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Abstract: We report two synthetic systems, Cu(Bpy)2þ and Cu(Phen)2þ, for catalytic

hydrogenation of steroidal haloalkenes in the presence of hydrazine and air. These studies

demonstrated that the selective hydrogenation is faster for the 1,10-phenanthroline–

Cu(II) system because forming more stable copper complex are formed, leaving fewer

free copper ions in solution. Evidence also supports that the catalytic power of Cu(II)

ions can be tuned moderately through the addition of bidentate ligand, Bpy or Phen.
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INTRODUCTION

Several steroidal haloalkanes are well known as antiestrogens for the

treatment of human breast tumors and probes for nuclear imaging of

estrogen receptors.[1 – 4] Recently, new types of steroidal estrogen-based

antagonists were developed because of the side effects of the partial estrogenic

activity of Tamoxifen,[5] the most widely used drug in breast cancer patients

for more than 30 years. For example, the compound EM-139[6,7] and ICI

182,780 (FaslodexTM),[8 – 12] bearing either a chlorine at the 16a-position or

a pentafluoropentylsulfinyl group at the 7a-position, demonstrate complete
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endocrine blockade and activity against Tamoxifen-resistant estrogen

receptor-positive tumors. In addition, steroidal haloalkanes substituted with

halogens in the D-ring also serve as imaging agents to monitor the hormone

responsiveness of the tumor cell and provide early detection and accurate

assessment of the disease.[13 – 18] Similarly, steroids bearing a halogen in

the D-ring at C-17b may have the broad range of biological activity to act

as new halosteroidal antiestrogens or imaging agents.

Preparation of 17b-fluoro compounds is easily constructed by replacing

the oxygen function (triflate) at C-17b by nBu4NF; however, synthesis of

17b-chloro, 17b-bromo, and 17b-iodo by halogen substitution at C-17b

generates alkenes from elimination instead of substitution of the 17a-

triflate. Furthermore, construction of 17b-chloro, 17b-bromo, and 17b-iodo

by metal-mediated hydrogenation of vinyl halide is quite complicated

because of low yields and production of dehalogenation side products. For

instance, palladium-catalyzed hydrogenation of 17-bromo-5a-androstan-

16-ene resulted in 5a-androstane (85%) as a major product and 17b-bromo-

5a-androstane at low yield (10%).[19] Lately, we demonstrated a mild and

selective method to synthesize 17b-halosteroids through Cu(II)/Fe(III)-

mediated hydrogenation of steroidal haloakenes in the presence of

hydrazine hydrate. This methodology avoids side products from dehalogena-

tion or competing substitution and provides the desired 17b-halosteroids in

high yields (90–98%).[20]

However, the Cu(II)/Fe(III) system has a drawback: it consumes 2 equiv.

of Fe(III) during the reaction. For environmental reasons, it is more practical

to conduct the system with only a catalytic amount of Cu(II) without the assist-

ance of excess Fe(III). To accomplish this goal, we have to enhance the selec-

tivity of catalytic power of Cu(II) through the aid of coordination chemistry,

which already exists in nature. From enzymatic point of view, nature uses the

amino nitrogen and the carboxylate oxygen to coordinate the Cu(II) ion at the

active site of many metalloenzymes.[21] Because of the hydrophobic and

hydrophilic environment of the amino acid network, copper metal in the

active site of enzyme can preferentially promote catalytic reactions, such as

hydrolysis and coupling reactions, from one course and prevent the

undesired contact from the other direction. In the Cu(II)/Fe(III)-mediated

hydrogenation system, however, the role of free Cu(II) is still ambiguous,

and it is very attractive to explore how free Cu(II) or ligand Cu(II)
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complexes manipulate the metal-catalyzed hydrogenation of steroidal haloalk-

enes. To unravel these questions, we report here a detailed investigation of

2,20-bipyridine (Bpy)–Cu(II) and 1,10-phenanthroline (Phen)–Cu(II)

systems in comparison with the free Cu(II) or Cu(II)/Fe(III) catalytic

method described earlier in our laboratory.

