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suggest that the acetyl group is probably moving faster
than the steroid nucleus, since the observed *C and 'H
resonances of the COCH; side chain are consistently
narrower than the 13C frequencies of the rigid ring system
or the 'H frequencies of the methyl groups directly atta-
ched to it.

The observed differences in mobility between the two
steroids in the bilayer can be explained by assuming that
the variation in steroid geometry leads to different phos-
pholipid-steroid interactions. We can thus postulate that
the inactive A'®-alphaxalone interacts with the fatty acid

chains of phosphatidylcholine bilayer in such a manner.

that the most stable bilayer geometry is maintained while
the interacting steroid is partially immobilized. This in-
teraction may be similar to the interaction of cholesterol
with phospholipids, which has been previously de-
scribed.®® In contrast, the biologically active alphaxalone,
because of its slightly different stereochemical features,
interacts with the bilayer differently. Presumably, this
interaction results in a disruption of the bilayer geometry,
which is evidenced by the higher mobility of the incor-
porated steroid. The perturbation produced by the an-
esthetic molecule in the lipid region of the membrane could
be transmitted to the membrane-associated proteins, re-
sulting in a modification of their functions.!!

(9) Brainard, J. R.; Cordes, E. H. Biochemistry 1981, 20,
4607-4617.
(10) Huang, C.-H. Lipids 1977, 12, 348-356.

Our results can be used to explain the different biological
activities of alphaxalone and Al®-alphaxalone as anesthetics
and as inhibitors of sulfate transport in the red blood cell,
both of which are functions associated with a mem-
brane-bound protein. We have recently tested on the
phospholipid system described here a number of steroids
structurally related to alphaxalone but having widely
different anesthetic activity. The results are consistent
with the hypothesis that steroid anesthetic activity de-
pends on the ability of the drug to perturb the membrane
lipids. This ability appears to be governed by strict geo-
metric requirements.
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Modified Steroid Hormones. 7. 4-Fluoro-1783-estradiol: Carbon-13 Nuclear
Magnetic Resonance, Crystal and Molecular Structure, and Biological Activity!2?
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The 4-fluoro analogue of 178-estradiol was investigated for estrogenic action in rats by determination of uterine
hyperemia and [*H]uridine incorporation and was found to be an active estrogen. Antitumor activity of this analogue
was demonstrated against 7,12-dimethylbenz[a]anthracene (DMBA) induced rat mammary adenocarcinoma. Its
13C NMR spectrum was determined, and all signals were assigned. A detailed X-ray diffraction investigation of
4-fluoro-178-estradiol was carried out, and it crystallized in triclinic space group P1 with two steroids and one methanol
in a unit cell of @ = 7.367 (1), b = 9.363 (6), c = 12.531 (1) A, o = 89.31 (3), 8 = 93.38 (1), v = 109.62 (3)°, V = 812.8
A3 and Z = 2. The structure was solved and refined to an R index of 0.062 using 3045 reflections measured on
an automated diffractometer. The oxygen atoms at C(3) and C(17) at either ends link the molecules together in
a head to tail fashion. The hydroxy groups of the solvent molecules also take part in linking the molecules sideways

through the hydroxy groups.

The cancer chemotherapist’s armamentarium contains
a variety of hormonal agents, such as adrenocorticosteroids,
androgens, antiandrogens, estrogens, antiestrogens, anti-
gonadotropic agents, and progestogens.2® The ablation

(1) (a) Part 6: Neeman, M.; O’Grodnick, J. 8. Can. J. Chem. 1974,
52, 2941-2949. (b) This investigation was supported in part
by American Cancer Society Grant P-265 (to M.N.), and
Roswell Park Memorial Core Center Grant CA 16056 of the
National Cancer Institute, National Institutes of Health. (c)
Syracuse Research Corp., Syracuse, NY 13210.

of endocrine glands for removal of endogenous sources of
hormones (notably, orchiectomy in prostatic cancer and
oophorectomy, adrenalectomy, and hypophysectomy in
breast cancer) is practiced, as well as androgen adminis-
tration in breast cancer, and estrogen administration in
breast cancer and in prostatic cancer.* The results of

(2) Carter, S. K.; Bakowsky, M. T.; Hellman, K. “Chemotherapy
of Cancer”; Wiley: New York, 1977; pp 83-93.

