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1. Introduction and Scope

During the early and middle years of steroid and related ter-
penoid chemistry, synthetic efforts focused primarily upon the
ring system and some of the more simple functional side chains.
These studies were directed primarily toward the development
of synthetic methods for the construction and modification of
the cyclic skeleton and were due, of course, to the demand for
potent pharmaceutical agents. Comparatively little attention was
paid to the side chain except for the two carbon unit present in
the corticosteroids and other pregnane derivatives and inter-
conversions between the side chains of cholesterol, plant ste-
rols, and bile acids.

With the isolation and characterization of metabolites of
cholesterol and other sterols from man, plants, and animals; the
insect and crustacean moulting hormones; fungal sex hormones;
brain sterols; new phytosterols; the various active metabolites
of vitamin D; and marine sterols, the emphasis in steroid
chemistry has been shifting to the chemical and biological po-
tential of the side chain. In addition progress in synthetic methods
and separation and identification techniques prompts more
detailed studies of this conformationally flexible portion of steroid
and terpene molecuies.

Within the last decade intensive research on side-chain
syntheses has yielded many imaginative syntheses of general
interest and has contributed much to the development of ste-
reospecific chiral carbon formation, in general. The aim of this
review then is to survey the syntheses of steroid and related
terpene side chains as well as some relevant chemistry involving
transformations of the side chain for the preparation of com-
pounds of biological importance and/or naturally occurring
steroid molecules to provide not only steroid chemists but natural
product chemists pursuing new syntheses of steroids or com-
pounds with similar chain structures the literature base needed
to ascertain how the syntheses of new isolates and analogs may
be approached.

This review is limited to sequences commencing at carbons
20, 22, or subsequent ones since a rather complete review on
the chemistry of pregnane side chains' is already available and
to the completion of chains with the full amount (27 carbons) of
and/or extra side-chain carbons but excluding steroid alkaloids
and sapogenins since several reviews of these topics have
appeared.?- ! Stereochemical aspects of the approaches are
especially featured so the problems encountered in forming
chiral centers at different chain positions are brought together
for the first time. This summarization has aliowed for confor-
mational and mechanistic correlation and analysis of the impact
that reagents and structural relationships have on specific
sites.

Il. Stereochemical Notations for the Side Chain

During the initial investigations on steroids it became evident
that the C-20 configuration of plant sterols, animal sterols, and
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bile acids were identical; eventually this configuration was re-
lated to that of D(—)-citronellal.’ '3 It has been only recently '
that one of the first natural sterols with the epimeric C-20 con-
figuration was isolated from the brown alga Sargassum
ringgoldianum and transformed into 20-isocholesterol (208
configuration).

The need to systematically designate and name side-chain
epimers first arose in connection with the synthesis of preg-
nan-20-ols.'$ Prior to this time notation of side-chain and ring
stereochemical transformations in steroids consisted of using
totally different names or a prefix, such as norm-, iso-, epi-, etc.,
and often side-chain epimers were not recognized as such.

The Fischer convention adapted by the Fiesers'S for the
pregnane chein and extended to the rest of the side chain by
Plattner1® was the first attempt to systemize the stereochemical
nomenclature of the steroid side chain. According to this con-
vention the C-17 chain 1 is placed so the longest chain extends

CH,
26
H—135~CHs
H—t—H
3 H—fzH a
H—fH
CHy—f=H

1

upward from ring D and basically under the plane of the drawing.
The remaining functional groups then project above the plane
(see 1) in a manner similar to the alignment of sugars. Substit-
uents appearing to the right of the chain are then denoted as
being o, and those to the left, 3, as illustrated (see 1). This
convention has been accepted for the C-20 position in the
IUPAC-IUB 1971 Definite Rules for Steroid Nomenclature'”
mainly for historical reasons. However, the sequence rules of
Cahn, Ingold, and Prelog'8 are recommended in the IUPAC-IUB
rules for side chains. Although this latter convention eliminates
much of the ambiguities and confusion, its use meets difficulties
when transformations near, and or even sometimes remote, to
the chiral center formally reverse the configuration; e.g.,

@)
H H

~
~ ~
N

20R 208

and comparison of the steric outcome of some reactions is
easier when the Fieser—Plattner convention is used.

The sequence rules have also been applied to double-bond
geometrical isomers.'®

lll. Spectroscopic and Physical Methods for
Determining the Configuration of Chiral
Carbons in the Side Chain

A great deal of information on spectral properties of side-chain
epimers is now available permitting some generalizations;
however, since spectra are influenced by many factors, gen-
eralizations may not be always directly applicable to new
compounds.
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Perhaps, the most informative method for stereochemical
assignment has been NMR spectroscopy. For elucidating C-20
stereochemistry the C-21 protons give the best diagnostic signal.
The 2043 isomer generally has its signal more downfield than the
20« isomer. Representative values for C-21 protons of C-20
epimers are in Table |. TH NMR chemical shifts have also been
used to distinguish the 20,22-diols of cholesterol,2® and C-24
epimeric phytosterols at both 1002".22 gnd 220 MHz.23 More
recently, the side-chain conformation of 22,23-substituted
stigmast-3-ones has been examined.?4 3C NMR has been ex-
plored as a means for stereochemical determination of various
cholesterol 22 epimers substituted by OH, NH,, and Ng; it has
been noted that S isomers give greater 5 effects than R iso-
mers.25 The four 20,22-epoxycholesterols have also been ex-
amined by '3C NMR.26

Application of ORD and CD for determination of C-20 con-
figurations has limited scope; however, comparison?? of plain
positive and plain negative ORD curves of euphol 2 and tirucallo!
3 derivatives with those of a new triterpene28 corollatadiol 4 has

HO
2
Me
H\
oy
: I
HO
3
H
Me o
H.
N
i Me
HO
4

been employed to determine the configuration at this point. The
empirical method of Dillon and Nakanishi2® for elucidating the
configuration of alcohols and diols by CD measurement of their
complexes with rare-earth chelates promises to be of tremen-
dous advantage once enough comparative data are accumulated.
For some compounds, e.g., cholestenes, information has been
gathered from optical rotations. In most cases, the 203 or 20R
epimer shows higher positive or smaller negative rotation than
the 20« (or S) epimer,15:30.31

For several key compounds complete x-ray analysis of
structure has been made.

IV. Reactions Involving Position 20

A. Addition of Organometallic Reagents to C-20
Ketones

The reaction of Grignard and other organometallic reagents
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TABLE |. Some Representative NMR Chemical Shifts for C-21 Protons of Steroid Compounds Epimeric at C-20

203-Methyl isomer 68 20a-Methyl isomer 68 8208 — 0200 Ref
OH Ho NMe
Me.. 117 N 1.00 0.17 36b
A 1.28 1.12 0.16 41
'St/ St
H Me
Me. !/\/\’< Ho,
! . . . 89
[ o 0.93 i/\/\< o 0.84 0.09
st st
& ~ 1 - AN
j 1.30 1.22 0.08 41
k‘-m - -OH
St ‘St
H Me
Me. ' . H.
TN 0.91 ) 0.81 0.10 93
A I 0.92 0.79 0.11 230
st ‘st
Me.\’i1 COOMe H. e COOMe
j\/ 1.21 f 1.11 0.10 68
‘st St
HO OH
H
t \ . Me.
m 3.70 3.62 0.08 230
'st’ ‘st
Me, v . ) H. \Me N
b
f\/\!(OBZ 0.98 Mosz 0.81 0.17 236
st ‘st
St=
HO
@ Expressed in ppm. ? An i-steroid system is present in rings A and B of this example.
with 20-ketones has been utilized by a number of investigators
to construct the side chain in one- and multistep sequences. In COOH
these reactions during which a chiral center at C-20 is created,
mixtures of epimers usually ensue with the ratio depending
greatly upon the structure of the steroids, particularly the nature
of substituents near C-20 and the bulkiness of the reagent.
Essentially, two approaches have been followed. The first
involves reaction of an appropriate 20-oxopregnane, e.g., 6 to
give a complete side chain 7 (or partial side chain); and the AcO
second, by the addition of a single carbon atom to a norketone 8
9 initially prepared from an androstane derivative, such as 8 (see O\
Tables lI-1V).
One of the first instances in which the former route was em-
ployed was in the total synthesis of cholesterol by Woodward3233 —
/O
AcO
9
HO._
AcO
6 MeMgBr
—
OH
, HO
i~CgH13MgBr (5) 10 + 7

HO

and Robinson.?* However, they were not concerned with sep-
aration of the 20-hydroxy products and instead dehydrated them
to unsaturated intermediates which were subsequently hydro-
genated. Petrow and Stuart-Webb,35 though, did prepare and
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TABLE |l. Reaction of Alkyl Organometallic Reagents and 20-Ketones

20-Ketone Reagent Product® Comment Ref

Me O H
Bng/\/Y Me.

%,

b-e 32,33
AcO
H
Me.
bove
As a As above ~80% yield a1
; 20« or 208
Me O H
7 Me,
As above o *
THPO
Me O H
7~ Me.
&, ~45% yield 35
As above 48% yield 36
20q or 208
AcO
e
HO. _
As above As above As above Ratio 1.6:1 (by GLC) 28
204 or 20R
Rl -2 Me oH R_ R, Ry=Me;Ry;=HorRy=H R, = 81
As above Bng/\>\( i
Ri=EtRy=HorRy=H;Ry = 82
Et b-e
o)
7~ Bng/\/~><o Me. )
L—-J ’ <E 0 c-e 92
AcO'
Bng/\ Me. "
As above b 0
20« or 208
0
/\/ Ho\Me
40
AcO
0
b 40

7
=--OH

As above

AcO
o
7 Bng/\/Y Ho. ¥°
=--OH
: ~50% vyield 41
2043 or 20R

OAc Bng/\/Y AcOl H
/O R
~60% yield 41
5 20 or 208
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20-Ketone Reagent Comment Ref
Me. /O
.0
As above c; ratio 1:3 41
AcO y
Me /O Me.
o]
As above &, ~50% yield 31
20« or 208
AcO
o] H Me
X Me, HO.
BrMgMe . Ratio 1:12 36, 219
20a 2053
HO "
N HO.L Y-
As above ~70% yield 41
200 or 20R
HO H
H
H
Me.
As above ~45% yield 41
20a or 208
AcO
Hosm c,eR=H,77% yield; R=M 4
S Me S , €, , 77% yield; e, 6
) R 51% yield
uoR z R = H, 80% yield; 203 (R) isomer 87
THPO
Me._~° LiCH,COOEt Me OH
COOE!
} b, d, e; single isomer reported 83
AcO ’i'
Me O o}
HO
70% yield; product obtained after 47, 87
Li X/Y thioketal removal
; 20« or 20R
THPO o P y
Me 4
pd Z%Br—/ Me.
)
b 50
20« or 208
AcO

2 |somer based on direction of hydroxyl moiety (o or ). ? Yield not stated. © Stereoisomers not separated. ¢ Alcohol group removed by dehydration.

¢ Stereochemistry not determined.

isolate a single epimer {45 % vyield) of 20-hydroxycholesterol
7 by reacting pregnenolone acetate with isohexylmagnesium
bromide. The configuration was determined as being 200(20S)
by Lieberman and associates®® when they repeated the reaction
and compared the product with the 203(20R) isomer 10, resuiting
from the reaction of ketone 9 with MeMgBr. The steric course
and yields of the reaction of Grignard and other reagents with
20-ketones are compiled in Tables II-IV.

in order to explain the difference in the Grignard resuits,35:36
Fieser and Fieser®” applied the Cram rule, which would involve

a starting conformation of the 20-ketone as depicted by 11 and
have the Grignard reagent approach from the side with the
smallest substituent so product 12 will ensue. This analysis,
however, cannot account for all the experimental data; in fact,
it pays attention only to C-17 substituents and neglects shielding
of the carbonyl group by ring C. More recently, conformations
13, 14, and 15 for the 20-ketone were analyzed by Rakhit and
Engel3® and Kier.3° These conformations were later used by Gut
and co-workers*%41 {0 explain their experimental results with
Grignard reagents and 20-ketones (see Table Il). They concluded
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TABLE lll. Reaction of 20-Ketones with Vinylic Organometallic Reagents

20-Ketone Reagent Product 2 Comment Ref
M H
A oM Me. ¥
AR 2GRN
§
| 86% yield 89
!

