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Abstract-An examination of the rotatory properties of a number of steroidal episultides and 
oxathiolanes leads to an important generalization, which is deduced from a semi-quantitative treat- 
ment of the n-u* transition. The sector rule relates the sign and amplitude of the Cotton effect 
exhibited by episultides and oxathiolanes to the disposition of atoms in space about the sulfur atom. 

IN PREVIOUS paper9 we have reported that steroidal episubides have a Cotton effect 
at about 260 rnp, but no theoretical interpretation of the results has been advanced. 
Subsequently, Bays et ~1.~ have discussed the CD curves of some episullides in terms 
of a simplified orbital diagram. 

We have now measured the ORD curves and the CD curves of a large number of 
steroidal episulfides. Some of these compounds are particularly favourable for the 
study of the optical properties because the rotatory contribution of a methyl group at 
different positions around the chromophore can be estimated by means of a compari- 
son of a series of compounds. The episulfides show regular patterns of rotatory 
contribution comparable with those shown by ketones. The pattern can be inter- 
preted by a semiquantitative treatment based on molecular orbital theory. 

From the theoretical standpoint,4 the rotational strength RK affords a useful 
measure of the asymmetry of the surroundings of the chromophore: the concomitant 
asymmetry induced in the electron distribution within the chromophore can be 
deduced from the calculation of Rir. The rotational strength RK is related to the 
expression for the wave function of the optically active molecule by 

RK = I,(Nbei K)(KIA,AN) (1) 

where N and K are the wave functions for the electronic states N and K respectively, 
“I,” denotes the imaginary part of the expression, and ps and k are, respectively, the 
electronic and the magnetic dipole operators. The operators, rue and h, are 

cc0 = er 

Pm=&c(r X PI (2) 

r K. Take& T. Komeno, N. Tokutake and Y. Kanematsu, Chem. Pharm. Ball. 13,687 (1965). 
* C. Djerassi, H. Wolf, D. A. Lightner, E. Bunnenberg, T. Takeda, T. Komeno and K. Kuriyama, 

Tetrahedron 19, 1547 (1963). 
8 D. E. Bays, R. C. Cookson, R. R. Hill, J. F. McGhie and G. E. Usher, J. C/rem. Sot. 1563 (1964). 
4 C. Djerassi, Optical Rotatory Dhpersion: Applications to Orgmrlc Chemistry. McGraw-Hill, 

New York (1960). 
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As we are primarily interested in the sign of the Cotton effect rather than placing 
emphasis upon its absolute magnitude, the wave functions at the position of nuclear 
equilibrium are adopted in the calculation of RK. Moreover, it is assumed that the 
molecular orbitals can be expressed as linear combinations of atomic orbitals $r on 
centers r, 

Under these conditions, the electric transition moment becomes 

ye = ( N Ipel K > 

(4) 

where 

The integrals ql are replaced roughly by the coordinate of the atom i. If the integrals 

rtl are neglected, just as the overlap integrals Sri = #r#l dz are neglected, equation 

(4) becomes 

Also the magnetic transition moment pm becomes 

Then, the calculation of R, resolves itself into the calculation of the molecular 
orbit&. Since our main concern here is with signs, we shall be content with the 
simple LCAOMO calculations. In most simple LCAO-MO methods it has been 
found convenient to represent the Coulomb and the resonance integrals by expressions 
of the type: 

and : 

where a,, and Do are standard parameters, usually those of benzene, and hr and krs are 
arbitrary constants. 

We assumed, for the sake of simplicity, that the 3p orbitals 3pX and 3p, of the 
sulfur atom are connected to two carbon atoms whose orbitals are described by the 
same hybridization as in cyclopropane. 5 Also the donor orbitat of a substituent is 
capable of overpalping slightly with both the o orbitals and the lone-pair orbital 
3p,, of the sulfur atom. Thus, the classification of orbitals into n and u no longer 
holds in the strictest sense, for the effect is to mix some o character with non-bonding 
orbital n. The effect of this small amount of admixed a-character is to cause the 

6 J. E. Kilpatrick and R. Spitter, J. Chem. Phys. 14,463 (1946). 
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n-u* transition. (We neglect the possible mixing of 3d orbitals.) The geometry* and 
the framework orbital notation of the episutide ring are indicated in Fig. 1. 

