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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 — o* transi-
tions of chiral disulfides. Explicit expressions for the gradient and angular momentum matrix elements
for the n — o* transitions as functions of the dihedral angle are presented. Transition monopoles
suitable for the calculation of the coupling of disulfide n — o* 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 chiral 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 — o* transition at 205 nm

and a o — o™ 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 w-electron systems such as dienes,
enones and a-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,*
of Dodson and Nelson,” and of Claeson.® 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 first 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 Schwyzer® have veri-
fied the quadrant behavior of disuifides. 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.”

In this paper, the simple model for disulfides
successfully used by Bergson® !° to account for the
dihedral angle dependence of the absorption band
positions is applied to calculating the intrinsic
rotational strengths of the disulfide n — o* transi-
tions. The Bergson model was used in a qualitative
way by Linderberg and Michl,” 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.?1® 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 disulfide transi-
tions with transitions in other chromophoric groups
in complex molecules.
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Method

We consider the non-bonding orbitals of the di-
sulfide as symmetry-adapted linear combinations of
sp® hyvbrids. Denoting the two hvbrid orbitals on

QRIS QIR MG L aayUiae LRVNGLS Uik

Sl as h3 and h;, and those on S; as h3 and h,, we have
the following linear combinations:

nl=i(h;',“ s—hs+h) a

= i(h)+h}—hy—hy) b,
n; = ‘;(hé+h;+ h3+h4) a;
n,=Hh;—h;+h;—h)) b,

We have also indicated the symmetry of each
orbital in the planar cis conformation (C,,). When
the disulfide is skewed, the symmetry is reduced to
C,. For skewed tisuifdes, n; and n, beong 1o the 2
TEePIeSenianon and n; and n, veYoRE 10 e » repre-
sentation in C; symmetry.

If we denote the sp2 hybrids on S, and S, directed
along the disulfide bond as h; and h,, respectively,
the o* orbital can be written as

1
0‘* =m(h1"h1)
Vi

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

It is useful to examine the electric and magnetic
dipolee-a')')oweb tparacier of ine vanons n—o*
transitions in the planar cis geometry This geome-
try Sexvas 45 4 CURNUMRAL TRIUICR UK, LR~
cially for the common case of acute dihedral angles.
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15 230 serves a5 n vainabie herk oo the E3pres-
sions for the electric and magnetic dipole transition
moments as a function of dihedral angle, in that

these expressions must have the proper limitine

SREVeT CAPITOSIVIIS HIUSL AQVe bl pPROUpPCl alulidip

value as lgol — (. The directions of the electrically
(a) 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 ¢
with respect to the group R,—S,. The angle ¢ 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 ¢ < 180°
corresponds to a right-handed screw sense for the
disulfide.

The hyhrid orhitals of intexest o §, aod §, axe
as follows:

, V3
=W
%S’+X§pxr+(%c sw—%gmmp)pyl
+ (l/é sin (p+ﬁ cos (p)pz:
6 2
) V6 V2.
hi= *&-‘-—'}1 4 7%\‘3"&/\)‘}9

V4 . V2
+(? sin ¢ - cos ‘p)p,,

.II

b, T=F W -n) O
a, n = % (hy-Wy-hy,+ hy)
b, na = % (W54 hi-hy-hy)
ay n, = % ""a"‘lc*ha*ha)
by ————l o, =% (W -+ hi-h)

s—1r

/7N TN

n—g*

Fig 1.

