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1, J = 1.11 Hz, H2), 1.97 (d, 3, J = 1.11 Hz, H15); exact mass
(FAB) found 409.2036.
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Quinazoline Antifolates Inhibiting Thymidylate Synthase: Synthesis of Four
Oligo(L-v-glutamyl) Conjugates of N'°-Propargyl-5,8-dideazafolic Acid and Their

Enzyme Inhibition
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The synthesis is described of four oligo(y-glutamyl) conjugates of N*%-propargyl-5,8-dideazafolic acid containing
a total of two, three, four, and five L-glutamic acid residues. The tert-butyl group was chosen as the carboxyl protecting
group in order to obviate the use of alkali and thus the possibility of ¥ — « transpeptidation. The starting material,
di-tert-butyl glutamate, was coupled to N-(benzyloxycarbonyl)-L-glutamic acid a-tert-butyl ester via a mixed anhydride
with isobutyl chloroformate. Hydrogenolysis of the benzyloxycarbonyl group in the product gave a carboxyl-protected
diglutamate, which either was acylated with 4-[(benzyloxycarbonyl)amino}benzoyl chloride to give a protected
aminobenzamide or was cycled further by using the above mixed anhydride/hydrogenolysis sequence into tri-, tetra-,
and pentaglutamates. Each of the last named was also acylated, as above, to give a benzamide. The benzyloxycarbonyl
group in the benzamides was removed by hydrogenolysis and the amino groups thus exposed were N-alkylated with
propargyl bromide. The resulting proparglyamines were further alkylated with 2-amino-6-(bromomethyl)-4-
hydroxyquinazoline hydrobromide to give the antifolate poly(¢-Bu) esters. Deprotection with trifluoroacetic acid
in the final step delivered the desired antifolates as their trifluoroacetate salts. The di- to pentaglutamates were,
respectively, 31-, 97-, 171-, and 167-fold more inhibitory to WI-L2 human thymidylate synthase than the parent

compound.

NW.Propargyl-5,8-dideazafolic acid, CB3717,! is a novel
tight-binding antifolate inhibitor? of the enzyme thymi-
dylate synthase (EC 2.1.1.45) that has recently undergone
clinical evaluation.? Polyglutamation is a known metabolic
pathway for both natural folates* and classical antifolates,’
resulting in their increased intracellular retention and
enhanced binding to certain folate-metabolizing enzymes.
The latter phenomenon has been amply demonstrated for
thymidylate synthase.® Biochemical and pharmacological
studies”™® of the polyglutamate derivatives of CB3717—
extent of formation, transport characteristics, and role in
the antitumor activity of the drug—led to a need for pure
reference samples. The synthesis of four conjugates
(30-33) of CB3717 and their inhibition of human TS is
described herein. While our work was in progress, the
preparation of these conjugates, by a different synthetic
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route, and a description of some of their biochemical
properties was published by others.111
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Chemistry

In planning our work we took note of the phenomenon
of v = « transpeptidation of glutamic acid derivatives, first
observed in 1953!2 and subsequently confirmed.*¢ This
rearrangement is promoted by alkali, the use of which in
the synthesis of compounds of this type received a cau-
tionary note from Battersby and Robinson.!” The tert-

1

(2

4)

(5)

O]
8

9

(10)
(11)
(12)
(13)
(14)
(13)
(16)
17

Synonyms: ICI 155,387; NSC 327182; N-[4-[N-[(2-amino-4-
hydroxy-6-quinazolinyl)methyl]prop-2-ynylamino]benzoyl]-L-
glutamic acid.
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butyl carboxyl protecting group as a device to prevent
transpeptidation was first advocated by Schwyzer in
1961.2  QOther workers went on to prove that trans-
peptidation does not occur when trifluoroacetic (TFA) is
used to remove this group.’® In a further study of TFA
in this role, it was observed, parenthetically, that alkaline
treatment of a trimethyl v-diglutamate gave “eine Spur
(hochstens 2%)” of a-glutamylglutamic acid.?® Toward