(3) Holland, J. F.; Frei III, E. “Cancer Medicine”; Lea and Febiger:
Philadelphia, 1974; pp 889-945.

0022-2623/83/1826-0465$01.50/0 © 1983 American Chemical Society



466 Journal of Medicinal Chemistry, 1983, Vol. 26, No. 4

Table I. Carbon-13 Chemical Shifts, *C-°F and *C-'H
Coupling Constants, and Assignments for
4-Fluoro-178-estradiol (4FE2)

multi- Jisgig,
z

Jlac g, posi.

carbon 5 plicity z tion€
1 120.1 de 157.4 3.0 5
2 114.3 de 160.0 2.6 ¥
3 141.8 de d 12.5 8
4 148.6 de e 237.4 o
5 123.9 de 7 13.9 i
6 21.9 de 128.0 4.6 y
7 25.9 tbie 126.6

8 37.8 db 133.6

9 43.2 d® 130

10 131.6 de 2.7 v
11 25.9 tbie 126.6

12 36.4 tb 127.0

13 42.6 st

14 49.3 db 122.6

15 22.7 t 130.6

16 29.8 o 133.4

17 79.9 dv 138.9

18 11.1 q® 125.5

@ In 'H noise-decoupled spectrum. ? In 'H-'3C unde-
coupled spectrum. ¢ The signals of C-7 and C-11 were
superimposed. ¢ Jocy = 7.5 Hz. € Joocy = 8.2 Hz.

f Jocu = 7.0 Hz. ¢ Relative to C-4F.

hormonal therapy of cancer are not fully predictable.
Androgens are postulated to counteract estrogens in breast
cancer, antiandrogens and estrogens are postulated to
counteract androgens in prostatic cancer, antiestrogens are
postulated to counteract estrogens in breast and uterine
cancer, progestogens are postulated to modify estrogen
stimuli in uterine or breast cancer, and antigonadotropic
agents are postulated to inhibit stimulation of tumors of
primary and secondary sex organs by pituitary gonado-
tropins.* The rationales and mechanisms for treatments
of endocrine neoplasms are not well understood.

The rationales for the elucidation of the structural and
biophysical determinants of the biological activities (es-
trogenic and antitumor) of modified estrogens had the
following objectives: (a) X-ray crystallographic determi-
nation of the structure and stereochemistry of 4-fluoro-
1,3,5(10)-estratriene-3,178-diol (4FE2),52% (b) determina-
tion of the 1¥C and !°F NMR spectra of 4FE2, and (c)
determination of early estrogenic actions of 4FE2 in rats
and its antitumor effects on DMBA5® induced rat adeno-
carcinoma,’ which resembles the human tumor in that it
regresses after appropriate ablation therapy, as well as
under treatment by androgens or high doses of estrogens,
and }‘)‘r70gresses from hormone dependency toward auton-
omy.*

Results and Discussion
Spectral Studies. 1*C NMR. 4-Fluoro-178-estradiol

(4) Reference 3, pp 890-895.

(5) (a) DMBA, 7,12-Dimethylbenz[a]anthracene; (b) 4FE2, 4-
fluoro-1,3,5(10)-estratriene-3,178-diol; (c) E2, 1,3,5(10)-estra-
triene-3,178-diol; (d) 2FE2, 2-fluoro-1,3,5(10)-estratriene-
3,17-diol; (e) 4BrE2, 4-bromo-1,3,5(10)-estratriene-3,178-diol;
(f) P, 4-pregnen-3,20-dione; (g) Ec, ergocornine maleate.

(6) (a) Neeman, M.; Osawa, Y. Tetrahedron Lett. 1963, 1987. (b)
Neeman, M.; Osawa, Y.; Mukai, T. J. Chem. Soc., Perkin
Trans. 1 1972, 2297-2300. (c) Utne, T.; Jobson, R. B.; Babson,
R. D. J. Org. Chem. 1968, 28, 2469—2473. (d) Heidman, D.F;
Senderoff, S. G.; Katzenellenbogen, J. A.; Neeley, R. J. J. Med.
Chem. 1980, 23, 994-1002.

