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DISULFIDE CONFORMATIONAL ANALYSIS
THE NATURE OF THE S-S ROTATION BARRIER'
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Abstract—Previous DNMR measurements for a series of bulky disulfides led to the conclusion that rotation about
the S-S bond occurs preferentially through the cis transition state. To investigate this conclusion and to study the
conformational properties of disulfides in general, we have applied Allinger’s force field to a series of dialkyl
disulfides generated by homologating dimethy! disulfide to di-t-butyl disulfide. The optimized ground state
geometries evidence a gradual increase in the CS-CS dibedral angle from 83 to 114* and indicate that increased
substituent bulk drives the disulfide system in the direction of the trans rotational maximum. Explicit calculation of
barrier heights yields AE(trans) < AE(cis) in every case. Furthermore the energy gap, AAE(cis-trans), increases
sharply as substituent size grows. This trend results from a rapid rise in the cis barrier and & small drop in the trans
one. A rotation-inversion pathway is ruled out and it is concluded that disulfide conformational isomerization
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occurs by way of the trans transition state,

Torsion about the S-C bonds for several t-Bu substituted disulfides is considered. A strongly coupled alkyl-t-Bu
rotation is observed computationally in accord with Nelander and Sunner’s speculations concerning a “cogwheel
effect.” AG1 trends for S-S rotation are discussed in connection with the latter.

Finally 8 AH(S-S) parameter is derived. Heats of formation and strain energies for dialkyl disulfides are

calculated.

Geometry about the disulfide bond is a determining fac-
tor in protein structure.? In part this has stimulated the
evaluation of both ground state structures and activation
barriers for conformer interchange by experiment’ and
theory.* Recently Fraser et al. reported a variable tem-
perature NMR study for a series of bulky acyclic di-
sulfides.” The barrier to rotation about the S-S bond was
found to increase from AG? = 7.0 to 8.8 kcal/mol with an
increase in substituent size. The apparent steric rate
retardation was interpreted in terms of a strong pref-
erence for the cis rotameric transition state over the

trans.
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Although cis/trans barriers for simple, uncongested
disulfides (e.g. HSSH and CH,SSCH,) have been com-
puted at various levels of sophistication,® the trans
energy maximum is consistently placed beiow the cis.
None of the studies, however, have surveyed a range of
sulfur substituents; and, morc important, none have
employed full geometry optimization along the potential
energy surface. In order to shed some light on disulfide
structural trends as a function of substituent bulk in
general, and on the barrier question in particular, force
field calculations employing the Allinger et al. prescrip-
tion® have been performed for a series of acyclic alkyl
disulfides.

Disulfide heats of formation and strain energies. In
order to compare directly the homologous disulfides and
their various rotameric forms, it was necessary to com-
pute heats of formation and the associated strain ener-
gies. For this purpose we employ Allinger's for-
mulation:**

E(strain) = AH(steric) + AH(conf) + AH(tor)
+ ZAH(general) — SAH(strainless).
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The first four terms, less a partition function cor-
rection, correspond to the calculated heat of formation
for a given molecule. AH(steric) is the molecular energy
produced by the program, while AH(conf) and AH(tor)
are corrections arising from the presence of other con-
formations and the existence of excited torsional states
at 25°. The term XAH(general) is the sum of bond
enthalpy and various substituent correction values. The
final quantity, XAH(strainless), corresponds to the
strainless heat of formation parameters derived from

‘uncongested structures.

The previous efforts of Allinger and coworkers* pro-
vide all the necessary S, C and H parameters with the
exception of the heat of formation values for the S-S
bond. The AH(S-S) parameter was obtained by a least-
squares fit of the experimental heats of formation and
the program generated value for six dialkyl disulfides
(Table 1%); 8.9 kcal/mol. The resulting force field derived
heats of formation are listed in Table 1. Agreement
between the experimental and the calculated quantities is
satisfactory, the average calculated error for the six
compounds being 1.0kcal/mol. This is to be compared
with an average experimental error of 0.4 kcal/mol. The
sec-Bu derivative deviates seriously from the general
pattern, and without it the mean calculated error drops to
0.7 kcal/mol. In any case we can expect that on the
average the predicted heats of formation of disulfides
will be within a kcal/mol. In the present work the mag-
nitude of the variance is not a limiting factor, however,
since comparisons will be made for relatively large strain
energy and AH(steric) differences and interpreted for
their reflection of qualitative trends. Relative strain
energies and AH(steric) are uninfluenced by the quality
of the AH/(caic)/AHexp) fit. The current disulfide
parameters are therefore anticipated to provide a reliable
overall perspective of disulfide energetics.

