


THE SYNTImSIS OF PEPTIDE BONDS

A ThEisis

by

John Dominic Thomas Cipera
M.S.A. (Toronto)

SUbmitted to the Faculty ot Graduate
Studiea and Reaearch in partial tul
tilment ot the requirements for the

degree ot Doctor ot Philosophy

McGill University

September 1954



THE SYNTHESIS OF PEPTIDE BONDS

Cipera



GENERAL l N T R 0 DUC T ION

This thesis reports work which is an Integral part of

a larger project underway in theae laboratories under the

direction of Dr. R. V. V. Nicholls, the ultimate goal ot

whioh ia the synthasis of saveral naturally-oocurring

oligopeptides with physiologieal activities. The purpose

ot the present work ia to initiate an investigation of the

problems associatedwith the synthesis of peptide bonds.

Two aspects are under consideration here; first, to study

the methodsby which amine acids can be rendered mono

tunctional so that thelr reactions may be strictly control

lad; second, to examine amidation reactions trom the stand

point or the controlled aynthesis of peptide bonda.

Acceptable methods of synthesizing the peptide linkage

should be general and controllable; in other words, they

should make it possible to oombine the alpha-amino aoids or

other starting materials in any sequenoe desired. The re

actions involved should start with readily accessible mat

erials, prooeed with relative ease, and should give high

yielda.

The immensely important problem of peptide synthesis

renders investigations of new and improved methods advisable.

This thesis is an endeavour to oontribute towards the solu

tion of the problem.



l N T R 0 DUC T ION

Peptides are usually detined as substanoes whioh oon

tain peptide bonds of the general type, -CHR-CO-NH-CHR'-,

yield alpha-amino- or imino-aoids on hydrolysis, and differ

from proteins in the smaller size of their moleoules or in

the smaller variety of amino-aoid speoies per moleoule.

The upper l1mit for moleoular weight of peptides has been

arbitrarily plaoed at 10,000, whloh represents about 100

amino aoid moieties (1).

The relationship between the proteins and alpha-amino

aoids was reoognized more than a oentury ago. It was in

1820 that Braoonnot isolated glyoine fram the aoid hydro

lyzate of gelatin and called it ~sugar of gelatin" because

of its sweet taste. In the same year he succeeded in iso

latlng another amino aoid, leucine, from a slmilar hydroly

zate of muscle fibres (cf. e.g. 2, 3). Since that time the

number of amino aoids obtained trom proteins has increased,

until we now have 24 amino aoids acknowledged to be "build

ing stones" of proteins, and some 10 more amine aoids not

definitely established as protein "building stones" (3).

With the exoeption of glycine, each one of them has one

optically active carbon atam to which the amino-, carboxyl-,

and alkylradlcals are attached. The "natural" amine acida

have an L oonfiguration, although olalms were made for the

occurrence of D-amino acids in hydrolysates or several

naturally-occurring peptides (1).
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It was chietIy the work ot two schools) that ot Theodor

Curtius at Heidelberg University, and ot Emil Fischer at the

University ot Berlin, which helped to clarity the essentlal

importance ot the amino acids in the structure ot proteins.

Investigations instrumental ln reaching this conclusion were

based on the studies ot amino acid esters and diketoplper

azines.

Curtius developed a method tor preparlng methyl or ethyl

~ esters ot amino acid hydrochlorides tram the amine acid) al

cohol and dry hydrogen chloride (4, 5). For investigations

of free amino acid esters he removed the hydrogen chloride

with s11ver oxide (5). Fischer improved this method by using

tor this purpose elther a cold solution ot potassium carbon

ate, or sodium alkoxide (6,7) and) therefore, this method Is

now generally known as Fischerts method ot esteritying amino

aoids (e.g. 8). The tree amino acid esters then served

Curtius tor studies on aliphatic azides, which terminated in

the development of the olassical Gurtius method of coupling

the amino acids through a peptide bond (9, 10, Il). During

these studies Curtius noted the relative Instability ot the

amino acid esters, which could be stored only in the tor.m of

their hydrochlorides. A "biuret base" was obtained tram a

dry ethereal solution ot glycine ethyl ester on standing,

while in aqueous solution) diketopiperazine .as obtained (4,5).

Fischer reported that esters ot higher amino acida did not
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form diketopiperazines readily in aqueous solutions; how

aver, they did so in the dry state, slowly at room tempera

ture, faster at temperaturea aboya 100°C. (5, 7, 12, 13).

Also he noted that methyl esters formed diketopiperazines

much more easi1y than ethyl esters (13).

It seems that the first reported diketopiperazine was

that of leuoine, whioh had already been isolated in 1848

by Bopp, who named it "leucinimid" (14). It was prepared

latar by heating leuoine in a stream of carbon dioxide (15)

or hydrogen ohlorlde (15). Abenius and Widman observed that

a dlketopiperazine derived from o-toluylglyoine (1) oould

be split open by a short heating in strong hydroch1oric aoid

(17). By this method, Fischer and Fourneau prepared glyoyl

glyoine hydrooh1oride fram its diketopiperazine (II); neut

ralization of this produot yielded the first reoorded unsub

stituted dipeptide preparad in vitro fram amino aoida (18).

CH3C6H4-j-CHa-,-0

O·C-CH2~N-C5H4CH3

(I)

Another historioally important peptide derivative ls the

~gamma aold" which Curtius prepared by several mathods. In 1881,

attempting to prepare benzoylglyoine from benzoyl ohloride and

silver glycinate, ha obtained mixed produots, fram whioh he lso

lated "alpha aold",idantifiedas benzoylglyoine, "beta aoid" as

sumed to be benzoylglyoy1g1ycine, and "gamma acid", struoture of



5

whlch was not determined (19, 20). In 1883 he obtained the

ftgamma acid~ by heating ethyl hippurate with glycine (4).

And in 1902 he succeeded in synthesizingby the azide method

benzoyl (pentaglycyl) glycine (10), which was tound to be

identical with the "gamma acid" (21). So it was shown that

the tirst two reactions were esaentially polymerization re~

actions of glycine. S1milar poly.merization products were

obtained by simple heating ot ~ino acids, either alone(1n

the case ot dicarboxylic acids) (22, 23), or in the presence

of some alcohol (24, 24). However, as hadbeen notedal

ready by Fischer in 1906 (26), the simple poly.merization

reactions of the amino acids or their derivatives, howeTer

useful they might be trom the preparative standpoint, will

only play a relatively small role in the clarification of

the c~position of proteins. Even if some of these polymers

happened by chance to be s1milar to some naturally-occurring

substances, their preparation would reveal to the scientist

explorlng protein structure no more than a fast train Journ

ey across some country would disolose to a oonscientious

traveller wishing to explore Its custams and geography. The

proteln moleoules appear to have suoh complex structures

that only painstaking, step-by-step studies can have any

chance of helping to clarify their nature. Recognizlng this,

Fisoher attempted to solve the problem ot controlled synthes

ls ot peptide bonds. The development of the acyl chlorlde

method was the most important result of this effort (27, 28).
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However, even the genius of Emil Fischer oombined with

the immense resources of the Berlin Institute of Chemistry

did not solve the problem of synthesizing even the natural

polypeptides, not to speak of proteins. The mul~itude of

articles which resulted shows the size of their effort in

this field.lt took several more decades of research in

several laboratories the world over to bring about the

tirst syntheses of naturally-ocourring peptides (viz., the

tripeptide, glutathione, in 1935 and the ootapeptide, oxy

tocine, in 1953) (29, 30, 31). Most important advances of

the latter period were the introduction ot improved protect

ing groups, development ot the azlactone method (32), in

vestigation of mixedcarboxylic anhydrides (33) and ot aoyl

derlvatives of several mineral acids (34, 35, 36, 37, 38,

39,40). Ot all these recentlydeveloped methods, the one

which appears most promising involves the use ot mixed car

bonic-carboxylic aoid anhydrides. Parallel advances in the

field or polymerizatlon leading to poly-alpha-amides ot

high molecular weight, however far-reaching they are, are

outside the scope of our work. For an authoritative review

in this field, Katchalski's article published ln 1951 (41)

may be consulted.

The considerable improvement in protectlng the amino or

carboxyl groups lies in the application of radicals removable

by non-hydrolytio methods, which do not endanger the peptide

bonds. This approach was based on reports that soma radicals,
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like the benzyl group, when attaohed to oxygen (or su1phur)

atoms, are easi1y oleaved by hydrogeno1ysis (ot. e.g. 42»

43, 44). Ot these, most important are the earbobenzy1oxy

(basis ot the tamous Bergmannts method) (45), earbal1y1oxy

(46), p-toluenesu1phony1 (47) and benzy1 (48) groups. An

other important proteeting group, the phtha10yl radioal

(49, 50), oan also be oleaved by a non-hydrolytio method,

using hydrazine.

several reviews of methoœot torming peptide bonds have

b.eea prepared in the past. Most reoent are those ot Fruton

(51), Wieland (52), Niohol1s (53) and Shapiro (54). The

tirst two are aotually historiea1 reviews, in the sense

that the methods are disoussed more or less in ohronologieal

order. The tirst author te bring a ditterent arrangement

to his review was Nioholls» who divided the reaotions lead

ing to the peptide bondsynthesis into two groups (oonden

sation and addition reaotions) and discussed the protecting

groups as a separated, although integral, part of the re

view~ This system was elosely tol1owed by Shapiro in his

more recent review.

We telt that a more exact system was desirable in view

ot the eomplexity ot the prob1em. Arranging all the inform

ation at hand into such a system should offer» besides the

obvlous advantages of having the re1ated data grouped ln a

10g10a1 sequenoe, some indioation of yet uninvestlgated
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routes of synthesizing the amido bond. ~he great import

ance ot the natural peptides makes investigation ot any

turther possible methodot thls synthesis desirable.

Theretore we had undertaken to compile a systematic 01as81

tication ot methods tor the controlled synthesis of pep

tide bonds, the result ot which is presented ln the next

chapter.

We should mention here also the important role ot en

zymes in the peptide ohemistry. The study ot the inter

actions between the various enzymes and the vast quantity

ot substrates ranglng trœn the amlno aoids up to the pro

teins and their derivatives had already yielded a monumen

tal amount ot literature, whioh is, however, more a part

ot biochemistry. From the standpolnt ot the synthesls ot

peptide bonds only touraspeots of this study are ot immed

late Interest. They are:

i) formation ot peptide bonds by the action ot endo

peptldases on the hydrolyzates trœn natural

proteins;

li) transamldatlon (or, in a narrower sense, trans

peptidation) ;

lil) polymerization ot amine acid esters;

Iv) controlled tormation ot peptide bonds.

Investigations ot the tirst aspeot, the interactions

between the proteases and hydrolyzates, started in the past

century. It was in 1886 that Danielewski (et. 55, 58)



observed the formation of a precipitata upon addition of gas

tric juice to a conoentrated solution of peptones. More ra

oent experiments in this field are, among others, those ot

Virtanen (56, 57, 58), who demonstra'ed the importanoe ot

the degree of depoly.merlzation of the hydrolyzates on the

type of products lsolated traa the preolpitatas; and of

Tauber (5g), who was able to gelatinlze the natural hydroly

zates (e.g. of egg albumin, bovine albumin, zein) by the

aotion ot ohymotrypsin at pH abou.t 7.0 and temperature 37° C.

He est1mated the moleoular weight of the products to be

250,000 to 500,000.

Transamidatlon ia another tasolnating aspeot ot the en

zymic action. A good reviewot the transpeptidation theory

was oompiled by Hanes et al (60), who investigated the trans

peptidation reaotions of glutathione and its derivatives.

Fruton (61) suggested on the basis of his experiments (e.g.

wit~ ,t he N15-tagged amino-aoid derivatives (62)) that the

proteolytio enzymes catalyze reactions in which peptide

chains are lengthened not by direct oondensation reactions

(with el1m1nation of water), but by transpeptidations involv

ing replacement ot a short peptide chain, or of an amino

acid, by a longer one. He was even able to replace the

amldo-NH2 group ot benzoyl or carbobenzyloxy amino acld am

ides by further amino acld molet1es (63). Feaslblllty of

thls theory ns further demonstrated by Waleyand Watson (64)
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who tound that enzymatic degradation ot certain tripeptidea

yielded dipeptides in which the sequence ot amino acid res·

idues dittered tram that ot the original tripeptide.

The poly.merization ot the amino acid esters oatalyzed

by the enzymes is outside the scope of this discussion. It

should suffice here to reter to the most recent articles

dealing with this type ot polymerization, which were written

by Brenner and co-workers (65) and by Wieland and Sahlter (66).

Many investigations on the possibility of controlled

synthesis ot peptide bonds oatalyzed by enzymes were under

taken in order to clarity the tunctioning ot enzy.mes and to

devise mathods which would enable us to form, under very

mild oonditions, peptide bonds ot sterically ~natural~ con

figuration, regardless ot the optical activity of the avail

able starting material. Invariably the products were insol

uble and apparently it was their removal by precipitation

which allowed turther condensation reaction to proceed. The

oarboxyl group was always in the form ot an amide or a sub

stituted amide (anilide, phenylhydrazide, etc.). A consider

able amount of work was done by the group ot Bargmann et al

(67, 68, 6~) who wrote in 1944 a short but authoritative re

viewon this field (70; ct. a1s07l). Even the most recent

publications (e.g. 72. 73, 74) show that this method ot tora

ing peptide bonds is still at the stage of exp10ratory ex

periments and, for the controlled synthesis ot longer peptide
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whlch use energy-rich Inter.medlatea.

11



SYSTEMATlZATION OF SYNTHETIC METHODS

l n t r 0 duc t ion

The alpha-amido bonds can be tor.med either by polymeriz

ation, or by a controlled canbination of two chosen moieties

in a desired sequence. There is a1so a theoretical possibil

ity of making such bonds by rearrangements ot suitable cam

pounds,viz- the Beckmann rearrangement ot polymeric oximes.

It such a method ot synthesizing t~e poly-alpha-amino acida

should prove teasible, this would become a third type ot

method of forming the alpha-amido bonds, in addition to the

polymerization and controlled combination mentioned above.

For our purposes, we are concerned withthe controlled syn

thesis of peptide bonds only.

Study of the pertinent literature brought to light a sur

prising tact, that, although several reviews ot methods tor

~ynthesizing the peptide bonds exist, no true systematization

ot these methods has yet been campiled (cf. p. 7). We telt

that ·such a system la indispensable for the previously-mentlon

ad long-term proJect (ct. "General Introduction" p. 1) and

accordingly proceeledimmediate1y to survey the pertinent lit

erature and to construct a systematic review of the methods

available. Also included were methods which appearad to have

severe- disadvantages trom the standpoint ot laboratory tech

nique. The resulting systwnatic review, which is presented in

Table l (p. 14) soon indicated several possible paths tor the

synthesis of peptide bonds as yet untested, which were also

tentatively included inthls table.
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From the standpolnt of oontrolled formation of the alpha

amido (peptidic) bond, the direct condensation of the amine

acids or peptides which were rendered monofunctional (by st

taching the protecting groups to the amino and carboxyl rad

icals reapectively) la not an easy task because of the high

amount of energy it requires (75, 76). Therefore, attempts

were made to prepare and use amino acld derlvatives contain

ing "energy-rich bonds", capable of forming the amido link

age wlth greater facility. Sinee the direct formation of

amido linkage is accompanied by a loss of one mole of watar,

most of the intermediary compounds are mixed anhydrides of

the amino acids with some suitable compound. The actual con

densation ls then accompanied by a loss of the elements of

this oompound instead of water. The intermedia~es may be

either linear, or oyolic anhydrides. Some of the latter type

of anhydrides form peptide bonds by addition reactions with

no by-produots e

A special case Is the synthesls of the amido linkage by

a condensation reaction catalyzed by an enzyme. Â general

report on this type of reactions is summarized on pp. 8-11.

The chemically controlled reaotions can be generally

classified into three groups, according to which bond is ap

parently for.med, i.e. whether the RCO-NHR, RCONH-R, or R-CONHR

bond. Tradltionally, the RCO-NHR bond .as the only one to be

considered, though one should not lose sight of the theoretlcal

possibilitles of the other two approaches.
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Table l

ota n A m 1 d 0 - L 1 n k age

A Fo~tion ot, RCO-NER Bond
1 Direct Condensation ot Carboxyl and ~ino Groups*
2 Condensation of Amino Group with a Modlfied Carboxyl Group

a) Thio-analogue ot the Carboxyl (Thiocarboxyl Group)
b) Anhydride ot the Carboxyl Group with:

1) alcohols and their darivatives (i.e. esters)*
2) thiols ft ft -"- (I.e. thloesters)
3) carboxylic aoids " -"-
4) inorganic acids " " -"-

a) hydroahlorla aold p. 2~ f) phosphorous aoid
b) hydrazoic acid 24 g) arsenous acid
c) sulphuric acid 26 h) carbonic acid
d) sulphurous acid 27 i) si1icic acid
e) phosphoric acid 2

c) InternaI Anhydride of Carboxyl Group with:
1) COOR ln dlcarboxylic aoida
2) OH in hydroxyacids (i.e. lactones)

3 Condensation ot Carboxyl Group with a MOdified Amino Group
a) Anhydrides ot Amino Group with:

1) phosphoric aeid and its derivatives
2) phosphorous acid" " -~-
3) arsenous acid "ft _Tt_
4) oarbonio acid (i.e. oarbamates)

b) Phosphazo Compounds
c) Isocyanates

4 Simultaneous Modification ot Oarboxyl and Amino Groups
a) Azole Type Anhydrides:

1) oxazo1idinediones-2,5
2) thiazolidinediones-2,5
3) 2-thiothiazolidlnones-5
4) 2-substituted oxazolinones-5 (azlactones)
5) 2-substituted thiazolinones-5 (thioazlactones)

b) Diketopiperazines
B Formation ot RCONH-R Bond

1 Condensation of Amides with:
a) Bydroxy-acids
b) Kato-aclds
c) Amines (i.e. transamidation)*

2 Adapted Amides
a) Metalo-amides

C For.mation of R-CONHR Bond
1 Formyl amides

p.

15

17

18
19'
ao
30
31
32
35

36
38

39
40
41
42
43
45

47
49
50
51
53
54

55
56
57

58

58

* in specitie cases ean be catalyzed by enzymes
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A.1. Direct Condensation ot Carboxy1 and Amino Groupa

RCOOH • NH2R' -. RCONHR' + H20

The direct condensation ot two amino acid (or peptide)

moieties, rendered monotunctiona1 br the use ot suitab1e

protecting groups so that one has a tree carboxy1 and the

other a iree amino group, is essentially an endother.mic and

reversible reaction. The necessary energy can be eonvenient

ly provided in the tor.m of heat. Bince the position of the

equi1ibrium is untavourable to the production of the amide

and water, the removal of the produots tram the reaction i8

a necessity. Thua, for example, the amide might be removed

by precipitation or the water be removed by evaporation.

Even simple heating ot tree amino acida sanet~es yield8

polymerization products. several examples are here included,

because their general importance in peptide chemistry as the

oldest methods ot formation of peptide bonds. Schiff (23)

oondensed aspartlc acid by heating it to 190-2000 C. He

isolated tram the reaotion mixture an octa- and tetra-aspartic

acid and Sohaal's "aspartides". (Sohaal (22) obtained in

18'1 "tetra-" and"octaaspartides", exact constitutions of

whioh were not elucidated, by oondensing aspartio acid and

asparagine in a stream of hydrochloric acid.) The situation

here is complicated by the posaibility of the amino group

reaetlng either with the alpha or the bata carboxyl groups.

Balbiano and Trasciatti desoribed the preparation ot
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polyglycine by heating glycine in glycerol (24, 25). They

obtained a water-iqsoluble polymer, resembling a horny pro

tein, which yielded on hydrolysis glycine in quantitative

yield. ,Mai l a r d (77, 78) found that triglycylglycine and

diketopiperazine were also tor.med, their amounts being de

pendent on conditions used. He found also that aqueous

solutions of triglycylglycine or glycine anhydride deposit ,

an insoluble material on standing, which was apparently a

hexapeptide. This observation would indicate that diketo

piperazine may be an intermediate in the polymerization

process. Shibata (79) obtained polymers by heating glycine

anhydride and tyrosine anhydride in glycerol. On the other

band. in view of the relative ease of polymerization ot

esters of alpha-amino acid (cf. section A.2.a.l. below),

Carothers (80) suggested the possibility of' glycerol esters

being the inter.mediate. Since esters are universally used

as protecting groups for the amino-acid or peptide carboxyl

groups. attampts at a controlled formation of peptide bonds

by direct condensation of carboxyl and amine groups, tacil

itated by addition ot energy, create a need tor a more

stable protecting group tor the carboxyls. .s will be seen

in the chapter on the protecting groups, this problem is not

yet satisfactorily solved.

Kahnts work with the photochemically induced reactions

of diketopiperazine indicates that adding the energy in the

form of irradiation may also facilitate the formation of'
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peptide bonds (81).

Some pol~rization reactions based on the direct con

densation of the amino groups with carboxyl (or ester)

groups were apparently brought almost to completion by the

re.moval ot the product trom the reaction mixture by ita

precipitation. Most ot the enzYmatically-eatalyzed synth

eaea of the peptide bonds have as their significant charac

teristic the insolubility of their products (ct. e.g. 70,

71). The idea of forcing the tormation of the peptide bond

by removing the amide from the raaction mixture leads logi

cally to the conclusion that a similar affect should be

achieved by forcible removal ot the by-product of this re

action, water.

A.2.a. Condensation ot the Amino and Thiocarboxyl Groups

ROOSH + NH2Rt --'RCONHR' + H2S

In 1898 Pawlewskl reported a new method tor torming an

amido bond by reacting the methaneoarbothiolic acid with

various aromatic amines. Since the by-product is gaseous

hydrogen sulphide, instead ot water, the reaction is faster

and givea better ylelds than with the analogoua acetlc acid

(82, 83). However, application of thls method to the form

ation ot peptides in hindered by the faot that the thlo

amino acids (alpha-amino thiolic acids) or their N-aoylated

derivatives have not yet been prepared. During attempts to
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synthesize these oanpounds, Wieland (84) suooeeded in pre

paring at least their S-phenyl esters, the reaotions ot

whioh are desoribed below (ot. A.2.b.2.).

A.2.b.l. Amino-Ao1d Esters and Their Derivatives

RCOOR" + NH2R' --. RCONHR' + R"OR

Consldered tram the standpoint ot synthesis ot the pep~

tide bonds, the amino-aoid esters oan be regarded as mixed

"anhydrides", sinoe we can obtain them as condensation pro

ducts of the amino-acid carboxyl group and a1cohols, with

the elements of water as a by-product. Oampared with the

thioesters and mixed carboxy1ic anhydrides, the esters are

least reaotive towards the amino groups. As a matter ot

fact, they are otten used as protecting groups for blocking

the carboxyl radical in the alpha-amino acids and thus

treeing the amine group from the zwitter-ion formation.

However, under oertain conditions the esters also react with

the amine groups. ( For example, the tamous "biuret base"

obtained by Curtius trom ethyl glycinate when its ethereal

solution was lett standing at roam temperature (4, 5) and

whioh ~s 1ater identified as tetraglyoylglycine ethyl ester

(85).) Fischer noted that methy1 esters poly.merize more

easi1y than the corresponding ethy1 esters (13). Â number

of other workers have tol1owed Fisoher's 1ead and have used

amino acid esters for the synthesis of peptides (86, 87, 88).
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A good revie. of this type of polymerization oan be found on

p. 129 of Katohalskits artiole on poly-alpha-amino acids (41).

Recently, Brenner, et al had shown that the incubation

ot esters of various amino acids with seyeral aloohols in the

presence of chy.motrypsin or pepsin leads to the synthesis of

peptides (65). Wieland concluded that the esters seem to be

the energy-rich compounds ot these reactions, in which the

splitting of ester bonds supplies the energy necessary for

the synthesis of peptides (66).

A.2.b.2. Amino-Acid Thioesters and Their Derivatives

ROOSR" + NH2Rt --. RCONHR' + RnSH

An indication exists that the ability of the esters ot

oarbothi01ic acids (for the sake ot brevity called here

thioesters) to transfer their acyl groups on the amino group

might explain at least partly the bio-synthesis ot peptides

(66). 50, for examplé, Lynen et al found in 1951 that the

so-ealled "active aoetic acid" from the oellular matter is

a Coenzyme A methanaoarbothiolate, CH300S-OoA (where liS-CoA

ia Coenzyme A) (89). Generally apeaking, the behaviour ot

the thioesters (at least where Rn in the equation above re

presents a phenyl group) towards the amino group lies between

that ot ordinary esters and ot mixed oarboxylic anhydrides

(66). On the other hand, the sensitivity ot the thioesters

towards hydroxyl groups seems to be less than tbat of ordinary



esters (84). This relative insensitivity towards hydrolysis

made it possible to form peptide bonds even ln aqueous solu

tions, e.g. by reacting N-carbobenzyloxy amine acyl thiophenol

with a free amine acid in alkaline solution (i.e. amine acid

salt), as was demonstrated by Wieland et al (84). Some amino

acid thioesters with an unprotected amine group have a ten

dency to polymerize even at room temperature (66, 90).

