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Citrulline-Containing Analogs of Bradykinin 

'l'hree iiew analogs of kiradykiniii have been prepared, in n.hich each oiie or both of the argiriiiie nioieties 1i:ivc 
been replaced by citrulline. They are: ~~-citrullyl-~-prolyl-~-prol?-lgl~cyl-i,-p~ienylal~nyl-r,-seryl-t~-~~riil~l- 
i,-pheiiylalariyl-~-arginirie (1-citrulline 1) r~ lykin i r i j~  ~-~rgin~l-i.-prol~-l-~-prol~lglyc~l-~-phen~l~lanyl-r,-ser~-l- 
i . - ~ ~ r o l ~ l - ~ - p h e n ~ l ~ ~ l a n ~ l - ~ - c i t r u l l i n e  (9-citrullirie bradyltiriin), arid ~ - c i t r ~ i l l ~ l - ~ - p r c i l y l - ~ - p r o l ~ ~ l g l ~ c ~ l - ~ - ~ ~ h e r i ~ ~ l -  
:ilariyl-~~-sery1-~-pr~ilyl-r,-~hen~-lalanyl-~,-citrulline (1,9-bis-citrulline bradykinin). The nitrophenyl ester method 
has been employed in practically a11 of the coupling steps. The biological activitj- of the free nonapeptities is 
reported. 

'l'hc enhancement and increased duration of melano- 
rytc stimulating activity achieved by treatment of 
a-MSH (alpha-melanocyte stimulating hormone) u-ith 
dilute sodium hydroxide has been ascribed to the tram- 
formation of the arginine moiety of that  peptide hor- 
mone into an ornithine residuc.l The possibility. 
however, that  the guanidino group might have been 
only partially degraded to a ureido group rather than 
to the amine as is the case when streptidine is treatrd 

( 1 )  C 11. Li, L Sclinubel and D C liiing, J l m  L i r m  \ O L  82, 1 O f  1 
(IOtdI) ,  I' Winabel  and C H LI i h i d  82, Li711 (1960) 

with mild alkali had not prcviouhly been condcrc>tl. 
Such degradation vould have led to  a citrullinr-cwn- 
taining peptide and since peptides rontaining tliik 
amino acid h a w  not been isolated from natural s o i i r c ( ~ ~  
nor prepared synthetically it \vas of intereht t o  hyntlict- 
bizti some analog5 of naturall?r-oc.c,urring peptide3 I\ it 11 
L-citrulline in plxc~> of r,-argininc.?,J 

Z-Cit-Prn-Pro-C;ly-Phe-,%r-T'ro-Phe-Cit-OMe iIXi H-,4rg-Pro-Pri)-~I}-~he-Se,.-Pi:i-Phe-Cit-OH (S 1 1  
y-Citrulliiie Bradylii~ii~i 

1. > . > O I I  

2 .  Il.,'Pd 1 
I-1-Git-Pro-Pro- Gly-Phe-Ser-Pru-Phe-Cit-OH (Xi 

1 ,'J-His-c itrullirie Eradykiiiin 
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TABLE I1 
SYNTHESIS OF 1-CITRULLINE BRADYKINIS 

NO2 
I Z-Phe-Arg-OH (XII) 

1CH2N2 

NOz 

I HBI/AcOH 

Z - P R O - O e N 0 2  - Z-Phe-ArA-OMe (XIII)  

4 
R NO2 

Z-Skr-O-NOz Z-Pro-Phe-Ark-OMe (XIV) 

R xoz 
I 

Z - P h e - O n N O z  Z-Skr-Pro-Phe-Arg-OMe (XV, R= Bz) 
1 -  (XVa, R = Ac) + ' HBr/AcOH 

Ac NO2 
I I 

Z-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg-OMe (XVIII) 
I 

Z- C i t - 0  0 ~ 0 2  
I -  

4 

NO2 
1 

Ac 
I 

Z-Cit-Pro-Pro-Gly-Phe-Ser-Pro- Phe-Arg- OMe 
1, NaOH I 2, H d P d  

tl-Cit-Pro-Pro-Gly-Phe- Ser - Pro-Phe - Arg- OH 

Because of the prominence of arginine in the biologi- 
cally highly active nonapeptide bradykinin, in which it 
serves both as the C- and N-terminal amino acid this 
peptide appeared admirably suited for the stated pur- 
pose. Replacing each of the arginine moieties indi- 
vidually and then both together we have prepared 1- 
citrulline bradykinin, 9-citrulline bradykinin and 1,9- 
bis-citrulline bradykinin. 

The synthet'ic schemes (Tables I and 11) employed 
in this work followed essentially the stepmise approach 
starting from the carboxyl end, using the amino acid 
p-nitrophenyl est'ers for coupling. This mode of chain 
lengthening has proved to be a useful route in the 
synthesis of ~xytoc in ,~a  lysine and brady- 
kinin.4c Minor deviat'ions from the stepwise scheme 
caonsisted of the use of the nitrophenyl esters of two 
dipeptides : vix., nitrophenyl S-benzyloxycarbonyl- 
nitro-L-arginyl-L-prolinate and nitrophenyl benzyl- 
oxycarbonyl-L-prolylglycinate. These intermediates 
can be used without danger of racemization, either in 
the preparalion of the active esters or in the coupling 
reaction. The first of these compounds already 
(4) (a) M. Bodanszky and  V. du Vigneaud, Nature, 183, 1324 (19591, 

J. Am.  Chem. Soc.. 81, 5688 (1959); (b) M. Bodanszky. J. Meienhofer 
and V. d u  Vigneaud. J. Am,. Chem. Soc.. 82, 3195 (1900); ( e )  E. D. Nico- 
laides and H. -4. DeTTald, J .  0 ~ g .  Chem., 26, 3872 (19Gl). 

(XX) 

reported by Boissonas and his c o - ~ o r k e r s ~  was prepared 
in a different way and the second, bensyloxycarbonyl- 
L-prolylglycine, mas obtained by acylation of glycine 
n-ith benzyloxycarbonyl-L-proline p-nitrophenyl ester a t  
a constant pH in a pyridine-water mixture, a method 
found very useful also in many other instances. 

The presence of serine in the molecule presented the 
problem of preparing an active ester of this amino acid. 
Failure experienced in the preparation of the p-nitro- 
phenyl ester of N-benzyloxycarbonyl-L-serine with the 
aid of dicyclohexylcarbodiimide, led to the study of 
hydroxyl protected derivatives. Crystalline active 
esters were obtained from 0-benzyl-X-benzyloxycar- 
bonyl-L-serine and 0-acetyl-K-benzyloxycarbonyl-mer- 
ine. Both have been found useful from the synthetic 
point of view; however, since the route leading to the 
0-benzyl derivative is long and cumbersome and since 
the latter was shown to be converted into the 0-acetyl 
derivative during the hydrobromic acid-acetic acid 
treatment, the 0-acetyl compound became the inter- 
mediate of choice. 

The preparation of 9-citrulline bradykinin presented 
some difficulty due to side reactions not observed with 

( 3 )  K.  .i. Boissonnas, S t .  C:uttn~ann and 1'. 4. .Jaquenoud, H e l ? .  Chzm. 
Acia, 43, 1481 (1900). 
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the corresponding arginine peptides. Acylation of 
free citrulline with benzyloxycarbonyl-L-phenylalanine 
p-nitrophenyl ester proceeded a t  a much slower ratc 
than the acylation of nitro-L-arginine. As a result. 
hydrolysis of the nitrophenyl ester became sufficiently 
competitive us to  lead to contamination of the final 
product Tvith benzyloxycarbonyl-L-phenylalanine. 1;oi 
this reason, an alternate route, consisting of coupling 
the above mentioned p-nitrophenyl ester n-ith citrullinc 
methyl ester in an anhydrous medium \\-a. devised for 
the synthesis of methyl benzylosycarbonyl-r,-phen-l- 
alanyl-L-citrullinate. 

