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Experimental Section 

The computer program described here, named Heuristic DENDRAL, 
runs on the PDP-10 time-sharing computer at the Stanford Uni- 
versity Artificial Intelligence Laboratory. It is written in the Lisp 
programming language in three large parts each requiring approxi- 
mately 40K of core memory (with an estimated 15K of overlap 
between the parts). Although many factors influence the length of 
time the program takes from the time it receives the initial spectrum 
and molecular ion composition to the time it outputs its ordered 
list of explanatory structures, 4 or 5 min at the teletype will usually 
suffice for examples of the complexity described here. 

The program is now confined to monofunctional aliphatic struc- 
tures. However, we are currently working on the removal of these 
limitations as well as adding more mass spectrometry theory to the 
program such that more complex problems will be within the 
program’s capability. Details of the computer program itself have 
been described elsewhere.20 

simple problem it nonetheless represents a starting point 
for demonstrating the potential power inherent in com- 
puter interpretation of experimental data. Even when 
no unambiguous answers can be obtained it is impres- 
sive to  note that the number of possible candidates is re- 
duced drastically (e.g. ,  10 candidates out of 989 theo- 
retical possibilities in examples 15 and 16 in Table I). 
In the case of mass spectra taken directly from gas 
chromatography effluents the program would not be 
able to  utilize nmr input data. Thus multiple solutions 
would be possible for a particular problem. However, 
as stated above, a significant degree of truncation con- 
sidering all possible aliphatic ethers would be achieved. 
Clearly one can program other physical data (for in- 
stance ir and uv spectral parameters) to supplement the 
mass spectral and nmr data currently used. With added 
experimental data and sophisticated programming the 
computer should be able to  solve more complex prob- 
lems and it is t o  this end that future research in our lab- 
oratories is being directed. 

(20) B. G. Buchanan and G. L. Sutherland, “Heuristic DENDRAL: 
A Program for Generating Explanatory Hypotheses in Organic Chem- 
istry,” Stanford Artificial Intelligence Lab. Memo No. 62, 1968. 
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Abstract: The natural abundance 13C resonance spectra of a variety of sterols and steroidal hormones have been 
determined at 15.1 MHz. The chemical shifts of the carbons in these substances were found to span on the order 
of 200 ppm and for most steroids with the aid of complete proton decoupling it was possible to resolve all of the 
carbon resonances one from the other. It has also been possible by using specific single-frequency and off-resonance 
proton decoupling, hydroxyl acetylation effects on chemical shifts, deuteration, and substituent influences in analo- 
gous compounds to make self-consistent and unambiguous assignments of nearly all of the resonances encountered. 
The carbon resonances are in general far more informative than proton resonances for structural analysis of steroids. 

nstrumentation is now available for relatively routine I determination of high-resolution nmr spectra of 13C 
in natural abundance in organic compounds. 3-6 Noise- 
modulated proton decoupling’ is of special utility for 
organic structural analysis because it permits measure- 
ment of fully proton-decoupled spectra consisting of 
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sharp singlets when other nuclei with nonzero spin are 
either absent or undergo rapid quadrupole relaxation. 

Proton nmr spectra have found extensive application 
in structural and conformational studies of steroids, al- 
though often few resonances other than methyl groups 
are easily assignable. The 13C nmr spectra of steroids 
promise to be considerably more useful, both because 
of the enormous sensitivity of 13C chemical shifts to 
structural changes*~* and because each carbon atom of 
the skeleton and any attached groups can usually be ex- 
amined individually. With the enhanced sensitivity ex- 
pected from future instrumental improvements, the 13C 
nmr should also find wide application in biosynthetic 
tracer experiments. 

We have measured the I3C spectra of a series of struc- 
turally related steroids and have been able to make sat- 
isfactory assignments of almost all of the resonances. 
Chemical-shift measurements were made with full pro- 
ton noise decoupling.’ Under these conditions, spectra 

SOC., 88, 4301 (1966). 
(8) G. W. Buchanan, D. A. Ross, and J. B. Stothers, J .  Atner. Chem. 
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Figure 1. Noise-decoupled 13C nmr spectra of the saturated region of a 1.5 Msolution of cholesta-3,Sdiene (9) ;  (A) wide sweep (loo0 Hz) 
spectrum, 28 scans at 250 sec/scan; (B) narrow sweep (100 Hz) spectrum used for chemical-shift measurements, 12 scans, 50 seciscan. The 
barely resolved signals for C-7 and C-8 are separated by 0.1 ppm. 

could be obtained on 0.2 M solutions, although 1.0 to In concentrated solutions of lower molecular weight 
1.5 M solutions were used when possible. Figure 1 molecules, exact proton-decoupling frequencies corre- 
shows sample spectra, curve A being a wide-sweep sponding to  each carbon can be readily determined, 
spectrum showing all of the resonances of the saturated since only a single scan is required to observe a signal. 
carbons of cholesta-3,5-diene, while curve B is a narrow- If the proton spectrum can be assigned, the decoupling 
sweep (100 Hz) spectrum used for precise chemical-shift frequencies will aid in the assignment of the resonances 
measurements. in the carbon spectrum. This technique is most useful 

Table I. 13C Chemical Shifts of cis- and trans-4-~-Butylcyclohexanols and Their Acetates 

trans CiS 
Carbon G(alcoholpfb a(esterP A d(alcohol)4 a(ester)n A 

1 122.4 
2 157.1 
3 167.1 
4 145.5 

Quaternary 160.7 
Methyl" 165.3 
Methyl8 
Carbonyl6 

119.5 -2.9 
160.2 3 . 1  
166.9 -0.2 
145.1 -0.4 
160.2 -0 .5  
165.0 -0.3 
171.8 
23.5 

