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Abstract: The rate constants for degenerate intermolecular thiolate-disulfide interchange involving 1,2-dithiolane (S(CH2)35)

are higher than those involving 1,2-dithiane (m) by a factor of -650 in mixtures of DMSO-d6 and D2O. The extrapolated
rate constant for 1,2-dithiolane in DMSO-d6 is fast (k - 108 M-l s- l) .  The rate constants for cycl ic six- and seven-membered
disulf ides are similar to those for acycl ic disulf ides. Rate constants for self-exchange were measured by dynamic rH NMR
line-shape analysis. The evolut ionary selection of l ipoamide as the cofactor in 2-oxo acid dehydrogcnases may ref lect the fast
rate of r ing opening of the dithiolane r ing by nucleophiles.

Introduction

We have used dynamic NMR spect roscopy to  determine the
rate constants for degenerate thiolate-disulf ide interchange of
cyclic disulfides and dithiolates in mixtures of DMSO-d6 and D2O
(eq l).  We had two objectives in this work: First,  we wished

-S(CH2) ,S-  +  S(CHz)nS :  S(CH2)"S + 
-S(CH2) ,S-  ( l )

n  =  3  (1 ,2 -d i t h i o l ane )

n  =  4  ( 1 , 2 - d i t h i a n e )

n  =  5  ( 1 . 2 - d i t h i e p a n e )

to  conf i rm that  thc  th io la tc-d isu l f idc  in terchangc rcact ion o f  a
cyc l i c  f i ve -membered  d i su l f i de  (  1 ,2 -d i t h i o l ane )  i s  s i gn i f i can t l r
fas ter  than of  a  cyc l ic  s ix -membered d isu l f ide (1 ,2-d i th iane)  and
of  a  cyc l ic  seven-membered d isu l f ide (1 ,2-d i th iepane)  and to
estab l ish the magni tude of  the d i f ference in  ra te . r '2  We hoped
this observation might help to rationalize the evolutionary selection
in 2-oxo acid dehydrogenases of l ipoamide with i ts 1,2-dithiolane
moiety as cofactor rather than of a cofactor with a 1,2-dithiane
or a I,2-dithiepane group. Second, we wished to test a prediction
of previous work3 that the rate of degenerate thiolate-disulf ide
in terchange of  1 ,2-d i th io lane in  DMSO should  be fast  re la t ive
to the rates of interchange of noncyclic disulfides in water, because
the rates of self-exchange reactions of 1,2-dithiolane would benefit
both from destabi l izat ion of the ground state of the c, '- 'c l ic f ive-
membered disulf ide relat ive to the transit ion state by r ing strain
and from destabi l izat ion of the ground state of thiolate anion in
DMSO due to energetical ly less favorable solvation in DMSO
than in  water .

Thiol-disulf ide interchange is of broad importance in bio-
chemistry.a-10 The mechanism of the reaction involves the nu-
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Table I.  Second-Order Rate Constants (k, M-t s-r)o for Degenerate

Thiolate-Disulf ide Interchange for -S(CH2),s-7f i f f i  ln
Mixtures of D2O and DMSO-d6 at 24 "C
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'n]. ur",- ' t , ." ]* ' .  ia Lt ratc constants are reported
pcr  molc  t r f 'd r .u l f ' rdc  lnd t r l 'd i th io la te :  they are no l  cor rected s ta t is t i -
ca l l l  fo r  thc  prcscncc of  two s)mnlet r ) -cqu iva lent  su l fur  centers  in
each reactant .

cleophil ic attack of thiolate anion along the S-S bond axis of the
disulf ide. 'r  The reaction is kinetical ly second order: f i rst order
in thiolate and in disulfide. The rate constants follow a Bronsted
relationship in the values of pK. of both the nucleophilic thiol and
of  the th io l  be ing d isp laced. r2- re

Methods
The rate constants for degenerate thiolate-disulfide interchange of

samples oi dithiolate and disulf ide in mixtures of DMSO-d6 and D2O
were derermined by rH NMR l ine-shape analys is .  Typ ica l  rH NMR
spcctra are shown in Figure L The accuracy of this l ine-shape analy-
sis20-24 was aided by two factors: (i) The rate of the reaction, and width
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Figure l. Representative experimental and calculated line shapes for the
nre thv lene  p i ' o tons  ad jacen t  to  su l fu r  i n  500-MHz rH  NMR snec t ra  o f
(A )  po tass ium 1 .4 -bu taned i th io la te  and  1 ,2 -d i th iane  (46  mM)  in  a  so l -
vcnt  mixture consist ing oi  l5 mol  vo D2o in DMSo-do;  (B) potassium
1. .1 -bu tancd i th io la tc  and  1 ,2 -d i th iane  (41  rnM)  in  40  mo l  i r  D2C) -
D \ ' lSO-d6 :  (C)  po r r r ss ium l . - j -p ropaned i th io la te  and  1 ,2 -d i th io lane  i - s .6
mM) rn 20 mol  '7 f ) .O-DMSO-d6: (D) potassium 1,3-propanedi th io lare
and 1.2-di th io lane ( .1.9 m\{)  rn 50 mol  t7.  D.o-DMSo-r /0.  The peak duc
t o  r H  i n  t h e  D M S O  i s  m a r k e d  u i r h  a n  a s r e r i s k .

of  the l ines,  cr-ru ld be adlusted ovcr a range b1 adjust ing thc crrnccnir . r i i , rn
o f  d i th io la tc  and  d i su l i i de ;  the  reac t ion  i s  second  o rde r  r rnd  i i nc  r i i d rh ,
depend  on  ths  conccnr ra t i on  o f  bo th  d i th io la te  and  d i su r i i c i c .  Thc  r i nc -
shapc analysis is  more accurate for  exchange-broadened i ines than ror
narrow l ines,  ( i i )  Thc di f ference in chemical  shi f , ts  between the mcthy ' -
lene protons adjaccnt  to sul fur  in the di th io late and disul f ide is  large
(280-440  Hz  a t  500  MHz) .

The range of  mixtures of  solvents studied (Table I )  was dictated by
two  cons t ra in ts :  ( i )  i nso lub i l i t y  o r  po lymer i za t ion  in  samp les  o l  d i -
th io la tes  and  d i su l f i des  a t  thc  concen t ra t i ons  ( ) - - s0  mtV l )  r cqu i r cd  to
ob ta in  b roadrH  NMR l i nes  in  m ix tu res  o f  D2O and  DMSO-r /o  con-
ta in ing  more  than  60  mo l  %D20:  and  ( i i )  ox ida t ion  o f  th io ra tes  a t  rhc
concen t ra t i ons  ( ( l  mM)  requ i red  toob ta in  b road  l i nes  fo r  a  samp lc  t r f '
1 ,3 -p ropaned i th io la te  and  1 .2 -d i th io lane  in  100  mo l  iZ  D \ , lSO- r /u

The  samp les  o f  d i th io la te  and  d i su l f i de  wcre  p repared  by  addr t i . n  o f
2  equ iv  o f  po tass ium re r l -bu tox ide  to  a  m ix tu re  o f  d i th io l  r rnd  d i su l l i de
in  DMSO-du-DzO.  The  s t ra ined  c1 , ' c l i c  d i su l f i des  (  l . l - d i rh io lane  and
1 ,2 -d i th iepane)  a rc  po lyn re r i c  i n  nca t  fo rm.  bu t  a re  monomcr i c  i n  c r i ru te
so lu t i ons .  The  rH  NMR l i ne  shapes  were  ind is t i ngu ishabre  on  add i t i on
o i  2 ,  4 ,  o r  6  equ iv  (10 ,  20 .  o r  30  mM,  respec t i ve l y )  o f  po tass ium te r t -
bu tox ide  to  a  so lu t i on  o f  1 ,3 -p ropaned i th io l  and  1 ,2 -d i th io rane  ( -5  mM)
in 50 mol  % D2o-DMSo-d6;  we infer  that  the dissociat ion of  d i th ior  to
di th io latc is  essent ia l ly  complete af ter  addi t ion of  2 equiv of  potassium
rer l -butoxide to the di th io l  in 50 mol  % D2o-DMSo-d6.  The or idat ion
oi  d i th io late to d isul f ide was prevenred most successfui ly  by addir ion of
rhe base (potassium terr-butoxide) to the mixture of  d i th io l  and disul f ide
in  the  N l \ {R  tubc  undc r  a rgon .