During thc preparation of the protected tripeptide 
cstcr intermediate methyl benzyloxycarbonyl-L-prolyl- 
r~-phenylalanyl-L-citrullinate, the formation of the di- 
kct opiperazine of L-phenylalanine and L-citrulline w t 5  

oherved. Fortunately, tlie propclr choice of solyent- 
pcrmitted a simple and clear-cut separation of the t \ r o  
components. 

' r h c h  free nonapcptides were purified by ion exchange 
rliromatography on carboxymethylcellulojc or by 
(,ountpr-(.iirrent distribution until they were homoge- 
neoiib on paper chromatography and paper electropho- 
rvsi5. Their quantitative aminoarid analyses gave t :IC 
cywc*tecl molar ratio5. 

'l'hc t a  o analogs in which only one arginine moiety oi 
1)radykinin was replaced by citrulline slio~ved weak 
hut definite a(tivity in a variety of test systems in 
\vhich bradykinin is highly aetiw In  coontrast thc~ 
analog wit11 h t h  arginines similarly replaced shon t d  
a (hi4ty only in onc of the tests. Result5 of the liio- 
logical assays6 are summarized in Tablt. 111. 

TABLE 111 
I ~ I O L ~ G I ~ A L  AmIvrrIEs OF S y w r m n c  I;os.wEwItxi 

In d i . 0  

c a t  lieart 
Isolated c<,rt,nary I'a*o- ( ' a ~ ~ i l l a r y  

rat  vaqodilz- Ilf.lJrf 
S o r ~ ~ l ~ ~ l ~ t i d i ~  lltc~rlls" tjonh in ra t  abilityd 

1-Citrulline brad>-- 1j400 Q 1/100' 2 I/lO0 1/1000 

!)-Citrulline brady- 1/400 1 / 1 0  2 1/100 1/10-1/100 

l,I)-13is-citrulliiic, <l/5000 . . . <1/100 < l / l O O  

13radykinin I I 1 I 

kinin 

kiniii 

bradykinin 

Utcbri froni  rats pretreated with estradiol benzoatt! for 8 
days (2  x 10-3 mg./day i.m.) lvcrc  mountpd in a 10 nil. bath 
of modified Tyrode's solution containing 0.22 g./l. of PIIgCl,. 
GH&. Each peptide \vas allotved to act for 5 niin. before 
washing. '1 F. F. Anderson and 13. S. Craver, J .  Pharmacol. 
Ezptl. Therap . ,  93, 135 (1948). J. Dekanski, Brit. J .  Pharma- 
col., 7, 567 (1962). Modification of procedure used for hista- 
mine by S.  F. Reiiihard and J. T'. Scudi, Proc. Snc. Exp. Bid.  
J ler l . ,  66, 512 (1948). Each analog \\-as injected intradermally 
at concentrations ranging from 5 X 10-6 to 0.5 mg./nil. e The 
iisc of the symbol indicates th:tt the rcsponse obtained at 
the dosage ratio shoivn in the Table was insufficient t o  ascertain 
3x1 :tccurate est,iinate or range of potency. 

It has been shown? that t v n  minor changes in the 
structure of bradykinin may lead t o  complete or at  
least very significant loss of hological activity. The 
ortapcptide L-ar~in~l-L-proI~l-L-prolyIglycyl-L-phenyl- 
:danyl-rJ-seryl-L-phenylalanyl-L-arginine is inactive on 
the isolated rat uterus even at  concentrations of 10 

( 6 )  T h e  pharmaoulveical asaa3s h o e  bpan performed bq I l r  B. Ruhirl 
t o  whom we express our sincere appreciation. 

y ml., which corresponds to  less than of the activ- 
ity of bradykinin. 

1 h rc\plwcmcnt of any on(' of the 3trongly I)asir. 
gu:mido groups by thc neutral i u d o  group his yielded 
(*ompounds that ahoic the biologiwl propcrties of t)racly- 
kinin in conwntr;itions that  arc >till iignificantly lo\v 
This ~voiilcl +iiggest that  thc strong I)asic*ity of t l : ~  
urgininc moiety i-  not :in indispcmnlile fcatiirc of 1 1 i i h  

n though its rontri1)ution cannot h 01 0 1 , -  

lookcd. 'l'hc imignificant dcgicc of :rtivity oi tlir* 1 , ! I -  
I)iwitrullinc, :in,ilog calearly tmpha+i&c~~. t liib lati V Y  

point 
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Experimental 
p-Nitrophenyl 0-Benzyl-N-benzyloxycarbonyl-L-serinate.;--. 

O-Uenzyl-N-csrboberizylosy-L-seririe (6.6 g. ) prepared froin otli3,l 
2,3-dibromopropion:Ltr: and resolwd uicc its N-acct.yl derivative8 
with acylase (Xutritional Biochemicals Corp.), \vas csterifieil 
with p-nitrophenol (3.0 g.) in 75 nil. of ethyl acetate containing 
dicyclohexylcarl3oiliirnitie (4 .2  g.:~. The mixture \vas stirrcd 
first for 0.5 hr. a t  0" arid tlieii for 1.5 lir .  a t  room temperature. 
Glacid acetic acid (0.5 ml.) then \\-as added to the mixture 
and the insoluble material filtered off and \cashed n-ith ethyl 
acetate. The filtrate and washings \\'ere rombiiietl :~,iid the 
solvent \vas ev:qior:ited under v:icuuni :it rooin teiiiperaturc.. 
The residue n-hich did not cryst:tllize \v:ts dissolved in ii smitll 
amount of ethyl acet:Ltc to remow 2itidition:tl small :mounts of 
tlie iirca and tlie solvent ag;tiii cwapor:Lted as aliove. Thc 1in:tl 
residue \vas an  oil :tiid wighed 9 g. This \v:ts ext,r:ictcd ivith 18 
litm of hot hexane, from ivhicl-i the ester separ:itd slo\vly, 
lirst :ts :til oil, \\-!iich oii further stantling :It - 5" turned to fine 
crj-stnls. Filtered off arid tlricd the product \vcighed 6 g. (613'; ) 
:tiid mclted a t  45--47'; I N ]  -. 12.2' ((:, 2. tliiiieth3lforniaiiiido 
coritainirrg 1:; acetic acid 

-4nuZ. Calccl. for C X I  , G%.\)!I: II, 4 .02:  S, 6 . 2 2 .  
L~oiiiid: C, 64.27; H. 5.1 

O-Acetyl-N-benzyloxycarbonyl-L-serine p-Nitrophenyl Ester. 
--To a solution of 0-acetylseririeg (29.4 g.) iii 1 Y bicarbonate 
(800 id . )$  benzylosyi.arl)vii~.l chloride (48 ml.) \vas added in 5 
eqiial portions during a period of 30 niin., while the mixture was 
stirred vigorously and the temperature kept at 18-20', After 
the timil addition stirring \vas contiiiiietl for another 3.5 hr. 
:tiid the misturo \v:t i rvitracteti \vith ilt!ic. 
trnctixl  with ctth?l tci. l'hcn organic pii 
tlic: soliwit, reinovfx W I C I ( O  lcw,viiig iiii oil. 
tlric.tl overnight i70 o w r  sodiiim h\-droxitlc. This residuc: 
(18 g. ) \vas dissolvcvl in et!iyl ;tcet,:atc (400 i d .  'l, the solution \\.:IS 

coolctl in an ire-wlitcr bath and p-iiitrophriiol (5  g.) and dicyclo- 
l~i.s!.lc:irbotliiinide (S5 g.) \\-ere added. Thv niixtrire \v:ts stirrcil 
for 0.5 hr. in the cwliiig bath and 3 Iir. :it room temperatiirc: 
:Lcitic nricl (17 nil.' \\*as added the stirring \vas coiitinuetl for 
:triot,hcr 1 5  inin. :tn(3 t h m  the urea \viis filtered :LII(I  w:ished n.itli 
fresh ethyl :Lcet:tte. 'flit! filtrate \vas concentrated to dryiicw 
: i ~ t l  the residue 17-as t:ilmi u p  \vit!i etlicr from ivhich i t  csrystal- 
liztd rratlily. Th(: product iv:ts fi1tcrc:tl. v~:i~shcd \vit h vthrr. 
tlrirvl and recrystallized from :tl)soliite ethanol (coiit,uiriing 1 ' 
AcOH'): yieltl, 4 0  y .  150';~. 1ii.l).  94 06': [ a ] %  -42.5' ( ( : ,  
2 ,  diIiiethylformamitlej. 

