J. Med. Chem. 1986, 29, 79-84 79

reducing radioligand binding by 50% were determined.
Estrogen and Antiestrogen Assays. Estrogenic and anti-
estrogenic properties were determined by stimulation of the
uterine growth or by inhibition of the uterine growth stimulated
by estrone, respectively, using immature NMRI mice as described
previously.*® Female mice (body weight, 10-12 g; age, 20 days
at test beginning, 10 mice per group) were injected sc daily for
3 days with solutions of the test compounds in olive oil (0.1
mL/mouse). The uteri were removed 24 h after the last injection,
fixed with Bouin’s solution, dried, and weighed.
Hormone-Dependent, Transplantable MXT Mammary
Tumor of the BDF1 Mouse.'”!® The MXT tumor used in these
studies was the MXT line 3.2 provided by Dr. Bogden, Laboratory
of Experimental Oncology, EG & G Bogden Laboratories, Wor-
cester, MA, in a frozen state. The tumor was transplanted in
pieces of about 2 mm? subcutaneously in female, 8-weeks-old
BDF1-mice (body weight, 20 £ 1.6 g; Charles River Wiga, West
Germany). After the tumor had reached a diameter of about 1
cm, it was transplanted to 20 mice to determine the hormone
dependence. After transplantation the animals were randomly
distributed in two groups of 10. The animals of one group were
ovariectomized. The tumor grew well in control animals but only
very slowly in the ovariectomized mice. Take rate of control
animals was >95%. In an experiment to determine the tumor
inhibiting activity of new compounds, transplantation is carried
out as above (one tumor piece/animal). After transplantation,
the animals are randomly distributed into groups of 10. Starting
with the first day after transplantation, the test compounds were
injected sc three times a week (Monday, Wednesday, Friday) as

olive oil solutions (0.1 mL/mouse). The duration of treatment
was 6 weeks. At the end of treatment, the animals were killed
by cervical dislocation and weighed. The tumors were removed,
washed in 0.9% sodium chloride solution, blotted dry, and
weighed, and the average tumor weight was calculated. The uteri
were also removed and prepared as described in ref 6 to serve as
an indicator of the estrogenic side effects of the compounds.
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The carbocyclic analogue of the antiviral agent 5-ethyl-2’-deoxyuridine (EDU) was synthesized by two routes. The
pivotal step in the first route is the reaction of lithium dimethylcuprate with the carbocyclic analogue of 5-(bro-
momethyl)-2’-deoxyuridine dibenzoate (6). The second route is based on the synthesis of the carbocyclic analogue
of 5-ethynyl-2’-deoxyuridine (12) by a coupling reaction catalyzed by bis(triphenylphosphine)palladium(II) chloride
and copper(I) iodide, a method reported recently (Robins and Barr) for the synthesis of the true nucleoside
5-ethynyl-2’-deoxyuridine (1b). The carbocyclic analogue of EDU inhibits the replication of type 1 and type 2 herpes
simplex viruses in Vero cells. The carbocyclic analogue of 5-ethynyl-2’-deoxyuridine has modest activity against

herpes simplex virus, types 1 and 2.

5-Ethyl-2-deoxyuridine (1a, EDU), synthesized origi-

nally from 5-ethyluracil,}® was shown to have antiviral
activity against herpes simplex and vaccinia viruses.?®
EDU inhibits the replication of both type 1 (HSV-1) and
type 2 (HSV-2) herpes simplex viruses in cells in culture.™
EDU, as well as related 5-substituted 2’-deoxyuridines,

(1) Gauri, K. K. Brit. Patent 1170565, November 12, 1969; Chem.
Abstr. 1970, 72, 79425.

(2) Gauri, K. K.; Pflughaupt, K.-W.; Miiller, R. Z. Naturforsch.
1969, 24B, 833-836.

(3) Swierkowski, M.; Shugar, D. J. Med. Chem. 1969, 12, 533-534.

(4) Gauri, K. K.; Malorny, G. Ark. Pharmakol Exp. Pathol.
Pharmakol. 1967, 257, 21-22.

(5) Gauri, K. K. Klin. Mbl. Augenheilk 1968, 153, 837-840.

(6) De Clercq, E.; Shugar, D. Biochem. Pharmacol. 1975, 24,
1073-1078.

(7) Cheng, Y.-C.; Domin, B. A.; Sharma, R. A.; Bobek, M. Antim-
icrob. Agents Chemother. 1976, 10, 119-122,

(8) Cheng, Y.-C. Ann. N.Y. Acad. Sci. 1977, 284, 594-598.

(9) Davis, W. B.; Oakes, J. E.; Taylor, J. A. Antimicrob. Agents
Chemother. 1978, 14, 743-748.

inhibits the replication of strains of HSV-1 that induce
thymidine kinase, but it is ineffective against strains that
lack the capacity to induce virus thymidine kinase in in-
fected cells (TK™ strains).”® Its affinities for thymidine
kinases induced by HSV-1 and HSV-2 are about the same
as the affinities of thymidine for these kinases, but the
analogue binds much less firmly to cytoplasmic and mi-
tochondrial thymidine kinases from human cells.® Fur-
thermore, it has been reported that EDU is active in vivo
against HSV-1 and HSV-2 encephalitis,>!° was somewhat
more effective in vitro against clinical isolates of HSV-2
than against clinical isolates of HSV-1,!! inhibits replica-
tion in cultured cells of several strains of Varicella-Zoster
virus,'? and is not immunosuppressive!® or mutagenic.?!4

(10) Davis, W. B.; Oakes, J. E.; Vacik, J. P.; Rebert, R. R.; Taylor,
J. A. Adv. Ophthal. 1979, 38, 140-150.

