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Abatract: We have tested molecular mechanics calculations at the level of MM2(85) for their capacity to rationalize relationships
between structure and equil ibr ium constants for thiol-disulf ide interchange reactions. With 20 a,<.r-dithiols taken from the
lSotut.,  equi l ibr ium constants for thiol-disulf ide interchange with 1,2-dithiane were calculated: HSRSH + ff i  :

SR-S + HS(CH2)4SH. The relat ion between experimental values of lG and calculated dif ferences in strain energy was AG
= 0.4 l . \SE + 0.5  kJ /mol  wi th  a  cor re la t ion coef f ic ient  o f  0 .93 (erc lud ing one anomalous po in t ) .  Resul ts  f rom-molecu lar
mcchanics  cor re la tc  wel l  w i th  exper imcnta l  resu l ts .  but  ther  c i lnn( ) t  g i rc  abro iu tc  va lucs o f  energ ics .  Resul ts  o f  molecu lar
mcchanics  ca lcu la t ions are used to  d iscuss the phrs ic l r l  in t r - rprc- t . r  r ign , . '1 ' thc-  e , ,11. 'gp1 t r l " 'e l fcc t iye ioncent ra t ion-  as i t  is  used
fo r  t hc  t h i o l - d i su l i i de  i n te r chansc  reac r i on ,

Introduction
we have studied two aspects of the relations between molecular

structures and stabi l i t ies of a,or-dithiols (HSRSH) and of cycl ic-
disulf ides (SRS) derived from them by oxidation. First,  we have
explored the capacity of molecular mechanics to rationalize relative
stab i l i t ies  us ing equi l ib r ium constants  for  th io l -d isu l f ide in ter -
change react ions as measures of  these s tab i l i t ies  (eqs I  and 2) .
Sgcond, we applied these computational methods to the design
of  d isu l f ides whose s tab i l i ty  had not  been determined.

HSRSH + SR,S :  SRS + HSR,SH

HSRSH + R"SSR" :  f f i *  2R,,SH
This work had four objectives. First,  we intended to euaruate

the capability of molecular mechanicst to rationalize and predict
equilibrium constants for thiol-disutfide interchange. The ab-
solute accuracy of the calculat ions was part icularly relevant to
their use in molecular design: was their accuracy suff icient to
give absolute values of energies, or only high enough to be useful
in correlations? second. we wished to disentan[te the uarious
enthalpic contr ibutions to these equil ibr ia. Estimating the im-
portance of torsional strain in the c-s-s-c group of the disulfide
relat ive to strain in other parts of the disulf ide and in the thiol
was important in interpreting the influence of structure on enersv.

( l )  Burkert ,  U. ;  Al l inger,  N.L.  Molecular  Mechanics;  Washington:  Am_
er ican Chemical  Society,  t982;  ACS Monograph 177.

Third. \'e needed to eraluate the eJficacy of molecular mechanics
calculatictns u.t a guide to design and synthesis. We use thiol-
disulf ide interchange both as a model system for studies in
physical-organic chemistry2{ and as a reaction useful in synthesis.
A computational method that would increase the effect iveness
of molecular design would improve the efficiency of both activities.
Fourth, we wished to understand the origin, utility, and signif-
it:ance of ualues of "effectiue concentrotion" (EQ1'8 deriued from
measurements of equilibrium constants for thiol-disulfide in-
terchange.e The EC-a number characterizing the advantage
in rate or equi l ibr ium constant for an intramolecular reaction
relat ive to a closely analogous intermolecular one-has come to
be widely used in physical-organic chemistry and biochemistry

(2) Houk, J.; Whitesides, G. M. J. Am. Chem. Soc. 1987. 109.6825-6836.
(3) Szajewski, R. P.; Whitesides, G. M. "/. Am. Chem. Soc. 1980, 102.

20t1-2026.
(4)  Houk,  J. ;  Whi tesides,  G. M. Tetrahedron 1989,45.91-102.
(5) Singh, R.; Whitesides, G. M. J. Am Chem. Soc. 1990, 1t 2, tt90-1197.
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48, l l2- l15.  Shaked, Z. ;  Szajewski ,  R.  P. ;  Whi tesides,  G.M. Biochemistry
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Figure l .  The CSSC dihedral angle in a cycl ic disulf ide.

in discussions of conformation. The l imitat ions of interpretat ions
of the EC have not been clearly defined in general, and especially
not  for  th io l -d isu l f ide in terchange.

A brief discussion of EC with respect to thiol-disulf ide inter-
change provides a context for this work. Equations 3-l  are a
star t ing po in t  for  in terpreta t ion o f  the EC in  th io l -d isu l f ide in-

K.-.^
H S R S H  +  S R ' S . - S R S  +  H S R ' S H  ( 3 )

r
2R"SH + SR'S + R"SSR" + HSR'SH (4)

HSRSH + R"SSR"J-_EC- f f i  *  2R"SH (5)

lsRSl lR"Sglz
IHSRSHIIR"SSR"I

I R " S H I  I H S R S H I
IR"SHI  =  EC r - . ,  (7 )

I  R  "SSR " l l sRS l
terchange.  For  comparable  in t ramolccu lar  or idat ion o f  a  d i th io l
(HSRSH) (eq 3)  and in termolecu lar  ox idat ion o f  a  th io l  (R"SH )

to  d isu l f ides wi th  a  common ox idanr  f  f i t l .  the EC c l iaracrcr -
iz ing the d i th io l  is  g iven by eq 6 (EC has un i ts  o f  concent ra t ion) .
For thiol-disulfide interchange, the EC is the equilibrium constanr
for  the react ion g iven in  eq 5,  where the d isu l f ide R"SSR" is
assumed to be strain-free. Equation 7 indicates that, for the
intermolecular reaction to achieve the same fractional conversion
of thiol to disulf ide as is achieved in the intermolecular case. the
concent ra t ion o f  the react ing monoth io l  (R"SH) would have to
equal the EC. Since many reactions exist in which the EC is 106
to l0 l2  M,7 in t ramolccu lar i ty  can have a large ef fec t  on an
equ i l i b r i um.

