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AI&met-A quantitative description of the conformation of the A,B,C.-moie!y of eight steroida in 
terms of vakncy and torsional angles is given. The geometrical details of the molaarla from X-ray 
atructurc detuminations arc compared with those obfained from tbeoretial considerations on 
appropriately substituted cydohexanc and cyclobcxcnc ring& I( ic shown that tbc w of such building 
material luda to a qtitative agramcnt. A number of interactions pracnt in a steroid. but not 
in a cydohcxanc unit, prevcnu a quantitative agrwmcnt. The steroid rkckfon (all rrunr) has a some- 
what bent overall &ape. The occurrence of conformational transmSon &us is d&used and a 
number of rules conaxning the tonional angla around junctions g&u. 

INTRODUCTION 

RECENTLY, the conformations of five- and six-membered ring systems have received 
considerable attention from a theoretical point of view.14 The usual procedure in 
predicting conformations is to minimize the energy (enthalpy) content of the system. 
The part of the eothalpy varying with the conformation can be express4 as the sum 
of van der Waals energies and deformation energies. The former is due to interactions 
between non-bonded atoms, the latter to angle strain and torsional strain. According 
to Klyne and Prelop the conformation of a six membered ring can be characterized 
by six valeocy angles and six torsional (Newman) angles.7 Hendrickson’ has given 
valuable information about the detailed geometry of common rings as a function of 
torsional and valcocy angles. Recently Bucourt and Haioaup computed the minimum 
energies of several “basic” conformations of cyclohexaoe and cyclohexene as a 
function of the same quantities. The main difference of approach is the use of ooo- 
tetrahedral valency angles by the French authors for secondary and tertiary carbon 
atoms in @-hybridization. Generally, the calculations have been made with invariant 
bond lengths. 

One may hope that the obtained knowledge of possible conformations of six- and 
five-membered rings-the building matcrials of steroidco be applied in analysiog 
the shape of saturated polycyclic ring systems. Unfortunately, the experimental 
data on torsional angles are rather scarce. Limited informatior can be obtained 

l Part XXIII. H. T. KaM and E. Havinga, Rec. ?~Yw. CNm.. U, 637 (1966). 
7 Mathematically. a nnalkr number of an+ ir suf&icnt to define a dosed ring. but for con- 

vonielKewcrcportallangka. 
I J. B. Hendridwn.I. Amtr. Glum. Sot. 83.4537 (1961); Ibid. 85,4OS9 (1963); F. V. Brutcha Jr. 

and w. Baucr, I&d. w 2233 (1962). 
- c. AllOhL. Thui.l L&den (1964); b H. J. G&c. Thesis Leidcn (1964). 
’ R. Bucourt and D. Hainaut. Bull. Sot. Chlm. 1366 (l%S)). R. Bucourt. Ibid. 2080 (1964). 
’ W. Klync and V. Prclog, Experlenrio 16,521 (1960). 

439 



440 ii. J. Geue. C. ALTOXA and C. ROMERS 

from IR studies,5 while the interpretation of NMR spectra with the aid of the Karplus 
relation0 is still intricate. 

The purpose of this publication is to compare the conformations theoretically 
predicted, notably of the A,B,C,-moiety of some steroids, with the results of X-ray 
analyses. The conformation of ring D will be dealt with in a subsequent publication.’ 
The valency angles (“observed values”) were taken from the crystal structures of 
steroid molecules recently determined by X-ray analyses of high accuracy (angular 
standard deviation < 2”). Earlier structure determinations of some steroids such as 
cholcstcryl iodid8 and 4iodo-5-nitrobcnzoate of 9a,lOzcrgosta-5.7.22~tricoe-3/Lo1° 
(formerly called lumisterol) seemed less suited for our purpose 

The torsional angles (“observed values”) were calculated from the atomic co- 
ordinates on an Xl computer with the aid of a program’O developed by Geisc and 
Rutten. The A,B,C,-moiety of the following steroids will be discussed: 

2a,3/?dichloro-5rcholcstane11 
2z,3/%dibromo-5acholestant” 
3z-hydroxy-5a-androstan-17-ooe1a 
2/I,3rdichloro-5zcholestaoe’s 
Cbromo-cstradioP 
4-bromo-estroner5 
4-bromo-9~,10z-pregoa-4,6dieoe-3,20dione16 
2~,3~,14a,22~,,25-peotahydroxyd7-5~- 
cholestcnon-6r7 (VIII) 

The structure formulae and numbering of atoms are given in Fig. 1. The observed 
values will be compared with the theoretical ones taken from Bucourt and Hainaut.a 

The androstane skeleton (compounds I-IV) will be dealt with in section 2. Each 
ring will be considered as a separate unit, the basic conformations of which c8n be 
disturbed by external influences (e.g. different degree of substitution, other rings. 
etc.). 

This study shows (section 3) that the overall geometrical features of steroid 
molecules cannot be fully understood by simple addition of the conformational 
properties of the separate A,B,C and D units. One observes the occurrence of 
conformational transmission effects. Since the transmission of a conformation 

6 R. Grangcr, P. F. G. Nau, J. Nau and C. Francoh, Bull. SC. Chlm. 4% (1962). 
0 D. Karplu, /. Chcm. Phys. 30, II (1959); K. B. Wibcrg. B. R. Lowry and A. J. Nirt, 1. Anut. 

Chrm. Sot. 84.1594 (I W2) ; H. Conroy. Aduunccs In Orpic Chcmbtry Vol. II. p. 311. Intasdcna. 
New York (1960). 

T C. Altona. H. J. G&c and C. Romcn. to be published. 
@ C. H. Carlisle and D. Crowfoot. Plot. Roy. Sot. AIM, 64 (1945). 
@ D. Crowfoot-Hodgkin and D. Sayre, J. Chcm. SOC. 4561 (1952). 

I* H. J. Gcise and W. Rutten. unpublished (see ref. 2b). 
I’ H. J. Geisc and C. Romers. Acru Crysr. 20, 257 (1966). 
Is D. F. High, Thesis University of Washington; Univ. Microtilms Inc., Ann Arbor, Michigan, 1962 
” H. J. Geiw. C. Romen and E. W. M. Ruttcn. Acfcl Crysr. 20, 249 (1966). 
1’ D. A. Norton, G. Kartha and Chia Tang Lu. Acre C7sf. 17.77 (1964). 
I* D. A. Norton, G. Kartha and Chia Tang Lu. Acfo Crysf. 16, 89 (1963). 
I@ C. Romcn. E. v. Heykoop, B. Hcspcr and H. J. Geiu. Acre Crys~. 20, 363 (1966); Id., Rec. True. 

Chim. 84.885 (1%5). 
I’ R. Hubcr and W. Hoppc. Chcm. Ecr. 98.2403 (1965). 
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Ro. 1. Numbcring of atoms in steroids and structwc formulae of discwed compounds. 
I: X = Cl; 2z.3&dichl~kchoktanc 

II: x _ Br; 2s.3/?dibromo-5a.cholestane 
ILI: 3a-hydroxy-k-androstan- l7-01~ 
IV: 2/?.3~dichloro_5acholestane 
v: Qbromo-cstmdiol 

VI: 4-bromouuonc 
VII: ebrom~9Aloz-prrgna-s,sditne-3,~i~ 

VIII: 28.3B,l~,,~.pentPhydroXy-A’-5~~h~o~. 

perturbance propagates from one ring to the next via the junction, the rules governing 
the torsional angles around this bond are very important. BucourP deduced a 
number of relationships between torsional angles belonging to such a junction. 
These rules will be discussed in section 4. 

