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Complete series of L-halo- and 2-cyano-cestrogens have been prepared in good to high yields: 2-chloro, 2-bromo, 
2-iodo, and 2cyano derivatives via oestrogen-thallium (III) bis(trifluoroacetate) intermediates, and 2- and 4- 
fluorooestrogens by direct kmctionalization using N-fluompyridinium triflate. 

Introduction 

Mild and selective halogenation of medicinal and related organic compounds has received 

considerable attention because of the effects of halogen substituents on the physical properties, 

metabolic fates, and biological actions of such compounds.1 

The present work arose from the observation that substitution of fluorine into the C2 position of 17p 

oestradiol reduces the carcinogenicity of the oestrogen while not affecting its hormonal activity.2 It 

was presumed that the C2-F bond is resistant to metabolic cleavage, and this effect was therefore 

interpreted as evidence for the involvement of the normal C2-hydroxylated (catechol) metabolites in 

the carcinogenic action of steroidal oestrogens. However, later studies using non-radiolabelled 

derivatives showed appreciable oxidative dehalogenation of 2-fluoro-17Boestradiol and some other 

halooestrogens to catechols in vitro, and hence brought into question the usefulness of 

halooestrogens as metabolic probes of the mechanisms of oestrogen carcinogenesis.3 Nevertheless, 

because a complete assessment of the influence of A-ring substituents on oestrogen metabolism 

necessitates the employment of radiolabelled derivatives,4 we sought preparative routes applicable 

to radiochemical syntheses. 

Several procedures for chlorination,sn6 bromination,54,41-44 and iodination@-11 of oestrogens are 

available but there is still a need for practical and general methods for regiospecific A-ring 

functionalization. Direct arene thalliation with thallic trifluoroacetate in trifluoroacetic acid and 

subsequent displacement of the thallium moiety with nucleophiles enables convenient and 

regiospecific preparation of a number of simple derivatives,l2-15 including halides1619 and nitriles.l3 

The efficient iododethalliation of oestrogen thallium (III) bis(trifluoroacetate) by aqueous potassium 

iodide has been reportedg. However, although this method gave excellent yields of 24odooestrogens, 

all attempts to utilise it in the preparation of other halogenated and 2-cyanooestrogens-using 
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potassium halide (F, Cl, Br) and cyanide ions-were unsuccessful in our hands. Copper (I) and (II) 

halides and copper (I) cyanide also dethalliate simple aromaticslZ17Js, and from these reactions we 

have developed a convenient, general, and regiospecific procedure for the synthesis of CZ- 

substituted oestrogens. We have also developed a method for the preparation of 2- and 4- 

fluorooestrogens in high overall yields from oestrone using an electrophilic source of fluorine; other 

reported syntheses of fluorooestrogens involve less efficient and less regioselective procedures.* 

Results and discussion 

A typical procedure involved the conversion of an oestrogen acetate20 (1) into the corresponding 

oestrogen thallium (JR) biskifluoroacetate) (2) and treatment of the complex in dioxane or pyridine 

solution with a copper salt to afford 2-substituted oestrogen acetate (3), which upon deacetylation 

gave 2-substituted oestrogen (4) in excellent yield (Scheme 1). Copper (II) salts gave better yields 

than copper (I) in halogenation reactions; for example copper (I) bromide gave a 57% overall yield of 

2-bromooestradiol from oestradiol diacetate compared with 84% using copper (II) bromide.17 

(a) R’, R2 = 0 

fb)R’=OAc,R2=H CuX or CuX, 
dioxane, A 

(a) R’, R2 = 0 

fb)R1=0H,R2=~ 
Scheme 1 
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We extensively attempted similar fluorodethalllation of the thallium (III) complexes with copper (II) 

fluoride, tetrabutyl ammonium fluoride, copper (II) fluoride-boron trifluoride, and 

trisfdimethylamino) sulphur(trimethylsilyl)difluoride (TASF) in dioxane under reflux. No 

fluorooestrogens were formed; instead, starting material together with a small amount of 2- 

hydroxyoestrogen were commonly obtained,21 showing that hydroxylation as well as protonation 

had occurred at the thalliation position. In our hands the classic Balz-Schiemann sequence? gave an 

unacceptably low overall yield (6%) of 2-fluorooestrogen. 