(11) Chong-Ze Teh; Sacks, S. L. Antimicrob. Agents Chemother.
1983, 23, 637-640.

(12) Shigeta, S.; Yokota, T.; Iwabuchi, T.; Baba, M.; Konno, K.;
Ogata, M.; De Clercq, E. J. Infect. Dis. 1983, 147, 576-584.
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However, EDU and other 5-substituted 2’-deoxyuridines
are degraded by thymidine phosphorylase to the corre-
sponding 5-substituted uracils,’® and 5-ethyluracil and
5-(1-hydroxyethyl)uracil (the major metabolite) have been
identified as metabolites of EDU in vivo (rats).’® We have
pointed out earlier'™ that carbocyclic analogues of nu-
cleosides, because they possess a cycloalkyl-heterocycle
bond in place of the glycosidic bond of true nucleosides,
are not subject to cleavage by nucleoside phosphorylases.
Some carbocyclic analogues, therefore, may be more ef-
fective in various kinds of biological activities than are the
corresponding true nucleosides. Both the favorable actions
of EDU and the disadvantage posed by the phosphorolysis
of this compound provide incentives for synthesizing the
carbocyclic analogue (C-EDU%). In addition, the carbo-
cyclic analogue of thymidine (C-thymidine, 2), synthesized
earlier,2?? has antineoplastic activity?? (L1210 leukemia)

(13) Gauri, K. K.; Malorny, G.; Schiff, W. Chemotherapy 1969, 14,
129-132.

(14) Gauri, K. K.; Malorny, G. Biophysik (Berlin) 1968, 5, 88-90.

(15) Desgranges, C.; Razaka, G.; Rabaud, M.; Bricaud, H.; Balzarini,
J.; De Clercq, E. Biochem. Pharmacol. 1983, 32, 3583-3590.

(16) Kaul, R.; Keppeler, K.; Kiefer, G.; Hempel, B. Chemosphere
1982, 11, 539-540.

(17) Shealy, Y. F.; Clayton, J. D. J. Am. Chem. Soc. 1969, 88,
3885-3887; 1969, 91, 3075-3083.

(18) Shealy, Y. F.; Clayton, J. D. J. Pharm. Sci. 1973, 62,
1252-1257.

(19) Shealy, Y. F.; O’'Dell, C. A. J. Heterocycl. Chem. 1976, 13,
1353-1354.

(20) In this report, the trivial name of a carbocyclic analogue is the
trivial name of the true nucleoside preceded by C-. The term
C-nucleoside is applied also to nucleoside analogues in which
the sugar moiety is joined to a carbon atom of a heterocyclic
ring, e.g., formycin. For this reason the prefixed C is italicized.

(21) Shealy, Y. F.; O’Dell, C. A. J. Heterocycl. Chem. 1976, 13,
1041-1047.
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and antiviral activity?®** (HSV-1 and HSV-2). It was
reasonable, therefore, to expect that C-EDU as an analogue
of EDU and a homologue of C-thymidine would, at least,
retain the antiviral activity of EDU and might, perhaps,
be more effective. For these reasons, we synthesized the
carbocyclic analogue of the interesting antiviral agent
EDU.

[o]

HN R ,_Q/CH!
0 0
HOCHg HOCHg
H HO
1 2
a: R= —CHgCHjy
b:R= —C=CH

Chemistry. Two synthesis routes to C-EDU were in-
vestigated. The first route, outlined in Scheme I, begins
with C-thymidine (2). Treatment of 2 with a molar excess
of benzoyl chloride in pyridine by a procedure employed
previously® for the benzoylation of carbocyclic analogues
of uracil nucleosides produced a tribenzoyl derivative® (3a
or 4a) of 2. Hydrolysis of the tribenzoyl derivative in a
weakly acidic medium gave C-thymidine dibenzoate (5),
and bromination of 5 with N-bromosuccinimide, by a
procedure similar to that of Barwolf and Langen?? for

(22) Shealy, Y. F.; O’'Dell, C. A.; Thorpe, M. C. J. Heterocycl.
Chem. 1981, 18, 383-389.

(23) Shealy, Y. F.; O’Dell, C. A.; Shannon, W. M.; Arnett, G. J.
Med. Chem. 1983, 26, 156-161.

(24) Shealy, Y. F.; O’'Dell, C. A.; Shannon, W. M. U.S. Patent
4396623, August 2, 1983.

(25) Shealy, Y. F.; O’Dell, C. A. J. Heterocycl. Chem. 1980, 17,
353-358.

(26) Similarities between chemical shifts of analogous protons in
the 'H NMR spectra of C-thymidine dibenzoate (5) and of the
tribenzoyl derivative (3a or 4a) indicate that the structures of
the pyrimidine moieties are the same and suggest, therefore,
that 3a is the structure of the tribenzoyl derivative. The evi-
dence is consistent with the assignment, based on 13C NMR
data, of the N-acyl structure to several tetraacyl uridines.?’
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Table I. Evaluation of C-EDU and Compounds 11-13 for Inhibition of the Replication of Herpes Simplex Virus in Vero Cells®

HSV-1, strain 377

HSV-2, strain MS

exp MICq* MICq,*
compd no. VR® mcg/mL gM/mL VR® mcg/mL gM/mL
C-EDU (8) 1 2.4 45 0.17 1.1 230 0.89
2 2.1 70 0.27 1.1 180 0.7
C-5-ethynyl-2’-deoxyuridine (12) 1 0.9 250 0.99 1.1 210 0.83
EDU (1a)? P) 2.3 20 0.08 2.2 37 0.14
ara-A% 1 2.1 18 0.07 1.7 22 0.08
2 2.0 15 0.06 1.3 45 0.17
C-thymidine/ 2 1.8 24 0.10 1.2 57 0.24
11 3 0 0
13b 3 0.5 320 0.98 0.1
arg-A% 3 2.4 5 0.02 1.2 24 0.09