2. The androstanelcholestane skeleton 

The A,B,C,-moiety consists of three fransconnected cyclohexane units having a 
chair conformation. 

(a) Ring A. No special distortions of ring A are expected in compounds I-III 
and, consequently, one is tempted to use weighted averaged values* of torsional and 

l See Appendix I for the ddinition and notation of toraional an&~ (q), projected angka @) and 
Appendix II for the calculation of weighted averaga. 
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valeocy angles as standard values. Table 1 summarizes the observed, standard and 
theoreticaP values of valency and torsional angles. The agreement between standard 
and theoretical values is reasonably good for the torsional angles (p) but somewhat 
less for the valeocy angles (t9). Two facts emerge from the tabulated data. Firstly, 
taking into account the standard errors, the mutual agreement between the various 
angles of the three compounds is excellent. This supports the hypothesis that the 
different packing of the molecules in their crystals is not an important factor in 

GABLE 1. chS5!RVEO AhD TN-CAL VALUES OP TORSONAL AND VAUNCY ANOLE3 
OP RINO A AM, STANDARD UEWAllON5 (17) IN TM! WW’OUhM 1, n AhD 111 

col. l WI. 2 col. 3 col. 4 WI. 5 WI. 6 
- 

Ob5. Ob5. Ok. standud 

I II III vdua 

Torsional aagla 

1-2 -SS+t” 
2-3 +w4 
3-4 -S&3 
4-s +61.5 

l&S -S6.4 
IO-1 -i- SS.2 

a 4.7 

Valency angles 

2-l-10 1 13.0° 
1-2-3 112.5 
2-M 108.1 
34s 112.3 
&S-IO 1 IO.2 
S-IO-1 107.7 

0 2.0 

-S&4” - SS.7” 

+ss.o +s1.9 
-54.3 -52.3 
+ 56.4 + S6.3 
- 52.6 -ss.3 
t-s1.0 + ss.3 

2.6 0,s 

- ssw 
- S2.3 
-S2,6 
+ S6.S 
-551 
+S4.9 

0.8 

I 12.1° 113.S’ 113.3” 
116.3 112.4 112.7 
106.9 111.s Ill.0 
113.2 112.7 112.7 
113.0 113-2 113.1 
IO&S 106.2 106.4 

1.4 0.4 0.4 

them. 
VdlJCV 

-- 

-S7” 
+ SP 
-S6 
+S8 
-S8 
+ss 

Ill0 
I109 
110 
111 
ll@S 
109.S 

jcol. 41 ” Iwl. SI. 

-1.2” 
-2.7 
-3-4 
-1.15 
-2.9 
-3.1 

(A) - -2.s 

-1.2.3’ 
+2.2 
+1.0 
+1.7 
+2.6 
-3-l 

(A) m -bl.l 

l Model le of Ref. 3. 
@ Allowana for the c&ct of subtituents at c(2) and c(3) increases the ditTcrcncu by 
@So in 8 and by 2” in 9. 

determining the ultimate geometry. Secondly, most valeocy angles are significantly 
larger than 109.5” and, hence, the torsional angles are sigdicaody smaller than 60’ 

(see Appendix III). In qualitative agreement with calculations of Bucourt and 
Haioa& we observe increased valency angles (> 109.5”) and decreased torsional 
angles (~60”) at sec. and tert. carbon atoms. The observed angles within a ring at 
the quart. wbon atom C(I0) are significantly smaher than expected. This seems to 
be a general phenomenon in these compounds. Furthermore, ring A is slightly 
more flattened (25”) than the calculations would predict (see section 3). 

IO compound IV, containing two axial chlorine atoms, a strong repulsion exists 
between Cl(Z) and C(19). This repulsion brings about an extra flattening of ring A. 
Table 2 shows that the observed values (~01. 1) deviate strongly from the standard 
values (co]. 3). found for the compounds I-III. The deviation is hugest at the 
torsional angle (p(l-2-34). Model studies rev& that the distana between the 
sterically repulsive substituents can be enlarged by closing the torsional angle 
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HI -2-34) (observed value : 41”, standard vahre: 520). AU other valeocy and 
torsional angks have to be accommodated. 10 order to arrive at an adequate set of 
theoretical vahres the theoretical torsional angle q(l-2-3-4) was made equal to the 
observed value of 41” and the other angles (Table 2, col. 2) were estimated from the 
curves given by Bucourt and Haioaut. These authors computed combinations of 
six valency and five torsional angles that give rise to minimum values of the energy 
content of the system as a function of the sixth torsional angle. These curves refer to 
the unsubstituted cyclohexanc ring and we used them for a heavily substituted ring. 

TABLE 2. Toaslon~~ AND VAIENCY ANGLES OP tww A m 
STANDARD DEVtAllON (I IN lItI! COM?OU?‘4D Iv. 

col. I col. 2 col. 3 
__ ---_ -- 

thcor. values 
Ob. after deformation rtandnrd values 

-- -- -- --. _- --- 
Tonional anglc.s 

1-2 -42.9” 
2-3 $40.9 0 
3-l 49.7 
4-s 1. S9.2 

I&5 -56.7 
l&l ! 494 

cl 1.7 

Valency anghx 

2-I-10 117.1” 
l-2-3 114.8 
2-M 113.7 
345 112.5 
4-S-10 111.7 
SIC1 107.3 

” 0.7 

- 48” - 55.8” 
1.41. -e 52.3 
-46 - 52.6 
+57 +565 
- 59 --55.1 
+55 i 54.9 

115” l13.3O 
115 112.7 
113 111.0 
115 112.7 
111 113.1 
10s 106.4 

‘TlleorrtialvalueaetequaltotheobeavbdvRluc,denotcd 
by es. 

00 this ground a good comparison between “theoretical” and observed values 
cannot be obtained, but it is noteworthy that the observed values show shifts in the 
predicted direction. 

It is also interesting that the vakocy angIe C(2)-C(l)-C(IO) is too large and the 
opposite aode C(3)-C(4tC(S) too smaII, in accordance with the reflcx&ect described 
by Our&on and co-workers.r8 

Although ring A in compound IV is rather distorted, the deformation imposed on 
q(l-2-3-4). however, does not seem to alter q(l-10-W) to such an extent that it 
influences ring B seriously (see section 2b). 

(b) Ring B. The arguments mentioned above led us to consider the weighred 
oceruged values of torsional and valeocy angles of ring B in the compounds I-IV as 
sruandclrd vahres. The relevant numbers are summarized in Table 3. The differences 
found for the standard values do not allow to distinguish between sec. and tert. 

I’ B. Wacgcll, P. Pouzct and G. Our&on, BuU. Six. Chim. 1821 (1963). and otha papm cited hae. 
L. C. G. Goaman and D. F. Grant, Te~raheo+on 19, 1531 (lW3). 
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carbon atoms, but again the valency angles are larger than the tetrahedral value and 
the dihedral angles smaller than 60”. The observation that the valency angle C(S)- 
C(lO)C(9), around the quart. carbon atom C(10) and the torsional angles around 
the bonds 67 and 7-8 are the smallest harmonizes qualitatively with the theory. 

