
692 J .  Med. Chem. 1986,29, 692-698 

In Vitro Inhibition of Estrogen Sulfoconjugation by Some 2- and 4-Substituted 
Estra- 1,3,5( lO)-trien-17P-o1~'~ 
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Hormone-responsive rat and human mammary tumor, unlike normal epithelium, actively sulfoconjugates estrogens. 
The title compounds (9-11) were synthesized in search of specific inhibitors of estrogen sulfotransferase as a possible 
means of developing effective chemotherapeutic agents for treatment of hormone-dependent human mammary cancer. 
4-Nitroestrone 3-triflate (7a) was converted to the corresponding estradiol derivative (8a) in 93% yield by reduction 
with NaBH, under phase-transfer conditions. Catalytic reduction (10% Pd/C) of the latter gave 4-aminoestra- 
1,3,5(10)-trien-17fl-ol (sa) in 77% yield. These same reactions were applied consecutively to 4-nitroestrone 3-nonaflate 
(7b) to give 9a in 56% overall yield. The amino steroid (9a) was converted to 4-fluoroestra-1,3,5(1O)-trien-l7fl-ol 
(loa) via a Balz-Schiemann reaction, in 17% overall yield. Successive NaBH, and (10% Pd/C) catalytic reductions 
of 4-fluoroestrone 3-0-( 1-phenyl-1H-tetrazol-5-yl) ether (2b) provided a less satisfactory route to loa. MCPBA oxidation 
of 9a gave 4-nitroestra-1,3,5(1O)-trien-17fl-o1 (lla) in 56% yield. The same series of reactions were applied to 
2-nitroestrone 3-triflate (7c) to give 2-amino- (9b), 2-fluoro- (lob), and 2-nitro- (1 lb)  estra-l,3,5(10)-trien-17-01~ 
in comparable yields. Substitution in the A ring results in improved inhibition of porcine endometrial sulfotransferase 
sulfoconjugation of estradiol relative to estra-1,3,5( lO)-trien-17P-o1(4a). Moreover, electronegative substitution at  
C-4 of 4a is more effective than at C-2. In particular, the K ,  (2.43 f 0.16 pM) of l l a  is sixfold smaller than that 
of the unsubstitxited steroid (4a). 

A distinguishing characteristic of bo th  rat and h u m a n  
hormone-dependent mammary  tumors,  vis a vis the cor- 
responding normal epithelial tissue, is the relatively high 
capacity to sulfoconjugate estrogens.2,3 The mechanism 
of steroidal estrogen sulfurylation* by 3'-phosphoadenosine 
5'-phosphosulfate (PAPS),  as mediated by bovine adrenal 
estrogen sulfotransferase (EC 2.8.2.4), has been the subject 
of extensive s tudy  in th i s  laboratory over t h e  last several 
years.'-9 F rom th is  work, there  has emerged (inter alia) 
a hypothesis of a n  enzyme-bound transit ion state for es- 
trogen sulfurylation that includes the concept of an asso- 
ciation (stacking) of the adenine moiety of PAPS and the 
aromatic ring of the steroid.8 More recently, we have 
isolated an estrogen sulfotransferase from porcine endom- 
etrium.'O Although similar to the bovine adrenal enzyme 
( K ,  = 3.77 pM) in many of its properties and kinetics, this 
target tissue enzyme displayed an extremely low K ,  (36 
nM),  as does the breast  t umor  sulfotransferase. The en- 
dometrial  enzyme is induced by progrcsterone," present 
only in secretory phase of the estrous12 or mensturaP cycle. 

Ring-A-substituted estrogens have proved to be effective 
inhibitors of estrogen 3-O-sulfurylation,5-8 particularly if 
the substi tuent,  e.g. a n i t ro  group, is located at the 4- 
position of estrone.14 Methyl  ethers of 4-substi tuted es- 
trones were prepared i n  search of competitive inhibitors 
that would no t  serve as subs t ra tes  for the enzyme and ,  
further,  to prevent the final inhibitors from also being 
bound by estrogen receptor.15 4-Nitroestrone 3-0-methyl 
ether proved to be an efficient inhibitor of bovine adrenals 
as well as porcine endometrial  sulfotransferase,16 with no  
affinity for estrogen receptor. The high level of sulfo- 
transferase inhibit ion achieved with 4-nitroestrone 3-0 -  
methyl  e ther  was ascribed to a stabilization of the stack 
(vide supra) through hydrogen bonding between the 6-NH2 
group of adenine  and the 4-nitro substituent.* Of con- 
siderable relevance and interest  is  t h e  finding that 4- 
nitroestrone 3-0-methyl ether is, in addition, an effective 
inhibitor of t h e  growth of the DMBA-induced (hormone- 
dependent) rat mammary  tum0r.l' However, i t  was also 
observed that t h e  in vivo fa te  of [6,7-3HH]-4-nitroestrone 
3-0-methyl  e ther  included substantial  (15%) O-deme- 
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Table I. Inhibition of Porcine Endometrial Estrogen 
Sulfotransferase by Some Estra-1,3,5(10)-trien-l7fl-ols and 
-17-ones" 

substituent structure no.b app K, ,  LLM 
Estra-1,3,5(10)-trien-17fl-ol 

4-nitro l l a  2.43 f 0.16 
2-amino 9b 5.51 f 1.63 
2-nitro l l b  9.76 f 1.18 
4-fluor0 10a (4b) 10.2 f 0.76 
4-amino 9a 11.9 f 0.56 
2-fluor0 10b 13.6 f 2.9 
(unsubstituted) 4a 16.3 f 3.9 

Estra-1,3,5( lO)-trien-l;-one 
4-amino 12 10.51 f 3.9 

14.8 f 6.5 4 - f l U O r O  6 
(unsubstituted) 25.1 f 5.8 

Conditions for incubation are described in the Experimental 
Section. [6,7-3H]Estrone was added at 0.3 pM and the inhibitor at 
lOOX the estrone concentrations. Apparent Ki values were calcu- 
lated from the fractional inhibition data as described in previous 
work.8 

thylation." The fact that 4-nitroestrone a n d  4-nitro- 
estradiol both b ind  to  estrogen receptor,15 albeit approx- 

See Schemes I and I1 for structures. 
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imately one-tenth that of estradiol, raised the possibility 
that growth inhibition of the DMBA-induced tumor is 
mediated via an estrogen receptor complex rather than 
estrogen sulfotransferase inhibition. 

I t  has been demonstrated that the presence of a free 
phenolic hydroxyl group in estradiol is of critical impor- 
tance to the binding of the steroid to receptor.18 If it is 
absent, as in estra-1,3,5(10)-trien-17/3-o1(4a), affinity for 
receptor is significantly reduced.18 By contrast, a free 
phenolic OH, as noted above, is not a sine qua non for 
binding of the polycyclic structure to the active sites of 
BAES. Indeed, 4a exhibits measurable affinity (Ki) for 
the enzyme (see Table I). 

