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5-Deazafolate and 5-deazatetrahydrofolate (DATHF) analogues with the glutamic acid side chain replaced by
homocysteic aicd (HCysA), 2-amino-4-phosphonobutanoic acid (APBA), and ornithine (Orn) were synthesized as
part of a larger program directed toward inhibitors of folylpolyglutamate synthetase (FPGS) as probes of the FPGS
active site and as potential therapeutic agents. The tetrahydro compounds were also of interest as non-polyglutamatable
inhibitors of the purine biosynthetic enzyme glycinamide ribonucleotide formyltransferase (GARFT). Reductive
coupling of N%-acetamido-6-formylpyrido[2,3-d]pyrimidin-4(3H)-one with 4-aminobenzoic acid, followed by N1°-
formylation, mixed anhydride condensation of the resultant N*-acetyl-N-formyl-5-deazapteroic acid with L-homocysteic
acid, and removal of the N%acetyl and N*°-formy] groups with NaOH, afforded N-(5-deazapteroyl)-L-homocysteic
acid (5-dPteHCysA). Mixed anhydride condensation of N*-acetyl-N'%-formyl-5-deazapteroic acid with methyl
D,L-2-amino-4-(diethoxyphosphinyl)butanoic acid, followed by consecutive treatment with MegSiBr and NaOH, yielded
D,L-2-[(5-deazapteroyl)amino]-4-phosphonobutanoic acid (5-dPteAPBA). Treatment with NaOH alone led to retention
of one ethyl ester group on the phosphonate moiety. Catalytic hydrogenation of N2-acetyl-N*-formyl-5-deazapteroic
acid followed by mixed anhydride condensation with methyl L.-homocysteate and deprotection with NaOH afforded
N-(5,6,7,8-tetrahydro-5-deazapteroyl)-L-homocysteic acid (5-dH PteHCysA). Similar chemistry starting from methyl
D,L-2-amino-4-(diethoxyphosphinyl)butanoic acid and methyl N*-(benzyloxycarbonyl)-L-ornithinate yielded D,L-
2-[(5-deaza-5,6,7,8-tetrahydropteroyl)amino]-4-phosphonobutanoic acid (5-dH,Pte-APBA) and N“-(5-deaza-
5,6,7,8-tetrahydropteroyl)-L-ornithine (5-dH PteOrn), respectively. The 5-deazafolate analogues were inhibitors
of mouse liver FPGS, and the DATHF analogues inhibited both mouse FPGS and mouse leukemic cell GARFT.
Analogues with HCysA and monoethyl APBA side chains were less active as FPGS inhibitors than those containing
an unesterified y-PO(OH), group, and their interaction with the enzyme was noncompetitive against variable folyl
substrate. In contrast, Orn and APBA analogues obeyed competitive inhibition kinetics and were more potent,
with K, values as low as 30 nM. Comparison of the DATHF analogues as GARFT inhibitors indicated that the
Orn side chain diminished activity relative to DATHF, but that the compounds with y-sulfonate or v-phosphonate
substitution retained activity, with K| values in the submicromolar range. The best GARFT inhibitor was the
5-dH,PteAPBA diastereomer mixture, with a K of 47 nM versus 65 nM for DATHF. None of the compounds showed
activity against cultured WI-L2 or CEM human leukemic lymphoblasts at concentrations of up to 100 uM. We
conclude that linking the 5-deazapteroyl moiety to these amino acid side chains previously found inhibitory to FPGS
enhances binding to FPGS, and that negatively charged groups at the y-position of the DATHF analogues allow
maintenance of GARFT inhibition. However, inefficient cellular uptake is an obstacle to the use of these potential
dual inhibitors of FPGS and GARFT as therapeutic agents.

Folate analogues with a homocysteic acid (HCysA),2 Scheme I°
2-amino-4-phosphonobutanoic acid (APBA),? or ornithine o goon
(Orn)* side chain in place of glutamic acid have been CHN CONHCH
studied previously in our laboratories as part of a broader — ’j; e
program directed toward the discovery of inhibitors of o NN =
folylpolyglutamate synthetase (FPGS), the enzyme re- 0 25 RI-CHyGO, R H %M
sponsible for the intracellular conversion of folates and W%CHO R e REe
antifolates to noneffluxing v-polyglutamyl conjugates.® )sN | y ~—
The underlying rationale for the use of FPGS inhibitors ot (
as therapeutic agents, which has been discussed elsewhere 2t ‘ coon
in greater detail® is that the ability to form polyglutamates > )ch"‘ < >

of reduced folate cofactors is essential for normal cell
division.” Compounds that we or others have synthesized
to date as FPGS inhibitors include the folic acid analogue
1,% the ammogtenn (AMT) and methotrexate (MTX)
analo es 27,2788 the 5,8-dideazafolic acid analogues 8

and 9, “’ 1 the 5,8-dideazaAMT analogues 10 and 11,041 -

and most recently the 5- and 8-deazaAMT analogues 12
and 13.1

The most potent FPGS inhibitors among the folate
analogues studied to date have been those (1, 6-12) with
an Orn side chain.4®1! However the potency of these
compounds against intact tumor cells is constrained by the
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positive charge on the ornithine §-amino group at physi-
ologic pH, which is likely to inhibit efficient transport

(1) Paper 46 in this series. For previous paper, see: Bader, H.;
Rosowsky, A. First use of the Taylor Pteridine Synthesis as a
Route to Polyglutamate Derivatives of Antifolates. J. Org.
Chem. 1991, 56, 3386-3391.

0022-2623/92/1835-1578803.00/0 © 1992 American Chemical Society



5-Deazafolate and 5-Deazatetrahydrofolate Analogues

across the plasma membrane, Thus, FPGS inhibitors with
the glutamate moiety replaced by acidic amino acids
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continue to be of interest. The observation has also been
made that the inhibitory activities of competitive inhibitors
of FPGS that differ in the fused heterocyclic and para-
aminobenzoyl region vary in parallel with the relative
substrate K, values of the corresponding compounds with
a glutamate side chain. Although exceptions to this em-
pirical rule existed, the trend was strong enough to make
us think that a 5-deazatetrahydropteroyl moiety would
enhance the inhibition of FPGS previously described for
analogous pteridine compounds with an Orn, APBA, or
HCysA side chain. In the present paper we report the
results of studies on the heretofore undescribed 5-deaza-
folic acid analogues 14-16 (5-dPteHCysA, 5-dPteAPBA,
ethyl 5-dPteAPBA) and the 5-deazatetrahydrofolic acid
(DATHF) analogues 17-20 (5-dH,PteHCysA, 5-
dH,PteAPBA, ethyl 5-dH,PteAPBA, 5-dH,PteOrn). The
latter four compounds were judged to be especially at-
tractive because reduction of the B-ring in 1 and other
folate analogues is known to increase FPGS binding,%6t12
and because the reduced analogue DATHF*3 is a potent
inhibitor of the enzyme glycinamide ribonucleotide for-
myltransferase (GARFT),'®® which is currently viewed with
great interest as a target for the design of antifolates.!®7
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Figure 1. Patterns of inhibition of mouse liver FPGS by the
reduced phosphonate 18 (A) and reduced sulfonate 17 (B). In-
hibitors were incubated with the indicated concentrations of AMT
in the presence of ATP, [3H]glutamic acid, and KCl in Tris buffer
for 1 h, and the product was isolated by charcoal adsorption as
described earlier.®»!% The concentration of inhibitors used are
indicated above each line. Note the difference in scale of the
abscissas in A and B.

We reasoned that if compounds such as 17-20 would bind
tightly to FPGS as well as GARFT, potentiation of activity
against GARFT might occur as a result of interference with
cellular polyglutamation of the natural cofactor for this
enzyme. The extent of such potentiation would depend
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21047-21051. (c) Pizzorno, G.; Sokoloski, J. A.; Cashmore, A
R.; Moroson, B. A.; Cross, A. D.; Beardsley, G. P. Intracellular
Metabolism of 5,10-Dideazatetrahydrofolic Acid in Human
Leukemia Cell Lines. Mol. Pharmacol. 1991, 39, 85-89.
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1988, 265, 43-49.
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Gaumont, Y.; Thorndike, J.; Sirotnak, F. M. Synthesis and
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on the tightness of binding to FPGS and the degree of
depletion of endogenous reduced folates. Moreover, there
was the intriguing possibility that non-polyglutamatable
GARFT inhibitors that do not rely on polyglutamation for
activity might be active against tumors with acquired an-
tifolate resistance based on decreased FPGS activity, an
idea first suggested in 1983 as an approach to the design
of novel DHFR inhibitors targeted against FPGS-deficient
tumors.!® The potential importance of GARFT inhibitors
whose activity does not rely on polyglutamation is indi-
cated by the recent observation that altered FPGS is the
major cause of resistance to 5,10-dideaza-5,6,7,8-tetra-
hydrofolate (DDATHF) in CEM leukemic lymphoblasts.}
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Having recently found 2-acetamido-6-formyl-4(3H)-
oxopyrido[2,3-d]pyrimidine (21) to be a satisfactory
building block for the synthesis of the ornithine analogue
of 5-deazafolate,!! we chose to utilize the same compound
in the present work. The preparation of the nonreduced
sulfonic and phosphonic acid analogues 14-16 is depicted
in Schemes I-III, and that of the tetrahydro analogues
17-20 is shown in Scheme IV.