. l t ~ t / / .  Cnlcti. for C , ~ l l l S S , ' ) s :  C', 56.71 ; 1~1. 4:4i; S. 6.!Ki: 
O-lc, 10.6. Found: C. 56.8!): €I, 4.ti2; S, 7.15; OAr, 10.7. 

Benzylouycarbonyl-L-prolyl~lycine.--Tu n soliltion of glycine 
(1.7 8 . )  in water (50 nil.'i \~eiiz~~li)\ryc:zrl,o!i?.l-L-])roline n-nitro- 
pheiiyl ester (7.4 g.j  in  pyridine (55 ml.) was added. The s i ts-  
pension \vat8 stirred :tnd the pH kept a t  8.3-8.5 by the addition 
of -V sodium hydroxide. Afkr  about 0 hr. and a total consiinil)- 
tion of 37.2 ml. of N sodium hydroxide t,he pH remained constant, 
:mtl a clear solution w:is ohtaincd. The solution was diluted with 
\v:Lt,er (50 ml. ), nciitralized nnd saturated with solid sodium hi- 
c:trhonatc. The mixturc \vns extracted several times with ethyl 
ac(t:tt(: :tnd then acidifird to congo red with coned. hydrochloric 
arid. .in oil sep:tratod ;tiid turned rentlily into it crystalliric 

(TI T1,is compound lvay prepared by I l r .  Jolin T. Sheelian. 
r X )  I<. 0kaiv:t. Bull. Chem. SOC. Japan .  29, 488 (1956). 
i R )  .I. C. Sheehan, RI. Goodrnan and G. P. € h a ,  J. Am.  Chem. Soc., 78,  

136; (1956). 
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solid. The dry prod- 
uct weighed 5.02 g. (82%), m.p. 124-125' (lit.lO m.p. 122-123'). 

p-Nitrophenyl Benzyloxycarbonyl-L-prolylg1ycinate.-To a so- 
lution of benzyloxycarbonyl-bproIylglycine (VII) (918 mg.) in 
ethyl acetate (19 ml.) and dimethylformamide (1.5 ml.), 1" 
nitrophenol (0.5 9.) was added and the solution WBS cooled in 
an icewater bath. Dicyclohexylcarbodiimide (0.62 g.) was 
added and the mixture was stirred for 0.5 hr. in an ice-water 
bath and then for 2 hr. a t  room temperature. The urea deriva- 
tive was filtered off and the solution was evaporated to dryness. 
The oily residue when treated v-ith boiling ether readily crystal- 
lized giving 1.1 g. (867,) of product, m.p. 140-142". After re- 
crystallization from ethanol containing 1 7, acetic acid the prod- 
uct melted a t  143.5-145"; [ c Y ] ~ ~ D  -63" ( c ,  1, dimethylform- 
amide). 

Anal. Calcd. for CZ1Hz1N307: C, 59.01; H, 4.92; N, 9.84. 
Found: C, 59.35; H, 5.12; N, 9.83. 

Benzyl Benzyloxycarbonyl-nitro-L-arginyl-L-pro1inate.-A so- 
lution of benzyloxycarbonyl nitro-barginine (3.53 g.) and tri- 
ethylamine (1.4 ml.) in a mixture of dioxane (100 ml.) and di- 
methylformamide ( 5  ml.) was stirred and cooled to 11-12" 
and isobutyl chloroformate (1.4 ml.) was added. The stirring 
and cooling was continued for 30 min. after which the suspension 
u'as added to a mixture of proline benzyl ester hydrochloride" 
(2.41 g.), dioxane (30 ml.) and triethylamine (1.4 ml.). The 
stirring was continued for 1.5 hr. at room temperature and the 
solution was concentrated in vacuo to a few ml. The residue was 
diluted with ethyl acetate, washed tu  ice with N hydrochloric 
acid, tu*ice x i th  !V sodium carbonate and several times with 
water, dried over magnesium sulfate and evaporated to dryness. 
The oily residue was taken up with methanol and soon began to 
crystallize. Upon cooling, 2.9 g. (567,) of material, m.p. 
145-147' was obtained. Recrystallization from methanol raised 
the m.p. to 147-148.5'; [ c Y ] ~ ~ D  -42" ( c ,  1, dimethylformamide). 

Anal. Calcd. for C16H32N&: c, 57.77; H, 5.92; N, 15.55. 
Found: C, 57.69; H, 5.90; N, 15.67. 
Benzyloxycarbonyl-nitro-L-arginyl-L-proline.-To a solution 

of benzyl benzyloxycarbonyl-nitro-Irarginyl-L-prolinate (770 mg.) 
in dioxane (10 ml.) and dimethylformamide (1.5 ml.), N sodium 
hydroxide was added, a t  first 1.5 ml. and after 1.5 hr. another 0.5 
ml. Half an hour later the solution was diluted with 60 ml. of 
water and extracted twice with ethyl acetate. The aqueous solu- 
tion was acidified and extracted 4 times with ethyl acetate. 
This extract was dried over magnesium sulfate and concentrated 
to  dryness. The residue was crystallized from methanol, 0.550 
g. (827,), m.p. 108-110" w*as obtained; [ a I 2 O D  -30" ( c ,  2, 
dimethylformamide), lit.5 m.p. 119"; [a] 2 2 ~  -26.5". 

Anal. Calcd. for C18H26?;607: N, 18.70. Found: N, 18.00. 
The ethyl acetate extract from the still alkaline reaction mix- 

ture gave 70 mg. of the unhydrolyzed ester, m.p. 143-146". 
p-Nitrophenyl Benzyloxycarbonyl-nitro-L-arginyl-L-prolinate. 

-A solution of benzyloxycarbonyl-nitro-L-arginyl-L-proline 
(1.35 g.) and p-nitrophenol (0.51 9.) in dimethylformamide (8 
ml.) and acetonitrile (2.5 nil.) was stirred and cooled in an ice 
bath and after a few min. dicyclohexylcarbodiimide (0.61 g.) 
m-as added. The cooling bath was removed after 0.5 hr. and the 
stirring continued for 18 hr. a t  room temperature. The solvents 
were evaporated zn vacuo, the residue was taken up in ethyl 
acetate, the urea derivative was filtered and the ethyl acetate 
solution wm washed 3 times with N sodium bicarbonate and 3 
times with water, dried and evaporated t o  dryness. The residue 
was dissolved in hot ethanol, cooled to 0" for 2 hr., the ethanol 
was decanted and the gummy residue treated with boiling ether, 
decanted and treated again n-ith fresh ether until a solid ( I  g., 
667,) (m.p. 58-66") was obtained. On repetition of the treat- 
ment with ethanol and ether 0.85 g., m.p. 55-70' was obtained; 
[ L Y ] ~ D  -64" (c ,  1.07, methanol), lit.5m.p. 60"; [ C Y ] ~ ~ D  -62". 

Anal. Calcd. for C25H?$j708: C, 52.50; H,  5.10; N, 17.20. 
Found: C, 52.33; H, 5.40; S, 16.50. 

Methyl Benzyloxycarbonyl-L-citru1linate.-An ethereal solution 
of diazomethane was added to a solution of benzyloxycarbony1-L- 
citrulline (23.8 g.)" in methanol (210 ml.) until a persistent yellow 
color was obtained. After 15 min. the excess diazomethane was 
destroyed with acetic acid and the solvents \$-ere removed in 
vacuo. The crystalline residue Tvas taken up in ethyl acetate, 
filtered and washed with the same solvent; yield, 20.15 g. (SO'%), 

This was filtered and washed with water. 