/ ~‘,*\ / \

n—(F*

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 C,, symmetry of the planar
cis conformation. The vectors u and m represent, respectively, electrically- and magnetically-allowed
transitions.
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.
_ %s+%px 0 =5 L [IAB ~ (At A)B.+ ABY
\/3 Ve V2 §R [A:Bs—(2A;+ Ag)B, + (Ag+2A,)B,
%S i + —6— Py + _2—— Pz
—A Bo]} (1b)
b %s_ﬁp (V6 Va2 e
e 2 (s'y)=(s'2) = _EWSC : {(3A3—-5A1)B4
where we have denoted orbitals centered on S, by +(As+3A)B, —(3A;— AgB,
primes and those on S, are unprimed.
Matrix elements of the V and rxV operators were + 4.3 [(A,—AJ)(B,—B
derived, using the hybrid orbitals as a basis set, as a 2 (Az o(Bs—Bo)
function of ¢. These were then combined to obtain
the matrix elements for the n, — o*, n, — o*, etc. +(As—AJB: — Bo)]} (1c)
tr‘ansitions. Formulae for these matrix elements are RS
givenin Table 1. i @)= g {(2 A,— A, + Ag)B,
In order to evaluate the matrix elements given in 16 15
Table 1, the two-center V and rxV integrals over _ —A)B
orbitals on the sulfur atoms must be calculated. (Ast4A:—AdB:
Integrals of this type, involving Slater orbitals of (R
principal quantum number 2, have been worked +(A4+A2)B°+—2_[A3(B"'_B")
out previously and expressions for them are avaijl-
able in the literature. However, we are interested +(A5+A3+A1)(B2——B4)]} (1d)
in Slater orbitals with n = 3. Following the pro- RS 7
cedure of Moscowitz,'! expressions were obtained — NG {
for the integrals involving the operator V. We de- 'y =&z= 3215 (2A4=3A,+ AoB,
note the integral [ s’'Vsdr by (ss), etc. —(3A,—4A,+ Ay)B,
' R® 7 {R
(s's) = ~1645 {2[(2A2 AyB,—2A,B,+ A;B(] +(A,—A,)B, +7 [(As— A,)Bs
—(As;+A;—2A,)B
gR [A.Bs— (2A; + A,)B, + (A5 + 2A)B, . EZZ ? A‘))B‘ A ADB ]}
5 1/D2 T\ Ay) Dy
—ASBO]} (1a) (le)
Table 1. Matrix elements of the V and rxV operators®
Matrix element Xx-component . y-component z-component
ol ¥19,2) 0 [32-besy) +ay) | 25¢ [2 b —atn | E22
WelV1uz) 0 [F5e+aem—boy |12 [2r+ S -boa)| U3
W) 29— Le0-ER [Br-Liey ooy | LD [ 2oy —bn)| B2
(ol V1082) 0 [5e-bsm +aty)| 952 [3-b2) +acea)] L%si)
(| TXV [Y5) 0 [a+b[s'z] —a[x’ z]]———‘ﬁ) [a+bls'y]—a[x'y]l =+ sm ame
(WolTx V[ Y*) 0 [ b—-—[s z]+blx’ z]] sing [—b +§[s'y]—b[x'y]]—%s—‘”
(x| y2) 0 [-o-2isz1+bixar| 95¢ [b—3tsy1+bixy) | (529
(WolrxV|2) 0 [~a—bis'z] +a[x'zn(—”—‘;°iﬂ [-a-+bls'yl—afyl] 22°

%2 =V6/2,b=V2/2.
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0’9 =@2)= 35 15[ A—3A,+ AgB,

- (3A4 - 4A2 + Ao)B2 + (A4 - Az)Bo

R
+ 5 (A — ADBe— (Ag+ A, —2AB,
+(2As—A;—A,)B, — (A;— Ay)By] } . (1f)

Herre 'k '1s tne’vond iengin'w dtonic udits: 'is'ine
orbital exponent;

A = A
Ap= A CK)Y= ] e xiax
+1

2 . N
Xax = o in even.

N |
and B, =BB= ; T

-1

The integrals involving the operator rxV were
evaluated following the methods of Moscowitz!!
and Hansen.? The integral [ s'rxVydz is denoted
by [s'y], etc.

