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When studying methods for introducing an oxygen substi-
tuent at position 11 of a steroid molecule, Fried and Sabo?!
in 1954 observed unexpectedly that 9a-fluoro-118,17¢,21-
-trihydroxypregn-4-ene-3,20-dione has a several times
greater hormonal and anti-arthritic activity than has cor-
tisol. This discovery formed the beginning of a newfield
of research — the synthesis of modified steroidal com~
pounds - in steroid chemistry. The number of papers
and patents which have appeared during the past decade on
the chemistry and pharmacology of these compounds has
already reached thousands. The introduction of additional
alkyl groups, heteroatoms, and double bonds into a steroid

926

molecule produces a considerable increase in the hormo-
nal activity of natural steroids. Special interest attaches
to fluorinated steroids among modified steroids, since the
introduction of fluorine into a steroid molecule produces a
great change in the physiological activity of the hormone.

I. METHODS OF INTRODUCING FLUORINE INTO A
STEROID MOLECULE

The synthesis of 9q-fluoro-118,17«,21-trihydroxypregn-
-4-ene-3,20-dione was first accomplished by Fried and
Sabo!, who opened the 98,118-oxide by means of hydrogen
fluoride. Since then the cleavage of oxides has become
one of the main methods for introducing fluorine into many
positions in the steroid molecule. However, the excep-
tionally high physiological activity of fluorinated steroids
has led investigators to seek new methods for the synthe-
sis of fluorinated steroids. Thus methods have been
worked out for introducing fluorine on the basis of the reac-
tion of steroid olefins with an N~halogeno-amide and hydro-
gen fluoride? and with lead tetrafluorides, the reaction of
steroid ketones with sulphur tetrafluoride¢, and of hydroxy-
-compounds with silver fluoride or hydrogen fluoride and
other reagents; perchloryl fluoride has been studied and
used for the synthesis of fluorinated steroidss.

The above methods enable compounds to be prepared
having isolated fluorine atoms, as well as gem- and vic-
-difluoro-derivatives. By combining several methods it
is possible to introduce successively into the steroid
molecule two, three, and four fluorine atoms, which pro-
duces a marked increase in the physiological activity of
the steroids (see Section II).

The scope of the various methods of synthesising
fluorinated steroids is summarised in Table 1, from which
it is seen that each method has its own specific field of
application, seldom overlapping with those of other methods.
Therefore the suitability of different processes for intro-
ducing fluorine at a given position in the steroid molecule
can be compared only in a few cases. Thus the synthesis
of 6-fluoro-steroids, for example, canbe effected by three
methods, based on the addition of fluorine-containing re-
agents to the 5-6 double bond. When the steroid contains
one double bond, synthesis through the 5a, 6a-~oxides is
mostly used. With polyunsaturated steroids the corres-
ponding oxides are obtained unselectively and in very low
yields, and it therefore becomes more convenient to apply
the addition of mixed halogens. The addition of lead tetra-
fluoride has the advantage over both these methods that it
enables fluoro~derivatives having the 6a configuration to
be obtained directly.

1. Opening of Steroid Oxides by Fluorine-Containing
Reagents

The introduction of a fluorine atom into a steroid mole-
cule by.opening an epoxide with hydrogen fluoride, which
takes place by an Sy2 mechanism and leads to a {rans-di-
axial cleavage of the oxide ring, has become one of the
principal methods for introducing a fluorine atom not only
into position 9 but also into positions 2, 6, 12, 15, 17, and
20 in the steroid molecule, since the corresponding epoxides
are quite accessible and the techniques are simple.

Fluorinating agents which have been used in these cases
are, besides hydrogen fluoride, 48% hydrofluoric acid, potas-
sium hydrogen fluoride, and the boron trifluoride—ether
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TABLE 1.

Preparative possibilities of various methods for the fluorination of steroids.

21 L2

Fluorine introduced at position

Method
2a 28 3a

2t | 2

Cleavage of oxides K b B e I ! +

Addition of mixed halogens to
double bond

+

Addition of PbF, to double bond

+' +.

Addition of FC10, to double bond

Addition of HF to double bond

Addition of CHIF, to double +
bond

Addition of FCI0, to phenolic

steroids
Replacement of hydroxyls + |+ +
R 1. ' 1 nh t

+

P o P
and methanesulphonate groups +
Replacement of other halogens by

fluorine + +
Replacement of hydrogen by fluorine

Repluce.manl of >C=0 by fluorine

8 | 4 |50 ] 6a IGB'7u|7pl9a|lopluT'npllz-z'lSallﬁu‘lﬁB' 7a | 178 | 200 | 208
1 i

(SF‘) +“ +tt
* Vicinal difluoride formed.
** Geminal difluoride formed.
*** Fluorine atom adjacent to double bond.

+ |+ + |+ + +

+ +

EEL IR S 4

**+* Here and subsequently the heavy black dots denote methyl groups.

complex. The effect of the solvent, the temperature, and
the duration of the reaction, and also of neighbouring sub-
stituents, on the course of the reaction has been studied.

Relatively little work has been done on the action of
fluorine-~containing reagents on oxide groups in the A ring
of a steroid molecule. Thus cleavage of the 18,28-oxide (I)
with hydrogen fluoride is accompanied by dehydration and
yields the 2-fluoride (II) containing a fluorine atom ad-
jacent to a double bond®:

H,c §H

H H,C
EVaN F :’Ii\
\ HF
L .
o n (n

Fission of the 2a,3~oxide under the same conditions gives
the 28-fluoro-3a~hydroxy-compound”:8, 4,5-Epoxideshave
been cleaved mainly with hydrochloric and hydrobromic acids,
with the formation of 4-chloro- and 4-bromo-steroids s,

On the other hand, the cleavage of 5,6-epoxides has been
subjected to quite detailed study on numerous examples and
with various fluorinating reagents. The boron trifluoride—
ether complex has been most widely used as such an agent,
the reaction usually being conducted in benzene or in a mix-
ture of benzene and ether at room temperature !,

The opening of steroid 5a,6a-epoxides with the boron
trifluoride-ether complex, first studied by Henbest and
Wrigley!»12, gives different products depending on the
nature and the stereochemistry of the substituent attached
to C(s). An epoxide which is unsubstituted at C () orelse

has a 3a-acetoxy-group (VI) gives as main product the
corresponding C () ketone with rings A and B linked in the
cis-configuration (V).

On the other hand, the 33-hydroxy-epoxide — or its
acetate (III) — undergoes cleavage by a quite different
mechanism, the main product then being a fluorohydrin (IV).

oy

(un & (1v)

V )

HO F OH (R=H,Aq)
This course of the reaction was explained by consider-
ing the electronic and configurational factors. In unsub-
stituted epoxides (VI: R = H), boron trifluoride produces
partial ionisation of the bond linking the epoxy-oxygen to
the more alkylated C(5,, promoting a simultaneous 1,2-
-hydride shift with the formation of a C (4, ketone (V).

™

(R=H,0Ac),

R H

G, )
= )

vn)

In the case of the 38-alcohol (I) or its ester, however,
two factors tend to prevent formation of the C (¢, ketone.
The first of these, the electronic factor, diminishes the
partial ionisation of the bond linking the epoxy-oxygen to
C (s) (this factor is necessary for formation of the C )

927
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ketone) owing to the incteased inductive (-I) effect of the
boron trifluoride—ether complex coordinated with the 33~
-alcohol or ester. In this case the steric factor acts in
the same direction, since formation of the C (4, ketone (VII)
from (II) would have appreciably increased non-bonding
1,3-interactions in ring A, and the 38-hydroxyl would have
passed from the equatorial to the axial position.

CH,

iy o Y (Vi)

Thus in this case the second reaction, resulting in for-
mation of the fluorohydrin (IV), should predominate. When
position 6 is substituted (e.g. by a methyl group) the reac-
tion of the 5a,6a-oxide (VII) with boron trifluoride is ano-
malous, being accompanied by rearrangement toanA-homo-
-B-nor-compound (IX). 1

X T

(i) (1X)
H,

Ac

In the case of the 3a-acetate of the 5a,6a-epoxide
(VI: R =O0Ac), the above electronic and conformational
factors act in opposite directions, but the predominance
of the latter results ina veryhigh yield of C (4) ketones (V).

