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hsTRAcT.-Hydroxylation products of progesterone, not previously reported, from in- 
cubation of progesterone with Mwmgriseqanu ATCC 1207a (+), have been isolated and char- 
acterized. Besides the known major component, 14a-hydroxypregn-4-ene-3,2Odione, 7a-hy- 
dmxy- and 9a-hydroxypregn-4-ene-3,20dione, and the dihydroxylated metabolites, 68,14a- 
dihydmxypregn-4-ene-3,20dione, 7a ,  14adihydroxypregn-4-ene-3,20dione together with 
an epoxide, 14,15a-epoxypregn-4-ene-3,20dione, and an unsaturated component, 8 8 - h ~ -  
droxypregna4,14diene-3,20dione have been isolated and identified by 'H- and 13C-nmr 
spectroscopic techniques. 

In synthetic studies on progesterone derivatives with potential activity on the di- 
gitalis receptor of cardiac muscle ( l),  14a-hydroxypregn-4-ene-3,20dione (14a-hy- 
droxyprogesterone) was required as a starting material. Mucor griseayanus (ATCC 
1207), both in the spore and vegetative culture, has been reported to hydroxylate prog- 
esterone (2,3) predominantly in the 14a-position. The formation of the 1 &OH de- 
rivative (4) and unidentified more polar metabolites has also been reported (3). Incuba- 
tion of C-6, C- 16, and C-2 1 substituted progesterone derivatives with the Mucor has led 
to hydroxylation at the 6P,7a,9a-, 116-positions as well as 14a-hydroxylation (3-6). 
In this report, we show hydroxylation ofprogesterone to occur at the 6p-, 7a-, and 9a- 
positions as well as the l4a-position with the Mucor. Unusual minor products, 
14,15a-epoxypregn4-ene-3,20dione and 8~-hydroxypregna~,14-diene-3,20dione, 
were also identified. 

TABLE 1. 'H-nmr Assignments for Progesterone Metabolites" 
I 

Chemical Shift in ppm; J and W% in Hz 
Proton 

I I 

C- 13CH3 
C- IOCH, 
C-ZOCH, 
C-4H 

C-17H 

orhcr 

1.13 
1.36 
2.16 
5.78,rn 
W %= 3.8 
2.93.dd 
J= 10.2.7.0 

0.84 
1.22 
2.11 
5.73,d 
J=1.7 
2.54,dd 
J= 10.1,7.1 

0.79 
1.20 
2.12 
5.74,d 
J=1.5 
3.22, t 
J=8.4 

9uOH 

0.68 
1.33 
2.13 
5.88.d 
J= 1.8 
2.60, c 
J=8.9 

7uOH 

0.67 
1.20 
2.13 
5.81.d 
J=2.2 
2.58, t 

4.00, m 
WM=7 (7-H) 

J=9 HZ 

7uOH, 14aOH I 6@H, 14uOH 

0.76 
1.22 
2.12 
5.81,d 
J = 1 3  
3 . 2 1 , ~  
J=8.5 
3.6 1 ( 140H) 
2.32.d 
J=3.8 (7-OH) 
4.30, rn 
W1/2=8 (7-H) 

0.83 
1.40 
2.13 
5.82d 
J= 1 
3.20, c 
J=8.6 
4.43, m 
W%=6 (6.H) 

Ypmta arc recorded in CDCI,; TMS intcmal standard 
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8 W H ,  
14-ene 

