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T-ion about the SC bonds for several t-Bu substituted diudt%h is wnsidercd. A stro& coupted atkyt-t-Bu 
wtioa is observed cunputatio&y in rcgd with Nelaodez snd Sum&s specuhti~ns c4xwhlg I “Cqwhee~ 
eb~~“AGttradrforSSrotPtiwuc~in~nwitbthcIrttcr. 

Fiiy a AH(!S-S) parameter is daivaf. fiats of fomution and atrain energies for dialkyl diudtidcs arc 
UIICU. 

Geometry about tbc disulfkk bond is a dctcrmin@ fe+c- 
tor in protein structure.’ In Part this has stimti the 
evaluation of both ground state sb~~turcs and activation 
barriers for conformer iatcrchangc by experiment’ and 
theory,’ Recently Fraser d al. reported a variable tem- 
perature NMR study for a series of bulky acyclic 6 
sulfides.’ The barrier to rotation about the Ss bond was 
found to increase from AGt = 7.0 to 8.8 kc&no1 with an 
increase in substi~nt sizz. The apparent stcrk rate 
retardation was interpreted in terms of a strontj pref- 
erencc for the ctj rotamcric transition state over tbe 
Inmt, 

R R 

Although cisltmns bmkrs for simple, uncongested 
disultkks (e.8. HSSH and CH&SCHJ bavc been com- 
puted at various levels of sophistication,4 the tmns 
energy maximum is consistentty pIeact b&w the cis. 
None of the studies, however, have surveyed a range of 
sulfur subsets: aad. more importaa~ aone bave 
empfoycd full geometry open along the potential 
energy surface. fn order to shed some Ii&t on disu&ie 
structural trends as a function of substitucnt bulk in 
gcnctal, and on the barrier question in particufar, force 
field cakuhalons employing the Allinger cz Cal. prescrip- 
tion’l have b#n performed for a series of acycIk alkyl 
disuliides. 

L#sul)Ide h&Its of fomation lad stnah i?ll&U. Ill 
o&r to compare directly the bomobgtous disulfides and 
their various rotametic forms, it was occesuuy to com- 
pute beats of formation and the assoc&d strain eller- 
gics. For this purpose we employ All&r’s for- 
mulation? 

E(strain) = AH(stcric) + AH&or@ + AH0 
+ PAH(eenera)) - EAH(s~~css). 

The first four terms, k.ss a par&n function cor- 
rection, correspond to the cakulated heat of formation 
for a given molecule. AH(steric) is t& nxhular energy 
produced by the prqpam, wbik AH(umf) and AH(tor) 
arc corrections arising from the presence of other con- 
formations and the existence of excited tohnal states 
at 25*. The term ~AH@~eral) is tbc sum of bond 
cnthalpy and various substitucnt cJxrccth vahcs. The 
hal quantity, ZAHMminkss), umesponds to tbc 
strainkss itent of fo~on parameters derived from 
‘uncoIlgcstai stNctures. 

The previous eitorts of Allinger and coworker& Dro_ 
vidCallt&llCW~S,CPMfHpMalDCtCrswitlltbC 
exception of the heat of formation values for t& !&S 
bond. ‘IIe AH&S) parameter was obtained by a kast- 
squares fit of the experimental beats of formation and 
the program genera&d value for six dinlkyl disu@dcs 
(Table 1’); 8.9 kcalhnol. Tbe resulting force tkld derivul 
beats of formation are listed ia Table 1. &cerncnt 
between the expcrio~ntal and the calculated quantitks is 
satisfactory, the average c&uhtal error for the six 
ampomh being l.OkcaUmol. This is to be comparal 
with aa avm expcrimeabd error of 0.4 kcalhol. The 
see-Bu derivative deviates seriously from the geneid 
~,~~~~~rn~~~~~~ 
0.7 kcalhol. In any case we can expect t&t on tbc 
avaase the predicted heats of formation of disulMes 
willbewithinak~~l.Intbepresentworl;themae_ 
nitude of the variance is not a limiting factor, however, 
since comparisons will be made for relatively large sti 
energy and AH(stcric) d#aWcuJ and intcrpfctuJ for 
their r&&ion of quahtive trends. Relative ltnin 
energies aad AH(rteric) arc uninhocai by tbc quality 
of tbc AH&ak)/AH&xp) tit. The current disuitldc 
paraa=tcrsarethcreforcanti&atedtoprovidearcEabk 
overall perspective of disuMdc enugetica 