58,68-Epoxides with no 3-substituent yield the C (4
ketone, whereas the 38-acetoxy-compound (X) gives 5a-
-fluoro-68-hydroxy~derivatives (XI).

Ac

(X)

Bowers et al. 4, in an attempt to assess the role of
electronic factors, studied the cleavage of 3-keto-5¢,6c-
~epoxides with boron trifluoride. The above conforma-
tional factors, which play an important part inthe fission
of 3a- and 3B-acetoxy-epoxides, are absent from this sys-
tem, and therefore the composition of the reaction pro-
ducts is determined by competition between the increase
in ionisation of the epoxy-oxygen under the influence of
the boron trifluoride and its decrease due to the -7 effect
of the keto-group. The latter obviously predominates,
since treatment of 5a,6-epoxypregnane-3,20-dione with
the boron trifluoride—ether complex gives a 44% yield of
the corresponding fluorohydrin.

A B
1. 8 N B,CrO e o\
* 2. HCI—HOAc¢ .
2. HC1-f0Ad 0 e
c K/ HO F
(XIV)

(X11) (XH1)
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Route A
(Xm)
(@ R=OH; R, =R, =R;=H
() R=COCH;; R, =R, =Ry =H
(¢) R=COCH;; R, =0Ac; R,=R, =H
(@) R=COCH;; R, =Br; R,=R;=H
(¢) R=COCH,0OH; R, =R, =OH; R,=...CH,

() R=COCH;; R, =OH; R,=Cl; Ry=H
(&) R=OH; R, =CH=CH,; R, =R, =H

Route B

(@) R=0H; R, =R, =R, =H
(b)) R=COCH;; R, =R, =R, =H
(¢} R=COCH,0H; R, =R, =OH; R, =...CH,

(d) R=COCH,OH; R, =0OAc; R, =R, =H
(¢) R=COCH,OH; R, =R;=R,=H
(f) R=COCH,0H; R, =0OAc; R,=H; Ry==

It was concluded from this that 3,3~ethylenedioxy-
-5a,6a~epoxides are suitable compounds for conversion
into fluorohydrins, as was confirmed experimentally 4,
Thus the precursors of 63-fluoro-5a-hydroxy~compounds
may be either 5q,6a-epoxy-38-hydroxy-steroids and their
acetates!! or 5a,6a-epoxy-3,3-ethylenedioxy-steroids 4.
The last stage in the synthesis was the transition from
6B-fluoro-5a-hydroxy-derivatives (XII) and (XIX) to the
physiologically active 6a-fluoro-4-en-3-ones (XIII), which
was accomplished in two ways, A and B.5"17 It was estab-
lished that, when the 68-fluoro-5a~hydroxy~3-ones under-
go isomerisation under the influence of hydrogen chloride
in acetic acid, 6pB-fluoro-analogues of 4~en-3-ones are
formed, and these on further treatment are converted into
6a-fluoro-4-en-3-ones. The scheme A has been used to
synthesise the 8a-~fluoro-analogues of testosterone (XIlla),
progesterone (XIIIb),!s 1Ta-~acetoxyprogesteronei (XIIc), 18
17a~bromoprogesterone (XIIId), 192 16 a-methylcortisol
(XMie), 21+22 163-chloro-17a-hydroxyprogesterone (XIIf), 23
17@-~vinyltestosterone (XIIlg),2¢ and other derivatives25-27,
Route B has provided syntheses of 6a-fluoro-analogues of
testosterone (XIIla), progesterone (XINb), cortexone 17-
-acetate (XIII%), cortexone (XIITi), cortisone (XIIIj), 14s17,28
and 16a-methylcortisol (XIIle);2° here, owing to the well-
-known instability of 17a-hydroxy~20-ones to some types
of Lewis acids, in the presence of which they undergo
D-homo-rearrangement, the 17a-hydroxy-group of the
precursors was protected by acetylation (R, = OAc).

A modification of the above method is the synthesis of
6a-fluorinated analogues of steroid hormones with the use
of potassium hydrogen fluoride 3¢, hydrogen fluoride 373,
or 48% hydrofluoric acid*® to open the 5¢,6a-oxides. In
the last case 17a-alkyl-6a-fluorotestosterones, 6a-
-fluorocortisone 4!, 6a-fluoro-16q-methylcortisol4?, and
other 6a~fluorinated analogues43-49 have been obtained.

6-Fluoro-steroids can also be prepared from 6,7-epox-
ides (XV) and hydrogen fluoride. Dehydration of the re-
sulting 6B~fluoro-Ta-hydroxy-derivative (XVI) yields a
steroid 6-fluoro-4,6-dien-3~one (XVII). 50755

L (1Y e (1 =7
MPAY LA

HCl—HOA¢
HCI—HOAc_
(xv) O

“on
(XVI) F

(Xvl) F

1 The Russian text has been largely followed in the use of tri-

vial names (Ed. of Translation).
1 Monoperphthalic acid.
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This procedure has been used to obtain 6-dehydro-6-
-fluoro-derivatives of 17a-ethynyltestosterone, progester-
one, 17a-acetoxyprogesterone, cortexone, prednisone,
etc.5°

After Fried and Sabo's discovery of 9a-fluorocortisol +56

the cleavage of 93,11B8-epoxides of steroid hormones with
hydrogen fluoride became the main method for introducing
a fluorine atom into position 9 of a steroid molecule.
Hirschmann et al. 57, and later Fried and Sabo58, having
carefully studied the reaction conditions, the kinetics, and
the role of solvents, showed that, when the reaction is
conducted in absolute chloroform, formation of 9a-fluoro-
-derivatives (obtained in 50% yield) is accompanied by that
of a product (XVI) containing no fluorine, the quantity of
this compound depending on the reaction conditions. When
the reaction is conducted in liquid hydrogen fluoride at-70°,
(XVII) becomes the main product.

(Xviir)

Formation of (XVIII) is probably due to inadequate con-
centration of the fluoride ion, resulting from the feeble
dissociation of HF into H* and F~ ions. Addition of a
Lewis base (such as tetrahydrofuran) to the reaction medium
raised the concentration of F~ and diminished the quantity
of (XVIII) with an increased yield of the fluorohydrin.
Since, however, interaction of hydrogen fluoride with bases
(in particular with tetrahydrofuran) lowers the acidity of
the reaction medium, it is very important to select their
optimum ratio. A kinetic study showed that, withamolar
ratio of hydrogen fluoride to tetrahydrofuran of ~1.65 or
above, the epoxide reacts at a sufficient rate at -30°. With
a ratio of 1.94 the yield of the fluorohydrin reaches ~65%.
The order in which the reagents are added is also impor-
tant in this reaction: it is best to add a solution of the
oxide in chloroform to a mixture of tetrahydrofuran and
hydrogen fluoride cooled below -30°, which raises the
yields to 75%. This reaction is kinetically of the first
order with respect to the epoxide 57,

Fried and Sabo's method has been used to synthesise
9a-fluorinated derivatives of the pregnane 59-%3 and andro-
stane series®-%, Since 9a-fluorocortisol has found only
limited application in medical practice owing to its broad
spectrum of action®, the same method has been used to
prepare 9a-fluoro-analogues of corticosteroids containing
also 2-alkyl,’8-72 4-chloro,’®»™* 6-methyl,’5~7° 16-alkyl, 80o-86
and 16-hydroxy-groups 75,76;87-%4,  These substituents pro-
duce a considerable narrowing of the spectrum of biologi-
cal action, at the same time intensifying the various types
of activity (see Section II). For this purpose syntheses
were made of compounds containing more than one fluorine
atom, e.g.in the positions 6,9, 6,9,21, etc. A 9a-fluorine
atom was introduced by Fried and Sabo's method into com-
pounds already containing fluorine in position 6 or 21. In
this way 6a, 9a-difluoropregnanes 17,40,85=110 and 9¢,21-di-
fluoropregnanes 77,79:110,111 have been obtained.