Results and Discussion

Kinetic Data. Table I summarizes the values for rate consranrs
(,t) of degenerate thiolate{isulfide interchange reactions of cyclic
d isu l f ides in  mix tures o f  D2o and DMSo-d. .  The ra te  consranr
for  ! ,2-dr th io lane is  h igher  than that  o f  i ,2 -d i th iane by a  facr .or
of  *656.2s-zz The ra tc  constant  o f  1 ,2-d i th iane is  h ishcr  than
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Figure 2.  Ef fect  o l  changing the mole f ract ion of  D2O on rhc :ccond-
o rde r  ra te  cons tan l  ( k .  M  r  s  r )  o f  t h io la te -d i su l f i de  in te rchanec  o f  po -
tass ium 1 .3 -p ropaned i th io la te  and  1 ,2 -d i th io lane  (O) ,  po tass ium l . - t -bu -
tanedi th io late and 1,2-di th iane (O),  and potassium 1,5-pentanedirh io lare
and 1,2-di th iepane (a)  in mixtures of  DMSO-du and D2O at  29' t  K Thc
rate constant  for  the th io late-disul f ide interchange of  d i th ioerythr i ro l  und
oxid ized di th iothrei to l  in D2O ar29'7 K is  indicated by r .  The lou,er  I rmi t
o f  t he  ra te  cons tan t  fo r  the  in te rchange  o f ' l i po i c  ac id  and  2 -ca rbo r r -
1 ,3 -p ropancd i th io l  i n  D2O i s  i nd i ca tcd  b )  o , ,  The  l i ne  ( - - - )  rep rescn i ,
r rpp r t t r im t r t c l i  t he  r i i t ' f ' us i t rn - l i n t i t cd  r i l t c  e ( )n \ tan t  i n  th i s  med ium.

r r f '  l . l - d r t i l e  p . i l c  l r r  . r  l . t r - t t r r  r ) l '  -  - i  T h e  r a t e  c o n s t a n t s  f o r
l . l - d r t h r . r n c  r r n t i  , . 1 - d r t h r c ; . ; 1 p g  . r f c  e t ) t ) ) p i r r a b l e  ( w i t h i n  a  f a c t o r
o f  -  I  )  t t r  t h r t l  l , r r  t i t c  p , r n e r c l i c  d i b u t i  I  d i s u l f i d e .  T h e  v a l u e  o f
t h c  r a t e  e o n s t i . i n t  l , r r  1 5 1 . . , 1  , , .  d i s u l f - i d c  i n t c r c h a n g e  o f  p o t a s s i u m
I - b u t a n e t h i o l a t c  a n d  d i b u n l  d i s u l f i d c  i n  D \ { S O - d o i s  k  =  5 4  X
1 0 3  M  r q - r . i  T h i s  v a l u e  m u s r  b c  m u l t i p l i e d  b r  i  f o r  i t  t o  b e
cornparab le  to  the  ra te  cons tan ts  fo r  i n te rchange  be tween  d i -
th io lates and cycl ic  d isul f ides to account for  the presence of  two
symmet ry -equ iva len t  th io la te  g roups  in  d i th io la te . r8

Comparison of the kinetic data for degenerate thiolate-disulfide
interchange of  cycl ic  f ive-  and s ix-membered disul f ides wi th the
equ i l i b r i um da ta  fo r  1 ,4 -bu taned i th io l  and  1 ,2 -d i th io lane  (eqs  2
and l )  pnr,u ' idcs an independent check on val id i ty  of  these values.2e

() (-l=:Oa)
S._  S S  S - S  S H

k "-:-
A o

K " q = h k - z

kzk-t
(3)

(22) Binsch,  G. Top,  Stereochem. 1968. J,  91-192
(23) Binsch, G.In Dvnamic Nuclear Magnetic Re.sonance Spectrosc.op],,

Jackman, L.  M.,  Cot ton,  F.  A. ,  Eds. ;  Academic:  New york.  1982; pp 45-bl .
(24) Pleasants,  J.  C. ;Guo, W.;  Rabenstein,  D.  L.  " / .  Am. Chem. Soc.  19g9.

/  1  1 .  6 5 5 3 - 6 5 5 8 .

1 \  
^ i -

\ _  / \  ) -  \  / - (  ) t z t
S H  S _ S  S -  K 2  

S H  S _  S _ S

OI
S - S  I

-l
S-  SHJ

lal la
\ \  c  c rpect  thc  nr r io  A, l l .  to  be c lose to  the ra t io  o f  ra te  constants
(. '6. i0) ot 'dcgcnenrtc thiolatct isulf ide interchange of cycl ic f ive-
and s ix-nrcntbcrcd d isu l l ' ides.  Thc va lue of  the equi l ib r ium con-

(?5) Creightoni  has reported that  the rate of  reducr ion of  l ipoic acid by
d i th io th re i to l  i n  wa te r  ( r  =  56  M rs - r ;  k  =  230  M* rs - r )  i s  160- fo ld  g rea te r
than expected by the Bronsted re lat ionship for  unstra ined l inear d isul f ides
(t 'p, .d i . t . , r  = 0.35 M I  s- l ) .  Fava et  a l .2 hav-e reported that  the rate constant
of  the c lcavage oi  I  .2-di th io lanc by l  -buty l th io late in methanol  ( /< = 1400 M-r
s l; is --5400 tirncs highcr than ft-rr the cleavage of dibutyl disulfide (k = 0.26
M I s r). tsorh of'thesc studics are indirect and we believe ourdata give a more
direct measure of thc rate constants for thiolate-disulfide interchanqe of cvclic
disul f ides.

(26) The rate constants fbr  two samples of  1,4-butanedi th io late/1,2-di t -
h iane were indist inguishablc at  d i f ferent  concentrat ions (22 and 44 mM);  the
react ion is  therelore second ordcr overal l .

(27) The values ol  rate contants lor  samples of  1,4-butanedi th io l  and
1,2-di th iane wi th I  equiv of  potassium rer l -butoxide were lower by a factor
oi -3*4 than those with 2 equiv of base; for I equiv of potassium rerl-butoxide
p r c s c n t ,  k  =  1 6 x  1 0 3  M  I  s  I  i n  l 5  m o l  %  D , O , a n d - k  =  5 . 3  x  1 0 3  M - r  s - r
in 25 mol  '7 D.O. The di f ference bcrr , recn thebbserved factor  of  i -4 and the
expected factor  of  2 may ref lect  stabi l izat ion of  the -S(CH2)4SH 

by intra-
molecular  H bonding,  or  enhanced nucleophi l ic i ty  for  the dianion.

(28) The rate constants for  d i th io late-disul f ide interchange should be
div ided by 4 to be di rcct ly  comparable ro react ions in which a s ingle th io late
a t tacks  a  s ing le  e lec t roph i l i c  cen te r  (e .g . ,  CH35-  *  CHsBr  *  CH3SCH,  *
Br - ) .