A.2.b.3. Mlxed Carboxylic Acid Anhydrides

RCOOCOR" + NH2Rt ~RCONHRt + R"COOH

When Wieland et al attempted unsuccesstully to improve

the azlactone method ot forming the peptide bond (cf. A.4.a.4.)

by preparing an azlaotone with a benzyloxy instead of phenyl

radieal attached to its ring,they notioed a theoretical an

alogy between the azlaotones (1) and the mixed anhydrides (II)

wlth the carboxyllc aoids (33):

V
Ry-'»O
N-C

(1) 1
C6H5

+ HOCOR'
H
1

RC-COOCORt
1
N-C-OH

(II) 1
C6H5

Consequently, instead of continuing the attempts to prepare

benzyloxy-azlactones as intermediates tor the synthesis ot

N-carbobenzyloxy-dipeptides, they turned their attention to

the mixed anhydrides of N-carbobenzyloxy amine acids with
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other carboxylic aclds. Anhydrides of benzolc or acetlc

; , acld with N-substituted amino acida (prepared via benzoyl-

or acetyl chloride and N-carbobenzoxy amlno acid salt) were

treated with aniline (33) and then with a salt, or ester ot

another amine acid (91) in alkaline aqueous solution. The

benzoyl anhydrides were tound to be superior to the acetyl

anhydrides. However, Wessely et al (92) could not repeat

the abova results with N-carbobenzyloxy phenylalanine and

benzoylchloride. Only symmetric anhydrides were obtained

which, when reacted with the sodium salt ot phenylalanine,

gave only a small yie1d ot dipeptide (detected chromato

graphically).

Vaughan and Osato (93) experimented with this reaction

under anhydrous conditions. They tried 25 carboxylic acid

chlorides (aliphatic or aromatic) for the preparation ot

mixed N-carbobenzoxy-glycine anhydrides and reacted these

anhydrides with aniline in an anhydrous medium (toluene).

Best results were obtained with alpha- and beta-branohed

chain aliphatic acida. The aramatio acids gave lower yields

and a less pure product, while the straight ohain aliphatlc

aoids were least satistactory. Sinoe the isovaleric anhy

drides (R • Ma2CHCH2-), gave bast results, iaovaleryl chlor

ide was then used in the preparation ot a series ot ethyl

esters ot N-carbobenzoxy- or phthaloyl-dipeptides. The

yields varied tram 29 to 86 per cent. Wieland and Stimming

(94) prepared in 1953 several mixed anhydrides ot hippuric
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acid and various carboxylic acids in order to determine the

preterence ot the amine group reacting with one or the other

of the two acyl groups under anhydrous conditions. The re

actions with hydroxylamine had shown the following order ot

preference (decreasing fraa first to last): chloracetyl,

formyl, hippuryl, acetyl, propionyl, butytyl, phenacetyl,

benzoy1. Compared with the above mentioned experiments ot

Vaughan and Oaato, we see that in both cases the reactivity

ot amines with the acetyl, phenacetyl, and benzoyl groups

decreased in this order (i.e. from acetyl down to benzoyl).

A.2.b.4.a. Amino Acyl Ha1ides

RCOX + NH2Rt - RCONHR t + XIi (where X repre
sents Cl; Br was
also used, al
though no exper
imental data were
described) (92)

This equation represents the classical method developed

by Emil Fischer at the beginning of this century. In 1903

he decided to apply Meyerts method (95) of preparing the

acyl chloride of pyridine carboxylic acid (by means of thio

nylchloride) to the conversion of the acylamino acids to the

corresponding acylamino acyl chlorides (96). These compounds

were then used for the condensation reactions with the amine

acid or peptide esters (usua1ly in ethereal or chlorotorm

solutions). Phosphorus pentachloride was a1so used instead

ot thionylchloride. In 1905 Fischer (27) succeeded in
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oonverting tree amine acids.into orystalline hydroohlorides

of the aminoacyl ohlorides ·by shaking the fine1y pu1verized

monoamino-monooarboxy1ic aoids with phosphorus pentaohloride

in aoetyl chloride. The products were condensed with amine

acid esters (28) yielding dipeptide esters (after the hydro

ohloric aoid was removed by neutralizing it with sodium

methy1ate); however, the yie1ds were not too satistaotory.

On the other band, the conversion of the amine acide with a

protected amino group to the acyl chlorides via phosphorus

pentachloride was used until recent times (30, 50, 92, 97,

98, 99).

This method was used generally for sDnpler amine acids,

1ike glycine and alanine. In other cases, bothersome side

reactions were observed. So, for example, hydroxy1-oontain

ing amine acids may have replaoed the hydroxyl group by

chlorine (100). Dicarboxylio amine acids cannot be coupled

by this method if peptides are desired, since disubstitution

products wou1d be obtained. Oarbobenzy1oxy amine aoyl chlor

ides have a tendency to form oxazo1idinediones (cf. A.4.a.l.).

For the prolongation of peptide chaina it ia better to oon

dense their free amine group with the aminoaoyl chloride, in

stead of halogenating their free oarboxyl, because this pro

cedure will be aooompanied by side reaotions of the halogen

ating agent with peptide bonds (88).

The application ot phosphorus trichloride for synthesiz

ing the peptide bond was studied by Süs and Hottmann (101),



who treated phenacetylglycine with this compound in the pre

sence of ethy1 glycinate, obtaining ethyl ester of phen

acetylglycylglycine. However, on the basis of Goldschmidt's

experiments with the phosphor-azo compounds (102) Süs and

Hoftmann formulated a theory of phosphorus triehloride activ

ating the amine group instead of the carboxyl group. This

will be discussed 1ater (of. Â.3.b.).

Â.2.b.4.b. Amino Acyl Azides

RCON3 + NH2R~ ---. RCONHR' + HN3

This classical method was developed by Th. Curtius.

During the period 1890-1900 he studied the reactions or hy

drazides and azides. He discovered that azides of carboxy1ic

acids can replace acy1 chlorides in the Schotten-Baumann re

action. In 1902 Curtius described (10) the application of

this reaction to the synthesis of benzoy1 (pentaglycy1)

glycine by condensing benzoylamino acy1 azide with the free

amine acid in alkaline aqueous solution (i.e. with the salt

of the amino acid). Incidental1y, he proved later (21) that

this polypeptide ia identiea1 with the ~gamma acid" he ob

tained in 1881 fram benzoy1chloride and si1ver glycinate (19,

20) and in 1883 from ethyl hippurate and glycine (4). Coupw

1ing the acyl azides with amine acid (or peptide) ethy1

esters, Curtius and his co11aborators prepared ethy! esters

of benzoy1 peptides of several amine acids (103). The azides
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were prepared by treating the corresponding esters with hy

drazine hydrate and converting the hydrazides thus obtained

to the -azides by means of nitrous acld:

Hydrazine can be substltuted by carbobenzyloxyhydrazlne

(104), which has the advantage ot Introduclng a valuable pro

tecting group to the carboxyl (cr. section on protecting

groups below) whlch, under proper oonditions can easily be

converted into the reactive acyl azlde.

Campared with the reaction of acyl chlorides with amine

acid esters, which proceeds quite rapidly (it ls usually

oompleted ln less than one hour) , the azldes reaot wlth amine

acid esters much more slowly. For this reason it ls custaœ

ary to a1low the reaotion mixture to stand overnight at room

temperature. On the other hand, the azlde method seems to

be less plagued by unwelcome side reactlons. For example, as

was mentione~ above, the peptidio carboxyl groups oannot be

well ohlorinated, because ot the possible side reactions of

the halogenating agent with the peptide bonds (S8). There

tore the prolongation ot peptide chains is better accomplish

ed by the azide route. Hydroxyl-oontaining amine acids,

which cannot be ha10genated (100), weresuccessfully convert

ed into azides (105). While the by-product of the aoyl ohlor

ide method is hydrochloric aoid, whichrequires prompt neut-
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ra11zation. the aoyl azide method produces hydrazoic acid.

which quickly decomposes to nitrogen and hydrogen. On the

other hand. the azides are not completely devoid ot un_el

come aide reactions; they may undergo a Curtius Rearrange

ment to isocyanate der1vatives. which then react with amino

groups to torm ureido compounds. or with hydroxy groups to

torm urethanes (100. 106):

+ 2 HaOH
•

• RNCO -----~..... RNHCONHR'

+ R'OH
-----~.... RNHCOOR'

Another d1sadvantage la the need to convert the carboxy1

radical either into an ester or into an aoy1 halide betore

1t can be transfor.med into the hydrazide and then into the

azide. However, sinee the amino acids are usually employed

in the tor.m ot an ester. this d1sadvantage is not so serious.

A.2.b.4.c. Anhydrides with Sulphuric Âcid & its Derivatives

RCOO(S02)ORM + NH2R' __ RCONHR' + HO(S02)OR"

While miied anhydrides were usual1y prepared by react

ing a salt of one acid with a chloride ot the other acid in

non-aqueous medium. Kenner and Stedman (37, 107) experimented
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w1th react1ng the NH2-protected amino ac1d salt (1) w1th a

cyc1ic anhydride' ot seme dibasic acid (II) This idea can

be presented schematica11y as tellews:

ROCO€> + OJ -_. ROOOz + NH2R ~ ROONHR' + H0"1
(1) (II) €>OJ eOJ

They obtained peer y1e1ds with various cyc110 sulphenic an

hydrides (e.g. o-su1phobenzoic anhydride. beta-au1phopropio

nle anhydride, etc.). Substitut1ng sulphur trioxide tor the

oy0110 anhydrides above they obtained much better yields.

Sulphur trioxide was added in orystalline tor.m as its com

plex with dimethy1tormamide (III):

+ NH2R~ ROONHR' + HOSOe
3

e
_ OOR. ROOOS03

1
NYe2

G)
0-OHNMe 21

ROOOS> + 8 503

(III)

By this method they oondensed, e.g., carbobenzyloxy glycyl

L-pheny1a1anlne wlth glycine without arrecting the steric

conriguration.

Wieland and Bernhard (39) reported that. when benzene

or p-to1uenesulphony1 chloride were used, the preparation

ot the amido bond was not successtul. However, a reaotive

intermediate was obtained tran sulphury1 ch10ride and N~

carbobenzyloxy glycine (in the presenoe ot a tertiary base
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ln an inert solvent at about 0° C.) whlch condensed wlth

glyclne ln alka1ine aqueous solution to yleld N-carbobenzyloxy

glycy1glyclne. Slnce the yle1ds dld not exceed 50 per cent,

the authors be1ieve there Is a probabi1ity ot the symmetrlc

amino acid anhydride (IV) being the reactive for.m:

(IV)

(X • carbobenzylox1
group)

A.2.b.4.d. Anhydrides with Sulphurous Acid & its Derivatives
•

RCOO(SO)OR" + NH2Rt__ RCONHRt + HO(SO)OR"

By analog1 with their previous experiments with sulphuryl

chloride, Wieland and Bernhard reacted thionyl chloride with

N-carbobenzyloxy glycine (39) in an inert solvent in the pres

ence of a tertiary base st about 0° C. The reactive inter

mediate was then condensed with glycine in alkaline aqueous

solution. Althoughthe yields were somewhat higher hers than

in the previous case, again they did not exceed 50 per cent.

Consequently the authors believe that disporportlonation ot

the unsymmetrical anhydride took place also in this case and

that the amine group actually reacted with the symmetric an

hydride of the carbobenzyloxy glycine.
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A.2.b.4.e.

Anhydrides with Phosphorio Aoid and its Derivatives

OR" OR"
1 1

RCOPO + BH2Rt .-. RCONHR' + HOPO
OR" OR"

'rhe importanoe of organio phosphorus oompounds, espeo

ially the energy-rioh aoyl 'phosphates, for peptide synthesis

in living oells has been known for some time (108). However,

applioation of this theory to the synthesis of peptide bonds

in vitro was possible only atter the deve10pment of teasible

phosphorylation teohniques (109, 110, 111). Atter several

preliminary experiments (112) Chantrenne reported (34) that

phenyl oarbobenzoxyglyoyl phosphate (prepared by reaoting

oarbobenzoxyglyoylohloride with di-silver phenylphosphate)

reaots rapidly with &mino aoid salta forming the oorrespond

ing oarbobenzoxyglyoyl peptides. The yields were quite high

even at MllOO oonoentrations of both reaoting substanoes.

OH
. e 1

XNHCH2CONHCHRCOOH + O-P=O
1

OC6H5

(X oarbobenzyloxy group)

Sheehan and Frank (113) isolated the anhydride obtained

by shaking silver dibenzylphosphate suspended in a solution

of phthaloylglyoyl ohloride in dry benzene at room temperat

ure. This orystalline anhydride readily diaproportionated
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into symmetric anhydrides on attempted recrysta111zation

trom benzene, or in the presence of a amall amount ot tri

ethylamine, or, moreslowly, when lett standing at room

temperature. Reaction ot this anhydride with aniline was

very rapid and e~othermic, yielding almost quantitative

amounts or phthaloylglycyl anilide and of anilinum salt ot

dibenzylphosphate. No evidence ot N-(dibenzylphosphoryl)

aniline could be tound. Similar results were obtained with

excess of benzylamine. Reaction with glycine or phenylal

anine in alkaline aqueous solution (pH 7.4) gave about 80

per cent yield ot the phthaloyl d~peptide. Similar exper

iments with carbobenzoxyglycine gave only 50 per cent yield

of anhydride.

Preparations of these anhydrides by other methods were

not successful. Reaction of phthaloylg1y.cyl chloride with

triethanolammonium salt of dibenzylphosphate gave chietly

symmetrical anhydrides, and silver phthaloylglycinate gave

with dibenzylphosphoryl ch10ride only a tarry product, tram

which the desired compound could not be isolated (113).

Using diphenylphosphoryl ohloride and a solution of

carbobenzoxyglycine and ethylpiperidine in anhydrous tetra

hydrofuran, Wieland and Bernhard (39) reported only very

small yields ot dipeptides when the reaction mixture was

shaken with alkaline aqueous solution of glycine. They as

cribed this to the precipitated diphenylphosphoric acid,

which was extremely difticult to remawe. Similar experiments
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with pheny1phosphoric acid dich10ride resulted in a 20 to 40

par cent yield of oarbobenzoxyglycylglyoine. Since they

were not able to increase the yield aboya 50 par cent, the

authors believe that disproportionation to carbobenzoxyglYM

oine anhydride and phenyl metaphosphate took plaoe. Only

traces of carbobenzoxyg1ycylglycine were obtained when the

synthesis was started with the raaction of phosphor oxy

chloride (POC13) and three moles of carbobenzoxyg1yoine

under the conditions desaribed above.

Koshland (114) used the acety1ation of amines and am

ino acids by acetylphosphate in aqueous solution to study

the kinetics of peptide-bond formation. He found the ra

action to be first order with respect to acety1 phosphate

and to amino compound and conc1uded that it invo1ves 8

nualeophi1ic attack by the nitrogen of the amine compound

on the carbonyl compound of the 8cy1 phosphate.
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A.2.b.4.t. Anhydrides with Phosphorous Acid & lts Derivatives

RCOOrOR" ... NH2R' - ReONBR t ... HOfoR-
OR" ~"

Anderson et al (115) app1ied diethy1 ch10rophosphite as

a reagent tor ·pept i de synthesis. They found that this reaot

ant can be used either for activating the amino group, whieh

wIll be dlseussed in section A.3.a.2., or the oarboxyl group

by tor.ming an anhydride:

ReooH ... C1P(OEt)a .. (R' ) 3N
• RCOOP(OEt)2

Other diesterchlorophosphites were also used tor this purpose

(35). The struotures of the inter.mediate anhydride or of the

phosphite by-products have not been rigorously established.

However, the observation that a quantitativeyield of trial-

kylammonium chloride was obtained ln the above reaction ln-

dicates that the mixed anhydride is ror.med, at least as a

transitory inter.mediate. The intermediate was then allowed

to reaot with an amino acid (or peptide) ester under anhy

drous conditions. N-acyl dipeptide esters were prepared by

this method in aO-90 per cent yields, while simi1ar tripeptide

derivatives were obtained in 25-50 per cent y1elds. The au

thora reported no apparent racemization or optically active

derivatives. Similar results were obtalned when tetraethyl
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pyrophospite replaced the diethylchlorophospbite (116, 117).

This procedure obviated the need tor the presence ot tri

alkyl amine, because here the by-produot, diethylphosphite,

is 8 weak 801d and 8 liquid, which can be ea5ily separated.

ROOOH + {EtO)2P-O-P(OEt)2 -.RCOOP{OEt)2 + (EtO)gpOH

A.·2.b.4.g. Anhydrides with Arsenous A.cid & its Derivatives

RCOOAsOR" + NH2R' .... ROONHR' + HO.c\sOR"

bR'· bR"

The application or diethyl chloroarsenite as a reagent

tor peptide synthesis was studied by Vaughan (36). Again it

was tound that, as with ch1orophosphites described above,

either the amino group (an application ot whieh will be dis

cussed later), or the earboxyl group can be activated. The

technique ot forming the mixed anhydride and reaoting it

with the amine acid ester is the same as desorlbed aboya for

chlorophosphitas. While the chloroarsenite is easier to pre

pare and is more stable than chlorophosphite. the yields with

diethyl chloroarsenite were somewhat lowar.

A.2.b.4.h. Anhydrides w1th Oarbonic ~oid & its Derivatives

RCOOCOOR" + NH2Rt -.RCONHR' + CO2 + R~OH

The possibility ot applying mixed anhydrides ot an 8cy1
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amlno seid wlth earbonie aeid was stud1ed recently by several

authors. Wieland and Bernhard (39) added a solution ot phos

gene in toluene to a eold solution of 8eyl amino ae1d and

tertiary amine in benzene, hoping to obtain the following type

of anhydride:

2 RCOOH + C0012 --.. RCOOCOOCOR + 2 HOl

However, this anhydride, if formed, is very unstable. Carbon

dioxide was soon evolved and a symmetrieal anhydride of the

amino aeid was obtained. This anhydride, when allowed to re

aet with glycine, gave a dipeptide in less than 50 per cent

yield.

More sueeesstul were the exper~ents with chloroformates,

whlch were reported independently from three difterent labor

atories in 1951 (38, 39, 40). The reactlve form is the mixed

anhydride of the earboxyl group with a earbonlc aeid monoester.

The tlrst step ls the addition of an alkyl or aryl chlorocarbM

onste (ehloroformate) to a solution of trialkylammoniumsalt

ot an NH2-proteeted amino aeid (or peptide) in an inert sol

vent at 10w temperature (about 0°0.) ln order to obtaln the

mixed carbonle-earboxylie aeid anhydride. This anhydride can

then react elther with an amino aeid (or peptide) ester in an

a~h1drous medium, or with a salt of an amino aeid (or peptide·)

in an aqueous solution, produeing the amide bond. The yields

are generally in the vicinity of 60-70 per cent. Carbon
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Qioxlde and aleohol are the by-produets:

+ R"NH2ROOOH + Rt;3N+ C1000R" _ Rt 3NHCr RCOOCOOR" • RCONHRtt + 002
+ R"OH

Boissonnas (38) used chioroform as anhydrous medium and

prepared phthaloyl (or earbobenzoxy) dipeptides and their es

ters and one tetrapeptide (phthaloylglycyl-DL-phenylalanyl

glycyl-L-leucine). Wieland and Bernhard (39) made earbobenz

oxy derivatives of di-, tria, and tetra-glycine in this man

ner, uslng anhydrous tetrahydroturan as a medium in which the

an~ydride was tormed. and adding alkaline aqueous solution of

glycine to it. They compared elght various alkyi (tram

methyl up to octyl) and two aryl (benzyl and phenyl) chloro

formates. Of these esters. methyl and phenyl chloroformates

did not yield good results. while athyl and isopropyl esters

gave very pure dipeptides, and esters of higher alcohois

gave better yields in cases ot higher peptides. In all cases

they noted that the preparation of mixed anhydrides must be

carried out at low temperature (about 0°0.). or partial dis

proportionation will oeeur (formation of sy.mmetrical amino

acid anhydride and of symmetrical carbonic acid ester anhy

dride. whicn immedlately loses carbon dioxide). Wleland's

group then proceeded to synthesize by this method naturally·

occurring bata-amido compounds (118. l19). Vaughan used

either toluene or chlorotorm as the anhydrous medium (40).

Ha recommended branched-chain alkyl chlorocarbonates. Best
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results were obtalned with secondary or wlth isobutyl esters,

the secondary butyI chlorocarbonate giving slightly higher

yields than the isobutyl isomer (70, 120). No racemizatlon

occurred in the preparation ot simple carbobenzoxy dipeptide

ethyl esters (120), while some raoemizatlon was observed

when similar derivatives ot tripeptides ware prepared~(l2l).

The presence ot chlorotor.m was tound to increase consider

ably the tendeney towards racemization. · Also, when an

aqueous solution of the sodium salt ot the amine aeid .as used,

partial racemization was observed in prepared tripeptides,

while no raeemization oecurred when a carbobenzoxy dipeptlde

was prepared (122). Applying these results, a tetrapeptide

(diaarbobenzoxy-L-lysyl-L-valyl-L-phenylalanylglyeine ethyl

ester) was prepared wlth little, it any, raeemization (122) • .

A.2.b.4.i. Anhydrides wlth Silicie Âeid & its Derivatives

RCOOSi- • NH2Rt - RCONHRt + HOSi-

Schuyten et al reported in 1947 a preparation of acet

oxysilanes trom sodium aeetate and silicon tetrachloride, or

trimethyl ehlorosilane, in an!lydrous medium (l23). Malatesta

prepared acetoxysilanes traœ silicon disulphide (124, 125),

while McKenzie used ethyltrichlorosilane (126) and silicon

tetrachloride (127) to obtain silicone derivatives of several

carboxylio sclds. Malatesta had shown (125) that acylsilanes
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oan aoy1ate amines, but did not report the yields. These

anhydrides, samettmes oalled -esters", have not been app1ied

to peptide syntheses.

A.2.0.1. InternaI Dloarboxy1io Anhydrides

+ NH R'2

. CONHR'
. /

---.. R

."COOH

The dicarboxy1io amino aoids can be treated Iike other

amino acids on1y ir the oondensation or both carboxy1 groups

ls desired. However, in natural peptides, the dlcarboxylio

amine acida are supposed to be linked by their alpha oarboxy1

groups on1y, the second one being either tree, or in the tor.m

ot a oarboxy1 amide (CONHa) . Consequent1y, simi1ar bonding

was desired in preparation ot synthetic peptides. For this

purpose, these amine acids are oonverted to cyelie dicarbox

ylio anhydrides. Sueh anhydrides oan be prepared upon

treatment wlth acetio anhydride (32, 128, 129). This re-
\

action i8 usually not accompanied by racemization if carbo-

benzyloxy- (45) or phthaloy1-derivatives (130) are used,

while aeety1 and benzoy1 amine aoids are easi1y racemized by

aeetic anhydride (45).

It ls usuaI1y alpha-oarboxy1 to whioh the new radical

beco.œes attached when such an anhydride reacts with amines

(amino acid esters) (45, 131, 132, 133) or with a1cohols

(29, 134). However, the anhydride ring may not always open
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exc1usively in this direction (135, 136, 137). Genera11y,

glutamic aaid anhydride appears to have a stronger tendency

towards alpha-carboxyl attachment of the radical than the

aspartic acid anhydride. So, for example, earbobenzyloxy

L-aspartic acid anhydride yields wlth L-tyrosine ethyl

ester a bet~peptide bond, while a similar derivative ot

L-glutamic ae1d torma an alpha peptide (137, 138). On the

other hand, phthaloyl gl~tamic anhydride gave gamma-amides,

peptides, or esters (130, 139). It is of interest that

hydrazine reacts preterentially with the anhydride ring ot

phthaloyl glutamic anhydride (instead ot with the phthaloyl

imide ring, removing the phthaloyl group) forming the gamma

hydrazide -(139 ) . With carbobenzyloxy g1utamic anhydride the

hydrazine torma a mixture ot alpha and gamma hydrazides

(140, 141).

