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The rate constants for thiol-disulfide interchange between 21 mono- and dithiols and Ellman's reagent correlate
with the pKu's of the thiol groups with a Bronsted coefficient of p = 0.36. The maximum rates ofreduction are ob-
served for thiols having pK, values close to the pH of the solution in which the reactions were carried out. In the di-
lute solutions examined (10-4-10-6 M in each reagent), the rate of the second, intramolecular interchange step in
reactions of dithiols was faster than that of the first, intermolecular interchange, regardless of the size of the cyclic
disulfide formed. A convenient synthesis of a mixture of diastereomers of 1,4-dimercapto-2,3-butanediol (i.e., of
a mixture of dithiothreitol, DTT, and dithioerythritol, DTE) has been developed from 1,2:,4-diepoxybutane and
thiolacetic acid.

Oxidation of cysteine sulfhydryl groups during isolation,
storage, and use of proteins is often an important contributor
to their deactivation.2 Although the rate of oxidation can be
decreased by limiting access of oxygen to the enzyme, it is
usually impractical to exclude oxygen completely, particularly
in practical synthetic and analytical applications. The most
effective and widely used reagents for protecting the cysteine
moieties of enzymes against oxidation by adventitious oxygen,
and for activating partially oxidized and deactivated enzymes
by reduction, are thiols, particularly dithiothreitol (DTT,
Cleland's reagent);r and B-mercaptoethanol. Each has its ad-
vantages and disadvantages: DTT reduces protein disulfide
groups rapidly and completely and is convenient to handle,
but is exorbitantly expensive; p-mercaptoethanol is readily
available and inexpensive, but reacts less rapidly and com-
pletely.

As part of a project designed to develop techniques to per-
mit the use of enzymes as catalysts in large-scale organic
synthesis, we required an agent that would reduce disulfide
moieties more rapidly and completely than B-mercaptoethanol
but which would be less expensive than DTT. The design of
an appropriate reagent is not straightforward for several
reasons. First, the mechanism of reduction (illustrated in
Scheme I for DTT) involves multiple acid-base and sulfhy-
dryl-disulfide interchange equilibria, and the dependence of
the overall rate and equilibrium position on the structure of
the reducing agent (and possibly of the protein) is difficult to
predict. An important part of the difference in reactivity be-
tween DTT and /3-mercaptoethanol can, however, plausibly
be attributed to the rate of release of the second equivalent
of CysS- (or CysSH) from initially formed mixed disulfides:
since (l-mercaptoethanol is commonly used in enzymology at
concentrations of ca. 10 mM, the rate of the intermolecular
reaction involved in its release of CysSH from CysSS-
CH2CH2OH should be approximately 10-3-10-4 the rate of
the corresponding intramolecular release from CysSS-
CH2CHOHCHOHCH2SH. Second, a useful reducing reagent,

Scheme I. Mechanism of Reduction of a
Cystine Moiety CysS-SCys by DTT
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in addition to high reactivity and ready availability, should
alscl have good water solubility, tolerable odor, and low tox-
icity. These requirements seriously limit the range of possible
thiols.

Here we describe an examination of the rates of reaction of
a number of mono- and dithiols with 5.S'-dithiobis(2-nitro-
benzoic acid) (El lman's reagent, El lS-SEll).a This study
represents the first phase of an effort to understand the ki-
netics and equilibria of biochemically relevant thiol-disulfide
interchange reactions in sufficient detail to be able to ratio-
nalize the exceptionally useful properties of DTT in terms of
its structure, and to design alternative, effective reducing
agents. Ellman's reagent was chosen as the disulfide for initial
examination for several reasons. First, since the S-S bond is
weak, its reduction by most thiols should be complete: it
should thus be possible to examine the influence of the
structure of a reducing thiol on its rate of reaction with the
disulfide bond of Ellman's reagent without complications by
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a competing reverse reaction. Second, the reduction of El l-

man's reagent is easily followed spectrophotometrically'

Thirci,  El lman's reagent is a reagent widely used for the de-

termination of sulfhydryl groups, and information concerning

the rates of its reduction by thiols should be useful in these

other appl icat ions.
Although data obtained from these studies cannot be ap-

plied directly to the design of reagents for the reduction of

protein disulfide moieties, they should provide answers to two

lundamental questions that underl ie this problem: Do the

rates of reduction of a part icular disulf ide moiety by thiol

reducing agents and the PK,' 's of the SH groups <lf  these re-

ducing agent^s obey a Bronsted relation? What is the optimum

pK,, for the thiol goup of a reducing agent intended to be used

at a part icular solut ion PH?

Results

Synthesis of Sulfhydryl Reducing Agents. All of the

characteristics of DTT as a reagent for reducing disulfide

moieties are satisfactory except for its expense. A solution to

the problem of providing an effect ive, inexpensive reducing

agent could come either from a reduction in the cost of DTT,

ui by developing an alternative, easi ly prepared' material

having comparable proPerties.

DTT is prepared from 1,4-dibromo-2-butene by a four-step

stereospecific synthesis.r, Since DTT and DTE have similar

activity, and since their enantiomeric and diastereomeric

purity is almost certainly irrelevant in most applications, this

synthesis is unnecessarily complicated. It proved possible to

prepare mixtures of diastereomeric 1,4-dimercapto-2,3-

tutanediols in excel lent yield by reaction of 1,2:3,4-diepoxy-

butane with thiolacetic acid6 followed by acid-catalyzed

deacylation (transesterification) in methanol (scheme II). The

Scheme II .  Synthesis of 1,4-Dimercapto'2,3'butanediol
and M N''Bis( 2'mercaptoethyl )urea
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on condensation react, ions: one sequence, leading from cys-

tamine hyclrochloride and urea to Ai,N',- bis(2-mercap-

toethyl)urea, is Otrt l inecl in scheme II .  In this and related ef-

forts, it provecl mtlst convenient for small-scale work initially'

t()  prepare and purifv cl isulf ides and subsequently to redttce

these io the clesireci dithiols, rather than toprepare the dit,hiols

direct ly.
Measurements of Rates of Reduction of El lman's Re-

agent by Thiols. Rates were obtained at 30'0 'C and pH 7'(t

td.0s nr phosphate huff'er) in oxygen-free solutions confaining

El lman's  reasent  and (d i ) t ,h io l  by  fo l lowing the absorbance

w i th  t , ime  a t  . 111  nn r ,  t he  \ , , , , , *  f r ) r  t he  an i< l t r  o f  l - n i l r o - . r

thiobenzoic acid (Fl l lman's anion); El lman's reagent i tself  dt ies

not absorb signit ' icant, l l ' '  at this wavelength' At pH ?'0, the

generatign of 'El lman's i lni<ln by react, i t ln 9t ' I ' l l lman's reagent

* i t f t  nud.ox ic le  i1 lnr l  was ins ign i f icant  c6mpared wi th  i ts

producti<tn bv react. ion with thiol.  Control experiments es-

iab l ished that  krw concent ra t ions ( ) f 'added copper( l l )  sa l ts

had no influence on the measured rates, provided that oxygen

was excluded. As expected, copper(II)  was an active t 'atalysl

f 'o r  ox idat i ( )n  by a i r . r l  I r rad ia t ion wi th  uv l ight  a lso hac l  t t0

inf luence on rates. T'he thigl-disulf ide interchange appetrrs

t() be inf luencecl bv bpffer cgncentrat ion and cgmposit iotr:  r t l l

reactions were theret '<lre carr ied otrt  using a standard l lpl ter

and concent ra t ion (0 .05 M phosphate) .

