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ABSTRACT 

The first review article on steroid dimers by Li and Dias in 1997, followed by the second review 

and a book on steroid dimers by Nahar and Sarker in 2007 and 2012, respectively, covered 

steroid dimers reported until the end of 2010. Since then, there have been considerable amounts 

of research carried out on steroid dimers, prompting the need for another comprehensive review 

on this topic. Therefore, this present review appraises the literature published during the period 

2011-2019 on various aspects of steroid dimers, including isolation from natural sources, 

synthesis and applications. A structured and systematic literature search was performed, using 

the key words: steroid dimer, steroidal dimer, dimeric steroid, bis-steroid, bis-steroidal 

conjugates, molecular umbrella, cephalostatins, ritterazines and crellastatins. Several databases 

like Web of Knowledge, Science Direct, PubMed and Google Scholar were consulted. During 

the period covered in this review, well over 200 new synthetic steroidal dimers, ring A-ring A 

connection being the major group, have been reported, only one natural steroid dimer has been 

isolated, and potential applications of steroid dimers in the treatment of cancers and tumors, 

and microbial infections have been indicated. 

 

Keywords: 

Steroids dimer, Bis-steroid, Synthesis, Natural products, Molecular umbrella, Anticancer, 

Cephalostatins, Ritterazines, Crellastatins 

  



4 

 

Abbreviations: DCC, dicyclohexylcarbodiimide; DIPEA, diisopropylethylamine; 5-FU, 5-

fluorouracil; HATU, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-

oxide hexafluorophosphate, N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1-

ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide; HMDO, 

hexamethyldisiloxane, PASS, Prediction of Activity Spectra for Substances; TBAI, 

tetrabutylammonium iodide; TMSOTf, trimethylsilyl trifluoromethanesulfonate; 
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through spacers by head-head or head-tail and form new ring systems or macrocyclic 

structures, e.g., cyclocholates or cholaphanes, respectively [1]. However, steroid dimers can 

also be grouped into symmetrical and unsymmetrical dimers, and into natural and synthetic 

dimers. In this review, all steroid dimers, reported over the last nine years, are discussed under 

two major sections, synthetic steroid dimers (further subdivided according to connectivity), 

and naturally occurring steroid dimers. 

2. Synthetic steroid dimers 

 Since the synthesis of bisergostatrienol (1), several steroid dimers, connecting two 

steroidal molecules through spacers or through direct connections (ring to ring or ring to side 

chains), have been synthesized and appeared in the literature. The following sections present 

the synthesis of several steroid dimers reported overt the last nine years. 

2.1 Dimers via ring A-ring A connection 

 Ring A-ring A connection, with or without a spacer, appears to be a popular option for 

the synthesis of steroid dimers.  Sometimes spacers containing heteroatoms are brought in to 

enhance biological functions of steroid dimers. Ring A-ring A connection through various 

spacer groups is one of the most preferred routes for the synthesis of steroid dimers or bis-

steroids from monomeric steroidal units. The synthesis of bis-steroidal pyrazines is well 

documented and generally involves reduction of 2-azido-3-oxo monomeric steroid [4]. In the 

synthesis of several of such steroid dimers, 3-oxo-11,21-dihydroxy-pregna-4,17(20)-diene (2) 

was employed as the starting material for the synthesis of diacetate pyrazine dimer 3 (77%) in 

five-steps (Scheme 1). Deacetylation of diacetate pyrazine dimer 3 in dry DCM with 

methanolic KOH provided a diol pyrazine dimer 4 (80%). Glycosylation of diol pyrazine dimer 

4 with trichloroacetimidate and trimethylsilyl trifluoromethanesulfonate (TMSOTf) in dry 

DCM afforded a rearrangement product as diene pyrazine dimer 5 (36%) [5].   
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respectively, in five- and four-steps. In a similar fashion, the epoxy pyrazine dimer 14 (65%) 

was synthesized from the same starting material (11) in four-steps [6]. 