The concept of "ef iect ive concentrat ion" is useful.  st imulat ing.
and eas i ly '  in terpreted phys ica l ly ,  but  i t  must  be in tcrpreted
caut ious ly  in  th io l -d isu l f ide in terchange react ions,  pr imar i ly
because the entha lpy o f  the S-S bond depends s t rongly  on thc
CSSC d ihedra l  ang le .  "Concent ra t ion"  is  a  sca lar  qu in i i t l  that
measures the number  o f  react ive groups per  un i t  vo lumc,  or
equivalently, the average distance of reactive groups from one
another. Concentrat ion enters the expression for the free energy
of reaction through i ts inf luence on entropy [S - R ln (concen-
t ra t ion)1.  The entha lpy o f  a  d isu l f ide bond ( r i6 t .  kJ /mol )  is
strongly inf luenced by the CSSC dihedral angle d6s56 (Figure l) ,
with an approximate functional form given by eq 8.10 Thus, the

l6 t  =  14.6 cos (20)  +  cos (3d)  +  (8690 -  15.6)  (8)

max(Aif;s) = max(Ef;s) - min(n6t) = 16!o - H|lrr,  =
-30.3 (e)

inf luence of torsional strain on the EC could be to decrease i t  by
a factor of as much as e-30'3lRr = 2 x 105 M relat ive to the value
at  0  = 90o i f  0  =  0o (eq 9) .  The r ig id i ty  o f  the CSSC moiety
also restr icts the conformational f lexibi l i ty of the remainder of
the molecule and therefore increases the strain caused by other
structural features. The magnitude of this possible contr ibution
to  EC for  cyc l ic  s t ructures conta in ing a d isu l f ide un i t  is  la rger
than i t  is  for  the a l l -carbon systems commonly  s tud ied:  hydro-
carbon derivatives normally have a much smaller dependence of

(10) Adapted f rom the MM2(85) parameter set ,  avai lable f rom the
Quantum Chemistry Program Exchange, University of Indiana, Bloomington,
IN  47405 .
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bond enthalpy on torsional angles around bonds to sp3 carbon.l l
This study of the energetics of thiol-disulf ide interchange is

relevant to two dist inct but overlapping areas of research: the
b iochemist ry  o f  the th io l -d isu l f ide system and the use of  th is
system as a model for molecular recognit ion and catalysis. l2- le
In biochemistry, thiol and disulf ide groups serve as catalyt ic and
structural groups in proteins, and thiol-disulfide interchange plays
a ro le  in  a  number  o f  redox cyc les and syntheses.  In  ph ls ica l -
organic  chemist ry ,  the th io l -d isu l f ide in terchange rcact ion is
un ique in  i ts  ab i l i ty  to  break and re form st rong ( -270 kJ i  mol ) ,
directional covalent bonds reversibly in water at room temperature,
a t  a  ra te  that  one can vary  over  many orders  o f  magni tude by
cont ro l l ing pH. 'o

A par t icu lar  in terest  o f  ours  is  the des ign of  d i th io ls  that  se-
lec t ive ly  form d imers on ox idat ion (eq 10; .2 ' r  Th is  pro lect  rn
molecu lar  recogni t ion has proved chal leng ing.  The s t ructura l ly

n ' f
J

.1
S H R S

U

S H

- s n
s - s

R : :  ^ ) n
5 - )

[ *''-l
[  

-r-. l"

( 1 0 )

Kin,r"
bL = 

Kr*
(6 )

complex th io ls  o f  cur rent  in terest  in  th is  pro ject  are  d i f f icu l t  to
synthes ize.  We hopcd to  inrprovc the ef l ic ienc l  o f  the process
extending f ronr  nro lecu lur  des ign to  \ \  n the5is  br  us ing rno lecu lar
nrcch l rn ics .  [ ]o th  r i :  r r  prc l in r inar \  : tcp t t ) \ \  l i [d  ca lcu la t ing energ ies
o l 'c rc l ic  br : (d i :u l l rdc .  t  . rnd . r :  u  gu idc to  undcr \ tand ing the concept
o l ' E C .  r r c  h a r c  1 t ) c u : c d  h c r c  o n  c a l c u l a t i o n s  o f  t h e  e n e r g i e s  o f
proresses inrolving the fornntion of intranrolecular disulf ide bonds.

Ca l cu la t i ons  used  t hc  \ 1 \11 ( . \ 5  )  f o r cc  f i c l d . : r  Th i s  f i e l d  has
been used successfu l ly  in  a  range o i  app l icat ions.  inc lud ing some
invo lv ing cyc l ic  d isu l f ides. r2  A l l  o f  our  ca lcu la t ions were based
on a s tandard equi l ib r ium hav ing 1,4-butanedi th io l  (BDT)  as a
reference dithiol (eq I l -13). The calculat ions assumed standard,

HSRSH + {cH;} :  5*3 + HS(cHz)rSH (l  t)
BDTO* BDT

r-..t
lsRSl lBDrl

Ksor
[ - I sRSH] [BDT"* ]

(  l 2 )

l'--__l

I S E  =  S E ( S R S )  +  S E ( B D T )  S E ( I J S R S H )  -  S E ( B D T . * )
(  I  3 )

constant bond energies for unstrained bonds and then calculated
the "s ter ic  energy"  SE- that  is ,  the sum of  cont r ibut ions to  the
energy from intramolecular strain. In certain cases, the bond

(l l) For a C-C-C-C dihedral angle where allrhe carbons are sp3, rif;c
= 0.4 cos (d)  + 0.6 cos (2d) *  1.3 cos (3d) + ( I l i lo-  2.3)  ( ref  l0) .

( I 2) Johnson, D. A. ln Sulfur in Organic and Inorganic Chemistry; Sen-
ning,  Ed. ;  Academic:  New York,  1972; pp 37-69.

(13) Friedman, M. The Chemistry and Biochemistry of the Sulphydryl
Group: New York:  Pergamon, 1973.

(14) Jocelyn,P.C. Biochemistry of the SH Group: Academic: New York,
1972.

(15) Torchinskii. Y. M. Suffiydryl and DisulJide Groups of Proteins;
P lenum:  New York ,  1974 .

