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L-Glutamic acid
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L-Glutamine

2.12
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1.74

trum of 2-thiolhistidine, in which this peak is missing. ( I n
this compound, the sulfhydryl hydrogens, unlike those of
cysteine, evidently exchange rapidly with the solvent and
give rise to no distinguishable peak.)
The spectral peak positions of 1-S-methylhistidine and
L-histidine methyl ester are in accordance with expectation.
The interpretation of the spectrum of L-histidyl-L-histidine
(Fig. 542) shows the a-ammonium resonance to be a t an unusually low r-value, as compared to other dipeptides. The
pK’ for the a-amino group of histidylhistidine in water is
7.80,*l appreciably lower than the value of 8.2 f 0.1 characteristic of dipeptides having one basic group and one carboxyl.21 I n trifluoroacetic acid this difference may be expected to be considerably exaggerated because the a-amino
group is being observed in a medium of low dielectric constant and under conditions where both imidazole groups
are probably positively charged. The displacement of the
peak due to the or-amino group is too great to be attributed
to the direct inductive effect of the nearest charged imidazole group, but may well result from r-electron ring current~.~*l6-~9
The peaks of the a-amino groups of histidine
and its other one-ring derivatives (Table VI) are also a t
somewhat lower r-values than those of most other com-
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5.45
d ; J = 5
glut.: 5.12
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pounds reported in this study, but the displacement is much
less than found for histidylhistidine.
Acidic Amino Acids and Peptides
The peak positions of the acidic amino acids, aspartic and
glutamic, and of asparagine and glutamine, together with
two glycyl peptides, are given in Table VI1 ; the spectrum
of glutamic acid in Fig. 6. The amide proton peak for asparagine is a t considerably higher 7-value than that of glutamine; in glycylasparagine, a similar deviation is seen,
the peak due to the peptide proton (identifiable by virtue
of its splitting) appearing a t considerably lower 7-values
than that for the CONHI protons, which is evidently included under the ammonium peak.
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N~.Nw-Dicarbobenzoxy-L-arginineand tricarbobenzoxy-L-arginine have been utilized for the preparation of a variety of
dipeptides containing an N-terniinal arginine residue. The former compound, either as its acid chloride-hydrochloride
derivative or under the condensing action of dicpclohexylcarbodiimide, was coupled with diethyl glutamate and the
condensation .product subsequently converted to the corresponding free peptide ma successive saponification and catalytic
hydrogenolysis: the formation of Na,No-dicarbobenzoxyanhydro-L-arginineaccompanied the coupling reaction, an occurrence presumably attributable to the fact that the basicity of the guanido moiety of Ka,No-diacylated arginines is not completely masked. S o analogous evidence of intramolecular cyclization was revealed in the case of the more exhaustively
protected tricarbobenzouy-L-arginineupon like condensation, via its mixed carbonic-carboxylic acid anhydride derivative,
with the benzyl ester derivatives of L-alanine, L-aspartic acid, L-glutamic acid, glycine, L-isoleucine, D-alloisoleucine,
1.-leucine, L-phenylalanine, L-tyrosine and L-valine. Catalytic hydrogenolysis of the tricarbobenzoxy-L-arginylamino acid
bmzvl esters so procured led to the corresponding dipeptides, which were isolated in high over-all yield. A comparable
condensation between tricarbobenzoxy-L-arginine and benzyl No-carbobenzoxy-L-argininatepermitted the ultimate synthesis of ~-arginyl-~-arginine,
which was isolated and characterized as its diflavianate anti dipicrolonate derivatives.

Introduction
The successful union of an arginine residue with
anuther amino acid residue in peptide linkage re-

quires that the basicity of the former be adequately
masked prior to its implication in the peptide-formirig step. For such purpose, the basicity of the
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guanido function is customarily suppressed via
(a) substitution with a nitro function, (b) salt
formation with a hydrogen halide or (c) acylation.
The first of these techniques was introduced by
Bergmann, Zervas and Rinkel who, in 1934, exploited the strongly electronegative character of
the nitro function to effectively depress the basicity
of the guanido group and thereupon facilitate the
incorporation of the arginine residue into peptides ;
subsequent removal of the nitro function could be
achieved through catalytic reduction.* An analogous technique was applied to the synthesis of
a variety of C-terminal arginine peptides3-?
and, with the introduction of the mixed carboxyliccarbonic acid anhydride8fsand the dicyclohexylcarbodiimidelOmethods, was applied to the preparation of N-terminal arginine peptides as well."
Although the use of hydrohalides12-16to block the
basicity of the guanido moiety has been less frequent than the aforementioned method, i t has
nevertheless found important application in the
synthesis of such important biological compounds
as arginine-vasopressin.16 The final method, with
which the initial studies17J8of this series were concerned, involves the conversion of arginine to its
Nm,Nu,Nw-tricarbobenzoxy
derivative, followed by
application of the latter to the synthesis of Larginyl-L-glutamic acid.lS I t is the purpose of the
present communication to report the use of Nu,Nw-dicarbobenzoxy-L-arginine in like connection,
as well as to describe the extended application of
tricarbobenzoxy-L-arginine to the preparation of a
variety of N-terminal arginine peptides, with
(1) M. Bergmann, L. Zervas and H. Rinke, Z . phrsiol. Chcm., 224,
40 (1994).

(2) M. Bergmann and L. Zervas, Bcr., 66, 1192 (1932).
(3) K. Hofmann, H. Kappeler, A. E. Furlenmeier, M ,E. Wooner,
E. T. Schwartz and T. A. Thompson, THIS
JOURNAL, 79, 1641 (1957).
(4) H. Zahn and J. F. Diehl, A n g e v . Chem., 69, 135 (1957); Z.