By assuming dimethyl disulfide to be strain free, a
strainless disulfide contribution was obtained: AH(S-S,
strainless) = 2.1 kcal/mol. The corresponding strain
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Table 1. Hests of formation and strain energies for R-S-S-R, kcal/mol

torsion oonf. il calod upt.b strain

1 o* energy enexgy calod expt’ —expt exror energy
" 0.2 0.0 0.3 .32 -5.64 ~0.68 +0.23 0.00
x s 0.2 0.9 -18.45 -17.7 -0.7s +0.25 | ©.06
n-Pr 8.1 0.6 1.5 -28.61 -27.88 -0.73 +0.25 | 0.07
p-Bu 8.7 1.3 2.1 -38.53 -37.69 -0.84 +0.62 | 0.02
s-Bu .7 0.5 1.3 -38.20 -40.69 2.49 +0.52 | -2.03
t-h 113.8 0.0 0.3 ~-46.63 ~47.13 0.50 40.58 2.73

a. The C3-5C dihedral angle for the minimum enexgy conformation as derived by the force

field caloulation.

b, J. D. Cox and G. Pilcher,"Thexmochemistry of Organic and Oxyg

Acadenic Press, Wew York, 1970.
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Fig. 1. Plot of the strain energy for rotation about the S-S boad

(0-+180") for CH;~SS-CH,, CH;-SS-t-Bu and t-Bu-SS-t-Bu.

The structure of each point was fully geometry optimized by the

force ficld method with the exception of the 8(CSSC) constraint.

At the trans barrier (180°) the relative energies are: ¢-Bu/t-Bu<
CH,/t-Bu < CH,/CHj; cf. Table 3.

energies are given in Table 1. It is noteworthy that the
dialky! disulfide structures with a dihedral angle (9)
around 85° are found to be virtually without strain,
whereas the di-t-Bu derivative (8 = 114°) yields a strain
energy of 2.7 kcal/mol.

Disulfide ground states; 8(CSSC). Structural charac-
teristics for the series of dialkyl disulfides incremented
homologously from the dimethyl to the di-t-Bu derivative
are presented in Table 2. Throughout, the S-S bond
length is unaffected and the SS-CR dihedra!l angles
generally assume near ideal staggered values. However
both the CS-SC dihedral angles and the CSS bond angles
are predicted to increase along the series. The angles
8(CSSC) are grouped into three sets. Those with a value
of 83-84° possess H atoms at positions 1 and 4 in
structure 1. A single Me group at cither site results in
angles of 94-96°, while double Me substitution yields the
maximum 6 values of 112-114°. Clearly an increased
steric repulsion arises by the introduction of substituents
at these locations.

The available experimental information, though
limited, is fully supportive. Dimethyl and methyl ethyl

tallic Compounds,”

disulfides sustain 6(CSSC) of 84-85°,' while angle
expansion to 110° for di-t-butyl disulfide has been
derived from dipole moments'' and from PES and UV
measurements in conjunction with MO calculations.'?
Structural information for other systems is lacking, but a
strong correlation between the first absorption band in
the UV and the disulfide dihedral angle exists.’* In
agreement the calculated dihedral angles of Me-SS-t-
Bu and the low energy conformations of Et-SS-t-Bu (G
and T) and i-Pr-SS-t-Bu (G) (see Table 2) all fall within
the 94-96° range, and each exhibits a long wavelength
Amex between that of the dimethyl and the di-t-Bu spe-
cies.

The CSS bond angles are calculated to open slightly
but progressively as Me-SS-Me is incremented with
Me groups again reflecting the steric demand indicated
by projection 1. This result was predicted by MO cal-
culations and suggested to contribute along with
8(CSSC) increases to the observed blue shifts in the UV
observed upon increasing substituent bulk.’® If the
molecular mechanics calculation mirrors reality on this
point, it would appear that bond angle expansion in the
acyclic series is of relatively minor importance for the
UV spectra of bulky disulfides.

