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Abstract- Bergson developed a simple model to explain the observed red shift of the long-wavelength 
transition of disulfides as the dihedral angle is reduced from 90” to smaller values. This model is ex- 
tended here to a calculation of the oscillator strengths and rotational strengths of the n + u* tmnsi- 
tions of chiral disulfides. Explicit expressions for the gradient and angular momentum matrix elements 
for the n + c* transitions as functions of the dihedral angle are presented. Transition monopoles 
suitable for the calculation of the coupling of disulfide n + u* transitions with other chromophoric 
groups in complex disulfides are also presented. It is shown that this extension of the Bergson model 
can account quite well for the observed intensities and rotational strengths of chit-al disulfides. The 
quadrant behavior of the long-wavelength rotational strength derived by Linderberg and Michl and 
verified experimentally by Ludescher and Schwyzer is observed in our results as well. The observed 
transitions in the far ultraviolet spectrum of disulfides are assigned to an n --, u* transition at 205 nm 
and a o -+ (T* transition at 190 nm. 

In recent years, there has been much interest in the 
development and application of rules for relating 
the circular dichroism (CD) and chirality of in- 
herently dissymmetric chromophores.‘+ Although 
conjugated rr-electron systems such as dienes, 
enones and cY-dicarbonyls have been the most 
thoroughly studied, the disulfide group has also 
received considerable attention, especially because 
of its role in molecules of biological importance, 
e.g., proteins, peptide hormones (oxytocin and 
vasopressin), coenzymes (lipoic acid) and anti- 
biotics (gliotoxin, aranotin, etc). 

An empirical correlation of the sign of the lowest 
energy CD band and the disulfide chirality was 
provided by the work of Carmack and Neubert,4 
of Dodson and Nelson,5 and of Claeson.s This 
empirical rule states that a positive long-wavelength 
CD band in a disulfide is associated with a right- 
handed screw sense of the disulfide. 

The molecules of known absolute configuration 
used in this empirical correlation all had dihedral 
angles with absolute values less than 90”. Linder- 
berg and Michl’ were the tirst to carry out theoreti- 
cal calculations of the rotational strength of disulfide 
transitions. Their results suggested that the intrinsic 
rotational strength of the long-wavelength CD 
should obey a quadrant rule, i.e., the sign for a 
right-handed disulfide with a dihedral angle slightly 
less than 90” should be positive, while one with a 
dihedral angle slightly greater than 90” should be 
negative. This reversal in sign does not come about 
because a particular transition undergoes a sign 
change, but because the identity of the long-wave- 
length band changes. Linderberg and Michl’s 

analysis indicated that for a dihedral angle of 90”, 
the intrinsic rotational strengths of the long-wave- 
length disulfide transitions should largely cancel, 
due to their degeneracy. 

Recently Ludescher and Schwyzefl have veri- 
fied the quadrant behavior of disulfides. They have 
shown that a right-handed disulfide with a dihedral 
angle of 120” does indeed have a negative long- 
wavelength CD band, in agreement with Linder- 
berg and Michl’s predictions.7 

In this paper, the simple model for disulfldes 
successfully used by Bergsong*1o to account for the 
dihedral angle dependence of the absorption band 
positions is applied to calculating the intrinsic 
rotational strengths of the disulfide n -+ u* transi- 
tions. The Bergson model was used in a qualitative 
way by Linderberg and Michl,7 but their quantita- 
tive calculations used CNDO (complete neglect of 
differential overlap) wavefunctions. There are 
several reasons for presenting here the results from 
this calculation based on the Bergson model. First, 
it is of interest to see how far one can take this 
model which has been so useful in interpreting 
absorption spectra. g, lo Second, the wavefunctions 
used here can be written in a simple form, leading 
to analytical expressions for the energies and 
electric and magnetic dipole transition moments as 
trigonometric functions of the dihedral angle. This 
makes it much easier to visualize how the rotational 
strengths and transition wavelengths vary with 
dihedral angle. Third, this model provides a useful 
basis for treating the coupling of disuhide transi- 
tions with transitions in other chromophoric groups 
in complex molecules. 
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Methd 
We consider the non-bonding orbitals of the di- 

sullide as symmetry-adapted linear combinations of 
sp3 hybrids. Denoting the two hybrid orbitals on 
S, as & and hl, and those on S, as h, and b, we have 
the following linear combinations: 

n, =!t(h;-hi-h,+hJ a2 
n, =&(h;+hl,-h,-hJ b1 
n3=4(h;+h;+h,+h,) al 
n*=#(h;-h;+h,-h,) b, 

We have also indicated the symmetry of each 
orbital in the planar cis conformation (C,,). When 
the disullide is skewed, the symmetry is reduced to 
C,. FDr sheweb &3n%bes, nl and r& be>or@ to tie a 
repres&z&?~ ant) n, a> 22, belong 20 T’ne b repro- 
sentatjDll j, C, symme&y. 