The coulomb integral for each orbital of the episulfide is estimated from its 
ionization potential,’ and the resonance integral is assessed so that this integral is pro- 
portional to the overlap integral. As a further simplification, we shall use the 2s 
orbital of carbon atom for the donor orbital of the substituent. The episulfide ring 
has two symmetry planes : the plane of the ring and the plane AA’ perpendicular to it. 

A 

FIG. 1. The geometry and the frame work orbital notation of the episulfide ring. 

Therefore, it is sufficient for us to examine the rotatory contribution of a substituent 

only above the plane of the ring in the spaces, P, Q, R and S divided by four planes 
AA’, XX’, BB’ and YY’. Now, we consider that there is a substituent at a fixed 
distance from the sulfur atom; its positional vector makes a fixed angle from the 
Z-axis. Under these conditions, we solved the secular equation, using the parameters 
listed in Table 1. 

TABLE 1. COUU)MBI~RALSANDRESONANCEINTEGRALS 

a1 = a,= a0 + O.l& A* = PI4 = 1*7f90 
a1 = a, = a0 + 0*7/4 
aI = a0 

;, 1 f;, 0.5A 

01~ = a0 + 3B0 s:: = o:,i 

pi6 (i # 5) varies depending on the position of the substituent. 

The resulting energy level diagram is shown in Fig. 2. 
The molecular orbital calculations indicate that there are two exited states in the 

episulfide chromophore; one with an A symmetry in group C, of the molecule, as*, 
and the other with a B symmetry, 05*. As the unoccupied level, ah*, lower than the 
os* level, a low-intensity band at about 260 rnp is thus due to the promotion of one of 
the nonbonding pair of electrons on the sulfur atom to the Us* level. The higher-energy 
absorption band, n-u,,*, must be in the shorter wavelength region. Actually, as shown 
in Fig. 3, we note that the Cotton effect centered near 205 m,u is detected by both ORD 
and CD, although the corresponding maximum in the ultraviolet spectrum is not 
detectable owing to the presence of strong absorption bands of shorter wavelengths. 
The MO’s of the episulfide for n, ug* and ue* levels are summarized in Table 2. 

’ G. L. Cunningham, Jr., A. W. Boyd, R. J. Myers, W. D. Gwinn and W. I. Levan, 1. Ckm. Phys. 
19, 676 (1951). 

’ J. Hinze and H. H. Jaffb, J. Am. Gem. Sot. 84,540 (1962). 
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FIG. 2. The energy-level diagram for episulfide chromophore. 

0 

0 

‘\ m 
-3r 

methanol 

FIG. 3. ORD (- ), CD (- - -), and UV absorption (-.-.-) curves of 2j%methyl-17/Y- 
hydroxy-5a-androstan-2a,3a~pisulfide (VI) in methanol. 

If we choose an arbitrary reference point at the sulfur atom, the electric t(e, and 
magnetic transition moment, pm, are calculated from Eq. (6) and (7) using the wave 
function listed in Table 2. By scalar multiplication of (6) and (7), the rotational 
strength R,,D is found. From the result, the signs of the contributions made by the 
atoms (alkyl groups) in different sectors are given in Fig. 4A for n-a,* and in Fig. 4B 
for n-a,* transition. The signs given are those above the plane of the episulfide ring. 
However, the boundary lines are not so definite. 
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TALILE~ 

An electron-donating substituent in the upper p sector 

Qua* = +0.563+1 - 0443+, + 0.550+, _ o.427+, _ o+,0366 + o.047~~ 
‘pa,* = -0.499#1 + 0*483+, + 0.5194, _ 0.497+, + 0.004+, _ o.~5~, 
Qn = -@007#1 + 0~003~, + 0.002+* + O.W, _ 0.999+5 + o*033+e 
An electron-donating substitwnt in the “pper Q sector 

v”6* = +0*557+, - 0.436+, + 0.558,#* _ 0.4354, + o.001d6 _ o.ol~~ 
Q%+ = -0.510+1 + 0.4904, + 0.510+* _ 0.49, _ o.W, _ o.ooo~, 
Qn = +oW&#, + 0.OQ3+* - o.ool+l - Oao2~, - 0.999+6 + 0.034#, 
*n &&on donating substitmnt in the upper R sector 
‘pa** = $0.5564, - 0.4344, + 0.5594, _ 0.43&#,, + 0.001~~ _ o.o14~, 
Q%* = -O-512+, + 0.4904, + 0.509+~ _ 0.4889, _ o.002+6 + o.o19~~ 
Qn = +0*001+, + 0+3024, + 0.001+* - 0.0034, _ Oqg9+& + o.033+, 