(16) Flaharty,  A.L.  The Chemistry of  the Thiol  Group; Patai ,  S. ,  Ed. ;
Wi ley:  New York,  1974;p 598 f i .

(17) Ar ias,  l .  M.;Jakoby,  W. B.  Glutathione,  Metabol ism and Funct ion;
Raven: New York.  1976.

(18) Creighton, T. E. Proteins'. Structure and Molecular Properties;W.
H.  F reeman and  Co . ;  New York ,  1983 .

(19) Creighton, T. E. Prog. Bioph1,s. Mol. Biol. 1978, 33,231.
(20) The reaction requires thiolate as a reactive species: refs 2, 3, 5, 6,

a n d  I  2 - 1 6 .
(21 )  A l l i nge r .  N .  L .  J .  Am.  Chem.  Soc .  1977 ,99 .8127-8132 .
(22) Al l inger,  N.  L. ;  Hickey,  M. J. ;  Kao, I .  J .  Am. Chem. Soc.1976,98,

2 1  4 t - 2 1  4 5 .
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Chart  I .  1,2-Di th io lanes Examined in This Study
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energies may vary from their assumed standard values. Consider,
for example, the reaction shown in eq 14. The S-H and S-S

S H  H S  S _ S

A_A A \-
UXI 

+BDr ' :CX) +BDr

bond  energ ies  appropr ia te  fo r  2 ,2 ' -d imercap tob iphenv l  and  i t s
disul f ide may di f fer  f rom the standard values appl icable to BDT.
The differences between S-H and S-S energies for the aromatic
and al iphat ic  (BDT) systems wi l l  a lso compensate to some extent :
bolft S-S and S-H bond energies for the aromatic redox pair will

be  l ess  than  the  co r respond ing  va lues  fo r  BDTo*  and  BDT.

Methods

General .  Ster ic  energies and conformat ions of  the compounds in th is
paper (Charts I - l l l )  were calculated wi th Macromodel  V2.023 wi th use
of  the MM2(85) parameter set .2r  We der ived star t ing conformat ions by
analogy to low-energy conformat ions of  s imi lar  hydrocarbonsr and by
tr ia l  and error .  The value of  the ster ic  energy used for  each molecule
was the minimum value obtained over the range of  conformat ions ex-
plored. (The two best conformations of 53 had nearly identical energies;
they were considered separately as 53bc and 53tbc.) The separate con-
tr ibutors to the ster ic  energy (bond stretch,  van der Waals,  angle bend,
torsion, stretch-bend, improper rotation, hydrogen bond, and electrical)
for  the conformat ion of  lowest  energy of  each molecule were also ana-
lyzed to provide a more detai led understanding of  the molecular  inter-
act ions that  determine stabi l i ty . r '2r

As a prel iminary exerc ise,  we calculated the shape of  the tors ional
potent ia ls for  HSSH and CH3SSCHT. Figure 2 compares the resul ts of
these calculat ions wi th resul ts f rom more detai led calculat ions.2a The
approximate agreement between these calculat ions indicates that  pa-
rameters used in MM2 describe adequately the dependence of energy in
the disul f ide moiety on the CSSC (HSSH) dihedral  angle.

(23 )  S t i l l ,  W.C. ;  Mohamad i ,  F . ;  R ichards ,  N .  G .  J . ;Gu ida ,  W.  C . ;  L i s -
kamp, R.; Lipton, M.; Caufield, C.;Chang, G.; Hendrickson, T. MauoModel
V2.0; Department of Chemistry, Columbia University, New York, NY.

(24) Aida, M.; Nagata, C. Theor. Chim. Acta 1986,70,73-80. Jorgensen,
W. L.  " / .  Phys.  Chem. 1986.90,6379-6388. Marsden, C.  J. ;  Smith,  B.  J.  " / .
Phvs.  Chem. 1988. 92.347-353.

r-/-t =$--l
\ ----S 5---z

53bc 53tbc

Why base interpretations on the change in steric energy (ASE) rather
than some other parameter? W e used the change in steric energy as the
basis lor  th is work wi thout  inc luding terms f rom internal  mot ion,  solva-
t ion,  or  intermolecular  hydrogen bonding.  Calculat ion of  ster ic  energy
has the v i r tues oi  s impl ic i ty  and inte l lectual  t ransparency.  One can
attempt to model  the more complex propert ies,  but  doing so requires
addi t ional  assumpt ions and greater  computat ional  ef for t .  The enthalpy
due to internal  rotat ion about C-C bonds (about 1.5 kJ/mol  each) is
offset by the entropy of the conformational flexibil ity (a contribution to
free energy that  could be as high as R?" ln 3 = 2.7 kJlmol  per bond25).
Addi t ional  terms for  solvat ion and hydrogen bonding are di f f icul t  to
est imate wi thout  making more complex models.26 Because these ap-
proximat ions are imprecise and conf l ic t ing,  we chose not  to at tempt to
model  the change in f ree energy for  the th io l -d isul f ide interchange (eq
I  l )  d i rect ly .  Survey calculat ions carr ied out  wi th more complex models
did not  y ie ld bet ter  corre lat ions wi th the exper imental  data than did the

(25) R ln 3 is the entropy of a triply degenerate ground state: McQuarrie,
D. A. Slatistical Mechanic.r; Harper & Row: New York, 1976.

(26) Jorgensen, W. L. Acc. Chem. Res. 1989, 22, 184-189.
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F igu re  2 .  Re la t i ve  energ ! ' ( kJ /mo l )  o i  HSSH and  \ , t eSSMe as  a  func -
t i on  o f  the  d ihedra lang le  (HSSH o r  CSSC) :  ( - )  MM2(g5)  ( th i s  work ) ;
( - - )  6 - 3 l G *  ( A i d a ) i  ( - - )  S C F  a n d  M P 2  ( M a r s d e n ) ;  ( - - - )  O P L S
( Jorgensen )  .

Scheme I .  Synthesis of  Benzene- 1,2-Diethanethio l  152red;

<Yco,H ll illJ[{Bi^.'" ri'\a'v'"
\-l---co2rr J) Hr/E()tt 

-* 
\A-,,^t-."

