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Analogs of Tetrahydrofolic Acid XXXII

Hydrophobic Bonding to Dihydrofolic Reductase IV.
Inhibition by p-Substituted Benzoic and Benzoyl-L-glutamic Acids

By B. R. BAKER*, THOMAS J. SCHWAN, JAROSLAV NOVOTNY,
and BENG-THONG HO

A series of p-substituted benzoic acids and benzoyl-L-glutamic acids were synthe-
sized and evaluated as inhibitors of dihydrofolic reductase in order to gain informa-
tion on the position of the hydrophobic bonding region of the enzyme with respect
to the position of the substrate, dihydrofolate, when the latter is complexed to the

enzyme.

Hydrophobic bonding by the p-substituted benzoyl-L-glutamic acids was

reached 4-8 atoms from the p-position, thus indicating that the hydrophobic bond-

ing region was not between the pyrimidyl and p-aminobenzoyl moieties of the sub-

strate, dihydrofolate; in contrast, hydrophobic bonding with p-substituted benzoic

acids was reached 1-4 atoms from the p-position, thus indicating that the p-substi-

tuted benzoic acids were complexed in a different region of the enzyme than the p-
substituted benzoyl-L-glutamic acids.

THE DISCOVERY of strong hydrophobic bonding

to dihydrofolic reductance with alkyl pyrimi-
dines and 1,2-dihydro-s-triazines (1) has led to a
major program in this lahoratory on the nature,
stereochemistry, and position of this hydrophobic
bonding. That the aryl group of l-aryl-1,2-
dihydro-s-triazines and 5-arylpyrimidines of
the pyrimethamine! type is also most probably
complexed to dihydrofolic reductase by hydro-
phobic bonding has received strong experimental
support (2). Furthermore, the 5-alkyl group of
5 - alkyl - 2,4 - diamino - ¢ - pyrimidines had
maximum hydrophobic bonding with the 3-
methylbutyl group (3); less binding was ob-
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served with 2-methylbutyl, butyl, and l-methyl-
butyl, in that order. Furthermore, cyclohexyl
was as good as u-bulyl, but cyclopentyl was
considerably poorer; thus, there are definite
conformational requirements for alkyl groups to
give maximum hydrophobic bonding (3). The
magnitude of hydrophobic bonding to dihydro-
folic reductase can be enormous; the phenylbutyl
group of I alone had a free energy of binding of
6.0 Kcal. /mole, equivalent 1o 809 of the total
binding of the substrate, dihydrololate. This
binding by the phenylbutyl group could be cal-
culated from the increment of 40,000 observed
between I and II in their relative abhility to
inhibit dihydrofolic reductase.

NH,
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The discovery of this hydrophobic bonding
creates a serious problem from the standpoint of
design of an active-site-directed irreversible
inhibitor (4) of dihydrofolic reductase—namely,
where is the hydrophobic region with respect to
the binding region for the p-aminobenzoyl moiety
of folic acid (ITI) on dihydrofolic reductase? Is
this hydrophobic region between the p-amino-
benzoyl and the pyrimidine moieties or is it
elsewhere, such as near the region where the
4-oxo group of folic acid is in the enzyme-
inhibitor complex? If the hydrophobic region
i3 not between these 2 moieties, then the anilino
group of IV would probably not be com-
plexed with the p-aminobenzoyl locus. If
the anilino group of IV is complexed with a
different locus, then an inhibitor of type IV (5)
would not have its alkylating function sufficiently
neighboring to the glutamate binding points of
folic acid (I1I) to alkylate irreversibly such a bind-
ing point. Furthermore, if the anilino group of
IV is complexed to a hydrophobic region, then by
definition there is apt not to be a nucleophilic
group in this region of the enzyme. A variety of
approaches to answer this important question
were initiated, since it could be expected to be
difficult to obtain an unequivocal answer; one
approach is the subject of this paper.

DISCUSSION

p-Aminobenzoyl-L-glutamic acid (VI) was meas-
ured as an inhibitor of dihydrofolic reductase. With
the consideration that VI did not have the py-
rimidyl moiety of the prototype inhibitor, V (6),
the 12 mM concentration of VI needed for 509,
inhibition (Table I) compared favorably with V,
where .10 mM was needed for 509 inhibition (5).
The 120-fold difference in binding between V and VI
is a difference of 2.9 Kcal./mole. Since it can be
calculated that 2-amino-6-methyl-4-pyrimidinol has
a free energy of binding to dihydrofolic reductase of
3.0 Kcal./mole (1), the agreement is fairly reason-
able for the amount of inhibition that can be cx-
pected when the pyrimidyl moiety is removed from
V to give VI; these results support the suggestion
that p-aminobenzoyl-r-glutamate (V1) binds to the
same region of dihydrofolic reductase that complexes
this moiety of V.
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With the now reasonable assumption that p-
aminobenzoyl-L-glutamic acid (VI) hinds at the
same locus as the p-aminobenzoyl-L-glutamate
moiety of folic acid (I11) then hydrophobic bonding
by alkyl, aryl, or aralkyl groups substituted at the
p-position of VII should be observed if the hydro-
phobie bonding region were between the pyrimidyl
and p-aminobenzoyl-L-glitamate moieties of folic
acid (III). Note that the p-amino group of VI con-
tributed little to inhibition since benzoyl-L-glutamic
acid {(VII) was about as good an inhibitor (Table I).
Little, if any, hydrophobic bonding occurred when a
3-bromopropyl (X) or a phenyl group (XIV) was
introduced into the p-position. However, when the
p-substitutent was lengthened to n-octyl (XII),
about a ninetyfold increase in binding occurred
(Table I). These data clearly show that the
hydrophobic region begins at least 3 atoms away
from the p-position of benzoyl-L-glutamic acid (VII).
Since the distance between the pyrimidyl and
benzoyl-L-ghitamate moieties of folic acid (III) con-
sists of a 4-atom chain, it is clear that the hydrophobic
region is elsewhere than between these 2 moieties.
It should again be emphasized that this interpreta-
tion contains the assumption that VII and the p-
aminobenzoyl-L-glutamate moiety of folic acid {III)
are complexed to the same region on the enzyme.
Although this interpretation is quite reasomable, it
is not unequivocal.