36.8 
33.7 

199.5 
124.1 
171.1 
28.8 
37.5 
71.3 
54.9 
48.0 
18.6 
42.5 
39.0 

152.0 
121.2 
30.8 
66.3 
20.7 
18.8 

208.7 
31.3 

RESULTS AND DISCUSSION 

'H- and 13C-nmr spectra were recorded for all of the metabolites of progesterone 
(Tables 1, 2, and 3). '3C-resonances were classified into CH,, CH,, CH, and C signals 
with the DEFT (7) sequence. The 13C assignments were aided by reference to the previ- 
ously reported 13C spectra of progesterone and 6f3-hydroxypregn-4-ene-3,20dione 
and the substituent shift values reported by Blunt and Stothers (8). Difference-double- 
resonance (DDR) (9), homonuclear correlation spectroscopy (COSY) (lo), and 
heteronuclear correlation spectroscopy (1 1) were used as necessary. These techniques 
were sufiicient for the unambigous identification of the metabolites previously isolated 
from other sources. For the new metabolites, 8f3-hydroxypregna-4,14diene-3,20- 
dione and 14,15a-epoxypregn-4-ene-3,20dione a more extensive nmr analysis was re- 
quired. 

14a,l5a- 
epoxide 

35.5 
33.9 

199.2 
124.3 
169.5 
31.9 
25.8 
32.1 
49.6 
38.5 
21.0 
34.6 
42.0 
72.1 
57.9 
27.8 
56.7 
15.9 
17.6 

208.6 
31.3 

TABLE 2. 13C nmr Assignments for Progesterone Metaboliteb 

35.5 
34.0 

198.7 
127.0 
167.1 
41.1 
68.3 
39.7 
45.2 
38.5 
20.9 
38.3 
43.9 
50.7 
23.8 
22.9 
63.4 
13.2 
17.0 

209.2 
31.5 

Carbon no. 

35.6 
34.0 

198.6 
127.2 
166.2 
41.3 
69.7 
39.6 
40.5 
38.6 
21.6 
33.1 
48.1 
85.2 
30.9 
20.0 
59.2 

(17.2) 
(17.1) 
210.5 

31.5 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Chemical shift  in ppm 

14aOH 
~~ 

35.8 
34.0 

199.4 
124.4 
170.2 
32.6 
27.2 
38.3 
46.4 
38.6 
21.4 
33.4 
47.9 
85.2 
31.0 
20.2 
59.4 

(17.3) 
(17.3) 
210.2 

31.5 

%OH 

28.5 
(34.0) 
198.9 
127.1 
168.1 
31.7 
25.4 
37.4 
76.4 
44.5 
26.8 

(34.2) 
43.7 
49.5 
24.2 
22.9 
63.3 
12.5 
19.9 

209.2 
31.5 

7aOH. 
7a0H 1 14aOH 

6 W H I  
14aOH' 

37.3 
(34.2) 
195.5 
126.4 
167.2 
73.4 

(33.9) 
33.2 
46.4 
38.1 
21.5 
32.6 
48.1 
83.7 
31.0 
20.1 
59.5 
17.1 
19.4 

206.0 
31.2 

'spectra were recorded in CDCI,; TMS internal standard. 
bNumben in parenthesis in a column are either overlapping or interchangeable. 
cRun at 57O. 

The 'H-nmr spectrum of the 8B-OH, l4-ene compound showed a high field doub- 
let (6 0.85, J=1.4) without one-bond '3C-satellites, a vinylic proton (6 5.55+ dd, 

CH, (6 1.36), C-13 CH, (6 1.13), and C-20 CH, (6 2.16), as well as the band ofpeaks 
between 6 1.2 and 6 2.5 typical of a steriod. These data, along with the 13C-nmr spec- 
trum, suggested that the progesterone skeleton was intact with the addition of one ter- 
tiary hydroxyl and one tri-substituted double bond. Irradiation of 4-H in a DDR exper- 
iment revealed the 6a-H, 6&H, and 2f3-H, while irradiation of C-10 CH, revealed 
la -H and 2f3-H. Examination of these multiplets showed that there was no modifica- 
cion of ring A and no substitution at C-6 or C-7. The lack of 13C satellites, high field 

J=3.2 and 1,6), 4-H (6 5.78, W?4=3.8), 17-H (6 2.93, dd, J =  10.2 and 7.0), C-10 
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Proton 

la . . . .  

18 . . . .  

2g . . . .  
2a  . . . .  

4 . . . . .  
6 a . . . .  

6 8  . . . .  
7 a  . . . .  

