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indanyl 3-H), 3.60-3.71 (m, 1 H, indanyl 1-H, partially obscured
by the 2 OMe peaks), 3.70-3.83 (m, 1 H, barbiturate methine H),
3.65 (s, 3 H, OMe), 3.69 (s, 3 H, OMe), 6.66 (s, 1 H, aromatic H),
6.76 (s, 1 H, aromatic H), 11.02 (br s, 1 H, NHCO), 11.30 (br s,
2 H, NHCO); MS (CI) m/e 177 (100). Anal. (C;sH;sN,05) C, H,
N

2,4,6-Trichloro-5-(5,6-dimethoxy-2,3-dihydro-1H-inden-1-
yl)pyrimidine (14). A 4.50-g portion (14.8 mmol) of 13 was
dissolved in 40 mL of N,N-diethylaniline and heated to 120 °C.
To this was added dropwise 20 mL of POCl;. The resultant
mixture was stirred at 120 °C for 15 h. This was then mixed with
ice water and neutralized with cold, concentrated NH,OH, fol-
lowed by extraction with EtOAc. After drying (MgSO,) and
solvent removal, the crude product was purified by flash chro-
matography on silica gel with 20% EtOAc in hexane as the eluent.
A 2.5-g yield (47%) of 14 was obtained as white crystals: mp
125-127 °C; NMR (Me,SO-dg) 6 2.10-2.30 (m, 1 H, indanyl 2-H),
2.40-2.60 (m, 1 H, indanyl 2-H, partially obscured in the Me,SO
peak), 2.90-3.10 (m, 2 H, indanyl 3-H), 3.60 (s, 3 H, OMe), 3.73
(s, 3 H, OMe), 5.00 (t, 1 H, indanyl 1-H), 6.69 (s, 1 H, aromatic
H), 6.88 (s, 1 H, aromatic H); MS (CI) m/e 359 (M* + 1, 100),
362 (M+ + 2, 99), 363 (M+ + 3, 33). Anal. (CI5H13013N202) C,
H, N, CL

6-Chloro-2,4-diamino-5-(5,6-dimethoxy-2,3-dihydro-1H-
inden-1-yl)pyrimidine (15). A 1.00-g portion (2.78 mmol) of
15 was dissolved in 15 mL of absolute EtOH in a glass-lined bomb.
This was chilled in ice/water bath. Ammonia gas was then in-
troduced into the ethanolic solution until saturation, and the
resultant mixture was heated in the oven for 5 h at 100 °C. The
solvent was removed, and the crude product was purified by flash
column chromatography on silica gel with 10% MeOH in CH,Cl,
as the eluent, yielding 0.28 g (31%) of 15; MS (CI) m/e 321 (M*
+1,100), 323 (M* + 3, 33). This was used directly in the next
reaction without analysis.

2,4-Diamino-5-(5,6-dimethoxy-2,3-dihydro-1H-inden-1-
ylhpyrimidine (2b). A 0.2-g portion (0.62 mmol) of 15 was
dissolved in a mixture of 60 mL of absolute EtOH and 5 mL of
DMF in a Parr shaker. 5% Pd/C (0.05 g) was added, and H, was
introduced. The substance was then dehalogenated overnight.
The catalyst was removed and the crude product purified by flash
column chromatography on silica gel with 10% MeOH in CH,Cl,
as the eluent. A 0.06 g (34%) yield of 2b was obtained as a white
solid: mp 206-208 °C; NMR (Me,SO-dy) 6 1.60-1.90 (m, 1 H,
indanyl 2-H), 2.30-2.50 (m, 1 H, indanyl 2-H), 2.60-2.95 (m, 2
H, indanyl 3-H), 3.65 (s, 3 H, OMe), 3.73 (s, 3 H, OMe), 4.15 (t,
1 H, indanyl 1-H), 5.68 (br s, 2 H, NH,), 6.10 (br s, 2 H, NH,),
6.59 (s, 1 H, aromatic H), 6.88 (s, 1 H, aromatic H), 7.10 (s, 1 H,
pyrimidyl 6-H); MS (CI) m/e 287 (M* + 1, 100). Anal. (Cys-
H18N402'0.3H20) C, H, N
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Novel Pyrrolo[2,3-d Jpyrimidine Antifolates: Synthesis and Antitumor Activities
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New antifolates, characterized by a 6-5 fused ring system, a pyrrolo[2,3-d]pyrimidine ring, and a trimethylene bridge
at position 5 (12a,b and 13a,b) were designed and efficiently synthesized. The synthetic method included (1)
construction of the key intermediary acyclic skeleton, 5-[4-(tert-butoxycarbonyl)phenyl]-2-(dicyanomethyl) pentanoates
(6a,b), (2) cyclization with guanidine, followed by reduction to the pyrrolo[2,3-d]pyrimidine derivatives (8a,b and
9a,b), and (3) subsequent glutamate coupling and saponification. These antifolates were more growth-inhibitory
by about 1 order of magnitude than methotrexate (MTX) against KB human epidermoid carcinoma cells and A549
human nonsmall cell lung carcinoma cells in in vitro culture. Growth inhibitory ICs, values for N-[4-[3-(2,4-di-
amino-7H-pyrrolo[2,3-d]pyrimidin-5-yl)propyl]benzoyl]-L-glutamic acid (12a) against KB and A549 were 0.27 and
4.5 ng/mL, while those for MTX were 5.0 and 35 ng/mL, respectively. Other members of this class of antifolates,
12b and 13a,b, showed good activities nearly equal to that of 12a.

Methotrexate (MTX) has been an important drug in
cancer chemotherapy, mainly in the treatment of acute
lymphocytic leukemia, since its debut in 1953. However,
it has limitations in clinical use because of toxicity to
patients and lack of efficacy against most human solid
tumors.! Although many analogues of MTX have been
synthesized and tested,? none with better therapeutic
properties has found its way into clinical practice.
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Chemical Industries, Ltd., 17-85, Jusohonmachi 2-chome, Yo-
dogawa-ku, Osaka 532, Japan.

TPresent address: Research & Development Division, Eisai Co.,
Ltd., Tokodai, Tsukuba-shi, Ibaraki 300-26, Japan.

