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hr. IV was converted to 71% of the acid chloride hydro- 
chloride (VII) as shown by the carbonyl absorption a t  
1790 cm.-’ and C=SH+ absorption a t  1660 cm.-I. 
The moisture-sensitive VI1 was immediately treated 
with aniline or p-aminobenzoyl-L-glutamic acid in py- 
ridine to give T’III and IX in 81 and 36y0 yields, re- 
spect ively . 
k The prototype pyrimidyl analog (I) of tetrahydrofolic 
acid was originally synthesized by the condensation of 

EtOOCCHz - EtOOCCH(CH2)zCN 
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2-acet amido-4-hydroxy-6-met hyl-5pyrimidylpropional- 
dehyde (X) with p-aminobenzoyl-L-glutamic acid in 
dimethylformamide, followed by reduction of the 
intermediate anil with methanolic sodium borohy- 
dride’*; the product (I) was difficult to purify since it 
was insoluble in all solvents except aqueous acid or 
base, or hot dimethylformamide, giving only 20-25% 
yields of pure product. Since the enzymic study re- 
quired the synthesis of four analogs (XIII-XVI) 
derived from p-aminobenzoic acid, a detailed study of 
the variables in this two-step sequence was performed 
with p-aminohippuric acid to give XIV. The results of 
some 25 experiments can be summarized as follows. 

Increasing the quantities of, or time for, the 
borohydride reduction did not change the yield or 
purity; therefore reduction a t  room temperature with 
methanolic sodium borohydride for 16-20 hr. were used 
in all the reactions. 

Increasing the time of the anil condensation a t  
25” from 15 min. to 18 hr. or increasing the temperature 
to 80’ for 2-4 hr. gave nearly double the crude yield; 
however, this crude product contained 23-25YG of 
Bratton-Marshall positive material (diazotizable 
amine), calculated as the “anil”, when treated with 
acid? Actually this by-product hydrolyzable to p- 
aminobenzoyl-L-glutamic acid was not the anil since 
the anil appears to be readily reducible by borohydride; 

(1) 

( 2 )  

the nature of this nonreducible, acid hydrolyzable by- 
product is not known, and the relative amount was not 
decreased on reprecipitation of the crude product. 
Treatment of a crude product (25% “aiiil”) ivith 3 ;C‘ 
hydrochloric acid at  80” showed that 19yc of the diazo- 
tizable amine vas  released immediately, then 5% 
more over the next 8 min. Seutralization gave an 

OH 

X I  
OH 

XI 

I, R = COXHCHCOOH SIT-, R = COXHCHzCOOH 
XV, R = COSH( CHz)3COC)H 

( C H ~ ) ~ C O O H  SIT, R = COSHCHCOOH 
X I ,  R = H I 

S I I I ,  R = COOH (CH2)nCOSHJ 

analytically pure product, but the over-all yield mas not 
improved. In addition, p-aminohippuric acid suffered 
a small amount of hydrolysis to glycine, as detected 
quantitatively by ninhydrin“ ; thus, a compound with 
an even more labile amide group such as XT71 would not 
be compatible with the hot acid purification method. 

The use of dimethyl sulfoxide or dimethylform- 
amide-acetic acid (10-1) as solvent for the anil forma- 
tion gave decreased yields x i th  an increased amount of 
Bratton-Marshall positive material. 

The optimum conditions for ease of purification 
and overall yield were formation of the anil in dimethyl- 
formamide for 15 min. a t  room temperature, followed 
by the addition of methanol and sodium borohydride, 
then allowing reduction to proceed for 16-20 hr. 

These optimum conditions were used for synthesis of 
XIII-XI’I in 20-30y0 yield of analytically pure mate- 
rial (Table 11). Since these amorphous compounds 
failed to have definite melting points and gave poor 
infrared spectra, the extent of purification was based 
on the molecular extinction coefficient of the ultraviolet 
peaks, the Bratton-Marshall test, and combustion 
analyses. 

Since i t  was necessary to synthesize two of the start- 
ing p-aminobenzoyl derivatives, their description is 
warranted. y(p-Sitrobenzamido)butyric acid \vas oh- 
tained in 67YG yield by reaction of y-aminobutyric acid 
n-ith p-nitrobenzoyl chloride in aqueous base. Cata- 
lytic reduction of the nitro group with a palladium 
catalyst afforded the desired y-(p-aminobenzamidol- 
butyric acid in 50% yield; reduction of the nitro group 
with ferrous ammonium sulfate gav. the pure compound 
in 60% yield. 