= $S¢«

[s'yl=—1[s"z] (2a)

Ky ==Kz =See—3 (Y (@)

Here, Sy, is the overlap integral between the s
orbitai on S, and the p, orbital on S,, and simuian’y
for S,. The angular momentum matrix elements
were evaluated with respect to the center of tie
disulfide bond.

Numerical values of the two-center integrals
werre aetermined Trom Tqudions ¥11 anh (21, usmz
a S—S bond length of 3:9327 a.u. = 2-0816 A and
{=1-817. These numerical values are given in
Table 2.

Rotational strengths for the four n — o* transi-
tioms were caictharea “wom ‘tue madx dements
using the expression!!

es
Ro.i= —m(%lvlth) - (Y |rxV o). 3)

Here e. h. m and ¢ are. respectively. the eecronic
charge, Planck’s constant divided by 2w, elec-

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

(s's) =—0-1790i (x'x) =0-2770i
(s'x) =—0-1741i (x'y)=—0-1206j
(s'y) =0-0780 x'z2) ==0-1206 k
(s'2) = 0-0780 k

[s'y1=0-1500k [x'y]=0-0944k

[s'z) =—0-1500k [x'z] =—0-0944k

%Gradient matrix elements in
atomic units. Matrix elements for
rxV operator are dimensionless.
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tronic mass and the velocity of light. E is the energy
of the electronic transition O — i. If E is expressed
in electron volts and V in At (rxV is dimension-
less), Ry,; can be found in units of Debye-Bohr
magnetons (DBM = 0-9273 X 10738 cgs units) from
the following expression:

36- 5964

Ro.i = Wol V) - (| rxV|1hy). 4

Usciilator strengtlis can be caiCulated tfom thie
gradient operators using the equation:

c no.«

= (ol V. &)

fO-»i -

In order to calculate thie rotational and osciilator
strengths, we need not only the V and rxV matrix
elements, but also the energies of the n— o*
transitions. In the Bergson model®-'® we are using
here, it is assumed that the energy differences
between the various n — o* transitions arise from
differences in the n orbital energies and not in the
Coulomb and exchange integrals, and that the o*
orbital energy is independent of the dihedral angle.

We note that orbitals n, and n, are actually =-
type orbitals made up only of sulfur 3p orbitals,
since the s contributions to the sp® hybrids on each
center cancel. Orbitals n, and n; are o-type orbitals
with a good deal of 3s character. As a first approxi-
mation, let us neglect the energy difference between
sulfur 3s and 3p orbitals, and assume that the core
integrals over the n orbitals are simply proportional
to the overlap integrals

Spm = 1—c08 ¢ Sy (6a)

=1—4cose S, (6b)
Sm,,a =1+4cos ¢ Syy (6c)
Spme = 14cos ¢ Syry. (6d)

Here we have neglected the small contributions of
o-type overlap (S, = 0-004 vs. S;., = 0-1175). This
simple picture then predicts that the no* transi-
tions should be equally spaced on an energy scale
and separated by %k cos ¢ S,y where k is the pro-
poruonaiity factor ‘tetween the resonance mte-
gral and the overlap integral. We then place
the center of gravity of the n orbitals at 4-96eV,
corresponding to a wavelength of 250 nm, which
is where the no* transition(s) of open-chain
disulfides (¢ ==+90°) are located (e.g., for
(CH2.S2 Amax = 250nm.)*® The proportionality
constant k can be calibrated using the energy of the
long-wavelength transition of gliotoxin (¢ = 12-3°,
the average of two molecules in the unit cell'*) at
337 nm."> This gives k=—10-3eV and kS, =
—1-32eV.

This picture of four evenly spaced n — o*
transitions is certainly an unrealistic one. The two
types of lone pair orbitals —the =-type and the o-
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type are not equivalent in energy. The o-type n
orbitals are considerably lower in energy and thus
give rise to n — o* transitions at higher energies
than the #-type. This problem will be discussed
subsequently, but for the present, because of the
uncertainties in the exact energies of the o-type n
orbitals and hence the position of n, —» o* and
n; — o* 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,, n;, — o*
transitions, the corresponding R and f values will
be upper limits.