By analogy with our earlier work in this series,!! we
initially assumed that 14 would be accessible via N-(4-

(18) Rosowsky, A.; Forsch, R.; Uren, J.; Wick, M.; Kumar, A. A.;
Freisheim, J. H. Methotrexate Analogues. 20. Replacement
of Glutamate by Longer-Chain Amino Diacids: Effects on
Dihydrofolate Reductase Inhibition, Cytotozxicity, and in Vivo
Antitumor Activity. J. Med. Chem. 1983, 26, 1719-1724.
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nitrobenzoyl)-L-homocysteic acid (22), a compound not
previously described in the literature. It was envisaged
that 22 could be reduced to the corresponding 4-amino
derivative, and that the latter could be condensed with 21
in the presence of hydrogen and Raney nickel (Ra Ni) as
had been done to obtain 1.} Furthermore, since H,/Ra
Ni should also reduce the nitro group in 22 we reasoned
that it might be possible to effect conversion of 22 to 23
in one step. Alkaline hydrolysis would then yield 14.
Compound 22 was obtained in 82% yield by reaction of
L-homocysteic acid with 4-nitrobenzoyl chloride. While
reduction of the nitro group with H,/Ra Ni!® or
H,NNH,/Ra Ni%® succeeded (NMR), we were unable to
achieve coupling of the amine with 21, or to effect re-
duction and coupling in a single step.!® Although it is
possible that this lack of success was due to the use of
commercially available catalyst (grade W-2) rather than
activated Ra Ni (e.g., grade W-6),2! the hydrogenation
approach was abandoned in favor of the alternative shown
in Scheme I, wherein 21 was reductively coupled to 4-
aminobenzoic acid with BH;-Et;N in glacial AcOH!? and
the resulting product 24 (55%) was converted to its
N®-formyl derivative 25 (93%) by heating with 98%
HCOOH. Mixed carboxylic—carbonic anhydride activation
(i-BuOCOCI/Et;N) of 25 followed by treatment with the
bis(benzyltrimethylammonium) salt of L.-homocysteic acid
and direct alkaline hydrolysis of the N?-acetyl and N0-
formyl groups with NaOH (80 °C, 30 min) afforded 5-
dPteHCysA (14) in 27% yield. The product was isolated
as a hydrated ammonium salt after purification by
DEAE-cellulose ion-exchange chromatography (0.4 M
NHHCO,) followed by reversed-phase HPLC (3% MeCN
in 0.05 M NH,OAc, pH 6.7). The bis(benzyltrimethyl-
ammonium) salt of L-homocysteic acid, which we decided
to use in the coupling reaction when trial experiments
showed L-homocysteic acid to be virtually insoluble in
DMF, was prepared by adding 40% benzyltrimethyl-
ammonium methoxide in MeOH to a solution of the amino
acid in H,O. The solvents were evaporated under reduced
pressure, and the gummy salt was taken up immediately
in dry DMF and added to the mixed anhydride of 20
without further purification. Use of the bis(benzyltri-
methylammonium) salt to solubilize L-homocysteic acid
represents an alternative to methylation and silylation,
which we have used in the past, but remains a less than
optimal method. The modest yields consistently obtained
in peptide coupling reactions of L.-homocysteic acid with
activated pteroic acid derivatives suggest that better
strategies for improving the solubility of this amino acid
would be very desirable.

The synthesis of y-phosphonic acid analogues of MTX
and AMT was previously carried out from the appropriate
4-amino-4-deoxypteroic acids and unprotected D,L-2-
amino-4-phosphonobutanoic acid, but yields in the cou-
pling reactions were only moderate.? Accordingly, we
decided to use a triester of D,L-2-amino-4-phosphono-
butanoic acid, rather than the amino acid itself, in the
synthesis of the 5-deaza analogue 15. Treatment of D,L-

(19) Elslager, E. F.; Davoll, J. Synthesis of Fused Pyrimidines as
Folate Antagonists. In Lectures in Heterocyclic Chemistry;
Castle, R. N.; Townsend, L. B., Eds.; Hetero Corp.: Orem, UT,
1974; Vol. 2, p S97.

(20) Yuste, F.; Saldana, M.; Walls, F. Selective Reduction of Aro-
matic Nitro Compounds Containing O- and N-Benzyl Groups
with Hydrazine and Raney Nickel. Tetrahedron Lett. 1982,
23, 147-148.

(21) Billica, H. R.; Adkins, H. Catalyst, Raney Nickel, W-6. In
Organic Syntheses; John Wiley & Sons: New York, NY, 1955;
Collect. Vol. 3, p 176.
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2-amino-4-phosphonobutanoic acid with triethyl ortho-
formate?? for several days afforded the expected N-formyl
triester 26, which on further reaction with MeOH/HCl/
SOCI; underwent amide cleavage and concomitant car-
boxyl ester exchange (Scheme II). The resultant mixed
triester 27 was a gum, but could be isolated in crystalline
form as a sesquioxalate salt. That ester exchange had
occurred in 27 was evident from the 'H-NMR spectrum,
which contained a three-proton singlet at § 3.75 (CO,Me)
along with two ethyl signals at § 1.23 (t, POCH,CHj;) and
8 4.00 (g, POCH,CH;) and no protons corresponding to a
CO,Et group. A more convenient route to 27 was to first
convert D,L-2-amino-4-phosphonobutanoic acid to methyl
ester 28 using MeOH/SOCI,, and to treat the latter se-
quentially with triethyl orthoformate to form the N-formyl
triester 29 and with HC1/MeOH to cleave the N-formyl
group. Evaporation of the acidolysis mixture yielded the
hydrochloride salt of 29 in higher overall yield and in a
sufficient state of purity to proceed directly to the next
stage of the synthesis (Scheme III). Acylation of 27 with
4-nitrobenzoyl chloride followed by catalytic hydrogenation
over 5% Pd-C afforded 30 and 31. Our initial plan was
to remove the ester groups at this stage; however, while
treatment with Mé;SiBr converted 31 into the diacid 32
without difficulty, subsequent catalytic hydrogenation
yielded a very hygroscopic product which was hard to
purify and failed to analyze correctly for the expected
amine. Accordingly, we decided to keep the ester groups
in place until the end of the synthesis. Reductive ami-
nation of 21 with 31 in the presence of BHyEt;N afforded
the protected coupling product 33 (33%). Sequential re-
action of 33 with Me,SiBr (to cleave the ester groups) and
NaOH (to cleave the N*-acetyl group) then gave the target
structure 15 (5-dPteAPBA, 73% ), whereas treatment with
NaOH alone left one of the ethyl ester groups intact,
yielding the monoethyl ester 16 (ethyl 5-dPteAPBA, 58%).
Both products were obtained as hydrated ammonium salts
after preparative HPLC on C,g silica gel with 5% MeCN
in 0.05 M NH,OAc, pH 6.7, as the eluent.

The approach we chose to follow for the synthesis of the
tetrahydro analogues 17-20 (Scheme IV) was to condense

(22) Kafarski, P.; Lejezak, B. A Facile Conversion of Amino-
alkanephosphonic Acids into Their Diethyl Esters. The Use
of Unblocked Aminoalkanephosphonic Acids in Phosphono
Peptide Synthesis. Synthesis 1988, 307-310.
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appropriately protected amino acids with the N?N.
protected 5-deazatetrahydropteroic acid 34 by mixed an-
hydride chemistry. Compound 34, which had not been
reported in the literature prior to this work, was prepared
in 46% yield from 25 by catalytic hydrogenation (H,/Pt)
in trifluoroacetic acid solution, and was purified by HPLC
(Cg silica gel, 5% MeCN in 0.056 M NH,OAc, pH 7.5).
Mixed anhydride condensation (i-BuOCOCI/Et;N) of 34
with methyl L-homocysteate in DMF, followed directly by
heating with NaOH (80 °C, 30 min) and purification by
ion-exchange chromatography and HPLC (see above)
yielded the target compound 5-dH,PteHCysA (17, 26%)
as a hydrated ammonium salt. The methyl ester of L-
homocysteic acid was superior to the bis(benzyltri-
methylammonium) salt in this coupling reaction as com-
pared with that of the nonreduced 5-deazapteroic acid 25.

Condensation of 34 with the blocked phosphonate ester
31 afforded the fully protected coupling product 35 (52%),
which on deprotection by sequential treatment with
Me SiBr and NaOH was converted to the target diacid
5-dH,PteAPBA (18, 96%). As in the synthesis of 16, hy-

drolysis of 35 with NaOH alone left one ethyl ester group
intact, giving ethyl 5-dH,PteAPBA (19, 50%). Addition
of Et;N to the Me;SiBr reaction, which was also done in
the reaction of 33, proved advantageous in that it produced
a homogeneous reaction mixture. We had previously ob-
served in similar Me;SiBr reactions where Et;N was
omitted? that ester cleavage was incomplete due to pre-
cipitation of what appeared to be a mixture of HBr salts
of the starting material and partially cleaved products.
The HBr presumably arises by reaction of Me3SiBr with
adventitious water, and is prevented from forming salts
of incompletely cleaved products when Et;N is added
approximately halfway through the reaction.

