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Advances  in the Field o f  Adrenal Cortical Hormones  ~ 

By A. WETTSTEIN, with the cooperation of G. ANNER, Basle ~ 

The literature on adrenal cortical hormones has 
recently become so voluminous that it is no longer 
possible in a paper of this kind to give a detailed 
summary of the publications which have appeared even 
during tl~e last two years. In addition, a number of 
excellent reviews of the subject are available. 

In the purely- chemical field there is that of SHOPPEE 
in RODDS' "Chemistry of Carbon Compounds ''3 and in 
the "Annual Review of Biochemistry" 4 of HEMS 5 and 
particularly of DJERASSI in "Vitamins and Hormones" 6 
and of ROSENKRANZ and SONDHEIMER in "Progress in 
the Chemistry of Organic Natural Products  ''r. Con- 
cerning chemistry and metabolism there are available 
the reviews of SAMUELS and REICH s, of STAUDINGER 9, 
Of ZANDER 10, and the particularly useful monograph by 
DORFMAN and UNGAR 11. Finally, the last volumes of 
"Recent Progress in Hormone Research ''~2 and of the 
"Ciba Foundation Colloquia on Endocrinology ''x3 are 
mines of compressed information. I t  is not attempted, 
therefore, to give an all-round survey on the subject, 
but to choose somewhat arbitrarily certain aspects of 
the chemistry and biochemistry of the adrenal cortical 
hormones and to report in more detail on aldosterone. 

The adrenals are the only endocrine glands in 
which all groups of steroid hormones, namely cortical, 
progestational, androgenic and estrogenic, have been 
detected with certainty. Up to the present there have 

x Based on a talk at the Gordon Research Conference on the 
Chemistry of Steroids, organized by the American Association for the 
Advancement of Science, New Hampton N.H., August 4, 1954. 
Communication No. 125 "On Steroids". No. 124 compare K. HEUSLER 
and A. WETTSTEIN, Chem. Bet. 87, 1301, 1954. 

Research Department, Ciba Ltd., Basle. 
s C. W. S~OPPEE and E. SHO~PEE, in ROOD, Chemistry o] Carbon 

Compounds, Vol. I I  B (Amsterdam, 1953) p. 929. 
4 C. W. SHOPPEE, Ann, Rev, Biocbem. z2, 261 (1953). 
5 B.A. HEMS, J. Pharmacy Pharmacol. (Brit.) 5, 409 (1953). 

C. DJERASSI, Vitamins and Hormones 11, 205 (1953}. 
T G. ROSENKRANZ and F. SONDtIEI~ER, Progr. Chem. Org. Natur. 

Prod. 10, 274 (1953). 
s L. T. SAMUELS and H. REICH, Ann. Rev. Biochem. 21, 129 

(1952). 
s H. J. STAUDINGER, in L. WEISSBECKER, Probleme des Hypo- 

physen-Nebennierenrindensystems (Berlin, 1953), p. 1. 
10 j .  ZANnER, Klin. Wschr. 30, 873 (1952). 
l l  R. I. DORFMAN and F. UNGAR, Metabolism o/Steroid Hormones, 

(Minneapolis, 1953). 
12 G. Pi~cus, Rec. Progr. Hormone Res. 7-9 (New York, 195~2- 

1954). 
is Ciba Foundation Colloquia on Endocrinology, 4: Wa*er Meta- 

bolism, 5: Bioassay, 6: Carbohydrate Metabolism, 7: Synthesis and 
Metabolism o] Adrenocortical Steroids (London, 1952-1953). 

been isolated seven highly active crystalline hormones 
with the typical action of the adrenal cortex, namely 
17-hydroxy-corticosterone (that is hydrocortisone, 
REICHSTEIN'S  substance M o r  KENDALL'S compound 
F), cortisone (KENDALL'S compound E), corticosterone, 
11-dehydro-corticosterone (compound A of KENDALL), 
17-hydroxy-cortexone (substance S of REICHSTEIN), 
cortexone (or ll-desoxy-corticosterone), and aldos- 
terone (or electrocortin). 

The other 23 steroids, predominantly also pregnane 
derivatives, which have also been obtained from the 
adrenals, cannot be discussed here. Their number will 
doubtless considerably increase as a result of the 
recent new investigations of adrenal extracts in con- 
nection with the isolation of aldosterone. Thus, for 
instance, we just obtained for the first time very 
considerable quantities of ll/5-hydroxy-androstene- 
dione from hog adrenals, and identified this substance 
chemically and physically (IR) ~. Bush ~ had provi- 
sionally identified this substance in the adrenal venous 
blood of other mammalians and SALAMON and DOBRI- 
NER 3 isolated it from the urine of patients treated with 
ACTH. 

Occurrence. The already classical isolation work goes 
to the credit particularly of REICHSTEIN, of WINTER- 
STEINER and PFIFFNER,  KENDALL and I~ASON, CART- 

LAND and KUIZENGA, of whom the last-named also 
worked out an especially suitable method for the 
preparation of adrenal extracts. Hog adrenals contain 
considerably more hormones than beef adrenals, and 
according to DOBRINER et al. 4 in descending quantities 
hydrocortisone, cortisone, ll-dehydro-corticosterone, 
substance S and corticosterone; the quantities de- 
termined by measuring the UV extinctions lie bet- 
ween 2 and 0-5 mg per kilo gland. Recently we have 
demonstrated in our own investigations 5 the presence 
of particularly large quantities of corticosterone, 
namely about 9 mg per kilo hog gland followed by 7 mg 

I R. NEHER and A. W]~TTSTEIBI, unpublished data, 
z I. E. BusH, Ciba Found. Colloquia on Endocrinol. 5, 203 (1953) ; 

7, 210 (1953); J. Endocrinol. 9, 95 (1953). 
3 I, I, SALAHON and K. DOBRINER, J. Clin. Endocrinol. 12, 967 

(1952). 
4 R. DOBRINER, E. R. I{ATZEtCELLENBOGEI, r, and R. SCHNEIDER, 

Arch. Biochem. Biophys. 48, 167 (1954), 
5 A. WETTSTEIN, F. W. KAHNT, and R. NEHER, Ciba Foundat ion 

Colloquia on Endocrinol. 8 (1954), in press; compare literature cited 
therein. 
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hydrocortisone and 3.5 mg cortisone; the latter figures 
fit best with those of HAINES 1, whereas the high 
corticosterone content is at variance with the findings 
of  DOBRINER et al. ~. 

As the adrenals are among the organs with the best 
Mood supply, it is not surprising that the venous blood 
carries off larger quantities of corticosteroids per 
minute than corresponds to the content of the whole 
gland. The Yairly troublesome isolation, or estimation 
by extraction, dialysis, chromatography, polarography 
in whole blood or in plasma has recently been studied 
intensively (for example by LEVY et al.3), NELSON and 
GAMUELS 4, BUSH ~ and very elegantly by MORRIS and 
WILLIAMS 6. In peripheral human blood the last-named 
authors showed on an avarage 807 each of hydrocorti- 
sone arid corticosterone and 377 each of ll-dehydro- 
corticosterone and cortisone to be present in 1 liter of 
plasma; these values increase 2-8 times after stimula- 
tion by ACTH. According to BUSH, corticosterone 
would occur only in small quantities relative to hydro- 
cortisone. This author identified in adrenal venous blood 
of various kinds of animal over 74-85% of the A ~3-  
ketones as being hydrocortisone and corticosterone. 
He refers especially to the characteristic ratio of these 
two hormones in each animal species, the human being 
to be classed with the sheep and monkey, and to the 
very high total excretion per unit body weight in the 
rat. Of late, interesting diurnal variations of 17~-hy- 
droxy corticoids (e.g. hydrocortisone and cortisone in 
particular) have been noted in human bloodL The 
most common type has the highest content in the 
early morning; the level drops to about half during the 
forenoon, rises again somewhat towards evening, and 
reaches the previous maximum in the course of the 
night. In human placenta, which is known to contain 
large quantities of progesterone and its metabolites, 
two groups of workers s detected the presence of 
adrenocortical hormones by their glucocorticoid 
activity, or by paper chromatography. Recently the 
binding of steroids to protein has been investigated ~, 

1 W. J. HAINES, Rec. Progr. Hormone Res. 7, 255 (t952). 
2 K. ~)OBRINER, E. R. KATZENELLENBOGEN, and R. SCHNEIDER, 

Arch. Biochem. Biophys. 48, 167 (1954). 
a H. LEVY and ST. KUSHINSKY', Rec. Progr. Hormone Res. 9, 

357 (1954). 
D. H. NELSON and L. T. SAMUELS, Rec. Progr. Hormone Res. 9, 

377 (1954); J. Clin. Endocrinol. MetaboL 12, 519 (1952). - K. 
EIK-NES, D. H. NELSON, and L. T. SA~IU~LS, J. Clin. Endocrinol. 
MetaboI. 13, 1280 (1958). Modification see: R. I. S: BAYLISS and A. 
W. STEIN~EC~¢, Mere. Soc. Endocrinol. 2, 31 (1953). 

I. E. BUSH, Ciba Found. Colloquia on Endocrinol. 5, 203 (1958) ; 
7, 210 (1953); J. Endocrinol. 9, 95(1958); J. biol. Chem. 205, 783 
(1953). 

C. J. O. R. MORRIS and D. C. V~rILLIAMS, Ciba Found. Colloquia 
on Endoerinol. 7, ~61 (1953). 

7 L. T. SAMUELS, Endocrinological Symposium, Marburg, June 
19a4 (Method compare ~), - G. W. THORN, Meeting Swiss Society 
for Endocrinology, Zurich, July 1954. 

s R. H. JOHNSON and W. J. HAINES, Science 116, 456 (1952). - 
C. DE COURCY, C. H. GRAY, and J. B. LU~NON, Nature 170, 494 
(1952). 

K. EIK-NEs, J. A. SCftELLMAN, R. LUMR¥, and L. T. SAMUELG, 
J. biol. Chem. 206, 411 (1954). - L. YA. ARESHKINA, B. N. BUKiN, 

which may give an interesting insight into the form 
of the hormones as circulating in the organism. Corti- 
sonO and hydrocortisone 2 together with many meta- 
bolites are also excreted unchanged in the urine. 

Detection, Concentration and Purification. Only a 
selection of the large number of publications can be 
briefly mentioned. The detection 3 is possible specially 
by paper chromatography and most suitably with the 
systems of ZAFFARONI 4 or  B U S H  ~ and others 6 in com- 
bination with color reactions, for example with phos- 
phoric acid ~, or with dinitrophenylhydrazinea; further 
by utilizing tile reducing properties 9, by paper electro- 
phoresis 1°, by estimation of the formaldehyde formed 
on oxydation n, a method which easily gives too high 
values, by using the sensitivity to alkali la, and by 
oxydation to 17-keto-steroids and estimation of the 
latter ~a ; finally by comparing the specific optical rota- 
tion 14, the UV absorption, also after the action of sul- 
furic acid 15, and the IR spectra ~6, if desired direct on 
and E. P. S]{OROBOGATOVA, Biokhim. 18, 559 (1953). - R. KLEIN, 
C. PAPADATOS, J. FORTUNATO, and C. BYERS, J. Ciin. Endocrinol.  
14, 815 (1954). 

1 Compare lately: J. J. SCHNEmER, J. biol. Chem. 194, 337 (1952); 
C. L. CO~E and B. HURLOCK, Memoirs Soc. Endocrinol.  g, 25 (1953). 

2 COPE and HUULOCK, loc. eit.; For guinea pigs compare lately: 
S. BURSTEIN and R. 1. DORFMAN, J. biol. Chem. 206, 607 (1954); 
Feder .Proc. 13, 188 (1954), 

a Reviews see: W. J. HAINES, Rec. Progr. Hormone Res. 7, 268 
(1952). - A. ZAFFARONI, Rec. Progr. Hormone Res. 8, 51 (1953). - 
K. SAVARD, Rec. Progr. HolInone Res. 9, 185 (1954).- K. H, PFEF- 
FER and HJ. STAUDINOER, Z. Vit. Horm. Fermentforsch. 5, 51 (1952). 

4 A. ZAFFARONI, R. B. BURTON, and E. H. KEUTMANN, Science 
111, 6 (1950) ; J. biol. Chem. 188, 763 (1051); 197, 749 (1951). 

s I. E. Bus~I, Biochem. J. 60, 370 (1952) ; Ciba Found. Colloquia 
on Endoerinol. 5, 203 (1953); 7, 210 (1953); J.  Endoerinot. 9, 95 
(1953); J. biol. Chem. 205, 783 (1953); Rec. Progr. Hormone Res. 9, 
321 (1954). - V. SCaWARZ, Mere. Soe. Endoerinol. g, 75 (1953). 

6 H. GCHM1DT and HJ. STAUDINGER, Biochem. Z. 324, 128 (1953). 
-- I~. SAVARD, J. biol. Chem, 20g, 457 (1953). 

? R. NEHER and A. WE'tTSTEI~, Helv. chim. Acts  34, 2278 
(1951), - M. FINKELSTEIN, Nature 169, 929 (1952). 

s H. REICH, K. F. CRANE, and S. J. SANFILIPPO, J. organ. Chenl. 
18, 822 (1953). - A. G. GORNALL and M. P. ~{ACDONALD, J. biol. 
Chem. 201, 279 (1953). - G. ZWINGELSTEIN, H. PACH~CO, and J. 
JOUANNETEAU, C. r. Acad. Sci, Paris 236, 1561 (1953). 

C. C. PORTER and R. H. SILBER, J. biol. Chem. 185, 201 (1950) 
- D. H. NELSON and L T. SA~UELS, Rec. Prog. Hormone Res. 9, 
377 (1954); J. Clin. Endoerinol. Metabol. 12, 519 (1952). - K. EIK- 
NES, D. H. NELSON, and L T .  SA~tVELS, J. Clin. Endocrinol. Metabol. 
13, 1280 (1953). Modification see: R. I. S. BAYLISS and A. W. STEIN- 
BECK, Mere. Soc. EndocrinoL 2, 31 (1953). - V. SEHWARZ, Nature 
169, 506 (1952). -A.A.HENL~Y, Nature 169, 877 (1952).- H.E.HADD 
and W. H. PERLOFF, Abstr. 126th Meeting Amer. Chem. Sue., 30C 
(1954). 

X0 C. v. HOLT, K. D. Vomw, and K. GAEDE, Biochem. Z. 323, 945 
(1"952). - K. D. VOIGT and I. BECKMANN, Aeta EndocrinoL 13, 19 
(1953). - K. D. Vomv, W. SEHROEDER, I. BECKMANN, and H. v. D. 
WERTH, Acta Endocrinol. 11, 1 (1953). 

xx G.F. ]~[ARRIAN, J. Y. F. PATERSON, and S. M. ATHERDEN, Mem. 
Sue. Endocrinol. 2, 4 (1953). G. F. MARRIAN, Rec. Progr. Hormone 
Res. 9, 303 (1954). - R. W. H. EDWARDS and A. E. KELLIE, Biochem. 
J. 56, 207 (1954). 