The preparation of p-nitrobenzoyl-L-glutamine from 
p-nitrobenzoyl-L-glutamic acid y-ethyl ester and ani- 
monia12 proceeded poorly in this Laboratory. How- 
ever, treatment of an aqueous solution of the sodium 
salt of L-glutamine in the presence of magnesium oxide 
with a chloroform solution of p-nitrobenzoyl chloride 

(3) 

(4) 

(11) K. Troll and R. K. Cannan, J .  Biol. Chem.,  200, 803 f1933). 
(12) F. E. King and  P. C. Spencely, J .  Chem. Soc., 3169 (1950). 
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' I  V id i i ,  rcdiic~t~tse froin the liver of iii:iture Iloltznlnrl rate was preptired and :ms:iyed as previously described";; K ,  vdues were cletrr- 
~iiined. Iiy tlie reriproral plot niethod :md all the conipounds showed "rompetitive" kinetics. ' 1'ige<111 
liver :wetone powder (Sigma) wzts stirred with 12 volumes of 0.05 JI Tris buffer (pH 7.4)/g. :rnd 1 g./g. of  analytical grade Celite (Johrrs- 
3I:cnville ( ' ( 1 . ' ~  for 1 hr. in an ice h:tth; suction filtration through :t pad of Celite into an ice-cooledrereiver was rapid and gave 7 viilunies 
of dear filtrate. g. The desired 
~ ~ n z y n ~  wits stable for a t  least 1 month when the solution &-as kept frozen a t  -20"; usually 1 nil. aliquots were frozen in order to :Lvoid 
repeated th:iring and freezing. In the upper and lower compartments of a Cary 11 recording spectrophotometer were placed cuvettes 
r.ont:tining 2.70 nil. of 0.05 .I1 Tris buffer (pH 7.4)) LOO x of enzyme solution, and 0.20 nil. of a solution containing 0.48 rnJf tetrahydro- 
f ch le ,  0.3 .If iiiercaptoethanol, 5 m.ll \-ersene, 75 lllJr magnesiuni cahloride, and 45 mM formaldehyde in 0.05 .I1 Tris buffer (pH 7.4). 
The. eriz~~riiic~ re;irtion was started hy addition of 100 x of 3.1 m31 TPS t o  the upper cuvette, then the change in optiral density at, 340 
f l ip  WLS rer,ortled b!. use of :I 0-0.1 optiral density slide wire. The enzyme solution, prepared as above, shored an initial rate of about 
0.03 optical density unit rharige/niiri. 5, 10-~lethylenetetraliydrofolate had K ,  = 3.0 X IO-; 31 (average of 7 runs), when dpter- 
rniried hy the reciprocal plot method. The 50 inhibition values were determined by plotting T'o/V against I \There T'o = veliwity 
without inhihitor, 7 = velocity :it f conc'entr:r in of inhibitor in the presence of 31 pJZ 5,lO-methylenetetrahydrofolate. The esti- 
niated K .  vziliies were calculatetl b,i- tlie eqilationz6 K, = K x I / S ,  where I = inhibitor roncentration necessar!. t o  give 5OC;;, inhibition 
( 1 0 / T 7  = 2 )  :mtI S was 31 p.11 5,10-riiethylenetetrahydrofo te. The estiniated k', values f(Jr I?; and other ronipounds agreed with h-i 
v:ihies deterrnined by the reciproc:tl plot method within a factor of 1.25 or lese. E By t,he reciprocal plot met'hod using 100 pJI TI'?;, : < I ,  
15.5, and 10.3 p. lI  ~.lO-rneth~leiietetrahr.droftrilf~il~~te~ and 0.60 and 0.30 m J I  IS, Ki xas found ttr be 3.6 X and 3.4 X I O + ,  respec- 
tively: the kinetics were LL(.crrni,ptitiv(,.'i .f So inliibition w:~s obt:tined :it :t ruvette c'onwntration of 0.60 ni.ll 120 X S), thc iii:Lxiiiiuiit 

~ i r I u l i i 1 i f ~ -  ( ~ f  SI1 at pfI 7.4. 

Folic acid had K,, = 10 X 1W6.  

Less preferal)le, the mixture containing no Celite could be clarified by centrifugation a t  100,OOOg. 

gave a yield of pure p-nitrobeiizoyl-L-glutamiiir~. 
Catalytic reduction of tlie nitro group with a palladium 
vatalyst proceeded smoothly to give 8 i ' 3  of recrys- 
tallizcd p-ainiiiobenzo?.l-L-glutan~inc. 

Tlir 1a.t compound iicedeti for eiisymic studie?. 
]lamely, the 5-(anilino-propyl)pyrimidine, XII, was 
readily prepared by reduct ire condensat ion of the 
pyrimidylpi opionaldehyde (X) with excess aniline in 
985, yic3ld. This compound nas  the only member of 
the sericq that could be recrystallized from an organic 
solvelit a i d  then had a definite melting point (218") 
p i  csuin1ahly hecause of tlie lack of the p-carhoxyl 
flit irtioii. 

Enzymic Evaluation.-C'ompounds I ,  XII-XTI wrc l  
PI ahiatctl a<  inhibitors of folic reductaw (XI21 + 

SIX')  fixom rat liver and .?,lO-meth~lenetetrah~-dio- 
folatt~ tieliydiogenasc (SS -+ XXI) from pigeon li\ r ~ :  

the results ale recoidcd in Table 1. 1'iom the ~iiliihitioti 
values in the Table, considerable insight into tlie mod(, 
of binding of these inhibitors to the two enzymes call he 
gained ; presumably, the individual substrate+ liar (1 :I 
similar mode of binding to  their respective enzyme.. 