By assuming dimetbyi disull&dc to be strain free, a 
sthnkss disullkk contribution was obtained: AH(SS. 
stminkss)= 2.1 kcaUm1. The corrcspo~ng strain 
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T&k I. Hats of fomutioa ad strain energies for R-S-!&R, kc.&ol 

touial oonf. Atl omlcd 

ea - -97 oold upt- vrpt 

03.2 0.0 0.3 4.32 -5.64 -0.6s 

66.1 0.2 0.9 -16.45 -17.7 -0175 

64.1 0.6 1.5 -29.61 -27.66 -0.73 

96.7 1.3 2.1 -39.53 -37.69 -0.94 

u.7 0.5 1.5 -m.20 -69.69 2.49 

113.6 0.0 0.3 -66.63 -47.13 0.56 

a. RrcI-Iceilndml uql* for tha ddamuau9y ClmfMtim "&rim&by th force 

fi.ldoalallatlal. 

b. J. D. ODII d 0. ?ilabu, smtry of Dx-gmio ad Oql-trllic Caqauds; 

Aodmio ROU, I*r York, 1970. 

WS!X) 

Fu. I. Pktoftbcstrainenergyforrotarionaboutt&S-Sboad 
(0+18Q) for CIi&s-CH,, C&s&-Bu and t-Bu-!S-t-BU. 
TbertnwtunoferchpoiDtwufully~~hyoptimizedbytbe 
force &Id IlXtbod with tbc exceptioa of the w3!X) coastnint. 
At tbc fmnr buricr (I807 the relative eeergka arc: r-Bu/r-Bu < 

CHJf-BU < CH,/CH,; cf. Table 3. 

encrgks arc given in Table I. It is noteworthy that tbc 
dialkyl dixulfide structures with a dihedral an& (0) 
around 85’ arc found to be virhmlly witlmut strain, 
whenas the di-t-Bu derivative (8 = I149 yields a strain 
energy of 2.7 LcaUmol. 

LX&de gtvnnd states; e(cs!x). structural chmc- 
telistica for the series of dialkyl disulBdcs incremental 
homolo8ously from the dimethyl to the di-t-Bu derivative 
are presented in Tabk 2. Throughout. the S-S bond 
1eqtt.h is una&cted and tbc !&CR dihakal angks 
generally assume near ideal stq@efcd vducs. However 
boththeC~dihcdralaq@sandtbeCSShondan#ks 
arcpraSctcdtoincrcascalongtJIesaks.Theangks 
B(C!SsC) are 8roupcd into three sets. Those with a value 
of 83-84’ possess H atoms at positions I and 4 in 
structure 1. A single Me group at either site result.8 in 
an& of 94-96”. whik doubk Me substitution yields tbc 
maximum 8 values of l12-114°. Ckariy an increased 
steric repulsion arise by the introduction of substitucntx 
at these locations. 

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

diAlIdes s~tain O(CS!JC) of 84-85“,” while angk 
expansion to 110” for di-t-butyl disuffide has been 
derived from dipole moments” and from PES and UV 
meoSUrenlCntS in conjunction with MO calculations.” 
Structural information for other systems is lacking, but a 
strong correlation between the fint absorption band in 
the UV and tbe dixuffidc dih&al angk exists.‘“’ In 
agreement the calculated dihedral angks of Mc-SS-t- 
Bu and the low energy conformations of Et-!St-Bu (G 
and 7”) and LPr-St-Bu (G) (see Tabk 2) all fall witbin 
the 9&%’ range. and each exhibits a long wavelength 
LX between that of the dimethyl and the di-t-Bu spc- 
CiCS. 

I 

Tbc CSS bond angles arc calculated to open slightly 
but pro@cssively as MeSSMe is incremented with 
Me 8roupx again relkcting the stcric demand indicated 
by projection 1. This result was predicted by MO cal- 
culations and suggested to contribute along with 
tqcssq incrcascs to the observed blue shifts in the UV 
obscrval upon increasing substitucnt bdk.Jb If the 
molecular mcchmics calculation mirrors reality on this 
point, it would appear that bond angle expansion in the 
acyclic s&a is of relatively minor importance for the 
uv spectra of bulky disuhides. 

