O bond cleavage occurred in both steps of the degradation pathway. Buffer studies, effect of halide nucleophiles and deuterium 
solvent isotope studies were used to further characterize the mechanism and products. 

Introduction 

Cyc lod i sone  (1 ,5 ,2 ,4 -d ioxad i th i epane -2 ,2 ,4 ,4 , -  
t e t r a o x i d e ,  N S C  348948, 1) is a chemica l ly  un- 
s tab le ,  p o o r l y  w a t e r  so lub le  inves t iga t iona l  cyto-  
toxic  agen t  ( G i b s o n ,  1988, 1989). In  vivo eva lua-  
t ions  f rom the  N a t i o n a l  C a n c e r  Ins t i tu te  i nd i ca t ed  
tha t  1 is act ive aga ins t  P388 and  L1210 l eukemia ,  
M5076 s a r c o m a  and  MX-1  m a m m a r y  ca r c inoma  in 
an ima l  tes t ing  (J. P l o w m a n ,  pe r sona l  c o m m u n i -  
ca t ion) .  

The  hydro lys i s  of  a l ipha t ic  sul fonic  acid es ters  
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and su l famates  have  been  s tud ied  in the  pas t  
( H a r t m a n  et al . ,  1960; B a r n a r d  et  al . ,  1961; Kona -  
siewicz et  al . ,  1968; Mor i  et  a l . ,  1971; Fe i t  et  al . ,  
1973; Wi l l i ams  et  al . ,  1974; T h e a  et  al . ,  1985a,b;  
Has san  et  al . ,  1986; P a b o r j i  et  a l . ,  1987; K e n n e d y  
et al . ,  1988), a l though  very  l i t t le  is k n o w n  abou t  
the  hydro lys i s  of  cyclic a lkyl  es ters  of  sulfonic  
acids such as 1. 

U m p r a y n  et  al. (1987) pub l i shed  a s tabi l i ty  indi-  
cat ing,  high p e r f o r m a n c e  l iquid  c h r o m a t o g r a p h y  
( H P L C )  assay for  cyc lod i sone  which ut i l izes  a 
p o l y s t y r e n e - d i v i n y l b e n z e n e  co lumn (PRP-1)  and 
an a lka l ine  mob i l e  phase  ( p H  9.5). The  l a t t e r  was 
r equ i r ed  to p r o m o t e  d issoc ia t ion  of  the  acidic me-  
thy lene  group  and t h e r e b y  a l low de t ec t ion  of  the  
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conjugate base of cyclodisone at 214 nm. In the 
present study, this assay procedure was used along 
with other supplementary analytical techniques, 
GC-mass spectrometry (with EIMS and CIMS- 
NH3 probe) and titration to confirm the decompo- 
sition products, and deuterium solvent isotope ef- 
fects and 1SO enriched water studies to charac- 
terize the mechanism of degradation of 
cyclodisone. 

Experimental 

Materials 
Cyclodisone was obtained from the NC1 (Na- 

tional Cancer Institute, Bethesda, MD). All the 
chemicals and buffer reagents used were A.C.S. 
reagent grade and were used as received. All or- 
ganic solvents used were HPLC grade. Water used 
for kinetics studies was deionized and distilled 
(Mega-Pure TM system, model MP-1, Corning 
N.Y.).  

Kinetics measurements 
All kinetic measurements were carried out at 25 

+ 0.1 °C in a temperature  controlled water bath 
(Bath & Circulator model 2095, Forma Scientific, 
Ohio). The pH range studied was 2.66-11.6; the 
ionic strength was adjusted to 0.5 M by the ad, 
dition of sodium perchlorate (or sodium chloride). 
Initial studies used sodium chloride to adjust the 
ionic strength. Subsequent experiments showed 
the reaction to be catalyzed by halides. All pH 
measurements were made at 25°C, with a digital 
pH meter  (Corning model 155, Medfield, MA). 
The accuracy of pH measurements were found to 
be not more than -+ 0.01 units. Buffer concentra- 
tions used to study cyclodisone degradation were 