11

14

5 steps to 12

4 steps

4 steps to 13

12:  R = �E-OH
13:  R = Oxo

 

Scheme 5.  Synthesis of polyoxygenated steroidal pyrazine dimers 12-14 

The unique characteristics of the bile acids in relation to their chiral, rigid and curved 

framework and chemically diverse hydroxyl groups have made them important building blocks 

in tailoring supramolecular hosts [2]. An efficient procedure for the preparation of such 

supramolecular hosts produced head-to-head bile acid-based dimers 18-27 bearing either 

carbamate or carbonate or monothiocarbonate spacer group with bile acid methyl or benzyl 

chloroformates 15-17. The reaction of lithocholic acid benzyl chloroformate 15 with 1,3-

dihydroxybenzene in THF catalyzed by pyridine yielded lithocholic acid carbamate dimer 18 

(32%) and lithocholic acid carbonate dimer 19 (38%) (Scheme 6) [7].  Interestingly, it was 

observed that the DMAP catalyzed reaction of lithocholic acid benzyl chloroformate 15 with 

1,3-dihydroxybenzene produced only lithocholic acid carbamate dimer 18 (92%). Similarly, 

the DMAP catalyzed reaction of diacetate bile acid methyl chloroformate 16 with 1,2-

dihydroxybenzene produced diacetate cholic acid carbamate dimer 20 (90%) (Scheme 7) [7].  
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18 19

THF, Pyridine 
 

15

+

 

Scheme 6. Synthesis of lithocholic acid carbamate dimer 18 and carbonate dimer 19 

15: R1 = R2 = H, R3 = OBn  

16: R1 = R2 = OAc, R3 = OMe 

18

20

THF, DMAP 

THF, DMAP 

 

Scheme 7. Synthesis of diacetate cholic acid carbamate dimer 20 
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+

38: �D-N3

39: �E-N3

42: R = H2, R1 = R2 = �' , R3 = H2

43: R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo

Cu(OAc)2, THF/H2O

Sodium ascorbate

44: �D-N3,  R = H2, R1 = R2 = �' , R3 = H2, 84%

45: �D-N3, R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo, 77%

46: �E-N3,  R = H2, R1 = R2 = �' , R3 = H2, 82%

47: �E-N3, R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo, 79%

Scheme 14. Synthesis of triazole-linked spirostanic dimers 44-47 

+

48: �D-N3,  R = H2, R1 = R2 = �' , R3 = H2, 79%

49: �D-N3, R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo, 85%

50: �E-N3,  R = H2, R1 = R2 = �' , R3 = H2, 76%

51: �E-N3, R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo, 78%

40: �D-N3

41: �E-N3

42: R = H2, R1 = R2 = �' , R3 = H2

43: R = Oxo, R1 = �D-H, R2 = H, R3 = Oxo

Cu(OAc)2, THF/H2O

Sodium ascorbate

 

Scheme 15. Synthesis of triazole-linked spirostanic dimers 48-51 
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Pd(OAc)2, PPh3, CO

87

88a: R = HN(CH2)2NH

89a: R = HN(CH2)4NH

90a: R = HN(C6H4)NH

91a: R = HN(C6H8)NH

H3O
+

92a: R = HN(CH2)2NH

93a: R = HN(CH2)4NH

94a: R = HN(C6H4)NH

95a: R = HN(C6H8)NH

88b: R = HN(CH2)2NH

89b: R = HN(CH2)4NH

90b: R = HN(C6H4)NH

91b: R = HN(C6H8)NH

88c: R = HN(CH2)2NH

89c: R = HN(CH2)4NH

90c: R = HN(C6H4)NH

91c: R = HN(C6H8)NH

92b: R = HN(CH2)2NH

93b: R = HN(CH2)4NH

94b: R = HN(C6H4)NH

95b: R = HN(C6H8)NH

92c: R = HN(CH2)2NH

93c: R = HN(CH2)4NH

94c: R = HN(C6H4)NH

95c: R = HN(C6H8)NH

+

+

+
+

Scheme 23. Synthesis of bis androstanes 88a-95a, 88b-95b and 88c-95c  
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96: �D-OH
97: �E-OH

DMAP, Et3N

Toluene

98: �D-OCO
99: �E-OCO

Terephthaloyl 
chloride

Scheme 24. Synthesis of dimeric steroidal terephthalates 98 and 99 

t-BuOH, MeOH
THF, H2O. r.t.

CuSO4.5H2O

Sodium ascorbate

100

102

101

 

Scheme 25. Synthesis of dehydroandrosterone dimer 102  

Cortisol and progesterone are naturally occurring steroid hormones that play important 

roles in the immune system and pregnancy cycle as well as blood pressure and blood glucose 

concentration regulation. Cortisol and progesterone-based dimers 109-112 (25-68%) (Scheme 

27) were synthesized using oxime click chemistry, respectively, from cortisol (107) and 

progesterone (108) by Cu-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. The acidic 

hydrolysis of oxime bond degradation of 109 with TFA in acetone was also studied [19].  
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104 106

103: R1 = OH, R2 = H

104: R1 = H, R2 = OH 

HATU, DIPEA
DMF, r.t

 IAF

103 105

 

Scheme 26. Synthesis of immunoaffinity fluorescent (IAF) probes 105 and 106 

Head-to-head cholestanone ketimine dimers 114-116 (18-32%) (Scheme 28) were 

prepared from cholestanone (113) in toluene by reacting with three different amines namely 

1,2-ethylenediamine, 1,4-diaminobutane and 1,5-diaminonaphthalene, respectively [20]. 