A previous study on the relative contribution of
the functional groups (XXIII-XXVI) of the car-
boxy-L-glutamate moiety of the prototype inhibitor
(V) to folic reductase (7), is now open to question on
the validity of the interpretations, since it was made
prior to the discovery of the strong hydrophobic
bonding to dihydrofolic reductase (1). A partic-
ularly plaguing inconsistency was the fact that
pteroic acid was eightyfold less effective than folic
acid (III) as an inhibitor of dihydrofolic reductase
(8), whereas XXVI was as good or better an in-
hibitor than V (5, 7). Although V may be com-
plexed in the same manner as folic acid (II1) to di-
hydrofolic reductase, the possibility existed that the
less polar relatives (XXII1-XXVI) were complexed
with the hydrophobic region rather than the p-
amino benzoyl-L-glutamate region. Furthermore,
it was previously noted that XXIV was almost as
effective as V when assayed with the dihydrofolic
reductase system (5); in the folic reductase system,
XXIV was one-sixth as effective as V and XXV was
about one-half as effective as V (7).

In Table I it can be noted that p-aminobenzoyl-1-
glutamic acid (VI) was a greater than seventeenfold
better inhibitor than p-aminohippuric acid (XXI)
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TABLE I.—INHIBITION OF DIHYDROFOLIC REDUCTASE BY
]
Estimated
mM Concn.
mA A for 50%,
Compd. 1 Re®* Conen 1nhibition Inhibition®
VI NH. GL 12 50 i2
VI H GL 16 50 16
VIII H OH 75 0 >300¢
IX Br(CHs)y— OH 17 50 17
X Br(CH, )s— GL 4.5 50 4.5
XI #-CsHyr— OH 1.0¢%e 15 5.6
XII n-CgHyr— GL 0.17¢ 50 0.17
X111/ CeH;— OoH 6.7 50 6.7
X1V CeHs;— GL 6.5 50 6.5
XV CeH;CH,— OH 10 50 10
XVI Br(CH;)— OH 6.2 50 6.2
XVII CI(CH;)5— OH 6.0 50 6.0
XVIILY CeH;CO— OH 134 50 13
XIX (|JONHCsH4— OH 0.204¢ 0 >0.80°
(CH,),CH(CHj )p-p—
XX (|10NH CeH4CH,-p— OH 0.609.¢ 0 >2.4¢
(CH,).CH(CHj3)»-p—
XXI/ NH, —NHCH,COOH 50 0 >200¢
XXI1# NH. —NH(CH,);COOH 75 0 >300¢
XXVI m-NH.CsHyCH,NH-p— OH 0.76 50 0.76
XXVIT m-NH,CeHCH,N-p— OH 9 0 >36¢
COCH;
NXXVIII m-NO,CeHsCHNH-p— OH 1.8 50 1.8

_Dihydrofolic reductase wus a 45-90%, saturated ammonium sulfate fraction that was p-epared and assayed with 6 uM
dihydrofolate and 12 pM TPNH in 0.05 M Tris buffer (pH 7.4) containing 10 mM mercaptoethanol and 1 mM Versene as pre-

viously described (20).
0.1 N KOH, unless otherwise indicated.

Solutions of inhibitors were prepared in the 0.05 M Tris buffer by adjustment of the pH to 7.4 with
21, = L-glutamate.

5 The concentration for 509, inhibition was determined by

_plutting Veo/VI against I fqr.several concentrations of I that would give 30-70% inhibition, where Vo = velocity without inhib-
itor, V7 = velocity with inhibitor,and I = concentration of inhibitor; the concentration for 502 inhibition was obtained where

Vo/Vi = 2 (21, 22).
inhibition point;

When 509, i_nhibit.inn‘cqqld not be reached due to lack of solubility, the line was extended to the_ﬁ_U%
the less the maximum inhibition, the greater is the error in the estimated concentration for 50% inhibition.

¢Since 20% inhibition is readily detectable, the concentration for 50% inhibition is greater than 4 times the concentration

measured.
base in 50%, aqueous N,N-dimethylformamide;
in cell in 109, N,N-dimethylformamide.

and greater than a 33-fold better inhibitor than ~-(p-
aminobenzoyl)butyric acid (XXII). If it is again
assumed that p-amino benzoyl-L-glutamate per se as
well as this moiety of V are complexed to the binding
locus for the p-aminobenzoyl-L-glutamate moiety of
folic acid (1I1), it follows that XXI-XXVI are com-
plexed elscwhere, perhaps in the hydrophobic region.

OH
N (CHz)gNH—©R
éT

V, R=—CONHCH COOH
CH,CH,COOH

XXIII, R=H
XXIV, R=CONHCH,COOH
XXV, R=CONHCH,

CH,CH,COOH
XXVI, R=COOH

4 Solution of inhibitor prepared in 1:1 N,N-dimethylformamide-Tris buffer by adjusting the pH to 7.4 with Tris
the assay was run in 109, N,N-dimethylformamide.
f Commercial sample.

e Maximum solubility
g See Reference 7 for preparation.