(29) Equat ion 3 is  based on rhe assumpt ions that  the f i rs t  pKu of  1.3-
propanedi th io l  and 1.4-butanedi th io l  are equal .  and that  the proton-t ransfer
s teps  a re  i as t  and  equa l  i n  bu th  d i rec t i ons  (ko  =  f r .0 ) .



6306 J .  Am.  Chem. Soc. ,  Vo l .  I12,  No.  17,  1990

stant (K.o) for the thiol-disulfide interchange of 1,4-butanedithiol
and 1,2-d i th io lane (eqs 2 and 3)  in  DMSO is  -39.30 '3r  Thus
(eq 3) k-r - 20 k-2. At first glance, this conclusion is surprising,
since k-1 is making a strained dithiolane ring, and k-2an unstrained
dithiane r ing, We suggest later, however, that the r ing strain in
the d i th io lane r ing e f fec t ive ly  d isappears  in  the t rans i t ion s ta te
for thiolate-disulf ide reactions involving i t ,  presumably because
the S-S bond is weakened and stretched. Thus. the factor of 20
can be rat ional ized as the entropic advantage to closing f ive-
membered r ings re la t ive to  s ix -membered r ings.32 In  the anal -
ogous r ing-closure reactions of o-(c,. ,-bromoalkyl)phenoxide, the
five-membered cycl ic ether is formed 20 t imes faster than the
six-membered one.33 The effective molarity for an intramolecular
thiol-disulf ide interchange reaction involving formation of six-
membered oxidized dithiothreitol is est imated as 104 M. and for
the format ion of  two cyst ine bonds in  bov ine pancreat ic  t ryps in
i n h i b i t o r  a s  1 0 3  a n d  1 0 7  r r . l +

Plots of log k rs \ ' lole Percent D,O Are Linear. For thio-
la te-d isu l f ide in terchange in  mi r tures o f  DMSO-do and D.O.  the
p lo t s  o i  l og  I  vs  mo le  pe rcen t  D .O  a re  l i nea r  (F igu rc  l )  The
s lopes  f o r  1 ,2 -d i t h i ane  (0 .050 )  and  f o r  1 .2 -d i t h i o l ane  (0 .0 -1 i  )  a r c
s i m i l a r  a n d  a r e  c o m p a r a b l e  t o  t h a t  f o r  b i s ( l - h r d r o x r e r h r l ) d i -
su l f ide (0 .035) .3  The ra te  constant  for  th io la te-d isu l f idc  inrcr -
change between oxidized dithiothreitol and dithioery'thritol in D2O
(k = 5  M-rs- r ;  log k  =  0 .69)  cor re la tes wel l  w i th  the p lo t  for
1,2-dithiane in Figure 2; we infer that the plot of log ft  vs mole
percent D2O is linear over the entire solvent range,35 The relative
rate constants reported in Table I would hold approximately for
the entire range of mixtures from DMSO-d6 to D2O. The rate
constant of degenerate thiolate-disulf ide interchange involving
1,2-d i th io lane is  expected to  be -  103 faster  than that  invo lv ing
1,2-d i th iane in  D20 f rom ext rapola t ion o f  F igure l .

The Rate of Thiolate-Disulf ide Interchange of 1,2-Dithiolane
in  DMSO-du Is  Fast .  The ext rapola ted ra te  constant  (k  -  108
M-r s-r ) for thiolate-disulf i  de interchange of l ,  3-propa nedithiolate
and  1 .2 -d i t h i o l ane  i n  DMSO-d^  i s  f as t  comoarcd  t o  t hc  ra t c
cons tan t  f o r  i n te r change  o f  1 .4 -bu taned i t h i o l a t c  and  l . l - d i t h i anc
in  D2O (k  -  3  M- r s - r ) .  We  p roposc  t ha t  t h i s  l a rge  d i f i c rencc
in  ra te  a r i ses  f r om two  fac to r s  (F igu re  3 ) :  ( i )Thc  s round  s ta t c
of  1 ,2-d i th io lane is  destab i l ized re la t ive to  the t rans i t ion s t i l te  ior
thiolate{isulf ide interchange because of r ing strain.16 37 ( i i )  The
dithiolate is less solvated and therefore more destabilized in DMSO
than in D2O; the ground state of dithiolate with i ts more local ized
charge is more strongly destabi l ized than is the transit ion state.38

Ring Strain in the Ground State of the l,2-Dithiolane Ring Is
Released in the Transition State for Degenerate ThiolatrDisulfide
Interchange. The rate of thiolate*disulfide interchange increases
with increasing ring strain in the ground state of cyclic disulfides.

(30 )  Houk ,  J . ;  Wh i tes ides ,  G .  M.  J .  Am.  Chem.  Soc .  1981 .  109 .
68 25-68 3 6.

(31) The equi l ibr ium constant  was determined for  a mir ture of  1.2-di th ianc
and 1,3-propanedi th io l in both DMSO-d6 and equimolar  DMSO-d6-D2O with
4 molVo potassium /er l -butoxide by rH NMR spectroscopy af ter  quenching
with DCI; this value of the equilibrium constant (30) is similar to that reported
lor  CD3OD-D2O (33) 30

(32) Some general references on effective molarities lor ring-closure re-
act ions:  Kirby,  A.  J.  Adt .  Phys,  Org.Chem.1980,17,183-278. Mandol in i ,
L. Adu. Phys. Org. Chem.1986,22,l-l I l. I l luminati, G.; Mandolini,L. Acc.
Chem. Res.1981, 14,95-102. Page, M. l .  Angew. Chem., Int .  Ed.  Engl .1977,
16,449-459. Page, M. I . ;Jencks,  W.P. Proc.  Nat l .  Acad. Sci .  U.S. ,4.  1971,
68 ,  r  678- r  683 .

(33) I l luminat i ,  G. ;  Mandol in i ,  L. ;  Masci ,  B.  J.  Am. Chem. Soc.  1975,97.
4960-4966.

(34) Creighton,  T.  E.  Biopolymers 1983, 22,49-58.
(35) For the th io late-disul l ide interchange ol  l ipoic acid and 2-carboxy-

1,3-propanedi th io l  in D2O at  29'7 K,  only a lower l imi t  for  the rate constant
cou ld  bc  de tc rm incd  (k  >  2000  M- rs - r ;  l og  k  >  3 .3 ) .

(36) Sunncr,  S.  l \ ' la ture 1955, 176,  217 .
(37 )  Bar l t rop ,  J .  A . l  Hayes ,  P .  M. ;  Ca lv in ,  M .  J .  Am.Chem.  Soc .  1954 ,

76. 4348-4367.
(38) The rate constants of  Sp2 and SpAr react ions involv ing anionic nu-

cleophiles increase by a factor oi 102-107 on going from a protic polar to a
nonprotic polar solvent: Reichardt, C. Soluents and Soluent Effects in Organic
Chemistry: VCH: Weinheim, 1988. Although the effects of hydration on the
reaction kinctics of an Sp2 rcaction (Cl- + CH,CI) are profound, the structurc
of  the t ransi t ion state is  only s l ight ly  d istor ted:  Jorgensen, W. L. ;  Buckner.
J.  K.  " / .  Phys.  Chem.l986,  90,  4651-4654.
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Figure 3 .  11rpothct icu l  p lo t  o f  f rec '  energv vs  react ion coord inate for
th  jo la tc- i i :u l t lde in tcrchr rnge o l  I  . - i -propanedi th io la te i  1 ,2-d i th io lane and
i . - 1 -bu t r rncd i l h i o i r r t c  l . l - d r t h i anc  rn  D \ {SO- r / ^  and  i n  D2O.