TAME 3. TORSONAL AND VAIANCY ASOLE? OF ma B AND STANDARD DEVIATION (I IN THE cxxwom~a 

I. 11. Iu AND Iv 

WI. 1 col. 2 WI. 3 WI. 4 WI. 5 WI. 6 WI I 
-- -- - __ 

ObS. 

I 
---. - .- 
Toniorul angks 

9-10 -60.9” 
l&S i 62.5 
s-6 - 59.3 
67 i-54.2 
7-8 -54.0 
8-9 + 59.2 

0 4.7 

Valency aogle 

10-9-a 109*7O 
9-10-S lOS.2 
10-M 111.6 
5-6-7 1 IO.7 
6-7-a 112.1 
7-a-9 III.0 

0 2.0 

- 

ObU. 

II 
-- 

Ob¶. 

III 
- - .- 

-57.7” 
-759.1 
-54.3 
+50.1 
-sQ6 
i 54.8 

2.6 

- s6.7O 
+Yl.7 
-57.3 
+ 53.5 
-51.7 
- 54.2 

0.8 

I l@7O 112.7” 
108.1 107.4 
113.0 112.1 
110.7 Ill.5 
114.8 113.2 
III.9 II08 

1.4 04 

Ok. standard 
IV ValW 

----- 

- 56.9” 
$58.0 
- 57.8 
- 54.3 
-53.1 
4- 55.1 

1.7 

- 56.9” 
+ 58.0 
- 57.2 
.*. 53.4 
-51.9 
-I 54.6 

Q7 

112.6” 112.5” 
106.9 107.2 
112.6 112.2 
111.0 111.3 
112.5 113.1 
1 IO.5 1 IO.8 

0.1 0.3 

them. 
VdlACS 

- - 

-59* 
-. S8 
-s7 
+56 
-56 
+58 

111” 
109.5 
110 
III 
111 
II0 

Iwl. 51 ” (WI. 61 
----_ 

-2.1° 
0 

+0.2 
-2.6 
-4.1 
-3.4 

0) = -2.0 

i 1.f 
-2.3 
+ 2.2 
+0.3 
72.1 
-i O-8 

(A) -A +0.8 

The observed flattening, as expressed by the torsional angles (Table 3, col. 5) is about 
2” larger than predicted (see section 3). 

The ring systems A/B and B/C are frum co~ccted around the bonds S-10 and 
8-9, respectively. The sums (absolute values) of the torsional angles around these 
bonds arc: &l-l&M) 7 q(9-10-5-6) = 113” and 9(7-S-9-10) + ~14-8-9-11) = 
1OP. The values are significantly smaller than the value (1209 assumed previously; 
moreover, their mutual difference (7”) is also significant. 

(c) Ring C. The srandard values of angles in ring C, obtained by uueruglng the 
values of the compounds I-IV, are summarized in Table 4, column 5. Ring C 
resembles ring B with respect to the degree of substitution, but diITen in that one 
ncighbouring ring is a cyclopentane instead of a cyclohtxane unit. Ignoring the latter 
fact we arrive at a set of theoretical values given in column 6. The intluence of ring 
D. however, should be reflected in the torsional angles around 13-14. With the 
exception of Compound IV, ring D tends to a half-chair like conformation’ in the 
androstane molecules under discussion. Consequently, the torsional angle q(17- 
13-14-l 5) ranges from 46” to 50” (average value 48’). The opposite angle e( 12-13- 
14-8) ranges from 59” to 62” (average value 59.2”). Thus we arrive at a value slightly 
larger than the theoretical one (col. 6). Setting the theoretical value of 1&12-13-14-8) 
qua1 to the observed value of 59” we calculate, in the same way as described in 
section Za, the set of thcorctical values given in column 7. It can be seen that these 
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values agree slightly better with the observed ones (cot 5) than those of column 6, 
in which the cyclopentanc character of ring D was ignored. 

It should be emphasized that the sum of the torsional angles around the bond 
13-14 is 107” and that &12-13-148) is increased by only 1’. Truer-fusion of the 
cyclopentane ring D to a cyclohexanc ring C can thus be achieved without much 
perturbance of the latter ring. Nor are the valency and torsional angles of ring D 
affected’ by the neighbouring ring C. The strain due to the misfit in rrunscoupling 
a cyclopentane to a cyclohexane unit is especially refkcted in a drastic increase of 
the exterior angles C(12)-C( 13)X(17) (116”) and C(8)-C(l4)-C(I 5) (1209. The 
angles mentioned are significantly larger than the values (about 1100) expected for 
quart. and tert. carbon atoms. The concerning valency angles between bonds 
protruding from C( 13) and C( 14) are listed in Table 5. 

3. The overall shape of the Scz-an&ostane skeleton 

In the preceding section we have shown that a fair agreement between observed 
and theoretical values of angles is obtained, treating each ring as a separate unit. 
But there are systematic discrepancies, which can, at least partly, be explained by 
two hitherto neglected phenomena of the steroid skeleton. 

Firstly treating ring A as a separate unit, the conformation of this ring is actually 
compared with the theoretical conformations of an isolated la,l~,2/3-trimethyl- 
cyclohexane ring. The mutual infIuence of C(6), C(9) and C(19) on C(4), C(1) and 
C(2), respectively, is ignored. Similar arguments hold for e.g. ring B, where 1-3 and 
14 interactions are omitted. It is possible that the result of calculations would 
be slightly different if these interactions had been taken into account. 

Secondly, the skeleton of the three cholestane derivatives is not flat, but somewhat 
convexll*la towards the protruding methyl groups C( 18) and C( 19). The same 
effect was reported by HigIP for 3z-hydroxy-5a-androstan-17sne (compound III). 
In an undistorted model the vectors C(lO)-c(l9) and C( 13)X(18) are parallel. In 
the molecules I, II, III and IV they are at angles of lo”, 1 I”, 14” and 9” respectively. 
The bending of the molecule is also evident when one compares the distances of the 
atoms to two appropriately chosen least squares plar~es.~~ The first plane is defined 
by the atoms C(2). C(4), C(6), C(8), C(lO), C(l1) and C(13) (upper or &atoms) 
the second one is defined by C(l), C(3). C(5), C(7), C(9). C(l2) and C(14) (lower or 
a-atoms). In the four compounds investigated these planes are nearly parallel at a 
distance of about 0.45 A. The distances of these atoms to their respective planes are 
given in Table 6. The atoms at both ends of the molecule arc “below” (denoted by 
negative distances) and those in the middle region are mostly “above” (denoted by 
positive distances) the planes. This bending accounts qualitatively for a number of 
discrepancies observed in the valency angles. As a result of the displacements of the 
atoms, as indicated in Fig. 2, the vakncy angles will be either opened or closed (see 
Fig. 3a). The observed differences between the standard and the theoretical values 
are in good agreement herewith (Fig. 3b). The influence of these slight displacements 
on individual torsional angles is rather complicated, but, because on the average 
the valency angles are 0.9” larger, the torsional angles must be about 2.4” smaller 
than the theoretical ones (see also Appendix III). This is confirmed by the observed 
differences (Fig. 3~). 
ID V. Schomaker, J. Wm. R. E. Marsh and G. Bqmm. Acta Cyf. 12,600 (1959). 