These considerations prompted the undertaking of a 
general synthetic approach to some 2- and 4-substituted 
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estra-1,3,5(10)-trien-l7/3-ols and -17-ones to be evaluated 
initially as in vitro inhibitors of estrogen sulfoconjugation. 
This phase of the study focuses on the fluoro, amino, and 
nitro derivatives of 4a. The affinity of these compounds 
for estrogen receptor and their effect on the growth of 
hormone-dependent murine mammary tumors will be the 
subject of a subsequent report. 

The initial synthetic approach to 4- 
fluoroestra-1,3,5(10)-trien-17/3-ol (Scheme I, 4b) proceeded 
from 4-fluoroestrone (lb), which is accessible, as is its 
2-fluor0 isomer, via a Balz-Schiemann reaction on the 
respective amino derivative,lg or by electrophilic fluori- 
nation (perchloryl fluoride) of 19-nortestosterone inter- 
mediatesz0 or (xenon difluoride) of estrone 3-0-methyl 
ether.z1 None of these methods, incidentally, provides lb 
or, for that matter, the 2-fluor0 isomer in particularly good 
overall yield (range approximately 7-25%). Nonetheless, 
condensation of lb with 5-chloro-l-phenyl-1H-tetrazole, 
according to the method of Musliner and Gates,z2a gave 
the 3-0-heterocyclic ether (2b) in 79% yield. Reduction 
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of 2b with NaBH, in ethanol provided 4-fluoroestradiol 
3-04 1-phenyl-1H-tetrazol-5-yl) ether (3b) cleanly in 74% 
yield.2" Catalytic reduction of 3b in ethanol over 10% 
Pd/C at  50 psi H2 proceeded slowly to give 4b in 49% 
yield.24 The latter, which was obtained in the form of a 
foam, was further characterized by oxidation with Jones 
reagent to the corresponding 17-one (6), a crystalline solid 
isolated in 61% yield. 

It seems unlikely that the slow replacement of the 
phenolic ether linkage in 3b by hydrogen is a consequence 
of the adjacent electronegative substituent. Thus, the 
reduction of estradiol 3-04 1-phenyl-1H-tetrazol-5-yl) ether 
(3a) under the same conditions was equally sluggish, 
though it provided 4a in higher yield (78%). In this 
connection, it is worthy of note that the reduction of 3a 
in the presence of Pd/BaC03, under a stream of deuterium 
gas, required 10 days to give 3-deuterioestra-1,3,5(10)- 
trien-17D-ol but in virtually quantitative yield.25 

Attention was next focused on an appropriate synthesis 
of 4-amino-1,3,5(1O)-trien-l7/3-01 (Scheme 11, 9a), which 
was to be utilized as an intermediate in an alternative route 
to 4b as well as to other 4-substituted estra-1,3,5(10)- 
trien-17P-01s. Dannenberg and co-workersZ6 achieved the 
synthesis of 9a, in addition to its 2- and 3-positional iso- 
mers, by nitration of estra-1,3,5(10)-trien-l7P-o1 acetate 
to yield the precursory (2-, 3-, and 4-) nitro steroids. 
Reduction (N2H,-Raney Ni) of this mixture, followed by 
repeated chromatography, gave the individual amino de- 
rivatives. 

It appeared that an extension of the reductive deoxy- 
genation of an appropriate ether (vide supra) or ester 
derivative of the readily accessible 4-nitrosoestrone ( 1 ~ ) ~ '  
would afford a more practical synthesis of 9a. The re- 
quisite 4-nitroestrone 3-0-(l-phenyl-lH-tetrazol-5-y1) ether 
(2c) was prepared in good yield from IC and converted in 
the usual manner to the corresponding estradiol derivative 
(3c) .  However, attempts to effect concurrent reduction 
of the nitro substituent and hydrogenolysis of the heter- 
ocyclic ether function of 3c with 10% Pd/C at  hydrogen 
pressures in excess of 3 atm and for protracted periods of 
shaking were all unsuccessful. TLC showed the disap- 
pearance of 3c with the formation of a complex reaction 
mixture from which no identifiable material could be 
isolated. In contrast, the 10% Pd/C catalyzed reduction 
of 3c for 5 h with 1 atm of H2 gave 4-aminoestradiol 3- 
O-(l-phenyl-1H-tetrazol-5-yl) ether ( 5 )  in 44% yield. 
However, the hydrogenolysis of 5 at  elevated pressure (>3 
atm H2) led once again to an intractable mixture of un- 
identifiable products. These findings point to a previously 
unrecognized limitation to the scope of the Musliner and 
Gates method of reduction of phenol ethers.22a,b 

Catalytic hydrogenation techniques have been applied 
to aryl mesylates as a means of deoxygenating phenols.28 

Horui t z  et al. 

In this connection, Subramanian and co -w~rke r s~~  recently 
reported the facile conversion of phenolic nonafluoro- 
butanesulfonic acid esters (nonaflates) to arenes by cata- 
lytic reduction with 10% Pd/C in methanol in an atmo- 
sphere of Hz. Earlier, it had been reported that the cat- 
alytic reduction of p-nitrophenyl trifluoromethanesulfonate 
(triflate) with Pt02 at 1 atm of H2 gave anilinum triflate 
in 9070 yield.3o Under the same conditions, but with 
poorer yield, the triflate group was substituted by hydrogen 
in the reduction of phenyl triflate. It appeared then that 
catalytic reduction of an appropriate 4-nitroestrogen 3- 
perfluoroalkyl sulfonate ester would lead to 9a (Scheme 
11). 4-Nitroestrone (IC), on treatment with triflyl chloride 
in acetone containing 1 equiv of triethylamine, gave the 
3-triflate (Scheme 11, 7a) in excellent (96%) yield. The 
attempted NaBH, reduction in ethanol of the D-ring 
carbonyl group in 7a provided 4-nitroestradiol as the 
predominant product due the apparent ease of solvolysis 
of the triflate ester under alkaline conditions. The desired 
reduction was effected by addition of a concentrated 
aqueous solution of NaBH, to a toluene solution of 7a 
under phase-transfer conditions ( p t ~ ) ~ '  to give 4-nitro- 
estradiol 3-triflate (sa) in 93% yield. Catalytic (10% 
Pd/C) reduction of the latter a t  1 atm of H2 in ethanol 
containing 1 equiv of triethylamine, which is reported to 
accelerate reductive cleavage,29 provided 9a in 70% yield. 

4-Nitroestrone 3-nonaflate (7b), obtained in 77 % yield 
from the esterification of IC with nonaflyl fluoride in 
CH2C12, was converted to 9a in 5670 yield on consecutive 
(ptc) NaBH, and 10% Pd/C catalyzed reductions. The 
nonaflate derivatives were not further explored since 7b 
offered no preparative advantage over the 3-triflate (7a) 
in the preparation of 9a. 