Nulurforsch., 12b, 85 (1957).
( 5 ) H. van Ordnen and E. L. Smith, J . Biol. Chem.. 208, 751
(1954).
(6) I(. Hofmann, A. Rheiner and W. D. Peckham, THISJOURNAL,
75, 6083 (1953), K.Hofmann, W. D. Peckham and A. Rheiner, i b k i . ,
78, 238 (1956).
(7) Cf. J. S.Fruton, Adu. Pmlein Chcm., 6, 1 (1949); J. P. Greenstein and M. Winitz, "Chemistry of the Amino Acids,'' John Wiley
and Sons, Inc., New York, N. Y.,Vol. 11, in press.
( 8 ) T. Wieland and H. Bernhard, A n n . , 672, 190 (1951); R. A.
Boissoanas, Helu. Chim. A c t o , S4, 874 (1951); J. R. Vaughan and R. L.
Osato, THIS
JOURNAL, 74, 676 (1952).
(9) C. Berse and L. Piche, J . &E. Chem., 2 1 , 808 (1956).
(10) J . C. Sheehan and G . P . Hess, THIS
JOURNAL, 7 7 , 1067 (1955);
J. C. Sheehan, M. Goodman and G. P . Hess. ibid., 78, 1367 (1956).
(11) N. Izumiya and S. Makisumi, J . Chcm. SOC.Japan, 7 8 , 1768
(1957).
(12) D. T. Gish and F. H. Carpenter, THISJOURNAL, 76, 5872
(1953).
(13) G. W. Anderson, ibid., 78, 6081 (1953).
(14) R . A. Boissonnas, S. Guttmann, J. P. Waller and P. A. Jaquenound, Experientio, 1 2 , 446 (1956).
(15) R. W.Young, K. H. Wood, R. J. Joyce and G. W. Anderson,
THISJOURNAL, 78, 2126 (1956).
(16) V. du Vigneaud, D. T. Glsh and P. G. Katsoyannis, ibid., 76,
4751 (1954); P.G. Katsoyannis, ibid., 79, 109 (1957).
(17) L. Zervas, M. Winitz and J. P. Greenstein, Arch. Biochem.
Biophys., 6 6 , 573 (1956).
(18) L. Zervas, M.Winitz and J. P. Greenstein, J . Ora. Chem., 22,
1515 (1957).
(19) A preliminary report from this Laboratorya described the use of
an analogous procedure for the preparation of L-arginyl-L-arginine,
but without experimental detail.
(20) L. Zervas, T. Otani, M. Winitz and J. P. Greenstein. Arch.
Biociicm. Biophys.. 76, 290 (1958).

particular emphasis on the synthesis of L-arginylL-arginine.
Results and Discussion
The basic character of the guanido group in such
N',Nw-diacylated L-arginines as the dibenzoy1,21,22
di-p-nitrocarbobenzoxy'* and
dibenzyl~ulfonyl,~~
dibenzene~ulfonyl~~
derivatives is not completely
masked. This fact was established as early as
1928, both by Felix and Dirr2*and by Zervas and
Bergmann,?l who described the hydrochloride salt
of Na,Nw-dibenzoylarginine, and was reaffirmed,
in 1953, by Gish and Carpenter12 who determined
the apparent dissociation constants of N',N"-di-pnitrocarbobenzoxyarginine and reported a fruitless
attempt to employ this compound in the peptideforming step. That N*,No-dicarbobenzoxy-L-arginine possesses a like basicity was more recently
evidencedl8 when its treatment with carbobenzoxy
chloride under Schotten-Baumann conditions led
to the formation of the tricarbobenzoxy derivative.
Nevertheless, the ready accessibility of Nu,Nwdi-carbobenzoxy-L-arginine (11) via the selective
saponification of tricarbobenzoxy-L-arginine (I or
Ia) afforded an opportunity to reinvestigate the
potential utility of the N',Nw-diacylated arginines
as intermediates in the synthesis of N-terminal
arginine peptides. Initial studies in this direction
involved the treatment of Na,Nw-dicarbobenzoxyL-arginine (11) with phosphorus pentachloride in
anhydrous chloroform a t 0 to -5"; the acid
chloride hydrochloride25so derived was immediately
coupled with diethyl t-glutamate and the conden-