Sterols are multifunctional molecules and can serve as an essential membrane 

component. It is well-known that cholesterol dimers act as good supramolecular hosts for ions 

or small molecules, important in drug delivery. Two cholic acid-based dimers 118 and 119 

with disulfide spacers via ring A-ring A were synthesized starting from cholic acid (117) 

(Scheme 29) [21-23]. Firstly, diol disulfide dimer 118 (93%) was produced in five-steps from 

cholic acid (117). Then iodination of diol disulfide dimer 118 with I2-triphenylphosphine 

complex in benzene and pyridine yielded diiodide disulfide dimer 119 (55%). These dimers 
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are potentially suitable for molecular or ionic recognition. Compound 119 may not be that 

stable, and it can be easily cyclized to form cyclic steroidal dimers, the synthesis of which is 

discussed under the cyclic dimers section later in this review. 

107: R = CH2-OH, R1 = OH, R2 = OH

108: R = CH3, R1 = H, R2 = H

109: R = CH2OH, R1 = OH, R2 = OH, R3 =

110: R = CH2OH, R1 = OH, R2 = OH, R3 =

111: R = CH2OH, R1 = OH, R2 = OH, R3 =

112: R = CH3, R1 = H, R2 = H, R3 =

CuAAC

 

Scheme 27. Synthesis of cortisol and progesterone-based dimers 109-112 

113

114: R = (CH2)2, 21%            115: R = (CH2)2, 18%

116: R =                      , 32%

Toluene

 

Scheme 28. Synthesis of cholestanone ketimine dimers 114-116 
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Dry Et3N

Dry CHCl3

120

122  

Dry Et3N

Dry CHCl3

120: R = �E-NH2, R1 = OH 

121: R = �D-OH, R1 = H

123: R = �E-NH2, R1 = OH 

124: R = �D-OH, R1 = H  

Scheme 30. Synthesis of head-head bile acid-based dimers 122-124 
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Scheme 33. Synthesis of ring A-ring B connected spirostanic dimers 138 and 139 

A head-tail cholic acid dimer 148 linked via a 1,2,3-triazole ring was obtained by 1,3-

dipolar cycloaddition reaction of cholic acid derivative 147 in the presence of CuSO4.5H2O 

and sodium ascorbate in t-BuOH and H2O or DMF and H2O (Scheme 37) [28]. The reaction 

produced a mixture of unreacted substrate 147, acyclic dimer 148 and some oligomeric 

compound, which were separated by silica column chromatography. 
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172 using 1,3-di(azidomethyl)benzene, CuSO4.5H2O, sodium ascorbate and o-

phenylenediamine in DMF (Scheme 40) [12].   

 

 

Scheme 35. Synthesis of ring A-ring C connected spirostanic dimer 142-144 
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Scheme 36. Synthesis of cholic acid-based dimers 145 and 146 with disulfide spacers via 

ring A-ring D 

Scheme 37. Synthesis of head-to-tail cholic acid dimer 148 linked via a 1,2,3-triazole ring 
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Scheme 38. Synthesis of enatiomeric head-to-tail spirostanol-based dimers 152-155 
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Scheme 39. Synthesis of testosterone-based dimers 164-170 
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ethynylation and finally, Sonogashira coupling with 1,4-diiodobenzene. The protected dimer 

188 was then deprotected with BF3.Et2O in DCM, followed by Steglich esterification with 3-

butenoic acid, DCC, DMAP in DCM gave the corresponding bis-steroid 189 (98%) with 

terminal double bonds. Finally, the bis-steroid 190 (52%) was prepared in four-steps starting 

with sarsasapogenin acetate (187).  

