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Introduction articles have also dealt with linkers for solid-phase organic

Recent advances in the genomic and proteomic areasSynthesi&**and preparation of librarie¥.“® Even though
provide medicinal chemists with the opportunity to study these review articles generally cover a large body of the
an increasing number of potential therapeutic targétén references available in the literature, the volume and variety
addition, the introduction of robotics has greatly improved Of publications now justify writing more specialized review
the throughput of biological evaluatidn In the past 10 articles dedicated to the application of combinatorial chem-
years, traditional medicinal chemistry has been comple- istry t'o a family of biologically relevant molecules, such as
mented with combinatorial chemistry in both the lead Steroids.
identification and optimization processes, resulting in a  The desirability of applying combinatorial chemistry to
shortening of the discovery phase of drug developrigiit.  the synthesis of libraries of steroidal derivatives is obvious.
Indeed, taking advantage of the pioneering work on solid- Steroids represent a broad class of natural products playing
phase peptide synthedfsi®the Houghten, Frank and Geysen crucial roles in the homeostasis of biological systéms
groups prepared the first peptide libraries and, thus, gaveNumerous existing drugs are, thus, steroidal derivatives
birth to combinatorial chemistry in the early 19892 Since exerting a wide variety of actions: receptor agonists or
then, combinatorial chemistry evolved toward synthesis of antagonists of estrogens, androgens, progestins and corticoids
small organic molecules in the 1990s and now includes the and inhibitors of steroidogenic enzymes. Recent advances
preparation of libraries (a group of compounds prepared in the area of signal transduction mediated by steroid
individually or as a mix) of compounds obtained by solid- receptors, particularly for selective modulators of estrogen
support synthesis or synthesized in solution with polymeric and androgen receptors, make combinatorial synthesis of
reagents and scaveng@tsihe interest raised by combina- steroid derivatives an even more attractive approach for the
torial chemistry is readily measured by the number of development of new drugs acting on hormone-related
publications on this topic, which has constantly increased diseases, such as cancers and osteoporosis.
over the past years, and by patents concerning various aspects For the above-mentioned reasons, we deemed it important
of the field. In addition to specialized books3® review to gather all of the literature relevant to steroids and

. — ) — combinatorial chemistry in a review article, which is divided
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Figure 1. Carbon numbering of a typical steroid scaffold and
common functionalized positions (3, 11, 17, 20, 21, and 27)
potentially useful for linkage of C18, C19, C21, and C27 steroids

Reviews

peptide derivative of an N-protected triamino analogue of
cholic acid 15 in a combinatorial fashion. In another
approach, Chan and Hudigised a diphenylsilyl ether to
anchor the B-hydroxycholestenel@) in low yields for a
coupling/cleavage cycle. Improved vyields were obtained
years later by Hu et af2% who chose the less sterically
hindered diethylsilyl ether linker (DES linker) to anchor the
secondary alcohol of epiandrosterod@)( In the latter, the
reactive chlorosilyl resin was generated in situ by a treatment
of commercially available DES resin with 1,3-dichloro-5,5-
dimethylhydantoin. The DES linker was also successfully
used by Poirier’'s grod in the solid-phase synthesis of
hydroxysteroid derivative9—21 starting from alcohol46—

18. A new polymerization method leading to high loading

to a solid support. resin (Rasta resin) and integrating a robust diisopropyl silyl

ether linker (RastaDIPPS) was used to link thex3isomeric
Yorm of steroid alcohoL3in high yield®® Similarly to DES
resin, the RastaDIPPS resin was activated in situ prior to
reacting with various alcohols. Another robust fluoride-labile
silyl ether, based on the 2-(trimethylsilyl)ethoxymethyl
(SEM) protective group, was developed by K&bDifferent
steroid alcohols, such &2—25, were linked in good yields
for a coupling/cleavage sequence. This linker was shown to
be compatible with palladium coupling reactions. The
diisopropyl silyl linker was also applied to soluble polymer,
such as polyethylene methyl ether (MPEG), which was
notably utilized in the polymer-assisted synthesis of the
glycosteroid26.5”

The well-known acid-sensitive dihydropyran (DHP) pro-

therapeutic interest, such as synthetic receptors and enzyme
antimicrobial agents, enzyme inhibitors, estrogen and an-
drogen receptor antagonists, vitamirg Bnalogues, and
others.