¢The antiviral activity of each compound is expressed as a virus rating (VR), and the potency is given as a minimum inhibitory concen-
tration (MICy;). The VR, determined by the general method of Ehrlich et al.,”” is a weighted measurement of antiviral activity that takes
into account both the degree of inhibition of virus-induced cytopathogenic effects and the degree of cytotoxicity produced by the test
compound. ®A virus rating (VR) equal to or greater than 1.0 indicates definite and significant antiviral activity, a VR of 0.5-0.9 indicates
marginal to moderate antiviral activity, and a VR less than 0.5 usually indicates no significant antiviral activity. °The MICy, is the con-
centration of the tested compound required to inhibit virus-induced cytopathogenic effects by 50%. ¢The true nucleoside EDU and the
antiviral drug 9-8-D-arabinofuranosyladenine (ara-A) were positive controls in these experiments. ¢Positive control for 8, 12, and 1a. /In
tests of C-thymidine vs. strain 377 of HSV-1 and strain MS of HSV-2 replicating in rabbit kidney cells, the results were as follows: VR =
5.4, MIC;, = 0.8 for HSV-1; VR = 3.2, MIC, = 7 for HSV-2.2® #Positive control for 11 and 13b.

the bromination of thymidine diacetate, afforded an im-
pure specimen of the 5-bromomethyl derivative (6). The
mass spectrum (FAB) and the proton NMR spectrum of
this material confirmed that it was composed principally
of 6, but the NMR spectrum also showed the presence of
some succinimide and of a small amount of 5. Since it was
difficult to remove these components from 6, a reactive
compound, the crude material was used for the next step.
Treatment of 6 with lithium dimethylcuprate®*® furnished
the desired C-EDU dibenzoate (7), and removal of the
benzoyl groups with ammonia in methanol furnished C-
EDU (8).

Tribenzoyl-C-thymidine (3a or 4a) was prepared initially
in order to obtain the fully benzoylated 5-bromomethyl
derivative (3b or 4b) for use as an intermediate. Treat-
ment of the latter compound (prepared by a procedure
similar to that employed for the preparation of 5) with
lithium dimethylcuprate produced a crude product that
contained, according to mass spectral analysis, some of the
desired tribenzoyl C-EDU, but the route via § appears to
be superior.

The second route, outlined in Scheme II, begins with
C-5-iodo-2’-deoxyuridine®®? (9b) and parallels the syn-
thesis route to EDU described recently by Robins and
Barr.®? The crucial step in the second route is the reaction
of ethynyltrimethylsilane (10) with C-5-iodo-2’-deoxy-
uridine diacetate®® (9d) in the presence of the bis(tri-
phenylphosphine)palladium(IT) chloride-copper(I) iodide
catalyst in triethylamine. The reaction of alkynes with
aromatic halides catalyzed by (triphenylphosphine)palla-
dium(II) catalysts had been reported by Heck® and by
Cassar,** and the use of bis(triphenylphosphine)palladi-

(27) Kamimura, T.; Masegi, T.; Sekine, M.; Hata, T. Tetrahedron
Lett. 1984, 25, 4241-4244.

(28) Barwolff, D.; Langen, P. Nucleic Acids Res., Spec. Publ. 1975,
No. 1, 829-s31. .

(29) Barwolff, D.; Langen, P. “Nucleic Acid Chemistry”; Townsend,
L. B, Tipson, R. 8., Ed.; Wiley: New York, 1978; Part 1, pp
359-366.

(30) Whitesides, G. M.; Fisher, W. F., Jr.; San Filippe, J., Jr.; Bashe,
R. W.; House, H. O. J. Am. Chem. Soc. 1969, 91, 4871-4882.

(31) Corey, E. J.; Posner, G. H. J. Am. Chem. Soc. 1967, 89,
3911-3912.

(32) Robins, M. J.; Barr, P. J. J. Org. Chem. 1983, 48, 18541862,

(33) Dieck, H. H.; Heck, R. F. J. Organomet. Chem. 1975, 93,
259-263.

(34) Cassar, L. J. Organomet. Chem. 1975, 93, 253-257.

um(IT) chloride and copper(I) iodide in diethylamine to
catalyze the reaction of alkynes with iodoarenes, bromo-
alkenes, and bromopyridines has been reported by Sono-
gashira et al.3®  Austin et al. employed ethynyltri-
methylsilane (10) with palladium(II) acetate—triphenyl-
phosphine in triethylamine, followed by removal of the
trimethylsilyl group in basic media, to obtain ethynyl-
benzene derivatives.

The palladium-catalyzed reaction of C-IdUrd diacetate
(9d) with 10 furnished the 5-(trimethylsilylethynyl) de-
rivative 11 in 756% yield (after purification), and removal
of both the trimethylsilyl and the acetyl groups of 11 in
sodium methoxide-methanol solution® afforded the de-
sired C-5-ethynyl-2’-deoxyuridine (12). Catalytic hydro-
genation of 12 furnished C-EDU. The 5-(trimethylsilyl)-
ethyl derivative 13b was obtained similarly by hydrogen-
ation of 11 and deacetylation of the reduction product 13a
in ammonia-methanol. The specimens of C-EDU obtained
by the two routes of Schemes I and II were shown to be
identical by thin-layer chromatography, high-pressure
liquid chromatography, melting point determinations, and
comparisons of their infrared spectra.