The amino steroid 9a was utilized to provide a more 
expeditious synthesis of the 4-fluor0 derivative (loa = 4b, 
Scheme I) and in a somewhat improved overall yield via 
a Balz-Schiemann reaction. Surprisingly, the intermediate 
diazonium tetrafluoroborate failed to separate from solu- 
tion following either of two general methods of preparing 
these salts.32 Apparently, the intermediate suffers spon- 
taneous decomposition in solution. Thus, the crude, 
colorless product of diazotization in cold, aqueous fluoro- 
boric acid showed no absorption in the vicinity of 2230 
cm-*, which corresponds to -N=N-stretch and is readily 
identifiable in the IR spectra of the diazonium fluoro- 
borates derived from both 2- and 4-aminoestrone 3-0- 
methyl ethers.lg Rather, the IR of the crude isolate re- 
vealed a band at  1260-1230 cm-' indicative of fluorine 
attached to an aromatic ring? which was also noted in the 
IR spectrum of 4b derived via the initial synthesis. Pu- 
rification of 10a was achieved by flash column chroma- 
tography to give crystalline material in 17% yield (based 
on 9a), which was identical in every respect with 4b. 

The amino derivative (9a) also provided ready access 
to 4-nitroestra-1,3,5(1O)-trien-17~-ol ( l la ) ,  which was ob- 
tained in 56% yield by oxidation of the precursor with 
m-chloroperbenzoic acid. 

Successive (ptc) NaBH, and (10% Pd/C) catalytic re- 

(23) Hydride reductions of D-ring keto steroids are known to pro- 
ceed with selective hydride delivery to the a-face. See: Dry- 
den, N. L., Jr. In Organic Reactions in Steroid Chemistry; 
Fried, J., Edwards, J. A., Eds.; Van Nostrand Reinhold: New 
York, 197%; Vol. 1, pp 1-60. The chemical shifts for 18-CH3 
and 17a-H in the 'H NMR of 3b are in accord with the ex- 
pected selectivity of the carbonyl reduction. 

(24) The possibility of hydrogenolysis of the fluorine substituent 
leading to 4a was considered, but the latter was not detected. 

(25) Nambara, T.; Numazawa, M.: Akiyama, S. Chem. Phnrm Bull. 
1971, 19, 153. 

(26) Dannenberg, H.; Meier, D.; Gross, H. J. Hoppe-Segler's 2. 
t'l$.ysiol. Chem. 1967, 348, 775. 
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12, 918. 
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rez, R. M. Synthesis 1984, 481. 
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7, 996; Russ. J .  Org. Chem. (Engl.  Transl.)  1971, 7, 1016. 
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ductions of 2-nitroestrone 3-triflate (7c), under the same 
conditions as those applied to the 4-nitro isomer (7a), 
provided 2-aminoestra-1,3,5(1O)-trien-17-ol (9b) in com- 
parable overall yield. Diazotization of the latter in aqueous 
fluoroboric acid led, in this case, to an isolable diazonium 
tetrafluoroborate. Decomposition of the latter in xylene 
produced the 2-fluor0 steroid (lob) in 1517% yield based 
on the diazonium salt.% 2-Nitroestra-1,3,5(10)-trien-l7P-o1 
( l lb )  was obtained in 56% yield by oxidation of 9b with 
rn-chloroperbenzoic acid. 

In the course of the present study, we examined the 
application of the same conditions of catalytic hydrogen- 
ation to the 3-deoxygenation of estrone 3-triflate (7d)36 as 
a possible alternative route to estra-1,3,5( lO)-trien-17-one. 
Surprisingly, 7d was recovered unchanged after shaking 
with 1 atm H2-10% Pd/C either in the presence or absence 
of triethylamine. Estrone 3-nonaflate (7e) proved similarly 
resistant to reductive cleavage even after prolonged reac- 
tion periods (18 h) a t  2 atm of H,. In contrast, 4-nitro- 
estrone 3-triflate (7a), in accord with the behavior of the 
nitroestradiol 3-perfluoroalkyl sulfonate esters (Sa-c), 
undergoes a facile conversion to 4-aminoestra-1,3,5(10)- 
trien-17-one (12) in 59% yield. The latter, on NaBH, 
reduction, provides 9a in 80% yield and, in fact, this ap- 
proach, i.e. via 7a, developed as the method of choice for 
the preparation of 9a. 

There is, at present, no ready explanation of the failures 
encountered with the estrone 3-perfluoroalkyl sulfonates. 
Indeed, these findings stand in contrast with both the 
relatively high yields reported29 for the deoxygenation of 
a number of phenol nonaflates and, as well, our own suc- 
cess with the nitroestrogen 3-perfluoroalkyl sulfonates (7a, 
8a-c). These observations are particularly puzzling in light 
of results with the 3-O-(l-phenyl-1H-tetrazol-5-yl) ethers 
(3) that show quite the opposite behavior. Thus, reductive 
cleavage failed in the case of the 4-aminoestradiol ether 
( 5 )  but proved successful with the ethers of estradiol (3a) 
and its 4-fluor0 derivative (3b). Apart from this presently 
inexplicable set of disparate findings, the two classes of 
estrogen derivatives do comprise useful and complemen- 
tary synthetic routes to 17-oxygenated derivatives of es- 
tra-l,3,5(10)-triene. 

Biochemical Results and Discussion. Apparent Ki 
values for the inhibition of porcine endometrial estrogen 
sulfotransferase sulfoconjugation of estradiol (at C-3 OH) 
by the 2- and 4-amino- (9), 2- and 4-fluoro- (lo), and ni- 
troestra-1,3,5(10)-trien-l7~-ols (11) are compared in Table 
I to the corresponding ring-A unsubstituted derivative 4a. 
It  is first of all noteworthy that, in the unsubstituted 
structure, a 17p-01 group (as in 4a) leads to somewhat 
better inhibition (apparent Ki 16.3 f 3.9 pM) than the 
corresponding D-ring ketone (estra-1,3,5( lO)-trien-17-one, 
apparent Ki 25.1 f 5.8 pM). Substitution results in im- 
proved inhibition of estrogen sulfurylation relative to es- 
tra-1,3,5(1O)-trien-l7@-01 (4a), and electronegative sub- 
stitution a t  C-4 is more effective than a t  C-2. This gen- 
erally modest, but measurable lowering of the apparent 
Ki is, however, reversed in the case of the amino derivatives 
wherein the 2-substituted steroid (9b) was found to be a 
somewhat better inhibitor of esterification than its posi- 
tional isomer (9a). 
4-Nitroestra-1,3,5(1O)-trien-17~-01 (1  la)  is clearly the 

most effective inhibitor, affording an apparent Ki (2.43 f 
0.16 pM) that is sixfold smaller than that shown by the 

(34) No attempt was made to synthesize 10b from 2-fluorestrone 
(see ref 19). 

(35) Kiesewetter, D. 0.; Katzenellenbogen, J. A.; Kilbourn, M. R.; 
Welch, M. J. J. Org. Chem. 1984, 49, 4900. 
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unsubstituted steroid (4a). It  is tempting to ascribe the 
significantly smaller apparent Ki to enhanced stabilization 
provided by the 4-nitro substituent of l l a  to the stacking 
of the steroid with adenine (of PAPS) in the enzyme-bound 
transition state. The latter concept, as noted earlier, was 
proposed to explain the unusual substrate and inhibitory 
properties of, for example, 4-nitroestrone and its 3-0- 
methyl ether, respectively.8 However, it is recognized that 
the extension of the concept of inhibition to the 4-sub- 
stituted estra-1,3,5(10)-trien-17-P-ols and 1 la in particular, 
which lack the phenolic methyl ether function, is somewhat 
tenuous. In this connection it is important to note that 
4-nitroestrone 3-0-methyl ether is a significantly weaker 
inhibitor of estrogen sulfurylation, yielding an apparent 
Ki (21.25 f 4.74 pM, with the same enzyme system) that 
is approximately eightfold higher than that obtained for 
l l a .  