An electron-donating substhud in the upper s sector 

Q%+ = +0’556’#, - 0.4344, + 0.558& _ 0.4364, _ o.0014, + o.0224, 
‘pus+ = -0.51141 + o-490+, + 0.5094, _ o.4894, _ o~oo141 + o.ol~, 
QII = -@ool4, + o* - 0.0014, + 0.0034, _ @99946 + oa3348 

A(n -a,*) D B(n-d,+) 

FIO. 4. The signs of the contributions made by the atoms in different sectors above the 
plane of episulfide ring for the n-u,* transition (about 260 rnp) (4A) and for the n-u,* 

transition (4B). 

It is necessary to consider two views of each molecule in order to predict the sign 
of its Cotton effect from the episulfide rule. These are (a) the view along the bisectrix 
of the c-s-c angle and (b) the view of the molecule from above, projected on to the 
plane of the episullide ring. In Table 3 are collected the ORD and CD data together 
with some relevant spectral measurements for the 2a,3a-episultide and its derivatives. 
Projections for 178 acetoxy-5a-androstan-2a,3a-episulfide (1) are shown (la) and (lb) 

8: a!+ 
H 
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When the molecule is viewed along the bisectrix of the c-s-c angle, it lies entirely in the 
back upper sector (la); projection (lb) shows that all atoms except atoms 4, 5, 6, 7 
lie in the region of negative contribution. This is in keeping with the experimental 
results, a = -70 [13]!$$: -5990 in dioxan. 

OR 

cl.i’l‘: 

TABLE 3. OPTICAL DATA FOR 2a,32-msumm ~EMyA77vE.5 

S 
.a 
*. 

k 

Substituent 
ORD CD uv Sign of second 

a Aa Imax [e] x IO-’ A[01 X lo-’ &,,.I E Cotton effect 

R = AC 
none (I) -66 - 270 -37.30 - 267 40 + 
2B-CHs (II) -38 +28 271 -14.30 +23.0 263 30 + 
3#?-CH, (III) -124 -58 273 -77.20 -39.9 270 158 - 
1 a-CH, (IV) $31 +97 262 +27.30 i64.6 262 74 + 
R=H 
none (V) -70 - 269 - 59.9 267 44 + 
2,%CHI (VI) -37 +33 270 -24.9 +35 267 58 + 
1 a-CH* (VII) +35 105 263 $38.4 +98.3 263 96 + 

Introduction of Z/?-methyl group gives the positive contribution to the amplitude 
and the [0] maximum of the 260 rnp Cotton effect; Aa + 33, A[&,, +3500. This 
is just in keeping with the expectation that the 2/Smethyl group in the lower p-sector 
makes positive contribution. For the 3/3-methyl group a negative contribution would 
be predicted by the rule. In fact the 3,Smethyl group makes a negative contribution 
to the magnitude of the 273 rnp Cotton effect; Aa -25,A[8] -2030. We would 
expect a large positive contribution of the la-methyl group because it lies in close 
proximity to the sulfur atom in the region of positive contribution. The amplitude 
contribution, Aa 105, of the la-methyl group is in accord with our prediction. 