I

sation product (111,R = E ~ O ~ C C H ~ C H ~ C H C O Z E ~ )
converted to L-arginyl-L-glutamic acid, in modest
over-all yield, by saponification followed by catalytic hydrogenolysis. Although a somewhat better
yield of the desired intermediate 111 could be attained through the dicyclohexylcarbodiimide-induced condensation of Nm,N*-dicarbobenzoxy-Larginine with the hydrochloride salt of diethyl
L-glutamate in the absence of added base, no appreciable coupling reaction was observed when the
latter reactant was present as the free base. Such a
situation is explicable on the basis of a migration of
protons from diethyl glutamate to the dipolar
N",N"-dicarbobenzoxyarginine as a prelude to the
actual condensation. I n any event, the isolation
of pure L-arginyl-L-glutamicacid demonstrates that
Na,N"-diacylated arginines may provide an alternative synthetic route to N-terminal arginine
peptides.
During the course of the condensation of NQ,N"dicarbobenzoxy-L-arginine with diethyl L-glutamate by either of the above methods, a crystalline
by-product precipitated whose elemental analytical
values and chemical properties unequivocally
identified i t -as Nu,Nw-dicarbobenzoxyanhydro-Larginine (IV). Whilst the latter was found to be
(21) L. Zervas and M. Bergmann, Be?., 61, 1195 (1928).
(22) K. Felix and K. Dirr, Z . phrsiol. Chem., 176, 29 (1928).
(23) H.B.Milne and C-H. Peng, TEISJOURNAL, 79, 642 (1957).
(24) H.T.Clarke and H. B. Gillespie, ibid.. 64, 1964 (1932).
(25) Whilst this intermediate was not characterized, its existence as
the hydrochloride salt in solution was indicated by the absence of hpdrogen chloride evolution during the phosphorus pentachloride treatment.
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stable in neutral aqueous solution, the addition of formation of a tricarbobenzoxyanhydroargiriine
one equivalent of alkali thereto readily converted side product detected. Subsequent palladium
it to N*,N"-dicarbobenzoxy-L-argininein nearly black-catalyzed hydrogenolysis of the condensation
quantitative yield. Treatment of the substance with products led to the siiriultaneous removal of the
acetic anhydride a t room temperature proceeded carbobenzoxy and benzyl ester substituents with
with the formation of an intermediate (V) which, the formation of the unprotected dipeptides; the
when treated with cold water and cold 5 9HCl, latter, with the exception of the aspartic acid and
respectively, decomposed into N-acetyl-X'-carbo- glutamic acid derivatives, were isolated in analytibenzoxyurea (VI) in addition to a-carbobenzoxy- cally pure state as their respective acetate salts. Latninopiperidone in the former instance and Ne- Arginine amide dihydrochloride was prepared from
carbobenzoxy-L-ornithinehydrochloride (VII) in the precursor tricarbobenzoxy derivative in like
the latter. Substance IT' presumably arose as a manner. Specific rotation values of the peptides so
result of the preliminary activation of the carboxyl derived were generally in agreement with the literagroup of dicarbobenzoxyarginine by the condensing ture values of those compounds previously prepared
agent, followed by an intramolecular cyclization. by other routes.
The success attained with tricarbobenzoxy-1,Such formation of an anhydroarginine derivative
is reminiscent of the early observation of Berg- arginine in the aforementioned syntheses suggested
iuann and Koster'6 that L-arginine, when treated that this compound would probably prove of like
with an excess of acetic anhydride a t the boiling utility in the synthesis of L-arginyl-L-arginine.
temperature, is converted to triacetylanhydro- For such purpose, tricarbobenzoxy-L-arginine was
DL-arginine. An analogous situation prevails in coupled with Nw-carbobenzoxy-L-arginine benzyl
the conversion of L-nitroarginine to Iia-acetylan- ester via both the mixed anhydride8 and dicyclohydro-DL-nitroarginine by the action of acetic hexylcarbodiimidelDmethods. This process led to
anhydride in boiling glacial acetic acid.27 The a mixture of products wherefrom tricarbobenzoxybenzyl esintramolecular cyclization which accompanies re- L-arginyl-N"-carbobenzoxy-L-arginine
could be isolated in a satisfactory degree of
actions of this type may be ascribed to the fact that ter1*,20
the basicity of the guanido moiety of the precursor purity only after repeated recrystallization from
various solvents; side product formation in such
arginine derivative is not completely masked.
With the above in mind, it becomes clear that situation is not unexpected in view of the fact that
by virtue of the completely or almost completely the benzyl ester of Nw-carbobenzoxy-L-arginine
suppressed basicity of the guanido moiety of tri- possesses a t least two reactive groups capable of
carbobenzoxy-L-arginine,a synthetic route to Tu'- partaking in the coupling reaction, namely, one a t
terminal arginine peptides is available wherein no the a-position and the other a t the guanido nudanger of anhydro-compound formation exists. cleus. However, w h e n an identical condensation w a s
Indeed, the condensation of tricarbobenzoxy-L- qfected in the presence qf ofzc equivalent of a sfrong
arginine, zia the mixed carbonic-carboxylic acid acid, the desired dipeptide deyivative was secured
anhydrideS and the dicyclohexylcarhodiimide1')d,irectly in both sati$actosy yield und a high degree
methods, with the benzyl esters of L-alanine, L- qf p u r i t y ; such occurrence presumably arose from
aspartic acid, glutamic acid, glycine, ~-isoleucine, the proton-mediated neutralization of the basic
D-alloisoleucine, L-leucine, L-phenylalanine, L-tyro- guanido nucleus prior to the peptide-forming
sine and L-valine proceeded smoothly and without reaction. Catalytic hydrogenolysis of the coupling
complication, and permitted the isolation of the product in methanol-acetic acid solution and in the
corresponding tricarbobenzoxy-L-arginylamino acid presence of freshly prepared palladium black,
benzyl esters in high yield; in no instance was the followed by evaporation of the reaction mixture
(26) AI. Rergmann and H. Kaster, Z . p h y s i o i . ( ' h ~ m . ,159, 179 in vacuo, yielded a non-crystallizable sirup which
(1926).
gave only a single ninhydrin positive spot on paper
(27) S. M. Birnbaum and J. P. Greenstein, Arch. Biochem. Biophys.,
in three different solvent systems. That the sirup
S9, 108 (1952).
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TABLE
I
PHYSICAL CONSTANTS AND ANALYTICAL
VALUES OF SOME N-TERMIXAL
ARGININEDIPEPTIDESAND THEIRCARBOBENZOXY'
LATED DIPEPTIDEBENZYL
ESTERPRECURSORS
-Calculated--FoundM.p., 'C.
(cor.)

L

171-172
162-164
159-160
118-120
147-150
128-130
158-1 60
168- 170
166-168
129-131.5

65.1
64 0
66.1
64.7
66.2
66.2
66.2
67.8
66.6
64.1

Acylated derivatives, benzyl ester

TriCbzo-L-argin yl-L-alanine
TriCbzo-L-arginyl-NO-Cbzo-L-arginine
TriCbzo-L-arginyl-L-asparticdiTriCbzo-L-arginylglycine
TriCbzo-L-arginyl-L-isoleucine
TriCbzo-L-arginyl-D-alloisoleucine
TriCbzo-L-arginyl-L-leucine
TriCbzo-L-arginyl-L-phenylalanine
TriCbzo-L-arginyl-L-tyrosine
TriCbzo-L-arginyl-L-valine, monohydrate
Free peptide

[.I"

H

5.9
6.0
5.7
5.8
6.3
6.3
6.3
6.1
5.7
6.3

N

C

H

N

9.5
11.7
8.0
9.7
9.0
9.0
9.0
8.6
8.4

65.1
63.8
66.0
64.2
65.8
66.4
66.0
67.*5
66.3

6.1

9.6
11.6
8.0
9.7
9.2
9.0
9.0

8.9

64.6

6.0
5.8
5.9
6.4
6.4
6.3
5.9
5.9
6.2

8.6

8.6
8.9

-255D

13.3 7 . 6 22.9 43.1 7 . 6 22.9
L-A4rginyl-L-alaninemonoacetate
+ll.gb
41.5 6 . 6 2 4 . 2 4 1 . 4 6 . 8 2 4 . 1
L- Arginyl-L-aspartic acid
+32.1'
41.0 7 . 2 19.9 4 0 . 6 7 . 3 19.7
+37. 6 d
L-Arginylglycine acetate, acetic acid solvate
48.4 8 . 4 2 0 . 2 4 8 . 1 8 . 6 2 0 . 4
+17.4
L-Arginl-1-L-isoleucinemonoacetate
48.4 8 . 4 2 0 . 2 48.5 8 . 7 19.9
L--%rginyl-L-leucinemonoacetate
+10.3e
5 3 . 5 7 . 1 18.4 5 3 . 2 7 . 0 18.0
L-Arginyl-L-phenylalanine monoacetate
f29.3f
.51.4
6 . 9 17.6 5 1 . 5 6 . 9 17.8
+32. o g
L-Arginyl-L-tyrosine monoacetate
46 8 8 . 2 2 1 . 0 4 6 . 8 8 . 3 2 0 . 7
+15.8
L-Alrginyl-L-valinemonoacetate
b [ c Y ] ~ ~+9.3"11
D
and [ c Y ] ~ ~+9.'io8
D
a Rotations were measured in a photoelectric polarimeter as 1% solutions in water.
[ a ] 2 8+38.906
~
and [a]22D +47.1°9
~ ~ D for the dihydrate in water."
have been reported in the same solvent. 0 [ C Y ] f22.2'
[ a ] l 9 D +9.4°,11[ a I z 4+11.6",~2
~
[ c x ] ~+9.6"6
~D
and [ O ] ~ ~+8.9'9
D
have been reported in the same Solvent.
in water.
[ a I a z D +33.3', [ L Y ] ~ +32.0°9
~D
and [ c Y ] ~ ~+33.2"Ii
D
in water.
f [a]"D
+29.5'6 and [ c Y ] ~ +30.lo0
~D
in water.
@