If we denote the sp3 hybrids on S, and S, directed 
along the disulfide bond as hi and hl, respectively, 
the u* orbital can be written as 

a* = & (h; -h,) 

which is of b1 symmetry in C,, and b symmetry in 
c2. 

It is useful to examine the electric and magnetic 
dipolfe-r&Dweb ChaEil%eT d tie VariDUS n-D* 
transitions in the planar cis geometry. This geome- 
try Se..% as a cM#c&& &%‘z~R @, eq?fE- 
cially for the common case of acute dihedral angles. 

b, 

II aSso semes a5 a vtintie c~-betZn DD tie expJes- 
sions .for the electric and magnetic dipole transition 
moments as a function of dihedral angle, in that 
these expressions must have the proper limiting 
value as 1~1 3 0. The directions of the electrically 
(cc) and magnetically (m) allowed transitions in the 
planar cis geometry are indicated in Fig 1. 

We consider the S-S bond to be skewed by 
twisting the R,-S, bond through an angle of cp 
with respect to the group R2-S2. The angle cp is 
defined as positive for a clockwise rotation from the 
eclipsed conformation looking along the S-S 
bond from S, toward S,. Thus, a positive cp < 180 
corresponds to a right-handed screw sense for the 
disulfide . 

h’ . h. 

-1 

--t-t-t 

n, = !4 (h;-h;-h,+hJ 

II. = K (h;+ h:- h, - h,) 

ma = X (hi + k: t h,t hJ 

“. = % (h;-h;+h,-h.) 

Fig 1. Representation of hybrid orbitals used as a basis set, the energy level scheme and the allowed 
transitions for the cis conformation. The symmetry designations are for the CsV symmetry of the planar 
cis conformation. The vectors p and m represent, respectively, electrically- and magnetically-allowed 

transitions. 



Application of the Bergson model 1275 

h =+s+‘L/3p 1 2 x 

h 
3 

h,+&!!p+/6p_‘2p 4 6’6’2’ 

where we have denoted orbitals centered on S, by 
primes and those on S, are unprimed. 

Matrix elements of the V and rxV operators were 
derived, using the hybrid orbitals as a basis set, as a 
function of cp, These were then combined to obtain 
the matrix elements for the n, + c*, n2 + a*, etc. 
transitions. Formulae for these matrix elements are 
given in Table 1. 

In order to evaluate the matrix elements given in 
Table 1, the two-center V and rxV integrals over 
orbitals on the sulfur atoms must be calculated. 
Integrals of this type, involving Slater orbitals of 
principal quantum number 2, have been worked 
out previously and expressions for them are avail- 
able in the literature. However, we are interested 
in Slater orbitals with n = 3. Following the pro- 
cedure of Moscowitz,ll expressions were obtained 
for the integrals involving the operator V. We de- 
note the integral J s’Vsdr by (s’s), etc. 

(s’s) = -; -& @2A, -A,)B4 - 2A4B, + A,Bo] 

+$ [AIBs - (2A3 + A,)B, + (A5 + 2AJBz 

- A,Bol 
1 

(la) 

R6 &7 
(s’x) = -- 

16 15d3 ( 
2[A& -(AS + AI)& + &Bol 

+ 5 [AzBG - (2A4 + Ao)Eh + (Aa + 2&B, 

- A.$,1 
I 

(lb) 

(s’y) = (s’z) = -g& {(3A, - 5AJB, 

+ (A, + 3A1)B, - (3A5 - A,)Bo 

++(A -A)(B -B) 2 2 04 6 

+ 6% - A,)(& - Boll UC) 

(x.x)=-g$2A4-AI+Ao)B4 

-(A4+4Az-Ao)Bz 

+(A4+A,)Bo+&A,(Bs-Bo) 
2 

+ (A, + As + Al)(Bz - B4)l 
I 

(Id) 

(x’y) = (x’z) = -g & [(2A, - 3A, + A,)B, 

- (3A4 - 4Az + Ao)B, 

+(A -A)B +%A,-A)B 4 2 0 2 1 6 

-(As + A3 - 2A,)B, 

+ (2A5-AS-A1)B2-(As-AdBol 

(W 

Table 1. Matrix elements of the V and rxV operator9 

Matrix element x-component y-component z-component 

0 
[ 
% 5 - b(s’y) +a(x’y)] y 

[ 
-t[+b(s’z)-a(x’z) (l+~sP) 1 

0 [-;{+;(s’y)-b(x’y)](1+f20SP) [++;(s’z)-b(x’z)]F 

.~~_f(s’s)_$+s’x)-~ 1! -a [+ $s’y)+b(x’y)] (l-y’) [-$+;(s’z)-b(x’z)]+ 

0 
[ 
;[-b(s’y)+a(x’y)]F 

[ 
g [- b(s’z) +a(x’z) 1 (I-cosq7) 