127.8 123.9 -3.9 
159.5 161.9 2 . 4  
171.8 170.7 -1.1 
144.6 144.7 0 .1  
160.4 160.1 -0.3 
165.4 165.1 -0.3 

171.8 
23.5 

Undecoupled spectra were not useful in this work be- 
cause of their great complexity and the extensive scan- 
ning times needed to obtain sufficiently strong signals.'" 
Off-resonance, single-frequency decoupled spectra, in 
which the sample is irradiated strongly at a frequency 
several hundred hertz off from the region of proton-reso- 
nance frequencies, have been found very useful. No 
long-range couplings are observed in such spectra and 
direct 13C--lH couplings are reduced to 20-40 Hz while 
still providing some favorable Overhauser enhance- 
ment4g9 of signal intensity. In the steroids, off-reso- 
nance decoupling does not usually yield the clean dou- 
blets, triplets, and quartets for methine, methylene, and 
methyl carbons which may be seen in less complex mole- 
cules, but quaternary and methyl carbons can be readily 
identified (see Figures 2 and 3). In favorable cases, 
methine and methylene resonances can be distinguished 
from one another by the absence of a peak at  the posi- 
tion of the methine resonance in the off-resonance de- 
coupled spectrum (methylene carbons will generally 
show a peak at  the resonance position). 

(9 )  K. F. Kuhlman and D. M. Grant, J .  Amer. Chem. SOC., 90, 7355 
(1968). 

in identification of carbons near functional groups where 
the proton resonances are 'most widely separated. 
Only limited use of this method was made in the steroids 
because determination of the exact decoupling frequen- 
cies is very time consuming, the two protons of methy- 
lene groups are nonequivalent, and most of the proton 
shifts are not known. In the case of the exceptionally 
soluble cholesteryl methyl ether, the exact decoupling 
frequencies of the methyl groups were determined and 
an assignment could be made on this basis. 

It has been found that the carbons near hydroxyl 
groups can be readily identified from chemical-shift 
changes attendant to acetylation. Table I shows the 
characteristic shifts which occur on acetylation of the 
axial (cis) and equatorial (trans) 4-t-butylcyclohexanols. 
The downfield shift of the carbinol carbon ((2-1) is ap- 
parently the result of a greater electron-withdrawing 
power of the acetoxy group than the hydroxyl group, 
while the positive shift of C-2 (and C-6) results from 
steric interaction with the acyl group. For axial cyclo- 
hexanols, there is also a 1 ppm downfield shift of C-3, 
possibly because of the smaller 1,3 interaction of the 

a In ppm, upfield relative to CSz. Data from J. D. Roberts, F. J. Weigert, J. I. Kroschwitz, and H. J.  Reich, J.  Amer. Chem. SOC., in 
press. Methyl of t-butyl group. d Methyl of acetoxyl group. Acetoxy carbonyl. 
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Figure 2. (A) 18C spectrum of 19-norandrost-4-ene-3,17-dione (18) with off-resonance decoupling (550 Hz from center of aliphatic proton 
resonances); 202 scans, 50 sec/scan; (B) noise-decoupled spectrum of 18; 29 scans at 100 sec/scan; (C)  off-resonance decoupled spectrum of 
testosterone (20); 160 scans, 50 sec/scan; (D) noise-decoupled spectrum of20; 26 scans, 100 sec/scan. 

9 14 195 4 1 2 1 0 8  712 6 15 11 
le 

Figure 3. (A) Off-resonance decoupled lac nmr spectrum of androstane-3,17-dione (12); 138 scans; (B) noise-decoupled spectrum of12; 54 
scans; (C)  noise-decoupled spectrum of 2,2,4,4,16,1 dd~-androstane-3,17-dione. 
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Table 11. The Chemical Shifts5 and Assignments for the lSC Spectra of Steroidsb 

Carbon 1 2 3 3a 4a 6 6a 6b l a  8 9 10 l l a  12 

1 153.6 153.9 155.2 155.6 159.4 155.0 155.2 155.1 154.4 153.9 158.5 159.5 156.4 154.0 
2 170.2 154.6 160.7 164.9 166.3 160.9 164.3 164.2 164.3 160.3 169.4 169.0 165.0 154.7 

4 163.2 148.0 153.9 158.3 159.4 150.1 154.1 153.5 155.7 151.4 68.2 68.1 154.8 148.1 
5 145.2 145.8 147.3 147.7 152.2 51.3 52.6 51.5 51.5 51.8 51.1 32.5 29.3 145.8 
6 163.2 163.4 163.5 163.7 164.1 71.2 69.9 71.2 72.1 73.1 69.6 64.6 65.8 163.7 