1~ L. R. AXELROD, J. Amer. chem. Soc. 75, 4074 (1953). 
13 j .  K. NORYMBERSRI, Nature 170, 1074 (1952); Mere. Soc. 

Endocrinol. 2, 50 (1953). 
14 j .  K. NORYMBERSKI, J. Chem. Soc. 1954, 762. 
x5 H, H0UENER, E. HOFFMANN, and F. BODE, Z. physio], Chemic 

289, 102 (1952}. -- L. DORFMAN, Chem. Rev. 53, 47 (1953). - S. BERN = 

STEIN and R.'H. LENHARD,J. org. Chem.lS,1146 (1953) ; 19,1269 (1954). 
16 R. N. JONES, P. HUMPttRIES, F. I-IERLmG, and K. DOBRINER, 

J. Amer. chem. Soc. 74, 2890 (1959). - K. DOnRI~ER, E. R. I{ATZF.N- 
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the paper chromatogram 1. For the concentration and 
puri/ication, again partition chromatographyL also on 
filter paper (see above), counter current or ordinary 
distribution processes, on occasion paper electropho- 
rests :~ and lately also dialysis 4 are used in particular. 

Biological Testing. We have to limit ourselves to 
referring to the most recent reviews 5 which describe 
the very varied test methods: assay of the electrolyte 
metabolic activity, survival growth methods, liver 
glycogen methods, muscle work and stress tests, assay 
measuring the involution of thymus gland, eosinophil 
test, cytocidal action on lymphocytes, anti-inflamma- 
tion tests etc. For the first isolation of aldosterone, in 
particular, the highly sensitive method of SIMPSON and 
TAIT 6 was used, determining the urinary ratio of 
24Na/~2K, then a modified Kagawa test v determining 
Na and K (with the flame photometer) as well as the 
water excretion, and further the maintenance test in 
the adrenalectomized dog s. 

Isolation o/ Aldosterone. The isolation of the first 
6 adrenocortical hormones in the thirties does not fall 
within the scope of this report. After their separation 
from adrenal extracts the investigators mentioned 
earlier found that  the remaining amorphous fraction 
had a disproportionally strong action in survival 
tests using adrenalectomized animals. This action was, 
in fact, more pronounced than that  of the most 
effective compound known at the time, cortexone, 

• which was first synthesized by REICHSTEtN, but was 
later also detected in glandular extracts and in the 
blood. The crystallized hormones, were, it is true, able 
to explain the carbohydrate and protein activity of the 
adrenals; if the unlikely possibility of a synergistic 
effect of hormone mixtures were excluded, a hormone 
particularly active in the mineral metabolism was still 
missing. The recent isolation of this hormone should be 
reported here. 

ELLENBOGIi.~N, and R. N. JONES, II~/rared Absorption Spectra o~ 
Steroids (New York, 1953). 

1 L. J. BELLAMY, J. appl. Chem. 3, 42t (1953). - J. D. S. GOUL- 
DEN, Nature 17;], 646 (1954). 

J. K. N. Jo~Es and S. R. STITCU, 13iochem. J. 53, 679 (1953). -- 
I~. a .  KATZENELLENBOGEN, K. DOBRINER, and  TH. H. KRITCHEVSKY, 
J. biol. Chem. 207, 315 (1954). 

3 C. v. HOLT, K. D. MOIGT, and  K. GAEDE, Bioehem. Z. 3"23, , 45  
(1952). - K. D. VOIGT and I. BECKMANN, Ac ta  Endocr inol .  13, 19 
(1953), - K. D. VOlGT, W. SCttROEDER, I. BECKMANN, and  H. v. D. 
~VERTH, Acta EndocrinoL 14, 1 (1953). 

4 I.. R. AXELROD and A. ZAFVAnONI, Arch. Biochem. Biophys. 50, 
347 (t954). 

$ R. I. DOnFMAN, Rec. Progr. Hormone Res. 8, 87 (1953), Physiol. 
Rev. 34, 152 (1954). - D. H. NELSON, Ciba Found. Colloquia Endo- 
crinol. 5, 162 (1953). - D. J. INGLE, Ciba Found. Colloquia Endo- 
crinol. 5, 175 (1953). - M. VOGT, Ciba Found. Colloquia Endocrinol. 5, 
186 (1953). - J. A. NISSIM, Ciba Found. Colloquia Endocrinol. 5, 193 
(1953). 

a S. A. SIMrSON and J. F. TAIT, Endocrinology 50, 150 (1952). 
7 C. M. KAGAV.rA, E. G. SttlPLEY, and R. K, MEYER, PrOC. Sop. 

exper. Biol. Med. 80, 281 (1952). - P. DESAULLES, J. TRIPOD, and 
~V. SCHULER, Sehweiz. reed. Wschr. 83, 1088 (1953). 

8 j .  j .  PFIFFinER, W. W. SWINGLE, and H. M. VARS, J. biol. Chem. 
104, 701 (1934). - F. GROSS and R. MEIER, Schweiz. reed. Wschr. Sl, 
1013 (1951). 

SIMPSON and TAIT prepared the way: with their test 
already mentioned, and, using the paper chromato- 
graphic method, they detected in concentrates from 
beef adrenals 1, then also from hog adrenals 2 and from 
the venous blood of the adrenals of monkeys and dogs a, 
a single new substance which they called electro- 
cortin. I t  was possible to differentiate this compound 
clearly from the similarly running cortisonO and to 
characterize it in a preliminary-n~anner by some phy- 
sleD-chemical and chemical properties ~. Of the latter 
the assumption that  it contains an ~,fl-unsaturated 
keto group (UV) and an ~-ketol (not a dioxy-acetone) 
side chain (negative Porter-Silber reaction e) was 
confirmed later on. 

In the meantime the past-master of adrenal research, 
Prof. REICHSTEIN in Basle, had taken up the hunt for 
the new hormone, which was actively supported and 
supplemented by parallel investigations in Ciba. A 
free exchange of information took place, joint publi- 
cations' being made with the SIMPSON and TAIT group, 
and the desirable mutual control of the progressive 
concentration was thereby guaranteed. The previously 
mentioned beef adrenal extracts prepared according to 
CARTLAND and KUIZENGA, and which were defatted in 
aqueous methanol by means of petroleum ether, proved 
to be the most valuable starting material in the be- 
ginning. The main purification consisted of a large- 
scale chromatography (Fig. 1) lasting more than one 
month, using Kieselguhr and water (1 : 1) as the station- 
ary phase, and petroleum ether with increasing ad- 
ditions of benzene and then chloroform as the mobile 
phase. Adrenosterone, 11-dehydro-corticosterone and 
corticosterone in crystalline~form were mainly obtained 
a t  first, then fractions containing cortisone and later 
also aldosterone and finally crystalline hydrocortisone. 
The fractions containing aldosterone were again puri- 
fied by partition chromatography, this time in a B 2 
column of BUSH s, with cellulose and aqueous methanol 
as the stationary and toluene-petroleum ether as the 
mobile phase. Some of the eluates obtained in this way 
from completely independent batches run in Prof. 
REICHSTEIN'S and in our place, crystallized directly 
within a short interval, the presence of traces of 

1 j .  F. TAIT, S. A. SIMPSON, and H. M. GRUNDY, Lancet 20'2, 12'2 
(1952). 

H. M. GRUNDY, S. A. SIMPSON, J. F. TAIT, and M. WOODVOnD, 
Acta Endocrinol. 11, 199 (1952). 

a S. A. Si~IPsor¢, J. F. TroT, and I. 11. 13umb Lancet ,°63, 226 
(1952). 

a H. M. GRUNI)V, S. A. SIMPSON, and J. F. TAIT, Nature 169, 
795 (195~). 

5 H. M. GRUNDY, S. A. SIMPSON, J.  F. TAIT, and  M. WOOOEORD, 
Acta Endocrinol. 11, 199 (1952). - S. A. SIMPSON, and J. F. TAIT, 
Mem. Soc. Endocrinol. '2, 9 (1953). 

s C.C. PORTE~ and R. H. SILBER, J. biol. Chem. 185,201 (1950). 
7 S. A. SIMPSON, J .  F. TA1T, A. WETTSTEIN, R. NEHER, J .  v. 

Euw, and T. REIClISTEIN, Exper. 9, 333 (1953). - S. A. SIMPSON, J. 
F. TAIT, A. WETTSTEIN, R. NEIIER, J .  v. ]~uw, O. SCIIINDLER, and  
T, REICllSTEIN, HelP. chim. Acta 37, 1163 (1954). 

s I. E. Busu, Biochem. J. 50, 370 (195fi); Rec. Progr. Hormone 
Res. 9, 453 (1954). 
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moisture proving to be essential. At this point, it should 
be remembered that  the earlier, considerably purified 
but very sensitive concentrates of aldosterone had 
defied at tempts at crystallization for almost 20 years. 

Fig. 1. 

The main difficulty consisted, of course, in the ever- 
recurring detection of aldosterone. This was carried 
out, apart from biological testing, by paper chromato- 
graphy (Fig. 2). In the ZAFFARONI system (propylene- 
glycol]toluene) 1, aldosterone travels at about the 
same rate, or very slightly more quickly than cortisone, 
but hydrocortisone considerably more sIoMy. On the 

i A. ZAFFAROm, R. B. BURTON, and E. H. t{EUTMANN, Science 
111, 6 (1950); J. biol. Chore. 188, 763 (1951); 193, 749 (1951). 

other hand aldosterone behaves similar to hydro- 
cortisone in BvsH's system C, whereas cortisone runs 
much faster1; in BvsrI'S B 5 system s, atdosterone lies 
between the other two glucocorticoids. For the identi- 
fication in the chromatograms the ultraviolet ab- 
sorption, the power of reduction, the yellow fluores- 
cence with sodium hydroxide and the absence of color 
reactions with phosphoric acid and with antimony- 
trichloride 3 were used in particular. About 40-95 
aldosterone were present per kilo of fresh beef adrenals 
and could be largely isolated. 

System: ZAFFARONI (Prop./Tol.) System: Bvsu C 
UV- Photocopies 

Fig. ~. 

As we found on an average 3.57 aldosterone per 
liter of beef blood, the quanti ty circulating in the blood 
of this animal is about 70 times greater than the total 
content of its adrenals. In the perfusate of isolated 
monkey adrenal glands, aldosterone, cortisone and 
hydrocortisone were shown to be present in the ratio 
of about 1:10:10004 under the action of ACTH. More 
interesting are the values given by SIMPSON 5 for human 
peripheral blood without stimulation by ACTH : As she 
estimates the levels of hydrocortisone, determined by 
the H a and C t4 method, at 25 7 per liter, and that  of 
aldosterone, determined by her bioassay method, at 
0.4 to 1 ~, per liter, there results a ratio of aldosterone 
to hydrocortisone of about 1:35. 

Shortly after us, MATTOX et al.6 reported the success- 
ful crystallization of a strong mineralocorticoid hormone 

1 From the differences in the area of the spots in the lower and the 
upper series of these two systems shown in Figure 2, i t  followed that  
in this example aldosterone was contained primari ly in fractions 
46-49. 

I. E. BusH, Biochem. J. 50, 370 (1952); Rec. Progr. Hormone 
Res. 9, 453 (1954). 

R. NEHER and A. WETTSTEIN, Helv. cAirn. Acta 84, 2278 (1951). 
4 H. M. GRUNDY, S. A. SIMPSON, J. V. WAIT, and M. WOODVORD, 

Acta Endocrinol. II ,  199 (I952). 
s S. A. SIMPSON and J. F. TAIT, Ciba Found. Cotloqu. on Endo- 

crinol. 8 (t954), in press. 
R. MATTOX, H. L. MASON, and A. ALBERT, ProP. Staff Meet. 

Mayo Clinic 28, 569 (1953). - R. MATTOX, H. L. MAsou, A. ALBERT, 
and C. F. CODE, J. Amer. chem. Soc. 75, 4869 (1953). 
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from hog adrenals, by enzymatic hydrolysis of its ace- 
tate; on later direct comparison it proved to be identical 
with aldosterone. HAINES et al. 1 obtained a considerable 
concentration from the same starting material, FARREL 
and RICHARDS ~ from adrenal venous blood of dogs 
and MAJ NARICH and DILLON "~ apparently from placent al 
extracts. The crystallizate which VOIGT et al.4 obtained 
from beef adrenal extracts by paper electrophoresis, 
amongst other methods, is doubtless, in view of its 
properties, different from aldosterone. LUETSCHER 
et al. 5 and also SINGER et al. ~ have obtained concen- 
trates of a sodium retaining corticoid, which might be 
identical with aldosterone, from the urine of nephrotic 
and edematous patients, a particularly rich source~; 
recently it was detected biologically in the urine of 
normal people and of patients with cirrhosis ~. In the 
case of a normal young man who received 1 mg of 
aldosterone by injection daily, we were able to find, 
by paper chromatography, about 1.5y per 24 h in the 
urine; in a human adrenal tumor (CUSHING syndrome) 
we detected 285y aldosterone per kilo 9. 

Physiological Actions o/Aldosterone.  These will only 
be summarized here: Whereas a strict separation of the 
adrenocortical hormones into mineralocorticoids and 
glucocorticoids was more practical than correct even 
in earlier days (VERZkR had already referred to the 
connection between potassium and carbohydrate 
metabolism), it has become completely untenable after 
the findings with crystallized aldosterone (Table I). The 
latter is, it is true, more than 100 times as active as 
cortexone *° in SIMPSON and TAIT'S test (as the earlier 

1 R. E.  KNAUFF, E.  D. NIELSON, a n d  W.  J .  HAINES, J. Ainer .  
chem. Soc.  75, 4868 (1953). 

2 G. L. FARRELL a n d  J .  B.  RICHARDS, Fed .  P roc .  12, 41 (1953); 
Proc. Soe, exp .  Biol.  Med. 83, 628 (1953}; 84, 89 (1953). According 
to a personal communication,  Dr.  FARRELL and coworkers have 
made it highly probable that their product is essentially homogeneous 
and identical with a ldos te rone .  

3 j .  j .  MAJNARICH a n d  R. N. DILLON, N o r t h w e s t  Med. 50, 677 
(1951); A r c h .  B iochem.  B iophys .  49,247 (1954). 

4 K.  D.  VOmT a n d  W.  SCHROEDER, N a t u r w i s s e n s c h a f t e n  40, 485 
(1953). - W .  SCHROEOER, K.  D.  VOIGT, a n d  H .  v.  D. WERTH, Acta  
Endocrinol. 14, 12 (1953). 