0.2
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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

Gion = [ bathrdr; (7a)
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Rotational strengths of the n— o* transitions as a function of ¢, the dihedral angle of the

disulfide. The relative wavelengths are represented by various types of lines. In-order of decreasing

wavelength: - y — . The symbols represent the nature of the transitions: 0,
n,—>tr Dnz—nr ;@,n;— o*; B, n, — o*.
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Fig 3. Oscillator strengths of the n — o* transitions as a function of ¢, 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; —> o* transition, the oscillator strength has been multiplied by 0-01.



...... LN, | P S

wncw l.LlC micgiai lb l.d.Kt:ll overa fcbu'lblcu I'CglUIl
of space w which the basis function @, and @y have

the same sign. The position of the ith monopoie is
given by

Fioa = "=~ (Tb)

In applying this method to the no* transitions of
the disulfide. we encounter monopoles of several
types: S = s, s — p, Py —> Py, and px —> py. The
charges and positions for these various types 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® Sulfur® Charge*
s—pd  x(73Yi +1-0396i +V3/4
PP ( 32§)(n @ 09186 (%)) =127
Px—pd  £QU8DI +1-1695i +12

*In atomic units (a, = 0-52917 A). ¢ is the Slater orbital
expaner.

*For the semi-empirical value { = 1-188 determined for
sulfur. In A umits.

In units of the electron charge.

4Similarly for s — py, s — p,.

€Similarly for py — p,, Py = Pa.

fSimilarly for py — py, Pz — P

tions depend on the effective charge, {, of the Slater
orbitat. In accordance with previous work.'* we
have used a semi-empirical { value rather than the
Slater value for calculating interchromophore
interactions. The semi-empirical { value is deter-
mined by equating the one-center Coulomb
irtegraf for p orbitals determined from valence
state ionization potentiar {V3iP) and eieciron
affinity (VSEA) data to the theoretical value for a
Slater p orbital, which is directly proportional to

[P PP, citig IXicn oo TP 189 Y QTD
ulc palalieicl l_., Ublllg ﬂlllLC auu Jdllc by YOl

and VSEA data, together with Weiss er al.’s*®

method for calculating the one-center Coulomb
mtem-a_l of dmlhlv-nr‘mlmpd orbitals, we obtain

(pplpp)se =9-00 eV For Slater 3p orbitals, the
theoretical one-center Coulomb repulsion integral
is given by

(Pp|PP)n = 7-5746 { ®)

L = 1-19. We have assumed that the

This leads to £

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, qyy, Qo> €tc. In addition to

R. W. Wooby

mc ir; dllSlllUIlS II'OlTl me gI' Ol.lllﬂ state to me n — O’
excited states. transitions between these excited
states are included. These must be considered in a

full traatment of the connling of the dicnlfide tranei-
v reaimens of (€ Coup:ng O 1n€ QIsLnGe rans:

tions with other chromophores in complex mole-
cules.

RESULTS AND DISCUSSION
The Bergson model,* ! considering its simpli-

g, hon heen ':e'.-'e'.'z-..*’s:z.-’:-'-'é weaeResyih m fmeating
disulfide n — o* 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 o-type n
orbitals is not a reasonable one.

CD studies*? of disulfides incorporated in 6-
membered ring systems, where |¢] = 60°, show
only one transition at wavelengtiis above 2530 nm,
rather than the two transitions predicted by the
picture outlined above Diketopiperazine disulfides
such as gliotoxin, where |¢| = 10° do show two
long-wavelength transitions,!® one at about 350 nm

and the other at about 320 nm. At one time, we
assioned the 320nm band of gliotoxin to the

assigilSe IS D2V I Vallld © paROA 0

n, — o* transition and argued that the failure to
observe the n, — o* transition in 1,2-dithiane 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.#

Additional evidence that the picture of four
evenly spaced n — o* transitions in disulfides is
not correct is provided by recentiy pubiished data
from photoeiectron spectroscopic studies of f,2-
dithianes.?* These data show only two high-lying
levels, with a spacing which is apprcpriate for the
n, and n, orbitals, i.e., the 7-type lone pair MO’s.