T
A

B
L

E
 S

. 
V

A
U

SC
Y

 A
N

O
L

U
 A

R
O

U
N

D
 T

H
B

 A
T

O
M

S
 

C
(1

3)
 

A
N

D
 

C
(1

4)
 

A
S

D
 

m
ni

t 
S

T
A

ti
D

A
R

D
 

D
W

U
~O

M
 

(I
. 

V
W

 
O

bS
. 

O
bS

. 
O

bS
. 

O
k 

O
bS

. 
O

bS
. 

O
hs

. 
O

bS
. 

su
nd

ud
 

th
em

. 

w
b 

I 
II

 
II

I 
IV

 
V

 
V

I 
V

II
 

V
II

I 
V

ih
C

 
va

lu
e 

ii 
-- 

F.
 

12
-1

3-
14

 
10

4,
6*

 
10

7.
5”

 
11

@
5O

 
10

7.
6”

 
11

3.
8”

 
10

8”
 

10
6.

4”
 

10
8”

 
10

9.
8”

 
10

9~
5”

 
B

 

12
-1

3-
18

 
11

08
 

11
e3

 
11

25
 

11
02

 
10

9.
9 

11
3 

11
1.

9 
11

1 
II

I.
5 

10
9.

5 
%

 

17
-1

3-
18

 
11

2.
8 

10
9.

3 
(1

O
S.

S)
 

10
9.

7 
1 I

Q
4 

(1
01

) 
11

03
 

II
3 

11
08

 
10

9.
5 

! 
M

-1
3-

18
 

11
3.

2 
11

2.
4 

II
I.

9 
11

2.
5 

11
6.

6 
11

6 
11

2.
4 

11
0 

11
2.

7 
10

9.
5 

’ 
14

-1
3-

17
 

99
.1

 
10

@
6 

99
.2

 
99

.8
 

98
5 

10
3 

98
.3

 
99

 
99

.3
 

M
O

* 
12

-1
3-

17
 

11
5.

6 
11

6.
6 

11
6.

4 
11

6.
7 

11
3.

7 
II

4 
11

68
 

II
5 

11
5.

8 
11

5t
 

I.
 

s-
14

-1
3 

11
6.

8 
11

64
 

11
3.

4 
11

40
 

11
1.

1 
11

2 
11

3.
9 

11
3 

11
3.

2 
11

05
 

13
-1

4-
15

 
10

2.
7 

10
4.

9 
10

4.
3 

10
4.

2 
10

4*
2 

10
6 

10
4.

1 
10

4 
10

4.
3 

10
0.

 
1.

 

8-
14

-1
s 

11
6.

4 
11

7.
9 

It
08

 
11

8.
6 

11
7.

9 
11

8 
11

8.
5 

12
0 

11
9.

6 
&

i 
-1

15
 

0 
20

 
1.

4 
O

-4
 

07
 

07
 

I.
5 

1.
5 

08
 

0.
3 

$ 

T
he

 v
ah

xa
 

gi
vm

 
in

 b
ra

ck
et

s 
ar

c 
af

fa
zt

ed
 

by
 t

he
 k

c
to

g
ro

up
 

at
 

C
(1

7)
. 

H
 

l
 
T

ak
e 

hm
 

H
ca

dr
ic

bn
.’

 
a 

t 
V

A
IU

C
 gp

m
eb

al
ly

 
dc

ta
m

kd
 

by
B

xi
ng

lh
co

ck
fi

ve
M

gk
st

ot
hc

gi
va

av
al

w
&

 
e x 



H. J. Gme, C. &TONI and C. Robteu 

TABLE 6. Dm~xzs (IN A x KY) OF /?- AND a-ATOkO m THEIR rus~ecnv~ 

BPST PIANU 

“/P-atoms 
empd - ----- -- 

C(2) C(4) C(6) C(8) C(I0) C(11) C(l3) 

I -4 --8 --I +4 -i-18 -2 -7 
II -3 -10 0 +7 +I8 -1 -10 
III -9 -8 +l +3 +19 -1.6 -13 
N -16 -1 -2 0 -- 24 +10 -.- 13 

C(I) C(3) ctn C(7) C(9) C(I2) CU4) 

I Y-14 --IS +3 -3 -1.8 -9 -4 
II i-16 -18 +3 2.3 -t12 --I2 -4 
III $7 -14 $7 +2 713 -5 -9 
IV +7 1s A9 +2 112 -5 -10 

The cause of the bending effect seems to be of steric origin. Both angular methyl 
groups hinder the axial hydrogens attached to C(8) and C(11) on the /%side of the 
molecule. Since these hydrogcns cannot move out without disturbing ring C seriously, 
strain can be relieved by bending away the methyl groups. Convexing of the 
/?-side of the molecule results in a compression of the x-side. From this side only 
axial hydrogcns protrude, which will not resist steric compression; their mutual 
distance (about 2.7 A) is even large enough to allow some attraction. 

Ro. 2. Displacements of atoms from their least squares pIam through either a-atw 
(open circles) or /J-atoms (black circla). 

It is of interest to note that it is not possible to pinpoint a spot in the molecule 
that suffers most from this strain; instead, small deviations in bond and torsional 
angles are distributed well over the skeleton. 

4. Junctions between rings 

Starting from the assumption that tert. carbon atoms have C-CC valency angles 
of 11@5” one computes C-C-H valency angles of 108.2”. The (Newman) projection 
on a plane perpendicular to any of the C-C bonds of such a unit is given in Fig. 4a. 
For quart. carbon atoms all valency angles are assumed to be 109.5”. A similar 
Newman projection of the quart. carbon unit is given in Fig. 4b. In the latter case 
the three projected valency angles are 120”. whereas in the former case two angles 
are smaller and one is larger than 120”. 

A WOKS fusion involving only tcrt. carbon atoms (c.g. B/C junction) requires 
coupling of two units of Fig. 4a. The junctions A/B and C/D require coupling of a 
unit of Fig. 4a to a unit of Fig. 4b. From this it follows that the sum of the torsional 
angles around a junction bond is a function of the degree of substitution of the 
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bridgehead atoms. The following sum rules can be easily derived (see Fig. 4c and 
Fig. 5): 

Ial + ISI = 115”, when S, = St = H (T3 ; 

IUI -i I/q = 117.5”. when S, = H and S, = CH, (TJ; 
of vice versa 

Ial + ISI - 120”, when S, = !3, = CHs (T3; 

For a crjcoupling (Fig 4d) holds /3 = y1 - b and y = pI - 6. Thus, strictly 
speaking, only if *I = pI is the “equality” rule /? = 7 operative. This is the case 
when S, = S,; i.e. when only tert. or quart. carbon atoms are involved in the 
junction. 