RESULTS AND DISCUSSION

Previously, metal-mediated hydrogenation of steroidal haloakenes showed

that free Cu(OAc)2 (0.1 equiv) is capable of catalyzing hydrogenation of

17-bromo-3b-hydroxy-5a-androstan-5,16-ene (1.0 equiv) into 17b-bromo-

3b-hydroxy-5a-androstan-5-ene (9%) and 3b-hydroxy-5a-androstan-5-ene

(43%).[20] However, the desired hydrogenation product is minor, and the deha-

logenation one is the major. On the other hand, exclusive K3Fe(CN)6 (1.5

equiv) as a metal catalyst is very inert at the same condition. Despite of

problems of using the metal catalyst individually, metal complex Cu(II)/
Fe(III) (0.01 equiv:2.0 equiv) has higher catalytic activity for production of

17b-halosteroids without any concomitant formation of dehalogenation

products.[20] Obviously, K3Fe(CN)6 is able to adjust the catalytic power of

Cu(II) and regulate the ratio of final products (hydrogenation/dehalogena-

tion). It is very interesting to see whether the addition of Bpy or Phen

ligand[22 – 24] in Cu(II) is capable of doing the same function in this catalytic

system (Scheme 1). The structures of steroidal haloakenes and the correspond-

ing products described in this study are presented in Scheme 1.

We first examined the efficacy of 10 mol% of Cu(Bpy)2þ or Cu(Phen)2þ

as a catalyst to carry out the hydrogenation of 17-chloroalkenes (1a and 3a).

The bidentate Bpy or Phen ligand (1 equiv) was mixed with 1 equiv of

Scheme 1.
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Cu(OAc)2 and in situ generated mononuclear complex Cu(Bpy)2þ or

Cu(Phen)2þ, which was examined for its catalytic hydrogenation in the

presence of hydrazine hydrate and air in methanol. Thus, 17-chloroalkenes

(1a and 3a) were the first interesting targets to investigate because of their

higher heterolytic bond dissociation energy of C–Cl bond; that is, the hetero-

lytic bond dissociation energy is greater for the C–Cl bond than for the

C–Br/C–I bonds. In comparison to the absence and presence of Bpy or

Phen ligand with Cu(OAc)2 (Table 1, entries 1–3), the ratio of products

(hydrogenation/dehalogenation) increased from 0.7 (without ligand) to 7.3

(with Phen ligand), indicating that enhancement of catalytic hydrogenation

occurs in the presence of Bpy or Phen. In other words, the abilities of

catalytic hydrogenation displayed by Cu(Bpy)2þ and Cu(Phen)2þ for 1a were

increased three- to ten-fold when compared with Cu(OAc)2 itself. Similarly,

the relative yields of 4a listed in Table 1 (entries 4–6) were found to increase

from 66% to 97% with an addition of ligand in the following order: no ligand ,

Bpy , Phen. The Cu(Bpy)2þ or Cu(Phen)2þ complex exhibited enhancements

in the abilities of catalytic hydrogenation by factors of four to 17-fold relative to

those of Cu(OAc)2. The increasing propensity of the catalytic hydrogenation

based on the ratio of products is in accordance with the tendency of stability

constants of Cu(Bpy)2þ and Cu(Phen)2þ complexes, where their overall

Table 1. Catatlytic hydrogenation of 1a and 3a by Cu(OAc)2 in the presence or

absence of ligandsa

Entry Ligand Substrate Product

Yield

(%)b Ratioc

1 — 1a 2a 42

dehalogenation 58 0.7

2 Bpy 1a 2a 67

dehalogenation 33 2.0

3 Phen 1a 2a 88

dehalogenation 12 7.3

4 — 3a 4a 66

dehalogenation 34 1.9

5 Bpy 3a 4a 87

dehalogenation 13 6.7

6 Phen 3a 4a 97

dehalogenation 3 32

aReactions were performed at room temperature in methanol (3 mL) for 27 h with

substrate 1a or 3a (70 mmol), Cu(OAc)2 (7 mmol), and ligands (7 mmol) in the

presence of hydrazine hydrate and air.
bDetermined from the integral ratio of 1H NMR.
cThe value of ratio is the yield of hydrogenation product/yield of dehalogenation

product.
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formation constants are about 1017 and 1020 in solution respectively.[25] This

evidence suggests that more free Cu(II) in solution results in less hydrogenation

product and additional formation of dehalogenation. Meanwhile, Cu(Bpy)2þ

and Cu(Phen)2þ complexes entice induction of thermodynamic stability and

promote desired orientation for a selective catalytic pathway by a coordination

chemistry approach.