A somewhat modified method, involving the use of 48%
hydrofluoric acid to cleave the 93,113-oxides, has been

used to synthesise 122 9g-fluoro-118,17a-dihydroxy-6c-
-methylprogesterone (XX) and its 1-ene analogue:

CHy

0
c--OH

1. CHyCONHEr

2 KOAc

3. 48 % HF, CH Cly,
71% HCI0,

CH,

Introduction of a 9a-fluorine atom has been effected
under the same conditions in the presence of an 11-methyl
group 113s114;

0
Hy

HyC-,
CH,CONHBr . ) 48% HF
2, ~HBr
\ AcO

9a-Fluoro-analogues can be obtained also (together
with 12-fluoro-derivatives) from 118,128-epoxides and
hydrogen fluoride under the conditions employed by
Fried and Sabo for the cleavage of 93,113-oxides. Thus
in 1956 a paper appeared!!s on the synthesis of 12a-fluoro-
-11B-hydroxy- and -11-keto-progesterones. 11-Dehydro-
progesterone gave with N-bromoacetamide a 45% yield
of a bromohydrin, which formed in quantita.. - yield the
118,12p-epoxide (XXII), from which the 11,12-fluorohydrin
(XXT1II) was obtained by the action of hydrogen fluoride in
chloroform. Inadditiontoa'70% yield of (XXIII), the hydro-
fluorination gives a 15% yield of the 9a-fluoro-128-o0l (XXIV).
Application of the same reaction to an 113,123-epoxide in
which ring A is saturated, and rings A and B are linked in
the cis configuration, gives (XXIV) as the main product,
whereas the 12¢-fluoro-118-hydroxy-derivative of type
(XX110) is formed only in small amounts 6, This occurs
also in the cleavage of 113,128-oxides of the spirostan
serieg17-119;

Ac

F
: H

H N
HF ) +
(Xx11) Joxm N v

Formation of 9¢-fluoro-12p-hydroxy-compounds of type
(XX1V) from 118,128-oxides can be regarded as a simul-
taneous reaction involving the intermediate formation of the
9(11)-en-12B8-0l (XXV) as an intermediate stage, followed
by addition of HF to the resulting 9~11 double bond:

|<‘6H QH

(HD) — N (.

H (xxv) '* F (XXIV)

118,128-Epoxides have been used as starting materials
for the synthesis of 12a-fluoro-analogues of andro-
stane 120-123  progesteroneé 116,124,125 corticosterone 126-138,
cortisone and prednisolone 2%, 16q-hydroxyprednisolone 139,

929
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and other pregnanes!si-*¥,  For the synthesis of 12a-
-fluorocortisol, Fried et al.!3 tried to use 12a-fluoro-
progesterone (XXVI) as intermediate, with subsequent
introduction of the 17a- and 21-hydroxy-groups:

o ] EH,OR
H
8 stages
! HF ._._L_.. .
y (XXVH N xxvin

But it was found that, owing to steric and electronic fac-
tors, a 12a~-fluorine atom prevents osmium tetroxide from
approaching the 17~20 double bond, and the latter could
not be oxidised in the compound (XXVII). This apparently
explains the difficulty of cyclising the fluorohydrin (XXVI)
to the oxide 135, Inorder toavoid the effectof a 12 a~fluoro-
-substituent, 118,128-epoxycortisone acetate was first
synthesised, and smoothly converted in the usual way into
the 128-fluoro-analogue of cortisol. If is interestingthat
with 11a-methylated 113,128-epoxides (XXVII) hydrogen
fluoride reacts in two ways: under the influence of the
electron-donor 11-methyl group, the oxide opens up with
the formation of the 11a-fluoro-128-hydroxy-113-methyl
derivative (XXIX), and this is accompanied by the acid-
-catalysed isomerisation of the epoxide to the 11 ¢-methyl-
-12-one (XXX), the 12a-fluoro-derivative not being detec-
ted136;

OH

H,C-.\ P,
HF
——» H;C .

\__ (xxvnn \ (XXIX) k {XXX)

The 14a,15a-epoxide, in contrast to other steroid
oxides, was extraordinarily stable towards such reagents
as boiling acetic acid, trichloroacetic acid, etc.!s?
Nevertheless, hydrogen fluoride 138,139 gives the normal
trans-diaxial cleavage of the epoxide to form the corres-
ponding 158-fluoro-14a-hydroxy-derivative (XXXI):

(XXX1)

Attempts to cleave the 16,1 7a~epoxide and obtain
16-fluoro-compounds, by using hydrogen fluoride under
the conditions described for the cleavage of 5a,6a- and
98,118-oxides, were unsuccessful 140-14¢, 1t was shown 45
that, when hydrogen fluoride acts on 16,17-epoxides, in
particular 16«,17¢- and 1683,178-epoxyprogesterones
(XXXI1) and (XXXIII), the latter undergo the Wagner—
Meerwein rearrangement, no fluorine-containing products
being detected:

CH,
i
ety co
co VA
- -OH HF
. —_—
(XXXHD

Fission of a 16,1 Ta-epoxide containing a 163~-methyl
group (XXXIV) yielded the 158-fluoro-16-methyl-16-~ene
(XXXV):148

(XXX1V)

Attempts to introduce fluorine into position 17 by the cleav-
age of 16,17-epoxypregnanes with hydrogen fluoride were
likewise unsuccessful. A similar reaction with 20{~cyano-~
-117,20-epoxy-1Ta-pregnanes (XXXVI) was investigated for
the introduction of fluorine at position 17, 147-148 In this
case the 17,20-oxide ring is opened under the influence of
hydrogen fluoride with the formation of a 17a-fluoro-20-
-hydroxy-derivative; subsequent elimination of hydro-
cyanic acid yields the 17a-fluoro-20-ketone (XXXVII).
This route has been used for the synthesis of 11-dehydro-
-17a-fluorocorticosterone acetate (XXXVIII):!47

CH,
= CH,0Ac
N=C (.':\0 CH,
. -F
.. -F
7 stages
1. HF
2. collidine
AcOr" {(XXXV1) (XXXVID (XXX V1)

It is interesting that in the case of progesterone deriva-
tives the cyano-epoxide (XXXIX) does not react with an-
hydrous hydrogen fluoride, giving the fluorohydrin (XL)
only with 48% hydrofluoric acidi4s:

CH,
NC~(l:\
jge]
NG H
t+-F «F
48% HF < —HCN <
(XXX1X) (XL}

20&,21-0Oxides have been least studied in relation to the
action of fluorine-containing reagents. Until recently only
the reaction of the 20£,21-epoxy-16-ene derivative (XLI)
with hydrogen fluoride in the presence of acetic acid had
been investigated 42,180, The course of the reaction was
ambiguous, the 16a (XLII), 168 (XLIV), and 20¢ (XLII)
fluorides being formed:

HaC\
| o
ue ?n,OAc c',H,om cln,onc
H CHF H CH
AN e oo F
1. HF + + ﬁ"
.
2. AcyO
(XLI) (XLID (XLiry (XLIV)

In the reaction of 5o,6c: 20£,21-dioxides, which are
epimeric at C (20), with fluorine-containing reagents, it
has been shown?24,15! that with one isomer (XLV) both oxide
rings are cleaved with the formation of the 68-fluoride
(XLVI) and the 68,20£-difluoride (XLVII). The entry of



Vol.34 No.12

RUSSIAN CHEMICAL REVIEWS

December 1965

fluorine at position 20 in the difluoride (XLVII) was estab-
lished by nuclear magnetic resonance (with 1°F).

—CH HQ CH—CH, HQ CH—CH,0H
HQ ."CWH ? K" <N
+
——
: : AcO ; AcO :
Ao Ton (XLV) HOE  (XLVD) HO (XLVID)

2. Preparation of Fluorinated Steroids From Olefinic
Steroids

Direct addition of fluorine to carbon—carbon multiple
bonds has not yet found application because of the extremely
vigorous and uncontrollable reaction of fluorine both with
C=C and with C~H bonds, even at low temperatures and
with the halogen diluted with nitrogen.