In a A/B or B/C junction the theoretical torsional angles on both sides of the 
common bonds C(5)C(lO) and C(S)-C(9) are about 58”. Considered from a purely 
geometrical point of view cyclohexane rings in their usual chair conformation can be 
cLs- or fruase-~~ccted without perturbance of conformation. However, the rules 
derived are no longer valid if increased v.d. Waals interactions or con8icting demands 
made e.g. by a cyclopentane ring or any other force deform the units of Fig. 4a and 4b. 
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Deviations in the order of magnitude of 10” can easily occur. The coupling rules 
will be violated in systems having bulky axial substituents and in systems in which a 
cyclopentane ring is coupled to a cyclohexane ring. The variation of projected angle 
(A& as a function of the variation of the valcncy angles (A6,) involved is given by 
the approximate expression (see Appendix IV): 

Api z @6(2A8, + A#, + AfYJ (0 

The designation of the angles can be seen from Fig. 5. Similar expressions hold for 
the other projected angles. 

ss 
Ro. 6. Duigaatioa of wmc vakq qla in a frm A/B junction. 

(a) trans Junction A/B und B/C. It can be seen from Fig. 4c that the sum of the 
torsional angles 

121 + ISI = 360 - ti1 + *3 (ii) 

In steroid molecules repulsions between the C(l9) methyl group (S, in Fig. 6) and 
the axial hydrogens on C(4) and C(6) will result in an enlargement of the angle 
C(4)C(S)-C(6) (i.e. the valency angle S,). Probably the angles 6, (i.e. C(lO)-C(S)- 
C(6)) and t9, (i.e. C(4>c(s)-c(lO)) will be increased too. Although the latter is 
offset by the decrease in r,(C(S)C(IO)-C(l)) and I¶ (C(9>c(lO)-C(S)) the overall 
result is a decrease of the value of 111 + I/?1 from the theoretical value (rule T,: 
117.50) to 113”. according to Eqs (i) and (ii). Following the same line of thought one 
can see that introduction of bulky axial groups on C(4) and C(6) will lower the sum 
la1 + l@l still more. In general the presence of pairs of axial groups in the neighbour- 
hood of a junction always tends to reduce Ial f @I. 

Our experimental results indicate that the axial methyl groups C(l8) and C(19) 
cause such a decrease for the sum of the torsional angles notably around the B/C 
junction C(Stc(9). In the compounds V and VI, lacking C(19). this sum is larger 
and approaches the expected value (T, = 1 IS”). A review of the sum Ial + IpI for 
the A/B and B/C junction of the various compounds is given below: 

I II III IV V VI 8tadAfdnlw cupa%cddw 

A/B 118.9 111.7 1130 114.7 - - 113.1 117-r (ruk T,) 
B/C 112.7 1051 107*1 109.1 1144 119.1 107.4 11s. (rule T,) 

(b) trunsjmction C/D. In the case that ring D is in a half chair form’s7 the 
angles C(I7tc(l3)-C(14) and C(l3tc(l4)C(I5) arc about 100°; i.e. 7, and 8, 
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(Fig. 7) arc dccmascd with about 10’. On the other hand the angles C(12)-C(l3>- 
C(l7) (T,) and C(S)-C(l4~(15) (8,) arc increased (s&on 2~). thus counteracting 
the effect of the small interior angles of ring D on the sum d12-13-14-8) + dl7- 
13-M-15). 

It can bc shown with the aid of Eqs. (i) and (ii) that the sum rule is not affected by 
displacements of the atoms C( 15) and C( 17) parahel to the bond C( 13)X( 14). Such 
displacements can only occur in highly symmetrical molecules (e.g. pcrhydrindane), 
but not in steroids (compare Table 5). 

16 

pK1.7. DuiptionofoomcvakncymgkdinrrforuC/Djtmcth. 

The value of the sum &12-13-14-8) i &17-13-14-15) will depend on the 
dcgrce of substitution of the atoms C(13). C(14). C(15) and C(17). The empirical 
value is 109” f 3” provided an axial methyl group is prcscnt at C(13) and C( 17) 
bears a &substitucnt (alkyl- or hydroxyl group), i.e. the compounds under discussion 
with the exception of III and VI. 

(c) cis Jlotctfonr. Since there are as yet not many experimental data available we 
will discuss the cb junctions very briefly. The quality rule /I = 7 (cf. Fig. 4d) holds 
only if or = pr. It is clear that any irregularity in the valency angles results in a 
breakdown of this rule. Model studies revcal that this will bc the case when in a 
cir A/B junction (e.g. S/I-androstane derivatives) axial substitucnts arc introduced 
on C(2). C(4), C(7) or C(9). In a cis B/C junction (e.g. 8/?,9B_stcroids) violation of 
the ruk is to bc expected when axial groups arc present on C(5), C(7), C( 11) or C( 13). 
Cis B/C junctions wiU be discussed in sections 5b and 5c. 

5. More complicated systems 

(a) CBromo derivatives of estradiol (V) and estrone (VI). The ring A of thtst 
compounds is aromatic and essentially planar. The atoms C(9). C(IO), C(5) and C(6) 
of the rings B are coplanar with the ‘best’ plane through the atoms of ring A in V and 
nearly so in VI, but the conformations of the resulting cyclohexcnolike rings arc not 
identical in these compounds. Figure 8 shows the projection of the B rings on the 
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plaoe, going through C(6) and C(9) and perpendicular to the least squares plane 
through C(9). C(lO), C(5) and C(6). 

Focussing the attention first to the half chair form found in the dial (V), oat can 
see that the observed torsional angles (Table 7, col. 1) differ from the theoretical 
values (~01. 2) computed for an appropriately substituted cyclohexeoc ring of this 
conformation (mode1 6d io Ref. 3). The discrepancies-much more distinct than in 
the cholestanc and aodrostaoc derivatives-ca o be understood in terms of a 
conformatiooal traosmissioo effect. 

FM. 8. Projection of the ringa B and C of 4-bromo-atradiol. compound V (upper put) 
and of Cbromoutrone, compound VI (lower part). 

If the torsional angle e(78-9-10) had the value of 47’ demanded by ao undistorted 
half chair then the opposite angle #4-8-9-l 1) in ring C should be increased with 
an amount of IO” in order to reach the value of 58” + 10” = 68”. required by sum 
rule T, (Rule T1 is to be applied because there are no distorting axial substitueots). 
Such an increase would induce a strain in ring C, which would result in a decmase 
of ~12-13-148) with about 2” (calculated from the curves of Bucourt and Haioaut). 
The latter decrease, however, is incompatible with the increase of the same torsional 
angle (see sectioo 2c) required by the oeighbouriag ring D (Table 7, col. 3 and 6). 
This dilemma can be solved in two ways: either by deforming both rings B and C 
or by passing over ring B into a sofa form, ss10 which makes less coothctiog demands 
upon ring C. Which alternative is accomplished depends on the relative energies 
involved. A deformation of the rings B and C, so that q(7-8-!2-10) becomes 54”. 
raises the eoergy of ring B with about 0.4 kcal/mole.* The opposite torsional angle 
(p(14-%%11) becomes 115’ - 54’ = 61“ and is increased with an amount of 61” - 
58” = 3” compared with the theoretical value. The observed value is 60” and the 

** I!.. M. Philbin and T. S. Wheeler, Pruc. C&m. .5x. 167 (1958). 
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‘~ASUI 7. TO~SOSAL AND VAUNCY ANOLLS O? TtQ! MNOS B AN0 c AND STANDARD 

DEVlAllON 0 IN COMWUND v 

col. I col. 2 cd. 3 col. 4 cot. 5 col. 6 

obs. IhCOr.' theor.’ ObS. theor: theor: 