5 j .  A.  LtmTSCHER, A. B. DEMING, a n d  B. B. JOHNSON, Ciba 
F o u n d .  Col loquia  on  E n d o c r i n o l .  4, 5"~t1 {1952). - J .  A. LUETSCHER 
and B. B. JOHNSON, Amer .  J .  Med. 13, 417 (1953); J .  elin.  Invest. 
,I2, 585 (1953}; 33, 276 (1954). Other literature is given herein. 
See also: J .  Clin. Endoe r ino l .  14, 812, 1086 (1954). Test procedure 
compare B. B. JOHNSON, E n d o c r i n o l o g y  ,54, 196 (1954). 

6 B. SmCER a n d  E. H .VENmN6,  E n d o c r i n o l o g y  5z, 623 (1;)53).-  B. 
SINGER a n d  J .  WENER, Amer. Heart. J .  4,5, 795 (1953) ; M.F .  McCALL 
and B.  SINGER, J .  Clin. E n d o c r i n o l .  13, 1157 (1953). 

r Added when reading proofS: F r o m  a concentrate of this type, 
kindly made available to us by  Dr.  LUETSCt-IER, we 9 were in fact 
able, by further chromatographic purification, to obtain considerable 
quantities of aldosterone in crystalline form. (Paper E x p e r . i n  press.) 

s j .  j .  CHART a n d  E. S. SHIPLEY, J. clin. Invest. 3Z, 560 (1953). - 
C. L. CoPE a n d  J .  GARCIA, Brit. med. J .  1954, 1290. - E.  S. GOI~DON, 
J. J.CHART, D. HAGEDORN, a n d  E. G. SmPLEY, Obstetr. and Gynecol. 
4, :39 (1954). 

9 R.  NEHER a n d  A. WETTSTEIN, Unpublished data. 
10 S. A. SIMPSOn, J .  F.  TAIT, A. WETTSTEIN, R. NEHER, J .  v. 

EUW, a n d  T. REICHSTEIN, Expe r .  9, 333 (1953). - S. A. SIMPSON, J .  
F.  TAIT, A. WETTSTE~N, R.  NEnER, J .  v.  Euw,  O. SctnNDLER, and 
T. REICI~STEIN, Helv .  eh im.  A c t a  "17, 1163 (1954). 

name "electrocortin" indicates) and possesses an 
extraordinary sodium retaining activity and a still 
somewhat greater potassium excreting activity than 
cortexone, but the effect on water retention is wholly 
lackingL The permeability of muscle to the two alkali 
ions 2 mentioned, is strongly influenced. Aldosterone 
also proved correspondingly highly active in the sur- 
vival test in the adrenalectomized dog 3. Qualitative 
differences in action as compared with cortexone were 
also observed. On the other hand, however, contrary 
to the provisional findings of HAINES et al. ~, aldos- 
terone shows some quite considerable cortisone-like 
actions, particularly in the liver glycogen s , in the cold 
stress 6 and in the eosinophil depletion ~'7 tests, and in 
its ability to suppress the ACTH release 8. Its potency 
here is equal to or about 1/3 of that of cortisone. 

Table/.-Biological Activit ies of Crystalline Atdosteronc 
(compiled by R. GAUNT 8) 

Test 

Potency of Aldosterone 
Relative to: 

C o r t e x o n e  I Cortisone 

Tes t  in  w h i c h  C o r t e x o n e  is m o r e  potent than Cortisone 

S o d i u m  R e t e n t i o n  . . . .  
P o t a s s i u m  E x c r e t i o n  . . . 
N a / K  E x c r e t i o n  . . . . .  
M a i n t e n a n c e  A d x .  D o g  . . 

25  x .... 
5 ×  - -  

120  x 
25  3 0  x 5 0 0  × 

Tests in which Cortisone is more potent t h a n  C o r t e x o n e  

Cold S t r e s s  . . . . . . .  
L i v e r  G l y c o g e n  . . . . .  
E o s i n o p h i l  D e p l e t i o n  . . . 
A C T H  S u p p r e s s i o n  . . . .  

> 

30  × 

8 X  

: o r >  
1/3 
I12-1/4 
1/2-1/3 

Starting from her ratio of about 1:35 for the Ievels 
of aldosterone and hydrocortisone in human peripheral 
blood and from the potency ratio in SPEIRs' eosinophiI 
test of 1:3, SIMPSON 9 calculates the share of gluco- 

1 p. I)ESAULLES, J. TRIPOD, and W. SCnULER, S c h w e i z .  reed. 
Wschr. 83, 1088 (1953); several papers on hormonal in f luences  in 
water metabolism see Ciba Found, Colloquia on Endocrinol. 4, 414 
(1952). 

g E.  FL0CKIGER a n d  F.  VERZ,kR, E x p e r .  10, 259 (1954). 
a F. GRoss ,  Rec.  P rog r .  H o r m o n e  Res.  10 (in press).  - F.  Gross 

and H.  GYSEL, A c t a  E n d o c r i n o l .  15, 199 (1954). - W.  W. SWINGLE, 
R. MAXWELL, M, BEN, C. BAKER, S. J .  LEBRIE, a n d  M. EISLER, Proc. 
Soe. expe r .  Biol.  Med. 8a, 147 ( t954) ;  E n d o c r i n o l o g y  54, 698 (1954) ; 
see also Endocrinology 64 (1954), in press .  

4 R. E. KNAUFF, E.  D. NIELSON, a n d  W. J .  HAINES, J .  Amer .  
chem. Soc. 76, 4868 (1953). 

5 W. SEHULER, P. DESAULLES, a n d  R. MEIER, E x p e r .  10, 142 
(1954). 

R.GAuNT,  A.S.GORDON, A . A .  Rv:Nz[, J .  PADAWV:R, G . J .  FRU~t- 
MAN, a n d  M. GILMAN, J .  Clin. E n d o c r i n o l .  14, 711 (1954); E n d o -  
c r i n o l o g y  56,236 (1954). 

7 R. S. SPEIRS, S. A. SIMPSON, a n d  J .  F. TAIT, Endocrinology 55, 
233 (1954). 

a R .  GAUNT, Ciba  F o u n d .  Col loquia  E n d o e r i n o t .  s (1954) (in 
press). - A. A.  RENZI, M. GILMAN, a n d  R. GAUNT, Proc .  Soc. E x p e r .  
Biol. Med, (in press). 

S. A.  SIMI'SON a n d  J .  F .  TAIT, C iba  F o u n d .  Col loqu.  o n  E n d o -  
cr inol .  8 (1954), in press. 

E xper. 26 



402 A. WH'rST~1N and G. ANNER: Advances  in the Field of Adrenal  Cort ical  Hormones  ! t{XPI':I¢IENTIA VOL. X,/IO1 

corticoid effect of aldosterone in this blood as one 
hundredth of that  of hydrocortisone. Assuming an 
opposite potency ratio of about 1000:1 for aldosterone 
and hydrocortisone in her labelled alkali ion test, she 
arrives at a ratio of 30: t for the mineralocorticoid 
effect produced by the levels of these hormones in the 
blood. 

Clinically, in ADDISON'S disease, aldosterone was 
effective in doses of 100--200 y per day, i.e. about 
20-30 times as potent as cortexoneL It  produced at the 
same time typical effects on carbohydrate metabolism 
and apparently caused neither an increase in blood 
pressure nor a pathological water retention. 

Elucidation o/ the Constitution o/ Aldosterone. The 
noticeably broad spectrum of activity of aldosterone is 
readily explained by its chemical constitution. This 
constitution was resolved within a short time by 
REICHSTEIN e[ al. ~ essentially on the basis of the follow- 
ing findings: 

Most important, at the beginning was the micro- 
analysis of aldosterone, one of a total of 3 determina- 
tions which it was possible to make during the entire 
degradation studies. I t  gave an empirical formula of 
Call300 s ~ H 2, Hes later proving to be correct. The 
presence of 5 oxygen atoms has to be emphasized! On 
account of the ultraviolet spectrum, the reducing 
properties, and the formation of 1 mole formaldehyde 
with sodium bismuthate the working hypothesis that  
it is a cortexone derivative with 2 additional oxygen 
atoms then suggested itself. One of these must, on 
account of the formation of a diacetate, which in the 
IR no longer showed a hydroxyl group, be present as 

1 R. S. MACH, J.  FABRE, A. DUCKERT, R. BORTH, and  P. DUCOM- 
MUN, Schweiz.  reed. Wschr .  84, 407 (1954). - L. SOFFER, personal  
communica t ion  ; G. V¢. THORN, Col loquium on The Human Adrenal 
Cortex I I ,  The Ciba Founda t ion ,  London,  J u n e  1954. - A. KE:~WICK 
and  G. L. S. PAWn\, Lance t  267,162 (1954). - F . T . G .  PRUNTY, R. R. 
McSwINEY, and  M. A. SMITh, Lance t  267 (1954), in  press.  

2 S. A. SIMPSON, J.  F. TAIT, A. ~ETTSTEIN, R. NEHER, J.  v. 
g u w ,  O. SCHINDLER, and T. REICHSTEIN, Expcr .  10, 132 (1954); 
Helv.  chim.  Ac ta  37, 1200 (1954). 

I 
~ CO 

1st y - l a c t o n e  

OH CH~OH 
I I 

O---CH CO 

/ N V % / N /  

o / / ' , J \ /  m 
Aldosterone 

a secondary or primary hydroxyl. An indication 
of its position was given by degradation with NaIO 4, 
which led to a y-Iaetone (Chart 1; formula I) easily 
detectable in the IR. This compound proved to be 
extraordinarily useful, as it had a very high melting 
point, crystallized perfectly, sublimated without de- 
composition in high vacuum and could thus be ob- 
tained in perfect puri ty even from very impure mother 
liquors of aldosterone. I t  was only this which made 
possible degradation in very small but  yet  sufficient 
quantity.  

The hydroxyl group used in the formation of the 
lactone must be, we have stated, in the y-position to 
the carboxyl group of the etio acid, produced by the 
side chain degradation, i.e. in one of the positions 12, 
14, 15 or 18 marked with a cross. A 12-hydroxyl can 
be eliminated for steric reasons, as the 17r-oriented 
carboxyl group cannot react with such a hydroxyl in 
the presence of the also r-oriented angular 18-C atom. 
The 14-position can be excluded, as such a tert iary 
hydroxyl would have to be present in the diacetate 
in the free form. The choice between the 15 and 18 
positions was facilitated by the fact that  aldosterone- 
21-monoacetate again formed a y-lactone (IR) with 
CrOa, the ketol side chain with its reducing properties 
remaining intact. The carbonyl group of this lactone, 
corresponding to the original second hydroxyl,  can 
only be in the 18 position, as all hydroxyls which are 
possible on the basis of the formation of the first 
lactone (positions 12, 14, 15, 18) lie too far from C1~. 
For the second y-lactone, formula II thus results, with 
possible oxygen bridges to position 8, 11, 15 or 16 
marked with a cross. As, however, aldosterone contains 
only 2 and not 3 free hydroxyl groups, and the first 
gamma lactone none at all, this oxygen ring must 
already have been present in aldosterone. Since a 
hydroxyl group has been established in position 18, 
this leads to one of the 4 cyclic hemiacetal structures 
I I I -VI .  

Chart 1 
l~ CH~OAc 
CO CO 

1 9  [ F 16t 

O ~  ~..~ II 
2 aa yqactone 

OH CH.OH 
I I 
CH CO 

~/-x/x,,j~/ 

o / / % j U  iv 
Eluc ida t ion  of the  Cons t i tu t ion  of Aldos terone  

OH CH~OH 
1 I 

HC-~ CO 

O\ 

i I 
o / / V \ /  vx 

OH CHsOH 
] I 

HC-~ CO 

t Io t  

o// ' , , , /~/ v 
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Chart 2 

o o 
/ \  / \  

O - - C H  CO O---CH CO 

I I I t I 1 
o ~ ' x /  vH n o / ~ / i \ /  

H 1st 7-1actone 

COOCH a COOCH a 
H O ~ z / ~  il 0 ~ / ~  .___ 

/ \ I / N / \ /  • / ~ / ~ / ~ /  

w n  H O / ~ / i ~ /  IX O ~ / i ~ /  x 
H H 

Elucidation of the Constitution of Aldosterone 

Prof. REICHSTEIN'S chemical instinct instantly 
chose formula I I I  for the immediate working hypo- 
thesis. The establishment of this formula and thus 
the proof that  aldosterone is a steroid at all was made in 
principle in the following way (Chart 2); the first 
y-lactone to which formula VI I  would have to be 
attr ibuted, was converted, by  means of hydrogenation, 
WOLFF-KISHNEr~ reduction, methylat ion of the acid 
fraction obtained, and oxidation, into compound X, 
which proved to be identical with authentic methyl  
3,11-diketo-etio-allocholanic acid. For steric reasons 
aldosterone must  then be an l l f l -hydroxy  derivative 
which can be designated 18-oxo-corticosterone; in 
solution it is eminently present as the cyclohemiacetal 
of formula I I I ,  which we saw on chart 1. 

This structure, which is in strong contrast to all 
previous speculations, readily explains the biological 
properties which, as stated, include most marked 

mineralocorticoid actions and strong glucocorticoid 
actions, at t r ibutable to the l I -oxygen.  

Chemical  Const i tut ion and Physiological  Ac t ion .  Even 
after  the elucidation of the constitution of aldosterone 
the fact remains that  all the highly active typical 
hormones of the adrenal cortex represent oxygenated 
progesterones, i.e. cortexone (21-hydroxy-progesterone) 
and its further oxygenated derivatives. The additional 
oxygen functions enter in position 11 and/or 17, and 
in the case of a ldos terone-for  the first t i m e - i n  posi- 
tion 18. I t  was, of course, of particular interest to 
investigate compounds representing structural or 
stereo-isomers of true hormones, alI the more so since 
compounds of such a structure had been considered 
when discussing the possible formula of aldosterone. 
A group of such substances and their close relations 
will thus be considered before discussing new chemical 
methods (Chart 3). 

Chart 3 

CH a CH a CH2OH CH2OH 
I I I I 
CO CO CO CO 

~ _ _  Streptomyces ( ~ _ _ _  
i . ( ' I I  - 

H O / / ~  ~ '~/  XI H C O O ~ ~  O / / / ~ / / ~ / /  XII O / ~ ' - ~  ~ XIII  

/ 
CH1OAc --...~ CH2OAc CH2OAc 
(~O I I CO CO 

° ~ . % 1 _ _  k /'~,! ........... . 