(7) (a) Huggins, C.; Grand, L. C.; Brillantes, F. P. Nature (Lon-
don) 1961, 189, 204-207. (b) Huggins, C.; Moon, R. C.; Morii,
S. Proc. Natl. Acad. Sci. U.S.A. 1962, 48, 379-386. (c) Hug-
gins, C. Cancer Res. 1965, 25, 1163-1167.
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Figure 1. 4-Fluoro-178-estradiol (a) bond distances (in ang-
stroms), (b) bond angles (in degrees), and (c) torsion angles (in
degrees).

was prepared as previously described.”»?

The observed 13C chemical shifts and assignments and
the 13C—1°F coupling constants are given in Table L.

The 18 13C signals were assigned using *C chemical
shifts, multiplicities, ¢ sy values, and comparisons of
chemical shifts to those reported for E25¢8 and 2FE2.54%
The 6 11.1 for C-18 of 4FE2 is evidence of the 173-OH
stereochemistry.* A comparison of Jisc sy values of the
isomeric 2FE2% and 4FE2 showed the following close
correspondence (figures in parentheses are for 2FE2%): q,
C-4, 237.4 Hz (q, C-2, 229.2); 8, C-3, 12.5 (8, C-3, 19.6); &,
C-5,13.9 (8, C-1, 19.6); v, C-10, 2.7 (v, C-10, 3.8); v, C-2,
2.6 (v, C-4, not reported); v” (ring B), C-6, 4.6; 5, C-1, 3.0
(5, C-5, 3.8). The !3C chemical shifts of carbons in 4FE2
relative to those in E2%82 were as follows: a, C-4, A§ +32.7
ppm; 3, C-3,-13.8; &, C-5, -14.5; v, C-10, -0.7; 7/, C-2, +0.8;
+'" (ring B), C-6, —-17.9; 3, C-1, -6.8. The large shielding

(8) (a) Wittstruck, T.; Williams, K. I. H. J. Org. Chem. 1973, 38,
1542-1548. (b) Lukacs, G.; Lusinichi, X.; Hagaman, E. W.;
Buckwalter, B. L.; Schell, F. M.; Wenkert, E. C. R. Hebd.
Seances Acad. Sci. 1972, 274, 1458-1461. (c) Engelhardt, G.;
Zeigan, D.; Schoenecker, B.; Ponsold, K. Z. Chem. 1975, 15,
60-61.
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Table II. 4-Fluoroestradiol Crystal Data
C,.H,,0,F-0.5CH,0H

molecular formula

molecular weight 580.76

crystal system triclinic

space group Pl

cell parameters
a, A 7.367 (1)
b, A 9.363 (6)
¢, A 12.531 (1)
a, deg 89.31 (38)
8, deg 93.38(1)
v, deg 109.62 (3)

volume, A?® 812.8

Z 2

density (caled), g cm™ 1.186

no. of reflections 3436
measured

reliability index 6.16
(for 3045 reflections), %

M, cm™! 7.37

of the benzylic C-6 in 4FE2 relative to E2 (-17.9 ppm) had
its counterpart in the somewhat lesser shielding (-11.7
ppm) of C-6 in 2FE2% relative to E2.2 The doublet cen-
tered at 79.9 ppm of C-17 is indicative of the 178-hydroxy
configuration,® confirming the findings of the X-ray
crystallography reported in the following paragraph.
X-ray Crystallographic Studies. The steroid nucleus
of 4-fluoroestradiol appeared to have an extended structure
similar to all estratriene analogues studied crystallo-