in the range of 0.04-0.08 M which were needed to 
maintain pH since the degradation of cyclodisone 
produces various sulfonic acids which tend to 
lower solution pH if poorly buffered. Buffers used 
to maintain adequate pH control were as follows: 
pH 5.0 (acetate); pH 7.45, 11.1 and 11.5 (phos- 
phate); pH 10 and 10.5 (carbonate). At pH 2.66, 
HC1 was used. Buffer concentration was varied to 
allow an analysis of the effects of buffers on the 
degradation rate and to allow extrapolation to 
zero buffer concentration. Cyclodisone was intro- 
duced into an appropriate buffer solution from a 
standard acetonitrile solution. Final acetonitrile 
concentration was 1.3-1.5%. The reaction mix- 
tures were assayed at time zero and at the prede- 
termined time intervals by the HPLC method de- 
scribed elsewhere (Umprayn et al., 1987). The pH 
values of the reaction mixtures were monitored 
and were found to vary less than 0.1 units over the 
course of the reaction. All reactions followed ap- 
parent first order kinetics over 3-4 half-lives. The 
accuracy of rate constant measurements was 
found to be better than __- 5%. 

Effect of  halide nucleophiles 
The rates of degradation of 1 in water and in the 

presence of 0.5 M NaF, NaC1, NaBr and Nal were 
compared. Solutions of 9.9 × 10 -4 M of 1 in water 
and in various halide solutions were maintained at 
25 -+ 0.1 °C (pH not controlled). The reaction mix- 
tures were run in duplicate and assayed for intact 
cyclodisone by HPLC. The observed pseudo first 
order rate constants were analyzed according to a 
modification of the Swain-Scott equation (1953): 

lo~ (kobs--ko.obs)/ko.obs = sn (1) 

where kobs and ko.obs are the observed rate con- 
stants of cyclodisone in the presence of halide nu- 
cleophiles and in water, respectively; n is the nu- 
cleophilicity of halide in study; s is the constant 
characteristic of substrate. From Eqn 1, the term, 
kobs--ko,obs therefore represents the net catalytic 
effect of the halide nucleophile. 

Product analysis 
The possible route of degradation of 1 is given 

in Scheme 2. The stability indicating assay for 1 



was not capable of detecting the proposed initial 
hydrolysis product of 1, the monohydroxyethyles- 
ter of methane disulfonic acid, 2. It was also incap- 
able of detecting ethylene glycol, 3, and methane 
disulfonic acid, 4, the proposed secondary hydro- 
lysis products. Ethylene glycol production, how- 
ever, was determined by gas chromatography 
using a Varian 3700 (Sunnyville, CA) chromato- 
graph equipped with a flame ionization detector. 
The chromatographic column (4.5 mm i.d. x 1.5 
m) was a 10% carbowax, 20 mesh, on 80-100 mesh 
chromosorb Q column (Supelco, Houston, TX). 
The oven temperature was 120°C (isothermal) 
while the detector and injector port temperatures 
were 230 and 19o”C, respectively. Nitrogen was 
the carrier gas, hydrogen and compressed air were 
used as the detector gases. The gas flow rates were 
30, 5 and 300 mlimin, respectively. Samples were 
prepared by accurately weighing 1 and dissolving 
in water (~20 min by sonication) to obtain the 
final concentration of 4.93 x 10e3 M. The solutions 
were stored at ambient temperature and assayed 
for ethylene glycol production by direct injection 
of the reaction mixture as a function of time until 
both the primary and secondary degradation steps 

appeared to be complete. 

of titer (pre-standardized NaOH 0.0023 M) 
necessary to bring pH of the reaction mixture at 
time t, to neutrality on hydrolysis of a unbuffered 
solution of 1, was subtracted from the volume of 
titer necessary to bring the pH of the reaction mix- 
ture at time zero to neutrality, since a solution of 1 
was acidic (pH = 3.3-3.4). The reaction mixtures 
were prepared by the same procedure as in GC 
studies, but 5 ml samples were removed and as- 
sayed by titration at each predetermined time. 