With the specific aim of synthesizing a new anticancer
agent with an improved therapeutic index, we concentrated
our research on the design and synthesis of new antifolates
having new structural features in the heteroaromatic ring
and in the bridge region linking the ring to the benzoyl
moiety. Because structurally close antifolates inhibit
various folate cofactor-requiring enzymes,® an antifolate

(1) Bertino, J. R. In Cancer and Chemotherapy; Crooke, S. T.,
Prestayko, A. W., Eds.; Academic: New York, 1981; p 359.

(2) (a) Montgomery, J. A.; Piper, J. R. In Folate Antagonists as
Therapeutic Agents; Sirotnak, F. M., Burchall, J. J., En-
sminger, W. D., Montgomery, J. A., Eds.; Academic: Orlando,
1984; Vol. 1, p 219. (b) Roth, B., Bliss, E., Beddell, C. R. In
Molecular Aspects of Anti-Cancer Drug Action; Neidle, S.,
Waring, M. J., Eds.; Macmillan: London, 1983; p 363.
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of novel structure would be expected to possess inhibitory
activities against not only long-targeted dihydrofolate re-
ductase (DHFR) but also other folate-related enzymes.
In order to design a novel antifolate, we adopted DHFR
as a mold enzyme, because it was the only folate-related
enzyme for which crystallographic structure with its in-
hibitor, MTX, was available and well investigated. The
structure of the MTX-DHFR complex has been deter-
mined by Bolin et al.# based on X-ray crystallographic
studies, and this research group proposed the mode of
binding of the substrate (7,8-dihydrofolic acid) to DHFR
from theoretical considerations. While the X-ray structure
of dihydrofolic acid in DHFR has not yet been determined,
the structure of folic acid in DHFR was recently reported.’
The pteridine ring of folic acid bound to DHFR in the
orientation predicted for that of dihydrofolic acid, i.e. with
a 180° rotation (around the axis connecting the C-2 and
N-5 atoms) relative to that of MTX. The p-amino-
benzoyl-L-glutamate moiety of folic acid was found in the
same conformation as that of MTX, again as predicted.
This work strengthened the postulated mode of binding
of dihydrofolic acid (Chart I). We took these results
together with the deduced model of the enzyme cavity® as
our point of departure in designing new antifolates.
Structures of previously known antitumor-active anti-
folates are limited to those containing a pteridine or a
related 6-6 fused heterocyclic ring. Thus, no antifolate
with a 6-5 fused ring and having antitumor activity has
been reported. The best known example, 2,6-diamino-

(3) Inaddition to DHFR, much attention has been recently given
to thymidylate synthase, glycinamide ribonucleotide trans-
formylase, and 5-amino-4-imidazolecarboxyamide ribo-
nucleotide transformylase. See: Patil, S. D.; Jones, C.; Nair,
M. G.; Gallivan, J.; Maley, F.; Kisliuk, R. L.; Gaumont, Y.;
Duch, D.; Ferone, R. J. Med. Chem. 1989, 32, 1284 and refer-
ences cited therein. See also ref 17.

(4) (a) Bolin, J. T.; Filman, D. J.; Matthews, D. A.; Hamlin, R. C;
Kraut, J. J. Biol. Chem. 1982, 257, 13650. (b) Andrews, P. R.;
Sadek, M.; Spark, M. J.; Winkler, D. A. J. Med. Chem. 1986,
29, 698.

(5) (a) Oefner, C.; D'Arcy, A.; Winkler, F. K. Eur. J. Biochem.
1988, 174, 377. (b) Bystroff, C.; Oatley, S. J.; Kraut, J. Bio-
chemistry 1990, 29, 3263.

(6) Kato, Y.; Itai, A.; litaka, Y. Tetrahedron 1987, 43, 5229.
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purine antifolates, are entirely devoid of activity against
L1210 leukemia.” With such consideration in mind, we
directed our attention to searching for a 6-5 fused ring
system that would be suitable for an antifolate. Molecular
modeling based upon the known mode of binding of MTX
and the predicted mode of binding of dihydrofolic acid led
us to select 2,4-diaminopyrrolo(2,3-d)pyrimidine as a 6-5
fused ring. MNDQO calculation indicated that the pyrro-
lopyrimidine would accept a proton either at N1 or at N32
distinct from MTX which takes a proton only at N1.88
Consequently, the pyrrolopyrimidine taking the proton at
its N1 should bind to the enzyme as the pteridine of MTX,
while the pyrrolopyrimidine taking the proton at its N3
should bind as the pteridine of dihydrofolic acid. Intro-
duction of a flexible trimethylene bridge at the pyrrolo-
pyrimidine 5-position (general structure I) would provide
a totally preferred conformation that satisfies the most
hydrogen-bonding and hydrophobic interaction opportu-
nities in the enzyme cavity. When the pyrrolopyrimidine
binds to DHFR in the substrate manner (protonation at
N3), the conformation of its bridge and benzoyl moiety
especially resembles that of MTX which binds to the en-
zyme.!? In addition, it may be possible that the novel
pyrrolopyrimidine antifolate inhibits other folate-related
enzymes, because it has the flexible trimethylene bridge
and alternative positions for protonation.

In this paper, we report on the efficient synthesis of
novel antifolates having the 6-5 fused heterocycles (pyr-
rolo[2,3-d]pyrimidines) coupled with extended methylene
bridges at position 5 (12a,b and 13a,b) and their prelim-
inary but potent antitumor activities superior to those of
MTX.

Results and Discussion

Chemistry. There have been reports!! on several syn-
thetic routes for the preparation of deaza analogues of
MTX and related compounds, but these procedures often
involve too many laborious steps to allow extensive study
of structure-activity relationships on MTX analogues. We
developed facile new methods suitable for the large-scale
synthesis of compounds in this series by first constructing
the acyclic backbone of the antifolate molecule via 5-(4-
carboxylphenyl)pentanoic acid diester (4a,b) and its o-
dicyanomethyl derivative (6a,b), and its subsequent cy-
clization to the 6-5 fused ring system in one step. The
route is shown in Scheme L.