The 5- and 8-nitrogens of folic acid (Xl-11) do i i o t  

appear to contribute to binding to  the enzyme, s ice 

the K ,  of I (dexroid of these nitrogens) is less thaii 
Km; this iesult \vas anticipated in riew of the propo-i- 
tion that positions on a substrate or cofactor iiirol\ et1 
in the enzymic-catalyzed transfer of a group from co- 
factor t o  substrate, or vice versa, are most probably not 
position. of binding to the enzymes6 l 3  The possibilit? 
that loss in binding from the lack of 5- and 8-nitiogeii. 
in I is compensated by increase in binding asociatrtl 
with the pyrimidinc ring of I cannot he escludcd at tlii- 

(1  i) H 1% H i h t r  ( o n c c r  C'hrmothtrapu Rep1 4 ,  I ( 1  
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time. However, a more drastic change in binding was 
noted with compound I X ;  the Ki value increased about 
80-fold indicating that the basic amino group (N'O 
of XVII) of the p-aminobenzoyl-L-glutamate moiety 
was necessary for good binding. In  fact, the 30-fold 
decrease in the binding of XI1 compared to  I, indicated 
that the p-amino group of the p-aminobenzoy1-L- 
glutamate contributed more to  binding to folic reductase 
than did the entire carboxy-L-glutamate group. The 
lesser contribution by the latter group vas  due primarily 
to the carbonyl groups of the p-  and y-carboxyls, as 
shown by comparison to the binding of I with that of 
XIII-XVI. Since both of these carbonyl groups are 
in the amide form in XVI, which binds to folic reduc- 
tase as well as 1, it is most probable that these carbonyls 
bind through hydrogen bonding since the possible ionic 
binding of the y-carboxyl is blocked in XVI. The a- 
carboxyl probably contributes little to binding as can be 
seen by comparison of I with XIII-XVI. 

That both the pyrimidyl and benzoyl-L-glutamate 
moieties joined together were necessary for the binding 
of IX to folic reductase was shown by the lack of in- 
hibition of the fragmented moieties, IV and XXII. 

The preceding results with compounds I and XII- 
XVI offer an explanation of why pteroic acid, pteroyl-L- 
glutamic acid (XVII), pteroyl-D-glutamic acid (the 

unnatural isomer), pteroyltriglutamic acid, and their 
dihydro derivatives can be substrates for folic reductase 
(XVII ---t XIX) or dihydrofolic reductase (XVIII + 

XIX)14; the contribution to binding by the carboxy- 
L-glutamate moiety is minimal. Since a y-amide 
(XVI) can still bind as well as I, it is likely that the 
extra glutamate residues in the triglutamate are suf- 
ficiently removed from the enzyme surface in the en- 
zyme-substrate complex so not to interfere with binding. 
In addition, that the a-carboxyl of I and XVI con- 
tributes little if any to  binding offers an explanation of 
why the unnatural isomer-pteroyl-D-glutamate-can 
still be a substrate; apparently the a-carboxyl of 
pteroyl-D-glutamate neither binds nor interferes with 
binding in either the D or L form, that is, this group is 
not in the area of contact with the enzyme. 6 

Previous reports from this laboratory have indicated 
that the contribution of the pyrimidyl moiety of I to 
binding to  folic reductase can be increased by replace- 
ment of the 6-methyl with 6-phenyl* or the replacement 
of the 4-hydroxyl with 4-mer~apt0.l~ In fact, the loss 
in binding to folic reductase by the removal of the car- 
boxy-L-glutamate moiety in I can be fully compensated 
for by increasing the contribution of the pyriniidyl 
moiety when the 6-methyl group of XI1 is replaced by a 
6-phenyl group.2 The lo5 increase in bindingL6 of 
folic acid (XVII) to folic reductase when the 4-hy- 
droxyl group is replaced by 4-amino to give amiriopterin 
has been long known.5 In fact, the increase in binding 
by replacing the 4-hydroxyl group by 4-amino more 
than compensates for the total binding of the entire 
p-aminobenzoyl-L-glutamate moiety, as shown" by 
the K i  = 4.7 X lo-' for 2,4-diamino-6-methylpteri- 
dine; even 2,4-diamino- 6-methylpyrimidine (Ki = 
2.6 X binds about one-fourth as well as folate. 
Compared to 2,4- diamino-6-methyl-pyrimidine, the 
increase in binding to folic reductase by the antima- 
larial, 5-chloropheny1-2,4-diamino-B-ethylpyrimidine 
( K i  = 7 X 10--0)18 indicates the chlorophenyl group 
most probably is an additional binding group. 

The relatively small contribution of the carboxy-L- 
glutamate moiety to  binding to folic reductase was com- 
pletely unanticipated, but is a result that should have 
considerable utility in chemotherapy. 4-Amino-4- 
deoxyfolic acid (aminopterin) and folic acid (XVII) 
are concentrated in several types of bacterial cells by 
active t r a n s p ~ r t , ~ ~ , ~ ~  whereas the folic reductase in- 
hibitor, 5-p-chlorophenyl-2,4-diamino-6-ethylpyrimi- 
dine (pyrimethamine) enters some of the same bacterial 
cell walls by passive d i f f u ~ i o n ~ ~ , ~ ~ ;  this suggests that  
the carboxy-L-glutamate moiety is directly involved in 
active transport. Thus an investigation of the syn- 
thesis and biological evaluation of aminopterin analogs 
without the carboxy-L-glutamate moiety has been ini- 
tiated, particularly since one tumor (Walker 256) is 
known to be naturally resistant to aminopterin ap- 

(14) R. Nath and  D. Greenberg. Bzochemistry. 1, 435 (1902); S. F. 
Zakrzewski, J. Biol. Chem., 236,  1780 (1960); R. L. Blakely and B. M. 
McDougall, ibid. .  236, 1163 (1961). 