Tomiond angles ring B Torsional angles ring C 

9-10 -20.5” -17” -27” 11-9 + 56.8” + 62” -’ 5s” 
10-S 0.3 0 0 11-12 - s3.9 .ss - S6 
S-6 - 14.0 -14 -8 13-12 i s5.3 .. 53 -SE 
6-7 - 48.4 7-44 139 14-13 -64.3 -57 ._.60 

7-8 - 69.7 -63 -68 8-14 I658 -a 64 _( 58 
8-9 .t 53-7 +47 +S8 a 8-9 -60.3 -68 --n 

a 1.7 1.7 
._.- 

Valcncy angles ring B Vakncy angla ring C 

10-9-a 110-0” 110s” 1 l-12-13 109.2” 112” 110” 
9-1&S 120-s lid 9-11-12 112.7 lo9 112 

10-S-6 123.6 12.4 ’ 8-9-11 109.6 108 111 
5-6-7 110.1 111 9-8-14 1052 108 109 
6-7-8 109.1 111 8-14-l 3 111.1 108 109 
7-a-9 107.6 1105 12-13-14 113.8 Ill 108 

n O-7 0.7 

l Col. 2. Theoretical valuea estimated for .a simple 8,9 disubstiruted half chair 
ring B. 

b Col. 3. Theoretical values ednaled for half chair ring B, allowing for a con- 
formational transmission from ring D. 

* Col. S. Tbcondcal va.lues estimated for chair form ring C, allowing for a con- 
formational warurnission from ring B. 

4 Col. 6. Ihtoretical values utimati for chair form ring C, allowing for a con- 
formational trammision from ring D. 

observed sum d14-8-9-11) + d7-8-9-10) :.: 114”. The energy of ring C has 
increased with 43 kcal/mole. The total increase in energy, however, is not O-7 
kc&/mole, since a correction should be subtracted for the torsional energy around 
C(8)-C(9) that has been counted twice. Another correction should be added for 
the requirements of ring D. The total increase in energy of the whole system is 
estimated to be 0.749 kcal/mole. 

Changing ring B into a sofa conformation would cost at least 1-I kcaI/mole. 
Thus in the diol it seems preferable to deform ring B as well as ring C, resulting in 
a deformed half chair ring B and a less symmetrical ring C (Table 7). The way in 
which the deformations influence the other valency and torsional angles cannot be 
predicted quantitatively by the theoretical curves. 

The energy difference between the two alternatives, however, is small. Thus a 
change of ring B into a sofa conformation may be caused by a small alteration in 
the geometrical requirements of ring C. This conformation with c(8) outside the sofa 
plane is observed in 4-bromocstrone (VI).* It has been demonstrated that the 
introduction of a 1%keto group induces a change in conformation of ring D into a 

l The posibiiity of a sofa conformation of ring B in cstrane dcrivativw was anticipated by 
BUCOIIIT.’ 
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near envelope form (C(14) is flap of the envelope). In this case the torsional angk 
t&7-13-14-15) becomes 40”. and, applying the empirical sum rule of section 4b, 
the opposite angle ~(12-13-14-8) becomes 70” (Table 8, column I). This requires a 
closure of cp(ll-9-8-14) in ring C to about 55” and an opening of (p(78--9-10) in 
ring B to about 60” (co]. 4). On the other hand, a half chair form of ring B requires 
that these angles should be opened to 68’ and closed to 47”. respectively (co]. 7 and 
3). The conflicting demands are still more pronounced than in the diol (V) and would 
require a greater deformation of both rings B and C. This compromisc is no longer 

TALKS 8. TORSWNAL AND VALENCY ANGLES or UYos B AND C Ahm STANDARD DEvlAnoM u ~1 
coHpouNovI 

col. 1 col. 2 

obs. theor. 

col3. col. 4 
-.- 

theor. theor. ’ 
I 

cot. 5 col. 6 col. 7 COI. 8 
-_p 

ObS. theor. thcor. thcor. 

Toniond angka ring B 

P-IO -34.8’ __29” 

l&S +10.3 0 

s-6 +l2,8 0 

67 +39dl $28 
7-8 -64.1 -58 

8-9 i-624 +S6 
a 2.8 

V8hcy 811&a fin6 B 

IO-%8 109. 109* 

9-10-S II8 I23 

10-S-6 123 I24 
s-6-7 117 113 

6-7-8 108 113 
7-a-9 108 lO9.S 

a 1.s 

-lP -38” 

0 0 

- I4 +14 

s44 +10 
-63 -SO 

+47 +60 

1 IOT 
124 

12.4 

111 
Ill 

110,s 

fonkmd l ngka riagC 

II-9 i ST.7 +W 
II-12 -S9.8 -S6 
12-13 +64.8 +S8 
8-14 + 62.8 + S8 

IC13 - 69.6 -S8 
o-9 - S6.7 -s9 

a 2.8 

v8lrmcy mgia ring c 
11-12-13 Iof? 111° 

P-11-12 106 111 
8-9-l I Ill I10 

9-8-14 106 111 

a-14-13 112 110 
12-13-14 108 109.5 

a I.5 

$62’ +SO* 

-5s -S3 

+s3 +6S 
+64 i6S 
-S7 -70 

-68 -SS 

IOP 
114 

114 

107 

112 
I04 

Thcorrtic8l vdua atim8tcd for; cd. 2.8 rofr form riq B; cd 3. a bdfcbdr form ring B; col. 4, a 
sofa form nq B, allotitq for l coafomutiod truumidon cfcct from ring D; col. 6. a clkr lorm tig C. 
if riag B had a sofa form. col. 7. a chair form tin8 C. if riq B bad l half&a& form; col. 8 8 chair form 
ring C. allowiog for a coafomutional tmnsminion dfea from ring D. 

energetically preferable and ring B changes into a sofa conformation. The theoretical 
values for a sofa form of ring B and its requirements upon ring C are given in Table 8, 
col. 2 and 6. It can be seen that some deformations are stilI aestssary to give the 
best fit to the several geometrical requirements. 

(b) 4B~~~9~,lO~-pr~-4.~ie~-3,20_dionr (VII). This compound is very 
interesting because of its tit B/C junction; moreover, five atoms should be coplanar 
in the rings A and B as a result of the 3-keto4,6dienc system. The resulting conforma- 
tions of rings A and B behave like cyclohexene sofa forms with C(1) and C(9) out of 
the respective sofa planes. Model studies reveal that a strong repulsion exists 
between the methyl group C(19) and the axial hybogns on C(12) and C(l4). when 
ring C is in the chair form. Relief of this steric hindrance might be achieved by 
passing over ring C into a dcxible form at the cost of a sharp rise in torsional strain. 
In addition to the well-known increase in energy due to the chair+&) boat 
conversion the energy must be further increased by a distortion of ring B and/or 
ring A, in order to satisfy the demands of the conjugated 3-keto4,6-diene system. 
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The way in which the methyl-hydrogen interactions arc actually relieved is quite 
different. Ring C remains a chair, heavily distorted by opening the valency angle 
C(9)-C(II)C(12) to 117”. The primary effect is to tilt the methyl group C(19) 
away from the a-side of ring C, but it affects the further geometry in a rather compli- 
cated manner. 