The signi6cancc of the lar8c dihedral angle distortions 
tistulinTabk2isappnciatcdbynotingthatther&uc 
of stuic congestion drivm the bulkier disu&du in the 
diction of the tram tmtuirion stutc For example the 
Me t-Bu system at the energy minimum of t?(CSC) = 
95.2” is calculti to be 0.8 kad/mol more stable than at 
the reduced angle of 80”. The corresponding 8ain for 
t-Bu-!S-t-Bu (8O+ I149 is 3.6 kcal/mol. The situation is 
depicted graphically in terms of strain energies in Fig. 1. 
In general t& disul6dcs witb Me groups at e&r the I or 
2 position of 1 experience an enhanced angle strain at tbc 
Iowa d&&al angk which kvds off at the minimum 
energy vahe The effect is explicitly reflected by a 
harmonious r&u&n of 14’ in each of the C!S bond 
angles. The extremes of bond angle &formation arc 
found in the cis rotational transition states. We return to 
this point below. 



~~U~~~~Of~C~~~~~~ 
response to a total energy lower& it is not witbout cost. 
The strain energies of Table 2 are hdicative. At 
e(C!!ZC)‘s of 10-P higher the those found for the 
simple, ullstrained species, B@rain) amounts to 0.7- 
1.0 kcaljmol. At the A@ = 3tP upper limit of 113-l 14” the 
strain energy has risen to 2-3 kcaljmol and is attriitable 
almost entirely to tbe unfavorable torsional contriia 
associated with the CSSC angle. 

~n&de etch energy banius For dime&y1 di- 
sulfide the Allinger force field is parameter&d to yield a 
7.0 kcal/mol znuu energy barrier (6(CSSC) = MY) for 
rotation about the !%S bond.” Tbc cis barrier 
(I~(CSSC) = 00) is thereby evaluated as 10.6 kcal/mol. The 
barrier characteristics of six additioual structures are 
8iven in Table 3. In each case g(CSSC) was 6xed 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 @WU barrier iis below 
the cis value for every system examin@ and that the 
difference between them increases sharply with increas- 
ing substituent size. Thus the barrier diRerential for 
Me-!%Me, AAEJcis-tmnr)= 3.6 kc.al/mol, rises to a 
maximum of 23.8 kcalhnol for t-BM!&-Bu. The in- 
crease in ME is a consequence of both a progressive 
smalldropinthetmnsbarrierandaiarseriseintbecis 
maximum (see Fe. 1). 

Decomposition of total force Beld eaergies into 
separate ~n~bu~as caa be a risky procuhre, since a 
dilferently balanced force field mar well lead to a 
somewhat ditTerent eoergy part&ion. ’ With this reser- 
vation in mind, we note that the variath in the B 
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 cumpoaentsz torsional and angle bending 
terms. The 10.6 kcalhnol relative energy content of the 

cis transition state for MbSSMe contains 82 and 12% 
of tbe latter two co&&utions respectively. Tbe COT- 
respond& quantities for Me&%Bu, i-P&&t-Bu (G) 
and t-B&M-Bu are Slj39, 46l43 and 26/62% nspec- 

1 2 3 4 5 Samfomu~WJ8C %@Cl %6C4 ~80CU23) ~IBc(456) r66 =rml Em 

n II m E II n 03.2 62.6 62.8 103.7 103.7 2.030 0.00 

e u a3 s E E 03.6 se.2 62.0 104.1 103.8 2.030 0.07 

8 Ca3 a3 8 8 II G 83.4 51.9 63.8 104.4 103.8 2.030 0.0 0.25 . 
as3 cn3 a x II II r PI.4 59.7 62.4 305.5 104.2 2.029 0.4 0.68 