OMe

7 Bng/\
e
P

Ratio 1:3 160
L
AcO
N OH
Me.
Bng/\l/ e, o\
As above ) & Ratio 3:2 160
; 20«
Bng/\ Me.
20a or 208 b 110
OH
Me\/O J
II ﬂ Me\ H/
— i 0 c; 38% yield 220

20 or 20R

THPO

2 |somer (c or 3) based on hydroxyl group direction. 2 Yield not stated. ¢ Alcohol group removed by dehydration.

T Tm H Tm
Me
R c
16 1 Y8 Cia
H” ) % L\ H ~c
Ciz 12
o] HA\-R’MgBr
HO
©) 14
11
H Cig T18
Cl) i (13 7 ~ Cia
16 18 ~
HTTONLYT N H™ Me o ¢,
- <O F
-0 R
H
H 15
12
cule” side; (2) ‘‘product development” control favors formation
H Cig of the most stable epimer which has its substituents arranged
o) on C-20 as in 16; (3) the steric outcome can be most easily ex-
Cie C
H 13\
Ciz
H Me
13
the conformation of the ketone must be either 13 or 14 since
they are more conducive to attack from a less hindered side 16

(C-16 side).

The results presented in Tables |I-IV can be explained best plained by assuming conformation 13 for 17-unsubstituted de-
by the following: (1) ‘‘steric approach’’ control favors attack of rivatives and 14 for 17 «-hydroxy derivatives, the latter a result
the carbonyl group from the C-16 or the “‘outside of the mole- of strong hydrogen bonding;*? (4) “'steric approach” and *‘product
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TABLE 1V. Reactlon of 20-Ketones with Acetylenic Organometallic Reagents
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20-Ketone Reagent

Product® Comment Ref

Me. o] Na—a=

Z

AcO

¢
-z
AN

HO,

/*omrﬁ

BrMg

OTHP

BrMg

AcO

(D 2043 or 208

OH
Me. WOTHP HO.
| i
i +
fﬁ 20a

M
Me.\V

20« or 20R

70% yield 40, 221

40

Me

7 | TotHe

Ratio 4:1 48

208

49

@ Isomer (« or (§) based on direction of hydroxyl moiety. ® Yield not stated. © Isomers not separated. ¢ Stereochemistry not determined.

development” acting in the same direction gives higher speci-
ficity.

A rather complete study on the stereochemical aspects of
the reaction of MeMgBr with 20-oxopregnanes was reported by
Osawa et al.23! after this manuscript was submitted. Their
conclusions are in accord with the above analysis except they
indicate 17 x-hydroxy-20-pregnanones react in the same con-
formation 13 as other 20-ketones. Their suggestion for the
Crignard reaction of 17c-hydroxy-20-pregnanones will un-
doubtedly prove valuable when the limited data now available
are expanded to more bulky Grignard reagents.

The steric outcome of organometallic reagent addition to C-20
ketones parallels metal hydride reduction. For example, re-
duction of the 20-ketone 17a in pregnane derivatives leads to
a mixture of 203(20R)-hydroxy 18a and 20(20S)»-hydroxy 19a
derivatives with the § isomer 18a predominating,43-45 while
reduction of 17a-hydroxy-20-ones 17b gives rise*5 to mainly
200(20 8) alcohols 19b.

O HO H
--R --R
5 . .

2083 (20R)
18
a, R=H
b, R=0H
Although the main purpose of many of the Grignard and lithio
reactions were for the preparation of a 20-hydroxysterol chain
or, eventually, cholesterol or other sterol chain types, some of
the nucleophilic additions to the carbonyl at C-20 have been a
means to achieve other types of side chains, such as those in
ecdysone and multihydroxy sterols. For example, addition of
1,3-dithianes 21 to the THP ether of pregnenolone 20 to acquire
22 has been studied by Lettré et al.,%® to explore the formation
of 20-hydroxyaldehyde 23a. This route was successfully used
by Koreeda et al.,4” as a means of preparing dioxygenated
cholesterol side chains 23b.

OH
--R

H

20 « (208)

17 19

/O

THPO
20

22
21a, R=H

b,Fi=/\)\

Kerb and warkers,*® after their addition of Grignard reagent
25 to 24, continued to modify the resultant side-chain 26 during

/O

23

AcO

AcO |
Ho
24
their crustecdysone (29) and 22-isocrustecdysone (30) synthesis
by first cleavage of the THP moiety with acid, then hydration of

the triple bond. The ketone 27 eventually had the 14«-hydroxy
group introduced with SeO, and the C-5 position isomerized with
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~Z
Bng/\K
OTHP

25
HO Ho ©
7z ~
OH
. ‘
6

— t
2 27

base to yield 28, Reduction of the 22-ketone by LiAIH(O-t-Bu);
finally gave crustecdysone 29 and its 22-epimer 30.

Ho §
OH
HO
OH
HO
H
28
OH OH
HO 1 HO
OH OH
—_— +
: '
OH OH
29 30

In the synthesis of alnincanone (35), Labriola and Ourisson??
began with the addition of 32 to a degradation product 31 of
dipterocarpol to secure 33. Partial hydrogenation of the triple
bond of 33 and cyclization of the product produced the dihy-
drofuran system of 34 which was reduced further. Oxidation at

AcO

33 34

C-3 gave four diastereoisomers, one of which was identical with
alnincanone (35). More recently, Sydykov and Segal®® employed
the acetylenic intermediate 36 to secure two side chains 37 and
38 by treating 36 with EtMgBr first, then adding CO,, or acetone,
respectively.

D. M. Platak and J. Wicha

35

AcO

/QOH
HO &

HO .
N ~LZ
i COOH

37 38

B. Side-Chain Completions Beginning with C-20
Deoxy Compounds

A stereospecific method of side-chain construction based
upon Michael addition of nitroalkanes to 17(20}-en-16-ones has
been devised by Kessar et al.,5'-54 mainly for sapogenin and
steroidal alkaloid syntheses, but it has also been applied to the
synthesis of cholesterol.55 Addition of nitroalkane to unsaturated
ketone 40, obtained from a Huang-Minion reduction5! of

0
Lfﬂ )CK?}J/
AcO
39 40

HO
NO, o
a1 a2

16, 17 a-epoxypregnenolone (39), produces the 20-nitro ketone
41. A Nef reaction on 41 then leads to dione 42 which is capable
of equilibrating to the C-20 natural isomer because of the adja-
cent 22-ketone and the influence of the 16-oxygen moiety (for
stereochemical explanation, see section I1V.D). Clemmensen
and Wolff-Kishner reduction of 42 completed the preparation
of cholesterol. A similar approach involving a 1,4-Grignard ad-
dition was reported by Wyllie and Djerassi®® for 43, but it lacked
the possibility of forming a preferred isomer at C-20 owing to
the absence of a ketone moiety adjacent to C-20 in product
44,
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43

X
o
BngW
—_——
44

A very recent and quite interesting catalytic method for
side-chain addition which might prove to have widespread ap-
plication has been developed by Trost.57 The method involves
initial formation of an allylpalladium complex with either un-
saturated compound 45 or a 20-acetoxy-16-ene 48. In the
non-acetate complex 46 the metai is on the « face, while in ai-
lylic acetate complex 49 the palladium sits on the (3 face owing
to steric hindrance by the acetate moiety. The nucleophile can

/ i _Nucl
. _Pd
i N\
45 46 47
H OAc H
. OAc ! . Nucl
: Pd :
S
—_— —> :
48 49 50

then add only from the 3 side of 46 yielding the “unnatural”
configuration at C-20 because the palladium blocks the opposite
face. Similarly, nucieophilic attack of 49 takes place from the
acetate side yielding the “‘natural’’ configuration with simulta-
neous displacement of the acetate. The method has been applied
for the synthesis of an ecdysone side chain in good overall yield>®
as follows. Allylic acetate 52 was prepared from 51 by stereo-

COOMe

l H H
. OAc -~
SO,Ph
OMe 52 53
51
MeOOQC
H COOMe € H SOzPh
SO,Ph ™ A
— —_—
54 55
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selective epoxidation on « face, epoxide opening with LDA, and
acetylation. The acetate group in 52 was stereospecifically
displaced via its palladium complex with [PhSO,CHCOMe]~Li*
to give 53. Reduction of the 16(17) double bond yielded 54, which
was then treated with NaH. Alkylation of the resultant sodio
derivative with 3,3-dimethylallyl bromide formed 55, and removal
of the sulfone moiety with Na{Hg) and hydration of the 24-double
bond with Hg(OAc), effected formation of 56. Base hydrolysis

H COOMe COOH
i
OH OH
—
56 57
QAc
i
QAc
—_—
58
(lJH
i
\\
OH
—
HO
59

of ester 56 yielded acid 57 as a single isomer which could be
converted by MeLi and Baeyer-Villiger oxidation with mCPBA
to 58. Finally, saponification of the acetate 58 and rearrangement
of the steroid grouping gave the desired cholesterol derivative
59.

Alkylation of the 17(20)-ene aldehyde 60 by isohexy! iodide
began a novel approach by the Gut group®? for the preparation
of cholesterol. However, the alkylation product 61 was obtained
in rather poor yield (15 % ). Reduction of the 16-double bond and
aldehyde removal by (PhsP); RhCI completed the side-chain
sequence.

. CHO
| CHO

THP
© 61
60

C. Stereochemical Consequences on C-20 of
Adjacent Carbonyl-Containing Groups

Compounds with a carbonyl group in positions 21 or 22 can
be isomerized at C-20 through the appropriate enolate form.
Such epimerization has been observed for acids, esters, al-
dehydes, and ketones. Complete analysis of the published data
for information on the stability of C-20 epimers is complicated
by the fact that often true equilibrium was not reached or it was
not possible to quantitatively resolve or estimate the composition
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of mixtures. In some instances authors have expressed the a
priori statement that the “‘natural’’ configuration was the most
stable. The stability of epimers has been analyzed, however, in
connection with transformations of polyporenic acid C8' (62)
derivatives and bisnorcholenic acid®? (63).

H
HC. J _COOH

62 63

The first observation that bisnorcholanic acid could be iso-
merized was made in Wieland’s laboratory.52 Several years later,
Sorkin and Reichstein®® found ethyl 3a,123-dihydroxybisnor-
cholanate (64) isomerizes extensively on refluxing with NaOEt
in ethanol to give 20-isoacid 65 with an isolated yield of 50%.

COOMe COOH

HO ~- Ho M.

HO"

Similarly, methyt 3a,12«-dihydroxybisnorcholanate gave the
corresponding 20-isoacid in 75% yield. Hayatsu®4 has also in-
dicated that 3(-acetoxybisnorchol-5-en-22-oic acid isomerizes
to the “unnatural’’ C-20 isomer in 65 % yleld on heating with KOH
in ethylene glycol.

A substitution pattern at C-20 similar to the above iso acids
is also present in the polyporenic acid family of triterpenes, e.g.,
eburicoric acid (66), but it is reverse to that in “‘natural’’ bis-
norcholanic acids. Since the C-20 configuration of eburicoric
acid (66) does not epimerize upon heating with KOH in ethylene
glycol (Wolfi—Kishner conditions)89:¢5 and the bisnorcholanic
acids do, as indicated above, it would seem the 20R configura-
tion is preferred when a 21-carboxylic acid group is present. The
configurational stability of this grouping, however, can be altered

COOH H
._J_COOoH

oo
D

nn

ox
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by a substituent at C-16 since polyporenic acid C (62) has been
isomerized to its 20 S epimer 67 with base®? and bisnorcholenic
acids containing 16-hydroxy and 16-oxo moieties 68 are more
stable in their “‘natural’ configuration.8’ This phenomenon was
rationalized by stabilization of the 20 S epimer through hydrogen
bonding between the carboxylic acid group and the 16-oxygen
moiety,50.61

Since C-21 acids are capable, therefore, of greater stability
in the 20R configuration, a side-chain synthesis for 25-hydrox-
ycholesterol (72) incorporating this feature has been devel-
oped.®8 By alkylating the enolate of THP ester®” 69, formed with
LDA, with bromoketal 70 the 20R ester 71a in yields®® as high
as 80-90%. was formed. Removal of the ester was effected by
reduction with LIAIH, to alcohol 7 1b, tosylation to 71¢, and hy-
drogenolysis of the tosylate with LiAlH,4 to 71d. Hydrolysis of the
ketal and THP protecting groups and MeMgl reaction with the
25-ketone gave 25-hydroxycholesterol (72) in 53% overall yield
from 69. This approach also gives easy access to C-21 func-
tionalized cholesterols.