The significance of the large dihedral angle distortions
listed in Table 2 is appreciated by noting that the release
of steric congestion drives the bulkier disulfides in the
direction of the trans transition state. For exampie the
Me t-Bu system at the energy minimum of 8(CSSC)=
95.2° is calculated to be 0.8 kcal/mol more stable than at
the reduced angle of 80°. The corresponding gain for
t-Bu-SS-t-Bu (80 114°) is 3.6 kcal/mol. The situation is
depicted graphically in terms of strain energies in Fig. 1.
In general the disulfides with Me groups at cither the 1 or
2 position of 1 experience an enhanced angle strain at the
lower dihedral angle which levels off at the minimum
encrgy value. The effect is explicitly reflected by a
harmonious réduction of 1-4° in each of the CSS bond
angles. The extremes of bond angle deformation are
found in the cis rotational transition states. We return to
this point below.



Disulfide conformational analysis

Although opening of the CSSC dihedral angle is in
response to a total energy lowering, it is not without cost.
The strain energies of Table 2 are indicative. At
#(CSSC)'s of 10-12° higher than those found for the
simple, unstrained species, E(strain) amounts to 0.7-
1.0 kcal/mol. At the A8 = 30° upper limit of 113-114° the
strain energy has risen to 2-3 kcal/mol and is attributable
almost entirely to the unfavorable torsional contribution
associated with the CSSC angle.

Disulfide rotational energy barriers. For dimethyl di-
sulfide the Allinger force field is parameterized to yield a
7.0keal/mol trans energy barrier (8(CSSC)= 180°) for
rotation about the S-S bomd.* The cis barrier
(8(CSSC) = ) is thereby evaluated as 10.6 kcal/mol. The
barrier characteristics of six additional structures are
given in Table 3. In each case #(CSSC) was fixed at 20°
increments from 0 to 180° while all other parameters are
allowed to relax to their minimum energy values. The
most striking result is that the trans barrier lies below
the cis value for every system examined, and that the
difference between them increases sharply with increas-
ing substituent size. Thus the barrier differential for
Me-SS-Me, AAE(cis-trans)= 3.6 kcal/mol, rises to a
maximum of 23.8kcal/mol for t-Bu-SS~t-Bu. The in-
crease in AAE is a consequence of both a progressive
small drop in the trans barrier and a large rise in the cis
maximum (see Fig. 1).

Decomposition of total force field energies into
separate contributions can be & risky procedure, since a
differently balanced force field may well lead to &
somewhat different energy partition.”> With this reser-
vation in mind, we note that the variation in the cis
barrier height as a function of Me substitution may be
rationalized within the boundaries of the present force
field by recognizing that its energy is composed of
essentially two components: torsional and angle bending
terms. The 10.6 kcal/mol relative energy content of the
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Fig. 2. Fully optimized force field geometries for t-Bu-SS-t-Bu
as it passes from the energy minimum (#(CSSC) = 114°) through
§= 80" 10 the cis transition state (# = 0. The structures in the
Jeft column list bood lengths (A), while those on the right display
bond angies (dog). Dihedral angles are given below the Iatter. The
arrows accompanying the upper right structures indicate the
direction of rotation of the two f-Bu groups as the CS-SC
dibedral angle is compressed from 114 to 0°.

cis transition state for Me~SS-Me contains 82 and 12%
of the latter two contributions respectively. The cor-
responding quantities for Me-SS—-Bu, i-Pr-S8S-t-Bu (G)
and t-Bu-SS-t-Bu are 51/39, 46/43 and 26/62% respec-

Table 2. Some bood lengths, bood angies and energies from the molecular geometries of selected dialky! disulfides
fully geometry optimized by the Molecular Mechanics method (lengths, A: angles, deg: E, kcal/mol)

1
2\‘
C—3
4 /
Q—C\
L]

1 2 3 4 5 6 conformr"CSC GSSCI  08SCA (B6C(123) £86C(456) 1SS Ky Rl
B & = = B =& 83.2 6.6 628 103.7 103.7 2,030 0.00
¢ = o, = = u 83.6  59.2  62.0 1041 103.8  2.030 0.07
B o @ 3 ¥ B G 8.4 SLS 6.8 104.4 103.8  2.030 0.0 .25 -
ca, ca, ¥ % ® ®m T 94.4  59.7  62.4 105.5 1062 2029 0.4 0.68
@, 5 @ ¥ x 8 ¢ 9.0 6.2  59.4 105.3 1061 2,028 0.7 0.96’
o, cu, o ¥ B B 95.2 5.7 635 106.1 104.2  2.029 0.90
o, cu, cm, = omy B G 4.2 571 5.0 106.2 104.7 2,029 0.0 0.77
s, a, @ =& =® o T 95.8 584  57.4 106.1 1044 2029 0.1 0.88
s, cu, o, o, = = G 112.6 60.9 6.9 106.2 105.1 2,029 1.6 2.38
 cu, cu, cm, ®m cmycH; & .8 5.2 46.6 106.0 105.0  2.029 0.0 0.94
Cﬂ3 03 as, 03 c-3 ] T 111,8 57.86 8.7 106.2 105.7 2.028 1.6 2.58
s, ®, oM o, =® Cw G U3 5.9 599 1061 105.5  2.029 1.8 2.7
ca, ca; cm; @, cu, cmy 3.8 S7.7 ST 106.2 106.2  2.029 2.73