Deuterium solvent isotope effect studies 
Degradation kinetics of 1 in water and in deu- 

terium oxide were compared for further charac- 
terization of the hydrolytic mechanism. Solutions 
of 1.67 X lop3 M 1 in water and in deuterated water 
(Bio-Rad Lab., CA) were maintained at 25 4 
O.l”C with and without ionic strength control (pH 
not controlled). Where controlled, the ionic 
strength was maintained by 0.5 M NaC104 or 
NaCl. In addition, the degradation of 1 at acidic 
pH and pD (corrected for meter readings) values 
was also investigated. In D20, the solutions were 
acidified by the addition of a standard DC1 sol- 
ution (Bio-Rad Lab., CA). 

Since it was proposed that 1 degraded to 2, then 
4, a titration method was used to further confirm 
the results obtained from the GC studies. That is, 
quantitative degradation of 1 to 2 would titrate for 
one mole equivalent of acid while 1 to 4 would ti- 
trate for two mole equivalents of acid. The volume 

Water-enriched “0 studies 
The hydrolysis of 1 was also carried out in water 

and ‘so enriched water, 97.2 atom % (MSD Iso- 
topes, Montreal, Canada). A solution of 4.93 x 

10m3 M 1 in water and ‘so enriched water were 
kept at an ambient temperature until the degra- 
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dation was completed. The reaction mixtures were 
then analyzed by mass spectrometry (MS). Com- 
pound 4 was detected by the electron impacted 
mass spectrometry, EIMS (Quadrapole Mass 
Spectrometry model R10-10, Nermag, France) 
while compound 3 was detected by GC-mass spec- 
trometry (GC model 31, Girdel France with EIMS 
and CIMS-NH3 detector probe). 

Results and Discussion 

The kinetics of degradation of 1 at various pH 
values in the presence of buffers at various con- 
centrations were found to be pseudo-first order for 
3-4 half-lives. A representative example was pre- 
sented earlier (Umprayn et al., 1987). 

p H  and buffer dependency 
The observed pseudo-first order rate constants, 

kob~, when plotted against total buffer concentra- 
tion, [Bx], according to Eqn 2 at any given pH 
were reasonably linear. 

kobs = k~bs q- kcat [BT] (2) 

The intercepts, k'bs give the values of the observed 
buffer independent rate constants for cyclodisone 
which were then used to generate the pH-rate pro- 
files. All the values for kobs are summarized in 
Table 1 for the NaCIO4 data. The NaC1 data is not 
reported in tabular form. 

A summary of the calculated ko'bs values at all 
pH values is given in Table 2. 

The pH-rate profiles for 1 in NaCIO4 and NaC1 

TABLE 1 

Pseudo-first order rate constants for the degradation of cyclodisone at various pH values and various buffer concentrations and ionic 
strength 0.5 M (NaCl04) at25 +- 0.1°C 

Buffer Concentration (M) pH 104kobs (min 1). Half-life (h) 

2.66 (HCI) 3.11 37.13 

Acetate 

Phosphate 

Carbonate 

Carbonate 

Carbonate 

Phosphate 

Phosphate 

0.04 5.00 3.80 30.39 
0.06 5.00 4.40 26.25 
0.08 5.00 4.47 25.67 

0.04 7.45 5.40 21.39 
0.06 7.45 6.70 17.24 
0.08 7.45 8.02 14.40 

0.04 9.60 6.53 17.69 
0.06 9.60 8.74 13.20 
0.08 9.60 10.96 10.50 

0.04 10.00 5.08 22.74 
0.06 10.00 6.10 18.93 
0.08 10.00 8.34 13.84 

0.04 10.50 2.32 49.78 
0.06 10.50 2.90 39.83 
0.08 10.50 3.55 32.54 

0.04 11.10 0.69 167.39 
0.06 11.10 0.80 144.38 
0.08 11.10 1.14 101.32 

0.04 11.50 0.24 481.25 
0.06 11.50 0.46 251.09 
0.08 11.50 0.62 186.29 

"Average of duplicate experiments. 
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TABLE 2 