f l r  cu i t r r i n r c t r i e  n r c i r \ u r c r l cn t .  t he  r rng  s t ra i n  o f  1 .2 -d i t h i o l ane
r ,  h ighcr  than th . r t  t r t '  i . l -d i th iane b1 3.7  kca l /mol .36 Calcu la t ion
of  th is  d i f ferencc in  r ing s t ra in  ( the s ter ic  energy,  ASE) by mo-
lecu lar  mechanics  IMM2(85) ]  gave a va lue of  5 .4  kca l /mol .3e
Correlat ions with experimental values of equi l ibr ium constants
indicate that values calculated by this procedure are systematically
too large and suggest that a good estimate of the dif ference in
free energy of formation is given by the empir ical relat ionship
AG - 0.4 ASE, = 2.2 kcal/mol.3e By comparing the rates for
thiolate-disul l lde interchange of '  1,2-dithiolane and 1,2-dithiane,
we est imate AA6+ -  3 .8  kca l /mol .  The agreement  o f  the ex-
perimental values from calorimetry and kinetics suggests that the
ring strain in the 1,2-dithiolane r ing is completely released in the
transit ion state. The rough agreement with the value estimated
by semiempir ical molecular mechanics calculat ions and after
appl icat ion o f  an ernp i r ica l  cor rec i ion is  cons is tent  wi th  th is
conc lus ion .

Increase in  Ring St ra in  o f  1 .2-Di th io lane Leads to  Polymer i -
z a t i o n .  l - h e  ' r n g  \ t r r r l n  o l  J - t ' i r . , - u t c t h l  l c n e  -  1 . 2 - d i t h i o l a n e  i s

l r c r l i e  t cd  l q r  l - r 1  -  i ) . -  Ke . i i  r r t r i  h rghc r  t han  t r f  1 .2 -d i t h i o l ane  bv
\1 \ l  l  ca l cu ia t r ( ) n \ .  

r '  "  \ \  c  t he  re  l ' o r c  c \pcc t cd  t ' as t c r  r a tes  o f
degcnc ra t c  t h i o i a t c -d rsu l l ' i de  i n t c r changc  reac t i ons  f o r  4 -
methy lene-  I  .2-d i th io lanc than for  I  ,2-d i th io lane.  The po lymer
of  4-exo-methy lene-  I  ,2-d i th io lane was more d i f f icu l t  to  de-
polymerize than that of 1,2-dithiolane. We were able to prepare
d i lu te  (5  mM) homogeneous so lu t ions o f  4-exo-methy lene-1,2-
dithiolane and 2-methylene- 1,3-propanedithiolate in DMSO-d6,
and we infer that the rate constant for thiolate-disulf ide inter-
change  i s  - 4  x  107  M- rs - rby  us ing  l i ne -shape  ana l ys i s .  We
cannot. however, rule out the possibi l i ty of ol igomerization, and
this rate constant value should therefore be taken as a lower l imit.
Thc strategy of increasing the rate constant for thiolate-disulf ide
interchange b1- increasing ring strain in the disulfide may therefore
not be feasible bevond a certain point, due to polymerization of
ths  d isu l f idc .

Geometry of the Transit ion State. Thiolate-disulf ide inter-
changc may be faci l i tated i f  the geometry of the ground state
resembles that of the transit ion state. In the transit ion state, the
S-S bond is predicted to be longer than in the ground state of
disulf ides, and the CSS angle at the central carbon must be
-90o.4 Table II  compares the CSSC dihedral angle, CSS angle,
and S-S bond length for cyclic disulfides. The geometry expected
for the transit ion state is better matched by the ground state of

(39) The MM2 calculat ions were done wi th the program Macromodel
V2.0:  Burns,  J.  A. ;  Whi tesides.  G. M. "r .  Am. Chem. Soc. ,  submit ted.  The
di f ference in ster ic  energy (- \SE) betwccn the disul f ide and the di th io l  was
calculated wi th rcference to 1,2-di th iane IASE(di th iane) = 0] ,  and the f ree
energv change was predicted lor  the react ion 1,2-di th iane *  HSRSH -*

1.4-butanedi th io l  *  SRS, Macromodel  V2.0 is  avai lable f rom Prof .  W. C.
St i l l  et  a l . ,  Department of  Chemistry.  Columbia Univers i ty ,  New York.

(40) Pappas, J. A. J. Am. Chem. Soc. 1977, 99,2926-2930. Schmidt, U.;
Grafen,  P. ;  Al t land.  K. ;  Goedde, H.  W. Adc.  Enzymol.1969, 32,423-469.
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Table I I .  X-ra1'  Crystal lographic Data for  Selected Disul f ides
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angle,  deg
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Figure 5. Redueti ,rn ot '  -J '-phosphoadenosine 5'-phosphosulfate (PAPS)
br di h-r drol r porl  nrLlc

transfer and redox coupling (by thiolate-disulf ide interchange)
among the lipoyl arms help to coordinate the functions of the three
enzymes and to maintain high flux through this important enzyme
system.a l -46

During the enzymatic cycle the disulf ide r ing of l ipoamide is
formed or cleaved at three stages: ( i)  hydroxyethylthiamine
pyrophosphate (the cofactor of pyruvate decarboxylase) reacts
with l ipoamide and transfers the acetyl group to reduced l ipo-
amide;a7 ( i i )  the I ipoy l  arms arc  invo lved in  th io la te-d isu l f ide
interchange: (iii) a rcduced lipoamide close to the dihydrolipoamide
dehydrogenase is oxidized to regenerate l ipoamide. The extrap-
olated rate constant for thiolate-disulf ide interchange between
1,3-propanedi th io la te  and 1,2-d i th io lane in  water  is  -  104 M- l
s-r (Figure 2). The value of the first thiol pK" of 1,3-propanedithiol
is, however, 10. and only a small  fract ion of reduced l ipoamide
would be present as thiolate anion. The rate of thiol-disulf ide
in terchange at  pH 7 would thus be s low (u  -  l0  M- ls- l )  even
for  thc  I  ,2-d i th io lane system;  ra tes for  1 ,2-d i th ianes or  I  ,z -d i -
thiepanes would be even slower (by a factor of -650). The
evolutionary selection of lipoamide in 2-oxo acid dehydrogenases
may thus be due to the signif icantly faster rates for thiolate-
disulfide interchange reactions (and perhaps of reductive acylation)
involving cyclic five-membered disulfides than for those involving
cyclic six- or seven-membered disulfides, and to the resulting ability
of a dithiolane-derived system to maintain a high f lux through
the 2-oxo acid dehydrogenase complex.