cn3 II a3 B x H 0' 96.0 61.2 59.4 I05.3 104.1 2.029 0.7 0.96‘ 

ai3 ai a3 a 6 II 95.2 57.7 63.5 106.1 104.2 2.029 0.90 

cn3 ca3 a3 a a~) n 0 %.2 57.1 54.0 106.2 104.7 2.029 0.C 0.77 

ai cn3 a3 m II cn3 T 95.8 s&4 57.4 lC6.1 104.4 2.029 0.1 0.88 

cn3 cn3 a3 a3 n n 0’ 112.6 60.9 %.9 1%.2 105.1 2.029 1.6 2.38 

cn3 al3 Q3 I aI ai3 0 %.8 57.2 46.6 l%.O 105.0 2.029 0.0 0.94 

rn3 Q"?1 a3 *3 -3 n z 112.8 57.6 61.7 1%.2 105.7 2.029 1.6 2.58 

a3 m3 a3 a3 8 cm3 0’ 113.3 57.9 59.9 l%.l 105.5 2.029 1.8 1.77 

a3 -3 a3 Q3 a3 % ll3.8 57.7 57.7 106.2 I%.2 2.029 2.73 

l f ~rr;lrm~jrtlon*of ChooPfolytloam uYiqur* 4. 
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tively. Thus as bulkier sub&tents are intmduccd into 
tbedisulEdc,tbeAainglX&bodpositsthattbeci.l 
banierchangesfromonedominatedbytorsiooaistrain 
toonedomioataIbyaoglebewhgstrain.Asindhted 
by Table 3 the cis torsional component is nearly constant 
(~1 kadhl), whik the bending tam rises by 
16.7 kcaI/mol. Iodeed linear relationships between 
AAE(c&), A&bend) and E@rain) obtain. !hchuauy the 
enapyvariathsarematcbedbytbcwideniagofthe 
CSS bond angle from 107.9” (MeSSMe) to I#)# (t-B* 
St-Bu). 

In wotrast to t&e steeply incXasing disuhk cis rota- 
tion barrier dependent 011 substituent bulk, the energy of 
the ?mn~ awimum decrews slightly by 2.0 kcal/mol 
from Me-!%Me to t-Bu-S!WBu. This is a direct con- 
sequence of the fact tbat the go&e disuhk ground 
states experience all iacraw? illstraiawithioawled 
methyl substitutioll. Comparhon of E@ain) in Table 2 
with E@arri&tm~~ in Table 3 reveals the very close 
pan&l and quantitatively uc&ihlX the result above 
tbatincreasaldisuIWhomolugahncausesageometric 
aadanawrgetkrhiftforagivc.nsystemint&dhwtion 
of the trrrru bar& (Fii. 1). unlike the c& rota&M 
nuximum,tbctwuvalueismdeupofaaunfavorabk 
t0dOdC~aloneill~WitbiIltuitiVCiders 

conarniaptkrokofstietIects.Itisaotewtiytbat 
the tnuu quaotitks E@arrkr) and AE&wsion) (Tabk 3) 
Uevhally&!llthl. 

To exunpIify the structural changes which a~ predic- 
taItooccurfordisuwerotationwithintbeforcef&l 
framework, F% 2 hIicatu bond length. bead angk and 
diba.hlaagkvahIlXfordi+butyldisultYeattbrl!e 
di&ent dibuhl al&es: 114 (mill), 80 aad V. The rbuc- 
turalparameteXsotbuthB(cssC)arei&nticzJfortbe 
rnUu, the energy optimhd gmche form and inter- 
mediate geometries. Thus the shggerai t-Bu groups 
foluldf0r8=114”areretahedupoapassagethrougilthe 
tmnstr8dionatatc. 

By contrast, a major structd reorganization occurs 

60 

6tIyI) 

when t-Bu-SS-t-Bu traverses the cis saddle point. In 
addition to the CS bond angle expansion mentiooui 
above, the most dramatic changes an associated with 
torsion about the C-S bond and aogk deformation 
around methyls I, 4 and 5 ill 1. As e(c!SsC) is reduced 
from the gauche value to 80” each orighliy staggered 
t-Bu group rdates into a near eclipsed conformation in 
order to reduce repulsive iabzactions between Me’s I 
and 4. The t-Bu moiety in sC(1.2.3) rotates clockwise 
when viewed down tbc CS axis, whereas sC(4.5.6) 
turns c4uultercbckwise when considered analogously 
(F@ 2). The SCC, and SCCS bond angles simultaneously 
widen by 45’. From g(C!SSC) = 80 to V the sC(l.2.3) 
unit continues its original clockwise journey, but the 
sC(4.5.6) tint is predicted to reverse direction. The 
mutual chnhisc twisting of both t-Bu groups for B < 80” 
leads to the Cz ci8 structure depicted io Fw 2. The 
unsymmetIical relation between c, and c, (likewise c, 
andC~)asweIlast&exagguwd!w,sCC,andSCC, 
angles indkate the considerable strain experienced by 
the structure (E&rain) = 31.5 kcalhol).” Bood length 
changes also accompany the travel from gauche to cis, in 
particuiar the shrinkage of rC4 by 0.01 A and the 
raductionofcerhinC-Hbo~on~~l.2.4aad5. 
Ftollny both bond angle (LHCH) and diwral angle 
(LHCCS) distortions are evident in the t-Bu pups and 
found to be most sevae for Me’s I and 4. ‘Th t-Bu-!S-t- 
Bu case ihstrates the extremes of geometric pertur- 
bation for the structures given in Table 3. Thus rotation 
ofdimetbyldisul6dethrough~ispredictedtokadtoa 
Czr cis form in which the Me groups arc strggercd. 
Mdith of Me’s cauam the motions descrii for the 
t-Bu system to commence for methyl ethyl disui5de and 
tobem&6algraduaNyuntilthet-Buhitisreacbed. 

