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Chapter 2

Chemical Pathways of Corticosteroids, Industrial 
Synthesis from Sapogenins

Ignacio Herráiz

Abstract

Corticosteroids are products of high industrial and commercial importance. There are dozens of different 
synthesis published for all of them. Some are coming from academia and some from industry. Here, indus-
trial processes for the synthesis of prednisone, prednisolone, hydrocortisone, dexamethasone, betametha-
sone, and methylprednisolone are described. The starting material is diosgenin and the desired molecules 
are reached due to a good combination of chemistry and biotechnology that was developed along the 
second part of the twentieth century.

Key words Corticosteroid, Microbial transformation, Industrial, Hydroxylation, Dehydrogenation, 
Diosgenin, Prednisone, Hydrocortisone, Betamethasone, Dexamethasone, Methylprednisolone

1 Introduction

Steroids are a group of molecules with a high structural complex-
ity. This complexity has encouraged organic chemists to find total 
and partial syntheses of these challenging and attractive molecules. 
Research on this field started back to the nineteenth century but it 
was in the mid-twentieth century when it suffered a dramatic accel-
eration. This boost was provoked by several factors. The first one 
was the discovery by Hench [1] at the Mayo clinic in 1949 that 
cortisone is quite useful in treating rheumatoid arthritis. The sec-
ond one was the achievement of Merck Development Department 
on getting corticosteroids from ox-bile cholic acids. The third one 
was the discovery by Marker [2, 3] of the degradation of the side 
chain of sapogenins that made available a cheap source of precur-
sors for steroid synthesis. The above discoveries, among others, 
should be linked to the huge economical potential that was obvi-
ous for pharmaceuticals companies at the time. This “magic” mix 
opened the golden era of steroids that lasted almost for the rest of 
the twentieth century.
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Having ox-bile cholic acids available and routes to the final 
desired steroids, this could have been a chemistry era, but it was not. 
Multidisciplinary approaches were on the table since the very begin-
ning. The combination of chemistry and biology provided sapoge-
nins approach advantage. Although multidisciplinary approaches 
and enzymatic reactions sound quite modern and updated, it should 
be noted that in the field of steroids the “wedding” started in the 
late years of 1940 decade, just after World War II.

This article will not be focused on academic Chemistry/
Biology but industrial processes. It will be reviewed how biotrans-
formations and enzymatic processes joined chemistry to produce 
corticosteroids in the pharmaceutical industry starting from sapo-
genins, more specifically diosgenin.

2 The Sapogenin Approach

Three main sapogenins have been the selected starting materials 
for steroid synthesis: hecogenin, tigogenin, and diosgenin (see 
Fig. 1).

While hecogenin has an “activated” C ring, the other two have 
pure aliphatic C ring that becomes a challenge in terms of chemis-
try to be “modified.” Among these three compounds, the indus-
trial winner was diosgenin, and the other, although used for some 
time, were latterly abandoned in favor of diosgenin.

Diosgenin is extracted from roots of different yams. The extraction 
business started in Mexico [4] and led the industry till the intro-
duction of Chinese companies in the steroids field.

The story starts in a root that contains disogenin as a glucoderiv-
ative. After an initial fermentation, diosgenin is obtained as a pure 
white solid. It is subjected to the Marker degradation (see Fig. 2) 
yielding in three steps a key intermediate 16- dehydropregnenolone 
(IV). Nowadays, the degradation has been slightly modified in its 
last step yielding the corresponding acetate (V), usually called 
16-DPA (16-dehydro pregnenolone acetate).

2.1 The Synthesis 
of 16-Epoxy-11α- 
hydroxy Progesterone
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Fig. 1 Most common sapogenins used in industrial production of corticosteroids
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Compound (V) is further reacted with H2O2/NaOH/MeOH 
to get the 16,17-epoxy group with a concomitant saponification of 
the acetoxy group (VI). The hydroxy group is oxidized with the 
Oppenauer protocol [5] that leads to the 3-keto unsaturated inter-
mediate (VII) (see Fig. 3). This intermediate is crucial in the syn-
thesis of corticosteroids from diosgenin.

Now it is time to introduce the discovery of 11α-hydroxylation. 
We need to go back to 1950 when Murray and Petersen [6–8] 
were able to introduce a hydroxyl group in position 11 by fermen-
tation of progesterone with a mold of the genus Rhizopus. This key 
discovery opened the door to an easy synthesis of corticosteroids 
from progesterone.