Mizxed anhydride coupling of methyl N’-(benzyloxy-
carbonyl)-L-ornithine with 34 afforded the fully protected

(23) Rosowsky, A.; Forsch, R. A.; Moran, R. G.; Kohler, W.;
Freisheim, J. H. Methotrexate Analogues. 32. Chain Exten-
sion, a-Carboxyl Deletion, and vy-Carboxyl Replacement by
Sulfonate and Phosphonate: Effect on Enzyme Binding and
Cell-Growth Inhibition. J. Med. Chem. 1988, 31, 1326-1331.
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Table 1. Inhibition of Mouse Liver Folylpolyglutamate Synthetase (FPGS) by 5-Deazafolate and 5-Deazatetrahydrofolate Analogues

ring-B side-chain
compound reduction modification K, uM* pattern of inhibition

5-dPteHCysA (14) No SO,0H 570 (520, 615) Noncompetitive
5-dH,PteHCysA (17) Yes SO,0H 22 (29, 16) Noncompetitive
5-dPteAPBA (15) No PO(OH), 9.0 (8.6, 9.4) Competitive

5-dH PteAPBA (18) Yes PO(OH), 3.2 (2.6, 3.8) Competitive

Et 5-dPteAPBA (16) No PO(OEt)(OH) ca. 20000 ND

Et 5-dH,PteAPBA (19) Yes PO(OEt)(OH) 115 (94, 136) Noncompetitive
5-dPteOrn (13) No CH,NH, 5.7 (4.4, 6.9) Competitive
5-dH, PteOrn (20) Yes CH,NH, 0.030 (0.023, 0.035) Competitive

© Assays were performed as previously described, using AMT as the variable substrates. The K, values shown were derived from replots
of the slopes of Lineweaver—-Burk plots versus inhibitor concentration, and are the averages of two experiments on separate days (individual
results given in parentheses). None of the compounds had detectable substrate activity at 500 uM. 5-Deazatetrahydrofolate (DATHF) has
been reported to have a K, of 1.06 + 0.06 uM.13 ?Estimated from intersecting Dixon plots. ND = not determined.

adduct 36 (62%), which was converted directly to 5-
dH,PteOrn (20, 81%) by sequential treatment with
HBr/AcOH to remove the benzyloxycarbonyl group and
with NaOH to cleave the methyl ester and deprotect N2
and N'. The final product was obtained as a hydrated
acetate salt after purification by preparative HPLC (C,4
silica gel, 5% EtOH-1% AcOH).

Biological Activity

FPGS Inhibition. Previous work from our laboratories
has established that folate analogues in which the terminal
carboxyl group is replaced by either a phosphonic or
sulfonic acid group are inhibitors of mouse liver FPGS,23
and that the inhibitory potency of such analogues varies
roughly in parallel with the K, of the corresponding folate
derivative as a substrate.f122# DATHF is one of the best
substrates for mammalian FPGS known, with a Michaelis
constant (K,,) of ca. 1 uM for the mouse liver enzyme,3
and we therefore predicted that phosphonate and sulfonate
analogues of 5-deazatetrahydrofolate would be good in-
hibitors. As shown in Table I, our expectation was at least
partially realized, with the nonreduced phosphonate 15,
reduced sulfonate 17, and reduced phosphonate 18 giving
K; values of 9.0, 22, and 3.2 uM, respectively. However,
the reduced monoethylphosphonate 19 was less active (K
= 115 uM), as were the nonreduced and reduced sulfonate
and monoethyl phosphonate (K; > 500 uM). Striking
differences were observed among the sulfonate and
phosphonate analogues with respect to their kinetic pat-
terns of FPGS inhibition (Table I and Figure 1). Thus,
the phosphonates 15 and 18 were competitive inhibitors
with AMT as the variable substrate, without any mixed
component even at very high concentrations relative to
their K; values. On the other hand, the sulfonates were
strict noncompetitive inhibitors versus variable AMT. The
unexpected difference in pattern of inhibition between the
phosphonates and sulfonates was consistent with the
possibility that these two classes of analogues have an
intrinsically different mode of binding to mouse liver
FPGS. Interestingly, the noncompetitive binding of the
sulfonate 14 contrasted with a previously reported finding
that the corresponding analogue of AMT is a competitive
inhibitor of FPGS from mouse?®?* and human liver,
suggesting that mode of binding may depend on the het-
eroaromatic ring system. While we cannot distinguish
between these possibilities at this time, it is conceivable
that compounds with 4-amino and 4-oxo substitution in
the A-ring adopt different orientations when they bind to

(24) Rosowsky, A.; Forsch, R. A.; Moran, R. G. (6R,65)-5,8,10-Tri-
deaza-5,6,7,8-tetrahydrofolate and (6R,6S)-5,8,10-Trideaza-
5,6,7,8-tetrahydropteroyl-L-ornithine as Potential Antifolates
and Antitumor Agents. J. Med. Chem. 1989, 32, 709-715.

FPGS, as they have been shown to do when they bind to
DHFR.%

The phosphonate 18 (K; = 3.2 uM) was a somewhat
more potent FPGS inhibitor than the corresponding AMT
analogue (K; = 8.4 uM),? which until then had been the
best compound in the phosphonate series. Moreover, it
should be noted that the K value given in Table I for 18
probably underestimates the binding affinity of this com-
pound, because the material used for testing was syn-
thesized by condensing (6R,6S)-5-deazatetrahydropteroic
acid with D,L.-APBA, and was therefore a mixture of four
stereoisomers. However, the stereochemistry at C-6 is
unlikely to have much effect on FPGS binding, since the
6S and 6R diastereomers of tetrahydrofolate b 5-
formyltetrahydrofolate,® and DDATHF® are all known
to be substrates for FPGS and the K, values of the in-
dividual diastereomers of DDATHF are approximately the
same as the K, of the mixture of isomers. Thus, only the
stereochemistry of the APBA moiety is likely to affect
binding. Assuming that the diastereomers with L-APBA
and pD-APBA side chains are present in equal amounts in
the assayed sample, and that the diastereomer with the
L-APBA side chain accounts for most of the observed ac-
tivity, we would estimate the K; of the active isomer to be
in the 1-2 uM range.

Although 5-dPteOrn (13) and 5-dH,PteOrn (20) were
both competitive inhibitors of FPGS, the tetrahydro
analogue was ca. 200-fold more active than the nonreduced
compound. In contrast, reduction of the B-ring in N*-
pteroyl-L-ornithine has been reported to cause only a 30-
fold increase in binding,? whereas reduction of the B-ring
in 15, the other competitive inhibitor in the present series,
is virtually devoid of effect. This lack of a consistent
pattern of change in binding constant of different classes
of inhibitors with identical structural changes in seemingly
distant parts of the molecule must indicate major differ-
ences in conformation of the protein bound to different
classes of inhibitors. Compound 20 was a very potent
inhibitor, with a K; value of ca. 30 nM, and since there is
good reason to think that the 6S diastereomer would be
approximately twice as potent as the 6R,6S mixture used
for testing, the K value for the 68 isomer of 20 may in fact
be as low as 15 nM. Although 20 is still not as good an

(25) (a) Oefner, C.; D’Arcy, A.; Winkler, F. K. Crystal Structure of
Human Dihydrofolate Reductase Complexed with Folate.
Eur. J. Biochem. 1988, 174, 377-385. (b) Davies, J. F.; Del-
camp, T. J.; Prendergast, N. J.; Ashford, V. A.; Freisheim, J.
H.; Kraut, J. Crystal Structures of Recombinant Human Di-
hydrofolate Reductase Complexed with Folate and 5-Deaza-
folate. Biochemistry 1990, 29, 9467-9479. (c) Stockman, B.
J.; Nirmala, N. R.; Wagner, G.; Delcamp, T. J.; DeYarman, M.
T.; Freisheim, J. H. Methotrexate Binds in a Non-Productive
Orientation to Human Dihydrofolate Reductase in Solution,
Based on NMR Spectroscopy. FEBS Lett. 1991, 283, 267-269.
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Table II. Inhibition of Glycinamide Ribonucleotide Formyltransferase (GARFT), Dihydrofolate Reductase (DHFR), and Thymidylate
Synthase (TS) by 5-Deazafolate and 5-Deazatetrahydrofolate (DATHF) Analogues

enzyme inhibition

side-chain ring-B GARFT DHFR TS
compd modification reduction (K, uM)° (ICs, kM)® (ICqp uM)®
14 SO,0H No ND 0.4 55
15 PO(OH), No ND 47 300
16 PO(OEt)(OH) No ND 1.3 100
17 SO,0H Yes 0.19 (0.19, 0.20) 12 2100
18 PO(OH), Yes 0.047 (0.030, 0.064) 220 4200
19 PO(OEt)(OH) Yes ND 950 >5000
20 CH,NH, Yes 3.7 (3.5, 4.0) ND ND

° Assays against GARFT from L1210 murine leukemia cells were carried out spectrophotometrically at 295 nm as previously described, 13
using N'0-formyl-5,8-dideazafolic acid as the variable substrate. The K; values listed were obtained from replots of the slopes of
Lineweaver-Burk plots versus inhibitor concentrations, and are the averages of two experiments on separate days (individual values in
parentheses). All the compounds tested were competitive with respect to the variable substrate. ND = not determined. The K; of 5-de-
azatetrahydrofolate (DATHF) has been reported to be 0.065 £ 0.01 4M.!% ? Agsays against human DHFR (spectrophotometric) and human
TS (tritium release from [5-*H]deoxyuridine) were performed in replicate as described previously.!® Results were averaged from several
experiments with limits of variability of less than £15%. The ICy, of MTX against DHFR was 0.0027 uM, and that of PDDF against TS

was 0.068 uM.

inhibitor as the 5-chloroquinazoline analogues 9 and 11,
which are reported to have K values of 8.3 nM and 1.7 nM,
respectively,'® it is the most potent FPGS inhibitor with
a positively charged group on the end of the side chain that
we have made to date.

