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Abstract

Both naturally occurring and synthetic D-homologs of compounds with a sterane skeleton exhibit
diverse biological activity. The main sources of isolation are plants and marine organisms. The
synthetic D-homosteroids are potential leads for drug discovery. This review focuses on steroids
with a six-membered carbocyclic ring D and related compounds, the isolation or syntheses of
which were reported between the mid-1990s and mid-2006.
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1. Introduction

Steroids are biomolecules that occur widely in nature and play key roles in the functioning of the
human and animal organisms. Numerous members of this family of compounds, which can also
be found in plants, exhibit varied biological activities. The series by Hanson in, “Natural
Product Reports” regularly discuss the reactions and partial syntheses of diverse new steroids.'
Stéphan has reviewed the syntheses of modified steroids having a five-membered ring D in the
androstane and androstene series.” There is a steadily rising need to find effective drugs; one
plausible way to satisfy this need is to combine two or more different molecules with different
chemical and biological properties into one new, “hybrid”. The features of these new entities
often differ from those of the original compounds. Mehta ef al.® and Tietze et al.* have reported
numerous examples of the synthesis of natural products, including steroids, where this concept
for the synthesis of new derivatives was utilized. Steroidal conjugates and their pharmacological
applications have been discussed by Salunke et al.” and the use of bile acids as building blocks of
supramolecular hosts has been surveyed by Tamminen and Kolehmainen.® Another possible way
to obtain new, useful steroids for medicinal chemical purposes is to modify the original sterane
skeleton, for example by the enlargement of ring D. The insertion of one additional carbon atom
in ring D may alter the biological properties.” For example, the estrogen receptors recognize D-
homoestradiol (1) only poorly; the compound exhibit of three magnitude lower receptor binding
affinity, then estradiol.® On the other hand, D-homoestrone derivatives possess antioxidant
properties.” A number of attempts has been made to produce D-homosteroids. Some of the new

" This review discusses the D-carbocyclic D-

compounds isolated exert anticancer effects.
homosteroids whose isolation, syntheses, structure determinations, biological activities and
potential applications were reported between the mid-1990s and mid-2006. There are two
different ways for obtaining D-homosteroids; the isolation from natural sources (Chapter 2) and
the chemical synthesis and transformation of them (Chapter 3). Figure 1 shows the ring lettering,
atom numbering, and the usual configurations of the stereogenic centers of the D-homosteroids
on the examples of the D-homoestrane derivatives chosen (1, 2). If not shown in the formulae,

the positions of the hydrogen atoms at the stereogenic centers are Sa, 8, 9a, 14a.

@)

Figure 1
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2. D-Homosteroids isolated from natural sources

Steroid alkaloids are usually found in higher plants and in animals. The toxic tomatidine,
occurring as glycosides in Licopersicon esculentum and Solanum demissum inhibit the growth of
human colon (HT29) and liver (HepG2) cancer cells.'? Batrachotoxin, produced by poison-arrow
frogs, is one of the most toxic non-peptide compounds.'® All recently isolated natural derivatives
discussed are C-nor,D-homosteroids. Two new steroidal alkaloids, veramine (3) and
neojermininaline (4), together with the known glycoalkaloid pseudojervine, have been isolated
from Veratrum album L."* Veramine has been found to have a jervine-type skeleton, and
neojermininaline a cevine-type skeleton (Fig. 2).

Figure 2

Germinine (5), isolated from Veratrum lobelianum Bernh, has a structure closely related to
that of neojermininaline.15 Imperiazine (6) has been isolated from Petilium eduardi (Fig. 3). 16

Figure 3

Two members of a new class of C-nor, D-homosteroid alkaloids, impranine (7) and dihydro-
impranine (8), have been isolated from Fritillaria imperialis."” Fritillaria pugiensis has
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furnished six new compounds, including five derivatives with the C-nor, D-homo structure:
pugienines C-E (9-11), pugiedine (12) and 3a-pugiedin-7-ol (13; Fig. 4)."®

Among twelve cardenolide glycosides obtained from Thevetia ahouai (LINN.), four proved
to be new combinations of known aglycones and sugars, and nine were C-nor, D-
homocardenolide glycosides."”” One of the new compounds is thevetiogenin 3-O-B-gentobiosyl-
(1—>4)-a-L-rhamnopyranoside (14; Fig. 5). Atta-ur-Rahman and Choudhary have published a
review on the chemistry of diterpenoid and steroid alkaloids published during 1996-1997.%°

Impranine 7R=0 0]

Dihydroimpranine 8 R =H (OH) 9

10 11

Figure 4
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HO! -

Figure 5

Biosynthetic products of marine organisms often contain halogens. Nakiterpiosin (15) and
nakiterpinosinone (16) have been isolated from the Okinawan sponge Terpios hoshinota (Fig. 6).
Both compounds, containing an aromatic ring D, bromine and chlorine, exhibit potent
cytotoxicity against mouse lymphocytic leukemia cells (P388).'%!!