(15) B. R. Baker, C. E. hlorreal, and B. T. Ha, J .  Med.  Chem., 6 ,  658 
(1963); paper VI11 of this series. 

(10) W. C. Werkhpiser, J .  B i d .  Chem., 235, 1770 (1960). 
(17) S. F. Zakrzewski, ibid., 238, 1485 (19133). 
(18) W. C. Werkheiser, Roswell Park Memorial Insti tute,  unpublished 

(19) R. C. Wood and G. €1. Hitchings, J .  Biol. Chem., 234, 2381 (1959). 
(20) BI. J. Pine, J. Bact., 79, 827, 835 (1960). 
(21) R. C. Wood and G. H. Hitchings, J .  Bid. Chem., 234,  2377 (1959). 

data.  



parently due to the failure of the tumor cell line to  takt. 
up the drug2* (presumably by active transport) ; othei 
susceptible cell lilies became resistant presumably by 
loss of the active tiarisport system.20 l 3  24  Therefole. 
tumor cells having a natural or acquired resistaiicc 
resulting from a defective active transport SJ 
folate, should be susceptible t o  inhibition hy i 
of type XI1 containing a 4-amino-4-deoxy group : aiiy 
normal tissue that has an adequate acth e tiansport 
system could presumably tie protected from the effect 
of such a drug by use of large doses of folic acid 01 5- 
formyltetrahydrofolic acid (Ieucovoriii). In fact, the 
mechanism of selectivity of action of pyrimethamine 011 

the malaria parasite has been attributed to tlie lack of 
an actii-e transport system in the parasite foi folic acid 
and leucovoriii, whereas the host can incorporate 
leucovoriii fiom the blood stream iiito host cells z’ia 
active transport, thus protecting the host against tlw 
effect of passive entrance of the drug into I i o h t  cells”; 
furthermore, A’scherichia coli aiid tlie malaria pa ia i te  aic 
iiaturally resistant to aminopterin since neither rrll 
contains ai1 active transport system foi, folate or amino- 
pterin.?; 

The same compounds (Table I) showed that tlich 
mode of binding of the p-aminobenzoyl-L-glutamate 
moiety to 3,lO-methylenetetraliydrofolate dehydrogen- 
ase E X  - XXI) contrasted sharply with the mode of 
binding of this moiety to folic reductase. Based oil the  
hypothesis that a group involved in a transfer reactioii 
from substrate to  cofactor cannot hc a bindiiig group 
to the enzyme.fi l 3  it could be piedicted that S5 aiid 
S“’ of XX or the p-amino group of the p-amiiiobeiizoyl- 
L-glutamate moiety on  an iiihibitor such as I diould 
not he binding points 011 tlic ciizymr. That this as- 
-iimptioii has experimental support is clearly indicated 
hy the fact that  compouiidi I aiid IY bound about 
equally well to the dehydrogenase; since it i. likely that 
ai1 amide arid aii amiiio u-ould have different biiidiiig 
pioperticb, tlie p-amino group i q  pre.umablp not in- 
1,olved in hiiidiiig to  this eiizyme.. 

Complete removal of tlic carboxy-L-glutamatc 
moiety, as in XII, caused losh of inhibition properties. 
The oiily change in the carboxy-L-glutamate residue 
(XIII-XTTI) that did not significantly reduce the inlii- 
hition was conversion of the y-carboxyl to an amide 
(XV I) ; therefore the y-carboxyl group presumahly 
hinds tlirougb a hydrogen boiid rather than through an 
anion. That both glutamate carboxyls are iiivolved iii 
binding is shown by the considerable decrease in hind- 
ine if either of these carboxyl croups is removed, a5 is 
seen by comparing I nith X I T  a i d  SV. That the 
carbonyl of the p-carboxyl gi oup contributes to binding 
is indicated by the better binding of XI11 than XII, 
although XITI binds poorly compared to I. Thus, all 
thi ee cai boiiylated functional groups of the carboxy-L- 
glutaiiiate moiety appear to  he involved in enzymic bind- 
iiig. 