The kinetic schemes used as the basis for analyzing t he re-

duction of Ellman's reagent b_r- mono- and dithiols are def inecl

in the fol lowing equations.
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co,
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Here fr,obsii 2p6l ft "ohsd are observed rate Ctlnstants baSed On

an experimental rate equation (5) containing terms in the total

concentrat ion 0f sulfhydryl species [(ns- ) + (RSH)], and ft  1

and A2 are rate constants for reactions involving the thiolate

anions (reactions l l  and 4). This problem requires analysis of '

competit ive, consecut ive, second-Order reactions. l ' r  Prel imi-

na.y analvsis showed that hl > l0/r: .  I t  was possible to take

ad,rantage of this cl i f f 'erence in rate constants to separate the

terms in  / r , " l "a  and A, .bsd In  eq 5 bv f ix ing the re la t ive co l - l -

centrat ions of 'reducing agent and Fl l lman's reagent so that the

contr ibution of either reaction i l  or reaction 4 to the produc-

t ion of El lS- was negligible. Thus, to obtain f t  .  obsd, the init ial

concentrat ion of thiol reagent was set at anv value iess than

one-ha l f  that  o f  E l lman 's  reagent  (eq 6) '

direction of the acid-catalyzed epoxide opening is presumably

controlled by the inductive effect of the adjacent oxygens.?

A preparation of the same dithiol from hydrogen sulfide and

diepoxybutane is reported in the patent literature.ti Diep-

oxybutane is prepared by oxidation of butadiene,e and its

generation and utilization in situ should decrease the problems

of toxicity and storage stability associated with the pure

compound.
Preparation of thiols and disulfides from halides and tos-

ylates is often cumbersome: commonly used procedures have

been reviewedlo and most appear impractical as the basis for

large-scale synthesis. We have examined several routes based

( 'o -

2[ (RS-)  +  (RSH) lo  <  (E l lS-SEl l ) .  ' ( ] )
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Table I.  Rate Constants (k, M-t t- t ;  for Reduction of El lman's Reagent by Mono- and Dithiols,,

Registry
no. Thiol PK,, A ,  

r 'hsd ft rohsd h t h 2 Solub i l i tv  h

9g-91-g 1  C6Hi ,COSH
507-09-5 2  0H,COSH

3814-18-4 l l  m-NOzCcHrSH, '
1074-36-8 4  p-HO2CC6HaSHr,
106-53-6 5  p-BrC6HaSH

15570-12-4 6 m-CH:rOCcH+SH
137-07-5 7  o-NH2C6HaSH
109-gg-5 g ccHr,SH
123-81-9 9  (HSCH2CO2CH2)2
760-30-5 10 H2NNHCOCH2SH
59-52-9 1 I  HOCH2CHSHCH25H

584-04-3 12 HSCH2CHOHCH2SH
3570-55-6 13 (HSCH2CH2)25
6892-68-8 I, t  D'fT
3483-12-3 l5  DTT/DTEi

60633-86-5 l6  (HSCH2CHzNH)2CO
2150-02-9 l i  (HSCHTCHT)2O

60-24-2 18 HOCHJCHTSH",
96-27-5 19 HOCH,TCHOHCH2SH
68-11 -1  20  HSCHjCO2H

1191 -08 -8  21  HS(CH, ) , ,SH

2.48..
J . D '

5.241
5.80,
6.02f
6.39/
6.59/
6.621
7.70 (8 .e7)
7.75
8.59 (10.5)
9 .04  (10 .3 )
9 .09  (10 .1 )
9 .21  (  10 .1 )
9 . 2  ( 1 0 . 1 )
9 .26  (10 .0 )
9 .21  (9 .91 )
Q  < n

9.5,1
9.8, ,
9 .98  (10 .7 )

1 .0  x  10 r
2 .0  x  10 :
1. ,1  x  101
1 .3  x  101
3 .1  x  101
4 . 1  x  1 0 1
3.l l  x i01
1 . 6  x  1 0 1
fl .8 x 10;l
7 .8  x  10; r
2.7 x t0:\
2 .6  x  IO i r
2 .5  x  1O j j
2 .5  x  10 i l
2 .3  x  10; t
2 . 1  x  1 0 i J
5 .4  x  10 r
6 .2  x  102
1 . 0  x  l 0 ; l
3 .0  x  101
9 .4  X  101

39.,1
82.:)

g

a

g
g

6

g

h

HSRS -

- S R S .

1 . 0  x  1 0 2
2.0 x  10r
1 . 5  x  1 0 1
1 .3  x  l 0 ' 1
3.5 x 1(1.1
5 . 1  x  l 0 4
4 .6  x  101
2.6 x  101
5 .2  X  104
i ; .1  X 104
1 . 1  x  1 0 5
2 .8  x  105
3 .1  x  10 ;
2 .9  x  l 0 ;
2 .7  x  l 0 ;
2 .5  x  lO i
8 . 7  x  1 0 1
2.0 x  l0 ;
:1 .2  x  l0 ;
1 . 8  x  1 0 i
9 .0  x  10 ,

( t
a

k
k
h
k
k
k
k

28
20
2 . i
k

39.4  <  10- ,
82.; t  > I

, q  <  10 - l
g  < 1 0 - r
g  <  1 o - l
g  < 1 0 - l
g  < 1 0 - 2

f l  < 10-"
k  < 1 0 - r
g  - 1 0 -  1
f t  > 1

k > 1
l t  . 1 6 - , '

k  > r
h  > r
L '  <5 x  10- i r
L '  <10  :

8 .?  x  l 0 ; r  >1
6 . 4  X  l 0 ; t  > 1
2 . 1  x  1 0 ; i  > l

A  . 1 9 - , ,

" All rates were obtained in 0.05 M phosphate buffer, pH ?.0, :10.0 oC containing l0-rrM EDTA under an argon atmosphere. Ratec,,nstants have^the,uniLs M r r- t. t 4oo-rim,a-te- l imiting solubil ity (M) in this builer system. , J. Hipkin and i. p. N. Sut"t 
"tt, 