(18) Schwyzer, R.; Dietrich, H. Helv. Chim. Acta 1961, 44, 2003.
(19) Kovacs, J.; Giannotti, R.; Kapoor, A. J. Am. Chem. Soc. 1966,
88, 2282,
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the synthesis (reviewed in ref 21; see also ref 22) of folate
and antifolate polyglutamates, several workers have opted
for the more commonly practiced solid-phase method and
have used alkali in deprotection steps apparently un-
mindful of the danger it posed. Meienhofer and colleagues
were the first to recognize the problem of v — o trans-
peptidation and chose the tert-butyl group in their syn-
thesis of polyglutamates of folic acid.?® This preference
has been echoed in recent times by other researchers.?+%7
From this survey we were in no doubt that conventional
solution peptide synthesis utilizing the tert-butyl group
was more appropriate to our work.

The general synthetic approach is based on the synthesis
of N'%-propargyl-5,8-dideazafolic acid (3, R = H) and its
derivatives, which involved the propargylation of diethyl
N-(4-aminobenzoyl)-L-glutamate to give the secondary
amine, 2, which was then alkylated with 2-amino-6-(bro-
momethyl)-4-hydroxyquinazoline hydrobromide (1)
(Scheme I). Saponification of the diester product (3, R
= Et) was the final step.2?®3° The extension of this ap-
proach to higher conjugates required the preparation of
the appropriate (tert-butyl oligo(y-glutamate) esters con-
taining up to five units (7, 9, 11, and 13, Scheme II). The
starting material, di-tert-butyl glutamate (4), and each of
the lowermost oligoglutamates (7, 9, and 11) were cycled
(Scheme II) to the next higher by coupling N-(benzyl-
oxycarbonyl)-L-glutamic acid a-tert-butyl ester (5)3! fol-
lowed by hydrogenolysis of the benzyloxycarbonyl group
in the product. The intermediates 6, 8, 10, and 12 were
first described by Meienhofer et al.?®* whose work we im-
prove with shorter peptide coupling times, a simplified
workup, and a better hydrogenation catalyst. Coward,*
also following Meienhofer, had briefly characterized the
amines 7, 9, 11, and 13. We did not, but immediately
acylated them with 4-[(benzyloxycarbonyl)amino]}benzoyl
chloride (Z-pAB-CI1)?? to give the benzamides 14-17. De-
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Table I. Preparation of N-Protected Oligoglutamate Esters and

Intermediates 14-17
@—CH;O—CO—({N-OIBU @—CHZO-CO—NH—O—CO—T-IU-OLBU

(Glu-OtBu), (Glu- OtBu,
OtBu OtBu
6,8,10,12 14 - 17
compd n=  yield, % mp, °C formula®
6 1 94 86-88° C3oH N3Oy
8 2 82 78-79.5°  CgeHg N3Oy,
10 3 91 78-80¢ CysH7N,Oy5
12 4 80 100-102¢ CsHg1N5Oyp
14 1 90 129-130 Cy7H5 N3Oy
15 2 86 91-93/ CyHegN,Oy3
16 3 88 138_139 C55H81N5016
17 4 72 100-102f CosHogNgO1o

¢All compounds analyzed for C, H, and N within £0.4%.
bLit.2'= mp 83-84 °C. °Lit.2'® mp 79.5-81 and 77.5-79 °C. ¢Lit.2®
mp 84.5-85 and 87-89 °C. ¢Lit.2!® mp 102-103.5 °C. /Not recrys-
tallized, but chromatographically pure in four TLC systems (A, D,
E, and F).