a) For Mewman projections of the conformations see Figure 4.
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tively. Thus as bulkier substituents are introduced into
the disulfide, the Allinger method posits that the cis
barrier changes from one dominated by torsional strain
to one dominated by angle bending strain. As indicated
by Table 3 the cis torsional component is nearly constant
(x1kcal/mol), while the bending term rises by
16.7 kcal/mol. Indeed linear relationships between
AAE(cis), AE(bend) and E(strain) obtain. Structurally the
energy variations are matched by the widening of the
CSS bond angle from 107.4° (MeSSMe) to 120.8° (t-Bu-
SS-t-Bu).

In contrast to the steeply increasing disulfide cis rota-
tion barrier dependent on substituent bulk, the energy of
the trans maximum decreases slightly by 2.0 kcal/mol
from Me-SS-Me to t-Bu-SS-t-Bu. This is a direct con-
sequence of the fact that the gauche disulfide ground
states experience an increase in strain with increased
methy! substitution. Comparison of E(strain) in Table 2
with E(barrier)-trans in Table 3 reveals the very close
parallel and quantitatively underlines the result above
that increased disulfide homologation causes a geometric
and an energetic shift for a given system in the direction
of the trans barrier (Fig. 1). Unlike the cis rotation
maximum, the trans value is made up of an unfavorable
torsional energy alone in accord with intuitive ideas
concerning the role of steric effects. It is noteworthy that
the trans quantities E(barrier) and AE(torsion) (Table 3)
are virtually identical.

To exemplify the structural changes which are predic-
ted to occur for disulfide rotation within the force field
framework, Fig. 2 indicates bond length, bond angle and
dihedral angle values for di-t-butyl disulfide at three
different dibedral angies: 114 (min), 80 and 0°. The struc-
tural parameters other than 8(CSSC) are identical for the
trans, the energy optimized gauche form and inter-
mediate geometries. Thus the staggered t-Bu groups
found for @ = 114° are retained upon passage through the
trans transition state.

By contrast, a major structural reorganization occurs
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Fig. 3. Potential energy minima (3 and 5) and maxima (4 and 6)
for rotation about the C-S bond (S-C(CCsCy)) in di-tert-butyl
disulfide. Each oumber within the structures (1-6) corresponds to
a CH, group. The Newman projections look down the C-S bond
axis. In structures 4 and ¢ the SS-CC, and SS-CC, dibedral
structure refer to the CS-SC dihedral angle; those beside C,, to
the SS-CC, dibedral angle.
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when t-Bu-SS-t-Bu traverses the cis saddle point. In
addition to the CSS bond angle expansion mentioned
above, the most dramatic changes are associated with
torsion about the C-S bond and angle deformation
around methyls 1, 4 and 5 in 1. As 8(CSSC) is reduced
from the gauche value to 80° each originally staggered
t-Bu group rotates into a near eclipsed conformation in
order to reduce repulsive interactions between Me's 1
and 4. The t-Bu moiety in S-C(1,2,3) rotates clockwise
when viewed down the C-S axis, whereas S-C(4,5,6)
turns counterclockwise when considered analogously
(Fig. 2). The SCC, and SCC; bond angles simultaneously
widen by 4-5°. From 8(CSSC) =80 to 0° the S-C(1,2,3)
unit continues its original clockwise journey, but the
S-C(4,5,6) fragment is predicted to reverse direction. The
mutual clockwise twisting of both t-Bu groups for 8 < 80°
leads to the C: cis structure depicted in Fig. 2. The
unsymmetrical relation between C, and C, (likewise C,
and C;) as well as the exaggerated SSC, SCC, and SCC,
angles indicate the considerable strain experienced by
the structure (E(strain) = 31.5 kcal/mol)."* Bond length
changes also accompany the travel from gauche to cis, in
particular the shrinkage of rC-S by 0.01A and the
reduction of certain C-H bonds on carbons 1, 2, 4 and 5.
Finally both bond angle (ZHCH) and dihedral angle
(LHCCS) distortions are evident in the t-Bu groups and
found to be most severe for Me's 1 and 4. The t-Bu-SS-t-
Bu case illustrates the extremes of geometric pertur-
bation for the structures given in Table 3. Thus rotation
of dimethyl disulfide through (° is predicted to lead to a
Ca cis form in which the Me groups are staggered.
Addition of Me's causes the motions described for the
t-Bu system to commence for methyl ethyl disulfide and
to be magnified gradually until the t-Bu limit is reached.