Experimental Section 
Methods. Infrared spectra were recorded on a Perkin-Elmer 

Model 1330 spectrophotometer. 'H NMR spectra were obtained 
with JEOL FX 100 and Nicolet QE 300 FT spectrometers in 
CDC1, and are reported in parts per million downfield from 
internal (CH3),Si. Electron-impact mass spectra were determined 
by direct-insertion probe with a Finnegan Model 4000 instrument. 

Elemental analyses were performed by M-H-W Laboratories, 
Phoenix, AZ. Melting points were obtained on a Thomas-Hoover 
capillary melting point apparatus and are uncorrected. All solvent 
evaporations were carried out under reduced pressure in a Buchi 
rotoevaporator. Flash chromatography utilized E. Merck (40-63 
bm) silica gel. TLC was carried out with a precoated silica gel 
F-254 on aluminum foil in the following solvents: SI, CHzClz; Sz, 
ethyl ether/CH2Clz, 5/95; S3, EtOAC/toluene, 5/95. Nona- 
fluorobutanesulfonyl fluoride was provided by Dr. L. R. Subra- 
manian and was distilled (63-64 "C) prior to use. 

[ (l-Phenyl-1H-tetrazol-5-yl)oxy]estra-1,3,5( 10)-trien- 17- 
one (2a). This ether was prepared as described by Nambara e t  
aLZ5 from la (1.35 g, 5 mmol), 5-chloro-1-phenyl-1H-tetrazole (910 
mg 5 mmol), and anhydrous KzC03 (1.4 g, 10 mmol) in 150 mL 
of dry acetone to give 1.97 g (95% yield) of la, which crystallized 
as colorless needles from EtOH: mp 196-198 "C (lit.25 mp 204-206 
"C). Anal. (C26Hz,N40z) C, H, N. 

4-Fluoro[ (1-phenyl- lH-tetrazo1-5-yl)oxy]estra- 1,3,5( 10)- 
trien-17-one (2b). A solution of lb (210 mg, 0.73 mmol) in 30 
mL of anhydrous acetone containing 5-chloro-1-phenyl-1H-tet- 
razoie (130 mg, 0.73 mmol) and KzCO3 (1.5 mmol) was maintained 
a t  reflux with careful exclusion of moisture for 24 h. The cooled 
reaction mixture was filtered through Celite, and filtrate was 
evaporated to dryness. The residue was dissolved in CHzCl2 (30 
mL), and the solution was washed first with (2 X 5 mL) 10% 
NaOH and then water. The dried (NazSO,) extract was evapo- 
rated to to dryness and the product crystallized from EtOH in 
the form of colorless, fine needles: 250 mg (79% yield); mp 
161-163 "C; 'H NMR b 0.93 (s, 3 H), 1.45-2.92 (m, 15 H), 7.19 
(d, J = 5.56 Hz, 1 H), 7.39 (d, J = 5.36 Hz, 1 H), 7.53-7.89 (m, 
5 H). Anal. (C25H25FN402) C, H, F, N. 

4-Nitro[ (l-phenyl-1H-tetrazol-5-yl)oxy]estra-1,3,5( 10)- 
trien-17-one (2c). The reaction of IC (1.26 g, 4 mmol) in acetone 
(50 mL) containing (720 mg, 4 mmol) 5-chloro-1-phenyl-1H- 
tetrazole and (1.12 g, 8 mmol) K2C03 was carried out as described 
above to give a product that crystallized from EtOH as yellow 
needles: 1.36 g (74% yield); mp 169-171 "C; 'H NMR 6 0.92 (s, 
3 H), 1.22-2.86 (m, 15 H), 7.337.70 (m, 7 H). Anal. (C,Hz5N50,) 
C, H, N. 

Estra-1,3,5( lO)-trien-178-01 (4a). To a solution of 2a (830 
mg, 2 mmol), dissolved in 75 mL of hot MeOH and then carefully 
cooled to room temperature, was added, ail a t  once, a solution 
of NaBH, (230 mg, 6 mmol) in a mixture of 2 mL of H 2 0  and 
6 mL of MeOH. The reaction mixture was stirred a t  room tem- 
perature for 0.75 h and then was evaporated to dryness. The 
residue was partitioned between HzO and CHzClz and the organic 
phase was washed with (2 X 5 mL) 2% HC1 and then twice with 
water. The dried (Na2S04) extract was evaporated to give 3a in 
the form of a colorless foam (660 mg, 72% yield) that appeared 
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as a single spot on TLC (Sl). The product (3s) crystallized from 
EtOH as a colorless solid: mp 187-189 "C; 'H NMR 6 0.79 (9, 
3 H), 1.25-2.95 (m, 16 H), 3.14 (t, 1 H), 7.09-7.86 (m, 8 H). Anal. 
(Cz5Hz&40z) C, H, N. 

To a solution of 3a (250 mg, 0.6 mmol) in 100 mL of EtOH was 
added 10% Pd/C (50 mg), and the mixture was shaken for 9 h 
at  room temperature in a Paar apparatus a t  53 psi of Hz. TLC 
(S,) showed the presence of a significant amount of starting 
material and the reaction mixture, freshly charged with (50 mg) 
additional catalyst, was hydrogenated for another 9-h period at  
the same pressure. The catalyst was removed by filtration through 
Celite, and the clear solution was evaporated to dryness. The 
residue was dissolved in 50 mL of CHZC1,, and the solution was 
washed first with (2 X 10 mL) 10% NaOH and then water and 
dried (Na2S0,). The residue, on evaporation of the solvent, 
showed three minor spots in addition to a major, slower moving 
spot on TLC (SI). The product, obtained following preparative 
TLC (SJ, crystallized in the form of colorless needles (120 mg, 
78% yield) from ether/petroleum ether (30-60 "C); mp 111-114 
"C (lit.39 mp 117-118.5 "C). This material was identical in all 
respects with a sample of 4a prepared according to the method 
of Goldkamp et al.3g 
4-Fluoroestra-1,3,5(lO)trien-l7@-ol (4b). (a) From 3b. The 

reduction of 2b (220 mg, 0.51 mmol) in MeOH (75 mL) with 
NaBH, (120 mg, 1.5 mmol) dissolved in 25% aqueous MeOH (2.0 
mL) was carried out as described above to give 3b in the form 
of a colorless foam that was used directly. 

Compound 3b (160 mg, 0.37 mmol), dissolved in 50 mL of EtOH 
to which 10% Pd/C (50 mg) was added, was shaken under 50 psi 
of Hz in a Paar apparatus for two consecutive 9-h periods as 
described above for the preparation of 4a. The product was 
isolated on preparative TLC (S,) as a colorless foam: 50 mg (49% 
yield); 'H NMR 6 0.78 (s, 3 H), 1.26-2.84 (m, 15 H), 3.73 (t, 1 H), 
6.79-7.15 (m, 3 H); mass spectrum, m / z  275 (M + 1)'. Anal. 