L ipo ic  ac id  is  ub iqu i tous in  nature.ar '48 Halophi l ic  archae-
bacteria have dihydrol ipoamide dehydrogenase activi ty but lack

(44) Shepherd, G. B.; Hammes, G.G. Biochemistry 1977, t6,5234-5241.
(45) Angelides. K. J.; Hammes, G. G. Biochemistry 1979, 18,1223-1229.
(46) Angel ides,  K.  J. ;  Hammes, G. G. Biochemistry 1979, t8,5531-5537.
(47) Gruys,  K.  J. ;  Dat ta,  A. ;  Frey,  P.  A.  Biochemistry 1989, 28,

907 I  -9080.
(48) Parry,  R.  J.  Tetrahedron 1983, 39,  l2 l5-1238.
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1,2-d i th io lane than by noncyc l ic  cyst ine.
Rationalization for the Evolutionary selection of Lipoamide in

2-Oxo Acid Dehydrogenas€s. Lipoic acid is a cofactor of the 2-oxo
acid dehydrogenase complexes, which catalyzc the oxidative de-
carboxylat ion of 2-oxo acids and the formation of the corre-
sponding acy l -CoA and of  NADH (F igure 4) .a '  The pyruvate
dehydrogenase complex comprises three enzymes-pyruvate de-
carboxylase (El p), dihydrol ipoamide acetyltransferase (E2p), and
dihydro l ipoamide dehydrogenase (E3p) .  The E2p chain  o f  fs -
cherichia col i  has three l ipoyl domains, which are l inked to each
other by highly mobile peptide chainq.a2'a: The distances between
the enzymes in the complex have been shown by f luorescence-
transfer measurements to be long and cannot be traversed by a
single l ipoyl arm.44-46 It  has been suggested that faci le aiyl

(41 ) Rced, L. J. Acc, Chem. Res. 1974, 7, 4V46. Roche, T. E.; pate l, M.
E ,J9r Alpha-Keto Acid Dehydrogenase Complexes; New york Academy
of Sciences:  New York,  1990.

(42) Perham, R. N. ;  Duckworth,  H.  W.;  Roberts,  G. C.  K.  Nature l9gl .
292,  474-477.

(43) Graham, L.  D. ;  Packman, L.  C, ;  Perham, R. N.  Biochemistrv 1999.
28,  157 4-1581, and references therein.
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the 2-oxo acid dehydrogenase multienzyme complexes.ae In these
organisms, the reduced l ipoamide may be involved in another
high-flux metabolic pathway: that is, sulfate reduction (by reaction
of reduced lipoamide with 3'-phosphoadenosine 5'-phosphosulfate,
PAPS) (Figure 5).50 The large effect ive molari ty32'3a for the
attack of the second thiol group of l ipoamide on the thiosulfate.
and the rapid regeneration of reduced l ipoamide from oxidized
l ipoamide by d ihydro l ipoamide dehydrogenase.5r  ma1, '  he lp  in
mainta in ing the f lux  through these coupled react ions.

Conclusions

The rate for thiolate-disulf ide interchange of 1,2-dithiolane is
only a factor of approximately 102 slower than the diffusion-limited
rate  in  DMSO: the theoret ica l  va lue of  d i f fus ion l imi t  for  the
second-order  ra te  constant  in  DMSO is  -3  x  l0e \ , { - r  s - r .52 I t
may be poss ib le  to  increase the ra tes for  th io la te-d isu l i ide in-
terchange further by introducing more strain into the ground state
of  the cyc l ic  d isu l f ide,  by  us ing a so lvent  in  which the th io la te  is
less solvated, or by making the geometry of the ground state
resemble more closely that of the transit ion state. The strategy
of increasing ring strain in the ground state of 1,2-dithiolane may,
however, be limited by polymerization of the disulfide. Attempts
to lower the solvation of thiolate by changing the solvent may lead
to the problems of ion pair ing and insolubi l i ty. We do not know
the relat ive contr ibutions of dielectr ic constant and hydrogen
bonding to destabilizing the thiolare in going from D2O to DMSO.

Experimental Section

Genera l  Methods.  rH NMR spect ra  uerc  recorded u i rh  a  Bruker
AM-500 spect rometer .  Argon was deox lgenated and dr ied br  pass ing
over Ridox (Fisher Scienti f ic) and molecular sieves before use. Disri l led
water  f rom a Corn ing AC- lb  s t i l l  was used to  w,ash a l l  g lassware.5 l

Mater ia ls .  A ldr ich suppl ied 1 ,3-propanedi th io l ,  1 ,4-butanedi th io l ,
I ,5-pentanedithiol,  trans-4,5-dihydroxy- I  ,2-dithiane, 5,5'-dithiobis(2-
nitrobenzoic acid) and potassium tert-butoxide. I,4-Dithioerythritol was
purchased from Fluka. DMSO-d6 and D2O were purchased from MSD
Isotopes. 2- ( Mercaptomethyl )- 3-mercapto- I -propene was prepared from
2-(hydroxymethyl)- 1 -propen-3-ol by a l i terature procedure.30

Calculation of Rate Constants for Thiolate-Disulfide Interchange by
Dynamic 'H NMR Line-Shape Analysis. In the degenerate thiolate-
disul i idc intcrchangc involving tr,co-dithiolates and cycl ic disul i ides (eq
4) ,  thc  in termolecu lar  ra te  constant ,  f t , .  is  the ra te-determin ing s tep (k  ,

k ! _  A  i , _
\  / + \  / - \  / \  /  - : -  \  / * \  I
S-  S-  S -S  X  1  S -  S -S  S-  A1  S-S  S-  S -

) )  k1 [d i su l f i de ] ) .  I n  d i l u te  so lu t i ons .  the  o l i gomer i c  d i su l f i dc  i s  i rbsenr
and  the  on lv  observab le  spec ies  p resenr  a t  equ i l i bnum a re  the  d i su l f i de
monomer  and  the  d i th io la te .  I n  the  degenera te  th io la te -d i su l f i de  in re  r -
change .  i f  w ' c  deno te  the  ra te  o f  exchange  seen  b r  \ \ , lR  as  -d [d i -
su l i i de l  l d t  and  -d Id i th io la te ] l d t  f o r  the  d i su l i i de  and  d i th io la re ,  r c -
spec t i ve l y .  we  ob ta in  -d Id i su l f i de l l d t  =  -d [d i th io la te ] /d r  =  k [d i -
sul f ide]  [d i th io late] .  I f  r6;ru;66.  and r6 i11, ;o1. , .  are the l i fet imes of  the di -
su l f i de  and  d i th io la te ,  we  ob ta in  ( l  / ro i , r , i o r " , . )  [ d i t h io la te ]  =  ( l  I
r61,u166.) [d isul f ide]  = k[d isul f ide] [d i th io late] .  In our exper iments,  [d i -
sul l idel  = [d i th io late] ,  The second-order rate constant  (k)  is  therefore
related to the pseudounimolecular  rate constant  (k '= 1f  r6 i ru17,6"= l f

(49) Danson, M. J. ;  McQuatt ie,  A. ;Stevenson, K.  J.  Biochemistry 1986,
25 .  3880-3884 .

(50) Trudinger, P. A.; Loughlin, R. E. In Comprehensitte Biochemistry,
Neuberger,  A. ,  van Deenen, L.  L.  M.,  Eds, ;  Elsevier :  Amsterdam, l98l ;Vol .
l9A, Chapter 3,  pp 165-256. Hi lz ,  H. ;  Kir t ler ,  M. Biochem. Biophys.  Res.
Commun. 1960. -?. 140*1 42.

(51) The equi l ibr ium constant  for  the reduct ion of  NAD+ by reduced
l ipoamide is  0.0858 in water at  pH 7,  30 oc.r2

(52) The theoret ical  value of  the rate consrant  for  a d i f fus ion- l imi ted
second-order react ion is  / r  -  3 x lOe M-rs-r in DMSO (q = l9.g mp) and
-  6 .5  X  lOe  M- r  s - r i n  wa te r  (T  =  l 0 . t  mP)  by  us ing  the  equa t ion  k  =
8RZ/3000a: Gordon, A. J.; Ford, R. A. The Chemist's Companion; Wiley:
New York, 1972. The rate constants for the displacement reaction of thiyl
radicals with disulfides (RS' + RSSR) are also lower than the diffusion-lim-
i ted rate constants;  the values of  the rate constants are 3.8 x 106 M-ls I  (R
= CHr) and'1.7 x 105 M-r  r - t  (R = cysteine):  Boni facic,  M.;  Asmus, K.-D.
J. Phys. Chem, t984,88, 6286-6290.