(10) W. Grassmann and E. Winitch. Chem. Ber.. 91, 449 (1958). 
(11) R. E. Keuman and E. L. Smith,  J .  Bzol. Chem.. 193, 97 (1951). 
(12) &I. Bodanszky and C. A. Birkhimer. J .  Am. Chem. Soc.. in press. 

m.p. 155-157'. This product was used without any further 
purification in the preparation of 11. 
Benzyloxycarbonyl-L-phenylalanyl-L-citrulline (I).-A solu- 

tion of benzyloxycarbonyl-L-phenylalanine pnitrophenyl ester 
(54.6 g.) in tetrahydrofuran (20 ml.) was added to a solution of 
bcitrulline (23 g.) in water (200 ml,). The two phase mixture 
waa stirred and kept at pH 9.2 by controlled addition of 5 N 
sodium hydroxide. After about 7 hr. a clear solution resulted, 
which was diluted with water (100 ml.) acidified to pH 8, satu- 
rated with sodium bicarbonate and extracted several times m5th 
ethyl acetate. Upon acidification of the aqueous layer an oily 
precipitate formed which solidified readily. The dried solid 
weighed 58 g. and melted a t  150-152" (sintering 148"). The 
crude product (30 g.) was dissolved in hot methanol and precip- 
itated with water. The amorphous product thus obtained 
was dissolved in a mixture of hot ethyl acetateethanol (9:1), 
a small amount of impurity wm removed by filtration, and the 
solution was allowed to cool slowly to room temperature. Crys- 
talline 1(17  g., 5575) was obtained, m.p. 155-157'; [CX]%D -7' 
( c ,  0.9, dimethylformamide). 

Anal. Calcd. for C23H28N406: C, 60.50; H, 6.21; IT, 12.'?8. 
Found: C, 60.54; H, 6.43; N, 11.79. 

Methyl Benzyloxycarbonyl-L-phenylalanyl-L-citrullinate (11). 
-(A) To a solution of benzyloxycarbonyl-bphenylalany1-L- 
citrulline (I) (17 g,)  in methanol (170 ml.) an ethereal solution of 
diazomethane was added until a persistent yellow color was ob- 
tained. After 15 min. the excess diazomethane wae destroyed 
with a few drops of acetic acid and the solvents were removed 
in vacuo. The amorphous residue readily became crystalline 
on treatment with boiling ethyl acetate. This crude product 
(15.8 g., m.p. 169-172") was recrystallized from absolute ethanol 
and gave 15 g. (857,) of 11, m.p. 172-173" (sint. a t  160'); [ C X ] ~ ~ D  

-10.9' ( c ,  2, dimethylformamide). 
Anal. Calcd. for CZIH3Ox406: C, 61.27; H, 6.42; N, 11.91. 

Found: 
(B) A solution of benzyloxycarbonyl-L-citrulline methyl 

ester (20.1 g.) in methanol (400 ml.) containing acetic acid (4  
ml.) was hydrogenated a t  atmospheric pressure for 2 hr. in the 
presence of 10% palladium on charcoal (2  g.). After the removal 
of the catalyst, the solvent was evaporated in uucuo leaving 
an oily residue of L-citrulline methyl ester which was dissolved 
in pyridine (60 ml.) together with benzyloxycarbonyl-L-phenyl- 
alanyl p-nitrophenyl ester (29.4 g.). On standing a t  room 
temperature the product (11) started to crystallized from the 
reaction mixture. After 5 days the solid mass was diluted with 
ethyl acetate, concentrated to dryness, diluted with fresh ethyl 
acetate, filtered and dried (19.7 g., m.p. 169-172" sintering a t  
150"). The product was recrystallized from absolute et'lanol 
and gave 17.6 g. (59%), m.p. 170-172" sintering a t  162"; [ a l Z u ~  
-12.4" (c ,  2, dimethylformamide). 

Methyl Benzyloxycarbonyl-L-prolyl-L-phenylalan?l-L-citrul- 
linate (IXI).-A solution of methyl benzyloxycarbonyl r-phenyl- 
alanyl-L-citrullinate (11) (18 9.) in methanol (300 ml.) acetic 
acid (20 ml.) was hydrogenated a t  ordinary pressure for 2.5 hr. 
in the presence of 10% palladium on charcoal (1 g ). After 
filtration of the catalyst the solvent was removed zn t w x o  and 
the residue was dissolved in pyridine (60 ml.) together with 
benzyloxycarbonyl-L-proline p-nitrophenyl ester ( 14.8 g.). 
After 3 days a t  room temperature the semisolid mass was trit- 
urated with ethyl acetate, the solvent removed, fresh ethyl 
acetate was added and the process repeated once more. After 
filtration and drying the product weighed 18.5 g., m.p. 175-180", 
sintering 140". Recrystallization from a mixture of ethyl 
acetate-ethanol gave 14.5 g., m.p. 187-189', sintering 155". 

Paper chromatography of this product in butanol-acetic 
acid-water (4: 1 : 5 )  showed in addition to the main product a 
second component, which likewise gave a positive test Tvith p -  
diniethylaminobenzaldehyde. The two components were sepa- 
rated easily by boiling the mixture with acetonitrile, filtering the 
less soluble material (1.5 g., m.p. 235-236"; [ a ] " D  -40.7' 
( c ,  1.0, dimethylformamide) ) and concentrating the filtrate to 
dryness. Crystallization of the residue from ethyl acetate- 
ethanol gave 10.5 g. (46%) of the desired protected tripeptide 
(111): m.p. 196-197' (sint. 158"); [ L Y [ ~ ~ D  -43.0' (c ,  1.0, di- 
methylformamide). 

Anal. Calcd. for C2sH37NsO7: C, 61.37; H, 6.57; N, 12.34. 
Found: C, 61.21; H, 6.72; X, 12.39. 

The less soluble component (m.p. 235-236') showed, on hy- 
drolysis with 6 N HC1 and paper chromatography of the hydrol- 
ysate, the spots corresponding to phenylalanine and citrulline. 

C, 61.23; H, 6.57; N, 12.15. 
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The analytical figures agrco nith the values calculated for t,he 
tlikrtopiperazine containing these t x o  amino acids. 

-4nul. Calcd. for CljH209403: C ,  59.19; H, 6.62; N, 18.41. 
Found: C, 59.11; H, 6.75: S, 18.31. 

Methyl N-Benzyloxycarbonyl-O-acetyl-L-seryl-r.-prolyl-L- 
phenylalanyl-L-citrullinate (IV).-A solution of the heiizylosy- 
carbonyl tripeptide methyl ester (111) (16.8 g.) in methanol (200 
nil.) \vas hydrogenated as described for 111. After filtration of 
the catalyst the solvent was removed i i ~  i'uciio :tiid the residue 
\vas dissolved in dimethylformamide (30 ml.) together {Tith 
~-benzyloxZ-carbonyl-O-acetyl-r,-serine p-nit,roplienyl ester ( 13.4 
g.). After 4 days at room temperature tht. semisolid mass 5.y as 
tritiiratrd uiider ethyl acetate, the solvent \\-us reriioved, and the 
s:me process repeated txice more. The residue when taken up 
with fresh ethyl acetate, filtered, n.asheti ir.ith ethyl acetate arid 
absolute ethanol furnished I V  ( I  1 .6 g. 1, in.p. 158-102O. Tlic~ 
crude product \\.as recrystallized from acetoiiitril(.~-n-a,ter and gave 
11.1  g. (52(,;jj n1.p. 1TO-172"; [N]% -5:3.6 ( c .  1.02, dimethyl- 
foririaiiiido). 

. I  iml. C;tlcd. for C - . 3 i € L , S 6 (  )IO: ( '> 58.60; H, 6 . 3 ;  S,  12.0G. 
Fouiitl: C, 58.70; H, 6.56; X ,  12.01. 