graphically. Among the closest analogues are the estradiol

hemihydrate,® estradiol propanol,!® estradiol urea,!! and
4-bromoestradiol methanol.l? Bond distances and angles,
as well as torsion angles, are given in Figure 1. Since there
are two molecules (A and B) of fluoroestradiol in an
asymmetric unit in the crystal, we have two sets of num-
bers, the top refers to molecule A and the bottom to
molecule B. Comparing with the other estratriene ana-
logues mentioned above, the results agree fairly closely.
However, there are a few exceptions, such as angles C-
(2)-C(3)-0(3), 0(3)-C(3)-C(4), and C(3)-C(4)-C(5). The
angle C(3)-C(4)—C(5) appears to be larger for the steroids
that have a substituent at C(4). This is also supported by
the data obtained on the torsion angles. Evidently, the
substituent at C(4) in bromoestradiol, the bulky bromine
atom, does create some distortion in the vicinity due to
its size. Another interesting variation is in the angles
C(2)-C(3)-0(3) and O(3)-C(3)-C(4), the first being larger
than the second for 4-fluoroestradiol (molecule A), 4-
bromoestradiol, estradiol hemihydrate, and estradiol pro-
panol, while the reverse is true for estradiol urea and 4-
fluoroestradiol (molecule B of this study). As in all other
estratriene analogues, the A ring is planar, the B ring has
a 7,88 half chair, the C ring has a chair conformation, and
the D-ring conformation is between a 133 envelope and
a 133,14¢ half chair. The molecules are packed in a head
to tail manner and are held together by hydrogen bonds.

Biological Activity. The mean uterine wet weight of
4FE2-treated rats was 185% that of untreated controls,
and the ratio of uterine weights of 4FE2/E2 was 1.38; the

(9) Busetta, B.; Hospital, M. Acta Crystallogr., Sect. B 1972, 28,

560-567.

(10) Busetta, B.; Courseille, C.; Geoffre, S.; Hospital, M. Acta
Crystallogr. Sect. B 1972, 28, 1349-1351.

(11) Duax, W. L. Acta Crystallogr., Sect. B 1972, 28, 1864-1871.

(12) Norton, D. A; Kartha, G.; Lu, C. T. Acta Crystallogr. 1964, 17,
77-82.

(13) Miller, B. G.; Emmens, C. W. J. Endocrinol. 1967, 39 473-484.

(14) Quadri, S. K.; Meites, J. Proc. Soc. Exp. Biol. Med. 1971, 138,
999-1001.
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corresponding figures for uterine [*H]uridine incorporation
were 468% and 1.32.

The positive control group (DMBA injection only)
showed 10% tumor incidence after 51 days and 100%
incidence (a 2.1 average number of tumors and 6.7-g av-
erage tumor mass per tumor-bearing rat) after 150 days.
The treatments, (a) (1) and (b) (1) with P before and after
DMBA, showed, respectively, 80 and 90% tumor incidence,
and 1.3 and 1.1 average numbers of tumors per rat after
150 days. In contrast, all the groups, (a) (2) through (a)
(5), treated with estrogens E2 or 4FE2 before DMBA, with
or without P, showed total inhibition of tumor formation
after 150 days. All groups, (b) (2) through (b) (5), treated
with estrogens E2 or 4FE2 after DMBA, with or without
P, showed significant (p < 0.001) inhibition of tumor
formation. For example, the 4FE2-treated group, (b) (3),
showed a 10% tumor incidence after 78 days, an average
of 1.0 tumor per rat, a 0.9-g average tumor mass per tu-
mor-bearing rat, and a 30% tumor incidence 150 days after
DMBA injection. In comparison, the corresponding data
for E2 treatment, (b) (2), showed a 10% tumor incidence
after 78 days, an average of 1.8 tumors per rat (ratio
4FE2/E2 = 0.56), a 5.9-g average mass (ratio 4FE2/E2 =
0.15), and a 50% tumor incidence after 150 days (ratio
4FE2/E2 = 0.6). Tumor formation was completely in-
hibited during estrogen administration and remained in-
hibited for 33 days thereafter.

The results of treatment schedules (c) (1) through (c)
(5) are shown in Table III. Treatment (1) resulted in
reversible tumor regression, with renewed tumor pro-
gression after Ec ended. Treatment (5) with Ec and P
showed similar reversal of tumor regression after ending
Ec administration. In contrast, when Ec administration
for 8 days was combined with 4FE2 administration from
day 6 through 30 in group (2), tumor regression continued
after Ec¢ treatment ended throughout 4FE2 treatment.
Thereafter, tumor regression was partially reversed. In
group (4), treatment with Ec was continued through day
30, together with 4FE2 and P, and the tumor incidence
was as in group (2). Comparison of group (3) with group
(5), both of which received Ec for 8 days and P from day
6 through day 30, showed 100% tumor incidence in group
(5) without 4FE2 treatment, in contrast to 30% (day 30)
and 20% (day 150) incidence in group (3) receiving 4FE2.