COOMe

THPO
70
71a, R = COOMe
b, R = CH,OH
¢, R = MePhSO;CH,
d, R=Me
H
OH
HO
72

Aldehyde groups at C-22 were often used for the construction
of the side chain; however, the first observation of epimerization
at C-20 caused by this group has been made only recently.®®
Aldehyde 73 and its 20 epimer 74 were produced in a 7:1 ratio
by ozonolysis of 75 and subsequent treatment of the ozonide with
(EtoN)sP. The pure isomer 73 isolated by recrystallization was
found to convert to a 1:4 mixture of 73 and 74 during chroma-

AcO
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CH H

3
H. CHO .
. Y

74 75

tography on alumina. Interestingly, when the ozonolysis was
performed in a CH,Cl, solution containing 1% pyridine, no
isomerization took place. Also, no isomerization of aldehyde 73
resulted during a Wittig reaction. In several cases, though,
variable amounts of 20-iso products have often appeared when
22-aldehyde 76 derived from stigmasterol was a component of
Wittig reactions (see section V.E).

H
. CHO

- 357@ _

H\CHG’

O
. -
79
@)
78

Enamine formation of the 22-aldehyde and its hydrolysis can
profoundly effect a change at C-20 under comparatively mild
conditions. In one such study’® 20 S-aldehyde 76 was converted
to enamine 77 and then to 3-ketone 78. Acid hydrolysis of ena-
mine 78 gave only the isomeric 203(20R) aldehyde 79. Direct
acid isomerization of 76, on the other hand, leads only to a
mixture containing 65% of the 20-isoaldehyde. In a similar
enamine transformation’' aldehyde 76 was completely isom-
erized; however, Wittig reaction of the 20-isoaldehyde pro-
ceeded with epimerization at C-20 and furnished a mixture of
22-enes although the corresponding 20-iso product predomi-
nated.

The first study on the isomerization of 22-ketones at C-20 was
made by Cole and Julian”? who found ketones with the “normal”’
configuration 80 are partially isomerized to ““abnormal’’ ones
81 on heating with KOH in MeOH but not with Na,COs. These
observations were confirmed in a brief experiment by Caspi and
co-workers.”® Quantitative data on the isomerization of a 22-

HO
76

CHO

H 0 HaC 0
.. H\
R R
HO HO
80a, R =Me 81a, R =Me
b, R= b, R=
¢, R=Ph ¢, R=Ph
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ketone are also available from the work of Hayatsu®* since he
obtained (20R)-22-ketocholesterol (81b) in 82% yield by heating
80b with KOH in ethylene glycol.

A contrary interpretation of the above isomerizations of C-20
by an adjacent C-22 ketone has been presented by Gut and
workers.”4 However, analysis of their experimental data shows
inconsistencies with their conclusions. When investigating the
isomerization of «,3-unsaturated ketone 82 in alkaline medium,
these workers found the equilibrium mixture contained 80% of
B,y isomers and 20% of starting ketone 82. The major 5,y

0

84a, 5-ene
b, Sa-H

isomer 83 (reported C-21 NMR doublet at 6 1.15) was isolated
readily and its structure deduced by subsequent steps. An NMR
spectrum of the mother liquor revealed another isomer with a
C-21 doubtet at 6 1.22 remaining. Selective hydrogenation of
the 16(17) double bond over 10% Pd-CaCO; and reduction of
both double bonds with 10% Pd-C led to formation of 22-oxo-
cholesterol 84a and its saturated analog 84b, respectively. After
they reduced the ketone in 84a to a methylene moiety, the re-
sultant product was said to be cholesterol on the basis of its
melting point. It was concluded, therefore, that the equilibration
favored the 20 S configuration and 83 was the major equilibration
product. It is possible that the greater stability of their postulated
20S isomer 83 is promoted by the 16(17) double bond; however,
the NMR chemical shifts they reported for the C-21 protons of
the isolated isomer {6 1.15) and the one remaining in the mother
liquor (6 1.22) are the reverse of those normally observed (see
Table 1).

If all of the above data on the stability of C-20 epimers of
compounds containing C-21 or C-22 carbonyl groups is analyzed,
several conclusions can be drawn. (1) The thermodynamically
more stable epimer (20R) can be best placed as shown in 85,
where the hydrogen atom is located in the most crowded area,
the medium-sized carbonyl maolety is placed toward ring C, and
the alkyl group is ‘'outside’ the molecule. The assumption that
the carbony! is less bulky than a methyl or other alkyl group is
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Cie Cys
H/ \012
R'CH, c—R
A
85

in accord with the measurement of conformational energy for
substituents on a cyclohexane ring, the difference in standard
free energy’s between axial and equatorial substitution being
CHs, 1.70; COOH, 1.35; COOMe, 1.27; and COOEt, 1.20. (2) The
difference in epimer stability is usually large. (3) The stability of
C-20 epimers can be reversed by functional groups which in-
teract with a carbonyl group, particularly those at C-16.

D. Reactions of 17(20) and 20(21) Double Bonds
with Formation of a C-20 Chiral Center

Several detailed reports concerning hydrogenation and other
additions to double bonds formed between C-20 and one of the
adjacent carbons at C-17 and C-20 have appeared. The Gut
group,*! for example, has reported that 17(20)-dehydrocho-
lesterol (E isomer) (86) yields 20-isocholestanol (87 a) on catalytic

HO
86
CH
Ry
HO .
H
87a, R=H
b, R=0H
HO i
H
88

reduction (10% Pd-C), and hydroboration of 5a-cholest-
17(20)-en-33-0l (88) gives the 203(20R)-diol 87b in accord with
the “‘rule of a-attack’” for these reactions.”® Similarly, hydro-
boration?” of estratetraene 89 leads to the 20c(20R) alcohol 90.

D. M. Piatak and J. Wicha

When (2)-17(20)-dehydrocholesterol (91) was converted to 92
and hydroborated or treated with OsOy,, the same type of « attack
was observed since after rearrangement 20c(20R)-hydroxy-
cholesterol (94a) or 17«,20c(20R)-dihydroxychoiesterol (94b)
was produced, respectively.’8

HO

91 OMe

HO

94

During hydrogenation of diene 95 Sondheimer and Mechou-
lam’® obtained different products under various conditions. With
PtO, in HOAc, saturation of both the 5(6) and 20(21) double bonds
ensued and (20R)-cholestanol (96) crystallized in 25% yield from
the crude reaction products. Hydrogenation of 95 over Pd-CaCO3

\ ~
AcO
95
AcO ;
H
96
AN
Q.
AcO .
&

97



Construction of Aliphatic Side Chains of Steroids

in ethanol did not affect the 5(6) double bond, and (20 S)-cho-
lestero! was isolated in 25 % yield from the epimeric mixture.
Nair and Mosettig,8° however, reported that catalytic reduction
of 5a-cholest-20(21)-ene leads to a mixture of cholestanes
unseparable by column or gas chromatography; in contrast to
the previous report they had not found differences in the behavior
of mixtures obtained upon changing the catalysis and/or solvent.
Similarly, Schneider,3" during his study of the catalyic reduction
of 20(21)-ene 97 found reduction with 5% Pd-C in EtOAc gave
a 4:5 mixture of 20R and 20 S products. When the reduction was
performed in HOAc, no increase of the 20R isomer was
noted.

Hydroboration of 20(21}-enes 98a and 98b with disiamylbo-
rane has been studied by Bottin and Fetizon.22° The S isomer
99a was formed in a 3:2 ratio over the R isomer 99b from 98a,
while the Sisomer 99¢ resulted in a 95% yield from ene 98b.

~ R
THPO
98a, R=H
b, R= \/\l/
H
)
R, R>

e, R1=\/\(; R2=OH

The 21-alcohol 99¢ was converted to isocholesterol 99d by
reduction of the corresponding tosylate. The same hydroboration
of 98b by the Gut group,2%° on the other hand, yielded a 1:2 ratio
of the 208 alcohol 99¢ to the 20R alcohol 99e as did the use of
B,Hg at 0 °C. Several methods for the synthesis of 98b are also
presented.

Hydrogenation of mixtures of various products unsaturated
between C-20 and adjacent positions was, of course, also de-
scribed in the first syntheses of cholesterol,32-34 byt detailed
information about the character of the unsaturated products is
unavailable.

E. Formation of 20(22) Double Bonds

Double bond formation at C-20(22) by dehydration of a C-20
alcohol is accompanied by 17(20)- and 20(21)-ene isomers.
Thus, employing Grignard reaction of a 20-ketone and subse-
quent hydrogenation of the products is a somewhat impractical
route for sterols because of the complexity of the product mix-
tures in each step. This sequence was used for the first total
syntheses of cholesterol32-34 and, undoubtedly, was partially
responsible for the low yields in this portion of the syntheses.
Similarly, low yields (15-30%) of the 20(22)-dehydro anaiogs
of campestery! acetate, its 24 S epimer, 3-sitosteryl acetate, and
clionasteryl acetate (100a—d), respectively, were produced from
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R1 2

AcO

100a, R, =Me; R, =H
b, R, =H; R, =Me
¢, Ry =Et Ry=H
d, R1=H; R2=Et

x
AcO :'t
o
101

the reaction of pregnenolone acetate and the appropriate Gri-
gnard reagent, then dehydration of the resultant alcohol by
acid.®182 On the other hand, the 20(21)-olefin 101 was formed®'
in fair yield (50 %) by treating a 20-hydroxy Grignard product with
SOCI,-pyridine at 0 °C.

R
R. P
HO j
7. R, =Me; R, = OH 86
10, R, =OH; R, = Me
7
HO é
91 102

A detailed study by Nes et al.,”® on the acid dehydration of both
203(20R)- and 20a(20S)-hydroxycholesterol 10 and 7, re-
spectively, gave the (2)-17(20)-91, the (E)-17(20)-86, and the
(E)-20(22)-102 double bond isomers in a ratio of 1:1:3. Also,
Piancatelli and Scettri®® found 3-hydroxy ester 103, which was
an unspecified single isomer at C-20, dehydrated in (CH3),SO
at 180 °C to a 1:6 ratio of the 20(21) double bond 104 and 20(22)

HO
COOEt

--0OAc

N

AcO '

103
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\? “COOEt F/ ~COOEt

104 105

double bond 105 isomers. Recently,%2 acid dehydration of 106
was reported to give 107 in good yield.

HO

~

HO
106 107

Wittig reaction of pregnenolone or its THP derivative with
unstabilized ylides has been noted®*-87 to give exclusively the
E isomer of 20(22)-dehydrocholesterol 108, although 16-acetoxy
ketone 109 with (EtO),POCHLICN is reported to yield nitrile 110
in 90% yield.88

RO
108 R=H,THP, or Bz

/O

OAc

-

CN
.-OAc

AcO I
109 110

111

Mode! side-chain syntheses??® of the system present in
oogoniol (111) were also begun with a Wittig reaction of the THP
of pregnenclone with ylides 112 and 113, followed by acid hy-
drolysis, to form 114 and 115. Yields of 80-85% were obtained
for the E isomers with no detectable Z isomer. Wittig reac-
tion79:80:230 of 21.nor-20-ketone system 116 with PhaP=—CH,
has also been used to prepare 20(21)-enes 117.
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OTHP
PhgP Phyp”
112 113
¢
OH
//
Z
HO
114
HO
115
X
116 117

Diketene or ethyl acetoacetate addition to vinyl alcohol 118
forms a mixture of (£)-20(22)-119 and (2)-20(22)-120 isomers
in a 2:1 ratio.8®

OMe
118

119 120

The pure Z isomer of 20(22)-dehydrocholesterol (124) has
been most conveniently prepared by pyrolysis®® of orthoformate
122 or by (EtO)sP reduction?’ of thiocarbonate 123, both of which
are formed from 20«,22c(20R,22 S)-dihydroxycholesterol 121.
Alternatively, the E isomer 108 can be transformed*’ to the Z
isomer 124 by epoxidation with m-chloroperbenzoic acid
(mCPBA) to a 2:1 mixture of the (205,22S)- and (20R,22R)-
20,22-epoxides and treatment of the epoxides with the tri-
methyisilyl anion.®?
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TABLE V. Hydrogenation of C-20(22) Double Bonds
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Reacfion Reaction
Compound conditions  Product Ref Compound conditions Product Ref
e
a 1.5:1 ratio of 89
20R:208 b 1:1ratioof 20R: 93
208 f
2:1 ratio of
OCH, £ Zisomers
OCH,
a 20R; 50% yield 89 0
2:1 ratio of
AcO E:Zisomers &
b 2.8:1 ratio of 238
& 20R:20S
b 20R; 80.5% yield 84
reported; [a]p HO on
~315%¢
AcO
b Mixture of C-20 93
epimers 7
As above including 28 %
of 5,6-dihydro b 2.8:1 ratio of 238
product 20R:20S
o)
HO
z R, e
a
b 205;?’90% 86 g 20R; Ry and/or 81,
yield Rz = H, Me, 82
Et
AcO' x
As above b 20R 78% yield 92 AcO

isomer not specified

e 20R-5a; 70% 92

As above yield

a PtO,,EtOH. ? PtO,; dioxane-HOAC (50:1). © Handbook rotation for cholesteryl acetate [« ]o —47.4°. 9 Presence of 20 S epimer detected in mother
liquors by GLC. ¢ 10% Pd-C, dioxane-Ac,0 (50:1). ! Isomer ratio determined by GLC. 9 10% Pd-C, EtOAc.