Table I1. Preparation of Propargylamines 22-25 and Antifolate
Polyesters 26-29

CH,-C==CH CH,=C=ECH
o . C9H l 3 2
H.\'—< :)—CO—Glu-OLBu H\I)D/ 27 —< >—CO-‘Glu-OLBu
(Glu- OtBut, HgNkN 27 e L‘GI“'O‘B“)’
OBy OtBu
22 - 25 26 - 29
scale,
compd n= mmol yield, % mp,°C formula®
22 1 40 153-153.5° CgH /N3O,
23 2 64 65-66.5° CyHgoN,Oyy
24 3 39 129-130¢  CysoHpN5O04,
25 4 37 95‘980 059H92N6017
26 1 4 71 145-148°  C,4HgNgOyH,0°
27 2 2.5 72 150-153°  CgoHgeN,0,9-H,0°
28 3 2.5 52 154-158°  CjsoHgyNgOys
H20e
29 4 1 435  135-137  CggHgoNoOyg
2H202

2 All compounds analyzed for C, H, and N within £0.4%, except
%C for 29: caled, 59.76; found 59.31. ®From AcOEt. ¢ Amorphous
solid, not recrystallized but chromatographically pure in four TLC
systems (A, D, E, and F). ¢From AcOEt-petrol. ¢'H NMR spec-
trum showed the presence of water. /From CHCly-petrol.

protection of 14-17 by catalytic hydrogenolysis (Scheme
III) gave the primary amines 18-21 that were N-alkylated
with propargyl bromide to give the secondary amines
22-25. These, upon further alkylation with the bromide
1, gave the antifolate polyesters 26-29. Removal of the
tert-butyl groups in the last step was accomplished with
TFA to give the CB3717 oligoglutamic acids as their tri-
fluoroacetate salts, 30-33. The structure and purity of all
compounds containing the propargyl group were estab-
lished by elemental microanalysis (Tables II and III) and
by NMR spectroscopy (Table IV). The final products
30-33 were additionally characterized by analytical HPLC
and were found to be 97-98% pure (30-32) and 94% pure
(33) (Table III). They were tested for their tight-binding
inhibition of human WI-L2 thymidylate synthase.

Discussion

The inhibition of human thymidylate synthase by the
polyglutamates 30-33 are listed in Table V as K, apparent’s
with the value of the parent compound included as a
positive control. All of the polyglutamates were more
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Table III. Preparation of Trifluoroacetate Salts of N'°-Propargy!-5,8-dideazafolic Acid Polyglutamates

HC=C~-CH;

o | ez
o]
3 CHz—N—O—CO-—NH-
HN
7 5 &

(|:OOH
P

Y
CHP— CH,=CO- -NH—C|H a

COCH

HzN':"E : csf-clu-co —OH
CF5C00™ '
30 - 33
HPLC
capacity
factor
compd n= scale, mmol yield, % mp, °C formula® purity,’ % (k9
30 1 1 86 >300 CogHgoN¢0y-0.9CF;COOH 97.9 + 0.1 12.3
31 2 1 90 >300 C34H3N-0,,-1.25CF;COOH 97.8 +£ 1.2 71
32 3 0.3 89 >300 CyoHyNgO,5:CF;COOH 97.4 £ 0.7 49
33 4 0.2 87 >300 CuH5NgO15:1.5CF;COOH 93.6 + 0.6 3.5

e All compounds analyzed for C, H, and N within 0.4%, except %H for 33: calcd, 4.54; found, 5.01. ®Purity is the mean and standard

deviation of five determinations.

inhibitory. A marked increase (31-fold) in inhibition was
observed with the addition of the first glutamic acid to give
the diglutamate 30. Further but less dramatic increases
were observed with the addition of two and three extra
glutamates as in the compounds 31 and 32, which were 97-
and 171-fold more active than the parent. Addition of a
fourth glutamate to give compound 33 had essentially no
further effect. The most active compound was therefore
the tetraglutamate 32, which was over 2 orders of mag-
nitude more inhibitory than the parent drug. These results
are similar to those that we obtained from a study of
murine enzyme®® (both were obtained by using tight-
binding inhibition kinetics®) and are in general agreement
with those obtained by others in a study of another human
enzyme!® but wherein the pentaglutamate 33 was found
to be the least active of the four. We have recently dem-
onstrated that the tetra- and pentaglutamates 32 and 33
are formed in L1210 cells exposed to 10-propargyl-5,8-
dideazafolic acid and have concluded that these metabo-
lites contribute significantly to the in vitro cytotoxicity of
the drug.?® In conclusion, our results confirm previous
experience® that polyglutamation affects binding to TS
profoundly and this phenomenon therefore represents a
most important aspect of the cellular pharmacology of a
classical T'S-inhibiting antifolate.