(b) From 4-Aminoestra-1,3,5(1O)-trien-l7,9-ol (9a). A so- 
lution of 9a (136 mg, 0.5 mmol) in absolute ethanol was cooled 
to 0 OC, and aqueous HBF, (48%, 1.5 mLj followed by a cold 
solution of NaNO, (38 mg, 0.55 mmol) in water (0.3 mL) was 
added. The reaction mixture was stirred a t  0 "C for 1.5 h, after 
which the solution was diluted with ether (125 mL) and the 
resultant colorless precipitate was collected. Flash chromatog- 
raphy (SiO,, Sz) gave a colorless solid: 23 mg (17% yield); mp 
122-123 "C. The TLC (S,) and 'H NMR spectrum of this material 
(loa) were identical with those of the product (4b, foam) derived 
from 3b: IR (KBr) 3300,2930,2860,1580,1460,1350,1250,1060 
cm-l. 
4-Fluoroestra-1,3,5(l0)-trien-17-one (6). To a solution of 

4b (100 mg, 36 mmol) in acetone (1.5 mL) a t  0 "C was added, 
dropwise with stirring, a solution of 8 N CrO, in 8 N HzS04 (95 
pL). After approximately 5 min, the reaction mixture was poured 
into water and the precipitate was collected. The filter cake was 
stirred with MeOH, the inorganic salts were removed by filtration, 
and the clear filtrate was evaporated to give a tan solid. The latter 
crystallized from ether-petroleum ether (3C-60 "C) as a colorless 
solid: 60 mg (61% yield); mp 139-141 "C; IR (KBr) 2850, 1724, 
1610,1565,1460,1255,1230,1080 cm-'; 'H NMR (CDCl,) 6 0.92 
(s, 3 H), 1.54 -2.91 (m, 15 H), 6.81-7.21 (m, 3 H). Anal (CI8Hz1FO) 
C, H, F. 
I-Amino-[ (l-phenyl-1H-tetrazol-5-yl)oxy]estra- 1,3,5- 

(lO)-trien-17@-01 (5). Compound 2c (920 mg, 2 mmol) in 100 
mL of MeOH was reduced with NaBH4 (230 mg, 6 mmol) dis- 
solved in a mixture of 2 mL of HzO and 6 mL of MeOH as 
described above for the preparation of 3b. The product (3c) was 
isolated as a yellow foam, 700 mg (76% yield). 

To a solution of 3c (462 mg, 1 mmol) in absolute EtOH (25 
mL) was added 10% Pd/C (106 mg, 0.1 mol of Pd), and the 
mixture was shaken in a Paar apparatus at 16 psi Hz for 5 h. The 
catalyst was filtered, the filter cake was washed with CHzClz (25 
mL), and the combined filtrates were evaporated to dryness. The 
residue was dissolved in CH2C1, (25 mL) and the solution washed 
successively with (2 X 15 mL) 10% aqueous NaOH and water. 
The dried (NaZSO4) filtrate was evaporated, and the residue (380 
mg) was flash chromatographed (SiOz/Sz) to yield the product 
(5) that crystallized from EtOH in the form of a fine, colorless 
solid: 191 mg (44% yield); mp 216-217 "C; IR KBr) 3450, 3370, 

(C~BHZ~FO)  C, H, F. 
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2930,1540,1510,1490,1450,1300,1210,1070,1030, cm-'; 'H NMR 
6 0.77 (s,3 H), 1.22-2.60 (m, 16 H), 3.68 (s, 2 H), 6.80 (d, J = 8.79 
Hz, 1 H), 7.13, (d, J = 8.49 Hz, 1 H), 7.26-7.87 (m, 5 H). Anal. 
(Cz&zgN5Oz) C, H, N. 
4-Nitro-3-[ [ (trifluoromethyl)sulfonyl]oxy]estra- 1,3,5- 

(lO)-trien-17-one (7a). A well-stirred suspension of IC (3.15 g, 
10 mmol) in dry acetone (100 mL) was cooled to 0 "C under a 
stream of argon. Triethylamine (2.1 mL, 15 mmol) followed by 
triflyl chloride (1.60 mL, 15 mmol) was added to the reaction 
mixture. The ice bath was removed and the mixture allowed to 
stir for 45 min. The reaction mixture was evaporated to dryness 
and the residue dissolved in CH2Cl2 (50 mL). The solution was 
then washed with a saturated aqueous solution of NaHCO, (2 x 
25 mL) and then water (2 X 25 mL), and the dried (NaZSO4) 
extract was concentrated to yield a bright yellow crude solid. Flash 
chromatography on SiOz (S3) gave 4.2 g (96%) of an off-white solid: 
mp 194-195 "C (dec); IR (KBr) 1730,1535,1475,1425,1370,1220, 
1130, 1020, cm-'; 'H NMR 6 0.93 (s, 3 H), 1.47-2.98 (m), 7.33 (d, 
J = 9.08 Hz, 1 H), 7.58 (d, J =: 8.79 Hz, 1 H). Anal. (C19H,,- 

4-Nitro-3-[ [ (nonafluorobutyl)sulfonyl]oxy]estra-1,3,5- 
(lO)-trien-l7-one (7b). A solution of IC (157 mg, 0.5 mmol) in 
dry CH2C12 containing triethylamine (77 pL, 0.55 mmol) and 
freshly distilled nonaflyl fluoride (166 mg, 0.55 mmol) was stirred 
at  room temperature for 20 h with careful exclusion of moisture. 
The reaction mixture was washed successively with 5% NaOH 
(2x5 mL) and water, and the dried (Na2SO4j solution was 
evaporated to dryness. The residue crystallized from 2-propanol 
in the form of pale yellow needles: 230 mg (77% yield); mp 
188-189 "C; IR (KBr) 1735,1545,1430,1355,1240,1205,1145, 
1030 cm-'; 'H NMR 6 0.93 (s, 3 H), 1.18-2.97 (m, 15 H), 7.29 (d, 
1 H), 7.54 (d, 1 H). Anal. (Cz2Hz0F9NO6S) C, H, F, N, S. 
2-Nitro-3-[ [ (trifluoromethyl)sulfonyl]oxy]estra-1,3,5- 

(lO)-trien-17-one (712). A well-stirred suspension of 2-nitro- 
estronez6 (3.15 g, 10 mmol) in dry acetone (100 mL) containing 
triethylamine (2.1 mL, 15 mmol) was treated with triflyl chloride 
(1.6 mL, 15 mmol) under argon as described for 7a. The reaction 
product was flash chromatographed on SiOz (Sa) to give a pale 
yellow solid (4.2 g, 96% yield) that crystallized from 2-propanol 
in the form of pale yellow needles: mp 154-155 "C; IR (KBr) 1740, 
1530,1435,1345,1215,1140,1050,1035 cm-'; 'H NMR 6 0.94 (s, 
3 H), 1.18-3.11 (m, 15 H), 7.14 (9, 1 H), 8.10 (s, 1 H). Anal. 
(CigH2oF3NOri) C, H, F, N, S. 
34 [ (Trifluoromet hyl)sulfonyl]oxy]estra- 1,3,5( lO)-trien- 