8 156.7 156.8 156.7 156.8 156.8 160.5 160.3 160.5 54.0 51.9 160.5 146.5 147.2 157.4 
9 137.3 138.4 137.7 137.9 137.9 142.0 142.1 142.0 146.3 146.0 143.9 142.7 142.6 138.2 
10 156.0 156.9 156.9 156.9 156.7 156.0 155.8 155.6 155.3 155.3 157.3 156.3 154.2 156.6 
11 171.4 170.9 171.1 171.1 171.5 171.3 171.2 171.3 171.4 171.3 171.3 171.1 171.2 171.7 
12 164.2 164.2 164.2 164.3 164.1 164.2 160.0 164.3 164.3 164.2 164.2 163.8 163.9 161.8 
13 149.7 149.8 149.7 149.8 149.8 150.1 150.0 150.0 149.5 149.5 149.9 148.9 149.3 145.1 
14 135.6 136.0 135.8 135.8 135.7 135.6 135.5 135.5 138.0 137.9 135.3 141.6 142.3 141.1 
15 168.2 168.2 168.2 168.3 168.3 168.2 167.9 168.2 169.5 169.4 168.3 166.0 166.1 170.7 
16 152.1 152.3 152.1 152.3 152.2 152.5 152.4 152.4 153.1 153.1 152.3 153.3 153.5 157.1 

18 180.3 180.5 180.4 180.5 180.5 180.5 180.5 180.6 180.7 180.7 180.5 180.5 180.7 179.0 
19 180.4 181.3 180.5 180.5 181.3 173.1 173.2 173.2 176.5 176.5 173.9 176.0 175.6 181.5 
20 156.5 156.6 156.6 156.6 156.5 156.7 156.4 156.5 156.2 152.0 156.5 156.6 156.6 
21 173.7 173.8 173.9 173.8 173.8 173.7 173.6 173.7 173.6 173.1 173.7 173.5 173.6 
22 156.1 156.1 156.1 156.1 156.1 156.1 155.8 156.1 156.2 60.3 156.0 156.1 156.1 
23 168.3 168.5 168.4 168.4 168.4 168.4 168.2 168.4 168.5 56.5 168.3 168.4 168.4 
24 152.8 152.9 152.8 152.9 152.8 152.9 152.7 152.8 152.9 149.5 152.7 152.9 152.9 
25 164.4 164.5 164.5 164.5 164.5 164.5 164.3 164.5 164.5 159.3 164.4 164.5 164.5 
26 170.0 170.0 170.1 170.1 170.0 170.0 169.8 170.0 170.0 172.8 170.0 169.9 170.1 
27 169.8 169.8 169.9 169.9 169.8 169.7 169.6 169.8 169.8 171.5 169.8 169.7 169.9 
28 175.1 

CH3d 171 .9d 171 .Sd 171.6d 137.4e 171.6d 172.0d 
Cod 23.1d 23.2d 22. 9d 23.2d 

3 165.5 -16.6 122.1 119.3 123.0 121.2 118.8 112.2 119.9 122.8 62.9 56.4 120.2 -16.5 

7 160.2 160.6 160.2 160.4 160.4 160.5 160.3 160.5 75.8 75.8 160.6 -7.9 -7.6 160.6 

17 135.7 135.9 135.8 135.8 135.7 136.0 135.9 135.9 136.3 136.5 135.9 137.2 137.3 -25.9 

In ppm from carbon disulfide. b The solvent was dioxane with more or less chloroform added to achieve complete solution. The un- 
certainty introduced by variations in the solvent composition is believed to be 0.1 ppm or less. The temperature with complete proton de- 

acetoxy group with the 3-hydrogen relative to the hy- 
droxyl group. 

Specific deuteration is also an effective tool for iden- 
tification of particular carbons. The signals for car- 
bons a to carbonyl groups in several steroid ketones 
were identified in this way (see Figure 3). The signal 
for the deuterated carbon essentially disappears at the 
attainable signal-to-noise ratios because of quadrupole 
broadening, spin-spin splitting, and decreased Over- 
hauser enhancement. 

Previous work on I3C nmr spectroscopy has estab- 
lished the characteristic chemical shifts of various 
types of carbonyl carbons,10-12 of unsaturated car- 
b o n ~ , ~ , ~ ~ , ~ ~ ~ - ~ ~  and of aliphatic carbons. 4,15 System- 
atic studies of  alkane^,^" methylcycl~hexanes,~~ and 
cyclohexanols8,15 have established much about the de- 
tailed nature of chemical-shift effects in these open- 
chain and cyclic systems and have been very helpful in 
making the steroid shift assignments. 

It should be noted that in some of the assignments re- 
ported below, resonances separated by 0.5 ppm or less 
were assigned to particular carbons, although a reversed 
assignment could be equally valid. Unless one of a 
group of such lines was unambiguously identified by 
deuteration, as a quaternary carbon by off-resonance de- 
coupling, or because one of the lines was a highly in- 

variable one (such as C-22 to (2-26 in cholestane), the 
assignments must be considered to some degree uncer- 
tain. In all such cases, the assignments given are the 
ones considered to be the most probable from chemical- 
shift considerations. 

Cholestane (l), Cholestan-3-one (2), and Cholestan- 
3-01s 3 and 4. The resonances of the cholestane side 
chain (C-21 to C-27) can readily be identified by com- 
parison with 2,6-dimethyloctane (5) as a model com- 
pound, the peaks of which could be assigned by the sub- 
stituent parameters of Grant and 

. I C  

cholestane cholestan-3-one 
1 2 

cholestan-8p-01 (10) J. W. Emsley, J. Feeney, and L. H. Sutcliffe, “High Resolution 
Nuclear Magnetic Resonance Spectroscopy,” Vol. 2, Pergamon Press, 
New York, N. Y., 1966, p 1009. 3 . R = H  

cholestan-3a-01 
4 , R = H  

cholesta,1-38-yl acetate cholest an-3a-yl ;IC ct,r i (> 

4 a ,  R = CH C O  

(11) G. B. Savitsky, K; Namikawa, and G. Zweifel, J .  Phys. Chem., 

(12) (a) J. B.  Stothers and P. C. Lauterbur, Can. J .  Chem., 42, 1563 
69, 3105 (1965). 