7 p . . . .  
8 . . . . .  
9 . . . . .  
lla . . . 

118 . . . 

128 . . . 
12a . . . 

15 . . . .  
16a . . .  

168 . . . 

TABLE 3. 'H-nmr Dpta for 8&Hydroxypregna~, 14-diene-3,2o-dione and 
14, 15a-Epoxypregn-4-ene-3,20-dione (excluding data in Table 1) 

Chemical shifts in ppm (1st Order] values in Hz) 

8$0H, 14-ene 

1.64'ula, 1$= - 13.2;']la,2a=4.8;' 
J la ,28= 14.6;' Jla,C-10CH3=0.4) 

2.12Culfi,2a=2.7; J18,28=5.2) 
2.36u2a,28=- 17.2; J2a,4=0.6) 
2.50 
5.78u4,6a<l;']4,6$= 1.9) 
2.2laV6a,6f3=- 14.2;. ]6a,7a=4.0;' 

2.94 (~6$,7a= 11.3; ]6$,78=4.8) 
1 . 7 Y V a , 7 8 = -  14.2;'*b 

2 .1P  

J6a,78 =2.73 

p a ,  &OH =O. 33  

0.85 U&OH,9= 1.5) 
1.17*~9,lla=2.5;'J9,11~= 12.33 
2 . W * d V l l a , l l ~ = - 1 3 ; c  

J1 l a ,  12a=4;']1 la, 1 2 p 3 . 5 )  
1.62dV11@,12a=13;d Jl18,12fl=4b.d) 

1.65du12a, 128= - 13.p) 
2.32 
5.55u15,16a=1.6; ]15,16$=3.2) 
2.21 u16a ,  1 6 p -  16.2; J1&,17=7.0) 

2.83'u16$,17= 1O.P) 

l h ,  15a+p-~kIe 

1.79.Ula, 18=- 13.2;' 
J la ,2a=6.  1;P.b]la,2B= 13.2;'*b 
J l a ,  C- lOCH , = 0.4) 

2.WV18,2a=3;']1fi,2fi=5') 
2.4b.c(J2a,2$= - 17;']2a,4=0.6) 
2.4b-' 
5.74 (J4,6a = 0.5 ;'J4,68= 2.0.) 
2.27'(J6a,68= - 14.4; J6a,7~=4.6; '  

J6a,78=2.5') 
2. # u6$,7a = 14.4;' J6$, 78  = 5.5')  
1.38E.d(17a,7B=-13;cpa,8= 11.49 

1.5 1 (l7f3,8 = 3.93) 
2.3 leu8-H,9= 11.49 
1.43'V9,1la=3;' J9,11@= 16') 
1.7SdU1 l a ,  1 lp=- 13;b 

1.57 u118, 12a= 12.5;'.b 

1.82dU12a, 128=- 12.5bsd) 
2.06d 
3.45 u l58 .  16a= 1; Jl58, 168= 1) 
1.98'ul6a,168=-14.4;' 

2.06'u168,17= 10.2") 

J1 l a ,  12a=4.2;'Jl la, 128=3.5) 

Jllj3,128=3.7) 

J16a,17=7.1a) 

'Value obtained from di&cencedouble-resone (DDR) experiment. 
bstrong coupling. Reported values are approximations only. 
Value obtained from heteronuclear correlation spectrum. 

Value obtained from nOe difkence experiment. 
d v a l u e  obtained from COSY spectrum. 