H OFEt

O

121, R=Ac or Bz h
Q ? 122

123 124

F. Hydrogenation of 20(22) Double Bonds

The hydrogenation of the 20(22) double bond has been studied
recently by several groups, but the reported results differ con-

siderably. In a detailed study Uskokovié and co-workers8® found
a mixture of Zand E isomers (1:2 ratio) of 119 produced a 1.5:1
mixture of 20R and 208 products with Pt in EtOH indicating a
nonstereospecific reduction of the £ isomer, at least, occurred.
Later, hydrogenation of 20(22)-dehydrocholesterol (103) over

HO
108

HO
125
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CEEEW
OMe

126

Pt in dioxane containing HOAc was reported to form cholesterol
in 80.5% vyield.8* Similar high stereospecificity to a 20R product
was noted when E isomer 125 was catalytically reduced under
the same latter conditions.8%-22 Very recently, Nes et al.%3 again
examined this reduction and indicated a 1:1 ratio of C-20 epimers
results when the (E)-20(22) double bond of 126 is reduced under
the same conditions. These results as well as other reductions
of 20(22) double bonds are summarized in Table V. The marked
differences between the results of very similar compounds are
puzzling and, undoubtedly, further investigations will be needed
to clarify the situation. In only two cases have the isomers formed
been isolated and adequately identified. Also, it is surprising that
a comparative analysis of the reduction of this double bond with
the well-documented hydrogenations of 20(2 1) double bonds (see
section 1V.D) has not been made.

An attempt to interpret the steric course of the 20(22) double
bond reduction has been made by Nes.®? He postulates the re-
duction takes place by approach of the catalyst from the « side
of the molecule and equal formation of two C-20 epimers results
from two 17(20) conformers 127 and 128. Trachtenberg et al.,232
however, have pointed out the arguments on ground-state
populations of the conformers are thermodynamically unsound,
and the conformational implications made from NMR data are
not convincing. Further conformational implications made from
NMR data are not convincing. Further explanation in favor of his
position by Nes22?® argues the reduction is analogous to the hy-
drogenation of 5(6) and 17(20) double bonds; however, the as-
sumption of « attack by hydrogenation catalysts on the steroid
ring system cannot be readily applied to side chains especially
in view of results with the reduction of 4(5) double bonds and
observations with homogeneous catalysts.

1 1 ]

[

i ! 1

L H i

| 1 )

0 i
E ]R Rl; 3

127 128

G. Preparations and Reactions of
20,22-Epoxides and 20,22-Diols

The interest in various 20,22-dihydroxycholesterols and
20,22-epoxycholesterols which have been implicated as bio-
synthetic intermediates in the cholesterol to pregnenolone
conversion has prompted much of the studies on oxygenation
of these two positions. Investigations on the epoxidation of diene
109 with mCPBA indicate the reaction proceeds regioselectively
on the (E)}-20(22) double bond in good yield (ca. 70%) to the
20R,22R-epoxide 129 and 208,22 S-epoxide 130 in about a 2:3
ratio.85:87.90 A similar mixture of epoxides results when {E)-
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7 H
.0
RO ?
109

129

130 131

5a-cholest-20(22)-en-33-0} was used.8® The Zisomer 124, on
the other hand, yields*7-%? only the 20R,22 S-epoxide 131 sup-
posedly from approach of the reagent on the less sterically
hindered side.%®

Os0,4 hydroxylation of E isomer 129 and its corresponding S
analog proceeds much more regioselectively yielding
208,228-diol 132 and 20R,22R-diol 133 in 10-17 to 1 ra-
tios.85:87.90 Djo| 132 was also prepared from epoxide 131 by acid

OH OH
HO HO |

! ~
<

132 133

opening.8% Epoxides not readily available by direct epodixation
were prepared from 20,22-diols via selective mesylation at C-22
and nucleophilic displacement by the adjacent hydroxy
group.85.90

Epoxidation of 20(22)-ene 134 results in a 1:2 mixture of
epoxides 135 and 136, respectively,®* comparable stereo-
chemically to addition reactions of 20-ketones. Condensa-
tion495 of 20-ketones 137a and 137b with [Me3SO]*I~ or
Me,S=CH, gives rise to high yields (90 %) of the 20R epoxides
138a and 138b, respectively, both of which have been trans-
formed to 22-aldehyde 139 by BF3-Et,0.

7 -0
BzO : RO
H
134 137a, R=THP
l b, R=Ac
0] (0] l
. i 0
135 136 138
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Interestingly, reaction of the lithio salt of 2-isobutyi-1,3-di-
thiane with epoxide 138a forms (66 % yield) the 20-hydroxy
product 140, while ~AmMgBr unexpectedly gives 22R-alcohol
141 in 80% yield,% most likely through intermediate formation
of aldehyde 139. Epoxide 138b is, however, reported to produce
21-alcohol 142 and a dimer 143,

141

139

142 143

Enol acetate 144 has been epoxidized®” with mCPBA and
hydrolyzed to a 5:3 mixture of hydroxy aldehydes 145 and 146.
Similarly, epoxidation of i-steroid enol acetate 147 and corre-
sponding rearrangement leads to a like isomeric mixture.®®

Z TOAc

. CHO

144 145

Z OAc

OMe
146 147

V. Reactions Involving Position 22

A. Organocadmium Reactions with C-22 Acid
Chilorides

Acid 148a conveniently obtained from a number of naturally
occurring sterols, especially stigmasterol, by oxidation of the
22(23) double bond had been first used by Cole and Julian’? to
effect the synthesis of a variety of 22-ketosterols 148¢. They
were made by addition of several cadmium reagents to acid
chloride 148b. They were not able, however, to remove the
22-oxo group because of difficulties encountered with the
Wolff-Kishner reduction. Hayatsu®* followed the same route with
20-isoacid chloride 149a and obtained 20-isocholesterol (149b)
albeit in iow yield owing again to a poor Wolff-Kishner reduc-
tion.

The problems of removing the C-22 ketone was later cir-
cumvented by Romeo and Viliotti.%? By reducing the 22-ketone
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R,O
148a, R, =Ac; R, = OH
b, R, =Ac; R,=ClI
¢, Ry =Ac; Ry =Me, Et, Ph,
isoamyl, methyl

d, Ry =Me; R2=W
0]

H
i
]

R

AcO
149a, R=Cl

b, R=\/\r

in 148d, originally prepared by a cadmium reaction with the
corresponding acid chloride, to aicohol 150a, the latter could
be removed as its tosylate 150b to cholesterol methyl ether
(150c). Later, this same group 90197 synthesized 22,23-dihy-
drobrassicasterol (150d) and campesterol (150e) from the same
starting acid and by the same route using cadmium reagents
prepared from (2R)-2,3-dimethylbutyric acid and (2S)-2,3-di-
methylbutyric acid, respectively. Yields in each step were quite
good. Gut's group” also examined the Italians’ method for re-
moval of the 22-ketone in 22-0x0-16-dehydrocholesterol. In

R, R
H S /R4

150a, Ry =Me; R, =0H; R;=R,=H
b, Ry =Me; R, =0Ts;R;=R,=H
¢, Ry=Me; R,=R3;=R,=H
d, R, =R,=R,;=H;, R;=Me
e, R, =R;=Rz=H; R, =Me

HO
151
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addition, they indicated the ketone removal to be more effective
by Li-EtNH, reduction of thioketal 151.

B. Reactions of C-22 Carbonyl Compounds and
Nitriles with Organometallic Reagents

Addition of alkyl Grignard reagents to C-22 aldehydes to
complete the side chain proceeds well in the absence of
polar-directing groups and leads to a mixture of epimeric alco-
hols usually with preponderance of one epimer. For example,
Barton et al.’%? obtained a 6:1 ratioc of 22x(22S) isomer 154 to
22p3(22R) isomer 155 upon addition of isoamylmagnesium
bromide to aldehyde 152. Similarly, Poyser and Ourisson19?

H
N CHO

~

OMe
153
H H
H ¢ H ?
154 155

acquired the same 6:1 ratio of 154 to 155 with Fsteroid aldehyde
153. Ourisson’s group'9* also found 22c(22R) alcohol 157
dominated the reaction product of lanostene-derived aldehyde
156 with the Grignard of 1-chloro-3-methyi-2-butene although

AcO
156 157

it did rearrange before addition occurred. In a synthesis % of
25-hydroxyprovitamin D3 the reaction of the aldehyde moiety
in adduct 158 with the Grignard of 4-chloro-2-methyl-1-butene
favors the formation of mainly one hydroxy isomer 159 (82%
yield) whose stereochemistry was not determined rigidly but was
transformed to 160a by formation of mesylate 160b and re-
duction with NaBH,. Introduction of a 25-hydroxy| group on 160a
by Hg(OAc),, then NaBH,, and breaking of the triazolinedione
adduct from 161 with LIAlH; completed the synthesis of the
desired hydroxy analog of provitamin D3 162.

With 20-hydroxy-22-aldehydes'°® addition of ~AmMgBr takes
place with a higher degree of stereospecificity and its steric
course Is greatly affected by the C-20 hydroxyl configuration as
illustrated by the two epimers 163 and 166. The 200(20R) hy-
droxy aldehyde 163 yields a 9:1 mixture of
20,223(20R,22R)-diol 164 and 20«,22(20R,22 S)-diof 165,
while the 203(208)-hydroxyaldehyde 166 produces a 12:1
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CHO
OH
. ™ 7
N .,
AcO ‘N/ %O 5
\
(@) Ph 159
158
R
S F ~.
160a, R=H 161
b, R = MeSO,0-
OH
—
HO
162
HQO
..y _cHo
OH
HO
AcO
163
—_—
HO
164
OH
HO v
| /(;tg:g\/Y
HO
165
mixture of the 208,22¢(20S,228)-diol 167 and the

208,22(208,22R)-diol 168.