(1964); (b) D. H. Marr and J. B. Stothers, ibid., 43,596 (1965). 
(13) M. Jautelat and J. D. Roberts, unpublished results. 

J .  Chem. Phys., 49, 2395 (1968). 
(15) See Table I, footnote b. 

3 a , R = C H C O  

The spectra of a series of diverse cholestane-type 

whose resonances are as expected from the spectrum of 
(14) G. B. Savitsky, P. D. Ellis, K. Namikawa, and G. E. MacieL steroids having the Same side chain show Seven carbons 

Journal of the American Chemical Society / 91:26 / December 17, 1969 
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13 13a 14 15 15a 16 17 18 19 20 20a 21 22 23 2% 2 4 c  

155.0 
160.7 
121.5 
149.9 
50.4 
72.1 

160.7 
160.7 
141.7 
155.6 
171.9 
161.6 
145.3 
140.6 
170.6 
157.1 

179.3 
173.3 

-26.2 

155.5 
164.7 
119.0 
154.3 
52.4 
70.7 

160.9 
160.9 
142.2 
155.7 
172.1 
161.6 
145.3 
140.8 
170.7 
156.9 

179.1 
173.3 

171. 5d 
22. 7d 

156.8 
159.9 

68.5 
23.2 

160.2 
161.8 
158.6 
138.3 
153.9 
171.3 
156.5 
148.8 
136.3 
169.5 
153.7 
129.2 
179.5 
175.5 

168.1 

-4.6 

-14.7 

157.4 
159.0 
-6.0 
68.1 
22.1 

160.5 
161.9 
158.3 
133.3 
152.4 
124.3 
142.1 
148.5 
136.8 
169.5 
154.8 
129.4 
178.3 
174.5 

168.2 
-14.9 

157.4 157.6 
159.3 158.7 

67.8 68.4 
23.0 23.1 

160.5 160.3 
161.7 160.5 
158.5 158.4 
137.5 138.0 
152.7 153.8 
121.9 171.6 
147.2 156.8 
148.9 146.2 
136.8 136.5 
169.4 160.0 
155.7 36.9 
129.6 49.3 
178.7 176.8 
174.5 175.7 

168.3 166.1 

-5 .3  -4.8 

-14.6 -2.9 

171, 2d 
23.64 

157.8 
159.4 

68.5 
23.1 

160.8 
161.6 
157.9 
138.4 
154.5 
172.1 
162.2 
145.3 
141.6 
170.8 
157.4 

179.1 
175.5 

- 5 . 1  

-25.9 

165.7 
156.1 

67.8 
27.4 

157.2 
160.8 
152.5 
142.7 
150.1 
166.7 
162.3 
145.1 
142.3 
170.9 
157.4 

179.0 

-5.2 

-25.8 

165.8 156.7 156.7 156.3 165.7 66.3 
156.2 158.7 158.6 158.4 156.0 79.7 
-5.8 -5.2 -5.0 -5.2 37.4 
68.0 68.6 68.5 66.1 77.4 
26.6 22.4 22.4 28.5 55.1 

157.2 160.0 159.9 153.6 149.5 
161.5 160.6 160.8 161.2 161.6 
151.8 156.7 157.0 151.8 149.4 
143.6 138.2 138.5 145.3 149.3 
149.9 153 .8  153.9 154.0 149.9 61.3 
166.2 171.6 171.8 171.5 165.7 
155.7 155.7 155.7 155.7 155.7 
149.4 149.6 149.9 149.4 149.3 
143.9 141.7 142.0 145.9 145.7 
169.2 169.0 169.0 169.5 169.9 
162.1 162.1 164.9 162.0 162.2 
111.4 111.5 110.3 111.5 
181.4 181.5 180.6 181.5 181.5 

175.5 175.2 174.8 

~ 

66.4 155.4 
73.6 157.8 
43.3 -4.5 
70.9 68.2 
55.0 24.0 

163.1 161.6 
166.0 161.3 
154.2 57.4 
148.1 48.0 
54.6 153.2 

166.7 65.4 
160.6 66.2 
144.9 66.3 
142.0 63.8 
171 . O  
157.2 

179.1 
-25.9 

165.1 

171. 8d 179.9, 179.91 172.3d 
22.84 23. 6d 

coupling was on the order of 50". Using a numbering system analogous to the steroid numbering. d Methyl and carbonyl of acetyl group. 
Methyl of methoxyl group. f Chemical shift of 7a-methyl group. 

5 and do not change by more than 0.3 ppm throughout. 
(See, for example, the resonances found for 1 , 7 ,  and 10 
in Table 11.) These resonances are absent in steroids 
having a different side chain, e.g., ergosterol, proges- 
terone. 

l iJ.6 155.6 I2J.l i?O.Oti 

16.1.0 
l8l.5' liO.11 

5 

The twenty-seven carbon resonances of cholestane (1) 
appear between 135.6 and 180.4 ppm from carbon di- 
sulfide; all except one pair (at 163.2 ppm) are resolved, 
although four pairs differ by only 0.1 ppm (Figure 4). 
Three resonances of cholestane (170.2, 165.5, and 163.2 
ppm) change significantly on introduction of the ketone 
function at C-3 (2) and these can be assigned to (2-2, C-3, 
and C-4, respectively. The chemical shift of C-3 is, as 
expected, close to the shift of cyclohexane (165.5 
ppm4bj6a) and C-4 in trans-l,2-dimethylcyclohexane 
(165.8 ~ p m ~ ~ ) .  The C-4 resonance should appear at 
lower field than that of C-2 because of greater degree of 
P substitution. The identification of the peaks corre- 
sponding to C-2 and C-4 was confirmed by deuteration 
of these positions in 2. 