Firstly, a substantial opening of the torsional angles @-8-IQ-I3), d8-1613-12) 
and ~14-13-12-11) (see Table 9, col. 6) is required, which is strongly opposed by 

TABIZ 9. T~UIONAL AND VALF.NCY ANGLFS or RINGS B ANII C AND STANDARD DEVUTIOFU u IN 

aMPOuND VII 

WI. 1 WI. 2 wl. 3 WI. 4 cot. 5 WI. 6 col. 7 
-. -- . - 

ObS. theor. them. Oh. theor. thcor. theor. 
--.- - -- .- - .- 

Torsional angles ring B Torsional angles ring C 

9-10 +48.6’ +60” 0* II-9 + 39.5” 
l&5 -31.9 -29 -40 11-12 -49.9 
s6 + 14.5 0 +40 12-13 + 57.7 
6-7 -1.8 0 0 8-14 t-55.3 
7-8 +8.8 i30 +40 , M-13 -62.2 
8-9 -35.0 -57 -37 ; 8-9 -40.8 

a 2.8” 2.8” 

Valency angla ring B Valcncy angles ring C 

l&9-8 116a” 113O 115” 11-12-13 112.1 
7-8-9 114.1 113 109 9-11-12 117.1 

10-M 117.8 120 109 8-9-l 1 111.3 
ML7 124.0 122 120 9-8-14 113.4 
6-7-8 122.1 122 120 8-M-13 113.9 
9-10-S 108.3 109 I15 12-13-14 106.4 

u 1.5” a 1.5” 

+57* -1-30” +53” 
-56 -37 -55 
-r57 +77 +6l 
i-58 +77 +6l 
-58 -85 -62 
-58 -37 -55 

111 101 
111 es I17 
II0 II7 
110 100 
110 99 
109 98 

Thuxccical vah~~ atimated for: WI. 2, a sofa form ring B; WI. 3, a ring B, allowing for a 

wnformationd waflsms on from ring C; WI. 5. a chair form ring C; WI. 6. a chair form ring C, 
allowing for the deformation caused by opening c(P)X(I 1)X(12) IO 117” (denoted by e); WI. 7. 
a chair form ring C, allowing for a conformational transmission from ring D. 

the demands of ring D (col. 7). The observed conformation of the part of ring C 
formed by the atoms C(l2). C( 13), C( 14) and C(8) obeys neither requirements, but 
is rather normal (compare col. 4 and 5). 

Secondly, a closure of the torsional angles 9(13-12-11-9). e(12-11-9-8) and 
cp(l I-9-8-14) and an opening of the valency angle C(ll)C(9)C(8) is also required. 
This is observed (qualitatively), indicating that the necessary deformation of ring B 
is relatively easy. 

Due to the presence of strong v.d. Waals interactions the equality rule for cis- 
junctions should not hold strictly. It can be shown that the enlargement of the 
vafency angles around C(9) (Table 9, col. I) results in a decrease of &O-98-7) 
with respect to dI 1-9-8-14). The observed values are 35’ and 41“ respectively. 

The value of 35” for e(lO-9-8-7) in ring B gives rise to contkting demands for 
the other torsional angles of this ring (compare col. 2 and 3). On the one hand. 
the value of 35” requires a boat form ring B with C(5) as bowsprit. On the other 
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WI. 1 WI. 2 col. 3 WI. 4 
_.. -.- --. 

thcor. valua chcor. vabcs 
Oh. sofa-form ObS. sofa-form 

-. - -._-- __- - - 
fodond angles Vakncy angles 

1-2 +52.6” + 57” 2-l-10 112.4” 113” 
2-3 -23.9 -29 l-2-3 113.0 113 
M 0.8 0 2-3-l 118.9 120 
4-5 -3.2 0 345 121.6 122 
5-10 +3@4 i30 4-5-10 121.2 122 

10-l -54.3 -60 l-1&5 108.5 109 
f7 2.8 1.5 

hand, the planarity of the 3-keto+-dieoe system requires a sofa form ring B with 
C(9) outside the plane. 

The observed values (col. I) are a compromise between these contlicting demands. 
It should be borne in mind that the theoretical values are taken from curves calculated 
for non-substituted rings and that, therefore, no quantitative conclusions are justified. 
But qualitatively the agreement is better than one might have expected. 

The conformation of ring A, an almost ideal sofa form, is hardly affected by the 
strain found in the rings B and C. The actually observed conformation, however, 
is somewhat less puckered than the theoretical model (see Table 10). 

fARU 11. TOUlONAL AND VALEtiCY ANOLES OF RI?40 A AND STANDARD DEVUTKIFQ 0 IF: 

a%mxJND VIII. 

col. I WI. 2 col. 3 WI. 4 WI. 5 wt. 6 
-_- -_._ _. 

SIaodard lhbor. standard theor. 
ObS. vduu values , ObS. values WIUCS 

-.-.- - _-. _ -.--- _ 
Torsional mgks Villency angks 

l-2 + 57.8” + 55.8” + 57” 2-I-10 114” 113.3” 111” 
2-3 -55.0 - 52.3 -57 l-2-3 Ill 112.7 110.5 
3-4 i54.6 + 52.6 +56 2-34 110 111.0 110 
45 -56.6 -56.5 -58 345 112 112.7 Ill 
%I0 + 53.9 +55.1 +58 45-10 113 113.1 110 

l&l -55.4 -54.9 - 58 S-10-l 107 106.4 109.5 
l7 1.8 0.8 d 0.8 04 

(c) 2/?,3/?,14r,22~,25-Penrahydroxyd7-5~-cho/esrenone-6 (Ecdyson). This molecule 
has a cis A/B junction. The values of torsional and valency angles of ring A (Table I 1) 
show no serious deviations from the standard values for a substituted chair conforma- 
tion. The cis fusion of two rings with one quart. and one tert. carbon atom in the 
junction invalidates the equality rule. It can be shown (see Fig. 4d, section 4c) that 
in such cases I/?1 - 1~1 = 2.5”. We observe here Id9-l&5-6)1 - l&l-I&5-6)1 = 2.4”. 

The planarity of the conjugated A’cnone-6-system requires a sofa form for ring 
B, having C(10) outside the sofa plane. Moreover, it requires ld7-8-9-IO)1 + 
~~14-8-9-11)~ = 180 - b (see Fig. 9). In case C(9) is a tert. carbon atom b is about 
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122~5“. Thus an ideal sofa ring B (see Table 12, col. 2) would require a torsional 
angle ~(14-8-9-11) in ring C of about 30.5” (col. 6). It follows, that unlike a sofa 
ring B with C(9) outside the sofa plane (as in compound VII, section 5b), the sofa 
form with C( 10) outside its plane requires a considerable flattening of ring C. Although 
this could be achieved without opposing the demands of ring D, the energy contribu- 
tion of ring C would be increased with at least 3.5 kcal/mole. Therefore it seems 
energetically preferable to drop the demand of strict planarity of the A’-cnone-6 
system, implying that, Ie(7-8~9-1O)I -t Igfl4-8-9-1 I)1 = 180 - b (~57.5”) no longer 
holds. The sum becomes larger than 180 - b (observed 61.8”). 

Ro. 9. Projaztion of a junction involving one trigond carbon 8tom. 

T’he puckering of the conjugated system will increase the energy contribution of 
this part of the molecule, but will allow a decrease of the contributions of both ring 
C and B; the latter can change into a (distorted) half-chair form. A projection of 
ring B onto a plane going through C(6) and C(9) and perpendicular to a plane 
defined by C(6), C(7), C(8) and C(9) shows (Fig. 10) marked deviations from planarity, 
especially for the bond C(S)-C(l4). 