Thus, two types of Jone pair MOQO’s shonld be con-

ddered—the w-type (o, and o) and the a-type (o,

AL — LS LU Y L SRELL e

and ng), with the latter Iymg at lower energies
because of their 3s-character. The exact position-
ing of these o-type orbitals relative to the 7-type is
quite uncertain at present. Yamabe et al. have per-
formed an INDO-type calculation on H,S,*® and
(CH,),S,** 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 bpuu.mg which increases as one BOCs
from ¢ = 90° to 45° to 0°. However, the o-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 er al. suggest
that while for larger dihedral angles (open-chain
disulfides and 1,2-dithianes) there is an appreciable
gap between the w-type and o-type non-bonding
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orbitais, for disuifides near the cis conformation
(e.g., gliotoxin), the o-type orbitals fall between the
widely split 77-type orbitals.

In addition, Boyd?® has recently reported ex-
tenched Tncke) cacihanons on ¥1.3. anb 1IUTN,S.
which lead to yet another picture of the disulfide
orbiwgls. s calculations wndicate Tnat for cis
disulfides, n, is the highest filled orbital as expected,
but that the next highest orbital is analogous to our
n, crhital aad chac i« s s achital which decames
degenerate with the n, orbital at ¢ = 90°, rather
than the n, orbital. His calculations indicate that
the n, 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
osciltator strengths in qualitative accord with
experiment, we shall see that our picture alsc is
capable of explaining the observed disulfide bands.
Furtner expetumendi resuits. partcdialty pdiacza-
tiom gdta ana dadioéiectron §oedtra. Wikl ‘ve re-
quired 1o decide among Tnese conflicting assiga-
ments.

All of the theoretical treatments are in agreement
concerning the nature of the long wavelength
transition for |¢| < 90°, which is n, = o* in our
notation. Bergson®:!® originally showed that his
model explains the marked red shift in the long-
wavelength transition as the dihedral angle de-
creases from 99°. In recent years. many more data
have become available for disuifides with smaii
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 wavelength transi-
tiomn.

T'ne ‘uansiiion doserved 'oy Carmack and New-
bert* and by Dodson and Nelson® at ca 240 nm in
1,2-dithianes we assign to the n, — o* transition.
The greater sensiivity of fms Pand 10 exiemah
perturbations, commented on by Carmack and
Neubert,* 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@ivnony 2F Jnal RENRe e iy — o WRRSion, e
n, —-2* has o lorge megretic dipele Hansitien
moment. Thus, like the carbonyl n#* transition,
the n, — o* transition can acquire a large rota-
tional strength through electric dipole transition
cormpaunerits inqucel gy externdt petwaloations.

At present, we cannot definitely assign the other
two n —> o yransinons 1 any sohdes. Tms
point will be discussed more fully below after the
osciffator strength cafcufations have been con-
sidered.

Let us now consider the intrinsic rotational
streupds, O e dnulice w— <7 wmsiins.
Linderberg and Michl? used the Bergson? ' model

R W. Woppy
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Fig 4. Comparison of the wavelengths of the lowest
energy transition observed for disulfides of various di-
hedral angle with the calculated ¢ dependence. The
symbols represent data for: O, cystine?® and (CHj,),S,'%;
@, dithianes?; A thioctic acid® and brugine (A. F. Beecham
et al. Tetrahedron Lett. 15, 1785 (1968)); A, aranotin'®;
@, gliotoxin'®; V¥, sporidesmin (R. Nagarajan, personal
communication); X, chaetocinn (bid}; T, [2,7-cystine]-
gramicidin S8.