Biological Evaluation. C-EDU, C-5-ethynyl-2’-
deoxyuridine (12), and C-5-[(trimethylsilyl)ethyl]-2’-
deoxyuridine (13b) were evaluated for antiviral activity in
vitro against HSV-1 and HSV-2. EDU (la) and 9-3-D-
arabinofuranosyladenine (ara-A) were positive controls in
these experiments. The results of these tests, which are
summarized in Table I, show that both C-EDU (8) and
C-5-ethynyl-2’-deoxyuridine (12) have significant activity
against both HSV-1 and HSV-2. Strain 377 of HSV-1 and
strain MS of HSV-2 induce virus-specific thymidine ki-
nases; i.e., they are TK™ strains. The results of Table I
indicate, further, that C-EDU is as active (VR, 2.1-2.4) vs.
HSV-1 as EDU and ara-A are, but it is less potent (MICx;)
than are these positive controls. C-EDU and the C-5-
ethynyl derivative (12) have significant, and comparable,
activity against HSV-2, but these analogues are less active
and less potent than EDU and ara-A. As pointed out
above, however, the carbocyclic analogues are not subject

(35) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett.
1975, 4467-4470.

(36) Austin, W. B.; Bilow, N.; Kelleghan, W. J.; Lau, W. S. Y. J.
Org. Chem. 1981, 46, 2280-2286.

(37) Ehrlich, J.; Sloan, B. J.; Miller, F. A.; Machamer, H. E. Ann.
N.Y. Acad. Sci. 1965, 130, 5-16.
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to the action of phosphorylases, which cleave EDU 1516

Experimental Section®

General Methods. Decomposition and melting temperatures
(mp) were determined in capiliary tubes heated in a Mel-Temp
apparatus. Ultraviolet spectra (UV) were recorded with a Cary
Model 17 spectrophotometer, and absorption maxima are reported
in nanometers; sh = shoulder. Solutions for ultraviolet spectral
determinations were prepared by diluting a 5-mL aliquot of a
water or ethanol solution to 50 mL with 0.1 N hydrochloric acid,
phosphate buffer (pH 7), or 0.1 N sodium hydroxide. Absorption
maxima of these solutions are reported as being determined at
pH 1, 7, or 13, respectively. Infrared spectra (IR) were recorded
with a Nicolet MX-10 Fourier transform spectrometer, and the
spectra were determined with specimens in pressed potassium
bromide disks; s = strong, vs = very strong, sh = shoulder, w =
weak. Mass spectral data (MS) were taken from low-resolution,
electron-impact spectra determined at 70 eV with a Varian/MAT
311 A spectrometer or from spectra determined by the fast-
atom-bombardment (FAB) method. The peaks listed are those
arising from the molecular ion (M), those attributable to the loss
of certain fragments (M minus a fragment), and some other
prominent peaks. Fragments containing the complete pyrimidine
moiety are designated P plus an atom or group. Proton nuclear
magnetic resonance spectra were determined at 300.64 MHz with
a Nicolet 300 NB NMR spectrometer. The internal standard was
tetramethylsilane; s = singlet, t = triplet, q = quartet, qn =
quintet, m = multiplet. Thin-layer chromatography (TLC) was
performed on plates of silica gel, the developing solvent is specified
parenthetically, and developed plates were examined by ultraviolet
light.

Tribenzoyl Derivative of C-Thymidine (3a or 4a).® A
solution consisting of 5.0 mL (43 mmol) of benzoyl chloride, 2.0
g (8.3 mmol) of C-thymidine (2), and 100 mL of dry pyridine was
heated at 57-58 °C for 70 h. The reaction solution was added
slowly to a water—ice mixture (800 mL), and the amorphous
precipitate that formed was extracted into portions of chloroform
(total, 300 mL). The chloroform solution was washed successively
with three 100-mL portions of 0.1 N hydrochloric acid, saturated
sodium bicarbonate solution, and water. The organic layer was
dried with magnesium sulfate, filtered, and concentrated in vacuo
to a yellow gum (weight, 4.3 g). This material was purified by
chromatography on a column of silica gel 60 (150 g) with 9:1
chloroform—methanol as the developing and eluting solvent. The
fractions that contained the tribenzoyl derivative were selected
by TLC and were combined and concentrated in vacuo to a white
glass; yield, 4.02 g (88%). When cyclohexane was added to an
ethyl acetate solution of the glassy product, an amorphous pre-
cipitate formed. The solvents were evaporated under reduced
pressure, and the white glass was kept in vacuo at 56 °C for 3
h: MS (electron-impact; direct-probe temperature, 250 °C), m/e
552 (M), 524, 482, 447 (M - C;H;CO0), 430 (M - C¢H,COOH), 326,
325, 203, 126, 122 (C;H;COOH), 105 (C;H;CO); 'H NMR (CDCly)
§ 1.77 m and 2.52 m (CH,, position 5 of the cyclopentyl group),
1.91 s (CHjy), 2.37 m (CH,, position 2 of the cyclopentyl group),
2.75 m (CH, position 4 of the cyclopentyl group), 4.52 d (CH; of
CH,0COC¢H;), 5.22 qn (CH, position 1 of the cyclopentyl group),
5.46 m (CH, position 3 of the cyclopentyl group), 7.15 s (CH,
position 6 of the pyrimidinyl group), 7.32-7.67 m (CH, positions
3, 4, and 5 of the phenyl groups), 7.86-8.06 m (CH, positions 2
and 6 of the phenyl groups). Anal. (C3,H,;sN,0--0.5EtOAc) C,
H, N.