The data for 17/?-hydroxy-5a-androstan-2/?-3/%episilfide (VIII) and its methyl 
derivatives (VIII-XI) are summarized in Table 4. In 2/$3/?-episulfide (VIII), as shown 
in its projections (VIIIa, VIIIb), the rings A and B and the rings C and D lie nearly 
symmetrically in regard to AA’ and YY’ planes, respectively, so that the rotatory power 

s a+ 
H 

VIII - - - % 
_ __ ____._ 

‘. I : I 

-. ,’ 

‘, 
\ : ,’ 

,’ \ \ w ,3 ’ \ ,’ 
‘\ I ’ 

I\ ’ 
\ ,’ 

__. Id S’ 



Thiosteroids-18 (bile acids and steroids XXXIII) 1045 

OH 

TABLE 4. OPTICAL DATA FOR ~/&~/%EPISULFIDE DERIVATIVES 

ORD CD uv 
Substituent Aa 1,., 

Sign of second 
a [e] x 10-l A[01 x lo-* A,,,., E Cotton effect 

none (VIII) f3 263 +4.1 26648 - 
h-CH, (Ix) +58 -61 276 -51.4 -55.5 271 65 - 
3aCHI (X) +32 +29 273 + 32.4 +28.3 268 70 + 
1 a-CHI (XI) +51.5 +48.5 269 +42.5 +38.4 269 66 - 

of the n-a,* transition will be zero or very weakly positive. Thus the observed weakly 
positive Cotton effect is understandable. In passing from 2,9,3/Sepisulfide (VIII) to its 
2a-methyl derivative (IX), the change in the rotatory power of n-u,* transition is 
associated with the effect of the 2a-methyl group: Its negative contribution is under- 
standable from the position of the Za-methyl group entering into the negative region. 
On the other hand, the 3a-methyl group gives the positive contribution, as expected 
from its projected location. In la-methyl-l7~-hydroxy-5a-androstan-2~,3~-episulfide 
(XI), the 1 a-methyl group enters into the positive region, so that its positive contribu- 
tion results. 

The sign and magnitude of the rotational strengths of the other steroidal episulfides 
is all explained by the episulfides sector rule, as shown in their projections. 
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Oxathiolanes,* in which the chromophoric ring is fused to the steroid skeleton, 
have an optically active transition near 250 rnp as shown in Fig. 5, and it has been 
noted that the sign of the Cotton effect depended greatly on the chirality of the 
chromophoric ring. 

If the nature of the transition near 250 rnp is to be the same as that of episulfides 
the sector rule must be applied to predict the sign of the 250 rnp Cotton effect. This, 
in fact, is the case. The rule gives consistent predictions in agreement with the obser- 
vation. For example, in the case of the 2p(s), 3a(o)-acetonide (XXII) which shows a 

‘@I,, + 2620 

__ XX10 

W-47 

,& ___d+---- XXI, 

eH xxm ‘\\ ; , 

[91*ba+3950 &y*” wb 

7e s 
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, ’ I \ 
I I ’ / I 
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‘1 \ , 

[@ 1252 -6770 
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,I’ 

mb 
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positive Cotton effect (a = -i-29,[0]g: +2652), the projections indicate that the large 
positive contributions of the atom 3 overweigh the negative contributions of atoms 1, 
10, and 19 and the C and D rings. Cholestan3a(o),4z(s)-acetonide (XXIV) has a 
negative Cotton effect (a-110, [0]!$$: -6770). Its projections show that all atoms 
except C-l lie in the negative region. 

* D. A. Lighner, C. Djerassi, K. Takeda, K. Kuriyama and T. Komeno, Tetrahedron 21,158l (1965). 
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From above examples, it will probably be understandable that the sector rule 
is applicable to the sign predictions of the 250 m,u Cotton effect of the steroidal 
Spiro-oxathiolanes. If the conformations of these hemithioketals are known, or if a 
substituent making alarge rotatory contribution is in the neighbourhood of the chromo- 
phore, the sector rule can be used to serve for the prediction of the sign of the n-u* 
Cotton effect. 

We have hitherto considered only about the n-o,* Cotton effect of episul6des and 
oxathiolanes. As stated in the beginning, episulfides generally show two absorptions 
in their ORD and CD spectra; one appears near 260 mp, whereas a second more 
intense band is noted near 200 mp. The latter may be considered to be the n-u,* 
transition. But the admixture of the promotion from a sulfur 3p to a sulfur 3d orbital 
and of the U-CJ* transition is possible, because of the proximity of their transition 
energies. 