52red

simpler  calculat ions using only ster ic  energies.  Thus,  instead of  t ry ing
to create a theoretically correct model, we have developed a useful cor-
re lat ion between a wel l -def ined quant i ty- the change in ster ic  energy--
and the exper imental ly  der ived change in f ree energv for  th io l -d isul l ide
interchange betwcen the molecule of  interest  and BDT.

Results
Synthesis. The reduced form of 52, benzene-1,2-diethanethiol.

was prepared by standard procedures (Scheme I).27
Experimental Values of Equilibrium Constants. We have re-

por ted exper imenta l  va lues for  equi l ib r ium constants  o f  th ior -
disul l ide interchange for a number of compounds previouslr-.r ,r
The literature contains a mixture of values of equilibrium constants
(with respect to 2-mercaptoethanol, KyE; glutathione, K6ssi and
1,4-dithiothreitol,  Korr),2'3 values of electrochemical f i iLf-celt
potent ia ls  (usual ly  a t  pH 7,  E" '1 ,2 t  and va lues of  e f fec t ive con-
cent ra t ions (EC).e  A l l  are  usefu l  in  cer ta in  contexts .  we used
Knor ,  the equi l ib r ium constant  for  the ox idat ion o f  the ( fu l lv
protonated) dithiol of interest by 1,2-dithiane (BDTo^). becaus-e
BDT and BDTo* are the simplest representatives of the class of
compounds in which we are interested, and therefore, a suitable
reference pair. There are few ambiguities in comparisons of values
of Kgp1. Values of Kspl can be derived easi ly from other
equi l ib r ium express ions by us ing eqs l5-19.2e Kys and KcsH

(27) Volante,  R.  P.  Tetrahedron 1981, 22,3|9-3122.
(28) Sanadi ,  D.  R, ;  Langley,  M.;  Sear ls,  R.  L.  J.  Bio l .  Chem.

178. Massey, Y . Biochim. Biophys. Acta 1960, J7, 314.
(29) Standard values were derived from data in ref 2 exceDt

which was calculated f rom data in ref  3.

1959,234,

for K65s,
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are def ined by eq 6,  w i th  R"SH = 2-mercaptoethanol  or  g lu ta-
thione. Values of EC are determined fronr eqs 6 and 7 and depend
on choos ing R"SH and f {SRSH such that  the th io ls  o f  rhese two
compounds  a re  as  s im i l a r  as  poss ib l e  i n  i n t r i ns i c  r eac t l \ l t \  ( t ha t
r s .  i n  pKu ,  s t r uc tu r c  c l ose  t t t  t he  t h i o l  g roup .  e t c .  )

Determinations of new expcrimental valucs of Kspl uere carr ied
t ru t  by  measur ing the concent ra t ions o i  spcc ies in  equi l ib ra ted
m ix tu res  d i r ec t l y  by  'H  NMR spec r roscop r . r  Benzcnc -  1 ,2 -d i -
e thaneth io l  was equi l ib ra ted against  BDTo* in  d imethr , l  su l fox ide.
The va lue of  the s tandard f ree energv o i  thc-  reacr . ion.  fGosor ,
was obta ined f rom Keor  by us ing eq 20.  Resul ts  o f  ca lcu la t ions

lGosor  =  RT ln  (Kspr)

and of  exper iments  are summar ized in  Table  l .  Th is  tab le  a lso
includes values of the van der Waals (vdW), angle bending (bend),
and torsional strain (tors). ' fhe 

tt ther contr ibutors to the change
in  s ter ic  encrg\  (bond s t rcrch ing.  s t re tch bend in teract ions,  im-
proper  ro tu t ion.  hr  dr t rgen bonding.  and e lcc t r ica l  energy)  are
' i gn r f - r can t l r  s r r r . r l l c r  . r nd  ha r  c  no  cons i s ten t  e f f ec t .

( orrelation of 
'l 'heoretical 

and Experimental Values of Energies.
Our  ea l cu lu t cd  ra l ucs  t ) f  ISF -  co r re l a te  rough l v  l i nea r l y  w i t h  t he
cxper inrenta l  va lucs o f 'J6osD1 for  the th io l -d isu l f ide equi l ib r ium
react ion in  eq l l  fo r  20 erc l ic  d isu l f ides prev ious ly  examined
exper imenta l ly2 (F igure 3) .  The best  cor re la t ion l ine is  g iven
by eq 21,  wi th  a  s tandard dev ia t ion o f  2 .8  kJ /mol .  The s ign of

AGonor  =  0 .4 lASE +  0 .5  kJ lmo l (2t )

the slope supports the theoretical relat ionship between AGosor
and ASE. One point (36) diverges noticeably from the l ine and
is not considered in the linear fit. Compound 36 is a six-membered
disu l f ide r ing in  a  boat  conformat ion wi th  dcssc . -  0o,  Some
feature of this geometry of the disulfide moiety may be responsible
for the dif f .ercnce between theory and experiment, since the MM2
calcu la t ions d i f fer  most  f rom more deta i led ca lcu la t ions a t  d  =
0o. In addit ion, a recent paper by Al l inger introducing the MM3
force f ield3O suggests that MM2 calculat ions on norbornane and
its derivatives are less accurate than similar calculat ions on other
types of structures. When compound 36 is included in the set of
data, the correlat ion coeff icient for the data in Figure 3 is 0.86;
without 36, the correlat ion coeff icient is 0.93.

Equation 2l carr ies two quali tat ive messages. First,  theory and
exper iment  cor re la tc :  The s lope of  the l ine has a pos i t ive  s ign
and the corrclation cocfficient is reasonably high. Second, theory
systematical ly '  overestimates the inf luence of the col lect ion of
contnbutions lumped together in the steric energy ASE to the
change in free energy experienced by the reactants: AG ". 0.4ASE.

Can we rat ional ize this slope? Why does lG not equal ASE,
as would be expected for a perfect theory? We do not know,
Al though i t  is  s t ra ight forward to  l is t  severa l  enrha lp ic  terms-
rotat ion, vibrat ion, and solvation-that are not included in ASE,
it is not clear why they should correlate with -\SE. We have been
unable to change the slope or increase the correlation by including
other terms.