Insummarytbeahlationssuggesttbatthetrruc 
ban& lies considerably lower than the cis maximum 
(AE&-hlllu) = $24 kcalhol) aed that the gap between 
them hzrewcs sharply as a fuocth of substituent bulk. 
l%e behavior of AEJc&-tm) is a consequence of a 
rapidriseinthec&barrkrandasmalldropintbetmns. 
lhese quantitative changes in turn arise from angle 
bending strain occasiooed by alkyl-alkyl steric repulsion 
andfromariseintbe~stateenergyoftbebeavily 
substituted disldtdes respectively. 

The poasihility exists that disulE& rotation is mediated 
by a rotation-inversion pathway tbcreby avoiding both 
tbec&andt&rmn8transihstates.Thismecbanism 
has beca rejected by Keask~ and Runde?’ for diary1 
disul6desontbebasisthatinversionatsuifurindiaryl 
sul6des requires a barrier of at least 15 kcaljmol.“ The 
cakulatalcirbahrsaad!SCbondaagksofTable3 
a in agn?cment. The single structural parameter res- 
tricted in the cakuhtions was e(C!SC); symmetry 
acrosst&SsbondwasnotassuroaI.Th.9unequal 
distortionaroundtbeSSCangkswaspermittaI.Al- 
tbou$~ a slight asymmetry is evident for the unrym- 
m&icaldisuwesate(cssc)-o”,tbcforcetieklmain- 
tains bod aogle equality across the rotational potential 
energy surface sod prefers a gcnuiee cis orientation at 
the traMith state. An explicit test of the sulfur in- 
version route was conducted by carry& out a 
CNDO/B” MO !XY cakxUon of dimethyl disulfide 
witbone!wbondaDgktlxedatl81p,tbeotheropti- 
mixed to 11C. An energy barrier of 28 kcaljmol relative 
tOthe@UCh6pOUIbd6t8tCi6Ob&kd.ThecOmspoOd- 

ingci6aadtmluersefjy meuinm lie at 55 and 

4.0 kcalhol respechvety. Thus both experiment and 
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theory render inversion at disulfidc sulfur an unlikely 
isomefization pathway. 

771~ qvution of a ham vs a cis SS torsional bank 

in diafkyl disd~W~. The computatiunal sketch descrii 
above is at odds with Fraser d al’s interpretation of AGt 
measurements for the isomcrization of bulky disulti&s, 
PhCHrSS_R, in which a preferred cis barrier was pos- 
tulated? The experimental effect is small (AAGt = 
1.8 kcal/mol for carbon substituted disult&s) and its 
analysis complicated by the possibk operat+o,.o’ a 
;_tn&o in$ctiyc effect. Both inversion and 

bamers m other systems arc Laown to be 
raised wbcn electron withdrawing substitucnta arc placed 
on the isomcrizing center. 

Ftaser et aL have estimated the relative sizes of R 
groups in PhCH&%R as follows: C(Ph,)>CC&> 
We, > C&l, > C& > Ph > CHpPh > CF,.’ If this 
ordering is comet. the advanced positions of the tri- 
halomethyl groups in the sequence of AGt’s can be 
attributed to the inductive effect: (AGt) Ccl, > CPh, > 
CF> = C&l5 = C& = Ph = CMe, > CHzPh. The obscrva 
tion that the mono-aryl cases exhii a AGt coincident 
with that of t-Bu might suggest that the phenyl sp’ 
carbon is also operating as an ekctronegative unit, but 
the effect does not extend to BCX (X = F, Cl). It would 
likewise seem to imply that if a steric rate retardation is 
responsible for the AGt changes, the llat phcnyl ring is 
able to rotate in such a way as to mediate the effect of 
flCX substitucnts (X=H, F, C9 on Ss rotation. 