Very otten, the product eontalns both derivatives. In

that case we can utilize the tact that the alpha carboxyl

group has higher aoidity than the beta or the gamma oarboxyl

group, respectively, to separate these derivatives by trac

tional extraction ot their solutions in organic solvents

with aqueous solution ot sodium carbonate (141). Sometimes

the ditticulty of isolating one of the two possible peptides

in pure torm can be circumvented by preparing a mono-ester

ot known constitution fram the internal dicarboxylic anhydride

and an alcohol (or alkoxide) and then elther convertlng the

remaining tree carboxyl into some reactive torm, or transtorming
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the esterified earboxyl into the azide. ~ examp1e ot the

tirst type ot synthesis is the reaction of earbobenzy1oxy

L-aspartie anhydride with benzyl aleohol (134). Alpha

benzy1.ester was obtained and the beta earboxyl was then

converted into an aoy1 chloride with phosphoruspentaohlor

ide. The 'ot her type of synthesis ~as demonstrated by Le

Quesne and Young (141) who subjected the mono-ester to

fraotional extraotion and reacted the puritied tor.m with

hydrazide at room temperature. Sueh a produeteould then

be app1ied to the preparation of alpha or gamma (beta)

peptides by an unambiguous path.

A.2.e.2. Laetones

Since several naturally-oeeurring amino acids eontain

a hydroxyl group, a knowledge of the reaetivity ot lactone

rings wlth aliphatie (primary or secondary) and aromatic

amines (142) is a1so of interest in peptide ehemistry. The

amine can reaot in two ways, tor.ming either an amide, or a

N-substituted amine aeid.

-o-c-o
1 1

-0-0
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A.3.a.l. Amides of Phosphoric Âcid & its Derivatives

ReOOH + (R"O)2(PO)NHRt -- ReONHRt + (R"O)2(PO)OH

Oryatalline amido phosphonates can be obtained fram

amines and dialkoxyphosphoryl chlorides. This reaction was

used by Saunders et al to identify dialkoxy phosphoryl

ohlorides (or fluorides)during his studies on esters oon

taining phosphorus (143. 144).

RO
- .....~ ·O-P-NHRt + Hel

1
RO

Si-Oh-Li applied this reaction to amino aoid esters (145).

Out of ten amino acid ethyl esters. only four (methyl esters

of glycine. Dl-alanine. DL-phenylalanine, and DL-tryptophan)

gave products which could be isolated with satisfaotory

yields. The products were found to be quite stable in acidic

medium. No applioation of this intermediate to peptide

chemistry has yet been reported.

A.3.a.2. Amides of Phosphorous ~cid & its Derivatives

ROOOR + (R"O)~-NHRt -- ReONHRt + (R"O)2POH

Dlethyl ohlorophosphite forms with amino aoid esters,

in the presenoe of an equivalent of triethyl amine (acid

acceptor) in an inert solvent. oils. at least some of which

are distillable (l15). They react with carbobenzoEy amine
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acids in inert solvents at elevated temperatures to for.m

oarbobenzoxy peptide esters (115, 146). The by-product ia

presumab1y d1ethylphosphate (EtO)2POH. Tetraethylpyrophosphite

oan also be used for this purpose (116). Us1ng this reagent.

anilides were prepared in good yield (117). While no raoem

lzatlon took place when dipeptide derivatives were prepared.

soma racemization was observed with tripeptide derivatives

(116).

A.3.a.3. Amides of Arsenous Acid & its Derivatives

RCOOH + (R"O)~-NHR' -.. RCONHR' + {R"0)2AsOH

Diethyl chloroaraenite for.ms with amine ao1d esters

(under conditions desoribed above for chlorophosphites)

non-distillable oils. ~ter removal of the precipitated

triethylammonium ohloride, the solution of diethyi arsenite

amide in to1uene ia refluxed for one hour with an equivalent

of a second amine acid which has a protected amine group.

The by-product, presumably diethy1 arsenite, is preoipitated

quantitative1y as arsenic trioxide by addition of water (36).

A.3.a.4. Amides of Carbonio .oid (Carbamates)

RCOOH + -OCONHR' -+ RCONHR' + C02 + -OH

N-Carboxyl amine acids have been prepared in the form ot

alka1ine earth metal salts by passing a stream of oarbon dl

oxide through an ioe-cold suspension of barium (or calcium)
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hydroxide- in a water solution of an amino aoid (156, 157).

These salts, sometimes termed Slegtried ts salts, were also

prepared by adding barium (or oalcium) hydroxide to an ice

cold aqueous solution of oxazolidinediones (41). Heating

of these salts produces diketopiperazines and metal carbon

ate (157):

-H °Ro-8oS

2 1
EN-CoS

Il
o

H 0
, Il

RC-C-NB

~ --.2 .MC03 + 1 1
EN-C-CRefi

S1milar sodium salta were prepared trom the aqueous solution

ot the amine acid and sodium oarbonate by adding methanol,

which precipitates the product in orystalline state (4).

Farthing suggested that this product could be used for pur

ification of the amine acida, since elevated temperature re

leases carbon dioxide, or for polymerization of these amine

acids by reacting these salts with phosgene, or with thio

nyl ohloride. However, the latter 8eema to work with glycine

only (158).

A.3.b. Phosphazo Compounds

2 RCOOH + RtN_P_NHRt -.. 2 RCONHR' + EP02

N-Monosubstituted carboxylic amides can be prepared by

a one-step reaction of a carboxylic acid, phosphorus trichloride,
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and a primary amine. Investigations carried out by Grimmel

et al (147) Indicate that the previous beliet, that the acyl

chloride la the intermediate in this reaction, was wrong.

It was concluded that it la a phoaphazo compound which la

the intermediate:

5 RNH2 + PC13 ~ RN-P-NHR + 3 RNH2 .HOl *

When heated. the phosphazo compound then reacts with the car

boxylic acid:

RN-P-NHR + 2 B'OOOH~ 2 R'CONHR + HP02

Grimmel et al tried unsuccesstully ta react theae phosphazo

compounds wlth alpha-amino acids. The explanation ot their

tallure probab1y lies in the untortunate tact that they used

tree amino acids, not realizing the need of first breaklng

up the zwitter-ion struoture of the alpha-amino acids by pro

teeting the amino group.

Free amino acid ethyl esters (not hydrochlorides; hydro

chlorie acid was removed before by Hillmann's method (ct. 148))

* Since the moleeular weight determinations show
that these compounds exist as dimers in solut
ions, the structure ot the phosphazo oompound
should, perhaps. be written:



44 '

were used for the reaction with phosphorus trichloride and

acyl (phenacetyl, benzoyl, carbobenzyloxy) glycine in an

inert solvent by Sûs and Hoffmann (lOI). ' The results were

only fair. Slightly better results were obtained by Gold

schmidt (l02, 149). Anderson et al (146) applied this meth

od to the preparation of carbobenzyloxy- and phthaloyl amine

acid anilides and to the preparation of a (presumed) phos

phazo derivative or ethyl DL-phenyl-alaninate. The latter

was successfully combined with carbobenzyloxy glycine to

for.m the dipeptide derivative, but in poor yield.

A.3.c. Isocyanates

RCOOH + OCNR t ....... CO 2 + RCONHR t

Isocyanates prepared from the tree alpha-amino acida

are very labile campounds and polymerize easily to polypep

tides (150, '151 ) :

[ ~ V 1
C-NyCOOHJ

t B
H,

{-NHCCO-}n,
R

The considerable similarity of the conditions and results of

this polymerization as compared with the polymerization of

oxazolidined1ones suggests a possibility that isocyanates
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may be the intermediates in the po1ymerization reactions ot

oxazo1idinediones. ; or vice versa (see A.e.a.l.). The poss

iblè relationship ot both types ot compounds is best appar

ent when their structural tormu1as are compared:

H
1

. RC-C-O

1 »
HN-C-O

H

Rb-c-o
1

\
,0

N-C-OH
and

H,
Ry-,\-O

1 OH
N-C.O

oxazo1idinedione-2,5 isocyanate

The application ot isocyanates ta the controlled synthes

ls of peptides was ploneered by Goldschmidt in 1950 (102, 152).

He prepared lsocyanates or amine acid ethyl esters by Gatter

mann's method (153):

+

R

120
0
oeN~COOEt

~ 1

H
+ 2 Hel

The yields were above 90 per cent in cases where the ester

ltication ot the amino ac1ds used was complete (sometimes it

was round advantageous to re-esterify the amino acid esters

betore reacting them w1th phosgene). The N-carbonyl aminci

ac1d esters are colourless, lachrymatory liquids, whloh can

be dlstilled in vacuo without decomposition. A similar pre

paration ot carbonyl dipeptide. esters was unsueceaeruâ, The

N-oarbonyl group olosed a ring by the transter ot the hydro

gen atam trom the amido group, tor.ming a hydantoin in almost
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quantitative yield:

H
ac-c-o
l 'NHCH2COOR + C0012

NI:I2

120°C
-2HC1~ [

H j HHè-c-o Hè- -0
l 'NHCH2COOR - 1 )-CH2COOR
N-C.O HN~C·O

Addition ot alcoho1 to N-oarbony1amino acid esters produced N

oarba1koxyamino acid esters (152). A sim11ar reaction of

carboxy1io aoids with isocyanic aoid esters yieldihg N-sub

stituted carboxy1-amides had been desoribed already in 1854

by Wurtz (154). Inconvenient side reactions were observed

with aromatio isocyanates only (155) ••ccordingly, the ap

plication of WUrtzts method to the acyl-amino aoids (which

were either melted with the N-oarbony1 amine acid esters at

110°0., or a mixture of both reaotants in some inert, an

hydrous solvent was heated to 110°0. unti1 no more oarbon

dioxide was evo1ved) resulted in good yie1ds of peptide der

Ivatives (152).

A.4.a.l. Oxazo1idinedlones-2.5

{-NHCHRCO-)n

NH20HRCONHR'

- C02 •
+ NH2R'..-
- C02

H
1

RC-o-O -=----.~

1 »
EN-C·O ---:~~

Oxazolidinediones-2,5 are known under severa1 names,

viz., N-carboxy anhydrides, N-carbonio acid anhydrides,



anhydro-N-carboxy amine acids, oxazo1id-2:5-diones, Leuchs'

anhydrides, isato1c acid anhydrides (159). azasucc1nic anhy

drides (160).

There are severa1 methods of preparing this type of azole.

Heating of an N-oarbalkoxy amine acid ch10ride yie1ds cye11c

anhydride of an amino acid-N-oarbamic acid with stm~ltaneous

formation of alky1 ch1oride:

li

Rr-CO01

RN-COOR' •

H
Re-CaO

1 ~O
EN-C·O

+ R'CI

This method was deve10ped by Leuchs (161, 162, 163) when he

investigated in 1903 the decomposition of N-carbethoxy glycy1

chloride. Higher yields were obtained with methyl derivat

ives. Bergmann and Zervas (45) reported that carbobenzy1oxy

amino acy1 ch10rides will a1so undergo simi1ar reaction.

Another mathod orlginated br Curtius and Sieber (159).

When attempting to prepare lsoeyanates trom substituted ma1

onie acid azides, they obtained oxazo1idinediones (and some

diketopiperazines and polypeptides):

H
R&-COOH

1
CON3

H,
RC-C.O

1 »
EN-C·O

Hurd and Buess (160) reported simi1ar resu1ts with a1pha

substituted a1pha-carboxy hydroxamic acids, which were 8asi1y

converted into oxazo1idinediones (azasuccinic anhydrides).
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The reaction ot phosgene with amine acids also yields

these cyolic anhydrides. This reaction was reported first

by Fuchs, who used N-phenylglycine (164), and was later ap

plied 't o unsubstituted amino acids by Farthing and Reynolds

(165):

H
Rê-cOOH

1
~2

+009.
- HOl [

Rf-COOH]
RN-COCl - HOl

The presence ot the inter.mediate carbamic acid chloride was

proved by obtaining N-phenyl hydantoic acid when aniline was

added to the reaction mixture (165).

The ability of oxazolidinediones to poly.merize was noted

many years age by Leuchs (16l) when he obtained a compound

similar to the polyglycine of Balbiano and Trasciatti (24).

Since that time, these anhydrides have been developed into

important starting materials for preparing simple poly- and

co-poly-alpha-amino aeids. On the other hand', there are only

a few available reports on the aminolysis of oxazolidinediones,

which are of greater interest tram the standpoint of the con

trolled synthesis of peptides. Leuchs and Mannase (162) ob

tained trom N-pheny1g1ycine-N-carbonic anhydride with a1co

holie ammonium an amide ot N-phenylg1ycine. Fuchs (164) re

acted the same anhydride with aniline, obtaining the anilide

ot phenyl glycine. Wessely et al (166, 167, 168) treated

phenylalanine-N-carbonic anhydride with various primary amines
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obtaining fair yields of N-substituted amides of phenylal

anine. Replacing the amines with an excess of glycine ester,

they obtained phenylalanylglycine ester in moderate yield.

Hunt and du Vigneaud (169) used this method to prepare al

an,l histidine. Bailey (170, l71) found that if a tertiary

amine is present, the yields are improved, apparently be

oause the triethylammonium salts of the intermediate carba

mates are less stable than the salts ot the carbamates with

the amine group of the amino acid ester aS the cation:

li
RO-C-O

1 ~O
RN-C-O

H
Rè-CONHR'

, ~__ t,
EN-CO0--.t11'J.H

3

li
Rë-CONHRt

1
NHa + COa

(-NHCHRCO-). n

A.4.a.2. Thiazolidinediones-2.5

H
1

RC-C-O -cos'
1)

HN--O-O
+ NHaR'_ cos • NH2CHRCONHR t

Thiazolidlnedlones can be prepared from N-thiocarbalk

oxy amino acids by the action of either thionyl ch10ride (171)

or phosphorus triohlorlde (172). The former reaction was

studied by Bailey (17l) who assumed that an acy1 ohloride was

tormed, whioh cycllzed into a 2-thiooxazo1idone-5 (of. the

Leuchs method of preparing oxazolldinediones above).
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However, Aubert et al, who used phosphorus trichloride (~r

tr1bromide) prepared an ident1oa1 oompound also trom phos

phorus ' tr1ohloride and 2-alkoxy~h1azo1one-5 (172). Both

methods are sohematically shown be10wj Balley started w1th

oarbethoxymethyl isothiooyanate (1) and used th10nyl ohloride,

while Aubert et al started with ethyl alkylxanthate (II.) and

used phosphorus tr10hlorid~on_bot]1_N~tlliooarbalkoxyglyeine- - - - - -

(III) and 2-alkoxythiazolone-5 (IV):

H
Hè...cOOEt

1
N-a-S

(I)

H
Rè-COOEt

+ ROH. 1
HN'-CSOR

H l;I
HO-COOH HC-C-O

+ NaOR.. 1 S0012.. l 's
-EtONa . 1

liN-CSOR EN-C-O
(III)

H
HÔ-COOK

1
NH2

R
S HÔ-COOR

+ aoësse -EtSR 1
RN-CSOR

(II) (III)

H
1

HO-C.O
.02°)lr l '5 P..C..1......_.J

-H20 1
N-C-OR

( IV)

This oyo110 anhydr1de readily polymerizeson heating in

aqueous solution to give what is believed to be a polygly

oine (173). Bailey used this anhydride to prepare glyoyl-

glyoine ethyl ester, but did not re-porJi_the- y1eld-(17-l}-.- - - - - - - - -
-------- - - --
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A.4.a.3. 2-ThlothIazo1Idlnones-5

- CS2

These oompounds oan be prepared trom alpha-amino ni

trIles as fo11ows:

li li + OSa H ,NHa
+~ H

Ré-eN + MeaCO .. Ré-a-NB ,. Ré-c-o Nm'· ·RO- C. O

1 , \0 1 - 4 1 :s
NHa RN-cf lIN-C-SH EN-C-S

Mea ~s

While their analogues, oxazolldlnedlones-2,5 are generally

very unstable and undergo polymerization readIly, 2-thlo

thlazolldinones-5 are quite stable. However, they are still

readI1y attaoked by primary or secondary amines to give

amides in the forom of dithiocanbamate salta (175, 176):

~
RC-q.O

1 J3 + a NHaR'
RN-CaS

H
Rè-CONHRt

--.J
HN-CSSH.NHaR'

(dry)

+ 2HCl•

H
RO-CONER'

1
HNH.HCl

+ OSa

+ H01. NHaR '

Equimoleoular amounts of the amino acid ester and trialkyl

amine oan be used, the tertiary amine servlng to form salts
"

with the dlthiooarbamate of the dipeptide (177, 178). Thi

azolidinones oan reaot a1so wlth the amino aoldsin alkallne

aqueous solution. 4oidifioatlon separates the dipeptide,
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whlch ls invariably mixed wlth its component amine acid.

The subsequent purifioation, e.g. by a cation exchange resin,

decreases considerably the yield (178, 179). Moreover, 4

substi tuted· ·2-thiothiazolidinenes-6 (i.e. in the above

equations: R r H) give still lower yields, because the acid

ification of the intermediate dithiocarbamate, even in non

aqueous media, tends to regenerate the original thiazolidin

one (180, 181).

This method sUffers from the disadvantage that alpha

amine nitriles are needed as a starting material, and these

. are not easily obtained. The direct addition product of

alpha-amino acids and carbon disulphide were found to be

unsuitable for the synthesis of peptides (181).

A.4.a.4. 2-Substituted Oxazolinones-5

H
RC-C-O

l '0
N=d-R'

H
+ NH2R" • R'CONHCCONHR"

R

2,4-SUbstituted oxazolinones, better known as azlactones,

may be considered anhydrides of N-acyl-alpha-amino acida.

They can be prepared by several methods, which may be elasai

ried into two types: azlactonization of N-acyl-alpha-amino

acids, and Erlenmeyer's (182) azlactone synthesis. In methods

ot the first type, azlactonization is achieved by removal ot

water by the action of acyl (usually acetyl) anhydride, or
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ohloride, the latter either in pyridine solution, or in

aqueous solution of the acyl amino acid sodium salt. The

second type consists or a reaction of an aramatic aldehyde

with an N-acyl glycine in the presence of aeetie anhydride:

The aromatic aldehydes may be replaced by alpha~beta-unsat

urated aliphatie aldehydes, phthalic an~ydride, and pyruvic

acid. Saturated aliphatie aldehydes generally give low

yields (183). In general, the azlactones of saturated acylw

amino acids are more difficult to purity than those ot

alpha ,-betawunsaturated analogues (184).

Mohr and Stroscheim prepared azlactones ot benzoylalanine

and of benzoylphenylalanine by methods of the tirst type in

95 par cent yields and reacted them with aniline and alpha-

methyl alanine ethy1 ester to obtain anilides and a benzoyl

"dipaptide" ethy1 ester (185). Azlactone of alpha-acetamlno

cinnamic acid (cf. the equation aboya) WaB preparad by Berg

mann et al by a method of the second type and used to intro

duce the acetylpheny1alany1 unit into the peptides (32).

Atter this az1actone was al10wed to react with the free

amino group of an amino acid ester (or peptide~. The cata1y

tic hydrogenation turned this moiety into the acetylphenyl

a1any1 unit. However, it was found s~pler to directly
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oonvert acetylphenylalanine into the azlactone by a first

type method (32). In a similar manner Bergmann et al in

troduoed a benzoylphenylalanyl and benzoyltyrosyl unit into

the dipeptides (69). Later Bergmann returned to Erlenmeyerts

method, after reports about the existence of a dehydropep·

tidase in swine kidney (whioh hydrolyses the unsaturated

peptide glyoyldehydrophenylalanine) indioated that dehydro

genated peptides might ooeur as metabolites (186). Benzal

dehyde was used to obtain unsaturated phenylalanine unit,

and p-hydroxybenzaledhyde to obtain an unsaturated tyrosine

unit. In this way, unsaturated di, tri, tetra, and penta

peptides were prepared (186).

Generally, azlaotones give good yields of dipeptides

(higher even taan with oxazolidinediones), but low yields

in the preparation of tripeptides (92). The attempts to

introduee a better NH2-protecting group (e.g. earbobenzyl

oxy group) were unsuooesstul (33).

A.4.a.5. 2-Substituted Thiazolidinones-5

li
Rè-c.o

l '8
N.é-R

Behringer found that reaetionof carbothiolie acids

with 2-phenyl-5-alkylidene azlaetonas yields analogous

thioazlactones or 2-substituted thiazolldlnones-5 (187):



55

The structure ot this compound wes identical to that pre

pared by Robinson and Jepson (ct. lS8):

(in AC20)

R2C, -GOOR + ArCRO .
a RaO

HN-C-S
'\

C
ôH5

PBr51-RaO

H_C-C-O
#1 1 ~s _:........~......_-

N-C...OôH5

The above reactions are described here because it more suit-

able derivatives ot the above products could be prepared, a

new valuable method ot peptide synthesis could be developed.

A.4.b. Diketopiperazines

H
Rè-CO-NH

r 1
RN-CO-CRt

li

Diketopiperazines can be prepared trom esters (ct. page

3 aboya), Siegtrieds salta (ct. page 42 above) or amides

(189). They can be split open by hydrolysis into dipeptides
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(17, 18, 65, 190), more effectively under alkaline condit

ions than in acidic medium (191, 27). An interesting vari

ation is Kahn's reported condensation or glycine anhydride

with glycylglycine under ultraviolet light (81).

Vider application of the diketopiperazine method is

hindered by partial racemization (192) which is more pro

nounced when a1kaline hydro1ysis is amp10yed (193, 194).

In a faw cases carefu1 acid hydrolysis yie1ded optica1ly

active dipeptides in good yie1d, e.g. L-cysteiny1-L-cysteine

(195) or L-methionyl-L-methionine (65), the latter being ob

tained in better yie1d by this method than by the azide me

thod. Even mixed dlpeptides were secured in quite pure

state (196) a1though, -mor e otten, a mixture of two possible

dipeptides was obtained, fram which the two isomers ware

ditfieult to separate (197).

B.1.a. Condensation ot ~ides with Hydroxy Acids

RCONH2 + NaOR t _ RCONHR t + NaOH

Bres1er and Se1eznev8 (198, 199) suoceedad in preparing

N-ethyl acetamide trom acetamide and sodium ethoxide in al

most quantitative yield. Similarly, polya1anine was prepar

ed trom alpha-hydroxypropanamide (laotamide) and sodium in

dioxane and heating the isolated sodium alkoxide in vacuo at

80° C. tor three to tour weeks. Â olear, resinous mass was

obtained, which yielded alanine upon either acidic or pan

creatic hydrolysis.



57

B.l.b. Condensation of Amides with Keto-Âclds

CH~' CRR' CH2Rt
RCONfl2 + o.b-cOOR __~~. RCONH.~-COOH ~RCONH-b.cOOH

-~~ à

This reaction Is presently of interest in peptide synth

esis more because of its possible relationship to the biologi

cal synthesis of peptide bonds (70) than because of its pre

parative value. several preparations of acylaminoacids (trom

acy1amide and katoacid) and of dehydropeptides were reported

(200, 201, 202); the yle1ds were not high (cf. preparation

of similar compounds by the azlactone method (page 52 abova).

~B.l.e. Condensation of Amides with Amines (Transamidation)

- .....~RCONHRt + ~

b ) RCONHR"+ NH2R' ~ RCONHR t + NH2Rn

Transamidation reaetions do not perhaps belong properly

in a section dealing with the formation of the RCONfl-R bond,

sinee the mechanism of these reaotions involves in aIl proba-

bility an exchange of radicals at the RCO-NHR bond. The

reason for p1acing them here is that these reaetions, like

aIl other reactions in this seotion, are those ot amides,

1.e. of compounds which already have an amido bond.

Ât room temperature the transamidation reaotions are

extremely slow, almost non-existent, and require the catalytl0

effect ot enzymes in order t6 proeeed with any apparent
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results (the enzymatieally eatalyzed transamidations and

transpeptidations are discussed on page 9). On the other

hand, transamidations at elevated temperatures have been

known sinee the 19th century (203, 204, 205, 206). However,

these occurred only when aromatic amines were heated with

unsubstituted amides and the yields were only fair. The

transamidation reactions of substituted amides with aromatic

amines at elevated temperatures were studied only recently

by Jaunin (207) who heated acetanilide with p-toluidine or

wit~ p-anisidine. He found them to be reversible reactions,

catalyzed by acids (e.g. benzoic acids).