constituted the desired dipeptide was attested to
by the fact that its treatment with flavianic acid
and picrolonic acid, respectively, led to the precipitation of crystalline materials whose elemental
analyses were in agreement with those calculated for
the corresponding diflavianate and dipicrolonate
derivatives of L-arginyl-L-arginine. On the basis
of this evidence, as well as additional chromatographic and analytical evidence described in the
Experimental section, it may be concluded that the
compound prepared by the synthetic procedure
described above is L-arginyl-L-arginine.

Experimental
I. Preparation of N-Terminal Arginine Peptides from

Tricarbobenzoxy-L-arginine.

Sodium Tricarbobenzoxy-Larginiinate.-The following directions represent a modification of the earlier described procedure.lg A solution of 35
g. of L-arginine (free base)*a in 200 ml. of 1 N NaOH is
cooled to - 10" and treated, with vigorous stirring, with 100
mi. of pre-cooled 2 N NaOH and 27 ml. of freshly prepared
carbobenzoxy chloride. Some 3 to 4 minutes later, a second
addition of 100 ml. of pre-cooled 2 LY NaOH and 27 ml. of
carbobenzoxy chloride is effected. Three more identical
additions are made at &minute intervals and the vigorous
stirring and cooling continued for 20-30 minutes beyond the
final addition. The white precipitate which forms during
the reaction is filtered off in the cold room, pressed sharply
to remove the liquid, washed with 100 ml. of icecold 5%
sodium carbonate solution, and the residue again pressed
sharply. The crude sodium salt so secured is dissolved in
about 800 ml. of chloroform and, after removal of the slight
water layer, washed with two 100-ml. portions of 5% sodium
chloride a t room temperature. After acidification of the
chloroform layer with 2 N sulfuric acid, the liberated free
acid is reconverted t o the sodium salt with sodium acetate
trihydrate as described previously.'g
(28) The free base of L-arginine is readily prepared by treating
an aqueous solution of L-arginine hydrochloride with exactly 1 equivalent of standardizedlithium hydroxide solution and then adding several
volumes of ethanol thereto. The precipitated free base is recrystallized
from water-ethanol and then stored in uacuo over phosphorus pentoxide until needed.