Further predictable changes occur in C-2 and C-4 on 
going to cholestan-3/3-01 (3) and cholestan-3P-yl acetate 
(3a). Two other resonances also undergo slight changes 
in this series; their assignment as C-1 and C-5 (153.6 
and 145.2 ppm in 1) is confirmed by the large upfield 
shift that occurs for these resonances in cholestan-3a-yl 
acetate where substantial steric interaction with the 
axial acetoxy group occurs. Upfield shifts resulting 

from steric interactions with y substituents have been 
observed in carbon ~ p e c t r a * ~ ' ~ ~ ~ ~ ~ ' ~  as well as for other 
second-row elements. 1 6 , 1 7  I t  should be noted that C-1 
and C-5, and C-2 and (2-4, change quite symmetrically 
as the substituent at C-3 is varied. 

The three low-field aliphatic resonances can be as- 
signed to the tertiary carbons C-9, C-14, and C-17. 
The two quaternary carbons (C-10 and C-13) can be 
located in all of these steroids by off-resonance decou- 
pling. The two highest field resonances correspond to 
(2-18 and C-19, with (2-19 undergoing slight changes as 
a result of changes in substitution at C-3. Other than 
C-2 and C-3, the highest of the methylene signals (171.4 
and 168.3 ppm in 1) should correspond to C-11 and 
C-15, since these carbons undergo strong steric inter- 
action with C-18 and C-19 or C-20. These considera- 
tions lead to the partial assignment depicted in Figure 4. 

Cholesterol (6) ,  7-Dehydrocholesterol (7), and Ergo- 
sterol (8). Introduction of a double bond between 
C-5 and C-6 in cholestanol to give cholesterol ( 6 )  results 
in several chemical-shift changes which allow assign- 
ment of the affected resonances (Figure 5 ) .  The dis- 
appearance of the c -5  and c - 6  resonances from the 
aliphatic region allows assignment of C-6 in steroids 
1-4. One of the high-field methyl resonances moves 7.3 
ppm downfield in cholesterol, and this resonance can 
be assigned to  (2-19. Evidently there is a decrease in 
steric interaction with C-6, and possibly C-4 and C-8. 
The exact decoupling frequencies of the methyls in 
cholesteryl methyl ether (6b) led to the same assignment 
as those made on the basis of chemical-shift considera- 

(16) J. D. Roberts and J. B. Grutzner, unpublished results on methyl- 

(17) J. M. Purser and J. M. Spielvogel, Inorg. Chem., 7, 2156 (1968). 
substituted norbornane derivatives. 

Reich, et al. / Carbon-I3 Steroid Spectra 



7450 

1 , , , , i  , , , ,  I . , , , I , , . , I , . , . ~ . . . . I , , , . ~  , , I . , ,  
140 150 160 im 180 

Figure 4. Correlation of 13C chemical shifts for cholestane (l), cholestan-3-one (2), cholestan-3b-yl acetate (3a), and cholestan-3a-yl acetate 
(4a). 
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Figure 5. Correlation of 
terol (8). 

chemical shifts for cholestan-3b-01 (3a), cholesteryl acetate (6a), 7-dehydrocholesteryl acetate (7a), and ergos- 

6a ACO d 5 P  

I 27 

Figure 6. 
3b-yl acetate (11). 

Chemical-shift correlations for cholesteryl acetate (6a), cholesta-3,5-diene (9), cholesta-3,5-dien-7-one (lo), and cholest-5-en-7-on- 

tions. Carbons 2 and 4 were assigned from acetylation 
shifts, and they can be distinguished in cholesterol, be- 
cause only the allylic carbon C-4 changes between 
cholestanol and cholesterol. 

Comparison of the lac chemical shifts of cyclohexane 
and cyclohexene shows that on introduction of a double 
bond into a six-membered ring the carbons a to the 
double bond come upfield 1.8 ppm, while those P come 
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Figure 7. Chemical-shift correlations for cholestan-3-one (2), androstane-3,17-dione (12), 5-dehydroisoandrosterone (13), and cholesterol (6).  

upfield 4.2 ppm.I3 On this basis, one would expect 
C-9 and C-8 to move strongly upfield on going between 
compounds 3 and 6. In fact, one of the low-field reso- 
nances shifts 4.2 ppm upfield, and this can then be as- 

cholesterol 7-dehydrocholesterol 

cholesteryl acetate 7-dehydrocholesteryl acetate 
6 , R = H  7 , R = H  

6 a ,  R = CHJO 
cholesteryl methyl ether 

7 a, R = CH,CO 

6b, R = CH, 

ergosterol 
8 

signed to C-9. Disentanglement of the closely super- 
imposed resonances at 152 to 162 ppm is less clear-cut, 
but one resonance which appears at 156.6 ppm in cho- 
lestanol3 moves to 160.5 ppm in cholesterol, and this is 
assigned to C-8. The resonance for C-8 methine is ex- 
pected at unusually high field as a result of strong steric 
interaction with C-18 and C-19. This assignment for 
C-8 is supported by off-resonance decoupled spectra of 
androstane-3,17-dione (Figure 3). 