Linkers for Steroid Scaffolds. Steroids of mammalian
origin generally possess at least one ketone, hydroxy, or
carboxylic acid group at various carbon positions (typically
3,11, 17, 20, 21, and 27) of their scaffold (Figure 1). These
key functionalities represent a useful way to simultaneously
protect a chemically sensitive group and link the steroid to
the solid support. In the past 20 years, great efforts were
thus deployed toward purification by scavenging, solid-phase
synthesis, and more recently, combinatorial chemistry of
steroid derivatives using ketone, alcohol, phenol, or car- : ) .
boxylic acid as the anchoring functionality. tective group was f|r§t reported as a Ilnker by T.homps.on

1. Ketones.Ketalization, a common strategy for ketone @nd Ellmasi® in coupling various alcohols, including epi-
protection/deprotection in solution phase, was first adapted 2ndrosteronel1@), in good yield for a coupling/cleavage

by Hodge and Waterhouse for the linkage of steroidal ketonesS€quence. Thereatter, the DHP linker was used by Wess et
1-6 to diol-Sresin using an acetal link&.However, the al® in the synthesis of combinatorial libraries of peptide

coupling/decoupling yields of different steroids to such a Steroid derivative27, which were attached on the polymer
resin using the classical azeotropic conditions for acetal PY the primary alcohol. Dahl and Finney recently reported
formation only gave moderate-to-low yields <38%). the glaboratlon of the Glucal_ linker, a less acid-sensitive
Maltais et aFé recently improved loading using mild Version of the DHP linker, to link the@hydroxy group of
transacetalization conditions, allowing the high-yield cou- 131to a polystyrene-based resfh.
pling of various steroid derivative—10 to commercially The Wang resin was used by Furman et'db link the
available diolO-resin (polymer-bound glycerol) without 3-O-(p-hydroxybenzenesulfonyl)-cholester@gj by a Mit-
harmful heating of the resin. This methodology was suc- sunobu reaction and then to release the corresponding
cessfully used in the solid-phase synthesis of steroidal Steroidal alcohol3 by reduction with LiAlH, in 87% yield.
derivative11 from coupling of steroid?.5” With a different I @ second strategy from the same grétghe lithiosulfonyl
approach, Veermac et %prepared the po]ymer-supported derivative of29 was added to the Merrifield resin. Choles-
Girard's reagents with hydrazide groups or alkylhydroxy- terol (13) was obtained in 80% yield from a hydride-mediated
lamine groups in order to scavenge steroidal ketones preg-reduction of the corresponding polymer-bound benzyloxy-
nen0|0ne, pregnenok)ne acetate, pregnenok)ne o|eate, progegnethylsulfonate species. The trichloroacetimidate derivative
terone, dihydrotestosterone, testosterone, and dehydroisoandrogf the Wang resin was reported by Hanessian and>xie
terone, from an extract of bovine adrenals. Despite the high suitable for linking the steroidal alcohd30 by a p-
coupling/decoupling yields obtained for progesterd)ethe ~ methoxybenzyl ether. Loading and cleavage proceed in good
scope of these linkers (hydrazone and oxime) is quite limited Yields in the presence of BfOEt and 1-10% TFA,
for solid-phase chemistry, considering the chemical reactivity respectively.
of the resulting imine functionalities. 3. Phenols.The first attempts to link steroidal phenols to
2. Alcohols. In the 1980s, Hodge et &l.reported for the a solid support were reported in 1969 by Vonderhaar and
first time the direct and efficient anchoring of steroidal Mueller® and later by Baulieu's groufd.Estradiol 1) was
alcohols12, 13, and 14 by an ester linkage. Despite its linked to polyvinyl-, cellulose- and polyacrylamide-based
reactivity to strong bases and reductive agents, Zhou®t al. polymers, and the resins were used as specific bioadsorbents
found this linker to be appropriate for the preparation of a for the purification of the estrogen receptor. In the next
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Table 1. Steroidal Ketones

Rx = amino acid residues
Ry = capping acids
n=012

Linked steroid Resin type Coupling conditions Cleaved Yield | Ref.
(Linker type) [Cleavage conditions] steroid (o)
Diol-S-: p-TSA (0.1 eq) in benzene, Dean-
16 . (acgml) Stark, 60°C . 1-6 538 55
D\_& _Q [p-TSA (0.1 eq) in 20% aqueous
§ dioxane, 95°C]
Diol-0- :
. (acetal) 5% Sc(OTf); in toluene, _ )
7-10 HO\_{T _Q trimethylorthoformate (TMOF), rt 7-10 83-99 56
(e} .0 N HCI in dioxane, rt
[2.0 N HCI in dioxane, rt]
Diol-0O- :
. ” (a(.c"egaf) 5% Sc(01:f):1 in toluene, TMOF. t " 2388 | 5
_Q [2.0 N HCl in dioxane. rt]
0
Hydrazide acid: 10% acetic acid in benzene, rt
(hvdrazone) . .
6 ? . Q [0.3N HCI in THF with 10% 6 86 58
HZN\H'"\’S acetone, 55°C]
o-alk}'hz«fr})ﬂ}:}: ;-amine: 10% acetic acid in benzene, rt
6 e [0.3N HCl in THF with 10% 6 86 58
N acetone, 55°C]

