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Comparisons of Rate Constants for Thiolate-Disulfide
Interchange in Water and in Polar Aprotic Solvents Using
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Abst ract :  The ra te  constants  for  representat ive th io la te-d isu l i ide in tcrchange rcact ions are larger  in  DMSO and DMF than
in water b1 a iactor of approximately 2300 at 24 oC. The log of the rate constant is direct ly proport ional to the mole fract ion
ol DrO in mixtures of DMSO and D2O, even at small  mole fract ions of D2O. This l inear proport ional i ty suggests that thiolate
anion is not specif ical ly solvated by water and that hydrogen bonding is relat ively unimportant in stabi l izing this species. The
valucs of -\Sr for thiolate-disulf ide interchange are approximately -10 cal/(deg mol), presumptively because of loss in the
entropy of the reactants in going from ground to transit ion state, part ial ly compensated by a gain in entropy from solvent
release. Introduction of a hydroxyl group p to the C-S bond slows the reaction by a factor of 2-15; the introduction of methyl
groups p to the C-S bond slows the rate by factors of 3-20. A number of substances have been screened as potential catalysts
ior thiolate-disulfide interchange in water: none showed useful levels of catalytic activity, although phenylselenol did accelerate
the in terchange s ign i f icant ly .

This paper examines the inf luence of solvent on rate constants
for  th io la te-d isu l f ide in terchange (eq l :  nuc = nuc leophi le ,  c  =

cent ra l ,  lg  =  leav ing group) .  Th is  react ion is  one of  broad

Rn*S- + S-SRls :
I
Rc

; 'n"*3---s -- '5*'n lt 
-- Rrucs-s + sRrs (1)

l l l l
L R " J R e

importance in biochemistry.r-7 Although it is often not catalyzed
enzymatically in vivo,8 the formation of certain cystine l inkages
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Figure l .  Experimental and calculated l ine shapes for _100 \, tHz rH
NMR spect ra  a t  severa l  temperatures o i  (A)  sod ium l -hrdror re thane-
th io la te  (3 .8  M)  and b is(2-hydroxyethy l )  d isu l f ide (1 .9  \ , I ;  in  D2O;  (B)
potass ium 2-hydroxyethaneth io la te  (66 mM) and b is(2-hrdroxyethy l )
d isu l f ide (31 mM) in  DMF-d7.  The peak ass ignmenrs are m = (HO-C-
i12CH2S)2; n = HOCH2CH2S-; 1 = (HOCHTCH2S)2; s = HOCHzC-
/12S- ;  u , v=HCON(CH)2 .

i t  is an sp2 reaction in which thiolate anion attacks the disulf ide
bond along the S-S axis. The symmetry and structure of the
t rans i t ion s ta te  are not  known in  deta i l ,  a l though the charge is
concent ra ted on the termina l  su l fur  a toms.

The inf luence of solvent on the rate of reactions has not been
explored and would prov ide mechanis t ica l ly  usefu l  in format ion
concerning charge distributions and about differences in solvation
of ground and transit ion states. This work reports comparisons
of rate constants for representative thiolate-disulfide interchange
reactions in water and in the polar aprotic solvents DMSo and
DMF. l t  had three ob ject ives:  to  c lar i fy  the ro le  o f  so lvat ion;
to indicatc whethcr changes in the polarity of the reaction medium
would provide a method of control l ing the rate of the reaction;
and to  eva luate thc  poss ib i l i ty  that  a  weak ly  so lvated th iorate
nucleophilc might be exceptional ly reactive. The observation of
a correlat ion between reactivi ty and solvation might provide the
basis for strategies for the design of catalysts for thiolate-disulfide
in terchanee.
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Figure 2. Eifect of changing the mole fract ion oi D,O on the second-
order  ra te  constant  (k)  o f  th io la te-d isu l f ide in terchangc of  potass ium
l-hrdroxyethaneth io la te  and i ts  d isu l f ide in  mixrures o i  D\1SO-d,5 and
D.O at  197 K.  The ra te  constant  has un i ts  o f  N ' l - r  s - r

Methods

We have invest igated se l f -exchange betueen RS and RSSR
with use of dynamic rH N MR spectroscop\:-r :-  for four reasons:
( i )  The ra tes o f  representat ive th io la te-d isu l i ide inrcrchange re-
act ions in  po lar ,  aprot ic  so lvents  are too fast  to  be s tud ied con-
venient ly  by convent iona l  k inet ic  techniques.  ( i i )  Th io larc  an ions
are eas i ly  ox id ized,  and exc lus ion of  a tmospher ic  oxrgen is  com-
pa ra t i ve l y  easy  i n  sea led  NMR tubes  bu t  more  d i f f i cu l t  i n  r hc
types of  apparatus used in  c lass ica l  k inet ic  techniques.  ( i i i )  The
in t c r change  reac t i on  i s  dcgene ra te  and  can  be  c run r i ncd  a t
equ i l i b r i um.  De te rm ina t i on  o f  r a tes  o f '  r cac t i on r  b r  \ \ IR
spec t roscop r  i nvo l vcd  p rcpa ra t i on  o f ' on l r  . r  : r nu l c  r . r l np l c  o f
t h i o l a te  and  d i su l l ' i de  :  i t  \ \  J \  n ( ) t  nccc \ \ . i r \  t \ )  \ \  t l hd r r ru  . i l r quo ts
( ) r  t r )  l rcp i t rc  nru l t rp lc : r r rn [ r ]c - :  r r , ,  r  Thc : rc thr icnc pcak. :  ad jacent
t t r  t h c  t h i , r l . r t c , r n t i  d r . u l l ' r t i c  n r ( r r c l r C : . r r c . c p i i i ' i . l t e d  b r  a p p r o x i -
n r l t c l r  0 . - r - 1  ;  r l 0 0  [ l z . r l  . 1 0 0  \ l l { z r .  t h : . . c p r t r . i t i o n  m a d e  t h e
ana l r  s i s  o l -  t hc  l r nc  : h . rpc \  r c l . r t r \  c l r  . 1 ; . 1 rgh t i ' , . r r r r  a rd .

Rep resen ta t i ve  expc r rn t cn ta l  5pc ! t r . i  . t r c  : ho \ \  n  r n  F igu re  l .
Est imat ion o f  ra te  constants  f rom the 'c  cr ro : r in tcnta l  sDect ra  was
accompl ished by v isua l  compar ison of  r - \pcnnrcnta l  spect ra  and
spect ra  s imulated wi th  the program D\MR+. :o  The tcmperature
dependence  o f  t he  chemica l  sh i f t s  o l  t he  t h i o ra re  and  d i su r f i de
spec ies cou ld  be measured independent ly ' :  the Erpcr in tenta l
Sect ion conta ins deta i ls .  So lu t ions o f  th io la tes in  porar  aoror ic
so lvents  were prepared by react ion o f  th io ls  wi th  I  equ i r  t t f  po-
tass ium /er l -butox idc.  The nature o f  the counter ion had no in-
f l uence  on  t he  r cac t i on .  Fu r the r ,  add i t i on  o f  l 8 - c rown-6  ( l
equ i r /equ i r  th io l l te )  to  the react ion system invo lv ing potass ium
l- hr d rorr et ha ncr h iolate a nd bis( 2-h1 drox_v-ethyl ) disulf i  de did not
i n f l uence  t he  ra re  o f  t h i o l a te -d i su l i i de  i n te r chanse .

Results

Rate constants and Activation Parameters. Table I summarizes
rate  constants  obta ined in  th is  work  and va lues of  re levant
thermodynamic parameters  der ived f rom var iab le- temperature
work.2e The most important observation in this table is that the
rate constants for thiolate-disulf ide interchange are faster in

(22 )  F re te r .  R :  Poh l .  E .  R . ;  Hupe ,  D .  J .  J .  Org .  Chem.  1979 ,  44 .
t 7 1  t * t 7 7 1 .
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4t  l -428.