17-one (7d). The reaction of la (270 mg, 1.0 mmol) and triflyl 
chloride (0.14 mL, 1.25 mmol) in dry acetone (20 mL) containing 
triethylamine (0.18 mL, 1.25 mmol) was carried out as described 
above for 6a). Estrone triflate (6d) was obtained as a crystalline 
solid (280 mg, 70% yield) following flash chromatography on SiO, 
(Sz). The analytical material crystallized in the form of colorless 
needles from EtOH; mp 94-101 OC (lit.35 mp 87-88 "C); IR (KBr) 
1735,1483,1418,1242,1225,1210,1135 cm-'; 'H NMR 6 0.92 (s, 
3 H), 1.45-3.00 (m, 15 H), 6.99 (s, 1 H), 7.06 (d, J = 8.7 Hz, 1 H), 
7.32 (d, J = 8.4 Hz, 1 H); mass spectrum, m / z  402 M'. Anal. 

3-[ [ (Nonafluorobutyl)sulfonyl]oxy]estra-1,3,5( 10)-trien- 
17-one (7e). The reaction of estrone (12.7 g, 10 mmol) with 
nonaflyl fluoride (3.3 mL, 15 mmol) in CHzClz (50 mL) containing 
triethylamine (1.54 mL, 15 mmol) was carried out as described 
above for 6b. The crude product (mp 70-73 "C) was subjected 
to flash chromatography on SiOz (S,) and the purified material, 
which showed a single spot on TLC (SJ, crystallized as glistening 
plates: 3.30 g (60% yield); mp 74.5-75.5 "C; IR (KBr) 1723, 1482, 
1438, 1415, 1349, 1285, 1235, 1180, cm-'; 'H NMR 6 0.92 (s, 3 H), 
1.45-3.01 (m, 15 H), 7.00 (s, 1 H), 7.08 (d, 1 H); mass spectrum, 
m/z  553 (M + l)+. Anal. (C22H21F9S04) C, H, F, S. 
4-Nitro-3-[ [ (trifluoromethyl)sulfonyl]oxy]estra-1,3,5- 

(lO)-trien-17@-01 (8a). To a well-stirred solution of 7a (4.0 g, 
8.94 mmol) in toluene (75 mL) was added hexadecyltributyl- 
phosphonium bromide (0.46 g, 0.9 mmol), and the stirring was 
continued until all the phase-transfer agent dissolved. A solution 
of NaBH, (1.02 g, 27 mmol) in water (10 mL) was carefully added 
to the clear pale yellow solution and stirred at  ambient tem- 
perature for 1.5 h. The reaction mixture was diluted with CH,C!p 
(25 mL) and then washed with water (3x15 mL). The organic 
phase was dried (Na,SO,) and concentrated to give a yellow solid. 

FSNOGS) C, H ,  N. 

(Ci9H21F304S) C, H, F, S. 
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Flash chromatography of the crude isolate on SIOz (Sz) yielded 
3.67 g (91%) of a pale yellow solid: mp 132-133 "C; IR (KBr) 
3400,2940,2870,1535,1475,1430,1360,1220,1135, cm-'; 'H NMR 
6 0.79 (s, 3 H), 1.21-2.81 (m), 3.74 (1, J = 5.27 Hz, 1 H), 7.26 (d, 
J = 8.79 Hz, 1 H), 7.52 (d, J = 9.08 Hz, 1 H). Anal. (ClgHzz- 

4-Nitro-3-[ [ (nonafluorobutyl)sulfonyl]oxy]estra-1,3,5- 
(lO)-trien-l7@-01(8b). The reduction of 7b (150 mg, 0.25 mmol) 
in toluene (1.0 mL), containing hexadecyltributylphosphonium 
bromide (13 mg, 0.025 mmol), with NaBH, (30 mg, 0.75 mmol) 
in HzO (100 pL) was carried out as described above for 7a. The 
oily residue was isolated in the form of a foam (150 mg, 99% yield) 
upon evaporation from ether: 'H NMR 6 0.80 (s, 3 H), 1.26-2.81 
(m), 3.72 (d, 1 H) 7.27 (d, 1 H),  7.40 (d, 1 H). Anal. (CzzHzz- 

2-Nitro-3-[[ (trifluoromethyl)sulfonyl]oxy]estra-1,3,5- 
(lO)-trien-l7@-01 (812). Reduction of 7c (4.47 g, 10 mmol) in 
toluene (75 mL) cont,aining hexadecyltributylphosphonium 
bromide (508 mg, 1 mmol) with NaBH4 (1.13 g, 30 mmol) in HzO 
(8 mL) was carried out as described for 7a. The product, after 
flash chromatography on SiOz (Sz), was obtained in the form of 
a foam: 4.20 g (93% yield); IR (KBr) 3400,2920,1520,1420,1340, 
1205, 1130 cm-'; 'H NMR 8 0.80 (s, 3 H), 1.17-3.03 (m), 3.76 (t, 
J = 6.15 Hz, 1 H) 7.10 (s, 1 H), 7.26 (s, 1 H). Anal. (CI9Hz2F3- 

4-Aminoestra-1,3,5( lO)-trien-17@-01 (9a). To a solution of 
8a (1.35 g, 3.0 mmol) in absolute ethanol (50 mL), containing 
triethylamine (0.418 mL, 3.0 mmol), was added 10% Pd/C (0.319 
g, 0.3 mol of Pd), and the mixture was hydrogenated in a Parr 
apparatus a t  16 psi of Hz for 5 h. The reaction mixture was 
filtered, and the residue was washed with CHzClz (25 mL). The 
combined filtrates were concentrated to dryness, and the residue 
was dissolved in CHzClz (25 mL). The solution was washed with 
saturated aqueous NaHCO, (2 X 15 mL) and water (2 X 25 mL). 
The dried (NaZSO4) extract, on evaporation, gave a solid that 
crystallized from methanol in the form of colorless needles: 0.567 
g (70% yield); mp 191-192 "C; IR (KBr) 3440,3340 (s), 2920,2850, 
1620, 1580, 1460, 1130 cm-'; 'H NMR 8 0.77 (s, 3 H), 1.12-2.58 
(m), 3.72 (t, J = 6.0 Hz, 1 H), 6.56 (d, J = 7.73 Hz, 1 H), 6.80 (d, 
J = 7.81 Hz, 1 H), 7.00 (dd, J = 7.80 Hz, 1 H); mass spectrum, 
nz /z  271 M+. Anal. (ClaHz5NO) C, H, N. 

The same reduction of 8b (1.944 g, 3.24 mmol) in EtOH (100 
mL) containing triethylamine (0.53 mL, 3.8 mmol) and 10% Pd/C 
(404 mg, 0.38 mol of atom Pd) and a t  16 psi of Hz for 5 h gave 
a tan product (0.87 9). The latter crystallized from MeOH as an 
off-white, crystalline solid: 0.496 g (56% yield); mp 188-190 "C. 
The NMR and IR spectral properties of the latter were identicel 
with those of a sample of 9a derived from 8a. 