In order to obtain experimental evidence for or
against this hypothesis, some p-substituted benzoic
acids were investigated for their ability to inhibit
dihydrofolic reductase.

Note that benzoic acid (VIII) showed no inhibi-
tion at a concentration of 75 mA, but that p-sub-
stitution with a bromopropyl gave a compound (IX)
that showed 509% inhibition at 17 m3/. Lengthen-
ing the chain to bromobutyl (XVI) or chloropentyl
(XVII) gave still better inhibitors, with 50%, in-
hibition at about 6 mA/. Furthermore, p-phenyl-
(XIII), p-benzyl-(XV), and p-benzoylbenzoic
(XVIII) acids showed 509 inhibition in the 6-13
mM range. Thus, these hydrophobic groups could
give as much as a greater than fiftyfold increase in
binding compared to benzoic acid (VIIT). Whether
there were limitations on the length of this p-group
for hydrophobic bonding could not be shown by XI,
XIX, or XX due to insolubility; however, it was
apparent that longer groups in XI and XX could not
have given much further increment in hydrophobic
bonding. Thus the hydrophobic region begins
soon after the first atom in the p-position of benzoic
acid, when thesc benzoic acids are complexed to
dihydrofolic reductase; in contrast, the p-position of
benzoyl-L-glutamate must have greater than a 4-
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atom chain before hydrophobic bonding is de-
tected.

That hydrophobic bonding can accur also with N-
substituents on p-aminobenzoic acid is shown with
the m-aminobenzyl and the m-nitrobenzyl deriva-
tives, XXVI and XXXVIII (Table T); XXVT is
actually the best benzoate-type inhibitor in Table I.
Surprisingly, N-acetylation on the p-amino group
led to a greater than 47-fold loss in binding to di-
hydrofolic reductase. A possible interpretation of
this result will be discussed (9).

Regardless of the mode of binding of benzoyl-L-
glutamic acid (VII) and the substituted benzoic
acids, it is clear that the benzoyl group of the 2
classes of inhibitors are complexed to different re-
gions of the enzyme. Whether the henzoyl-L-
glutamates are complexed to the normal region for
this moiety in folic acid, and the benzoic acids are
complexed in hydrophobic region cannot yet be
proven uncquivocally. However, as a working
hypothesis, siich modes of binding have led to useful
results which could not have been accrued otherwise.
These results on the nature and position of hydro-
phobic bonding are the subjects of additional
papers to be submitted in the near future.

EXPERIMENTAL

Methods.—p-(4-Bromobutyl)benzoic acid (XVI)
was synthesized from 4-(bromobutyl)benzene
(XXVIII) by Friedel-Crafts acetylation to XXIX
followed by hypobromite oxidation; similarly,
XVII was synthesized. (Scheme 1.} The synthesis
of IX (10) and XI (11) by this route have been pre-
viously recorded.

The p-substituted benzoyl-L-glutamic acids (X,
XII, and XIV) were synthesized by condensation of
the appropriate acid chloride in an organic solution
with an aqueous sodium carbonate solution of 1-
glutamic acid; the known benzoyl-L-glutamic acid
(VII) (12) was also synthesized in this manner. All
but XIV were isolated as the bis-cyclohexylammo-
nium salts, which were readily crystallized and puri-
fied, in contrast to the frec acids which were difficnlt
to crystallize or purify, or both.

4’ Nitrodiphenic acid (XXXII) was synthesized
by modification of a procedure in the patent litera-
ture (13, 14) by Friedel-Crafts acetylation of XXX
in nitrobenzene to XXXT followed by sodium hypo-
bromite oxidation to XXXIT without isolation of
XXXI. Catalytic reduction to XXXIIT proceeded
smoothly in a 509 cthanolic solution of the sodium
salt in the presence of Raney nickel; this method was
considered to be more convenient than the ammo-
nium sulfide reduction described previously (15).
Acylation with 4-methylvaleroyl chloride to XIX in
acetone in the presence of potassium carbonate pro-

ceeded  satisfactorily. Similarly, acylation of
i
Br(CHz)r—@ —>B1‘(CH3)4—@CCH3 -
XXVIII XXIX
Br(CH.:MCOOH
XVI
Scheme 1
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XXXVI to XX was performed. The required
intermediate amino acid (XXXVI), although known
in the literature (15), was prepared by an alternate
route, Oxidation of 4-methyl-4’-nitrobenzophenone
(XXX1IV) (16) with chromium trioxide in acetic
acid gave the acid (XXXV) in 55%, vield of ana-
lytically pure material. Oxidation of XXXIV to
XXXV with potassium permanganate in aqueous
alkali or in acetone procceded poorly due to over-
oxidation to water-soluble products. Huang-Minlon
reduction of the carbonyl group of XXXV with
hydrazine in diethyleneglycol containing potassium
hydroxide also gave concomitant reduction of the
nitro group; the desired amino acid (XXXVTI) was
obtained in 82%, yield. (Scheme II.)

Condensation of m-nitrobenzaldehyde with p-
aminobenzoic acid in ethanol gave the anil
(XXXVII) in 969, yield, Reduction of a suspen-
sion of the anil in methanol with sodium borohydride
gave the benzylamine (XXXVIII) in 989, yield.
Further hydrogenation in 2-methoxyethanol with a
platinum oxide catalyst afforded the desired amino
acid (XXVI). Acetylation of XXXVTII with boil-
ing acetic anhydride gave an anhydride of the desired
N-acetyl derivative which was readily converted to
XXXIX with 1 N sodium hydroxide in quantitative
over-all yield, Catalytic reduction in cthanol af-
forded the requisite amino acid (XXVII) in good
vield. (Scheme I11.)