An aldol condensation has also been utilized to complete the
side chain.°7 Under the strong basic conditions (LDA) used to
form the enolate of ketone 169, the steroid aldehyde yields di-
rectly «,(-unsaturated ketone 170. NaBH,—-pyridine reduction
of the unsaturated ketone 170 yielded 171 as a mixture of ep-
imers, and LiAIH, reductive removal of the ring B protecting
group completed the formation of the hydroxy analogs of pro-
vitamin D 172.
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HO._J _CHO
HCI> QH
AcO
166
—
HO
167
Ho 7
+
(@]
JJ\KOTHP
169
o OH
. OH
171 HO

172

Addition of i-AmMgBr to 22-cyano moieties has also been a
means of extending the side chain. This method had been first
developed by Gut and his group” for the synthesis of cholesterol
and 16-dehydrocholesterol. By starting with 22-cyano-17(20)-ene
173 they obtained 17(20)-en-22-one 82. Deconjugation of the
«,B-unsaturated ketone (see section 111.C) to yield 83 followed
by selective catalytic reduction of the 16-double bond gave
22-oxocholesterol 84, Removal of the ketone group in both 83
and 84 by Li-EtNH, reduction of the corresponding thioketals
completed the two syntheses. Later in their preparation of
20,22-dihydroxycholesterols1% from pregnenolone, the inter-
mediate 20x-hydroxy cyanide 174a, obtained as the main
product of cyanohydration of the ketone group, was reacted as
its di-THP derivative 174b with ~AmMgBr to form 22-ketone 175.
The sequence was completed when the ketone moiety was re-
duced and the protecting groups were removed to form 176 (see
section IV.D for more on 22-ketone reduction).
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CN
Q
-~
ACO/
173
HO
82
o)
83 84
OR
._J_CN
PO §
RO
174a, R=H
b, R=THP
THPO
175
OH
HO
HO
176

Addition of the Grignard or lithio reagent of the THP derivative
of 2-methyl-3-butyn-2-ol to a 22-aldehyde moiety 177, then re-
duction of the triple bond in the resultant propargyl alcohols 178
and 180 to saturated chains 179 and 180, respectively, has been
the most popular method for introduction of the ecdysone 182
and crustecydsone 183 side chains (see Table VI). The reaction
of acetylenic Grignards proceeds less stereospecifically than
alkyl Grignard additions to 22-aldehydes. However, the pre-
dominating steric approach is the same; i.e., the 22« isomer 180
(R = H) is favored. Use of the lithium acetylenide reagent gives
higher yields than the corresponding acetylenic Grignard reagent,
but the reaction is far less stereospecific.’%? In the presence of
a 20-hydroxy group, acetylenic Grignard reaction of 177 (R =
OH) results in high stereoselectivity,''® especially in the syn-
thesis of inokosterone (184) (see last item in Table VI).""!

The various syntheses of ecdysones differed mainly in the
choice of reaction sequence, e.g., introduction of the 14c-
hydroxyl group before®7:110.112 or after109.118-116 side-chain
formation; In the use of acetonide®”:''2 or acetate09.113-116
protecting groups for the ring A hydroxyl moieties; or in the
method utilized for formation of the 22-aldehyde group. In several
instances rings A and B were manipulated while a 22-ester
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TABLE VI. Reaction of C-22 Aldehydes with Alkyne Reagents (Ecdysone Side-Chain Syntheses)

Starting Material Reagent Comments Ref

R =a—é-OTHF’

RMgBr a 120
CHO

RMgBr or RLi « isomer 179 predominates 113

Ho
As above RMgBr a 114
As above As above 1:4.5 ratio of a:f3 isomers 179:181 118
As above As above 38% yield; 3 isomer 181 predominates 116
As above EMgBr or RLi a 109

Me.  _CHO
RMgBr 2:1 ratio of 179 to 181 121
CHO

RLi 1:1 ratio of ;3 179:181 112
RMgCI 3:5 ratio of a3 179:181 97
RMgBr (3 isomer 181 predominates 110

OTHP
8 isomer only indicated 111

As above 3 isomer only indicated 111

8 C-22 hydroxy isomer ratio not given.

molety 184 was present; later it was converted to the requisite  of amide''*115 187 formed from the corresponding acid and
aldehyde group by LiAIH, reduction to alcohol 186 and oxida-  carbonyidiimidazole.’?® 7' Afternatively, the 22(23) double bond
tion®7:112 of 186 by the Moffatt method, '7 or by hydride reduction  system 188 originally present in stigmasterol was left intact while
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178 179

HO
OH
HO
HS
183
OH
HO T
: OH
HO
OH
HO
HO
184

rings A and B were transformed; and when addition of the side
chain was desired, the double bond was ozonized to yield the
aidehyde. 113.116

For some model studies'2° on the synthesis of the ecdysone
side chain the cholic acid 189 side chain was converted to
22-aldehyde 192 by Pb(OAc),~Cu(OAc), decarboxylation to 190,
glycol formation 181 with alkaline hydrogen peroxide, and
Pb(OAc), cleavage of glycol 191 to give 192,

For crustecdysone (183) the needed 20-hydroxy-22-aldehyde
system 193 was obtained either by ozonolysis''® of the allylic
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H H
.. J _COOMe ..

CH,OH

)

R
185
H
j 4;:>N ?
: :
R R
187 188

190

192

191

alcohol 194 (see section IH.A) or epoxidation and hydrolysis®?
of enol acetate 195 (see section 111.G).

HO o HO

. CH \\i ;

. ~ Z ™SoAc
193 194 195

Instead of introducing the complete unit required for the ec-
dysone side chain in one step, Mori et al.’2'.122 gxamined a
stepwise procedure. By starting with aldehyde 196 obtained from
stigmasterol, they added an acetylene moiety to secure propargy!
alcohol 197. Formation of an acetylene Grignard on 197 with
MeMgBr and addition of CO, gave acid 198. The triple bond was

- CHO
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é COOH

197 198

200

catalytically reduced, and the ketal groups were hydrolyzed to
form a mixture of two isomeric lactones 199 and 200 in a 2:1
ratio indicating original formation of 197 was in favor of the S
isomer. The ecdysone side chain 201 was then completed by
reketalization of the 3- and 6-ketones and MeMgBr reaction of
the lactone system.

An interesting variation'2® of the ecdysone side-chain at-
tachment was done by adding lithio sulfone 203 to ester 202 to
yield 22-ketone 204. Subsequent removal of the sulfone group
with Al{Hg), LiAlH, reduction of the 22-ketone, and oxidation of

QH
OH
)
COOMe
0 (0]
L1
201

O

OH
202

H 0]

Li ~.
OTHP OTHP
. é To
Ph Ph
203 204

C-6 with MnO, gave 205 which was converted by acid hydrolysis
of the protecting groups to a mixture from which ecdysone was
isolated in 12% yield along with C-20 and/or C-22 epimers.
Apparently, the basic conditions caused enolization of the ketone
in 204 toward position 20 before its reduction took place.
The Grignard of the THP ether of 2-methyl-3-butyn-2-ol has
also been employed by Ourisson's group®® for model studies of
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OTHP

OAc

206

constructing the side chain of cucurbitacin | (208). Beginning with
i-steroid 207a and, later, with a mixture of 207b and 207¢ (see
section |I1.G), the acetylene Grignard was added to the aldehyde
moiety to produce the corresponding alcohols 208. Acid
cieavage of the THP ether, LiAlH, reduction of the triple bond,
and oxidation of the 22-alcoho! group with Fetizon’s reagent
yielded the planned side chains both without the hydroxy group
209a and with the 20-hydroxyl group 209b and 209¢ as a mixture
from which the appropriate C-20 isomer was isolated.

OMe
207 208

OH

a, R, =Me; Ry=H
b, Ry =Me; R, =0OH
209 ¢, Ry =0H; R, =Me
A 7,25(28)-stigmastadienol was prepared by Sucrow and
Radiiche!'24 by initially extending the chain through addition of

the Grignard of ethoxyacetylene to aldehyde 210, then converting
the resuitant adduct 211 to unsaturated aldehyde 212, Catalytic

H
. CHO

X
OFEt

AcO
210 211

reduction of 212, followed by oxidation gave cholenic acid (213),
which could be reacted as its acid chloride with diisopropyl-
cadmium to 24-ketone 214a. A Wittig reaction of the 24-ketone
then completed the synthesis of 214b.

For the formation of some 22,25-stigmastadiene molecules,
Sucrow and workers 125128 started with an acetylene Grignard
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R
CHO .. COOH ~_
AN
212 213 214a, R=0
b, R = CHMe
.. CHO
AcO
210
H OH
. N . -
215 216

in the initial step of a new method for creating the side chain. In
their first report,'25 they added the Grignard of ethylacetylene
to the 7-dehydroaldehyde 210 and acquired alcohol 215 as a
mixture of epimers. Reduction of the tripie bond over Lindlar
catalyst then gave rise to allylic alcohol 216. Condensation of
the enol ether of N,N-dimethylpropanamide with 216 and Claisen
rearrangement formed 217a. By reducing the amide moiety of
217a to amine 217b and subjecting the latter to a Cope elimi-
nation as its amine oxide resulted in the desired side chain
218.

NMe,

~ \ R

217a, R=0 218
b, R=H,

Later,126.127 tilizing separately the two C-22 epimers 220
formed from aldehyde 219, the same reduction, condensation,
and rearrangement sequence yielded four isomers. The 22R

- CHO

~

AcO \
H

219

allylic alcohol 221a gave two 24 S diastereomers 222; and the
228 alcohol 221b gave two 24R diastereomers 223. Reduction
and Cope elimination as before eventually resuited in the side
chain dienes 224 which could be selectively reduced to two C-24
epimeric poriferstenols (225) with (PhaP)sRhCI or completely
saturated to the Sa-poriferstanols (226) by hydrogenation over
platinum.
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220 221
a Ry =OH; R,=H
b, R, =H; R, = OH

222 223
a, R, = Me; R, = CONMe,
b, R1 = CONMGQ, R2 =H

224a, R, =H; R, = Et
b, R, =Et R, =H

225

HO X

226
a R, =H; R, =Et
b, R, =Et R, =H

A related approach also produced the side chain in a total
synthesis of ergocalciferol (vitamin D;).234 The sequence began
with the addition of 1-propynemagnesium bromide to aldehyde
227, forming a 1.3:1 ratio of 20 S propargyl alcohol 228a to the
20R isomer 228b. Continuing the preparation by reduction of
228 over Lindlar catalyst yielded the cis allylic alcohols 229

. _CHO
N R1

BzO é
227 228 229

which were then subjected to Claisen rearrangements with ethyl
orthopropionate to give 230. The ester moiety at C-26 was then
removed to achieve the requisite side chain 231.
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. COOEt ~
v AR
Me
230 231
a, R;=H; R, =OH
b, Ry =0H; R, =H

For the synthesis of antheridiol (234), the sex hormone of an
aquatic fungus, addition to the 22-aldehyde molety of 232a and
its 7-oxo derivative 232b of lithiated lactone 233 was studied.28
Yields were much better for the non-C-7 oxygenated aldehyde
232a (>70%) than for its 7-oxo analog 232b (40%). Later,12?

AP

232a, R, = OAc; R, =H,
b, R, = THP; R, = O
C, Rw =THP, R2 = H2

HO

234

separation of four diastereomers (the 22R,228 isomer pre-
dominated) of the 235 produced thusly, and transformation of
the 228,22R (natural) isomer into antheridiol by photochemical
oxygenation of C-5 and rearrangement of the resultant peroxide,
were accomplished. The total yield of antheridiol could be
raised’3° by oxidation of the unnatural isomers with Jones’ re-
agent and oxygenation to lactol 236 which was then reduced by
NaBHj,.

AcO
236

In an early synthesis by the Syntex group, 31 a slightly different
approach was taken. The THP aldehyde 232¢ was treated with
the anion of 237 made by PhsCLi to yield the six-membered
lactone 238 in 24% yield. Hydrolysis of the lactone ring and
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o)

238

240

dehydration with acid gave conjugated acid 239 which, when
treated with mCPBA, formed the five-membered lactone 240.
Osmylation of the 22(23) double bond in 239 was found to give
better yields of the lactone.?32 Subsequent steps to secure an-
theridiol (234) included removal of the 5,6-epoxide by Zn-Nal-
HOAc and formation of the 7-keto system as above.

A second synthesis'32 was begun by peroxide oxidation of
the furan ring in 241, which was introduced by addition of 2-
lithio-3-isopropylfuran to 232¢, then acetylation. Reduction of
the lactol system of 242 by NaBH, and removal of the 5,6-ep-
oxide moiety formed the same isomeric mixture of intermediate
235, which was converted to antheridiol as before.

OAc

242

HQ

243

Attempts to condense an aldehyde 232a with methyl isopropyl
ketone in the presence of base gave only an unwanted product
243 in low yield.133
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TABLE VIi. Reduction of C-22 Ketones

Starting material Reducing agent ‘Alcohol isomer ratio 2263(R) to 22a(S) . Ref
H H

Me.