shift, and small coupling constants suggested that the signal at 6 0.85 was due to a non- 
hydrogen bonded tertiary hydroxyl. Irradiation of this signal in a DDR experiment re- 
vealed a multiplet at 6 1.17 (dd,J= 12.3 and 2.5) and a multiplet at 6 1.79 (ddd, 
J= 14.2, 11.3, and 4.0). The COSY spectrum showed that the low field multiplet was 
coupled to 6u-H and 68-H. Because this multiplet shows axial coupling, it was as- 
signed to the 7a-H and the hydroxyl signal to the 88-OH. The high field shift and cou- 
pling constants characteristic of an axial cyclohexyl proton implied that the other mul- 
tiplet was due to 9-H rather than 14-H. Irradiation of the vinylic signal at 6 5.55 in a 
DDRexperiment revealed multipletsat 6 2.83 (dd,J= 16.2 and 10.2)anda 2.21 (dd, 
J= 16.2 and 7.0). These multiplets were shown by the COSY spectrum to be both 
coupled to 17-H and to each other and were, therefore, assigned to 168-H and 16a-H, 
respectively. The large (and presumably negative) geminal coupling confirms the pro- 
ximity of a 7~ system. Careful examination of the COSY and resolution enhanced 1D 
spectra allowed all protons to be assigned (shift and coupling data reported in Tables 1 
and 3). The 'H assignments were used to confirm the 13C assignments reported in 
Table 2 via the heteronuclear correlation experiment. These data clearly identified this 
metabolite as 8fbhydroxypregna-4,14diene-3,20dione. 

The 'H-nmr spectrum of the 14a, 15a-epoxide showed a narrow triplet (6 3.45, 
J=l.l) withone-bond '3Csatellites. Signalsfrom4-H(6 5.73, bd,J= 1.8), C-10CH3 
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(6 1.22), C-13 CH, (6 0.84), C-20 CH, (6 2.11), and 17-H (6 2.54, dd, Jz1.0 and 
7.1) could also be identified by inspection. From these data it was concluded that the 
progesterone skeleton was intact and that the signal at 6 3.45 was not due to a hydroxyl 
proton. DDR experiments from C- 10 CH, and 4-H showed an unmodified ring A and 
no substitution at C-6 or C-7. Irradiation of the 6 3.45 signal in a DDR experiment re- 
vealed twomultiplets(6 1.98,dd,]=14.1and7.1;62.06,dd,J=14.1and 10.l)that 
the COSY spectrum showed to be coupled to 17-H and to each other. It was, therefore, 
concluded that these multiplets resulted from the 16a-H and 169-H and that the sig- 
nal at 6 3.45 was the single proton on C-15. A nuclear Overhauser effect difference 
spectroscopy (NOEDS) (9,12) experiment from C-13 CH, confirmed the low field sig- 
nal as 16a-H. NOEDS from C-13 CH, also showed enhancement of 8-H, 9-H, 119- 
H,  and 17-H, while NOEDS from C-10 CH, showed enhancement of 8-H, 9-H, and 
119-H. Because 8-H lacked the expected diaxial coupling to 14-H, it followed that 
this metabolite was either the 14a, l5a-epoxide or the 14a, 15adiol. The unusually 
small 15p- 16 coupling constants, the lack of observable OH signals, and eims (molecu- 
lar ion mlz 328) confirmed the structure as the epoxide. Careful examination of the 
COSY, heteronuclear correlation, and resolution enhanced 1D spectra allowed the as- 
signment of all proton resonances with the results reported in Tables 1 and 3. 13C as- 
signments (Table 2) were confirmed via the heteronuclear correlation experiment. The 
coupling constants and nOe experiments confirmed the 14a, 15a stereochemistry of 
the epoxide. 

Compared with progesterone the ‘H-nmr spectrum of 14a-hydroxyprogesterone 
shows a downfield shift (0.12 ppm) in the C-13 CH, group with no significant change 
to the C-10 CH,. The l7a-proton which is assigned to a triplet at 6 2.53 v=9.0 Hz) in 
progesterone is shifted to 6 3.22 consistent with a 1,3-diaxial type interaction with 
the 14a- hydroxyl group. 