Kessler and Rundel’s Wings that similarly substituted 
diaryldisul8dcsintluencethcCSbutnottbeS-Sbarrie 
arc in accord.- Of the remaining substitucots CPh, 
falls in the AGt sequence as expected for a large, polar 
group. A ckarcut sqmntion of steric curd inductive 
factors for the latter is not obvious. 

Fig. 4. structurw for (8) ethyl M-butyl dinMe 8lld tb) 7.- 
popyl rcrlbutyl disut8dc. The Nermrn projr!&llsbokdowll 
thcc-!38xia.TbcctMdrmaI8!t-cccoafarma5arebbekdc 
rodTmpcctivdy;thctwo~~radskewforrmOKt’and 

sls lWpectivcJy. 

The only R moieties which mi%t unambiguously 
reflect the existence of a stcric effect on disulflde rota- 
tion.are t-Bu and CHzPh with AGt = 7.0 and 7.8 kcal/mul 
respectively. Arc the latter numbers in fact diflercnt? 
For the compktc series, R: CHxPh + CC&. the increasing 
tendency of AGt (7.0-9.4 LcaUmol) cannot be qucs- 
tioned. However the differences between adjacent 
members may well be swamped out by experimental 
eTToT. A straightforward consideration of tbc latte?’ 
allows tk conch&n that the AGt’s for PhCHrSlER 
(R = CMe, and CH*Ph) arc probably indistinguishable, 
and therefore that there is no dclinitive experimental 
evidence for the operation of stcric retardation to di- 
SullMe !&!J lotation. 

The values of AGt (7-8 kcal/mol) for the latter two 
substances arc, however. certainly indkative of tbe 
energy requirement for dialkyl disullkk rotation. Al- 
tbuugh we have not applied the force field method expl- 
icitly to these species, the E@anicr) results of Table 3 
arc entirely consistent with rotation through the tmns 
transition state (6-7 kcalhol) but incompatiik with a cis 
maximum (12-20 kcdmol). Tbc possibiity remains that 
hiohlY accurate measurements on dialkyl disulfide rota- 
tion will reveal small AGt variations as a function of 
structure. In this event, entropy effect.8 can be expected 
to exert themselves. 

I)u “Cogwhed e&t”. The intluenti of entropy on 
the conformational properties of dialkyl disullkks has 
been investigated by Sunncr ef al in another connection, 
namely tbc equilibrium constant dependence of the di- 
sul8& intcrcImnge reaction.- 

RI-S!% + R&&R2 rr 2R,-S%Rt. 

Fur R,. Rz# t-Bu. K ranges from 4-6 favoring the 
unsymmcbkal disulfide. When R, = t-Bu and R2 = Et, 
n-Bu, n-Pr or i-R the equilibrium constant was found to 
be K = U-27. An extreme value of K = 43 is exhibited 
by RI = Me, I= t-Bu. The driving force for the dis- 
pmportionation was shown to be entropy. Its drastic 
&case for cases involving t-Bu groups was interpreted 
as arising from t-Bu coupled rotation in t-Bu-SS-t-Bu. 
N&&r and Sunner have termed tbc synchronized S- 
CMe, roWons the “cagwhcel effcct”.” The large con- 
tributions of AS when the di-t-Bu specks is employed as 
oncoftbcdisulfldepnirswasassociataiwiththcrcs- 
toratioa of free rotation in the unsymmetrical disullldc. 

In order to explore the nature of tbc CS torsional 
motions for t-Bu-SS-t-Bu and nlated disultkles and to 
examincit3impactontbc!&!Jrotation,wehavecanied 
out a force field analysis of the geometric and energetic 
conacquenccs of rotation about the SCMe, bead for 
R-SS-CMe,, R = Me, i-R (G ad G'), t-Bu. Starting with 
~JIC pround state staggc& conformation of 1, the t-Bu 
group m incremented by #p in both the clockwise and 
the cuu&rclockwisc directions until the eclipsed struc- 
turu2and~wercre&.cd.Apartfromthetixcddihc- 
dral angks e(SSCC,) aMl e(SSCcz), all geomeic 
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Tabk 4. Force field Rudy for the clockwise and couatadockwire rotation about !S-C(CH,), from the ground 
states of R-!&t-Bu: R = CH,: i-Pr md t-Bu (m&s. deg: E. kcd/mol) 
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II II II 58.0 95.4 60.6 60.8 0.0 II II II 64.4 95.4 60.6 60.8 0.0 
40 93.6 66.4 54.3 0.48 40 90.9 76.6 47.0 F.55 
20 94.7 62.1 59.5 1.42 20 85.0 6a.2 54.2 n.b7 
0 90.1 56.6 64.7 1.29 0 90.1 56.6 64.7 l.PJ 