,f"t -rahedn tn ' 21,835 (1965l '/ J P Danehy and x. N. Parameswa ran, J. chem. Eng. Doro, r r, Bge t 19e'8i. ; e."pu."a'r,u ."au"tiun 1c.
I 9l-ahl-g{'d sr-"sisqia' Anal. chem-,29, 154.( 195?)l ,of the corresponding disulfiae tw. l. Sheppa"j, ;,o.guni" slir*,""u"". cutt""t.vol. v' wiler', New_York, N.\'., r 9?3, p 84r). / p. DeMaria, A. Fi"ijana r.'M. urtt,,r. men. so;., p"r:iin i;;;. j, tges ttgirt. * r.lutdetermined. I L. Nelander, .4rro chem. scand, 18,9?3 (1964). , R. J. Irving, L. Nelana*, u"J r. wua.n, J,.J., ir i, ;ev lrse+y. , lr.R. Crampton. J. C.hem. Soc. B, 2112 l1g7l). a The iat€ of rcaction t; (t""ii i'u. g."rt"" than that of reaction I:l: & r,Drd and A., couldn.t he determined. / A mixl ure .f diastere_,mers prepared from d iepoxyburane. ; r" o.os n,t H gpss ;;,f i ;; i ;H ;.r,, h;;I.": i.;;l0r M-r s r; in 0.05 M TEA bufter (pH 6.9), &,.bld J r.6 1 l0tM i;-I] ;;;ference 15.

d (E l l s - l l d t  =  A , , r , s t i [ (RS- )  +  (RSH) ] (E l l s_sE l l )  ( 7 )

I Inder these condit ions. reaction 4 does not contr ibute sig-
nif icantlv to the production of 'El ls-,  and the rate expressi,n
5 can be approx imated by the s impl i f ied express ion of  eq 7.
s imi lar lv ,  bv  set t ing the in i t ia l  concent ra t ion o f  E l lman 's  re-
agent to he less than that. of thiol ( typical ly a f 'actor of 10: eq
8) .  product ion . f  E l ls -  occurs  in  tw.  k inet ica l lv  d is t inc t
phases: an init ial ,  fast phase corresponding to reaction l l  in
which the El lman 's  reagent  is  c 'nver ted essent ia l lv  quant i -
ta t ive lv  to  I i l l s -SR.  f . l l .wed by a  s l .wer  phase ( react ion 4) .
which can be descr ibed hy the approx imate ra te  express ion
f)

l t t ts - )  + utsH)]o )  l0(El ls_sEl l )o  (8)

d(Fl l ls-)/dt ry t i , , ' r , .r i [(RS-) + (RSH)],)(I i l ls_stt) (9)

I ' )qirat irn 7 can be integrated bv standard procedures to
v ie ld  e<1 l ( l . r ; t  Equat ion g  is  t reated s imi lar lv .

I l t ts- ) + rnsH r1u - 1t) l ,s-sFi l , ,

v  r , ,  r h l l h s _ s E l l r , ,  f  l r t t s  ) +  ( R s H ) J {  _  ( l . l l l s - ) l
_  I  _ _ _  _ _  |

I r R S  ) + r R S H ) 1 , ,  L  ( H l l S _ S F l l l ) , , _ { E l l S - )  J
_ 7,  ,  r ,bsr i l  i  10)

s ince I  he react i ' i tv  o f ' the th i . la te  an i .n ,  RS- .  is  so much
g rea te r  t han  t ha t  o f  t he  t h i o l .  RSH.  anv  con t r i bu t i on  t .  t he
generat i rn  o l '  F l l l s -  f ' rom the la t ter  can be neglected.  The
.hserved rate const2n{c f ' r 'bsrl  and the rate consti lnts f .r  re-
a t ' t i ' n . f ' t h i o l a te  an i . n  A  i eq  l l . 4 ) can  t hen  be  re l a ted  h .u . '  eq
I  l a :  he re  pK , ,  i s  de f i ned  b ' t he  ac id  d i ss . c i a t i on  . f ' t he  t h i o l
( eq  2 ) .  and  pH  i s  t ha t  o f  t he  so lu t i on  ( i n  t . hese  expe r imen ts ,
nH  ? .00 ) .

h t  =  h , , , h . < l [ 1  1 1 g r r A , , - r r H ]

h . t  =  h , , ' bs t l [ 1  1  l g r rA  , -u t - { l

HSRSH

g s p s  5  S R S - + H +

+ F)ls-sEll  
t !  

HSRS-SEII +

+ F) ls-sFl l l  " ' !  -sRS-SBl t  +

HSRS_SF]II  :1 *SRS-SEII

SRS-SF]II  
, . ;  

SRS + I i I IS-

I . 'o r  d i th io ls

( 1 1 a )

( 1 1 b )

(  1 2 )

( 1 2 a )

E l l s -  ( 1 3 )

E l l S  ( 1 3 a  )

( t4l

( 1 5 )

lt ,,
i -  HSRS-  +  H '

HSRS-SEI I  +  HSRS -1 ;  HSRS-SRSH +  E I IS_  (16 )

We s impl i f i r  th is  set  o f  equat ions bv not ing that  these re_
ac ' t i r ns  ( x : c r r r  i n  d i l r r t e  s . l t r t i . ns  (10 -  1 ,  l 0 - ( ;M) ,  anc l  t hen  as -
suming that . .  under  these c i rcumstances,  the in termolecu lar
th i r l -d is r r l f ide in terchange invo lv ing the mixed c l isu l f ide
( react ion l6)  d .es r r . t  c .mpete wi th  the in t ramolecu lar  re-
acti.n (reacti.n I 5). The c.rrectness of t,his a-ssumption clearly
depends .n  the re la t ive magni tudes of  A2 and k ,1 .  I f  the r ing
formed in reactirn l5 were suff icient. lv strained, this reaction
might, in principle. be much slower than reaction 16 even in
di lute solut ion. on the basis , f  l imited precedent. hrlrvever,
i t  seems un l ike lv  that  r ing s t ra in  in  f ive- ,  s ix - ,  and seven-
membered cycl ic disulf ides wruld be suff icient to decrease fr. ,
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Figure l. Rate constant plots for the reaction of several mono- and

dithiols with Ellman's reagent in pH 7.0 phosphate buffer (0.05 M)

at 30.0 + 0.5 'C under argon. The terms in the expression on the axis

are def ined as fo l lows:  for  the monothio ls,  S1v = [ (RS-)  + (RSH)1,  n
=  1 ; f o r t h e d i t h i o l s . S , , =  [ ( - S R S - ) +  ( H S R S - ) +  ( H S R S H ) l . n  =  ]

(cf .  eq 10 and 18 of  the text) .  Reducing agents:  o,  g lycol  d imercap-

toacetate;  l ,  b is(2-mercaptoethyl)  ether;  A;  lV,N'-b is(2-mercap-

toethyl)urea;  O, th ioglycol ic  acid.

to the point where the rates of reactions 15 and 16 would be

comparable.la There is no way of estimating ring strain in large

rings containing many heteroatoms [e.g., that from N,N'-

bis(2-mercaptoethyl)ureal, but this strain is almost certainly

less than that in saturated carbocycles of the same size.