For the synthesis of 4a,b, tert-butyl 4-formylbenzoate
(la) and the corresponding 4-acetyl compound 1b were
selected as starting compounds. Coupling of ethyl croto-
nate with compound la in the presence of ¢t-BuOK gave
a mixture of the dienoic ester 2 and the dienoic acid 2.
Hydrogenation (10% Pd/C in AcOEt) of the mixture and
subsequent esterification (DCC in EtOH, catalytic DMAP)
gave the acyclic backbone diester 4a (60% from 1a). The
methyl derivative (4b) was obtained by the vinylogous
Reformatsky reaction!? of ethyl 4-bromocrotonate with 1b

(7) Weinstock, L. T.; Grabowski, B. F.; Cheng, C. C. J. Med.
Chem. 1970, 13, 995.

(8) Based on MNDO calculations (Dewar, M. J. S.; Thiel, W. J.
Am. Chem. Soc. 1977, 99, 4899), we found no significant or
only very small energy differences between the N1- and N3-
protonated forms (the values were in the range of 0.45-3.41
kcal/mol, while the corresponding value of MTX was 14.6
kcal /mol).

(9) Sutton, P. A.; Cody, V.; Smith, G. D. J. Am. Chem. Soc. 1986,
108, 4155.

(10) This speculation is based on our calculations using Mm2 (Al-
linger, N. L.; Yue, Y. H. Program MM2, QCPE-395; 1980, see
also ref 4b) and the superimposition in stereoscopic view.

(11) Rahman, L. K. A,; Chhabra, S. R. Med. Res. Rev. 1988, 8, 95.
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AcOEt; (d) EtOH, DCC, DMAP (catalytic); (e) Hy, Pd/C, EtOH-AcOH; (f) (1) LDA, THF, (2) I; (g) NCCH,CN, NaH, DMSO; (h) guanidine
hydrochloride, ¢-BuOK, ¢-BuOH; (i) (1) BH;~THF, THF, (2) AcOH-MeOH; () RuCl,(PPhg);, THF; (k) CF3COOH; (1) diethyl L-glutamate

hydrochloride, DPPA, Et;N, DMF; (m) NaOH, THF-H,0, (2) AcOH.

(Zn in benzene-ether-THF, at reflux temperature, 85%),
followed by hydrogenation and hydrogenolysis (10% Pd/C
in EtOH-AcOH, 85%). The key intermediary acyclic
skeleton 6a was synthesized by converting the diester 4a
by treatment with LDA and L,!3 in THF at -78 °C (71%)
to the a-iodo ester 5a, which on treatment with the sodium
salt of malononitrile in Me,SO at 20 °C gave 2-(dicyano-
methyl)pentanoate derivative 6a in 95% yield. Heating

compound 6a with guanidine in the presence of a catalytic

amount of t-BuOK (for 2 h) induced the cyclization, a key
reaction in our strategy, which progressed smoothly to yield
6-oxopyrrolo(2,3-d]pyrimidine 7a (89%). Conversion of
7a to 8a or to 9a by reduction of the lactam carbonyl was
best carried out with BH;-THF.'¥ Treatment of 7a with
BH;-THF (5 equiv) in THF at 0 °C, followed by decom-
position of the borane-product complex with AcOH-
MeOH, gave a mixture of pyrrolo[2,3-d]pyrimidine 8a and
dihydropyrrolo(2,3-d]pyrimidine 9a, which were separated
by flash chromatography (8a, 45%; 9a, 46%). The use of
excess BH; (10 equiv) resulted in the formation of the

(12) Stork, G. J. Am. Chem. Soc. 1947, 69, 2936.

(13) Rathke, M. W,; Lindert, A. Tetrahedron Lett. 1971, 3995.

(14) (a) Biswas, K. M.; Jackson, A. H. Tetrahedron 1968, 24, 1145.
(b) Monti, S. A.; Schmidt, R. R., III Tetrahedron 1971, 27,
3331.

dihydro compound 9a exclusively (95%). In contrast, all
attempts to convert 7a selectively to 8a by carefully
choosing the borane reductants, molar ratio, reaction
temperature, and quenching methods resulted in failure.
However, because dehydrogenation from 9a to pyrrolo-
pyrimidine 8a was found to proceed smoothly (68%) on
treatment with RuCl,(PPh,),,!1% a practical synthetic route
to 8a was secured by connecting these two reactions (7a
— 9a — 8a). Conversion of the ester group of pyrrolo-
pyrimidine 8a to the corresponding carboxylic acid by
treatment with CF;COOH and the following coupling with
diethyl L-glutamate in the presence of diphenyl phos-
phorazidate (DPPA)'® gave ester 10a, which on alkaline
hydrolysis at room temperature gave the desired pyrrolo-
(2,3-d]pyrimidine antifolate 12a in high yield. By the
similar synthetic route starting from 6,7-dihydro-5H-
pyrrolo[2,3-d]pyrimidine 9a, the corresponding dihydro-
pyrrolo[2,3-d]pyrimidine antifolate 13a was synthesized
in excellent yield.

As certain antifolates having a lower alkyl group on the
bridge atom next to the phenyl ring possess better anti-

(15) Tsuji, Y.; Huh, K,; Yokoyama, Y.; Watanabe, Y. J. Chem. Soc.,
Chem., Commun. 1986, 1575.

(16) Shioiri, T.; Ninomiya, K.; Yamada, S. J. Am. Chem. Soc. 1972,
94, 6203.
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Table I. Growth Inhibition of the Pyrrolo[2,3-d]pyrimidine Antifolates in KB and A549 Cells
ICs (n = 3) = SE, ng/mL
cell line 12a 12b 13a 13b MTX
KB 0.27 £ 0.03 0.59 £ 0.03 0.49 £ 0.12 0.30 £ 0.04 5.0+ 0.3
Ab49 45x06 23+04 4.9+ 0.3 1.6 £ 0.3 35+ 5.0

tumor properties than the corresponding desalkyl coun-
terparts,!™ we added pyrrolopyrimidine antifolates bearing
a methyl group in the bridge part (at position 10) to our
synthetic targets. Thus, the 10-methyl congeners (12b and
13b) were synthesized in a similar way from 4b in good
yields. For the synthesis of this class of antifolates, our
acyclic backbone intermediate strategy proved to be ef-
ficient as it requires fewer steps and offers excellent total
yields. This method enabled us to synthesize a variety of
new antifolates in this class sufficiently to allow extensive
biological testing.