(£)-1-[(1,38,4a)-3-Hydroxy-4-(hydroxymethyl)cyclo-
pentyl]-5-methyl-2,4(1H,3H)-pyrimidinedione Dibenzoate
(5). A solution consisting of 1.15 g (2.08 mmol) of tribenzoyl-C-
thymidine (3a or 4a), 133 mL of ethanol, 60 mL of water, and
7.2 mL of 1 N hydrochloric acid was heated under gentle reflux
for 24 h. The reaction solution was concentrated to remove
ethanol, and the aqueous mixture (containing a colorless syrup)
was extracted twice with 50-mL portions of chloroform. The total

(38) Inaccordance with Chemical Abstracts nomenclature, most of
the C-2’-deoxyuridines described in this section are named as
(£)-1-[(1a,38,4a)-3-hydroxy-4-(hydroxymethyl)cyclopentyl]-
2,4(1H,3H)-pyrimidinediones.
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chloroform extract was washed with saturated aqueous sodium
bicarbonate solution, dried with magnesium sulfate, filtered, and
concentrated under reduced pressure to a colorless gum. The
residue was mixed well with ethanol (15 mL); the mixture (con-
taining white crystals) was stored in a freezer (-20 °C); and the
crystalline product was collected by filtration, washed with cold
ethanol, and dried in vacuo: yield, 725 mg (78%); mp 173-176
°C; mass spectrum (FAB), m/e 449 (M + 1), 327 (M - C;H;COO);
'H NMR (CDCl;) 6 1.73 m and 2.50 m (CH,, position 5 of the
cyclopentyl group), 1.89 s (CH,), 2.35 m (CH,, position 2 of the
cyclopentyl group), 2.77 m (CH, position 4 of the cyclopentyl
group), 4.54 d (CH,0COPh), 5.24 qn (CH, position 1 of the cy-
clopentyl group), 5.47 m (CH, position 3 of the cyclopentyl group),
7.06 s (CH, position 6 of the pyrimidinyl group), 7.42 m (CH,
positions 3 and 5 of the phenyl groups), 7.56 m (CH, position 4
of the phenyl groups), 8.01 m (CH, positions 2 and 6 of the phenyl
groups). Anal. (Cy5HyN,Og) C, H, N.

(£)-5-(Bromomethyl)-1-[(1a,38,4a)-3-hydroxy-4-(hydrox-
ymethyl)cyclopentyl}-2,4(1H,3H )-pyrimidinedione Di-
benzoate (6). A mixture of N-bromosuccinimide (149 mg, 0.84
mmol), 300 mg (0.67 mmol) of C-thymidine dibenzoate (5), and
dry carbon tetrachloride (34 mL) was boiled under reflux for 1
h and simultaneously was exposed to light (provided by a 150-W
flood lamp). The colorless solution was decanted from a waxy
precipitate and was concentrated in vacuo under anhydrous
conditions to a gummy residue; yield, 99% (350 mg). The mass
spectrum and the 'H NMR spectrum of this material demon-
strated that it was predominantly the desired 5-(bromo-
methyl)uracil derivative (6): MS (FAB), m/e 447 (M - Br), 405
(M - CgH;C00), 323 (M - P); 'H NMR (CDCl;) 6 1.82 m and
2.55 m (CH,, position 5 of the cyclopentyl group), 2.41 s (CH,,
position 2 of the cyclopentyl group), 2.8 m (CH, position 4 of the
cyclopentyl group), 4.23 d (CH,Br), 4.57 d (CH,O0COPh), 5.21 qn
(CH, position 1 of the cyclopentyl group), 5.52 m (CH, position
3 of the cyclopentyl group), 7.49 s (CH, position 6 of the pyri-
midinyl group), 7.45 m (CH, positions 3 and 5 of the phenyl
groups), 7.58 m (position 4 of the phenyl groups), 8.04 m (positions
2 and 6 of the phenyl groups).

(£)-5-Ethyl-1-[(1a,38,4a)-3-hydroxy-4-(hydroxymethyl)-
cyclopentyl}-2,4(1H ,3H)-pyrimidinedione (C-EDU, 8) via
Scheme I. A solution of 350 mg (0.664 mmol) of the 5-(bro-
momethyluracil derivative (6) in a mixture of dry ether (10 mL)
and dry tetrahydrofuran (5 mL) was prepared under an argon
atmosphere and was cooled to -15 °C. A solution of the lithium
dimethylcuprate reagent was then prepared as follows. A sus-
pension of cuprous iodide (1.43 g) in dry ether (25 mL) was
prepared under an argon atmosphere and was cooled to -15 °C.
To this stirred suspension was added dropwise (during approx-
imately 10 min) a 1.5 M solution (10 mL) of methyllithium in
ether. A yellow precipitate formed initially but the reaction
mixture later became clear. A portion (5.6 mL) of the solution
of lithium dimethylcuprate (calculated to contain 1.20 mmol of
the reagent) was added dropwise to the stirred, cold (-15 °C)
solution of the 5-(bromomethyl)uracil derivative, and the resulting
mixture was kept at 3 °C overnight. An aqueous solution of
ammonium chloride (5%, 15 mL) was added to the reaction
mixture, and the resulting mixture was stirred at room temper-
ature for 1 h and then extracted twice with chloroform (2 X 30
mL). The total chloroform extract was washed with water, dried
over magnesium sulfate, filtered, and concentrated under reduced
pressure to a syrup. C-EDU dibenzoate (7) was isolated by
chromatography on silica gel 60 with 1:1 ethyl acetate-benzene
as the developing and eluting solvent. The collection of fractions
was monitored by TLC; fractions containing C-EDU dibenzoate
were combined and concentrated in vacuo to a white solid foam:
yield, 40% (120 mg); mass spectrum (FAB), m/e 463 (M + 1),
341 (M - C¢H;COO0).