MASON MASON 

CHuOAc CH~OAc 
CO CO 

/ \ I  . . . .  

i I 
A c O / " . v / ~  XVII  C / / ~ / I j  XVIII  

INHOFFEN WETTSTEIN 

26* 
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Chart ¢ 
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OH 
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In this connection it was 16a-hydroxy-cortexone 
(XII) which recently aroused some interest, also in 
view of the discovery of various 16a-hydroxylated 
steroid metabolites 1. We were able to obtain it direct 
from cortexone (XIII) by means of the microbiological 
method to be discussed in detail later, involving the 
action of some streptomyces species ~'. Its diacetate was 
identical with a compound obtained by HIRSCHMANN 3 
in a chemical multistage synthesis, starting from 16- 
dehydro-pregnenolone (XI). The new substance XII ,  
however, proved inactive in the glycogen and the 
KAGAWA test and its activity in the survival test in the 
adrenalectomized dog was infinitesimal. The same 
compound was obtained simultaneously by COLE and 
JULIAN 4, also from 16-dehydro-pregnenolone (XI), via 
16,17a-epoxy-cortexone acetate (XIV), using a novel 
reduction method with chromous salts. Speaking of 
16-dehydro- and 16, 77~-epoxy compounds, both sub- 
stances of the ll-dehydro-corticosterone acetate series 
(XV and XVI) were found inactive as glucocorticoids 
and as cortisone antagonists 5. I N H O F F E N  6, when 
synthesizing an acetylated 76fl, ]7o~-diol of the A5-21 - 
hydroxy-pregnenolone series (XVII), also started with 
the 16,17a-epoxide and subjected this to acetolytic 
cleavage. Our findings show 7 that this compound has 
the constitution given by the author, while his corres- 
ponding conversion products of the pregnenolone 
series represent rearranged compounds of the D-Homo- 
series. The 16fl,17~-dihydroxy-cortexone diacetate 
(XVIII), the 16fl-acetoxy derivative of substance S 
now produced by us 7, proved about 1/10 as active 
as free cortexone as regards sodium retention, but, in 
contrast to this, also caused retention of potassium, 
which may perhaps be the result of the relatively 
strong water retention observed. 

x See e . g . S .  LIEBERMANN, B. PRAETZ, PH. HUMPHR1ES, and K. 
DOBRINER, J. biol. Chem. 204, 491 (1953). 

2 E. VlSCHER, J.  SCHMIDLIN, and  A. WETTSTEIN, Helv.  chim.  
Acta  37, 3~1 (t954). 

s H. HIRSCHMANN, F. B. HIRSCHMANN, and G. L. FARRRLL, J. 
Amer. chein. Soc. 75, 4862 (1953). 

4 W. COLE and P. L. JULIAN, J.  org. Chem. 19, 131 (1954). 
W. F. McGtJCR1N, H. L. MASON, and  G. M. HIGGINS, Abstr .  

125 th Meeting Amer.  chem. Soc. 1954, 4C. 
s H. H. INHOFFEN, F. BLOMEYER, and K. BRCCKNER, Ber. d tsch.  

chem. Ges. 87, 593 (1954). 
7 K. HEUSLER and  A. WETTSTEIN, Chem. Ber. 87, 1301, (1954). 

Considerable work has been done on cortexones 
hydroxylated in position 6 (Chart 4), all the more so 
since, as will be discussed later, the adrenal is able to 
introduce a 6fl-hydroxyl. This is the method by which 
HAYANO and DORFMAN 1 obtained 6fl-hydroxy-hydro- 
cortisone, a compound which proved, however, de- 
finitely less active than hydrocortisone, and failed to 
show any mineralocorticoid effect. By purely chemical 
means 6fl- and 6~-hydroxy-cortexone (XX and XXI) 
were produced by EHRENSTEIN et at. 2, using acetolysis 
of the 5,6a-epoxide (XIX) and rearrangement of the 
6fl- into the 6c~-compound, while SONDHEIMER et aI. a, 
when preparing 6fl-hydroxy-cortexone, oxidized the 
aUyl alcohol XXII  with manganese dioxide. 6~-Hydro- 
xy-cortexone caused weak sodium retention, about 
4% of that  of cortexone, whereas the 6fl-hydroxy 
compound showed no detectable activity. Similar 
biological results have been obtained with the 6~- and 
6fl-hydroxy derivatives of substance S 4 (Chart 4). 

The Mexican group mentioned s recently identified 
a compound (Chart 5), obtained 15 years ago by 
EHRHART et al. from progesterone with lead tetra- 
acetate, as the diacetate of 2o~-hydroxy-cortexone 
(XXIV). This compound could now also be obtained 
by rearrangement of 6-bromo-cortexone acetate 
(XXIII)  by means of potassium acetate in glacial 
acetic acid. Nothing appears to have been published 
about the biological activity of this compound. 

The ]9-hydroxy-eortexone (XXV), which is of 
particular interest in connection with aldosterone 
since it is oxygenated at the other angular methyl 
g roup-as  well as the corresponding progesterone 
der ivat ive-were  described only recently by BARBER 
and EHRENSTEIN 6. The former produces only about 

1 M. HAYANO and R. I. DORFMAN, Arch. Biochem. Biophys.  50, 
218 (195~). 

2 p. TH. HERZlG and M. EItRENSTEIN, J. org. Chem. 16, 1050 
(t951). - C m  P. BALANT and  M. EHRENSTEIN, J.  org. Chem. 17, 1587 
(1952). 

C. AMENDOLLA, G. ROSENKRANZ, and F. SONDHEIMER, J. chem. 
Soc. 1954, 1226; J.  Amer.  chem. Soc. 75, 5930 (1953). - F. SONO- 
HEIMER and  G. ROSENKRANZ, Exper .  9, 62 (1953). 

4 K. FLOREY and  M. EHRENSTEIN, J. org. Chem. 19, 1331 (1954). 
5 F. SONDHEIMER, ST. KAUFMANN, J. RoMo, H. MARTINEZ, and 

G. ROSENKRANZ, J. Amer.  chem. Soc. 75, 4712 (1953). 
6 G. W. BARBER and M. EHRENSTEIN, J. Amer.  chem. Soc. 76, 

2026 (1954). 
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4% of the sodium-retaining action of cortexone acetate 
and less than 2% of the glucocorticoid activity of 
hydrocortisone. I t  was obtained be means of diazo- 
ketone synthesis from a 19-acetoxy-etienic acid t, the 
acid itself being available from strophanthidine (XXVI). 
The latter is also a possible starting material for 19- 

nor-cortexone (XXVII) 2. This cortexone derivative 
might have the wrong configuration in 14- and 17- 
position, Another 19-nor-cortexone has been obtained 
from estradiol after Birch-reduction according to 
ROSENKRANZ et al. a via 19-nor-androstenedione 
(XXVIII),  This lowerhomologue (XXVII) ofcortexone 
proved to be about twice as active as the parent 
hormone, while 19-nor-progesterone apparently is the 
most active gestagen known 3. 

The microbiological hydroxylation in ll0¢-position 
will be considered later. All that need be said here is 
that  11-epicorticosterone (= 71 ~-hydroxy-cortexone)  4,,~ 
and also ll-epi-hydrocortisone 4,6 were very much less 
active 4 than cortexone in the survival test using 
epinephrectomized dogs (assuming there was any 
activity at all) while ll-epi-hydrocortisone was in 
addition without effect in the glycogen test 6. As is 

1 p. TH. HERZIG and M. EHRENSTEIN, J. org. Chem. 17, 713 (1952). 
- M. EHRENSTEIN, Chimia 6, 287 (1952). 

2 U. EHRENSTEIN, J. org. Chem. 9, 435 (1944). - G. W. BARBER 
and M. EHRENSTEIS, J. org. Chem. 19, 365 (1954). 

a A. SANDOVAL, L. MIRAMOSTES, G. ROSE~KRA~'Z, C. DJERASSL 
and F. SONDHEIMER, J. Amer. chem. Soc. 75, 4117 (1953). - C. 
DJERASSI, L. MIRAMONTES, and G. ROSESKRANZ, J. Amer. chem. 
Soc. 75, 4440 (1953). 

4 F, W. KAHNT, CH. MEYSTRE~ R. NEHER, E. V1SCHER, and A. 
WETTSTEIN, Exper. 8, 422 (1952). 

s S, H. EPPSTEIN, P. D. MEISTER, D. H. PETERSON, H. C. MURRAV, 
H. M. LEIGH, D. A. LYTTLE, L. M. REINEKE, and A. WEINTRAUB, 
J. Amer. chem. Soc. 75, 408 (1953). 

6 j .  FRIED, R. W. THOMA, J. R. GERKE, J. E. HERZ, M. N. 
DONIN, and D. PERLMAN, J. Amer. chem. Soc. 74t, 3962 (1952). - D. 
H. PETERSON, S. H. EPPSTEIlq, P. D. MEISTER, B. J. MAGERLEIN, 
H. C. MURRAY, H. M. LEIGH, A. WEINTRAUB, and L. M. REINEKE, 
J. Amer. chem. Soc. 75, 412 (1953). 

known, the 12, t -hydroxyand 12-keto-cortexone acetates 
produced earlier by REICHSTEIN were also without 
effect. The 12~, 17x-dihydroxy derivative, a hydroxyl 
position isomer of hydrocortisone, is said to be a 
cortisone antagonist 1. 

The cortexone derivatives showing an additional 
double bond in ring C (Chart 6), and in particular the 
products derived from them, were recently the source 
of most interesting results. Some time ago we had 
already noted that An-anhydro-cor t icos terone  acetate 
(XXIX) resembled cortexone quantitatively in its 
effect in survival tests (quoted in2). Ag,n-Anhydro  - 
corticosterone acetate (XXX), which was first pro- 
duced by REICHSTEIN and more recently obtained by 
SHOPPEE z, by partial synthesis from desoxycholic acid, 
also has an effect which resembles that  of cortexone in 
the survival test, but is two or three times as active in 
the Everse-de Fremery test. Various teams of wor- 
kers z prepared Ag,U-anhydro-hydrocortisone acetate 
(XXXII)  by splitting off the l l -hydroxyl  group in 
hydrocortisone or ll-epi-hydrocortisone derivatives 
(XXXI).  

The free alcohol of X X X I I  was found to be inactive 
in the rat liver glycogen test but quite active as an 
antiinflammatory by local application in the granuloma 
test 4. According to FRIED and SABO 3 the acetate can 
serve as a suitable intermediate in the conversion of 

1 W. J. ADAMS, B. G. CROSS, A. DAVID, F. HARTLEY, D. PATEL, 
V. PETROW, and I. A. STUART, J. Pharmacy Pharmacol. (Brit.) 5, 861 
1953), 

2 R. CASANOVA, C. W. SHOPPEE, and G. H. R. SUMMERS, J. chem. 
Soc. 1953, 2983. - R. CASANOVA, A. RUFF, and C. W. SttOPPEE, Ciba 
Found. Colloquia on Endocrinol. 7, 59 (1953). 

a j .  FRIED and E. F. SABO, J. Amer. chem. Soc. 75, 2273 (1953). - 
R. P. GRABER, A. C. HAVEN, and N. L. WENDLER, J. Amer. chem. 
Soc. 75, 47~2 (1953). - S. BERNSTEIN, R. LITTELL, and J .  H. WIL- 
LIAMS, J. Amer. chem. Soc. 75, 4830 (1953). 

4 Merck Institute for Therapeutic Research. Personal commun - 
cation from Dr. N. L. WE~DLER. 
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ll-epi-hydroeortisone (XXXI) into hydrocortisone or 
cortisone (XXXIV);  during this process it appeared 
that their 9a-halogenated derivatives of formula 
X X X I I I ,  which are obtained by addition of hypohalic 
acid to the 9,11-double bond, are yet much more 
interesting than the true hormones; while the latter 
were still superior to the acetylated %¢-iodo-hydro- 
cortisone, 9a-bromo-cortisone and -hydrocortisone as 
regards glucocorticoid effect, the corresponding 9a- 
chloro- and in particular the 9e-fluoro-derivatives ~ 
proved to be 3 to 11 times more potent glucocorticoids 
than cortisone acetate. Moreover, the 9e-bromo and 
chloro derivatives in adrenalectomized rats produced a 
survival which was 2-20 times as long as that  brought 
about by eortexone acetate, while the 9~-fiuoro 
derivative was less effective than this standard sub- 
stance in this respect ~. Promising clinical results appear 
obtainable in addition (THORN3). Partly inhibited 
metabolic transformation and excretion of these "un- 
natural" hormonal substances has been suggested as 
an explanation for their protracted and enhanced 
activity, which is found even when they are given by 
the oral route. 

The 20-keto-21-aldehydes corresponding to the true 
hormones are also active compounds, being obtained 
via the nitrones, some of which are also active. While 
REICHSTEIN'S aldehyde of cortexone retained only a 
small fraction of the original activity, presumablv as 
a result of dimerisation, MIESCHER'S aldehyde of 
substance S had roughly the same activity as the basic 

1 j. FRIED and E. F. SABO, J. Amer. chem. Soc. 76, 1455 (1954). 
2 A. BORMAN and F. M. SINGER, Fed. Proc. 13, 185 (1954). - A. 

BORMAt% F. M. StNGER, and P. NU~EROF, Proc. Soc. Exper. Biol. 
Med. 86, 570 (1954). - See also: G. W. LIDDLE, M. M. PKCHET, and 
F. C. BARTTER, J. Clin. Endocrinol. 14, 813 (1954). 

3 G. W. TaORN, Colloquium on The Human Adrenal Cortex II ,  
The Ciba Foundation, London, June, 1954. 

substance. The latter is also applicable to the 21- 
aldehydes of cortisone and hydrocortisone 1, presum- 
able because of the ready reducibility which was 
observed, e.g. with rat-liver enzymes 2, and also to the 
aldehyde bisulfite addition products 1. If oxygen 
substitution in 21-position is dispensed with, a very 
considerable loss of the antiarthritic effect is observed 
in the case of 2I-desoxy-cortisone and -hydrocortisone 3. 

If one imagines the 4, 5-double bond as being on the 
other side, but also in conjugation with the 3-keto 
group, isomeric cortisone acetates of the AX-allopreg- 
nene -4 or A 1-pregnene series ~, for instance, result. The 
first of these two still retains about 10% of the corti- 
sone effect. 

Introduction of an additional double bond, now in 
position 6, results in 6-dehydro-cortisone 6, which is 
sometimes also found as an impurity of commercial 
cortisone preparations of which the double bond was 
introduced in the last step. Its effect upon the survival 
of adrenalectomized rats is similar to that  of cortisone, 
but it brings about an additional gain in weight. In 
normal animals it exerts a mild lymphocytopoietic in- 
fluence v . 

Enlargement of the ring D in the androstene series 
and construction of the side-chain resulted in the 

x E. F. ROGERS, W. J. LEANZA, J. P. CONBERE, and K. Pfister, 
J. Amer. chem. Soc. 74, 2947 (1952); 76, 1691 (1954). 