In the case of 16-epoxyprogesterone (VII) the fermentation 
with Rhizopus nigricans has been extensively used at industrial 
scale. The fermentation itself does not work so well, as the conver-
sion is only around 50%. This low conversion is not a problem due 
to the downstream process. Once the fermentation is finished, the 
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broth is filtered and the water phase discarded. The solid phase is 
extracted with a mixture of toluene and chloroform getting a mix-
ture of the epoxyprogesterone (VII) and the 11α-hydroxy com-
pound (VIII). Surprisingly, this mixture is easily crystallized by 
distillation yielding (VIII) and keeping (VII) fully in the mother 
liquor. The starting material is recovered from this mother liquor 
and recycled to the next fermentation batch. In such a way, the 
combined yield for the fermentation process is higher than 88% 
giving the process a full economic sense.

From this intermediate several routes to corticosteroids start.

Prednisone and prednisolone are traditionally synthesized follow-
ing a very efficient route (see Fig. 4) which starts with the oxidation 
of hydroxyl group at carbon-11 (IX). Then the epoxide is opened 
with hydrobromic acid (X) and subsequent Ni-Ra reduction of 
bromine yields (XI). Next, the 21-methyl group is transformed 
following the Ringold-Stork protocol [9, 10]. The product 
obtained is cortisone-21-acetate (XII). At this point, microbiology 
comes again to solve a problem.

The introduction of a double bond at 1,2 position of the ste-
roid skeleton could be performed by different chemical reagents. 
Among the options used, DDQ (2,3-Dichloro-5,6-dicyano-1,4- 
benzoquinone) [11] and SeO2 [12] are the most common choices. 
Although the yields are not the best, workup of DDQ reactions is 
troublesome and toxicity of selenium is high; these options were 
used in the industry for certain time. These methods became obso-
lete due to an enzymatic reaction discovered by chance at Schering 
[13, 14]. While looking for a bacteria capable of promoting the 
hydrolysis of 11-acetoxy group, it was found that the treatment of 
11,21-hydrocortisone diacetate with Corynebacterium simplex 
(ATCC 6946) yielded a new product. This product was identified 
as 11,21-prednisolone diacetate. It was proven later that the dehy-
drogenation is performed by an enzymatic system. Cells could be 
dead and the broth could be used directly or even also concen-
trated partially. Over the years this enzymatic system has become 
the only choice for 1,2-dehydrogenation in steroids, and 
Corynebacterium simplex (ATCC 6946) a universal source for it. In 
Prednisone synthesis, the enzymatic reaction works well with the 
only requirement of having a pretty low level of the starting mate-
rial at the end of transformation. Prednisone acetate (XIII) is later 
transformed into Prednisone (XIV) with a basic treatment. On the 
other hand, prednisone acetate (XIII) could be transformed into 
prednisolone (XVII) following the protocol by Oliveto [15]. 
Protection of prednisone acetate (XIII) with semicarbazide yields 
the 3,20-bissemicarbazide prednisone acetate (XV). A further 
reduction with KBH4, followed by NaNO2 mediated deprotection 
afforded prednisolone (XVII) in very good yield. Most of predni-
sone and prednisolone manufactured in the world are being made 
with the above combination of chemistry and biology.

2.2 Prednisone 
and Prednisolone

Ignacio Herráiz
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11α-Hydroxy-16-epoxy progesterone (VIII) could be also treated 
with the enzymatic extract of Corynebacterium simplex to yield 
1,2-dehydro-11α-hydroxy-16-epoxy progesterone (XVIII) which 
is a key intermediate in the synthesis of Dexamethasone, especially 
in China (see Fig. 5).

The dehydro derivative (XVIII) is treated with chromium to 
regenerate the 16,17 double bond (XIX) and then the subse-
quent elimination of the 11α-hydroxyl group through the mesyl-
ate yields (XX) with four double bond in its structure (this product 
is usually called 5ST or tetraene-21-methyl). (XX) is transformed 
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into bromohydrine (XXI) which collapses into the 9(11)β-epoxide 
(XXII) under basic treatment. Now copper catalyzed addition of 
a methyl group at 16 position and oxidation of the in situ cap-
tured TMS enol derivative leads, after hydrolysis, to the 
16α-methyl-17- hydroxy-20-keto intermediate (XXIII). Epoxide 
opening with HF/DMF yields dexamethasone 21-methyl (XXIV) 
which is subjected to Ringold-Stork protocol [10] to provide 
dexamethasone- 21- acetate (XXV). Final hydrolysis yields dexa-
methasone (XXVI), which is one of the most used corticosteroids 
in the pharmaceutical market.