Controlled addition of fluorine to olefins can be achieved
only by replacing the gaseous halogen by various fluorine-
-containing reagents, among which have been used lead
tetrafluoride, fluorine perchlorate, hydrogen fluoride,
iodobenzene difluoride, trifluoroiodomethane, and difluoro-
carbene, as well as N-halogeno-amides together with
hydrogen fluoride.

Addition of mixed halides. Fluorine can be
introduced into a steroid molecule together with another
halogzn by the reaction of steroid olefins with N-halogeno-
-amides and hydrogen fluoride.

The halogeno-amides usually employed are N-bromo-
and N-chloro-acetamide and N-chloro- and N-iodo-succini-
mide. The reaction is conducted at -80° in the presence
of a proton-acceptor, must often pyridine or tetrahydro-
furan, to increase the degree of ionisation of the hydrogen
fluoride, which is present in large excess. This method
of preparation enables fluorine to be introduced into posi-
tions 6, 11, and 16 of the steroid molecule, and is prefer-
able to the cleavage of oxides, especially with polyunsatu-
rated steroids, since the oxides of such compounds are
obtained in very low yields. The present method is
highly selective: in the case of 16a,17a-epoxy-38-hydroxy-
pregna-5,9(11)~-dien-20-one (XLVII), for example, reac-
tion occurs primarily at the 5—-6 double bond 52 with forma-
tion of the 5a-bromo-68-fluoro-derivatives (XLIX):

CH,COCHE;, HF
—

HO' B

(XLVII) Bre  (xLix)

In the case of the 4,6-diene (L), however, the 7Ta-bromo-
-68-fluoro-derivative (LI) is formed 1525153;

When the steroid molecule contains both 4-5 and 9-11
double bonds, the same pair of reagents add on at the
latter bond 152,53, This method of fluorination provides
one of the best approaches to the biologically important
6a-fluorinated steroid hormones 152,154=156,  Conversion
of 68-fluorinated (LII) to 6 ¢-fluorinated (LIII) compounds
is accomplished by successive oxidation of the 3-hydroxy-
-group, dehydrohalogenation, and isomerisation in acetic

acid:
1.€Cro, m
2. NaOAc [
A (L) 3. HCI—HOAc win f

The halogenation of steroids with mixed halides, which
is conducted in a polar medium, takes place by a mecha-
nism of ionic addition. In the first stage an intermediate
a-bromonium cation (LIV) is formed. Approach of the
bromine ion from the a region of the molecule is controllec
by stereochemical factorss”, Then the cation (LIV), on
nucleophilic attack by the fluoride ion, forms the trans-
-diaxial cleavage product (LV). 15815 Thus frans-di-
axial addition of two halogens occurs in each case:

\ \
[ Brt, X~ [ i
— —_—
HO 1o VAL Ho”

X = Br;Cl; OH:F gy (LIV)

] Il

§Hs

Reaction of steroids with N-iodosuccinimide and hydro-
gen fluoride shows an anomalous order of addition of the
halogens, with the formation of a 5a-fluoro-63-iodo-deri-
vative (LIX) 157 instead of the 68-fluoro-5q-iodo-compound
(LVIO). This course of the reaction is explained by the
existence of two possibilities — formation of an o- or a
B-iodonium cation (LVI) or (LVII) — in the first stage of
the reaction:

vip ! wxy F

Two products (LVII) and (LIX) can be formed on further
attack by the fluoride anion. If formation of aniodonium ion
is regardedas a reversible process, in which an equilibrium
is present between the olefin and the two possible ions (L VI)
and (LVII), the former (LVI) is kinetically preferred, as
indicated above for the bromonium ion, in view of the pre-
ferred approach to the 5~6 double bond from the a-region
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of the molecule. However, reaction of (LVI) with the
fluoride anion yields the thermodynamically less stable
(LVID) of the two possible products (LVIII) and (LIX).
From an examination of the non-bonding interaction of the
iodine atom in these products, and also in view of the
greater stability of secondary compared with tertiary io-
dides, it follows that (LIX) is more stable than (LVII).
Thus reaction involving the kinetically less preferred ion
(L.VII), but resulting in the thermodynamically more stable
final product (LIX), is the dominant mode of addition of I*F~.

A particularly detailed study has been made of the addi-
tion of mixed halogens to the 9-11 double bond, which en-
ables 9a-bromo(chloro, iodo)-118-fluoro-derivatives to
be obtained183,160-167_ Tt was found that these products
can be prepared from 9a-bromo-11-hydroxy-compounds
by reaction with hydrogen fluoride in pyridine6°, Inboth
cases the reaction involves the 9,11-bromonium ion as
intermediate stage, which is converted into the final pro-
duct on nucleophilic attack by the fluoride ion:

It is interesting that 9«,113-difluoro-derivatives could
not be obtained from 9a-fluoro-118-hydroxy-steroids. It
is probable that fluorine is too electronegative to form an
onium jon 183,180,

Addition of BrF to the 16-17 double bond enables 17a-
~bromo-168-fluoro-derivatives (LX) to be obtained!52,163,
while reaction of hydrogen fluoride and N-bromoacetamide
or N-iodosuccinimide with 5-10 olefinic steroids yields
108-bromo(or iodo)-5a~fluoro-derivatives of the type
(L)Q). 168

(LX) F(LXD

—

Addition of lead tetrafluoride to double
bonds. Only one example of this reaction — with ace-
toxypregnenone (LXII) — is known at the present time.
Lead tetrafluoride attacks this steroid at the instant of
formation from lead tetraacetate and anhydrous hydrogen
fluoride, the reaction being conducted in dichloromethane
at -75°. The reaction product — the vicinal 5¢,6a-di-
fluoride (LXIII) — is formed in 27% yield based on the
acetate (LXII) introduced into the reaction. The cis-addi-
tion of fluorine can be explained by the occurrence of reac-
tion via a cyclic transition state (LXIV), in an analogous
manner to the cis hydroxylation of steroids by osmium
tetroxide. Oxidation of the 38-hydroxyl with chromic acid
and elimination of the 5a-fluorine by means of sodium

Ac
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acetate yield 6a-fluoroprogesterone; thus this reaction
can serve also for the synthesis of 6a-fluorinated ster-

Oids 2,3,169 H
\
l{‘\ F |

Pb(OAc),
HF

Ac PbF,
(LX) (LX1V)
— 1.CrO3
A 2. NaOAc .
H . Y

F ! J
(LXIIT) F T

Addition of FClO, The action of perchloryl
fluoride on steroids containing a double bond conjugated
with an aromatic ring involves oxofluorination of the
double bond, a reaction in which an oxo-group and a Ta-
~-fluorine atom are simultaneously introduced into the
steroid molecule. ' The suggested reaction mechanism
is illustrated by the scheme 170;

F —_

A

o
A LI
—
. \
feios aco X E Ao ))

i

ol

HQOJ 6—CI=O

- :
0:C1=0 Q05 € N
| 0‘ \»H,o

+
+ HCIO, + Hy0.

Reaction of steroids containing an aromatic ring A with
perchloryl fluoride yields 108-fluoro-19-norsteroids 1717174,
the reaction being conducted in dimethylformamide at room

‘ FC10;

temperature.
) 20
HO

Compounds of the same type are formed from 3-oxo-
-5(10)-ene steroids!?s, the enol (A) or the corresponding
enolate ion probably being formed as an intermediate

stage:
Y F
FClo. .
Lo : 2

(A)
Addition of hydrogen fluoride (HF). The
reaction of solutions of anhydrous hydrogen fluoride in
pyridine with unsaturated steroids or the corresponding

o]

OH
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hydroxy-compounds involves addition of HF to the double

bond. An example of this reaction is provided by forma-
tion of the 9a-fluoroandrostenedione (LXVI) from the com-
pound containing a 9—-11 double bond (LXV), the 9a-hydroxy-

-derivative (LXVIH), and the 118-hydroxy-derivative (LXVII).