The phosphonate monoethyl esters 16 and 19 were weak
FPGS inhibitors and, like the sulfonates 14 and 17, in-
hibited the enzyme noncompetitively with aminopterin as
the variable substrate. Hence, it appears that both the
sulfonates and the monoesterified phosphonates may not
be binding to FPGS at the same site as AMT. It was also
remarkable, and unexpected, that reduction of the B-ring
in 16 and 17 substantially increased activity even though
these were noncompetitive inhibitors. Interestingly, the
sulfonate and esterified phosphonate noncompetitive in-
hibitors in this series bear a single negative charge on the
end of the side chain, whereas the ornithine and unes-
terified phosphonate competitive inhibitors bear a positive
charge and two negative charges, respectively. The sig-
nificance of this correlation is unclear at this time, and it
remains to be determined whether the noncompetitive
inhibition we observe with the sulfonates and mono-
esterified phosphonates is due to interaction with a second,
possibly regulatory, site on the enzyme.

GARTF Inhibition, The DATHF analogues with
APBA, HCysA, and Orn side chains were studied as in-
hibitors of GARFT isolated from mouse L1210 leukemia
cells (Table IT). All three compounds were competitive
inhibitors of the transfer of a formyl group to glycinamide
ribonucleotide from N'%-formyl-5,8-dideazafolate as the
variable substrate. The phosphonate analogue 18 (K; =
47 nM) was at least as active as the parent compound
DATHTF (K; = 65 nM), whereas the sulfonate analogue 17
was 3-fold less active than DATHF and the ornithine
analogue 20 was 57-fold less potent. We concluded from
these results that the positive charge on the side chain of
20 interfered with binding, whereas the double negative
charge on the shorter side chain of 18 was accepted by the
active site and was somewhat better tolerated than the
single negative charge on the side chain of 17. It has been
shown in the 5,10-dideaza series that the diastereomer with
the “natural” 6R configuration has a K; of 29 nM and is
roughly 2-fold more potent as a GARTF inhibitor than the
racemate.!3®> Moreover, from what is known about the
interaction of other antifolates with their target enzymes,
it seems likely that the only diastereomer of 18 that will
bind tightly to the active site of GARFT is the one with
the L-APBA side chain. Thus, we estimate that this dia-
stereomer has a K; of ca. 10 nM against GARFT, which

121
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Figure 2. Inhibition of GARFT from L1210 mouse leukemia cells
by reduced phosphonate 18. The rate of reaction was followed
spectrophotometrically at 295 nm in the presence of the indicated
concentrations of N'%-formyl-5,8-dideazafolate;!® the concen-
trations of 18 used are indicated above each line.

would make it about 3 times more potent than the 6R
diastereomer of DDATHF. However, it is important to
remember that, since polyglutamation is known to increase
DDATHF binding to GARFT roughly 100-fold and the
phosphonate analogue cannot form polyglutamates,!?® one
should not expect this analogue to be as potent as
DDATHEF or DATHF against intact cells even if uptake
of the two drugs across the cell membrane were the same.

Inhibition of Other Enzymes. Given the general re-
semblance of compounds 14-16 to folic acid, we also com-
pared their ability to inhibit dihydrofolate reductase
(DHFR) to that of MTX and their ability to inhibit thy-
midylate synthase (TS) to that of N'%-propargyl-5,8-di-
deazatetrahydrofolate (CB3717, PDDF). Likewise, the
ability of the tetrahydro compounds 17-19 to inhibit these
enzymes was determined. As shown in Table II, the most
active compound against human DHFR was the nonre-
duced sulfonate 14, which had an IC; of 0.4 uM but was
ca. 150-fold less potent than MTX (IC,, = 0.0027 uM).
The other nonreduced analogues 15 and 16 were several
times less active than 14. The IC;, of 5-deazafolic acid
against DHFR from beef liver is reported to be 0.8 uM as
compared with 0.005 uM for AMT.?#® Thus, replacement

(26) Taylor, E. C.; Palmer, D. C.; George, T. C.; Fletcher, S. R.;
Tseng, C. P,; Harrington, P. J.; Dumas, D. J.; Beardsley, G. P.
Synthesis and Biological Activity of L-5-Deazafolic Acid and
L-5-Deazaaminopterin: Synthetic Strategies to 5-Deazap-
teridines. J, Org. Chem. 1983, 48, 4852-4860; see corrected list
of authors in J. Org. Chem. 1984, 49, 3874,
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of the v-COOH group in 5-deazafolic acid by SO,0H ap-
pears to appreciably diminish binding to mammalian
DHFR. This is in general agreement with what has been
observed previously with the y-sulfonate analogues of
MTX and AMT.? The reduced sulfonate analogue 17
(ICs = 12 uM) was 30-fold less potent than its nonreduced
counterpart, and the reduced phosphonates 18 and 19 were
very poor inhibitors (IC;, > 200 uM). The only compound
with even a modicum of activity against TS was the non-
reduced sulfonate 14 (IC;, = 55 uM), whereas the ICy,
values of the other nonreduced analogues were >100 uM
and those of the reduced analogues were even higher.
These results were not surprising, since both 5-deazafolate
and its tetrahydro derivative are weak inhibitors of TS.16%
Given that the sulfonates and phosphonates reported here
cannot form polyglutamates, it is safe to conclude that
neither DHFR nor TS is a likely pharmacologic target for
these compounds.

Cell Growth Inhibition. Compounds 14-19 were
tested as cell growth inhibitors against WI-L2 and CEM
human leukemic lymphoblasts as previously de-
scribed,13a28b gnd were found to be inactive at concen-
trations of up to 100 uM (72-h treatment). Thus, despite
their ability to bind well to FPGS and GARFT in cell-free
assays, these compounds are much less active than 5-de-
azafolic acid (IC;, = 8.8 uM against L1210 cells)? or 5-
deaza-5,6,7,8-tetrahydrofolic acid (IC;, = 0.01 uM against
CEM cells)!® after the same exposure. We conclude from
these results that inefficient cellular uptake and the ina-
bility to form polyglutamates are an obstacle to the use
of these y-modified 5-deazafolate analogues as therapeutic
agents at this time.

Experimental Section

IR spectra were obtained on a Perkin-Elmer Model 781 dou-
ble-beam recording spectrophotometer; only peaks above 1200
cm™! are reported. UV spectra were obtained on.a Varian Model
210 instrument. 'H-NMR spectra were obtained on a Varian
EM3460L spectrometer with Me,Si or Me;Si(CH,)3SO;3Na as the
reference. TLC analyses were done on fluorescent Eastman 13181
silica gel sheets or Eastman 13254 cellulose sheets.. Spots were
visualized under 254-nm UV illumination. Column chromatog-
raphy was done on Baker 3405 (60-200 mesh) silica gel or
Whatman DE-52 preswollen DEAE-cellulose. . Solvents in
moisture-sensitive reactions were dried over Linde 4A molecular
sieves (Fisher, Boston, MA). HPLC was done on Waters C,g radial
compression cartridges (analytical: 5 um particle size, 5 X 100
mm; preparative: 15 um particle size, 25 X 100 mm). Previousl{
described methods were used to obtain-methyl L-homocysteate,?
methyl N°’-(benzyloxycarbonyl)-L-ornithinate,!! and 2-acet-
amido-6-formylpyrido[2,3-d]pyrimidin-4(3H)-one (21).11% Melting
points were determined in Pyrex capillary tubes in a Mel-Temp
apparatus (Cambridge Laboratory Devices, Cambridge, MA) and
are not corrected. Microanalyses were performed by Quantitative
Technologies, Inc., Bound Brook, NJ. Where samples isolated
from column chromatography fractions by freeze-drying gave
microanalytical data consistent with fractional ammonium salts
(compounds 15, 17-19, 22, 25, 32, 34), it is likely that these were
actually mixtures of the salt and free acid. Fractional ammonium

(27) Piper, J. R.; McCaleb, G. S.; Montgomery, J. A,; Kisliuk, R. L.;
Gaumont, Y.; Sirotnak, F. M. Syntheses and Antifolate Ac-
tivity of 5-Methyl-5-deaza Analogues of Aminopterin, Metho-
trexate, Folic Acid, and N'%-Methylfolic Acid. J. Med. Chem.
1986, 29, 1080-1087.