Fig. 5 Dexamethasone synthesis. (a) Corynebacterium simplex (ATCC 6946). (b) Chromium, HCl. (c) MsCl, 
Et3N. AcONa, AcOH. (d) NBS, HClO4, Acetone. (e) K2CO3, MeOH. (f) CH3MgCl, CuCl, THF. O2, (MeO)3P, DMF. (g) HF, 
DMF. (h) I2, CaCl2, CaO, MeOH. AcOK, AcOH, Acetone. (i) K2CO3, MeOH

Ignacio Herráiz
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Betamethasone is another important corticosteroid made from 
diosgenin. In this case, the synthesis is also a combination of chem-
istry and fermentation. At least two different procedures are used 
to introduce the 16β-methyl group. The older but still use, is the 
one developed by Schering and Glaxo [16] (see Fig. 6).

16-DPA is reacted with diazomethane and the resulting pyr-
azoline (XXVII) subjected to pyrolysis to yield the 16-methyl 
moiety (XXVIII). A hydrogenation step removes both double 
bonds from the molecule (XXIX). Then the oxidation at 
17- position following Gardner’s protocol [17, 18] yields the 
desired 16β-methyl-17-hydroxy pregnane structure (XXX). This 

2.4 Betamethasone

Fig. 6 Synthesis of 16β-methyl intermediates. (a) CH2N2, DCM, DMF. (b) DMF, 135 °C. AcOK. (c) H2, Pd/C, THF. 
(d) O2, NaH, (EtO)3P, t-BuOH, DMF, −30 °C. (e) H2O2, NaOH, MeOH. (f) Ethylenglycol, TEOF, p-TsOH, AcOEt. (g) H2, 
Pd/CaCO3, THF. (h) MeMgCl, THF, toluene, 90 °C. (i) HCl
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protocol, although quite dangerous due to the use of diazometh-
ane, is still in industrial use.

Another methodology was developed to avoid the use of 
diazomethane. In this case 16-DPA is first epoxidized with simul-
taneous cleavage of the acetoxy group at 3 position (XXXI). Then 
the intermediate is protected at 20-keto group as ethylenediol 
ketal (XXXII). The protected keto epoxide is hydrogenated yield-
ing the saturated compound (XXXIII), which upon reaction with 
MeMgCl or MeMgI under harsh conditions [19–21] builds up the 
key structure in ring D (XXXIV). Final hydrolysis of the ethylene 
ketal yields the desired intermediate (XXX).

The next step in the synthesis (see Fig. 7) will consist of the 
introduction of 21-acetate through a 21-bromo intermediate 
(XXXV). This bromine protocol is much cheaper than the Ringold- 
Stork one but could only be applied when the molecule lacks of 
double bonds. Reaction of the 21-bromo with sodium acetate 
yields the 21-acetate compound (XXXVI). It is now the moment 
for the modification of ring A. The hydroxyl group is oxidized 
(XXXVII) and a very complex bromination process is used to get 
the 2,4-dibromo compound (XXXVIII) which upon elimination 
leads to the 1,4-dien-3-keto structure (XXXIX). All the previous 
reactions have allowed us to reach the key step in the synthesis. 
This intermediate (XXXIX) is bioconverted into the 11α-hydroxy 
derivative (XL). This fermentation procedure works well although 
some 12-hydroxy derivative is present as impurity.

Concomitant with fermentation the 21-acetoxy group is 
hydrolyzed. After the fermentation the first step is to protect the 
21-hydroxy with a catylate group (XLI) and then the hydroxyl 
group is eliminated [22] with PCl5 to yield the 9,11 double bond 
(XLII). This elimination also produces small amounts of the 11,12 
double bond as impurity. The double bond is converted into beta 
epoxide through a sequence of formidohydrobromination/elimi-
nation (XLIV), while the 21-hydroxy is once again hydrolyzed. 
Finally, the epoxide is opened with HF/DMF producing 
Betamethasone (XLV).

The synthesis of hydrocortisone is the story of a different fermen-
tation (see Fig. 8). The synthesis starts in 16-DPA and goes to 
16,17-epoxy progesterone (VII) as described above (see Fig. 3). 
The epoxy derivative is opened with HBr (XLVI) and then reduced 
with Ni-Ra to obtain 17-hydroxy progesterone (XLVII). This 
product is submitted to Ringold-Stork protocol producing the 
corresponding acetate (XLIX) (Reichstein’s substance S Acetate 
or RSA). At this moment fermentation step takes place. This is a 
particular fermentation. It is performed by Absidia orchidis [23–
26] and produces a mixture of 11β and 11α-hydroxyl derivatives 
(L). The mixture of isomers is around 72/17. At the same time, 
the 11-hydroxylation takes place, the 21-acetate group is 

2.5 Hydrocortisone
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hydrolyzed. The broth is then filtered and the steroids extracted. 
Then after concentration the isomers are separated by several crys-
tallizations. Finally 11β compound (hydrocortisone, LI) is 
obtained. The mother liquor residue, which contains the 11α iso-
mer plus some 11β isomer, is isolated as a mixture of products. The 
mixture is latterly oxidized and used in the synthesis of prednisone 
in an effort to improve the economy of the process through recy-
cling of the residue.