No transamidation reactions were observed with aliphatic

amines (208, 209) until Galat and Elion (210) applied Hott

man's discovery (211) that acetamide reacted satistactorily

with the hydrochloride of an amine (in this case hydroxylam

ine). Thus, aliphatic amines, when in the form of their hy

drochlorides or sulphates, can also undergo transamidation

reactions with unsubstituted amides at elevated t~peratures

(210). Ammonia then separates in the form of salta with

these acids. Boron trifluoride wes also tound to be an et-

fective catalyst (212). McGregor and Ward reported that it

the alkyl radicals contain at least eight carbon atoms, mono

alkylamides of aliphatic monobasic acids can be prepared by

simple hesting ot aliphatic monoamide and a long chain alkyl
)

amine to 150-200° C. until ammonia ceases to be evolved'2l3). ·

Non-enzy.matic transamidation has yet to be applied to the

synthesis of peptides.
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B.2.a. Meta1o-amides

RCONEM + ZR' - RCONHR' + MX (where M represents
an alka11 metal and
X a reactlve radloal,
e.g. a ha10gen atom)

Sodamlde Is capable of forming sodlum derlvatlves of

aoy1 amides ln 11quld ammonia (214):

RCONHNa + NH3
11quld NH3

RCONH2 + NaNH2 -.....-..-----~

SUoh a derlvative may be able to form an amide bond by con

densation reaotion with compounds oontainlng some reactive

group, suoh as a ha10gen atome

C.l. For.my1-amides

RX + HCONHR' ---.. RCONHR' + HX (where X representa
a reaotlve radical,
e.g. a halogen atom)

The formyl radical has been recently introduced as a

NH2-proteoting group to peptide synthesis (215, 216). The

possibility of reacting N-formy1 amine acids or their der

Ivatlves wlth amlnes whlch have ln the alpha position a

radical capable of condensing wlth the active hydrogen atam

of the N-tormyl group (probably alpha~chloro amines) ia

worthy of consideration.
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Pro tee tin g G r 0 u p a

The ~oles of protecting (masking. blocking) groupa in

peptide ayntheais are manifold. The most important roie ia

to render the amino acid temporarily monofunctional. The

formation of the amido-linkage can then be controlled. be

Cause the protecting groupa make uncontrolledpolymeriz

ation impossible. Moreover. by breaking up the zwitter-ion

configuration, the immobilization of one group activates the

other group of the amino-acid (or peptide) molecule. Still

another role may be to render the product insoluble in the

reaction medium. A generallzed review of the types of pro

tecting groups Is summarized in Table II ,:

Table II

A Protection of the Carboxyl Group

1 Esters page 61
2 Amides 63
3 Salta 63

B Protection or the Amino Group

1 Amides
a) of carboxylicacids 64
b) of carbodithioic acida 67
c) of carbamic acid derivatives

1) carbamic acid esters 67
2) thiocarbamic acid esters 70
3) carbamide derivatives 71

d) of sulphonic acids 71
2 Imides 73
3 Alkylidene Derivatives 75
4 Salta of the Amino Group 75
5 Amino Group Precursors 76
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It ls essentia1 that suoh a proteoting groups oan be in~

troduoed with ease and in good yield and subsequently, at any

stage, removed with ease and ln good yield, without destroying

the amido-linkages and without altering the sterio oonfigura

ation. In some cases it is advantageous to use a protecting

group of such a kind that after its removal it will leave the

respective carboxyl or amine group in a reactive form, and

thus make it possible for one to pass direot1y to the next

condensation step.

Protection of the Oarboxyl Group

1. Esters ROO-ORt

For the purposes of peptide syntheses the carboxy1 group

of amino aoids has been most trequently proteoted in the for.m

of an ester group. This type of protection is not idea1, sinoe

the ester group may reaot under certain conditions with the

amino group either ot the same or ot another oompound, torming

an amido bond (cf. the spontaneous formation of polyamides and

diketopiperazines from the amino aoid esters dasoribed aboya

on page 3). However, if precautions are taken, such as stor·

ing the esters of amino acids in the form of salts (most otten

as hydroch1orides) and avoiding elevated temperature whenever

possible, the esters do serve their purpose of protecting the

carboxy1 group fram unwanted reaotions and enhanoing the re

activity of the alpha-amino group by breaking up the zwitter

ion configuration.



From the standpoint of subsequent cleavage, we recog

niza two types of esters. Simple esters, like methyl or

ethyl esters, require hydrolysis tor this purpose, while

those containing beta-gamma unsaturated radicals, like ben

zyl esters, oan be cleaved by non-hydrolytio methods. Al

though it has been shown (93, 101, 217) that in certain

cases the conditions required for the hydrolysis of methy1

or ethyl esters can be so mild that the peptide bonds are

scarcely, if at aIl, affected, a reaction which is certain

not to break any peptide bonds is always more desirable.

In the past, the reason for not using the benzyl esters

more often has rested in the ditficulty of preparing pure

amino acid benzyl esters in reasonable yields. They have

been prepared either fram the amine acyl chloride hydrochlo

ride and benzyl alcohol (48, 218, 219) or by heating the

suspension of amino acid in benzy1 alcohol saturated with

dry hydrogen chloride (Fischer's method; of. 8, 220).

Bargmann aven considered the coupling of N-carbonic acid

anhydrides of amina acids (oxazo1idinediones) with benzyl

alcohol (221). Considerable improvement of yields obtained

by Fisoher's method was reported when the hydrogen ohloride

was replaoed by p-toluene-sulphonio acid (222, 223). The

benzyl group can be removed either by oatalytic hydrogenation

(224), by phosphonium iodide (48, 225), or by sodium in 1iqu

id ammonia. No tendency for the benzyl ester ta undergo amm

nnolysis in liquid ammonia has been observed (48).
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(where Ht represents
hydrogen, alkyl,
aryl, or their der
ivatives)

Amides have somettœes been used in enzymatic studies,

most often in the form of anilides (cf. e.g. 67, 69). They

are removable by mild hydrolysis.

Substituted acid hydrazides have recently been intro

duced into peptide chemistry as a means of protection for

the carboxyl groups. Waldschmidt-Leitz and Kühn (74) worked

with the phenylhydrazide (where the Rt symbol above repres

ents the -NHC6HS group) and the p-nitrophenylhydrazide groups,

whioh oan be removed by a somewhat involved prooedure using

a warm aqueous solution of cupric salts (e.g. acetate) and

tiltration ot the cupric oxide formed. Hotman et al (104)

reported good yields ot orystalline carbobenzyloxyhydrazides

(where the R' sy.mbol above represents the -NHCOOCH2C6HS

group) prepared by an interaction of 4-substituted 2-thio

thiazo1idones-5 (174) with oarbobenzyloxyhydrazine. Hydro

genolysis conveniently liberates a tree hydrazide group

(R' • -NH2) which may then be converted to an azide (by the

action ot nitrous aeid) for further ooupling reactions.

3. Salts RCO-Oe

Conversion ot the amine acid into metallic salts re-

leases the alpha-amino group trom the zwitter-ion structure.
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Therefore, alkaline aqueous solutions of amino aoids are

sometimes used for ooupling reaotions with the oompounds

whioh oontain an aotivated oarboxyl group (of. e.g. 38. 40).

The disadvantage of this method lies in the fact that aotiv

ated carboxyl groupa are invariably reaotive also towards

hydroxylio solvents. Consequently the presenoe of water de

oreases the yield of the amide by introduoing unweloome side

reaotions. If it were possible to find some oation whioh

would for.m a carboxylate soluble in some inert solvent, the

salts of amine aoids might beoome muoh more valuable intar

mediates than either esters or amides, because of the unsur-

passable ease of liberating the oarboxyl group by a simple

neutralization reaotion.

B. Proteotion of Amino Group

l.a. Amides of Carboxylio Âoids

RNH-CORt (where Rt represents
hydrogen, alkyl,
aryl, or their deriv
atives)

The N-aoylation of amino acids or peptides is one of

the oldest methods of rendaring them monofunotional. Aoetyl

and benzoyl groups (10, 32, 226) are typical of earlier rep

resentatives of this class of proteating groups. Thelr dis

advantage lies in the reaotions neaessary for their ramoval

after they have served their purpose. Hydrolysis must be
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used, whlch ls a reaction capable of cleaving the newly form

ed peptide bond. Although Bergmann et al (32) have shown that

some acetylated dipeptides can be deacetylated with dilute

acid, selective hydrolysis of even the acetyl group cannot be

relied upon in al1 cases.

Recently, several variations ot this method of protect-

ing the amine group have been reported. Holley and Holley

(227) announced that two modifications of the acetyl group,

namely, the o-aminophenoxyacetyl (1) and o-aminophenylglycyl

(II) groups, cao be removed simply by boiling in water. The

8'xplanation of this ready decomposi tion lies in the abili ty

of these groups to form lactam rings st elevated temperatures.

100 0
C~

1000 C.
Il

Q,~ 0-CH2 + NH2R
- 1

NH-CO

The first case found practioal application when o·nitro

phenoxyacetylamino aclds were used in the peptide synthesis,

and the nitro group was then reduced by a catalytic hydrogen

ation to amine group. In the other case, the reaction of

chloroacetylamino acids or peptides with o.phenylenediamine

made it a1so possible to remove the acyl group, which separatad
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in the torm indicated by the second equation above. The re

ported y1elds of these deacylation reactions ware in the

range of 30-75 per cent.

Another interesting variation is the N-tritluoroacetyl

group, which oan be introduced by treating the amino acid

with tritluoroacetic anhydride. Derivatives of several am

ino acids were purified by sublimation in vacuo. They were

stated to be easier to hydrolyze than the N-acetylamino

acids (228).

The formyl group was used by Sheehan and Armstrong

(215) to protect the amino group in cysteine, which in turn

made it possible to protect the thiol group by treatment

with acetone and acetic anhydride. The resultant N-formyl

thiazolidine ring was subsequently removad by treatment with

one per cent aqueous hydrochloric acid. The authors noted

that the N-formyl group can be removed almost quantltatively

by trea~ent at 0° C. with methanol contalning one per cent

hydrochloric acid. The ready hydro1ysis ot N-formyl deriv

atives in aqueous solution was noted ear1ier by Fischer and

Warborg (229). but the conditions they used are likely to

racamlze peptides. In a study of the alcoho1ysls ot various

acylamino-acids, Hi1lmann and Hi1lmann (230) mention that

tormyl groups are easi1y removed, but state that unsatistao

tory yie1ds were obtained in peptide syntheses. Good yie1ds

were obtained by Waley (216) who removed the tormyl group in

oold di1ute alcoho1ic solution of hydrochloric acid. He
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prepared the N-tor.myl derivatives by heating the amine acid,

acetic anhydride, and tormic acid at 35°C. tor one-halt hour.

It -as noted that tha high solubility of some derivatives,

like tormylglycylglycine methyl ester, in water may be

Inconvenient.

l.b. Amides ot Carbodithiolc Acids

RNH-CSRt (where R' represents
hydrogen, alkyl, aryl
or their derivatives)

A representative ot this type ot protection was prepared

by Kjaer (231) who thiobenzoylated esters or amides of sever

al alpha~amlno acids by treatment with earboxy.methyldithio

benzoate (06HSCSSCH2COOH) in alkaline solution. The technique

of removing the thioacyl group was not described.

l.c. Amides of Carbonic Acid Derivatives

1. Carbamic Àcid Esters RNH-COOR'

N-Carbethoxyamino acids were first prepared by Fischer

(232, 233). However, his hope of being able to remove the

carbethoxy group under mlld conditions was not fulfilled.

He reported the removal ot the ethyl group by saponitication

and was surprised at the high stability of the remaining

N-carboxyl group, which did not evolve carbon dioxide (96).

Actually, as was Ister proved by Wessely (234) he wss dealing

with secondary rearrangement products. Leuchs' exper~ents



with the attempted removal of the oarbethoxy group in carb

ethoxyglycine led to the development of the well-known method

ot preparing polymers trom the alpha-amino aoids via oxazol

idinediones (161).

Â much more important proteoting group is the oarboben

zyloxy group. tirst employed by Bargmann and Zervas (45). Â

great advantage of this radical lies in its easy removal by

hydrogenolysis. with the tormation ot toluene. carbon diox

ide. and the amine aoid or peptide. The hydrogenolysis may

be aocomplished by catalytio hydrogenation (225), sodium in

liquid ammonia (236). phosphonium iodide in glacial aoetic

acid at 40°0. (29), and hydrogen iodide also in glacial

acetic acid (74). The presence of amino acids containing

sulphur samettmes prohibits the use ot the oatalytic method

(237). since the metallic oatalysts are readily inaotivated

by sulphur compounds. In some cases. carbobenzyloxy groups

may be re.oved by treatment with absolute ethanol and dry

hydrogen chloride at 0°0. (238). This ease of removal. oam

bined with the facile preparation of the carbobenzyloxy

amine acid or peptides (trom benzyl chlorotormate and the

amine compound in a Sohotten-Baumann reaction) has resulted

in a wide application of this group in the preparation ot

peptides. However. there are several disadvantages Inherent

in its use. First of aIl, some workers have reported dit

ficulty in storing benzyl ohloroformate and they felt impel

led to prepare it periodioally from phosgene and benzyl
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alcoho1. Carbobenzyloxyamino acid chlorides have a trouble

some tendency of forming oxazolidinediones (161). Therefore,

if the carbobenzy1oxyamino aoids are emp10yed in the acy1

ohloride method, rapid operation under anhydrous conditions

and strong chi11ing of the reaction mixture during the halo

genation and 'subsequent ooup1ing isrequired in order to

minimize this tendency. Carbobenzy1oxy derivatives of some

amine aoids are not readi1y available (if at all) in crystal

l1ne form, and are therefore not easi1y purified.

Several substituted carbobenzyloxy derivatives were re

oently introduced in order to lmprove the crystallizing ten

denoies. Young et al (239) found that p-bromobenzylohloroform

ate (which is a stable, low-melting solid) gave good yields

of more easi1y orystal11zable derivatives, while p-methylben-

' zyl and naphthylmethyl-chloroformates gave no batter results

than the unsubstituted benzyl chloroformates. Carpenter and

Gish (240, 241) reported better results with p-nitrobenzyl

ohloroformates.

Reoently Stevens et al (46) have advocated a11y1 ch10ro-.
formate (C1COOCH-CH2), whloh is stable and commeroia11y aV

ailable, as a reagent for protecting the amine group. The

structural analogy ot the carballyloxy group with the carbo

benzy10xy group (the presence of theunsaturated bond in the

position alpha to the oxygen stom) explains the reason why

this group oan a1so be removed by ~og~nol~sis. Sodium in

liquid ammonia or phosphonium iodide la uaually used for
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this purpose. Catalytic hydrogenation cannot be applied hers

owing to the competitive hydrogenation of the oletinlc double

bond, which converts the carballyloxy group into the stable

carbethoxy group (ct. 95).

2. Thiocarbamic Acid Esters RNH-COSR'

Ppenyl chlorocarbothiolate, which can be prepared tram

thiophenol and phosgene, reacts with amino acid esters in

ether at room temparature. The acylatad amino acid ester

oan then ba converted into an acylated amine acid by an acld

hydrolysis (242). These phenyl-thlocarboxylamino aoida ara

more crysta1line than the corresponding carbobenzy1oxy cam

pounds. However, their remova1, which is easily accomplished

elther by a five-minute haating with 1ead acetate in 20 per.
cent ethano1, or by a cold reaction with 1ead thiophanolate

in 0.1 N alkali, was tound to lead, in some oases, to the

tormation of hydantoins instead ot dipeptides (234; cf. also

244) •

H,
RC-C-O
l 'NHCHR'COOEt

HN-C-o,
. S- C6H5

Pb++

H,
RC-C-O

1 ;NCBR'COOEt
HN-C-O



3. Car~lmide Derivatives RNH-CONHR'

The phenyl ureido group was used by Fischer and Suzuki

(245) for masking the alpha-amino group. Mild hydrolysis was

required toremove this group.

An interesting carbamida derivative was reportad by

Fischer (233). who prapared it by the traa~ent of the dipep

tide ester with phosgena in toluene:

/NHCH2CONHCH2COOEtCOC12 + 2 Nfl2CH2CONHCH2COOEt -. OC + 2 HCl
'NHCH2CONHCH2COOEt

It waa latar shown by Wessely (234) that this compound also

appeared during Fischer's unsuccessful attempts to remove

the carbethoxygroup.

l.d. Amides of Sulphonic Âcids

RNH-S°2R'

Sulphonyl chlorides have been used to introduce methane

sulphonyl (246). benzenesulphonyl (247). beta-naphthalenesul

phonyl (233.248), or p-toluenesulphonyl (47) groups loto

alpha-amino aoids. Generally the yields were not too good.

In 1926 Sch6nhaimer took advantage of Fisoher's discovery (249)

that pwtoluenesulphonylamino acids can be oonverted to the

parent amine acid by hydrogenolysis with a mixture of hydriodlc

acid and phosphonium iodide, and proposed a novel method by
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which N-substituents could be removed from amino acids and

peptides by a procedure not involving hydrolysis with strong

acids. Another reagent which has been used for the same

purpose is sodium in liquid ammonia (250). The reaction is:

One sees that thep-toluenesulphonyl group has been some

what neglected, since in the few cases when it has been used

the authors reported complete satisfaction (31, 105, 250, 251).

The only unwelcome side reaction was reported by Harrington

and MOggridge (252) who observed that p-toluenesulphonylglut

amie acid could not be converted to its cyclic anhydride, ow

ing to its dehydration to a derivative of 5-oxopyrrolidine

2-carboxylic acid:

CH3C6H5S02-NH-1HCOOH -H
20

1H2
CHECOOH

• CH3C6H5S02-N-CHCOOH

1 ?H2
OC-CHa

However, since this ring can be easily opened by the action

of aqueous ammonia (which cleaves the carbonyl group from the

nitrogen, leaving it in the for.m of an amide), this side re

action actually assures an unambiguous alpha-amide bond form

ation with di-carboxylic amine acids (253, 254).
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2. Imides

The phthaloyl group is the on1y one of the imido type

which has been used in peptide synthesis. Succinyl and maleic

derivatives ot amino acids have received passing attention

(255). Phthaloylglycine was first prepared in 1883 by adding

glycine to the molten anhydride of phthalic acid (256).

Billman and Hartung used this method for preparing a series

of phthaloyl derivatives of amino acids intended to be used

for purposes of identification (255).

An elegant way of removing the phthaloyl group fram its

imide was discovered by Radenhausen (257) when he attempted

to prepare phthaloylglycine hydrazide from the ethyl ester

of phthaloylglycine and hydrazine hydrate. He obtained in

stead a precipitate. which he identified as phthaloy1hydra

zlde, and ethyl glycinate. Ing and Manske (258) applied

this reaction te the preparation of amines from the corres

ponding alkyl halides. (They modified the classical Gabriel

synthesis of amines by which the N-substituted phthalimide

is bol1ed with potassium hydrexide yielding dipotassium

phthalate and the amine~) Through the use of hydrazine they

subjected the intermediate to an acid hydrolysis:



+NH2NH2 ..
acid

hydrolysis

(probable structure)

Binee the phthaloyl hydrazide was found to be a moderately

strong acid, Barber and Wragg (259) conoluded that the interM

mediate in the above reaction is actua11y a salt of the amine

with the phthaloyl hydrazide. Acoordingly they suggested

that in oases where the aoid hydrolysis would be detrimental

to the produot, thermal dissooiation, solvent extraotion, or

basification of the intermediate salt should be employed for

precipltating phthaloy1 hydrazide. Hydrazine sulphate (260)

and phenylhydrazine (261, 262, 263) have a1so been used to

remove the phtha1oy1 group . •

It was chietIy the work of King's group in Eng1and (49,

244) and ot Sheehan and Frank in the United States (50)

which directed attention to the phthaloy1 group as an im

portant factor in peptide synthesis. Phthaloyl derivatives

ot oligopeptides were prepared by these workers via various

intermediates, viz. acyl ohlorides (50, 99, 264), carbonlc

carboxylic mixed anhydrides (38, 40), internaI dicarboxylic

anhydrides (130, 139) and so on. Preparation ot phthaloyl
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peptides by the ~zide method was also reported. However,

the phthalimido-aoid azides must be prepared via the aoyl

ohlorides (244) owing to the preferential attack or hydra

zine on the phthaloyl group, which was discussed above. The

imido method or protecting the amine group is sametimes ad

vantageous, as severaI instanoes have-been reported in which

the remaining aminà-hydrogen atom participates in undesirable

side reactions (cf. e.g. 252).

1

3. Alkylidine Derivatives RN-O-

Benzalamino acids (CôH5CH-N-CHRCOOH) were uaed by Wie

land and Schafer (90) in their experiments. They were pre

pared from the potassium salta of the amino acids and benz

aldehyde in dimethylformamide in good yields. The technique

of removing this group was not reported.

4. Salta of the Amino Group RN~ xe (where t9reprea
ents a strong1y
eleotronegative
anion)

Strong acids are able to break up st least partially

the zwitter-ion configuration of the alpha-amino acids and

thus to render the-carboxyl group more susoeptible to the

desired reaotions. For example, esterifioation of the

amino aoida is teasible only in the presenoe of a strong

aoid (e.g. 4, 5, 223). Peptide synthesis via amine aoyl
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chlorides, which have -their amino groups protected by the

hydrochloric acid, was described in 1905 by Fischer (27, 28).

This method takes advantage of the tact that several amino

acids, when shaken with phosphorus pentachloride. and acetyl

chloride, are readily converted into crystalline hydrochlorw

ides ot the amine acyl chlorides. These were then condensed

with amino acld esters. The yields were nat too high, one

ot the side reactions being the formation or diketopiperazine

rings from the dipeptide esters. Only isolated cases ot suc

cesstul application ot this method have been reported (265,

266).

The proton can be removed either by a calculated amount

or sodium alkoxide (7) or a tertiary amine (which forma a

tertiary ammonium salt with the anion; er. e.g. 38) in an

hydrous medium, or, in aqueous solution, by a simple neutral

ization wlth concentrated alkali in the presence or solid

potassium carbonate and immediate extraction ot the tree

base with ether or ethyl acetate (18). In the case or pep

tide ester hydrochlorides, the concentrated alkall is usually

omitted, and only carbonate is used. Ion-exchange resins

also orter attractive possibilities.

5. Amino Group Precursors

The problem ot protecting the amino group by some radical,

which can not only be easily attached to the amino group, but

a1so removed without endangering the peptide bonds, can be
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neatly cireumvented by simply using some other group, whioh

can be conveniently transtor.med into the amino group. This

idea was first realized by Fischer, when he used chloroacetyl

chloride for making the glycyl peptides; he replaced the

alpha-chlorine atom by the amine group simply by treating

the chloroacetyl peptide with 25 per cent ammonia at 100°0.

or by allowing the reaction mixture to stand at room temper

ature for two to three days (96). In similar manner, several

other alpha-haloaoids were used to synthesize the peptides

of corresponding DL-alpha-amino aoids (27, 267, 268). The

extension of this method to the optically-aotive derivatives,

however, entails several dtfficulties. Preparation or the

optica11y-active aoids in pure state is a difficult and t~e

oonsuming procedure (D-alpha-halo acids have to be used ir

L-a1pha-amino acids are desired in the peptide, because or

the Walden inversion whioh acoœnpanies the amination step)

(269, 270). Anoma1ous reactions orten occur at the amination

step (271). Moreover, the optica1 purity of many ot the pep

tides prepared by the halogen acy1 halide method is open to

doubt (of. e.g. 190).

The azido radioal was used to replaoe the alpha-amino

group in an interesting modification of the halogen acyl

halide method (272, 273). The alpha-azido group can be con

verted either by aluminium ama1gam (274), or by eatalytic

hydrogenation in the presence of p1atinum or palladium (272)

into the alpha-amino group. However, sinee the alpha-azido
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aoyl halides are prepared from alpha-halo acyl halides,

this modification does not appear to offer any decided ad-

vantages.

Still another modification of the alpha-halogen acyl

chloride method entails the use of alpha-benzyloximino

acids (275, 276):

R
C6H5CH20N.ëcOCl etc.

The benzyloximino group is reduoed to the amino group and

benzyl alcohol by a Raney-nickel hydrogenation. Note that

this is another exemple of the cleavage of the benzyl radi

cal by hydrogenation. The preparation of the alpha-benzyl

oximino acids is a rather involved procedure, starting with

an alpha-dioarboxylic acid and an alkyl nitrate, and ben

zylating the intermediate produot (alpha-oximino acid) with

benzyl ohloride. The reports did not make clear how this

method oan be applied to the preparation of peptides of

desired spatial arrangement where optioally aotive moieties

are involved.

The cyano group can be reduced to a -CHaNHa radioal.

Wessely reported (277) that he ~protected" the delta-amino

group by using gamma-cyano-alpha-amino acid (for polymeriz

ation via oxazolidinediones).