The observed rate constants at zero buffer concentration, k'b,, catalytic rate constants, k~,t, and the catalytic rate constants corrected for 
the fraction of the unionized cyclodisone, k'~, at 25°C, 1~=0.5 with NaCl04 

Buffer pH 104/~bs (min -1) 104kcat (M -1 min -1) 102k~at (M -1 min -1) 

HC1 2.66 3.1 - - 
Acetate 5.00 3.2 16.8 0.17 
Phosphate 7.45 2.8 65.5 0.66 
Carbonate 9,60 2.1 110.8 2.14 
Carbonate 10.00 1.6 81.5 2.73 
Carbonate 10.50 1.1 30.8 2.59 
Phosphate 11,10 0.21 11.3 3.42 
Phosphate 11,50 a 9.45 7.11 

aPlot of kobs versus buffer concentration gave a small negative intercept. 

are shown in Fig. 1. 
The pH-rate profile shows a pH-independent 

region followed by a pH-dependent decrease in 
degradation at pH values greater than the pKa. 
The pH-rate profile indicated no specific acid and 
base catalysis during the degradation of cyclodi- 
sone. The solid lines in Fig. 1 were generated by 
the non- linear least squares fit (Yamaoka et al., 
1981) of k~bs as a function of hydrogen ion concen- 
tration to Eqn 3: 

kobs = kl[H+]/([H+I + Ka) + k2Ka/([H +] + Ka) 
(3) 

where k~bs is the observed rate constant at zero 
buffer concentration; kl and k2 are the rate con- 
stants for the unionized and ionized cyclodisone, 
respectively; and Ka is the dissociation constant 
for cyclodisone. Values for ka of 5.27 x 10 -4 rain- 1, 
k2 of 2.7 x 10-5 min-  t and Ka of 1 x 10-10 (pKa, 10) 
were found to adequately describe the profile for 
the NaCl solutions, while values of k 1 of 3.10 x 10 -4  

min 1, k2 of ~ 0 and Ka of 8.56 × 10-tl (pKa, 10.06) 
adequately described the profile for the NaCIO4. 
The pKa values of 10 and 10.06 from the kinetic fits 
are in reasonable agreement with that obtained 
spectrophotometrically, 9.62-9.64 (Umprayn et 
al., 1987). The rate of degradation of the union- 
ized species is at least 19.5 times faster (k l /k2)  than 
of the ionized species. For the NaCIO4 solutions, 
kz  was statistically insignificant. 

The rate of 1 degradation significantly increased 
with increasing carbonate and phosphate buffer 
concentration at constant pH. Acetate, however, 

showed a weak catalytic effect. The slopes of kobs 
versus total buffer concentration plots represent 
the observed second order catalytic rate constants, 
kcat (Eqn 2). The kcat values obtained from the 
plots decreased as the fraction of 1 in its unionized 
form decreased (Table 2). This suggested that the 
catalytic effect of the buffer was only operating on 
unionized 1, i.e., kcat equals kcat f l  , where f l  is the 
fraction of 1 in its unionized state at any given pH 
and k'at is the buffer catalytic constant for the buff- 

,E 

. 0  

10-41 

10 °5 
2 

C~ 

~ ; ~ ; ; ; lo ,1 6 
pH 

Fig. 1. pH-rate profile for the degradation of cyclodisone at 
25.0 -+ 0.1°C extrapolation to zero buffer concentration (~ = 
0.5 with either NaCI(O) or NaC104 (e)). The data points are 
experimental and the line drawn according to Eqn 3, using the 

constants given in the text. 
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er operat ing on unionized 1. k~at values were de- 
termined from Eqn 4 by assuming a ga  value of 
2.34 x 10 -x° (pKa 9.63; determined spectrophoto- 
metrically; Umprayn  et al. (1987)). Different 

kcat = kcat/fl = kcat ([H + ] + Ka)/[H + ] (4) 

numerical values for k~at would be calculated if a 
Ka value of 8.56 x 10 -11 (pKa 10.06, from the fit of 
the kinetic data) was used. 