2 

0 [a+b[s’z]-a[x’z]] (l-~q) [-a+b[s’y]-a[x’y]]y 

0 
[ 
-b-;[s’z]+b[x’z] y 

[ 

I] [-b+;[s’y]-b[x’y]] (l-;sv) 

0 -b-;[s.Z]+b[x’z] T 1 [b--j[s’y]+b[Yy]] (‘+~‘) 

0 [-a-b[srz]+a[x’z]](l+y(P) [-a+b[s’y]-a[x’y]]y 

aa = d/6/2, b = d/2/2. 
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(y’y) = (z’z) = g 5 (2A, - 3Az + AO)B, 

- (3A, - 4AZ + Ao)B2 + (A4 - AZ)B, 

+F [(Aa - Al)Be -(AS + A3 - 2A1)B4 

+(~A~--As-A~)B~-(As-A~)BoI 
I 

. (If) 

HerreX’ts’tne’oonXter&n’m &or&c u&s: :c’ts’tne 
orbital exponent; 

A, = A&R) = Lm e--LRx x” dx; 

f 
+1 

a&& = X&j?, =J! 
1 

x?‘ hx =n+>n eve@. 

The integrals involving the operator rxV were 
evaluated following the methods of Moscowitz” 
and Hansen.‘* The integral J s’rxVydz is denoted 
by [s’yl, etc. 

[s’y] = - [s’z] = &, 

[x’y] = - [x’z] = s++ (x’y) 

(2a) 

(2b) 

Here, S,, is the overlap integral between the s 
orbital OD S,_ and tie pr_ ortjti on S, and srin&u@ 
for S,,. The angular momentum matrix elements 
were m&i&d witi r=mt ta the center 0f the 
disulfide bond. 

Numerical values of the two-center integrals 
wene ~&err&ne&?rom~qu&ms :<tr ar&Qj,~us’ngz 
a S-S bond length of 3.9327 a.u. = 2.0816 8, and 
6 = 1.817. These numerical values are given in 
Table 2. 

Rotational strengths for the four n + u* transi- 
tionts were c&&r&& “rrom bre m&zi-zx -&emetis 

using the expressionl* 

R (3) 

Here e.. lz. m anit c are, respectively,. the elecrronic 
charge, Planck’s constant divided by 27r, elec- 

Table 2. Two center integrals used in 
evaluating V and rxV operators’ 

(S’S) = -0.1790 i (x’x) = 0.2770 i 
(s’x)=-o~1741i (x’y)=-0.1206j 
(s’y) = 0.0780 j (x’z)=‘O.l206k 
(s’z) = 0.0780 k 
[s’y] = 0.1500 k [x’y] = 0.0944 k 
[s’z] =-0.15OOk [x’z] =-OGM4k 

“Gradient matrix elements in 
atomic units. Matrix elements for 
rxV operator are dimensionless. 

tronic mass and the velocity of light. E is the energy 
of the electronic transition 0 + i. If E is expressed 
in electron volts and V in A-l (rxV is dimension- 
less), R+,r can be found in units of Debye-Bohr 
magnetons (DBM = 0.9273 X 1O-38 cgs units) from 
the following expression: 

36.5964 
b-91=- E GhlWd - bhlrxWI). (4) 

u^scdBuor stiengtlis can tie cat&.uatea’r~om tlie 
gradient operators using the equation: 

Ih order to calLmate the rotatrbnal~and~oscdlator 
strengths, we need not only the V and rxV matrix 
elements, but also the energies of the n + o* 
transitions. In the Bergson models~lo we are using 
here, it is assumed that the energy differences 
between the various n + u* transitions arise from 
differences in the n orbital energies and not in the 
Coulomb and exchange integrals, and that the u* 
orbital energy is independent of the dihedral angle. 

We note that orbitals n, and n, are actually r- 
type orbitals made up only of sulfur 3p orbitals, 
since the s contributions to the sp3 hybrids on each 
center cancel. Orbitals n, and n, are u-type orbitals 
K& a $Iwd &ri of3s cfraracter. r48 a i?i-st a.qprvxi- 
mation, let us neglect the energy difference between 
s&K 3s @& 3g ur+&als, s!& asS~!zX that the core 
integrals over the n orbitals are simply proportional 
to the overlap integrals 

2;:: 
= I-c0scp!$, (6a) 
= l-~COScpS,, (6b) 

: 
41”s = 1+*coscps,$. (6~) 
nm, = 1+ cos cp s,,. (6d) 