Although we have not been able to interpret the correlat ion
between ,\G and ASE in a satisfying way, the correlation justifies
the use of this technique as a tool for design. We used the l inear

(30) Al l inger,  N.  L. ;  Geise,  H.  J. ;  Pyckhout,  W.;Paquette,  L.  A. ;Gal lucci ,
J .  C .  J .  Am.  Chem.  Soc .  1989 ,  11 l ,  l l 06 -11 t4 .  A l l i nge r ,  N .  L . ;  yuh ,  y .  H . ;
L i i ,  J . -H .  J .  Am.Chem.  Soc .  1989 ,  111 ,8551-8556 .  L i i ,  J . -H . ;A l l i nge r ,  N .
L .  J .  Am.  Chem.  Soc .  1989 .  111 .8516-8582 .
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theoret ical exper imen ta l

compd r ing size ASE Acogor Ksor AGosor Ksor
ASE

(vdW)
ASE

(bend)
ASE
(tors)

I
)
3

24
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39
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4

25
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29

f,
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3 l
4 l
32
42
, 1

43
5 l
47
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6
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l 6
l 7
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7
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8
9
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l 0
l t
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l 3
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2 l
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l 4
) )
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1 1
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f i t  from Figure 3 to prcdict AG for the equil ibrat ion reactions of
a  var ie ty  o f  d isu l f ides (Table  I ) .  The exper imcnta l  va lue of
AGorot for 52 differs from the predicted value by only l.l kJ/mol,
less than ha l f  o f  thc  s tandard dev ia t ion (F igurc  3) .

Analysis of Theoretical Models
Molecular mechanics calculat ions provide both an empir ical ly

use ful measure of stabi l i ty and information about the molecular
interactions that determine i t .  Three components of the change
in  s ter ic  energy ca lcu la ted by MM2 vary  s ign i f icant ly  f rom
structure to structure and seem largely to determine ASE: bending
st ra in  between two ad jacent  bonds (ASE(bend)  in  Table  I ) ,
torsional strain from rotat ions about a bond between aroms
(ASE(tors)), and van der Waals forces between nonbonded atoms
that  are not  bonded to  the same atom (ASE(vdW))  (F igure 4) .
Analysis of the results of these calculat ions shows certain trends
in  the s tab i l i ty  o f  cyc l ic  d isu l f ides.

Five-Membered Rings. The most favorable effect in the for-
mation of 1,2-dithiolanes (f ive-membered r ings) from 1,3-dithiols

arises from the rcl ief of steric interactions in the open dithiol.  The
sulfur atoms prcss against 19-substi tuents or 7-carbon atoms in
th io ls  or  unconst ra ined d isu l f ides.  In  the d i th io lane.  the su l fur
atoms are pul lcd away from those groups and toward each other
instead (Figure 5). The small size of the ring constrains the CSSC
dihedral angle to a value less than 35o. This CSSC torsional strain
lowers the stabi l i ty of these disulf ides by 8.4 kJ/mol relat ive to
ful ly relaxed disulf ides (0cssc = 90o 3r). In r ings this strained,
MM2 reproduces known values of 06ss. poorly: I ipoic acid has
a d ihedra l  ang le  o f  35o in  the crysta l ,32 but  MM2 ca lcu la t ions
give a minimum in energy at a value close to 0o. Despite the
stabi l izing effect of steric rel ief,  the unfavorable dihedral angle
of the CSSC group makes typical 1,2-dithiolanes less stable and

(31) Field, L. ln Organic Chemistry of Sulfur; Oae, S., Ed.; Plenum: New
York,  1977; Chapter 7.  Meyer,  B.  Chem. Reu. 1976,76,367-388. Dixon,
D. A.; Zeroka, D.; Wendoloski, J. J., Wasserman, Z. R. J. Phys. Chem.1985,
8 9 , 5 3 3 4 - 5 3 3 6 .

(32) Stroud, R. M.; Carlisle. C. H. Acta Crystallogr. 1972, 828,304-307.
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more eas i ly  reduced than 1,2-d i th ianes.
In especial ly crowded 1,3-dithiols, steric strain may result in

molecular deformation (Figure 6). In the reduced forms of
compounds 1,2, and 3, the nonbonded sulfur atoms are so close
together that the aromatic rings must twist to accommodate them:
the ca lcu la ted change in  tors ional  s t ra in  ( -35. -5 .  -33.0.  and -13.4
kJ/mol  o f  change,  respcct ive ly)  comes a lmost  ent i re l r  f ron i  the
re lease  o f  t ha t  tw i s t i ng  i n  go ing  f r om thc  d i t h i o l s  t o  t hc  co r r c -
sponding disulf ides. In reduced 4 and 5. calculat ions indicate rhat
the su l fur -su l fur  repuls ion in  thc  d i th io l  forces thc CCC bond
angles on the a-  and B-carbons to  d is tor t  (12.5  kJ /mol  in  bendins
s t ra i n ) ,  S t ra i n  i n  r educed  2 ,3 ,4 ,  and  5  man i f es t s  i t se l f  i n  va i
der  Waals  repuls ions as wel l .  Increas ing the d ihedra l  ang le  to
decrease the torsional strain in 17 (d6556 = 35" in our calculation)
achieves only modest results due to the intr insic strain caused by
inc lud ing a large twis t  in  a  smal l  r ing.

In broad terms relevant to molecular design, we conclude that
in five-membered rings, destabilizing the reduced form is generally
the best approach to stable disulf ides.

Six-Membered Rings. 1,2-Dithianes adopt a chair conformation
with a cssc dihedral angle of 58-66o. Despite the torsional strain
associated with that twist (6-9 kJ/mol), 1,2-dithianes are generalry
the most stable of the cyclic disulfides. The separate components
of  the s ter ic  energy change for  the equi l ib ra t ion wi th  an acy l ic
disulf ide, 2-mercaptoethanol. are al l  close to zero. Likc cyclo-
hexanes,  1 ,2-d i th ianes are near ly  s t ra in  f ree.