(53) Thio lat-es are oxid ized rapid ly by oxygen;the oxidat ion is  catalyzed
by  meta l  i ons . ro

Singh and Whitesides

Tdrth ior"r . )  determined by dynamic NMR l ine-shape analysis:  k  = k ' l
[ d i t h io la te ]  =  f t  7 [d i su l f i de ] .

The rate constants ( f tJ  were determined by v isual  compar ison of
exper imental  and s imulated rH NMR spectra.  The NMR spectra were
simulated on a VAX 8600 by using the computer program DNMRl.sa For
the thiolate-disulfide interchange of potassium 1,3-propanedithiolate and
1.2-di th io lane,  the NMR spectra of  the methylene protons adjacent  to
sul fur  were s imulated by using the values z(disul f ide) = 1534 Hz,  v-
(d i th io late)  = 1096 Hz,  J = 7 Hz,  and Tz* = 0.15 s.  For the th io late-
d i su l i i dc  i n te rchange  o f  po tass ium l , -5 -pen taned i th io la te  and  1 ,2 -d i -
th iepane, the NMR spectra of  the methylene protons adjacent  to sul fur
were s imulated by using the values z(disul f ide) = l l75 Hz,  u(di th io late)
= 1093 Hz,  J = I  Hz,  and T2* = 0.15 s.  For the th io late-disul f ide
interchange of  potassium 1,4-butanedi th io late and 1,2-di th iane,  the
NMR spectra of  the methylene protons adjacent  to sul fur  were approx-
imated as broad s inglets,  and the NMR spectra were s imulated by using
the values u(disul f ide) = l3 '75 Hz,  z(di th io late)  = 1093 Hz,  and 12* -

0.025 s.  For the th io late-disul f ide interchange of  potassium 2-
methylcne- I ,3-propanedithiolate and, 4-exo-methylene- I ,2-dithiolane, the
NMR spectra of the methylene protons adjacent to sulfur were simulated
by using the values z(disul f ide) = 1869 Hz,  u(di th io late;  = 1243 Hz,and
Tz* = 0.23 s. The values of Tr* were estimated from the reciprocal of
the product of zr and the peak width (hertz) at half-height 1Tr* = 1 1
Turn). The relative populations of the disulfide and dithiolate were taken
as 0.5 each. The relaxation delay between pulses (7.3 s) was significantly
higher than f ' ;values of  7 ' ,  for  the methylene protons of  d i th io late and
disul f ide were determined by the invers ion-recovery method as <2.2 s.

Preparation of a Sample Containing Dithiolate and Cyclic Disulfide in
a Mixture of DMSO-du and D2O for Dynamic NMR Spectroscopy:
General  Procedure.  Al l  f lasks and the \MR tube were stoppered wi th
rubbcr septrr  und *cre l lushcd rr i th argon before use.  Gas-t ight  syr inges
uc rc  uscd  l ' , r r , r l l  t r . rns l ' e rs .  I n  a  f l ask .  D \ ' lSO- r /u  u 'as  deoxygena ted  by
bubb l ing  r i rg ( )n  th r ( )ugh  r t  l ' o r  I  h .  Deox lgena t ion  o f  DMSO-du ,  e i the r
br bubbl ing ergon through i t .  or  b1 four cycles of  f reezrpumpthaw was
e f fcct ive in proent in-s oxidat ion oi  the di th io late to d isul f ide.  Af ter  the
sample had been prepared,  the top of  the NMR tube was sealed wi th
paraf f in wax.

Preparation of a Sample Containing Potassium 1,4-Butanedithiolate
and 1,2-Dithiane in a Mixture of DMSO-d6 and D2O for Dynamic NMR
Spectroscopy: Representative Procedure. Potassium /ert-butoxide
(0.0800 g,0.71 mmol)  was t ransferred into a f lask in the glovebox,  and
deoxygenated DMSO-d6 ( 1.49 mL) was added to prepare a 0.48 M stock
solut ion of  potassium ler l -butoxide.  In another f lask a stock solut ion of
I  . 2 - d i t h i a n e  ( 0 . 0 1  8 0  g .  0 . I  5  m m o l )  a n d  I  , 4 - b u t a n e d i t h i o l  (  l 9  p L ,  0 . 1 6
mmol )  was  p rcparcd  in  deorygena ted  DMSO-d6  Q.5  mL) .  To  a  NMR
tube  ue re  rdded  D .O (55  p t . ) .  a  400-pL  a l i quo t  o f  t he  s tock  so lu t i on  o f
1 .2 -d i th iane  and  1 . . l -bu taned i th io l  i n  DMSO-d6  (24  pmo l ) ,  and  a  100-pL
al iquot  of  the stock solur ion ol  potassium lerr-butoxide (48 pmol) .  The
rH  NMR spec t rum was  reco rded .  The  so lu t i on  in  the  NMR tube  was
43  mM in  bo th  1 .4 -bu taned i th io la te  and  1 .2 -d i th iane .  The  so lven t
mixturc was 30 mol% D2O-DMSO-d6. ln order to ensure the absence
ol  polymer ic forms, the solut ion was quenched wi th methyl  iodide;  the
r l l  NMR spec t rum showed  on ly  monomer i c  1 ,2 -d i th iane  and  2 ,7 -d i -
th iaoc tane .5s

Preparation of a Sample Containing Potassium 1,3-Propanedithiolate
and l,2-Dithiolane in a Mixture of DMSO-d6 and D2O for Dynamic
NMR Spectroscopy: Representative Procedure. Potassium /ert-butoxide
(0.0100 g,0.089 mmol)  was t ransferred in the glovebox into a f lask,  and
deoxygenated DMSO-d6 (0.30 mL) was added to prepare a 0.30 M stock
solut ion of  potassium /er t -butoxide.  To another f lask contain ing 1,3-
propanedi th io l  (2.8 pL,28 pmol)  and polymeric 1,2-di th io lane (0.0027
g, 25 pmol)  were added deoxygenated DMSO-d6 (1.02 mL) and a 3-pL
aliquot of the stock solution of potassium /err-butoxide in DMSO-d6 (0.9
pmol) .  The resul t ing suspension was sonicated.  The suspension depo-
lymerized and turned into a pale solution within 30 min. To a NMR tube
contain ing deoxygenated DMSO-d6 (300 pL) and deoxygenated D2O
(106 rr l )  were added a 100-pL al iquot  of  the stock solut ion of  1,3-
propanedi th io l  and 1,2-di th io lane in DMSO-d6 Q.5 pmol)  and a 17 -pL

al iquot  of  the stock solut ion of  potassium rerr-butoxide (5.1 pmol) .  The
'H NMR spectrum was recorded. The resul t ing solut ion in the NMR
tube was 4.8 mM in 1,3-propanedi th io late and 1,2-di th io lane.  The sol-
vent  mixture was 50 mol  Vo D2O-DMSO-d6. Indist inguishable resul ts
were obtained using potassium cyanide to depolymerize 1,2-di th io lane,
or  by prepar ing a stock solut ion of  potassium 1,3-propanedi th io late and

(54) oNvn+, wr i t ten by Prof .  C.  H.  Bushwel ler  et  a l .  (Program No. 466)
is available from the Quantum Chemistry Program Exchange, Department
of  Chemistry,  Indiana Univers i ty .