0 

HO 

I . . . 1, 11 

0 

OH 

(6) 

+ 

AcO 

+ 

HO 

Reegenfs: UN-fluoropyridinium triflate, 1,1,2+ichloroethane, 118 “C, 24 hours 
(ii) Ac*O, pyridine, A, 1 hour 
(iii) K&Os, MeOH, A, 3 hours 
(iv) NaBH4, THF, 50 “C, 1 hour 

Scheme 2 

Aromatic fluorides-including fluorooestrogens 23-25-have been prepared with several established 
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electrophilic fluorinating reagents, viz. caesium fluoroxysulphate,23J6J’ perchloryl fluoride,24 

perfluoromethanol,25J3 xenon difluoride,zs and acetyl hypofluorite,xg-32 but these reagents are 

commonly toxic and unstable, and have all given poor yields of 2- and 4-fluoroestrogens (5-25% 

overall). In contrast, the newer electrophllic fluorinating reagents such as N-fluoroiminium salt+-37 

are effective under conventional mild conditions. However, in our hands N-fluoroquinuclidinium 

trifla@ gave no more than 20% conversion of goestradiol to monofluorinated products, and also 

yielded tetraene3s and pentaene side products, although the starting oestrogen was largely 

recovered unchanged. We were therefore pleased to find that N-fluoropyridinium triflat$6J7- 

which fluorinates phenol with an overall conversion of 75% to give 2-fluorophenol, 4-fluorophenol 

and 2,4-difluorophenol+zfficiently converted oestrone into 2- and 4fluorooestrone (Scheme 2) 

together with several uncharacterized or only partially characterized products;39 completion of the 

reaction was established by TLC, HPLC and mass spectrometry. 17l3Oestradiol gave 2- and 4- 

fluorinated derivatives under the same conditions but oestriol underwent extensive dehydration to 

oestrone*O. Neither oestrone acetate nor 17goestradiol dimethyl ether yielded monofluorinated 

products. Separation of 2- and Cfluorooestrone by fractional recrystallization, or by thin-layer or 

flash-column chromatography, could be achieved only after acetylation. Subsequent recrystallization 

yielded the 2- and Cisomers in the ratio 2.61. However, the most persistent impurity39 (Rt on HPLC 

column, 29 min; Rt for fluorooestrones, 26 min) could only be removed by successive 

recrystallizations. Mass spectral and chromatographic analyses39 suggested that this material was a 

mixture of 2- and 4-chlorooestrone. 

Experimental section 

General experimental details 

Melting points (uncorrected) were measured with a Kofler block apparatus. IR spectra were obtained 

on a Perkin Elmer 298 spectrophotometer. 1 H NMR spectra were recorded in (CD3)2CO or CDC13 

with reference to internal (C Ha),@ using Bruker AC200 (200 M Hz) or WM250 (250 M Hz), or Perkln 

Elmer R34 (220 M Hz) spectrometers. All mass spectra were low-resolution (800) EI (7OeV), and were 

acquired on VG Tritech TS-250 or VG Micromass 7070E instruments. Elemental analyses were 

performed by the Microanalysis Laboratory of the Department of Chemistry. High performance 

liquid chromatography columns were packed with 10 um ODS (u-Bondapak) and were eluted using 

a linear gradient of acetonitrile (20% to 75% over 40 min) in 43 mM N I$ H2PO4 (p H 3.0) at a flow 

rate of 1.5 ml/mm; the eluate was monitored at 280 nm. 