Biology. The inhibitory effects of these new antifolates
(12a,b and 13a,b) against human epidermoid carcinoma
KB cells and human nonsmall cell lung carcinoma A549
cells are shown in Table I. All of them showed dramat-
ically potent in vitro activity against these tumor cells.
These compounds were 7-22 times more active than MTX
on the basis of direct comparison. Compounds 12a,b and
13a,b had similar levels of activity, suggesting that the
presence of the methyl group at position 10 and the sat-
uration of the pyrrole moiety of the pyrrolopyrimidine ring
do not significantly modify the potency of the in vitro
activity. As for in vivo activity, these compounds proved
to be highly active against some solid tumors and MTX-
resistant tumors (details will be reported elsewhere). Thus,
although we molded the novel pyrrolopyrimidine antitu-
mor agents on the DHFR cavity, the biological data at-
taching to them would imply that these structurally unique
antifolates may have additional or other loci of action.
Investigations in this regard are now in progress and will
be described.

Our results show that introduction of the pyrrolo(2,3-
d]pyrimidine ring together with the trimethylene bridge
into a suitable position of the molecule greatly improves
antitumor activity. Although an overwhelming number
of folic acid analogues have been prepared and tested over
the past 3 decades, few agents have been found that are
superior to MTX.'" Thus, the very potent antitumor
activity of this class of compounds is striking and supports
the validity of our approach using a working hypothesis
mentioned above which can provide a positive guidance
to search for a new antifolate.

Experimental Section

Melting points were determined on a Yanaco micromelting
apparatus and are uncorrected. 'H NMR spectra were recorded
either on a Varian EM-390 (90 MHz) or on a Varian Gemini-200
(200 MHz) with tetramethylsilane as internal standard. IR spectra
were obtained on a Hitachi 215 infrared spectrometer. Secondary
ionization mass spectra (SIMS) were performed on a Hitachi
M-80A spectrometer. Elemental analyses were carried out by
Takeda Analytical Research Laboratories, Ltd. Where analyses
are indicated only by symbols of the elements, analytical results
obtained were within +0.4% of the theoretical values. Flash
chromatography was performed with Merck silica gel 60 (230-400
mesh). Alumina column chromatography was performed with
Woelm neutral aluminum oxide.

(17) (a) Jones, T. R.; Calvert, A. H.; Jackman, A. L.; Brown, S. J.;
Jones, M.; Harrap, K. R. Eur. J. Cancer 1981, 17, 11. (b)
DeGraw, J. L; Brown, V. H.; Tagawa, H.; Kisliuk, R. L.; Gau-
mont, Y.; Sirotnak, F. M. J. Med. Chem. 1982, 25, 1227. (c)
Taylor, E. C.; Harrington, P. J.; Fletcher, S. R.; Beardsley, G.
P.; Moran, R. G. J. Med. Chem. 1985, 28, 914.

Ethyl 5-[4-(tert-Butoxycarbony!)phenyl]pentanoate (4a).
Potassium (25.0 g, 639 mmol) was dissolved in ¢-BuOH (800 mL)
after 3 h reflux, and the solution was diluted with ether (300 mL).
To the mixture was added a solution of 72.9 g (639 mmol) of ethyl
crotonate and 65.8 g (319 mmol) of tert-butyl 4-formylbenzoate
(1a) in t-BuOH-ether (300 mL, 2:1) at 10 °C. The resulting dark
brown slurry was stirred for 2 h at 12 °C. The slurry was then
acidified to pH 4 by addition of 1 N aqueous KHSO, (750 mL)
and extracted with ether (3 X 800 mL). The combined extracts
were washed successively with water (2X) and brine (2X) and dried
(Na;SO,), and the solvents were evaporated under reduced
pressure. To the resulting oil were added 15.0 g of 5% Pd/C and
AcOEt (100 mL), and the suspension was stirred vigorously under
4 kg/cm? of hydrogen for 3 h. Filtration of the reaction mixture
through Celite followed by evaporation gave a residue. This was
dissolved in EtOH-CH,Cl, (400 inL, 1:1), and 30 mg of 4-(N,N-
dimethylamino)pyridine was added. After cooling, to the mixture
was added a solution of 132 g (640 mmol) of dicyclohexylcarbo-
diimide in CH,Cl, (200 mL) slowly at 0 °C under stirring. The
resulting slurry was kept stirring at 20 °C for 18 h, and AcOH
(30 mL) was added at 0 °C. Further stirring was continued for
30 min at 0 °C and for 30 min at 20 °C. The mixture was filtered
through a Celite pad, and the solvent was removed to give a oily
residue. Purification by flash column chromatography on silica
gel (ether-hexane, 1:15 to 1:5) afforded 59.0 g (60%) of the title
compound as a colorless oil: bp 158 °C (0.2 mm); IR (neat) 2980,
2950, 1740, 1712, 1605 cm™'; TH NMR (90 MHz, CDCl,) 6 1.22
(3H,t,J =7Hz), 1.50-1.75 (4 H, m), 1.58 (9 H, s), 2.15-2.45 (2
H, m), 2.50-2.75 (2 H, m), 4.10 2 H, q,J = 7Hz),7.16 (2 H, d,
J =8 HZ), 7.85 (2 H, d, J =28 HZ). Anal. (CIBH2604) C, H.

Ethyl 5-[4-(tert-Butoxycarbonyl)phenyl]-5-hydroxy-2-
hexenoate (3). Ethyl 4-bromocrotonate (17.4 g, 90.3 mmol) was
slowly added to a refluxing suspension of 11.8 g (181 mmol) of
zinc, 19.9 g (90.3 mmol) of tert-butyl 4-acetylbenzoate (1b), and
20 mg of iodine in benzene—ether-THF (200 mL, 3:3:2), and the
mixture was refluxed for 1 h. A second portion (3.00 g, 15.5 mmol)
of ethyl 4-bromocrotonate was added to the reaction mixture.
After stirring for further 15 min, the reaction mixture was cooled
to room temperature, poured into water (500 mL), and acidified
with AcOH to pH 4.5. The aqueous layer was separated and
extracted with ether (3 X 100 mL), and the combined organic
extracts were washed with 5% aqueous NH,OH (2X) and brine,
dried (Na,SO,), and concentrated. Flash chromatography of the
crude product (AcOEt-hexane, 1:5) gave 25.6 g (85%) of the title
compound as a colorless oil: IR (neat) 3480, 2975, 1720, 1700,
1650, 1605 cm™'; 'H NMR (90 MHz, CDCl,) 6 1.20 3 H, t, J =
7Hz),1.53(12H,s),264 (2H,d, J =7 Hz), 267 (1 H, br s), 4.08
(2H,q,J=7Hz),580(1H,d,J =15 Hz),6.80 (1H,dt,J =
15,7Hz),7.45(2H,d,J =8 Hz),7.90 2 H, d,J = 8 Hz). Anal
(C1sHy05) C, H.