Experimental Section

Tetrahydrofuran (THF), dioxane, and diethyl ether were
distilled from sodium and stored over sodium wire. N,N-Di-
methylformamide (DMF) was azeotropically distilled and stored
over activated (250 °C) 4-A molecular sieves. N,N-Dimethyl-
acetamide (DMA) was similarly dried. Petrol refers to petroleum
ether, bp 60-80 °C. The hydrogenolysis catalyst was 10% Pd/C
used at 20% of the peptide weight. Propargyl bromide was used
as an 80% w/w solution in toluene (Aldrich). Reactions were
monitored and the homogeneity of products were checked by TLC
on silica 60 (Merck, Art 5553) with the following eluents: (A)
CHCIl;-MeOH-AcOH (95:5:3), (B) AcOEt~-CH,Cl, (1:1), (C)
AcOEt-CH,Cl, (2:1), (D) CHCl;-MeOH-concentrated NH,OH,,
(6:20:1), (E) CgHg—pyridine-AcOH (20:2:1), (F) AcOEt-heptane
(4:1), (G) CHCl;-MeOH (10:1), (H) CHCl;-CH30H (5:1). Spots
were visualized with chlorine-tolidine reagent and, when amino
compounds, additionally with ninhydrin. Merck silica 60 (Art.
9385) was used in gravity columns. Melting points were deter-
mined on a Boétius apparatus and are uncorrected. 'H NMR
spectra were determined on Tesla BS567 (100 MHz) and Bruker

(83) Sikora, E.; Jackman, A. L.; Newell, D. R.; Calvert, A. H. Bio-
chem. Pharmacol. 1988, 37, 4047.
(34) Goldstein, A. J. Gen. Physiol. 1944, 27, 529.

WM 250 (250 MHz) spectrometers. Field strengths are expressed
in units of § (ppm), and peak multiplicities are designated as
follows: s, singlet; d, doublet; dd, doublet of doublets; t, triplet;
br s, broad singlet; m, multiplet. Elemental analyses were per-
formed by the Analytical Laboratory of the Institute of Organic
Chemistry of the Polish Academy of Sciences, Warsaw. HPLC
analyses were performed on a Waters Associates Chromatograph.
Compounds were dissolved in 0.15 M NaHCO; at 1.0 mg-mL™*
and 10 pL analyzed. Separations were performed on a 10 cm X
0.46 cm Polygosil-60 5-um C18 column eluted isocratically at 1.5
mL-min™! with 0.1 M NaOAc pH 5/CH3CN (9:1) and compounds
detected by UV absorbance at 254 nm.

Tri-tert-butyl N-[N-(Benzyloxycarbonyl)-L-v-
glutamyl]-L-glutamate (6), Tetra-tert-butyl N-[N-[N-
(Benzyloxycarbonyl)-L-y-glutamyl]-L-y-glutamyl]-L-
glutamate (8), Penta-tert-butyl N-[N-[N-[N-(Benzyloxy-
carbonyl)-L-y-glutamyl]-L-vy-glutamyl]-L-y-glutamyl]-L-
glutamate (10), and Hexa-tert-butyl N-[N-[N-[N-[N-
(Benzyloxycarbonyl)-L-y-glutamyl]-L-y-glutamyl]-L-~v-
glutamyl]-L-y-glutamyl]-L-glutamate (12). To a stirred solution
of 53! (1 mmol) and N-methylmorpholine (1 mmol) in THF (1
mL) cooled to -20 °C was added isobutyl chloroformate (1 mmol).
After 10 min either a suspension of di-tert-butyl glutamate hy-
drochloride (4)% (1 mmol) in THF (1 mL) containing N-
methylmorpholine (1 mmol) or a solution in THF of 7, 9, or 11
(1 mmol) (from hydrogenolysis of 6, 8, or 10) was added. Stirring
was continued for 10 min at -20 °C, and the mixture then allowed
to warm to room temperature. N-Methylmorpholine hydro-
chloride was filtered off and the filtrate evaporated to dryness.
The resulting crude oil was crystallized from diethyl ether—petrol.
Yields and melting points of products chromatographically ho-
mogeneous in system A are given in Table I.