Oestrone acetate (1aP 

Oestrone (10 g, 37.0 mmol) was dissolved in pyridine (70 ml) and treated with acetic anhydride (17.5 

ml) under reflux for two hours. The solvent was evaporated and the residue poured into ice-water. 
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me precipitate was filtered, dried, and recrystallized from ethanol-water to give c~lot.u&s plates 

(11.14 g, %%), mp 116-118 T, (Found C, 76.79; H, 7.73. Czo I-h@ requires C, 76.8% I-& 7.74%); VIMX. 

1775 and 1740 cm-l; 6 0.90 (3 H, s) 1.25-2.21 (11 H, m), 230 (3 H, s), 2.35-2.60 (2 H, m), 2X3-3.00 (2 I-I, 

m), 6.75-6.90 (2 H, m), and 7.30 (1 H, d, J 8.3 I-W; m/z @I) 312 fM+), 270,242,226,213,185, and 172. 

17p-Oestradiol diacetate (1bP 

17gOestradiol (log, 36.8 mmol) was dissolved in pyridine (140 ml) and treated with acetic anhydride 

(35 ml) as described above for (la). After work-up the product was recrystallized from ethanol-water 

to give colourless plates (12.80 g, 98%), mp 124126 T, (Found: C, 74.35; H, 8.17. C22 I-I2804 requk 

C, 74.13; H, 7.92%); Vmax. 1755 and 1735 cm-l; 6 0.85 (3 H, s) 1.30-2.00 (11 H, m), 2.10 (3 H, s), 2.30 (3 

H, s), 2.20-2.40 (2 H, m), 2.85-2.95 (2 H, m), 4.68-4.80 (1 H, m), 6.82-6.91 (2 H, m), and 7.32 (1 H, d, J 8.3 

Hz); m/z (EI) 356 (M+), 314,254,225,213, and 172. 

General method for preparation of Z-substituted oestrogens (4a), (4b); Scheme 1 

Oestrone acetate or 17goestradiol diacetate (1 mmol) and thallic trifluoroacetate (2 mmol) were 

dissolved in trifluoroacetic acid (10 ml) and stirred at O-5 “C for 24 hours. The acid was evaporated 

under reduced pressure at c50 T. The complex was washed twice with 1,2dichloroethane. 1,4- 

Dioxane or pyridine (25 ml) and either copper (I) or (II) chloride, bromide, iodide, or cyanide were 

added to the oestrogen-thallium (III) complex, and the resulting mixture was heated under reflwc for 

l-5 hours. Product formation was monitored by TLC and mass spectrometry. After evaporation of 

the solvent, water (50 ml) was added and the product extracted with dichloromethane. The extract 

was dried over magnesium sulphate, evaporated under reduced pressure, and purified by flash- 

column chromatography on silica gel (Merck 9385). Elution with petroleum ether fbp 60-80 ‘T)-ethyl 

acetate (4 : 1, v/v) gave the 2-substituted oestrogen acetate. Deacetylation was performed by heating 

a methanol solution of the acetate (25 ml) with potassium carbonate (5 equiv.) under reflux for 3 

hours. The methanol was evaporated, water (50 ml) added to the residue, and the product extracted 

with dichloromethane. Evaporation of solvent from the dried (MgSO4) extract gave a solid which 

was recrystallized from petroleum ether fbp 60-80 “C)-ethyl acetate (23, v/v). 