Conclusion

The results of early estrogenic actions of 4FE2 and E2,
as expressed by uterine hyperemia and [*H]uridine in-
corporation, confirmed earlier findingsé which had indi-
cated a 4FE2/E2 estrogenic activity ratio of 1.4 in utero-
tropic tests. Antitumor tests were not reported.’¢ The
present results indicate that the early tumor-inhibitory
actions of 4FE2 and E2 follow a relative order similar to
that of the estrogenic activities, as well as the binding
affinities for lamb uterine cytosol estrogen receptor.8d This
finding is in line with the results of the X-ray crystallo-
graphic study, which did not show a major departure in
molecular shape of 4FE2 compared to E2,!% in contrast to
4BrE2 having the bulky 4-bromo substituent. This ad-
ditional bulk could account for the loss of estrogenic ac-
tivity by substitution on ring A of E2 with bromo or methyl
substituents, particularly adjacent to the 3-OH group,!6

(15) Fluorine bonded to sp® carbon is capable of p—= interaction,
which partly counteracts fluorine’s strong inductive electron
withdrawal by return of electron density from nonbonding p
electrons to the = system; cf. Pople, J. A.; Gordon, M. J. Am.
Chem. Soc. 1967, 89, 4253-4261. \
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Table II1. Effects of Ec, 4FE2, and P on Tumor Incidence, Number, and Mass in DMBA-Treated Rats

rats with
treatment day no. tumors total tumors  av tumor no.* av tumor mass,® g
control (DMBA) 1 5/10 7 1.4+ 0.2 0.6+ 0.4
6 6/10 9 1.5+ 0.2 1.4+ 0.4
8 7/10 11 1.6+ 0.2 1.4+ 0.2
30 8/10 17 2.1+0.2 1.9+ 0.3
1507 10/10 21 2.1+ 0.3 6.7+ 2.2
(1) Ec 1% 5/10 8 1.6 + 0.2 0.8: 0.2
6 5/10 6 1.2+ 0.2 0.4 : 0.3
8d 4/10 5 1.8 0.2 0.4 0.1
30 9/10 12 1.3+ 0.3 0.4+ 0.8
150f 9/10 16 1.9+ 0.3 1.7+ 0.3
(2) Ec + 4FE2 10 5/10 6 1.2+ 0.2 0.4+ 0.1
6¢ 5/10 5 1.0 = 0.0 0.2: 0.1
8d 3/10 3 1.0+ 0.0 0.2: 0.0
30¢ 1/10 1 1.0+ 0.0 0.3 £ 0.0
150f 3/10 3 1.0 0.0 2.7+ 1.4
(8) Ec + 4FE2 + P 1° 5/10 5 1.0+ 0.0 0.5+ 0.3
6¢ 5/10 7 1.4:0.2 0.8:0.2
8d 4/10 5 1.3: 0.2 0.5+ 0.1
30¢ 3/10 3 1.0 = 0.0 0.3:0.2
150f 2/10 5 2.5+ 0.4 5.0 = 1.0
(4) Ec + 4FE2 + P 1% 5/10 6 1.2+ 0.2 0.4: 0.1
6¢ 5/10 7 1.4+ 0.2 0.6 = 0.6
8 4/10 6 1.4+ 0.2 0.6 + 0.3
30d:e 1/10 1 1.0+ 0.0 0.5+ 0.0
150f 3/10 3 1.0 = 0.0 1.2 + 0.4
(5) Ec + P 1% 5/10 6 1.2+ 0.2 0.4+ 0.1
6¢ 4/10 4 1.0+ 0.0 0.7+ 0.2
8d 3/10 4 1.3+ 0.2 0.9: 0.2
30€ 10/10 15 1.5+ 0.3 1.5+ 0.3
1507 10/10 17 1.7+ 0.3 4.0:1.2