A l though the compounds in  th is  c lass have s imi lar  entha lpy
terms for each interaction, classes of structures consistently above
and below the average can be identi f ied. A double bond in the
ring introduces van der Waals and bending strain in compounds
32-35, Compound 36 suffers similarly because the carbons of
the dithiane moiety are confined to a plane by the r igidity of the
norbornene skeleton. on the other hand, relat ive strain in satu-
rated r ings can be reduced by adding gauche interactions to the
d i th io l  (F igure 7) .  Unsubst i tu ted 1,2-d i th iane (27,  BDT"*)  has
three gauche interactions about C-C bonds in the r ing; reduced
27, BDT, has none in its fully extended form. Compounds 25 and
26 have four such gauche interactions in the dithiane moiety;
however, the corresponding dithiols also have four, Compound
28 is an exceptional case: the dithiol is destabi l ized relai ive to
other dithiols not so much by the torsional restr ict ion imposed
by the bridging ethylene group as by the bending strain transmitted
to the r ing containing the bridge by the proximity of the thiols.

Larger Rings. We calculate that 1,2-dithiepanes (seven-mem-
bered rings) have the same conformation-a twist-chair-as their
carbocyclic analogues.33 cssc dihedral angles in these molecules
are ca lcu la ted to  be c lose to  idea l  (81-89o) .  1 ,2-Di th iocanes

(eight-membered r ings) can adopt boat-chair.  twist-boat-chair
(+0.2 kJ /mol ) ,  or  c rown (+3.5 kJ /mol )  conformar ions.  w ' i th
s l ight ly  larger  d ihedra l  ang les (about  100")  (F igure 8) .  R ings
of this size suffer strain because the angles between bonds in the
r ing are genera l lv  wider  th l tn  idea l .  In  addi t ion.  the conformarrons
ava i l ab le  t o  t hese  r i ngs  do  no t  a l l ou  comp le te  s tagge r i ng  o i
: ubs t i t ucn t s :  \  l l n  dc r  \ \ ' . r r r l '  \ t r a i n  resu l t s .

l i unc t i t l n r t l  ! r opp t  t h i i t  l nc r casc  t he  ang l c  bc l r een  bonds  s ta -
b i l r z c  t h c  d i : u l i i d c  b r  r c l . r r i n s  b c n d i n c : r r l i n  l t  i s  c l e a r  f r o m
F i g u r c  - 1  t h l t , , o n t p i ) u n d :  - 1 9 . . 1 0 . 4 2 . 5 0 . 5 1 .  a n d  5 2 .  x h i c h  h a v e
thcse  g roups .  hu r  c -  s i gn i t i can t l r  l c ss  bend ins  s t r t i n  t h l n  t he  o the r
compnunds of  thesc r ing s izes,  which do not .  Ster ic  crouding (van
der Waals repulsion) destabi l izes 50. In 1.2-dithiepanes. increasing
angles between bonds reduces dcssc, increasing torsional strainl
the spirocyclopropyl derivative, 39, strikes the best balance between
the two forces. The double bond in the eight-membered r ings of
compounds 5l and 52 contributes over l2 kJ/mol to their stability
relat ive to 1,2-dithiocane (53). This double bond increases bond
angles in the r ing, freezes the C2-C3-C4-C5 dihedral angle at
approximately 0o, decreases torsional strain about the C{ bonds,
and removes unfavorable cross-r ing van der Waals repulsions
(F igure 9) .

Conclusions

Conformational Analysis of Cyclic Disulfides by Using Molecular
Mechanics. The molecular mechanics method used here is not
suff iciently accurate to calculate absolute values for equi l ibr ium
constants of thiol-disulfide interchange reactions, but it does yield
energies that correlate usefully with experimental data. It is clearly
a successful aid to molecular design. [n particular, it successfully
predicted the high stability of 52 relative to 53, a similar disulfide
wi thout  a  double  bond.

These calculations have also identified a number of energeticalll.
important characterist ics of conformations of cycl ic disulf ide s.
There is only a single important low-energy conformation for fir'e-.
s ix - ,  and seven-membered r ings,  a l though e ight -membered r ings
have three.  A dcssc of  90o cont r ibutes about  28 kJ/mol  o f  the
stab i l i ty  to  a  d isu l f ide re la t ive to  one of  0o.  Trans-extended
conformat ions of  d i th io ls  can be dcstab i l izcd b1 adding / i -sub-
s t i tuents .  In  larger  r ings,  bond-angle  s t ra in  can be re l ieved by
adding double bonds or creating spiroo'clopropyl junctions. The
dithiol can be destabi l ized relat ive to rhe disulf ide by placing the
sulfurs so close together that the1,' experience strong van der Waals
repuls ion when not  bonded to  cach other .

These considerations provide a set of working rules that are
clearly useful in molecular design. They also provide a semi-
quanti tat ive basis for rat ional izing the conformations of dithiols
and of the cycl ic disulf ides derived from them.

Effective Concentration. For thiol-disulfide interchange, the
EC is another name for a part icular equi l ibr ium constant: that
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Ring Size
Figure 4. Changes in torsional strain, van der Waals energy, and bending

strain for eq I I as a function of the size of the ring SR-S.

Figure 5. Van der Waals interactions in 1,3-propanedithiol and 1,2-di-
th io lane.

between a dithiol capable of forming a cyclic disulfide on oxidation
and a s t ra in- f ree d ia lky l  d isu l f ide that  y ie lds  2  equiv  o f  th io l  on
reduction (eqs 3-7). Since the EC is an equil ibr ium constanr,
how helpful is i t  to interpret i t  as a concentrat ion? In part icular,
does EC (or Kp"511, eqs 5 and 6) correlate well or poorly with the
central idea that connccts "concentrat ion" to "reactivi ty": that
is, the average proximity of the reacting centers? Because the

Figure 6.  Sul fur*sul fur  repuls ion in two unusual  1,3-di th io ls:  naphtha-
lene-  1 ,8 -d i th io l  and  b i cyc lo [3 .3 .0 ]oc tane-2 ,8 -d i th io l .

&hJ

%\/$n
7-membered ring 8-membered ring 8-membered ring

twist-chair boat-chair twist-boat-chair

Figure 8.  Low-energy conformat ions of  46 (  I ,2-di th iepane) and 53
(  1 , 2 - d i t h i o c a n e ) .