Methyl Benzyloxycarbonyl-L-phenylalanyl-O-acetyl-L-seryl- 
1.-prolyl-L-phenylalanyl-L-citrullinate (V).--A solution of u t .  
405; hydrolxoniic acid in acetic arid (40 m1.j \vas added to u 
suspension of the I~erixylosycsrboii~-l tetrapeptide methyl ester 
(IT) (9.7 g . )  in acetic acid (40 mi. j. The clear solution was kept, 
for 1 hr. a t  room temperature, diluted a.it,h acetic acid (m. 
-40 nil.) and freeze dried. The residue was dissolved in diinrthyl- 
formamide (20 nil. ). the solution was made alkaline with tri- 
Iiutylamine (8.5 nil.) and berizyloxycarljonyl-l.-pherl?.lslaiiie p -  
nitrophenyl est,rr (6 .5  g . )  v.as added. After :1 days at room teni- 
pcr:ttnre the solid inass \vits triturat,ed I\ it11 ethyl xe t a t e ,  f i l -  
tcwcl,  wztshed \vit,li ethyl acetate :and :tlisoliit(~ ethanol. l < ~ -  
crystallization from acetonitrile-xvatcr gave 6.9 g. (58'); j of \' ; 
r i i .p .  206--208' siiitwing 185": I N ]  % -57.4" ((;, 1.0. dinietliyl- 
form;tmitle). 

:lnnI. Calcd. for C48H53S70ii: c', 61.19: H, 

Methyl Benzyloxycarbonyl-r,-prolylglycyl-L-phenylalanyl-O- 
acetyl-i~-seryl-L-prolyl-L-phenylalangl-r,-citrullinate (VI).-The 
iieiizyloxyearbonyl group of the protected pentapeptide methyl 
ester ( V )  (5.7 g.) was renioved by hydrobromic acid-acetic 
acid treat,ment and t>he resulting hydrobromide coupled (4 
days :it room temperature) I\-ith lienzylo. 
glycaine p-iiit.rophenyl ester (3.2 g. )  in the way described above 
for the preparation of \-. The tlricd solid obtained by tritura- 
tion of the reaction product with ethyl acetate was extracted 
n i th  hot 9t5yF ethmol, and dried. Yield of purified product ( V I ) .  
~v:as 5.8 p. ( 8 6 ' ~ ; ) ;  m.p. 214-21tjo: [ a ] %  -47.7" i c ,  1.09, 
tliiiic~tliylsiilfosi~lt~~. 

.Lila/. (I:~lctl. for C : : > O H 6 3 S 9 0 1 3 :  C, W.17: H, (i.36; X, 12.K3. 
l;ou~id: C, W.21 ;  H, 6.26;  S,  12.:18. 

Methyl ~-Benzyloxycarbonyl-nitro-i,-arginyl-i,-prolyl-L- 
prolylglycyl - I, - phenylalanyl - 0 - acetyl - L - seryl - L - prolyl- 
1.-phenylalanyl-1,-citrullinate (VIII.-The I)eiizylosycarl)~,11!.1 
group of the protected heptapepti(1e meth\-1 ester (J,Y) ( I  9. )  
\v:is removed :ind 1ieiizylosycarl-~oiiyl-nitro-L-aryiri~~l-L-prolirie 
p-nitrupheii~-l ester (0.62 g.) was coupled (5 days) to the resulting 
hydrobroiiiiclo, as described above for I-. The resulting product 
\\-as dissolved in hot absolute ethanol a i d  cooled. The resulting 
oil \vas sep:tratrd by decantation and triturated x i th  ethyl ace- 
t:ttt: until it solidified. Yield was 0.63 g .  (485;); m.p. 155-180" 
(sintering 115'); [ N ] ~ ~ D  -61 .:3' (c, 0.99, dimethglformamide). 

Llitul. Calcd. for C61HSlXlj017: C 56.50:  H, 6.30; S, 16.21. 
l~ounil:  c', 56.07; H, 6.43; K, 15.7  

r,-Arginyl-i,-prolyl-L-prolylglycyl-L-phenylalanyl-~-seryl-~- 
prolyl-L-phenylalanyl-L-citrulline (9-Citrulline Bradykinin) 
(XI).-Tu a solutioii of the protected rionapeptide methyl ester 
I V I I )  (135 mg.)  iii methanol (2 Inl.) 2 .V sodium hydroxide (0.2 
1nl.j W:LS added.'3 After 1 hr.  a t  room temperature the solution 
\vas tliluted with water (3.5 ml.) and acidified with N hydrochloric 
acid. The cloudy mixture was kept overnight in the refrigerator, 
centrifuged, the supernatant n'as drcanted and the residue  as 
tlricd in u u w o  over sodium hydroxide. This residue was trit- 
ur:itctl with acetonitrile, filterecl end  dried (110 mg.). The 
:tiiiorphons solid thus obtained nw hj-drogonatctl at, atmospheric 
t)rc'ssurcl, dissolvrd in a mixture of :tc(itic :wid -n-:iter (1 : 1) ill 

Polillti: C:, 61.10: H, 6.49; ?;, 11.40. 

the presence of 5j't pallatiiuiii on bzariuni sulfate14 (200 nig. 1. 
After 30 hr. the catalyst >vas removed bh- filtration arid the fil- 
trate was freeze dried leaving a residue of 100 mg. This crutlr 
residue (00 ing.) n'as applied to  :I, column of c:trbosyn-iethyl- 
cellulose (co. 4 g., i).!] nieq./g.) and eluted Lvith :I linear gradiciit 
of mimoiiium :tcetate. This gradient ivas ot)taiiied Li-itli a seveii 
chmil)er Aiitogretl (Technicon, Inc., Ch:iuncc.)-, N(w, York ! 
using solutions of :i.nimonium acetate ( 2 5 0  ml. ) of thv coitcr8iitr:t- 
tioris: 0.007, 0.009, 0.01, 0.025, 0.03, 0.04, :md 0.05 .11. Aft,or 
dution the absorption of the 10 ml. fractions ~v: is iiieasurtd :tt 
230 nip. The tuhes containing the main peak 5vei-e pooled a l i i 1  

lyophilized :3 times. .4 white powder (t i2 ing., [ r ~ ]  % -88.7" I(.. 
0.99, .Y acetic :wid] ) obtained which \viis shoii-ri to hi? I i o r i ~ o -  

:tldeliytle, ani1 Sakagiiciii reagent for tletectioii. It U:LS :dso 
shoirri to bt: hoinogoncous by paper tblectrol)lioresis (pyridiiic 
wetate buffer (pH 4.0 and ammoniuni citrat,t: biiifrr pH 5.:3'1 
with the aid of the same reagents. 

The (1uaiitit:ttivt tririino wid malysis gave the rittio of ;iiiii~to 
x i d s :  s(Lrinr:proline : glycinr : phenylalanine : arginine : citrril- 
lincwrnithine; 0.9::j.l: 1.0: 2.0: 1.0: 1 .0. Hydrolysis of citriil- 
line under similar coiiditions arid yu;tntit:ttive, :znalysis led to thin 
rtwwery of 60-70' 1 of citrulline ivith t,he simiiltaneoiis forni:it ion 
of :bout :3(J--40' ornithine. 

Methyl Benzyloxycarbonyl-r,-prolyl-L-prolylglycyl-L-phenyl- 
alanyl - 0 - acetyl - L - sergl - L - prolyl - L - phenylalanyl - L -citru- 
hate (VIII).-'l'lic? benzy y1 group was removed from 
the  protected heptapeptid ster (VI) (3 g.) and t 
tiri)t~romitIe thus obtained ed to react with henil 
( ~ ~ ~ r l ) o i i ~ l - L - i I r ~ ~ l i i i e  p-nitrophenyl ester (1.23 9.) for 5 days 
\v-:tj. described for the prep:tration of V:  yield, 2.5 g. ( 
111.p. 182-181" (sinttJririg :tt 175"): [CY]% -6.1' i c : ,  l.i 
ii-ir,th?-lfo,niarriitic). 