¢ Per tumor-bearing rat plus or minus standard error. ? Beginning of Ec treatment (note: day 1 = day 62 after DMBA
treatment). ¢ Beginning of hormone treatments. ¢ End of Ec treatment. € End of treatments with hormones. f End of

observation.

an effect also reflected in the greatly reduced binding to
uterine estrogen receptor of ring-A o-bromo-178-estra-
diols.8d Inhibition of tumorigenesis by E2 and 4FE2 ad-
ministered before DMBA can be attributed to early stim-
ulation of mammary epithelium, and inhibition by estrogen
administered after DMBA can be attributed to peripheral
inhibition of breast tissue estrogen.!” The observed pro-
nounced tumor-inhibitory effects of 4FE2 on established
DMBA-induced rat mammary adenocarcinoma in the
preliminary experiments in series (c) suggest the need for
further study of these effects of 4FE2 in comparison to E2,
with and without pretreatment with Ec.

Experimental Section

The *C NMR Fourier transform 'H noise-decoupled spectrum
was recorded on a Varian XL-100 spectrometer at 25.2 MHz,
employing dimethyl-dg sulfoxide as solvent (concentration: 59
mg in 0.4 mL) and tetramethylsilane as internal reference in a
5-mm diameter tube spun at 11 rps at 29 °C, with the following
parameters: flip angle, 65°; acquisition time, 0.727 s, pulse delay,
1.0; number of transients, 4.184 X 103 points, 8K; time constant,
0.5 8, decoupled from 'H offset, 45691 Hz; and noise bandwidth,
1.5 kHz. For the 3C-1H undecoupled spectrum (under conditions

(16) (a) Dannenberg, H.; Doering, C. H.; Dannenberg-von Dressler,
D. Z. Physiol. Chem. 1959, 817, 174-181. (b) Ringold, H. J.
“Mechanism of Action of Steroid Hormones”; Villee, C. A.;
Engel, L. L., Ed.; Pergamon Press: New York, 1961; p 200; (c)
Utne, T.; Babson, R. B.; Landgraf, F. W. J. Org. Chem. 1969,
33, 1654-1656.

(17) (a) Meites, J.; Cassell, E.; Clark, J. Proc. Soc. Exp. Biol. Med.
1971, 137, 1225-1227. (b) Cassell, E. E.; Meites, J.; Welch, C.
W. Cancer Res. 1971, 31, 1051-1053. (c) Meites, J. J. Natl.
Cancer Inst. 1972, 48, 1217-1224. (d) Welch, C. W.; Nagasawa,
H. Cancer Res. 1977, 37, 951-963.

of gated decoupling), the parameters were the same, except for
the number of transients (34.387 X 10°%) and the time constant
(0.3 s).

The crystallographic parameters and diffraction data were
measured on an Enraf-Nonius CAD-4 automated diffractometer
and are summarized in Table II. Data to a Bragg angle of 75°
were collected using nickel-filtered Cu radiation and converted
to structure amplitude by applying Lorentz and polarization as
well as an empirical absorption correction. Of 3436 unique re-
flections measured, intensities of 3045 reflections were greater
than 2¢(), and the structure was determined and refined using
these reflections.

Virgin female Sprague-Dawley rats were housed at 24 °C and
given laboratory animal chow and water ad libitum. Estrogenic
activity of 4FE2, in comparison to E2, was determined by sub-
cutaneous administration to groups of 15 rats ovariectomized at
age 31 days. The estrogen was administered subcutaneously at
a dose of 1.0 ug per rat, and determination of {5-*H]uridine
incorporation and uterine hyperemia was made by the method
of Miller and Emmens.!® Antitumor activity of 4FE2 and E2,
alone or in combination with progesterone (P), and of 4FE2 with
ergocornine maleate (Ec) or with both P and Ec was determined
in groups of 10 rats given a single intravenous injection of DMBA
(5.0 mg in a lipid emulsion) at age 55 days. Control groups were
treated with DMBA only (positive- control) or received no
treatment (negative control, which developed no tumors). The
following treatment schedules were employed: daily intramuscular
injections, beginning (a) 25 days before DMBA injection and
continuing for 70 days, or (b) beginning 15 days after DMBA
injection and continuing for 30 days, of (1) P (4.0 mg), (2) E2 (20
1g), (3) 4FE2 (20 ug), (40) E2 (20 ug) + P (4.0 mg), and (5) 4FE2
(20 ug) + P (4.0 mg), and (c) beginning 62 days after DMBA
injection (“day 1), when 50% of rats had palpable breast tumors,
of (1) Ec (0.4 mg from day 1 through 8), (2) Ec (0.4 mg from day
1 through 8) + 4FE2 (20 ug from day 6 through 30), (3) Ec (0.4
mg from day 1 through 8) + 4FE2 (20 ug from day 6 through 30)
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+ P (4.0 mg from day 6 through 30), (4) Ec (0.4 mg from day 1
through 30) + 4FE2 (20 ug from day 6 through 30) + P (4.0 mg
from day 6 through 30), and (5) Ec (0.4 mg from day 1 through
8) + P (4.0 mg from day 6 through 30).
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Structure~Activity Relationships of Synthetic Antibiotic Analogues of