The fact that p-acetamidobenzoyl-L-glutamic acid 
(XXII) binds about one-third as ~ ~ 1 1  as I indicates that 
the main contributions to  tlie enzymic binding of I are 
thi ougli tlie carboxy-r,-glut:imate moiety; it is notable 

C \ \ ~ I L I X I \ L I ,  i ’ o i  .Lm I s \ o  ( n r i r i r  /Zp,., 3 ,  ;71 ( l l l b 2 1 .  
\ risrliir, B z m t r m  I ’ l i n ima io l  11, l 2 i i  ~1( l l , 21  
( Werkiitiser L \\ La\+ it 1 Roo-a a m l C  \ \1ch01 i’ ) I  

lni .Is,or Cancer R e s  4, 71 (1‘103) 
( 2 : )  I I\  l’renhfl rind ( *  JI. l l i t c l i~ne i  l i d  

I Icij7). 

that iaemoral oi a h g l e  carboxyl (XI\‘, XY) fiom 1 
causes grratei 10s.‘ in binding than wmoval of the eiitiic 

pyrjmidyl moiety (XXII). Piw-ioiih reports{ ironi 
this 1,ahoiatory linve indicated that the  nrak hindiiig 
1))- tlir pyrimidyl moiety caii he iiicieased by ( ~ ) i i \  0 1 -  

\io11 of tlir 4-1~~(1imyl t o  4mct capto” or the (i-methyl 
t i )  (i-pl~cliyl 

’Hieic t\ic e101 o i i  polar atoms iii I capable of i.clativcly 
+ti.oiig biiidiiig to an enzymc iii addition t o  the binding 
foi w\ premit  in tlic T electrons of the two aromatic. 
iiiig\ a id  tlie imaller coiitrihutioii by CR van tlrr 

foice>: t h c  sulwtiates for thc tn-o eiizymes (XlvLI 
Sj coiitaiii two additioiial polar atoms, hotli 

i i i i - o l \  r d  111 tlic it1spectii.c tiaii>fcr ivaction. I3iiidiiig 
hy at lcast thiw and probably iio mole thali y i u  of the 
polar group- l o  Citlipr ciizymc. depending upoti tlic 
ielati\ (1 iiiimhci of kiydrogeii t)oiids aiiti aiiioiiic- catioiiir 
iiitci.actioii+ sliould I)c ,iufficicnt to accouiit foi t Iw 
maytiitiides of tlie observed K ,  a i d  K,,, \-ahics. ‘ l l i c ~ i  c- 
t o i c \  it uould b~ uiilikely that tlic ideiitical :i-Ci pol31 
atom. \vould be i i i ,  ol\-cd in biiiding of ail iiihibitor hii(xIi 

a- I ,  oi of tlic i q i i i r f d  siihtratc>, to hoth r’iizymf’s: 
altliougli tlifi’creiiee;. in tlie mode of hindiiig of I to t h v  
ti\-o ciizymo. could thus I j c  aiiticipated, tlic specific 
difference> otlier th:m traiisfer points on tlie siibhtratc 
IT ould tiot t w  piedictable. (‘ompalisoils amoiig tlie 
otlicr 14 or  mol(’ (’iizymeh in the folic cofactor area’ 
ni’c coiitiiiiiiiig with 0 1 1 1 ’  spectixm of poteiitial inhihitoi 5 :  

heal (’lie- ior tliffelwre- i i i  inhibitor biiiding to  a 
.tratc-ideiitical c’iizymr’ 5uch a:, folic reductasc. i i i  

lie+ 01 .pecks is alho wariaiited. Such 
mod(\ of hiiiding of inhibitors could ha\ t’ 

coiisidcrahlc iitility i l l  chemotherapy and could alia 
indicate diffeiwice. i i i  the iiatiir(x of tlic activc site> of 
t l w o  ciii/ymc-. 

I<>- studyiiig tiit> mode of binding of selected pyriiii- 
idyl iiiliihtoi - (Table 1) to folic reductase (XYII - S I X )  :tiit1 5.10 metliyleiietetraliydrofolic dehydro- 
geiinw (XS +. XXI), we hoped to established the maiii 
group< foi 1)iiicIiiig a i d  to  fiiid oiie or more ai’eas of tlic 
iiiliibitoi not i i i  contact vi th  the enzyme surface whrn 
coniplesed \\-it11 tlic eiizyme; such iioricoiitact area3 
c*ould theii 1112 used for placement of gi.0up.j which have 
tlie potent ial ability to form a covaleiit linkage. with 
tlic cmymc, thus giviiig irreveisible ir~hihition.~ 

1 here arc’ at kast two huch apparent iioiicoiitact airah 
i i i  compound I 11 licii it i- complexed n-itli folic reductaw. 
(a) tlie a i m  at  tlic 6-position of tlie pyrirnidyl moiety? 
a i d  (1)) pait  of the area of the c.aiboxy-I,-glritamatc’ 
moiety; i n  the former case it bhould he possible to fiiid 
ail acti\.e-,it~.-dircrtc~l irreversible inhihitor of thc 

io-slkylatioii” typt’ aiid i i i  the  lattei case aii ir- 

r(~\-eidilc iiiliihitor of c i t lw tlic ro- o i  c’rit/o-alkyl:t- 
tioti” type.’ 

i>e of .i.lO-methyleiietetratiydrofolat(~ tic- 
tlicre is Y o  far 01113’ oiie clear iioiicoiitact 

u e a  n.lieri 1 jk complexed, that near the 6-position of 
thc~ psi imidj.1 moiety?; thus, it should be possible to 
(wihtiuct a11 irivvcrsible iiiliibitor of this eiizyme of the 

I o-alkylatioii” t y p  by proper bubstitution 011 the G- 
plie~iyl gioup of :L 6-plienylpyrimidyl analog of I S ;  
i t  i -  clcar tliat I S  nould he more suitable for the+ 
studicy t1i:tii I, +iiiec> 1); is a hetter reversible iiiliibitoi. 
of the  tlclliydrogenase than of folic reductase, \\ lierras 
111 tlie cas(’ of I tlw i’cverse is ti UP. l i ~e~-c i~s i l ) l c  ill- 

-. 
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hibitors of the "endo-alkylation" type should be pos- 
sible with the dehydrogenase if either the a- or y- 
carboxyl were converted to a small group with covalent 
bond forming properties, although some loss of rerersi- 
ble binding might occur. 