Ethy! 5-[4-(tert-Butoxycarbonyl)phenylJhexanoate (4b).
To a solution of 22.3 g (66.7 mmol) of 3 in EtOH-AcOH (210 mL,
20:1) was added 5.0 g of 5% Pd/C, and the suspension was stirred
vigorously under a hydrogen atmosphere for 115 h. The slurry
was then filtered through Celite, followed by evaporation to give
a residual oil. This was distilled under reduced pressure to give
18.2 g (85%) of the title compound as a colorless oil: bp 162-165
°C (0.3 mm); IR (neat) 2980, 2940, 1735, 1710, 1607, 848 cm™L;
'H NMR (90 MHz, CDCl,) 6 1.20 (3 H, t, J = 7 Hz), 1.23 (3 H,
d, J = 6 Hz), 1.30-1.80 (4 H, m), 1.58 (9 H, s), 2.24 (2 H, br t,
J =6Hz),2.77 (1H,dq,J = 6,6 Hz), 4.08 2 H, q, J = 7 Hz),
7.20 (2H,d,J =8 Hz),7.90 (2 H,d,J = 8 Hz). Anal. (C;gH0,)
C, H.

Ethy! 5-[4-(tert-Butoxycarbonyl)pheny!]-2-iodo-
pentanoate (5a). Under an argon atmosphere, BuLi (24.4 mmol)
in hexane (15.3 mL) was added to a solution of 2.48 g (24.5 mmol)
of diisopropylamine in THF (100 mL) at 0 °C. After 10 min of
stirring, the mixture was cooled to —78 °C, and 6.83 g (22.3 mmol)
of 4a in THF (50 mL) was added over 30 min. The resulting
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mixture was stirred for 10 min at -78 °C and 5.66 g (22.3 mmol)
of iodine in THF (30 mL) was added at a temperature below —60
°C. Stirring was continued for 20 min at —78 °C, and the tem-
perature was allowed to warm up to 0 °C in 30 min. After addition
of 1 N aqueous KHSO, solution (30 mL), the resulting aqueous
phase was extracted with ether (3 X 100 mL). The combined
extracts, after being washed with 1 N aqueous K,CO, (2X) and
brine and dried over MgSO,, were evaporated to a residue. Pu-
rification by flash chromatography (ether-hexane, 1:9) gave 6.84
g (71%) of the title compound as a pale brown oil: IR (neat) 2990,
2905, 1744, 1718, 1612 cm™; 'H NMR (90 MHz, CDCl,) 6 1.25
(3H,t,J =7Hz),1.50-2.20 4 H, m), 1.58 (9 H, s), 2.69 (2 H,
t,J =7Hz),420(2H,q,J =7 Hz), 431 (1 H,t,J =7 Hz), 7.20
(2H,d,J =8Hz),7.90 (2H, d, J = 8 Hz). Anal. (C;sH5I0,)
C, H.

Ethyl 5-[4-(tert-Butoxycarbonyl)phenyl]-2-(dicyano-
methyl)pentanoate (6a). A suspension of 420 mg (17.5 mmol)
of NaH in Me,SO (3 mL) was heated at 70 °C for 1 h and cooled.
To the resulting mixture was added 1.16 g (17.5 mmol) of mal-
ononitrile in Me,SO (8 mL) at room temperature. After stirring
for 5 min, a solution of 3.78 g (8.75 mmol) of 5a in Me,SO (8 mL)
was added, and the mixture was stirred for 1 h at 20 °C. After
the reaction was quenched with 1 N aqueous KHSO, (45 mL),
the aqueous layer was extracted with ether (3 X 50 mL). The
combined ether layer was washed with water (3X) and brine and
concentrated to a residue under reduced pressure. This was
purified by flash chromatography (AcOEt-hexane, 1:5) to afford
3.07 g (95%) of the title compound as a colorless oil: IR (neat)
2970, 2930, 2252, 1740, 1713, 1608 cm™; 'H NMR (90 MHz, CDCl,)
§1.28 B H,t,J =7Hz), 1.50-2.05 (4 H, m), 1.58 (9 H, s), 2.70
2H,brt,J =7Hz), 2.85-3.15(1 H, m), 4.03 (1 H, d, J = 7 Hz),
425(2H,q,J =7Hz),720 (2H,d,J=8Hz),792 (2H,d,J
=8 HZ). Anal. (021H26N204) C, H, N.

tert-Butyl 4-[3-(2,4-Diamino-6-0x0-6,7-dihydro-5H -
pyrrolo[2,3-d Jpyrimidin-5-yl)propyl]lbenzoate (7a). To a
suspension of 1.36 g (12.1 mmol) of -BuOK and 1.07 g (11.2 mmol)
of guanidine hydrochloride in t-BuOH (10 mL) was added a
solution of 3.46 g (9.34 mmol) of 6a in t-BuOH (10 mL), and the
mixture was refluxed for 4 h. After being cooled to room tem-
perature, the reaction mixture was then poured into water (150
mL), which resulted in the formation of a precipitate. Filtration
followed by succesive washing with MeOH and ether and vacuum
drying gave 3.19 g (89%) of the title compound as a white,
crystalline solid. This was used in the following reaction without
further purification. An analytical sample of 7a, mp 224-225 °C,
was obtained on recrystallization from MeOH: IR (KBr) 3430,
3360, 1710, 1627, 1583, 1432 cm™}; 'TH NMR (90 MHz, CDCl,-
Me,S0-dg) 6 1.15-1.73 (2 H, m), 1.55 (9 H, s), 1.73-2.10 (2 H, m),
261 (2H,t,J =7Hz2),3.35(1 H,t,J = 6 Hz), 540 (2 H, br s),
5.51 (2H, brs),6.30 (1 H,brs),7.12 (2H,d, J = 8 Hz),7.29 (2
H, d, J = 8 Hz). Anal. (CyH,sN;05) C, H, N.