NaBH, 1:3 73

LiAlH, 1:7; C-6 position reoxidized with MnO, 102
LiAIH, 1:3; determined by TLC 102, 103
OMe
LiAlHg 1.4 136
o}
Me.
“Hydride” 1:2 222
HO
H
Me. _
NaBH, 1:6-7 87, 90, 108
HO'
Li-NH3 1:3 (~10%:30%); and equiv amts C-20 deoxy 108
As above analogs by hydrogenolysis
As above Na-~PrOH 1:2.4 108
As above Li-EtNH, 1:1 and equiv amts of C-20 deoxy analogs 108
As above LiAIH(-OBu)3 1.4 108
THP
Me.
Na-~PrOH 1:3 108
AcO ~

LIAIH{t-OBu)3 Ratio not given 48
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C. Reduction of C-22 Ketones

Earlier work 34 on hydride reduction of 22-oxocholesterol
derivatives was reexamined by Caspi and workers.”® They found
instead that 22-oxocholesteryl benzoate (244) with NaBH, gives
a high yield of the 223(22R)-hydroxy-245 and 22(228)-hy-
droxy-246 cholesteryl benzoates in a 1:3 ratio. Similar pre-

o]
PRCOO
244
QH H
245 246

ponderance of the « isomer was found during reduction of other
C-22 ketosteroids. An extensive study of the reduction of
(20R)-20-hydroxy-22-oxocholesterol by Gut's group'°® indicates
that metal hydride reduction is more stereospecific than
metal-amine or —alcohol reduction and that hydrogenolysis takes
place to a large extent with the latter reagents (see Table
VD).

Surprisingly, reduction of C-22 ketones by hydrides and Gri-
gnard addition to a 22-aldehyde gives rise mainly to alcohols with
the same configuration (22« or 22 S). The preferred conformation
for a C-22 ketone would be as shown by 247 and, according to
the Cram rule, 'S addition of a nucleophile would take place from
above yielding a product with the configuration indicated in 248.

R
248

247

Grignard addition to an aldehyde, where R = Hand R’ = alkyl,
would proceed according to this scheme; on the other hand,
hydride reduction where R = alkyl and R’ = H, does not obey the
rule, but rather results in an ‘‘anti-Cram’’ situation. The abnor-
mality, however, can be explained 3¢ if nonbonding interactions
between the C-16 methylene and the C-23 methylene groups
are considered (see 249). Inspection of molecular models shows
the more stable conformation for the 22-ketone to be 250, so
hydride attacks from the less bulky side would indeed give the
observed products, 138

A similar conclusion'3® has been inferred from Felkin's
analysis'37 of open-chain ketone reduction by LiAlH,. In addition
to carbonyl group torsional strain (Pitzer strain) involving partial
bonds in the transition states, a substantial strain between fully
formed bonds is also assumed, thus implying a staggered con-
formation for the transition state. Of the three most likely con-
formations 251-253 of the transition state for C-22 carbonyl
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H 0 H
0
"
H H al
R
CH, L otH,
249 250

253

group reactions from the six possible, 251 would be the most
favored while 253 would be the least. Grignard reaction with the
22-aldehyde (R << R') would then involve transition state 251
corresponding to the most favored state, whereas hydride re-
duction of a 22 ketone (R >> R’) involves the second most fa-
vored conformation 252.

D. Chain Addition by Nucleophilic Displacement
of Halogen at C-22

A few nucleophilic substitutions at C-22 have been employed
to extend and/or complete the side chain of some sterols and
hydroxysterols. In all instances, the halide or tosylate displaced
has originated from an aldehyde or ester moiety at C-22. For
example, the Hoffmann-La Roche group ' started with aldehyde
151 obtained from stigmasterol and prepared tosylate 254a by
reduction with Red-A1 and tosylation. Displacement by the lithio
derivative of the THP ether of 2-methyl-3-butyn-2-ol (1 equiv,
65% vyield, or 2 equiv, 90% yield) gave acetylene compound
255, Use of the corresponding bromo Grignard or chioro Grignard
reagents gave no reaction. Reduction of the triple bond in 255
and acid cleavage of the i~steroid system and THP ether yielded
258a in 30% yield overall from stigmasterol. More recently,

~

R
254a, R=0Ts
b, R=I
OMe c, R=Br
151
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.. _R
. S
OTHP
HO
255

256a, R =
OH

b, R=\%\’/

c, R:\%\

Steiner et al.'®® used tosylate 254a to create two new marine
sterols 256b and 256¢, by nucleophilic substitution with 3-
methylbutynyllithium and propynyllithium, then acid rearrange-
ment of the /-steroid grouping.

Gut and workers 40 also employed tosylate 254a as a starting
point, but transformed it to iodide 254b before coupling with
w-{dimethylalkyl)nickel bromide'*" in 65% yield to obtain 24-ene
257, which was converted to demosterol (258).

OMe 258
257

Caspi et al.'#2 also prepared 24(25) double-bonded sterols.
They began with diene alcohol 259a and 7-dehydro alcoho! 259b
and changed the hydroxy! groups to bromides (259¢ and 259d,
respectively) by tosylation, then displacement with LiBr, or better
with PhsP and CBry. The desired sterols 260 were formed by

260a, 5-ene
b, 5 a-H

OMe

259a, 5-ene; R=0H
b, 5 a-H; R=0H
c, 5-ene; R=Br
d, 5 a-H, R=Br

coupling the bromides with -v,~v-dimethylallyl bromide in the
presence of magnesium; however, yields were poor. Better
yields for a Grignard coupling reaction were secured when
tosylate 261 and the Grignard of 4-chloro-2-methyl-1-butene
were reacted in the presence of dilithium tetrachlorocuprate?23%
to 262. Conversion of 262 to 263a by catalytic reduction or to
263b by acyloxymercuration-demercuration was accomplished
afterwards.2%4

Another approach#? to 25-hydroxycholesterol (256a) involved
formation of an intermediate dithiane from iodide 254b or bro-
mide 254c¢ similar to a method by Lettré et al.4€ Lithiation of di-
thiane 264 and addition of isobutylene oxide resulted in com-
pletion of the chain 265. Removal of the sulfur heterocycle with
TiCl4—LiAlH, and i-steroid rearrangement of 266 gave 256a. In
an alternate study'? alkylation of 267 by 254b or 254c was
unsuccessful.
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: OTs Z

THPO HO
261 262

( 8 OTHP
S

Li
266 267
Alkylation of sodio diethyl malonate by a mixture of two C-20
epimers of tosylate 268 was another route used to extend the
side chain.®4 Once diester 269 was hydrolyzed, it could be de-
carboxylated to cholic acid (270) which was eventually converted
to fucosterol (271) and sargasterol (272) (see section VII.A).

CH,OTs

i o

AcO

268
COOEt

COOH

5 COOE {

269 270

271 272

E. Preparation of 22(23) Double Bonds

Wittig reaction of a 22-aldehyde has been the most widely
used method of essentially completing the major part of the chain
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TABLE VIil. Wittig Reactions on C-22 Aldehydes

D. M. Piatak and J. Wicha

Starting aldehyde Ylide Product Comments Ref
Me. _ PhaP\/\’/ Me. o
223
AcO
PhsP Me. |
As above 223
PhaP\/S/ Me. PN
As above 63 % yield 146
Pnap\)H/ Me,
As above 44% yield 146
o)
Ph3p\)]j/ Me. ~
As above 68% yield 146
PhaP Me, ~
As above \/\’<OH g OH 22(23) confign not specified 225
o]
PhiP Me. o
As above 82% yield 149
Me. PhaP\/\r Me ~
| ,
AcQO
Me. o]
PhPo Me, \
124, 148
AcQ !
H
e
PhaPa M
As above 226
Me.
Pn3p\)ﬁ/ Me.
73% yield 146
AcO’
PhsP\/lH/ Me, ~
As above 54% yield 146
o]
Phap\)kr Me,
As above Yield not given 146
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TABLE Vill (Continued)
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Starting aldehyde Ylide Product Comments Ref
CHO Phap\/\r Me. S
Corey modifn; Z, isomer almost 145
exclusively
OMe
Me, .
As above As above As above -+ 2.5:1 ratio of Z.E 145
PhSP\ Ny Me, NP
As above \/Y Corey modifn; some Z isomer 145
UEENGAN Me. s
As above \/\r\ Y\ 50% vyield; Corey modifn 145
PhsP R
S N Me, ~ -
As above ) 30-50% Z isomer; 50-70% E isomer 147
—_ X = Br, high yield
Ph,P=CBr
As above PhoP=COL X = Cl, 85% yield 162
Ph3p\/Y Me. Me _
; 59
CHO
As above 60% yield 59
THPO !
H
69
AcO’
CHO Phsp\/\r Me, ~
224

OH

while simultaneously forming a 22(23) double bond. The reaction
with unstabilized ylides and in nonpolar solvents gives mainly
(E)}-22-olefins.'44 Z isomers can be made by the Corey modifi-

cation, but not consistently.5%:'45 There have been only a few
comparative studies, '45-147 however, documenting exact isomer
ratios (see Table Vi),
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Although many of the Wittig reactions listed in Table VIl have
been used for the preparation of essentially complete side
chains, several cases have supplied the base unit for the further
formation of 24-substituted sterols. For example, Fryberg et
al.’8 prepared 273a by Wittig reaction of ketone 273b with
Ph;P==CH, as an alternate to a direct Wittig on the 22-aldehyde
(see Table VIII). Similarly, they obtained the 24-ethyl analog
273c. It should be noted that the structural assignment of the
latter compound is based upon incorrect Z and E designations
of a compound illustrated by these authors'4® to which it was
compared.

R
.. N
AcO N Ry
H
273a, R = CH, s
b, R=0
¢, R = CHCH
AcO : .l{
Ro

274a, R, = CHCH3 R, =Me
b, Ry=0; Ry=H
¢, Ry=0; R;=Me
d, Ry =Hj R, =Me
e, R, =CH, R, =Me
f, R, = CHCH3; R; = Me

Sucrow and his group have synthesized several natural sterols
by similar procedures. One of their first syntheses'2* was for-
mation of the 7,24(28)-diene sterol 274a by reducing the 22(23)
double bond of 274b, then adding PhsP==CHMe to the 24-ketone
of 274b. Similarly, 4a-methyl ketone 274¢ was used later 48 o
make lophenol acetate (274d) by a Wolff-Kishner reduction,
24-methylenelophenol acetate (274e) with PhsP=—=CH,, and ci-
trostadienol (274f) with PhaP—CHMe. A more complex prepa-
ration14® of sterol 278b started with reduction of ketone 275 to
276. Addition of an isopropenyl moiety with the corresponding

AcO

277 278a, R =
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CGrignard reagent yielded alcohol 277, which was converted with
Pl to iodide 278a. The latter compound was not characterized,
but directly reduced to the desired product 278b.

An interesting stereoselective Wittig reagent was recently
devised by Salmond et al.2%¢ for the preparation of 25-hydroxy
steroids. PhsP—=CH,, was reacted with isobutylene oxide to give
adduct 279 which possesses either betaine structure 279a or
oxophospholane structure 279b. Treatment of 279 with n-BuLi

e

PhyP
279 2796
)<0‘ /\/kosnwe3
pp? > Phep? »
280 281

gives ylide 280 capable of reacting with aldehyde 1563 without
C-20 isomerization and with formation of £:Z 22(23) double bond
isomers in a 85:15 ratio. Formation of the E double bond was
explained by intramolecular betaine equilibration as shown
below. The mechanism was supported by the fact that reaction
of the silylated ylide 281 with aldehyde 153 gives a reverse £:Z
ratio (15:85).

2 ppp, 4 PPh,
N4 ==
H H H
ch &

Double bonds at 22(23) have also been important intermedi-
ates for the completion of the side chain via nucleophilic dis-
placement of their corresponding epoxides (see section V.G).
Their formation includes addition of vinyl Grignards to 20-ketones
(see Table Ilf), Wittig reaction'®® of a 22-aldehyde with
PhsP=—=CH to form 282, decarboxylation%* of C-24 carboxylic
acid 283 to the ene 284, and, more recently, sodium amalgam
reduction®® of 285 to give 282,

284 285
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F. Electrophilic Reactions of Double Bonds at
22(23)

Addition of bromine or chlorine to a 22(23) double bond of
several ergosterol derivatives gives one major dihalide prod-
uct.159-152 The structure of a dibromide 286 has been deter-
mined by x-ray crystallography.?53

AcO .