. l r d .  h l r d .  for C ~ ~ l I i o S i o U l , :  C, 60.32; H j  6.44: S, 12.79, 
Foulid: 

Methyl Benzyloxycarbonyl-i~-citrullyl-L-prolyl-L-prolylglycyl- 
I, - phenylalanyl - 0 - acetyl - L - seryl - I, - prolyl - L - phenyl- 
alanyl-1.-citrullinate (IX).-The henzgloxycarbonyl group of the 
protected octapept3itle methyl ester (VIII) (2 g.) was removed 
and brnzylos~-carl~oii~-l-r,-citrulline p-nitrophenyl c%sterlz (0.70 g. ) 
was coiipled ( 6  days) to the resulting hyclrobroInide in the \v:iy 
drscriiied for the preparation of Y: yield, 1.15 g.; 111.11. 128.- 

small s:tmple \ v x  dried iu ancrio a t  78" for andysis; 11i.p. K:LS 

r a i s d  to I:{6 -138". 
.inaL. C'alcd. for C61H8iS13016: C', 58.51; H, ti.52; S, 14.5-t. 

Pound: C, 58.44: H, 
L-Citrullyl-r.-prolyI-L-prolylglycyl-L-phenylalanyl-L-seryl-L- 

prolyl-L-phenylalanyl-L-citrulline (l,I)-Bis-citrulline Bradykin- 
in) (X!.-To it solution of the ljenzyloxycarbonyl nonapept'ido 
inethl-1 ester (262 rng.) in  methanol ( 2  rnl,), was added S sodiurii 
hytlrositle (0.6 nil,). After 30 mill. at room temperature water 
(2 r i i l . ~ ~   vas acldcd and  after another 15 miri. the solution \vas 
dilutcd with iiioro water (1 ml.). on rtcidification with 
hytirochloric :tcitl RII  oily precipit;tt,e was formed. Aftor owr -  
night standing in t,he refrigerator. t,he supernatant  vas dec:tnt,cti 
and the residue \\'as dried in  z)aczco over sodium hydroxide (103 
mg. 1. This crude protrlcted nonapeptide acid cryst:tllized from 
methanol upon standing for 3 days in the refrigerator. Thr crys- 
tals were filterrd, n-mhed xvith cold methanol and dried ($10 rng., 
m.p, 175-185" sintering at 135'). The crystulline iiit,crniodi itj(, 
wts dissolvrd iii :L I : 1 mixture of acetic acid and 1vatc-r (12 nil. '1 
and hydrogenatrd for 16 hr. in the presence of 10c.i. p;tlladiurri 011 

charco:tl (90 11ig.J. Thr clttdyst was filtered oft' and the fil1r:ttc' 
w'ns frwzr-drirtl (65 ii '1. The free noiiapeptide thus ot)taincd 
Iiohavtd :E :I, single c iponciit 011 paper chromatography (1111- 

txnol--ethanol -0. I ' ; a(lneous atactic ;wid, 4 : 1 : 5 ,  IZi 0.59 sild 

I)utanol-acetic :Lci&xitcr, -2: t : 5 ,  ftf 0.28) and papor cloctro- 
phoresis (pyridine acetate buffer, pfl 4.0 and ammonium citr:ttt: 
buffer, pH 5 . 3 )  developed with ninhydrin and Ehrlich (p-di- 
niet1iylaniiiiol~c~nz:~ldeliyric~) reagent,s. Quantitative amino :wid 
"j,is g n v ~  thc ratio : serine : proline : glycine : phen 
amnioiiia: citrulline--oriiithine: 0.8:3.06:0.95:2.13:0.T7 
mother 1iqiior.s Froni the crystallization of the prot'ect.ed nom-  
ptaptidc, :wid \vcsril coiici~iitrated to dryiirm and t.lie rwitlue W,S 
Iiydrogoriatetl :LR described almvc. The crude product u w  p r i -  

(', Bl).$JO; 1-1, 6.43; 1, 13.28. 

[ C Y J  ?"II  -61.9" (c, 1.0, tliinethylforinamidc). 
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fied by counter current distribution in the system butanol- 
ethanol-0.1 yo aqueous acetic acid (4  : 1 : 5). From the main 
peak ( K  = 0.43) the free nonapeptide (35 mg.) was isolated with 
the properties described above; [ C Y ] ~ ~ D  -96" ( e ,  1.0, N AcOH). 

Benzyloxycarbonyl-L-phenylalanyl-nitro-L-arginine (XII).-To 
a solution of nitroarginine (9.68 g.) in a mixture of N sodium 
hydroxide (45 ml.) and water (80 ml.) a solution of benzyloxy- 
carbonyl-L-phenylalanine p-nitrophenyl ester (16.8 g.) in pyri- 
dine (90 ml.) was added. Precipitation occurred and the re- 
sulting suspension was stirred a t  room temperature. When the 
pH dropped to 9-9.3 i t  was kept a t  this level by addition of 2 IT 
sodium hydroxide. After 5-6 hr. and a total consumption of 18.35 
ml. of 2 AT sodium hydroxide, the pH remained constant and the 
clear reaction mixture gave no turbidity upon dilution with water. 
The solution was treated with concd. hydrochloric acid to pH 8 
and saturated n-ith solid sodium bicarbonate, extracted 7 times 
with ethyl acetate to remove p-nitrophenol and pyridine and 
acidified to congo red x i th  concd. hydrochloric acid. An oil 
separated, which readily crystallized and could be filtered, washed 
xi th  1%-ater and dried. There was obtained 16.7 g. of XII ,  m.p. 
170-173" (sintering 168"). On trituration xi th  ether a product 
weighing 15.7 g (ilco), n1.p. 1i3-liGo \vas obtained; [ C Y I ~ O D  

+2.1" ( e ,  2, pyridine); lit.'3a m.p. 185-186"; [CY]~'D +1 5; lit.13b 
171.5-173 '. 

Methyl Benzyloxycarbonyl-L-phenylalanyl-nitro-L-argininate 
(XIII).-Benzylo-\ycarbonyl - L - phenylalanyl - nitro - L - argi- 
nine (XII) (7.7 g.) was methylated with diazomethane in the \yay 
described for the preparation of 11. The residue was crystallized 
from methanol, 6.6 g. of product, m.p. 148-151" (softens a t  145") 
was obtained. Another recrystallization from methanol gav, 6 
g (76Yo) of XIII ,  m.p. 150-152'; [ C Y ] ~ O D  -13.5' (c, 1, MeOH), 
lit.13a m.p. 160-161", [CY] 2 8 ~  -16.2'. 

Methyl Benzyloxycarbonyl-L-prolyl-L-phenylalanyl-nitro-~~-ar- 
gininate (XIV).-The protecting group M as removed from methyl 
benxyloxycarbonyl-L-phenylalanyl-nitro-L-argininate (XIII)  (6.7 
9.) and the resulting hydrobromide mas allowed to  react with 
benxyloxycarbonyl-L-proline p-nitrophenyl ester (4 8 g ) by the 
procedure described in the preparation of V. After 2 days a t  
room temperature the mixture was diluted with ethyl acetate, 
washed with .Ir hydrochloric acid, iV ammonium hydroxide and 
water. The ethyl acetate solution was dried over magnesium 
sulfate and evaporated to dryness. The resulting residue was 
crystallized from methanol-mater. The protected tripeptide 
ester XIV (4.8 g., 60%) melted a t  137-139" (soft. 135"); [cY]"D 
-43" (c, 2 0, dimethylformamide), lit.4c m.p. 137-139"; [cyIZ3D 
-43". 

Anal. Calcd. for C ~ ~ H ~ Z S Z O B :  C, 57.00; H, 6.05; N, 16.00; 
OMe, 5.60. Found: C, 57.65; H, 6.23; N, 16.18; OMe, 
5.46. 