decade, Hodge and co-workers described the attachment ophotolabile linker was found to be advantageous in the solid-
estradiol 81) and estrone3?2) to a more chemically resistant phase synthesis of estradiol derivativé® and 39. Even
polystyrene support through an ester béhRecently, Lee though the attachment of the photolabile moiety could
and Hansof? employed the corresponding carboxylated resin theoretically be achieved prior to the coupling of the phenolic
to synthesize a series of vinyl estradiol derivatBA&from derivative’® the loading of estradiol derivatived7 and 38
the phenolic steroid precurs88. The ester linker as well ~ was best monitored and most reliably performed when the
as THP ether, benzyl ether (Merrifield resin), and 4-alkoxy- o-nitrobenzyl portion was first attached to the estrane nucleus,
benzyl ester (Wang and HMP resins) showed some limita- which was then coupled to the polymeric support. The
tions in the solid-phase synthetic transformations of the cleavage conditions (irradiation with UV light) do not require
phenolic steroids exemplified t86.7® The direct attachment  extensive workup procedure (only filtration and evaporation
of a steroidal phenol through a benzyl ether function using of the solvent) and are, thus, applicable to high-throughput
Merrifield resin was also reported in the development of solid-phase synthesis of such compounds. Indeed, these
polymer-boundz-allylpalladium catalyst. This strategy was cleavage conditions have been demonstrated to be compatible
found to be ideal in that case because the releasing step wawith several biological assay$.In the second, more
not required?’ straightforward strategy, the phenol of estror3®)(was
Considering the limitations of the different linkers reported transformed into the sulfamat®, and the latter was then
above for the solid-phase synthesis and, particularly, the reacted with a trityl chloride resin to generate the corre-
combinatorial chemistry of phenolic steroids, alternatives sponding sulfamate derivati?é The sulfamate linker was
were explored®7® In the first strategy, theo-nitrobenzyl cleaved by a nucleophilic treatment to easily provide the
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Linked Resin type Coupling conditions Cleaved Yield | Ref.
steroid (Linker type) [Cleavage conditions] steroid (%)
Carbonyl chloride:
(ester) Ethylbenzene, DMAP, 136°C
12- 14 — L 12- 14 90 59
w [NaOMe in dioxane, rt]
cl R
15 Carbony] chloride: 15
(@,v,'fgr) DMAP, CH:Cl,, 1t
(R,=alloe; Ry = Bog; o = (R=Ala; Ry = 33 60
R; = Fmoc) > )—Q |[NaOMe. McOH. ] Phe: Ry = Gly)
[
Diphenylsilyl-DPS:
s (silyl ether) DIPEA, CH,Cl,, 55°C . | o
I —
CI_?;@_Q [TBAF, CH,Cl, t]
Diethylsilyl-DES: 1) 1.3-dichloro-5.5-dimethyl-
(silvl ether) hydantoin, CH»Cly; 2) imidazole or
12 N RhCI(PPhs);, NMP, 60°C 12 70-77 | 62,63
w5 ™~">—Q | [HE. pyridine, THF. rt. or AcOH /
“
THF / H,0, 80°C]
Diethylsilyl-DES:
(silvl ether) 1) 1,3-dichloro-5,5-dimethyl-
16- 18 ™ hydantoin, CH5Cls, rt; 2) imidazole 19-21 44-64 64
H_Si:\/w [HF-pyridine, rt]
Rasta-DIPPS : 1) 1.3-dichloro-5.5-dimethy]
13 (silyl ether) hydantoin, CH>Cl»; 2) imidazole, rt 13
. » - 5
(as the 3o-isomer) H}i@@ | 1) HF-pyridine, rt; 2) TMSOMe. | (as the 3c- 63-70 6
rt] isomer)
27
Linked Resin type Coupling conditions Cleaved Yield Ref.
steroid (Linker type) [Cleavage conditions] steroid (%)
TMS-ethoxymethyl:
(s ,l,:},.; ether [ acetal) | (15 THOH, CHCI, in dioxane, rt 1228 P
22-25 —SfWO%XAO [TBAF. TMU. sonication, rt] i

cl

Reviews
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Table 2. (Continued)

Linked Resin type Coupling conditions Cleaved Yield | Ref.
steroid (Linker type) [Cleavage conditions] steroid (%)
DIPPS-glycal :
(silvl ether)
26 CSA, CH,Cly, 1t 26 39 67
me [NH,E, BuNF (3:1), THF, r1] (asa C-3
O—O— Si—Qr alyeo
/J\TBSO conjugate)
Dihydropyran (DHP): | PPTS, 1.2-dichloroethane, 80°C
(acetal) or p-TSA (anh) 1,2-

dichloroethane, (0°C

12 | 0 [PPTS in 1:1 butanol - 1.2- 12 8 | 68
dichloroethane, 60°C or TFA-H,0

(95 :5), rt]

Dihydropyran (DHP):

(acetal) . o
PPTS, 1.2-dichloroethane, 80°C
27 ' 27 5090 | 69

R, = Phtalido 0 [HC1/ Et,0, THF, rt] _
R: = O(CH,);TMS U\o ;&lil?gigéls)