A solution of 115 mg (0.249 mmol) of C-EDU dibenzoate (7)
in an ammonia—methanol solution (10 mL, 10% ammonia) was
stirred at room temperature for 2.5-3 days. The reaction solution
was concentrated under reduced pressure to a syrupy residue.
C-EDU was isolated by applying a methanol solution of the residue
to a preparative TLC plate of silica gel and developing the
chromatogram with 5:1 chloroform-methanol. The principal band
was scraped from the plate and extracted in a Soxhlet extractor
with hot ethanol for 2 h. The ethanol extract was concentrated
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to dryness, a small amount of ethanol was added, the mixture
was filtered, and the filtrate was concentrated under reduced
pressure to a colorless syrup. The residue was triturated with
ethyl acetate, and the resulting white crystalline solid was collected
by filtration and dried in vacuo: yield, 41 mg (65%); mp 147-150
°C (capillary inserted at 50 °C, heating rate 3 °C/min); TLC, 1
spot (5:1 chloroform—methanol); MS (FAB), m/e 2556 (M + 1),
141 (P + 2H); UV max 274 nm (e 10 300) at pH 1, 273 (e 10500)
at pH 7, and 271 (e 8000) at pH 13; MS (electron-impact; di-
rect-probe temperature, 200 °C), m/e 254 (M), 239 (M - CHj),
224 M - CH,0H + H), 195 (M - CO - CH,0H), 167 (P + C,H,),
141 (P + 2H), 140 (P + H); IR (1800-1300-cm™! region) 1685 vs,
1670 vs, 1640, 1515 w, 1475, 1465, 1435 w, 1420, 1390, 1370, 1335,
1315; 'H NMR (Me,SO-dg) 6 1.02 t (CHj), 1.42 m and 2.05 m (CH,,
position 5 of the cyclopentyl group), 1.7-2.0 m (CH,, position 2
of the cyclopentyl group), 1.91 m (CH, position 4 of the cyclopentyl
group), 2.22 q (CH, of the ethyl group), 3.45 m (CH, of CH,OH),
3.98 m (CHOH, position 3 of the cyclopentyl group), 4.60 t (OH
of CH,0H), 4.70 d (OH at position 3 of the cyclopentyl group),
4.96 m (CH, position 1 of the cyclopentyl group), 7.47 s (CH,
position 6 of the pyrimidine ring), 11.16 s (NH of pyrimidine ring).
Anal. (Cle15N204) C, H, N.

(£)-1-[(12,38,4a)-3-Hydroxy-4-(hydroxymethyl)cyclo-
pentyl]-2,4(1H ,3H)-pyrimidinedione Diacetate (9¢c). A so-
lution (protected from atmospheric moisture) of 0.63 mL (6.0
mmol) of acetic anhydride, 10 mL of anhydrous pyridine, and 0.5
g (2.21 mmol) of C-2-deoxyuridine® (9a) was stirred at room
temperature for 21 h. The reaction solution was then concentrated
under reduced pressure by means of a vacuum (oil) pump. The
residue was mixed well with water (2 mL), the mixture was
concentrated in vacuo, the solid residue was triturated with ethyl
acetate (5 mL), and this mixture was placed in a refrigerator. The
white crystalline solid was separated by filtration, washed with
ethyl acetate, and dried in vacuo at 56 °C: yield, 476 mg (70%);
mp 110-112 °C; TLC, 1 spot (9:1 chloroform—methanol); MS
(electron-impact; direct-probe temperature, 20 °C), m/e 310 (M),
250 (M - CH3;COOH), 207, 189, 177, 147, 139 (P + C,H,), 134,
113 (P + 2H), 112 (P + H), 96. Anal. (C,;H;sN;O¢) C, H, N.

(£)-1-[(1a,38,4a)-3-Hydroxy-4-(hydroxymethyl)cyclo-
pentyl]-5-iodo-2,4(1H,3H)-pyrimidinedione Diacetate (9d).
C-1dUrd diacetate®* (9d) was prepared previously by treating
C-2'-deoxyuridine® with iodine and nitric acid and then treating
C-I1dUrd?® with acetic anhydride in pyridine. A second method
is the treatment of C-dUrd diacetate with iodine monochloride.
This method was reported by Robins et al.** for the preparation
of the true nucleoside IdUrd ditoluate.

A solution (protected from atmospheric moisture) of di-
chloromethane (17 mL), iodine monochloride (0.1 mL, 1.97 mmol),
and C-dUrd diacetate (9c, 460 mg, 1.48 mmol) was boiled under
reflux for 3 h. The reaction solution was cooled to room tem-
perature and diluted with water (14 mL), and an aqueous solution
of sodium hydrogen sulfite (2%) was added dropwise to the
vigorously stirred solution until its purple color disappeared.
Dichloromethane was evaporated under reduced pressure from
the solution, and the resulting mixture, containing a white pre-
cipitate, was placed in a refrigerator overnight. The white solid
precipitate was collected by filtration, washed well with cold water,
and dried in vacuo at 56 °C: yield, 580 mg (89.6%); mp 176-178
°C. This material was recrystallized from methanol: weight of
recrystallized product, 530 mg (91% recovery); mp 180-184 °C.

(£)-1-[(1a,38,4a)-3-Hydroxy-4-(hydroxymethyl)cyclo-
pentyl]-5-[(trimethylsilyl)ethynyl}-2,4(1H ,3H )-pyrimi-
dinedione Diacetate (11). A suspension of 750 mg (1.72 mmol)
of C-IdUrd diacetate (9d) in triethylamine (75 mL) was vigorously
deoxygenated by bubbling argon through the mixture. To this
mixture, under an atmosphere of argon, was added (trimethyl-
silylacetylene (10, 0.75 mL), bis(triphenylphosphine)palladium(II)
chloride (25 mg), and cuprous iodide (25 mg), and the resulting
mixture was stirred under argon at 50 °C for 3 h. The reaction
mixture was concentrated to dryness in vacuo; the dark, solid

(39) Shealy, Y. F.; O'Dell, C. A. J. Heterocycl. Chem. 1976, 13,
1015-1020.