Here we have neglected the small contributions of 
u-type overlap (S, = O-004 vs. S,, = O-1 175). This 
simple picture then predicts that the no* transi- 
tions should be equally spaced on an energy scale 
and separated by 3k cos Q S,,, where k is the pro- 
potiontiiQ tatiur between the resonance tie- 
gral and the overlap integral. We then place 
the center of gravity of the n orbitals at 4*% eV, 
corresponding to a wavelength of 250 nm, which 
is where the nu* transition(s) of open-chain 
disulfides (Q = k 90’) are located (e.g., for 
U-M&, A,,,,, = 250 nm.)13 The proportionality 
constant k can be calibrated using the energy of the 
long-wavelength transition of ghotoxin (Q = 12*3”, 
the average of two molecules in the unit cell13 at 
337 nrn.15 This gives k= - 10.3 eV and kS,, z 
- l-32 eV. 

This picture of four evenly spaced n --+ u* 
transitions is certainly an unrealistic one. The two 
types of lone pair orbit&-the m-type and the u- 
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type are not equivalent in energy. The u-type n 
orbitals are considerably lower in energy and thus 
give rise to n + o* transitions at higher energies 
than the r-type. This problem will be discussed 
subsequently, but for the present, because of the 
uncertainties in the exact energies of the u-type n 
orbitals and hence the position of n, + u* and 
n3 + (+* transitions, we have used the energies 
calculated from the simple model for computing 
rotational and oscillator strengths. Since these 
energies are certainly too low for the n,, n3 + (+* 
transitions, the corresponding R and f values will 
be upper limits. 

0.12 

0.10 

The calculated rotational strengths are presented 
in Fig 2 and the oscillator strengths in Fig 3 as 
functions of the dihedral angle. 

We are also interested in treating the coupling of 
the disulfide chromophore with other chromo- 
phores in complex molecules. This can be done 
using the Kirkwood approximation, as extended 
by Tinoco.” In Tinoco’s formulation, the coupling 
of two transition charge densities is calculated 
using transition monopoles. The transition mono- 
pole charges are defined by the integral 

(7a) 

-0.12 1 I I 

0 30 60 90 120 150 180 210 240 270 300 330 360 

Q 

Fig 2. Rotational strengths of the n + u* transitions as a function of cp, the dihedral angle of the 
disulfide. The relative wavelengths are represented by various types of lines. In order of decreasing 
wavelength: -, ----, . . . . -.-.-. The symbols represent the nature of the transitions: 0, 

n,-* u*;Cl,n,+ u*;O,ns+ o*;U,&-, u*. 

0 30 60 90 ‘120 150 180 210 240 270 300 330 3 

Fig 3. Oscillator strengths of the n + u* transitions as a function of cp, the dihedral angle of the di- 
sulfide. The meaning of the types of lines and symbols is the same as for Fig 2. Note that for the 

n, + u* transition, the oscillator strength has been multiplied by 0.01. 
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where the integral is taken over a restricted region 
elf space in which the basis function &_ and $ have 
the same sign. The position of the iti monopole is 
given by 

(7b) 

In applying this method to the nu* transitions of 
the distide., we encounter monopoles of severai 
types: s --f s, s --, p, pX 9 py, and pX * pX. The 
charges and positions for these various type? of 
transition monopoles between Slater orbitals with 
n = 3 are indicated in Table 3. The monopole posi- 

Table 3. Charges and positions of monopoles 

Position 

Type General” SuIf& Charge’ 

s + Pxd *(7/30 i k 1.03% i f d/3/4 

PX + pye 

Px + PX’ 

(*) ($$)(i+j) (k) 0.9186(ikj) ,’ :;:W 

?(21/80 i k1.1695i - 

“In atomic units (a,, = 052917 A). 5 is the Slater orbital 
exponem. 

bFor the semi-empirical value 5 = 1.188 determined for 
sulfur. In A units. 

cIn units of the electron charge. 
dSimilarly for s + pY, s -+ pz. 
eSimilarly for pX + pz. py -+ p.. 
Similarly for pY + pY, pz + p.. 

tions depend on the effective charge, 4, of the Slater 
orbital, In accordance with previous work>>% we 
have used a semi-empirical 5 value rather than the 
Slater value for calculating interchromophore 
interactions. The semi-empirical 5 value is deter- 
mined by equating the one-center Coulomb 
irfegra1 for D orb&& determined iiom valence 
state ionizalion potentid (VS1P) and electron 
afIinity (VSEA) data to the theoretical value for a 
Slater p orbital, which is directly proportional to 
the parameter 5. Using Hinze and Jaffe’sly VSIP 
and VSEA data, together with Weiss et al.‘sZO 
method for calculating the one-center Coulomb 
integral of doubly-occupied orbitals, we obtain 
(pplpp),, = 9.00 eV. For Slater 3p orbitals, the 
theoretical one-center Coulomb repulsion integral 
is given by 

(PP IPP)~I, = 7.5746 1; (8) 

This leads to I& = 1.19. We have assumed that the 
same semi-empirical orbital exponent holds for the 
3s orbital as for the 3p. 