(55) The rH NMR chemical shifts of 2,7-dithiaoctane in 33 mol Vo D2O-
DMSO-d6  a re  6  2 .43  ( t .  CH 'S) ,2 .13  (s ,  CH3S) ,  and  1 .56  (b r ,  C112) .
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1 ,2 -d i th io lane .  The  ox ida t ion  o f  1 ,3 -p ropaned i th io la te  to  1 ,2 -d i th io lane
was. however,  a more severe problem in the t ransfer  of  a stock solut ion
o l  d i th io la te  and  d i su l f i de  to  the  NMR tube  than  in  the  t rans fe r  o f  a
stock solut ion oi  d i th io l  and disul f ide.  In order to ensure the absence of
pol lme r ic  forms. the solut ion was quenched wi th methyl  iodide;  the rH

NMR spec t rum showed  on ly  monomer i c  1 ,2 -d i th io lane  and  2 ,6 -d i th ia -
heptane.s6 The procedure for  prepar ing samples of  4-exo-methylene-
l , l - d i th io lane  and  po tass ium 2 -methy lene-1 ,3 -p ropaned i th io la te  i n
DMSO-d6 was s imi lar .  Exchange broadening was seen in the rH NMR
spectra: the quenching of the samples by methyl iodide, however, resulted
in  comp lex  rH  NMR spec t ra ,  p resumab ly  due  to  po lymer i za t ion .  The
samp le  o f  4 -exo -methy lene-1 ,2 -d i th io lane  and  po tass ium 2 -methy lcne-
1,3-propanedi th io late (5 mM) in 50 mol  % D2O-DMSO-d6 mixture was
color less and not  pale,  unl ike the typical  solut ions of  1.2-di th io lane.  which
are pale;  we infer  that  th is solut ion contained ol igomeric d isul f ides.  The
samp le  o f  4 -exo -methy lene-  1 ,2 -d i th io lane  and  po tass ium 2 -methy lene-
1 ,3 -p ropaned i th io la te  (5  mM)  in  DMSO-du  was  pa le  i n  co lo r .

Preparation of a Sample Containing Potassium 1,5-Pentanedithiolate
and l,2-Dithiepane in DMSO-d6 for Dynamic NMR Spectroscopy:
Representat ive Procedure.  Potassium ter l -butoxide (0.0153 g.  0.136
mmol)  was t ransferred into a f lask in the glovebox,  and deoxygenated
DMSO-d6 (0.68 mL) was added to prepare a 200 mM stock solut ion of
potassium ler l -butoxide.  1,2-Di th iepane (0.0067 g,  0.050 mmol)  and
1 ,5 -pen taned i th io l  (8 .0  pL ,  0 .060  mmol )  were  p laced  in  ano the r  f l ask :
to  th i s  f l ask  were  addcd  DMSO-d6  (1 .0  mL)  and  a  0 .50 -mL a l i quo t  o i
the stock solut ion of  potassium ter l -butoxide (0.10 mmol) ,  and the sus-
pens ion  was  son ica tcd  fo r  l 5  m in  un t i l  t he  po lymer i c  1 ,2 -d i th iepane
dissolved.  To the NMR tube were added deoxygenated DMSO-d6G25
r rL )  and  a  75 -pL  a l i quo t  o i  t he  s tock  so lu t i on  o f  1 ,5 -pen taned i th io la te
and 1,2-di th iepane (2.5 l tmol) .  The solut ion in the NMR tube was 5 mM
in  1 ,5 -pen taned i th io la te  and  1 ,2 -d i th iepane .

1,2-bi th iane.sT To a solut ion of  1,4-butanedi th io l  (5.0 mL, 43 mmol)
in  DMSO (85  mL)  was  added  concen t ra ted  HCI  (3 .5  mL  o f  a3 '7  w t%,
aqueous solut ion,43 mmol) .  The solut ion was st i r red at  room temper-
ature for  2 days.  Thc rcact ion mixture was poured into an ice-water
m ix tu re  ( l  L )  w i th  v igo rous  s t i r r i ng .  Thc  m ix tu rc  \ \ as  cx t r i . r c t cd  * i t h
m e t h y l e n e  c h l o r i d c  ( 2  X  1 0 0  m L ) .  T h e  n r e t h r l e n c  c h l o r i d e  l u r c r  r r . r .
washed  w i th  wa te r  (2  X  500  mL) .  d r ied  ( \a2CO3) .  and  conccnr r ; . r r c .d . r l
reduced  p rcssu re  to  I ' i e ld  a  co lo r less  l i qu id  (1 .1  g .  t 6 ' ; ) .  B )  'H  \ \ lR
the  c rude  l i qu id  was  a  m ix tu re  o l  monomcr  and  o l i gomers .  The  c rude
was  d i s t i l l ed  (30 -60  oC,  I  To r r )  and  the  d i s t i l l a te  ( l  5  e )  uas  co l l ec rcd
i n  a  d r y  i c e - a c e t o n e  t r a p :  m p  3 2  o C  ( l i t . 5 8  m p  3 l - 3 2  o C ) :  r H  \ \ { R
( C D C I 3 )  6  2 . 8 5  ( s ,  2  H ) ,  1 . 9 7  ( s ,  2  H ) .

1,2-Dithiepane. To a solution of 1,5-pentanedithiol (2.0 mL, l5 mmol)
in DMSO (35 mL) was added concentrated HCI (  1.2 mL of  a 3 '7 wt To
aqueous solution, l5 mmol), and the reaction mixture was stirred at room
temperature for 36 h. Thc solution was poured into an ice-water mixture
(  I  L)  wi th v igorous st i r r ing.  The mixture was extracted wi th methylene
chlor idc (2 x 75 mL),  dr ied (Na2CO3),  and concentrated at  reduced
pressure to y ' ie ld a color less l iquid (2.0 g,  99%,).  Anal .  Calcd for
C 5 H , e S 2 :  C .  4 4 . 1 3  H .  7 . 5 1 .  F o u n d :  C ,  4 4 . 6 3 ;  H ,  7 . 5 6 .

(56 )  The  rH  NMR chemica l  sh i f t s  o f  2 .6 -d i th iahep tane  in  33  mo l  7o
D2O-DMSO-d6  a re  6  2 .49  (CH2S.  ove r laps  w i th  DMSO peak) .  2 .13  (s ,
CHrS).  and 1.73 (quintet .  CHr\ .  L concentrated solut ion of  1,3-propane-
di th io late and 1,2-di th io lane (53 mM) in 50 mol  Ea DMs0-dr- to luene-dn
showed  o l i gomer i c  d i th io la te  and  1 ,2 -d i th io lane  in  ra t i o  o f  i : 1 .5 ,  when
quenched with methyl iodide;the 'H NMR chemicalshifts of bis(4-thiapentyl)
d isul i ide are 6 2.80 (br ,  CH2SS),  2.54 (br ,  CH2SCH3),  2.08 (s,  CHrS),  and
1 .96  (b r ,  CH2) .