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 guantitative treatment
'vecause“Tne moaéi Goes ndt verniit dusdiute sggn
prediiciions ‘because Of uncertainty n the sense of
the electric dipole transition moment. . ..”” Linder-
berg and Michl then carried out CNDO calcula-
nons on N,S5, 10 provide a pnandianve vasis jor
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
TGRSR W DETETIRNRES UIE FOVALIGRED SUromEte,
and-ag leng as care io taleen to-preserve the preper
phase relationship between the two, the Bergson
model should give qualitatively correct results for
the absolute sign of the rotational strengths.

"Trits '8 wkeed the case. as can've seeatrom T g
3. The longest wavelength n, — ¢* transition is
pretivied 10 ‘Dave 2 PUSHIve TUrENODE Suenyin jor
¢ between 0° and 90° (right-handed helices) and a
negative rotational strength for p between 27¢° and
360° (left-handed helices). This is in accord with
the empirical rule formulated by Carmack and
X and &y Dydsun wd XMy 1nd sl
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.!-2 Their rule states that the

lone waveleneth Cotton effect of a richt-handed

AV TALESEE LAUMURE VLAY LR 8 HpARSRalSY

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 |¢| < 90° and A symmetry for those with
le] > 90°.

The Bergson model, when applied quantitatively,
also predicts a quadrant behavior, as anticipated by
Linderberg and Michl.? That is, for ¢ between
90° and 270° the longest wavelength transition
(now the n, — o*) 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,® 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 ¢ =+60° and ¢ = = 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 — ¢* transitions with other chromo-
phores.

Oscillator strengths were also calculated for the
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n — o* 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-

long-wavelength transitions. Carmack and 1}
bert4 reported anisotropy factors as well as rota-
tional strengths, from which oscillator strengths
can be calculated. For their compounds, with
|| = 60°, the long-wavelength band had an oscilla-
tor strength of 0-01 while we calculate f = 0-006 for
the n, — o* transition. The band at about 240 nm
had an oscillator strength of 0-003 as compared to
the calculated value for the n, — ¢* transition of
f=0-0016. Thompson et al'® report an oscillator
strength of 0-031 for the 250 nm band dimethyl-
disulfide. This band corresponds to a superposition
of the n, — o* and n, — o* transitions, whose
total oscillator strength is calculated to be 0-0072.
In both the ¢ =60° and the ¢ =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 n-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 o-type lone pairs.
The calculated oscillator strengths for the n; — o*
transitions lead to an improbably large value,
f = 0-4-0-5. The dominant contribution to this
large oscillator strength is the x-component of the
gradient operator, i.e., the component along the
S—S8 bond. Since the x-component of the magnetic
dipole operator vanishes for all ¢, this has no
effect on the calculated intrinsic rotational strengths,
although it will affect calculations involving the
coupling of disulfide transitions with transitions in
other chromophoric groups.

Thompson et al'® 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 = 0-028) 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 Blout?® have

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

o(deg)  M(nm)  Ry(exp) Ry(calc) Aynm)  Rilexp)  Ry(calc)
1 —60 290 —0-21 —0-11 241 +0-11 +0-08
2 +60 287 +0-16 +0-11 238 -0-14 —0-08
3(in CH,Cl,) +60 288 +0-16 +0-11 241 —0-065 —0-08
3(in H,0) +60 282 +0-15 +0-11 238 —0-041 —0-08
4 +120 272 -0-13 —0-11 230 +0-63 +0-08

“In DBM. Data for compounds 1-3 are from Ref. 4. Compound 1 is (9S, 10S)-trans-2,3-
dithiadecalin. Compound 2 is (4R,5R)-4,5-isopropylidenedioxy-1,2-dithiane. Compound 3 is
(4R,5R)-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, — o* transition and that for R, is the

n, — o* 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 nx™* transi-
tion. The dosorphon specira o 'poip £ysHne apb
2,2'-dithiodiethanol show a definite inflection at
about 187 nm, which presumably corresponds to
the 195nm 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 210 nm band of dimethyldisulfide.