Anisomycin!?

Stan S. Hall *2 David Loebenberg,? and Doris P. Schumacher?
Department of Chemistry, Rutgers University, Newark, New Jersey 07102, and Schering-Plough Corporation,

Bloomfield, New Jersey 07003. Received June 28, 1982

A general synthetic sequence was used to synthesize a series of analogues of anisomycin, and the biological activities
of the new synthetic analogues as antiprotozoals, antifungals, and antibacterials were evaluated. The synthetic
antibiotics included 38-acetoxy-4a-hydroxy-28-(p-methylbenzyl)pyrrolidine (1b), 3B-acetoxy-28-benzyl-4a-
hydroxypyrrolidine (1¢), 38-acetoxy-4a-hydroxy-28-(m-methoxybenzyl)pyrrolidine (1d), 38-acetoxy-4a-hydroxy-
26-(o-methoxybenzyl) pyrrolidine (1e), 38-acetoxy-4a-hydroxy-26-(a-methyl-p-methoxybenzyl) pyrrolidine (if), and
3B-acetoxy-4a-hydroxy-26-(a-phenyl-p-methoxybenzyl)pyrrolidine (1g). The anisomycin analogues showed activity
against protozoa and fungi, but this activity was restricted primarily to the p-methylbenzyl and benzyl analogues
1b and 1c¢. The activities dropped dramatically as the methoxy substituent was moved to the meta or ortho positions
of the benzyl group (1d and 1le) or a methyl or phenyl group was attached at the a-benzyl carbon (if and 1g).

Anisomycin (1a),? which exhibits a remarkably selective
inhibition of peptide chain elongation on 60S eukaryotic
ribosomes,? has become a valuable tool in molecular bi-
ology. Because of this mode of action, anisomycin exhibits
selective activity against several strains of fungi and pro-
toza.5 The antibiotic has been shown to be useful in
clinical trials for the treatment of amoebic dysentery? and
vaginitis? and in field applications as a plant fungicide.?
In an effort to search for a more effective anisomycin
antibiotic and to establish structure—activity relationships,
we recently developed an efficient, stereospecific total
synthesis of (&)-anisomycin (1a) and demonstrated the
utility of the synthesis by preparing two closely related
analogues, 1b and lc.!* Herein, this general synthetic

(1) (a) For part 1 and 2 in this series, see (a) Schumacher, D. P.;
Hall, S. S. J. Org. Chem. 1981, 46, 5060-5064. (b) J. Am.
Chem. Soc. 1982, 104, 6076-6080. (c) Taken in part from the
Ph.D. Thesis of D.P.S. that was submitted to the Graduate
School, Rutgers University, Newark, NJ, May 1981, H. Martin
Friedman Thesis Award, Rutgers University, May 1981.
Presented in part at MetroChem ’82 (NY and NJ ACS Sec-
tions), June 1982, Piscataway, NJ.

(2) (a) Rutgers University. (b) Schering-Plough Corp.

(3) (a) Sobin, B. A.; Tanner, F. W., Jr. J. Am. Chem. Soc. 1954,
76, 4053. (b) Ishida, S.; Yamada, O.; Futatsuya, F.; Ito, K.;
Yamamoto, H.; Munakata, K. Proc. Int. Congr. IAMS, Ist
1974, 3, 641-648.