With these approximations, analysis of the experimental

data obtained from solutions of Ellman's reagent and dithiols

becomes closely analogous to that for monothiols. A rate

equation of the form 17 was followed. In this equation, (Sr.,tut)

=  [ ( -SRS-)  +  ( -SRSH) + (HSRSH)] '

d(E l ls - ) /d t  =  2kr" t ' *d(St , , to l ) (E l lS-SEl l )  (17)

Straightforward consideration of material balance permits

the variable concentrations in the equation to be expressed

in terms of (EllS-) and the resulting expression integrated as

eq 18.

(El ls-sEll)o
(St . , tut )o - ! y2(Ells-)

= f t ,obsc l1  (18)

The factor of 2 in eq 17 reflects the assumption that reaction

13 is rate limiting, and the production of a second equivalent

of Ells- by reaction 15 follows rapidly, once the intermediate

mixed disulfide HSRS-SEII is formed. Experimental support

for this assumption derives from the observation in reductions

using dithiols that there was no suggestion of the two-stage

production of El ls- characterist ic of the monothiols, even

when the initial concentration of dithiol was much greater

than that of Ellman's reagent: the experimental data were

compatible with eq 18.
Without examining the change in ft,.bsd *i11t pH there is

no method of separating this term into the individual rate

constants characteristic of the species lumped under the term

St,,talt  viz.,  
-SRS-, -SRSH, and HSRSH. To assign a rate

constant, we assume, as previously, that the reactivity of the

neutral thiol HSRSH is so low compared to that of the thio-

lates that it can be neglected, and, further, that 
-SRS- and

-SRSH are equally reactive. The former assumption is un-

doubtedly good. The latter is to some extent in error: 
-SRS-
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Figure 2 .  P lo ts  01 ' (A)  log k  1  and ( f3)  k rg  h , , ' , rNd vs.  pK, ,  Ior  reduct io t t
0f El lman's reagent in pH 7.0 phosphate bul ' f 'er (0.( l i r  M ) at i10.0 1 0. ir
oc uncler argon with the mono- and dithi0ls l isted in' l 'able I .  ' l 'he

equat i0ns t rsed to  generate  the sOl id  I ines are (A)  log h t  = '2 .1  + 0 . ; l ( j
pK, , ;  (R)  krg  / i  1"1 ' ' ' l  =  2 .1  *  0 . i16 pK, ,  -  log (111pK"- ; ' ( )  *  1) .  The nt rm-
i lers ref 'er t9' I 'al t le I .  D'f ' f  is dithiothreitol;  MFI is iJ-mercal;toethanol:
( lN{A is glvcol dimerlaptoacetate. 

' l 'he parameters f 'gr the Rronsted
l i ne  ( l < rg  G  =  2 .1 , , J  =  0 . i 16 )  w 'e re  es t ima ted  t r eg lec t i ng  t he  t h i o l  ac i ds
(po in ts  I  and 2) .

will be more reactive than 
-SRSH. The dianion will, however,

be present in lower concentrations that the monoanion, and

their reactivity difference is probably not large. The rate

constant k 1 in reaction 1ll can then be approximated by an

expression analogous to eq 11. Estimates of & 1 in this manner

will be too high since they will include a contribution from the
(faster) reaction of the dithiolate species 

-SRS-: this inac-

curacy may contribute to the scatter in the Bronsted plot

derived from these data (vide infra). Since, however, the

concentrat ion of 
-SRS- is less than that of -SRSH, no sta-

t ist ical correction of these rate constants is required.

Table I summarizes the rate constants derived from kinetic

examination of the reduction of El lman's reagent by various

thiols. Three useful facts emerge immediately frtlm analysis

of these rate constants. First,  the values of f tr  (with the ex-

ception of those for thiolacetic and thiobenzoic acid) ap-

proximately obey a Bronsted relat ion, with d = 0'36 (Figure

2). This value is compatible with values of d found for reac-

t ions of thiols with other types of substrates: lV-p- 2-benzim-

idazolylphen-v-lmaleimide, $ = 0.42;t" p-nitrophenyl acetate,

lJ  =  0 .38;16 ethy lene ox ide,  d  = 0 .30; '7  and benzene ox ide,  p  =

0.22.18 Second, for the f ive compounds of Table I for which

both ft  r  and ft  2 were determined, l l :  5 0.1k r '  This conclusion

helps to justify the experimental conditions chosen to reduce

eq 5 to eq 7 and 9, and to generate eq 17. Third, assuming that

the rate of attack of thiol reagent on El lman's reagent does

fol low a Bronsted relat ionship with d = 0' i16, i t  is possible to

derive a relat ion between thiol pKu and solut ion pH that
permits a predict ion of the pK,, value that wi l l lead to a max-
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imum value of A r'rbsd at a particular solution pH. By the def-
inition of a Bronsted relation, one can relate ft robsd to & 1 using
eq 19 and 20.

f t robsd -  O,

ft ,  = QlgdnK"

(RS-) Gl0rJpl("

(RS-) + (RSH) 1 1 1gnK"-uH

Differentiating eq 20 with respect to pKu, setting (dftt"u*47

dpK") equal to zero, and solving, one obtains eq 2I as the
condit ion for which ft ,obsd is a maximum.

+ - 1gpH-pr(" (21)
lJ

Thus, for p = 0.36, fr,obscl vsill maximize when PKu 
-- pH -

0.25. Figure 2 plots the values of log ft,.bsd and log ft1 from
Table I against the thiol pK, values. This figure also includes
a plot of a theoretical curve for log ft,.bsd vs. pK".

Discussion

The rate constants & 1 characterizing the attack of a number
of organic thiolate ions on the disulfide linkage of Ellman's
reagent in aqueous solution follow a Bronsted relation: the
nucleophilic reactivities of the thiolate ions are directly pro-
portional to their basicity. Since the fraction of a particular
thiol present in solution in the reactive thiolate form depends
upon the thiol pKu and the solution pH, ft 1 is not, however, the
most useful parameter in characterizing the reactivity of a
thiol toward Ellman's reagent: the observed rate constants,
f t  1"bsd, provide more direct measures of reactivi ty. The pre-
diction that ft,.bsd fo1 thiols obeying a Bronsted relation with

/J = 0.36 should have its maximum value when pK^ = pH -

0.25 is supported by experimental data at pH 7 (Figure 2).
This figure also indicates that neither of the commonly used
reducing agents DTT nor p-mercaptoethanol is the fastest
thiol reagent to attack El lman's reagent in solut ions at pH 7:
the values of A,"b*d for the various thiophenols listed in Table
I are approximately ten times larger than those for DTT and
p-mercaptoethanol.