(28) R=HOC,l1,

(29) R=CH, (30)
Linked Resin type Coupling conditions Cleaved Yield | Ref.
steroid (Linker tvpe) [Cleavage conditions] steroid (%a)
ilucal:
((;;jf:n PPTS (0.5 eq), 1.2-dichloroethane®
D or THF", rt 320
13 O:‘“‘o [10% TFA, CH,CL/MeOH (9:1), 13 6o | 70
¥ “OBn r[]
OBn
Wang :
(benzyl ether) PPh;, DEAD, CHyCl,, 1t
28 [LiAIH,. THF, 60°C] 13 87 71
HO
Merrifield :
2 (benzyl ether) DMPU, BuLi, THF, -70 to -25°C . % .
. |LiAIH,, THF, 60°C]|
Wang
trichloroacetimidate:
(henzyl ether) BF;#0FEt;, cyclohexane:CH-Cl,
30 c (1:1). 1t 30 72 72

:}'Q_Q_O.x_o [TFA (1-10%) in CHxCls, 1t]

X = benzyl or PEG

corresponding phen@2 in high yield and purity. Although  ester linker was cleaved by acid hydrolysis or by reduction
the sulfamate linker is sensitive to acids and nucleophiles, with lithium aluminum hydride to give the corresponding
Poirier et alf? successfully generated libraries of phenolic cholanic acid or alcohol derivatives, respectively. A few years
steroids. The sulfamate linker is also known for its multide- later, Blossey et &aF reported the efficient ester linkage
tachable properties (see miscellaneous functions in Table 5).(93%) of dehydrocholic acid4() on Merrifield resin using
Finally, the 2-(trimethylsilyl)ethoxymethyl (SEM) linker potassium fluoride in DMF. The steroidal carboxylic acid
developed by Kodéf for primary and secondary steroidal was released (87%) using a solution of sodium hydroxide
alcohols was also successfully used for coupling phenolic and triethylamine in methanol. The same group also coupled
steroids41 and 42 using diisopropylamine as base and the sodium salt of cholic acid48) on Merrifield resin in
dichloromethane as solvent. 89% vyield using DMF, but the release of the linked steroid
4. Carboxylic Acids. The attachment of cholanic acid was not reported. In the mid-1990s, Still's group generated
derivatives43—46 using different types of halobenzylic libraries of synthetic receptors for opioid peptides by
resins, including the Merrifield resin, was reported by coupling the cheno(12-deoxy)-cholic ac#b], with an A,B-
Hodge’s group’ in the mid-1980s. The coupling reaction cis steroidal core and its corresponding amino derivative,
gave modest yields using procedures developed for the50, with an A,B-trans steroidal core to an aminomethyl resin
attachment of protected amino acids to Merrifield resin. The using diisopropylcarbodiimide as the coupling ag#éitNo
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Table 3. Steroidal Phenols

Reviews

{CH)sNHCOCH,CHy
(35)
Linked Resin type Coupling conditions Cleaved Yield | Ref.
steroid (Linker type) [Cleavage conditions] steroid (%)
Carbonyl chloride :
(ester) Ethylbenzene, DMAP, 136°C
31,32 31,32 55-68 39
= [NaOMe, MeOH, THF, rt]
of v/
Carboxylated: DCC, DMAP, CH,Cl, 1t
33 (ester) [CH,Cl,, SN NaOH in MeOH- 34 17-75 | 75
wo N/ dioxane (1:3), rt]
Carbonyl chloride :
(ester) Ethylbenzene, DMAP, 136°C _
35 P 36 25 76
3 / > o [NaOMe, MeOH, THF, rt]
of N/
Dihfdr(ﬂpyffl})“)' 1P): | ppTS, 1,2-dichloroethane, 80°C
35 reeta [PPTS, BuOH:1 2-dichloroethane 36 16 | 76
U\o (1:1),60°C]
Merrifield: NaH, DMF, 40°C
fether) [1) TFA; H,O: MeSPh (95:5:10),
35 c/_Q_O tt; 2) 0.5 N NaOH, THF, rt] 36 23 | 76
o OTHP
- .
o] "Ry
O:N
(37) Rq=(CHgaNHz Ry=H (CHz)1gNHCOR
(38) Ry =H:Rz=(CHz)ygNa
(o]
0 /C:é:b
0 (40) @1 (42)
Linked Resin type Coupling conditions Cleaved Yield | Refl
steroid (Linker type) [Cleavage conditions] steroid (%)
Amino :
-1 HI) EDC, HOBt, DMF, rt
37,38 (o-nitrobenzyl) 36,39 | 2038 | 76,78
/_/:>_o [ hv (350 nm), MeOH, rt]
Y/
2
Trityl chloride :
{sulfamate)
DIPEA, CH,Cls, 1t
40 L 32 90 81.82
[20% DEA in CH,Cls, 60°C]
TMS-ethoxymethyl:
(silyl ether / acetal)
DIPEA, CH;Cls, 1t
41,42 | 0 [TBAF. TMU. sonication. ] 41, 42 42-58 | 66
i N L sonicatron,
_Siwo\#}( ,\o
cl

strategy for cleaving the amide link and, thus, releasing the cleavable amine-basedmethyl-o-nitroveratryl linker bound
peptidosteroids was, however, reported. Recently, Madderto Tentagel. After a sequence of reactions, the corresponding

et al® linked the cholic acid derivativé1 using a photo-

peptidosteroids were released by irradiation. Finally, Brad-
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Table 4. Steroidal Carboxylic Acids

Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 449

AllocHN"
(43) X =0-OH; Y =Z = 2H (44) X =0-OCOCH,: Y =Z =2H
(45) X = 0-OCOCH5;Y = 0; Z = 2H (46) X =0: Y =Z =2H
WNX=Y=2=0 (48) X =Y =7Z=0-0OH
(49)X =Z=0-OH; Y =2H
BocNH H H
H OH | H 3NM”% T o]
AllocHN” 1" "onc
AcO 0,80
(51) (52) (53)
Linked Resin type Coupling conditions Cleaved Yield | Ref
steroid (Linker type) [Cleavage conditions] steroid (%)
Halo benzylic: Et:N, EtOAc, EtOH, CHCI, or
{esier, Cl
43-46 x = CHCh reflux 43-46 842 | 59
R>_Q_o [HBr in acetic acid or LiAIH, in (Acid or
R= H. CHyX = Br.Cl | ether, 1] alcohol
Merrifield: . 47
47,48 (ester) KF (dihydrate), DMF, 60°C (Nocleavage | g 33
'S [NaOH, MeOH, dioxane, Et;N, rt] | reported for
o N4 48)
Aminomethyl :
49,50 famide) DIC, HOBt, DMF Not cleaved | ____ 84.85
/__/j_o [No cleavage reported] from resin
N N
Tentagel amine:
eragel SIS | EDC, DMAP, CH,Cl,:DMF
s1 {amide) o . Peptido- 36
Uﬁj\n@ [_Iw (365 nm), 1% DMSO in steroids
"‘;NT/@/ g dioxane or MeOH |
Tentagel amine :
(amide
) one ) DIC, HOBt
52 1 Q [50% TFA in CH.Cls, rt then 53 60 | 87
0 phosphate buffer]
0 J'I\H /""\-.x ""-\-NH 2

ley’s group” recently reported the coupling ofi3acetoxy-
bisnor-5-chlolenic acid52) using a biocompatible safety-
catch linker on the Tentagel resin. The desired steb&@d

55 (generated from the corresponding hydroxy steroid) were
easily loaded onto trityl chloride resin and released from resin
by a mild acidic cleavag®. Although the sensitivity of the

can be released directly from the resin within the biological sulfamate linker to nucleophiles limits the use of phenolic
assay by using a built-in amine activator to cleave a phenoxy sulfamate (but less so for the sulfamate obtained from
ester, hence triggering a 1,6-elimination process within the alcohol), a careful planning of the synthetic strategies may

linker.
5. Miscellaneous Functions.In addition to classified

overcome this probler#¥.In addition to the biological interest
of sulfamate derivatives generated from this linker, another

functions (ketone, alcohol, phenol, and carboxylic acid) interesting aspect is the multidetachable character of the
generally used for the attachment of steroid to solid support, sulfamate linker. In fact, this dual-action linker provides
the thiol and the sulfamate functionalities were also reported an efficient way of generating biologically relevant sul-

in the literature. The steroidal thi&@4 was linked in good
yield (66%) using the 2-(trimethylsilyl)ethoxymethyl-based
linker developed by Koét and potassiuntert-butoxide in
a mixture oftert-butanol/dimethylformamide, as opposed to
N-iodosuccinimide and triflic acid in dichloromethane/
dioxane for the corresponding alcol. Compoundb4 was
released in moderate yield (30%) by fluorolysis with tet-
rabutylammonium fluoride. The steroidal sulfamat@and

famoylated steroids and phenolic steroids through acid or
nucleophile treatment, respectively.

Libraries of Steroid Derivatives. Steroids represent an
important class of natural products from which several
biologically active compounds were developed as drugs over
the past decades. In the last 10 years, the emergence of
combinatorial chemistry has offered a new tool for rapid
diversification of scaffolds, such as steroids using either
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Table 5. Miscellaneous Steroids

0 o 0
%ﬂé
O (o]
I i 0
(54) (40) (55)
Linked Resin type Coupling conditions Cleaved Yield | Ref
steroid (Linker type) [Cleavage conditions] steroid (%)
TMS-ethoxymethyl:
(1hi0ac'r-;mf) t-BuOK, t-BuOH, DMF
54 J Oﬂ [TBAF.CsF, DMPU, sonication, 54 20 66
|T/ x/\o ['(]
cl
Trityl chloride :
(sulfamate)
40, 55 O DIPEA, CH,Cl,, 1t

40, 55 86-96 | 81.88

o<{)-Q@  |[I-5% TFA in CH.CL. r]

solid-phase or solution-phase synthesis. Among the steroidalamino groups at G8 C7a, and Cl2 as precursors of
libraries reported in the literature, 65% (11/17) were gener- diversity was linked through the C24 alcohol to an acid
ated by parallel synthesis, giving discrete products, and 35%chloride polystyrene resin (ester linker) to generate the model
(6/17) by split-and-pool methods giving mixtures. We also compounds0.6° This model study was performed to allow
highlighted seven different strategies that were exemplified the preparation of libraries of related peptidosteroids and to
by the synthesis of a single or a few products and plannedprovide information on the outer membranes of Gram-
to be employed for generating steroidal libraries in the future. negative bacteria regarding the associative interactions of the
However, 75% of the reported libraries and individual side chains of amino acids coupled to the cholic acid
examples (18/24) were synthesized on solid support usingscaffold?® An analogue of the shark antibacterial agent
the various linkers reported above. squalamine, compoun®3 (see Table 4), was synthesized