9 u cu3w)b 57.9 113.3 
40 112.1 
29 111.4 
20 
0 

II al) cH)(C) 
b 

57.2 
40 
20 
0 

a3 a3 57.7 
40 
20 109.6 
0 104.8 

109.8 
104.8 

94.8 
91.4 
93.5 
80.2 

113.8 
111.7 

59.9 59.5 

62.5 57.1 
0.0 al) ” al) 
0.40 

64.5 55.1 0.78 
65.2 54.3 0.86 
68.0 54.1 0.64 

72.0 46.6 
70.0 49.5 

0.0 II ca3 cu3 
0.56 

79.3 39.9 1.34 
75.0 44.3 1.17 

57.7 64.7 
60.2 62.3 

0.0 at3ai3cf13 
0.41 

64.2 56.3 1.00 
66.8 54.1 0.82 

64.5 113.3 59.9 59.5 0.0 

40 113.0 63.3 56.4 0.60 

20 107.6 55.8 63.9 1.02 

0 104.8 68.S 54.1 0.64 

65.2 
40 
20 
0 

64.7 
40 

20 I 
0 

94.8 72.6 46.6 0.0 
95.2 70.6 48.9 0.71 
85.8 67.2 52.6 0.74 

89.2 75.0 44.3 1.17 

113.8 57.7 64.7 0.0 
112.5 61.6 61.0 0.61 
106.9 53.7 66.7 0.66 
104.6 60.8 !i4.1 0.62 

parameters were fully energy optimized. The most im- Wads and CSSC dihahal angle effects contribute to a 
portant results are given in Tabk 4. total energy higher than the eclipsed form 5. 

Several interesting features arc described by the cal- 
culations, all of which relkct the openltion of coupled 
alkyl rotation even in the methyl t-Bu system. We 
exemplify the situation with di-t-Bu disuhkk. At the 
equiliium geometry (@(CSSC) = I I49 the t-Bu groups 
assume a nearly staggered arrangement (tQSCC) = 58. 
65, lm. It should be recalkd that the expanded CSSC 
dihndml angk is the result of steric interaction between 
Me’s I and 4 in 3. (Fa 3). Rotation of one t-Bu group 
(!&C&2$)) clockwise to e(SSCC,)=ztY produces an 
cnergymaximum,4,inwhichthedih&alangkabout 
the S-S bond has dmpped by 4”. Siiultaneously the 
opposite t-Bu (!&C(4,5,6)) rotates in the same direction 
to minim& Cl-C. repulsion; i.e. 8(SSCCJ): 58-64”. 
Furthcrtorsiontotheeclipsedconformatbn5.anenergy 
minimum, causes further reduction in B(CSSC) to 105’ 
and additional readjustment about sC(4.5.6): 
g(SSCC,)= 69”. The finding that 4 represents the tor- 
sional transition state and 5 a genuine conformation can 
be interpreted as a tradeoff between bond kngth com- 
pression and a combined relief of S-S torsional strain 
and van da Waals repulsion at Cr and L. In the eclipsed 
conformation 5 the energy gain associated with the latter 
simply outweighs the energy loss occasioned by the 
former. 

Rotation of the t-Bu gnmp in 3 (S-C(l,2.3)) in the 
counterclockwix sense leads to a secorid energy maxi- 
mum, 6, at 6CISCCl)=#P. The CSSC dihedml angle 
falls by T and the second t-Bu group (S-C(4J,6)) read- 
justs in the same dir&on; 8(SSCC.): Sg+u”. Both 
motions are shghtly huger than those accompankd by 
3-4 and retlect a relaxed stuic interactkn between C, 
and Cb Nonetbekss, as above, the unfavorabk van &r 
TZr Vd II. No. 11-i’ 

The conformational portrait elaborated for t-Bu-!&t- 
Bu (3-6) is very similar for the other bulky disul6des in 
Tabk 4. lhe S-S dihuhal angle closes upon rotation of 
the t-Bu group away from the low energy minimum; with 
the exception of Me-!&t-Bu then are two rotational 
transition states: and tlnally none of the energy maxima 
are coincident with the fully eclipsed t-Bu group and the 
Ifsbond. 