Methyl 0-Benzyl-N-benzyloxycarbonyl-L-seryl-L-prolyl-L- 
phenylalanyl-nitro-L-argininate (XV).-The benzyloxycarbonyl 
group was removed from the protected tripeptide methyl ester 
(XIV) (3.05 9.) as described for V. The hydrobromide of the 
tripeptide ester was dissolved in methanol, the solvent was 
removed in zucuo and the residue again dissolved in methanol 
(20 ml.). To this solution Amberlite IRA-400 (acetate cycle) 
was added with stirring until the reaction for bromide became 
negative The solution TTas filtered through a layer of resin and 
concentrated to dryness. The residue mas dissolved in di- 
methylformamide (12.5 nil.) and p-nitrophenyl O-benzyl-S-car- 
bobenzyloxy-L-serinate (Is') (2.25 g.) was added. After 2 5 days 
a t  room temperature the product was isolated as described above 
for the preparation of XIV. The crude protected tetrapeptide 
ester XV was dissolved in ethyl acetate-methanol and precipi- 
tated with ether, yielding 2 6 g. (66Yc)> m.p. 100-102°; [ c Y ] ~ ~ D  
-40" ( e ,  1.0, diniethylformamide). 

Ana!. Calcd. for C3gH4BNdh: C, 59.50; H, 6.10; N, 14 20. 
Found: 

Methyl 0-Acetyl-N-benzyloxycarbonyl-L-seryl-L-prolyl-L- 
phenylalanyl-nitro-L-argininate (XVa).-The benzyloxycarbonyl 
tripeptide methyl ester (XIV) (19 g.) was treated with hydro- 
bromic acid in acetic acid as described for V. The resulting 
hydrobromide was dissolved in a mixture of saturated potassium 
carbonate solution 165 ml.), ethyl acetate (195 ml.) and aceto- 
nitrile (97 ml.). The organic layer was separated off and the 
aqueous phase was extracted 3 times with ethyl acetate-aceto- 
nitrile (2.1). The organic phases from two such batches were 
pooled, dried and concentrated to dryness. The oily residue, 
methyl 1,-prolyl-L-phenylalanyl-nitro-L-argininate, and O-acetyl- 
.I7-benq loxycarbonyl-L-serine p-nitrophenyl ester (25 g.) vere dis- 

C, 59.10; H, 6 20; N, 14.20. 

solved in pyridine (70 ml.). After 3 days a t  room temperature 
the mixture was diluted with ethyl acetate, wmhed 3 times with 
A' hydrochloric acid, 7 times with S ammonium hydroxide, once 
with N hydrochloric acid and finally with water. The solution 
was dried over MgSO4, the solvent was removed in z'acuo and the 
oily residue was boiled with ethyl acetate. This resulted in a 
crystalline precipitate very insoluble in ethyl acetate. The crys- 
tals were filtered, washed with ethyl acetate and dried; weight 10 
g., m.p. 170-172"; [ C Y I ~ O D  -56.6' ( e ,  1.06, dimethylformaniide). 
The mother liquors on concentration deposited a second crop 
(16 g., total yield 56%) of the same m.p. and rotation. 

Anal. Calcd. for C&ds&: C, 55.13; H, 5.99; K, 15.12. 
Found: C, 54.92; H, 6.14; N, 15.09. 

Methyl Benzyloxycarbonyl-L-phenylalanyl-O-acetyl-L-seryl- 
L-prolyl-L-phenylalanyl-nitro-L-argininate (XVI).-(A) The ben- 
zyloxycarbonj-1 group was removed from the protected tetra- 
peptide methyl ester XV (1.94 g.) and the hydrobromide treated 
as described for XV. The tetrapeptide ester acetate was dis- 
solved in a 1 : 1 mixture of pyridine and dimethylformamide (7.5 
ml.) and benzyloxycarbonyl-L-phenylalanine p-nitrophenyl ester 
was added. After 2.5 days a t  3 i "  the mixture was diluted with 
ethyl acetate, washed once n6th N hydrochloric acid and once 
with water. The solution xas  dried over magnesium sulfate and 
concentrated to about 5 nil.; the product began to crystallize. 
The crystals were filtered, washed with ethyl acetate and dried, 
yielding 910 mg. (45yc) of ST'I, m.p. 208-211°; [cY]'~D -54" (e, 
1.0, dimethylformamide). 

Anal. Calcd. for C13Hj3Sg012: C, 58.18; H, 5.Y8; N, 14.20; 
0-Ac, 4.8. Found: C, 58.29; H, 6.21; S, 14.38; 0-Ac, 4.5. 
(B) The benzyloxycarbonyl group of the protected tetra- 

peptide methyl ester XVa (25 g.) \vas removed with hydrobromic 
acid-acetic acid and the hydrobromide thus obtained was allowed 
to react with benzyloxycarbonyl-L-phenylalanine p-nitrophenyl 
ester (15.2 9.) in the way described for T'. -4fter 3 days a t  room 
temperature the reaction mixture was diluted with ethyl acetate, 
concentrated almost to dryness and the crystalline residue ~va3 
taken up with ethyl acetate, filtered and xashed with ethyl 
acetate and methanol. After drying 15 g. (50%) of XT'I was 
obtained, n1.p. 209-212". -4 small portion boiled with methanol 
gave m.p. 214-216"; [CY] 2 3 ~  -57" ( e ,  1, dimethylformamide). 

Methyl Benzyloxycarbonyl-L-prolylglycyl-L-phenylalanyl-0- 
acetyl-r,-seryl-L-prolyl-L-phenylalanyl-nitro-L-argininate (XVII). 
-The benzyloxycarbonyl group was removed from the protected 
pentapeptide methyl ester (XVI) (0.6 g.) and the resulting hydro- 
bromide was coupled with benzylosycarbonyl-L-prolylglycine p- 
nitrophenyl ester (0.33 9.) by the procedure described for V. 
After 2.5 days the mixture was processed as in the preparation 
of XVa. XVII was obtained as crystals weighing 0.61 g. (837,) ,  
m.p. 188-190" (sintering 185"). It can be recrystallized from 
957, ethanol (m.p. 193-196'); [cY]?OD -50" ( e ,  1.3, dirnethyl- 
formamide). 

Anal. Calcd. for CjOH63S~~014: C, 57.63; H, 6.05; s, 11.79; 
0-Ac, 4.1. 

Methyl Benzyloxycarbonyl-L-prolyl-L-prolylglycyl-L-phenyl- 
alanyl - 0 - acetyl - L - seryl - L - prolyl - L - phenylalanyl- 
nitro-L-argininate (XVIII).-The benzyloxycarbonyl hepta- 
peptide methyl ester (XVII) (3.85 g.) was treated Tyith hydro- 
bromic acid-acetic acid in the usual way and the hydrobromide 
obtained was coupled with benzyloxycarbonyl-L-proline p-  
nitrophenyl ester (1.5 9.) by the procedure employed for V. 
After 3 days a t  room temperature the reaction mixture was diluted 
with ethyl acetate-acetonitrile and washed once x i th  LT hydro- 
chloric acid and water. After drying the solvents were removed 
in vacico and the oily residue was triturated xit'h ethyl acetate, 
which caused i t  to solidify; yield, 2.5 g. (5970), m.p. 131-135'; 
[cY]~~D -60" ( e ,  1.0, dimethylformamide). 

Anal. Calcd. for CjjH7OS1205: C, 57.99; H, 6.15; K, 14.76. 
Found: C,58.51; H,6.51; S, 14.38. 

Methyl Benzyloxycarbonyl-L-citrullyl-L-prolyl-L-prolylglycyl- 
I, - phenylalanyl - 0 - acetyl - L - seryl - L - prolyl - L - phenyl- 
alanyl-nitro-L-argininate (XIX).-The benzyloxycarbonyl octa- 
peptide methyl ester (XVIII) (2.4 9.) was treated x i th  hydro- 
bromic acid-acetic acid and 1)enzylosycarbonyl-L-citrulline 
p-nitrophenyl ester (0.9 g.) was coupled (4 days) to the resulting 
hydrobromide by the procedure described for the preparation of 
V. The reaction mixture  as processed as in the preparation 
of SF'III; yield, 1.5 g. ( 5 5 5 ; ) ,  n1.p. 132-140" sintering a t  110"; 
[CY] 2 0 ~  -58" ( e ,  1, dimethylformamide). 

Anal. Calcd. for C61H81Nlj017: C, 56.50; H, 6.30; S,  16.21. 
Found: 

Found: C, 57.54; H, 6.13; N, 14.73; 0-Ac, 5.3. 