(28) Rosowsky, A.; Bader, H.; Cucchi, C. A.; Moran, R. G.; Kohler,
W.; Freisheim, J. H. Methotrexate Analogues. 33. N’-Acyl-
Ne-(4-amino-4-deoxypteroyl)-L-ornithine Derivatives: Syn-
thesis and in Vitro Antitumor Activity. J. Med. Chem. 1988,
31, 1332-1337. (b) Rosowsky, A.; Forsch, R. A.; Moran, R. G.;
Freisheim, J. H. Synthesis and Biological Activity of the 2-
Desamino and 2-Desamino-2-methyl Analogues of Amino-
pterin and Methotrexate. J. Med. Chem, 1991, 34, 227-234.
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salts of freeze-dried folate analogues with sulfonic and phosphonic
acid side chains have been described previously.2b3a3b

(4-Nitrobenzoyl)-L-homocysteic Acid (22). A suspension
of L-homocysteic acid (183 mg, 1.0 mmol) in CH,Cl, (10 mL) was
treated with Et;N (417 uL, 303 mg, 3.0 mmol) and Me,SiCl (254
uL, 217 mg, 2.0 mmol) and kept in an ultrasonic cleaning bath
until a clear solution formed (5 min). 4-Nitrobenzoyl chloride
(186 mg, 1.0 mmol) was then added in a single portion, and the
mixture was stirred at room temperature for 10 min and quenched
with H,O. After allowing the product to undergo partition be-
tween the CH,Cl, and H,0 layers, the CH,Cl, layer was extracted
with H,0, the combined H,0 layers were adjusted to pH 7, and
the product in the H,0 solution was purified by preparative HPLC
using 0.01 M NH,OAc, pH 6.7, as the eluent (no organic solvent).
Pooled pure fractions were freeze-dried, and the residue was dried
in vacuo (P,0;, 95 °C) to obtain a brown glass which could be
pulverized to an off-white powder (368 mg, 82%): mp 58-61 °C;
analytical HPLC: 9.0 min (0.01 M NH,OAc, pH 6.7, 1.5 mL/min);
IR (KBr) » 3450, 3060, 3000, 2950, 2820 sh, 2750, 2690, 2500, 1725
br, 1665, 1655, 1610, 1535, 1485, 1460, 1405, 1355, 1310, 1215 cm™};
NMR (D,0) 5 1.28 (t, J = 7 Hz, NCH,CH}), 2.40 (m, 8-CH,), 3.25
(m, NCH,CHj and y-CH,), large peak at 4.7 (H,0), 8.00 (d, J =
8 Hz, 2- and 6-aromatic protons), 8.40 (d, J = 9 Hz, 3- and
5-aromatic pl'OtJOl’lB)- Anal. (CuHuNgOBS-NEts-O.5NH3-0.5H20)
C,H,N.

N2Acetyl-5-deazapteroic Acid (24). A mixture of 21 (1.16
g, 0.005 mol) and 4-aminobenzoic acid (0.685 g, 0.005 mol) in glacial
acetic AcOH (50 mL) was stirred at room temperature for 18 h,
and BH;NEt, (0.288 g, 0.37 mL, 0.0025 mol) was added. After
1 h of additional stirring, the temperature was raised to 60 °C
for 30 min. The solution was poured slowly with stirring into H,0
(500 mL), and the mixture was chilled in an ice bath. The pre-
cipitate was collected, freeze-dried, and finally dried in vacuo
(P;05, 75 °C) to obtain a pale-yellow powder (1.03 g, 55%): TLC:
R; 0.3 (cellulose, pH 7.4 phosphate buffer); analytical HPLC
retention time 7.5 min (0.1 M NH,OAc, pH 7.5, 10% MeCN, 1.0
mL/min); mp >300 °C; IR (KBr) » 3450, 2940, 2030 br w, 1690,
1635, 1615, 1575, 1535, 1500, 1465, 1425, 1410, 1380, 1320, 1265
cm™; NMR (CF;CO,.H) 6 1.97 (s, CH;CO), 4.63, (s, Co-CH,), 7.22
(d, J = 8 Hz, C3- and Cy-H), 7.78 (d, J = 8 Hz, C,- and C¢-H),
8.73 (s, Cs'H), 8.88 (s, C7'H)- Anal. (C”H15N504'H20) C, H, N.

NZAcetyl-N¥-formyl-5-deazapteroic Acid (25). A solution
of 24 (1.16 g, 3.29 mol) in 95% HCO,H (30 mL) was heated in
an oil bath kept at 80 °C for 1.5 h. The solvent was evaporated
under reduced pressure, and the residue was dissolved in H,O
(50 mL) by adding just enough concentrated NH,OH to form a
clear solution. The solution was acidified with 10% AcOH and
chilled in an ice bath, and the precipitate was collected and
freeze-dried to obtain a pale-yellow solid (1.17 g, 93%) that was
sufficiently pure for the next step. For microanalysis, a sample
(0.1 g) of the product was chromatographed on a DEAE-cellulose
column, HCOj™ form, 1.5 X 22 cm) with 0.2 M NH,HCO; as the
eluent. Pure fractions were pooled and freeze-dried to obtain
colorless 25 as a partial ammonium salt; analytical HPLC retention
time 7.2 min (0.05 M NH,OAc, pH 7.5, 10% MeCN, 1.0 mL/min;
preparative HPLC also possible using this system); mp >300 °C;
IR (KBr) » 3440, 1680, 1635, 1610, 1575, 1520, 1505, 1465, 1405,
1390, 1360, 1270 cm™; NMR (DMSO-d) § 2.17 (s, CH;CO), 5.18
(s, Cg'CHg), 7.43 (d, J=8 Hz, Car- and Csr‘H), 8.72 (s, J=8 Hz,
Cgr' and Csr-H). Anal. (CIBH15N505'0.25NH3'1.25H20) C, H, N.

N-(5-Deazapteroyl)-L-homocysteic Acid (5-dPteHCysA,
14). A solution of L-homocysteic acid (183 mg, 1.0 mmol) in H,0
(20 mL) was stirred during dropwise addition of a 40% solution
of benzyltrimethylammonium methoxide in MeOH to pH 11. The
MeOH was removed by rotary evaporation, and the remaining
solution was freeze-dried to obtain a gum which was taken up in
DMF (5 mL). The resulting solution, calculated to contain 0.2
mmol/mL of bis(benzykrimethylammonium) L-homocysteate, was
used directly in the next step.

A solution of 25 (114 mg, 0.3 mmol) in DMF (10 mL) was
treated with EtsN (46 uL, 33 mg, 0.33 mmol) and i-BuOCOCI (43
uL, 45 mg, 0.33 mmol) and stirred at room temperature for 5 min.
To this solution was then added 1.5 mL (0.3 mmol) of the solution
of bis(benzyltrimethylammonium) L-homocysteate prepared
above. The solvent was evaporated, and the residue was dissolved
in 0.5 N NaOH (10 mL) and heated under N, at 80 °C for 30 min.
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The cooled solution was adjusted to pH 7 with HCI and purified
by preparative HPLC (3% MeCN in 0.05 M NH,OAc, pH 6.7).
Pooled pure fractions were concentrated by rotary evaporation
to remove the MeCN and were then freeze-dried to obtain a
product whose 'H-NMR spectrum as well as elemental analysis
still revealed it to be a partial benzyltrimethylammonium salt.
To convert the product to an ammonium salt, it was taken up
in H,0 and applied onto a DEAE-cellulose column (16 g, 1.5 X
20 cm, HCO;™ form). The column was eluted first with a large
volume of H;O and then with 500 mL of 0.4 M NH,HCO;. Pooled
fractions were freeze-dried and repurified by preparative HPLC
as described above to obtain a light-yellow solid (45 mg, 27%);
_analytical HPLC retention time 9.0 min (3% MeCN in 0.05 M
NH(OAc, pH 6.7, 2.0 mL/min); IR (KBr) » 3430, 2870, 2800 sh,
1700 sh, 1675, 1650 sh, 1615, 1580, 1525, 1450, 1410, 1340-1320,
1275, 1205 em™; UV Ay, (0.1 M HCI) 214 nm (e 36 900), 247
(12400), 280 (23 000), 295 infl (19900), 350 (7400); Ap.x (PH 7.4
phosphate buffer) 215 nm (e 40 100), 277 (24 500), 293 (23 900);
Amez (0.1 M NaOH) 218 nm (e 33 300), 242 (23 400), 279 (23 600),
290 sh (23100), 336 infl (9100); TH-NMR (D,0 + Na,CO,) & 2.27
(m, 8-CH,), 3.03 (m, v-CH,), 4.7 (large H,0 peak), 6.77 (d, J =
8 Hz, Cy- and C;z-H), 7.67 (d, J = 8 Hz, C,- and C¢~-H). Anal.
(CgHN¢O;S'-NH;-3H,0) C, H, N, S.