J. J. SCHNEIDER, J. Amer. chem. Soc. 7.5, 2024 (1953). 
3 T. H. KRITCHEVSKY, D. g. GARMAISE, and T. F. GALLAGHER, 

J. Amer. chem. Soc. 74, 483 (1952). 
4 ST. KAUFMANN and J. PATAKI, Exper. 7, 260 (1951). - E. ~VIL- 

SON and M. TISHLER, J. Amer. chem. Soc. 74, 1609 (1952). - E. P. 
OLIVETO, C. GEROLD, and E. B. HERSHBERG, J. Amer. chem. Soc. 
74, 2248 (1952). 

5 V. R. ~IATTOX and E. C. KENDALL, J. biol. Chem. 188, 287 
(1951). 

6 V. R. MATTOX, E. L. WOROCH, G. A. FLEISHER, and E. C. 
KENDALL, J. bioI. Chem. 197, 261 (1952). 

7 G. M. HIGGINS, K. A. WTOODS, and E. C. KENDALL, Endocrinol- 
ogy 48, 175 (1951). 
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production of D-homo-cortexone acetateL but this 
possessed only about 10% of the survival effect of 
cortexone acetate. 

A very recent synthesis was that of 17a-methyl- 
cortexone acetate ~ from 17a-methyl-etio-acid. In 
contrast to the analogous highly active progesterone 
derivative, it possesses only about ~/5 of the survival 
effect of cortexone acetate. 

Methods o/ Partial Synthesis. The comment at the 
beginning of this paper about the volume of literature 
and of new findings in the field is particularly appli- 
cable to this chapter of adrenal research. 

(a) Side-chain degradation. MIESCHER'S by now 
already classical side-chain degradation of bile acids 
was recently again simplified : When working with two 
moles of N-bromosuccinimide in allylbromide, we s 
were able to combine into a single step three of the 
usual steps, i.e. ~-bromination of the diphenyl- 
cholenes, splitting off of hydrogen bromide, and 
renewed bromination of the diene in position 21. The 
degradation of the bisnor-aldehydes, which are obtained 
from ergosterol or stigmasterol in particular, is 
suitably accomplished via their 20,22-unsaturated 
enol, enamine, or dehydro-nitril derivatives 4. 

(b) Ketol and dioxyacetone grouping. The synthesis 
of the 20,21-ketol group according to REICHSTEIN 

from the corresponding acid chlorides via the diazo- 
ketones is now also possible with the l l~-hydroxy-  
and even the l l f l -hydroxy derivatives provided one 
protects these hydroxyl groups by converting them 
into the l l-formates or -trifluoroacetates, which are 
readily saponifiable againL By this method, it was 
possible to synthesise, amongst others, corticosterone 
and ll-epi-corticosterone. RUSCHIG'S oxalic ester 
method for the selective halogenation and acetoxyla- 
tion of methyl-ketones in position 21 was employed by 
SARETT 6 in the total synthesis of cortisone, and by 

1 R. M. DODSON, P. B. SOLLMAN, and B. RIEGEL, J.  Amcr. chem. 
Soc. 75, 5132 (1953). 

2 CH. R. ~.NGEL and G. JUST, J.  Amer.  chem. Soc. 76 (1954) in 
press. - H. HEUSS~R, pr iva t e  communica t ion .  

a j .  HEER and  A. WETTSTEIN, Helv .  chim.  Ac ta  36, 891 (1953). 
4 M. E. HERR and F. W. HEYL, J .  Amer.  chem.  Soc. 7°., 2617 

(1950); 74, 3627 (1952). - A. F. B. CAMERON, J.  S. HUNT, J.  F. OUGtl- 
TOW, P. A. WILKINSON, and  B. M. IVIEsON, J.  t h e m .  Soc. 1953, 3864. 

5 F. REBER, A. LARDON, a n d  T. REICItSTEIN, H e i r .  chin/ .  A c t a  
37, 45 (1954}. - A. LARDON and T. REICHSTHN, Helv.  clfim. Acta  31', 
388, 443 (1954). 

L. H.  SARETT, G, E.  ARTH, R. M. LUKAS, R. E. BEYLER, G. I. 
Poos,  W. F. JOHNS, and J.  M. CONSTANTIN, J, Amer.  chem. Soc. 74, 
4974 (1952). 

ERCOLI 1 in the conversion of progesterone into 
cortexone. A new approach (Chart 7) was opened by 
MOFFETT 2 when he observed that the reaction of 
methyl-ketones (XXXV) with isopropenyt acetate did 
not produce 17,20- but 20,21-enol-acetates (XXXVI). 
With bromine these provide the 21-bromo-20-ketones 
(xxxvn) or, according to DJERASSI 3, with N-iodo- 
succinimide, the 21-iodo-20-ketones, which are readily 
converted into the ketol-acetates (XXXVIII) 4. The 
procedure is also applicable to 16-dehydro-20-ketones 
yielding 16-dehydro-20,21-ketols s, which, according 
to JULIAN, can be converted to dihydroxy-acetone 
compounds via the epoxides. 

The latter, one might mention, are usually still 
produced according to G A L L A G H E R ' S  excellent method. 
This method now also permits one to obtain A l~,~°- 
monoenol-acetates from 11,20-diketones ~. A number 
of teams succeeded in producing 17a-mono- and also 
17, 21-diacetates from dihydroxy-acetone compounds 7. 

(c) Displacement o/the oxygen/rom position 12 to 1 l. 
The methods of GALLAGHER via the 11,12-ketols (e.g. 
MARKER-LAwSON acid) and of REICHSTEIN via the 
l l ,12-unsaturated compounds by addition of hypo- 
halic acid are nowadays more or less of historical interest 
because of their poor yields. KENDALL'S process via 
the A 11_ 3 a, 9 a-oxides is of lasting technical importance 
in the bile-acid series and is to be prefered to the method 
of HEYMANN and FIESER, using 3fl-hydroxy-30q9a- 
oxido compounds, i.e. hemiketals. A novel method 
(Chart 8), which for the time has been described in the 
hecogenin series, was recently published by us s and 

x A. ERCOLI and P. I)E RUGGIERI, Gazz. cAirn, i tal .  84,312 (1954). 
2 R. B. MOFFETT a n d  D. I, "~VEISBLAT, J .  Amer .  chem.  Soc. 74, 

2183 (1952). 
3 C. DJERASSI a n d  C. T. LENK, J .  Anler .  cActi/. Soc. 75, 3493 

(1953); 76, 1722 (1954). 
4 According to GALLAGIlI';R* the l a t t e r  arc also ob ta ined  from the 

20, 21-enol-acctates  X X X V I  wi th  pcrbcnzoic  acid and si l ica gel under  
rea r rangement .  - * H. VANDERHAEGttE~ E. R. KATZENELLENBOGEN, 
K. DOBRINER, and  T. F. GAI.LAGHER, J. Amer. chem. Soc. 74, 2810 
(1952). - A. H. SOLOWAY, W. J.  CONSn)INE, K. D. FUKUSHIMA, and  
T. F. GALLAGtIER, J.  Amer. chem. Soc. 76, 2941 (1954). 

5 Compare  also:  F. B. COLTON, W. R. NES, D. A. VAN DORP, 
H. L. MASON, and  E. C. I*.:ENI)ALL, J.  1)iol. Chem. 194, 235 (1952). --- 
F. ]:k COLTON and E. C. KENDALL, .L biol. Chem. 194, 247 (1952). 

6 H.  V. ANDERSON, E. R. (IARRETT, F.  ~-t. LINCOLN, A. H.  
NATHAN, and  J.  A. Ho(m, J.  Amer.  chem. Soc. 76, 7-I:3 (1954). - 
I). H .  R. BARTON, R. 3I. EVANS, J .  C, HAMLET, P, G. JONES, a n d  T. 
WALKER, J. Chem. Soc. 1954, 747. 

7 R. B. MOFFETT and H. V. ANDERSON, J.  Amer. chem. Soc. 76, 
7.17 (1954) and  l i t e ra tu re  c i ted therein.  

8 j .  SC~tmDLIN and A. WETTSTEIN, Helv.  china. Ac ta  36, 1241 
(1953). 
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Transformation of 12- into ll-Oxygenated Compounds 

almost simultaneously by CORNFORTH et al.l: The 
l10~-bromo-12-ketone (XXXlX) 2 can be reduced with 
alkali-borohydrides while retaining the halogen atom, 
in good yield, to the l lo~-bromo-12f l-hydroxy 
compound XL. The 12fl-configuration is of importance, 
because this compound, with alkali, or almost quanti- 
tatively with silver oxide in pyridine, now yields the 
l l f l , 12 f l -epox ide  XLI. The latter is readily split by 
means of hydrohalic acids to the llfl-hydroxy-12~- 
halogen derivative XLII  3. 11~, 120t-Epoxides yield, as 
is known, only the inverse llfl-halogen-12~-hydroxy- 
compounds. XLII  is analogous to the compounds 
prepared by REICHSTEIN in poor yield by the ad- 
dition of hypohalic acids to 11,12-unsaturated 
steroids. On the one hand it can be dehydrogenated, of 
course, with chromium trioxide and dehalogenated 
with zinc to the l l-ketone XLIII ,  thus providing a 
smooth transition from 12-keto to l l -keto steroids. 
More interesting on the other hand is the new, direct 
dehalogenation of XLII ,  which, particularly in the 
case of the iodo derivative, took us almost quanti- 
tatively to the biologically important l l f l -hydroxy 
derivative (XLIV). This is thus available from the 
12-ketone in only 5 steps and in excellent yield. 

(d) The reduction o / the l l-keto to the l ]-h ydr o x y gr ou p 
received very detailed attention because of the special 
properties of hydrocortisone as compared to cortisone. 
This reaction requires that  other keto groups, i.e. 
those in position 3 and 20, are initially present in 

1 j .  W. CORNFORTH and J. M. OSBONV, Chem. and Ind. 1953, 
919. - J. W. CORNFORTH, J. M. OSBOND, and G. H. PHILIPPS, J. 
chem. Soc. 1954, 907. 

2 Compare G. P. MUELLER and L. L. NORTON, J. Amer. chem. 
Soc. 76, 749 (1954). 

3 Compare A. FORST and R. SCOTONI, Helv. chim. Acta aa, 1410 
(1953). 

preformed form only, or that  they are protected 
intermediately (Chart 9). WENDLER et al. I thus 
reduced ll-ketones with alkali-borohydrides to l l f l -  
hydroxy derivatives,while the side-chain still contained 
the 17,20-dehydro-20-cyano group and the 3-keto 
group was protected by ketalization or semicarbazone 
formation (XLV). These authors were also able to 
produce 20-semicarbazones from /ree 20,21-ketols 
(XLVI) thus achieving a protection of the 20-keto 
group against reduction. As is known, this is the meth- 
od with which they were able for the first time to a- 
chieve a purely chemical synthesis of hydrocortisone. 
The protection of the 3- and also the 20-keto group by 
transformation into cyclic diketals (XLVII) is now 
frequently used; this results in A s-3-alkylenedioxy 
derivatives from A a-3-ketones, while substitution in 
20-position takes place only with the free 20, 21-ketols. 
By this means ANTONUCCI et al. 2 were able to convert 
cortisone even with the highly reactive LiA1H 4 into 
hydrocortisone plus a little ll-epi-hydrocortisone. The 
employment of NaBH4 a has the advantage over this 
that  it is possible to work in the presence of water or 
alcohols; there is further the possibility of obtaining 
selective reductions of saturated, free 3,20-di- or 

I N. L. WENDLER, R. B. GRABER, R. E. JONES, and M. TISHLER, 
J. Amer. chem. Soc. 72, 5793 (1950); 74, 3630 (1952).- N. L. WEND- 
LER, Huang-Minlon, and M. TISHLER, J. Amer. chem. Soc. 73, 3818 
(1951). 

R. ANTONUCCI, S. BERNSTEIN, M. HELLER, R. LENHARD, R. 
LITTELL, and J. H. WILLIAMS, J. org. Chem. 18, 70 (1953); see aIso 
R. ANTONUCCI, S. BERNSTEIN, and R. L~NHARD, J. Amer. chem. 
Soc. 76, 2956 (1954), furthermore R. H. L~vi~, B. J. MAGERLEIN, 
A. V. MCINTOSH, A. R. HANZE, G. S. FONKEN, J. L. THOMPSON, A. 
M. SEARCV, A. M. SCHERI, and E. S. GOTSELL, J. Amer. chem. Soc. 
75, 502 (1953); 76, 546 (1954).- A. R. HANZE, G. S. FONKEN, A. V. 
MCINTOSH, A. M. SEARCY, and R. H. LEVIN, J. Amer. chem. Soc. 76, 
3179 (1954). 

a E. P. OLXVETO, T. CLAYTON, and E. B. HERSHBERG, J. Amer. 
chem. Soc. 75, 486 (1953). 
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3, l l ,20-tr iketones in position 31 or of A4-unsaturated 
3,1t,20-triketones in position 20 *. If l l e -hyd roxy  
derivatives are desired as the main products it is 
expedient to reduce with sodium and propanol or with 
lithium, ammonia and alcoholL 

The preparation of the ketals is best carried out, 
according to SARETT, by exchange dioxolanation using 
the ethylenedioxy derivative of mesityl oxide 4, a 
reaction which was recently studied in much detail by 
DAUBE~ ~. For certain syntheses, or for the elucidation 
of the constitution, cyclical alkylene hemithioketals 
(XLVIII) s or thioketals (IL) 7 should be considered, 
since the carbonyl functions may be regenerated 
therefrom with RANEY nickel alone, without the use 
of acids, or since they may be reduced to methylene 
groups. 

An elegant method, also for the partial protection of 
carbonyl groups in polycarbonyl steroids against 
reduction by a metal hydride, consists in their trans- 
formation into enamines according to HERR and HEYL s. 
Pyrrolidine derivatives of A~-3-ketones, e.g., are not 
reduced by LiA1H 4. 

1 O. 3[ANCERA, A. ZAFFARONI, B, A. RUBIN, F. SONDHEIMER, 
G. ROSENKRANZ, and C. DJERASSI, J. Amer. chem. Soe. 74, 3711 
(1952). - A. H. SOLOWAY, A. S. DEVTSCH, and T. F. GAI.LAGtfER, 
J. Amer. chem. Soc. 75, 2356 (1953). 

2 j .  K. NORYMBERSKI and G. F. WOODS, Chem. and Ind. 1954, 
5t8. 

a H. HEVSSER, R. ANLIKrR, and O. JEOER, Helv. chim. Aeta 35, 
1537 (1952). - F. SONDHEIMER, R. YASHIN, G. ROSENKRA~Z, and 
C. DJERASSL J, Amer. chem. Soc. 71,2696 (1952). - H. L. HERzoo, 
E. P. OLtVETO, M. A. JEVNXK, and E. B. HERSHBERC, J. Amer. chem. 
Soe. 74, 4470 (1952). - S. BERNSTEIN, R. LITTELL, and J. H. WILLi- 
AMS, J. Amer. chem. Soe. 75, 1481 (1953). - E. P. OLWETO, H. L. 
HERZO~, and E. B. HERSHBERG, J. Amer. chem. Soc. 75, 1505 (1953). 