Hydrogenolysis of 6, 8, 10, and 12 To Produce 7, 9, 11, and
13. A solution of the protected peptide 6, 8, 10, or 12 (1 mmol)
in MeOH (3.5 mL) containing Pd/C in suspension was stirred
under hydrogen for 30 min to 1 h, whereupon TLC (system A)
showed the absence of starting material. The catalyst was removed
by filtration and the filtrate evaporated to dryness. The resulting
oil was used immediately in the next reaction.

Tri-tert-butyl N-[N-[4-[(Benzyloxycarbonyl)amino]-
benzoyl]-L-y-glutamyl]-L-glutamate (14), Tetra-tert-butyl
N-[N-[N-[4-[(Benzyloxycarbonyl)amino]benzoyl]-L-v-
glutamyl]-L-y-glutamyl]-L-glutamate (15), Penta-tert-butyl
N-[N-[N-[N-[4-[(Benzyloxycarbonyl)amino]benzoyl]-L-v-
glutamyl]-L-y-glutamyl]-L-y-glutamyl]-L-glutamate (16), and
Hexa-tert -butyl N-[N-[N-[N-[N-[4-[(Benzyloxy-
carbonyl)amino]benzoyl]-L-y-glutamy!l]-L-y-glutamyl]-L-v-
glutamyl]-L-y-glutamyl]-L-glutamate (17). To a stirred solution
of 7,9, 11, or 13 (1 mmol) and N-methylmorpholine (1 mmol) in
dioxane (1 mL) kept at 20 °C was added 4-[(benzyloxy-
carbonyl)amino]benzoyl chloride®? (1 mmol). Stirring was con-

(35) Kamber, B. Helv. Chim. Acta 1971, 54, 398.
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Table V. Inhibition of Human (WI-L2) Thymidylate Synthase
by 10-Propargyl-5,8-dideazafolic Acid and Its Polyglutamates