The kinetic behavior of all of the dithiols tested indicates
that the initial, intermolecular attack on Ellman's reagent is
rate limiting, and that the subsequent, intramolecular step
is fast. Four- and five-membered rings (and possibly large
rings) containing disulfide linkages are strained. In the dilute
solutions studied, however, this strain is evidently not suffi-
cient to cancel the concentration advantage conferred by the
intramolecularity of the second reaction.

These results define the influence of thiol structure on the
rote of i ts reaction with El lman's reagent, and suggest two
structural features which should be included in new reagents
for reduction of cystine disulfide groups. An effective reagent
should be a dithiol itself easily capable of forming an intra-
molecular disulf ide, and at least one thiol should have a pKo
close to the pH of the solut ion in which i t  is to be used. The
properties of DTT are compatible with both of these criteria,
although the thiol pKu values are too high for optimum rates
at pH 7.

These data do not in themselves provide an adequate basis
for the design of effective reagents for reduction of protein
cystine units for two reasons. First, although reduction of
Ellman's reagents with the thiols examined here (with the
exceptions of the two acidic thio acids) goes to completion,
reduction of typical cystine moieties is much less favorable
thermodynamically, and the influence of the structure of the
dithiol reagent on the equilibrium constant for reduction
becomes an important factor. Second, although reduction of
Ellman's reagent is a kinetically simple reaction, there is no
assurance that electronic factors other than those reflected
in a Bronsted plot, or steric or solvation effects, are unim-

Whitesides,  L i lburn,  and Szaiewski

portant in determining the kinetics of reduction of protein

cystine groups. In fact, preliminary results in these labora-

tories indicate no clear correlation between the rates of re-

duction of Ellman's reagent by thiols and the effectiveness of

these substances as reducing agents for proteins.

Experimental Section

General Methods. Melting points were determined using a
Thomas-Hoover capillary melting point apparatus and are uncor-
rected. pH was determined using a Radiometer Model 28 pH meter.
Infrared spectra were taken using a Perkin-Elmer Model567 grating
spectrophotometer. NMR spectra were recorded on a Varian T-60
spectrometer. Uv spectra were measured using a Gilford Model 240
spectrometer equipped with a sample chamber thermostated at 110.0
* 0.5 'C. Mass spectra were recorded on a Hitachi Perkin-Elmer
RMU-6E spectrometer at an ionization potential of 20 eV. Elemental
analyses were performed by Robertson Laboratory, Florham Park,
N.J. Disti l led water was passed through an ion exchange column and
redist i l led using a Corning AG-18 st i l l .

Materials. Thin layer chromatography used J. T. Baker sil ica gel,
grade 1 B. Argon (Airco welding grade) was used without further
purification. Llnless otherwise stated, pure grade solvents were used
without  fur ther pur i f icat ion.  1,2:11,4-Diepoxybutane was obtained
from ROC/RIC, 2,2'-dithiobis(ethylamine) dihydrochloride from
Sigma Chemical Co., and dithiodiglycolic acid (96o1'), thioglycolic acid
(98u/n), methyl thioglS'colate (98o6), thiolacetic acid (97ulo), and 2-
mercaptoethanol (98'zo) were obtained from Aldrich Chemical Co.
Glvcol dimercaptoacetate was a gift of Evans Chemetics, Darien,
Conn .

Thiols were ei ther recrystal l ized or  d ist i l led under vacuum. El l -
man's reagent (Aldrich, 99o/o) was used without further purification.
Al l  other chemicals used were AR grade.

1,4-Dimercapto-2,3-butanediol  (a Mixture of  Di th iothrei to l
and Dithioerythritol). To 48 g (0.611 mol) of thiolacetic acid at 0 oC

under argon was added dropwise,  wi th st i r r ing,  25.8 g (0.30 mol)  of
1,2;1J,4-diep<rxybutane fo lkrwed by 2 ml of  methan<i .  Caut ion.  Bu-
tadiene diepoxide,  l ike manv s imi lar  d ia lhylat ing agents,  is  muta-
geni< ' .  I t  should be used in a good hood, and care taken to auoid
t'ontact utit1, l iru'O or uapor. The mixture was allowed to stir at room
temperature.  With in 48 h a crystal l ine mass of  the epimer ic 1,4-
dimercaptoacety l -2, lJ-butanediols had developed. A sample washed
I ' ree of  residual  o i ls  wi th ether-pentane (1:1)  showed mp 64 68'C;
i r  (CH:CI:)  3.1U),  2920, 2890, 1720, 1675 cm-r;  NMR (CDCl i t )  6 3.8-3.4
(m, 2) ,  3.3-2.9 (m. 6) ,  2.40 (s,6) .  This crude mater ia l ,  af ter  t reatment
at reflux under argon with 150 ml of degassed methanol and a catalytic
amount of  HCI (2 ml of  -1 N HCI in ether)  for  6 h fo l lowed by se-
quential disti l lati<in ofmethvl acetate and methanol, gave 42.8 g (92"h1

of '  a d iastereomeric mixture of  1,4-dimercapto-2,3-butanediois (bp
120-125 oC at 0.1-0.i1 mm) which crystall ized on standing in the cold:
mp 12-15 "C; i r  ( f i lm) 3450,2920, 2550 cm ' ;NMR (CDCltr )  6 3.9-3.5
(m,  2 ) ,  l ] . i l  ( s ,  2 ) .  2 .9  2 .5  (m.  .1 ) ,  1 .66  ( t , 2 ,  J  =  8  Hz ) .  The  d i s t i l l ed
pr<duct is contaminated with 2 5'lt. <tf 1,3-dimercapto-2,4-butanediols
and related materials. The diastereomeric composition of this material
was not  examined.

2,9-Diaza-S,6-dithiacyclononanone. In a 2-1. round-bottomed
single-necked flask were combined 1.5 l. of disti l led 2-ethoxyethanol,
urea (9.01 g,0.15 mol) .  and cystamine hydrochlor ide (33.7 g,0.15 mol) .
The mixture was flushed with argon for 0.5 h, and refluxed under
argon for 14 h. The mixture was cooled to room temperature under
argon and fi ltered, and most of the solvent removed under reduced
pressure. The product was precipitabed on cooling, isolated, and
washed with ether. The remaining 2-ethoxyethanol was removed
under reduced pressure, leaving a product which was triturated with
methan<rl to remove the brown gum coating it. A yield of 22.3 g (84ot"\
of 1,9-diaza-5,6-dithiacvclononanone was obtained. The product, after
recrystal l izat ion f rom methanol ,  showed mp 207 -208'C; i r  (Nujol )
3 :1 .10 ,  1625 ,  and  1590  cm- r :NMR (CF, ICO. :H)  62 .2 -2 .7  (m,4 ) ,3 .0 -3 .5
( m . 4 ) .