An extra dimension of specificity with active-site- 
directed irreversible inhibitors has previously been 
noted with other closely substrate-related enzvmes or 
even a substrate-identical enzyme from two different 
tissues.26 Synthetic and enzymic studies to  find such 
specificity with folic cofactor enzymes are continuing 
in this laboratory. 

ExperimentalZ7 
2-Amino-4-hydroxy-6-methyl-5-pyrimidinepropionitrile (V),- 

T o  a sdution of 4.30 g. (0.80 mole) of sodium methoxide in 200 ml. 
of absolclte ethanol was added 7.60 g. (0.080 mole) of guanidine 

rdrochloride followed by 14.6 g. (0.080 mole) of ethyl ~ ( 2 -  
7anoethyl)acetoacetate (III).g After being refluxed with 

msgnetic stirring for 19 hr., the solvent was removed by spin 
evaporation in vacuo. Trituration of the residue with 20 ml. of 
water gave 9.5 g. (677;) of praduct, m.p. 265-270", that  was 
suitable fur further transformations. Recrystallization from 
water gave white crystals, m.p. 266-267'; ~ 2 %  3500, 3400 (OH, 
S H ) ;  2250 (C=X); 1640, 1600,1540 em.-' (NH, pyrimidine). 

Anal .  Calcd. for CsHIoN40: C, 54.0; H,  5.60; N, 30.5. 
Found: C,54.0; H,5.38; N,30.7. 

When the reaction was run only 3 hr., the yield was consider- 
ably less. 
2-Amino-4-hydroxy-6-methyl-5-pyrimidylpropionic Acid (IV). 

-A mixture of 6.4 g. (0.036 mole) of V and 70 ml. of 6 IV hydro- 
chloric acid was refluxed for 2 hr., then cooled and neutralized to  
about p H  5 with S potassium hydroxide. The product was 
collected on a filter and washed with water; yield 6.00 g. (867c), 
m.p. 291-301" dec., that  was suitable for further transforma- 
tions. For analysis, a sample was dissolved in 5y0 aqueous 
sodiuni bicarbonate. The filtered solution wa.s acidified with 
dilute acetic acid; the product was collected and washed well 
with water. This reprecipitation was repeated twice more to 
give a white powder, m.p. 301-303" dec.; 227 ( e  8600), 
265 mp ( e  7500); 275 mp ( e  5000); 279 mp ( e  6700); 
~2:: 3600, 3400 (XH,  OH); 1710 (carboxyl C=O); 1650, 1520- 
1490 cni.-' ( S H ,  pyrimidine). 

Anal. Calcd. for CJ3llSOOS: C, 48.6; H, 5.61; X, 21.2. 
Found: C, 48.5; H,  5.86; S, 21.0. 
2-Amino-Q-hydroxy-6-methyl-5-pyrimidylpropionyl Chloride 

Hydrochloride (VU).-To a mixture of 591 mg. (3 mmoles) of I V  
and 19.3 g. of thionyl chloride was added 0.10 ml. of reagent py- 
ridine.I0 After being refluxed for 45 min., the suspension was 
cooled and diluted with 20 ml. of reagent ether. The solid was 
collected on a filter and washed with 10 ml. of reagent ether; this 
product vias protected from moisture and used immediately for 
the subsequent reactions described below. The yield was 470 
mg. (717,), m.p. 150-200" dec.; vkz: 3400 (KH); 1790 (acid 
chloride 0 ) ;  1660 (C=NH+); 1625, 1600, 1525 cm.-l 
( N H  and pyrimidine ring). The compound was characterized as 
the anilide, 2-amino-4-hydroxy-6-methyl-5-pyrimidylpropion- 
anilide (VIII). To a magnetically stirred solution of 93 mg. ( I  
mmole) of aniline in 1 ml. of reagent pyridine was added 112 mg. 
(0.5 mmole) of freshly prepared VII. The solution was stirred 
for 30 mia. protected from moisture, then poured into 10 g. of ice. 
The product, was collected on a filter and washed with water; 
yield, 100 mg. (81%)) m.p. 230-300' dec. Recrystallization from 
L'-methoxyet,hanol by addition of water gave white crystals, m.p. 
305-307" dec.; "2:: 3400, 3100 ( K H ) ;  1650 ( S H ,  amide C=O); 
1580, 1540 (SIT, pyrimidine ring); 760, 690 em.-' (monosub- 
stituted phenyl). 

Found: C, 61.3; H, 5.99; N, 20.3. 
Anal. Calcd. for C I ~ H I B S ~ O ~ :  C, 61.5; H, 5.91; N, 20.5. 