Tricarbobenzoxy-L-arginine is prepared from the purified
sodium tricarbobenzoxy-L-argininate by the earlier described procedure.'*
Amino Acid Benzyl Ester p-Toluenesu1fonates.-The
benzyl ester p-toluenesulfonates of L-alanine, L-aspaftic
acid (di-ester), L-glutamic acid (di-ester), glycine, L-ISOleucine, D-alloisoleucine, L-leucine, L-phenylalanine, L-tYrOsine and L-valine here employed were described previously .I8
Tricarbobenzoxy-L-arginylamino Acid Benzyl Esters.
Method A.--A solution of 28.8 g. (0.05 mole) of tricarbobenzoxy-L-arginine and 6.9 ml. (0.05 mole) of triethylamine
in 400 ml. of a 1: 1 chloroform-toluene mixture is cooled t o
-5' and treated with 6.5 ml. (0.05 mole) of isobutyl chloroformate. After storage a t -5' for 25 minutes, the reaction mixture is treated with a pre-cooled solution of 0.05
mole of the pertinent amino acid benzyl ester p-toluenesulfonate and 6.9 ml. of triethylamine in about 100 ml. of
chloroform. The reaction mixture is then permitted to
stand a t room temperature overnight, after which time it is
washed twice with a dilute aqueous solution of triethylamine, twice with water, twice with dilute acetic acid and
finally twice with water. The organic layer is separated,
dried over anhydrous sodium sulfate, filtered and concentrated under a stream of dry air. h residue is obtained
which is treated with 1 1. of petroleum ether, cooled, filtered, and the precipitate crystallized from boiling ethanol
or ethyl acetate.
The condensation of tricarbobenzoxy-L-arginine with the
benzyl esters of L-alanine, L-aspartic acid (di-ester), Lglutamic acid (di-ester), glycine, L-isoleucine, D-alloisoleucine, L-leucine, L-phenylalanine, L-tyrosine and L-valine
has been effected by essentially this procedure. With the
exception of the L-aspartic acid and D-alloisoleucine derivatives which are purified by crystallization from ethyl acetate, all are crystallized from hot ethanol; in addition, a
second crystallization of the L-phenylalanine derivative is
effected from chloroform-petroleum ether. Analytical and
melting point values for each of these compounds are given
in Table I. The over-at1 yield in most instances ranges
from 7 5 9 0 % .
Method B.-To a solution of 5.8 g. (0.01 mole) of tricarbobenzoxy-L-arginine, 0.01 mole of the pertinent amino
acid benzyl ester 9-toluenesulfonate and 1.38 ml. (0.01
mole) of triethylamine in 30 ml. of dry chloroform is added
2.2 g. of dicyclohexylcarbodiimide. The reaction mixture
is maintained at room temperature, with momentary immersion in an ice-bath when necessary. A precipitate appears within a few minutes which is removed by filtration
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after storage of the mixture overnight a t room temperature.
The filtrate is treated with 2 ml. of acetic acid and permitted
to stand for an additional 30 minutes (if an insoluble residue
forms during this time, it should be removed by filtration).
The chloroform solution is then washed twice with dilute
aqueous triethylamine, twice with water, twice with dilute
acetic acid and finally twice with water. After the chloroform solution has been dried by filtration through a dry filter
paper, it is concentrated in vacuo a t 35'.
The residual
material is triturated with petroleum ether, collected by
filtration and then crystallized from hot ethanol or ethyl
acetate.
Use of the above procedure permitted the preparation of
tricarbobenzoxy-L-arginyl-L-alanine benzyl ester in some
70% yield after crystallization of the product first from hot
ethanol and subsequently from hot ethyl acetate. When
dioxane was employed as the reaction solvent under comparable conditions, tricarbobenzoxy-t-arginyl-L-glutamic
acid dibenzyl ester could be procured in 75y0yield. The
pertinent analytical data are given in Table 1.
L-Arginylamino Acids.-Hydrogenolysis
of the tricarbobenzoxy-L-arginylamino acid benzyl esters listed in Table I
is carried out either in 95y0 acetic acid or in a solution of
10% acetic acid in methanol in the presence of palladium
black or 10% palladium-on-charcoa1.1 Upon completion
of the reaction, the catalyst is filtered off, washed first with
methanol, then with water, and the combined filtrates
finally evaporated to dryness. The evaporation is repeated
three times after the addition each time of a little ethanol.
Crystallization of the residue is effected from acetic acidethyl acetate except for the aspartic acid derivative which is
crystallized from hot water, the tyrosine derivative which
is soldified by repeated precipitation froni methanol-acrtone and then crystallized from boiling methanol, and the
glutamic acid derivative which is crystallized from hot
water. All of the dipeptides are isolated as their rnonoacetate derivatives except for the glutamic and aspartic acid
derivatives which are obtained as the corresponding free
base. The products are dried a t i8-100" over phosphorus
pentoxide in vacuo for 2-4 hours prior t o analysis. I-ields
of product generally range from about 60-9070 of theory.
Specific rotation and elemental analytical values are revealed
in Table I.
Tricarbobenzoxy-L-arginine Amide.-A solution of 13.0
g. of tricarbobenzoxy-L-arginine and 3.1 ml. of triethylamine in 200 nil. of 1 : 1 chloroform-toluene is cooled to - 5 "
and treated with 2.9 rnl. of isobutyl chloroformate. After
storage a t -5" for 25 minutes, a cold saturated solution of
ammonia gas in chloroform is added thereto. A solid
white mass forms immediately which, after storage a t room
temperature overnight and subsequent admixture with 20
ml. of chloroform and a solution of 2 ml. of triethylamine in
25 m1. of water, is recovered by filtration. The residue is
washed successively with water, 0.05 N acetic acid and
water. Recrystallization is achieved from hot ethyl acetate; yield 10.0 g. (77'%), m.p. 182-155" (cor.).
Anal. Calcd. for C30H33K607:C, 62.6: H, 5 . 8 ; S , 12.2.
Found: C, 62.5; H, 5.9; N, 11.9.
L-Arginine Amide Dihydrochloride Monohydrate.-A
suspension of 8.8 g. of tricarbobenzoxy-L-arginine amide in
50-100 ml. of methanol is treated with 3 nil. of concd. HCl
and subjected to hydrogenolysis in the presence of palladium
black catalyst. Upon termination of the reaction, the
catalyst is removed via filtration and the filtrate concentrated to dryness under reducrd pressure a t a temperature
not exceeding 40". The evaporation is repeated twice
after the additiuti each time of a little methanol. The residual material is then dissolvrd in a small amount of methanol, filtered, and the filtrate treated with ether. On cooling the mixture overnight, a solid material separates which
is filtered off, washed with ether and air-dried. The
slightly yellowish solid is then taken up in methanol, and
the solution decolorized with charcoal and concentrated to
dryness. An oil ensues which crystallizes a s the monohydrate after washing several times with ether and then rubbing under ether with a glass rod; yield 3.4 g. (840/0),
[ C U ] ~ +13.8
~D
(1.0% in water). The material is dried a t
60" for 2 hours prior t o analysis.
Anal. Calcd. for Cp,Hl~Ns02Cl~:C, 27.3; H , 7 . 3 ; N,
26.5. Found: C,27.4; H, 6.6; N,26.5.
11. Synthesis and Characterization of L-Arginyl-Larginine. N"-Carbobenzoxy-L-arginine Benzyl Ester.-An

AND

J. P. GREEKSTEIN

VOl.

s1

alternative route to that previously described's for this compound is given in what follows: A suspension of 22.0 g. of
dry Ka, Nw-dicarbobenzoxy-L-arginine (dried a t 78" for 2
hours) in 120 ml. of anhydrous chloroform is cooled t o
- 10" and treated with 11.0 g. of phosphorus pentachloride.
The reaction mixture is shaken in the cold until all of the
latter reagent disappears arid is then stored at room temperature for 1 hour, during which time a sirupy precipitate forms.
The mixture is evaporated to dryness undar reduced pressure a t about 5 5 O , the residue treated with a little chloroform and the evaporation repeated. Removal of the benzyl
chloride and phosphorus oxychloride from the residual
material is effected upon rvashing the latter several times
with petroleum ether by decantation. After removal of the
traces of petroleum ether by evaporation in i'ucuo, 100 ml.
of benzyl alcohol containing 3.5 g. of hydrogen chloride gas
is added t o the sirupy residue which thereupon begins to dissolve slowly with the evolution of carbon dioxide. The reaction mixture is stored a t room temperature for 3 hours,
ilfter which time the benzyl ester hydrochloride is precipitated as a sirup by the addition ~f ether. Conversion of
the hydrochloride salt to the free base, as described previously, yields 11.5 g. (5870'0) of the desired prrxluct, m . p .
129-130'' (cor.).