Anal .  Calcd for  C: ,HroN2OSz: C, l l i l .69:  H,  5.65;  N,  15.71;S,  :15.97.
Found :  C ,  33 .90 ;  H ,  5 .73 ;  N ,  15 .57 ;  S ,  36 .17 .

React ion of  Lead(I I )  Acetate Tr ihydrate wi th 2-Mercapto-
ethanol and 2,9-Diaza-5,6-dithiacyclononanone. Lead(II) acetate
(i.2 g.0.019 mol) and 2,9-diaza-5,6-dithiacyclononanone (3.38 g, 0.019
mol)  were added to l l50 ml ofdoubly d ist i l led water and the mixture
flushed with argon. 2-Mercaptoethanol (2.66 ml, 0.0118 mol) was added
by syringe. and the mixture stirred at room temperature for 12 h and
ref luxed under argon f 'or  7 h.  The f lask was cooled to 0 oC, and the
product  I ' i l terecl  and washed wi th chloroform, to g ive 6.2 g (85o/o)  of
lead( l I )  2.2 ' -d i th iodiethvlurea as a vel low-orange powder:  mp 220 oC

(1e)

(20)
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dec; i r  (Nujol )  3320, 1620, 1270,1220, and 625 cm-r;  NMR (CF,rCO:H)

6  2 . 8  ( t ,  4 , J  =  6  H z )  a n d  3 . 6  ( t ,  4 , J  : 6  H z ) .

{N ' -B is (2 -mercap toe thy l )u rea .  A  suspens ion  o l '  I ead ( l I )
2,2 ' -d i th iodiethylurea ( l ) .95 g,  10.25 mmol)  in l l00 ml of  CHCI;r  was
flushed with argon, and H3S was bubbled through the suspension for
5 min,  dur ing which t ime the react ion mixture became black.  T 'he
suspension was flushed with argon fbr 0.5 h to remove excess H.:S f rom
the sol t r t ion and f i l tered under argon through a Cel i te pad.  ' l 'he 

sol-
vent was removed under reduced pressure and the pressure rest<lred
to 760 mm using nitrogen. The product, a white solid obtained in 94%
v ie ld  (1 .7 i }g ) ,  showed  mp 118-119 .5  'C ;  i r  (Nu jo l )  3325 ,  31 ,10 .  1620 ,
1595 ,  1275 ,  1240 ,  1205 ,  and  665  cm- r ;  NMR (CDCI : r )  6  1 .35  ( t .  2 , , J  =

8  H z ,  S H ) ,  2 . 4 5 - 2 . 9  ( m , 4 ,  H S C H z ) , 3 . 4  ( q , a . J  =  6 H z ,  N H C H . : ) ,  a n d
5.05 (br ,  2,  NH)t  mass spectrum (20 eY) mle M+ 180.

Ana l .  Ca lcd  fo r  C ; -H1 :N :OS: :  C ,  i l l l . l l l :  H ,  6 .71 ;  N ,  l i r . 54 :  S .  :15 .57 .
Found :  C ,  311 .54 :  H .6 .48 ;  N ,  15 .29 ;  S .  35 .47 .

Thioglycolic Acid Hydrazide. Disti l led thioglycolic acid methvl
es te r  (20  m1.23 .06  g ,0 .21713  mo l )  was  t rans f ' e r red  bv  sy r inge  in to  a
500-ml round-bottomed llask which had been flame dried under arson
and charged wi th 250 ml of  drv,  argon-saturated methanol .  To th is
mixture was added ll.2 ml (0.095 mol) of 95'7r, hydrazine (anh1'drotts).

The reaction mixture was ref' luxed under argon f or 24 h and co<lled
to room temperature.  and the solvent  removed under reduced pres-
sure.  The resul l ing sol id product  was f i l tered in a g love bag under
argon, washed with drv. deaerated eth-n-l acetate, and dried at 0.()l mm
and room temperature for  several  davs.  The hvgroscopic prodtrct .
obtained in essent ia l lv  quant i tat ive v ie ld,  had mp 50-52 o( '  ( l i t . i1 ' rnp

5 0 - 5 2  o C ) ;  i r  ( N u i o l )  3 1 7 0 , 3 0 : 1 0 , 2 9 2 0 , 2 8 5 0 .  1 5 9 0 .  1 4 9 0 ,  a n d  1 1 5 0
( 'm

A n a l .  C a l c d  f o r  ( ' : H n N : O S :  C . 2 2 . 6 : l ;  H . 5 . 7 0 :  N . 2 6 . ; . 1 9 ;  S . ; 1 0 2 1 .
Found ,  C .  22 .711 ;  H ,  5 .8? ;  N .  25 .85 :  S .  30 .60 .

Determinat ions of  the ext inct ion coef f ic ient  for  El lman's
anion,  El lS-  were carr ied out  under argon using solut ions or ig inal lv
ca.  10* l  M in El lman's reagent and ca.  10- ' t  M in 2-mercaptoethanol :
we assumed that  the tenf  o ld excess of ' reducing agent would convert
the Ellman's reagent to Ellman's anion quantitatively'. Nleasttrerrrenls
were made careful lv  at  the ext inct ion maximttm 1'or  the anion:  I , , , , , ,
412 nm. At  th is f requency absorpt ion due to El lman's reagent is
negl ig ib le. l ' '2()  Nei ther 2-mercaptoethanol  nor 2,2 ' -d ihvdnrxvdiethvl
d isul f ide absorb at  th is waveleneth.  These values of ' the ext inct ion
coeff ic ient  were determined (e ,  pH, buf fer ,  buf ' f 'er  concentrat ion M):
15 000,  9.0,  TFIA, 0.2;  l4 800.  8.0,  ' fF lA.  0.2;  l4 ?0() .  7.0.  

' I 'EA. 0.2:
1 .1  600 .5 .8 .  T 'EA.0 .2 ;  1 l ]  700 ,7 .0 .  phosph te ,0 .05 .  Th is  l as t  va lue  i s  i n
sat is fact ,orv agreement wi th previous determinat ions:  13 600.  7.0.
phospha te .  0 .2K ' r  r (  l  ; l  6 (n ,  6 .5 .  phospha te .  0 . l l l l l . r r l ' h roughou t  the
work descr ibed in th is paper,  we have t tsed t  13 700.  El lman's reagent
(pKn = { . fK) l  la  is  essent ia l ly  completelv ionized in the buf fer  svstems
used.