In order to compkte our cxamina& of the “cogwheel 
effect” in bulky disullldes, torsion about the S-C(S.5.6) 
borul for ethyl-t-butyl and i-propyl-t-butyl disultldcs has 
likewise been investigated. The results arc presented in 
Tabk 5. Although the potential energy surfaces are con- 
siderably kss symmetrical than those for !I-CMe, rota- 
tion, no essential new points emerge. Certain ckarcut 
dilferences are evident, however. The Cl conformations 
(Fa 4) are lowest in energy in each case, the Cl’ and T 
forms representing kss stable conformers. Except for S 
(Et-t-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 arc precisely the 
same as those developed above. Furthermore, except 
where an energy maximum is llanked by a G conformer. 
r?(CSSC, transition state) drops relative to B(CSSC, 
ground state). Again the rationale given for !I-CMe, 
rotatknisapplicabkhere. 

Unlike !&C!M~J torsion tIk eclipsed forms here (Et: s’, 
C’: i-h C, !I; Fw. 4) are not found in potential wells but 
on the energy slopes between transition states and 
gtound states. The asymmetry of the torsional potential 
hreqonsii.For!XMe,motionbothmuima4and6 
invdve a destab&ing Me-Me interaction (C, . . . C.). 
The eclipsed form is trapped in-between. The lack of Me 



i B 3 murt? ea8c B9w6 BBBc4 %a!5 
--I_-- al!& )r*l L r*l 

I a3 I G 01.0 169.6 w.0 70.0 S7.1 6S.4 0.0 

9 89.4 117.6 0.0 122.1 59.2 $4.2 0.64 

II nCB3c 95.9 57.4 60.2 179.1 %.4 64.0 0.12 

I' 97.s 0.0 114.3 126.6 79.1 45.2 O.% 

103.1 20.0 133.4 107.4 53.5 69.9 l*% 

L13 B 8 G' 112.6 S6.1 170.0 68.8 60.9 61.6 1.61 

LOS.5 lea.0 148.1 25.7 63.3 59.3 2.62 

C 102.4 123.2 123.3 0.0 63.5 37.0 2.19 

A c"3 c"3 G 94.8 163.9 46.6 72.8 57.2 . 65.2 0.0 

C pB.6 122.2 0.0 llS.4 49.3 73.1 1.61 

110.8 W.? 24.3 140.0 65.2 17.2 2.34 

tt3 9 a3 0' 113.3 59.9 59.5 173.4 51.9 64.5 1.83 

107.8 18.6 100.0 141.1 63.4 59.0 2.74 

u 103.2 0.0 117.6 129.0 66.t W.1 2.34 

if3 C#t3 9 T 112.8 61.7 178.6 66.0 37.6 61.9 1.65 

110.9 104.2 140.0 22.9 62.1 60.3 2.99 

8' 103.6 126.6 118.3 0.0 6l.S 60.6 2.47 

Most iqortaut the “~I effect” is msrlifested iJl 
the Et and i-R systems of Tabk 5. The sC(4J.6) 
rotation causes egmc) to vary from 90-1130. Siild- 
tumudy sscMe3 dibedd ulgks relmin fair@ close to 
~s~~ex~~~S’~)~~(i-R~ 
formr.Haetheynmfnm4St.o78”. 

Thus we colKdu& that the cxpefimentally based 
“‘cqwb+ eJkct’* is wuratdy dqkted by the present 
calcukm8butthatitsopuation,thou$lgnduJly 
muted, extends to the lower bmobgs of t-Bu-SSd-Bu 
8s well. la M&S-Me the e&d has dicuppeu#l. Nei- 
t&X rotation ebout S-S nor C-S involves tmsmissioll of 
information from oue Me to the otbef. 
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wsevti tctn-o#AO MbstMal dipbenykiirub&fes kave been 
exunbcd by DNMR* Tbc S-S rotation krricn for SCNU to 
medium s&d croups, R= H. Me. et. ti i-PI, w bw 
(AGt(-IOQ) < 9.i khlhoi), rltbougk SC torah& burien for 
R= EC and i-R M AGt - 11.7 f-5S.l and 12.8 I--m kcahoi 