286

Ergostene derivative 287 with iodine and silver acetate54
yields iodoacetate 289a stereo- and regioselectively. Bromo-
acetoxylation under similar conditions is less selective and forms
three (288b, 289, 290) of the four possible isomers in a 9:4:1
ratio.197.155 |odoacetoxylation of i-steroid olefin 282 leads to a

o) 288a, R=1
287 b, R=Br
AcQ . AcQ ,
Br 5 Br
289 290
R
.l R

291a, R, = OAc; R, =|
b, R; = OH; R, = Br

T
292a, Ry =1, R, = OAc
b, R, =Br, R, = OH
HO |
H
293
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mixture of iodoacetates 291a and 292a in a 2.5:1 ratio, 193 while
the same reaction with stigmastene (293) forms iodoacetates
294 and 295 in a 3:1 ratio. 56

294 295

By combining 22(23)-ene 282 with N-bromosuccinimide in
aqueous THF, bromohydrins 291 and 292 are prepared in almost
equal amounts (39 and 24 %, respectively).’55 Bromohydrin
formation followed by base converted the norlanostene 296 into
a mixture of epoxides 297 and 298 in a 5:1 ratio.'% The 22R
epoxide dominated the products (83 % yield) when 282 was io-
doacetoxylated, then treated with base.58

~

N x

AcO
296

297 298

The steric course of previous reactions has been explained'®
by the following: (1) conformation of the 22(23)-ene side chain
should be depicted in 299 as has been determined for ergocal-
ciferol in the crystalline state,'55157 since it is reasonable to
assume this conformation predominates in solution as well. In
this staggered conformation allylic interactions of the vinylic
hydrogens (A-strain) are minimized, 158 (2) the double bond is then
attacked by the positive ion from the less hindered side (opposite
the polycyclic substituent) as depicted in 300; (3) the interme-
diate halonium ion 300 is approached preferentially at C-23 by
the nucleophile, e.g., OAc™, since this position is markedly less
hindered than C-22; (4) substitution occurs at C-23 opposite to
the carbon-halonium bond to produce 301 as the main product;
and (5) selectivity of the addition is dependent upon the size of

299 300

3 Nu

=z~
C

301
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the halonium ion (iodonium being greater than bromonium). Alkyi
substituents at C-24 seem to influence the course of the reaction
very little. 158

Two novel methods of removing a 22(23) double bond while
protecting a 5,7-diene system have been reported by Barton et
al.’%% In one PhSCI and Hg(OAc), are added to the double bond
of the triazolidenediene-protected compound 302 to yield a
mixture of three epimeric 22,23-acetoxy sulfides 303 which are
then reduced with PhCH,Me,SiH to 304. The sulfide moiety in
304 is finally removed with Ni(R). In the other, the 5,7-diene
system was protected as the iron carbonyl complex 305, and
the side-chain double bond was reduced over PtO; in the pres-
ence of PhCH,Me,SiH in 94% vyield.

G. Formation of 22,23-Epoxides and Their
Reactions

The oxidation of ergostene derivative 287 with monoper-
phthalic acid02155 jeads to a 2:3 ratio of epoxides 306 and 307.
Similar steric results were observed when i-steroid olefin 282
was oxidized by p-O;NCgH4CO3H to epoxides 308 and 309 in
a 1:2 ratio.’°® Comparable stereoselectivity was found with

2 o !

N 1 ~

308 309

ergostene 293 which yielded epoxides 310 and 311 in a 3:5
ratio %€ and with dihydroxy compound 312 which forms epoxides
313 and 314 in a 2:3 ratio.'%° In one instance,® a somewhat
better yield (79 %) of single epoxide 309 was achieved from the
action of mCPBA on ene 282.

Epoxidation 27159 of 22-en-24-one 315 with alkaline hydrogen
peroxide proceeds stereospecifically to «,5-epoxide 316.
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310 311

313 314

315a, 5, 7-ene 316
b, 5-ene

Nucleophilic substitution of several of the above-described
epoxides at C-23 has been a means of completing the side chain
and simultaneously generating a 22-hydroxy! group with specific
stereochemistry. Addition of isobutenylmagnesium bromide to
norlanostene epoxide (297) was such a method developed by
Ourisson et al.1%4 to synthesize inotodiol (317), a component of
birch tree fungus /nonotus obliquus used in traditional Russian
folk medicine for cancer treatment. Similarly prepared were
(22R)-hydroxy-24-ene'°® 318, and (22R)-22-hydroxycholest-
erol %% (319) and two epimeric 22-acetoxy-25-dehydrocholes-
terols®8 (320) by reaction of epoxides 308 or 309 with the ap-
propriate Grignard reagent, then rearrangement of the i-steroid

QH

HO
317

HO
318
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H

--Q

HO
319

moiety. Nickolson and Gut80 formed two epimeric trihydroxy-
cholesterols 321a and 321b from epoxides 313 and 314 re-
spectively, by first epoxide opening with i-BuLi, followed by
rearrangement of the i-steroid system.

B4

HO
320a, R, = H; R, = OH
b, R, = OH; R, = H

HO

321a, R, =H; R, = OH
b, R, = OH; R, =H

VI. Reactions Involving Position 23
A. Additions to C-23

Not many major side syntheses using C-23 as a key point have
been evolved owing probably to more readily available starting
materials with appropriate functional groups at C-20, C-22, and
C-24. Also there are not many naturally occurring compounds
with important functional groups at C-23 except for antheridiol
which has been considered already in section IV.B. Some syn-
theses, however, have utilized carbon 23 as an intermediate
point. Sucrow and Girgensohn, ¢ for instance, added the Wittig

CHO
AcO (
322
.. R . R
> 7
! i
323a, R=0OH 324a, R=0
b, R=0Ts b, R=CH,
c, R=1
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reagent PhzP—CHOMe to 22-aldehyde 210, then hydrolyzed it
with acid to the 23-aldehyde 322, Formation of iodide 323 by
reduction, tosylation, and displacement ensued next. This C-23
moiety was then used to alkylate a-ethylacetoacetic ester to
yleld ketone 324a after hydrolysis and decarboxylation. A Wittig
reaction of the 25-ketone completed their preparation of the
C-24 epimeric 7,25-stigmadiene (324b).

In a synthesis of demosterol, Gut et al.'#° used a similar al-
dehyde, 325, to react with isobutenylmagnesium bromide
forming alcohol 326a. Alcohol 326a was methylated by NaH-Mel

) CHO ) N

326a, R =0OH
b, R=0Me
325 ¢, R=H

THPO

to ether 326b, and the ether moiety was removed with Li-EtNH,
to yield demosterol THP (326¢). The side chain was also ex-
tended®® with aldehyde 329 as an intermediate. By a Wittig re-
action of 327 (see section !IL.E) to yield 328a, then a series of
reactions consisting of reduction, deamination, hydrolysis, ox-
idation, and hydrogenation, the aldehyde 329 was finally secured.
Addition of the Grignard from 4-bromo-3-methyl-1-butene to 329
completed the chain of 330.

--0Ac --OAc
328a, R=CN
AcO : b, R = CH,NH,
H ¢, R=CH,0Ac
327 d, R =CH,0H
e, R=CHO
H H
CHO
E --0OAc
329 330

A recent new approach by Salmond and workers'2 for 24-
hydroxycholesterol utilizes the lithio acetylide 332 formed from

Li

331 332

“ OH

333 266
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vinyl dihalide 331 (see Table VII) by n-BuLi and adds isobutylene €, Formation of 23(24) Double Bonds

Wyllie and Djerassi®® condensed PhgP==CHCHMe, with al-
dehyde 340 to obtain 341 (Z configuration). A similar reaction4
was employed to obtain steroids isotopicaly labeled at C-25.

B. Reduction of 23-Ketones h CHO
LiAH, reduction of the unsaturated side-chain ketone in la- ~.
nosterol derivative 334 goes with little selectivity to the two =
epimeric alcohols 335 and 336 (9:11 ratio). 8% Ergostane de- f
H
340

341

oxide to produce the remaining part of the chain. The alkyne 333
is then reduced catalytically to 266, which is subsequently
converted in rings A and B, to the desired product.

334

HO

H In a model study for the side-chain synthesis of natural genin
(342), Piancatelli and Scettri® started with 343 (see section lil.E).
First, the ketone moieties depicted in 344 were introduced by
base hydrolysis of 343, oxidation at C-3 and C-16, and then
methylation of the acid. The 23-ester group of 344 was trans-
formed to an aldehyde 345 next by LiAlH, reduction and CrOz-
pyridine oxidation of the resultant alcohol while the ketone

H
336 COOEt
rivative 332 upon LiAlH, reduction at —20 °C and reoxidation --0Ac
at C-6 by MnO, yields a slightly higher amount of S isomer 339
over R isomer 338 (7:3 ratio).’92 In the latter case the steric
" AcO
343
H
!
i
COOMe H
0 :
CHO
0
O
344 345

results of the reduction are in agreement with Cram's rule as

illustrated by o : -
o OH H o/ <
—
~—~H"
22 o
02225 Cas

Cc H

337
o B
Se ; moieties were temporarily protected as ketals. Wittig reaction
! of 345 with PhsP—=CHCHMe, gave 23-ene 346 determined by
OH OH
=
O
338 339 '
1
I
H

347
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an infrared spectrum to be the E isomer. Glycol formation with
0Os0, gave two isomeric diols, one (23R,24R) of which cyclized
to the natural and favored genin system 347,

Propargy! alcohol 348 has been reduced to (E)-vinyl alcohol
349 and allene 350 in 80 and 13% yields 55 with LiAIH,4, while

~
~

A
OH

~
~

AcO z
348 OH

HO
349

< ;\\Y
HO

the corresponding i-steroid 351 forms (E)-vinyl alcohol 352
only.%® The Z isomer of vinyl alcohol 353 results from catalytic
reduction of the triple bond in 351 over Lindlar catalyst. 167

351

OH

352 353

D. Preparation and Reactions of 23,24-Epoxides

Some chemistry of 23,24-epoxides has been done in con-
nection with the synthesis of vitamin D metabolites. 7 Epox-
idation of E-olefin 352 with mCPBA gives epoxides 354 and 355
in a 1:1 ratio; however, t-BuOOH in the presence of vanadyl
acetoacetate'®® favors considerably 355 over 354 (85:15

© o.

OH OH

354 355
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OH

356 357

ratio). 67 Similarly, an 15:85 ratio of epoxides 356 and 357 was
produced with the latter reagents from the 2-23(24)-ene 353.
Interestingly, when reduced by LiAIH,, trans epoxide 355 gave
24 S-alcohol 358a and 23R-alcohol 359 in a 2:3 ratio, while cis
epoxide yielded mainly 24R alcohol 358b (95 %) and a minor
amount of 359 (5%). If both epoxides 355 and 356 are reduced
by (i-Bu),AlH, only 359 results. Eventually, the products were
transformed to the corresponding cholestero! analogs by re-
generation of the 5-en-33-o0l system. 167

' OH
OMe OH
358a, Ry =H; R, =0OH
b, Ry=0H; R, =H 359

Vil. Reactions Involving Position 24

A. Grignard and Organocadmium Reactions on
C-24 Acids and Ketones

Addition of Grignard reagents to bile acid esters is the oldest
known method of completing stero! side chains primarily be-
cause it was used to relate the two main naturally occurring
steroids—cholesterol and cholic acid. One of the first reports 169
was the reaction of ethyl cholanate (360a) with i-PrMgBr to yield

rv hir N%
ﬁcm ey

R
364

a R= b R=
HO"

I
-0
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what was thought to be addition product 361a. Furthermore,
product 361 was oxidized to give ketone 362a and acid 363a.
Their results, however, can be explained better if their product
is either a mixture of ketone 362a and starting ester 360a or just
the ketone 362 since the diaddition is unlikely and the oxidation
products could arise from ketone 362a just as well. Ten years
later,'7° the ethyl lithiocholate (360b) was used in the same
sequence to form ketone 362b which supposedly gave a “pi-
nacol” product during Wolff-Kishner reduction. One of us re-
cently verified the ketone formation; however, the “‘pinacol”
product claimed to result could not be secured—instead normal
reduction to 364 results (25% yield).?”! The amide of deoxy-
cholic acid also underwent addition by -PrMgBr to yield ketone
362c¢ which was reduced to 364c in low yield.172

Other means of completing the chain as 24-ketones 366a and
366¢ include the action of i-PrLi on acid?7® 365a or (i-Pr),Cd on
the “‘natural’ acid!'?4 365b or 20-isoacid® 365¢. The ketones

R

3
Rz\ COOH
o)
R
Ro. y°
R0
365
HO
366
R
Roo v
HO
367

a, Ry=H; R, =Me; Ry=H
b, R, =Ac; R, =Me; Rz =H
¢, Ry=Ac; R, =H; R3=Me

were then reduced®® 174 to cholesterol 367a or isocholesterol
367¢ in poor yield under the Wolft~Kishner conditions which
seem to be characteristic for this ketone although lophenol
(274d) has been reported to result in a 91% yield '8 from its
corresponding 24-ketone 274c.