Introduction of a second double bond in ring B (com- 
pound 7a) eliminated two resonances at 160.3 ppm in 6 
from the saturated alicyclic region, confirming their as- 
signment to C-7 and C-8. Carbon 9 moves further up- 
field, as does one of the remaining methine resonances 
which can now be assigned to C-14. The other methine 
resonance at 136 ppm corresponds to  C-17 and would 
not be expected to change as much as C-14. The reso- 
nance for C-15 moves upfield 1.6 ppm, differentiating 
it from the nearby (2-23 peak. Carbons 2 and 4 were 

again assigned from their acetylation shifts. Three 
resonances remain unassigned (164.2, 156.7, and 152.1 
ppm) which correspond to  C-12, C-20, and (2-16. 

The ring carbons of ergosterol (8) can be cleanly as- 
signed by comparison with 7a, because these compounds 
differ only in the side chain. The close correspondence 
between the ring-carbon chemical shifts supports the as- 
signments made above. The chemical shifts of the side- 
chain carbons for 8 can be estimated by application of 
the alkane substituent parameters of Grant and Paul4' 
to introduction of a methyl group at C-24 of the cho- 
lestane side chain, and then using the following param- 
etersla to correct for the presence of the C-22,23 double 
bond: a, -3.0 ppm; p, 0; y, 0.5 ppm. The unas- 
signed resonances of ergosterol correspond to  within 
2 ppm of the estimated side-chain values. A unique 
assignment for (2-21, C-26, and C-27 could not be 
achieved. 

Cholesta-3,s-diene (9), Cholesta-3,5-dien-7-one (lo), 
and Cholest-5-en-7-on-3/3-yl Acetate ( l la) .  The assign- 
ment for the side chain and the carbons of rings B, C, 
and D of 9 was as for cholesterol (see Figure 6). Car- 
bons 3 and 4 now appear in the unsaturated region. 
The two remaining resonances in the spectrum of 9 
can be assigned to  C-1 and (2-2. Note that C-2 has 
essentially the same chemical shift as in cholestane, 
while C-1 is shifted upfield some 5 ppm. The intro- 
duction of a keto group at C-7 (10) results in a number 
of chemical-shift changes, but an assignment consistent 
with the above considerations can be readily made. 
The resonance for C-7 is shifted to the a,P-unsaturated 
ketone carbonyl region; C-8 moves downfield about 
14 ppm, as expected. The signal for C-14 moves upfield 
6.3 ppm from 9, apparently the result of a steric inter- 
action with the carbonyl group. Carbons 12, 15, and 
16 are significantly shifted, and this serves to distinguish 
these from the C-20, C-23, C-24, and C-25 resonances, 
which should remain unchanged. The chemical shifts 
of C-1 and C-2 are only slightly changed from 9. 

In compound l l a ,  the resonances for the C and D ring 
carbons are unchanged from the dienone 10, while the 
ring A carbon signals are close to those for cholesteryl 
acetate, as expected. 

Androstane-3,17-dione (12) and Dehydroisoandroster- 
one (13). The resonances of 12 and 13 (see Figure 7) 
serve to confirm the cholestane assignments and also 
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Figure 8. Chemical-shift correlations for changes in structure for progesterones 14-17, androst-Cenedione 18-19, and testosterones 19-22. 

cholesta-3, 5-diene cholesta-3, 5-dien-7-one 
9 10 

choles t-5-en-7-on-38.01 
11 ,R=H 

cholest-5-en-7-on-3fl-yl acetate 
l la .  R = CHjCO 

provide a link in the assignments for testosterone, pro- 
gesterone, and related steroids. 

floH 0 Po 0 

androstane-3,17-dione 5-dehydroisoandros terone 
12 13 

The A and B ring carbons in 12 are as for cholestan- 
3-one (2), and, indeed, the chemical shifts for C-1 to 

C-11 and C-19 in 2 are essentially matched by resonances 
in 12. Base-catalyzed exchange gives the 2,2,4,4,16,- 
16-de derivative (see Figure 3), whose spectrum has 
three fewer visible resonances than the protio com- 
pound, thus providing an independent assignment for 
these carbons. The off-resonance decoupled spectra 
of 12 (Figure 2) and of deuterated 12 allow identifica- 
tion of C-10, C-13, C-18, and, with a fair degree of cer- 
tainty, C-8, strengthening a rather weak assignment in  
cholestan-3-one. The remaining carbons (C-1 1, C-12, 
C-14, and (2-15) are identified by the usual chemical- 
shift considerations, C-11 and C-15 appearing at high 
field, C-14 at low field. 

The signals for carbons of rings A and B in 13 can be 
identified by comparison with choIestero1, and those for 
rings C and D by comparison with 12. All of these 
comparisons are consistent. Carbon 16 was indepen- 
dently identified from dideuterated 13. 

Progesterone (14), lla-Hydroxyprogesterone (15), 16- 
Deh ydroprogesterone (16), Androst-4-ene-3,17-dione (17), 
19-Norandrost-4-ene-3,17-dione (18), 19-Nortestosterone 
(19), Testosterone (20), 7a-Methyltestosterone (Zl), 19- 
Nor-7a-methyltestosterone (22), and Estrone (23). The 
assignments for this group of steroids (Figure 8) are more 
complex and somewhat more tentative than those of 
the compounds previously discussed. Changes in ring 
D appear to result in larger and less predictable shifts 
of distant carbons than did changes in rings A and B for 
compounds 1-4 and 6-13, possibly as a result of strain 
associated with the C-D ring junction. 