Methyl D,L-2-Amino-4-(diethoxyphosphinyl)butanoate
(27). Method A. A suspension of D,L-2-amino-4-phosphono-
butanoic acid (1.83 g, 0.01 mol) in HC(OEt); (40 mL) was heated
under reflux for 6 days, with the condenser being removed oc-
casionally to allow volatiles to escape. The solid partially dissolved
during this time. When the reaction was complete the solvent
was evaporated under reduced pressure and the resulting gummy
residue, consisting of a mixture of ethyl D,L-2-formamido-4-(di-
ethoxyphosphinyl)butanoate (26) and other products according
the 'H-NMR spectrum, was treated first with HCl-saturated
MeOH (35 mL) in an ice bath and then dropwise with SOCl; (3
mL). After 18 h at room temperature the reaction mixture was
evaported to dryness under reduced pressure, the residue was
dissolved in CHC]; (50 mL), and the solution was stirred for 30
min with anhydrous Na,CO, (10.6 g). The solid was filtered, the
filtrate was evaporated under reduced pressure, the residue was
dissolved in Et,O (15 mL), and the solution was poured slowly
into a vigorously stirred solution of anhydrous oxalic acid (0.9
g, 0.01 mol) in Et,O (35 mL). After overnight refrigeration, the
liquid was decanted and the gummy residue recrystallized from
MeOH-EtOAc. Drying in vacuo (P,0;, 60 °C) yielded 0.87 g
(25%) of a white powder whose microanalysis showed it to be the
sesquioxalate salt of the methyl ester 27: mp 134-135 °C; IR
(KBr) v 3460, 2990, 2970, 2940, 1890-1830 sh, 1755, 1705, 1670,
1645, 1530, 1490, 1450, 11410, 1345, 1330, 1300, 1285, 1225 cm™};
NMR (DMSO-dg) 6 1.23 (t,J = 7 Hz, 2 CH,CH}), 1.98 (m, 8- and
v-CHy), 3.75 (s, OCHjy), 4.00 (q, J = 7 Hz, 2 CH,CHy), 4.25 (m,
a-CH), 7.33 (s, exchangeable with D,0, NH,, and COOH). Anal.
(CgH,,NOyP-1.5C,H,0,) C, H, N, P.

Method B. A suspension of D,L-2-amino-4-phosphonobutanoic
acid (3.66 g, 0.02 mol) in absolute MeOH (100 mL) was cooled
in an ice-bath while SOCl, (20 mL) was added dropwise with
stirring so that the internal temperature did not exceed 12 °C.
The solution was left at room temperature overnight and then
evaporated under reduced pressure to obtain methyl D,L-2-
amino-4-phosphonobutanoate hydrochloride (28-HCl) as a gum.
The product was taken up directly in HC(OEt), (80 mL), and the
solution was heated under reflux for 3 h with occasional removal
of the condenser to release volatiles. The solvent was then
evaporated and the residue, consisting of methyl D,L-2-form-
amido-4-(diethoxyphosphinyl)butanoate (29), was taken up in
HCl-saturated MeOH (70 mL), and SOCIl, (1 mL) was added to
ensure that deformylation would not be accompanied by cleavage
of the methyl] ester. The reaction mixture was left to stand at
room temperature for 18 h and then evaporated to dryness under
reduced pressure. Drying of the residue in vacuo (P;0;, 60 °C)
yielded 26-HC] as a gum pure enough to use directly in the next
step.

Methyl D,L-2-[(4-Nitrobenzoyl)amino]-4-(diethoxy-
phosphinyl)butanoate (30). Compound 27-HC] was dissolved
in CH,Cl, (100 mL), and to the solution was added Et;N (5.05
g, 6.96 mL, 0.05 mol) followed by 4-nitrobenzoyl chloride. After
quenching of the acylation with excess MeOH, the solution was
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washed with H,O and evaporated under reduced pressure. The
residue was chromatographed on a silica gel column (80 g, 3 X
37 cm) which was eluted first with CHC]; to remove methyl
4-nitrobenzoate and a red impurity and then with 19:1 CHCl;-
MeOH. TLC-pure fractions (R; 0.3, silica gel, CHCl;) were
evaporated, and the residue was dried in vacuo (P,0;, 60 °C) to
obtain a yellow solid (2.4 g, 30%): double mp 90-93 °C, 99-103
°C; IR (KBr) » 3440, 3310, 3120, 3090, 3060, 3000, 2970, 2950, 2920,
2880, 1940 br w, 1750, 1675, 1610, 1565, 1535, 1495, 1455, 1400,
1355, 1370, 1245, 1225 cm™!; NMR (CDCly) 6 1.32 (dt, J = 7 Hz,
J =2 Hz, 2 CH,CH)), 1.55-2.60 (m, 8- and v-CH,), 3.77 (s, OMe),
4.05 (m, 2 CH,CHjy), 4.75 (m, a-CH), 8.20 (m, aryl, NH). Anal.
(C,gHgN,OsP) C, H, N.

Methyl D,L-2-[(4-Aminobenzoyl)amino]-4-(diethoxy-
phosphinyl)butanoate (31). A solution of 30 (201 mg, 0.5 mmol)
in MeOH (20 mL) was shaken with 5% Pd-C (20 mg) in a low-
pressure Parr apparatus under 3 atm of H, for 20 h. The catalyst
was filtered, and the filtrate was evaporated to obtain a light-
orange solid (183 mg, 98%): mp 165-167 °C; R, 0.6 (silica gel,
19:1 CHCl;-MeOH); IR (KBr) » 3420, 3360, 3250, 30380, 2990,
2960, 2940, 1755, 1660, 1630, 1615, 1570, 1550, 1520, 1455, 1440,
1410, 1395, 1365, 1325, 1275, 1245, 1215 cm™!; NMR (DMSO-d,)
5 1.20 (t, J = 7 Hz, 2 CH,CHy), 1.55-2.30 (m, 8- and v-CHy), 3.60
(s, OCH,), 3.97 (q, J = 7 Hz, 2 CH,CHj,), 4.50 (m, «-CH), 5.60
(br s, NH,), 6.52 (d, J = 8 Hz, Cy- and C;z-H), 7.60 (d, J = 8 Hz,
Cr and Csr-H), 8.28 (d, J=1 HZ, NH). Anal. (CIGH”NQOGP)
C,H,N.

D,L-2-[(4-Nitrobenzoyl)amino]-4-phesphonobutanocic Acid
(32). Compound 30 (402 mg, 1.0 mmol) was dissolved in a mixture
of CH,Cl, (1 mL) and MesSiBr (4.59 g, 3.96 mL, 30 mmol), and
the solution was left at room temperature for 20 h and then
evaporated to dryness. The residue was taken up in 1 M NaOH
(20 mL), and after 5 min the solution was adjusted to pH 7 with
HCI and washed with Et,0. The aqueous phase was subjected
to preparative HPLC on Cg-silica gel (0.05 M NH,OAc, pH 6.7,
2.5% MeCN). Pooled pure fractions (analytical retention time
5 min; 0.05 M NH,OAc, pH 6.7, 5% MeCN) were freeze-dried,
and then dried in vacuo (P,0;, 90 °C) to obtain an off-white solid
(265 mg, 70%); mp 176-178 °C. (with softening); IR (KBr) » 3430,
3120, 3080, 2970, 2940, 2890, 2870, 1720, 1655, 1605, 1435, 1495,
1455, 1410, 1355, 1325, 1310 cm™!. Anal. (C;;H;sN,OgP
1.5NHgH,0) C, H, N.

Methyl D,L-2-[(N2-Acetyl-5-deazapteroyl)amino]-4-(di-
ethoxyphosphinyl)butanoate (33). A solution of 31 (372 mg,
1.0 mmol) and 21 (232 mg, 1.0 mmol) in glacial AcOH (3 mL) was
stirred at room temperature for 17 h and then treated with
BHgyNEt; (58 mg, 74 uL, 0.5 mmol). Stirring was continued at
room temperature for 2.5 h and at 65 °C (bath temperature) for
20 min. The solvent was evaporated, and the residue was purified
by chromatography on a silica gel column (40 g, 2.5 X 35 cm, 19:1
CHCl3-MeOH). Fractions homogeneous by TLC (R; 0.4, silica
gel, 19:1 CHC),-MeOH) were pooled and concentrated to a small
volume, and hexane was added until a precipitate formed. The
solid was collected and dried in vacuo (P,0;, 60 °C) to obtain an
off-white solid (195 mg, 33%): mp 123-128 °C; IR (KBr) » 3450,
2990, 2970, 2940, 1740, 1685, 1640, 1615, 1580, 1525, 1485, 1470,
1410, 1380, 1320, 1270, 1245, 1205 sh cm™!; NMR (CDCl,) 5 1.32
(t,J = 7 Hz, 2 CH,CHy), 1.73 (m, 8-CH,), 2.08 (m, v-CH,), 2.43
(s, CH,;CO), 3.25 (m, NH), 3.73 (s, OMe), 4.08 (m, 2 CH,CHjy),
4.45 (m, C4-CHy), 4.95 (br m, o-CH and 2 NH), 6.55 (d, J = 8 Hz,
Cq~ and Cg-H), 7.70 (d, J = 8 Hz, C,~ and Cg~-H), 8.43 (m, Cs-H),
8.90 (m, C;-H). Anal. (Cy,gH33NgOgP-0.25H,0) C, H, N.