Reaction of ketone 368a, obtained from pyrolysis of the
barium salt of cholanic acid and barium acetate, with i-PrMgBr
gives an alcohol which can be dehydrated and hydrogenated to
a mixture of ergostanes’”® 369 epimeric at C-24. Also ketone
368b could be used in the same way.

368a, R=H

b, R=0H 369
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B. Syntheses Involving the Ardnt-Eistert
Reaction on Bile Acids

Ardnt-Eistert extension of a cholic acid or cholenic acid (370)
chains followed by MeMgX or MeLi reaction of the resultant ester
366 to yield a 25-hydroxycholestane (372) has been used by a
number of groups after its introduction by Peariman'?? in con-
nection with cholic acid (370a). Lettré et al.46.178 gpplied the
sequence to several cholic acids 370b—c obtaining in some
cases 24-enes 373b-d as had Mosbach and workers'7® for the
formation of C-24 labeled triol 372d.

.. COOH .
1/\/ . ]/\/\coowle

R R
370 371

. —_ \W/\/Y
OH
R R

372 373
COOMe

R
374 375

a, R= b, R= &
HO™ “OH HO™
H
IS
: f b d R= : E :b
HO™ “OH
H H
e R= C@é f, R-/Ctg:h
HO™ . HO
o)
9 R= .
1
AcO .O

Of particular interest was the application of the sequence to
cholenic acid (370f) to give alcohol 372f which could be dehy-
drated and hydrogenated to cholesterol’® (374f) and to lanos-
tenoic acid (3659) as the means of finalizing the side chain of
lanosterol (373g) in the Woodward-Barton total synthesis. 8’
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C. Applications of the Kolbe Electrolysis
Procedure

The Kolbe electrolysis procedure is a method which has been
investigated very little for side-chain construction because bad
yields of product are known to occur.'®2 Although the method
has been applied to the formation of cholestane side chains
374a-d on various cholanic acids 370a-d with isovaleric
acid,183-187 jtg chief utility lies in coupling cholanic acids 365a—d
with optically active half acid esters'®8.13° to form steroids
375a-d with known configurations at C-25.

D. Reduction of C-24 Ketones

NaBH, reduction of 24-oxocholesterol (366b) yields (24R)-
hydroxycholesterol (376) and cerebrosterol,’®0 a brain sterol

OH

--Q
I

HO
376

HO
377

(377), in a 5:4 ratio.73.1%1 Configurations for the hydroxy groups
at C-24 were assigned on the basis of CD measurement'92 of
dibenzoates.

E. Formation of 24(25) Double Bonds

In addition to dehydration of 24-hydroxy and 25-hydroxy ste-
rols?93-195 (3150 see section VI.B) the 24(25) double bond has
been introduced along with the remainder of the side chain by
Wittig reactions. For example, Wyllie and Djerassi®® added
Ph3sP=CMe; to both 378a and 378b to secure 379a and 379b,
respectively. A different approach was taken by Ourisson et

0

378a, R=H
b, R=Me

379a, R=H
b, R=Me

al.’% in that ylide 381a was prepared on the side chain via iodide
380a and phosphonium salt 380b, affording thusly the oppor-
tunity to prepare both carbon-14 [abeled 38 1b and deuterated
381c lanosterols. Similarly, Herz and Montalvo97:1%8 prepared
fluorinated 383a and adamantyl 383b steroids by addition of the
appropriate ketone to ylides from 382a and 382b, respective-
ly.
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~

R

R
N
AcO |
380a, R=| 381a, R =Ph,P

b, R =PhgP* I b, R = 4Me,C
¢, R=(CD,),C

2

382a, R, =Me; R, = PhyP*Br-
b, R, =Et R, = Phalr*Br'

R,0
383a, R, = Me; R, = (CF3),C=

b, R, =Et R, =

F. Reactions of 24(25) Double Bonds

Photooxygenation of the 24(25) double bond in demosterol 1%°
(384a) and tirucallol?” (384b) forms about equal amounts of al-
lylic alcohols 385 and 386, the former capable of being oxidized
to unsaturated ketone 387.

H o
R R R R
OH
384 5 386 387

38

~
~

HO

Oxidation of demosterol (384a) by OsO, or mCPBA leads to
epimeric diols 388a and 388b or epoxides 389 in about a 1:1
ratio each, respectively.95.199.200 The diols were resolved as
their 3,24-dibenzoate-25-trimethylsilylate derivatives, and the
configuration at C-24 was established?°'.2%2 by the modified
Horeau method.203.204 A mixture of epoxides 388 was reduced
by LiAlH, to 25-hydroxycholesterol (388¢) or hydrolyzed to diol
mixture 388a,b by acid.95:199,202 The individual epoxides (24R
and 24 S) were also reduced by LiAlH,: AICl; to 25-hydroxy-
cholesterol (388¢) along with the (24R)-388d or (24 S5)-388e
hydroxycholesterol, respectively.29° Acyloxymercuration—
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Ry R

Ra

HO
388a, R, =R;=0H; R, =H
b, Ry =H, R, =R;=0H
¢, Ry =R;=H; Rz = OH o)
d R =0H; R,=Rz=H
e, Ry =R3z=H; R;=0OH

HO

389

demercuration has also been employed to form 25-hydroxy-
cholesterol (388¢) from demosterol, 194199

The 24(25) double bond of 390 (see Table IX) has been se-
lectively epoxidized over the 22(23) double bond by MeCOzH-
NaOAc in an efficient synthesis of 25-hydroxycholesterol from
stigmasterol.237 Catalytic reduction of both the double bond and
epoxide in 391 to 25-hydroxy 388c¢, followed by i-steroid moiety
rearrangement, resulted in a 56 % overall yield of 25-hydroxy-
cholesterol from stigmasterol tosylate.

OCH; 391
390

Cycloartenol epoxide (392) undergoes an interesting rear-
rangement with stannic chloride to 24-ketone 393 (35 %) and
aldehyde 394a (30%). The latter compound was subsequently
used to prepare cycloneolitsine (395) by oxidation and methyl-
ation to ester 394b, followed by MelL.i addition to the ester and
dehydration of the resultant algohol 205208

AcO
392 393

394a, R=H 395
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VHI. Reactions Involving Position 25

A. Grignard and Related Reactions of C-25
Oxygenated Derivatives

Completion of the side chain has been accomplished by
MeMgX or MeLi addition to C-25 esters (see section VI.B and
preceding paragraph) or MeMgl addition to 27-nor-25-oxocho-
lesterol (389a) to form 25-hydroxycholesterol,142.193,207,208

B. Formation of 25(26) Double Bonds

Condensation of the appropriate 25-ketone'6'193 with
PhsP==CH, or PhaP=—CHOMe has been used to prepare 397,

~
~

AcO

396a, R=0
b, R =CH,

324b

324b, and 398. 25-Hydroxycholesterol has been reported to give
25(26)~dehydrocholesterol (396b) by dehydration with POCls—
pyridine2°” or PBr3?%® and a 2:1 mixture of demosterol (384a)
and 396b with POCl;.1%% The Cope elimination of C-26 amine
oxides of ergostane derivatives also yields 25(26) double
bonds,125.126

HO

398

C. Reactions of 25(26) Double Bonds

Epoxidation of 399a at C-25(26) followed by LiAlH, reduction
has been described!%5 as yielding 400a and 401a, while acid
cleavage of the epoxide gives only 400a, and acyloxymercu-
ration—-demercuration, only 401a. On the other hand, Trost and
Matsumura®® report a good vield of 403b by epoxidation and then
LiAlH4 reduction of 402b.

Sterols labeled with tritium have beem made?°® from 404b
with B,Tg to a 3:1 mixture of 405b and 406b. Hydroboration210
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TABLE iX. Wittig Reaction on C-24 Ketones

C-24 Ketone Ylid Product Yield, % Ref
Me,
Me. _
PhaP=CH, 85 227
AcO
As above PhsP=—CHMe, No reaction 227
Me. Me. l
;
PhsP=—CHMe 20 227
AcO

146
AcO
Me,
fa
As above PhzP=CH, 32 146
Me.
PhsP=CHMe 41 124
AcO’ !
H
Me. Me.
PhgP=CHMe 33 228
AcO
O
(EtO)2)P=CHCOOEt 30 214

HO

of 407 with disiamylborane leads to a 25% optically pure 258 cemic mixture of 26-hydroxycholesterol, and with (—)-diisopi-

isomer 408, with (+)-diisopinocampheyiborane to a C-25 ra- nocampheylborane to an 83 % pure S isomer 408.
R/\/Y RWOH
OH
399 400 OH T
OAc T
\ 405
“ ~.
R/\/\/‘< OH R /\/\r
401 402
OH

403 404
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408

IX. Formation and Some Relevant
Transformations of C-24{28) Bonds

A. Addition of Moieties to C-24

The introduction of carbon atoms at C-24 on the steroid side
chain has been done primarily to prepare naturally occurring
sterols. Although frequently the carbons attached to C-24 have
been part of a larger synthon, in some instances they have been
added in the final stages of a synthetic sequence.

Saringosterol (409), a marine sterol, has been prepared, for
example, by adding KC==CH to 24-oxocholesterol (366a), then
catalytically reducing the triple bond?'! and, alternatively, by
adding vinylmagnesium bromide2'2 to 366a. Stero!l 409 has also
been rearranged by PBr; or Pl; to allylic halides 410 in a 4:6 ratio
of Z:E isomers, which could be separated and reduced to the
corresponding 24(28)-ene sterols 411 by LiAIH4.212 A similar
sequence was applied to 24-oxocholest-7-en-38-0l.212 The
24(28)-ene moiety in 411 has also been formed®4 by reaction
of ketone 366a with EtMgBr and dehydration of the resultant
alcohol with POCI3.

HO

410 411
X=Br or |

By LiAIH4-AICI3 reduction'85.188 of propargyl steroid 412,
saringosterol (409) and an allene sterol 413 have been prepared;
LiAlH4-TiCl, reduction®® affords the 28(29)-ene 414.

HO

THPO
412
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HO
413 414

Michael condensation of dimethyl malonate at C-24 of the
unsaturated ketone chain in 415 formed the basis for introducing
the C-28 and -29 carbons in a synthesis of antheridiol. The lac-
tone ring construction continued with hydrolysis of one ester
moiety in 416a to monoacid 416b, bromination of 416b at C-23
to yield 418¢, and closure of the ring 417. Next, the ketone at
C-22 was reduced to give the hydroxy compound 418. Removal

. of the ester moiety and introduction of the ring double bond then

o]

AcO
415

COOMe

416a, Ry =Me; R, =H
b, R,=Ry,=H
c, Ry=H; R, =Br

followed, affording 419. The 7-oxo group present in antheridiol
was introduced as a last step.

420



Construction of Aliphatic Side Chains of Steroids

Wittig reactions of C-24 ketones have been, perhaps, the most
explored means of adding carbon units at this position, and a
number of different ketones and ylides have been used (see
Table 1X) although the yields are not the best. The last exam-
ple24 in Table IX is of interest because acid treatment of the
Wittig product generated the lactone system of isoantheridiol
(420).

B. Reactions of 24(28) Double Bonds

Selective epoxidation of fucosteryl acetate (421) with mCPBA
gives a nonseparable mixture of epimeric epoxides 422 (1:1

AcO
421 422

NH

423 424

ratio), which were hydrolyzed to the corresponding diols.2'5 The
diols were separated as their a-methoxy-a-phenyltrifluoro-
acetyl derivatives?'® and identified by the Pr(dpm)s method.21¢
24,28-Iminofucosterol (423) has also been prepared from
fucosterol (421) and found to inhibit the growth of silk-
worms.217

Treatment?'® of epoxide mixture 422 with boron trifluoride
etherate in benzene curiously results in demosterol acetate
(35% yield) and C-28 ketone 424 (45% yield) plus a minor
amount (12%) of the aldehyde 425.

OHC

425
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