The values for k~at were then used to analyze the 
data for the presence of the catalytic effect for 
each buffer species (Table 2). For carbonate,  the 
mono-anion had a catalytic effect on the reaction 
while the major  catalytic species appeared to be 
the carbonate  di-anion. In the case of phosphate 
buffer,  both the mono-  and di-anionic species are 
present  at p H  7.45, while at pH 11.1 and 11.5, 
both the di- and tri-anionic species are present.  A 
plot of kctat versus the fraction of phosphate  pre- 
sent in its tri-anionic form was tried. Tri-anionic 
phosphate  was found to be a bet ter  catalytic specie 
than the di-anion of phosphate ,  see Table 2. Both 
carbonate and phosphate  probably act as nucleo- 
philic catalysts by attacking the ethylene bridge of 
cyclodisone, see later discussion, rather than gen- 
eral base catalysts, however,  this was not confir- 
med by a product  analysis under these condjt;ons. 

Product analysis 
The most probable  routes of degradation of 1 

are given in Scheme 2. After  complete hydrolysis 
of 1 in water,  a mass spectral analysis by EIMS of 
the reaction mixture showed a peak  corresponding 
to the mass peak  of 4. The mass spectrum was 
comparable  to that of an authentic sample of 4 in 
water. 

Ethylene glycol formation. The appearance of 
ethylene glycol, 3, was assayed by G C  from a 4.93 
× 10 -3 M solution of 1 in water  maintained at 
25°C. The results are given in Fig. 2. A lag time of 
approximately 65 h was observed suggesting that 
hydrolysis of 1 to 2 was faster than its subsequent 
hydrolysis to 3 and 4. After  complete hydrolysis of 
1, the total amount  of 3 formed was 5.3 x 10 -3 M 
which is comparable  to the theoretical value ex- 
pected if all of 1 eventually degraded to 3 and 4. 

Titration studies. The intermediate product 2 

(, i 

~ F 
w 2~  

; i 
~ o  
< 

o 100  2 0 0  300 

TIME (hours)  

Fig. 2. Plot of the amount of ethylene glycol formed (open 
symbol), as determined by GC, from cyclodisone (4.93 x 10 -3 
M) in water at 25°C (pH not controlled) as a function of time. 
The closed symbol refers to the theoretical amount of ethylene 
glycol produced if cyclodisone was completely converted to 

ethylene glycol. 

and the final product 4 (see Scheme 2) have mono- 
and di-acidic functionalities, respectively. The re- 
suits from the titration study after partial-to-full 
hydrolysis of a 2.6 x 10 -2 M solution of 1 at 25 °C, 
in water (pH not controlled) is given in Table 3. 

The results indicate that the intermediate prod- 
uct 2 has a mono acidic functional group. At 65 h 
( ~  2.6 half-lives) > 80% of 2 should be formed 
which is in agreement  with the lag time results ob- 
tained from the G C  studies for ethylene glycol for- 
mation and the titration data in Table 3. The final 
product,  4, having two acidic functions should 
consume two mole equivalents of base which is 
what was observed when the cyclodisone solution 
was allowed to stand for 5 weeks. 

180 enriched water studies. The site of bond 
cleavage, i.e., C-O versus S-O cannot be deduced 
from the data presented to date. Therefore,  the 
~80 enriched water  studies were undertaken to de- 
termine the site of cleavage and to furnish further 
insight into the mechanism of degradation of 1 in 
water. Because of the difficulty in isolating 2, the 
degree of 180 incorporation was determined only 
in the final products, 3 and 4, by GC-mass  spec- 
t rometry (EIMS and CIMS-NH3 detector probes) 
from a reaction mixture maintained at 25°C for > 
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10 half lives of 1. The results of GC mass spectral 
analyses of 3 formed after complete hydrolysis of 
1 in water and in 180 enriched water are given in 
Fig. 3A and B, respectively. 