BENZYL ESTERS OF AMINO ACIDS

l n t r 0 duo t ion

While the 1iterature otfers a wea1th ot methods for pro

teoting the amino group, not many praotioa1 ones are available

for the oarboxy1, as oan be seen from the raview of proteot

ing groups on page 60. Kethy1 or ethyl esters are almost uni

versally used, although the removal of these groups invo1vea

hydro1ysis, whioh is oertain to atfeot the peptide bonds, at

least in soma degree. The benzyl-ester type of proteotion

appears to be more advantageous, beoause the benzy1 group 080

be removed by hydrogenolysis, whioh does not affeot the pep

tldio bonds. The benzyl esters of at 1east some of the amine

aoids shou1d be relative1y easy to prepare from the o~er

01a1ly avai1able raaot~ts. They have been prepared by traat

ing benzyl aloohol with an amino aoy1 chlorida (the amino

group being b10cked by a hydrogen halida) (48, 218, 219),

with an N-oarbonic acld anhydride (221), or with an amino acid,

whioh had the amino group protected by a hydrogen ha1ide or a

sulphonic acid (8, 223).

D 1 sou s s ion 0 f Res u 1 t s

Wa have prepared benzyl esters of glycine, DL-phenylalan

in~J DL-leucine, and L-1eucine by a method recent1y described

by Miller and Wae1sch (223). This method la based on
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dissolving equimolecular amounts of the respective amino acid

and benzenesulphonic acid in a large excess ot benzyl aloohol

and removlng the exoess ot benzyl aloohol by vaouum distil

lation. The role ot the sulphonio acid is apparently three

told; tirst, to render the amino acid soluble in benzyl al

00h01; seoond, to eliminate the zwitter-ion torm ot the amine

aoid; and third, to oatalyze the removal ot water formed by

the oondensation reaction, whioh is separated tram the react

ion mixture when the excess ot benzyl aloohol is removed by

vaouum distillation.

The produots, benzyl esters ot the respective amino acld

benzenesulphonate, were tound to be rather unstable, apparently

due chietly to the strong hygroscopicity introduced by the

sulphonate group. Moreover, the melting points ot products

obtained in several preparations ditfered trom case to case,

an eftect which was probably oaused by the polymorphism typlcal

of sulphonates (ot. 278).

Free benzyl esters were obtained by mixing equimolecular

amounts ot the above salts with triethyl amine in chloroform

at low temperature (below 5°0.) and preoipitating the triethyl

ammonium benzenesulphonate by addition ot exoess ot dry ether.

Vaouum evaporation ot the ethereal solutions yielded trae ben

zyl esters of the respective amine aoida, whioh were all vis

cous oils. TAerefore, it was tound advisable to convert these

esters into their hydrochlorides, which are orystalline oom

pounds with definite melting points and quite stable (Expt's

l.a.l.a.) •
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A variation of the above method by replaaing the benz

enesulphonia aaid by equLmoleaular amounts of p-toluenesul

phoni,o aaid was tested (Exp'ts l.a.l.b.). These experLments

have proved the suitability of this new reagent for the

preparation of the benzyl esters of amine aclds. although

no signifioant improvements in the yields were observed in

comparison wlth the benzenesulphonates.

Reoognizing the obvious advantages of having orystalline

benzyl esters of amino aaids whiah might not need to be oon

verted to their salts, we deoided to experiment wlth the pre

paration of analogues of benzyl esters of higher molecular

weight. At first, the syntheses of 4-nitrobenzyl esters were

attempted, tollowing the well-known method of identifying

carboxylic acids by condensing them with 4-nitrobenzyl chlor-

ide (279, 280). Esterification of hlppurla aaid (benzoylgly

cine) by this method yielded a crystalllne product (Exp. l.b.l.).

However. no ester could be isolated with glycine. No further

attempts with other amino aaids were made, because prelimin-

ary experiments in freeing the carboxyl by hydrogenating the

4-nitrobenzyl ester of hippuria aaid by sodium in liquld ammon

la ; indiaated its instability; the solution of 4-nitrobenzyl

ester in liquid ammonla became reddish-brown after sodium was

added and it turned darker with time.

The potentialities of chlorine-substituted benzyl esters

were then investigated. For the formation of these esters.

2-, 4-chloro-. and 2,4-dichlorobenzyl chlorides (Heyden )
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Chemical Corp., New York) were utilized. No information about

the esters of this type was found in the literature. There

fore it was decided to rollow generally the method of prepar

ation of 4-nitrobenzyl esters (279). Since none of the benzyl

chlorides described above is soluble in water, a solution of

the particular benzyl chloride in ethanol was mixed with a

water solution of equivalent ambunts of the amino aoid (or

its derivative) and potassium carbonate. Then, as much al

cohol was added as was necessary to make the solution homo

geneous at the refluxing temperature. After being refluxed,

usually for three hours, the solution was left standing at

room temperature to 0001 slowly. If the reaction occurred,

the ester should crystallize out of the solution. On the

other hand, unreacted chlorobenzyl chloride should separate

out as a liquid layer. 4-Chloro- and 2,4-dichlorobenzyl hip

purates were obtained (Exp'ts l.c.), which were round to be

crystalline compounds of sharp melting points (139°C. and

134.5°C. respectively). Since these esters were not reported

in the literature before, their identity was confirmed by an

elementary analysis. No crystals were obtained when 2-chloro

benzyl chloride and hippuric acid were subjected to the same

procedure. Neither was any produot obtained by subjecting

free amine acids, like glycine, DL-phenylalanine, and DL

leuoine to the same procedure, regardless of whioh of the

above chloro derivatives of benzyl ohloride was used. Even

when the preformed salts of these amino acids (prepared in
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liquid ammonia) were shaken for several hours with an exoess

of 2,4-diohlorobenzyl ch10ride (or 4-benzy1 ohloride), no

product was obtained.

Since the derivatives of hippuria aoid had shawn, as ex

pected, that ohlorobenzy1 esters have appreciably higher melt

ing points (a.p. of benzy1 hippurate is 91-92°C. (218)), suo

cessfu1 preparation of oh1orobenzy1 esters of amine aoids was

desired. The possibi1ity ot preparing chlorobenzyl esters

trom the oorresponding aloohol was considered, but its app1i

oation postponed, sinoe no ohlorobenzyl aloohols were found

to be oommeroially available to date. Further search for

these aloohols seems desirable.

It is weIl known that several oommeroially available

esters are manufaotured from the oorresponding aoids and al

ooho1s by methods based on the removal of the oondensation

by-produot, water, by azeotrop1c distillation. However, this

procedure has not been applied as yet to the preparation of

the esters of the amino aoids. Its chief advantages in the

preparation of benzyl esters should be elimination of the

need for a very large exoess of the expensive benzyl aloohol

used in the above-ment1oned method of Miller and Waelsoh

and a deorease in the required reaotion temperature. Pre

liminary experiments, where the same amounts of reaotants as

in the method of Miller and Waelsoh (223) were used and water

was removed by distillation with oarbon tetraohloride (the

boiling point of the water-oarbon tetraohloride azeotropio
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mixture ia 76.75°0.; it contains 4.1 per oent water(281}},

had shown the feasibility of this method.However, beoause

of the insolubility of benzenesulphonic salts in oarbon tet

raohloride, it was neoessary to dissolve the amine and benz

enesulphonio aoids in benzyl aloohol first, and the distil

lation had to be oarefully oonducted in order to keep the

reaotion mixture in emulsion-like forme For this purpose,

some exoess of benzyl aloohol was still required (3.9 equi

valents as oontrasted with 9.7 equivalents used in the old

method). Further improvement was introduoed by removing

the neoessity of using anhydrous ether for precipitating

the benzyl ester of glycine benzenesulphonate. Simple cool

ing ot the anhydrous reaction mixture (addition of more dry

carbon tetrachloride was sometimes beneficial) gave the same

result (Exptts 1.a.2.a. 3 and 4).

Simple addition of the reaotants to carbon tetrach10r

ide and azeotropic distillation was never conduoive to ester

ification, as glycine remained undissolved throughout the

whole procedure, and its awitter-ion structure prevented its

participation in the esterification reaction. This difticulty

might be removed it a sulphonic acid with a long alkyl chain

oould be used, sinee its salts with the amine acids ought to

be soluble in organie solvents. Such an acid was found in

Nacconol ZSA (manutactured by the National Aniline Division,

Allied Chemical & Dye Corporation), which is essentially a

p-laurylbenzenesulphonic acid, C12H2506H4S03H. It allowed
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glycine to dissolve in the presence of only one equivalent or

benzyl alcohol. However, a difficulty arase since it was

discovered that trlethyl ammonium p-laurylbenzenesulphonate

is also soluble in dry oarbon tetrachlorlde or in dry diethyl

ether (other amines were tried with similar results) which

made its separation from benzyl glycinate impossible. Sev

eral solvents were tried. Finally it was found that when

petroleum ether was used as a solvent, triethyl ammonium

p-l~urylbenzenesulphonate separated in the form of an oily

layer (Exp. 1.a.2.b.). The improved yield which was obtain

ed justified our expectations.

Exp e r i m 8 n t a 1 Pro c e dur e s

Experiments l.a.l.

Preparation of Benzyl Esters by Vaouum Distillation

a) Using Benzenesulphonic Acid:

The method described by Miller and Waelsch (223) was am

ployed in the preparation of the benzyl esters of glyoine,

DL-phenylalanine, DL-leuoine, and L-leucine hydrochlorides.

It was found that the temperature of the oil b~th (which must

remain below l30oC.) and the careful exclusion of moisture

throughout the experiments are critical factors, which influ

ence oonsiderably the amounts and qualities of the products

obtained.

Saturation of the solution of benzyl ester of either
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glycine, or DL-phenylalanine in diethyl ether with dry hydro

gen chloride resulted in an abundant precipitation. On the

other hand, benzyl esters of DL- or L-1eucine hydrochlorldes

remained ln the solution. It was necessary to take the eth

ereal solution saturated with hydrogen chloride to dryness

in vacuo, to dissolve the residue ln the mixture of fourteen

parts of cyclohexane and one Part of chlorotor.m at elevated

temperature, and to leave the solution standing for six~een

hours at ° - 5°C. The precipitated hydrochloride was then

isolated by filtration. Yields and melting points ot the

products are listed in Table III.

Table III

Product Experimental Liter~ture

yield m.p. ac. yie1d m.p.oC.

Benzy1 glycinate 69% 131-2 7~ 131-2hydrochloride

Benzyl DL-phenylalaninate 81% 191-1.5 75% 196hydrochloride

Benzyl DL-leucinate 79% 145-5.5 -- --hydroohloride

Benzyl L-leucinate 67% 126-7 88% 129hydrochloride

3100e no data on benzyl-DL-1eucinate hydroch1oride were avai1

able, it was identitied by elementary ana1ysi8:

Calcu1ated for C13H2002NC1: C 60.6; H 7.83

Found C 60.51; H 7.90
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b) Using p-Toluenesulphonic Acid:

Experimenta l.a.l.a. were repeated, the benzenesulphonio

acid being replaced by equimoleoular amounts of p-toluenesul

phonie acid. The results were not signlficantly different

fram those abova.

Experiments 1.a.2.

Preparation of Benzyl Esters by Azeotropic Distillation

a) Using Benzenesulphonic Acid:

1.
Glycine (3.75 g., 50 millimoles) and benzenesulphonio

acid (9.0 g., 51 millimoles) weresuspended in 25 ml. (26.25 g.,

242 millimoles) benzyl alcohol and dissolved by heating the

suspension on the steam bath with occasionsl stirring. (It

is imperative to dissolve both the amine and sulphonic aoida

first, 1n order to bring about the formation of a benzenesulM

phonate salt. Preliminary experiments had shown that 1f gly

cine, benzenesulphonic acid, and benzyl aleohol are simply

added to carbon tetrachloride, glycine remains undissolved

throughout the whole operation and doea not seem to partioipate

1n the esterifioation reaction.) ~ter 300 ml. of carbon

tetraohloride was added (which solidified the benzyl alcohol

solution by oooling it), the raaction mixture was haated to

the relux temperature. As the temperature inoreased, a

layer of benzyl aloohol solution of glycine benzenesulphon-

ate formed on top of the carbon tetrachloride phase. When
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boiling started. both layers were ohurned into a milky sus

pension. Refluxing was oontinued tor two hours. after which

slow distillation was started and oontinued for six hours

(arter tirst three hours, 100 ml. oarbon tetraohloride was

added in order to keep the level ot the reaotion mixture

above the top ot the heating mantle) and then oontinued

quiokly on the steam bath untilno more liquid distilled

over. The residue was poured. while still hot. into an ev

aporating dish. oooled somewhat, and 50 ml. of anhydrous

ether was poured over it. A white preoipitate began to torm

immediately. The coarse grains were broken up, separated by

tiltration and suspended in 30 ml. of anhydrous ether. Fil

tration and drying in vacuum deeio~ator' yielded 15.05 g.

(46.6 millimoles) ot benzyl ester of glyoine benzenesulphon

ate; (93.2 per cent y1eld). m.p. 137-138°0.

Part of this produot (13.0 g.) was oonverted to 6.97 g.

of the benzyl ester ot glycine hydrochloride by the triethyl

amine method (223); recrystallization ~rom ethyl oellosolve

aoetate gave 5.65 g. (28.1 mi1limoles; 72.5 per oent yield);

m.p. 130.5-132°0.

The same amounts of glyoine and ot benzenesulphonio acid

as in Exp. 3.a.2.a.l. were suspended in 5.5 ml. (5.72 g.,

53.5 mil1imoles) benzyl a1cohol. Heating of this suspension

on a steam bath did not dissolve all the suspended material.

Theretore, benzyl a1cohol was slowly added in 0.5 ml. quanti-
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tiea, the mixtùre being heated aIl the time on the steam oone

and oooasionally stirred. Atter l ml. was added, a homogeneous

solution was obta~ned; i.e. 6.5 ml. of benzyl aloohol was

needed to dissolve all or the glyoine and benzenesulphonio

aoid. Further prooedure was the same as desoribed in Exp.

3.a.2.a.2. It was noted thataddition or carbon tetraohloride

precipitated glyoine benzenesulphonate into ooarse lumps, so

that the fine suspension of the previous experiment oould not

be obtained. The produot (12.6 g., m.p. 123-6 + 137 + 147

153°0.) was apparently a mixture ofseveral oompounds. The

inability to prepare from it benzyl glycinate hydrochloride

(addition of triethylamine did not clear the suspension of

this product ln ohlorotorm and saturating the ethereal-chloro

form mixture with dry hydrogen chlorlde oaused only clouding

of the liquid -- no appreoiable ~ount ot preoipitate was ob

tained) shows that the esteritication was not complete.

Experiment 1.a.2.a.1. was repeated throughout, exoept that

20 ml. (21 g., 194 millimoles) benzyl al00h01 was used and

oarbon tetraohloride was not removed after the azeotropic dis

tillation was stopped. Instead, the reaotion mixture was latt

standing overnight to cool slowly to room temperature. White

mieroorystalline preolpitate separated, which was isolated by

filtration and washed with anhydrous ether. There was 13.75 g.

(42.6 mi1limoles) of benzy1 ester ot glycine benzenesulphon

ate; (85.2 per cent yield) m.p. 120-4°0.
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The conversion of 4.35 g. (13.5 mi11imo1es) ot this pro

duct to the hydroch10ride by the above-mentioned (Exp. 1.a.2.

a.l.) triethy1-amine method yielded 1.63 g. (8.1 mi11imoles;

60 per cent yield) of benzyl glycinate hydrochloride, by re

crystallization ot which from ethy1 ee110solve acetate, 1.3 g. ,

m.p. 131-2°0., was obtained.

In this repetition ot Exp. 3.a.2.a.3., hot carbon tetra

chloride was slowly added to the warm solution ot glycine

benzenesulphonate in benzyl alcohol under constant stirring.

Atter approximately 50 ml. ot carbon tetrachloride was added,

the solution began to be slightly cloudy. Atter some ret1ux

ing, however, it turned c1ear again. The reaction mixture

was very "bumpy" and it was necessary to continuestirring

aven during the periods ot ret1uxing and of a10w distillation.

The solution was poured into 200 ml. carbon tetrachloride and

put into the retrigerator overnight. The white precipitate

was isolated by filtration, washed with ether and dried in a

vaouum desia.oator; 11.38 g. (35.3 mi11imoles of benzyl ester

of glycine benzenesulphonatej 70.6 per cent yield), m.p.

135.5-137°0.

A sample of this product (4.35 g., 13.5 mi1limo1es) was

converted by the above-described method (ct. Exp. 1.a.2.a.1.)

to 1.84 g. (9.15 millimo1ej 67.7 per cent yield) ot benzyl

ester ot glycine hydrochloride, which, atter being recrysta1

lized frœn ethy1 cellosolve acetate, gave m.p. 130.5-132°0.

(1.6 g.).
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b) Using p-Lauryl-benzenesulphonic Acid:

Glycine (7.5 g., 0.1 mole), p-Iauryl-benzenesulphonic

acid* (32.5 g., 0.1 mole) and 300 ml. of carbon tetrachloride

(previously dried over calcium hydride) were refluxed briefly

in a 500 ml. round-bottomed flask. While the sulphonic acid

dissolved completely, about hal! the glycine remained undis

solved. Benzyl alcohol (11 g., 0.1 mole) was added and re

fluxing continued in a Soxhlet extractor, the paper thumble

of which contained lump calcium hydride. During the first

hour or so of refluxing almost aIl the remaining glycine

dissolved. However, the reaction mixture remained somewhat

cloudy.' Refluxing was continued for eighteen hours. The

orange solution, which contained a few fragments of white

solid, material, was filtered by suction as rapidly as poss

ible, its volume made up to 300 ml. with dry carbon tetra

chloride, and the resultant solution was used as a stock so

lution for the following experiments.

One gram (1.4 m1., 10 ml11imoles) of trlethylamlne

(previously dried over calcium hydride) was added to a 30-ml.

aliquot of the stock solution. À precipitate (solid or liquid)

failed to separate aven on long standing in the refrigerator.

* Nacconol ZSA, manufaotured by the National Aniline Division,
Allied Chemical & Dye Corp, Buffalo, N.Y., and containing up
to 7 per cent sulphuric aoid as received by us, was dried
initially by azeotropic distillation with toluene followed
by holding the material in a vaouum at 50°C. overnight.
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To another 30-ml. aliquot, 1.4 g., (10 millimoles) of

hexamethylenetetramine was added. It dissolved slowly an~ a

gelatinous preoipitate separated, apparently a hexamine sul

phonate. Attempts to separate this preoipitate by suotion

filtration were abandoned beoause the gelatinous oharaoter

of the preoipitate made its isolation by filtration a time

oonsuming prooess.

Triethanolamine (1.5 g., 1.2 ml., 10 millimoles) was

added to a third 30-ml. aliquote An oi1y phase appeared on

standing in a refrigerator, but it was so intimately distrib

uted through the carbon tetrachloride solution and in such a

small amount, that its separation was not attempted.

A 90-ml. aliquot of the stook solution was now evapor

ated on a steam bath to remove the carbon tetrachloride. The

oily residue was heated for about an hour on the steam bath

to get rid of the last traces of solvent which were held ten

acious1y. The residue was triturated with a small volume of

anhydrous diethy1 ether in which it dissolved freely; no

precipitate separated. The volume was increased to 45 ml. by

adding more anhydrous ether. To 15 ml. of this solution,

l g. (1.4 ml., 10 millimoles) ot dry triethylamine was added;

no second phase (solid or liquid) separated. To another 15 ml.

of the ethereal solution 2.25 g. (IO millimoles) triamylamine

was added. Again , no second phase separated.

Another 90 ml. aliquot of the stock solution was freed of

carbon tetrachloride asbefore. The residue was triturated



93

with a small volume of dry petroleum ether (b.p. range 36-42°0.)

in whioh it dissolved freely. The volume was inoreased to 45 ml.

by ad ding more petroleum ether. To 15 ml. of this solution,

one gram (1.4 ml., 10 millimoles) of dry triethyl amine was

added. After agitating the solution for a few minutes, a seo

ond liquid phase separated. On standing in a refrigerator, two

distinot layers appeared, an upper, pale-yellow ethereal layer

(oonsidered to be a solution of benzyl glyoinate in petroleum

ether) and a lower, dark-orange oily layer (oonsidered to be

the triethyl ammonium sulphonate). The upper layer was decant

ed and the lower layer was washed twioe with an equal volume

of dry petroleum ether. The upper layer and washinga were com

bined, oooled in an ice-salt bath, and dry hydrogen ohIoride

was bubbled through the solution. An abundant precipitate

appeared, which, after filtration, washing with petroleum

ether and drying in vaouum dessioator, weighed 1.46 g. (72.6

millimoles of benzyl glycinate hydrochloride; 72.5 per cent

yield), m.p. 129-130°0.

Experiments l.b.

Preparation of 4-Nitrobenzyl Esters:

The potassium salt of hippurio aoid was prepared by sus

pending 1.8 g. (10 millimoles) h1ppurio aoid and 0.69 g.

(5 millimoles} potassium oarbonate in 5 ml. distilled water

and stirring until the evolution of carbon dioxide stopped.
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The mixture was heated on a steam bath in order to bring a1l

the reactants into the solution and then boiled briefly to

remove carbon dioxide. A solution of l.?l g. (lO millimoles)

of 4-nitrobenzyl chloride in 6 ml. 95 per cent ethanol (this

amount ot ethano1 was found to be sufficient to keep a11 the

reactants dissolved at the ret1ux temperature) was added,

the reaction mixture was refluxed for two hours, and then

cooled in a refrigerator. A white precipitate separated,

which was isolated by filtration and washed with water: 1.25 g.

(4.0 millimoles of 4-nitrobenzy1 hippurate; 40 per cent yield)

m.p. 129-135°C. Addition of water to the fi1trate yle1ded a

second crop: 0.16 g., m.p. 65-72°0. {intensely yellow; dis

carded}. Recrysta1lization of the first crop trom 15 ml. of

63 per cent ethanol (two volumes of 95 per cent ethanol and

one volume of water) yielded 1.10 g., m.p. 135-136°0. {lit.

136°0. (2?9}).

2.
~~temp~s to prepare 4-nl~robenzyl esters o~ glyoine by

the method described in Experiment l.b.l. were unsucoesstu1.

Experimenta 1.c.

Preparation of Chlorobenzyl Esters

1.
An aqueous solution of potassium hippurate was prepared

as described in Exp. l.b.l. A solution of 1.5 ml. (approxi

mately 10 millimoles) 4-chlorobenzyl chloride in 5 ml. of
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95 par cent athanol was added and the mixture was heated to

the reflux temperature. Binee the reaetion mixture was

milky (apparently because excess of water precipitated some

chlorobenzyl ohloride) another 5 ml. of ethano1 was added

to make the solution homogeneous at the reflux temperature.

Refluxing was then continued for three hours and the solution

was 1eft standing at room temperature overnight. White crys

taIs which separated during the night were iso1ated by fil

tration: 1.18 g., m.p. 138-9°C. (39 mi1limoles of 4-chloro

benzyl ester ot hlppuric acld; 39 per cent yie1d). The

filtrate was dlluted wlth excess of water. The white pre~

oipitate was found to have an m.p. l35-6°C. Because of its

minute amount, its welght was not determined.

Recrysta1lization of a part of the tirst crop from 63

per cent ethanol gave crystals of m.p. 139°C.

Calcu1ated for C16H1403NCl :

Found :

C 63.3; H 4.65 ;

C 63.25; li 4.84

Similar experiments with 2-chlorobenzyl chloride and hlp

purio acid did not yield any crystals even after the reactlon

mixture was left standing in the refrigerator for two days.

nor after the solution was diluted wlth a large excess of water.

Similar treatment of 2,4-dich1orobenzyl chloride and hlp

puric acid (the proportion of water and ethano1 had to be
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ohanged to 5:15 in order to keep the refluxing mixture olear)

yielded 1.42 g. of white needles (42 millimoles of 2.4-diohlo

robenzyl hippurate; 42 per oent yield), m.p. 133-4°0. No

seoond orop was obtained as the addition of water to the fil

trate resultad in a milky solution from whioh no solid preoipi

tate oould be isolated.

Reorystallization of a part of the firet orop from 63 par

oent ethanol gave orystals of m.p. 134.5°0.

C 56.8 ., H 3.88; N 4.14

Found: C 57.06 H 4.16 N 3.90

3imilar experiments with glycine, DL-leucine and DL-phenyl

alanine did not give any crystalline products.