(25) Binsch,  G. Top.  Stereochem. 1968, J,  97-192.
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lH NMR spectra:  Pleasants,  J.  C. ;Guo, W.;  Rabenstein,  D.  L.  J.  Am. Chem.
Soc.  1989, l l1 ,6553-6558. Tan,  K.  S. ;  Arnold,  A.  P. ;  Rabenstein.  D.L.  Can.
J. Chem. 1988, 66, 54-60. For the slower thioltisulfide interchange, separate
'H NMR resonances were observed for thiol and disulfide in aqueous solution:
Rabenstein,  D.  L. ;  Ther iaul t ,  Y.  Can. J.  Chem. 1984,6 '2,  1672-1680.
Ther iaul t .  Y. ;  Cheesman, B.  V. ;  Arnold,  A.  P. ;  Rabenstein,  D.  L.  Can. J.
Chem.1984 ,62 ,1312-1319 .  Ther iau l t ,  Y . ;  Rabens te in ,  D .  L ,  Can .  J .  Chem.
1985,6J,  2225-2231.
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Table L Rate Constants for  Degenerate Thiolate-Disul f ide Interchange: RS- + RSSR :  RSSR + -SR

RS- M' solvent

10-3 ka.b
(M- t  s - t ;
( 2 9 1  K )

lG I
(kca l /mo l )

( 2 9 1  K )
ATI

(kca l /mol )
ASI

(cal l (deg mol))

HOCH2CH25-

cH3cH2cH2cH2s -

cH3c(cH3)2cH2s-

HOC(CH3)2CH25-
HOCH2C(CHr)2CH25-

Na'
K+
K+
K*
Na+
K+
K +
K+
K +
K+

0.0077
0.0095

20
2 1
t 1
+ J

54
l 5
l 6
t . l
0 .67

t 6 . 2
16. r
r 1.5

- 1 0
- l  I
- 1 3

- 1 0
- 1 6

Dzo
Dro
DMF-d7
DMSO-d6
DMF-d i
DMSO-d6
DMF-d7
DMSO-d6
DMSO-d6
DMSO-d6

l . l

l . l
1 . 0
t . t

1 . 1
r 3 . 2
r 3.5

I J

I J

8

l 0
9

oUncer ta in t i es  a re  k ,  *10%:  AGl ,  +0 .1  kca l /mo l ;  lH t ,  +1  kca l /mo l ;  A^S l ,  *2  ca l / (deg  mo l ) .  bRa te  cons tan ts  were  in fe r red

par ison of  thc s imulated rH NMR I ine shapes wi th the exper imental  l ine shapes;  detai ls  are given in the Exper imental  Sect ion.

T  ( " C )
9 0 7 0 5 0  3 0  1 0  - 1 0

from visual com-

-50DMSO and in DMF than in watcr by a factor of approximately
3 x  103.  Thc log o f  the ra te  constant  depends l inear ly  on the
solvent composit ion in mixtures of D2O and DMSO-d6 @q 2,
Figurc 2). There is no evidence for specif ic solvation of thiolate

J f o g k = l l G t G X D , o  Q )

anion by water (specif ic solvation would be ref lected in nonl inearit l
in  th is  p lo t .  espec ia l ly  a t  smal l  va lues of  1p,6) .  Th is  observat ion
suggests  that  hydrogen bonding between water  and the th io la te
an ion  i s  r e l a t i ve l y  un impo r tan t .

The rate of thiolate-disulf ide interchange reaction shows only
modest sensit ivi ty to steric effects and to groups capable of in-
tramolecular hydrogen bonding. Introduction of methyl groups

0 to the C-S bond slows the reaction only by factors of 3-20. This
insensit ivi ty is expected for an Sp2 reaction involving front-side
attack of RS- along the S-S axis of the disulf ide. Intramolecular
hydrogen bonding between hydroxyl and thiolate does not sig-
n i f icant ly  modi fy  the ra te  o f  in terchange of  2-hydrox le thane-
th io la te :  the ra te  constant  for  th io la te-d isu l f ide in terchange
react ion o f  potass ium l -butaneth io la te  is  on l l  nr ice that  o f  po-
tass ium 2-hydroxyethaneth io la te  in  DMSO. In t roduct ion o f  a
hydroxyl group either l i  or 1 to the C-S bond in sterical l i  hindered
alky l  th io la tes s lows the in terchange react ion b i  approx imate l l
a factor of l5 in polar aprotic solvents. A gem-dimethyl effect l0
and weaker  so lvat ion o f  the hydroxy l  group in  the s ter ica l ly
hindered case may result in greater intramolecular hydrogen
bonding than in the sterically unhindered 2-hydroxyethanethiolate.
On the basis of these observations, we suggest that dif ferences
in rates with changes in solvent for 2-hydroxyethanethiolate are
representative of differences expected for other alkane thiolates.

Arrhenius plots yielded the thermodynamic parameters sum-
mar ized in  Table  I  (F igure 3) .  For  HOCH2CH2S-,  A11 '  de-
creased in going from D2O to DMF; -7AS' is approximatel i '
constant. We rat ional ize the value of the entropy of act ivat ion
in these reactions as a compromise between two factors. The
reaction involves two particles going to one in the transition state
and is thus intr insical ly entropical ly disfavored. The observation
that ,\S+ is - -10 cal/(deg mol) suggests a partial compensation
of the unfavorable loss in translat ional and rotat ional entropy by
some other factor, presumptively solvent release. Thermodynamic
data for other thiolate-disulfide interchange reactions have been

(29) From the data of Creighton (Creighton, T. E. "/. Mol. Biol.1975,96,
767-776) we have calculated the rate constant  Ik  = l9 M-rs-r(25 "C)]  for
the react ion of  d i th iothrei to l  wi th b is(2-hydroxyethyl)  d isul f ide in water I t
= 16ob( l  + lgp(a-pH).  kob = 4.5 M-rs-r ;pH = 8.7;pK" (d i th iothrei to l )  = 9.21.
We have to divide Creighton's rate constant by two (to account for the
presence of two symmetrical thiol groups in dithiothreitol) in order to compare
with our rate constant  [9.5 M- '  t - t  124 

'C)]  for  HOCH2CH2S-K*/
(HOCH2CH25)2 interchange in D2O. The identity of these two rate constants
is accidental but does indicate that the two independent measurements are
in close agreement. Some representative values of rate constants of thio-
late*disuli ide interchange from the literature are k = 57 M-r s-r for the
reaction of, mercaptoethanol and oxidized glutathione in water, pH 7, 30 oCl5

and k = 2 x 105 M-l s-l for the reaction of mercaptoethanol with Ellman's
reagent in water,  pH 7,  30 oC.16

(30) Schleyer,  P.  v.  R.  J.  Am. Chem. Soc.  1961,8J,  1368-1373. Ingold,
C. K.  " / .  Chem. Soc.  1921. 119.305-329.

1 o 3 T ' 1  (  x - 1  )

Figure 3. Plot of log k vs I lT for the thiolate-disulfide interchange of
sodium 2-hydroxyethanethiolate (3.8 M) and i ts disulf ide (1.9 M) in D2O
(t);  potassium 2-hydroxyethanethiolate (66 mM) and i ts disulf ide (31
m M) in DM F-d7 (r);  potassium 3-hydroxy-2,2-dimethylpropanethiolate
(0.20 M) and i ts  d isu l f ide (0 .10 M) in  DMSO-de (o) ;  potass ium 2-
hydroxy-2-mcth1 ' lpropaneth io la te  (0 .18 M) and i ts  d isu l f ide (0 .09 M) in
DMSO-d^ (O)  The ra te  constants  have un i ts  o f  M-r  s- r .

r n t c rp rc t cd  s i n r l a r l r . r '  Thc  de te rm ina t i on  o f  lS+  and  JH+  by
thc dr  nanr ic  \  \1R nrc thod mar  invo lvc  er rors .  and the i r  va lues
shou ld  bc  t r ca t cd  r i  i t h  cau t i on . l r ' ' r l

The Thiolate-Disulf ide lnterchange Reaction Is Not Easi ly
Catalyzed. Rates of many thiolate-disulf ide reactions in water

follow a Bronsted relation in the values of pK" of the participating

species (eq 3 is one expression describing this relat ion).32 We

have surveyed a number of aromatic thiols having values of pKu

centered around pH 7, in the hope that these species might, by
virtue of charge delocalization and possible weak solvation in water,
prove to be more reactive in thiolate-disulf ide interchange than
would be predicted on the basis of eq 3.33 These and a range

log k = 6.3 + 0.59 pKunu" - 0.40pK.'  -  0.59p6"ts (3)

of other types of potential catalysts did not show useful catalyt ic
act iv i ty .  The deta i led resu l ts  are g iven in  the Exper imenta l
Sect ion.