OH 

TABLE 5. OP~CAL DATA OF 178-HYDROXY-SrX-ANDRosTAN-2CL,jCC- 

EPLWLFIDE AND ITS DERIVATIVES IN METHANOL 

H 

Substituent 

none V 
2&Me VI 
1 a-Me VII 

First Cotton effect Second Cotton effect 
CD ORD 

ORD mar 1 a 
a Aa (mr) tfLX x lo-’ AteI x lo-* [#I (peak) (mtc) sign 

-68 266 -361 - +8030 215 + 
-46 +22 270 -195 +I66 +17400 216 + 

+28 +96 260 +17.8 +53.9 +8800 217 + 

The spectral data of 2a,3a-episulfides in methanol are collected in Table 5. If our 
semiquantitative calculations is correct, the two transitions are to appear oppositely 
signed. As shown in the case of la-methyl-2a,3a-episul6de (VII), however, two 
Cotton effect are of the same sign. Moreover, in passing from 2a,3a-episuhide (V) 
to its 2/?-methyl derivative (VI), the second Cotton effect remains positive and its 
magnitude increases. These facts suggest that reflection of the position of a group 
through the plane AA’ at right angles to the episulfide ring will reverse its rotatory 
contribution, but reflection through the plane of the ring will not do so. Therefore, 
the failure of the sector rule for this Cotton effect seems to be due to the admixture of 
some other transition with the n-o ,,* transition rather than to an inadequate choice 
of the parameters. We do not think that the present semiquantitative treatment for 
episulfides gives a sufficient basis for a solution of these optical behaviour, but, so far 
as the first Cotton effect is concerned, the sector rule deduced from our treatment is 
capable of explaining the rotatory properties. 

EXPERIMENTAL 

The ORD, CD and UV curves were determined using a Japan Spectroscopic Co. (Nippon Bunko) 
automatically recording spectropolarimeter (Model ORD/UV-5) equipped with CD. The ORD* 

s C. Djerassi and W. Klyne, Proc. Chem. Sot. 55 (1957). 
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FIG. 5. ORD ( -1. CD (- - -), ad UV absorption f--*-) cwwa of Sa&o~estan- 
340)*4a(s)-acetonide (XXIV) iu dioxan. 

ad CDL0 data WC list& according to a convention mcorded elsewhere in detail. The synthesis of 
all samples will be published in the near future. 

178-Aceruxy-5a-androsran-2ar,3a~~i~~~e (I) dioxm: c 0.0309, CD, [O]rsr 0, [OJno -3730, [&,O, 
ORD, [&o -230, I&* -2300, [v%, +4330, mu -i-3160, [#l*rr -t-3950, UY, G= em. 

28-Meikyi-i7Bsceroxu-5o-rusr~-~,3a-e~~~~ (n, dioxan: c 0+0184, CD, [@I, OS [& 
- 143% I@l*, 4 ORD, f&lo 4-w irbf w -230, [qbf,, ~-3550, mm +12820, uv, &qy E 30. 

3B_Methy~--I7B_anfoxy_Sa_andros~~-~,3a~~~u~~ (iIS dioxan: c O&X$ CD, [B],, 0, [@],,r.s 
-7720, 15L 0, O=h [+%oo + 115, I#l,m -4470, [blWI +7970, [IPfnr +580, UV, q:o E 79. 

1 a-Me++1 7gacptoxy-5a-androstM-2a,3a~pisulEde (Iv) dioxan : c 0+613, CD, [O],, 0, [O], 
-I-2730,151,,, 0. ORD, [&.Q + 1120, [d;L $4850, [&r +1710, [d],,r +3370, UV, A::= s 74. 

I7~-~~r5x~Sa~r~s~~-2a,3a~p~u~~ gr) dioxan: c 0.0595, CD, [e], 0, [@I,, -5990, [@Jup 
0, ORD, [#]m +300, [#tat -1060, [&, +5920, [&co +504Q [+],u +7060, UVP ;sy 8 44. MeOH: 
~0.022, CD, [5], 4 [51,, -3614 [b 0, OM [dlwo +290, Wluo $440, [q%,, -1290, [Y&W 
+SssO, [&a, +4900, [=+],M +8ooo, [&i,, -3650, UV, jl::= 8 62. 