Synthesis.—Melting points were taken on a
Fisher-Johns apparatus or a Mecl-Temp block, and
those below 230° are corrected. Infrared spectra
were determined in KBr disk with a Perkin-Elmer
1378 spectrophotometer unless otherwise indicated;
ultraviolet spectra were determined with a Perkin-
Elmer 202 spectrophotometer.

p-(4-Bromobutyl)benzoic Acid (XVI).—To a
stirred suspension of 5.6 Gm. (42 mmoles) of anhy-
drous aluminum chloride in 21 ml. of carbon disulfide,
cooled in an ice bath and protected from moisture,
was added 3.0 ml. (42 mmoles) of acetyl chloride
over a period of 10 min. Then a mixture of 10.2
Gm. (48 mmoles) of 4-bromobutylbenzene (17) and
6.5 ml. (90 mmoles) of acetyl chloride was added as
rapidly as reflux would allow. After the addition
was complete, the mixture was stirred for 2.5 hr.,
then poured into a mixture of 50 Gm. of icc and 10
ml. of 12 N aqueous hydrochloric acid. To the mix-
ture was added 40 ml. of benzene; an insoluble
yvellow solid was removed by filtration. The sep-
arated aqueous layer was extracted with three 10-ml.
portions of benzene. The combined benzene ex-
tracts were washed successively with 109, hydro-
chloric acid, 2 N aqueous potassiumn hydroxide,
and water. Dried with magnesium sulfate, the
benzene solution was spin-evaporated in vacuo leav-
ing 12.6 Gm. of the crude acetophenone, XXIX
(18).

To an ice cold solution of 1.55 ml. (0.02 mmolc) of
bromine in 28 ml. of water containing 3.3 Gm. of
sodium hydroxide was added 15 ml. of dioxanc.
Then a solution of 2.5 Gm. (10 mmoles) of crude
XXIX in 5 ml. of dioxane was added over a period of
45 min. After being stirred for an additional 2 hr.
in the ice hath, the solution was acidified with 10 mi.
of 12 N aqueous hydrochloric acid. A hrown oil sep-
arated that sovon solidified. The product was col-
lected on a filter and washed with water until the
washings were colorless; yield, 1.21 Gm. (469, based
on XXVIII), m.p. 135-137°.
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NOZCOR - NHZC()[)H

XXXI, R=CH;

XXXl

XXXII, R=0H

]

XXXIV
!

I
(CH;;)zCH(CH:)ZCNHCOOH

XIX

]
NOZéCOOH - NHZCH._,COOH

XXXV

1
((JH;,)3CII(CH2)2CNH‘<;ﬁ

XXXVI

Scheme IT

Recrystallization from benzene—petroleum ether
(b.p. 30-60°) gave white needles, m.p. 136-137°.
Ymax. 2680-2550 (acidic OH); 1680 (C=0); 859
cm. ! (p-CeHy).

Anal.—Caled. for C;H;3BrO::
Found: C, 51.2; H, 5.06.

Similarly, IX (10) and XI (11) were prepared.

p-(5-Chloropentyl)benzoic Acid (XVII).—This
compound was prepared in 469, over-all yield from
5-chloropentylbenzene as described for XVI. Re-
crystallization from benzeune—petroleum cther (b.p.

C, 51.4; H, 5.08.

30-60°) gave white crystals, m.p. 109-111°, yu.x.
1690 (C==0); 860, 840 cm.~! (p-Csy).
NO,
XXXVII
NH,
R
XXVI, R=H

XXVII, R=CH,;CO—

Anal.—Caled. for CpH,5C10,:
Found: C, 63.3; H, 6.49.

That this was a p-substituted benzoic acid, as
indicated by the infrared spectrum, was further veri-
ficd by oxidation to terephthalic acid.

p-(n-Octyl)benzoyl-L-glutamic Acid (XII) (Cy-
clohexylammonium Salt).—A solution of 351 mg.
(1.5 mmoles) of XI, 10 ml. of chloroform, 0.9 Gm.
of thionyl chloride, and a trace of pyridine was re-
fluxed for 30 min. when gas evolution was complete.
Solvent was removed by evaporation in vacuo. A
solution of the residual acid chloride in 3 ml. of
acetone was added in 1 portion to a magnetically

NO,
- CH_,NHCOOH

XXXVIII

NO,
l

COCH,
~— XXXIX

C, 63.6; H, 6.65.

Scheme 111
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stirred solution of 147 mg. (1 mmole) of L-glutamic
acid, in 0.67 ml. of 3 N sodium hydroxide (2 mmoles)
and 5 ml. of water containing 160 mg. (1.5 mmoles)
of sodium carbonate. After being stirred overnight
at ambient tempcraturc, the reaction mixture
was spin-evaporated until the acetone was re-
moved, then the solution was diluted with 50 ml. of
water and adjusted to about pH 5 with dilute hydro-
chloric acid. After standing for a few hours, the
mixture was filtered, and the recovered XI was
washed with water. The filtrate was adjusted to
about pH 1 with 3 N hydrochloric acid. The semi-
solid (XII) which separated (224 mg., 0.62 mmole)
was dissolved in 5 ml. of methanol, and 155 mg. of
cyclohexylamine (1.55 mmoles, 259, excess) was
added. The solution was spin-evaporated in vacuo
yield, 348 mg. (629) of crude product. The residue
was recrystallized twice from absolute ethanol—
ether; wyicld, 71 mg. (13%) of analytically pure
material, m.p. 170-175° Amax. (pH 1, 13) 245 my;
Vmax. (Nujol) 2200 (NII*), 1670-1640, 1560-1500
cm. "1 (COO~, amide I and II, C=C).