1. Synthetic Receptors and EnzymesStill's group was on solid support by Bradley’s grou.In this context, the
the first to use steroids as scaffolds in the combinatorial Tentagel resin was chosen, and the linker was carefully
synthesis of artificial receptors for the binding of opioid adapted to be compatible with biological screenings. This
peptide substrat€48>Their synthetic receptors consisted first model study has set the stage for further derivatization and
of an A,B<is-12-deoxycholic acid core with two variable generation of squalamine-based compound librédfies.
tripeptide arms (structur®s), which were obtained in 10 000 3. Enzyme Inhibitors. Poirier’s group developed a solid-
different forms using split-and-pool encoded combinatorial phase parallel approach to generate libraries off@itéC1 7
chemistry84 Using the same methodology, similar synthetic derivatives of estradiol (compound8l and 62), sul-
receptors (structur&7) were also prepared from an A,B- famoylated or not?88 The capability of a new multidetach-
trans-12-deoxycholic acid cor® The biological results  able sulfamate linker was utilized to generate two families
showed that such synthetic receptors were able to bind andof compounds, sulfamates and phenols, from the same resin-
distinguish oligopeptides with interesting selectivity. The bound intermediates. The sulfamate libraries led to powerful
peptidomimetic structural properties of cholic acid were also inhibitors of steroid sulfatase, a key steroidogenic enzyme
exploited by De Clercqg’'s group, who reported the combi- responsible for the hydrolysis of virtually inactive sulfated
natorial synthesis of synthetic hydrolase enzymes (serinesteroids to active hydroxysteroids. The sulfamate linker also
protease§829 In their approach, peptidosteroid hybrids provided, via a nucleophilic cleavage, libraries of phenols
possessing serine-protease-like activity were made of cholicdesigned as potential inhibitors of type 15tydroxysteroid
acid derivative$8 bearing two independent peptidic chains, dehydrogenase (B/HSD), an enzyme involved in the
each containing one of the three active residues of the classiacconversion of estrone into the most potent estrogen, estradiol.
catalytic triad (Ser, His, and Asp). A tris(deoxy)-tris(aza) The same group also reported the synthesis of different
analogue of methyl cholate, compoub® was also synthe- libraries of 3-substituted androsterone derivatives (com-
sized by Davis’ groug*%?This compound is a key precursor pounds63—65) as potent inhibitors of type 3 B7HSD, an
for the introduction of three independent chains. Availability enzyme involved in the biosynthesis of the potent androgen
of compoundb9 allows exploring further applications in the testosterone, using either the solid-phase (acetal linker) or
design and synthesis of receptors, facial amphiphiles, andsolution-phase approaéh?+9
scaffolds for combinatorial chemistry. 4. Estrogen and Androgen Receptor Antagonist$oiri-

2. Antimicrobial Agents. The importance of cholestanes er’s groug®’® described the parallel solid-phase synthesis
in the cell membrane biology field provided the rationale of a model library of ‘d-alkylamide estradiols (compounds
for an approach designed to develop peptidosteroids with 66), making use of the photolabitenitrobenzyl linker. This
antimicrobial properties. A cholic acid scaffold bearing three library could be potentially useful for directing the develop-
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Table 6. Steroids and Libraries
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Steroids diversity scaffold Library Synthetic Biological Ref.
characteristic method interest
10 000 Solid-phase Synthetic 84
members | (split-and-pool) receptor
for binding an
oligopeptide
(Leu-enkephalin)
10 000 Solid-phase Synthetic 85
), members | (split-and-pool) receptor
HN H N=AArAAyAC for binding an
Ms oligopeptide
M (Leu-enkephalin)
Ac (57)
0
ACHN—AAG—AA;—AA—NH NQ
: H
729 Solid-phase | Synthetic serine | 86,89
members | (split-and-pool) proteases .90
H
Ac—N—AA;
1 model Solution phase Synthetic 91,92
compound receptor
HoN (precursor)
(59
1 Model Solid-phase Antimicrobial | 60,93
compound agent
HZN\)I\
oy 48 sulfamates Solid-phase Steroid 82
NJ\I/NW]/RQ 30 sulfamates (parallel) sulfatase and
H R, O 48 phenols type 1 17-
. 30 phenols HSD inhibitors
B (156 members)
(61) R=SO,NH, (sulfamate) or H (phenol)
OH
JMN/\ B O 25 sulfamates | Solid-phase Steroid 88
K/N H 25 phenols (parallel) sulfatase
\H/\H Rz (50 members) inhibitors

o]

R=0O
(62) R = SO,NH, (sulfamate) or H {phenol)
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Table 6. (Continued)

(parallel)