We screened for catalysis in water by incubating the potentially
cata ly t ic  addi t ive  wi th  an equimolar  mix ture o f  2-carboxy-1,3-
propanedithiol and bis(2-hydroxyethyl) disulf ide. We fol lowed

(3 I ) In the case of potassium 2-hydroxyethanethiolate and its disulfide in
DMF-d7, the values of AIl+ and A,St were found to be 7.7 kcal/mol and -13

cal/(deg mol) with careful calibration of temperature. The values of AIll
and AS* calculated without calibration of temperature were 10.6 kcal/mol
and -2 cal/(deg mol). The value of AGr was almost unaffected by the error
in temperature.

(32) Two other equations give similar Bronsted correlations. The 0
coefficients are therefore not sharply defined by the available data. These
Bronsted equations should be considered primarily as kinetic models for
thiol-disulfide interchange in water.r5 A Bronsted slope (B = -0.98) has been
observed for the reaction of symmetrical alkyl disulfides with triphenyl-
phosphine in 50Vo dioxane-water: Overman, L. E.; O'Connor, E. M. J. Am.
Chem. Soc.  1916, 98, '77 1-7 ' l  5.

(33) Catalysis of acylation of hydroxyl groups using N,N-(dimethyl-
amino)pyridine (DMAP) is an example of the strategy of enhancing nucleo-
philicity and charge delocalization: Hofle, G.;Steglich, W.; Vorbruggen, H'
Angew. Chem., Int. Ed. Engl. 1978, 17, 569-583.
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Figure 4. Hypothetical plot of free energy vs reaction coordinate for
th io la te-d isu l f ide in tcrchange react ion in  watcr  anc l  in  Dolar  aDrot lc
so l ven ts  (DMSO.  DMF) .

thc  ra te  o f  react ion by moni tor ing the increasc in  absorpr ior r  ar
330  nm due  to  t he  p roduc t  4 - ca rbox l ' -  I  . J -d i t h i o l anc  t r q  +  t .

(HSCH2)2CHCOO- + (HOCH2CH2S)z *

s ---cH"

I  ^  . ' ) r .oo-  +  2HocH2cH2sH (4)
S--<H2/

Nucleophiles other than thiolate anion do show high reactivi ty
toward the disulf ide bond: for example, the rate ionstant for
reaction of P(cH2cH2co2-)3 with bis(2-hydroxyethyl) disul i ide
(eq 5)  is  8  M-r  s- r  in  water  ( that  is .  ind is t ingu ishabie  f rom that
L3P  +  (HOCH2CH 'S )z  

"p -  
L - ,PO +  2HOCH,CH.SH (_ i )

o f  
-SCH2CHrOHl . l + ' : s  

The re  i s .  ho r i e ' e r .  no  ob r i ous  s t ra res \
f o r  mak ing  t h i s  r eac t i on  ca ta l r  t i c .  o f  t he  subs tances  e ram in !d
as cata lys ts ,  on l l '  phenl  lse lenol  caused s ign i f icant  e  nhancement
in  the ra te  o f  in terchange,  s 'hen present  a t  10vc concent ra t ion
of  the d isu l f ide,  pheny lse lenol  acce lerated the in terchange by a
factor of approximately 5. This level is not large enough to be
useful,  but i t  does suggest that selenols and related compounds
may have useful catalyt ic act ivi ty.2T we wil l  describe studies in
th is  area in  a  separate  paper .

An effort to accelerate the rate of thiolate-disulfide interchanse
using a two-phase benzonitrile-water system16 was not successfiil.

Discussion

The ra te  constant  for  representat ive th iorate-d isu l f ide rnrer -
change reactions increases by - 103 on going from *'ater as solvent
to  po iar  aprot ic  so lvents  (DMSO, DMF).  The change in  . \Gr
is_d i rect ly  propor t iona l  to  the composi t ion o f  the so lvent  (eq 2) .
Th is  propor t iona l i ty -par t icu lar ly  the absence of  a  sharp drop
in rate on adding small  quanti t ies of water to DMSo-suggesrs
that hydrogen bonding to thiolate anion is a reratively unimportant
contribution to the free energy of solvation of this species.ST we
infer, then, that the solvent influences the rate of thiolatedisulfide
interchange primari ly through i ts dielectr ic constant: In the lower
d ie lect r ic  constant  so lvents  (DMSo,  DMF) both th io la te  an ion
and the transit ion state are energetical ly destabi l ized relat ive to
water ,  but  the th io la te  an ion,  wi th  i ts  more loca l ized charge,  is
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Table IL Comparisons of Rates of Reactions in Water and in polar
Nonprotic Solvents

r l

lns....s.snl
r R j

reactlon
( { = S o r O )

l0 -3( f t ,o r /kH20)
or l0- l(r(.or/KHro)

s o l v e n t  X = S  X = O  r e fI
\:
I
I

L . )

2 . 2
700  1 .6  x  lOe  a
32  1900  b
0 .24  15  b
4 . 0  l x l 0 4  b

oArnet t ,  E.  M. ;  Smal l ,  L .  E.  J .  Am.  Chem. Soc.  19 l1- .99.  g0g-g16.
tJupe,  D.  J . ;  Jencks,  W.  P.  J .  Am.  Chem. Soc.1977.99,15t -464.  ,C lare,
B. W.: Cook, D.; Ko, E. C. F.; Mac, Y. C.; Parker, A. J. J. Ant. Chem. Soc.
1966 .88 ,  l 9 l l - 1916 .  Pa rke r .  A .  J .  Chem.  Re r , .  1969 ,  69 .1 -32 .  The  ra te
comparison-s are reported for DMF and methanol at 0 oC

the  more  s t rong l \  dcs tab i l i zed  (F igu re  . l ) .  Th i s  i n fe rence  does
not  depend s t rongl \  on the s t ructurc  o f  the t rans i t ion s ta te ,  pro-
r idcd that  thc  churgc is  dc loca l ized over  the three su l fur  centers ,
. rs  is  indccd in l 'c r rcd f rom the Bronsted re la t ion that  descr ibes
the  re  ac t i on  i n  $  i i t c r .

Thc proposal that the increase in rate in going from water to
DMSo or D\4 F correlares primari ly with the dielectr ic constant
of the medium is compatible with much higher rates (- l0e M-r
s-l) observed in the gas phase.38-ao The progression of rates and
die lect r ic  constants-H20 (k  -  l0  M-r  S-r ,  5  =  78) .  DMSO ( f t
-  l 0a  M- l  s - r ,  e  =  47 ) ,  DMF ( , t  -  104  M- l  S - r , 6  =  37 ) ,  vapo r
(k  -  l0e N{- r  s - r .  r  =  l ) - -suggests  a  propor t iona l i ty  betweeniog
, t  and e and both supporrs  thc  h lpothes is  o f  a  genera l  medium
cf fect  and ind icates rhar  rhc fasrest  ra tcs  for  th io la te-d isu l f ide
rntcrchange rn  \ ( ) lu r ion should  bc obta incd in  the media o f  lowest
d i c l cc t r i c  con \ t an t .  The  p rac t i ca l  l im i t s  t o  such  app roaches  a re
usua l l r  se t  b \  t hc  onsc r  o f  i on  pa i r i ng  and  agg rega t i on  i n  l ow
die lect r ic  media.

Table II  compares the effects of sol 'ents on thiolate-disurf ide
interchange with those for other nucleophil ic reactions involving
sulfur (and, for comparison, oxygen) nucleophiles. In going from
polar protic solvents (water, methanol) to polar nonprotic solvents
(DMSO, DMF),  the ra tes o f  react ions invo lv ing th io la te  and
alkoxy anions increase; the increase is, however, much more for
the reactions involving alkoxy anions than thiolates.4o The arkoxy
anions are so lvated in  water  to  a  h igher  degree than th iorates.

What  are the impl icat ions o f  these resu l ts  for  cata lys is  o f
t  hiolate-disul f i  dc interchange' l  Most strategies for catalyzing this
react ion would rcqu i rc  dcve lop ing a spec ies N:  that  was both an
except iona l  nuc leophi le  t rvard su l fur  (eq 6)  and an except iona l
leav ing group f ront  su l fur  (eq 7t .  Our  s tud ies ind icate  that  i t

N -  +  RSSR -  NSR +  -SR  (6 )

N S R  +  - S R ' -  
N -  +  R S S R ,  ( 7 )

is more dif i icult  to develop hypernucleophil ic species based on
sulfur than on oxygen. It appears that it will be difficult to increase
the nuc leophi l ic i ty  o f  th io la te  ions re la t ive to  rhe i r  bas ic i tv  bv
interfering with hydrogen bonding to them, since hvdrogen bonding
does not  seem to  be very  impor tant  in  an1,  event .  The para l le l
to the a effect that is important for oxygen nucleophiles iuch as
HOO-,  CIO- ,  and Me2NO-al  is  not  known to  ex is t  w i th  su l fur

(38) A value of  k -  3 x l0e M-r  s-r  has been est imated for  react ion of
CHTCH2S- wi th CH3SS!H'  in vapor phase by using f lowing afrerglow
techniques. comparison of this rate constant with the coll isional rite constant
ilggests that the reaction occurs with a probability of - 3 x l0-3 per coll ision:
Grabowski ,  J .  J . :  Zhang, L.  J.  Am. Chem..Soc.  1989, l  l  t ,  l * -1203.