Figure 9. The most stable conformation of 52. In 53, hydrogen atoms
of methylene units project into the crease of the molecule (relative pos-
i t ion in l ight gray) and experience van der Waals repulsion. These
hydrogen atoms and unfavorable interactions have been eliminated in 5l
and 52.

thiol-disulfide interchange reaction is mechanistically simple, and
because molecular mechanics calculations are able to disentangle
at Ieast semiquantitatively the factors contributing to differences
in energy, we are able to set some l imits on the extent to which
EC and "proximity" coincide.

The equil ibr ium constant is a rat io of concentrat ions because
translat ional entropy depends on concentrat ion. The change in
entropy for intramolecular reactions comes not from translational
entropy but from conformational entropy, which correlates loosely
with distance. Ring strain, an enthalpic contr ibution that is not
necessarily correlated to distance, will also affect the free energy
change of the reaction. In the absence of conformational entropy
and s t ra in  entha lpy,  the EC wi l l  be around 108 M.7 A loss o f

Burns and Whitesides

H
Figure 7. Gauche interactions in 27'd (BDT), 25d,27 (BDTo*), and 25.

@fr+
{-r

. v O
f r l

a
\

t/,,-----.J

gv\-(
f \v

/,n
t iJ
v l

TORSION
A

U
@l@

/ i lP@
x !f--so
VV@v

@

VAN DER WAALS

@

I
l-J
FIv
H
Ha,

/i\
E/

^
H
M
N-4g
\,

@

n@
|-.1
v@(oV

/a\

e 6) N7''
l.l \t
ME
X Y
tg,(uv

BENDING



Predicting the Stability of Cyclic Disulfides

conformational entropy or an increase in strain wil l  decrease the
EC; a decrease in strain wil l  increase i t .

The largest single enthalpic contr ibutor to the equil ibr ium

constant in reactions involving transformation of HSRSH ,o Sn-S
is probably 0cssc. Since the torsional strain can range from 0
(at  90")  to  30 kJ/mol  (a t  0o or  l80o) ,  th is  fac tor  is  ab le  to
decrease the EC by a mult ipl icat ive factor of as much as l0-s.
This contr ibution wil l  tend to make the EC smaller than a true
measure of conformational entropy. I t  is also possible to have
the EC larger than would be expected based on entropy. Unfa-
vorable interactions in the reduced (HSRSH) species that are

rel ieved on oxidation to the disulf ide tf t l  fal l  in this category.
It is difficult to set a limit on this type of interaction, but the release
of steric energy on oxidizing l,l -bis(mercaptomethyl)cyclohexane

to 7 provides an example. This release mult ipl ies a measure of
concentrat ion based on proximity (cf.  la) by a factor of 6.

In these small molecules, the enthalpic contribution of ring strain
to AG strongly outweighs the contr ibution of conformational
entropy. First,  ASE correlates well  with AG; survey calculat ions
that included entropy terms had no better correlat ion. Second,
the stabi l i ty of r ings does not uniformly decrease with r ing size
as one would expect on the basis of proximity of sulfur atoms in
the dithiols. In the reduced form of 45. the sulfur atoms are 8.0
A apar t ;  in  the reduced form of  15,  they are on ly  3 .7  A apar t .
Compound 45 is nonetheless more stable relative to its dithiol than
15 is by a factor of 30.

Thus, we conclude that the EC in thiol-disulf ide interchange
can differ significantly from a measure of conformational entropy.
which is  i tse l f  on ly  par t ia l ly  a  measure o f  d is tance.  The EC is
a usefu l  measure o f  react i t ' i l l ' (as  i t  should  be,  s incc i t  rs  an
equi l ib r ium constant ) t  i t  i s  more compl icated to  in tcrprc t  i t  i rs  a
measure of conformation, and the EC is probably only use ful as
a measure o f  prox imi ty  when other  data a l low independent  es-
timates of terms-conformational entropy (flexibility), strain from
an unfavorable d6556, or terms destabi l izing the dithiol relat ive
to the disulf ide-that could be large.

The EC remains a qualitatively appealing concept. Its principal
virtue is that, by phrasing an equil ibr ium constant as a concen-
trat ion, i t  provides a reference state that is immediately under-
standable. To say that the equil ibr ium constant K is 106 M for
a reaction is colorless, To say the effect ive concentrat ion EC is
106 M (correctly) focuses attention on an energetically favorable
reaction. Ideally, the EC compares an intramolecular process with
an intermolecular model having similar changes in bond energies
and allows large effects due to conformation to be identified. To
the extent that the energetics of the two processes are dif ferent,
the comparison is dif f icult  to interpret.

It is interesting that the reciprocal use of the EC to characterize
unfauorable intramolecular reactions has not caught on. An EC
of l0{ M is a number that is as readily interpreted mechanistically
as an EC of 106 M, but i t  is less successful in capturing attention.

Experimental Section
General.  Chemicals were obtained from Aldrich Chemical Co. Tet-

rahydrofuran was freshly dist i l led from sodium benzophenone ketyl.
Diethyl ether was dried over MgSOa. Other compounds were not pu-
r i f ied before use. Al l  reactions were done under an argon atmosphere.
NMR spectra were taken on a Bruker AM-500.

Calculations. Steric energies and conformations were calculated and
minimized by Macromodel V2.023 with the MM2(85) parameter set,2r
The energy of each structure was minimized by the block-diagonal
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Newton-Raphson method unt i l  the root  mean square of  the der ivat ives
of  energy wi th respect  to each Cartesian coordinate was less than l0
J .A - r .mo l -1 .  The  de fau l t  d ie lec t r i c  cons tan t  o f  1 .0  was  used .  The  ca l -
cu la t i ons  were  pe r fo rmed  on  a  DEC V ,AX l l / 780  u i th  a  f l oa t ing  po in t
p rocessor  runn ing  VMS 4 .6 .