The monopole charges for the various transitions 
are given in Table 4 in the form of coefficients of 
the basic monopoles, Q~,, q~‘~,, etc. In addition to 

the transitions from the ground state to the n, --* u* 
excited states. transitions bemeen &ese exc&d 
states are included. These must he considered in a 
full treatment of the coupling of the disulfide transi- 
tions with other chromophores in complex mole- 
cules. 

RESULTS AND DISCUSSION 

The Bergson model,g~lo considering its simpli- 
&Zj, ‘Irzcj hi?, RZmfi+&)ij S’cTC~?&&% +ii +&tiffs 
disulfide n + u* transitions. The extension de- 
scribed in this paper to a quantitative treatment of 
rotational and oscillator strengths is also surpris- 
ingly good for the low-energy transitions. However, 
as mentioned above, the assumption which we 
have used concerning the energies of the u-type n 
orbitals is not a reasonable one. 

CD studies4z5 of disulfides incorporated in 6- 
membered ring systems, where 1~1 = 60”, show 
only one transition at wavelengths above 250 nm, 
rather than the two transitions predicted by the 
picture outlined above. Diketopiperazine disulfides 
such as gliotoxin, where 1~1 = lo”, do show two 
long-wavelength transitions,15 one at about 350 nm 
and the other at about 320 nm. At one time, we 
assigned the 320 nm band of gliotoxin to the 
n, -+ u* transition and argued that the failure to 
observe the n2 + u* transition in 1,Zdithiane sys- 
tems was due to the smaller splittings for larger 
dihedral angles and the relative weakness of this 
transition. We are now confident that the 320 nm 
band of gliotoxin is due to a charge-transfer transi- 
tion.21 

Additional evidence that the picture of four 
evenly spaced n + u* transitions in disulfides is 
not correct is provided by recently published data 
from photoelectron spectroscopic studies of I ,2- 
dithianes.22 These data show only two high-lying 
levels, with a spacing which is appropriate for the 
n, and n4 orbitals, i.e., the r-type lone pair MO’s. 

Thus, two types of JoneptiMO’s sbould be con- 
&%erea-‘ft\e 7r-type {n, ana Q ar\iXt\e &type -(nl 
and n,), with the fatter lying at lower energies 
because of their 3s-character. The exact position- 
ing of these u-type orbitals relative to the r-type is 
quite uncertain at present. Yamabe et al. have per- 
formed an INDO-type calculation on H2Sz23 and 
(CH3)2SZ24 for dihedral angles of 0”, 45” and 90”. 
They found that the m-type orbitals behave approxi- 
mately as the simple theory would predict, with the 
center of gravity remaining approximately con- 
stant and a splitting which increases as one goes 
from cp = 90” to 45” to 0”. However, the u-type lone 
pair orbitals behave quite differently. Their center 
of gravity moves upward in energy and the splitting 
decreases as we go from 90” to 0”. As a conse- 
quence, the calculations of Yamabe et al. suggest 
that while for larger dihedral angles (open-chain 
disulfides and 1 ,Zdithianes) there. is an appreciable 
gap between the a-type and u-type non-bonding 
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orbit&, for disulfides n&r the cis conformation 
(e.g., gliotoxin), the u-type orbit& fall between the 
widely split r-type orbitals. 

In addition, Boydz5 has recently reported ex- 
ten&b YGcke5 cihctialjons on Y&& anb )YY&& 
which lead to yet another picture of the disulfide 
orb&&s. His c&z&ions in&icate &at toor cis 
disulfides, n, is the highest filled orbital as expected, 
but that the next highest orbital is analogous to our 
n, c&i& and &a< iC is Chis acXti which becomes 
degenerate with the n, orbital at cp = 90”, rather 
than the n4 orbital. His calculations indicate that 
the n4 orbital is rather strongly bonding in the cis 
conformation and becomes more so as the dihedral 
angle increases. Although Boyd’s calculations, 
which include the effect of sulfur 3d orbitals, give 
oscillator strengths in qualitative accord with 
experiment, we shall see that our picture also is 
capable of explaining the observed disulfide bands. 
Fur&ter expeirmeriralr resdrrs._ua~~cd~a~vpd[a~~- 
tiom ‘h&a anir _dnbro&eCrron SoeCrra. tih’oe re- 
quired to decide among these conti[cting assign- 
ments. 