For 2-chlorooestrone 

Oestrone acetate (312 mg, 1.0 mmol) was treated as described above; the reaction with copper (II) 

chloride required heating for five hours under reflex in dioxane. After work-up the product was 

recrystallized to give colourless plates (253 mg, 83%), mp 223-225 T, (Found: C, 70.72; H, 7.09. C1s 

H21ClO2 requires C, 70.81; H, 7.10%); vinax. 3350,1730,1390, and 882 cm-l; 6 O.% (3 H, s) 1.40-2.99 (15 

H, m), 6.88 (1 H, s), 7.22 (1 H, s), and 8.50 (1 I-I, br s); m/z @I) 304 fM+), 260,247,233,194, and 180. 
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For 2-bromooestrone 

Oestrone acetate (312 mg, 1.0 mmol) was treated as described above; the reaction with copper (II) 

bromide required heating for three hours under reflux in dioxane. After work-up the product was 

recrystallized to give colourless plates (295 mg, 85%), mp 194-195 T, (Found: C, 61.78; H, 6.28. Cl8 

H2lBiQ requires C, 61.81; H, 6.19%); vmax. 3380,1720,1380, and 884 cm-l; 8 0.98 (3 H, S) 1.46-3.00 (15 

H, m), 6.78 (1 H, s), 7.30 (1 H, s), and 8.50 (1 H, br s); m/z (EI) 350 W), 348,291,270, and 238. 

For Ziodooestrone 

Oestrone acetate (312 mg, 1.0 mmol) was treated as described above; the reaction with copper (II) 

iodide required heating for one hour under reflux in dioxane. After work-up the product was 

recrystalbzed to give colourless plates (350 mg, 88%), mp 167-168 “C, (Found: C, 54.56; H, 5.40. Cls 

H211@ requires C, 54.48; H, 5.46%); vmax. 3369,1738,14%, and 885 cm-l; 6 0.85 (3 H, S) 1.40-2.98 (15 

H, m), 6.74 (1 H, s), 7.55 (1 H, s), and 8.52 (1 H, br s); m/z (EI) 3% (M+), 339,286,270, and 252. 

For P-cyanooestrone 

Oestrone acetate (312 mg, 1.0 mmol) was treated as described above; the reaction with copper (I) 

cyanide required heating for five hours under reflux in pyridine. After work-up the product was 

recrystallized to give colourless plates (215 mg, 73%), mp 265-266 “C, (Feud C, 77.08; H, 7.42; N, 

4.61. Clg H2lN@ re@res C, 77.13; H, 7.32; N, 4.73%); v IMx. 3310,2270,1750, and 1250 cm-l; 6 0.86 (3 

H, s) 1.48-2.98 (15 H, m), 6.72 (1 H, s), 7.46 (1 H, s), and 8.52 (1 H, br s); m/z (EI) 295 @I+), 251,238, 

224,197, and 185. 

For 2-chloro-17&oestradiol 

178-Oestradiol diacetate (356g, 1.0 mmol) was treated as described above; the reaction with copper 

(II) chloride required heating for five hours under reflux in dioxane. After work-up the product was 

recrystallized to give colourless plates (255 mg, 83%), mp 187-189 “C, (Found: C, 70.61; H, 7.59. Cl8 

H23C102 requires C, 70.46; H, 7.55%); vmax. 3400,1590,1270, and 883 cm-l; 6 0.82 (3 H, s) 1.60-2.30 (13 

H, m), 2.74-2.86 (2 H, m), 3.54-3.86 (2 H, m), 6.60 (1 H, s), 7.20 (1 H, s), and 8.50 (1 H, br s); m/z (EI) 

306 (M+), 247,194, and 180. 

For 2-bromo-17&oestradiol 

17&Oestradiol diacetate (356 mg, 1.0 mmol) was treated as described above;, the reaction with copper 

(II) bromide required heating for three hours under reflux in dioxane. After work-up the product 

was recrystahized to give colourless plates (294 mg, 84%), mp 155156 “C, (Found: C, 61.38; I-& 6.60. 