15 16

Figure 6

3. Syntheses and transformations of D-homosteroids

One plausible approach to the formation of D-homosteroids is the conversion of the five-
membered ring D of the naturally occurring steroids into a six-membered one. To achieve this
goal, rearrangements or ring opening reactions, followed by cyclizations must be performed. An
important advantage of this strategy is that the configurations of most chiral centers remain
unchanged. However, the selectivities are often low or (in the case of ring-opening — ring-closure
sequences) the synthetic routes involve numerous steps.
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3.1. Syntheses involving rearrangements

A classical route to the synthesis of D-homosteroids is the Tiffeneau rearrangement of 17-
aminomethyl-17-hydroxysteroids, which results in regioisomeric D-homosteroidal ketones.*'
Successful attempts have been made meanwhile to increase the selectivity,”” and recently
rearrangements have often been applied to obtain D-homopregnanes.

3.1.1. Cationic rearrangements

Lewis acid-catalyzed, one-step conversion of 16a,17a-epoxy-3B-hydroxypregn-5-en-20-one
(17) yielded chloro-substituted products: the D-homosteroid 18, exclusively or as the main
product, with lesser amount of 19, depending on the reaction conditions (Scheme 1).%

0
o)

HO

AICl,

WOH
“IoH

HO HO
18 19

Scheme 1

Epoxide ring-opening of the protected pregnene derivative 20 with phenylmagnesium
bromide led to the 16-phenyl-substituted alcohol 21, rearrangement of which with perchloric
acid afforded the D-homosteroid 22 (Scheme 2).** The synthesis and crystal structure
determination of its oxidized derivative, 17a-acetoxy-173-methyl-16p-phenyl-D-homo-4,6-
pregnadiene-3,17a-dione (23), have also been described.”” The inhibition of sodium acetate
incorporation into lipids by this type of D-homosteroids has been investigated,”® as have their
antiandrogenic effects.”’
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Scheme 2
The conversion of (20R)-20-iodopregn-4-en-3-one (24) into its iodosyl derivative by

MCPBA resulted in a Wagner-Meerwein-type rearrangement with regioselective migration of
the C16-C17 bond to give the D-homoandrostene 25, with incorporation of C-20 into ring D, in

good yield (Scheme 3).%*

OR

MCPBA

O O

24 (20R) 25 (R = H, 3-CICgH,CO, Me)

Scheme 3

Two new C-nor, D-homocorticosteroids (26, 27) were isolated from the filtrate of the triene
carbonate during the production of betamethasone. Treatment of the 12p-hydroxycorticosteroid
25 with PCls resulted in the same products in a ratio of 1:1, which proves that a Wagner-
Meerwein rearrangement led to the formation of the C-nor, D-homocorticosteroids (Scheme 4).%°
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OH
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25

PCls/THF
-78°C

Scheme 4

Steroid diols of type 28 gave rearranged products (29) under acidic conditions (Scheme 5).*°

OH O R
OH 0~

R acid X

N N

28 29

Scheme 5
3.1.2. Anionic/radical rearrangements

Steroidal 11,20-diketones 30, bearing a condensed cyclopropane ring on C-13 and C-17,
rearranged under alkaline conditions to give D-homoandrostanes 31 (Scheme 6).”'
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Scheme 6

Rearrangements of 16,17-cyclopropane-fused androstenes have been described. Treatment of
the hydrazone of 16a,17a-methylenepregnenolone acetate (33) with HgO/Hg(OAc),, followed
by the addition of NaBHy, led to the D-homosteroidal hydroxyketone 34 in a free-radical process
(Scheme 7).%"?

NH,

o) =N
-\\\:
1. DMSO methylide
2. NoH,/BaO
AcO AcO
32

33

1. HgO/Hg(OAc),
2. NaBH4

(jigjéo
HO" ™"
© H

34

To obtain D-homoandrostenes or D-homoestranes, the introduction of one additional carbon
atom into the molecules of the natural steroids is necessary. This can be achieved by the
formylation of 17-ketosteroids at C-16. 16-F ormyl-17-ketosteroids (35) can be transformed into

Scheme 7

3.2. Fragmentation — cyclization strategies
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D-secosteroids (36), by including a Grob fragmentation as the key step (Scheme 8).*** These
fragmentation products (39) bear two valuable functional groups, a formyl and an allyl group,
which allow a wide range of further transformations.