fold increase

compd Ki(app (nM) = S.E° in inhibition
3, R=H 7.014 £ 0.488
30 0.224 £ 0.034 31
31 0.072 £ 0.009 97
oo 32 0.041 £ 0.008 171
4|33(9888 88588 8883 33 0.042 % 0.009 167
% E CHOL BLOD LHHX ¢ K;(app)'s were determined by using the Goldsteir equation ap-
g plicable to tight-binding inhibitors.®
EZ7(853% 3333 885y tinued for 20 min at room temperature. N-Methylmorpholine
O~=|0BBC o600w0LB oW hydrochloride was filtered off and the filtrate evaporated to
2 dryness. The residue was dissolved in AcOEt and the resulting
solution was washed with water and then brine. The dried
) 228 58RI (Na,S0,) extract was concentrated in vacuo to give the crude
CEEe e product, which was recrystallized from AcOEt-petrol. Yields and
s om0 DD analytical data of products chromatographically homogeneous
TS Soms amaen in system A are given in Table L.
%, Hydrogenolysis of 14, 15, 16, and 17 To Produce 18, 19, 20,
2 o Emon XIRSS | and 21. A solution of the protected peptide 14, 15, 16, or 17 (1
£ Zz EREN SR eE | mmol) in MeOH (8 mL) containing Pd/C in suspension was stirred
§ . under hydrogen for 30 min to 1 h whereupon TLC (system B)
B g |€EBRY LREER gEEE & showed the absence of starting material. The catalyst was removed
E N e e e s b}i ﬁltrationdand th((ei ﬁltr?te evaporated to dryness. The resulting
- N o = oil was used immediately in the next reaction.
g g@ % E é é é % i § ® R § E l Tri-tert-butyl N-[N-[4-(Prop-2-ynylamino)benzoyl]-L-v-
% - glutamyl]-L-glutamate (22) and Tetra-tert-butyl N-[N-
&O S lmemwme 3 [N-[4-(Prop-2-ynylamino)benzoyl]-L-y-glutamyl]-L-v-
2 E:’, seea 2 glptamyl]--L-glutamate (23). A mixture of th_e appropriate
= g primary amine 18 or 19 (10 mmol), propargyl bromide (10 mmol),
% w com vmeo s and 2,6-dimethylpyridine (11 mmol) in DMF (15 mL) was stirred
K E 5 RAITY S-SR at room temperature (70 h for 18 and 120 h for 19) with TLC
§ ~ @ monitoring in system C. The mixture was poured into water (120
g - £ mL) and extracted with AcOEt (6 X 60 mL), the combined ex-
s :f'@ ee8s S8R g tracts were washed sequentially with water and brine and dried
z © yYSY wE¥w % {NayS0y), and the solvent was removed in vacuo. The resulting
: _ - oil was chromatographed on a silica gel column (95 X 5 c¢m) with
£ L3 RRER 8888 | L AcOEt-CH,Cl, (2:1) as the eluent. Concentration of the appro-
gl |27 88 ITTT OYYUYIE priate fractions gave an oil, which, triturated with petrol, went
2z 2 ;’ ;\" = solid. The crude product 22 was recrystallized from ethyl acetate.
§ © P vYaa g Yields and analytical data of products chromatographically ho-
E T g8 A - mogeneous in system C are given in Table II and 'H NMR data
o =1 .
P 1S ) in Table IV.
= £ Penta-tert-butyl N-[N-[N-[N-[4-(Prop-2-ynylamino)-
Six|Es|5388 8888 8888 |¢ benzoyl]-L-y-glutamyl]-L-vy-glutamyl]-L-y-glutamyl]-L-
= b%oog—mmma‘ I P 3 y g y vE y T8 y
s = glutamate (24) and Hexa-tert-butyl N-[N-[N-[N-[N-[4-
g §' ~Z222 SSS2 2SS = (Prop-2-ynylamino)benzoyl]-L-7-g1utamy1]-L-'y-glu_tamyl]-
E|BIFSIZI8S 333% mmaa & L-v-glutamyl}-L-y-glutamyl]-L-glutamate (25). A mixture of
5 & the appropriate primary amine 20 or 21 (2.5 mmol), CaCO; (2.5
5 o = mmol), and propargyl bromide (2.5 mmol) in DMA (2.5 mL) was
!g LD (8888 g8 & stirred at room temperature for 60 h whereupon a slight impurity
SIZIPEIRYYY S&NN N 19 z (the tertiary amine) appeared at higher R; (TLC, system C). The
LO%T 8888 dbod «b88 (S solvent was removed in vacuo and ethyl acetate (5 mL) added.
° ’3 T e e The inorganic salts were filtered off and the filtrate evaporated
< = o in vacuo to give an oil. This was chromatographed on a silica gel
Sl s lnwoe sooa % column (78 X 3 cm) with AcOEt-CH,Cl; (2:1) as the eluent.
£ RZnass 3285 = Concentration of the appropriate fractions gave an oil that,
g = triturated with petrol, went solid. The crude product 24 was
o g < recrystallized from ethyl acetate—petrol. Yields and analytical
021 H §£ 2288 8888 8888 E data of products chromatographically homogeneous in system C
Sl gESIRANR QAN AR § are given in Table II and 'H NMR data in Table IV.
T e —E Tri-tert-butyl N-[N-[4-[N-[(2-Amino-4-hydroxy-6-
-, - = quinazolinyl)methyl]prop-2-ynylamino}benzoyl]-L-v-
2 2 - kst glutamyl]-L-glutamate (26), Tetra-tert-butyl N-[N-[N-[4-
2 § N8I8 §8588 2281 c:;:i [N-[(2-Amino-4-hydroxy-6-quinazolinyl)methyl]prop-2-
= © = ynylamino]benzoyl]-L-y-glutamyl]}-L-y-glutamyl]-L-
& glutamate (27), Penta-tert-butyl N-[N-[N-[N-[4-[N-[(2-