Quant i tat ive Determinat ion of  the Rate of  Decomposi t ion of
El lman's Reagent.  The sto ichiometr t '  o1 '  the decomlrosi t  ion o1'  El l -
man's reagent in base has l leen determined to be that  shown in er1
) l . t  t t

2E l lS -SF l l l  +  4OH-  -  i J l l l lS -  +  F l l lSO2-  +  2HrO ( ' n l

This decomposi t ion was l i r l lowed b1'  measur ing the increase in a l r -
so rbance  w i th  t ime  a t ' 112  nm.  due  to  E l lS - .  i n  degassed  so lu t i ons  a t
l l0 "C (0.2 M TEA btr l ' f 'ers) .  I leact ions were f i r lLrwed over: i t . )h.  In i t ia l
s lopes  Id ( t l l lS - ) /d t .  M  h - r )  f o r  so lu t i ons  in i t i a l l v  9 . t i  x  10 - ;  N I ' * ' e re
1 . 3 8  X  1 0 - ' i ,  p H  9 . 0 : 6 . 0 1 1  X  l 0  ; ,  p H  8 . 0 ; 1 . . 1 2  X  1 0 - ; .  p H  7 . 0 ; 8 . 8 8  X
1()- t ,  pH 5.8.  ' [ 'hese 

corresp<ind to c lec 'omposi t iut t  of 'approximatelr '
t.hese percentages of'the original Fll lman'.c retrgent in I h: 1.0\,. pH 9.0:
0 .4q ,o .  pH 8 .0 ;0 . l ( ) i , .  pH  7 . ( ) : ( ) . (16 , t , , .  pH  i . 8 . ' I ' hese  es t ima tes  a re  o f  the
same o rde r  o f  rnagn i tude  as  repor ted  p rev ious l r ' . 1  l l '

K inet ics of  Reduct ion of  I l l lman's Reagent by Thiols.  One
represen ta t i ve  k ine t i c  run  w i i l  be  desc r ibed :  o the rs  fo l l owed  s im i la r
yrrocedtrres.  I ) i th iothrei to l  ( I ) ' f ' l ' .  ( ) .0?7: i  g.  ( ) . i ( ) l  tnmol)  was t rans-
f 'erred to a l [ ]0-rn l  volurnetr ic  f ' lask which had been r insed wi th pH
7 .0  phospha te  l ru f f ' e r  so l t t t i o t t  r rnd  t l r r - .hed  w ' i t h  a rg ( )n . ' l ' he  I ) ' i " l ' so -
lu t i on  rvas  made  r rp  to  vo l r rme .  the  r ' o lumet r i c ' l l ask  s loppered .  and
the  f l ask  l l ushed  rv i th  a rgon  f i r r  5  m in  and  m ixed  l x ' shak ing . ' l ' he
str ipper was removed and l . ( )  ml  <r t  the solut iot ' r  rvas t ransferred to a
I00-ml volumetr ic  f lask t rs i r - rg an Flppendorf  p ipet .  The sol t t t . ion was
made  up  to  r .o l t tme  in  a  s im i la r  manner  to  g i ve  a  0 .5 ( ) l  X  10 -  I  \ 1  so -
lution. F-ive mill i l i t,ers ol this latter solution was transi'erred to a 50-ml
vo lumet r i c  f l ask  and  made  t tp  t r t  vo lume to  g i ve  6  { ) . i r ( } l  x  l ( ) -  

' '  
N I  so -

lut ion.  This soh-r t i r )n was equi l ibrated in the l l ( l  o( 'constant  temper-
ature bath connected to tbe cel l  compartment of  the t t " '  spectropho-
tometer.  The same techniques were t tsed to prepare sol t t t  ions o1'Fl l l '
man'-q reasent wi th concentrat ions 1.0 X l0 ' - ; r .  ( ) .5045 X 10 1.  and
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() .5045 X 10-r  N{.  Al l  solut ions were kept  t tnder a posi t ive presst t r ( '
o l  argon.

l 'our  1-cm uv cel ls .  t ' i t ted wi th serum stotrrpers.  u ' t ' re l lushed wi th
a rgon .  

' I 'wo  m i l l i l i t e rs  r i l ' t he  l 0 - r  M  E l lman 's  reage t r t  so l t t t i on  was
transferred t ,o a cel l  r - ts ing a micrometer svr inge.  

' l 'he 
cel l  rvas restop-

pered,  equi l ihrated to l l0  o( ' .  and placed in the t 'e l l ( 'ornpartrnenl .  The
spectrometer was zeroed. 

'fwo mill i l i ters of the 10- t l\{ D'l"l '  soltrtion
was drawn into the mic ' rometer syr inge,  the needle was pt tshed

through the serttm slopper of the cell, the recorder rvas turned on, trtrd
the reagent was added as qui i :k ly  as possib le.  The react ion was fo l -
Iowed bv observing t.he change in absorhance of' Ellman's anion at '112

nm: the react ion temperature was rec()rded bef t l re and af ter  the ex-
pe r imen t  bv  p lac ing  a  sma l l  I ' IXAX the rmomete r  (14 -36  oC)  i ns ide
the cell cumpartmenl. ( 'ontrol experiments included rttns in solutions
containins D'I"l '  brrl no Fli lman's reagent and vice versa, to check for
hasel ine dr i f t ,  A r t tn c 'ontain ing a ten-fo ld h igher concentrat ion of
Fl l lman's reagent oxid ized al l  of  the DTT, and served to check that
the starting concentration ol' l) 'f ' I '  calculated from the weight was the
same as that {irund spectrophotometricall l-. An experiment involving
a ten-f i r ld increased concentrat ion of  DT' l '  sen'ed the same purpose
l i r r  t he  F l l lman 's  reagen t .

Il.epresent.ative kinetic data are shown tn I ' igrrre l. Analvsis of these
da ta  l i r l k rwed  the  p roce< lu re  o t r t l i ned  in  the  tex t .  and  was  acco ln -
p l i shed  bv  a  compt t te r  p r r tg ram wr i t t en  l i r r  t ha t  l t t t rpose . l -

Uv Light  Has No Inf luence on the Thiol -Disul f ide Inter-
change React ion. ' l 'wo cel ls  c<lnta i r t iug Ll l lman's reagent were pre-
pa red  a t  the  same t ime . ' l ' he  ce l l s  were  equ i l i b ra ted  in  the  i lO ' ( ' ba th