All of the theoretical treatments are in agreement 
concerning the nature of the long wavelength 
transition for 1~1 < 90”, which is n, + u* in our 
notation. Bergsons, lo originally showed that his 
model explains the marked red shift in the long- 
wavelength transition as the dihedral angle de- 
creases 4mm 90”. In recent years, many more data 
have become availabIe for d&&ides with small 
dihedral angles. In Fig 4 the calculated dihedral 
angle dependence for the long-wavelength band is 
compared with experimental results. It can be seen 
that the model does indeed work very well for pre- 
dicting the position of the long wave’length transi- 
tiom. 

Tne Iran&ion doserveb ‘oy Carma& an6 Meu- 
bet-t4 and by Dodson and Nelson5 at ca 240 nm in 
1,Zdithianes we assign to the n4 + (T* transition. 
The greater senti&%y of tis bancl to extemd 
perturbations, commented on by Carmack and 
Neubert,q was attributed by Linderberg and 
Michl’ to the fact that it is closer in energy to 
perturbing transitions in other chromophoric 
groups. Another factor which emerges from our 
tre&m is 8~2 &&z= 8~ 22, + G-% 2m22&2i351~, khz 
n4 +P* hn3 2r !o~g5 magnet& &pele Wa&tic~ 
moment. Thus, like the carbonyl nm* transition, 
the n4 + u* transition can acquire a large rota- 
tional strength through electric dipole transition 
co~uonert~s’mhnc&~v eXzernzh_uetm~X~rns, 

At present, we cannot definitely assign the other 
twcD n + 0% UanG%ons in any tilsti%hes. Tkils 
point will be discussed more fully below after the 
oscillator sCrength calculations have been con- 
sidered. 

Let us now consider the intrinsic rotational 
strW& 4 Q%% ‘&W&i& Yz.+-%Y* QXfWJ&i.W& 
Linderberg and Michl’ used the Bergsong*‘O model 

WINDY 

3aa 

350 

-? 325 
c 

4- 

275 

JSS 

-X 

+ 

\ 

i 
0 

Fig 4. Comparison of the wavelengths of the lowest 
energy transition observed for disulfides of various di- 
hedral angle with the calculated cp dependence. The 
symbols represent data for: 0, cystinezB and (CH,).&13; 
l , dithianes$ A thioctic acidsand brugine (A. F. Beecham 
et al. Tetrahedron Lert. 15, 1785 (1968)); A, aranotin15; 
0, gliotoxin15; V, sporidesmin (R. Nagarajan, personal 
communk&?&; X, cketocir (i&X.); 0, [Z,?-cystkre]- 

gramicidin SB. 

in a qualitative way to deduce a quadrant rule for 
the no* transitions as a function of dihedral angle. 
They did not proceed with a quantitative treatment 
‘uecause“l’ne mati& hoes ncitloernitt &osdrrite dgztt 
pre&tiions ‘oecause of unceirauity in ‘tne sense of 
the electric dipole transition moment. . . .“? Linder- 
berg and Michl then carried out CNDO calcula- 
Gons on 33,S, to provibe a gnan‘ljra’ljve basis Ear 
their predicted quadrant behavior. 

However, the sense of the electric dipole transi- 
tion moment is arbitrary in any MO calculations, as 
is the sense of the magnetic dipole transition mo- 
ment. It is the scalar product of the two transition 
&Xwz?&?Z# +&ikik &2&w& 2k.?r&i%?2kE& szlvq&-k, 
Xv& LX-+ !cng a?3 2XZ L :sikv ~sPpr~o_:~~~~~~~ 
phase relationship between the two, the Bergson 
model should give qualitatively correct results for 
the absolute sign of the rotational strengths. 

%its’rs’mheeir’tne case. as can’de seenTromYg 
3. The longest wavelength n, + u* transition is 
~&i~c%& XDbaue ajn&+iie mi..Dn& *En*% 
cp between 0” and 90” (right-handed helices) and a 
negative rotational s&n& for up between 230” and 
360” (left-handed helices). This is in accord with 
the empirical rule formulated by Carmack and 
+&&WY %& &j GX&.Yz Wd W&&uX: z?& w&k 
the theoretical CNDO calculations of Linderberg 
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and Michl.’ It also agrees with the generalized sign 
rule for chromophores of C, symmetry propounded 
by Wagniere and Hug.ls2 Their rule states that the 
long wavelength Cotton effect of a right-handed 
chromophore is negative for a transition of A sym- 
metry and positive for one of B symmetry. The 
Bergson model used here leads to B symmetry for 
the longest wavelength transitions in disulfides 
with 1~1 < 90” and A symmetry for those with 
Iv1 > 90”. 