With the exception of the 6P-alcoho1, where hydroxylation may take place through 
a different mechanism (13 ,  hydroxylation has occurred on the a-face at the 7a-, 9a-,  
and l4a-axial positions. The formation of the 14a, 15a-epoxide, and the 89-hydroxy 
C- 14 olefin suggests that the C- 14 olefin is an intermediate probably resulting from de- 
hydration of the major metabolite, 14a-hydroxyprogesterone. Analogous conversions 
at C-5 by Mucor have been reported (4). Formation of the 14a, 15a-epoxide from the C- 
14 olefin is also consistent with the early observation by Bloom and Shull(l4) regarding 
the regioselectivity and stereochemistry of oxidizing enzymes that “a microorganism 
capable of introducing an axial hydroxy-function at C-n of a saturated steroid will also 
effect the introduction of an epoxide grouping axial at C-n in the corresponding unsatu- 
rated steroid.” 

EXPERIMENTAL 
GENERAL EXPER~MENTU PROCEDURES.--’H nrm and I3C nmr were recorded (Tables 1-3) on a 

Bruker Mi 300 instrument in CDCI,. The mass spectrum was recorded on a Finnigan Quadrupole Model 
1015 instrument at 70 eV using a direct probe. TIC was conducted on SiO, gel (Merck type 60 H) in 75% 
EtOAdC6HI4 (Rf values) and first visualized under uv (254 nm) followed by spraying with 4% H$O4/ 
EtOH and heating (5- 10 min) at 110’. Hplc was carried out on a Waters p-Porasil(l0 pJ semipreparative 
column (7.8 mmX 30 cm) using a Waters M45 instrument (injection volumes were 10 mg in 0.1 pl). 
Melting points were uncorrected. Elemental analyses (C,H) were performed by W. Baldeo, School ofPhar- 
macy, University of London, England. 

ISOLATION.-A fermentation medium consisting of the following was used: progesterone (1.5 g), D- 
glucose (100 g), MgS04.7H,0 (5 g), KOAc (4 g), and H,O (to 1 liter). The pH of the medium was ad- 
justed to 6.8 with HOAc. For each fermentation 3.3 liters of medium was used in a 5-liter Erlenmeyer 
Bask. The innoculum consisted of 50 ml of a 72 h culture of M. griseacyanrcs ATCC 1207a (+) grown in 
Sabouranddextrose broth. The fermentation was allowed to proceed for 3 weeks at 20’ while being stirred 
with a magnetic stirrer at 200 rpm. Without the innoculum only progesterone was recovered from i n k -  
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tion of the medium as described. The cells and other solids were collected by filtration and extracted re- 
peatedly with CH,CI, (100-200 nd) until no further material was obtained (total volume ca. 1 liter). The 
combined extracts were dissolved in CH,CI, and passed through a column ofSiO, gel (Merck type 60 H for 
tlc) (100 g). Elution with CH2CI,, 1-2% Me2CO/CH2CI2 gave progesterone (1.63 g) (RfO.41), and 
further fractions were collected with the addition of 1% increments of Me,CO. Fractions were monitored 
by tlc. Elution with 34% Me,CO/CH,CI, gave a residue (100 mg) containing two components and was 
subjected to hplc separation in 1% Me,CO/CH,Cl, that yielded 8~-hydcoxypregna-4,14diene-3,20- 
dione(21 mg)(retentionvolume75 ml)(Rf0.37 )mp249-25l0fromMe2CO(Found: C, 76.77;H. 8.61, 
C,,H2,03 requires C, 76.79; H, 8.59%) and 14,15a-epoxypregn-4-ene-3,20dione (47 mg) (retention 
volume 92 ml) (Rf0.28) mp 166-170' from Me,CO, eims d z  328 (M+) (Found: C, 76.71; H, 8.59, 
C,,H2,03 requires C, 76.79; H, 8.59%). Elution with 4 5 %  Me,CO/CH,CI, yielded fractions (1.9 g) 
which on recrystallization from CH,CIJEtOAc gave 14a-hydroxypregn-4-ene-3,20-dione (1.4 g) (Rf 
0.24) mp 204.5-206' [lit. (3) mp 198-2009; later fractions (50 mg) contained a second component sepa- 
rated by hplc in 1% EtOWCH,CI, to give fractions (37 mg) (retention volume 53 ml), which on recrystal- 
lization from CH,CI,/EtOAc gave 9a-hydroxypregn-4-ene-3,2O-dione (Rf0.2 1) mp 186-188' [lit. (15) 
189-1923. Elution with 10% Me,CO/CH,Cl, gave fractions (147 mg), which on recrystallization from 
CH,ClJMeOH gave 7a-hydroxypregn4-ene-3,2Odione (Rf 0.17) mp 234-235' [lit. (16) mp 227- 
23 17. Similarly, 12-14% Me,CO/CH,CI, gave 7a, 14a-dihydroxypregn-4-ene-3,2Odione (264 mg) (Rf 
0.13)mp 245-250' [lit. (17) mp 252-2557 hmCH,CIJMeOH and 25% Me,CO/CH,CI, gave 6@, 14a- 
dihydroxypregn4-ene-3,20dione (1 12 mg) mp 241-245' [lit. (18) mp 242-2497 from CH,CI#e,CO. 
In subsequent experiments, a further portion (ca. 10%) of metabolites was extracted with ether from the 
aqueous filtrate. 