tert-Butyl 4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d]pyrimi-
din-5-yl)propyl]benzoate (8a) and tert-Butyl 4-[3-(2,4-Di-
amino-6,7-dihydro-5H -pyrrolo[2,3-d Jpyrimidin-5-yl)-
propyllbenzoate (9a). To a suspension of 575 mg (1.50 mmol)
of 7a in THF (6 mL) was added 7.5 mL of 1.0 M BH;~THF in
THF under argon at 0 °C, and the resulting solution was stirred
for 5 h. The reaction was quenched by addition of AcOH-MeOH
(6 mL, 1:1), and the mixture was left to stand for 18 h at 20 °C.
After evaporation in vacuo the residue was purified by flash
chromatography (EtOH-CH,Cl,, eluent gradient 6:94 to 12:88)
to give initially 248 mg (45%) of 8a as a white solid and then 255
mg (46%) of 9a as a viscous oil. 8a: mp 172-173 °C; IR (KBr)
3335, 3180, 2975, 2935, 1710, 1607, 1287, 1163, 1110 cm™}; 'H NMR
(200 MHz, Me,SO-d;) 6 1.54 (9 H, s), 1.77-1.90 (2 H, m), 2.68 (2
H,t,J=8Hz),272(2H,t,J=8Hz),554 (2H,brs), 6.11 (2
H,brs),6.45(1 H,s),7.33(2H,d,J=8Hz),782(2H,d,J =
8 Hz), 10.51 (1 H, s). Anal. (CyHy5N;0,) C, H, N. 9a: IR (KBr)
3375, 3325, 3190, 2970, 2930, 1712, 1603 cm™; 'H NMR (200 MHz,
CDCly-Me,S0-dg) 6 1.20-1.70 (4 H, m), 1.54 (9 H, s), 2.55-2.70
(2 H, m), 3.00-3.15 (2 H, m), 3.43 (1 H, t,J = 9 Hz), 5.56 (4 H,
brs),6.11 (1 H,brs),7.30 (2H,d,J=8Hz),7.80 (2H,d,J =
8 HZ). Anal. (020H27N502) C, H, N.

Dehydrogenation of 9a to 8a. A solution of RuCly(PPhy)g
(42 mg, 0.043 mmol) and 9a (160 mg, 0.43 mmol) in THF (3 mL)
was refluxed for 10 h. The resulting dark brown solution was
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concentrated under reduced pressure, and the residue was purified
by alumina column chromatography (CH,Cl, to EtOH-CH,Cl,,
1:4) to afford 8a as a white solid (108 mg, 68%).

Diethyl N-[4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d ]pyrimi-
din-5-y})propyllbenzoy!]-L-glutamate (10a). Under an argon
atmosphere 381 mg (1.04 mmol) of 8a was dissolved in CF;COOH
(3 mL), and the solution was left to stand for 2 h. After evapo-
ration of CF;COOH the residual oil was freed of impurities by
evacuation under a pressure below 0.1 mmHg, for 2 h at 70 °C.
To the mixed suspension containing the residue and 274 mg (1.14
mmol) of diethyl L-glutamate hydrochloride in DMF (4 mL) was
added a solution of DPPA in DMF (4 mL) at 0 °C and the mixture
stirred for 15 min. After addition of 421 mg (4.16 mmol) of
triethylamine in DMF (4 mL), stirring was continued for 30 min
at 0 °C and then for 63 h at room temperature. The slurry was
filtered and the filtrate was concentrated to a residue. This was
purified by flash chromatography (CH,Cl, saturated with con-
centrated aqueous NH,OH to 30:1 CH,Cl,-8% NH; in EtOH)
to give 403 mg (78%) of the title compound as a white, micro-
crystalline powder: mp 81-82 °C (AcOEt-benzene); IR (KBr)
3330, 3160, 1735, 1632, 1575, 1540, 1500, 1200 cm™!; 'H NMR (200
MHz, Me,SO-dg) 6 1.17 (3 H, t,J = 7THz),1.20 3 H, t,J = 7 Hz),
1.80-2.20 (4 H, m), 244 2 H, t,J = 7T Hz), 2.68 (2 H, t, J = 7 Hz),
272 (2H,t,J=7Hz),405(2H,q,J =7THz),411 2H,q,J
=7 Hz), 4.35-4.50 (1 H, m), 5.34 (2 H, s), 5.91 (2 H, s), 6.42 (1
H,s),7.31(2H,d,J =8Hz),7.80 (2H,d,J = 8 Hz), 8.66 (1 H,
d, J = 8 HZ), 10.51 (1 H, S). Anal. (CQ5H32N605) C, H, N.

N-[4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d ]Jpyrimidin-5-y!)-
propyl]benzoyl]-L-glutamic Acid (12a). To a solution of 250
mg (0.503 mmol) of 10a in THF-water (6 mL, 2:1) was added 2.52
mL of 1 N aqueous NaOH at 20 °C, and the mixture was kept
standing for 2 h. After the solution was concentrated to 2 mL
in vacuo, 0.5 mL of AcOH was added dropwise. A white, crys-
talline precipitate was filtered and washed succesively with water,
MeOH, and ether, and dried in vacuo over P,O; to give 204 mg
(89%) of the title compound: mp 180-181 °C dec; IR (KBr) 3340,
3200, 2940, 16601630, 1540, 1500, 1397 cm™!; 'H NMR (200 MHz,
Me,SO-dg) 6 1.75-2.20 (4 H, m), 2.35 (2 H, t, J = 7 Hz), 2.68 (2
H,t,J =7Hz),2.71 (2H, t,J = 7 Hz), 4.30-4.47 (1 H, m), 5.53
(2H, brs), 6.15(2 H,s),6.46 (1 H,s),7.31(2H,d,J =8 Hz),
781 (2H,d,J = 8 Hz),8.48 (1 H, d, J = 8 Hz), 10.51 (1 H, s);
SIMS m/z 441 (MH+). Anal. (021H24N305'H20) C, H, N

Diethyl N-[4-[3-(2,4-Diamino-6,7-dihydro-5H-pyrrolo-
[2,3-d]pyrimidin-5-yl)propyl]benzoyl]-L-glutamate (11a). In
a similar manner as that described for 10a, 9a (6.83 g, 18.5 mmol)
was converted to the title compound (8.22 g, 89%) of a viscous
oil: IR (KBr) 3350, 2990, 2945, 1740, 1610, 1540, 1508, 1438 cm™;
H NMR (200 MHz, CDCl,) 6 1.20 (3 H, t,J = 7 Hz), 1.27 (3 H,
t,J = 7 Hz), 1.43-1.95 (6 H, m), 2.05-2.77 (4 H, m), 3.10-3.30 (2
H,m), 365 (1H,t,J =9 Hz),4.12 2 H, q,J = 7 Hz), 4.23 (2
H,q,J =7Hz),4.25 (2 H, brs), 4.33 (1 H, br s), 4.56 (2 H, br
8), 4.72-4.85 (1 H, m), 7.06-7.20 (1 H, m), 7.23 (2H, d, J = 8 Hz),
7.78 (2 H, d, J =8 HZ). Anal. (CZSHMNGOS) C, H, N.