(57) Lowc, O. G. "/. Org. Chem. 1975,40,2096-2098.
(58) Schoberl. A.l Grafie, H. Justus Liebigs Ann. Chem. 1958,614.66-83.
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1 .2 -D i th io lane .  T ( r . r . r r l u t i on  o f  1 .3 -p ropaned i th io l  (1 .25  g ,  l 2  mmo l )
i n  D \ { S O  ( l - <  n r l  )  u . i : . i d d c d  c o n c e n t r a t e d  H C I  ( 1 . 0  m L  o f  a  3 7  w t V o
aqueous  so lu t i on .  l l  r r r r r r ' r l  t . . rnd  thc  m ix tu re  was  s t i r red  a t  room tem-
pera tu rc  fo r  l :  h  Thc  rc . i g l i t r f l  r r i r t u rc  was  poured  in to  an  i ce -wa te r
mixture (100 nr l  t  . in t j  t ' r  l rcr-ct j  Thc rcsidue was repeatedly washed wi th
wa te r  and  uas  d r i cd  1 , r  ' , i c l d  . i  \ \ h r t c  g t *dc r  (0  93  g .  76%) .  AnaL  Ca lcd
f o r  C 3 H 6 S 2 :  C . 3 - r . 9 . r .  l l .  : 6 ' !  [ , ' u n d :  C .  . r . l  - ] 9 :  H .  - 5 . 6 9 .  A  s o l u t i o n
o f  t h e  m o n o m e r i c  l . l - d r t h r , , , . r n c  r l :  n r \ 1  ) u . 1 s  p 1 s p 2 l ' e d  b y  s o n i c a t i o n
o f  a  s u s p e n s i o n  o f  s o l r d  l . l - d i t h r , r l . , n e  l , r l r n r c r  r r i t h  K C N  ( 5  m o l  7 o )  i n
D M S O - d 6 :  r H  N M R ; . 1  l 0  r r .  J  f l . . /  =  r .  i  H z ) . 2 . 2 0  ( q u i n t e t , 2  H ,
J = 6.5 Hz).

4 -exo -Methy lene-1 .2 -D i th io lane .  f , ,  . :  . r r l u t i on  o f  2 - (mercap to -
methy l ) -3 -mercap to -  l -p rope  nc r  t r )  I  i J  g .  .  1  1  mmol )  i n  me thy lene
c h l o r i d e  ( 5 0  m L )  i n  a n  i c e  b a t h  r r r t : . r d d c d  r i i l h . t r r r i n g  a  s o l u t i o n  o f
5,5 ' -d i th iobis(2-ni t robenzoic acid )  (  [ : ] lmrrn .  :e .1!cnt .  0 -16- j  g.  I  .17 mmol)
i n  c o l d  1 0 w t % ,  a q u e o u s  K H C O .  s t r l u t i t r n  r l r t t  1  ' - .  1  ,  T h e  r e d  r e a c t i o n
mixture was st i r red in an ice bath for  I  h Thc nrcth\ l r -nc chlor ide layer
was  separa ted ,  washed  w i th  wa te r  (100  rn l  ) .  d r r cd  r \ l lSO l ) .  and  con-
centrated at  reduced pressure to y ie ld a )e l lo\ \  l rqurd r{ . ) f )38 g.  6f  i '1 '  t11

N M R  ( C D C l j )  d  5 . 1 4  ( s , 2  H ) , 3 . 7 1  ( s .  - l  l l )  T h c  l i q u i d  p o l r n r e r i z e d
and sol id i f icd on standing at  room temperaturc for  I  - -1 h.  . \nal .  Calcd
f o r  C o H u S t :  C , 4 0 . 6 4 ;  H ,  5 . 1 2 .  F o u n d :  C .  1 0  6 l :  H .  - i . 0 1 .

Determination of the Rate Constant for Thiol-Disulfide Interchange
of 1,4-Dithioerythritol and trans -4,5-Dihydroxl - 1.2-dithiane in D2O. D2O
buffer  (pD 7.7,se 50 mM in phosphate) *as deoxygenated by bubbl ing
argon through it for I h. A stock solution of 1.4-dithioerythritol (20 mM)
was prepared in a f lask by adding deoxvgenated D2O buf fer  (1.0 mL)
to  1 .4 -d i th ioe ry th r i t o l  (0 .0031  g ,  0 .020  mmol ) .  A  s tock  so lu t i on  o f
t rans-4,5-dihydroxy-1,2-di th iane (20 mM) was prepared in another f lask
by  add ing  deoxygena ted  D2O bu f fe r  (1 .0  mL)  to  t rons -4 .5 -d ih ld ro ry -
1 ,2 -d i th ianc  (0 .0030  g ,0 .020  mmol ) .  To  an  NMR tubc  *as  addcd  l -50
pL  o f  the  s tock  so lu t i on  o f  t ran .s -4 . -5 -d ihvd ro r r  -  I  . l - d i t h ianc  The  s tock
so lu t i on  o i  1 .4 -d i th ioc r r th r i t o l  (150  g l  )  u11s  r6 lq1 .6  t i r  t he  \ \1R  tubc  and
t h e  s t o p u a t c h  u l r s : t l r r t c d  T h c  r c l r c t i r r n  \ \ . 1 .  q u c n r h c d . i i t c r  I  m i n  b y
l r d d i t i o n  o i  D ( - l  ( 1 0  ! r l  , ) i . r  l - -  ' . r '  

"  
. , , 1 1 ; " , r q  : '  [ ) - ( ) ,  T h c  r n i t r : t ]  r r t l u e s

( ) l  e , ) l t ! e n l r . : : t , r : t  t  ' t ' "  \ \ l R : . . ' - ' l ' . , t - e  . . 1 - , j  : : 1 , ) a : 1 , : : : l : , r l  = l . t r o n s -

- 1  {  , :  i . ' . , 1  -  r .  . -  . :  ' '  , " - .  =  ' - : \ 1  ] : - .  - r , : : - :  , l  - - . . : r ' .  l , r t "  \ \ 1 5  d C -

: c : t - - t : : t u d  : ' \  i ' i i i l . r '  ' - .  : - . : f . .  :  . - : - , :  : : :  ' c : ' , : : : t : ,  .  . , : i  . . 1 - d i t h i o -

l h : - c r l , , . : : r : : r c  t l  \ \ l R . l ' : , : - . . : - '  \ ' : : -  - r ' r : .  . - 1 - . :  : : : , ' c : r i h r i t o l ]
=  [ / r c l r ' - J . ) - d l h r c :  r ' , -  . ] - , . l  l l  . : r c .  =  ' '  l  : : r \ t  T i : . :  . r : : . r : c t t  r a t e

c r ) n \ l . r n t  { A r P r  ( ) r  r  )  i ) l  l h  j \ r l  C r ' u l i l d c  r r l c l c h . , r g c  ' , \ . 1  .  : i : c : a a , r : c  I  '  i  \ l - l

:  ' .  T h c  s c c o n d - o r t l c r  r r r l e  c o n \ l . r n l  i o r  t h r ' , l , i t c " l r . u l l : d c  r r i c i - c h , i n g e  * , t r

c a l c u l a t c d  a s  - 1 . 9  \ l  :  .  I  
I A  =  l a r n t  ]  *  l { ) p ^ "  P H  ) .  . r n d  p A . r  d i : h r . r -

e r y t h r i t o l )  =  9 . 2 ) .  R o o m  t e m p e r a t u r c  r i a s  1 9 7  K .

Acknowledgment. This research was supported bi'the \ational
Ins t i tu tes o f  Heal th  (GM 39589)  and the Nat iona l  Sc iencc
Foundation under the Engineering Research Center Init iat ive to
the M.l.T. Biotechnology Process Engineering Center (Cooperative
Agreement  CDR-S8-03014) .  We thank Prof .  Rober t  Sto low
(Tuf ts  Univers i ty ) ,  Heather  F lanagan,  and Michael  Se i tz
(Harvard) for their help in using oNrrlR4. We are thankful to Dr.
Shaw Huang and Jonathan Rose for their help in measuring NMR
spectra. Support for the purchase of the NMR instruments
th rough  Ins t rumen ta t i on  Gran t  NSF  CHE-84 -10774  i s  ac -
knowledged.

(59) The pH meter reading of  the DrO buf fer  was corrected (pD = pH
mctc r  r cad ing  +  0  .1 ) :  G lasoe .  P .  K . ;  Long ,  F .  A .  " / .  Phys .  Chem.1960 .  6J .
r  88 -  r  90 .
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