In the case of 17-iodoalkenes (1c and 3c), under typical hydrogenation con-

ditions, dehalogenation products (Table 2, entries 1, 4, 12) are usually generated

because of the low dissociation energy of C–I bond. Thus, it is necessary to

explore various reaction conditions for hydrogenation of 1c/3c using Cu(II)–

ligand complex in the presence of K3Fe(CN)6 to scrutinize the influence of

Bpy or Phen on selective hydrogenation. Obviously, with the addition of

different amounts of K3Fe(CN)6 in solution the desired hydrogenation product

2c had been consistently increased with less formation of dehalogenation

product. After optimization, we were able to build up a suitable and practical

condition (entry 8) for the catalytic hydrogenation of 1c (entries 2, 3, 5–7,

8–10). The reaction with Cu(OAc)2/Bpy/K3Fe(CN)6 (the molar ratio is

0.1:0.1:0.4) yielded 17b-iodoalkane 2c in 50% yield with an equal amount of

the deiodomination compound (entry 8). Similarly, we then examined the

efficacy of Cu(OAc)2/Phen/K3Fe(CN)6 as a catalyst for the formation of 17b-

iodoalkane 4c (entries 11–18). We found that the best protocol for the catalytic

hydrogenation of 3c was obtained using the same molar ratio (0.1:0.1:0.4) of

Cu(OAc)2/Phen/K3Fe(CN)6 in the presence of hydrazine hydrate and air

(entry 16). In this event, 4cwas detected in 72% yield, and the other deiodomina-

tion product was observed in 12% yield only. Elongation of the reaction time defi-

nitely increased the yield of hydrogenation product 4c up to 87% (entry 19).

Using this protocol, we were able to evaluate the efficacy of Bpy or Phen

as a part of the catalyst to catalyze hydrogenation of bromo- and iodo-steroidal

compounds (1b, 3b, 1c, and 3c). Interestingly, the catalyst with Phen ligand

also displayed a higher ratio of hydrogenation products than those of Bpy

ligand (Table 3). For example, the ratios of hydrogenation/dehalogenation

increased from 2.6 to 3.5 in the cases of entries 1 and 2, from 4.3 to 7.4 in

the cases of entries 3 and 4, from 1.0 to 2.0 in the cases of entries 5 and 6,

and from 1.1 to 6.0 in the cases of entries 7 and 8. These results are consistent

with the observations in Table 1 in the absence of K3Fe(CN)6 as the catalyst.

In addition, evidence demonstrates that the catalytic ability of the Cu(II) ion

in hydrogenation of steroidal haloalkenes can be tuned comparatively by

adding the Bpy or Phen ligand.

CONCLUSIONS

In conclusion, a practical protocol has been developed that allowed us to

evaluate the roles of Bpy and Phen ligands toward Cu(II) metal through the

manipulation of thermodynamic stability and reconstruction of the catalytic
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Table 2. Selected optimization conditions for 17b-iodosteroids (2c and 4c)

formationsa

Entry Substrate Metal oxidant Ratio (nmol)

Reaction

time (h)

Yield (%)b

2c or

4cc
Dehalo-

genation

1 1c Cu(II)/Bpy 0.01:0.01 1.0 8 86

2 1c Cu(II)/Bpy/
Fe(III)

0.01:0.01:0.02 1.0 12 11

3 1c Cu(II)/Bpy/
Fe(III)

0.01: 0.01: 0.1 1.0 9 7

4 1c Cu(II)/Bpy 0.1:0.1 2.0 0 100

5 1c Cu(II)/Bpy/
Fe(III)

0.1:0.1:0.02 4.0 14 74

6 1c Cu(II)/Bpy/
Fe(III)

0.1:0.1:0.2 4.0 22 40

7 1c Cu(II)/Bpy/
Fe(III)