(40) Robins, M. J.; Barr, P. J.; Giziewicz, J. Can. J. Chem. 1982, 60,
554-5517.
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residue was dissolved in chloroform (100 mL); and the chloroform
solution was washed twice with 50-mL portions of a 10% aqueous
solution of the disodium salt of ethylenediaminetetraacetic acid
and twice with 50-mL portions of water. The resulting chloroform
solution was dried with magnesium sulfate, filtered, and con-
centrated in vacuo to a solid residue. The desired product was
isolated by chromatography of the crude product on a column
of silica gel 60 (50 g) with 9:1 chloroform—methanol as developing
and eluting solvent. Fractions that were shown by TLC to contain
the desired product were combined and concentrated in vacuo
to a pale buff-colored solid; weight, 640 mg (91.8% yield). A hot
solution of this material in ethyl acetate was diluted with cy-
clohexane (12 mL), and the resulting solution was allowed to cool
to room temperature and then placed in a refrigerator overnight.
A white crystalline precipitate was collected by filtration, washed
with cold cyclohexane, and dried in vacuo: yield, 525 mg (75%);
mp 181-184 °C; UV max 298 nm (e 14 600) and 237 (e 12200) at
pH 1, 297 nm (¢ 14800) and 236 (e 12400) at pH 7, 288 nm (e 9900)
and 232 (e 12200) at pH 13; MS (electron-impact; direct-probe
temperature, 20 °C, m/e 406 (M), 391 (M — CHj), 346 (M -
CH,COOH), 331, 309, 289, 273, 271, 235 (P + C,H,), 208 (P +
H), 199 (M - P), 193; IR (2200-1200-cm™ region) 2155 (C=C),
1740 vs, 1725 s, 1680 vs, 1610, 1470, 1460 w, 1450 w, 1435, 1405,
1380, 1365, 1350 sh, 1340 sh, 1315, 1305, 1290, 1265 vs, 1255 sh,
1240, 1230; medium-strong IR bands at 1040, 890, and 845 cm™.
Anal. (ClgHzeNzoesi) C, H, N.
(£)-5-Ethynyl-1-[(1a,38,4a)-3-hydroxy-4- (hydroxy-
methyl)eyclopentyl}-2,4(1H,3H)-pyrimidinedione (12). A
solution of 375 mg (0.92 mmol) of the trimethylsilyl)ethynyl
derivative 11 in 15 mL of a 0.2 M solution of sodium methoxide
in methanol was stirred under an argon atmosphere overnight
at room temperature. The solution was diluted with water, and
the proton form of a cation-exchange resin was added to the stirred
mixture until the solution was approximately neutral (about pH
6). The resin was removed by filtration, the filtrate (combined
with copious methanol washings of the residue) was treated with
activated charcoal, and the resulting filtrate (plus methanol
washings) was concentrated in vacuo. The amorphous residue
was triturated with 9:1 chloroform-methanol, the solvents were
evaporated in vacuo, the solid residue was dissolved in a mixture
of ethanol (3 mL) and ether (10 mL), the mixture (containing a
small amount of a curdy precipitate) was refrigerated and then
filtered, and the filtrate was concentrated in vacuo to a gummy
residue. The residue was triturated with ethyl acetate (4 mL)
to induce crystallization, and the crystalline solid was collected
by filtration, washed with ethyl acetate, and dried in vacuo at
56 °C: yield, 140 mg (61%); mp 190-193 °C; MS (electron-impact;
direct-probe temperature, 20 °C), m/e 250 (M), 206, 169, 163 (P
+ C,H,), 155, 137 (P + 2H), 136 (P + H); UV max 292 nm (e
11900) and 230 (¢ 10 100) at pH 1, 292 nm (¢ 12 000) and 230 (e
10200) at pH 7, 288 nm (e 9600) and 231 (¢ 11300) at pH 13. Anal.
(C;oH4N,00.1H,0) C, H, N. .
(£)-5-Ethyl-1-[(1la,38,4a)-3-hydroxy-4-(hydroxymethyl)-
cyclopentyl}-2,4(1H ,3H)-pyrimidinedione (C-EDU, 8) via
Scheme II. A mixture of the 5-ethynylpyrimidine 12 (50 mg,
0.20 mmol), commercial 5% palladium-on-calcium carbonate
containing lead (60 mg), quinoline (0.2 mL), and acetone (10 mL)
was treated with hydrogen at approximately atmospheric pressure.
After 20 min of stirring in the hydrogen atmosphere, the mixture
was filtered to remove the catalyst, and the filtrate (including
ethanol washings of the catalyst) was concentrated to dryness in
vacuo. The crude product was purified by chromatography on
a column of silica gel 60 (15 g) with 9:1 chloroform-methanol as
the developing and eluting solvent. Effluent fractions that were
shown by means of a recording UV monitor to contain the desired
product were combined and concentrated to dryness. The residue
was triturated with ethyl acetate (2 mL), and the white crystalline
product (C-EDU) was collected by filtration, washed with ethyl
acetate, and dried in vacuo at 56 °C: yield, 63% (32 mg); mp
148-151 °C (capillary inserted at 45 °C, heating rate 3 °C/min);
TLC, 1 spot (5:1 chloroform-methanol). The melting point of a
mixture of this material and the specimen of C-EDU obtained
via the 5-(bromomethyl) derivative 6 (Scheme I) was 147-150 °C
(capillary inserted at 50 °C, 3 °C/min). When this material and
the specimen of C-EDU obtained via 6 and 7 were applied
side-by-side on a TLC plate of silica gel, they moved side-by-side
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(R; ca. 0.5) when the chromatogram was developed with 5:1
chloroform-methanol.  Similarly, reverse-phase HPLC
(uBondapak C18 column; solvent 0.01 M aqueous ammonium
dihydrogen phosphate-methanol (90:10), isocratic) of the two
specimens monitored at 254 nm showed that their retention times
(15.46 min and 15.45 min) were the same. The IR spectrum of
the specimen obtained via 12 was identical with the IR spectrum
of the specimen of C-EDU obtained via 6. Thus, the melting
temperatures, TLC, HPLC, and IR spectra show that the two
specimens obtained by the routes outlined in Schemes I and II
are identical.