O O 1l
HCOOE
C.yy H
L NaOMe Q — q N
35 36
Rings A, B = or /@é/
RO RO

R=H, Ac R = Me, Bn

/

Scheme 8

An effective, simple epimerization of C-13 has been elaborated for the synthesis of 17-keto-
13a-5-androstenes”® and -estranes.’’ The unnatural 13 derivatives, with C/D cis ring
annelation, are of stereochemical and biological interest. The 13a-estrone, 3-methyl (37) and 3-
benzyl ethers (38) have been converted into their epimers (39, 40) and D-seco derivatives (41,
42) in the above-mentioned way (Scheme 9).383

0

39 (R=Me) 41 (R = Me)
40 (R =Bn) 42 (R = Bn)

Scheme 9
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The 3-methyl- or 3-benzyl ethers of the D-secoestrone derivative 36 were converted in an
intramolecular Prins reaction into halogen-containing D-homosteroids 43 in the presence of
Lewis acids.*® Also, F, CL, Br and I have been introduced into the 16 position, through the use
of BF3'OEt,, SnCly, ZnBr; or BF3OEt,/Nal, respectively (Scheme 10).

OH

Lewis acid X=F,ClBr, |

36 .

RO
43

Scheme 10

A similar sequence led to 13a-steroidal 16c,17a-a-halohydrins.*' With p-toluenesulfonic
acid, the resulting 16a-tosylate (44) gave the 13a-D-homoestrone (45), after oxidation,
elimination, and hydrogenation (Scheme 11). 3-Hydroxy- and 3-methoxy-D-homoestrones in
both the normal- and the 13a series have been tested in in vitro radioligand-binding assays. The
130.-D-homoestrone derivatives are estrogen receptor-selective molecules.®

H

IIIO

-TsOH
a2 T

“'OTs
RO

44

Scheme 11

Intramolecular Lewis-acid-catalyzed cyclizations of the steroid aryliminium salts 46 obtained
from the secoestrone aldehyde 36 yielded either the tetrahydroquinoline derivatives of estrone 3-
methyl ether 47 or the N-arylamino-D-homosteroids 48, depending on the nature of the
substituent on the aniline moiety. For electron-withdrawing groups, such as NO,, formation of
the D-homosteroid is favored (Scheme 12).***
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cr
HN
R
e T "
+
I'”M‘Nl MeO X =F, Cl, Br, OTs

MeO
46

R = H, CH3, OMe, Br, NO,
Scheme 12

A similar tendency could be observed in the 13a-estrone series. Earlier investigations
revealed that the conformations of rings C and D are strongly influenced by the substitution
pattern on ring D.*” An X-ray crystallographic investigation showed the chair conformations of
both rings C and D of a 16a-fluoro-17aa-arylamino-D-homoestrone derivative.*

The cyclization of iminium salts of a D-secopregnene aldehyde led to a 16B-arylamino-17a-
aminomethyl-17B-fluoro-D-homosteroid as a side-product.*®

© a-PyCH,Li, Et,0, THF, -10 °C or PHR
_N-OH BnLi, THF, -10 °C or N~OH
NaBH,, H,O, MeOH, KOH
MeO MeO
49 50 (R = H, CH,Py, Bn)

KOH (3-15 mol equiv.),
HOCH,CH,0H,
160 °C, H,O

51 R = Py, Ph

Scheme 13
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In a novel one-pot fragmentation—cyclization, 17B-hydroxy-17a-substituted 16-oximino
derivatives in the androstane and estrane (50) series have been converted into a new type of D-
homosteroid derivatives (51; Scheme 13).*’ The inhibitory effects of D-homo compounds of this
type in the androstane series toward aromatase, 33- and 17p3-hydroxysteroid dehydrogenase, and
170-hydroxylase/C17, 20 lyase (P450c17) have been investigated.*®

3.3. Total synthetic approaches

The classical Torgov method made possible the industrial-scale total synthesis of estrones.* This
reaction sequence can also be used to obtain D-homoestrones.”® A short, flexible, efficient
method has been developed by Saraber and de Groot for the synthesis of 17-substituted steroid
skeletons and D-homosteroid skeletons through the use of a ZnBr,-catalyzed coupling of a silyl
enol ether-containing ring D precursor (53) with a Torgov-type reagent (52), followed by acid-
catalyzed cyclization of the adducts (54), to furnish steroid and D-homosteroid skeletons (55;
Scheme 14).°"