The mass spectrum of 3 from water (160) was 
found to be identical to the GC mass spectrum of 
authentic ethylene glycol. The major fragment 
ions were at m/z 29(CH160), m/z 31 (CH216OH, 
100% relative abundance) and rn/z 33 (presum- 
ably CH16OH~). The molecular peak (m/z = 62) 
had a small relative abundance of approximately 
1% and could not be used for comparison pur- 
poses. In the 180 enriched water study, the major 
fragments were m/z 31 (CHlSO), m/z 33 
(CH218OH) and m/z 35 (presumably CH18OH~). 
The relative abundance of the peaks suggest that 
two 180 atoms were incorporated into the final 
product, 3. To more clearly demonstrate the site 
of bond cleavage, the detector probe of the GCMS 

was changed to a CIMS-NH3 probe. Using this de- 
tector probe, the molecular peak (M + 18) of 3 in 
both water and t80 enriched water was detected. 
The results are given in Fig. 4A and B respective- 
ly. The results indicate that the molecular peak (M 
+ 18) of 3 in t80 enriched water was 4 mass units 
higher than that in water and clearly demonstrated 
that two tSO atoms were incorporated into the 
final product, 3. Control experiments with ethy- 
lene glycol maintained in 180 enriched water 
under identical conditions to those used for the hy- 
drolysis of 1 showed no incorporation of 180. 

EIMS analysis of the reaction mixtures showed 
a fragmentation pattern for the final product 4. 
There were no differences in the fragmentation 
pattern between water and 180 enriched water 
which suggested no oxygen isotope incorporation 
into 4. If the hydrolysis of 1 occurs via S-O bond 
cleavage as opposed to a C-O bond cleavage, one 
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Fig. 4. Mass spectra (CIMS-NH3) of ethylene glycol generated from the degradation of cyclodisone (4.93 × 10 -3 M) in water (A) and 
]80 enriched water (B). 
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would expect to see the isotope peaks of the final 
product 4 in the ElMS of the 180 enriched water at 
m/z = 98 (presumably CH3SO~SOH) and 181 
(CH2(SO~SOH)2), respectively. 

Carbon-oxygen bond cleavage of 1 in water 
leading to 2 might involve either a unimolecular 
reaction (Snl mechanism) involving formation of 
a primary carbocation or a bimolecular displace- 
ment reaction (Sn2 mechanism). A mechanism 
leading to a primary carbocation, generally unfa- 
vorable energetically, is unlikely. 

Cleavage of the C-O bond in 1 by an Sn2 mech- 
anism (or an Snl mechanism) would result in the 
development of a partial to full negative charge on 
the leaving oxygen group. Such a negative charge 
build-up would not be favorable if 1 was ionized. 
This would explain the increase in stability of 1 at 
pH values greater than the pKa. 

Mechanistic studies 
Various probes were used in an attempt to 

understand the mechanism of degradation of 1. 
These included the effects of halide nucleophiles 
and a solvent isotope study. 

Effect of halide nucleophiles. The rate con- 
stants for cyclodisone degradation in the pH range 
of study were found to be accelerated by the pres- 
ence of NaCI (see Fig. 1) that could not be ac- 
counted for on the basis of simple ionic strength 
effects. This led to a study of the effects of other 
halide nucleophiles on the degradation of 1. The 
rate degradation of 1 in water and in the presence 
of 0.5 M NaF, NaC1, NaBr and Nal were com- 
pared with the rate constant in water, ko,obs and 
evaluated using a modification of the Swain-Scott 
equation (Eqn 1). The plot of log (kobs--ko.obs)/ 
ko,obs v e r s u s  n according to Eqn i is given in Fig. 5. 
The results indicate that the stability of cyclodi- 
sone decreases with an increase in nucleophilic 
strength of the halide (I-  > Br -  > C1- > F- )  as 
predicted by the Swain-Scott equation. This ob- 
servation suggests that the mechanism of degra- 
dation of 1 was similar to that proposed for clome- 
sone, another  sulfonic acid ester (Kennedy et al., 
1988) and is consistent with a one-step nucleophil- 
ic substitution reaction (Sn2 mechanism). 