0.1:0.1:0.4 4.0 47 28

8 1c Cu(II)/Bpy/
Fe(III)

0.1:0.1:0.4 9.0 50 50

9 1c Cu(II)/Bpy/
Fe(III)

0.1:0.15:0.4 4.0 28 39

10 1c Cu(II)/Bpy/
Fe(III)

0.1:0.15:1.0 6.0 20 51

11 3c Cu(II)/Phen/
Fe(III)

0.01:0.01:0.1 1.0 15 16

12 3c Cu(II)/Phen 0.1:0.1 2.0 2 11

13 3c Cu(II)/Phen/
Fe(III)

0.1:0.1:0.2 4.0 55 25

14 3c Cu(II)/Phen/
Fe(III)

0.1:0.2:0.2 4.0 53 31

15 3c Cu(II)/Phen/
Fe(III)

0.1:0.1:0.4 4.0 47 8

16 3c Cu(II)/Phen/
Fe(III)

0.1:0.1:0.4 9.0 72 12

17 3c Cu(II)/Phen/
Fe(III)

0.1:0.1:1.0 9.0 29 13

18 3c Cu(II)/Phen/
Fe(III)

0.2:0.2:0.4 4.0 29 39

19 3c Cu(II)/Phen/
Fe(III)

0.1:0.1:0.4 14.0 87 13

aReactions were performed at room temperature in methanol (3 mL) for different

time with substrate 1c or 3c (70 mmol), Cu(OAc)2 (7 mmol), ligands (7 mmol), and

various amounts of K3Fe(CN)6 in the presence of hydrazine hydrate and air.
bDetermined from the integral ratio of 1H NMR.
c2c is the product for entries 1–10; 4c is the product for entries 11–19.
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orientation. The catalyst with Phen ligand displays more catalytic power

during selective hydrogenation of halosteroidal compounds. Studies to facili-

tate the selectivity between hydrogenation and dehalogenation by Cu(OAc)2

using more rigid ligands are under way in our laboratory.

EXPERIMENTAL

General

1H spectra were recorded on a Bruker AMX400 spectrometer. Proton

chemical shifts (d) are reported in parts per million (ppm) relative to the

methine singlet at 7.24 ppm for the residual CHCl3 in the deuteriochloroform.

The water used in this study was deionized and doubly distilled. All chemicals

and solvents were purchased from Sigma, Aldrich, or Acros Organics.

Table 3. Optimized catalytic hydrogenation of 1b, c and 3b, c by Cu(OAc)2 in the

presence of ligand and K3Fe(CN)6
a

Entry Substrate

Catalyst/
ligand

Reaction

time (h)

Yield (%)b

Ratioc
Hydro-

genation

Dehalo-

genation

1 1b Cu(II)/Bpy/
Fe(III)

18 72 (2b) 28 2.6

2 1b Cu(II)/Phen/
Fe(III)

18 78 (2b) 22 3.5

3 3b Cu(II)/Bpy/
Fe(III)

18 81 (4b) 19 4.3

4 3b Cu(II)/Phen/
Fe(III)

18 74 (4b) 10 7.4

5 1c Cu(II)/Bpy/
Fe(III)

9 50 (2c) 50 1.0

6 1c Cu(II)/Phen/
Fe(III)

9 62 (2c) 31 2.0

7 3c Cu(II)/Bpy/
Fe(III)

9 47 (4c) 42 1.1

8 3c Cu(II)/Phen/
Fe(III)

9 72 (4c) 12 6.0

aReactions were performed at room temperature in methanol (3 mL) for 9 or 18 h

with substrate 1b, 3b, 1c, or 3c (70 mmol), Cu(OAc)2 (7 mmol), ligands (7 mmol),

and K3Fe(CN)6 (28 mmol) in the presence of hydrazine hydrate and air.
bDetermined from the integral ratio of 1H NMR.
cThe value of ratio is the yield of hydrogenation product/yield of dehalogenation

product.
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Synthesis of steroidal haloalkenes (1a–c and 3a–c) was conducted in two

steps as described previously.