In summary the calculations suggest that the trans
barrier lies considerably lower than the cis maximum
(AE(cis—trans) = 3-24 kcal/mol) and that the gap between
them increases sharply as a function of substituent bulk.
The behavior of AE{cis-trans) is a consequence of a
rapid rise in the cis barrier and a small drop in the trans.
These quantitative changes in turn arise from angle
bending strain occasioned by alkyl-alkyl steric repulsion
and from a rise in the ground state energy of the heavily
substituted disulfides respectively.

The possibility exists that disulfide rotation is mediated
by a rotation-inversion pathway thereby avoiding both
the cis and the frans transition states. This mechanism
has been rejected by Kessier and Rundel™ for diaryl
disulfides on the basis that inversion at sulfur in diaryl
sulfides requires a barrier of at least 15 kcal/mol.’® The
calculated cis barriers and SSC bond angles of Table 3
are in agreement. The single structural parameter res-
tricted in these calculations was 6(CSSC); symmetry
across the S-S bond was not assumed. Thus unequal
distortion around the SSC angles was permitted. Al-
though a slight asymmetry is evident for the unsym-
metrical disulfides at 8(CSSC) = 0°, the force field main-
tains bond angle equality across the rotational potential
energy surface and prefers a genuine cis orientation at
the transition state. An explicit test of the sulfur in-
version route was conducted by camrying out a
CNDO/B"” MO SCF calculation of dimethy! disulfide
with one SSC bond angle fixed at 1807, the other opti-
mized to 114°. An energy barrier of 28 kcal/mol relative
tothegauchemundmteuobnmed The correspond-
ing cis and trans enegfy maxima lie at 5.5 and
4.0kcal/mol respectively.’® Thus both experiment and
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theory render inversion at disulfide sulfur an unlikely
isomerization pathway. .

The question of a trans vs a cis S-S torsional barrier
in dialkyl disulfides. The computational sketch described
above is at odds with Fraser ef al.'s interpretation of AGt
measurements for the isomerization of bulky disulfides,
PhCH-SS-R, in which a preferred cis barrier was pos-
tulated.’ The experimental effect is small (AAGt=
1.8 kcal/mol for carbon substituted disulfides) and its
analysis complicated by the possible operation of a
superimposed inductive effect. Both inversion"™*'® and
rotation"**"* barriers in other systems are known to be
raised when electron withdrawing substituents are placed
on the isomerizing center.

Fraser et al. have estimated the relative sizes of R
groups in PhCH-SS-R as follows: C(Phs)>CCl;>
CMey > C‘Clg >CeFs>Ph> CH:PII > CF;.’ If this
ordering is correct, the advanced positions of the tri-
halomethy! groups in the sequence of AG1's can be
attributed to the inductive effect: (AGt) CCl; > CPh; >
CF; = C(Cls = C¢Fs = Ph = CMe; > CH,Ph. The observa-
tion that the mono-aryl cases exhibit a AGt coincident
with that of t-Bu might suggest that the phenyl sp?
carbon is also operating as an electronegative unit, but
the effect does not extend to 8-CX (X = F, Cl). It would
likewise seem to imply that if a steric rate retardation is
responsible for the AGt changes, the flat phenyl ring is
able to rotate in such a way as to mediate the effect of
BCX substituents (X=H, F, Cl) on S-S rotation.
Kessler and Rundel’s findings that similarly substituted
diaryl disulfides influence the C-S but not the S-S barrier
are in accord.>*® Of the remaining substituents CPh,
falls in the AGt sequence as expected for a large, polar
group. A clearcut separation of steric and inductive
factors for the latter is not obvious.