Although the fermentation is not so efficient in terms of stereo 
selectivity, the direct access to hydrocortisone instead of the tradi-
tional approach from 11α-hydroxy, through 11 keto, and then 

Fig. 7 Betamethasone synthesis. (a) Br2, HCl, MeOH. (b) AcONa, HSO4NBu4, AcOEt. (c) Ca(ClO)2, AcOH. (d) Br2, HBr, 
AcOH, dioxane. (e) CaCO3, LiBr, dimethylacetamide. (f) Rhizopus nigricans fermentation. (g) Ethylchloroformate, 
Et3N, DCM. (h) PCl5, THF, −90 °C. (i) DDH, HClO4, DMF. (j) NaOH, MeOH, DCM, 0 °C. (k) HF, DMF
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11β-hydroxy, has been prevalent in industrial manufacture of this 
corticosteroid when sapogenins are the starting material.

The synthesis of methylprednisolone (LXI) (see Fig. 9) is even lon-
ger than dexamethasone or betamethasone ones. It starts from 
16-DPA (V) and goes through 16,17-epoxy progesterone (VII) 
(see Figs. 3 and 4) to 11α-hydroxy-16,17-epoxy progesterone 
(VIII) with Rhizopus nigricans fermentation. The 11α-hydroxy 
group has the wrong stereochemistry as the final product is 11β so 
the configuration should be inversed in an oxidation/reduction 
sequence. This is possible because the reduction of 11-keto leads 
with very high stereoselectivity to the 11β isomer. In the synthesis 
of methylprednisolone this procedure is done in separate steps. 
The first step is the oxidation with CrO3. Then the epoxide at 
16–17 is opened and the bromine at 16 position removed to reach 
17-hydroxy-11-keto progesterone (XI). In this moment the 3 and 
20-keto groups should be protected as ethylene ketal groups [27, 
28]. It is possible to do these protections in the presence of the 
11-ceto group because the latter is quite unreactive. This third 
keto group is shielded by the two methyl groups of 18 and 19 

2.6 Methylpred-
nisolone

Fig. 8 Hydrocortisone synthesis. (a) HBr. (b) H2, Ni-Ra. (c) I2, CaO, CaCl2, CHCl3, MeOH. (d) AcOK, DMF. (e) 
Absidia orchidis fermentation
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positions, so we could easily achieve a selective protection. The 
protection of 3-keto group with ethylene ketal group implies also 
the movement of the double bond into positions 5,6. The synthe-
sis will take fully advantage of this fact. The protected product 
obtained (LII) is ready for 11-keto reduction as well as for methyl 
group introduction. The double bond is epoxidized giving mainly 
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the alpha-oriented epoxide (LIII). Being both reactive ketones 
protected it is time to end the inversion of the 11-hydroxy group. 
The ketone is reduced with NaBH4 (LIV). The next step consists 
of the opening of the epoxide with methyl magnesium chloride. 
The opening is also regioespecific leading to a 6β-methyl derivative 
(LV) which after hydrolysis of ketal groups and spontaneously 
elimination of 5-hydroxy leads to an unsaturated ketone (LVI). 
The 6β-methyl has the wrong configuration but this is easily cor-
rected as the thermodynamic isomer is the 6α one. Treatment of 
the 6β-methyl with sodium hydroxyde yields the 6α-methyl one 
(LVII) with a diasteromeric excess or around 94%. This is the 
moment to once again request biotechnology to provide some 
help. (LVII) is dehydrogenated with Corynebacterium simplex 
yielding the desired double unsaturated ketone (LVIII) in very 
good yields. Ringold-Stork protocol leads to methylprednisolone 
acetate (LX) which is then deacetylated with potassium carbonate 
into final Methylprednisolone (LXI).

This synthesis is an elegant combination of chemistry and 
biotechnology.

3 Conclusions and Future Outlook

Sapogenins, as readily available natural products, were called to 
have a preponderant task in industrial synthesis of steroids. This 
task was only achieved due to a remarkable combination of chem-
istry and biotechnology. Chemistry assumed the main tasks, but 
biotechnology was always ready to solve the most complex 
problems.

The above-depicted syntheses have been warhorses for many 
pharmaceutical companies in the steroid field along the second 
part of the twentieth century and the beginning of the twenty-first 
century. Nowadays, the spreading of fermentation technologies on 
phytosterols is moving the syntheses into new ones starting from 
Androstendione and 9α-hydroxy androstendione. In these new 
syntheses, once again, we will see a good combination of chemistry 
and biotechnology to reach the desired goals.
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