ACKNOWLEDGMENTS 

We thank the Manitoba Heart Foundation for financial support and Diane Smith for assistance with 
the hplc. 

1. 

2. 

3. 
4. 

5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 

17. 
18. 

LITERATURE CITED 

R.S. Kim, F.S. IaBella, H. Zunza, F. Zunza, and J.F. Templeton, Mol. Pharnarol., 18, 402 
(1980). 
S.H. Eppstein, P.D. Meister, D.H. Peterson, H.C. Murray, H.M.L. Osbom, A. Weinraw, I.M. 
Reineke, and R.C. Meek,]. Am. C h .  Sor., 80, 3382 (1958). 
K. Singh, S.N. Sehgal, and C. Vezina, Can. J. Midiof., 13, 1271 (1967). 
W. Chamey and H.L. Heaog, "Microbial Transformations of S te r id ,"  Academic Press, New 
York, 1967, p. 469. 
U. Valcani, B. &ai, and S. Tedeschi, Furmaro, Ed. Sci., 28,873 (1973). 
U. Valcani, B. Coni, V. Marotta, and S. Tedeschi, Farmaro, Ed. Sri., 28, 1024 (1973). 
D.M. Doddrell, D.T. Pegg, and M.R. Bendall,]. Map.  Reson., 48, 323 (1982). 
J.W. Blunt and J.B. Stothea, Org. M a p .  Resa., 9,44 1 (1977). 
J.K.M. Sanders and J.D. Meah, in: "Progress Nuclear Magnetic Resonance Spectroscopy." Ed. by 
J.W. Emsley, J. Feeney, and L.H. Sutcliffe, vol. 15, Pergamon Press, Oxford, 1982, p. 353. 
W.P. Aue, E. Bartholdi, and R.R. Emst,]. Chem. Pbyr., 64, 2229 (1976). 
A. Bax and G. Morris,]. Map. Reson., 42,501 (1981). 
R. Richart and K. Wuthrich,]. Map. Reson., 30 147 (1978). 
H.L. Holland and P.R.P. Diakow, Can.]. C h . ,  56,694 (1978). 
B.M. Bloom and G.M. Shull,]. Am. C h .  Sor., 77, 5767 (1955). 
A. Schubert, D. Onken, R. Siebert, and K. Heller, C h .  Ber., 91, 2549 (1958). 
W.J. McAleer, M.A. Kozlowski, T.H. Stoudt, and J.M. Chemerda, ]. Org. C h . ,  23, 958 
(1958). 
A. Schubert, K. Heller, R. Siebert, K. Zetsche, and G. Langbein, Nuturwiss., 45, 264 (1958). 
A. Schubert, K. Heller, D. Onken, K. Zetsche, and B. Kluger, Z .  Nutrrrfmssch. Tiel B ,  15, 269 
(1960). 

R m ' d  20 O c t h  I986 