Yy X

né;m %@N
S ) Cc
b) Hu\ b-Du' B
G G T
m:& m\@m A,
s s c
Fig. 4. Structures for (a) ethyl tert-butyl disulfide and (b) 2-
propyl tert-butyl disulide. The Newman projectioas look down
the C-S axis. The cis and trans SS-CC conformers are labeled C

and T respectively; the two gauche and skew forms G/G' and
S/S’ respectively.
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The only R moieties which might unambiguously
reflect the existence of a steric effect on disulfide rota-
tion are t-Bu and CH,Ph with AGt = 7.0 and 7.8 kcal/mol
respectively. Are the latter numbers in fact different?
For the complete series, R: CH,Ph - CCl,, the increasing
tendency of AGt (7.0-+9.4kcal/mol) cannot be ques-
tioned. However the differences between adjacent
members may well be swamped out by experimental
error. A straightforward consideration of the latter®'
allows the conclusion that the AGt's for P\CH-SS-R
(R=CMe; and CH.Ph) are probably indistinguishable,
and therefore that there is no definitive experimental
evidence for the operation of steric retardation to di-
sulfide S-S rotation.

The values of AGt (7-8 kcal/mol) for the latter two
substances are, however, certainly indicative of the
energy requirement for dialkyl disulfide rotation. Al-
though we have not applied the force field method expl-
icitly to these species, the E(barrier) results of Table 3
are entirely consistent with rotation through the trans
transition state (6-7 kcal/mol) but incompatible with a cis
maximum (12-20 kcal/mol). The possibility remains that
highly accurate measurements on dialkyl disuifide rota-
tion will reveal small AGt variations as a function of
structure. In this event, entropy effects can be expected
to exert themselves.

The “Cogwheel effect”. The influence of entropy on
the conformational properties of dialkyl disulfides has
been investigated by Sunner ef al. in another connection,
namely the equilibrium constant dependence of the di-
sulfide interchange reaction.?*

R,-SS-R; + R-SS-R; # 2R,-SS-R..

For R,, R2#t-Bu, K ranges from 4-6 favoring the
unsymmetrical disulfide. When R, =t-Bu and R;=Et,
n-Bu, n-Pr or i-Pr the equilibrium constant was found to
be K = 15-27. An extreme value of K =43 is exhibited
by R, =Me, R,=t-Bu. The driving force for the dis-
proportionation was shown to be entropy. Its drastic
increase for cases involving t-Bu groups was interpreted
as arising from t-Bu coupled rotation in t-Bu-SS-t-Bu.
Nelander and Sunner have termed the synchronized S-
CMe, rotations the “cogwheel effect™.® The large con-
tributions of AS when the di-t-Bu species is employed as
one of the disulfide pairs was associated with the res-
toration of free rotation in the unsymmetrical disulfide.

In order to explore the nature of the C-S torsional
motions for t-Bu-SS-t-Bu and related disuifides and to
examine its impact on the S-S rotation, we have carried
out a force field analysis of the geometric and energetic
consequences of rotation about the S-CMe, bond for
R-SS-CMe;, R = Me, i-Pr (G and G"), t-Bu. Starting with
the ground state staggered conformation of 1, the t-Bu
group was incremented by 20° in both the clockwise and
the counterclockwise directions until the eclipsed struc-
tures 2 and 2 were realized. Apart from the fixed dihe-
dral angles 6(SSCC;) and &(SSCC,), all geometric
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Table 4. Force ficld results for the clockwise and counterclockwise rotation about S-C(CHs)s from the ground
states of R-SS—-Bu: R = CH,: i-Pr and t-Bu (angles, deg: E. kcal/mol)
Cz C1 C, (':1
v C—Cs /(:—(:s
A Y
C P A
’/s_ S ' §—S§
gu=C =
5 5
4 5 6  esscc,™ Gossc  Ossc4  088C5 B, 4 5 6 Osscc,”  ocssc  Ossca @sscS Zre)
B B H 58.0 95.4  60.8 60.8 0.0 H H B  64.4 95.4 60.8 60.8 0.0
40 93.6  68.4 54.3 0.48 40 90.9 76.6 47.0 0.5%
20 94.7  62.1 59.5 1.42 20 85.0 68.2 54,2 n.47
0 90.1  56.6 64.7 1.29 0 90.1 56.6 64. 1,09
c8, 8 cB(6')P 57.9 1133 59.9 59.5 0.0 CH; H CHy 645 113.3 59.9 59,5 0.0
40 112.1  62.5 57.1 0.40 40 113.0 63.3 56.4 0.60
29 112.4  64.5 55.1 0.78 20 107.6 55.8 63.9 1.02
20 109.8  65.2 54.3 0.86 ° 104.8 68.5 54.1 0.64
0 104.8  68.8 54.1 0.64
A CBy CH, @P s7.2 4.8 2.8 46.6 0.0 ® cE,cH, 65.2 94.8 72.8 46.6 0.0
40 94.4  70.0 49.5 0.56 40 95.2 70.6 48.9 0.7
20 93.5  79.3 39.9 1.34 20 85.8 67.2 52.6 0.74
] .2  75.0 44.3 1.17 0 89.2 75.0 4.3 1.17
cu, cu, ca, 57.7 113.8  57.7 64.7 0.0 CH, CH, CH; 64.7 113.8 57.7 64.7 0.0
40 111.7  60.2 62.3 0.41 40 112.5 61.6 61.0 0.61
20 109.6  64.2 58.3 1.00 20 , 106.9 $3.7 68.7 0.86
0 104.8  68.8 54.1 0.82 (] 104.8 68.8 54.1 0.82