D,L-2-[ (5-Deazapteroyl)amino]-4-phosphonobutanoic Acid
(5-dPteAPBA, 15). Ester 33 (60 mg, 0.1 mmol) was treated with
Me;SiBr (1.53 g, 1.32 mL) in CH,Cl, (5 mL) at room temperature
for 45 min, The mixture remained cloudy, but immediately
became clear on addition of EtsN (50 mg, 60 uL, 0.5 mmol). After
another 3 days at room temperature, the solution was evaporated,
and the residue was dissolved in H,O (3 mL). The solution was
adjusted to pH 12 by dropwise addition of 2 N NaOH, and a
further 5 mL of 1 N NaOH was added. The solution was heated
under N, at 80 °C for 30 min, cooled, adjusted to pH 7 with HC],
and subjected to preparative HPLC on Cyg silica gel (analytical
retention time 4.0 min; 0.05 M NH,OAc, pH 6.7, 5% MeCN, 1.5
mL/min). Pooled pure fractions were concentrated to dryness
under reduced pressure, and the residue was freeze-dried to obtain
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a light-yellow solid (35 mg, 73%): mp >300 °C; IR (KBr) v 3460,
1710 sh, 1675, 1650, 1620, 1580, 1550, 1525, 1465, 1455, 1410, 1325,
1275, 1200 em™; UV Ap,, (0.1 M HC1) 214 nm (¢ 36,300), 247
(12,000), 280 (23,300), 293 infl (23,300), 350 (7,100); A, (PH 7.4
buffer) 215 nm (e 41,200), 277 (24,800), 291 sh (23,700); An,, (0.1
M NaOH) 218 (e 33,400), 242 (23,200), 278 (24,400), 288 infl
(23,400), 335 infl (9,000); NMR (D;0 + Na,CO;) 6 1.90 (m, 8- and
v-CHy), 4.35 (m, C4-CH,, a-CH), 6.68 (d, J = 8 Hz, C;- and Cs-H),
7.62 (d, J = 8 Hz, C,- and C¢-H), 8.23 (m, C4-H), 8.53 (m, C;-H).
Preparative HPLC had to be carried out twice to obtain the
analytical sample. Anal. (019H21N607P-1.25NH3-3.5H20) C, H,
N

D,L-2-[(5-Deazapteroyl)amino]-4-(ethoxyhydroxy-
phosphinyl)butanoic Acid (Ethyl 5-dPteAPBA, 16). A so-
lution of ester 33 (58 mg, 0.1 mmol) in 1 N NaOH (5 mL) under
N, was heated at 85 °C (oil bath temp) for 30 min, then cooled,
diluted to 40 mL, and adjusted to pH 7 with HCl. The product
was purified by preparative HPLC on C4 silica gel (analytical
retention time 9.0 min; 0.05 M NH,OAc, pH 6.7, 5% MeCN, 1.5
mL/min). Pure fractions were pooled and concentrated to dryness
under reduced pressure, and the residue was freeze-dried to obtain
a pale-yellow solid (29 mg, 58%): mp >300 °C; IR (KBr) » 3470,
1720, 1675, 1655, 1620, 1580, 1525, 1455, 1410, 1325, 1270, 1240,
1200 cm™); NMR (DMSO-dy) § 1.15 (t, J = 7 Hz, CH,CH,), 1.72
(m, 8- and v-CH,), 3.75 (m, CH;CH,, partly obscured by a large
H,0 peak), 6.67 (d, J = 8 Hz, C;3~ and Cz-H), 7.67 (d, J = 8 Hz,
Cr and Csr'H), 8.27 (m, C5'H, C7'H). Anal. (Cng%NsO"P‘
NH;3H,0) C, H, N.

N2 Acetyl-NV¥-formyl-5,6,7,8-tetrahydro-5-deazapteroic
Acid (34). A solution of 25 (201 mg, 0.493 mmol) in CF3CO,H
(10 mL) was shaken with PtO,»H,0 (20 mg) in a Parr low-pressure
apparatus under 3 atm of H, for 18 h. The catalyst was removed,
the solvent was evaporated, and the residue was taken up in 5%
NH,OH (50 mL) with the aid of an ultrasonication bath. A small
amount of insoluble material was removed by filtration, and the
filtrate was adjusted to pH 7 with AcOH. An additional small
amount of fine precipitate gradually formed and was removed
by filtration, and the filtrate was subjected to preparative HPLC
on C,; silica gel (analytical retention time 11.0 min; 0.05 M
NH,OAc, pH 7.5, 5% MeCN, 1 mL/min). Pooled pure fractions
were concentrated to dryness on a rotary evaporator, and the
residue was freeze-dried to obtain a partial ammonium salt of 34
as a white powder (96 mg, 46%): mp >300 °C; IR (KBr) » 3460,
1660, 1610, 1585, 1560, 1520, 1485, 1470, 1445 w, 1315, 1275, 1215
cml; NMR (DMSO-d; + D,0) § 1.85 (m, C¢-CH), 2.08 (s, CH;CO),
2.98 (m, 5-CH,), 3.7 (C4-CH,, partially obscured by large H,O
peak), 7.48 (d, J = 8 Hz, C;4- and C;~H), 7.98 (d, J = 8 Hz, C,-
and C¢-H), 8.63 (s, N°-CHO). Anal. (C,gH,,N;050.2NH;2H,0)
C,H,N.

N-(5,6,7,8-Tetrahydro-5-deazapteroyl)-L-homocysteic Acid
(5-dH PteHCysA, 17). A stirred solution of 34 (85 mg, 0.2 mmol)
in dry DMF (4 mL) was treated with Et;N (24 mg, 33 uL, 0.24
mmol) and i-BuOCOCI (33 mg, 31 L, 0.24 mmol). After 5 min
at room temperature, the mixed anhydride solution was treated
with 2 mL of a 0.1 M solution of methyl L-homocysteate in DMF,
along with a second portion of Et;N (40 mg, 55 uL, 0.4 mmol).
After two more cycles of addition of Et;N (10 mg, 14 nL, 0.1
mmol), i-BuOCOCI (14 mg, 13 pL; 0.1 mmol), and the amino acid
ester (1 mL of 0.1 M solution, 0.1 mmol), the solvent was evap-
orated under reduced pressure. The residue was heated at 80 °C
for 30 min in 0.5 M NaOH (10 mL), and the solution was cooled
and adjusted to pH 7 with concentrated HCl. Analytical HPLC
(C,q silica gel, 3% MeCN in 0.056 M NH,OAc, pH 6.9, flow rate
1.0 mL/min) showed the product as a peak with a retention time
of 11.5 min. Preparative HPLC in this system followed by a
workup similar to that of 14 afforded a white solid (82 mg) whose
elemental analysis indicated that a UV-transparent impurity had
probably coeluted with the product. The impure product was
therefore purified further by ion-exchange chromatography on
DEAE-cellulose (HCO;" form, 1.5 X 26 cm) by successive elution
with H,0, 0.2 M NHHCO;, and 0.4 M NH,HCO;. The UV-
absorbing fractions were pooled and freeze-dried to obtain an
analytically pure white solid (27 mg, 26%): mp >300 °C; IR (KBr)
v 3420, 2920, 1650, 1600, 1545, 1500, 1480, 1460, 1445, 1395, 1355,
1300, 1265 cm™; UV Ay,, (0.1 M HCI) 202 nm (e 35,100), 275
(24,500); Amaz (PH 7.4 phosphate buffer) 203 (e 32,300), 214 sh
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(30,000), 273 (21,200); A (0.1 M NaOH) 216 nm (e 26,700), 268
(19,900). Anal. (C,;;H,Nz0;S-0.8NH3-2H,0) C, H, N, S.

Methyl D,L-[ (N?-Acetyl-N1°-formyl-5,6,7,8-tetrahydro-5-
deazapteroyl)amino]-4-(diethoxyphosphinyl)butanoate (35).
A solution of 34 (74 mg, 0.17 mmol) in dry DMF (40 mL) was
treated with Et;N (20 mg, 28 uL, 0.2 mmol) and {-BuOCOCI (27
mg, 26 uL, 0.2 mmol) and stirred at room temperature for 5 min.
A mixture of 27-HCI (116 mg, 0.3 mmol) and Na,CO; (106 mg,
1 mmol) in dry DMF (3 mL) was stirred for 30 min in a separate
flask, and 2 mL of this solution of 27 was added to the mixed
anhydride in the flask. A second cycle of coupling was carried
out using 0.1 mmol each of the Et;N and i-BuOCOCI and the
balance of the solution of 27. The solvent was evaporated, and
the residue was purified by column chromatography on silica gel
(12 g, 5 X 20 cm) with 9:1 CHCl;~MeOH as the eluent. The
fractions containing 35 (R, 0.5) were concentrated, Et;O was added,
and the solid was collected and dried in vacuo (P,0s, 60 °C) to
obtain a white solid (59 mg, 52%): double mp 123-135 °C,
176-180 °C; IR (KBr) » 3440, 2990, 2940, 1745, 1655, 1615, 1585,
1555, 1510, 1485, 1470, 1450, 1400, 1390, 1375, 1345, 1310, 1270,
1250 cm™. Anal. (CQ7H37N609P'1.5H20) C, H, N.

When the coupling reaction was carried out by addition of solid
27-HC1 and Et3N to the mixed anhydride solution, the yield of
35 was only 25%.

D,L-2-[(5,6,7,8-Tetrahydro-5-deazapteroyl)amino]-4-
phosphonobutanoic Acid (5-dH ,PteAPBA, 18). A solution
of 35 (58 mg, 0.087 mmol) in CH,Cl, (3 mL) was treated with
Me,SiBr (1.22 g, 1.06 mL, 8.0 mmol). A heavy precipitate formed,
which dissolved on addition of Et;N (22 mg, 30 uL, 0.22 mmol).
The solution was allowed to stand at room temperature for 4 days
and then evaporated under reduced pressure. The residue was
dissolved in 1 N NaOH (5 mL), and the solution was heated at
80 °C for 30 min, cooled, and adjusted to pH 7 with concentrated
HCl. Analytical HPLC (C; silica gel, 3% MeCN in 0.05 M
NH,OAc, pH 6.9, flow rate 2.0 mL/min) showed the product as
a peak with a retention time of 5.5 min. Preparative HPLC
followed by a work up similar to that of the other final products
in the series afforded a white solid (49 mg, 96%): mp >300 °C;
IR (KBr) » 3430, 3210 br, 1620, 1585, 1525, 1470, 1410, 1355, 1320,
1280 cm™}; UV Ay, (0.1 M HCI) 222 nm infl (e 12,000), 278
(20,800), 302 infl (6,700); A, (PH 7.4 phosphate buffer) 219 nm
(¢ 30,300), 281 (30,000), 300 infl (17,900); A, (0.1 M NaOH) 217
nm (e 28,600), 278 (24,100), 293 infl (19,900). Anal. (CjgHys-
N¢O;P-1.75NH;34.5H,0) C, H, N.