The 9a-configuration assumed for the fluorine atom is
based on nuclear magnetic resonance spectra!7s,

HF, csnsn
(LXVID
c,,n;u

(LXV)
(Lxvir)

This reaction permits a 9a-fluorine atom to be intro-
duced into derivatives of androstane and pregnane 178-17°
without the simultaneous introduction of a hydroxy-group,
as occurs in the cleavage of a-oxides. The most reason-
able hypothesis is that hydrogen fluoride adds on, inaccord-
ance with the Markovnikov rule, to a double bond which is
already present or is formed in the reaction. Actually,
however, the matter is more complicated. Thus the yield
of the 9a-fluoride (LXVI) is far higher from the 118-ol
(LXVI) than from the 9,11-dehydro-derivative (LXV);
furthermore, paper chromatography of the reaction pro-
ducts shows that the fluoride (LXVI) is formed more
rapidly from the 118-0l (LXVI) than from the olefin (L.XV).
This suggests that 9ao-fluoro-steroids may be formed directly
from 113-hydroxy-compounds. A probable mechanism of
such a change involves protonation of the 113-hydroxyl fol-
lowed by elimination of the elements of water with formation
of a solvated cation (I.XIX), which canthenbe convertedboth
into 9¢-fluoro- and into 9,11-dehydro-compounds 175:

(LX1X)

It is quite possible that the formation of 9a-fluoro-128-
~hydroxy-steroids by the opening of 118,128-epoxides with
hydrogen fluoride also occurs according to this scheme,
and not by addition of hydrogen fluoride to an intermediate
9(11)-en-12B-0l, as has been assumed previously!!7.

Addition of hydrogen fluoride to a 5-6 double bond is
accomplished by a somewhat different method. Acetoxy~
pregnenone (LXII) reacts with hydrogen fluoride only in
the presence of a proton-acceptor (tetrahydrofuran), form-
ing a 5a-fluoro-derivative (LXX); hydrolysis and oxida-
tion of the latter under mild conditions give 5a-fluoropreg-
nane-3,20-dione (LXXI), which splits off hydrogen fluoride
on treatment with sodium acetate 2:

O

o o

2%
HF
Ac F

AcO (LX11) (LXX) £ (LXXI)

With the non-acetylated hydroxypregnenone under the
same conditions, the action of hydrogen fluoride results
in replacement of the 33-hydroxy-group by the fluorine
atom instead of addition to the 5-6 double bond.

An example is also known of the addition of hydrogen
fluoride to the 21~22 double bond§ in the compound (LXXII)
with formation of the 22-fluoro-derivative (LXXII), 18° and
also to the 20-21 double bond of 17«-vinyltestoesterone to
form the 20-fluoro-compound (LXXIV).18 In these cases
the reaction is also conducted in tetrahydrofuran with anti-
mony trifluoride as catalyst.

CH=CH,

HO CH=CH,

Jevats

Addition of iodobenzene difluoride
C¢H,IF,. This reagent is formed iz sitv in chloroform
solution from iodobenzene, hydrogen fluoride, and potas-
sium hydrogen fluoride. Its reaction with the 4,6-diene
(LXXV) gives a mixture of the compounds (LXXVI) and
(LXXVII), containing fluorine in positions 63 and 78, the
adduced structures being assigned to them on the basis of
nuclear magnetic resonance spectra 12,

CeH; IF, mncﬁns m
1,
(LXXV) (LXXVI) wxxviny O

Addition of trifluoroiodomethane. Under
the influence of ultraviolet radiation this reagent adds on
to the 5-6 double bond of 3-enolic ethers of steroid 4-en-
-3-ones of the androstane and pregnane series (LXXVII).
Subsequent hydrolysis of the reaction products with hydro-
chloric acid yields 6q-trifluoromethylated steroids

(LXXIX):188-185
m 1. CF3l(Av) m
—_——
H;CH,C 2. HCI O ¢ .
(LXXIX)  CF,

(LXXVHID)

CH,CH,F

= ("

(LXXITH)

HQ CHF—CH,

(LXX1H) (LXXIV)

Addition of difluorocarbene. A peculiar
method of introducing fluorine into unsaturated steroids
istheir reaction with difluorocarbene CF,, whichis formed
when sodium chlorodifluoroacetate CF,C1COONa is heated
in high-boiling organic solvents!®, Thus addition of di-
fluorocarbene to the 5—6 bond of (LXXX) yields the 58,68-
-diflnioromethano-derivative (LXXXI). The 8 configura-
tion was assigned to the cyclopropane ring in (LXXXI) on
the basis of steric hindrance to approach of the reagent
from the « region, and is supported by the infrared and
nuclear magnetic resonance spectra. It is interesting

§ Numbering as in formula in Table 1.
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that the more bulky dichlorocarbene does not in general
react with the 5-6 double bond in 108-methylated steroids.

O Ac

FyC

{LXXX) {LXXXn

Ac

Addition of difluorocarbene to a 2-3 double bond gives
two products, in which the three-membered ring has the
20,3a and 28,38 configuration respectively. Reaction with
3,5-dienes is more complicated, a mixture of the three
products (LXXXII)-(LXXXIV) being formed.

Ae LT HI HITN
/ [:cR] E *

CF. FyC FoC-* cF,

2
(LXXXH) (LXXXIID (LXXX1V)

3. Replacement of Other Groups and Other Halogen Atoms
by Fluorine

The last group of methods for synthesising fluorinated
steroids comprises reactions in which other groups and
also other halogens are replaced by fluorine. These in-
clude primarily the hydroxy-group and its toluene-p-sul-
phonyl or methanesulphonyl derivatives, whichare replaced
by fluorine on reaction with hydrofluoric acid or its salts.
The substitution of fluorine for other halogens - bromine,
chlorine, iodine — occurs in a similar manner. The
present Section includes the reactions of perchloryl fluor-
ide with compounds containing active hydrogen, and reac-
tions of sulphur tetrafluoride with steroid ketones.

Replacement of hydroxyls by fluorine.
This replacement occurs when certain steroid alcohols
are treated withanhydrous hydrogen fluoride in tetrahydro-
furan medium. Thus the hydroxypregnenone (LXXXV)?
and its 16-dehydro-derivative 86-188 form 3p-fluoro-com-
pounds (LXXXVI). The hydroxyl of 2-hydroxymethylated
steroids is exchanged for fluorine under the same condi-
tions 189,

™~

HF
—_—
30%

F
HO (LXXXV) (LXXXVI)

Analogous products are formed when 3,5-cyclosteroids
of the androstane and pregnane series of the type (LXXXVII),
where R = H or CH,, react with hydrogen fluoride in ben-
zene 190192,  Reaction occurs via the homoallylic cation
(LXXXVII) and gives a 40-50% yield of the 3g-fluorinated
derivatives (LXXXIX). Cleavage of the 3,5-ring occurs

934

also when the 6-ketone (XC) is treated under the same con-

ditions 190,
- m/
(LXXXVI) OR T F (LXXXIX)
Xxxvin (LXXXVI T—Hzo
HF
- Hy
F F

xo ©

Replacement of hydroxyl by fluorine can be accomplished
also by the action of N-(2-chloro-1,1,2-trifluoroethyl)di-
ethylamine (XCI), which is formed when chlorotrifluoro-
ethylene is passed through cooled diethylamine!®s. Pro-
ducts in which the hydroxyl has been split off and in which
it has been esterified to form a chlorofluoroacetate are
formed as side-products of this reaction and therefore the
yields of the desired products do not usually exceed 20-
50%. The reaction occurs according to the scheme 194,105
(in which R represents the residue of a steroid alcohol)

CHCIF

(C,Hs)2N—CF,
(Xcr)

CHCIF

CHCIF
+ + ROH
~—==-®(C3Hs) ;N=C—F

——— (Czﬂﬁ)zN—(':—F

OR
~F=

—F=

CHCIF

RF + (CaHghaN—L=0 CHCLF

*as I .
> (CaHg)2 ﬁ:c—oR

olefin H,0

R—OCOCHCIF

3a-Hydroxy-5a-androstan-~17-one on treatment with
the reagent (XCI) gives the 38-fluoro-derivative (XCII),
whereas its 38-epimer yields the 3 a-fluoro-derivative
(XC1V), the reaction thus involving complete inversion of
the configuration. In both cases the olefin — 5a-androst-
-2-en-17-one (XCII) — is formed as a byproduct 19,