(39) For comparison, the rate constant for a representative Sp2 reactron
at carbon^-cl- + cHrcl * clcH, * cl--increases by a factoi of approx-
rmately l0' ' on going from water to the vapor phase. Jorgensen and Buikner
summarize leading references in this area: Jorgensen, W. L.; Buckner, J. K.
J. Phys. Chem. 1986, 90. 4651-4654.

(40) For related calculations concerning the relative nucleophilicit ies of
OH and Sl l - ,  see:  Howard,  A.  E. ;  Kol lman, p.  A.  J.  Am. Chem.Soc.  l9gg.
1 10.  1t95- ' /200.

(4 | ) Edwards, J. O.; Pearson, R. G. "/. Am. Chem. Soc. 1962, g4, t6-24.
Hoz.  S. ;  Buncel ,  E,  Isr .  J .  Chem. 1985, 26,313-319. Buncel ,  E. ;  Um, I . , / .
Chem. Soc. ,  Chem. Commun. 1986, 595.  Hudson, R.  F. ;  Hansel l ,  D.  p. ;
Wolfe,  S. ;  Mi tchel l ,  D.  L J.  C'hem. Soc. ,  Chem. Commun. l98S. 1406-1407.

RX +  RXXR *  RXXR *

C 2 H 5 X -  +  [ { + :  C 2 H s X H
C 6 H . X  *  M e l  '
p-O2NC6HaX- *  Mel  *
C6H.X  *  p -OrNCuHa l  -

RX- DMSO-d6
DMF-d7
DMSO
D M F
DMF
D M F\- Dp

(34) But ler ,  J .  C. ;  Whi tesides,  G. M. Unpubl ished resul ts.
(35) For a review of  the react ion of  d isul i ides wi th t r ivalent  phosphorus

compo_unds, see: Mukaiyama, T.; Takei, H. In Topics in phosphirus^chem-
islrl;Griff ith, E. J., Grayson, M., Eds.; Wiley-lnteiscience: New york, 1976;
Vol .  8,  pp 587-645.

(36) The rate constant  ior  th io l -d isul f ide interchange of  2-carboxy-1,3-
propa-nedith iol and bis( 2-hydroxy_ethyl ) disu I fide in benzoiitril e f w ater mixt ure
was the same as that in water. our choice of benzonitri le/waier system was
ba.sed on the rapid decarboxylation of 3-carboxybenzisoxazoles oLserved in
llt: l l tgr_ly-Keyp et al. (Kemp, D. S.; paul, K.-c. "/. Am. Chem. Soc.1975,
97 ,_7305-7312 .  Kemp,  D .S . ;  eox ,  D .  D . ;  pau l ,  K .  G . , / ,  Am.  Chem.  Soc .
1975, 97,7312-7318\.

(37) The weak contribution of ionic hydrogen bond to solvation in RS-.
(Hzo), complexes is dissipated effectively with'in the first 2-3 solvent mole-
cules (n = 2-3) as the dissociation energy decreases rapidly upon successive
hydration: Sieck, t-. W.; Meot-Ner (Miutner), M. J. phy;. C'hem.l9g9, 9J,
I  586- l  588 .
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nucleophiles. Because z'-bonding to sulfur is less important than
to oxygen, it will be more difficult to manipulate the polarizability
and nuc leophi l ic i ty  o f  su l fur  than of  oxygen through remote
substi tuent effects. I t  may be possible to develop species highly
nucleophilic toward the disulfide group using phosphorus, selenium,
or other elements, but we do not have f irm experimental support
for  th is  approach.

Thus, we conclude that the best strategies for "catalyzing"
th io la te-d isu l f ide in terchange,  espec ia l ly  under  condi t ions com-
patible with biological reactions, probably involve transferring the
reactants from water to an environment of lower dielectric constant
and preorganiz ing them in to  a  conf igurat ion resembl ing the
transit ion state. A strategy involving reaction in a low dielectr ic
medium is based on destabilization of the reactant thiolate (RS-)
re la t ive to  the more de loca l ized t rans i t ion s ta te  IR3S3- ] t .  S la-
bilizing the transition state electrostatically relative to the reactant
thiolate anion wil l  require both preorganization and precise ar-
rangement of the electrostat ic potential around the [R3S3-]+ unit.

Experimental Section
General Methods. rH NMR spectra were recorded with Bruker

AM300 and AM-500 instruments. The di i ierence between the rH NMR
chemica l  sh i f ts  o l  thc  mcthv lene and hydrory l  peaks of  e thy lene g lyco l
was used to  ca l ibra te  the temperature recorded bv the NMR spect rom-
eter  in  the rangc o i  temperatures f rom 295--170 K:  methanol  w 'as used
for cal ibrat ion from 230-290 6.r2-as Argon was deorr,gcnared br
pass ing over  Ridox (F isher  Sc ient i f ic )  and molecu lar  s ieves before use
Dis t i l led water  f rom a Corn ing AG- lb  s t i l l  was used to  uash a l l  g lass-
rua rc.46

Materials. Cambridge Isotope Laboratories and Aldrich supplied DrO
(99.9Eo),  DMSO-d6 Q9.96Va),  and DMF-dj  09ok).  Mercaptoethanol .
bis(2-hydroxyethyl) disulfide, methyl thioglycolate, 2,2-dimethylpropanol,
p- to luenesul fonyl  chlor ide,  sodium deuteroxide (40% solut ion in D2O),
potassium deuteroxide (40% solut ion in D2O),  sodium hydrogen sul f ide,
potassium rer l -butoxide,  th io lacet ic  acid,  d iethyl  malonate,  and me-
thy lmagnes ium b romide  (a  3  M so lu t i on  in  d ie thy l  e the r )  ue rc  a l l  pu r -
chased f rom Aldr ich.  Sodium l -butanethio late was purchascd l r r tnt
F l u k a .  P r o t e i n  d i s u l f i d e  i s o m e r a s e  ( 8 . C ,  5 . 3 . 1 . 1 ) w a s  a  g i f r  f r o m  G c n -
zyme.

Calculat ions of  Rate Constants and . {ct i rat ion Parameters of  Thio-
late-Disul f ide Interchange b1 Dlnamic rH \ \ lR Anal ls is .  The pscu-
doun imo lecu la r  ra te  cons tan ts  ( k '  =  L t  r )  f  o r  th io la te -d i su l f i de  rn re r -
change were determined by 'complete l ine shape analysis on a VAX 8600
by using the computer program DNMRc.28 The HOCH2CH2S-/
(HOCH2CH2S)2  sys tem was  t rea ted  as  an  A2B,  *  CzDz  sp in  sys tem
with - /as = ' l  

. l  Hz,  Jco = 6.0 Hzj1 The values of  the chemical  shi f ts
o f  the  A ,  B ,  C ,  and  D  methy lene  p ro tons  in  D2O (300  MHzrH NMR)
were  taken  as  1007 .7 ,  719 .4 ,1102 .2 ,  and  818 .5  Hz ,  respec t i ve l y .  The
relative populations of the two configurations were taken as 0.5 each. Ir*
was taken as 0.  |  5 s (calculated f rom the reciprocal  of  the product  of  z-
and the peak width (Hz) at  hal f  height  of  the s inglet  peak corresponding
to  the  methy l  g roups  o f  l -BuOH) .  In  ou r  exper imenrs .  the  NMR I ine -
shapes were not  very sensi t ive to T2* for  two reasons:  ( i )  - \ r ,  ( -  100 Hz
at 300 MHz) ) )  l lTz* ( -6 Hz),  and ( i i )  we avoided verv fast  and verv
slow exchange regimes in our study by manipulat ing the concentrat ion
of  th io late and disul f ide and the temperature.  We resimulated the plots
for  HOCHTCH2S-K+/(HOCH2CH2S)2 interchange in D2O with correct
values of  T2* [0.15 s (HOCH2CHzS-K*) ,0.26 s ( (HOCH2CH2S))]  and
found the plots to be similar to those obtained previously with 12* = 0.15
s.  For var ious values of  rate constants,  s imulated NMR plots were
generated for the frequency range 540-l 260 Hz. The rate constants were
inferred by comparison of the simulated plots with the experimental plots
to the best  f i t  by eye.  The coalescence approximat ion l r  = I  f  k '  =

(42) van Geet, A. L. Anal. Chem. 1968, 40,2227-2229.
(43) van Geet,  A.  L.  Anal .  Chent.1970,42,679-680.
(44) Raiiord, D. S.; Fisk, C. L.; Becker, E. D. Anal. Chem.