4 j .  M. CO~STANTXN, A. C. HAVEN, and L. H. SAERTT, J. Amer. 
chem. Soc. 75, 1716 (1953). 

5 H. J. DAVBEN, B. LOKEN, and H. J. R1NGOLD, J. Amer. them. 
Soc. 76, 1359 (1954). 

6 C. DJIERASS! and M. GORMAN, J. Amer. chem. Soc. 75, 3704 
(1953). 

7 L. F. FIESER, J. Amer. chem. Soc. 76, 1945 (1954). 
s M. E. HERR and F. W. HEYL, J. Amer. chem. Soc. 74, 3627 

(1952); 15, 1918, 5927 (1953). 

(e) The chemical introduction o/ l 1-oxygen into 
steroids with ring C unsubstfuted is fundamentally based 
on advancing a conjugated double bond system from 
ring B into C, later removing this auxiliary system once 
more by means of reduction (Chart 10). The most 
important  starting materials for this are ergosterol and 
diosgenin, both of which permit simple sidechain 
degradation. The conversion of the two, or of their 
degradation products, into the corresponding 7,8 ; 9,11- 
dienes (L) with trans-configuration of the rings A/B 
(allo-series) is known. The various methods of con- 
verting these dienes into l l -ketones or l l -hydroxy  
compounds have been described particularly clearly 
in the review by ROSENKRANZ a n d  SONDHEIMER 1 and 
cannot be gone into within the framework of this 
paper 2. The latest publications, alone, concerning 
these methods would provide sufficient material for 
a separate review. Because of the difficulties of the 
eventual introduction of the 4,5-double bond into the 
allo-series, such conversions, according to JONES, are 
now carried out with 7,8; 9,11-dienes in which the 
original 5,6-double bond is not hydrogenated but  
converted into a potential double bond in the form 
of a 50t-hydroxyl. For this one converts the triene LI 
via 5,8-peroxides (formulated as LII  according to 
FIESER) by reduction and water removal into LII I  3. 
In JONES' 63 ra communication 4, which appeared only 
recently the complete synthesis of cortisone (Chart 11) 
via such a 5a-acetoxy triene LIV was described. 

1 G. ROSV.'NKRANZ and F. SoNr~HE1MER, Progr. Chem. Org. Natur. 
Prod. 10, 274 (1953. 

2 Compare however: H. HEUSSER and O. JEGER, Ciba Found. 
Colloquia on EndocrinoI. 7, 46 (1953). - C. DJERASSI and G. ROSEN- 
KRANZ, Ciba Found. Colloquia on Endocrinol. 7, 79 (1953). - F. S. 
SPRIND et aI., Ciba Found. Colloquia on Endocrinol. 7, 96 (1953). - 
G. ROSENKRANZ et al., Rec. Progr. Hormone Res. 8, 1 (1953). 

3 H. B. HE\BEST and E. R. H. JoNes, Ciba Found. Colloquia on 
EndocrinoL 7, 39 (1953). - H. H. INnOrFEN and W. ME~qGEL, Chem. 
Ber. 87, 146 (1954). - A. Z0r~CHER, H. HEVSSER, O. JEOER, and P. 
GEISTLrCH, Heir.  chim. Acta 37, i562 (1954). 

4 p. BLAOON, H. B. HE\BEST, E. R. H. J o ~ s ,  B. J. LOVELY, and 
G. F. WOODS, J. chem. Soc. 1954, 125, and l i terature cited therein. 
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This is converted by means of what is probably 
the best of the currently available methods, using 
perbenzoic acid, then boron trifluoride, followed by 
acid isomerization as described by us ~ into the AS-ll - 
ketone LV, which is reduced to the saturated ketone 
LVI by means of lithium metal in liquid ammonia in 
accordance with the method of TISHLER as well as 
SONDHEIIvlER e. In this step the side-chain degradation 

Chart lO 

RO/~/%/ RO/~/%/ RO~ 
H 

L I I  L I  L H 

Ti 
/ ~ / ~ /  . /\~/~/. 

R o / \ / ~ /  Ro/~/ i~/  Ro/~/ i~/  
OH OH 

L I I I  

1 K. I{EUSLER and A, WETTSTEIN, Helv. china. Acta 36, 398 
(1953). 

2 E. SCHOENEWALDT, L. TURNBULL, E. M, CHAMBERL1N, D. 
REINHOLD, A. E. ERICKSON, W. V. RUYLE, J. M. CHEMERDA, and 
M. TISHLER, J. Amer .chem.  Soc. 7¢, 2696 (1952). - F. SOND~iEIMER, 
R. YASHIN, G. ROSENKRANZ, and C. DJERASSI, j. Amer. chem. 
Soc. 74, 2696 (1952). - Compare C. DJERASSI, W. FRICK, G. ROSEN- 
KRANZ, and F. SONDHEIMER, J, Amer. chem. Soc. 75, 3496 (1953). 

to the methylketone LVII takes place, as stated earlier'. 
Since the usual process of GALLAGHER'S for the intro- 
duction of the 17a-hydroxyI is too drastic for 5~- 
hydroxy-compounds, SARETT'S method via the 17, 20- 
dehydro nitril LVIII  was chosen. Finally one produces 
the A4-3-keto-group (LIX). 

A modified route to cortisone from ergosterol under 
degradation of the side-chain in the 7-dehydro deriva- 
tive, which takes one to the 3fl-acetoxy-allopregnan- 
ll ,20-dione, was described by SPRING et al. ~ Unfortu- 
nately the final introduction of the A*-3-keto system 
in this case is according to the "Standard Procedure", 
giving only yields of 0-10%. 

A 5, 8-maleic acid adduct of a 5, 7;9,11-triene is said 
to prevent the hypertension induced by cortexonO. 

(f) The most direct method for the introduction of 
oxygen is the microbiological hydroxylation 4 (Chart 12). 
The starting material was chiefly progesterone (LX), 
which is available from cholesterol or lithocholic acid, 
better  still from stigmasterol, and more recently again 
ergosteroI 5, but  particularly readily from sapogenins 
such as diosgenin. Other interesting starting materials 
are 17e-hydroxy-progesterone (produced according to 
GALLAGHER o r  JULIAN) ,  cortexone (according to Ru- 
SCHIG o r  MOFFETT) and 17:¢-hydroxy-cortexone (LXIX) 
(REICHSTEIN'S  substance S; according t o  JULIAN) .  The 
fundamental work was done by PETERSON and MUR- 
RAY 6, who were the first to obtain from progesterone 

1 M. E. HERR and F. W. HEYL, J. Amer. chem. Soe. 72, 2617 
(1950); 7¢, 3627 (1952). - A. F. B. CAMERON, J. S. HUNT, J. F. 
OUGHTON, P. A. WILKINSON, and B, M. WILSON', J. chem. Soc. 195,3, 
3864. 

2 D. MACLEAN, W. S. STRACHAN, and F. S. SPRING, Chem. and 
Ind. 1953, 1259, 

a R.O.  STAFFORD, L. C. THOLE, and K. J. OLSON, Endocrinology 
5Z, 292 (1953). 

4 Reviews: D. H. PETERSON, Research 6, 309 (1953).- K. FLOREY, 
Chimia 8, 81 (1954). - R. I. DORFMAN and F. UNGAR, Metabolism o/ 
Steroid Hormones (Minneapolis, 1953). 

5 F. JOHNSON, G. T. NEWBOLD, and F. S. SeRmG, J. chem. Soc. 
1954, 1302. 

D. H. PETERSON and H. C. MURRAY, J. Amer. chem. Soe. 74, 
1871 (1952). 

I 

A c O / / ' ~ i ' N /  • A ¢ o / ~ / i ~ /  
OAc L I V  OAc 

CH2OAc CH~OAc 
3 

CO CO 
0.~ - - [ - - ' O H  . . . . .  O H  

" " 

/ I / 
o//~\) LiX 

Chart 11 

o u \  _ 

OAc O H  LV OAc L V I  

CHat CHal l 

CO C--CN [ 0 < [ 
~P,---OH li ....... / / =  - -  - - /  C H O A c  - - ~ / ~ C H O  

1 , J , [ , t / / / / / 

L V I I I  L V I I  

Synthesis of Cortisone by JONES el al. from Ergosterol. 
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LX, with rhizopus species, a 10% yield of 1 le-hydroxy- 
progesterone (LXI). We, ourselves 1, and also MANCERA 
e¢ al.  ~, were able to increase this yield to 40-45%, while 
PETERSON el al.  3 finally raised it to about 95% ; FRIED 
et al .  a achieved a 35% yield with an aspergillus strain. 
In addition, and in a secondary degree, a 6fl-hydroxyl 
enters the molecule (LXIa) or else hydrogenation of 
the double bond to the 5a-configuration (LXIb) 3 takes 
place. Cortexonel,4, 5, substance S (LXIX)I,4, *, and 
17a-hydroxy-progesterone 4,7, as welt as 6-dehydro-pro- 
gesterone s, and pregnane or allo-pregnane-3, 20-dione", 
also readily provided the 11~-, and in part once more 
the 6fl-hydroxylation products (e.g. LXXa).  In the 
case of substance S, simultaneous reduction of the 
4-double bond to the 5fl-configuration (LXXb) e oc- 

1 F. W. KAHNT, CH. MEYSTRE, R. NEIIER, E. VISCHER, and A. 
WETTSTEIN, Exper. 8, 422 (1952). - A. WETTSTEIN, in L. WEISS- 
nECKER, Probleme des Hypophyseu-Nebennierenr*ndensystems (Ber- 
lin, 1953), p. 33. 

2 O. ~,[ANCERA, A. ZAFFARONI, B. A. RUBIN, F. SONDHEIMER, 
G. ROSENKRANZ, and C. DJERASSI, J. Amer. chem. Soc. 74, 3711 
(1952). 

a D. H. PETERSON, H. C. MURRAY, S. H. EPPSTEIN, L. M. 
REINEKE, A. WEINTRAUB, P. n .  MEISTER, and H. M. LEIGH, J. Amer. 
chem. Soc. 74, 5933 (1952). 

4 j .  FRIED, R. W. THOMA, J. R. GERKE, J. E. HERZ, M. N. 
I)omN, and D. PERLMAN, J. Amer. chem. Soe. 74, 3962 (1952). 

5 S. H. EPPSTEIN, P. D. MEISTER, D. H. PETERSON, H. C. MUR- 
RAY, H. M. LEIGH, D. A. LYTTLE, L. M. REINEKE, and A. WEIN- 
"rRAUB, J. Amer. chem. Soe. 75, 408 (I953). 

0 D. H. PETERSON, S. H. EPPSTEIN, P. D. MEISTER, B. J. MAGER- 
LEIN, H. C. MURRAY, H. M. LEIGH, A. WEINTRAUB, and L. M. 
REINEKE, J. Amer. chem. Soc. 75, 412 (1953). 

v p. D. MEISTER, D. H. PETERSON, H. C. MURRAY, G. B. SPERO, 
S. H. EPPSTEIN, A. WEINTRAUB, L. M. REINEKE, and H. M. LEIGH, J, 
Amer. chem. Soc. 75, 416 (1953). 

8 D. H. PETERSON, A. H. NATHAN, P. n .  MEISTER, S. H. EPP- 
STEIN, H. C. MURRAY, A. WEINTRAUB, L. M. REINEKE, and H. M. 
LEIGH, J. Amer. chem. Soe. 75, 419 (1953). 

9 S. H. EPPSTEIN, H. D. PETERSON, H. M. LEIGH, H. C. MURRAY, 
A. WEINTRAUB, L. M. RI-:INI:.KE, and P. D. MEISTER, J. Amer. chem. 
Soc. 75, 421 (1953), 

curred in addition, while with 16-dehydro-progesterone 
there was always a simultaneous reduction of the 16- 
double bond to the unnatural 17a-configurationh Our 
findings 2 show that  3fl, 21-dihydroxy-allopregnane-20- 
one is hydroxylated in 7fl-position. 

Because 110c-hydroxy-progesterone (LXI) is so read- 
ily accessible, it represents a suitable intermediate in 
the manufacture of cortisone and hydrocortisone. MAN- 
CERA et al.  3 have described the preparation of the 
former in 9 steps which are interesting in part  in view 
of their steric course: The catalytic hydrogenation of 
the double bond in the presence of the l l a -hydroxy  
group provides the desired 5fl-derivative LXII ,  which 
yields through oxidation and partial reduction with 
NaBH 4 the 3~-hydroxy-11-ketone LXII I ,  familiar from 
the bile-acid series (3fl-hydroxyl thus preferentially 
results in the 5e-series). Cortisone acetate is obtained 
therefrom by means of the usual conversion of the side- 
chain and introduction of the double bond. 

LEVlN et al. 4 reached hydrocortisone in about 14 
steps, starting wi{h the intermediate LXI I : they obtain 
LXIV by partial reduction in position 3 and introduc- 
tion of the 17~-hydroxyl (according to GALLAGHER), 

1 p. D. MEISTER, D. H. PETERSON, H. C. MURRAY, S. H. EPP- 
STEIN, L. M. REINEKE, A. vlvrEINTRAUB, and H. M. LEIGH, J. Amer. 
chem. Soe. 75, 55 (1953). 

i F. W. ]{AHNT, CH. MEYSTRE, R. NEIIER, E. ~'ISCttER, and A. 
WETTSTEIN, Exper. 8, 422 (1952). 

3 0 .  MANCERA, A. ZAFFARONI, n. A. RUBIN, F. SONDHEIMER, 
G. ROSENKRANZ, and C. DJERASSI, J. Amer. chem. Soc. 74, 3711 
(1952). - A. H. SOLOWAY, A. S. DEUTSCH, and T. F. GALLAGHER, 
J. Amer. chem. Soc. 75, 2356 (1953). - O. MANCERA, H. J. RINGOLD, 
C. DJERASSI, G. ROSENKRANZ, and F. SONDIIEIMER, J. Amer. chem. 
Soc. 75, 1286 (1953). 