Ay — oy ¢ty

A (XCID A (xcnp
™ ™
1 — + (XCHD.
i Y e

11a-Hydroxyprogesterone under these conditions forms
a mixture of the 9a- and 113-fluoro-derivatives, together
with a small amount of the 9~11-olefinic derivative. The
latter is the main product when the reagent (XCI) acts on
11B-hydroxyprogesterone ¢, Complete inversion of the
configuration occurs when this reagent is used to substitute
fluorine for a hydroxyl in the positions 68,194 153, 194,106,187
170,19 and 1174, 194,195,198 gQubgtitution of fluorine for
hydroxy-groups in 2-, 163-, and 19-hydroxymethylated
steroids has also been reported 194s198-200,

The reactions of steroids with the reagent (XCI) can be
complicated by various rearrangements. For example,
testosterone yields, besides the normal reaction product,
the Wagner—Meerwein rearrangement product (XCV), and
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19-hydroxyandrostenediol gives the compound (XCVI), con-
taining the bicyclo[4,4,1Jundecane system 198,

CH,

(XCvV) (XCVI)

Replacement of toluene-p-sulphonate and
methanesulphonate groups by fluorine. Since
the direct replacement of hydroxyls by fluorine by the
action of hydrofluoric acid may result in various rearrange-
ments, and cannot be applied to polyols, methods have been
worked out for accomplishing this substitution under milder
conditions. One such method consists in converting the
hydroxy-group into a toluene-p-sulphonate or a methane-
sulphonate, reaction of which with salts of hydrochloric
acid enables the corresponding fluoro-derivatives to be
obtained. The use of toluene-p-sulphonates is preferable,
since they are formed more readily and give higher yields
of the fluoro-derivatives (up to 75—909%)201»202,  The reac-
tion is conducted with potassium fluoride or silver fluoride
in diethylene glycol, dimethylformamide, dimethyl sulphox-
ide, or acetonitrile203-213,

The main field of application of this reaction comprises
the conversion of 21-hydroxy-steroids into the corres-
ponding 21-fluoro-compounds (XCVII). As a result of the
considerable basic strength of the fluoride ion, the oxide
(XCVIN) is often formed as a byproduct, and under the in-
fluence of acids rearranges to the compound (XCIX) 207,214,215,

0S0,C(H,CH,
OH z COCH,0H
HO 0 o
-OH I ACH;
AgF < +( !
o0NY (Xcviny (xcvnn) (XCrx)

The action of potassium fluoride on methanesulphonates
of 16¢-hydroxy-1T-keto-steroids gives 168~fluoro-com-
pounds (C), which in the course of the reaction rearrange
to the 16a-fluoro-derivatives (CI), 216,217

9 [o) [o)
— —
KF
(©) «n

This reaction is employed also to substitute fluorine for
hydroxy-groups in 6a- and 16a-hydroxymethyl-ster-
oids2!8-221,  Tetrabutylammonium fluoride (C H,),NF in
acetone solution can be used instead of salts of hydrofluoric
acid as source of fluoride ions in this reaction; under
these conditions, structural rearrangements accompanying
nucleophilic substitutions are diminished. The reaction
involves a complete inversion of configuration: 38-toluene~
-p-sulphonates give 3a-fluoro-derivatives, whereas their
3a-epimers yield the 38-fluoro-compounds; testosterone
toluene-p-sulphonate forms the 17a-fluoro-derivative 222,

Replacement of other halogens by fluor-
ine. This reaction is analogous to the replacement of
alkane- and arene-sulphonates by fluorine. It occurs
when potassium and silver fluorides act on halogenated

steroids dissolved in acetonitrile or various alcohols.
Ease of replacement by fluorine diminishes in the sequence
iodine > bromine > chlorine. Thus when X = I, the main
product of the action of salts of hydrofluoric acid on the
compound (CII) is the fluoro-derivative (CII) slightly con-
taminated with the 17,21-oxide (CIV); but whenX=Cl, this
oxide becomes the main product of the reaction?2s,22¢

({11}

[0 (cim (CIV)

Interestattaches to the replacement of halogens in position
16 by fluorine. Whereas 16x-iodooestrone 226 and the 16~
-bromo-steroid (CV)22¢ form 168-fluoro-derivatives, the
reaction thus entailing an inversion of configuration, with
16B3-bromocortexone (CVI) or its bismethylenedioxy-deri-
vative (CVII) the configuration is preserved during the
reaction, and 168-fluoro-derivatives are produced227-230,
The reasons for this difference in the stereochemical
course of the reaction have not yet been elucidated.

COOCH, CH,0H

| ]
CH co
(- -OH
*-*Br Bs >
ee-0
Br
H . (cv) {cvihy (vin
H

Replacement of halogens by fluorine has been used also
to prepare 38-fluorinated?®!, 6q-fluorinated?32, 6q-fluoro-
methylated?33, and 168-fluoromethylated 2% steroids. Being
one of the principal methods for introducing fluorine into
position 21 (because of activation of the 21-halogen by the
adjacent C,, carbonyl group2%-245)  this route serves
also for the preparation of polyfluorinated steroids?246=250,

Replacement of hydrogen by fluorine. In
contrast to bromination or chlorination, the direct fluori-
nation of steroid ketones in the a-position is impossible.
Indirect routes are therefore necessary for this purpose,
by the action of fluorine-containing reagents, e.g. perchloryl
fluoride FClO,, on those derivatives of keto-steroids in
which the activity of the ¢-hydrogen has been substantially
increased.

The first scheme for introducing fluorine into keto-
-steroids comprises three stages — preparation of an
alkoxalyl or hydroxymethylene derivative of the steroid,
followed by treatment with sodium ethoxide and perchloryl
fluoride, and finally alkaline hydrolysis of the product to
remove the alkoxalyl group — an example being the syn-

thesis of 2a-fluorotestosterone 251:
Fe.
PUL

OH

{COOR); 1.FC10,

2.0H™

mjj:i)

A fluorine atom can be introduced into steroids by this
method not only at the 2¢ position5s179;251-262 Hhut also at
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the 16, 163,263-268 and 21 251,256,288 pogitions, In the two
latter cases not only monofluoro-derivatives (16« or 21)
can be obtained but also difluoro-compounds 270-272,

In the second scheme for the fluorination of keto-
-steroids, solutions of derivatives of the enolic form of
these steroids in organic solvents are treated with per-
chloryl fluoride. Thus 2a-fluorocholestan-3-one is
formed from cholestanone via 3-ethoxycholest-2-ene:2¢®

sHi?
m Fﬁ\
75% i
—— ———e
FCI0, .
HyCy /

Enamines of 3-keto-5a-steroids??® react similarly, as
also acetates of the enolic form of 17-keto-steroids?’4, In
the latter case the yield of 16a-fluoro-17-keto-steroids
can be considerably increased by replacing the acetates
by the acetamide derivatives of the enolic form 274-277,

The reactions of perchloryl fluoride with derivatives
of the steroid 4-en-3-ones are rather more complicated,
the composition of the reaction products depending on the
conditions and the type of enolic derivatives. Thus ace-
tates 48,277 and ethyl ethers269,2787280 of the enolic form of
these steroid derivatives yield 68-fluoro-compounds,
which can be isomerised under the reaction conditions to
the 6a-fluoro-derivatives:

——
m FC10s
R

In contrast to this, the fluorination of pyrrolidine ena-

mines of steroid 4-en-3-ones yields 4-fluorinated products.

When the reaction is conducted in methanol281-28  4¢ -
-fluoro-5-ene derivatives (CVIII) are obtained, which in
the presence of acids isomerise to 4-fluoro-4-enes (CIX);
when the reaction was conducted in ether284,288 only 4,4~
-difluoro-5-ene derivatives were isolated.