N-[4-[3-(2,4-Diamino-6,7-dihydro-5 H-pyrrolo[2,3-d ]pyri-
midin-5-yl)propyl]benzoyl]-L-glutamic Acid (13a). In asim-
ilar manner as that described for 12a, 11a (7.85 g, 15.8 mmol) was
hydrolyzed to the title compound (7.17 g, 99%), a white, micro-
crystalline powder: mp 180-181 °C; IR (KBr) 3700-2350, 3215,
1690-1620, 1540 cm™%; 'H NMR (200 MHz, Me,SO-d¢) § 1.20-1.75
(4 H, m), 1.80-2.13 (2 H, m), 2.31 (2 H, t,J = 7 Hz), 2.50-2.75
(2 H, m), 3.05-3.20 (2 H, m), 3.55 (1 H, t, J = 11 Hz), 4.15-4.45
(1 H,m), 6.38(2H, brs), 6.77 (2 H, br s), 6.90 (1 H, br s), 7.22
2H,d,J=8Hz),774(2H,d,J=8H2),822 (1 H,d,J=7
Hz); SIMS m/z 443 (MH*). Anal. (C,HyNzO5H;0) C, H, N.

Ethyl 5-[4-(tert-Butoxycarbonyl)phenyl]-2-iodohexanoate
(5b). Compound 4b (6.41 g, 20.0 mmol) gave the title compound
(6.25 g, 70%) as a colorless oil in the same way as that described
for 5a: IR (neat) 2980, 2940, 1738, 1715, 1610, 850 cm™!; 'H NMR
(90 MHz, CDCly) 61.23 3H,t,J =7Hz),1.23 3H,d,J =7
Hz), 1.40-1.95 (4 H, m), 1.60 (9 H, s), 2.75 (1 H, dq, J = 6, 6 Hz),
4152H,q,J=7THz),418(1 H,t,J =7Hz),720 2H,d, J
=8 HZ), 7.90 (2 H, d, J =8 HZ) Anal. (019H21IO4) C, H.

Ethyl 5-[4-(tert-Butoxycarbonyl)phenyl]-2-(dicyano-
methyl)hexanoate (6b). Compound 5b (3.90 g, 8.74 mmol) gave
the title compound (3.19 g, 95%) as a colorless oil in the same
way as that described for 6a: IR (neat) 2980, 2930, 2250, 1735,
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1710, 1605, 847 cm™!; TH NMR (90 MHz, CDCl;) 6 1.26 (1.5 H,
t,J =7Hz),1.26 B3H,d,J =7 Hz), 1.27 (1.5 H,t, J = 7 Hz),
1.35-1.80 (4 H, m), 1.58 (9 H, s) 2.50-3.08 (2 H, m), 4.00 (1 H,
dd,J =8,4Hz),422(1H,q,J =7THz),423 (1 H, q,J =7 Hz),
718 2 H,d,J = 8 Hz), 7.92 (2 H, d, J = 8 Hz). Anal. (Cy-
Hy,N,0,) C, H, N.

tert-Butyl 4-[3-(2,4:Diamino-6-0x0-6,7-dihydro-5H -
pyrrolo[2,3-d Jpyrimidin-5-y1)-1-methylpropyl]benzoate (7b).
Compound 6b (3.18 g, 8.27 mmol) afforded the title compound
(2.61 g, 79% ) as white crystals in the same way as that described
for 7a: mp 240-241 °C; IR (KBr) 3360, 3235, 2975, 2700, 1715,
1625, 1584, 1438, 1290, 1163, 1118, 848 cm™!; 'H NMR (200 MHz,
Me,S0-dg) 6 1.14 (3 H, d, J = 7 Hz), 1.20-1.50 (2 H, m), 1.54 (9
H, s), 1.55-1.80 (1 H, m), 1.80-2.05 (1 H, m), 2.60-2.78 (1 H, m),
3.20-3.30 (1 H, m), 5.86 (2 H, br s), 5.96 (2 H, br s), 7.25 (2 H,
d,J =8Hz),781 (2H,d, J =8Hz), 1042 (1 H, s). Anal
(C4Hy7N;0,) C, H, N.

tert-Butyl 4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d ]pyrimi-
din-5-y1)-1-methylpropyl]benzoate (8b) and tert-Butyl 4-
[3-(2,4-Diamino-6,7-dihydro-5 H-pyrrolo[2,3-d ]pyrimidin-5-
y1)-1-methylpropyl]benzoate (9b). Compound 7b (2.00 g, 5.03
mmol) was reduced to 8b (768 mg, 40%) and 9b (1.02 g, 53%).
Each product was a viscous oil. 8b: IR (KBr) 3350, 3200, 2980,
2940, 1714, 1650, 1608, 1290, 1163, 1115, 848 cm™!; 'H NMR (200
MHz, CDCly) § 1.13 (3H,d,J = 7 Hz),1.60 (9 H, s), 1.94 (2 H,
dt, J = 8, 8 Hz), 2.40-2.60 (2 H, m), 2.85 (1 H, tq, J = 7, 7 Hz),
4,50-5.50 (4 h, br), 6.46 (1 H,s),7.27 (2 H, d, J = 8 Hz), 7.96 (2
H,d,J = 8 Hz), 9.20 (1 H, br s). Anal. (C;;HyN;0,) C, H, N.
9b: IR (KBr) 3340, 3195, 2980, 2935, 1715, 1607, 1430, 1295, 1163,
1115, 847 cm™!; 'H NMR (200 MHz, Me,SO-dg) 6 1.18 (2.25 H,
d,J = 7 Hz), 1.19 (0.75 H, d, J = 7 Hz), 1.23-1.42 (2 H, m),
1.45-1.65 (2 H, m), 1.54 (9 H, s), 2.64-2.70 (1 H, m), 2.90-3.08
(2 H, m), 3.30-3.50 (1 H, m), 5.43 (4 H, s), 5.95 (0.25 H, s), 6.00
(0.75H,s),7.32(2H,d,J =8 Hz),7.82 2 H, d,J = 8 Hz). Anal.
(CyiHyN;0,) C, H, N.