Cls H23BrOz requires C, 61.54; H, 6.60%); vmx. 3420,1595,1382, and 880 cm-l; 8 0.84 (3 H, s) 1.50- 

2.19 (13 H, m), 2.75288 (2 H, m), 3.58-3.88 (2 H, m), 6.70 (1 H, s), 7.40 (1 H, s), and 8.52 (1 H, br s); 

m/z (EI) 352 (M+), 350,293,240, and 226. 
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For 2-iodo-17&oestradiol 

17pOestradiol diacetate (356 mg, 1.0 mmol) was treated as described above; the reaction with copper 

(II) iodide required heating for one hour under reflex in dioxane. After work-up the product was 

recrystallized to give colourless plates (355 mg, 89%), mp 177-178 ‘C, (Found: C, 53.99; H, 5.59. Cls 

Hz102 requires C, 54.06; H, 5.73%); vmax. 3420,1585,1268, and 886 an-l; 6 0.84 (3 H, s) 1.40-2.40 (13 

H, m), 2.70-2.98 (2 H, m), 3.60-3.90 (2 H, m), 6.72 (1 H, s), 7.52 (1 H, s), and 8.52 (1 H, br s); m/z (EI) 

398 (M+), 339,286,272, and 259. 

For 2-cyano-17~oestradiok 

17&Oestradiol diacetate (356 mg, 1.0 mmol) was treated as described above; the reaction with copper 

(I) cyanide required heating for five hours under reflux in pyridine. After work-up the product was 

recrystallized to give colourless plates (224 mg, 75%), mp 237-238 “C, (Found: C, 76.75; H, 7.83; N, 

4.68. Clg H&Q requires C, 76.73; H, 7.79; N, 4.71%); v rrux. 3330,2295,1580, and 1250 cm-l; 6 0.84 (3 

H, s) 1.50-2.30 (13 H, m), 2.76-2.90 (2 H, m), 3.60-3.90 (2 H, m), 6.88 (1 H, s), 7.40 (1 H, s), and 8.50 (1 

H, br s); m/z (EI) 297 (M+), 238,224, and 171. 

2- and 4-fluorooestrone acetates (5), (7); Scheme 2 

Oestrone (500 mg; 1.85 mmol) and N-fluoropyridinium triflate (915 mg, 3.70 mmol, 2 equiv.) in 1,1,2- 

trichloroethane (8 ml) were refiuxed under nitrogen for 24 hours. Solvent was removed under 

reduced pressure, and the residue poured into water and extracted with dichloromethane. 

Evaporation of the dried (MgSO4) extract yielded a brown oil which was acetylated as described 

above for oestrone. The crude mixture of 2- and 4-fluorooestrone acetate was partially purified by 

flash-column chromatography using petroleum ether (b.p. 60-80 W-ethyl acetate (9:l to 7:3) as 

eluent. The co-eluted isomers were separated by fractional recrystallization from petroleum ether 

(b.p. 60-80 Qabsolute ethanol (2:8), the aisomer being obtained as first crop, to yield 2-fluoro- (325 

mg, 53%) and Cfluoro- (123 mg, 20%) oestrone acetates as colourless crystals. 

For 2-fluorooestrone acetate: mp 88-90 “C; v max. 1770 and 1758 cm-l; 6 0.93 (3 H, s) 1.40-2.21 (11 H, 

m), 2.30 (3 H, s), 2.35-2.40 (2 H, m), 2.80-2.90 (2 H, m), 6.90 (1 H, d, J 8.3 Hz), and 7.20 (1 H, d, J 13.2 

Hz); m/z (EI) 330 (M+), 288,260,244,231,217,203, and 190. 

For 4-fluorooestrone acetate: mp 97-99 “C; v max. 1765 and 1750 cm-l; 6 0.90 (3 H, s) 1.30-2.22 (11 H, 

m), 2.30 (3 H, s), 2.40-2.50 (2 H, m), 2.70-2.93 (2 H, m), 6.95-7.10 (1 H, m), and 7.19 (1 H, d, J 9.2 Hz); 

m/z m/z (EI) 330 (M+>, 288,260,244,231,217,203, and 190. 