 

 

Scheme 44. Synthesis of bis-steroids 188-190 

A series of ring D-ring D connected androstene-based dimers 192-195 (32-42%) were 

synthesized from 17-iodoandrost-5,16-ene-3-(ethylene ketal) (191), respectively, reacting with 

1,2-diaminoethane, 1,4-diaminobutane, 1,4-diaminobenzene, and (1S,2S)-1,2-diamino-

cyclohexane as N-nucleophiles in presence of Pd(OAc)2 in PPh3 (Scheme 45) [35]. The ketal 
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Scheme 47. Synthesis of steroidal dimers 206-208 

Spirostanol-based dimers 211-214 (Scheme 49) were synthesized by BF3·Et2O-

catalyzed of double Aldol condensation. Spirostanol acetates such as tigogenin acetate (149), 

sarsasapogenin acetate (150),  diosgenin acetate (210) and hecogenin acetate (36) reacted with 

BF3.2H2O and terephtalaldehyde in DCM to give acetylated dimeric spirostanols 211-214 (52-

83%), which followed by saponification with NaOMe in MeOH and DCM provide to the 

corresponding dimeric spirostanols 215-218  (89-100%) (Scheme 49) [38].  
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Scheme 48. Synthesis of steroidal dimer 209 

 
 

Scheme 49. Synthesis of spirostanol-based dimers 211-218 
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with NaSH.2H2O in EtOH to give a mixture of protected 24-thiol monomer 312 (29%), 

protected disulfide dimer 313 (39%) and protected sulfide dimer 314 (31%) [21-23]. 

Scheme 55. Synthesis of cholic acid-based dimers 313 and 314 

The protected disulfide dimer 313 (93%) was also obtained in high yield by reacting 

protected 24-thiol monomer 312 with I2, NaOH in THF and H2O. Finally, the deprotected 

disulfide dimer 315 (96%) and sulfide dimer 316 (98%) (Scheme 56) were produced from 

protected disulfide dimer 313 and protected sulfide dimer 314, respectively, using AcOH in 

THF and H2O [21-23]. 

 

Scheme 56. Synthesis of cholic acid-based dimers 315 and 316 

Finally, the diol disulfide dimer 316 was converted to diiodide sulfide dimer 317 (57%) 

by using with I2-triphenylphosphine complex in benzene. The diiodide sulfide dimer 317 was 

reacted with KCN in acetone to afford dithiocyanate dimer 318 (78%) [21-23]. 
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Scheme 57. Synthesis of cholic acid-based dimers 317 and 318 

The disulfide dimer 315 was also obtained from cholic acid (117) in seven-steps 

utilizing a slightly different synthetic pathway. Iodination of the diol disulfide dimer 315 with 

iodine-triphenylphosphine complex in benzene and pyridine gave diiodide disulfide dimer 319 

(43%) (Scheme 58) [21-23]. 

 

Scheme 58. Synthesis of cholic acid-based dimer 319 

2.7 Cyclic dimers 

An oleanolic acid-based cyclic dimer 321 (24%) was prepared by click chemistry from 

oleanolic acid propargyl ester (320) using CuSO4.5H2O, sodium ascorbate t-BuOH, MeOH, 
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THF and H2O (Scheme 59) [43]. Earlier, a series of cholic acid-based dimers were synthesized 

and employing the bis-carbamate 24 in a three-step sequence reaction provided a cyclic dimer 

322 (35%) (Scheme 60) [7]. 

 

Scheme 59. Synthesis of oleanolic acid-based cyclic dimer 321 

Scheme 60. Synthesis of cholic acid-based cyclic dimer 322 

A cyclic brassinosteroids-based dimer 324 (56%) was obtained via the reaction of 24-

epibrassinolide 323 with 1,4-phenylenediboronic acid in pyridine (Scheme 61) [44]. 
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Scheme 61. Synthesis of cyclic brassinosteroids-based dimer 324 

Two diastereoisomeric cyclic dimers 325 and 326 based on 1,4-diethynylphenylene 

were prepared, respectively, from bis-steroid 190 and bis-steroid 191 via ring-closing 

metathesis (RCM) (Schemes 62 and 63). The bis-steroid 190 reacted with Hoveyda-Grubbs 

second-generation catalyst in dry toluene and produced a mixture of diastereoisomeric cyclic 

dimer 325 (67%, E/Z = 2:1), which was separated by a reversed phase-HPLC with 

CH3CN/DCM (95:5) [34]. 