4 R. H. LEVIN, B. J. MAGERLEIN, A. V. MCINTOSH, A. R. HANZE, 
G. S. FONKEN, J. L. THOMPSON, A. M. SEARCY, M. A. SCHERI, and 
g. S. GUTSELL, J. Amer. chem. Soc. 7,5, 502 (1953) ; 76, 546 (1954). - 
A. R. HANZE, G. S. FONKEN, A. V. MCINTOSH, A. M. SEARCY, and 
R. H. LEVIN, J. Amer. chem. Soc. 76, 3179 (1951). 
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Chart 13 
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I H 

L X X a  O H  L X X b  / / 
/ 

O ~ . / ~  

Cort isone ] / B r  ,( 
a ce t a t e  ~ 

which is converted into LXV by coupled oxidation 
and chlorination by means of t-butyl hypochlorite and 
oxidation in position 11. The latter is hydrogenated as 
a diketaI to the l lfl-hydroxy compound LXVI, in 
which, after partial splitting of just the 20-ketal group, 
the dihydroxy-acetone side-chain is completed (LXV I I). 
Upon finishing the A4-3-keto group hydrocortisone 
acetate results. 

I t  is unfortunately necessary" in the two processes 
mentioned to saturate to the 3a-hydroxy-5fl-derivative 
the A 4-3-keto group already contained in the starting 
material, and to reintroduce it in the end. A new, 
simple synthesis of hydrocortisone by FRIED and SABO x 
(Chart 13) avoids this disadvantage and also an inter- 
mediate protection of the 20-keto-group. It  starts from 
11-epihydrocortisone (LXX) 2, which is produced, as de- 
scribed, in the microbiological hydroxylation of sub- 
stance S (LXIX) and comprizes 8 steps from the latter. 
By acetylating the 21- and esterifying the 1 l~-hydroxyl 
with p-toluenesulfonic acid, as well as splitting off the 
tosylate residue, one obtains 9,11-anhydro-hydrocor- 
tisone acetate (LXXI), to which is added hypobromous 
acid so as to obtain the 9~-bromo-llfl-hydroxy deriva- 
tive (LXXII). By splitting off HBr one obtains the 

1 j .  FRIED and E. F. SAGO, J. Amer. chem. Soc. 75, 2273 (1953). 
2 Chemical syntheses  see : J. RoMo, G. ROSENKRANZ, C. DJERASSl, 

and F. SONDHEIMER, J. Amer. ehem~ Soc. 75, 1'277 (1953). - E. P. 
OL:VETO, H. L. HERZOG, M. A. JEVNIK, H. E. JORGENSEN, and E. B. 
HERSnBERC, J. Amer. chem. Soc. 75, 3651 (1953). 

CH2OAc 
1 

CO 
..... ' - - .OH 

/ 
/ 

j J  
H y d r o -  H O ~  

cor t i sone  ~-- lo, "]tal ~ _ _  

a c e t a t e  
LXXIV t 

F R I E D - S A B O  

C H , O A c  

" -I 
/ \(  

o ¢ " . ~  \ J  LXX: LXXn 
• ~ J J  / 

°\r 

LXXIII } 

9fl, l l f l - e p o x i d e  (LXXIII),  which can be split up to 
any desired 9~-halogenated hydrocortisone acetate 
(LXXIV) with hydrohalic acid. The 9e-iodo derivative 
is particularly suitable for reduction to hydrocortisone 
acetate, while the 9~-chloro- and 9~-fluoro derivatives 
themselves represent the especially active cortical hor- 
mones mentioned earlier. The bromohydrin LXXII  is 
converted into cortisone acetate by oxidation and 
debromination, but this product is, of course, also 
available direct by oxidizing epi-hydrocortisone-21- 
monoacetate. Analogous conversions were also carried 
out in the corticosterone series, starting with ll-epi- 
corticosterone. 

Microorganisms, however, are able to hydroxylate 
steroids not only in the 11~-, but also in the lift- 
position (Chart 14). HAINES et al. 1 were thus able to 
isolate hydrocortisone from the incubation of substance 
S with a maximum yield of about 23% when using a 
strain of Cunninghamella, while SHULL et al. 2 obtained 
about 40% with a Curvutaria strain. 

"Unnatural"  microbiological hydroxylations in ad- 
dition to the ones in 7fl- and 1 la-position were carried 

1 D. R. COLINGSWORTH, J. N. I~.ARNEMAAT, F. R. HANSON, M. P. 
BRUNNER, K. M. MANN, and W. J. HAINES, J. biol. Chem. 20;1, 807 
(1953). - F. R. HANSON, K. M. MANN, E. D. NIELSON, H. V. ANDER- 
SON, M. P. BRUNNER~ J. N. KARNEMAAT, m. R. COLINGSWORTH, and 
W. J. HAINES, J. Amer. chem. Soe. 75, 5369 (1953). 

2 G. M. SHULL, R. HEIGHTS, D. A. KITA, J.  HEIGHTS, and J. W. 
DAVISSON, US. Pat. 26580'23 (1953). 

0 

o 

Adrenals: ~1, 17 ~, 11 r,  6fl  

C h a r t  l ~t 

Microorganisms : 

I°•• b06Q 

6fl, 7fl, 8, 11~, l i f t ,  14~, 16eL 17~,'21 

H y d r o x y l a t i o n s  
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out in 8 -1, 14~ -1,z, and 16a -3,4 position. Of the "natu- 
ral" hydroxyl groups in llfl- ,  170c-, and 21-position, 
which are essential to the action of the adreno- 
cortical hormones, and which the adrenal gland is able 
to introduce in the biosynthesis, only the first has been 
produced up to now by microbiological means. 

While investigating a considerable series of strains 
of fungi we 5 recently found certain organisms which 
are able in submerged culture to hydroxylate the C21- 
steroids in 170c- or 21-position as well (Chart 15). The 
first group are Moniliaceae, in particular the Tricho- 
thecia. From Cortexone (LXXVI), for instance, they 
produced, apart from 6fl-hydroxy-cortexone, 17~- 
hydroxy-cortexone (LXXVII ;  substance S), from l l -  
dehydro-corticosterone (LXXXI) they produced cor- 
tisone (LXXXII)  and from corticosterone, hydrocorti- 
sone in addition to cortisone. The reaction products 
were generally identified by means of mixed melting 
points, rotation, and IR-spectra. 

Hydroxylation in position 21 was achieved, in par- 
ticular with Ascomycetes, such as Ophiobolus strains. 
Progesterone (LXXV), for instance, was thus converted 
into cortexone (LXXVI) with a very good yield, l l -  
ketoprogesterone (LXXX) into ll-dehydro-cortico- 
sterone (LXXXI),  and 170c-hydroxy-progesterone into 
substance S. Practically no secondary products were 
obtained here; cortexone was left completely unchanged 
under the influence of such cultures. 

If one combines the familiar l l -hydroxylat ions with 
these new microbiological reactions, syntheses of 

1 H.C. MURRAY and D. H. PETERSON, US. Pat. 2602769 (1952). 
2 p. D. MEISTER et al., Abstr. 123 rd Meet. Amer. chem. Soc. 

1953, 5C. 
3 1~. VISCHER, J. SCHMIDLIN, and A. WETTSTEIW, Helv. chim. 

Acta 37, 321 (1954. 
4 D. PERLMAN, E. TITUS, and J. FRIED, J. Amer. chem. Soc. 71, 

2126 (1952). 
CH. MEYSTRE, E. VISCHER, and A. WETTSTEIN, Helv. chim. 

Acta 37, 1548 (1954). Added when reading the proofs: In the 
meantime also P. D. MEISTER et al. (J. Amer. Soe. 76, 4050 (1954) 
described the microbiological introduction of the 17~t-hydroxyl 
group. 

adrenocortical hormones can be achieved in very few 
steps. One path, for instance, leads from progesterone 
to 110c-hydroxy-progesterone and 11-keto-progesterone, 
which is hydroxylated in position 21 and then in po- 
sition 17at, thus yielding cortisone (LXXXII)  in 4 steps. 
Still simpler, in only 3 microbiological steps, is the con- 
version of progesterone into hydrocortisone (LXXVIII)  
via cortexone and substance S. 

The new enzymatic conversions by microbiological 
methods appear, at least as regards the final effect, to 
approximate those obtained in the biosynthesis of the 
hormones in the adrenal. I t  is clear, however, t h a t  
these enzyme systems of the microorganisms are less 
specific than those of the endocrine mammalian glands, 
which has advantages as regards their preparative ap- 
plication. Thus, for instance, the mammalian 17~- 
hydroxylase,which is found in particular in the adrenals 
and testes, is hardly able to attack l l f l -hydroxylated 
and also 21-hydroxylated pregnane compounds 1. This 
limitation does not apply to our microbiological 17,c- 
hydroxylation. 

(g) 4-unsaturated 3-keto group. As is known, this 
group, in addition to the ketol group in the side- 
chain, is an absolute prerequisite for the adrenocortical 
hormone action. A more recent development, going be- 
yond the classical method of MATTOX and KENDALL 
for the introduction of the conjugated double bond, 
is the elegant procedure by LEVIN et al. 2, who simul- 
taneously oxidize the 3-hydroxyl group by means of 
t-butyl hypochlorite and introduce chlorine in posi- 
tion 4 (LXIV --~ LXV). During this the usually readily 
oxidizable l l~-hydroxyl group remains unattacked. 
A specific oxidation is further possible according to 

1 j .  E. PLAGER and L. T. SAMUELS, Feder. Proc. 12, 357 (1953) ; 
Arch. Biochem. Biophys. 42, 477 (1953); J. biol. Chem. 1954, 
(in press). 

2 R. H. LEVIN, B. J. MAGERLEIN, A. V. MCINTOSH, A. R. HANZE, 
G. S. FONKEN, J. L. THOMPSON, A. M. SEARCY, M. A. SCHERI and 
E. S. GUTSELL, J. Amer. chem. Soc. 75, 502 (1953); 76, 546 (1954). - 
A. R. HA•ZE, G. S. FONKES, A. V. MCINTOSH, A. M. SEARCY, and 
R. H. LEVIN, J. Amer. chem Soc. 76, 3179 (1954). 
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SONDHEIMER and ROSENKRANZ 1 in the case of allyl 
alcohols with A 4-3-hydroxy compounds, for instance, by 
the action of manganese dioxide. Mention has already 
been made of the again widely used method for the 
preparation of a A*-3-keto-group from the A 5-3-hydroxy 
group via saturated 50c-hydroxy compounds (LIII)2. 

If no specifically acting oxidizing agent is used with 
polyhydroxy compounds, the hydroxyl groups, with 
the exception of the one in position 3, have to be 
protected intermediately. This is possible with the not 
readily reacting l l f l -hydroxy derivatives, as previously 
discussed, for instance by converting into the readily re- 
saponifiable formates 3,a or trifluoro-acetates a, of which 
even the former were able to withstand treatment with 
N-bromoacetamide, and were thus usable in a hydro- 
cortisone synthesis a. Although it is possible to produce 
lift-acetates with an acetylating agent in the presence 
of an acid catalyst-after  the manner of the 17~- 
acetates earlier onS-and  also to split partially acetate 
groups formed simultaneously in another position 6 , the 
saponification of an lift-acetate is no longer readily 
feasible. 

Still lacking is a method, which in good yield permits 
the direct introduction of a double bond into l l -oxy -  
genated, saturated 3-ketones of the 50~-(aUo-)series, 
wherein rings A and B are in trans configuration. 

Active derivatives ]or special purposes. In addition to 
the already mentioned 9~-chloro- and -fluoro-hydro- 
cortisones and -cortisones reference should be made 
in particular to the relatively poorly saponifiable esters 
- th is  accounting for the protracted act ion-for instance 
the 21-trimethyl-acetate of cortexone and cortisone 
produced by MIESCHER et al. 7. DESAULLES and MEIER 8 

have thus been able to show, lately, that cortisone 
trimethyt-acetate in the rat has a much longer inhib- 
iting action on the formation of the foreign body 
granuIoma and a lower but protracted action on the 

1 C. AMENDOLLA, G. ROSENKRANZ, and  F. SONDHEIMER, J.  chem. 
Soc. 1954, 1~26; J.  Amer.  chem. Soc. 75, 5930 (1953). - F. SOND" 
HEIMER and  G. ROSENKRANZ, Exper .  9, 62 (1953). 

2 H. B. HENBEST and  E. R. JONES, Ciba Found.  Colloquia on 
Endocrinol .  7, 39 (1953). - H.  H.  INHOI*FEN & W.  MENGEL, Chem. 
Ber. 87, 146 (1954). - A. ZURCHER, H.  HEUSSER, O. JEGER & P. 
GEISTLICH, Helv .  37, 1562 (1954). - P. BLADON, H.  B. HENBEST, E.  
R. H. JONES, B. J .  LOVELL, & G. F. WOODS, J .  Chem. Soc. 1954, 
1~5, and l i terature c i ted therein. 

3 F. REBER, A. LARDOn, and  T. REICnSTEIY, Helv.  chim. Acta 
37, 45 (1954) . -  A. LARDON and T. REICnSTEXN, Helv.  chim. Acta 37, 
388, 443 (1954). 

4 E. P, OLIVETO, C. GEROLD, and  E, B. HERSHBERG, Arch. 
Biochem. Biophys.  49, 244 (1954). 

5 HUANG-MINLON, E. WILSON, N. L. WENDLER, and  M. TISHLER, 
J. Amer.  chem. Soc. 74, 5394 (1952).-- R. B. TURNER, J . A m e r . c h e m .  
Soc. 75, 3489 (1953). 

S E. P. OLIVETO, C. GEROLD, and  E.  B. HERSHBERG, J .  Amer .  
chem. Soc. 43, 234 (1953). - E. P. OLIVETO, C. GEROLD, L. ~VEBFR, 
H. E. JORGENSEN, R. RAUSSER, and  E.  B. HERSHBERG, J.  AIner.  
chem. Soc. 75, 5486 (1953). 

7 p. WIEI.AND, J.  HEER, J. SCHMIDLIN, and  K. MIESCHER, Helv.  
chim. A c t s  34, 354 (1951). - F. GROSS and E. TscttoPP, Exper .  8, 75 
(1952). 

8 p. DESAUIA.ES and R. MEIER, Schwciz.  w.cd. "~VsclIr. 81, 741 
0954) .  

wheight increase when compared with cortisone acetate 
of the same crystal size. 

Total Synthesis. The chemically highly interesting 
and ever more important field of total synthesis I of 
hydrogenated steroids, and thus also of the corticoids, 
is too voluminous to be dealt with here, in view of the 
many formulae this would require. We shall therefore 
limit ourselves to listing the most important literature, 
with special reference to the names of ROBINSON 2, 
W O O D W A R D  3, S A R E T T  4, J O H N S O N  5, M I E S C H E R  6, and 
W I L D S  7. 