Solvent isotope study. A kinetic solvent iso- 
tope study was initiated to provide information 
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Fig. 5. A plot of log(kob~--ko,ob~)/ko,ob~ versus n, the Swain- 
Scott nucleophilicity number, for the hydrolysis of cyclodisone 
in the presence of various halide ions (I , o; Br-, o; CI-, D; 

F , m). 

about the nature of transition states along with the 
reaction pathway. Changing the solvent from 
water to deuterium oxide will alter the zero point 
energy of the overall reactant state on going to the 
transition state as well as affect solute-solvent in- 
teractions (solvent effect) on the degradation of 1. 
The kinetic solvent isotope results for the hydroly- 
sis of 1 under a variety of conditions are summari- 
zed in Table 4. 

The results indicate that the hydrolysis rate of 1 
in water was comparable to that in deuterium 
oxide. The absence of a large kinetic solvent iso- 
tope effect is somewhat unexpected if the reaction 
proceeds by an Sn2 mechanism, as indicated by 
the halide data, as opposed to an Snl mechanism. 
This probably indicates that the water molecule 
participates in an early transition state Sn2 mech- 
anism (Paborji et al., 1987). In this early, reactant- 
like, transition state there is little appreciable 
bond development between the incoming nucleo- 
phile, water, and the carbon atom of cyclodisone. 

The combination of the isotope and buffer stud- 
ies and the effect of halide nucleophiles tends to 
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Time Number  of half-lives Expected compound  [H ÷] Theoretical [H ÷] Experimental  
forming yield (M) yield (M) a 

41h  1.6 2 + H  ÷ 1 .6x10  2 1 .3x10-2  
65 h 2.6 2 + H+ 2.6 x 10 -2 2.5 x 10 -2 
2.3 weeks 15.5 4 + 2H + 5.2 x 10 -2 4.8 x 10 -2 
5 weeks 33.7 4 + 2H + 5 .2x  10 -2 4 .8x  10 2 

Half-life of cyclodisone degradation followed by H P L C  under  these experimental  conditions was 24.9 h. 
aAverage of two runs. 

support the Sn2 mechanism with a water molecule 
involved in an early transition state (reactant like 
transition state). Similar conclusions were ob- 
tained for the hydrolysis of clomesone (Kennedy 

et al., 1988) and sulfamic acid 1,7-heptanediyl 
ester (Paborji et al., 1987). A proposed mechan- 
ism of degradation of 1 in water is given in Scheme 
3. 
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TABLE 4 

Results o f  solvent isotope study for cyclodisone hydrolysis 

Solvent kl-12o/kD2o a 

H20/D20 (HCI, pH 2.66; DCI, pD 2.70) 0,94 
H20/D20 (pH not controlled) 1.16 
H20/D20 (/~=0.5 with NaC1) 1.02 
H20/D20 (p.=0.5 with NaC104) 1.07 

aAverage of two runs. 

Conclusion 

Based on var ious  mechanis t ic  probes ,  the 
degrada t ion  of 1 appears  to be an early t ransi t ion 
state, nucleophi l ic  d i sp lacement  react ion by water  
at one  of the e thy lene  carbons  resul t ing in C-O 
bond  fission to p roduce  the monohydroxye thy les -  
ter of m e t h a n e  disulfonic acid, 2. A l though  an Sn l  
mechan i sm was unl ikely ,  based both  on the exper- 
imenta l  observa t ions  and the need  to postula te  the 
fo rmat ion  of a p r imary  carbocat ion ,  this mechan-  
ism could no t  be total ly ruled out.  The p r imary  de- 
compos i t ion  product  undergoes  fur ther  hydrolysis 
via C-O b o n d  fission to give the final products ,  
e thy lene  glycol and  m e t h a n e  disulfonic acid, 4. 
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