C, 56.80; H, 6.40; S, 16.24. 



16 J. T. DOLUISIO AND A. S. ~ I A R T I Y  1701. ti 

L-Citrullyl-L-prolyl-~~-prolylglycyl-L-phenylalanyl-~-seryl-~- 
prolyl-L-phenylalanyl-L-arginine (1-Citrulline Bradykinin) (XX). 
-To a solution of the benzyloxycarbonyl nonapeptide methyl 
ester (XIX) (130 mg.) in methanol (1 nil.) 2 A' sodium hydroxide 
(0.1 ml.) \vas added. Aft'er 1 hr. a t  room temperature water (2 
nil.) was added and after another 15 min. the solutio11 was acidi- 
fied with .V hydrochloric acid and kept, in a refrigerator overnight. 
The supernatant was decanted and the semi-solid precipitate x i s  
dried in ~ C U O  over sodium hydroxide. The solid residue thus 
ohtnined (88 mg.) was dissolved in a mixture of acetic acid-nater 
(5 : l )  (13 ml.) and hydrogenated a t  atmospheric pressure for 18 
hr. in the presence of 5% palladium on tiariurn sulfate.'* After 
removal of the catalyst the solution n'as freeze-driod. The 
residue n-as chromatographed on carhoxyineth~lcellulose, using 
:I gradually increasing concentration of ammonium acetate for 
the elution, as described for the purification of XI. The product 
\v : t~  freeze-dried several times to remove residunl ammonium 
:xetate. The final product (30 nig., [ a ] %  -01.3° (c ,  1.0: .I- 

acetic acid) )  vas homogeneous on paper chromatogrmiis tixi- 
tariol-acetic acid-water 4 : l :  5,  IZr 0.30) and by paper c4ectro- 
phoresis (pyridinc acetate buffer pH 4.0 and ammonium acct:Ltcl 
buffer pH 5.:3) when developed with ninhydrin, Ehrlicli (1'- 
dimeth~~lamiiiol~crizalcieh~de) and Sakaguchi reagents. 

:lnzino .2cid .inaiUsis.--C:ly:Ser:Pro:Phc: Arg: ('it -( h -  1 : 
0.8: 3 :  2 :  1.1 :I .I). 

Acknowledgment.-The author wishes to express hi:, 
gratitude t u  Dr. J1. Bodanszky for the encouragement 
and advice with vhich he supported this work and to  
Dr. J. Fried for his help in the preparation of the manu- 
script. He also is grateful to  Mr. J .  Alicino and his 
group for the microanalys-es, Mr. 0. IGxy for the electro- 
phoretical studies and Ilrs. S. Williams for the amiiiu 
acid analysiz 

Metal Complexation of the Tetracycline Hydrochlorides 

Jahics T .  DOLCISIO 
f'hzladelphza College of Pharmacy  and Sczerice, Philadelphia 4,  Pennuy lvunu  

AIVD ALFRED K. ~ I A I ~ T I N  
Purdue  Unzversity Schcol of Pharmacy ,  Lafayette,  I r id~c int r  

Received M a y  31, 1982 

Therapeutically active tetracycline analogs, tetracycline' HC1, chlorotetracyclirie' HC1, oxytetracycline. HC1, 
7-chloro-6-demethyltetracycline HC1, and anhydrochlorotetracycline. HC1, were found to complex with cupric, 
nickel and zinc ions to  form 2 . 1  complexes with the same avidity. Inactive tetracycline analogs, anhydro-4- 
cpitetracycline HC1, 7-chloro-4-epitetracycline HC1 and isochlorotetracycline HCI, xere found to form onl> 
1 : 1 complexes with cupric, nickcl and zinc ions. By analysis of potentiometric data and examination of Stuart 
:tnd Briegleb models, it is postulated that tetracycline chelation with these metal ions occurs through coordina- 
tion with the C.4 dimethylamino group and either the C.3 or C.12a hydroxyl groul) 

Many possible modes of tetracycline action have 
heen suggested, but  one is of particular interest. 
Hunter and Lowry' have suggested that tetracyclines 
uncouple aerobic phosphorylation (that is, they 
inhibit the formation of ATP, which is a primary 
source of energy for cellular functions, without affecting 
oxygen consumption) by interaction with magnesium 
bound to  an enzyme without actually removing it. 
In  this investigation experiments were undertaken to 
determine whether there existed a correlation between 
thr  metal binding properties of the tetracyclines and 
effectiveness of antibacterial activity. 

Albert2z3 has calculated stability constants for the 
interaction of many metal ions with tetracycline.HC1, 
oxytetracycline.HC1 and chlorotetracycline.HC1 and 
has stated that  chelation is likely to play a part in the 
mode of action "because substances with constants of 
surh magnitude could not fail to compete with metals 
in the tissues."* He also points out that  the action of 
thP tetracyclines on bacteria is much slower than that 
of oxine and they are active in iron-depleted media. 

Jliura, et al. ,5 have shown that oxytetracycline and 
chlorotetracycline exhibit their activity by uncoupling 
aerobic phosphorylation. Recent work has indicated 

f 1) I?. E. JIunter and  0. 11. Lon.ry, P / L ~ v ~ ~ c ( J ~ .  Iiei:s. ,  8 ,  89 (19.X). 
( 2 )  d. Albert and  C. IT. Rrese, ,Vatt~re. 177, 433 (1950). 
(:i) A. Albert, Nature,  172, 201 (19X3). 
( I j .I. Albert ,  in "Ptrategy (if Cliemotherapy," Cambridge University 

1.;) Y. RIiura, Y. Sakainura ,  H. 3Iatrudaira. and  T. Komeiji,  Arif ibioi ics  
I'wsn, London, 1958. pp. 1 12-188. 

niid Chemothrrnpy, 2 ,  152 (1'362). 

that  manganese iz essential for 
Saz and Slie7s8 have presented evidence that man- 
ganese is essential for reduction of DPY+ by malate 
in certain Escherichia coli extracts and suggest that the 
inhibition of nitroreductase by chlorotetracyclinc in 
such preparations is due to complexing ' i ~  ith manganpsc 
and preventing the formation of D P S H  which i4 es- 
sential for reduction. Brody, et al.,9 have shonn that 
the uncoupling of phosphorylation is prevented if 
excess magnesium is included in the medium; hon ever, 
Burstall'O suggests that small amounts of mctd  en- 
hance, and may in some cases he necessary for, in- 
hibition. Pancreatic lipase is inhibited by ehloro- 
tetracycline only in the presence of divalent ions." 
HamnerI2 recently has reported the potentiation of 
demethylchlorotetracycline . HCI in the presence of 
zinc cations This result was in contrast to effects 
obtained with nicxkpl. magnesium, iron, copper and 
aluminum ion,. 

Goldman13 has studied the inhibition of alanine dt.- 
hydrogenase by o.iytetracycline. He noted that crude 

( C )  0 Linberg and  I, Ern-ter .\afure, 173, 1038 (1954) 
(7)  A K sas and R B We, Antibzoftcs A7cn, 303 (1953). 
(8) A K. Srtz and R B %P .I A m  Chem. Sac 76, 3G2b (1073). 
( 0 )  T .  ;\I Brody R II i i rnir7 and  J. A Bein AntzLtottcs and C h r n i u t h i r  

apu ,  4, 861 ( 1 9 W .  
(10) 11. L. Burutall. XLg.  Ctiew~is t ,  31, 471 il960). 
(11) .J. Rokos. 1'. Lfalek, 31. Biirger, P. Prochazka and  J. Kolr*, ~ l ~ j t i -  

biotic3 and C h e m n f l w r a p y ,  9 ,  GOO (1939). 
(12)  hI.  E. IIaiuner, "Compatibility of Zinc Cation with I)rtu?tliyl- 

r l i lo~t~tri icgcline," Rrientific Bwtion, Am. I'kiar~n, Assoc. Meeting, Cliicago, 
Illiniiii. 1001. 

f l 3 )  U. S. Goldnian, J .  Uiol .  Cieem., 236, 616 (1900). 