The off-resonance decoupled spectra allowed the 
usual assignments of methyl and quaternary carbons 
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They can be distinguished by the 5-6 ppm downfield 
shift of C-11 in the 19-nor steroids resulting from the 
absence of steric interaction with the C-19 methyl group, 
The large shifts of C-15 in 16 and C-11 in 15 confirm this 
assignment. Apart from C-17, the two lowest field, 
saturated alicyclic resonances are C-9 and (2-14. The 
usual chemical-shift considerations clearly differentiate 
these for most cases. Thus the well-known effect of 
fl-hydroxy (15 compared to 14) and P-methyl substitu- 
tion (18, 19, and 22 compared to 17, 20, and 21) result 
in downfield shifts for C-9, while y-gauche steric inter- 
actions with the 7a-methyl group in 21 and 22 cause up- 
field shifts of carbons 5, 9, and 14 when compared with 
20 and 19. 

More intricate is the difficult problem of assigning the 
group of resonances from 150 to 162 ppm. These con- 
sist of the ring A and B (saturated) carbons which should 
remain unchanged in the normal steroids (14-17, 20) 
and the C-12 and C-16 resonances, which are expected 
to vary considerably as ring D is changed. The signal 
at 153.7 ppm in 14 is downfield in 15, and can be as- 
signed to C-10, while the acetylation shift (20, 20a) al- 
lows assignment of (2-16 in the testosterones (19 to 22) 
at 162.1 ppm. The 6-12 signal in the progesterones 
(14-16) can be located by the downfield shift of this peak 
in 15. The chemical shifts of C-12, C-14, C-15, and 
C-16 in 17 and 18 should be unchanged from those in 
12, 13, and 23; they have been assigned on this basis. 

There remain five relatively constant resonances in 
compounds 14-17 and 20 at CQ. 157, 158, 159, 160, and 
161 ppm; these must correspond to C-1, (2-2, C-6, C-7, 
and C-8. Carbons 2 and 8 have been identified at 159 
and 158 ppm by deuteration (16) and off-resonance de- 
coupling, respectively. Comparisons with the model 

progesterone 
14,R=H 

Ila-hydroxyprogesterone 
15, R = OH 

lla-acetoxyprogesterone 
15a, R = CH,C02 

16-dehydroprogesterone 
16 

0 df3' 
androst.4-en3,17-dione 

17, R = CH, 
19-norandrost-4-en3,7done 

18, R = H 

OH 

'-CH, 

7a-methyltestosterone 
21, R = CH, 

2 2 , R = H  
19-nor-7a-methyltestosterone 

19-nortestosterone 
19, R,=R, = H 
testosterone 

20, Ri * CH,; R2 = H 
testosterone acetate 

20a, R, = CHJ, R, = CHICO 

cstro1:c 
23 .R=I I  

estrone acetate 
23a, R =  CH&O 

(except for 15, 21, and 23, which were too insoluble to  
allow measurement of such spectra). In addition, a 
fairly confident assignment of the high-field methine 
resonance of C-8 (and C-10 for 18) could be made for 
18 and 20 (Figure 2) from off-resonance decoupled spec- 
tra. For example, in the spectrum of 20 (Figure 2c), 
the resonances for C-1 and C-8 are not resolved, but in 
the off-resonance decoupled spectrum this pair of signals 
has approximately the same intensity as the other meth- 
ylene resonances, as expected for superimposed methine 
and methylene signals. On the other hand, in the spec- 
tra of 18 (Figure 2a) the two almost coincident meth- 
ylene resonances C-6 and C-16 do give a more intense 
off-resonance decoupled signal. The signals for the 
C-8, '2-9, C-10, and C-14 carbons in 18 show rough 
doublets when partially decoupled, confirming their as- 
signment as methine resonances. 

Base-catalyzed deuterium exchange of 16 led to 
changes in the resonances at 158.7, 160.0, and 166.1 ppm. 
These resonances are assigned to  C-2, C-15, and C-21, 
respectively. The two angular methyl resonances (C-18 
and C-19) could be distinguished both by comparison 
with previously assigned steroids 12 and 13 and by the 
absence of the C-19 signal in 18,19, and 22. The spectra 
of the 19-nor steroids similarly allowed distinction of 
the two quaternary resonances (C-10 and C-13). 

As in the previous steroids, the two high-field meth- 
ylenes of 14 and 17-23 correspond to C-11 and (2-15. 

157.9 

0 d / 

24 

compound 24 and other steroids suggest C-1 for the 
157 ppm peak, and this is confirmed by the strong up- 
field shift of C-1 on removal of the C-19 methyl group in 
18,19, and 22. Downfield shifts of C-6 and C-8 are ex- 
pected both from removal of the (2-19 methyl group 
(loss of y-gauche steric effect) and introduction of the 
7a-methyl group (0 effect). Consistent assignments 
can only be achieved if the resonances at 160 and 161 
ppm are assigned to C-6 and C-7. The position of the 
C-7 absorption remains essentially unchanged in the 
series 14-22, as befits its rather isolated location. Even 
introduction of the 7a-methyl group has little effect, 
and this is in fact expected by comparison with the 
methylcyclohexanes (- 1.1 ppm shift for axial methyl- 
substituted carbons4b). 