F (CVIID) (CIX)

Since perchloryl fluoride has no dipole moment28?, it
is difficult to predict a priori the type of ionisation and
the mechanism of fluorination with this compound. It is
possible that perchloryl fluoride will dissociate in dif-
ferent ways depending on the conditions 288,220, Tt is
assumed in most cases that the fluorine is electrophilic
in character in this reaction, i.e.that fluorination consists
in attack by an F* ion on a carbanion oracarbon atom of
a double bond having a greater electron density. This
view is supported by the formation of axial a-halogeno-
-ketones both on fluorination with perchloryl fluoride and

936

in the reaction of ketones with Br*, 48,172,260 1t jg prob-
able that in this case fluorination is a single-stage process,
involving transition states of the type (CX) or (CXI):2080,201

Ry -
[R H"'F"'Cl();}
R Toex) Rl _
. ——— HF
R,/CH FCi0s F - R,/C + Cl0,.
RI>C.I-; :
R "o,

€cxy

Conversion of carbonyl group into a gem-
-difluoro-derivative. Treatment of steroid alde-
hydes or ketones with sulphur tetrafluoride (SF,) enables
two fluorine atoms to be introduced simultaneously into
the steroid molecule. This reaction is conducted at room
temperature with hydrogen fluoride, boron trifluoride, or
other fluorides (AsF,, TiF,, PF;), as catalyst2e?. Al-
though hydrogen fluoride is a less active catalyst than
boron trifluoride its use isto be preferred, since fewer
byproducts of the reaction are then formed2, Hydrogen
fluoride can be generated directly during the reaction by
adding to the mixture a quantity of ethanol, which forms
hydrogen fluoride on reaction with sulphur tetrafluoride<.

Comparatively mild reaction conditions ensure that
esters, acetals, and bismethylenedioxy-derivatives shall
be stable, and permit considerable expansion of the field
of application of the reaction among such multifunctional
compounds as steroids. Reaction with sulphur tetra-
fluoride has been used to introduce two fluorine atoms into
positions 3, 11, 17, and 20 of the steroid molecule 4,20372¢7,
andalso to obtain 2~ and 6-difluoromethylated steroids from
the corresponding hydroxymethylene derivatives 283,208-300,

Compounds containing more than one carbonyl group in
the molecule can react either at one or at all the reaction
centres. Thus 5a-androstane-3,17-dione (CXII) forms a
mixture of di- and tetra-fluorinated derivatives (CXII)-
(CXV), with fluorination at C (s) predominating in the ratio
3:1.4

0 F Lo N f
SF‘ &" + w .
F F—l
AN (cx NN/ (exnn N(cxiv) : Cxv)
: e £

The reactivity of carbonyl groups in different positions
in the steroid molecule towards sulphur tetrafluoride was
found to decrease in the sequence 3-one =~6-formyl >17-
-one >20-one > conjugated 3~one >11-one. 23

Steroid acids on reaction with sulphur tetrafluoride
form trifluoromethylated derivatives. Thus acetoxy-
-lithocholic acid yields the 24-trifluoro-derivative (CXVT):298

CooH
SFq CFy
gy .
Ao (Cxvn)

The reaction probably involves the intermediate formation
of the acid fluoride, the hydrogen fluoride which is thus
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evolved catalysing the further changes, so that in this case
separate addition of a catalyst is not necessary?2°3:

R—CO,H -+ SF,— R—COF + HF + SOF,,
R—COF -+ SF, — R—CF + SOF,

Several schemes have been suggested for the mecha-
nism of the reaction of ketones with sulphur tetrafluoride,
the most probable of them being 293,294

XF &+ U E [ A "
SC=0 — e SC—0—KFy—t >c——o‘—xF.—>>c—o——sF, + XFa,
(©xvin FLSE, L exvun

F V _975F,
>c< + SOF; + XF.<———-—F—C/‘0" %

F Fefr.,
(CX1X)

According to this scheme, the ability of XF, to catalyse
the reaction is associated with its ability to polarise the
carbonyl group as a Lewis acid. The first stage in the
reaction consists in formation of the complex (CXVII) be-
tween the carbonyl group and the catalyst. Attack bya
sulphur tetrafluoride molecule on this complex yields the
adduct (CXVIII), cleavage of which by means of the cata-
lyst forms the difluoride (CXIX).

II. PHYSIOLOGICAL ACTIVITY OF FLUORINATED
STEROIDS

The introduction of fluorine atoms into steroid com-
pounds results in fundamental and varied changes in their
physiological activity. The changes of greatest interest
and practical importance are found in the corticosteroid
series. The introduction of fluorine affects primarily the
hormonal activity of these compounds — their control of
the metabolism of carbohydrates (glucocorticoidactivity)
and salts (mineralcorticoid activity). The discovery of
the anti-arthritic, antiallergic, and anti-inflammatory pro-
perties of modified corticosteroids extended the therapeutic
effects of these compounds beyond the range of natural
hormonal activity, and enabled their clinical application
to be greatly expanded. At the present time fluorinated
steroids are employed for the treatment of various types
of arthritis, Addison's disease, dermatoses, etc. Since
fairly detailed reviews are available in this field 67,301,302
only a brief account with the most recent results need be
given here.

Introduction of fluorine at the 2a position in ring A
of a steroid molecule lowers all forms of hormonal acti-
vity 263; nevertheless, anti-tumour activity has been ob-
served in 2a-fluorotestosterone 2. The only compound
containing a 38-fluorine atom which has been studied is
17 a-acetoxy-3p-fluoropregn-5-en-20-one, and this on
oral application has three times the gestagenic activity of
17a-acetoxyprogesterone 92, Replacement of the 4-hydro-
gen atom by fluorine lowers the androgenic, gestagenic,
and corticoid activities 284,303,

Compounds containing a 6a-fluorine atom have, incom-
parison with the corresponding unsubstituted compounds,
far greater glucocorticoid, anti-inflammatory, and thy-
molytic activities and at the same time diminished mineral-
corticoid activity 17,28,40,304, Increased anti-arthritic
activity in 6a-fluorocorticoid steroids has also been re-
ported, although the increase is not quite so large as with
the 9a-fluoro-analogues3®%, The gestagenic and anabolic

activities of the 6a-fluoro-derivatives of progesterone
and testosterone are also considerably enhaneed 18:40,308,
On the other hand, the 68-fluoro-epimers have a lower
gestagenic activity than the unsubstituted compounds 308,
6a -Fluoromethylated steroids, like the 68-fluoro-com-
pounds, possess increased glucocorticoid and diminished
mineralcorticoid activities 218,

The therapeutic effects produced by the introduction of a
9q-fluorine atom have been studied the most widely. It
has been reported that the glucocorticoid activities of the
9a-fluoro-analogues of cortisol and corticosterone exceed
those of the unsubstituted compounds by factors of 8 and
3.5 respectively 8,15, The mineralcorticoid, thymolytic,
anti-inflammatory, and anti-arthritic activities are cor-
respondingly increased too76,805304,305,307=309,  gy-Fluoro-
progesterone has a greater gestagenic activity than has
unsubstituted progesterone 83,175; nevertheless, the 9a-
-fluoro-118-hydroxy-analogue has a lower progestative
activity than the unsubstituted compound 310=3!2, Analogous
effects are found in the androstane series. The introduc-
tion of 9¢-fluorine into testosterone propionate increases
the androgenic and anabolic activities of the steroid
roughly fivefold*'s, whereas 9a-fluoroandrostan-115-ols
have an appreciably diminished androgenic activity ¢s.
Enhanced aldosterone-blocking activity is also noted when
9w -~fluorine is introduced into 17-spirolactones of the
androstane seriess!s, 9q-Fluoro-113,17¢-dihydroxy-6a-
-methylpregna-1,4-diene-3,20-dione is an effective anti-
-tumour agent, arresting the growth of mouse adenocar-
cinoma and rat fibroadenoma 3.

An 118-fluorine atom is introduced only together with
another halogen — bromine, chlorine, or iodine — in the
9« position. In comparison with the corresponding un-
substituted compounds, such dihalogenated derivatives
of progesterone have lower gestagenic activity'60:162  those
of testosterone lower anabolic and androgenic activities 66,
and those of cortexolone lower glucocorticoid activity3?s.