(26) B. R. Baker, Biochem. Pharmacal., 11, 115.5 (1962); 12, 293 (19G3); 
B. R. Baker and  R.  P. Patel ,  Biochem. B i o p h y s .  Res.  Comm., 9, 199 (1962). 

(27) Melting points were taken in capillary tubes in a hlel-Temp block: 
all melting points below 230° are corrected. Infrared and  ultraviolet spectra 
were determined on Perkin-Elmer Models 1378  and  202 spectrophotom- 
eters, respectively. 

N-( 2-Amino-4-hydroxy-6-methyl-5-pyrimidylpropionyl)-p-am- 
inobenzoyl-L-$lutamic Acid (IX).-To a stirred solution of 266 
mg. (1 mmole) of p-aminobenzoyl-L-glutamic arid in 1 ml. of 
reagent pyridine was added 233 mg. (1 mmole) of freshly prepared 
VI1 in one portion. After being stirred for 18 hr. a t  room tem- 
perature protected from moisture, the solution was added to 10 g. 
of iced water. The resultant solution was acidified to  about p H  4 
with acetic acid, then left a t  5' for 48 hr. t o  complete crystalliza- 
tion of the product. The white powder was collected on a filter, 
then washed successively with water, ethanol, and ether; yield, 
160 mg. (367,), m.p. 180-225' dec. The material gave a nega- 
tive Bratton-Marshall test for primary aromatic amine.8 Two 
recrystallizations from methanol gave the analytical sample as 
white crystsls, m.p. 180-230' dec.; A;:,' 266 mfi ( E  27,000); A:::.' 
268 mp ( e  25,000); Xk7x13 270 mp ( e  25,600). 

Anal. Calcd. for C20H&507: C, 54.0; H, 5.16; N, 15.7. 
Found: C, 53.9; H, 5.26; N,  15.6. 
p-Acetamidobenzoyl-L-glutamic Acid (XXII).-Although this 

compound is mentioned in the biological literature several times, 
neither its method of preparation nor its physical properties 
could be found. 

To a solution of 1.00 g. (3.i6 mmoles) of p-aminobenzoy1-L- 
glutamic acid in 10 ml. of 60yo aqueous acetic acid was added 1.5 
ml. (16 mmoles) of acetic anhydride. After standing for 24 hr. 
the mixture was filtered .and the product Rashed with water: 
yield, 0.82 g. (72%,), m.p. 210-215'. Recrystallization from 
water gave golden leaflets, m.p. 213-215'; v::: 3500, 3380 ( N H ) ;  
1740 (carboxyl C=O); 1670 (amide C=O); 1630, 1600 em.-' 
(amide SH) .  

Anal. Calcd. for C)4H:6NZ06: C, 54.5; H, 5.22; N, 9.10. 
Found: C, 54.3; H, 5.39; X,9.06. 

y-( p-Nitrobenzoy1)butyric Acid.-To a magnetically stirred 
solution of 1.03 g. (0.01 mole) of y-aminobutyric acid in 10 ml. of 
10% sodium hydroxide cooled in an ice bath was added 2.4 g. 
(0.13 mole) of p-nitrobenzoyl chloride in portions over 10 min. 
The mixture was stirred in an ice bath until the acid chloride 
dissolved, then acidified to about p H  2 h-ith hydrochloric acid. 
The solid was collected on a filter and washed with cold water; 
yield 2.6 g. (67%), m.p. 155-167". Two recrystallizations from 
water gave nearly white crystals, m.p. 164-166"; ~2:: 3400 (XH);  
1690 (carboxyl C=O); 1620 (amide C=0);  1340 em.-' (XOp). 

Anal. Calcd. for C I ~ H I ~ K ~ O ~ :  C, 52.4; H, 4.80; ?;, 11.1. 
Found: C, 52.2;  H, 4.86; N, 11.0. 

y-( pAminobenzoy1)butyric Acid.-A suspension of 1.26 g. ( 5  
mmoles) of y-(p-nitrobenzoy1)butyric acid in 4 ml. of water was 
dissolved by the addition of just sufficient concentrated am- 
monium hydroxide, then added to a hot solution of 9.04 g. 
(0.032 mole) of FeS04.7H20 in 20 ml. of wat,er. The stirred, 
hot, mixture was treated with 8 ml. of concentrated ammonium 
hydroxide in five portions over 10 min. After being heated on a 
steam bath for an additional 20 min., the mixt,ure was filtered 
through a Celite pad and the filtrate spin evaporated in oacuo. 
The residue was extracted with beveral portions of boiling ethanol 
until a white inorganic residue remained. The combined ex- 
tracts were spin evaporated in vacuo. crystallization of the 
resultant sirup from 5 nil. of water gave 0.86 g.  (68%) of product, 
m.p. 144-145O. Recrystallization from water gave buff-colored 
crystals, m.p. 146-148"; v::: 3500, 3400 (XH);  1720 (carboxyl 
C=O); 1640 (amide C=O); no KO2 band a t  1340 em.-'. 