R
= R
OH ZnBr, | )n
[ I i + §>>n o
MeO TBDMSO
MeO
52 53 54

n=1,2 n=1,2

\ p-TsOH

R
Nesl
MeO

Scheme 14

In another approach by the de Groot group, an efficient procedure has been developed for the
synthesis of C,D-cis-coupled steroid and D-homosteroid skeletons. A Mukaiyama reaction with
transfer of the silyl group of the starting silyl enol ether 56 to the enol of the adduct, followed by
the addition of vinyl magnesium bromide to the unprotected carbonyl group, leads to adducts 58,
which have been cyclized with ZnBr; to 59. The synthesis of functionalized steroid skeletons in
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overall yields of about 50% can be achieved in four steps in this way (Scheme 15).>*>* On the
basis of Mukaiyama chemistry, a further efficient procedure has been developed to obtain C,D-
cis annelated D-homosteroids.>*

Lewis acid

Scheme 15

The reaction of the cyclic B-cyanoketone 62 with 6-(3-methoxyphenyl)hex-1-en-3-one (61)
gave the decalone cyanohydrin 63, which could be cyclized to D-homosteroids (64, 65) under
acidic conditions (Scheme 16).”

CN
= CN

KOtBu
O Etzo "/,
DO Nelorat
0] “

MeO T MeO
61 62 63
p-TsOH HCIO4
toluene AcOH
CN
MeO l I
64 65
Scheme 16
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De Clerq et al. reported on the synthesis of a D-homo-10a-adrenosterone derivative (68),
based on an intramolecular furan—diene Diels-Alder approach (Scheme 17).%

O
O —
g Y
W N
66
IMDAF

Scheme 17

The D-homosteroid 74 has been synthesized by Tietze and Petersen, by two successive Heck
reactions, starting from enantiopure 71 and a bromoarene 70 containing a (Z)-bromovinyl group.

The first intermolecular Pd-catalyzed reaction led in a highly regio- and diastereoselective
way to 73, which afforded 74 with an unnatural B/C cis-junction in a second intramolecular
Heck reaction (Scheme 18).”’

New, biomimetic, intramolecular methodology for the preparation of racemic D-
homosteroids has been described by Zoretic et al.”® The polyene 77 has been cyclized to the
tetracycle 78 in a radical process. After removal of the ethoxycarbonyl functional group on C-4
and conversion of the angular cyano group on C-8 into 3-H, 4-methyl-D-homoandrostanolone 79
was obtained (Scheme 19).
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HO” ™
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3.4. Miscellaneous transformations and investigations

A review has been published on the synthesis of 8-azasteroids, including D-homo derivatives.”
Transformations of unsaturated derivatives of equilenin (80) and D-homoequilenin (81) have

been performed (Figure 7).
OAc

o=
MeO

80 (n=1)
81(n=2)

Figure 7

The properties and reactions of B-nor-8-iso analogs of D-homoestrone have been
investigated.”’ An NMR study has been performed on the stereo-structure and intramolecular
dynamics of D-homoandrostenes and a B-nor-8-iso-D-homoestrone derivative.”” The crystal
structures of two steroid 19,B-dinor-8,10-iso analogs® and of two 6-oxa-D-homo-8-isoestra
derivatives® have been published. An investigation has been made on the phosphorescence of
enaminocarbonyl-8-azasteroids (including D-homo derivatives).”” The results of CI-MS
investigations on 17-substituted estra- and 17a-substituted- D-homoestra- derivatives have been
reported.® Computational studies have shown that derivatives of tetrahydrochrisene (82) can be
successfully docked into the second binding site of ERo. and ERp (Figure 8).%

| R1 | R2
Me |OH
Et OH
Pr | OH
Et  |(CO)CH4

Figure 8

The metabolism of desogestrel has been studied in vivo after the administration of single oral
doses to rats and dogs. In dogs, 17a-keto-D-homosteroids have been found among the
metabolites of the progestogen.®®
Conclusions
The pharmacological potential of natural D-homosteroids, which occur widely in various plants

and marine organisms, is a driving force for the isolation of new derivatives and their structure-
elucidation. The considerable amount of recent partial and total synthetic work, directed to the
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preparation of D-homosteroids is a clear indication that this research will continue to comprise
an important field of steroid chemistry in the future.
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