Anal—Caled. for Cp¥;N3O5:  C, 68.4; H, 9.87;
N,7.48. Found: C,6685; H,9.96; N,7.59.

No attempt was made to isolate additional mate-
rial from the mother liquors.

p-(3-Bromopropyl)benzoyl-L~glutamic Acid (X)
(Cyclohexylammonium Salt).—This compound was
prepared as described for XII except that five 40-ml.
extractions with ethyl acetate were employed since
the product was fairly water soluble. Recrystalliza-
tion from methanol-acetone afforded a 309, yield
of the bis-cyclohexylammonium salt of X, m.p.
145-150°. A second recrystallization from the
same solvent pair gave white crystals, m.p. 149-152°.
rmax. (Nujol) 2220 (NH*); 1610-1640, 1590-1510
cm. 71 (COO~, amide I and II, C=C).

Anal.—Caled. for CyHuBrN;O5: C, 56.8; H,
7.77; N, 736. Found: C, 56.6; H, 7.55; N,
712,

p-Phenylbenzoyl-L-glutamic Acid (XIV).—A mix-
ture of 1.93 Gm. (10 mmoles) of 4-biphenylcarboxylic
acid, 20 ml. of chloroform, 4 ml. (50 mmoles) of
thionyl chloride, and a trace of pyridine was re-
fluxed for 16 hr., then spin-evaporated in vacuo.
The residual crystalline acid chloride was dissolved
in 15 ml. of carbon tetrachloride, then added over a
period of 1 hr. to a stirred solution of 1.47 Gm. (10
mmoles) of L-glutamic acid, and 3.41 Gm. (32.5
mmoles} of sodium carbonate in 15 ml. of water that
was layered with 8 ml. of carbon tetrachloride.
After being stirred for an additional 24 hr., the layers
were separated; the aqueous layer was adjusted to
pH 5.5 with 3 N hydrochloric acid, then washed with
chloroform to remove 4-biphenylcarboxylic acid.
The aqueous solution then was adjusted to pH 1.5.
The white, difficultly filterable precipitate was col-
[ected by centrifugation, then washed with water.
Recrystallization from aqueous acetone gave 1.08
Gm. (339,) of white crystals, m.p. 178-179°. The
compound moved as a single spot on thin-layer
chromatography on Silica Gel G with propanol~water
(87:13) when viewed under ultraviolet light. The
compound has vp.e. 3320 (amide NH), 3000,
2650, 2550 (broad acidic OH); 1700 (carboxyl C=0)
1630, 1600, 1580, 1520, 1500 (amide I and II,
C=C); 850 (p-CeHy); 750, 685 cm.™! (CeHs);
Amax, (pH 1) 273 mp (e 25,700); (pH 13) 272 mp
(e 28,500).

Journal of Pharmaceutical Sciences

Anal.—Caled. for CsHiNO;: C, 66.0; H, 5.23;
N,4.28. Found: C,665.8; H,4.99; N, 4.22.

Benzoyl-L-glutamic Acid (VII) (Cyclohexylam-
monium Salt).—A solution of L-glutamic acid (10
mmoles) in aqueous sodium carbonate was acylated
with 1.42 ml. (15 mmoles) of benzoyl chloride in 8
ml. of carbon tetrachloride as described for the
preparation of XIV. After removal of the benzoicacid
at pH 1, the filtrate was spin-evaporated to dryness
in vacuo. The residue was extracted with acetone.
The filtered solution was spin-evaporated in vacuo
leaving 2.20 Gm. (887%,) of VII as an oil which solidi-
fied after scveral days, m.p. 125-130°. [Lit. m.p.
139-140° (12).]

To a solution of 638 mg. (2.5 mmoles) of VII in 5
ml. of ethanol was added 550 mg. (5.5 mmoles) of
cyclohexylamine.  Some of the cyclohexylammo-
nium salt (449 mg., m.p. 186-190°) separated im-
mediately, and an additional 600 mg. (total 847;),
m.p. 180-190°, was isolated from the filtrate. Re-
crystallization from absolute ethanol-ether gave
849 mg. (75%) of white crystals, m.p. 191-193°.
rmax. 3250 (NH), 3000-2600, 2200 (NH*); 1660,
1640, 1580-1520 (COO~, amide 1 and II, C=C);
712,692 em. 1 (CeHs); Amax. (PH 1, 7) 229 (e 14,500),
245 my (sh) (e 8000).

Anal—Caled. for CpuHeN305: C, 64.4; H,
8.74; N, 9.35. Found: C, 644; H, 870; N,
9.40.