Tricarbobenzoxy-L-arginyl-N"-carbobenzoxy-L-arginine Benzyl Ester. Method A.-Prep:iration of this compound was achieved tlia the mixed carboxylic-carbonic acid
anhydride methods as described earlier ,1J Jvith the excegtion that isobutyl chloroformate was used i7i liclc of ethyl
chloroformate as the anhydride-forming reagent. After
recrystallization of the product once from boiling methanol
and twice from ethyl acetate, a melting point of 158-160"
was obtained; yield 28y0 theory.
Method B.-A suspension of 8.7 g. of tricarbobenzoxy-Larginine, 6.0 g of Xu-carbobenzoxy-L-arginine benzyl ester
and 2.6 g. of p-toiuenesulfonic acid in 30 ml. of dioxane is
treated with 3.3 g. of S,S'-dicyclohexylcarbodiimide a t
room temperature and the reaction mixture is shaken
thoroughly. A s the reaction is mildly exothermic, the mixture is maintained a t room temperature by periodic immersion in a n ice-bath. Xfter storage a t room temperature
overnight, the insoluble p' xipitate of dicyc1,ohexylured 1s
removed by filtration and washed with a little dioxane.
To the combined filtrate and washings is added 1 1111. of
acetic acid and a few drops of water and, after storage for
30 minutes a t room temperature, the slight turbidity which
develops is removed b y filtration. The clear filtrate is conrentrated to dryness under reduced pressure and the residue
taken up in a large volume of ethyl acetate. The resulting
solution is washed twice with dilute aqueous triethylamine,
nnce with water, twice with dilute acetic acid and finally
three times with water. After removal of mater droplets
by passage through a dry filter paper, the organic layer is
evaporated in Z'CICUO and the residue treated with a little
methanol which is rcmoved ill ZUCZIO. A crystalline material ensues which is I ecrystallized twice from hot ethyl acetate; yield 6.2 g. (4370),m.p. 162-16-1°.
L-Arginyl-L-arginine.-A suspension of 4.62 g. of tricarhobenzoxy-L-arginpl-S~-carbobenzoxy-L-arginine benq . 1 ester in 150 ml. of methanol is treated with 2-3 ml. of
glacial acetic acid and a few drops of water and then subjected. to catalytic hydrogenolysis in the presence of freshly
prepared palladium black catalyst. Upon completion Of
the reduction, the reaction mixture is filtered, the catalyst
mashrd several times with 5% acetic acid, and the combined
filtrate and washings diluted to a volume of 500 ml. with 5%
acetic acid. ;Ilthough various attempts to secure a crystalline reduction product proved unsuccessful, the fact that it
was indeed L-arginyl-L-arginine was indicated by its successful conversion t o the crystalline dipicrolonate and dlflavianate derivatives as \vel1 as by the analytical tests
given in what follows:
( a ) Chromatography.-When
the above solution of the
reduction product is chromatographed on Whatman NO. 1
papcr in (1) formic acid-water-t-butyl alcohol (15: 15:70),
(2) methanol-water-pyridine (80:20:2) or (3) phenol saturated with 10Yo disodium citrate, only a single ninhydrinpositive spot ensues which possesses a different Rr than that
revealed by a reference standard of arginine under the
same conditions, Thus, in the solvents mentioned, the
Rr values for arginine and for arginylarginine are, in order,
0.28 and 0.18, 0.26 and 0.15, and 0.65 and 0.83. The room
temperature was 25" and the period of observation 18 hours.
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(b) Ninhydrin-COz.-Analysis
of 1.7 ml. of the dipeptide solution for the presence of free a-amino acid by the Van
Slyke manometric ninhydrin-C02 method proceeds with no
significant amount of carbon dioxide liberation. However,
when a mixture of 4 ml. of the dipeptide solution and 4 ml.
of concentrated HCl is heated in a sealed tube a t 95-100" for
24 hours and an aliquot of the hydrolysate subsequently subjected to like analysis after removal of the excess hydrochloric acid, some 9370 of the theoretical amount of carbon
dioxide is obtained if calculations are based upon the hydrolysis of the proposed dipeptide. In addition, chromatographic analysis of the hydrolysate now reveals a very strong
ninhydrin-positive spot corresponding to arginine and a faint
spot corresponding to the unaltered parent material.
(c) Specific Rotation before and after Hydrolysis.-To
determine the specific rotation prior to hydrolysis, 30 ml. of
the dipeptide solution is evaporated to dryness in vacuo
and the evaporation repeated twice after the addition each
time of a little water and once after the addition of acetone;
a solution of the residue in 5 ml. of 5 N HCl reveals an
[ C X ] ~ ~f15.0'
D
for the free arginylarginine. In order to ascertain the specific rotation of the same amount of starting
material after hydrolysis, a mixture of 18.0 ml. of the parent
dipeptide solution and 18.0 ml. of concentrated HCl is
heated in a sealed tube a t 95-99' for 24 hours, after which
time the contents are evaporated in vacuo and the excess
hydrochloric acid removed from the residual material by
repeated evaporation in the presence of added water; the
sirupy residue reveals an [ c x ] ~ ~$26.0'
D
when dissolved in
3 ml. of 5 N HC1; this value, based on free arginine, is
that characteristic of the free amino acid.
(d) Diflavianate Derivative.-A
120-ml. aliquot of the
parent dipeptide solution is evaporated to dryness in z'acuo
and the residue taken up in a mixture of 1.9 ml. of 1 N HC1
and 90 ml. of water. The latter is treated first with a solution containing 1 g. of flavianic acid in 10 ml. of water and
immediately thereafter with 75 ml. of methanol. Upon
storage overnight in an open vessel, L-arginyl-L-arginine
diflavianate is deposited as beautiful clusters of needles,
yield 78%.
Anal. Calcd. for C32H3&20&:
C , 40.1; H, 4.0; N,
17.5. Found: C,39.8; H,4.0; N, 17.2.
( e ) Dipicrolonate Derivative.-A
suspension of 4.78 g.
of tricarbobenzoxy-L-arginine-Pu'o-carbobenzoxy-L-arginine
benzyl ester in about 150 ml. of methanol containing 2-3
ml. of acetic acid and a few drops of water is subjected to
catalytic hydrogenolysis as above. The reaction is filtered,
the catalyst washed several times with 5% acetic acid, and
the combined filtrate and washings again filtered. The filtrate so secured is diluted to 300 ml. with water. A 200-ml.
aliquot of this solution is concentrated to a heavy sirup in
vacuo a t a temperature not exceeding 40'.
The evaporation process is repeated twice more after the addition each
time of a little water. To a solution of the residual sirup in 50
ml. of water is added 500 ml. of a saturated picrolonic acid
solution (prepared by stirring 5.5 g. of recrystallized picrolonic acid (from hot ethanol) in 500 ml. of water overnight
at room temperature and filtering off the undissolved material). .1 bright yellow precipitate of the dipicrolonate forms
almost immediately which, after some 12 hours storage in
the dark, is recovered by filtration, washed with ice-water
until a colorless filtrate is obtained, and air-dried in the
dark; yield, 2.25 g. (79%), m.p. 289-290", [ c Y ] ~ ~ +5.5'
D
(1% in dimethylformamide).
Anal. Calcd. for C32H42N16013: C, 44.8; H, 4.9; N,
26.1. Found: C, 44.6; H , 5.0; N, 25.9.
The arginylarginine dipicrolonate so secured revealed a
picrolonic acid content of 60.4% upon analysis,28as cornpared with a calculated value of 61.5%. T h a t the dipicrolonate30 formulation is valid is reaffirmed by the fact that a
sample o f the compound, after subjection to acid hydrolysis
with 6 N HCl in a sealed tube a t 100" for 24 hours, shows an
arginine content of 40.6% (calcd. for arginine in the dipicrolonate, 40.6) as determined by a manometric ninhydrin-COz
measurement of the amino acids in the hydrolysate.
(29) F. Alten, H. Weiland and E. Knippenherg, Biockem. Z., 266,
85 (1933); cf. F. J. Welcher, "Organic Analytical Reagents," Vol. 111,
D. Van Nostrand Co., Inc., iYew York, N. Y . , 1948, p. 39.
(30) Although the tripicrolonate derivative of L-arginyl-L-arginine
was previously described,', several subsequent preparations have since
yielded elemental analyses as well as picrolonic acid values which were
most consistently in agreement with the dipicrolonate derivative.
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111. Preparation of N-Terminal Arginine Peptides from