4-Aminoestra-1,3,5( lO)-trien-17-one (12). To a suspension 
of 7a (1.166 g, 2.61 mmol) in absolute ethanol (100 mL) containing 
triethylamine (0.363 mL, 2.61 mmol) was added 10% Pd/C (277 
mg, 0.26 mol of Pd), and the mixture was hydrogenated in a Paar 
apparatus at 16 psi of Hz for 7 h. The catalyst was filtered, the 
filtercake was washed well with CHzClz (-100 mL), and the 
combined filtrates were evaporated to dryness. The residue was 
dissolved in CH2ClZ (25 mL) and was washed with saturated 
aqueous NaHC03 (2 X 15 mL) and water (2 X 25 mL) and dried 
(NazS04). The extract was evaporated to yield 0.59 g of a crude 
solid that crystallized from absolute ethanol to give a fine, colorless 
crystalline solid: 353 mg (59% yield); mp 243-245 "C; IR (KBr) 
3450,3360,2910,1720,1620,1580,1460,1300,1250, cm-'; 'H NMR 
6 0.90 (s, 3 H), 1.42-2.63 (m, 15 H), 3.57 (5, 2 H), 6.57 (d, J = 7.62 
Hz, 1 H), 6.78 (d, J = 7.61 Hz, 1 H), 7.06 (dd, J = 14.94, 7.91 Hz, 
1 H). Anal. (C18Hz3NO) C, H, N. 

A solution of 12 (135 mg, 0.5 mmol) in THF (10 mL) was cooled 
to 3 "C and NaBH, (0.113 g, 3 mmol) in CH,OH (3 mL) was 
added. The ice bath was removed, and the reaction mixture was 
stirred for 45 min after which water (20 mL) was carefully added. 
The reaction mixture was then diluted with CHzClz (25 mL) and 
washed with saturated aqueous NaHCO, (2 X 20 mL) and then 
water (2 X 15 mL). The dried (Na,SO,) solution was filtered and 
concentrated to give 140 mg of a light brown solid. Flash chro- 
matography @ioz, Sz) gave an off-white crystalline solid: 110 mg 
(81% yield); mp 183-185 "C. Its IR and 'H NMR spectral 
properties were superimposable with those of an authentic sample 
of 9a. 

F3NOeS) C, H,  N. 

FgNO6S.C4H1@) C, H, N, S.37 

NO&C4Hl,@) C, H, F, N, S.37 
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2-Aminoestra-1,3,5( lO)-trien-17@-01 (9b). Reduction of 8c 
(3.48 g, 7.7 mmol) in EtOH (100 mL) containing triethylamine 
(1.1 mL, 7.7 mmol) and 10% Pd/C (0.848 g, 0.8 mol of Pd) and 
at 16 psi of Hz for 5 h was carried out as described above for 9a. 
The reaction mixture gave a crude product (1.92 g) that crys- 
tallized from CHZClz-hexane as a colorless solid: 1.43 g (68% 
yield); mp 178-180 "C dec; IR (KBr) 3420,3365,2900,1610,1500, 
1445,1335,1265,1215,1135,1055 cm-'; 'H NMR 6 0.77 (s, 3 H) 
1.06-2.81 (m), 3.72 (t, J = 8.2, 7.91 Hz, 1 H), 6.48 (d, J = 8.06 
Hz, 1 H) 6.65 (s, 1 H), 6.87 (d, J = 7.91 Hz, 1 H). Anal. (C18- 
Hz5NO) C, H, N. 

2-Fluoraestra-1,3,5( lO)-trien-l7@-01 (lob). To a well-stirred 
solution of 9b (543 mg, 2 mmol) in a mixture of 48% HBFl (3.0 
mL, 16 mmol), T H F  (3 mL), and dioxane (0.5 mL) was added 
under the solution surface, via a syringe, a cold solution of NaNOZ 
(276 mg, 4 mmol) with external cooling. The temperature was 
then allowed to rise to -5 to 0 "C, and stirring was continued for 
1 h. Cold water (20 mL) was added which led to the deposition 
of a yellow precipitate. Stirring was maintained for an additional 
1 h at -5 to 0 "C after which the reaction mixture was extracted 
with CHzClz (3 X 15 mL). The organic layer was washed with 
NaHC0, (3 X 10 mL), then dried (Na,SO,), and concentrated 
to yield 590 mg (80% yield) of a reddish solid: mp 63-70 "C dec; 
IR (KBr) 3420, 2920, 2860, 2260, 1630, 1050 cm-'. 

A suspension of the diazonium salt (580 mg, 1.57 mmol) in 
xylene (50 mL) was refluxed for 18 h. The cooled, supernatant 
fraction was decanted, and the process was repeated with refluxing 
xylene (3 x 50 mL) carried out for 3-h periods. The combined 
xylene extracts were concentrated to an oil that TLC (SI) showed 
to be a mixture of products. The mixture was subjected to re- 
peated (three) flash chromatographies (SOz, s,) that gave a solid 
that was characterized as a single spot on TLC (SJ. Two re- 
crystallizations of this material from hexane gave an off-white 
product in the form of compact needles: 69 mg (16% yield); mp 
124-126 "C; IR (KBr) 3300,2940, 2910,2850, 1610,1580,1390, 
1260, 1130, 1050 cm-'; 'H NMR 6 0.78 (s, 3 H), 0.93-3.73 (m, 16 
H), 6.80 (m, 3 H). Anal. (ClaHz3FO) C, H, F. 

4-Nitroestra-1,3,5(10)-trien-17@-01 ( l la) .  To a stirred solution 
of MCPBA (518 mg, 3 mmol) in dry CHzClz (10 mL) was slowly 
added, under gentle reflux and an atmosphere of argon, a solution 
of 9a (136 mg, 0.5 mmol) in CHzClz (3 mL). After the addition 
of 8a, the reaction mixture was cooled immediately to room 
temperature and was washed successively with 10% aqueous 
NaZSO3 (2 X 10 mL), a saturated solution of NaHC03 (2 x 10 
mL), and water (2 X 15 mL). The dried (NaS04) organic fraction 
was evaporated and the residue (140 mg) subjected to flash 
chromatography (SiOz/S1). The product, a yellow solid (85 mg, 
56% yield) crystallized from ether-petroleum ether (30-60 "C) 
to provide the analytical sample: mp 151-152 "C; IR (KBr) 3400, 
2920,2850,1515,1340,1130,1070,1045 cm-'; 'H NMR 6 0.82 (s, 
3 H), 1.3-2.36 (m, 15 H), 3.74 (t, 1 H), 7.28 (d, J = 15.9 Hz, 1 H), 
7.57 (d, J = 8.1 Hz, 1 H), 7.64 (d, J = 8.1 Hz, 1 H); mass spectrum, 
m / z  301 M'. Anal. (Cl8HZ3NO3) C, H, N. 