2050-205 1.
(45) Ammann, C.;  Meier ,  P. ;  Merbach,  A.  E.  J.  Masn. Reson

1979,5t ,

1982,46.

Singh and Whitesides
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Figure 5.  El fect  of  temperature on the 300 MHz rH NMR chemical
shi f ts  of  the methylene protons of  (a)  sodium 2-hydroxyethanethio late
(1 .2  M)  and  (b )  b i s (2 -hyd roxye thy l )  d i su l f i de  (2 .0  M)  i n  D2O.  The
temperature dependence of the chemical shifts for the methylene protons
of  the th io late (a)  and the disul f ide (b)  are smal l  in  compar ison to the
difference in chemical shifts between the methylene protons of the thio-
la te  and  d i su l f i de  ( -100  Hz  a t  300  MHz) .  The  s tandards  fo r  mea-
surements of the chemical shifts were sil icone grease (for a) and DSS (for
b ) .

( v l ) lG l r ) l  i s  qu i t c  accu ra te  (u ' i t h in  5% o f  the  va lue  de te rm ined  by
comp le tc  l i nc  shapc  ana l l s i s ) .  The  tempera tu re  dependence  o f  the
chcmica i  sh i l ' t s  i o r  the  n rc th l l cnc  p ro tons  o f  the  th io la te  and  d i su l f i de
\ \ c rc  l r ) casu rcd  indcpcndcn t l l  and  ue re  found  to  be  sma l l  compared  to
the di f icrcncc rn che mical  shi f ts  between the methylene protons of  the
th io la te  and  d i su l i i de  (F igu re  5 ) .

In each rcact ive col l rs ion of  th io late and disul f ide,  only hal f  of  each
disul f ide molecule converts to th io late,  a l though each th io late converts
to one-hal f  o[  a d isul f ide molecule.  In the degenerate th io late-disul f ide
interchange, i f  we denote the rate of  exchange seen by NNIR as
-dIRSSR]idt  and -d[RS-] /dt  for  the disul f ide and th io late,  respect i ic ly ,
w e  o b t a i n  - d l R S S R j  

f  d t  =  ( l / 2 ) k l R S - l t R S S R l  a n d  - d I R S - ] / d t  =

i ( [RS- ] [RSSRl .  l f  rps  and  rp r r *  a re  l i f e t ime  o f  the  th io la tc  and  d i -
su i f i dc .  t hen

L l l R \  1  , 1 d t  =  r , l  / ' s < s  ) [ R S  ]  =  t [ R S - ] [ R S S R ]  ( 8 )

d J R S S R i , , , j i  -  { i .  ; p s s p t I R S S R ]  =  ( 1 /  l ) f  I R S  ] I R S S R I  ( 9 )

l n  t r u r  c x p c n m c n t s  I R S  ]  =  - [ R S S R j .  \ \ e  t h c r c f o r e  o b t a i n  l r o r n  e q  I
a n d  9 :  ( l / r n s  )  =  ( l / r n s s n )  =  k [ R S S R ] .

The act ivat ion parameter lG+ was determined f rom the rate const : ints
by using t ransi t ion state theory (eq l0) .  The act ivat ion paramclers l / / r

k = (kBT/h)  exp(-AG' lRI ) (  l 0 )

and AS* werc calculated f rom the plot  of  ln (k l? ' )  vs I  lT.  The exper-
imental  p lots of  ln (k l?)  vs I  f  T were l inear wi th R2 > 0.995 for  7-9
points (Figurc 3) .48 The determinat ion of  , \F1* and . \S* by dynamic
NMR spectroscopy is  known to not  be very accurate.23 We have est i -
mated the errors in ,\H+ and lS* b"'- calculating the standard deviations
at  907c conf idence for  the s lope and intcrcept  o i  the plot  of  ln ( /c /  ? ' )  vs
I  l T . "

Preparation of Samples Containing Thiolates and Disulfides for Dy-
namic NMR Spectroscopy: General Procedure. The solvent was deox-
y 'genated by bubbl ing argon through i t  for  )30 min i f  the sample was
to  con ta in  th io la te  a t  )0 .1  M concen t ra t i on .  l i o r  a  samp le  con ta in ing
<0. I  M conce ntrat ion of  th io late,  the solvent  was degassed wi th at  least
four f reeze-pump-thaw cycles.  The NMR tube was stoppered ui th a
rubber septum, and the top of  the NMR tube was sealed wi th paraf f in
wax (or  Apiezon W wax ior  h igh-temperature NMR measurements)  to
prevent oxidat ion of  the sample.ae Seal ing by paraf f in wax was espe-
cia l ly  useful  in rate studies in mixtures of  DMSO-d6 and D2O; the wax
seal could be broken easily (to introduce small amounts of deoxygenated
D2O) and replaced. Potassium /erl-butoxide was used as base to generate
thio late f rom th io l  in DMSO-d6 and DMF-d7. Sodium l -butanethio late
was used directly for one experiment in DMF-d7. Potassium deuteroxide

(48) The plots of (ln klT) vs (I lT) for the thiolate-disulfide interchange
reactions of sodium l-butanethiolate in DMF-d? and potassium 2,2-di-
methylpropanethiolate in DMF-d7 are also linear. The values of A,St are
negat ive in both cases;  the values of  . \Hf  and JS+, however,  could be inac-
curate because the chemical shifts of methylene protons of the thiolate and
disuli ide vary with temperature in both cases. The simulations of the NMR
spectra were done by varying both the rate constant and Ay.

(a9) The resul ts were the same whether the top of  the NMR tube was
sealed wi th wax or  f lame-sealed.

f r 10
T

-1

319-321,
(46) Thiola_tes are oxidized rapidly by oxygen; the oxidation is catalyzed

by metal ions.7
(47) We prepared 2,2-dideuterio-2-hydroxyethanethiol by reduction of

methyl  th ioglycolate wi th l i th ium aluminum deuter ide.  The rate of  the th i -
olate/disulfide interchange for sodium 2,2-dideuterio-2-hydroxyethanethiolate
and its disulfide was the same as that for sodium 2-hydroxyethanethiolate and
its disulfide. The peak corresponding to the methylene protons in sodium
2,2-dideuterio-2-hydroxyethanethiolate appeared as a singlet in the 300 MHz
rH NMR spectrum (JcHrco,  -  0.15 , /cHrcsr) .
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Thiolate- Dis u lf i de I nt e rc hange

and sodium deuteroxide were used as bases for  generat ion of  th io late in
Dro.

Preparation of a Sample in D2O: Representative Procedure. All flasks
and the NMR tube were stoppered wi th rubber septa and were f lushed
with argon before use.  Mercaptoethanol  (0.238 g,  3.04 mmol) ,  b is(2-
hyd roxye thy l )  d i su l f i de  (0 .230  g .  1 .49  mmol )  and  D2O (0 .30  mL)  were
placed in a f lask.  The contents of  the f lask were degassed wi th four
f reeze-pump-thaw cycles.  In another f lask,  NaOD (40 wt % solut ion
in D2O, 0.306 g,  2.98 mmol)  was deoxygenated by bubbl ing argon
through i t  for  30 min.  The solut ion contain ing mercaptoethanol  and the
corresponding disul f ide was t ransferred to the f lask contain ing sodium
deuteroxide solution by cannula under argon. The resulting solution was
transferred to an NMR tube by cannula under argon.  The top of  the
NMR tube  was  sea led  w i th  Ap iezon  W wax .  The  to ta l  vo lume o f  the
so lu t i on  was  0 .79  mL.  The  so lu t i on  was  3 .78  M in  th io la te  and  1 .89  M
in disulfide. The rH NMR spectra were recorded at various temperatures
at  300 MHz (pulse width = 4 ps,  pulse delay = 4 s,  acquis i t ion t ime =

2,1 s) .  The t ime delay between pulses was greater  than the value of  f1.
The values of  I ,  were determined by the invers ion-recovery method as
1 .9  s  (CHTOH)  and  1 .3  s  (CH2S- )  fo r  sod ium 2 -hydroxye thane th io la te
in  DrO and2 .2  s  (CH2OH)  and  2 .1  s  (C I12S)  i o r  b i s (2 -h ld ro r re th r l )
d i su l i i de  i n  D20 .