The sodium salts of glycine, DL-leucine, and DL-phenylal

anine were prepared by adding sodium to the solution of the

particular amino acid in liquid ammonia until the solution

started to become blue. (Solutions of metallic sodium in li

quid ammonia have an intensely blue colouration.) Mechanical

shaking of a suspension of such a prefor.med sodium salt or

amino acid in an excess of 2,4-diohlorobenzyl chloride (or of

p-ohlorobenzyl ohloride) for several hours did not give any

produots.
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l n t r 0 duc t ion

A CID S

Although the phtha1oy1 derivatives of some amine acids

have been known for a long time (256) they have on1y recen~ly

become acoepted as va1uab1e intermediates in the synthesis ot

peptide bonds. Keenest advocates of their use are King and

Kidd in Eng1and (49, 130) and Sheehan and Frank in the United

States (50). Both these groups pub1ished independently pap

ers in which each claimed to be the tirst to use the phthal

oyl derivatives for the synthesis of peptides. Several ad

vantages were gained by this method of protecting the amino

group. Phthalic anhydride is a commercial1y avai1ab1e, stable

compound, and it reacts easi1y with amino acids to give stable

derivatives in good yie1ds, most of which are readi1y crystal

lized and easi1y purified. In these derivatives, no hydrogen

atom, which could possibly complicate later reactions, remains

on the amino group. Eventual removal of the phthaloyl group

can be eftacted eas11y by the action of hydrazine (or its

derivatives). This reaction proceeds assential1y to comple

tion bacause of the extreme insolubility of the phthaloy1

hydrazide produced.

The points outlined above lad us to the conclusion that

the phthaloyl group offera most advantages as a protecting

device. Therefore, phthaloylation of severai amino acids under

various conditions was investigated.
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The traditional technique for preparing phthal~ides

fram amines may be designated "the hot-melt method". Ac

cording to this technique an intimate mixture of equimole

cular amounts of phthalic anhydride and the amine (or its

derivative) is held at a temperature just above the melt

ing point of phthalic anhydride for about thirty minutes.

After cooling, the glassy product is recrystallized from a

suitable solvent.

While the preparation of phthaloylglycine in this way

offered no difficulty, phthaloyl-DL-Ieucine was not easily

purified by recrystallization. Âpparently it has a very

low temperature quotient of solubility. Evaporation of the

solvent in order to obtain a supersaturated solution also

did not bring about any crystallization. It only increased

the vlscosity of the solution, until a solid gel was obtain

ed. After being dried completely in a vacuum dessicator,

the gel passed over into an adherent, glassy crust but ra

mained, of course, in impure forme Addition of a non-sol

vent to a solution of phthaloyl-DL-leucine, e.g. petroleum

ether to an ethereal solution, or cold water to an acetic

acid solution, merely caused its separation into two layers,

although in both cases the two liquids in pure state are

treely miscible. This observation indicates some form of

association between phthaloyl-DL-Ieucine and the solvent.
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that, when recrystallization fram water was attempted, and

dilution of a concentrated vis cous solution was desired,

addition of water to the aqueous solution resulted in the

appearance of two layera, a clear colourless layer above an

oily yellow layer containing the solute. Crystallization

was finally indloed by seeding an ethereal solution with a

mioroorystal of the oompound.

Similar diffioulties in an exaggerated for.m were en-

oountered with phthaloyl-DL-iaoleucine, which oould not be

separated fram the reaotion mixture in the oryatalline for.m

st all; only an oil was obtained. Aocordingly, attention

was given to the posaibility of oarrying out the reaction ·

in glaoial acetio aoid, which was expected to yield a pro

duot of higher purity and thus easier to reoryatallize.

Vanags (282) had reported that this solvent was highly

satistactory for the preparation of N-phenylphthalimide

tram phthalic anhydride and aniline. After some prelimin

ary experïmentation with glyoine, a teohnique was devised

which, when applied to DL-leucine, proved to be a distinct

improv~ent over the hot-melt method. However, it tailed

when applied to DL-isoleucinej only ails were obtained

from whioh no crystals could be separated.

It is well known that phthalimides, substituted on the

benzene ring, have higher melting points than the oorres

ponding unsubstituted phthalimides. Thus Sah and Mah (283)
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and Allen and Nicholls (284) have advocated the use of 3wnitro

and of tetrachiorophthal~ides,respectiveIy, in qualitative

organic analysis. Accordingly, we feit that the anaiogous 3w

nitro- and tetrachiorophthaloyl derivatives of amino acids,

having a higher melting point, would prove to be more easily

crystallizable. Exploratory experiments with glycine, using

the acetic acid method, served ta confir.m this prediction. ~

Of even greater importance was the further observation that

3-nitrophthaloyl-DL-isoleucine could be isolated with ease in

orystalline torm. A similar derivative ot norleucine could

be obtained in crystalline form only with difticulty. How

ever, a phthaloyl derivative of even this amino acid was

easily isolated by using tetrachlorophthalic anhydride.

Even bearing in mind the sensitivity of the phthaloyl

amine group to alkaline conditions (ct. page 159 and ret. 216)

we may conclude that 3-nitro- and tetrachloro-phthaloyl amine

acids, prepared in glacial acetic acid, have a real, if

limited, value as intermediates in the synthesis of peptides.

The results or the experiments discussed above are sum

marized in Table IV:
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Table IV

Product Method
Experi- Yield M.F.
ment No. ~ oC.

Phthaloyl-

-glycine hot melt 2.a.l.a 84.5 191
AcOH 2.a.l.b 92.5 191

-DL-phenylalanine AcOH 2.a.2 89.5 177

-DL-leucine hot melt 2.a.3.a 45.0 140-142
AcOH 2.a.3.b 89.0 141.5-142

-DL-isoleucine hot melt 2.a.4.a 0.0 -
AcOH 2.a.4.b 0.0 -

3-NitrophthaloYl-

-glycine AcOH 2.b.l 70.4 212

-DL-isoleucine AcOH 2.b.2 59.3 166

-DL-norleucine AcOH 2.b.3 76.5 116-118

Tetrachlorophtha1oY1-

-glycine AcOH 2.c.1 97.5 310

-DL..norleucine AcOH 2.c.2 95.2 212.5

Exp e r i men t a l Pro c e dur e s

Experiments 2.a.l.

(a) Phtha10ylglycine by the "hot-melt method":

Phthallc anhydride (3.7 g., 25.0 ml1limo1es) and glyoine

1.9 g., 25.3 mi111moles) were mixed thoroughly in a large

Pyrex test-tube and heated in an oil-bath at 175-180°0. Froth

ing started after about two minutes. To reduce this frothing
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the oontents were stirred for about fitteen minutes. There

was no apparent sublimation. After another fifteen minutes

the hot melt was quickly poured into a 100 ml. beaker, where

It was dissolved in ether. As the ether evaporated, a crys

talline precipitate separated. Yield, 4.34 g. (84.5 per

oent); m.p. l89-191oC. Reerystallization of 2.91 g. of this

material from water gave 2.55 g., m.p. 19l-2°C.(lit.191-2°C)(255).

(b) Phthaloylglycine by the "acetic-acid method":

Phthalic anhydride (3.7 g., 25.0 millimoles) and glycine

(1.9 g., 25.3 millimoles) were dissolved in 25 ml. glacial

acetic acid. The solution was refluxed for three ho~rs.

Upon cooling, a white crystalline precipitate appeared, which

was isolated by suction filtration and washed twice with di

lsopropyl ether. Yleld,. 3.05 g.; m.p. 190-l92°C. The com

bined filtrate and washings were evaporated to one-third

volume and cooled, whereupon a second crop of crystals ap

peared and was treated as deseribed above; 1.7 g., m.p.

l89-190oC. Further evaporation of the mother liquor yielded

0.42 g. of crystals, m.p. 159-l64°C., which were discarded.

The total yield of air-dried material was then 4.75 g.

(92.5 per cent).

Experiment 2.a.2.

Phthaloyl-DL-phenylalanine by the ~acetic-acid method":

Phthalic anhydride (3.7 g., 25.0 millimoles) and DL-phen

ylalanine (4.1 g., 24.8 mi11lmo1es) were dissolved in 3 ml.
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glaoial aoetio aoid and further treated as desoribed in Exp.

2.a.l.b. Freezing of the solvent was neoessary to initiate

the orysta11ization of the first orop; 4.g g., m.p. 177-8°0.

(lit. 174-5°0.) (255). The seoond crop , 1.7 g., had an m.p.

176.5-8°0. The third crop, 0.2 g., m.p. 173-6°0., was dis

carded. The first two crops represented a yie1d of 89.5 par

cent.

Experiments 2.a.3.

(a) Phthaloyl-DL-leucine by the "hot-melt method":

Phthalic anhydride (7.4 g., 50.0 millimoles) and DL

leucine (6.55 g., 49.9 mill1moles) were reacted under condi

tions desoribed ln Exp. 2.a.l.a. Orystalllzatlon trom an

ethereal solution was lnduced only after the addition ofa

"seed", obtained by evaporating a tew drops of the solution

to dryness. The first orop weighed 5.85 g., m.p. 140-2°0.

The second crop was obtained tram the filtrate only after

a1l the ether WaS evaporated; 6.19 g., m.p. undeterminable,

the material started to soften in the vicinlty of 120°0.

Beorysta1lization of the second crop trom 20.0 ml. ethanol,

to whioh 50 ml. of hot water was added, was attempted.

However, atter cooling only an oily layer separated, whioh

remained at the bot tom. Therefore the mixture was heated

again, until a homogeneous solution was obtained and this

was stirred vigorously whi1e cooling. A white precipitate

was obtained, 5.75 g., softening above 135°0. Another re

orystallization was attempted trom an ethereal solution, by
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adding petroleum ether. It oaused a s1ight c1oudiness, whioh

did not increase after more petroleum ether was added. ~ter

a while, an oil began to separate at the bottom. When the

oontainer was placed in an ioe/sodium chloride cooling mix

ture and its contents stirred for about three hours, some of

the solvent evaporated and a microcrysta11ine orust formed

on the walls of the besker. The crystals (5.10 g.) softened

at 136°0. and melted at 140-loC. Recrystallization of a

small sample tram water was unsucoesstul; an oil was obtain

ed. Reorystal1ization of another smal1 samp1e from glacial

acetio aoid (the solution was frozen into a crystalline mass

and then al10wed to melt at room temperature) gave crystals

(0.60 g.) of m.p. 140-1°C. (lit. 140-1°C.) (255).

(b) Phtha1oy1-DL-leucine by the "aoetic-aold method":

Phtha1io anhydride (1.5 g., 10.1 millimoles) and DL-leu

oine (1.32 g., 10.1 mi1limoles) was dissolved in 5.0 ml.

glaoial acetic acid andref1uxed for one hour. The reaction

mixture was then frozen into a crystalline mass and a110wed

to melt at room temperature. The white precipitate whioh

appeared was separated by suction filtration; 1.71 g.,

m.p. 141.5-142°0. On slow evaporation of the f1ltrate to

one-quarter volume, 0.64 g. of precip1tate separated, m.p.

139.141°0. The residue obtained by evaporating the fi1trate

to dryness (0.1 g., m.p. 135-9°0.) was discarded. The oom

bined weight of the first two crops (2.35 g.) was 89.0 per

cent of the theoretica1 y1e1d.
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Exper~ents 2.a.4.

Phthaloyl-DL-isoleucine, prepared either by a -hot-melt

method" (cf. Exp. 2.a.l.a.). or by an "acetic-acid method"

(cf. Exp. 2.a.l.b.). could not be induced to separate in

crystalline forme On1y a yellowish oil was obtained.

Experimenta 2.b.

(1) 3-Nitrophtha1oylglycine

3-Nitrophthalic anhydride (4.8 g., 24.8 mi11imoles) was

stirred into 25.0 ml. of hot glacial acetic acidj on1y about

80 per cent of the anhydride dissolved. Glycine (1.9 g.,

25.3 millimo1es) dissolved easily in this solution and sim

ultaneously brought the remaining undissolved anhydride into

the solution. The dark green-brown solution was refluxed

for one hour and allowed to stand overnight. A mass of ros

attes of tine neadles separated. The precipitate was separ

ated by suction tiltration. washed twice with a 1itt1e water.

and air-dried; 3.7 g., m.p. 206-212°0. (tirst crop). Cool

ing ot the fi1trate in the refrigerator yie1ded 0.6 g. of

microcrysta11ine materia1. which softened and frothed at

178°C. (second crop). Evaporation of the fi1trate to about

5 ml. yielded 0.6 g. of crysta1s. m.p. 206-212°C. (third

crop). The combined weight of the first and third crops

(4.3 g.) represents 70.4 per cent of the theoretioal yield.

Recrysta11ization of the product from glacial acetlc acid

gave greenish orysta1s of~.p. 213-213.5°C.



Ca1cu1ated for C10H60ôN2

Found :

C 48.0

C 47.8

H 2.42

H 2.49

106

N 11.20

N 11.27

(2) 3-Nitrophthaloyl-DL-isoleucine

A solution of 3-nitrophthalic anhydride (4.8 g., 24.8

millimo1es) and DL-isoleucine (3.3 g., 25.1 mi11imoles) in

25 cc. glacial acetic acid was refluxed for one hour. Cool

ing to roam temperature, or evaporation to about one-third

of the original volume failed to initiate crystallization.

The solution was then made up to its original volume whi1e

refluxing by the slow addition of water. 'l'Wo liquid phases

appeared; the upper was colourless and mobile, the lower

was grey-green and viscous. The usual devices failed to

produoe crystallization. The mixture was reheated to its

boiling point and, on addition of 2.3 cc. glacial ace tic

acid, became homogeneous. Two phases again appeared when

the solution was coo1ed to room temperature. On standing

overnight the lower phase solidified to a mass of microcrys

talline material. The mass was broken up, filtered by suc

tion, washed with a sma1l volume of water, and dried: weight,

4.5 g., m.p. 163-5°C. (59.3 per cent yie1d).

A sma1l amount of material was retained for seeding pur

poses. The remainder was suspended in 20 cc. boiling water

and the larger portion dissolved. Complete solution was

achieved by adding about 5 cc. glacial acetic acid to the

boiling mixture. On careful cooling and seeding, micro-
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orystalline material (not a viscous liquid) separated. Âfter

slow oooling to room temperature and standing in a retriger

ator overnight, the orystals were ramoved by filtration,

washed with water and dried: weight, 3.7 g., m.p. 166-7°0.

Ca10ulated for C14H1406N2 :

Found :

C 54.84;

C 55.2 ;

H 4.61;

H 4.6 ;

N 9.15

N 10.4

Water-methanol, rather than water-acetic acid, mixtures

were tested as possible reorystallizing media but they rew

peatedly produoed "an oil".

(3) 3wNitrophtha1oyl-DL-norleucine

A solution (4.8 g., 24.8 millimoles) of 3-nitrophtha1ic

anhydride and DL-norleuoine (3.3 g., 25.1 mi1limoles) in

25 cc. glaoial acetic acid was refluxed for one hour. The

method of isolation of a crystalline product, which had

proved successful in the case of 3-nitrophthaloyl-DL-isoleu

cine {i.e. evaporation of the reaction mixture to about one

third of its volume, addition of hot water to make up the

loss by evaporation, addition of 2-3 cc. glacial acetio acid

to render the mixture homogeneous at its boi1ing point, co01

ing and standing overnight} failed to initlate crysta11lzatlon

in the lower, viscous layer. The on1y teohnique which was

eventua1ly successfu1 in producing crystals involved the ad

dition of sufficient 3-5 cc.} methanol to render the mixture

homogeneous even at room temperature, seeding with material
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obtained by the evaporation of a few drops of the reaction

mixture, and cooling in a refrigerator. The conglamerate

mass of microcrysta1s was broken up, filtered, washed with

aoetio acid, and dried: weight, 5.0 g., m.p. 116-8°0.

Yie1d: 66.0 per cent.

Ca1culated for C14H1406N2

Found :

Experiments 2.c.

C 54.84;

C 55.1 ;

H 4.61; N 9.15

H 4.7 ; N 10.6

(1) Tetraohlorophtha1oylglycine

A solution of tetraohlorophthalio anhydride (7.0 g.,

24.5 mi11imoles) and glycine (1.9 g., 25.3 mi11imoles) in

25 00. boiling glaoial aoetio aoid was prepared. Atter a

brief period of ref1uxing (two to three minutes) an abund

ant crop of orystals separated, causing the suspension to

solidify. The suspension was cooled to room temperature

and the preoipitate filtered, washed with a small volume of

acetic acid, and dried: weight, 7.3 g., m.p. (by dip method)

310-311°C. (with s1ight discolouration). On further reflux

ing of the oombined filtrate and washing, additional mater

ial separated: weight, 0.9 g., m.p. (on slow heating) 30S

311°0. (with some disco1ouration); (by dip method), 310

311°0. (with slight dlscolouration). Combined weight of

produot, S.2 g.; yield, 97.5 per cent.

Caloulated for C10H304N014

Found :

C 35.05;

C 35.0 ;

H O.SS;

H 1.1 ;

N 4.0S

N 4.5
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(2) Tetrach1orophthaloy1-DL-nor1eucine

A solution of tetrach1orophthalic anhydride (7.0 g.,

24.5 mil1imo1es) and DL-norleucine (3.3 g., 25.1 millimoles)

in 25 cc. boi1ing glacial ace tic acid was prepared. ~ter

refluxing for five minutes, no spontaneous separation of a

crystalline product having occurred, the slightly cloudy

solution was fi1tered hot. The filtrate was cooled slowly

and carefu1ly seeded with material obtained by the evapor

ation of a few drops of the reaction mixture. The crystal

1ine precipitate was fi1tered, washed with ace tic acid, and

dried: weight, 6.7 g., m.p. 211.5-213.5°0. The combined

fi1trate and washings were evaporated to a small volume to

produoe a second crop of crysta1sj welght, 2.3 g.j m.p.

212.5-213.5°0. The cambined filtrate and washings were

heated and diluted with water to inclplent cloudiness to

produce a third orop: weight, 0,.3 g., m.p. 212-213°0.

The combined filtrate and washings were evaporated to dry

ness to yie1d 0.2 g. of obviously very impure material.

Oombined weight of product, 9.3 g.; yle1d, 95.2 per

cent.

Oa1cu1ated for C14H1104NCl4: C 42.2; li 2.77; N 3.53

Found C 42.5; li 2.9; N 3.9



P-TOLUENESULPHONYL

l n t r 0 duc t ion

AMINO ACIDS

Recognizing the single important l~itation of the phthal

oyl group as a means of protecting the amine group, namely its

relative instability in alkaline medium. we considered alterna

tive means for NH2-protection. One group. which seemed to be

worthy of turther investigation, was the p-toluenesulphonyl

radical. Known for a long time as a useful N-substituent for

alpha-amino aoida (285) its value for peptide synthesis inoreased

oonsiderably after Schonheimer's discovery (47) that this radi

cal can be oleaved by hydrogenolysis. This possibility of being

removed by a non-hydrolytio method. cambined with the ready av

ailability of p-toluenesulphonyl chloride. by means of whioh

the sulphonation ia universally effected. makes the p-toluene

sulphonyl group very attractive for our purpose. Several

authors have reported complete satisfaction with this group

when using it in peptide synthesis (31. 105. 250. 251, 252).

A factor which has apparently caused the p-toluenesulphonyl

group to be samewhat neglected seems to be the relatively low

yields obtained on sulphonation of alpha-amino acids. As most

of the sulphonationreaotions reported were undertaken for the

purpose of identification of the amino acids. the y1s1ds were

of seoondary importanoe and very often were not mentioned at

al1. The most authoritative work in this field 8eems to be
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that of McChesney and SWann (286), who reported that the

yields are generally in the vicinity of 50 per cent of the

theoretical amount.

Because of the insolubility of p-toluenesulphonyl chlor

ide in water, it is usually dissolved in ether and this solu

tion is shaken with the aqueous solution of some alkali and

the amino acid (47, 251, 285, 28ô, 287, 288, etc.). Several

cases were reported, where p-toluenesulphonyl chloride was

simply suspended in the aqueous solution of the amino acid

and sodium hydroxide and shaken, often at elevated tampera

tures (105, 247, 250, 289). The products precipitated after

the aqueous layer was acidified. Sometimes extraction of

the aqueous solution by an organic solvent was advised (252),

although in other cases no further product could be isolated

in this way (105). The crude ,precipitate was invariably

found to be of sufficient purity for further experiments

(105, 251), although recrystallization usually increases its

melting point considerably.

Dis 0 u s s ion o f Res u 1 t s

Our initial sulphonation experiments with p-toluenesul

phonyl chloride dissolved in diethyl ether, using equimole

cular amounts of the reagents, resulted in disappointingly

low yields (Exptts 3.a.l.a; 3.b.) and high recoveries of

unreacted p-toluenesulphonyl chloride. Evidently the poor

yields were due to incomplete sulphonation and not to side
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reactions. Therefore we studied the effect of changing the

amine acid/alka1i, and amine acid/p-to1uenesulphony1 chloride

ratios with a view to forcing the reaction more near1y to com

p1etion (Exp'ts 3.a.l.b - d.). It was found that an increased

amount of p-to1uenesu1phony1 ch10ride did not seem to have any

effect on the amount of the product, while doubling the amount

of alkali Increased the yield. An attempt to improve the

intermixing of the aqueous and etherea1 layers by adding an

emulsifier (Naccono1 NR, sodium salt of a long-chain-alky1

benzenesulphonic acid) resu1ted only in a further decrease of

the yie1d (Exp. 3.a.l.e.). One may theorize at this point

that poor yie1ds arise fram conditions (high alkallnity,

relatlve1y hlgh concentration ot the su1phonyl chlorlde ln

the water phase) whlch are conducive to disulphonatlon, as

it 15 known that the second sulpho gr~ in a disulphonamlde

is very 100se1y bound (290). In harmony with this theory it

was found that the yle1d increased appreclab1y when the alkali

was added to the reaction mixture over a longer period instead

of adding the full amount at the beginning of the reactlon

(Exp. 3.a.l.f.). However, aven here we have a disquietingly

high recovery of p-toluenesulphonyl chlorlde from the ethereal

solution.

Another attempt in the direction of forcing sulphonatlon

to completion was to operate at higher temperatures. Dl-n

butyl ether was used beoause it has a higher boiling point

(122.5°0.) than water. Thus heating the aqueous solution of
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the amino acid to a vigorous reflux churned the aqueous lower

layer through the ethereal upper layer, allowing it to be

thoroughly mixed with p-toluenesulphonyl chloride in di-n

butyl ether, while the potassium hydroxide solution was slowly

added (Exp. 3.a.l.g.). The product,obtained in about the

same yield as in the original experiments, was of lower pur

ity. Surprisingly, the amount ot residue obtained by evapor

atlon of the ethereal layer was much less than in the prev

lous experiments. Apparently higher temperature was more

conduoive to the hydrolysis of the sulphonyl chloride (fonR

lng a water soluble potassium salt of p-toluenesulphonlc

acid) than to the sulphonation.

Realizlng that the relatively high solubility of diethyl

ether ln water (7.5 par cent at 20°0.) might be the factor

which supports the disulphonation (cf. above), we daclded to

substitute this ether by one which is less soluble in water

and thus permits a lower ooncentration of the sulphonyl

ohloride in the aqueous phase. Diisopropyl ether (0.2 par

oent solubility in water at room temperatura) was our ohoiee

(Exp. 3.a.l.h.). The increase of the yleld to the 70 - 80

par cent range was in accordance with our deductions.

A completely dlfferent approach to the problem of ~prov

ing the yleld of sulphonation reactlon was taken when we re

placed potassium hydroxide by barium hydroxlde. This approach

was based upon a report of McChesney and Swann (286) that

yields increased trom the usual 50 per cent to almost 100 per
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cent ln the case or phenylalanine and tyrosine. They ascrib

ed these high yields to the faot that the sodium sa1ts of

these sulp~onated acids happen to precipitate during the re-

action. According1y means were sought to cause su1phonated

amine acids to separate in a11 cases. The most promising

poasibi1ity seeneâ to be to replace potassium hydroxide by

barlum hydroxide, for it is known that, whereas barium salta

of carboxylic acids are generally freely soluble in water,

the barium salts of sulphonic acids are note

The predictionwas confirmed by a preliminary experi

ment with glycine (Exp. 3.a.2.a.) when we observed rapid

precipitation of barium p-toluenesulphonyl glycinate fram

the solution of barium glycinate. It was further observed

that a full mole of barium hydroxide must be added to assure

maximum yield. Consequently it seems likely that the water

insoluble barium salta of sulphonated amino acids (which

have not be en desoribed previously) have the form :

=
Ba++

Fair yield (48.1 per cent) of a very pure product was obtained

by this procedure.