(4) (a) Grollman, A. P. J. Biol. Chem. 1967, 242, 3226-3233. (b)
Vasquez, D. FEBS Lett. 1974, 40, S63-S84. (c) Barbacid, M.;
Vasquez, D. J. Mol. Biol. 1974, 84, 603-623.

(5) (a) Tanner, F. W., Jr.; Sobin, B. A.; Gardocki, J. F. Antibiot.
Annu. 1954-1955, 809-812. (b) Lynch, J. E.; English, A. R.;
Bamforth, B. J.; Goeckeritz, D. Ibid. 1954-1955, 813-819. (c)
Lynch, J. E.; English, A. R.; Bauck, H.; Deligianis, H. Antibiot.
Chemother. 1954, 4, 844-848. (d) Lynch, J. E.; English, A. R.,
Morrison, J.; Mavin, 1. Ibid. 1954, 4, 899-904.

(6) Santander, V. M.; Cue, A. B.; Diaz, J. G. H.; Balmis, F. J.;
Miranda, G.; Urbina, E.; Portilla, J.; Plata, A. A.; Zapata, H.
B.; Mufioz, V. A.; Abreu, L. M. Rev. Invest. Biol. Univ. Gua-
dalajara 1961, 1, 94-96.

(7) (a) Frye, W. W,; Mule, J. G.; Swartzwelder, C. Antibiot. Annu.
1954-1955, 820-823. (b) Armstrong, T.; Santa Maria, O. Ibid.
1954-1955, 824-826.

(8) Windholz, M., Ed. “The Merck Index”, 9th ed.; Merck: Rah-
way, NJ, 1976; p 91.

sequence was used to prepare new anisomycins, 1d-g, and
subject the entire series la—g to biological evaluation.

Chemistry. The first phase of the synthesis was to
elaborate the entire carbon skeleton of anisomycin, which
is embodied in the 2-benzylpyrroles 2a—g, by utilizing our
tandem alkylation-reduction techniques.!® The second
phase of the synthetic sequence was the stereospecific
synthesis of the syn-epoxides 7a—g. The last phase then
involved the regioselective, stereospecific ring opening of
these syn-2-benzyl-3-pyrrolidine epoxides 7a—g and sub-
sequent selective manipulations to convert the resultant
38,4a-dihydroxy-28-benzylpyrrolidines 8a—g by a prot-
ection—acetylation—deprotection sequence to the aniso-
mycins la—g. The entire synthesis is outlined in Scheme
I

In our original total synthesis of anisomycin (1a) and
the analogues 1b and le, the benzyloxycarbonyl (Cbz)
group had been used to protect the secondary amine group
at two crucial stages of the synthesis.!> N-Protection was
necessary during the generation of the halohydrin 5 and
during the selective acylation of the trans-diol 9, and for
these purposes the N-Cbz group performed this task ad-
mirably. However, when the N-Cbz protecting group was
employed in the d-g series, the protecting group could not
be removed by catalytic hydrogenation from the N-Cbz
derivatives of the syn-2-benzyl-3-pyrrolidine epoxides
7d-g. We subsequently discovered, to our chagrin, that
this is a rather general phenomenon for a sterically hin-
dered Cbz protecting group. Medium-pressure (45 psi)
catalytic hydrogenation or HBr/HOAc conditions de-
stroyed the epoxide. A procedure,? of limited success, was
to reflux the N-Cbz derivatives (R, = Cbz) of the syn-
epoxides 7e and 7g in triethylsilane containing a catalytic
amount of PdCl; and EtsN to yield the corresponding
deprotected syn-epoxides 7e and 7g in ca. 70% yields. The
procedure failed for the N-Cbz derivatives (R, = Cbz) of
the syn-epoxides 7d and 7f. The best solution to this
problem was to change to 2,2,2-trichloroethoxycarbonyl
(TCE) as the N-protecting group, which could be removed

(9) Birkofer, L.; Blerwirth, E.; Ritter, A. Chem. Ber. 1961, 94,
821-824.
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