a) With the exception of the 0-40° values of &lac(:1 and 66SCC, all geometric parameters have been fully optimirzed.
b) Por Newman projections of the G and G' conformers see rigure 4.

parameters were fully energy optimized. The most im-
portant results are given in Table 4.

Several interesting features are described by the cal-
culations, all of which reflect the operation of coupled
alkyl rotation even in the methyl t-Bu system. We
exemplify the situation with di-t-Bu disulfide. At the
equilibrium geometry (6(CSSC) = 114°) the t-Bu groups
assume a nearly staggered arrangement (6(SSCC) = 58,
65, 177°). It should be recalled that the expanded CSSC
dibedral angle is the result of steric interaction between
Me’s 1 and 4 in 3. (Fig. 3). Rotation of one t-Bu group
(8-C(1,2,3)) clockwise to #(SSCC,)=20° produces an
energy maximum, 4, in which the dihedral angle about
the S-S bond has dropped by 4°. Simultaneously the
opposite t-Bu (S-C(4,5,6)) rotates in the same direction
to minimize C,~C, repulsion; i.e. 8(SSCC,): 58»64°.
Further torsion to the eclipsed conformation 5, an energy
minimum, causes further reduction in #(CSSC) to 105°
and additional readjustment about S-C(4,5.6);
6(SSCC4) = 69°. The finding that 4 represents the tor-
sional transition state and 5 a genuine conformation can
be interpreted as a trade-off between bond length com-
pression and a combined relief of S-S torsional strain
and van der Waals repulsion at C, and C,. In the eclipsed
conformation § the energy gain associated with the latter
simply outweighs the energy loss occasioned by the
former.

Rotation of the t-Bu group in 3 (S-C(1,2,3)) in the
counterclockwise sense leads to a second energy maxi-
mum, 6, at (SSCC,)=20°. The CSSC dihedral angle
falls by 7° and the second t-Bu group (S-C(4,5,6)) read-
justs in the same direction; 8(SSCC,): 58— 54°, Both
motions are slightly larger than those accompanied by
3-+4 and reflect a relaxed steric interaction between C,

and C. Nonetheless, as above, the unfavorable van der
TET Vol. 35, No. 11—F

Waals and CSSC dihedral angle effects contribute to a
total energy higher than the eclipsed form 5.

The conformational portrait elaborated for t-Bu-SS—t-
Bu (3-6) is very similar for the other bulky disulfides in
Table 4. The S-S dibhedral angle closes upon rotation of
the t-Bu group away from the low energy minimum; with
the exception of Me-SS—t-Bu there are two rotational
transition states; and finally none of the energy maxims
are coincident with the fully eclipsed t-Bu group and the
S-S bond.

In order to complete our examination of the “cogwheel
effect” in bulky disulfides, torsion about the S-C(4,5,6)
bond for ethyl-t-butyl and i-propyl-t-butyl disulfides has
likewise been investigated. The resuits are presented in
Table 5. Although the potential energy surfaces are con-
siderably less symmetrical than those for S-CMe, rota-
tion, no essential new points emerge. Certain clearcut
differences are evident, however. The G conformations
(Fig. 4) are lowest in energy in each case, the G' and T
forms representing less stable conformers. Except for S
(Ett-Bu) and S’ (i-Pr-t-Bu) transition states between
energy minima are not the eclipsed rotamers, but skewed
by 20° as found for 4 and 6. The reasons are precisely the
same as those developed above. Furthermore, except
where an energy maximum is flanked by a G conformer,
#(CSSC, transition state) drops relative to #(CSSC,
ground state). Again the rationale given for S-CMe,
rotation is applicable here.