Measurement of Kspr. A solution of benzene- I .2-diethanethiol (52'd)
and BDT.* (5 to 20 mg each) in deuterated dimethyl  sul foxide (a.2 mL)
was degassed by bubbl ing argon through i t  for  30 min.  Sodium deu-
teroxide (10 mM in D2O) was added by syr inge to br ing the tota l  base
concentrat ion to I  J Ia of  the th io l  concentrat ion.  An al iquot  o i  th is
solut ion was t ransferrcd by cannula into an argon-f i l led 5-mm NMR tube
equipped wi th a rubber scptum stopper.  The top of  the tube was sealed
immediately wi th parai f in wax.  The concentrat ions of  the four species
in solut ion (52'"d,52,  BDT. and BDTo')  were measured by integrat ing
the rH  NMR s igna l  fo r  each  compound  and  no rma l i z ing  the  to ta l  BDT
concen t ra t i on  ( [BDT]  +  [BDT" - ] )  t o  i t s  i n i t i a l va lue .  Ksor  was  ca lcu -
lated f rom the concentrat ions wi th use of  eq 12.

Benzene-1,2-diethanethio l  (52"d) was made in three steps lo l lowing
standard procedures.  A solut ion ol  benzene-1,2-diacet ic  acid (4.85 g,
25 .0  mmol )  i n  THF (150  mL)  was  added  d ropw ise  ove r  40  m in  to  a
s l u r r y  o f  L i A l H 4  ( 1 . 9 - l  g ,  5 0 . 9  m m o l )  i n  T H F  ( 1 0 0  m L )  a t  0  o C .  A f t e r
l2 h at  25 'C,  the react ion mixture \ . \ 'as cooled back down to 0 oC and
wate r  (100  mL)  was  added  to  i t  d ropw ise  ove r  40  m in .  The  reac t ion
mixture was saturated wi th potassium carbonate and separated.  The
aqueous phase was extracted wi th two 50-mL port ions of  THF. The
combined organic layer was washed wi th concentrated aqueous NaHCO3
(200 mL) and br ine (200 mL),  dr ied over MgSOo, i i l tered,  and con-
centrated to give 3.85 g of crude benzene- I .2-diethanol (23.2 mmo|93Vo)
as  a  b rown  o i l :  rH  NMR (CDCl r )  6  7 .17  (s ,  a  H) ,  3 .79  ( t .  J  - -  6 .9  Hz ,
4  H ) , 2 . 9 4  ( b r  s ,  2  H ) ,  2 . 8 9  ( t .  " l  =  6 . 9  L I z ,  4  H ) .

The alcohol  was converted to the th ioacetate by Volante 's method.27
A solut ion of  d i isopropyl  azodicarboxylate (  I  1.8 mL, 60 mmol)  in d iethyl
ether (50 mL) was added over l0 min to a solut ion of  t r iphenylphosphine
( 1 5 . 7 4  g . 6 0  n r n r o l )  i n  d i e t h r l e t h e r  ( 1 0 0  m L )  a t  0  o C .  A  l a r g e  q u a n t i t y
o l ' ha rd  r r  h i t c  p rcc ip i t r r t c  f i r rn rcd .  \  so lu t i on  o f  th io lace t i c  ac id  (4 .3  mL ,
f r ( )  n rmo l )  and  bcnzcnc - l . l - d i c th r rno l  ( -1 .85  g .  23 .2  mmol )  i n  d ie thy l  e the r
t l 0 0  m L 1 r r a s  u d c l c d  o r c r  l 5  m r n  e t  0 ' ( '  T h e  p r e c i p i t a t e  b r o k e  u p ,  b u t
the  so lu t i on  rcma incd  e loudr  \ l t e r  16  h  a t  l 5  oC,  the  reac t ion  m ix tu re
was  washed  w i th  wa tc r  (100  n r l  ) .  concen t ra ted  aqueous  NaHCO3 (200
mL) ,  and  b r ine  (200  mL) .  I t  uas  d r ied  ove r  MgSOa,  f i l t e red ,  and
concen t ra ted  to  g i ve  a  damp re l l o *  and  uh i te  so l i d .  The  c rude  p roduc t
was  taken  up  in  hexane  (100  mL)  and  ua te r  (100  mL) .  The  m ix tu re  was
f i l tered and separated.  The organic phase was washed wi th water (100
mL),  concentrated aqueous NaHCO3 (  100 mL).  and br ine (100 mL).  I t
was dr ied over MgSOa, f i l tered,  and concentrated to g ive a beige sol id.
Recrystal l izat ion f rom methanol  af forded 2.9 g of  1,2-bis(2-acety l th io-
e thy l )benzene  (10  mmol ,  45%)  as  a  s l i gh t l y  ye l l ow  powder :  'H  NMR
( C D C I 3 )  6  7 . 2 0  ( s .  a  H ) ,  3 . 0 5  ( m ,  4  H ) , 2 . 9 s  ( m .  a  H ) ,  2 . 3 5  ( s ,  6  H ) ;
mc thano l  con tamina t ion ,  6  3 .48  (s ) ,  1 .53  (s ) .

The powder was taken up in ethanol  (50 mL).  Acety l  chlor ide (0.5
mL) was added to the react ion mixture.  The solut ion was st i r red at
ref lux for  l3 h.  The react ion mixture was concentrated to g ive 1.5 g of
5 2 ' d  a s  a  y e l l o w  o i l :  r H  N M R  ( C D C l r )  A  7 . 1 8  ( s ,  a  H ) , 3 . 0 1  ( t , 4  H ) .
2 . 7 5  ( q , 4  H ) ,  1 . 4 4  ( t . 2  H ) .

The  4 -n i t robenzoy l  de r i va t i ve  was  made  to  fu r the r  i den t i i i  t he  com-
p o u n d :  m p  1 3 3 ' - 1 3 - 5  o C .  r l - l  \ M R  t C D C l , )  o 8 . : 9  ( d m .  J  =  8  9  H z .
4  H ) , 8 . 1 0  ( d m ,  J  =  8 . 9  H z , 4  H ) , 7 . 3 0  ( m .  I  H ) .  r . 1 6  ( m . 2  H ) , 3 . 3 6
( b r  m , 4  H ) , 3 . l l  ( b r  7 , 4  H ) .  A n a l .  C a l c d  l o r  C r 4 H : 0 \ 2 0 6 5 2 :  C , 5 8 . 0 ;
H . 4 . 0 :  N ,  5 . 6 .  F o u n d :  C .  5 7 . 9 ;  H ,  3 . 9 ;  \ ,  5 . , i .
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