2-Nitroestra-1,3,5( lO)-trien-17@-01 ( l lb ) .  The oxidation of 
9b (136 mg, 0.5 mmol) in CHzClz (7.5 mL) with MCPBA (518 mg, 
3 mmol) in CHzCl2 (5 mL) was carried out as described above to 
yield a pale yellow foam, 110 mg. The latter, on flash chroma- 
tography (SiOz/Sz) gave a pale yellow solid: 85 mg (56% yield); 
mp 165-167 "C; IR (KBr) 3350,2900,1520,1350,1060 cm-'; 'H 
NMR 6 0.79 (s, 3 H), 1.17-3.01 (m, 15 H) 3.76 (t, J = 7.62, 8.49 
Hz, 1 H), 7.19 (d, J = 8.5 Hz, 1 H), 7.92 (d, J = 8.35 Hz, 1 H), 
8.13 (s, 1 H); mass spectrum, m / z  301 (M'). Anal. (CI8Hz3NO3) 
C, H, N. 

Biochemical Evaluation. (a) Purification of Porcine 
Estrogen Sulfotransferase. The enzyme was purified from 
porcine endometria according to the procedure of Freeman e t  a1.% 
In general, this involves the neutral ammonium sulfate precipi- 
tation of proteins from the lOOOOOg supernatant of a 0.02 M 
phosphate buffer (pH 7.4) homogenate. The fraction precipitating 
between 0.5 and 0.7 saturation is collected. The precipitate is 

(36) Freeman, D. J.; Saidi, F.; Hopkirk, R. J .  Steroid Biochem. 
1983, 18, 23. 

(37) The solvent incorporated in the foam could not be removed on 
drying the analytical sample at reduced (1 torr) pressure. 
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dissolved in the start buffer (10 nM monothioglycerol (MTG), 
0.25 M sucrose, 25 mM imidazole, pH 7.0) for a chromatofocusing 
column (1 X 40 cm). This column yields a peak of estrogen 
sulfurylating activity that is stable for weeks a t  0 "C and for 
months at  -20 'C. The chromatofocusing column is eluted with 
Polybuffer-74 (pH 5.0) diluted 1 to 10 with 2X sucrose-MTG and 
H20  to give a final concentration equal to the starting buffer. This 
gives a pH range for the column of 5.0-7.0. The estrogen sulfo- 
transferase is eluted at pH 6.1, and 1.0-mL aliquots are quick- 
frozen in liquid nitrogen and stored a t  -40 "C in 0.25 mM di- 
thiothreitol. Although still a crude enzyme preparation, the peak 
of estrogen sulfotransferase activity from this chromatofocusing 
column has separated from the majority of the supernatant 
proteins and has apparently been freed from the deactivating 
factors in the tissue supernatant. 

(b) Standard  Sulfotransferase Assay. The enzyme assay 
is carried out as published p rev iou~ ly .~*~  Contained in a total 
volume of 0.2 mL are 0.1 mM PAPS, estrone (E,) 0.3 pM (60 pmol) 
in Me2SO-H20 (90:10), [6,7-3H]estrone (-1 X lo6 dpm or 7 pmol), 
12 mM magnesium acetate, 0.14 M Tris-HC1 buffer, pH 7.8, and 
12.7 p g  of enzyme preparation. Incubation is carried out for 30 
min a t  37 "C and the reaction stopped by placing the tubes into 
boiling water for 4 min. The reaction products may then be 
extracted into ethyl acetate and the sulfurylated steroids resolved 
on instant thin-layer chromatography before the radioactivity in 
the two labels is measured by liquid scintillation counting with 

absolute activity ana ly~is .~J  This assay is also utilized in the 
kinetic, specificity, and inhibition studies in which case two (10 
and 100 times the substrate concentration) concentrations of the 
compounds (inhibitors) are added to the incubation mixture in 
5 mL of Me2SO-EtOH (9010). The data are subjected to kinetic 
analysis, with Lineweaver-Burk plots yielding K, and V,, values. 
computer analysis (NONLIN program) was employed to corroborate 
the K, and V,,, data derived by hand-drawn plots (Lineweav- 
er-Burk). The inhibition values (apparent K,) were calculated 
from fractional inhibition data utilizing the equations described 
in ref 8. The apparent K, of porcine endometrial estrogen 
sulfotransferase for reactions involving estrogen is IO-* M,16 not 
unlike that reported for the enzyme from human 
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Classical potential energy calculations are reported for a series of 11 structurally diverse substrates, products, and 
inhibitors of dihydrofolate reductase. In almost every case, the calculations reveal a range of potential biologically 
active conformations accessible to the molecule, and geometry optimization with molecular mechanics and molecular 
orbital calculations further expands the range of accessible conformations. The energy calculations are supplemented 
with electrostatic potential energy surfaces for the heterocyclic components of each molecule. These data are used 
in conjunction with the energy calculations and the crystallographically determined enzyme structures to compare 
two alternative proposed binding modes of folates known to bind with their pteridine rings inverted relative to that 
of methotrexate. It is shown that the conformational flexibility of the connecting chain between the benzoyl glutamate 
and pteridine moieties in the folates actually allows the pteridine ring to shift between these alternative binding 
modes, a combination of which may offer the best explanation for the observed activity. The electrostatic potentials 
and conformational energy data are also used in an attempt to account for the species specificity of inhibitors of 
mammalian, bacterial, and protozoal dihydrofolate reductases. The results show that while these techniques can 
be used to explain many of the observed results, others require recourse to the observed crystal structures to provide 
a satisfactor; explanation. 

Known inhibitors of dihydrofolate reductase (DHFR;  
5,6,7,8-tetrahydrofolate NADP' oxidoreductase,  EC 
1.5.1.3) vary widely in structure, and many of them display 
strong species specificity.' It is apparent that specificity 
for binding at  the active sites of different DHFRs must 
eventually depend on the electronic structure and con- 
formational properties of the individual DHFR inhibitors, 
but- the size and conformational flexibility of the molecules 
is such that these data are generally not available. 

In this paper we report complete conformational anal- 
yses and electrostatic potentials for a series of compounds 
representing the major structural classes of DHFR inhib- 
itors (1-it), as well as the substrates and products of t h e  
enzyme (9-11). In each case we have used simple classical 
potential  energy calculations, without geometry optimi- 
zation, to identify all of the biologically accessible con- 
formations. Where necessary, these calculations a re  sup- 

(1) Burchall, J. J. Ann. N.Y.  Acad. Sci. 1971, 186, 14.1. 

Table I. Minimum Energy Conformations for the Amide and 
L-Glutamate Torsion Angles 

conformation 
used for 

connecting chain 
torsion angle conformational minima calculations 
II. 30' 140°, -140' - -40" 90" 
d 70" - 180' 160' 

X2 60' - 60" 180' 
XI 170' - 50" -70' 

0 1  free rotation 90" 
0 2  free rotation 1 2 0 O  
amide bond cis/trans trans 

plemented by molecular orbital and molecular mechanics 
calculations with geometry optimization; molecular orbital 
calculations have  also been used t o  determine electron 
distributions and electrostatic potential  surfaces. The 
results indicate that, while all of the ligands share some 
common electronic properties, virtually all of them can 
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