Na,Nw-Dicarbobenzoxy-L-arginine. Na,N.-Dicarbobenzoxy-L-arginine.-The following procedure represents a modification of the previously reported18directions for this compound. Thus, the crude solid precipitate of sodium tricarbobenzoxy-L-argininate which results from the percarbobenzoxylation of 35 g. of L-arginine is dissolved in approximately 500 ml. of 95y0 ethanol containing 15 g. of potassium
hydroxide, with simultaneous cooling in an ice-bath and
stirring. After the solution has stood a t room temperature
for 2 hours, about 300 ml. of water is added and the reaction mixture is concentrated to about 300-400 nd. in vacuo
a t 30-35'.
About 400 ml. of water and an excess of acetic
acid are added, the mixture is cooled, and the sirup which
results is washed several times with ice-water by decantation. The sirup is then dissolved in approximately 400-500
ml. of hot methanol and the solution permitted to cool first
at room temperature and finally in the cold. A precipitate of the desired compound ensues which is recovered and
washed with methanol; yield 52 g., m.p. 147'. Recrystallization as described previously1*raises the melting point to
150'.
Na,N~-Dicarbobenzoxy-L-arginyl-L-glutamicAcid.
Method A.-To a solution of 2.4 g. of L-glutamic acid diethyl ester hydrochloride in 15 ml. of anhydrous dioxane are
added 4.4 g . of Na,Nwdicarbobenzoxy-L-arginine (dried
over phosphorus pentoxide in vacuo a t 78") and 2.2 g. of
N,N'-dicyclohexylcarbodiimide. The mixture is shaken for
8 hours a t room temperature, during which time the dicarbobenzoxy-L-arginine dissolves and dicyclohexylurea separates
out. One milliliter of water is added and, after an additional 3 hours, the urea derivative filtered off and washed
with dioxane. The combined filtrate and washings is concentrated to dryness in vacuo, the residue dissolved in ethyl
acetate, and the resulting solution washed successively with
4% sodium carbonate (twice), dilute acetic acid and water.
The organic fraction is evaporated to dryness and the residual material dissolved in approximately 15 ml. of hot
ethanol. Upon standing in the cold, 0.8 g. of a crystalline
material deposits which, after filtration and subsequent recrystallization from ethanol, melts a t 149' and shows an
[ C Y ] ~ ~-13.6'
D
(2% in chloroform); this compound is
hTa,Nodicarbobenzoxyanhydro-L-arginine.
Anal. Calcd. for C22H240jN4: C, 62.2; 11, 5.7; X,
13.2. Found: C, 62.3; H, 5.9; N, 13.2.
To the parent ethanolic filtrate is added 6 ml. of 5 N
KOH. After storage a t room temperature for 1.5 hours,
water is added and the solution acidified by treatment
with 4.5 ml. of 5 N H2S04 and acetic acid. A sirup deposits which is repeatedly triturated with water and then
crystallized by storage under rTater in the cold; yield 2.6 g.
(467Z0), m.p. 158". Recrystallization from ethanol-water
raises the melting point to 160'.
Anal. Calcd. for C27H3309N6: X, 12.2. Found: h',
12.1.
Method B.-.4 suspension of 4.4 g. of Na,So-dicarbobenzoxy-L-arginine (dried a t 78" in vacuo over phosphorus
pentoxide) in 30 ml. of anhydrous chloroform is cooled a t
-5' and 2.1 g. of phosphorus pentachloride added thereto.
After shaking the reaction mixture for several minutes a t
0 to -5O, a clear solution ensues in the absence of hydrogen
chloride evolution. The addition of cold petroleum ether
leads to the precipitation of the acid chloride hydrochloride
derivative of Na,NU-dicarbobenzoxy-L-arginine which is
washed several times with cold petroleum ether and then
dissolved in cold anhydrous chloroform. The latter solution is treated with a cold solution of 2.4 g. of L-glutamic
acid diethyl ester hydrochloride and 5.2 ml. of triethylamine
in chloroform. After storage a t room temperature for 2
hours, the reaction mixture is washed successively with
water, 4% sodium carbonate (twice), dilute acetic acid and
water, dried over anhydrous sodium sulfate and evaporated
to dryness under reduced pressure. The residual material
is taken up in 15 ml. of ethanol and allowed to stand in the
cold, during which time 0.7 g. of Na,Nu-dicarbobenzoxyanhydro-L-arginine separates and is recovered by filtration;
m.p. 149", [ c x ] * ~ D-13.4' (2% in chloroform). From the
ethanolic mother liquors, h'a,Nw-dicarbobenzoxy-L-arginylL-glutamic acid is obtained by saponification as described
under method A above; yield 1.3 g.
L-Arginyl-L-glutamic Acid.-Hydragenolysis
of Na,Nwdicarbobenzoxy-L-arginyl-L-glutamic acid in the presence of
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palladium catalyst in the usual inanner leads to the ultimate procurement of L-arginyl-L-glutamic acid’s in nearly
quantitative yield.
IV. Properties of Na,Nw-Dicarbobenzoxyanhydro-L-arginine. Behavior toward Water.--A solution of K a , S w (licarbobenzoxpanhydro-L-arginine in acetone is treated
with a n amount of water just sufficient to keep the material
in solution. After storage a t room temperature for 24
hours, the acetone is removed by evaporation under reduced pressure and the precipitate recovered by filtration.
Analysis of the precipitate identified it as the unchange!
starting material in nearly quantitative yield; [a]
“D - 13.0
(4% in chloroform).
Action of Alkali.--A sulution of Su,Sw-dicarbobenzoxy;iriliydro-L-arginine in acetone is treated n-ith 1 equivalent
i i f aqueous alkali and stored a t room temperature for
1
liour. ..lfter removal of the acetone under reduced presthe residual mateiure a t a temperature not exceeding %.io,
rial is acidified with acetic acid. The sirupy deposit is
waslied with a sniall volume of water and then dissolved iti
hot methanol. Upon cooling, crystalline KQ,Kw-dicarbobenzoxy-L-arginine precipitates in some S590%> yield,
n1.p. 150°, [ o ~ ] ’ ~ D-5.2” (?yoin diniethylforrnamide) and
[CY]*~D
-10.9’ (l%inpyridine).
Degradation with Acetic Anhydride.-To 2.6 g. of S.,Swtlicarbobenzoxyanliydro-L-arginine is added 50 ml. of warm
acetic anhydride. The reaction mixture is heated a t 100’
for 3 hours31 and then cooled to room temperature. .4fter
(31) Optical rutation measurements of t h e reaction mixture indicate
difference i n reading a t t h e end of 15 minutes. 2 hours and 3 hours o f
hmtinz.
110
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the addition of a small volume of ethanol and water, the
solution is permitted t o stand at room temperature with occasional cooling; by such means most of the acetic anhydride is destroyed. The solution is then evaporated to
dryness, the residue is dissolved in about 40 ml. of acetoue
and the latter solution is treated with 25 ml. uf water and
permitted to stand a t room temperature in an open vessel.
After a fen. hours, precipitation commences due to a slow
evaporation of the acetone. Two days later, the crystalline
deposit is collected by filtration and recrystallized from hot
ethanol; yield I g., m.p. 141’. Elemental analysis of the
product agree with t h c values calculated for S-acetyl-”carbobenzoxyurea.
Anill. Calcd. for ClIH1:Ss04: C . 55.9; li, 5.1; S,11.9.
Found: C , ,iG.3; H, 5 . 2 ; S , 11.9.
The mother liquors froin the above reaction are kept 3t
ruom temperature for one week, during which time a small
amount uf cr\stals precipitate. These are filtered off and
the filtrate is concentrated to dryness under reduced pressure. -1 residue remains which is dissolved in approximately 80 nil. of 5 LV HCI and then stored at room temperature for several days. During this time crystalline needles
precipitate which, after storage in the cold, are collected
by filtration and aashed with a small amount of cold water;
yield 0.5 g., in.p. 187-189’, [ c Y ] ’ ~ D-11.5°(I.0%in water).
of the product identified it a s Xu-carbohenzoxy-ornithine hydrochloride.
.Id.Calcd. for C1.1HlaS~04.1-1C1:C, 5l.ti; H, 6.;3;
S ,9.2; CI, 11.7. Found: C . 51.7; H , G.4; X, 9.2; CI,
11.u.
BETHESDA
14, MD.
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Trityl diriv:itives o f atiiiiio x i t i . can be simply aiid iffectively isolated b!- cliloroforiu extraction o f their diethvlain~~e,
S’-trityl-L-liistidiiic,
monium salts f r ( m the tritylation reaction mixturr. S , N ’ - D i t r i t ~ - l - ~ - h i s t i d iS-trityl-L-histidine,
methyl ester hvdr(ichloridc, 0-tritl-I-L-tyrosine benzyl ester h>-tlrochloride,amongst other tritylamino acids, were prepared.
Coupling ( i f tritj.lamino acids ;md trityldipeptides with amino acid esters was achieved aia the carbodiimidc inethod and
the pliosphorazo method. Trityl dipeptides may alternatively be coupled via the mixed anhydride procedure rvithout a l l y
influence of the bulk>- tritJ-l group.