D3 analogues

Steroids diversity scaffold Library Synthetic Biological Ref.
characteristic method interest
39 Solid-phase Type 3 56,57
members (parallel) 17B-HSD
inhibitors
20. 168, 56, | Solution phase Type 3 94.95
and 45 (parallel) 17B-HSD
members inhibitors
25 Solution phase Type 3 95
members (parallel) 17B-HSD
inhibitors
20 Solid-phase Estrogen 76.78
members (parallel) receptor
antagonists
8 members Solid-phase Estrogen 96
(parallel) receptor
antagonists
112 Solid-phase Androgen 98
members | (split-and-pool) receptor
antagonists
2 examples Solid-phase Vitamin D3 99
analogues
72 members Solid-phase Vitamin D3 100
(split-and-pool analogues
and parallel)
4 members Solid-phase | 19-nor-Vitamin | 101

Reviews
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Table 6. (Continued)
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@9

Steroids diversity scaffold Library Synthetic Biological Ref.
characteristic method interest
110 Solid-phase Anticancer 102
members (parallel) agents
20 000 Solid-phase Study on 103
members | (split-and-pool) | ecyclization of
o “10-CO-Gly—Ag-AsNHA an epoxy-
o M YRR alcohol
II_, D-Pro—A-A;NHAC
(73)
3 members | Solution phase Receptors 104,
(n=2,3,4; (dynamic 105
Ri=R; combinatorial
16 members library)
(n=2,3,4,5;
Ry =R,
39 members | Solution phase | Not specified | 106
40 members Solid-phase Not specified | 69
(parallel)
2 model Solid-phase Not specified | 64
compounds
R = OH, CH,0H
(77)
Ry
P o]
N)LRZ 3 model Solid-phase Not specified | 76
H compounds
HO (78)
AllylOOCNH ™.
) COOH
1 model Solution phase | Not specified | 107
compound
o “INHCOOLBU (precursor)
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ment of new estrogen receptor modulators. The solid-phaseassay of the 110 library members revealed that two hetero-
synthesis of a series of novel d{E/Z)-(X-phenyl vinyl) steroids possess moderate inhibitory activity against a variety
estradiols (compound$7) designed for exploring the of NCI cancer cell lines. A study of epoxyalcohol cyclization
hormone-binding domains of the estrogen receptor wasforbidden by Baldwin’s rules was reported using a large
reported by Hanson et #.The estradiol derivatives were combinatorial library of linked peptidosteroi@8 as potential
obtained by a Stille coupling reaction on theodvinyl catalystst® This method led to the discovery of several
estradiol intermediate coupled on solid support via a car- sequences of amino acids which could behave as catalysts
boxylate linker. On the basis of the preliminary biological of the reaction. In other respects, dynamic combinatorial
evaluation, the authors intend to adapt this method for uselibraries of ester-linked macrocyclic oligomerg (dimer/
in a combinatorial approach to generate diverse targetpentamer) were generated from cholates substituted in
compounds as potential ligands of the estrogen receptorspositions & and 12x using methoxide-catalyzed trans-
To provide novel structural templates binding the estrogen esterification under reversible equilibrium conditidfts!%
receptor, Katzenellenbogen’s group proposed different classe8y templating with metal ions these equilibrium conditions
of heterocyclic core scaffolds compatible with combinatorial and selecting appropriate cholate-based building blocks, each
solid-phase synthesis, the aim of which would be to mimic incorporating recognition and reporting elements, Sanders’
commonly found nonsteroidal estrogéfisThe authors  group wanted to modulate the synthesis of cyclo products,
mentioned that the solid-phase combinatorial synthesis of such asr4, to develop potential receptors. Using a biocata-
pyrazole libraries is currently underway and has yielded high- lytic approach, a 39-member library of bile acid derivatives
affinity estrogen ligands. Libraries of C19 steroid derivatives (compound75) was prepared by Secundo et'® Starting
were synthesized by Maltais et %lin order to produce  from 3a,70,12a-trihydroxy-53-cholan-24-oic acid methyl
androgen receptor (AR) antagonists. The parallel and split- ester, a regioselective oxidation step catalyzed by hydroxy-
and-pool synthesis of peptidosteroid libraries (compounds steroid dehydrogenases, followed by an acylation step using
68) were successfully performed utilizing the diethylsilyl theCandida antarcticdipase B enzyme, led to the modifica-
ether linker. These libraries were assessed for AR-binding tion of the bile acid scaffold, giving high purity and good
affinity, as well as for proliferative/antiproliferative activity ~ yields of library members. Finally, other strategies for
on Shionogi AR cells. However, the antiproliferative diversification or sequence of reactions leading to a few
activity and relative binding affinity of synthesized libraries steroid-based model compounds (compour@is79) have
were found to be relatively low. been reported that do not focus on a particular biological
5. Vitamin D3 Related CompoundsVitamin Dsisa C27 ~ target*®7%1%However, these preliminary results, like the
steroid (cholestane nucleus) without the-@310 covalent previous !lbrar!es, could be useful for a prescreening on novel
bound, the B-ring being broken. Although not formally related biological targets.
steroids, these families of pseudosteroids are nevertheless
covered in this review article. The hormonally and biologi-
cally active form of vitamin 3, 1o,25-dihydroxy-vitamin Steroids constitute a family of natural products of great
D3, is implicated in many important physiological activities, therapeutic interest. With a few exceptions, they all bear at
including bone formation, intestinal calcium absorption, and |east one functionality (OH, €0, or COOH) that can be
regulation of cell differentiation and proliferation. Taka- used to link the molecule to a solid support. Generally, this
hashi's group has designed an interesting solid-phase synfunctional group is required for biological activity; therefore,
thesis of a vitamin B system by simply and efficiently  the resin acts as a protecting group. Most studies published
coupling A-ring moieties, CD-rings, and side chains. Using thus far have reported the use of natural steroid nuclei that
the DES linker, these authors first demonstrated the efficiencywere diversified mostly at a single site. Future work should
of the strategy by synthesising two vitaminy Berivatives  allow increasing the number of sites available for modifica-
of general structur@&9 starting from a CD-ring moiet§? tions on a given nucleus as well as diversifying the types of
This group next used a traceless sulfonate linker, obtainedsteroid nuclei; however, very few combinatorial approaches
from the DES linker, to generate a library of 72 members of yet allow the generation of highly diverse natural or
structure70 by varying the three different moieties (A-ring, nonnatural steroid nuclei starting from simple building
CD-ring, and side chain) of vitamin 3% The authors  blocks. This undoubtedly constitutes a significant challenge
mentioned that the biological evaluation of library members for synthetic chemists. In the field of steroids, biotransfor-
is presently under progress, and SAR results will be reportedmations could be an attractive source of high-yielding,
in due course. Sato’s group developed an efficient method chemo-, regio-, and stereoselective modifications of simple
for parallel solid-phase synthesis of des-C,D-19-nay25- steroid nuclei. Polymer supports that are compatible with
dihydroxy-vitamin @ (compounds71).1°* The synthesis  the media required for such biotransformations to occur
begins by linking an A-ring moiety to DES resin, followed represent an important area of research in the combinatorial
by a Suzuki-Miyaura coupling reaction and a Grignard chemistry community%