Preparation of a Sample in DMSO-du: Representatire Procedure. '\ l l

f l asks  and  the  NMR tube  were  s toppered  w i th  rubber  sep t r r  and  uc rc
f lushed wi th argon before use.  Mercaptoethanol  (0.0019 g.  0.06-1 mmol) .
b i s (2 -hyd roxye thy l )  d i su l f i de  (0 .0042  g .  0 .027  mmol ) .  and  D \1SO- r /n
(0 .50  mL)  were  p laced  in  a  f l ask .  The  so lu t i on  uas  degasscd  * i t h  i ou r
f reeze-pumpthaw cycles.  The degassed solut ion uas t ransferrcd to thc
NMR tube  by  cannu la  under  a rgon .  In  ano the r  f l ask .  po tass ium le r l -
bu tox idc  (0 .0089  g .0 .079  mmol ) r ras  r re ighed  in  the  g lovebor .  F ro rn  r
solut ion of  DMSO-rCu that  had been deoxy'genated previousl l  b1 bubbl ing
argon through i t  for  45 min.72 i iL was t ransferred by a gas-t ight  sy ' r inge
to the f lask contain ing potassium ter l -butoxide.  From the resul t ing
po tass ium te r l -bu tox ide  so lu t i on  (1 .10  M) ,  50  pL  was  t rans fe r red  by  a
gas - t i gh t  sy r inge  to  the  NMR tube .  The  top  o i  t he  NMR tube  was
sealed wi th paraf f in wax.  The solut ion was 49 mM in d isul f ide and 100
mM in  th io la te .  TherH  NMR sDec t ra  were  reco rded  a t  500  MHz.
After  the tH NMR spectra had been taken,  the solut ion was quenched
by  add i t i on  o i  DCI  (10  r rL  o ia  37  w t  % so lu t i on  in  D2O) .50 '5 r  TherH
N M R spectrum of the resulting solution showed that no oxidation (<5To)
of  th io late to d isul f ide had occurred.

Screening for Cataly-sis in Water Using UV Spectroscopy. The
th io l -d i su l f i de  in te rchange  o f  2 -ca rbo r l -  I  . 3 -p ropaned i th io l s2  and  b i s (2 -
hyd roxye thy l )  d i su l i i de  uas  mon i to red  a t  330  nm:  the  p roduc t  ,1 -

ca rboxy -1 .2 -d i th io lane  ( r  =  l -1 -1  V  I  cm r )  i s  the  on l r  spec ies  tha t  absorbs
a t  330  nm.  Separa te  s tock  so lu t i ons  o f  2 -ca rbo r r -  l . - j - p ropanedr th io l  and
b i s ( 2 - h y d r o x y e t h y l )  d i s u l i i d e  ( e a c h  8  m M ) * e r e  p r e p a r e d  r n  d c o r r g c n -
a ted  aqueous  phospha te  bu f fe r  so lu t i on  (50  m!1 .  pH 7 l  . \  qua r t z  cu -
ve t te  w i th  the  mate r ia l  t o  be  tes ted  as  ca ta l ys t  (1 .2  pmo l )  uas  s toppered
with a rubber septum and f lushed wi th argon.  The solut ion of  l -
ca rboxy -1 ,3 -p ropaned i th io l  (1 .5  mL)  was  added  by  a  gas - t i gh t  sy r inge
and the cuvette equilibrated at 25 oC. The bis(2-hydroxyethyl) disulfide
solut ion (1.5 mL) was added to the cuvet te wi th a gas-t ight  syr inge,  and
the increase in absorbance at  330 nm was moni tored.  The in i t ia l  con-
centrat ions in the assay mixture were [2-carboxy-1,3-propanedi th io l ]  =

4  mM,  Ib i s (2 -hyd roxye thy l )  d i su l f i de ]  =  4  mM,  and  [ ca ta l ys t ]  =  9 .4
mM. The uncatalyzed apparent  rate constant  was 2.3 M-r  min-r  (see
T a b l e  I I I ) .

When Cd2+, Ag+, and Co2+ were t r ied as catalysts,  precip i tat ion oc-
curred.  When aromat ic th io ls were used as catalysts,  an in i t ia l  increase
in absorbance was observed due to the format ion of  mixed disul f ide
between the aromatic thiol and mercaptoethanol.5s This interference was
avoided by incubat ing the aromat ic th io l  (catalyst)  wi th b is(2-hydroxy-
ethyl)  d isul f ide in the cuvet te for  l0 min before addi t ion of  2-carboxy-
1 ,3 -p ropaned i th io l .

rH NMR Assay of Catalysis of Thiol-Disulfide Interchange by p-

(50) Lowe, O. G. / .  Org.  Chem.1975,40,2096-2098.
(51) The addi t ion of  excess DCI was avoided dur ing quenching because

thiols are oxidized to disulfides in DMSO in the Dresence of excess HCI:50 we
prepared bis(2.2-dimethylpropyl)  d isul f ide by oxidat ion of  2.2-dimethyl-
propanethio l  in DMSO in the presence of  HCI (see Exper imental  Sect ion).

(52) 2-Carboxy-1,3-propanedi th io l  is  a useful  substrate lor  the assay be-
cause it is an easily prepared crystall ine solid, and it does not smell strongly.

(53) The observed rate enhancement of 1.7 times comDares well with the
theoretical value of 1.6 calculated from eq 3.

(54) Protein disulfide isomerase does not catalyze reactions of dithiothreitol
wi th oxid ized glutath ione:  Creighton,  T.  E. ;  Hi l lson,  D.  A. ;  Freedman, R. B.
J. Mol. Biol. 1980, I42, 43-62.

(55) Campaigne,  E. ;Tsurugi ,  J . ;  Meyer,  W. W. J.  Org.  Chem.1961,26,
2486-2491.
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Table I I I .  The lnf luence of  Potent ia l ly  Catalyt ic  Addi t ives on the

Rate of  Thio l -Disul f ide Interchange in Water at  pH 7

add i t i ve
L  c a t /

, \  a
v u n c a t addi t ive

L cat/

f unca t

papain
cF3cH2sH

th iamine hydrochlor ide

r -  (K I )
SOrF (NarSOr)

CNS-  (NaCNS)

POrS:-  (Na3PO3S)

Zn2+ [Zn(OAc)2]
Cd2+  [Cd(OAc) r ]

Fe2* (FeSoa)

Ag+ (AgNO3)

Co2+ [Co(N03)2]
a lumina

I

I

I
I

I

b

I

b

b
I

Z"(,4."

/ - \  ,  
( \ { e o ) 3 P  I

\ " , ) - s n  
I

[ \  1 
Protein d isul f ide isomerase f

\ . .AsH

. rc t i va tcd  ca rbon  I
P r  C  H . C  t l . C O O -  K + )  j  I

'  The th io l -d isul f ide interchange of  2-carboxy- 1,3-propanedi th io l  and

bis(2-hydroxyethyl)  d isul f ide (4 mM each) in 50 mM aqueous phos-
phate buffer at pH 7 was followed by monitoring the formation of 4-

carboxy-1.2-di th io lane at  330 nm; t ' " " , /uuncar = apparent  rate of  cata-
lyzed react ion/apparent  rate of  uncatalyzed react ion.  In each case the

addi t ive was present at  a molar  concentrat ion = l }Vo that  of  2-

ca rbo r l -1 .3 -p ropancd i th io l .  Papa in  and  p ro te in  d i su l f i de  i somerase
\ \ c rc  p rescn t  i r t  n to la r  conccn t ra t i ons  =  l% and  0 .06Vn  tha t  o f  2 -

s r f  b r ) \ \  -  I  . . 1 -p f r ) f  i r ncd r th io l  b  P rcc ip i ta te  uas  observed  in  so lu t i on .  ' lH

\ \ 1  R . i . r l r r  r h r r r i c d r , . r  r " n . r r  =  I  -  ( r e f  - i - 1  ) ,  d R e f e r e n c e  5 4 .