Evidently, the commercial Pd-CaCO;-lead catalyst was suf-
ficiently active to reduce the ethynyl group to the ethyl group.
The reduction of crude 12 (100 mg) in ethanol (10 mL) was also
effected on 5% Pd—-C at approximately atmospheric pressure.
After 1 h in the hydrogen atmosphere, the mixture was filtered
to remove the catalyst, and the filtrate (including ethanol washings
of the catalyst) was concentrated to a residue that crystallized
when it was triturated with ether. The white crystals were col-
lected by filtration, washed with ether, and dried in vacuo at 56
°C: yield, 90% (92 mg). The IR and 'H NMR spectra of this
material showed that it was crude C-EDU.

(£)-1-[(1,38,4a)-3-Hydroxy-4-(hydroxymethyl)cyclo-
pentyl}-5-[2-(trimethylsilyl)ethyl}-2,4(1H ,3H)-pyrimidine-
dione (13b). A mixture of 173 mg (0.43 mmol) of the 5-(tri-
methylsilylethynyl) pyrimidine (11), ethanol (20 mL), and 5%
palladium-on-charcoal (100 mg) was stirred for 45 min in an
atmosphere of hydrogen at approximately atmospheric pressure.
The mixture was filtered to remove the catalyst, and the filtrate
(including ethanol washings of the catalyst) was concentrated in
vacuo to a colorless syrup: vyield, 173 mg (99%). The mass
spectrum (FAB) of this material showed that it was 13a: m/e
411 (M + 1), 395 (M - CHjy), 351 (395 - CH,CO - H), 213 (P +
2H), 197.

A solution of 13a (170 mg) in ammonia—methanol (17 mL, 10%
ammonia) was stirred at room temperature overnight. The re-
action solution was concentrated under reduced pressure to a
syrupy residue. The desired product was isolated by chroma-

tography on silica gel with 5:1 chloroform—methanol as the de-
veloping and eluting solvent. The collection of fractions was
monitored by TLC; fractions containing the desired product were
combined and concentrated under reduced pressure. Further
concentrated in vacuo with a vacuum pump left a crystalline
residue that was triturated with 1:1 ethyl acetate-cyclohexane
(3 mL). The crystalline product was collected by filtration, washed
with the same solvent, and dried in vacuo at 78 °C: yield, 68 mg
(50%); mp 154-156 °C (capillary inserted at 100 °C, 3 °C/min);
TLC, 1 spot (5:1 chloroform-methanol); MS (FAB), m/e 327 (M
+ 1), 311 (M - CHy), 213 (P + 2H), 197. Anal. (C,;HyN;0,8i)
C,H,N.

Antiviral Evaluations in Vitro. The compounds listed in
Table I were tested for inhibition of the cytopathogenic effects
produced by strain 377 (TK™*) of HSV-1 or strain MS of HSV-2
replicating in Vero cells. The data summarized in Table I were
acquired by methods and procedures described previously for the
evaluation of compounds for antiviral activity in vitro.** The
general assay method was described by Ehrlich et al.,3” but some
modifications were incorporated.
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(o- and p-Nitrobenzyloxycarbonyl)-5-fluorouracil Derivatives as Potential
Conjugated Bioreductive Alkylating Agents!’
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A series of (0- and p-nitrobenzyloxycarbonyl)-5-fluorouracil derivatives were synthesized by reacting o- or p-nitrobenzyl
chloroformate with 5-fluorouracil in the presence of triethylamine in DMF or Me,SO. The reductive activation
of these agents was hypothesized to generate a reactive methide and 5-fluorouracil, two components that are capable
of synergistic interaction through complementary inhibition. Measurement of the surviving fractions of EMT6 tumor
cells treated with these agents in culture under conditions of hypoxia and aerobiosis resulted in equal cell kill regardless
of the state of oxygenation. One of the synthesized agents, 3-(p-nitrobenzyloxycarbonyl)-5-fluorouracil (4), appeared
to be superior to 5-fluorouracil in prolonging the survival time of mice bearing intraperitoneal implants of the P388

leukemia and Sarcoma 180.

The malignant cell subpopulations of solid tumors are
markedly heterogeneous with respect to a number of
properties, including the degree of oxygenation and the
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rate of proliferation. Oxygen deficiency occurs in these
neoplasms as a result of an insufficient blood supply, a
phenomenon that leads to hypoxic tumor cells with sig-
nificant resistance to both X-irradiation and many of the
drugs used in therapy. We have hypothesized that the
environment of hypoxic neoplastic stem cells is more
conducive to reductive reactions than that of well-
oxygenated normal cells. Such a metabolic differential is
theoretically exploitable through the use of prodrugs re-
quiring reductive activation to form reactive electrophiles;
we have called this class of drugs bioreductive alkylating
agents. Our laboratory has demonstrated that the quinone
antibiotic mitomycin C, which may be considered a pro-
totype bioreductive alkylating agent, is (a) preferentially
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