Conclusion

addition to provider1in excellent yields. The pharmacological sector has already benefited from the
6. Other Libraries and Miscellaneous. Hong et alt? application of combinatorial methods to steroid derivatives.

developed a novel and interesting solid-phase synthesis ofFor example, some specific inhibitors of steroidogenic

various 11-heterosteroids, such as compod@dyvia the enzymes have been identified. The knowledge of steroid

fulvene hetero [6+ 3] cycloaddition. A preliminary in vitro biosynthesis (steroidogenesis) and of their action mechanisms
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has tremendously grown in the past years. It is now possible (21) Frank, R.; Heikens, W.; Heisterberg-Moutsis, G.; Blocker,
to target the inhibition of a specific isoform of a steroidogenic H. A. Nucleic Acids Resl983 11, 4365-4377.

enzyme for a given therapeutic use. These recently obtained (22 AGceg(jsegE:iHUl\g; A\l"ggfg'lRég';g_i%g‘;"ng’ S.Rroc. Natl.
and constantly developing data, combined with the new field (23) Ley, s V Béxéndale, | RNat. Re. Dru.g Discasery 2002

of pharmacogenomics, will allow us to identify better 1, 573-586.

therapeutic targets. The area of molecular recognition, (24) Jung, GCombinatorial Peptide and Nonpeptide Libraries
notably with the discovery of synthetic receptors and A Handbook VCH: New York, 1996.

. P . (25) Wilson, S. R.; Czarnik, A. WCombinatorial Chemistry:
ﬁzftzlr)i/;rsrhZasozf?obsetgfgitgs from the application of combi Synthesis and Applicatipdohn Wiley and Sons: New York,

1997.

Most of the articles cited in this review were published in  (26) Obrecht, D.; Villalgordo, J. MSolid-Supported Combina-
the past 5 years. This high level of interest in the synthesis torial and Parallel Synthesis of Small-Molecular-Weight
of steroid derivatives through combinatorial approaches in Compound LibrariesT etrahedron Organic Chemistry Series;

. . . . . Pergamon: Oxford, U.K., 1998; Vol. 17.
solution or on solid support is reflecting the inherent (27) Bunin, B. A.The Combinatorial IndexAcademic Press:
properties of natural products to be interesting lead structures New York, 1998.
for the development of a wide variety of molecules. By (28) Czarnik, A. W.; Dewitt, S. H.A Practical Guide to
presenting in one article a comprehensive survey of the Combinatorial ChemistryAmerican Chemical Society: Wash-
knowledge acquired on the use of linkers for the synthesis
on solid support of steroidal derivatives, as well as on the

ington DC, 1997.
preparation of targeted libraries, we hope to contribute to (30) Czarnik, A. W. Solid-Phase Organic SynthesWiley-

(29) Fenniri, H.Combinatorial Chemistry. A Practical Approach
Oxford University Press: New York, 2000.

the development of larger and more diversified steroid

libraries.
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