 

Scheme 62. Synthesis of cyclic steroid dimer 325 

The bis-steroid 190 reacted with various olefin metathesis catalysts (RCM) in dry 

toluene and produced a mixture of diastereoisomeric cyclic dimer 326 (57-85%, E/Z), the yield 

and the diastereoisomeric ratio depend on the catalyst used). The mixture of the 

diastereoisomeric cyclic dimer 326 (E/Z) was separated by reversed-phase HPLC with 

CH3CN/DCM (95:5) (Scheme 63) [34]. 
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Scheme 63. Synthesis of cyclic steroid dimer 326 

Studies on the synthesis of cholic acid-based molecular receptors have been performed 

in recent years.  In most cases, efforts have been made towards the synthesis of cyclic systems 

consisting of two steroidal units involving head-head and head-tail combination of cholic acids 

via suitable spacer [2]. Three cyclic dimers connected via head-tail 328 and head-head 329 as 

well as another head-head 330 were achieved, respectively, from cholic acid dithiol 327 and 

diiodide disulfide dimer 319 (Schemes 64 and 65). Firstly, a mixture of cholic acid cyclic 

dimers via head-tail 328 (15%), and via head-head 329 (30%) with disulfide spacers were 

synthesized from iodination of cholic acid dithiol monomer 327 using I2, NaOH, THF and H2O 

[21-23]. 

Scheme 64. Synthesis of cholic acid-based molecular receptors (cyclic steroid dimers) 328 

and 329 

Another mixture of head-head cholic acid cyclic dimer 329 (39%) with disulfide spacer 

as well as the cholic acid cyclic dimer 330 (48%) containing both disulfide and sulfide spacers 

were obtained from diiodide disulfide dimer 317 reacting with a large excess of NaSH.2H2O 

(10 equivalents) in EtOH. It was observed that when a large excess of NaSH.2H2O (more than 

20 equivalents) was used predominately the disulfide cyclic dimer 329 (85%) was formed 

(Scheme 65) [21-23]. 





50 

 

 

Figure 2. Structure of japindine (331) 

 

 

Figure 3. Structures of cephalostatin 20 (332) and cephalostatin 2 (333) 

4. Applications of steroid dimers 

The dimerization of the steroid skeleton generally renders new physicochemical and 

pharmacological properties leading to new applications of steroid dimers. Dimeric and 

oligomeric steroids are known to exhibit micellar, detergent and liquid crystal behavior, and 

pharmacological properties like cytotoxicity against cancer cells [1, 2, 16, 32, 33, 45]. It is also 

known that biologically important steroid dimers possess enhanced biological activities than 

that of the corresponding monomers [45]. It has been suggested that steroid dimers could 
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Figure 4. Structures of cephalostatin 1 (334), cephalostatin 7 (335) and cephalostatin 9 (336) 

Several cholic acid and etinic acid-based steroidal dimers were tested for their cytotoxic 

and hormone modulating activity [12, 37]. One of the cholic acid dimer 227 showed significant 

cytotoxic activity against lymphoblastic and myeloid leukemia cell lines CCRF-CEM and 

K562 at low micromolar concentrations. It was noted that the potency of this dimer in solid 

tumors and multidrug resistant leukemia cell lines was lower, and it was comparable to the 

activity in normal fibroblasts suggesting low therapeutic index. However, the etinic acid dimer 

173 was only active against multidrug resistant cells and displayed acceptable therapeutic 

index, while another etinic acid dimer 66 was only active against the CEM-DNR-BULK cell 

line, which is a daunorubicin resistant derivative of CCRF-CEM cells overexpressing the 
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recognition, supramolecular chemistry and broadly in pharmacology [7, 21, 22]. However, no 

direct experimental evidence is available to date to support this assumption.  

 Testosterone and its dimers were shown to alter tRNA morphology which may have 

importance in having insights into hormone-tRNA and drug-tRNA conjugations [48]. Tomkiel 

et al. (2018) synthesized several steroid dimers with disulphide links (118, 119, 145, 146, 313-

319, 328 and 329) and indicated their plausible role in metal ion complexation and ability to 

recognise and bind small drug and drug like molecules [23]. However, no further experimental 

evidence on this has been published yet. 

4.5 Miscellaneous 

A head-tail cholic acid dimer 148 linked via a 1,2,3-triazole ring was synthesized, 

purified by column chromatography and the biological activity spectra or pharmacotherapeutic 

potential were predicted in silico with the computer-based program, Prediction of Activity 

Spectra for Substances (PASS) revealing the most predicted types of biological activity being 

the inhibition of 1-acylglycerol-3-phosphate O-acyltransferase, squalenehopene cyclase, 

peptidoglycan glycosyltransferase, acylglycerol lipase, hypercholesterolemic, N-(long-chain-

acyl)ethanolamine deacylase, alkenylglycerophosphoethanolamine hydrolase, and cholesterol 

synthesis [28]. 
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