Unfortunately, the vo1uminous, curdy precipitate of the

barlum salt imbibes large amounts of liquids. The chief con

sequence of this tendency appears to be that the sulphonatlon
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is lncomplete and that the precipltate ls contaminated with

water-lnsoluble p-toluenesulphonyl chloride. Accordingly,

ln Exp. 3.a.2.b., the barium hydroxide was added slowly ln

four equal lots and each crop of barium salt was isolated

by filtration, washed with ether, and the ether washings

returned to the reaction mixture before proceeding. Â mod

est improvement in yield resulted. However, the full ad

vantage was not gain&d until the diethyl ether was replaced

by diisopropyl ether and the amount of water was doubled

(Exp. 3.a.2.c.). By thelr use good yields (61.2 per cent)

of product were obtained for the first time. a1though still

not as good as with the best run wlth potassium hydroxide.

We ascribe thls ~provement to the following factors: the

lower solubi1ity of dilsopropyl ether in watar (see above)

reduced the adsorption of p-to1uenasulphonyl chlorlde on

the precipitated salt, which la more dispersed becausa of

the larger amount of water. and the lower vo1atllity of

this ether reduces evaporation and deposition of the chlor

Ide during filtration.

In summary, we suggest that where maxDnum ylelds of

product are Important and the time consumed in reaction Is

relatively insignificant, for example, when the sulphonated

amine acid ls to be used in peptide syntheses, the potassium

hydroxide method (Exp. 3.a.1.h.) may be fo11owedJ whereas if

conditions are reversed, for example, when the product ls to

be used for purposes of identification. the barium hydroxide
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method (Exp. 3.a.2.o.) may be followed.

Durlng the earlier part of this work, p-toluenesulphonyl

DL-leuoine was also prepared. Sinoe no data on this oompound

were found in the literature (Schëhnhe~ermentioned this com

pound as an intermediate in his reaotions without describing

it (47)), the description of its preparation is included in

the experimental section below (Exp. 3.b.).

Exp e r i men t a 1 Pro c e dur e s

Experiments 3.a.

1) p-Toluenesulphonylglyoine by the ~otassium Hydroxide Method":

a.
A solution ot 7.5 g. glycine (0.10 mole) and 6.0 g. pot

assium hydroxide (0.107 mole) in 100 ml. water was hand-shaken

with a solution ot 21.0 g. (O.ll mole) p-toluenesulphonyl chlor

ide in 100 ml. diethyl ether at trequent intervals for several

hours. The two layers were then separated and the ethereal

layer was evaporated ta dryness. T~e ramaining residue, ap

parently unreaoted p-toluenesulphonyl oh1oride, weighed 14.0 g.

The light orange aqueous solution was aoidified with 10 ml.

of conoentrated hydrochloric aoid (representing 0.121 mole

of the aaid). White, microcrystalline material preaipitated

~ediate1y and was removed by vaouum filtration. The weight

of the precipitate was 8.5 g., (38.2 mill~oles of p-toluene

su1phonyl glycine) m.p. 138-9°0., sottening at 136°0. Recrys

ta11ization fram water yielded 7.6 g. ot arystals, m.p.
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l47.5-l48°C. (lit. 147°C.) (286).

The tiltrate was made neutral to litmus with potassium

hydroxide solution and subjected to evaporation until it be

oame a solid. damp paste. This paste was then triturated

with about 50 cc. hot ethyl alcohol and, while still hot,

filtered on a heated tunnel. Insoluble material (apparently

containing potassium chloride, unreacted glycine, and a

small amount of potassium p-toluenesulphonate) 'weighed 8.5 g.

when air dried. Allowing 7.5 g. (0.1 mole) tor the potassium

chloride which was probably present, this observation sug

gests that one gram ot original glycine was recovered.

The volume of the ethanolic tiltrate was reduced to

about 25 ml. and the remaining solution was allowed to stand

in the retrigerator overnight. Crystals were obtained whlch

were separated by filtration and dried: 2.5 g., no meltlng

up to 160°C.

b.
Â repetition of Exp. 3.a.1.a •• using 12.0 g. (0.214 mole)

of potassium hydroxide and 20 ml. of concentrated hydrochloric

acid, resulted in a yield of 4.5 g. or white crystals (19.7

millimoles), m.p. 136-8°C., softening at 134°0. The aqueous

phase remained almost colour1ess throughout. Evaporation of

the ethereal solution lett a residue weighing 15.0 g., which

would indicate that only 6.0 g. of p-toluenesulphonyl ohlor

ide participated in the reaction.
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o.
The same amounts of reaotants were used as in Exp. 3.a.

1.a., exoept that the p-to1uenesulphony1 oh1oride was in

oreased to 31.5 g. (0.1655 mole). The aqueous phase beoame

darker orange than in the first two experiments. The eth

erea1 layer yie1ded 22.5 g. of residue. By aoidifioation of

the aquecns layer with 10 ml. of oonoentrated hydroohlorio

aoid. 8.5 g. of white mioroorysta1line preoipitate (38.2

mi11imoles) was obtained, m.p. 139-140°0., softening at 134°0.

d.
G1yoine (7.5 g., 0.10 mole) was treated with 12.0 g.

(0.214 mole) of potassium hydroxide and 31.5 g. (0.1655 mole)

of p-toluenesu1phony1 oh1oride in the manner desoribed in

Exp. 3.a.1.a. The aqueous layer remained oolour1ess. and ite

aoidification with 20 ml. of concentrated hydroohlorio aoid

preoipitated on1y 6.0 g. of white mioroorystal1ine materia1

(26.2 mi11imoles). m.p. 140-142.5°0 •• softening at 134°0.

The amount of residue, whioh remained after evaporating the

ethereal solution to dryness, was 25.0 g.

e.
The addition of 1 g. of sodium "laury1" benzenesu1phonate

(Naooonol NR, manufactured by the National Aniline Division,

Allied Ohemioal & Dye Oorp, Buffalo, N.Y.) to the aqueous

solution of potassium glyoinate (the amounts of all the re

aotants and the prooedure was the same as desoribed in
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Exp. 3.a.l.a.) did not improve the yield. On the contrary,

the amount of the product was smaller (estimated at 1.5 g.),

while the amount of the residue trom the ethereal solution

increased to 17.5 g.

t.
A solution of 7.5 g. (0.10 mole) glycine in 50 ml. water

was shaken mechanically with 100 ml. ethereal solution of

20.0 g. (0.11 mole) p-toluenesulphonyl chloride, while 5.6 g.

(0.10 mole) potassium hydroxide dissolved in 50 ml. water was

added drop-wise and continuously to the reaction mixture over

a period of two hours. The mixture was then mechanically

shaken for another two hours, by which time the aqueous layer

had become orange in colour. The two layers were separated

in a separatory funnel and the aqueous layer was washed twice

with ether in order to remove any pnreacted p-toluenesulphony1

chloride. The aqueous solution was then reduced to a volume

of about 50 ml. and, whi1e still hot, acidified to Congo Red

with approximately 8 ml. o~ concentrated hydrochloric acid.

The orange colour tended to lighten somewhat. No oily drop

lets or layer separated. On coo1ing slowly a sllght tendency

to "oi1 out" was noted. However, on continued cooling mass

ive amounts of crystals separated which, after being ls01ated

by filtration, washed with a 1itt1e water and dried at50oC.,

weighed 11.5 g. (50.3 mil~imoles), m.p. 134-7°0. (softened

at 126°0.). Evaporation of the etherea1 layer 1eft 10 g. of

residue.
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g.
In this experLment, diethy1 ether was replaced by an

equal amount of di-n-butyl ether (b.p. 122.5°C.), amounts or
al1 the other reactants being the same as in Exp. 3.a.l.f.

Vigorous refluxing, which churned the aqueous lower layer

through the etherea1 upper layer, was used instead of shak~

Inge The solution of alkali was added drop-wise during a

period of one hour (the ethereal layer started to became

pale-yellow after half an hour) , refluxing was then stopped

and the reaction mixture was allowed to cool to room temperaw

ture while being vigorously shaken mechanically for two

hours. Both layers were cloudy, but after standing overnight

they became clear (water layer very light yellow, the ethereal

layer pale-yellow). About one gram of viscous sticky liquid

had settled to the bottam of the flask. The athereal and

aqueous layers were decanted away from the viscous layer,

which was found to be reasonably soluble in deithyl ether

(this athereal solution was washed with a little water and

the washings were added to the aqueous layer aboya, while the

dlathyl ether solution was discarded). The aqueous solution

was axtractad twice with di-n-butyl ether and the axtracts

were discarded. The aqueous material, after addition of 3 ml.

concentrated hydrochloric acid, was avaporated to about 50 ml.

volume and 5 ml. more of concentratad hydrochloric acid was

added. On cooling, a crystaillne precipitate separatad slowly

~nl1ke in previous experiments, where this precipitation was
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prompt) fram the somewhat oi1y, orange solution. The suspen

sion was then placed in the refrlgerator. 80lid preoipitate

was isolated by filtration, washed with ether, and dried.

Weight, 7.5 g. (32.7 mil1imo1es), m.p. 130-7°C. (softens at

127°C.).

The di-n-buty1 ethereal layer was disti1led to dryness.

The weight of somewhat charred residue was 2.5 g.

One-tenth of a mole of glyoine (7.5 g.) dissolved in

50 ml. of water was shaken ~e.chanica11y with 19.0 g. (0.10

mole) of p-to1uenesulphonyl chloride disso1ved in 100 ml. di

isopropyl ether for four ho~rs. The solution of 11.2 g.

(0.20 mole) potassium hydroxide in 40 ml. water was added in

four 10-ml. batohes. The first one was added just before

the shaking of the reaction mixture was started and the re

maining three at one-hour interva1s, so that the last batoh

was added after three hours ofs~aking. This was followed

by one more hour of shaking and by separation of the two

layers in the separatory funnel. The aqueous layer, pale

ye1low in oolour, was washed twioe with isopropyl ether and

acidified wit~ oonoentrated hydroohlorio acid on Congo Red

(about 16 ml. of the aoid was required). The resu1ting pre

cipitation yielded 17.5 g. of white miorocrysta1s (76.4 mil1i

moles), m.p. 139.5-142°0., softening at 137°C. This melting

point was increased by recrysta11ization from water to 147.5

148°0. (lit. 147°0.) (285), the final yield being 16.1 g.
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(70.5 per oent yie1d). By evaporating the oombined ether

layer and ether washings (trom washing the orude produet) a

residue weighing 2 g. was obtained.

2) p-Toluenesulphonylglyoine by the ~arium Hydroxide Method":

a.
Water (lOO ml.) was treed from dissolved carbon dioxide

by addition of about 0.5 g. of anhydrous barium hydroxide and

filtration. To the filtrate, 7.5 g. (0.10 mole) glyoine and

8.55 g. (0.05 mole) anhydrous barium hydroxide was added. On

warming, these substanoes passed into solution and left a

Slightly oloudy solution. A solution of 21 g. (0.11 mole)

p-toluenesulphonyl ohloride in 100 ml. diethyl ether was added

and the suspension was vigorously shaken by hand. After about

titteen minutes a voluminous, ourdy preoipitate of white

oolour separated. Some of the liquid phase appeared to be

looked in the stiff ourds. The preoipitate was separated by

filtration on a Büohner funnel and pressed down with a stopper

to foroe the liquid phase completely out of the curds. The

precipitate was then washed with ether and suspended in 100 ml.

hot water. Aoidifioation to Congo Red (by about 10 ml. of

ooncentrated hydroohlorio acid) oleared the suspension as most

of the preoipitate passed into solution. However, a small

~ount of an oil remained on the bot tom of the beaker. This

was oonsidered to be unreaoted p-toluenesulphonyl ohloride

(it has a density greater than one, and its melting point is
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reported as 69°0.). Accordingly the hot aqueous solution

Was decanted into another beaker and left standing to cool to

room temparature. On cooling, white crystals separated,

which. washed with a 1ittle water, and air-dried, weighed 8.5 g.

m.p. 142-145°0., softens at 137°C. Evaporation of the filt

rate (which was neutralized by potassium hydroxide befora

heating and reacidified to Oongo Red atterwards) until its

volume was reduced to about 30 ml. yielded another 2.5 g. ot

white precipitate, which begins to soften at 129°0. and to

melt at 134°0. (melting incomp1ete at 160°C.).

It was observed that when the filtrate, obtained by sep

arating the bariumsalt of p~toluenesulphonylglycinetrom the

reaction mixture which contained both the aqueous and ether

eal layers.was a1lowed to stand for sorne hours with occasional

shaking, another crop of white precipitate was obtainad. It

was separatad by filtration and to the filtrate, 8.5 g. of

anhydrous barium hydroxide was added. The mixture was shaken

mechanica1ly overnight. Another crop of white precipitate

was obtainad. Both crops were combined and p-toluenesulphonyl

glycine iso1ated as abova. Weight 2.5 g., m.p. 137-l400C.,

sortans at 132°0. Thus the combined yield was Il.0 g. (48.1

mi1limoles).

b.
A solution of 7.5 g. (0.10 mole) glycine an! 4.3 g. (0.025

mole) anhydrous barium hydroxide in 100 ml. water was vigorous

ly hand-shaken with a solution of 20 g. p-toluenesulphonyl
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ehloride (0.11 mole) in 100 ml. of diethyl ether. ~ter a few

minutes a preeipitate began to separate, whieh stiffened aft

er another fifteen minutes. The eurdy precipitate was separ

ated by filtration or a Büchner funnel, pressed down with

the bottom of a snug-fitting besker, and then suspended in

about 50 ml. diethyl ether. The suspension was war.med and

agitated for a tew minutes and poured again through the

Büchner tunnel. The filtrate was added to the previous one,

4.3 g. anhydrous barium hydroxide was stirred in, and the

resultant reaction mixture was treated as described above.

The whole procedure was then repeated a third and a fourth

time. On the fourth occasion the reaction was shaken not

for tifteen minutes only, but overnight.

The four crops of barium p-toluenesulphonylglycinate

were combined, suspended in 50 ml. hot water (to for.m a thin,

homogeneous paste), and aoidified to Congo Red (about 8 cc.

of concentrated hydrochloric acid was needed). Whi1e warm,

the upper aqueous layer was decanted from the 10wer oily

layer, and the upper layer was poured through a fi1ter paper

in a heated tunnel while hot. On eooling white crystals

separated. Âfter filtration, washing with a little water,

and air-drying at 50°0. they weighed 9.0 g. (39.3 mi11imoles).

m.p. 137-140°0., sottening at 129°0.

The filtrate was evaporated to about 20 ml. and allowed

to stand in the refrigerator. A second crop separated, 1.5 g.,

which softenedat 130°0., largely melted over range 136-140,°0.
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(meltlng incomplete at 160°0.).

Heating of a suapensLon of 7.5 g. (0.10 mole) glycine

and 8.6 g. (0.05 mole) anhydrous barium hydroxide in 200 ml.

of water on a steam bath turned it into a slightly cloudy

solution. It was shaken mechanically with 19.0 g. (O.lO

mole) of p-toluenesulphonyl chloride dissolved in 100 ml.

diisopropyl ether. After about fifteen minutes, a curdy

precipitate began to separate and it increased in quantit~

with time. Sinee larger volumes of water and of ether were

used this time than in the previous experiments, the white

suspension remained sutficiently fluid to permit efficient

mixing for a total time or one hour. Then the suspension

was filtered and the preeipitate pressed down with a beaker.

Slightly damp fil ter-cake was suspended in about 50 ml. ot

boiling diisopropyl ether for a few minutes and isolated

again by filtration. The approximate weight of the air

dried barium salt was 15 g.

The ether-washings were added to the reaction mixture,

8.5 g. or anhydrous barium hydroxide added (it passed rapidly

into solution in the aqueous layer) and the mixture subject

ed again to mechanieal shaking, this time for two hours.

Again, barium salt separated as a curdy precipitate, but this

time more slowly. This second crop, after being treated as

described above for the first crop, weighed about 8 g.

Both crops of ' t he barium salt were cambined and suspended
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in 50 ml. of hot water, acidified with concentrated hydro

ohloric acid to Congo Red (solution was slightly cloudy at

this point, but no oily layer separated), filtered while

hot and allowed to cool. White precipitate which crystal

lized out of the solution, was isolated by filtration and

washed with a little water. Air-dried weight 14.0 g. (61.2

millimoles of p-to1uenesulphonylglycine), m.p. 140-1°C.,

softens at 136°C.

Experiment 3.b.

Preparation of p-To1uenesulphonyl-DL-1eucine

A solution of 13.12 g. (0.10 mole) DL-leucine in 115 ml.

N sodium hydraxide was shaken mechanical1y with a solution of

38.0 g. (0.20 mole) p-toluenesulphonyl chloride in 205 ml.

d~ethyl ether for one hour. Another 100 ml. of N sodium hy

drexide was added and shaking continued for a further three

hours. The water layer was then separated in the separatory

funnel, acidified with concentrated hydrochloric acid to

Congo Red (abundant white, microcrystalline precipitate sep

arated) and filtered. The precipitate was then dried in

vacuum. It me1ted between l17-128°C. Recrystallization

tram 20 per cent ethano1 yielded three crops: 4.85 g. (m.Pe

140-140.5°C.), 5.69 g. (m.p. l39-1400C.), and 1.70 g. (m.p.

136-8°0.); total 12.24 g. (43 millimoles; 43 per cent yie1d).

Ca1cu1ated for C13H1904SN: C 54.80 H 6.72 N 4.90 ;

Found: C 55.01 li 6.81 N 4.70



ENZYMATIC AMIDATION

l n t r 0 duc t ion

Several enzymes are known which cataIyze the hydrolysis

of natural1y-occurring polyamides. Like all catalysts, these

enzymes genera1ly do not change the equilibrium point of the

reaction, or, in other words, they acce1erate the rate of re

action in both directions. Consequently, they shou1d prove

to be capable of cataIyzing also the reaction proceeding in

the reverse direction, i.e. the condensation reaction. If

some means of upsetting the equilibrium could be found, e.g.

by separation of the product as an insoluble precipitate,

these enzymes might be put to practica1 use. The proteinase

catalyzed formation of the peptidic bonds, being stereochemi

ca1ly specifie, should ofter the advantage of obtaining pep

tides of "natural" configuration. Thus it should be possible

to prepare optically-active peptides even from racemic mix

tures of amino acids, which should lower the cost or starting

materials.

No enzymatic syntheses of peptides from the free amino

acids have yet been described. ApparentIy they are not teas

ibIe, because of the considerable amount of energy required

for the transformation of the amino-acid zwitter-ions into a

reactive form by a proton transfer (58, 75, 291). On the

other hand, enzymatic synthesis of peptide derivatives from

substituted amino acids has been observed. 50, for example,
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Bergmann and Fraenkel-Conrat used papain to condense benzoyl

L-leucine with aniline (67) and Waldschmidt-Leitz and Kühn

ta combine carbobenzoxyglycine with glycine phenylhydrazide

(74), while Bergmann and Fruton reacted benzoyl-L-tyroslne

with glycine anilide in the presence of chymotrypsin (69).

In aIl cases the removal ot the product by precipitation

tram the reaction mixture upset the equilibrium and thus

was the driving force behind the reaction.

Dis eus s ion o t Res u 1 t s

The experiments with enzyme catalyzed formation of the

peptide bonds were undertaken in order to demonstrate whether

the phthaloyl derivatives, which have recently come into

vogue, are suitable for this type of condensation or note

Later, when it was decided to replace the phthaloyl by the

p-toluenesulphonyl group for protecting the amino groups,

the suitability ot the latter for the enzymatic synthesis

was also tested. No report on the use of phthaloyl or p-tol

uenesulphonyl derivatives in the enzymatic peptidation has

been found in the llterature.

Papain was the enzyme chosen for these experiments be

oause ot the wide range of its proteolytic aotivity.

At tirst, benzoyl-L-leucyl anilide was prepared by con

densation of benzoyl-DL-leucine and aniline, oatalyzed by
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NH C H papain. C6H5CONHCHCONflC6H5 + H202 6 5 '< 1

~2
CH3CflCH3

papain (67) in order to provide experienoe with some sucoess

ful example of enzymatic synthesis (Exp. 4.a.l.). The same

method was then applied to the attempted syntheses of phthal

oyl-L-leuayl anilide (Exp. 4.a.2.), phthaloylglyaine anilide

(Exp. 4.a.3.), benzYl ester of phtha1oy1glyoy1g1ycine (Exp.

4.a.4.), and of benzyl ester of benzoylglyoylg1ycine (Exp.

4.a.5.). While the preparation of benzoyl-L-leuaine anilide

was sucoessful, no preoipitates were obtained in the remain

ing 4.a. experiments. This would indioate that the phthal

oylamino aoids are not susoeptible to the oatalytio effect

of papain. On the other hand, Experiment 4.a.5., where

benzoy1-DL-1euoine and benzylg1yoinate were incubated with

papain without any preoipitation, shows that the benzYl

esters are apparent1y a1so not too suitable for this type

of synthesis. Fruton (51) had a1so reported dlffioulties

in this direotion.

In order to extend the investigation of whether the

phtha10yl amine acids can undergo enzymatio synthesis or

not, it was resolYed to try various pH's. Since no reoipes

tor citrate bufters below pH 5.0 were found in the 1itera

ture, other types of buffers were considered. It was de~

cided to try the phthalate type of buffers (292). Benzoyl,
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phthaloy1, and p-to1uenesulphonylglycines were reacted with

aniline at pH's 4.4. 5.0. and 5.6. as described in experi

ments 4.b.l •• 4.b.2 •• and 4.b.3. Again , no resu1ts were ob

tained with the phthaloyl amine acid, while benzolglycine

anilide and p-toluenesulphonylglycine anilide were obtained

at pH 5.0 and, to a lesser degree, at pH 5.6.

Recently Fox has reported (73) that higher concentra

tion of the citrate bufter improves the yields in the enzy

matie synthesis of anilides. He found that various amino

acid derivatives have different optimum pHt s , although they

are invariably in the neighbourhood of pH 5.0. Therefore

the experiments were repeated te deter.mine the suitability

of the phthaloyl amino acids for the enzYmatic anilide syn

thesis, using higher citrate butter concentration and at

various hydrogen ion concentrations.

The first dltficulty encountered was absence in the

available literature of any tables or recipea for citrate

butfera below pH 5.0. Fox doea not mention the composition

ot the buffera in his articles. According to a private

communication he simply mixed the oitric acid and sodium

hydroxide stock solutions with control by a pH meter.

After preparing the approximately one molar solutions

of the citrate buffer of pH 4.4. 5.0, and 5.6 by a method

of trial and error, it was observed that the solutions were

somewhat viscous. The solubilities of the amino-acld deriv

atives were muoh less in these concentrated citrate bufter
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solutions. This observation suggests that the increase ot

the yields with the increased molarity of the citrate but

fers, described by Fox (73), is due, not so much to the

possibly higher stability of the reaction mixture to the

changes in pH, as to the lower solubility of the compounds,

which enhances the precipitation of the product.

In none of the above mentioned experiments did the

phthaloyl amino acids participate in the enzymatic synthesis

of the peptide bonds. Apparently, papaln activity requires

the presence of the alpha-amino hydrogen atoms, which are

not present in phthaloyl derivatives. This suggestion is

in line with the explanation of the activity of the endo

peptidases by the possible hydrogen bonding between the sub

strate and the enzyme, resulting in a stress on the bond be

tween the carbonyl and amino groups (cf. 293).

On the other hand, the preparation of p-toluenesulphonyl

glycine anilide, which is apparently the first case of suc

cessful application of tosylated amino acid ta the enzymatic

synthesis of the peptide bonds, indlcates that this type of

amino acld or peptide derivatives should be suitable for

enzymatic syntheses.
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Exp e r i men t a 1 Pro c e dur e s

Experiments 4.a.l.

Benzoyl-DL-leucine (1.20 g., 5.10 mi11imoles) previously

prepared from sodium leucinate (DL-1eucine dissolved in 10

per oent sodium hydroxide) and benzoyl chloride, was added to

a 1/3 M. water solution of sodium acetate which was buffered

by a pH 5.0 citrate buffer (15 ml. distil1ed water + 6 ml.

a M sodium acetate + 15 ml. citrate buffer). Not all of

the benzoyl-DL-leucine dissolved, even after bringing the

suspension to boillng point. Therefore it was filtered at

40°0; the undissolved residue weighed 0.45 g. An excess of

aniline (1 ml.) and 10 ml. of papain solution, activated by

0.05 g. cysteine hydrochloride, was added to the filtrate.

Placing the flask in a 40°0. water bath for about one minute

and vigorous shaking brought all the reactants into solution.

The flask was then placed in an incubator at 40°0. for four

days. A brownish precipitate was formed, which was separated

by filtration, washed with disti11ed water and air dried.