The Bergson model, when applied quantitatively, 
also predicts a quadrant behavior, as anticipated by 
Linderberg and Michl.’ That is, for cp between 
90” and 270”, the longest wavelength transition 
(now the n4 --, cr*) gives a positive rotational 
strength for a right-handed screw sense. This 
quadrant behavior has recently been verified in an 
elegant way by Ludescher and Schwyzer,8 who 
have synthesized an analogue of gramicidin S with 
a disulfide bridge across the cyclodecapeptide 
ring. Models indicate a dihedral angle of ca 120” 
for this disulfide and NMR studies show that the 
disulfide is right-handed. The long-wavelength 
CD band is negative, in agreement with a quadrant 
rule. 

Beyond the qualitative agreement with experi- 
ment, the application of the Bergson model leads 
to numerical values for the rotational strengths 
for the long-wavelength band which are in semi- 
quantitative agreement with experiment.. This is 
illustrated in Table 5, where experimental rota- 
tional strengths for several disulfides are compared 
with the theoretical values. (Unfortunately, quanti- 
tative rotational strengths have only been reported 
for cp = -+ 60” and cp = f. 120”, which according to 
the theory should all have the same absolute 
values.) The agreement is very satisfactory for the 
long-wavelength band. For the short-wavelength 
band, the agreement is satisfactory for 1 and 2, but 
not for the remaining compounds. This can prob- 
ably be attributed to the coupling of the higher 
energy n + u* transitions with other chromo- 
phores. 

Oscillator strengths were also calculated for the 

n + u* transitions as a function of dihedral angle. 
Comparison with the two quantitative reports of 
intensity again shows qualitative agreement for the 
long-wavelength transitions. Carmack and Neu- 
bet-t4 reported anisotropy factors as well as rota- 
tional strengths, from which oscillator strengths 
can be calculated. For their compounds, with 
IpI = 60”, the long-wavelength band had an oscilla- 
tor strength of 0.01 while we calculatef= 0@06 for 
the n, + U* transition. The band at about 240 nm 
had an oscillator strength of 0@03 as compared to 
the calculated value for the n4 + u* transition of 
f = OGO16. Thompson et all3 report an oscillator 
strength of 0.031 for the 250 nm band dimethyl- 
disulfide. This band corresponds to a superposition 
of the n, + u* and n4 + u* transitions, whose 
total oscillator strength is calculated to be 0.0072. 
In both the cp = 60” and the cp = 90” cases, the 
model gives oscillator strengths of the right order 
of magnitude, but too small by factors of 2-4. 
Thus, for the transitions involving the a-type lone 
pair orbitals the Bergson model gives a reasonable 
representation of the absorption intensity as well 
as the rotational strength. 

However, the model does run into difficulties 
with the transitions involving the u-type lone pairs. 
The calculated oscillator strengths for the n3 ---, u* 
transitions lead to an improbably large value, 
f = 0.4-05. The dominant contribution to this 
large oscillator strength is the x-component of the 
gradient operator, i.e., the component along the 
S-S bond. Since the x-component of the magnetic 
dipole operator vanishes for all cp, this has no 
effecton the calculated intrinsic rotational strengths, 
although it will atfect calculations involving the 
coupling of disulfide transitions with transitions in 
other chromophoric groups. 

Thompson et alI3 have reported the absorption 
spectrum of dimethyldisulfide down to 180 nm. In 
addition to the weak 250 nm band, they observed a 
shoulder at about 210 nm (f = O-028) and a strong 
band at 195 nm (f = 0.303). They also comment 
that the 195 nm band is blue-shifted by solvents of 
increasing polarity. Coleman and BlouP have 

Table 5. Comparison of experimental” and calculated* rotational strengths 

ddeg) Unm) RAexp) R,(cdc) Unm) RAexp) R&W 

1 -60 290 -0.21 -0.11 241 +0.11 +0.08 
2 +60 287 +0.16 -to*11 238 -0.14 -0.08 
3 (in CH$&) + 60 288 +0.16 +0.11 241 - 0+65 - 0.08 
3 (in H,O) +60 282 +0*15 +0.11 238 -o&41 -0.08 
4 + 120 272 -0.13 -O*ll 230 + 0.63 + 0.08 

“In DBM. Data for compounds l-3 are from Ref. 4. Compound 1 is (9s. lOS)-rruns-2,3- 
dithiadecalin. Compound 2 is (4R,SR)-4,5-isopropylidenedioxy-1,Zdithiane. Compound 3 is 
(4R,SR)-4,5-dihydroxy-1,2-dithiane. Data for compound 4, which is [2,7-cystine]-gramicidin S, 
is from Ref. 8. 