. {m ino th iophen< , r l  i n  \queous  So lu t i on  a t  p l I  7 .  \  i l ask  con ta in ing  p -
a rn ino th iophcn t r l  ( t l . ( t t t 59  g .  0  0 -1 r  r r t r r i o l )  \ \ i l s  s toppc red  w i th  a  rubber
sep tum and  t l ushcd  r r r th  a rgon .  \ l e th r l cnc  ch lo r ide  (0 .9a  mL)  tha t  had
been  deoxygena tcd  p rev ious l l  b i  bubb l ing  a rgon  th rough  i t  f o r  30  m in
was added to generate a stock solut ion of  p-aminothiophenol .  The so-
lu t i on  was  es t ima ted  by  E l lman 's  ana lys i s  to  be  5 l  mM in  th io l .56  By
using a gas-t ight  syr inge,  20 pL of  th is solut ion was added to a f lask
stoppered with a rubber septum, and the methylene chloride was removed
by evaporation under argon to leave p-aminothiophenol as a solid residue.
Into two f lasks were weighed bis(2-hydroxyethyl)  d isul f ide (0.0032 g,
0.02 mmol)  and 2-carboxy-1,3-propanedi th io l  (0.0031 g,  0.02 mmol)
separately. The two flasks were stoppered with rubber septa and flushed
with argon.  To each f lask was added by using a gas-t ight  syr inge I  mL
of DrO (50 mM phosphate buf fer ,  pD 7) that  had been deoxygenated
previously b1' bubbling iirgon through it for 2 h. The contents of the two
f lasks were mixed b)  t ransfe r  through cannula under argon;  4 min af ter
mix ing,  I  mL ol  the solut ion was t ransferred to the f lask contain ing
p-amino th iopheno l  under  a rgon .  The  in i t i a l  concen t ra t i ons  were

[ (HOCH2CHzS)z ] ,n i , i " r  =  l 0  mM,  IHSCH2CH(COOH)CHzSH] in i , r " r  =

l0  mM,  and  IHSC6HaNHz(p ) l i n t ,1 "1  =  1  mM in  the  ca ta l yzed  so lu t i on .
The catalyzed react ion was quenched af ter  l3 min by adding l5 pL of
DCI solut ion (37 wt Vo in D2O),  and the uncatalyzed solut ion was
quenched af ter  14 min by addi t ion of  15 pL of  DCI solut ion.  The
acid-quenched solut ions were then t ransferred under argon to NMR
tubes stoppered wi th rubber septa.  The top of  the NMR tubes were
sealed with paraifin wax. The rates of the reactions were estimated from
the peak areas for  the methylene peaks of  mercaptoethanol  and i ts  d i -
su l f i de  in  the  rH  NMR spec t rum.

(56) El lman, G. L.  Arch.  Biochem. Biophys.  1959, 82,70-77.  Habeeb,
n.  F.  S.  A.  Methods Enzvmol.1972. 25.45'7-464.
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solution was stirred at room temperature for 20 h. The reaction mixture
tested negat ive wi th El lman's reagent,  thereby indicat ing the complete
oxidat ion of  th io l .  The react ion mixture was poured into 200 mL of
ice-cold water.  The resul t ing suspension was warmed to room temper-
ature and extracted wi th petro leum ether (30-60 oC,2 x 75 mL).  The
petroleum cthcr layer was dr ied (MgSOa) and concentrated at  reduced
pressure  to  y ie ld  a  co lo r less  l i qu id  (0 .29  g ,827a) :  'H  NMR (CDCl3 )  6
2 . 7 6  ( s ,  2  H ) .  0 . 9 9  ( s .  9  H ) . 5 e

2-Bromomethylpropenoic Acid.60 Crude diethyl  b is(hydroxy-
methy l )ma lona te6 r  ( l  l 4  g ,  0 .50  mo l )  was  d i sso lved  in  HBr  (226  mL o f
a 48 wt % aqueous solut ion,  2.0 mol) ,  and the solut ion was heated at
120-125 oC in an oi l  bath for  45 min (Scheme I) .  The solut ion was
cooled in dr1 ice-acetone bath;  af ter  appearance of  whi te crystals the
solut ion was cooled in an ice bath.  The crystals were removed by f i l -
t rat ion,  and the solut ion was heated again at  120-125 oC for  45 min.
The solut ion was cooled,  and addi t ional  crystals separated.  The proce-
dure was repeated four t imes.  The s ix crops were combined and sus-
pended in a mixture of  methylene chlor ide (200 mL) and I  N HCI
aqueous solut ion (60 mL) in a separatory funnel .  The CH2CI2 layer was
separated, dried (Na2SOa), and concentrated at reduced pressure to yield
a  w h i t e  c r y s t a l l i n e  s o l i d  ( 2 6 . 0  g , 3 2 V o ) :  m p 7 2  o C  ( l i t . 6 2  m p  7 4  o C ) ;  ' H

N M R  ( C D C I 3 )  6  6 . 5 0  ( s .  I  H ) , 6 . l l  ( s ,  I  H ) ,  L l 8  ( s , 2  H ) .
2-Carboxy-1,3-propanedi th io l .6r '64 To a st i r red suspension oi  2-

b romometh - " - l p ropeno ic  ac id  (4 .95  g .  - j 0 .0  mmol )  i n  100  mL o lwa te r  i n
an ice bath was added a solut ion of  sodium carbonate (5. ,s0 g.52.0 mmol)
in  l 0  n r l .  o l  ua tc r  rn  sn ra l l  po r t i on \ .  To  the  resu l t rng  so lu t i on  was  added
t h r o l a c c t i c . r c i d  t l  l ( )  n r l - .  - 1 0 . - i  m n r o l ) .  a n d  t h e  s o l u t i o n  w a s  s t i r r e d  i n
an  i cc  b i r th  f ' o r  l 5  n r in  Thc  so lu t i on  uas  ac id i f i ed  u ' i t h  HCI  to  pH I  and
c x t r d c t c d  r r r t h  c t h r l a c c t a t c  ( 2  x  - s g  m L ) .  T h e  E t O A c  l a y e r  w a s  d r i e d

t \ lgSOr) and ct- rnccntrated at  reduced pressure to y ie ld a whi te sol id (6.4
g ) :  r H  N M R  ( C D C l r )  6  6 . 4 0  ( s ,  I  H ) , 6 . 0 4  ( s ,  I  H ) , 3 . 1 7  ( s , 2  H ) , 2 . 3 4
(s,  3 H).  To the crude 3-(acety l th io)-2-methenyl- l -propanoic acid was
added  th io lace t i c  ac id  (3 .25  mL,45 .0  mmol ) .  A f te r  l 5  h  a t  room tem-
perature, 'H NMR spectroscopy showed no olefinic peaks. The reaction
mixture was concentrated at reduced pressure to remove the excess
thio lacet ic  acid and heated at  ref lux wi th 200 mL oi  deoxygenated l0
wt 7.  aqueous KHCOj solut ion for  5 h under argon,  The react ion mix-
ture was ctxr led in an ice bath,  acid i f ied to pH I  u ' i th HCl.  and extracted
u i th  e th r l  acc t l t c  t  100  mL) .  The  E tOAc  laye r  was  d r ied  (NarSOa)  and
c ( ) n c c n t r : r t c d . r t  r c d u c c d  p r c s s u r e  t o  i i e l d  a n  o i l l  r e s i d u e  w h i c h  w a s
rce  r r : l . r l l i zcd  rn  hc r . rnc  tb r  e r r r l i ng  to  80  oC)  to  r i e ld  a  wh i te  c rys ta l l i ne
: r r l r d  t . l  . - l - r  ! .  