Unlike S-CMe; torsion the eclipsed forms here (Et: S',
C'; i-Pr: C, S; Fig. 4) are not found in potential wells but
on the cnergy slopes between transition states and
ground states. The asymmetry of the torsional potential
is responsible. For S-CMe; motion both maxima 4 and 6
involve a destabilizing Me-Me interaction (C,...C,).
The eclipsed form is trapped in-between. The lack of Me
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Table S. Force field results for the rotation abomksa-%«.i.ﬁ) for R-SS-t-Bu; R =Et and i-Pr (angles, deg: E,
'mol}

e, ?t
N
C e
4 / G
9
s-i
s
4 5 6 rowsme"™ Ocsac 0sec6  Sssce  esscs  essci sz m
-4 CI3 -] 94.2 169.6 54,0 70.0 $7.1 65.4 0.0
89.¢ 117.6 0.0 12,1 58.2 542 0.64
B 63 k 4 95.8 57.4 60.2 1719.1 58.4 64.0 0.12
[ o 87.5 0.0 114.3 126.6 78.1 45.2 0.96
105.1 20.0 133.4  107.4 53.3 68.9 1.96
33 8 8 (-4 112.6 56.1 170.0 68.8 60.9 61.6 1.6
108.5 100.0 148.1 25.7 63.3 59.3 2.62
¢ 102.4 123.2 123.3 0.0 65.5 $7.0 2,18
3 (:IJ (:l3 ] 9.8 163.9 46.6 72.8 57.2 - 65.2 0.0
[+ 98.6 122.2 0.0 115.4 49.3 343 1.61
110.8 96.7 24,3  140.0 65.2 57.2 2.34
33 x cxa &t 113.3 59.9 59.5  175.4 57.9 64.5 1.83
107.8 18.6 100.0 145.1 63.4 53.0 .74
B 103.2 0.0 117.6 128.0 8.7 54,1 2.34
53 cx3 ] T 112.8 61.7 178.6 66.0 57.6 64.9 1.6%
110.9 104.2 140.0 22.9 62.1 60.3 2.88
8 103.8 126.6 118.3 0.0 61.9 60.4 2.7

a) Por Newman projections of the rotameric forss see rigure 4.

groups in Et and i-Pr in the present cases causes one
rosamer of either the 4 or the 6 type to be avoided. For
example for i-propyl-t-butyl disulfide rotation from G to
G’ requires passage through transition state 8. Structure 7
does not incorporate the Me-Me interaction of 4 and
therefore there is 8 smooth uphill climb from G to § (see
Table §).

¥

3
Jd
b b
G g E - 4¢3
CH,
7

8

Most important the “cogwheel effect” is manifested in
the Et and i-Pr systems of Table 5. The S-C(4,5.6)
rotation causes &CSSC) to vary from 90-113°. Simul-
taneously SS-CMe; dihedrs! angles remain fairly close to
the staggered values except near the S’ (Ef) and C (i-Pr)
forms. Here they run from 45 to 78°.

Thus we conclude that the experimentally based

“cogwheel eff "isaccmtelydcp:ctedbytbepmcnt
calculations but that its operation, though gradually
muted, extends to the lower homologs of t-Bu-SS-t-Bu
as well. In Me-SS-Me the effect has disappeared. Nei-
ther rotation about S-S nor C-S involves transmission of
information from one Me to the other.

AGt Variation and substituent size. Insofar as S-S
rotation barriers are concerned, any trend in AGt as a
function of structure will result from a balance of AHt
and ASt. These in turn will reflect the combined action

of disulfide internal degrees of freedom, substme
solvent interaction and soivent cage reorganization™
Internal molecular motions can be analyzed in a rela-
tively straightforward fashion. The molecular mechanics
calculations predict AHt (trans) to fall slightly with
increasing substituent bulk (Table 3, Fig. 1). The ASt
{trans) contribution is expressed by the magnitude of the
“cogwhee! effect” and should reach its maximum posi-
tive value in the bulkiest cases leading to a drop in AGHt,
Thus both AH? and ASt arising from intramolecular
motion during trans disulfide rotation can be expected to
respond to steric effects in & mutually reinforcing manner
and cause a reduction in AGt. The energy differences
may be small, however, and the trend reversed by the
intervention of solvent.”
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