’-Nitro-4-biphenylcarboxylic Acid (XXXII).—To
a stirred solution of 30 Gm. (0.15 mole) of 4-nitro-
biphenyl in 100 ml. of nitrobenzene protected from
moisture was added 39 Gm. (0.29 mole) of anhydrous
aluminum chloride. The mixture was heated to 50—
53°, then a solution of 19.5 Gm. of acetyl chloride in
17 ml. nitrobenzene was added over a period of 8
hr. After being heated an additional 4 hr. at 62—
64°, the mixture was stirred overnight at ambient
temperature, then poured into 400 ml. of iced water.
The scparated nitrobenzene layer was washed with
water (3 X 50 ml.), then poured in a thin stream into
an ice-cooled stirred solution of 72 Gm. of bromine in
100 ml. of water containing 50 Gm. of sodium hy-
droxide and 300 Gm. of ice. The stirred mixture was
gradually warmed to 70° over a period of about 30
min., then maintained at 60-70° for 1.5 hr.; during
this time it was necessary to remove the heating bath
occasionally to keep the temperature from rising
above 70°. The mixture then was stirred under a
reflux condensor in a bath at 100-105° for 2 hr.
The orange sodium salt was collected by filtration
after chilling at 15° for 3 hr. The sodium salt was
extracted with three 800-ml. portions of boiling
water, filtering the solution each time through glass
wool to remove a brown insoluble by-product. The
combined filtrates were rcheated to dissolve the
sodium salt, then acidified to pH 2-3 with 12 N
hydrochloric acid; yield, 10.2 Gm. (28%), m.p.
338-342° dec. Recrystallization from 2-methoxy-
ethanol gave 6.65 Gm. (18%,), m.p. 345-348° dec.
[Lit. m.p. 340°, 345° (13, 14).]
4’~-Amino-4-biphenylcarboxylic Acid (XXXIIT).—
A solution of 243 mg. (1 mmole) of XXXII in 100
ml. of 509, ethanol and 2 ml. of 2 N sodium hy-
droxide was shaken with hydrogen at 2-3 Atm. in the
presence of about 1 Gm. of Raney nickel; reduction
was complete in 30 min. The filtered solution was
adjusted to pH 6 with glacial acetic acid, then spin-
evaporated n vacxo to about 50 ml. The product
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was collected on a filter and washed with water.
Yield, 170 mg. (80%), m.p. 245-248°. [Lit. m.p.
243-246° (15).]

4-(4’-Nitrobenzoyl)benzoic Acid (XXXV).—4-
Methyl-4/-nitrobenzophenone (XXXIV) was pre-
pared from p-nitrobenzoyl chloride, toluene, and
aluminum chloride; the yield, after recrystalliza-
tion from ethanol was 959, m.p. 120-121° (16).

To a stirred solution of 9.05 Gm. (37.5 mmoles) of
XXXIV in 100 ml. of glacial acetic acid was added
9.5 Gm. (95 mmoles) of chromium trioxide in por-
tions over a period of 1 hr. The mixture was re-
fluxed for 16 hr., then poured into 1 L. of ice water.
The product was collected on a pad of Celite, then
washed with water until the washings were colorless.
The filter cake was stirred at about 90° with 300 ml.
of 3 N aqueous sodium hydroxide, then filtered hot.
The filtrate was rewarmed to dissolve the sodium
salt, then the hot solution was acidified to about pH
1 with hydrochloric acid. The product was col-
lected on a filter and washed with water; yield, 6.71
Cm. (669%). Recrystallization from methanol gave
5.86 Gm. {559,) of light yellow crystals, m.p. 257-
258°.  wmax. 3000, 2650, 2550 (broad acidic OH);
1670 (carboxyl C==0); 1650 (ketone C=0);
1600 (C=C); 1520 em.”! (NOy); Amx. (pH 1) 227
(e 13,300), 273 mu (e 26,100); (pH 13) 276 mpu
(e 24,200)

Anal—Calcd. for CiH;sINO;5: C, 62.0; H, 3.34;
N, 5.16. Found: C,61.8; H,3.35; N, 4.96.

4-(4’-Aminobenzyl)benzoic Acid (XXXVI).—To
a solution of 6.87 Gm. of potassium hydroxide in 120
ml. of diethyleneglycol was added 9.49 Gm. (35
mmoles) of XXXV and 7 ml. of hydrazine hydrate.
After being refluxed for 2 hr., the solution was slowly
distilled until 10 ml. of liguid was collected over 2
hr. After being refluxed 1 hr. more, the solution
was diluted with several volumes of water, then
acidified to pH 4.8 with 3 NV hydrochloric acid. The
product was collected on a filter and washed with
water; vield, 6.51 Gm. (829%,), m.p. 220-223°, that
was suitable for further transformations. Re-
crystallization of a sample from methanol with the
aid of Norit gave slightly pink erystals, m.p. 227-
228°. [Lit. m.p. 228° (15).]

p-Benzylbenzoic Acid (XV).—Reduction of p-
benzoylbenzoic acid, as described for the prepara-
tion of XXXVI, gave (after recrystallization from
aqueous methanol) a 609, yield of product, m.p. 159-
160°; an additional 249, m.p. 152-153°, was iso-
lated from the filtrate. [Lit. m.p. 156-157° (19).}

4-[4’-(4-Methylvaleramido)benzyl]benzoic Acid
(XX).—To a stirred mixture of 908 mg. (4 mmoles)
of XXXVI and 4.16 Gm. (30 mmoles) of potassium
carbonate and 20 ml. of acetone was added 0.94 ml.
(7.2 mmoles) of 4-methylvaleroyl chloride. After
being stirred for 3 hr. at 40-50° under a reflux
condensor, the mixture was poured into 20
ml. of 1 N aqueous hydrochloric acid, then
cooled. The product was collected on a filter and
washed with water; vield, 982 mg. (75%), m.p. 229—
231°. Recrystallization from ethanol gave 769 mg.
(59%) of white prisms, m.p. 237-238°.  ymax. 3300
(NH); 2800, 2650, 2540 (broad acidic OH); 1680
(carboxyl C==0); 1650 (amide I); 1600, 1580, 1570
(C=C); 1520 (amide II); 830 cm.™! (p-CsH,);
Amax. (PH 1) 258 myu (e 10,800); (pH 13) 247 my
(e 25,400).