- :  ;  ) ,  i r n  h l l  o (  ( l r l  n t  n r p  5 9 . - i - 6 0 . - 5  o C ) ,  l H  N M R
t C D C l , )  , l  I  e t ) l n .  I  i l t .  I  5 - 1  ( t . :  H .  " /  =  8 . 6  H z ) .
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3-Hydroxy-2,2-dimethylpropanethio l .  A f lask contain ing 3,3-di -
me thy loxe tanesT  18 .6  g ,  100  mmol )  and  th io lace t i c  ac id  (9 .0  mL ,  126
mmol)  was f i t ted wi th a ref lux condenser and warmed in an oi l  bath at
60 oC for  20 h.  The rH NMR spectrum of  the react ion mixture showed
75% conversion to the product  3-(acety l th io)-2,2-dimethylpropanol .  To
the reaction mixture was added methanol (50 mL) and concentrated HCI
(0.5 mL ol  a 37 wt % solut ion in water) .  The resul t ing solut ion was
st i r red in an oi l  bath at  60-65 oC for  24 h.  The react ion mixture was
cooled in dry ice-acetone bath, and the upper l iquid layer was removed
by cannula under argon.  The lower sol id layer which remelted at  room
temperature was suspended in a mixture of  petro leum ether (40-60 oC

f r a c t i o n , 5 0  m L ) ,  d i e t h y l  e t h e r  ( 5 0  m L ) .  a n d  w a t e r  ( 1 0 0  m L ) .  T h e
organ ic  l aye r  was  d r i cd  (MgSOo)  and  concen t ra ted  under  reduced
pressure  to  y ie ld  a  co lo r less  l i qu id  (4 .47  g )  The  c rude  p roduc t  was
d i s t i l l e d  ( 0 . 1  T o r r , 6 0 - 7 0  o C ) t o  r i e l d  a  c o l o r l e s s  l i q u i d  ( 3 . 5 3  g .  - 1 0 1 7 ) :
r H  N M R  ( C D C I . , )  d  3 . 4 6  ( d . 2  H .  J  =  5 . 1  H z ) . 2  5 3  ( d .  I  t i .  - /  =  8 . 7
H z ) ,  1 . 5 3  ( t .  I  H .  J  =  5 . 7  H z ) .  1 . 2 6  ( r .  I  H .  " /  

=  8 . 7  H z ) . 0 . 9 6  r s . 6  H ) .
A n a l .  C a l c d  i o r  C 5 H 1 2 O S :  C . 4 9 . 9 6 :  H .  1 0 . 0 6 .  F o u n d :  C . . 1 9 . 9 9 :  H .
l 0 . l  r  .

Bis(3-hydroxy-2,2-dimethylpropyl)  Disul f ide.  3-Hydroxy-2.2-di -
methylpropanethio l  (0.85 g,  7.1 mmol)  and FeCl3 (0.0040 g,  0.015 mmol)
were dissolved in KHCO3 solut ion (100 mL of  a l0 wtVa aq\eous solu-
tion). Oxygen was bubbled through the solution for 7 h with stirring until
the solution became colorless. The cloudy reaction mixture was extracted
with chloroform (50 mL). The chloroform layer was dried (MgSO+) and
concentrated at  reduced pressure to y ie ld o i l .  The crude oi l  was re-
crystal l ized f rom to luene/petro leum ether to y ie ld a whi te crvstal l ine sol id
( 0 . 3 3  g , 4 0 7 o ) :  m p  9 2  o C ;  r H  N M R  ( C D C l l )  6  3 : 1 - r  ( b r  s .  I  H ) .  1 . 8 , 1
( s , 2  H ) . 2 . 1 6  ( b r s .  I  H ) . 0 . 9 6  ( s . 6  H ) .  . \ n a l  C a l c d  f o r  C i 6 H . . O . S .
C .  5 0 . 3 8 ;  H .  9 . 3 0 .  F o u n d :  C .  5 0 . 3 8 :  H .  9  5 - r

2-Hydroxy-2-methvlpropanethio l .  To a solut ion of  methl  lmagnesrunr
b r o m i d e  i n  d i e t h l l  e t h e r  ( 1 0 0  m L  o l  a  3 . 0  \ ' l  s o l u t i o n .  - 1 0 0  m m o l )  i n  r
f l ask  s toppc rcd  * i t h  a  rubber  sep tum uas  added  d ropu isc  a  so lu t i on  o l
m e t h ) l  t h i o g l y c o l a t e  ( 8 . 7 9  g ,  8 3  m m o l )  i n  d r y  d i e t h y l  e t h e r  ( 1 0 0  m L )
br cannula ui th st i r r ing at  room temperature under argon.  The react ion
mixture r las st i r red fur ther at  room temperature for  l0 min and poured
into a mixture of  crushed ice-water (100 mL) and concentrated HCI (33
mL of  a 37 wt % solut ion in water)  wi th st i r r ing.  Diethyl  ether was
added to make the tota l  volume of  the organic layer -300 mL. The
aqueous layer was saturated wi th NaCl,  and the two layers were sepa-
rated with a separatory funnel. The diethyl ether layer was washed with
br ine solut ion (20 mL),  dr ied (MgSOa),  and concentrated at  reduced
pressure to y ie ld a foul-smel l ing l iquid (6.8a g,  T8%).  The crude product
was  d i s t i l l ed  (30  Tor r ,  I  l 0 'C )  to  y ie ld  a  co lo r less  l i qu id  (3 .6 ,s  g .4 l%) :
r H  N M R  ( C D C I 3 )  6 2 . 6 3  ( d , 2  H ,  J  = 9 . 0 H 2 ) , 2 . 2  ( b r .  I  H ) .  1 . 3 7  ( t ,
I  H ,  " f  

=  9 . 0  H z ) .  1 . 2 8  ( s , 6  H ) .  A n a l .  C a l c d  f o r  C a H 1 6 0 5 :  C . 4 5 . 2 5 ;
H .9 .49 .  Found :  C ,44 .69  H ,9 .13 .  (Th is  samp le  was  ve ry  hyg roscop ic ,
and we bel ieve that  th is analysis ref lects water we were unable to re-
move.)

Bis(2-hydroxy-2-methylpropyl)  Disul f ide.  2-Hydroxy-2-methyl-
propanethio l  (1.25 g,  I1.8 mmol)  and FeCl3 (0.0060 g,0.022 mmol)  were
dissolved in KHCO3 solut ion (200 mL of  a l0 wt  % aqueous solut ion).
The brown solut ion was st i r red,  and oxygen was bubbled through i t  for
l0 h until the solution became colorless. The solution was extracted with
methylene chlor ide (50 mL).  The CH2C|2 layer was dr ied (MgSOa) and
concentrated at reduced pressure to yield a crude oil (0.8 | g, 65Vo). The
crude mixture was pur i f ied by f lash chromatography (25Vo EtOAc/pe-
tro leum ether)  toyie ld a color less l iquid (0.45 g,36Vo):  IH NMR (CD-
C l 3 )  6  3 . 0 1  ( s , 2 H ) , 2 . 3 - 2 . 2  ( b r ,  I  H ) ,  1 . 3 0  ( s , 6  H ) .  A n a l .  C a l c d  f o r
C s H ' s O 2 S 2 :  C , 4 5 . 6 8 1  H ,  8 . 6 2 .  F o u n d :  C ,  4 5 . 8 3 ;  H ,  8 . 6 8 .

Bis(2,2-dimethylpropyl) Disulfide. To a solution of 2,2-dimethyl-
p ropane th io l sE  (0 .36  g ,  3 .5  mmol )  i n  DMSO (7 .5  mL)  was  added  con-
centrated HCI (0.3 mL of  a 37 wt % solut ion in water) .  The resul t ing

(57) 3,3-Dimethyloxetane was prepared by the method of  Schmoyer and
Case (Schmoyer, L. F.; Case, L. C. Nature 1959, 183,389) in the same yield
as  repor ted  (30Vo) ' ,  rH  NMR (CDCI3 )  d  4 .39  (s ,4  H) ,  1 .29  (s ,6  H) .

(58) Courtin, A,; Tobel, H.-R.; Auerbach, G. Helu. Chim. Acta 1980,63,
t4 t2 -1419 .



20605-01-0 ;2 -ca rboxy -1 ,3 -p ropaned i th io l ,20605-01-0 ;3 - (ace ty l th io ) -2 -
methenyl- I -propanoic acid, 56 I 40-22-8; sodium 2-hydroxyethanethiolate.
31 482- l  I  -41 potassium 2-hydroxyethanethio late,  7450-3 1 -9:  sodium bu-
ty l th io late,  4779-86-6:  potassium buty l th io late,  26385-25- I  ;  potassium

2,2 -d ime thy lp ropy l th io la te ,  124357  -90 '0 ;  po tass ium 2 -hydroxy -2 -

| 191

methylpropyl th io late,  124351 -91- l  ;  potassium 3-hydroxy-2,2-dimethyl-
propyl t h iola te, | 243 57 -9 2-2: bis(2-hvdroxyeth yl ) d isul fide, 1 89 2-29 - | ;
4-ca rbox,v-  l ,  2-d i  t  h io l  a n e.  2224 -02- 4:  sodi  um 2'  2-d ideuter io-  2-  hydroxy-

cthanethio lare.  124357-93-3:  b is(2,2-dideuter io-2-hydroxyethyl)  d isul f ide,

|  24357 -94-4:  buty l  d isul f ide,  629-45-8;  selenylbenzene'  645-96-5.
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