The position of the C-12 resonance in the testoster- 
ones can now be assigned to the invariant signal at 
155.7 ppm. Good model compounds for the (2-12 reso- 
nances are not available, but comparison of the methyl 
chemical shifts in 25 and 26 suggests that a downfield 
shift in the testosterones compared to the 17-keto ste- 
roids is expected. Removal of the C-19 methyl group 
in 18, 19, and 22 results in a downfield shift of the C-10 
resonance opposite to the usual methyl a effect. This 
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H J C d  H . C d  

25 26 
CHJ; 179.0ppm CHJ; 176.3(czs) 

17 3.7 (trans) 

is, however, expected from comparisons with 1 ,l-di- 
methylcycl~hexanes.~~ 

Estrone (23) resembles 18 in rings C and D, and also 
by the absence of the (2-19 methyl. The resonances for 
C-11 to C-18 in 18 appear within a few tenths ppm of 
resonances in 23. Carbons 6, 7, 8, and 9 were assigned 
to the remaining signals as shown in Table 11. 

Olefinic and Aromatic Carbons. Assignments for 
the sp2 carbons are usually trivial, except for dienes, 
which can be rather difficult. The double bond car- 
bons appear to be very sensitive even to minor changes 
in the molecule-both C-5 and C-6 change 1.3 ppm on 
acetylation of the C-3 hydroxyl group in cholesterol. 

The low-field olefinic resonance in cholesterol at 51.3 
ppm can be assigned to C-5 from the off-resonance de- 
coupled spectrum. 7-Dehydrocholesteryl acetate (7a) 
shows two additional resonances of which the low-field 
signal has been assigned to C-8, the high-field one to  
C-7. Comparison of 7a with 8 then allowed assign- 
ment of the C-22 and C-23 olefinic carbons in 8. The 
same procedure was used for assignments of the olefinic 
carbons of cholesta-3,5-diene (9). Carbons 5 and 6 in 
10 can be located by comparison with l l a .  The re- 
maining resonances are assigned to C-3 and C-4. 
These assignments must be considered tentative until 
more is known about the chemical shift in cyclic olefins. 

The aromatic carbon resonances in estrone acetate 
(23a) can be assigned by comparison with the spectrum 
of estrone. The acetylation shifts for phenol are as 
follows: C-1, 3.7 ppm; C-2, -6.2 ppm; C-3, 0.6 
ppm; C-4, -4.4 ppm. Two of the aromatic reso- 
nances of 23a are seen to be unchanged in 23, and these 
are assigned to C-1 and C-5 (meta to hydroxyl). Three 
resonances are downfield 6 ppm in the acetate; the 
higher field ones were assigned to C-2 and C-4, the 
lower field one to C-10. The resonance for C-3 moves 
upfield 5.9 ppm in the acetate, as expected from the data 
for phenyl acetate and phenol. 

Experimental Section 
The steroids used in the present study were primarily commercial 

materials. Acetates were prepared by acetylation with acetic an- 
hydride and pyridine (except for 7-dehydrocholesteryl acetate, 
cholesteryl acetate, and 3/3-acetoxycholest-5-en-7-one, which were 
commercial materials; cholestan-3fi-yl acetate, which was prepared 
by hydrogenation of cholesteryl acetate; and cholestan-3a-yl 
acetate, which was prepared by buffered acetolysis of cholestan-3,9- 
yl t0sylate1~). Cholesteryl methyl ether was prepared by unbuff- 
ered methanolysisPo of cholesteryl p-toluenesulfonate. 2 1  Choles- 
tane was prepared by lithium aluminum hydride reduction of choles- 
tan-3P-yl tosylate. Cholesta-3,5-diene was prepared by copper 
sulfate catalyzed dehydrationa8 of cholesterol. 

Chemical-shift measurements were made using the digital fre- 
quency sweep spectrometers8 with pseudo-random noise-modulated 
proton decoupling’8 as previously described. Steroids were dis- 
solved in dioxane or dioxane-chloroform mixtures ; approximately 
1.5 ml of 1 M solution was usually used, although measurements 
were performed on solutions as dilute as 0.12 M. Generally from 
10 to 30 scans were averaged to obtain adequate signal-to-noise on 
the 1 M solutions. Sweep rates of 2 or 4 Hz/sec at 50 or 100 Hz 
sweep width were routinely used but slower sweep rates were em- 
ployed when necessary to resolve closely spaced lines. Peak widths 
were generally 1 to 3 Hz. Several of the steroids (ergosterol, 7- 
methyltestosterone, estrone) were insufficiently soluble to allow 
measurements to be carried out as above, so that higher sweep rates 
and greater sweep widths were employed. The chemical shifts for 
these substances are slightly less accurate than for the remainder 
of the steroids. 

Deuteration of Keto Steroids. A sample of steroid (1.0 g) was 
dissolved in 10 ml of dioxane, and 5-7 ml of deuterium oxide and 
0.10 g (0.01 g for 16) of sodium methoxide were added. After 14 
hr at 80” (5 hr for 16) the solution was poured into slightly acidified 
water, and the organic material extracted with ether. The ethereal 
solution was washed with saturated sodium chloride solution and 
dried, and the solvent evaporated. The residue was purified by 
crystallization from a suitable solvent (deuterated 16 was used 
crude). The 13C nmr spectra confirmed complete deuteration at the 
expected position(s). 
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