Anal —Caled. for CoHu:NO;: C, 73.8; H, 7.12;
N,4.30. Found: C,74.0; H,7.26; N, 4.35.
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4’ - (4 - Methylvaleramido) - 4 - biphenylcarbox-
ylic Acid (XIX).—This compound was prepared in
607, yield from XXXIII as described for the prep-
aration of XX. Recrystallization from ethanol with
the aid of Norit gave white plates, m.p. 318-320°;
the principal peaks in the infrared spectrum were
similar to those of XX. Amsx. (PH 1) 300 myu (e
19,000); (pH 13) 288 myu (€ 38,500).

Anal.—Caled. for CyH»yNO;: C, 73.3; H, 6.80;
N, 4.50. Found: C,73.0; H,692; N,4.27.

N-(m- Nitrobenzylidene)-p-aminobenzoic Acid
(XXXVII).—To a stirred hot solution of 3.47 Gm.
(20 mmoles) of p-aminobenzoic acid in 10 ml. of 95%,
cthanol was added a hot solution of 3.02 Gm. (20
mmoles) of m-nitrobenzaldehyde in 10 ml. of ethanol.
The product rapidly separated. The mixture was
heated to the b.p., then cooled to room temperature.
The product was collected on a filter and washed
with ethanol; yield, 5.19 Grmu. (96%,), m.p. 252-253°.
Recrystallization from aqueous methanol gave yellow
1680 (carboxyl

crystals, m.p. 251-257°. wnyax.
C==0); 1640, 1600, 1575 (C=C, C=N); 1520,
1350 e, 7t (NQ2).

Anal.—Caled. for CiHjpoN:04: C, 62.2; H,
3.73; N, 104. Found: C, 62.1; H, 3.81; N,
10.4.

N - (m - Nitrobenzyl) - p - aminobenzoic Acid

(XXXVIII).—To a stirred suspension of 4.06 Gm.
(15 mmoles) of XXXVII in 80 ml. of methanol was
added in portions over a period of about 30 min.,
2.3 Gm. (60 mmoles) of sodium borohydride. The
amber solution was refluxed for 15 min., then spin-
evaporated in vacuo. The residual sodium salt was
dissolved in 50 ml. of water, then the solution was
acidified to pH 6. The product was collected on a
filter and washed with water; yield, 4.01 Gin. (98%,),
m.p. 237-238°. Recrystallization from aqucous 2-
methoxyethanol gave yellow crystals, m.p. 247-248°.
vmax. 3400 (NH); 1670 (carboxyl C==0); 1600,
1575 (C==C, NH); 1520, 1350 (NO,); 838 (p-CsH,);
769 em. ™! (m-CeH,y).

Anal —Caled. for C14H12N204: C, 617, H, 4.44;
N, 10.3. Found: C,61.7; H,4.60; N, 10.4.

N-Acetyl-N-(m-nitrobenzyl)-p-aminobenzoic Acid
(XXXIX).—A mixture of 2.50 Gm. (9.18 minoles) of
XXXVIII and 15 ml. of acetic anhydride was re-
fluxed for 30 min., then poured into 30 Gm. of iced
water. The oily product was extracted with chloro-
form (3 X 10 ml.). The combined cxtracts, dried
with magnesium sulfate, were spin-evaporated in
vacuo, leaving an oil which solidified on trituration
with petrolcum cther to a solid (3.16 Gm.), m.p. 91—~
94°; the infrared spectrum showed anhydride bands
at 1800 and 1725 em.”l. The anhydride was
warmed with 30 ml. of 1 N aqueous sodium hy-
droxide until solution was essentially complete. The
solution was clarified by filtration, then acidified to
pH 2 with 3 IV hydrochloric acid. The product was
collected on a filter and washed with water; yield,
2.84 Gm. (999%), m.p. 209-211°. Recrystalliza-
tion from aqueous cthanol afforded 2.69 Gm. (93%,)
of nearly white needles, m.p. 212-213°.  vmyax. 2600
2500 (broad acidic OH); 1680 (carboxyl C=0);
1625 (amide C=0); 1625, 1580, 1525 (C==C);
1525, 1340 (NOs); 870 (p-CeHy); 785 cm.™! (m-
CeH,).

Anal—Calcd. for CelIyuN0;5: C, 61.1; H, 4.49;
N, 8.92. Found: C, 61.1; H, 4.29; N, 8.81.

N - (m - Aminobenzyl) - p - aminobenzoic Acid
(XXVI).—A solution of 2.72 Gm. (10 mmoles) of
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XXXVIIT in 200 ml. of 2-methoxyethanol was
shaken with hydrogen at 2-3 Atm. in the presence
of 100 mg. of platinum oxide catalyst; reduction was
complete in 90 min. The filtered solution was spin-
evaporated in vacuo and the residue was recrystal-
lized from aqueous 2-methoxyethanol; yield, 2.04
Gm. (849%) of buff-colored crystals, m.p. 193-194°,
Recrystallization from aqueous 2-methoxyethanol
gave nearly white crystals with unchanged m.p.
rmax. 3650 (NH); 1680 (carboxyl C==0); 1620, 1550,
1505 (C=C, NH); 825 (p-CH,); 765 (m-CeHy);
no NO; near 1520 or 1340 cm. ™1,

Anal.—Calced. for C,sHuuN:0,:  C, 69.4; H, 5.82;
N,11.5. Found: C,69.5; H,6.00; N, 11.3.