12@-Fluorinated analogues of corticosterone and
118-hydroxyprogesterone have enhanced glucocorticoid
activity, which is approximately equivalent to that of the
corresponding 9a-fluoro-derivatives 311#3!2, Nevertheless,
12 a-fluorocortisone possesses neither glucocorticoid nor
mineralcorticoid activity '35, There are also data indi-
cating enhanced gestagenic and anti-oestrogenic activity
in 12a~fluoro-11p-hydroxyprogesterone compared with
progesterone itself 811,312,

Introduction of a fluorine atom into the 16« position
increases the glucocorticoid and anti-inflammatory acti-
vity and sharply diminishes the mineralcorticoid acti-
vity142,150,  Analogous effects are produced by introducing
a 16a~fluoromethyl group into a steroid2!?, Yet 163-
-fluorinated steroids have diminished glucocorticoid and
anti-inflammatory activity in comparison with the unsub-
situted compounds 142,816,  The 17a-fluoro-analogue of
progesterone is a rather less active gestagen than is pro-
gesterone 118,

Compounds containing a fluorine atom in position 21 have
glucocorticoid and mineralcorticoid activity intermediate
between those of the relatively inactive 21-deoxy-com-
pounds and the highly active 21-hydroxy-analogues 214,301,
21-Fluoroprogesterone is a more active gestagen than is
progesterone by a factor of 2—-4, 223,224

Data on the effect of fluorine atoms on the main forms
of physiological activity of steroids are summarised in
Table 2.
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TABLE 2. Physiological activity of fluorinated steroids TABLE 3. Physiological activity of analogues of cortisol.
(+ = enhancement of activity; - = diminution in acti- Substituents in cortisol molecule Physiological activity
vity). i 12 sa 9a 16a glucocorticold mal'o‘;y co.ﬂlcolld Refs.
w Activity compared with unsubstituted w Activity compared with bstituted (cortisol =1) | (cortisol = 1) [cortexone = ]A
° compound ] compound
$ - F 10 17
= gesta- | glucoe minerale | antieine Z |gestae| glucos minerals | antisine F 8 10 2.7 80, 301
£ genic | corticaid | corticoid {f] Y ng_ genic | corticoid | corticoid {flammatory F F 50 100 17,96
F 81 Zg 17, 40, 305
A 43 4 62, 80
2a - - - 120 | + + - A F 8 16 142, 160
B |+ 16a + - + F CH, 40 5 9, 97
4 - - — 168 - F CH,3 12 14 80
6a + + - + i7a | — A F CH, 160 50 97, 305
68 - 21 + + + A F CHj 17 40 80, 326
% | + + + + A CH, F 120 2% 0.1 301
A CH, F 25 20 278
A F OH 13 5 87, 95
A F F 427 200 17, 40, 96
A F F 116 100 278
A F F 60 75 150, 301
F F CH, 50 9
. . s s . . . Iy F F OH 15 95
The clinical application of corticosteroids is impeded 2 CI;‘_X g CH, ;533 133 96, 97,305
by the fact that many of them show mineralcorticoid acti- F F F £25 480 b
vity, which on prolonged treatment produces oedema and )
a rise in blood pressure3!?. In order to obtain compounds
suitable for practical application, therefore, it was neces-
sary to suppress the mineralcorticoid activity, which in
this case was a secondary effect. This was achieved by TABLE 4, Glucocorticoid activity of 9a-sub-

introducing appropriate substituents into the molecule, in
particular fluorine atoms in positions 6 and 16a. The
same effect can be obtained by introducing into the mole-
cule a 1-2 ethylenic bond 80,822305,812  methyl groups in posi-
tions za’sm,sos,sm 6(!, 301,304,305 gnd 16(1 and 166,30,83196,804,
305,318=320 or 3 16~hydroxy-group 87,301,308, There occurs
not only a sharp drop in mineralcorticoid activity but also
a substantial increase in glucocorticoid and anti-inflam-
matory activity.

Results obtained for the modification of the cortisol
molecule (Table 3) show that, when the molecule contains
more than one modifying substituent, their effects on the
activity are additive. This has enabled compounds to be
prepared which have an extremely high level of physiolo-
gical activity, exceeding that of natural corticosteroids
several hundredfold. It must also be noted that 16a,17a-
acetals of 16a-hydroxycorticosteroids, which are not in-
cluded in Table 3, have 3-4 times the anti-inflammatory
activity of the unsubstituted compounds 95321322,

CH,—OH

|

co

E 'O\C/CH:
07 N\CH,

| J

Dexamethasone (3a-fluoro-118,17a,21-trihydroxy-16a-
-methylpregna-1,4-diene-3,20-dione) and triamcinolone
(162,21 -diacetoxy-9a-fluoro-113,17a-dihydroxypregna-1,4-
-diene-3,20-dione) have been used in medical practice as
antiarthritic and anti-inflammatory remedies 3%, Synalar
(6a,9@-~difluoro-114,21-dihydroxy-16c«,1Te-isopropylidene-
dioxypregna-1,4-diene-3,20-dione) is used in the treatment
of psoriasis and skin diseases $26,

The problem of the particular mechanism by which the
introduction of fluorine affects physiological activity has
not yet been solved. Fried!!5:3!1 guggested that this effect
was associated with the inductive (-7) effect of the fluorine
atom on the neighbouring oxygen-containing group in posi-
tion 11. This hypothesis was based on the parallelism ob-
served between the effect of various 9a-substituents on the

938

stituted cortisolsandacid dissocia-
tion constants of the substituted
acetic acids 32,

Glucocorticoid | Acid dissociation

Substituent ¥ ::ivif; id constant 10°K,
Fluorine 10.7 217,00
Chlorine 4.7 155.00
Bromine 0.3 138.00
Todine 0.1 75.00
Hydroxyl 0.2 16.00
Methoxyl <0.2 -00
Hydrogen 1.00 1.82

activity of a steroid hormone and their inductive effects
assessed from the strengths of the corresponding substi-
tuted acetic acids (Table 4).

This hypothesis was regarded as supported also by the
presence in 12@-fluoro-steroids (12a-fluorocorticoster-
one 115 and 12a-fluoro-118-hydroxyprogesterone 3!1) of en-
hanced glucocorticoid activity of the same order as in the
9a-fluoro-analogues, which are symmetrically substituted
about C (11). The difficulty presented by the absence of
glucocorticoid or mineralcorticoid activity in 12 ¢-fluoro-
cortisone '3 could be bypassed on the assumption that in
this case such absence resulted from the formation of a
hydrogen bond between the axial 12 @~fluoro- and 17a-
-hydroxy-groups (CXX).

1”2 [
17(‘\)
\

(

(CXX)

F
RNt

However, recently discovered facts have considerably
diminished the value of this hypothesis. The acetate of
9a-fluorocortexone, containing no oxygen in position 11,
shows twelve times the mineralcorticoid activity of cor-
texone acetate!™, This indicates that the increase in
hormonal activity accompanying introduction of 9a-fluorine
is not due to an inductive effect on a neighbouring oxygen
function. It is evidently more probable that modified hor-
mones are less rapidly metabolised by the organism, and



Vol.34 No.12

RUSSIAN CHEMICAL REVIEWS

December 1965

thus remain for a longer period in an active state in the

latter 23,

In particular, the presence of fluorine atoms

may prevent one of the normal metabolic processes,

hydroxylation.
the most active fluorinated steroids have the fluorine atoms

It is interesting in this connection that

in the positions 6, 9, 16, and 21, i.e.in those positions in
which enzymic hydroxylation of steroid hormones occurs
in the animal organism 324,

The enhanced activity of fluorinated steroids has been

explained also by a diminution in their bonding by blood

plasma 325,

Real progress in explaining the phenomena

observed in this field can be made only when a deeper
understanding has been obtained of the molecular mecha-
nism of the action of steroids, about which almost nothing
is known at the present time 324,
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