Diethyl N-[4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d ]pyrimi-
din-5-y1)-1-methylpropyl]benzoyl]-L-glutamate (10b). Com-
pound 8b (540 mg, 1.42 mmol) gave the title compound (556 mg,
77%) as a white, microcrystalline powder in the same way as that
described for 10a: mp 87-88 °C; IR (KBr) 3340, 3180, 2935, 1735,
1640, 1610, 1580, 1200, 1095, 1018, 850 cm™%; 'H NMR (200 MHz,
CDClg) 61.23(3H,t,J =7Hz),1.30(83H,d,J =7Hz), 1.31 (3
H, t,J = 7 Hz), 1.80-2.05 (4 H, m), 2.15-2.57 (4 H, m), 2.83 (1
H,tq,J=7,7Hz),412(2H,q,J=7Hz),425 (2H,q, J =7
Hz), 4.68 (2 H, br s), 4.75-4.87 (1 H,m), 4.92 (2 H, brs), 6.43 (1
H,s),7.26 2H,d,J =8Hz),7.37 (1 H,dd, J = 7, 3 Hz), 7.77
(2H,d,J =8Hz), 881 (1 H, brs). Anal. (Cy5H3NgO;) C, H,
N

N-[4-[3-(2,4-Diamino-7H-pyrrolo[2,3-d ]pyrimidin-5-y1)-
1-methylpropyl]benzoyl]-L-glutamic Acid (12b). In the same
way, compound 10b (540 mg, 1.06 mmol) gave the desired com-
pound (436 mg, 89%) as a white, microcrystalline powder: mp
180-181 °C; IR (KBr) 3350, 3205, 1650, 1640, 1540, 1400, 850 cm™!;
IH NMR (200 MHz, Me,SO-dg) 6 1.25 (3H, d, J = 7 Hz), 1.73-2.20
(4 H,m), 2.35 (2H, t,J = 8 Hz), 2.40-2.68 (2 H, m), 2.85 (1 H,
tq,J =7, 7 Hz), 4.32-4.45 (1 H, m), 5.54 (2 H, br s), 6.06 (2 H,
brs), 6.38 (1 H,s),733(2H,d,J=8Hz),7.83(2H,d,J =8

Miwa et al.

Hz),8.49 (1 H, d, J = 8 Hz), 10.45 (1 H, s); SIMS m/z 455 (MH*).
Anal. (022H26N605'0.5H20) C, H, N.

Diethyl N-[4-[3-(2,4-Diamino-6,7-dihydro-5H-pyrrolo-
[2,3-d ]pyrimidin-5-y1)-1-methylpropyl]benzoyl]-L-glutamate
(11b). In the same way as that described for 11a, 9b (581 mg,
1.51 mmol) gave the title compound (640 mg, 82%), a colorless,
viscous oil: IR (KBr) 3375, 3200, 2975, 2930, 1738, 1608, 1430,
1200, 1008, 853 cm™!; 'H NMR (200 MHz, Me,SO-dg) 6 1.17 (3
H,t,J=7Hz),1.18(3H,d,J =7Hz),1.19(8H, t,J = T Hz),
1.26-1.44 (2 H, m), 1.44-1.63 (2 H, m), 1.90-2.20 (2 H, m), 2.44
(2H,t,J =7 Hz), 2.63-2.80 (1 H, m), 2.90-3.08 (2 H, m), 3.30-3.50
(1H,m),4.05(2H,q,J =7Hz),4.11 2 H, q,J = 7 Hz), 4.37-4.50
(1 H,m), 5.36 (2 H, s), 5.37 (2 H, s), 5.87 (0.25 H, s), 5.91 (0.75
H,s),7.30(2H,d,J =8Hz),7.80 (2H, d,J =8 Hz), 8.66 (1 H,
d, J =8 HZ). Anal. (CQGH%NGOs) C, H, N.

N-[4-[3-(2,4-Diamino-6,7-dihydro-5 H-pyrrolo[2,3-d ]pyri-
midin-5-yl1)-1-methylpropyl]benzoyl]-L-glutamic Acid (13b).
In the same way, compound 11b (600 mg, 1.17 mmol) was hy-
drolyzed to the title compound (508 mg, 92%), a white, micro-
crystalline powder: mp 187-188 °C; IR (KBr) 3350, 3200, 1690,
1680-1610, 1635, 1530, 1400, 1300, 850 cm™'; 'TH NMR (200 MHz,
Me,S0-d;) §1.20 3 H,d, J = 7 Hz), 1.25-1.65 (4 H, m), 1.87-2.20
(2H, m), 2.30 (2H, t,J =7 Hz), 2.60-2.80 (1 H, m), 3.00-3.20
(2 H, m), 3.42-3.60 (1 H, m), 4.22-4.40 (1 H, m), 6.20-7.08 (5 H,
m), 7.28 2 H,d,J = 8 Hz), 7.78 (2 H, d, J = 8 Hz), 8.28-8.38 (1
H, m); SIMS m/z 457 (MH+). Anal. (ngngNsOs'O.ngo) C, H,
N

Growth Inhibition Assay. Human epidermoid carcinoma
KB cells (1 X 10* cells/mL) and human lung carcinoma A549 cells
(1 X 10* cells/mL) were inoculated into each well of the 96-mi-
crowell plate and cultured in MEM medium containing 10% fetal
calf serum at 37 °C under 5% CO, for 24 h. To this culture was
added a solution of each pyrrolopyrimidine antifolate in 10%
MEM at final concentration of 0.15-80 ng/mL. Then the culture
was continued at 37 °C under CO, for 72 h, and the number of
cells was estimated by the MTT method!® to determine the
concentration required for 50% inhibition of growth (ICsy). Data
are presented as means £ SE of three experiments.
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