Amino-4-hydroxy-6-quinazolinyl)methyl]prop-2-ynyl-
amino]benzoyl]-L-v-glutamyl]-L-v-glutamyl]-L-v-
glutamyl]-L-glutamate (28), and Hexa-tert-butyl N-[N-
[N-[N-[N-[4-[N-[(2-Amino-4-hydroxy-6-quinazolinyl)-
methyl]prop-2-ynylamino]benzoyl]-L-y-glutamyl}-L-v-
glutamyl]-L-y-glutamyl]-L-vy-glutamyl}-L-glutamate (29). A
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mixture of the appropriate propargylamine 22, 23, 24, or 25,
2-amino-6-(bromomethyl)-4-hydroxyquinazoline hydrobromide
(1 molar equiv), and CaCO; (1 molar equiv) in DMA (2.5 mL per
mmol) was stirred at room temperature for 132 h (22), 420 h (23),
or 60 h (24, 25) with TLC monitoring using CHCl;-MeOH (10:1).
The mixture was filtered and the solids washed with DMA and
the combined filtrates were concentrated in vacuo. The resulting
crude product, an oil, was purified by column chromatography
on silica gel with CHCl;-MeOH (10:1) as the eluent. Yields and
analytical data of products chromatographically homogeneous
in system G are given in Table II and '"H NMR data in Table IV.

N-[N-[4-[N-[(2-Amino-4-hydroxy-6-quinazolinyl)-
methyl]prop-2-ynylamino]benzoyl]-L-y-glutamyl]-L-glutamic
Acid Trifluoroacetate Salt (30), N-[N-[N-[4-[N-[(2-
Amino-4-hydroxy-6-quinazolinyl)methyl]}prop-2-ynyl-
amino]benzoyl]-L-y-glutamyl]-L-y-glutamyl]-L-glutamic Acid
Trifluoroacetate Salt (31), N-[N-[N-[N-[4-[N-[(2-Amino-
4-hydroxy-6-quinazolinyl)methyl]prop-2-ynylamino]-
benzoyl]-L-y-glutamyl]-L-vy-glutamyl]-L-y-glutamyl]-L-glut-
amic Acid Trifluoroacetate Salt (32), and N-[N-[N-[N-
[N-[4-[N-[(2-Amino-4-hydroxy-6-quinazolinyl)methyl]-
prop-2-ynylaminolbenzoyl]-L-v-glutamyl]-L-y-glutamyl]-L-
v-glutamyl]-L-y-glutamyl]-L-glutamic Acid Trifluoroacetate
Salt (33). A solution of 26, 27, 28, or 29 in TFA (10 mL per mmol)
was kept for 1 h at room temperature whereupon TLC in system
H showed the absence of starting material. The solution was
added dropwise to diethy! ether (100 mL per mmol). The white
solid that precipitated was purified by six cycles of centrifuga-
tion-decantation-resuspension in diethyl ether. The product was
dried in vacuo over KOH at 65 °C overnight. Yields, analytical
data, and HPLC data are given in Table III and 'H NMR data
in Table IV.