2-Fluorooestrone 

2-Fluorooestrone acetate (320 mg, 0.97 mmol) was dissolved in methanol (10 ml), and deacetylated 

by heating with potassium carbonate (670 mg, 5 equiv.) under reflux for 3 hours. The crude product 

was worked up with addition of water (20 ml) as described above for (4a) and (4b) and was 
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recrystallized from petroleum ether (b.p. 60-80 ‘C)-absolutue ethanol (28) to give 2-fluorooestrone as 

colourless crystals (265 mg, 95%), mp 220-222 ‘C; v mx. 3370,1720, 1580, and 1385 cm-l; 8 0.95 (3 H, 

s), 1.35-3.00 (15 H, m), 6.74 (1 H, d, J 9 Hz), 7.02 (1 H, d, J 13 Hz), and 8.32 (1 H, br s); m/z (EI) 288 

(M+), 260,244,231,217,203, and 190. 

4Fluorooestrone 

CFluorooestrone acetate (120 mg, 0.36 mmol) was dissolved in methanol (10 ml), and deacetylated 

by heating with potassium carbonate (251 mg, 5 equiv.) under reflux for 3 hours. The crude product 

was worked up with addition of water (20 ml) as described above for (4a) and (4b) and was 

recrystallized from petroleum ether (b.p. 60-80 OC)-ethyl acetate (1:l) to give 4-fluorooestrone as 

colourless crystals (100 mg, 95%), mp 222-224 ‘C; v mx. 3368,1725,1580, and 1450 an-l; 8 0.90 (3 H, 

s), 1.33-3.02 (15 H, m), 6.93-7.02 (1 H, m), 7.14 (1 H, d, J 9 Hz), and 8.33 (1 H, br s); m/z (EI) 288 (M+), 

260,244,231,217,203, and 190. 

2-Fluoro-178-oestradiol(6); Scheme 2 

A solution of 2-fluorooestrone (260 mg, 0.90 mmol) in tetrahydrofuran (10 ml) was treated with 

sodium borohydride (172 mg, 5 equiv.) at 50°C over 2 hours. The reaction mixture was worked up 

with addition of water (10 ml) as described above for (4a) and (4b). Recrystallization from absolute 

ethanol gave 2-fluorol7l$oestradiol(240 mg, 45% from oestrone), mp 172-174 ‘C. (Found: C, 74.34; 

H, 8.25. Cls H=FO2 requires C, 74.45; H, 7.98); v IMx. 3370,3550,1610,1580, and 1505 cm-l; 8 0.82 (3 

H, s), 1.20-2.30 (13 H, m), 2.70-2.84 (2 H, m), 3.61-3.92 (2 H, m), 6.72 (1 H, d, J 9 Hz), 7.01 (1 H, d, J 13 

Hz), and 8.30 (1 H, br s); m/z (EI) 290 (M+), 272,246,231,217,2(X 190 and 178. 

4-Fluoro-17/+oestradiol(8); Scheme 2 

A solution of efluorooestrone (95 mg, 0.33 mmol) in tetrahydrofuran (10 ml) was treated with 

sodium borohydride (63 mg, 5 equiv.) at 50°C over 2 hours. The reaction mixture was worked up 

with addition of water (10 ml) as described above for (4a) and (4b). Recrystallization from petroleum 

ether (b.p. 60-80 ‘Q-ethyl acetate (3:2) gave 4-fluoro-178-oestradiol(YO mg, 17% from oestrone), mp 

189-190 OC. (Found: C, 73.97; H, 8.02. Cl8 H7$02 requires C, 74.45; H, 7.98); VEX. 3375,3555,1605, 

1580, and 1500 cm-l; 6 0.83 (3 H, s), 1.20-2.30 (13 H, m), 2.70-2.85 (2 H, m), 3.62-3.91 (2 H, m), 6.95-7.05 

(1 H, m), 7.15 (1 H, d, J 9 Hz), and 8.35 (1 H, br s); m/z (EI) 290 (M+), 272,246,231,217,204,190 and 

178. 
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