N - Acetyl - N - (m - aminobenzyl) - p - aminoben-
zoic Acid (XXVII).—A solution of 942 mg. (3
mmuoles) of XXXIX in 100 ml. of ethanol was shaken
with hydrogen at 2-3 Atm. in the presence of 60 mg.
of platinum oxide catalyst; reduction was complete
in about 15 min. The filtered solution was spin-
evaporated in wacuo leaving 849 mg. (999%) of a
glassy residuc which showed 2 spots on TLC in
methanol, After separation by preparative TLC,
the material still could not be crystallized.

To a solution of 400 mg. of the crude product in 5
ml. of absolute ethanol was added 172 mg. (25%
excess) of cyclohexylamine, Addition of 20 ml. of
ether caused the scparation of a gum (228 mg.).
The supernatant liquid was decanted and deposited
127 mg. of crystals on standing which had m.p.
170-174°. Two recrystallizations from absolute
alcohol-cther gave 90 mg. of pure cyclohexyl-
ammonium salt, as white crystals, m.p. 168-170°.
rmax. 3450, 3400 (NH); 2200, 2150 (NH™); 1660
(amide C-==0), 1600 (COO7); 1625, 1540, 1500
cm. ! (NH, C=C).

Anal—Caled. for CieHieN.O3« CeHyNH,: C,
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68.9; H, 7.62;
7.80; N, 10.8.

The free acid could be obtained as a glass free of
other organic matter in 739, over-all yield by pre-
parative thin-layer chromatography on Silica Gel
HFy; with methanol as solvent. Since the com-
pound would not dissolve in acetone or chloroform,
methanol was used for elution; the resultant prod-
uct had a C/N ratio of 6.89 (caled. 6.86), but could
not be freed of about 109 of extracted silica.

REFERENCES

(1) Baker, B. R., Ho, B.-T., and Santi, D. V., J. Pharm.
Sci., 54, 1415(1965).
(2) Baker, B. R, and Ho, B.-T., J. Heterocyclic Chem., 2,
335(1965).
(3) Baker, B. R, and T.ourens, G. J., 1bid., 2, 344(1965).
(4) Baker, B. R, J. Pharm. Sci., 53, 347(1964).
{5) Baker, B. R, and Jordaan, J. H., J. Med. Chem., 8,
35(1965).
(6) Baker, B. R., and Morreal, C. E., J. Pharm. Sci., 52,
840(1963).
(7) Baker, B. R., et al., J. Med. Chem., 7, 24(1964).
(8) Bertino, J. R., Perkins, J. P., und Johns, D. G., Bio-
chemistry, 4, 839(1965).
(9} Baker, B. R., Ho, B.-T., Coward, J. K., and Santi,
D. V., J. Pharm. Sci., 55, 302(1966).
(10) Blicke, F. F. and Lilienfeld, W. M., J. Am. Chem.
Soc., 65, 2281(1943).
(11) Zaki, A., and Fahim, H., J. Chem. Soc., 1942, 307.
(12) Ronwin, S., J. Org. Chem., 22, 1180(1957).
(13) Schroeder, H. E_, U. 8. pat. 2,567,126 (1951); through
Chem. Abstr., 45, 10606(1951).
(14) Franklin, R. C., U.S. pat. 2,742,499 (1956); through
Chem. Abstr., 51, 1280(1957).
(15) Cologne, J., and Fichet, E., Bull. Soc. Chim. France,
1955, 412.
(18) Zonis, L. 8. et al., Zh. Obshch. Khim., 33, 3141(1963);
through Chem. Abstr., 60, 53689(1964).
(17) Truce, W. E., and Milinois, J. P., J. Am. Chem. Soc.,
74, 974(1952).
(18) Norman, J. J., Heggie, R. M., and Larose, J. B., Cexn.
J. Chem., 40, 1547(1962).
(19) Akagi, S., and Iwashige, T., J. Pharm. Soc. Japan,
74, 610(1954).
(20) Baker, B. R., Ho, B.-T., and Neilson, T., J. Hetero-
eyclic Chem., 1, 79(1964).
(21) Baker, B. R., and Sachdev, H. S., J. Pharm. S¢i., 52,
933(1963).
(22) Baker, B. R., ef al., J. Med. Pharm. Chem., 2, 633
(1960).

N, 11.0. Found: C, 687; H,

Analogs of Tetrahydrofolic Acid XXXIII

Hydrophobic Bonding to Dihydrofolic Reductase V.
Inhibition by Some Pyrimidines Bridged to Benzoic Acid

By B. R. BAKER*, BENG-THONG HO, JAMES K. COWARD,
and DANIEL V. SANTI

Folic acid (I), pteroic acid (IV), and a series of 2-amino-6-methyl-4-pyrimidinols
bridged from its 5-position to the p-position of benzoic acid with aminopropyl (VII),
butyl (X), carbamoylpropy!l (XIII), sulfonamidopropyl (XV), and N-acetylamino-

propyl (XVI) were compared as inhibitors of dihydrofolic reductase.

Evidence was

presented that VII and X probably had their side chains off of the 5-position of the

pyrimidine complexed to the hydrophobic region of the enzyme, whereas XIII, XV,

and XVI probably had their side chains complexed to the locus on the enzyme that
normally binds the p~aminobenzoyl moiety of folic acid (I).

N THE preceding paper of this series (1), experi-
mental evidence was presented that the
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hydrophobic bonding region of dihydrofolic re-
ductase (2) is probably not between the binding
regions for the pyrimidyl and p-aminobenzoyl-L-
glutamate moieties of folic acid (I) or dihydro-
folic acid. If the hydrophobic bonding area is in
some other region, then of the hundreds of com-
pounds, such as type 11, evaluated as dihydrofolic
reductase inhibitors and presented in previous