Biosynthesis. This field, too, has developed into quite 
a specialtyL Only a certain chapter from it is therefore 
selected here, one to which we were recently able to 
make a contribution in connection with the isolation 
of aldosterone : The/ormation o/corticoids/rom pregnane 
compounds in the presence o/tissue enzymes. This work 
does not as yet cover the use of labeled pregnane 
derivatives such as progesterone, cortexone, cortisone, 
substance S 9 as these investigations are still in progress. 
Furthermore, we worked exclusively with total homo- 
genates and not with enriched, position-specific enzyme 
preparations. Such were, however, used by S W E A T  10 and 

1 Review see: C. A. FINCH, Manufacturing Chemist 2d, 509 (1953). 
2 A. R. PINDER and  R. ROBINSON, N a t u r e  167, 484 (1951). - 

H. M. E.  CARDI.VELL, J.  W. CORNFORTH, S. R. DUFF, H.  HOLTER- 
MANN, and  R. ROBINSON, Chem. and  Ind.  1951, 389; J.  chem. Soc. 
1953, 36I .  

3 R. B. WOODWARD, F. SONDHEIMER, D. TAUB, K. HEUSLER, and 
W. M. MCLAMORE, J.  Amer.  chem. Soc. 73, 2403 (1951); 74, 4223 
(1959). - R. B. WOODWARD, F. SONDHEIMER, and  D. TAUB, J.  Amer.  
chem. Soc. 73, 3547, 3548, 4057 (1951); Ref. in  Chemical  Age 89, 1222 
(1953). - B. BARRLEY, M. W. FARRAR, W. S. KNOWLES, and  H. 
RAFFELSON, J.  Amer.  chem. Soc. 75, 4110 (1953). 

a L . H .  SARETT, R. hi. LUKES, G. I. POOS, J .  M. ROBINSON, R. E.  
BEYLER, J.  M. VANDEGRH*T, and  G. E.  ARTH, J.  Amer.  chem. Soc. 
74, 1393 ( 1 9 5 2 ) . -  R. E.  BEVLER and  L. H. SARETT, J.  Amer.  chem. 
Soc. 7t, 1397, 1406 (1952). - R. M. LUKES, G. I. POOS and L. H. 
SARETT, J .  Ainer.  chem.  Soc. 74, 1401 (1952).  - L .  H .  SARETT, G.  E .  
ARTH, R. M. LYKES, R. E.  BEYLER, G. I. POOS, W. F. JOHNS, and 
J. M. CONSTANTIN, J. Amer.  chem. Soc. 74, 4974 (1952). - G. I. 
Poos ,  G. E. ARTH, R. E. BEYLER, and  L. H. SAREa'T, J.  Amer.  chenI. 
Soc. 75, 422 (1953). - R. M. LUKES, G. I. POOS, R. E. BEYLER, W. 
F. JOHNS, and L. H. SARETT, J.  Amer.  chem. Soc. 75, 1707 (1953). - 
L. H. SARETT, W. F. JOHNS, R. E. BEYLER, R. M. LUKES, G. I. Poos ,  
and G. E. ARTH, J .  Amer.  chem. Soc. 75, 2112 (1953). - G. E. 
ARTIt, G. I. Poos ,  R. M. LUKES, F. M. ROBINSON, W. F. JOHNS, 
M. FEURER, and  L. H. SARETT, J. Amer.  chem. Soc. 76, 1715 (1954). 
- R. M. LUKES and L. H. SARETT, J. Amer.  chem. Soc. 76,1178 (1954). 

~,V. S. JOHNSON, ]3. BANNISTER, B. M. BLOOM, A. D. KEMP, 
R. PAPPO, E.  R. ROGIER, and  J .  SZMUSZKOVICZ, J. Amer.  chem.  Soc. 
73, 2275 (1953). - W. S. JOHNSON, R. PAPPO, and  A. D. KEMP, J.  
Amer.  chem Soc. 76, 3353 (1954). 

6 p. WIELAND, H.  I~BERWASSER, G. ANNER, and  K. MIESCIiER, 
Helv.  chim. Acta  36, 1231 (1953). 

7 A. L. WILDS, J.  W. RALLS, W. C. WIt.DMAN, and  K. E.  Mc- 
CALEB, J.  Amer.  chem. Soc. 75, 5794 (1950). - A. L. WILDS, J .  W. 
RALLS, D. A. TYNER, R. DANIELS, ST. KRAYCHY, and  M. HARNIK, 
J. Amer.  chem. Soc. 75, 4878 (1953). 

s Review see: O. HECHTER and G. PINCL*S, Physiol .  Rev.  34, 459 
(1954). 

9 Compare e.g.:  M. GUT, Helv .  chim. Acta  36,906 (1953). - G. t. 
FUJIMOTO and  J .  PRAGER, J. Amer.  c h e m  Soc. 75, 3259 (1953). - 
L. M. THOMPSON, C. H. YATES, and  A. D. ODELG J.  Amer.  c h e m  Soc. 
76, 1194 (1954). - E.  SEHWENK, N. T. WERTHESSEN and  A. F. COL- 
TON, Arch.  Biochem.  Biophys .  48, 322 (1954). - R. D. H. HEARD elal., 
Rec. Progr.  Hormone  Res. 9, 383 (1954). - T. F. GALLASHER et al.. 
Rec. Progr.  Hormone  Res. 9, 411 (1954). 

10 M. L. SWEAT, J.  Amer. chem. Soc. 73, 4{)56 (1951). 
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also HAYANO and  DORFMAN 1 among others. These 
workers were able to show that  enzymes in the adrenal 
mitochondria are responsible for the l lfl-hydroxyla- 
tion. As already mentioned, PLAGER and SAMUELS 2 
then succeeded in demonstrating a 21-hydroxylase 
which proved precipitable with ammonium sulfate from 
the supernatant and was katalysed by ATP, and also 
a more unstable 17~-hydroxylase in the solution. The 
presence of an l i f t -hydroxyl  group in the reacting 
compound inhibited the entry of the 17- and 21- 
hydroxyl, while the presence of a 21-hydroxyl group 
prevented the entry of the 17-hydroxyl. In analogy to 
the earlier concepts of PINCUS-HECHTER regarding bio- 
synthesis, SAMUELS 3 n o w  arrives at the scheme shown 
in Chart 16. According to this, enzymatic hydroxyla- 
tions in the series 17, 21,11 are as yet possible only from 
left to right and not in the reverse order. As far as can 
be told this agrees with the earlier adrenal perfusion 
findings of the Worcester group 4. 

. /  
17~-Hydroxy-  
progesterone 

21 ~ ~ 

17~-Hydroxy-  ~ 
cortexone 

11 ,% 

Hydrocortisone 

Pregnenolone 

Progesterone 

Cortexone 

11 

1 lfl-Hydroxy- 
progesterone 

% ' 1 7  

Corticosterone * 

Hydroxy la t ions  wi th  Adrenal  

Enzymes  (according to SAMUELS) 

Our experiments 5 were directed in particular to ob- 
taining the greatest possible yields of aldosterone from 
adrenals. They find their early origin in the work of 
HAINES 6, who had shown that  the glucocorticoid bio- 
activity in hog adrenal breis can be enhanced by in- 
cubation plus aeration. Many other investigators have 

1 M. HAYANO and R. I. DORFMAN, Feder. Proc. 11, '228 (1952); 
J. biol. Chem. 200, 175 (1953). 

2 j .  E.  PLAGER and  L. T. SAMUELS, Feder.  Proc. 11, 383 (195 °) ; 
12, 357 (1953) ; Arch. Biochem. Biophys. 42, 477 (1953) ; J. biol. Chem. 
(1954) in press. 

3 L. T. SAMUELS, Endocrinological Symposium, Marburg, June 
1954. 

4 0 .  HECHTER, Ciba Found. Colloquia on Endocrinol. 7, 20-t 
(1953). - Doff man now observes a certain degree of 21-hydroxytation 
in 21-desoxycortisone by adrenal homogenates (Discussion subse- 
quent to 5). 

5 A. WETTSTEIN, F. W. KAHNT, and R. NEHER, Ciba Foundation 
Colloquia on Endocrinol. 8 (1954), in press; compare literature cited 
therein. 

6 XV. J. HAINES, Rec. Progr. Hormone Res. 7, '255 (1957). 

since worked with this method. We, ourselves ~, had 
been able to obtain a very considerable activation of 
the l l f l -hydroxylat ion during the aerobic incubation 
of adrenal homogenates upon addition of substrates of 
the citric acid cycle, such as for instance fumarate or 
pyruvate,  but also of nicotinamide, ATP or ascorbic 
acid, amongst others. This made us assume that  oxi- 
dative phosphorylation is involved in the steroid llfl-  
hydroxylation, an assumption which has just been 
proved elegantly by BROWNIE and GRANT 2. These 
authors show that  the role of members of the citric 
acid cycle might be that  of oxidizable substrates for 
oxidative phosphorylations involved in the activation 
of the steroids before hydroxylation. 

With our previous experimental setup, it was now 
possible for us 3 (Table II) to increase the aldosterone 
content of beef adrenal homogenates, measured by 
paper chromatography, seven-fold by aerobic incuba- 
tion in the presence of the above supplements without 
the addition of ATP, and as much as nineteenfold when 
ATP was added. The content of hydrocortisone and 
corticosterone even increased by 131 and 45 times re- 
spectively through incubation. Hog adrenals per se con- 
tained about 12 times as much aldosterone as beef 
adrenals and their content of hydrocortisone and corti- 
costerone was 30 and 14 times higher respectively. 
Whereas the latter two hormones increased further by 
about eight times by incubation of the hog homogenates, 
the aldosterone content was not much affected. A clear- 
cut species difference becomes evident: The enzyme 
systems and/or precursors contained in beef adrenals, 
and required for the formation of the corticoids during 
incubation, are contained in hog adrenals to a limited 
degree only ; on the other hand, the latter have a much 
higher content of finished corticoids. Thus in the end 
incubated beef adrenals, and hog adrenals with or 
without incubation, contain about the same quanti ty 
of aldosterone, namely approximately 1 mg per kilo. 

Table II contains finally some of the preliminary 
experiments which concerned themselves with possible 
precursors in this in-vitro biosynthesis of aldosterone. 
I t  is evident that  the addition of cortexone had an 
unequivocally beneficial effect; yields two or three 
times as great as the former optimum, and thus a 
maximum of more than 3 mg of aldosterone per kilo 
of adrenals, were demonstrable, especially in the ab- 
sence of nicotinamide. Corticosterone was similarly in- 
creased, whereas hydrocortisone remained at best equal. 
The addition of corticosterone reduced the aldosterone 
value to 1/6 of the comparative experiment. Proge- 
sterone also reduced the aldosterone yield but increased 

I F. "~V. KA/~INT and A. WETTSTEIN, Helv. chitu. Acta 37, 1790 
(1951). - F. W. KAHNT, CH. MEYSTRE, R. NEHER, E. VISClfER, and 
A. WETTSTEIN, Exper. S, 422 (1952). 

2 A. C. BROWNIE and J. K. GRANT, Biocllem. J. 57, 27,5 (1954). 
3 A. XVETTSTEIN, F. "~V. KAHNT, and R. NEm.:R, Ciba Foundatiot~ 

Colloquia or/ Ertdocrinol..~ (1951), in press, 
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Table II. Aerobic Incubation of Adrenal Homogenates (according to WETTSTEIN, KAHNT and NEHER) 

Adrenals 

Beef 
Beef 
Beef 
Beef 

Supplements 

Nicotinamide (NA), Fumarate, Glucose 

no incubation 
incubated 
incubated 
incubated 

Beef incubated 
Beef incubated 

(without NA) 
Beef incubated 
Beef incubated 

Hog no incubation 
Hog incubated 

Cortexone 0.05 % 
Cortexone 0.05 % 

Corticosterone 0.025 % 
Progesterone 0"08 % 

ATP 
in % of 
Adrenals 

0-002 
0.2 

0.2 
0-2 

0-2 
0-04 

0"2 

7 Corticoids per kg Adrenals 

Aldo- 
sterone 

61 
425 
764 

1,145 

2,410 
3,360 

190 
<475 

765 
1,056 

I Hydro- t Cortico- 
cortisone sterone 

230 630 
23,500 10,600 
30,200 28,500 
23,900 26,300 

22,560 80,400 
3,760 53,000 

13,650 
34,400 129,000 

7,080 9,050 
58,800 64,500 

Aldo- 
sterone 

1 
7 

12.5 
19 

40 
55 

3 
<8  

1 
1.4 

Relative Yields 

Hydro- I Corti- 
cortisone eosterone 

1 1 
100 17 
131 45 
104 42 

100 128 
16 84 

60 
150 205 

1 1 
8"3 7"1 

tha t  of corticosterone to an  absolute m a x i m u m  of 
about  130 mg per kilo adrenals.  

I n  general  our exper iments  are in agreement  with 
the schemes d rawn up b y  HECHTER and  by  SAMUELS. 
They  show fur thermore  tha t  cortexone might  be a 
precursor for aldosterone. I n  view of the results  wi th  
progesterone, the 18-oxygenat ion should then  occur 
after tha t  in 21-position but ,  as the results with cortico- 
sterone indicate,  before tha t  in l l -pos i t ion .  The oxy- 
genat ions  leading to the format ion of aldosterone would 
thus  occur in the sequence 21-, 18-, and  l l -pos i t ion .  This 
working hypothesis  has to be confirmed, as said before, 
by  tracer  exper iments  and  wi th  purif ied enzymes.  

Z u s a m m e n ] a s s u n g  

Aus den Arbeiten der letzten zwei Jahre auf dem Ge- 
biet der Nebennierenr inden-Hormone stechen - was die 
Herstellung neuer, hochwirksamer Verbindungen anbe- 

trifft - die Isolierung und Konsti tut ionsaufkl/ i rung des 
natiirlichen Hormons Aldosteron und die synthetische 
Gewinnung der 9x-hatogenierten Hydrocortisone her- 
vor. Diese Ergebnisse haben den V~reg zu weiteren we- 
sentlichen Entwicklungen eines Gebietes ge6ffnet, das 
mit Cortison und Hydrocort ison abgeschtossen schien. 

Auf dem Gebiete der Tei |synthese wurde die Her- 
steltung yon l l -oxygenier ten  aus 12-oxygenierten Deft- 
vaten und insbesondere aus Verbindungen ohne Sauer- 
stoff im Ring C stark ausgebaut. Bei der letzteren liegen 
die wichtigsten Befunde wohl in den mikrobiologischen 
Hydroxylierungen in l l -S te l lung  und  den anschliessen- 
den chemischen Umwandlungen.  Erst  kfirzlich ist es 
m6glich geworden, auch die typischen Seitenketten 
durch mikrobiologische Methoden zu gewinnen. 

Die Totalsynthese tier Hormone aus einfachsten 
chemischen Bausteinen wurde entwickelt  und macht  
rasche Forschritte. Die Auffassungen tiber die Biosyn- 
these haben konkretere Formen angenommen.  Die un- 
zghligen Arbeiten fiber Katabolismus und  klinische 
Verwendung der Nebennierenr inden-Hormone konnten  
im Rahmen dieser Llbersicht nicht einmal gestreift wet- 
den. 