D,L-2-[(5,6,7,8-Tetrahydro-5-deazapteroyl)amino]-4-(eth-
oxyhydroxyphosphinyl)butanoic Acid (Ethyl 5-
dH,PteAPBA, 19). A solution of 35 (26 mg, 0.042 mmol) in
DMSO (1 mL) was treated with 0.5 M NaOH (5 mL) and heated
at 80 °C for 30 min. The solution was cooled and adjusted to pH
6.7 by dropwise addition of concentrated HCl. Analytical HPLC
(Cyg silica gel, 5% MeCN in 0.05 M NH,OAc, pH 6.9, flow rate
2.0 mL/min) showed the product as a peak with a retention time
of 6.5 min. After preparative HPLC using a similar system, pooled
product fractions were concentrated by rotary evaporation and
freeze-dried. The solid was redissolved in H,0, and the solution
was freeze-dried again to obtain a white solid (12 mg, 50%): mp
>300°C; IR (KBr) » 3920, 3130-2990, 2950, 1710, 1660, 1615, 1585,
1555, 1525, 1465 w, 1410, 1355, 1315, 1280, 1225 cm™!. Anal.
(C;H3N¢O;P-0.5NH4-3H,0) C, H, N.

Methyl Ne-(N2-Acetyl-N1°-formyl-5,6,7,8-tetrahydro-3-
deazapteroyl)-Ni-(benzyloxycarbonyl)-L-ornithinate (36).
A suspension of 34 (38.5 mg, 0.0906 mmol) in dry DMF (2 mL)
was treated with Et;N (10 mg, 14 uL, 0.1 mmol) and i-BuOCOCI
(14 mg, 13.3 uL, 0.1 mmol). A clear solution was obtained in ca.
2 min with the aid of an ultrasonication bath. Methyl N’-(ben-
zyloxycarbonyl)-L-ornithinate (32 mg, 0.1 mmol) was then added,

- along with a second portion of Et;N (10 mg, 14 L, 0.1 mmol).

A second coupling cycle was then carried out, using 0.03 mmol
each of EtsN, i-BuOCOC], and the amino ester. TLC (silica gel,
9:1 CHCl3-MeOH) showed a single mobile spot with R;0.4. The
solvent was evaporated under reduced pressure, and the residue
was partitioned between CHC]; and H,O. The CHCI; layer was
evaporated, and the residue was purified by chromatography on
a silica gel column (8 g, 1.5 X 14 cm, 9:1 CHCl;-MeOH). Pooled
pure fractions were concentrated to a small volume, and Et,O was
added to form a precipitate. The solid was collected and dried


Cj9H24N6O7S-O.8NH3.2H2O
C2.7H37N6O9P-l.5H2O
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in vacuo (P,0;, 60 °C) to obtain a white solid (37 mg, 62%): mp
175-188 °C (softening ca. 135 °C); IR (KBr) » 3480, 2960, 1740
sh, 1700 sh, 1660, 1615, 1585, 1510, 1485, 1470, 1420 w, 1400, 1350
w, 1315, 1270, 1220 cm™; NMR (CDCl; + DMSO-dg, 3:1) 5 1.5-2.5
(m, CHsCO, ﬁ' and ‘Y'CHQ, Cs'CHg, Cs'CH), 3.15 (m, 6'CH2,
C;-CHy,), 3.73 (s, MeO), 3.85 (m, C4-CH,), 4.60 (m, a-CH, NH),
5.05 (s, CgHsCH,0), 5.50 (m, NH), 6.38 (m, NH), 7.35 (m, C¢
H;CH,0, C;- and C¢-H), 7.56 (s, NH), 8.00 (d, J = 8 Hz, C,- and
Csr—H), 8.25 (m, NH), 8.53 (B, MO-CHO). Anal. (ngH37N705‘
0.5H,0) C, H, N.
N2(5,6,7,8-Tetrahydro-5-deazapteroyl)-L-ornithine (5-
dH PteOrn, 20). A solution of 36 (88 mg, 0.134 mmol)) in glacial
AcOH (3 mL) was treated with 30% HBr in AcOH (3 mL). A
precipitate formed on contact, but dissolved almost immediately.
The solution was left to stand at room temperature for 45 min
and then evaporated to dryness under reduced pressure. The
residue was triturated with Et,O (10 mL), the Et,O was decanted,
and the residue was taken up in H,O (2 mL) by basification to
pH 10 with 2 N NaOH. An additional 5 mL of 2 N NaOH was
added, and the solution was sparged with N, and heated in an
oil bath kept at 80 °C for 30 min. The solution was cooled, and
a small amount of brown solid was removed by filtration. The
filtrate was adjusted to pH 6 with AcOH and subjected to
preparative HPLC on Cyg silica gel (analytical retention time 10
min; 1% AcOH, 5% EtOH, 1.0 mL/min). Pooled pure fractions
were evaporated and the residue was freeze-dried to obtain a white
solid (59 mg, 81%): mp >300 °C; IR (KBr) » 3440, 2980, 2950,
1705, 1650 sh, 1615, 1580 sh, 1560, 1525, 1490 sh, 1415, 1350, 1315,
1285, 1235, 1205 em™}; UV A, (0.1 M HCI) 220 nm infl (e 14,300),
279 (24,900), 302 infl (9,100); Ay, (PH 7.4 phosphate buffer) 219
nm (¢ 35,100), 281, 31,700), 300 infl (21,200); A,y (0.1 M NaOH)
278 nm (e 26,500), 294 infl (21,700); NMR (CF3;CO,H) 4 1.62 (m,
8- and v-CH,, CH;COOH), 2.10 (m, C;-CH,, C¢-CH), 2.6-3.3 (m,
C;-CH,, C4-CH,, 6-CH,), 440 (m, a-CH), 7.0-7.6 (m, C,~, C3~, Cs-,

CGFH)- Anal- (Cgng',O“CHaCOgH'aHgO) C, H, N.
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Synthesis and Evaluation of a New Series of Mechanism-Based Aromatase

Inhibitors
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A series of new 4-(alkylthio)-substituted androstenedione analogues was designed as potential suicide inhibitors
of aromatase on the basis of mechanistic considerations on the mode of action of the enzyme. Their synthesis and
biological evaluation are described. Among the most interesting are the 4-[(difluoromethyl)thio]-, 4-[(fluoro-
methyl)thio]-, and 4-[(chloromethyl)thio]androstenediones 12, 13, and 14 with respective ICg’s of 2.7, 0.8, and 0.94
uM. Compound 12 was a reversible inhibitor of aromatase while compounds 13 and 14 displayed time-dependent
kinetics of inhibition with respective K;'s and half-times of inactivation of 30 nM and 3.75 min for 13 and 30 nM
and 3 min for 14. The inhibition of aromatase by 14 was NADPH-dependent, and was protected by the presence
of substrate (0.5-1 uM), while 8-mercaptoethanol (0.5 mM) failed to protect the enzyme from inactivation. Dialysis
failed to reactivate aromatase previously inactivated by 14. The mechanistic implications of these findings are discussed.

Introduction

Breast cancer is among the most common malignancies
in women today. In the US alone about 130000 cases are
reported each year.! In the case of ER + tumors, ablative
therapy is more and more frequently replaced by endocrine
palliative treatment. Today, medical endocrine treatment
of advanced postmenopausal breast cancer largely falls
within three groups:? (a) antiestrogens, acting directly on

(1) Young, J. L., Jr. Breast Cancer; Alan R. Liss., Inc.: New York,
1989; I-5, chapter 1, pp 1-5.

(2) Lenning, P. E.; Dowsett, M.; Powles, T. J. Postmenopausal
Estrogen Synthesis and Metabolism: Alterations Caused by
Aromatase Inhibitors Used for the Treatment of Breast Can-
cer. J. Steroid Biochem. 1990, 35, 355~356.

the tumor cell via the receptor, (b) aromatase inhibitors,
suppressing estrogen production, (c) progestins, of which
the mechanism of action is still uncertain.3

The major pathway of estrogen production in postme-
nopausal women is the peripheral conversion of androgens
to estrogens. The enzyme that catalyzes this conversion
is a cytochrome P-450 dependent monooxygenase, aro-
matase. Although the mechanism of this reaction is still
the subject of controversy, most authors agree today that

(3) Lundgren, S.; Lenning, P. E.; Utaaker, E.; Aakvaag, A,;
Kwinnsland, S. Influence of Progestins on Serum Hormone
Levels in Postmenopausal Women with Advanced Breast
Cancer. 1. General Findings. J. Steroid Biochem. 1990, 36,
99-104.
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