anci  p lacer l  in lhe t ' t ' l l  compartment. ' l 'h ioglvcol ic  acid was added t t t
t he  f  i r s t  ce l l .  and  a  s topwat t ' h  was  t t t rned  on ;  as  the  ac id  was  added
to the ser 'ond cel l  the stopwatch t ime q 'as not .ed and the recorder
turned on. Sint'e the solut,ions were diltrte, the reaction was sufficientlv
sLrw that  inaccuracies cat tsed bv th is c lumsv method of  star t ing the
reaction were minor. ()ne ol the uv cells was kept almost contittttousll '
in  the uv l ight  path and the other was placed in the beam onlv inf re-
q r ren t l v  to  take  the  absorbance  read ings .  Because  th iog l l ' co l i c  ac id
rea t ' l s  n ro re  s lo$ lv  u ' i t h  F l l l r nan ' s  re i rgen t  than  do  mt l s t  < t f ' t he  o the r
th io l  reagents l ts lecl  .  and he<'ause low in i t . ia l  reactant  concentrat ions
were used to s low the react ion st i l l  fur ther,  the react , ion was s l r lwer
t,han anv ot,her react ion with I ' l l lman's reagent in this stttdv. No e1'f 'ect
due to the spectrometer uv l ight  was seen. In a separate exper iment
Flllman's reasent (0.(X)40 s. I .0 x 10-; mol) was transf'erred lo a 1(X)-ml
volumetric flask and the s<ilution made up with a deaerat.ed phosphate
lruf ' f 'er  conla in ing l0 ' i  M EI)TA at  pH ?.0.  A uv scan f rom l l l0  to 46ir
nnr was 1.aken to show that  no Fl l lman's ani t ln was presenl .  ' l 'he vt t l
rumetr ic  I ' lask was c l , rsed and placed in a Ravonet reactor .  and i l l t r -
minated using nine i l50-nm and seven 2511.7-nm lamps lbr  l l  davs.  At
the end o1' th is l inre.  the content ,s o l  the f lask were deep 1 'e l low and
the f' lask was warnl to fhe l<lut:h. A secotrd uv scan f'rom lJl0 t.o -lt i i ttm
showed that  l l .19i ,  of  the Fl l lman's reagent had heen hvdrolvzed.  r ind
tha t  a  r l t ran t i l v  o f 'F l l lman 's  an ion  had  fo rmed  u 'h i ch  was  t ' o t t s i s le t t t
w i th  hvd rox ide  ion  reac t ion  as  the  ca t t se  o f ' d i sappearan< 'e  t r f  t he
F l l lman 's  reagen t .  S ince  the  s to i ch iomet rv  <11 ' the  rea t ' t i on  was  com-
pa t ih le  w i t .h  th i s  renc t ion  and  s ince  the  quan t i t v  o f 'F l l lman 's  reagen t
consurne( l  was al )proximatelv that  expecled at  th is 1tH, we t 'ont ' l t tde
that  l ight  has no ma jor  e l ' { 'ect  on t .he ra le ot ' th is rea<' t ion.

Inf luence of  Ruffer  Composi t ion and Concent. rat ion on k, ' rbsd
for  React ion of  Z-Mercaptoethanol  wi th El lman's Reagent.
Reac t ions  wer t '  r ' a r r i ed  o t t l  r r s ing  s tandard  cond i t i ons  in  phospha le
and ' l ' F lA  b r r l ' l ' e rs  a t  y rH  7 .0  l hu l ' f ' e r .  h t r f ' { ' e r  t ' oncen t ra t i on  ( l \ { ) , l i , " i ' * ' t

X  l 0  r  N {  I  s -  r ) :  J rhosJ rha te .  ( ) .05 .6 .59 ;  phospha te ,0 .10 ,8 . (X ) ;  phos -

Dhare,  0.2( i .  9. l l :  
' f  

I iA.  t t . l t ; .  i r .0 l ; ' f  I . lA.  0.10,  6.26;  
' l ' l . lA.  0.2() .  7. i r1.  

' I 'he

ion ic ' s t . reng th  * ' i r s  he l t l  t ons t .an t  z r t  0 .1  N ' l  i n  these  rea t t i ons  w i t i t
K ( ' 1 .

f )eterminat ion of  Thio l  pK* Values.  Since the pA,,  v 'a l t tes of  the
cl i th io ls d i f ' tered br ' less thr tn 2 r rn i t ,s .  their  t i t ra l ion curves or-er lapped.
' l ' i t r a t i on  ( ' r r r ves  wer r '  ob l r t i n t ' d  t t nde r  a rgon  w i l  h  t ' a re l ' t r l  t ' r t ' l t t s ion
o f  a tmospher i c  c i r r i ron  d iox ide .  t r s ing  0 .  1 .1 ; l  M  ca r l t ona te - t ' r ee  l x r tas '
s i r r rn  hvc l ro r ide  so l r t t i on . : r r  l ) i l u te  so lu t i ons  o1 ' th to l s  were  r t sed  ( ( | . ( ) ( ) l

I \ ' l ) .  so lhat  at ' t iv i t . l ' torr t ' t ' l ions were not  reqt t i red. ' l 'he KOH requirecl
Io  ne r r t ra l i ze  t  i r e  th io l  u 'as  a r l t l ed  i n  ! i ) eq r ra l  l l o r t i ons ,  i t l t d  the  pF{  o l
the  so lu t i r r r r  n r t ,as t r rec l  i  rn in  a l ' t e r  e iach  add i t i o t r .  The  p [J  tne l t ' r  w t rs
s tanc la rd i zed ; iga ins t  pH l . l x t  and  l ( ) . ( )0  N{a l l i nck rod t  f l r r f ' { 'A } i  so l t r -
t i o n s .  A n a l v s i s  o l  t h e  d a l a  l i r l l o w t ' t l  a  l i t e r a t r r r e  p r ( ) (  e ( l t r r e . : r 1  t t * i n g  a
( ' i ) m l ) r l t ( , r  l ) r ( ) g r a n )  r V r i t l e n  t i r r  t h l t  p l l r p r ) s e .  :

Reg is t r y  No .  i ' l l l n r i rn ' s  reagen t .  69 -78 - : l ;  t h io iace t i c  ac ' i t l .  ; . { ) l
l ) 9 - i :  I . l : ; l , J  r l i e p o x v h t r l a r t e .  1 4 6 - 1  - ; r : i - i r ;  t h r c L t ' 1 . - 1 - d i t n e r t ' a p t o '
, , , ' . 1 1 ' l - 2 . 1 1 - b u t a n e d  i o l .  ; l 4 8 j l  I  l - i l :  r ' n  t h r o  1 , 4 - d i m e r c a p l o a c e t v i
j . i l - h r r t a n e t l i r , l "  { i , 8 1 } 2 - t l R - 8 :  2 . 9 - d i a z a - 5 . 6  d i t h i a t ' v ( ' l t t n , r n a t r , r n e .
t ; ( ) 6 ; l : t - 8 ? - { l :  u r e a .  i l  l ; J - t i :  c v s t a m i n e  2  H ( ' 1 .  1 6 - l l 7 :  l e a d  a c e l a l e .
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;10  I  -04-2 ;  2 -mercapt ,oe thano l .  60-24-2 :  lead  2 ,2 ' -d i th iod ie thy lu rea ,

606 i l l l -88-? ;  th iog lyco l i c  ac id  hvdraz ide ,  760- i lO-5 ;  th iog lvco l i c  ac id

methv l  es te r .  2 i165-48-2 .
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