These bands observed in disulfides with dihedral
angles of about 90° may be assignable to the
ne — s¥ (200-210nm bandd 208 1o the B, — o
(187-195 nm band) transitions. This assignment
would be consistent with the calculations of
Yamabe ez al.?* Their calculated orbital energies
fcr ¢ = 90° would (ead us ta exgect the a, — a*
transition about ieV higher in energy than the
degenerate n,, n, — o* transitions which lie at
250 nm, and the n, — ¢* transition would then
occur at about 2 eV above the 250 nm band. This
would place the n, —> o* transition at 6eV (207
nim) and the n, — o* wransition at7 eV {177 nm).

However, although the assignment of the 190 nm
band o the n; — * transttion Wewd be consistent
with the calculated intensity of that transition, it is
difiicut 1o assign the 205 am vand o the 0, —» o*
transition, for its observed intensity®? (f,,, = 0-028)
is almost 25 times that calculated (f,4;, = 0-0012).

A more plausible interpretation would be that
the 190 nm band is the disulfide ¢ — o* transition
and the 205 nm band is the n; — o* transition,
while the n, — o* transition is either overfaid by
tte more inrense n, — o* rransition or is ar some-
what jonger waveiengihs dut 1s not seen because of
its low intensity. This implies that the theory is
overestimating the n, — o* intensity. It is not un-
reeasondoie Tnal Tms snod ‘pe ‘Ine case wiln Tms
simple theory. The principle sources of the large
irtensity are the farge one-center contributions of
the s — p type. There is good reason'-2%:27-28 to
believe that sulfur 3d orbitals participate in the o*
orbital to an appreciable extent. Since atomics — d
transitions are electrically forbidden, their partici-
pation would tend to reduce the calculated oscilla-
tor sirengin, Tarmcpanon ol b viviidhs MiEm dso
explain the underestimation of the oscittator
strengths for the n, — o* and n, — ¢* transitions,
since atomic p — 4 trangitions are electricaity
allowed.

For disulfides with small dihedral angles, the cal-
culations of Yamabe ef al2* would indicate that
the n, — o* and n; — o* transitions should occur
at about 1-5-1-7e¢V above the long-wavelength
n, — o* transitions. This would place them at

R. W. Woopy

about 5-2 eV, in the 230-240 nm region. In the CD
spectrum of diketopiperazine disulfide systems,%-2°
there is a very strong band at about 235 nm. This
band undoubtedly has a large contribution from
peptide nw* transitions, but the large magnitude
may contain contributions from other transitions.
Dpe IDSOTPRIOD SPECIXDmM OF ZVDIoIIN™ Does Show
appreciable absorption (e = 3500) in the 235
region, but no maximum or inflection. However
this region is overlapped by a diene band at longer
wavelengths and the diketopiperazine w#* 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
conformation, but further studies will be required
to settle this question.

In sumomery, the Bergson mode!d is very success-
ful in accounting for the dihedral angle dependence
of the long wavelength disuifide absorption bands,
and also can account satisfactorily for their inten-
sity and rvatational strengtl. The {acatian of the
n — o* transitions arising from the o-type n orbi-
tals is uncertain, but we have suggested that for
dihedral angles near 90°, ane of these transitions
(the n; — o*) is observed at about 205 nm while
the band at about 190 nm is probably the disuifide
o — ¢* transition. The success of this model for
simple disulfides leads us to believe that it will be
usehn it reating Gisuttide WwansttiGHs it MAre Cotti-
piex molecuies containing other chromophores.
1ndeed, cdculations on dikevapiperazine disul-
fides?! indicate that this is the case.
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