hindrance afforded by the bulky trityl group makes
Introduction
AS was reported iii an earlier communication.” the saponification of tritylamino acid esters (Ia)
the applicability of the trityl function in synthetic under mild conditions difficult and directs the
peptide techniques was limited not only by the coupling of mixed anhydrides toward carbamate
difficulty generally encountered in the preparation rather than peptide formation.b Pure. optically
of optically active tritylated amino acids (11) but active tritylamino acids (11) may be prepared by
by the failure of these compounds (with the ex- tritylation of the benzyl esters of amino acids
ception of tritylalanine and tritylglycine), as well, (Ib) followed by catalytic hydrogenolysis of the
t o couple with other amino acids via the mixed
R CH( KHTr iCOOfI
R C H ( S H T r mCO(JK’
anhydride procedure. The tritylation of amino
I
11
mid esters proceeds with facility and in satisIa, K ’ = alkyl or CeHjCH2
factory yield ; however, the appreciable steric
I b , R ’ = CRHBCH?
Tr. (CsHs’isC

( 1 ) Previous presentation of this work was given a t the S I V Inter-

national Congress of Pure and Applied Chemistry, Zurich, July 27,
1955; cf. Communications du X I V C0ngri.s International de Chimie
Pure e t Applique, Zurich, 1956, p . 224.
(2) This paper is based in part on the doctoral dissertation of G. C.
Stelakatos, Division of Natural Sciences (Chemistry Section), University of Athens, Greece, October, 1954. S o w a t Laboratory of Biochemistry, National Cancer Institute, National Institutes of Health,
Bethesda Md.
(3) Medical Chemical Institute. University of Goteborg, Gctebora
Sweden.
(4) This investigation was supported by a grant from t h e Rockefeller
Poundation. to whirh I a m greatly indebted.
($5) I,. Zervas and U. A I . Theodoropoulos, THISJ O U R N A L , 1 8 , l&!f
(1H66).

tritylamino acid benzyl ester so
By
virtue of the markedly greater rate of hydrogenolysis exhibited by the 0-benzyl than the N-trityl
substituent, cessation of the hydrogenation after
the uptake of approximately 1 mole of hydrogen
permits the ultimate isolation of the desired tri
tylamino acid (11) in satisfactory yield. Prolonged
hydrogenolysis, on the other hand, leads to the re( 6 ) G. Aminrd, K. Heymes and L. V c l l u r , BULL.soc. c h $ m f ; r a m e 69s
(1956).