General Hydrogenation Method

Vinyl halide (70 mmol) was added to a stirred solution of Cu(OAc)2 (1.3 mg,

7.0 mmol) and ligand (7.0 mmol) in methanol (3 mL) under an atmosphere of

air at room temperature, then N2H4 � H2O (200mL). N2H4 � H2O (200mL)

was slowly added every 2 h, and the solution was allowed to stir continuously.

We stopped the reaction when TLC analysis showed that starting material was

gone. The precipitate was filtered and washed thoroughly with dichloro-

methane. The organic layer was evaporated, and dilute aqueous HCl was

added to the remaining aqueous phase adjust the pH to 8–8.5. The resulting

water solution was extracted with CH2Cl2 (6 mL), and the combined

organic phases were dried (Na2SO4). The solvent was evaporated, and the

small amount of mixture was then directly analyzed by 1H NMR to

determine the ratio of hydrogenation product. The pale yellowish residue

was purified by chromatography on silica gel. Elution with hexane first and

then a mixture of EtOAc/hexane (1:10 v/v) yielded the corresponding

products in order of increasing polarity: the dehalogenation product

followed by hydrogenation product as a colorless solid.

ACKNOWLEDGMENTS

We thank the National Science Council (NSC93-2113-M-001-035) and

Academia Sinica for financial support.

REFERENCES

1. Levesque, C.; Merand, Y.; Dufour, J.-M.; Labrie, C.; Labrie, F. Synthesis and
biological activity of new halo-steroidal antiestrogens. J. Med. Chem. 1991,
34, 1624–1630.

2. Schwede, W.; Cleve, A.; Neef, G.; Ottow, E.; Stockemann, K.; Wiechert, R.
Synthesis and biological activity of 17-chloro-16(17)-unsaturated D-homo antipro-
gestins. Steroids 1994, 59, 176–180.

3. Liu, A.; Carlson, K. E.; Katzenellenbogen, J. A. Synthesis of high-affinity fluorine-
substituted ligands for the androgen receptor. Potential agents for imaging
prostatic cancer by positron emission tomography. J. Med. Chem. 1992, 35,
2113–2129.

4. Labaree, D. C.; Hoyte, R. M.; Nazareth, L. V.; Weigel, N. L.; Hochberg, R. B.
7a-Iodo and 7a-fluoro steroids as androgen receptor-mediated imaging agents.
J. Med. Chem. 1999, 42, 2021–2034.

H.-C. Du, K.-C. Liu, and W.-S. Li628



5. Santen, R. J.; Manni, A.; Harvey, H.; Redmond, C. Endocrine treatment of breast

cancer in women. Endocrine Rev. 1990, 11, 221–265.

6. De Launoit, Y.; Veilleux, R.; Dufour, M.; Simard, J.; Labrie, F. Characteristics of

the biphasic action of androgens and of the potent antiproliferative effects of the

new pure antiestrogen EM-139 on cell cycle kinetic parameters in LNCaP

human prostatic cancer cells. Cancer Res. 1991, 51, 5165–5170.
7. Jordan, V. C. Antiestrogens and selective estrogen receptor modulators as multi-

functional medicines. 2. Clinical considerations and new agents. J. Med. Chem.

2003, 46, 1081–1111.

8. Wakeling, A. E.; Dukes, M.; Bowler, J. A potent specific pure antiestrogen with

clinical potential. Cancer Res. 1991, 51, 3867–3873.

9. Howell, A.; Osborne, C. K.; Morris, C.; Wakeling, A. E. ICI 182,780 (faslodex)

development of a novel, “pure” antiestrogen. Cancer 2000, 89, 817–825.

10. Seimbille, Y.; Benard, F.; van Lier, J.E. Synthesis of 16a-fluoro ICI 182,780

derivatives: Powerful antiestrogens to image estrogen receptor densities in
breast cancer by positron emission tomography. J. Chem. Soc., Perkin Trans. 1

2002, 20, 2275–2281.

11. Paredes, J.; Stove, C.; Stove, V.; Milanezi, F.; Van Marck, V.; Derycke, L.;

Mareel, M.; Bracke, M.; Schmitt, F. P-cadherin is up-regulated by the antiestrogen

ICI 182,780 and promotes invasion of human breast cancer cells. Cancer Res.

2004, 64, 8309–8317.