Biochemical Evaluation. Human thymidylate synthase was
partially purified from a WI-L2 cell line that overproduces TS
200-fold owing to amplification of the TS gene.*® The enzyme
preparation and assay method were as previously described for
L1210 TS except that a much purer preparation of tetra-

(36) O’Connor, B. M,; Jackman, A. L.; Crossley, P. H.; Calvert, A.
H. Brit. J. Cancer 1988, 58, 237.

(37) Jackman, A. L.; Alison, D. L.; Calvert, A. H.; Harrap, K. R.
Cancer Res. 1986, 46, 2810.

hydrofolate was used (Fluka, Neu-Ulm, West Germany) and the
assay contained 0.2% bovine serum albumin. Briefly, the 0.5-mL
reaction mixture contained 25 nmol of [5-3H]dUMP (40 nCi/
pmol), 100 nmol of (£)-L-FH,, 1 umol of HCHO, 5 umol of di-
thiothreitol, 0.05 mL of inhibitor, and 0.2 mL of enzyme prepa-
ration. CB3717 and its polyglutamate derivatives were dissolved
in 0.15 M NaHCOj; and then diluted to appropriate concentrations
in HyO. The reaction was started with the addition of enzyme
(diluted to the appropriate activity in 0.125 M potassium phos-
phate buffer, pH 7.4, containing 3 mM dithiothreitol and 0.5%
bovine serum albumin—the last named from Sigma Chemical Co.,
Poole, Dorset, UK.) The K; apparent’s were determined by using
the Goldstein equation® applicable to tight-binding inhibitors
(zone B kinetics).?® The data was fitted to the equation by a
non-linear least squares regression.®
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Synthesis of an Analogue of Tabtoxinine as a Potential Inhibitor of

D-Alanine:D-alanine Ligase (ADP Forming)
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The design and synthesis of a potential inhibitor of D-alanine:D-alanine ligase (ADP forming) (EC 6.3.2.4) are described.
This enzyme, which catalyzes the second step in the biosynthesis of bacterial peptidoglycan, is believed to generate
D-alanyl phosphate as an enzyme-bound intermediate. With tabtoxinine, a potent inhibitor of glutamine synthetase,
as a model, 8-lactams 9R and 9S were synthesized as potential precursors of a D-alanyl phosphate mimic.

The dipeptide D-alanyl-D-alanine is known to be an es-
sential precursor of bacterial peptidoglycan. Its synthesis
in vivo {Scheme I) involves conversion of L-alanine to
D-alanine by alanine racemase (EC 5.1.1.1), followed by
coupling of two molecules of D-alanine by D-alanine:D-
alanine ligase (ADP forming) (EC 6.3.2.4).! Inhibitors of
alanine racemase have been extensively studied as poten-
tial antibacterial substances.? Inhibitors of the ligase
include cycloserine (IC;, = 2.5 X 10™¢ M)? and D-(1-
aminoethyl)phosphonic acid (IC;, = 9.3 X 10 M).* At-

(1) For a recent review, see: Ghuysen, J.-M. Topics Antiobiot.
Chem. 1980, 5, 9.

(2) Neuhaus, F. C.; Hammes, W. P. Pharmacol. Ther. 1981, 14,
265.

(3) Neuhaus, F. C.; Lynch, J. L. Biochemistry 1964, 3, 471-480.
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Scheme I. Biosynthesis of D-Alanyl-D-alanine from L-Alanine by
the Action of the Enzymes (1) Alanine Racemase and (2)
D-Alanine:D-alanine Ligase

1) L—Alanine — D—Alanine

2) 2 D-—Alanine — D-Alanyl—-D—Alanine
+ ATP + ADP + P

tempts to design more effective inhibitors of the ligase have
accelerated. Inhibition of the ligase by several amino
phosphonic and amino phosphonamidic acids has been
described.® The synthesis and essentially irreversible

(4) Lacoste, A.-M.; Poulsen, M.; Cassigne, A.; Neuzil, E. Curr.
Microbiol. 1979, 2, 113.
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