*In DBM. The calculated value for R, is that for the n, + (T* transition and that for R, is the 
n, --, u* transition. 
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studied both the absorption and the CD of cystine 
in the far UV. Their absorption spectrum of 
cystine agrees well with that of 2,2’-dithiodiethanol 
which they used as a model compound, except for 
a larger absorption by cystine in the 210-220 nm 
region attributable to the carboxylate rm* transi- 
t&, -%e ZbSD@DD SpCCtTa d bDti C)‘S’riDe BY& 

2,2’-dithiodiethanol show a definite inflection at 
about 187 nm, which presumably corresponds to 
the 395mn band of dimethyldisulfide in the gas 
phase. Although Coleman and Blout do not com- 
ment on the point, their spectrum of 2,2’-dithiodi- 
ethanol does appear to exhibit a poorly developed 
shoulder at about 205 nm, which would correlate 
with the 2 10 nm band of dimethyldisulfide. 

These bands observed in disulfides with dihedral 
angles of about 90” may be assignable to the 
np+ S* (200-2JOnm bti} and $0 %S o$--, a* 
( 187- 195 nm band) transitions. This assignment 
would be consistent with the calculations of 
Yamabe et aLz4 Their calculated orbital energies 
fcr ‘4 = PO” would lead us Q errpeci Che n, + a* 
transition about 1 eV higher in energy than the 
degenerate n,, n., + (r* transitions which lie at 
25Q nm, and the G + a* transition would then 
occur at about 2 eV above the 250 nm band. This 
would place the n2 + u* transition at 6 eV (207 
nit-n> an& the n, + m?+ transition at7 ev j177 nn$. 

However, although the assignment of the 190 nm 
band to the nS + <* &~&iun WG&? be c~n&ze& 
with the calculated intensity of that transition, it is 
dil%c& to as&n ‘the 2M nmbana to ‘the n, + u’- 
transition, for its observed intensityI (fobs = O-028) 
is almost 25 times that calculated (f,,,, = 0@012). 

A more plausible interpretation would be that 
the 190 nm band is the disulfide c + u* transition 
and the 205 nm band is the n3 + u* transition, 
whie the n, + w* transition is either overlaid by 
tfe more intense n, -+ ujr SransSon of is aCsome- 
what ionger wavelengths but is not seen because of 
its low intensity. This implies that the theory is 
overestimating the n3 -+ u* intensity. It is not un- 
reasonabe tiat tis sho&b be tie case wXn tin 
simple theory. The principle sources of the large 
iriensity are the large one-center conlribulions of 
the s --, p type. There is good reason13~25~27*28 to 
believe that sulfur 3d orbitals participate in the u* 
orbital to an appreciable extent. Since atomic s + d 
transitions are electrically forbidden, their partici- 
pation would tend to reduce the calculated oscilla- 
tcor s-em. Pti>r$ti>on ti h &6fizhs mi$nX&%D 
explain the underestimation of the oscillator 
strengths for the n, + u* and n4 + u* transitions, 
since atomic p + d transitions are electricaE~ 
allowed. 

For disulfides with small dihedral angles, the cal- 
culations of Yamabe et akx4 would indicate that 
the n, + (+* and n3 + m* transitions should occur 
at about 1.5-1.7 eV above the long-wavelength 
n, + u* transitions. This would place them at 

about 5.2 eV, in the 230-240 nm region. In the CD 
spectrum of diketopiperazine disulfide systems,1s*2g 
there is a very strong band at about 235 nm. This 
band undoubtedly has a large contribution from 
peptide rm* transitions, but the large magnitude 
may contain contributions from other transitions. 
>& &N@LD~ SJX&VXJ &?f ,@D>DS-b’3 dLX+i.Q S&B’ 

appreciable absorption (E = 3500) in the 235 
region, but no maximum or inflection. However 
this region is averlapped by a dkne band at kmger 
wavelengths and the diketopiperazine noun’* transi- 
tions as well as diene transitions at shorter wave- 
lengths. It is therefore possible that one or two 
disulfide transitions of moderate intensity may 
occur in the 235 nm region disulfides near the cis 
cotiormation, but further studies will be required 
to settle this question. 

In SNXQXSy, &E BezgSS xX&+> js VE2.y 3S.EE.E.W- 
ful in accounting for the dihedral angle dependence 
of the long wavelength disulfide absorption bands, 
and also can account satisfactorily for their inten- 
si(y and ratio& &rem. me la&& af ti 
n += u* transitions arising from the o-type n orbi- 
tals is uncertain, but we have suggested that for 
dihedral es neas 90”, one d thee transitj;ons 
(the n3 + u*) is observed at about 205 nm while 
the band at about 190 nm is probably the disulfide 
(r + c’” Wan&ion m success af &is mo&J Xor 
simple disulfides leads us to believe that it will be 
us&z1 iti &e&zg &&We Q-~&iiorrs ifi more cum- 
plex molecules containing other chromophores. 
‘In&eed c&culat’rons on &ketopiperaLme &sz_& 
fideP indicate that this is the case. 
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