28-MethyZ-l78_hrdrox~Sa~~us~~-2q3a cvr) dioxan: c 0+0764% CD, [& 0, [51gro 
-2490% [5b 0% [5]sso +lOm, om, [&D -f-320, [+&es 0, [#]sM +3690, [+& -i-7130, w; e 8 i% 
MeOH: tO+M74, CD. [& 0, [5& --r950* [&& 0. t51, +-ISSOO, ORD, [&tl120, [+sa -27% 
mm +4330, I&* 417400, [+lw& -12900, uv, &ii3;“,:x E 58. 

la-Methyf-17~-hydroxy--hydrostan-2a,3a~p/s@uk (VII) dioxan: c 0.0662, CD, [O),, 0, [O], 
f3fW [k 0, O=& I& f1070, [#Is,, +47x), [&a, +1260, [&, +6300, W, Ai:’ 896. 
hf@oH: c 00357, CD, [aw 4 [5h +1780, [51Mo 0, [@I,,, +4150, ORD, [$ltw +720, [& +3914 
[+]m +I084 [+ht +8~, [#Lt. t5560, UV, &::‘ 6 81. 

17~~ydrox~Sa~os~tnn_Z8,3Bsp2sulfide (VIII) dioxan: ~0.0773, CD, 1%. 0, 151,~ $414 
[&I 0, o=% [&o -i-100, [+]i,v +700, [#]al,r i-360, [+]m +670, UV, 47:X 8 48. 

2a-Nethyl-17~-hydroxy-Sa~fusz~2~,3B (IX) dioxm: c 00576, CD, [&. 0, [& 
--5M [@Lo 0, I%, -404% ORD, [#]roo -t-m, [#lm -1890, [#lm -l-3890, [#lms -2450, UV, 
A!JJ:’ E 65. 

3a-Methy~-17B~yd~ux~Sa~ro~~~2~,3~~p~~l~e Ix) dioxan: c 0.0522, CD, [Qrsr 0, [BJtor 
+32AO, [5lrso 0. [51,,, 0, [& -i-40% ORD, [rbltoo -f-490, [+lu. i-2822, Wlnt -370, [&r i-6260, 
UV, J,m,:x e 70. MeOH: c O+W35, CD, [‘&es 0, [@w A-1740, [Q,,., 0, [@I,, 0, [& -l-15400, ORD, 
[Q;]ma i-120. [+lm -t-2170, [QIlm, +230, [blm +60% [#ho -12600, UV, A::‘ s 62. 

1a-Methyi-l7~-hydruxy-Sa-undrostan-2~,3/?-epis~~ (Xi) dioxan: c 0.0535, CD, [@],,, 0, [f& 
+42% [f&i 4 0-p [#]WAO +8rO, [&a i-3120, I&,, -2030, [#sl* -1830, [&s -3660, UV, 
&%’ & 66. 

1o C. Djemssi and E. Bunnenberg, Proc. Chem. Sot. 299 (1963). 
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SB,25D-Spiroston-2cr,3a~p~ulfide (XII) dioxan: c 0.1068. CD. [‘4,,, 0, PI,,, -1120, tOI,,, 0, 
OIW [+l,w -810. [#lm -2340, Mm, -890. [& -1690, UV, 4::” e 46. 

5~,25D-Spirostan-2~,3t!?~pi@iak (XIII) dioxan: c @@W CD, [f’l,,, 0, [&, -i4950, VL,~ 0, 
ORD, M1s.o - 270, [& +1450, Mm --4900, t+lw -3630, UV. 47:” E 54. 

Sa-ChofestM-3a,4asp~uf~e (XIV) dioxan: c 0.0621, CD, [elm 0, [‘%,, +8m, t&o 0, ORD, 
[+lm +2W [+lm.r +41500, [+lrss --6090. [+I,,, -4280. [+],,a -5830. 

5a-Chofestrm-3~(0),4a(s)_aceronide (XXIII)@ dioxan: c OmO4, CD, [e],,, 0, [e],,, $3950, [O],,, 0, 
Dim r%o - 2% [+I,,, +2390, [+I,,, -7130, [+I,,& -6270. 

5a-Chlestm-3a(o),4z(s)-ucetonide (XXW dioxan: c 0.0359, CD, [e],,, 0, [0],,, -6770, [0],,, 0, 
DRD, Mlm - 1100. [+lm -8470, [4lrc. +2570, [&o +770. 