Anal. Calcd. for C:,HlaK203: C, 59.4; H, 6.35; S, 12.6. 
Found: C, 59.3; H,6.60; 5, 12.4. 

p-Nitrobenzoyl-L-glutamine.-To a solution of 5.85 g. (0.04 
mole) of L-glutamine and 1.6 g. (0.04 mole) of sodium hydroxide in 
80 ml. of water was added 4.84 g. (0.12 mole) of magnesium oxide. 
To  the stirred mixture, cooled in an ice bath, was added dropwise 
a solution of 11.2 g. (0.06 mole) of p-nitrobenzoyl chloride in 75 
ml. of chloroform over a period of 90 min. After being stirred 
a n  additional 18 hr. a t  0-3", the aqueous lager was separated, 
acidified rapidly to p H  1 with 3 S HC1 and immediately filter<d 
from p-nitrobenzoic acid. The product slowly separated from 
the filtrate; it was recrystallized from water t o  give 7.23 g. 
(627,) of product, m.p. 190-19lo; vk:: 3450, 3250 ( S H ) ;  1729 
(carboxyl C=O); 1655, 1635 (amide C=O); 1340 cm.? (KO:). 
King and Spencer'? have recorded m.p. 175-176' for this material 
prepared by ammonolysis of p-nitrobenzoyl-L-glutamic acid 
?-ethyl ester, a route which worked poorly in this laboratory. 

Reduction of the nitro group with hydrogen-palladium'2 
afforded an 87% yield of recrystallized p-aminobenzoyl-L-glut- 
amine, m.p. 195-196', lit.12 m.p. 197". 
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TABLE: I1 
PHYSICAL CONSTANTS OF PYRIMIUYL . \ N A I ~ O G S  

OH 

No. IL c 1% 
SI1 I3 65.1 7.02 

SI11 --COOH 59.6 6.00 

S I V  -COSHCH,COOH 56.8 5.SD 

S V  -CO?;H( CIIl)jCC)( )H 58. 9 6.50 

S V J  -COSHCHCOOH 5 5 . 7  G 09 

(CH,)iCOSH, 
1 

S c 
2 1 . 7  6 5 . 2  

I h . 5  *?!J4 

19.5 5ti.i  

l S . I  5 h . i  

I!). 1 55 7 

... . 

Oxygen: culcd., 15.9: found, 15.h. b Oxygen: cnlcd., 15.ti; found, LY.0. 

Preparation of Compounds XII-XVI (Table II).-A solution of 
112 mg. (0.5 mmole) of X and 0.5 mmole of XI in 2 ml. of di- 
methylformamide was allowed to react for 15 min., then diluted. 
with 10 ml. of ethanol. With magnetic stirring, 0.80 g of sodium 
borohydride was added in portions over a period of 30 min. 
After being stirred overnight, the mixture was diluted with 5 inl. 
of 0.1 S sodium hydroxide, then spin evaporated to dryness 
in U K U O  The residue was dissolved in 3 ml. of water, clarified 
hv centrifugation, then adjusted to  pH 4.5 with 3 ,V hydrochloric 
avid. The product was collected bv centrifugation, then washed 
sucr*essively with two 5-ml. portions of water, one 5-ml. portion of 
hot water to remove unreacted XI, two 5-ml. portions of 
ethanol, one 5-ml. portion of hot ethanol, and finally ether or di- 
chloromethane. For further purification, the compound was dis- 
solved in 1-5% aqueous sodium bicarbonate, the solution was 
filtered, then acidified to pH 4.5. The product was collected and 
washed as above; yield 20-30:( ; the Bratton-Marshall assay a t  
this point was 0-37$, calculated as "anil." The reprecipitation 
was repeated, if necessary, t o  obtain constant ultraviolet molecular 
extinction coefficients. The samples retain moisture tenaciously 
:md are obtained anhydrous only after long drying under high 
vacuurn a t  100". 

't'hc following exceptions should be nuted in the gcncrnl pro- 
cedure: 

(1) Coiiipound X r  is soniewhat soluble iii hot e thmol ;  this 
washing step ww omitted. 

(2)  Compound SI11 dissolves in 5(,;, sotliurii bicurboiiatc 
orily on heating, since the sodium s:dt is irisoluhle in c ~ d d  
m t e r .  

( 3 )  Solution of the crude product in cliriieth~1foriii:trnidc :~1ic1 
rcprecipitatioii with wster is :in alternate method of purific:ttiori 
used on occasion for XV and X1-L 

(4 )  Compound X I ,  was prepared using :t 5 :  1 rat,io of miline to 
S. The lack of n carboxyl group required, of course, n different 
isolation procedure. After evaporation of the sodiuni hydroxide 
solution, the residue from 1 mmole of S was dissolved in 5 ml. of 
3 hydrochloric acid. The filtered solution was adjusted to pH 
S-9 with 1.5 Y sodium hydroxide. The crystalline produrt w:m 
collected on a filter and washed with water; yield, 250 mg. (!)7!;;~) ,  
1ii.p. 213-215'. Recrystallization from absolute ethanol gave 
175 mg. (GSYb) of white crystals, m.p. 218'; JJ~, ; :  3400, 3200 
( S H ) ;  1640, 1610, 1530, 1500 (C-C, C-X, XH);  745, 602 
iarii.-1 (monosubstituted phenyl). 