Inspection of the data of Table 12 reveals that ring B forms an unsymmetrically 
distorted halfchair configuration (col. 1.3 and 4). The chair cotiguration of ring C 
(~01. 5) is much less flattened than would be required by either a sofa ring B (col. 6) 
or a halfchair ring B with planar double bond system (~01.7). The non-planarity of the 
A’-cnon& system makes it impossible to derive a set of theoretical angles for ring 
C from the values found in ring B with the aid of transmission rules. A set of 
theoretical angles (~01. 8), which are in good accordance with the observed values 
(co\. 5) can be obtained by setting dl4-8-9-11) equal to 46” and applying the 
appropriate corrections3 to the standard values of ring C (Table 4, col. 5). 

Although several details are not yet settled the following conclusions are justified : 
Valency angles in cyclohexane rings around sec. and tert. carbon atoms are larger 

than those around quart. carbon atoms. The adoption of 1 I l-5”. 1 10.5" and 109*5O 
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as standard values for sec., tert. and quart. carbon atoms has proved to be useful 
although some caution is called for. Torsional angles smaller than 60’ are a con- 
sequence of valency angles larger than 109.5”. The decrease of torsional angles, down 
to about 55”. is greatest for those involving sec. carbon atoms. 

In first approximation the curves of Bucourt and Hainaut, calculated for 
unsubstituted rings, can also be applied to more complicated systems in predicting 
qualitatively the alterations of valency and dihedral angles as a function of the 
variation of one dihedral angle. 

The presence of two axial methyl groups-C( 18) and C( 19-n the same side of the 
steroid skeleton influences the overall geometry of this skeleton. In conclusion it 
may be stated that in the simple addition of cyclohexane-like units to a steroid 
molecule many interaction terms that play a role in the energy balance are neglected, 
therefore, the actual geometry of steroids must be more complicated than the present 
models can predict. For IIURS junctions the rule Ial + IpI = K holds. K has the 
following values: 

K = 120” for a quartquart. junction 

K = 117.5’ for a quart.-tert. junction 

K = 115” for a tert.-tert. junction 

K = 109” for a C/D junction 

For cir junctions the equality rule /3 = y holds only if the degree of substitution 
is the same for both atoms of the central bond. The presence of pairs of axial 
substituents suitably placed in the ncighbourhood of a junction causes a breakdown 
of the rules. The influence on the sum rule is usually a decrease of K with amounts 
of 5” to 10”. 

The occurrence of conformational transmission effects has been shown, especially 
in the more complicated systems. The geometry of molecules in which the require- 
ments of parts of the molecule are opposed can be understood qualitatively. Once 
the structure is known the observed valency and dihedral angles can be explained 
satisfactorily, but a quantitative treatment based upon energy calculations is not yet 
feasible. 

Ackmwfe~cmenf-We wih 10 express our gratitute lo Prof. Dr. E. Having8 for his continuous and 
stimulating interest in thh resarch. 

APPENDIX 

I. Notation of torsional und projected angles. The torsional angle dl-2-3-4) 
denotes the angle between a plane defined by the atoms C(l), C(2) and C(3) and a 
plane defined by C(2), C(3) and C(4). (Fig. 11). In contrast to Hendricksons’ notation 
the torsional angles is taken positive if the bond in front has to be turned clockwise 
in order to eclipse the rear bond. This choice of signs originates from Eyringn and 
has also been used by Klyne, Prelog’ and Bucourt.* In the text, however, we refer 
to the absolute values only, because the sequence of signs and not the sign of the 
individual torsional angle is important information. This sequence is implicitly given 
by noting that the rings exhibit chair conformations, sofa conformations, etc. 
Individual signs depend on the adopted absolute configuration. 

n H. Eying. Phy~. Rev. 39, [2] 746 (1932). 
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Ro. 11. Ddinition of tonioflel angte (see text). 

Note, that we adopt the term projected angles for dihedral angles, which are 
projected valcncy angks of tetrahedral carbon atoms. They are not the usual torsional 
angles. 

II. Weighred averaged ~olues were calculated according to the formulae: 

where p, are the individual observations and a, their standard deviations. 
The standard deviations in the atomic coordinates--u(A)-and those in the 

valency angles-u(b)-were taken from the original publications. The standard 
deviations of the torsional angles-u(q)-were computed with an approximate 
formula given by Huber? 

a(v) = -$!&I -(coscp+ 1>costq1 - cos 6)) 

in which d is the C-C distance (taken as I.54 A) and 6 is the valency angle (taken 
as 110’). The obtained numbers are summarized in Table 13. Although in most 
cases it is not justified to quote the angles in tenths of degrees, we have given this 
extra decimal in order to avoid round 05 errors. 

The term “significant” has been used according to statistical criteria, generally 
accepted in X-ray workm e.g.: two quantities q4 with standard deviations u, are 
said to differ significantly if (ql - qJ/(u,* + n,? > 2.2. 

III. The relarion between torsional angles (p) and oolency angles (8) in a chair 
form cyclohcxane ring is given by: 

--cos t9 

cos(p= 1 +cos6 

-f-A&B 13. !hANDARD DEVUTIOM IN SOME PARAMETER3 OF cxxmoOUHDS 

1. 11, IIt AND Iv. 

weighted 
I II III IV *vMgc 

o(A) 0025 h 0.014A o.oo4A o+mA - 
O(8) 2.0” 1.4’ @4’ 0*7* 0.33* 
ticpI 4.7’ 2.6’ Q8’ 1.7” Q69 

” P. J. Hubcr. appendix in E. F. Hubcr-Bluu and J. D. Dub., HA. Chim. ACIU 44,2027 (1961). 
m D. W. J. Cruickshank and P. Robertson. Am Crysf. 6. 698 (19J3). cf. W. L. Gon. StarLlfcuJ 

Mefhods for Chrmicol Experimenfadon. Intariena. New York (1952). 
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This relation holds strict for a ring with symmetry Jm, but can be used also for 
deformed chair forms of lower symmetry, provided that the individual angles e) and 6 
are replaced by the average of the six torsional angles and the six valcncy angles.* 
The variation of Q: as a function of the variation of 6 is: 

sin 6 d6 
-sinqdg, = (1 + cos6), 

Thus with values of 8 of about 110” and of Q of about 58” an increase of 6 with 1’ 
causes a dc<xcasc of q with about 2.5”. 

IV. The relations of angles in a tetrahedron (Fig. 5) arc: 

(a) P‘ = 27r. 

00 
cos i = cosp,= @,+, - cos 6, cos 8, 12.3 

sin 6, sin 6, i = 2.3.1 

The variation of e.g. p1 as a function of variation of the corresponding 8’s is given by: 

dpl = {sin 9, sin 9, sin S, dt9, - sin 6,(cos 6, - ws 6, 

Assuming nearly 
obtains the useful 

x cos 0&M, - sin 0, (cos 6, - cos 6, cos 8,) de,} 

x {-sin p’I sin’ 6, sin* 6,}-‘. 

tetrahedral valency angks with projected angles to match one 
approximate expression : 

ApI z 04(2A6, + Ai9, + AS&. 