12. Riggins, R. B.; Zwart, A.; Nehra, R.; Clarke, R. The nuclear factor kB inhibitor

parthenolide restores ICI 182,780 (Faslodex; fulvestrant)-induced apoptosis in

antiestrogen-resistant breast cancer cells. Mol. Cancer Ther. 2005 (4), 33–41.
13. Heiman, D. F.; Stephen, G.; Senderoff, J.; Katzenellenbogen, J. A. Estrogen

receptor-based imaging agents. 1. Synthesis and receptor binding affinity of

some aromatic and D-ring halogenated estrogens. J. Med. Chem. 1980, 23,

994–1002.

14. Stalford, A. C.; Maggs, J. L.; Gilchrist, T. L.; Park, B. K. The metabolism of

16-fluoroestradiols in vivo: Chemical strategies for restricting the oxidative bio-

transformations of an estrogen-receptor imaging agent. Steroids 1997, 62,

750–761.

15. Wolfling, J.; Frank, E.; Mernyak, E.; Bunkoczi, G.; Cvesta Seijo, J. A.;
Schneider, G. Synthesis of novel halogen-containing D-homoestrone and 13a-

D-homoestrone derivatives by Lewis acid-induced intramolecular Prins reaction.

Tetrahedron 2002, 58, 6851–6861.

16. Seimbille, Y.; Ali, H.; Van Lier, J. E. Synthesis of 2,16a- and 4,16a-difluoroestra-

diols and their 11b-methoxy derivatives as potential estrogen receptor-binding

radiopharmaceuticals. J. Chem. Soc., Perkin Trans. 1 2002, 5, 657–663.

17. Ali, H.; Rousseau, J.; Paquette, B.; Dube, C.; Marko, B.; van Lier, J. E. Synthesis

and biological properties of 7a-cyano derivatives of the (17a,20E/Z)-

[125I]iodovinyl- and 16a-[125I]iodo-estradiols. Steroids 2003, 68, 1189–1200.

18. Foy, N.; Stephan, E.; Vessieres, A.; Salomon, E.; Heldt, J.-M.; Huche, M.;
Jaouen, G. Synthesis, receptor binding, molecular modeling, and proliferative

assays of a series of 17a-arylestradiols. Chem. Bio. Chem 2003, 4, 494–503.

19. Cowell, D. B.; Davis, A. K.; Mathieson, D. W.; Nicklin, P D. Bromo, chloro, and

amino derivatives of 5a-androstane and 5a-estrane. J. Chem. Soc., Perkin Trans. 1

1974, 13, 1505–1513.

20. Chang, K.-H.; Jenkins, M. N.; Wu, H.-R.; Li, W.-S. A selective Cu(II)/Fe(III)-

mediated hydrogenation of steroidal haloalkenes in the presence of hydrazine.

Tetrahedron Lett. 2003, 44, 1351–1354.

Halosteroidal Derivatives 629



21. Holm, R. H.; Kennepohl, P.; Solomon, E. I. Structural and functional aspects of
metal sites in biology. Chemical Rev. 1996, 96, 2239–2314.

22. Abuhijleh, A.L. Synthesis and characterization of copper-ibuprofenate complexes
with 2,20-bipyridine and 1,10-phenanthrolines and their hydrolytic activities in
phosphate diester cleavage. Polyhedron 1996, 16, 733–740.

23. Kaes, C.; Katz, A.; Hosseini, M. W. Bipyridine: The most widely used ligand.
A review of molecules comprising at least two 2,20-bipyridine units. Chemical
Rev. 2000, 100, 3553–3590.

24. Chelucci, G.; Thummel, R. P. Chiral 2,20-bipyridines, 1,10-phenanthrolines, and
2,20:60,200-terpyridines: Syntheses and applications in asymmetric homogeneous
catalysis. Chemical Rev. 2002, 102, 3129–3170.

25. Irving, H.; Mellor, D. H. Stability of metal complexes of 1,10-phenanthroline and
its analogs. I. 1,10-Phenanthroline and 2,20-bipyridine. J. Chem. Soc. 1962,
5222–5237.

H.-C. Du, K.-C. Liu, and W.-S. Li630