Its weight was 0.42 g., m.p. 202-7°0. A oontrol run with

the unactivated papain (no cysteine hydrochloride was added)

produced only a very small amount of a dark brown precipitate.

Repetition of the above experiment, using 0.75 g. (3.19 milli

moles) of benzoyl-DL-leucine, yielded 0.38 g. (1.22 millimoles

of benzoyl-L-leucine anilide) of brownish precipitate, m.p.

198-203°0.
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The products were combined and recrystallized from hot

95 per cent ethanol. Slightly brownlsh crystals were obtaln

ed: 0.30 g. of the first crop, m.p. 211-2°0., and 0.38 g.

of the second crop, m.p. 205-8°0. (lit. 213°0.) (67).

The solutions which were used above were prepared as

fol1ows:

1. N sodium hydroxide: 4 g. sodium hydroxide dissol

ved in sufficient distilled water to make 100 ml.

solution.

2. Oitrate buffer pH 5.0: 2.1 g. citric acld dissol

ved in 20 ml. N sodium hydroxide in a lOO-ml. volu

metrie flask and made up to 100 ml. by addition of

distilled water.

3. Papain solution: 0.36 g. papain suspended in a

mixture of 40 ml. distilled water and 40 ml. cit

rate buffer; filtered after thirty minutes.

4. 2 M sodium acetate: 16.41 g. sodium acetate dis

solved in sufficient distilled water to make 100 ml.

solution.

Experiments 4.a.2 - 5.

No precipitates were obtained even after four weeks under

the conditions of Experiments 4.a.l. with:

4.a.2: Phthaloyl-DL-leucine and aniline;

4.a.3: Phthaloy1glycine and aniline;

4.a.4: Phtha10ylglycine and benzyl glycinate;

4.a.5: Benzoyl-DL-leucine and benzylglycinate.
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Experimenta 4.b.

Benzoyl-, phthaloyl-, and p-toluenesulphonylglycine were

reacted with aniline atpHts 4.4, 5.0, and 5.6, using potas

sium acid phthalate butters. ~wo and a haIt millimoles of

the particular amino acid derivative was dissolved in approx

imately 45 ml. of the buffer solution by careful heating on

a steam cone and cooling to room temperature. Then, 0.23 ml.

(2.53 millimoles) of aniline and 2 ml. of the papain solu

tion were added. After measuring the pH by means ot a

glass-electrode pH-meter and, if necessary, adjusting it by

10 M sodium hydroxide solution, the reaction mixture was

made up to 50 ml. by adding buffer solution. The mix~ure

was then poured into a stoppered test-tube and incubated at

40°C. with occasional shaking.

It was noted that the addition of aniline to the phthal

oylglycine solutions turned them yellow, while the solutions

of other glycine derivatlves remained colourless until the

second day of incubation, when all the solutions bacame

brownish yellow. The intensity of this oolouration was

practically the same in aIl reaction mixtures, while the in

tensity of the yellow colour which the solutions of phthal

oylglycine acquired after addition of aniline, was highest

at pH 5.6 and lowest at pH 4.4.

In the incubator, a brown precipitate began to appear

in very small quantities in aIl test-tubes the second day

after starting the incubation. In addition a white



135

precipitate appeared in pH 5.0 solutions containing benzoyl

glycine and p-toluenesulphonylglycine on the fifth day and

slowly increased in amount on the following days. On the

seventh day, white precipitates started to form in the pH

5.6 solution containing benzoylglycine and on the eighth

day in pH 5.6 solution containing p-toluenesulphonylglycine.

The amounts of the white precipitates increased until the

second week of incubation. No further change was then ob

served (except for a slight darkening of the solutions)

until the end of the third week, when the incubation was

stopped. Then the brownish white precipitates were observ

ed only in the four test-tubes containing pH 5.0 and pH 5.6

solutions of benzoylglycine and pH 5.0 and pH 5.6 solutions

of p-toluenesulphonylglycine. AlI the other test-tubes

contained only small amounts of dark brown sediment.

The four precipitates were separated by filtration and

extracted by hot 95 per cent ethanol. Cooling of the eth

anolie solutions brought about erystallization only in the

pH 5.0 oases. The erystals were isolated by suction filt

ration and washed sucoessively with small amounts of 0.1 N

sodium bicarbonate, 0.1 N hydrochloric acid, and with dis

tilled water. The other two ethanolic solutions yielded on

ev~poration to dryness only small amounts of brownish crys

taIs.

The crystals obtained from benzoylglycine (pH 5.0) were

white with a yellowish brown tinge and weighed 0.21 g., m.p.
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207-212°0. The second recrystallization from 95 per cent

ethano1 yielded 0.11 g. of white crysta1s, m.p. 215-215.5°0.

The mixed me1ting pOint determination with this compound

prepared by the earbonic anhydride method had shown no de

pression.

p-To1uenesu1phony1g1ycine yie1ded 0.135 g. of brownish

crysta1s, m.p. 154-157.5°0. The second recrysta11ization

from 95 per cent ethano1 gave 0.07 g. of white crysta1s,

m.p. 159-159.5°0. No depression in the mixed me1ting point

with this compound prepared by the carbonic anhydride method

was observeü,

The solutions used above were prepared as fo11ows:

1. pH 4.4 buffer solution: 7.35 ml. of 0.2 M sodium

hydroxide solution was added to 0.2 M solution of

potassium acid phthalate and made up to 200 ml.

with distil1ed water.

2. pH 5.0 buffer solution: 23.65 ml. of M/5 sodium

hydroxide prooessed as desoribed above.

3. pH 5.6 buffer solution: 39.70 ml. of M/5 sodium

hydroxide processed as described above.

4. Papain solution: 0.5 g. of papain suspended in

20 ml. of the particu1ar bufter and filtered af

ter about thirty minutes; 0.5 g. of cysteine

hydrochloride (Merck) was added.
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Experiments 4.c.

Benzoyl-, phthaloyl-, and p-toluenesulphonylglycine were

reacted with aniline at pH's 4.4, 5~O, and 5.6, using higher

concentrations of citrate bufter. The technique was the same

as described in Experiments 4.b., with the phthalate bufters

being rep1aced by the concentrated citrate butfers. Âfter

preparing approximately one mo1ar solutions of the citrate

bufter of pHts 4.4, 5.0, and 5.6 by a method of trial and

error (mixing the l M aqueous solution of citric acid with

the 10 M solution of sodium hydroxide and measuring the pH

by means of the glass-electrode meter), it was observed that

the solutions were somewhat viscous. The amino-acid deriva

tives did not dissolve we1l in the concentrated bufters.

In a11 cases, the solubi1ities decreased with decreasing pH

of the buffer. The undisso1ved parts were removed by filt

ration. Therefore when Experiments 4.c. were repeated, only

half amounts of amino acid derivatives were used. Even so,

sma11 amounts of phthaloy1g1ycine remained still undisso1ved

in pH 4.4 solution, and had to be removed by filtration.

The preparation of the papain solutions by dissolving

0.5 g. ot papain in 20 ml. of theparticular buffer solution

was not easy; papain itse1f disso1ved fairly we11, but the

filtration(by suction using ordinary filter paper} was very

slow and it was possible to finish it on1y by exchanging a

fresh fil ter paper for the old one two or three timea during

the filtration. However, the smallamount of cysteine



138

dissolved quite weIl. Because these papain solutions did

not cause browning of the reaction mixtures in the incubat

or, as was observed in previous experiments, it was decided

to repeat Experiments 4.c. with the papain solutions filt

ered through a cloth. Although some degree of the brown

colouration of the reaction mixtures was observed in thls

series, agaln no yield was obtained even after three weeks

in the incubator.



.A.ZEOTROP le

l n t r 0 duc t ion

AMIDATION

Sinae the formation of a peptide (amido) bond is essen

tially a condensation of a carboxyl with an amine group. the

elements of a mole cule of water being the by-product. the

continuous removal of water from the reaction mixture should

force the reaction to proceed towards eompletion. The fol

lowing equation summarizes the reaetions involved:

Tamperatures of the order or 200°C. are normally required to

drive this reaetion to completion in the desired direction.

Sinee such conditions might prove too severe when applied to

the more unstable amtno acid (or peptide) derivatlvas. a

milder method of displaclng the equilibrium was sought. It

ls weIl known that water can be removed trom reaction mix

ture continuously and quantitatively at temperatures below

its boiling point by azeotropie distillation, as has been

demonstrated by using this technique to advantage in esteri

tication reaetions (294). Therefore it was decided to exam

ine the effect of heating equimoleoular amounts of a raaotant

oontalning a free oarboxyl group and of a reaotant containing

a frae amino group in a medium which is able to for.m an azeo

tropio mixture with the water produced.
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As sample reactants for the synthesis of an amido bond

by azeotropic distillation, phenylacetic acid and p-toluid

ine were chosen. At first, the traditional "hot-melt meth~

odtt was applied (Exp. 5.a.l.). Simple melting of an equi

molecular mixture of phenylacetic acid (m.p. 76.7°0.) and

p-toluidine (m.p. 45.0°0.) failed to produce the desired

p-toluidide. However, if the temperature of the melt was

raised to and held at 180°0., the appearance of effervescence

and water vapour gave evidence of reaction. From the re

action mixture pheny1acetowp-toluidide was isolated in an

72.2 per oent yield.

Next, an equimolecular mixture of phenylacetic aold and

p-toluidine was subjeoted to prolonged boiling in toluene,

the toluene and its water-azeotrope being slowly removed by

distillation (Exp. 5.a.2.). To1uene boils at 110.5°0., while

Its water-azeotrope, whic~ contains 19.6 per oent water,

boils at 84.1°0. (281). On cooling the solution remaining

in the dlstilling flask, the p-toluidide separated in remark

ably pure forme On repeating twice the addition of fresh

toluene ta the filtrate and subsequent azeatropic distillation,

a total yield of 85.6 per cent was obtained.

Having demonstrated that azeatropic distillation oan be

applied to the synthesis of the amido bond, we applied it to

a NH2-protected amine acid. Hippuric acid (benzoylglyclne)
•
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was chosen for the purpose. The literature describes but

one method of preparing h1ppuro-p-toluidide, whieh starts

w1th h1ppuramide and p-toluid1ne (295). B1nee no me1ting

point of the h1ppuro-p-tolu1d1de is mentioned in the liter

ature, it was deamed necessary to prepare soma of it by the

hot-malt method (Exp. 5.b.l.). Heating an equimolecular

mixture of hippurieacid and p-toluidine at 190°0. for one

hour gave a fair yie1d (54.1 per eent) of hippuro-p-toluid

ide. Its melting point was 210.5-211°0. Prolonged azeo

tropie distillation of an identieal mixture (it was neees

sary to use a much 1arger volume of to1uene than in the

previously-described preparation and even then some of the

hippuric aeid remained undisso1ved) also produced the tolu

idide, although in samewhat 10wer yield (Exp. 5.b.2.) •

. Hippuric aeid is not an attractive type of amino aeid

derivative for the synthesis of peptides, since the proteet

ing benzoyl group eannot be removed subsequently by any

other method than hydrolysis. ~hthaloylglycineJ however,

has been reeently advocated for this purpose and it was de

eided to use this derlvative. The opportunity was selzed

toearry out the reaction in a eontinuous azeotropic-distil

lation apparatus, adapted from a design recommended by

Clarke and Davis for the esterification of oxalie aeid with

ethanol (294). An equimoleeu1ar mixt~e of phthaloylglyeine

and aniline was dissolved in toluene. Again, a relatively

large amount or toluene was used, due ta the relatively low
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solubi1ity of phtha1oy1g1ycine. In this instance sufficient

toluene was employed, so that a solution, rather than a aus

pension,was obtained. After pr010nged distillation the sole

product obtained (other than unreacted phthaloy1g1yoine) was

a compound whioh melted at 117-8°0. Phtha1oy1g1ycine anilide

melts at 230-1°0.

Further variations were tried. At first, the relative

amount of aniline was inoreased in the hope of foroing the

reaotion more near1y to oomp1etion. Then the amount was de

oreased to zero in order to asoertain whether it aotua1ly dld

partioipate in the reaotion leading to the formation of "the

117-8°0. oompound". The resu1ts of these experiments are

sUmmarized in Table V.

Table V

Reaotants used erude Produot Reorysta11ized
Produot

Exp.
Phthaloy1- Aniline Weight M.P. M.P.No.
glyoine g. ml. g. oC. oC.

5.c.1 1.25 0.5 1.09 117-118
0.26 mixture

5.0.2 1.25 2.0 1.40 113-118 117-119
5.0.3 1.25 2.0 1.30 115-120+

172-173

5.0.4 1.25 2.0 1.02 179-187

5.0.5 2.0 0.0 1.84 189.5-191 190-191
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The divergence of the results is a disappointing feat

ure of these experiments. Moreover, none of them indicates

that the formation of the anilide did indeed take place dur

ing the azeotropic distillation. The highest me1ting points

observed were in the range of the me1ting point of phtha1oy1

glycine, 190-1°0. This observation suggests that in all runs

some starting materia1 remained and in several no reaction

whatsoever hadoccurred. This conclusion was confirmed by

a mixed me1ting point with an authentic sample of phthaloyl

glycine. The identity of the product with a melting point

in the 115-120°0. range, though interesting, was not studied

in detai1. For oomparison, the melting points of campounds,

. which were considered to be p06sibi1ities, are 1isted below:

Phtha1ic acid 190-200°0. (with de comp s )

Phthalic anhydride 131

Phthalic acid monoanilide* 164

Phthalic acid dianilide 231 (with decomp. )

Phthalimide 233.5

N-phenylphthalimide 203

Glycine 232.6

Glycine anhydride 275 (wlth decomp.) ;
sublimate 26 oz.

* Phthalic acid monoanilide is ea6i1y transformed
on heating to N-phenylphthalimide.
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The possibility that p-toluenesulphonic acid might have

a catalytic affect on the formation of an amido bond was in

vestigated in Experiment 5.c.6. This attempt was motivated

by a report of the catalytic effect of sulphonic acids on

the hydrolysis of this bond (296). However, no crystalline

produot was obtained but only a black, highly visoous,

sticky sediment, further manipulation of which did not pro

duce a crystalline produot. One may suppose that p-toluene

sulphonic acid oatalyzes the oxidation of aniline to such an

extent that its application to the synthesis of anilides

does not seem feasibla.

A fair and conservative opinion, based on this work,

wouId appear to be that the amido bond can be created at

moderate temperatures by the direct interaction of an amine

group and a carboxyl group through the technique of azeo

tropic distillation but that application of the method to

the stapwisa synthesis of peptides must await the develop

ment of a more suitable method for proteeting the oarboxyl

groups of amino aeids. Metal salts of amine acids are un

suitable as intermediates, because of their general insolu

bility in organie liquids; even if an organie solvent could

be round, no doubt an undesired metathetical reaction would

taka place between the two oomponents, aeid and salt, with

transfer of the metallic ion. Esters of the amino acids

have an inconvenient tendency either to polymerize or to

for.m diketopiperazine rings at aven moderately elevated
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temperatures. And amides are not suitab1e if a control1ed

synthesis is desired because of the possibility of transami

dation. In this connection strongly basic resins, such as

those oontaining quarternary ammonium groups, are worthy of

consideration for the protection of the carboxyl groups of

amino acids. On the other hand, the creation of a peptide

bond through azeotropic distillation ought to lead to a

method for the synthesis of polypeptides by "block poly.mer

ization" involving the use of tri- or higher peptides as

starting material.

Exp e r i men t a l Pro c e dur e s

Experiments 5.a.

1) Phenaceto-p-to1uidide by the "hot-melt method":

Simple melting of a mixture of phenylaoetio (a1pha

toluio) aoid and p-toluidinedid not resu1t in condensation

reaotion; the phenylaoetio aoid was reoovered.

Heating of phenylaoetio acid (6.8 g •• 50 mi11imo1es)

and p-toluidine (5.5 g., 56.5 mi11imoles) to 18DoC. result

ed in a slight effervescence and water vapour condensed on

the wa1ls of the test-tube. ~ter two hours of heating and

ocoasional stirring, no more water vapour evolved. The

melt was dark brownish-green, but transparent. It was pour

ed into a beaker, 1eft to 0001 and then dissolved in hot

ethanol. The greenish-white orystals which formed on
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standing were separated by suction filtration. then washed

with dilute sodium carbonate solution (to remove unreacted

p-toluidine) and with water, then dried in a vacuum oven

(temperature 80°C.). White crystals (thick leaflets) were

obtained: 8.36 g., (74.2 per cent yield), m.p. 129-131oC.

Recrystallization from hot toluene gave thick crystalline

leaflets, m.p., 133.5°C. Slow recrystallization fram hot

toluene yielded white needles of the sarne melting point.

(Lit. l30-2°C.(297) l35-6°C (298).)

2) Phenaceto-p-toluidide by the ttazeotropic method tt :

Bath phenylacetic acid and p-toluidine dissolved very

easily in hot toluene. Phenylacetic acid (13.6 g., 100

millimoles) and p-toluidine (Il g., 113 millimoles) were

dissolved in 30 ml. toluene, placed in a distilling appara

tus equipped with a lO-inch column and a moisture trap and

subjected to slow distillation. Fresh toluene was added

several times so as ta keep the level of the boiling solu

tion above the top level of the heating mantla. After rive

hours of this distillation. the level of the solution was

allowed to decrease just below the top of the heating mantle

and the reaction mixture was 1eft standing overnight at roœn

temperature. White crystals separated. which were isolated

by suotion filtration, and dried in vacuo: 1.5 g., m.p.

132-132.5°C. (softening started at 128°C.). Fresh toluane

was added to the filtrate and the solution was then subjected
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to another twelve hours of azeotropic distillation. On stand

ing, 6.35 g. of white crystals of the same melting point as

the first crop was obtained. A third period of azeotropic

distillation lasting twelve hoursyie1ded 2.82 g. of white

crystals, m.p. 130.5-132°0. (sottening starting at 125°0.).

The reaction mixture, which turned darker and darker through

out the who1e distillation, was at the end almost black. It

was evaporated to a volume of about 5 ml. Brownish crystals

were iso1ated whlch, upon recrysta1lizatlon from to1uene,

gave 0.52 g. of white crystals, m.p. 132.5-133.5°0. No

further èrysta1s could be obtained from the fi1trate.

Table VI

Orop Orude Product Recryst. trom To1uene

1 1.5 g., l32-132.5°0.(soft.128°) 0.98 g. 132.5-133.5°0.

2 6.35 g, l32-132.5°0.(soft.128°) 4.15 g. 133.0-133.5°0.

3 2.82 g, 132-132.5°0.(soft.125°) 2.20 g. 132.5-133.5°0.

4 (from fi1trates 1 + 2 + 3) 1.75 g. 131.5-132.5°0.

5 (from the reaction mixture) 0.52 g. 132.5-133.5°0.

9.61 g. 85.6~ yle1d

Tke mixed melting point of the products obtained by the

"hot-me1t method" and by the ~azeotropic distillation method"

indicates that both are identical compounds.
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Experiments 5.b.

1) Hippuro-p-t01uidide by the "hot-melt method":

The procedure described in Exp. 5.a.l. was employed,

using hippuric acid (4.5 g., 25.1 mi11imo1es) and p-toluid

ine (3.0 g., 28.0 mi11im01es). The oil bath was heated to

190°C., because hippuric acid melts at 187.5°C. The mix-

ture me1ted at first, effervescing slightly, then began to

form white dot-like particles, which grew until they formed

a mixture of solid particles joined by a viscous masse

While these particles remained whitish-yellow to orangeish,

the viscous mass turned red and after about one hour of

heating very dark pink. Since such a dark co1ouration might

indieate a danger of decomposition, and since no further

effervescence was apparent, the heating was diseontinued at

this stage and the mass was cooled and extracted with hot

ethanol. The coo1ing of the ethanolic extracts brought on

heavy precipitation. The precipitate was white, m.p. 207-8°C.

(started to soften at 200°0.). One-third of the product was

recrystallized trom ethano1; m.p. 208-9°C., 1.35 g. The

other part (one-half of the first crop) was subjected to an

attempted recrystallization from t01uene, but was found to

be almost insoluble in hot toluene. Therefore it was separ

ated by filtration (1.83 g., m.p. 210.5-211°0.). No further

erystals were obtained after eooling the filtrats on dry iee,

which eaused only slight cloudiness; evaporation to one-third
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volume slightly increased the cloudiness, but no crystals

appeared. The 1ast crop, which representad a 54.5 per

cent yield, was ana1yzed:

Calculated forC16H1602N2 :

Found :

o 71.6 ;

o 71.84;

H 6.02

H 6.32

N 10.45

N 10.30

2) Hippuro-p-toluidide by the ~azeotropic method tt
:

The same amounts of reactants as abova (Exp. 5.l.b.)

wereadded to hot to1uene. Whi1e p-toluidine dissolved

easily, hippuric acid dissolved on1y partly, even after

the amount of hot toluene was increased to 250 cc. The

mixture was placed in a 500 ml. three-hecked flask equip

ped with a stirrer and a 35-inch glass column, and was sub

jected to slow distillation for forty hours (spread over

threa and a half days) , after which time the volume of the

raaction mixture was decreased to about 100 ml. The cool

ed mixture was fi1tered. The white crystal1ine mass on

the filter paper was dried and recrystallized trom athanol,

yialding 4.7 g., m.p. 170-185°0. This product was then re

crystal1ized from hot water in order to remove the unreact

ad hippuric acid (washing with alkaline water solution for

this purpose might considerab1y decrease the yield, as the

previous experiments indicate that hippuro-t-to1uidide is

unstable in either alkaline or acidic medium); the undis

solved part was removed by filtration in a heated funnel

and recrystallized from ethanol: 2.45 g., m.p. 209.5-211°0.
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Mixed melting point with the product from Experiment 5.b.l.

was 209-211°C. The aqueous solution gave, after cooling,

0.87 g. of white crystals, m.p. l70-1800C., and after evap

oration to one-third volume, 1.06 g. of white crystals,

m.p. 187-8°C. (slight browning above l84°C.).

The toluene solution (filtrate from the reaction mix

ture above) yielded after decreasing its volume to one

third 0.13 g. of white crystals, m.p. 209.5-210.5°C. Both

crops together (2.45 g. and 0.13 g.) make 2.58 g., 38.4

per cent of the theoretical yield.

Experiments 5.c.

Attempted synthesis of phthaloylg1ycine by "azeotropic method":

1.
Aniline (0.5 ml., 0.511 g., 5.50 millimoles) and phthal-

oylglycine (1.125 g., 5.50 millimoles) were dissolved in tol

uene. Whereas aniline is infinitely soluble in toluene, this

amount of phthaloylglycine required 200 ml. of hot toluene.

The reaction solution was placed in a continuous azeotropic

distillation apparatus, adapted from the design recommended

by Clarke and Davis for the esterifieation of oxalie acid

with ethano1 (294). The disti11ate was run through an auto

matie liquid-liquid separator and through a drying bottle

eontaining anhydrous calcium chloride in orderto remove

water, and then returned to the reaction vessel. At no time

during the reaction was water present in the distillate in
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sufficient1y large amount to appear as a distinct phase in

the automatic separator. Toluene was circulated for twenty

four hours (spread over two and a half days). The reaction

solution was left to cool overnight and white needles sep

arated; weight 1.09 g., m.p. ll7-8°C. Evaporation of the

filtrate to about one-quarter of its original volume pro

duced on cooling a second crop of a slightly yellowish pre

cipitate; weight, 0.26 g.,m.p.: softening at ll6-8°C.

slight change at l38-l40°C., final melting at 162-205°C.

Further evaporation of the filtrate did not give another

crop of crystals.

2.
An increased amount of aniline wes emp10yed in this run

(2 ml., 2.05 g., 22.·0 mil1imoles). After twenty"'four hours

of distillation the distil1ate was allowed to accumulate

until about 50 ml. of solution remained in the reaction ves

sel. This solution yielded on cooling 1.4 g. of crystals

which me1ted at 113-8°C. No second orop of orystals was

obtained, even when the filtrate was evaparated ta dryness.

The first crop was recrystallized from 70 ml. toluene to

yield 0.72 g. of white crystals, m.p. 117-9°C.

This run was a repetition of Experiment 5.c.a. The

first crop, consisting of white crysta1s, weighed 1.3 g. and

melted at 115-120 + l72-3°C. No second crop was obtained.
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4.
This run was a second repetition of Experiment 5.c.2.

The first crop weighed 1.02 g. and melted at 179-187°0. No

further crystals were obtainad.

5.
In order to ascertain whether aniline did participate

in the formation of the product obtained, a run was per

formed in its absence. The amount of phthaloy1g1ycine was

2.0 g. and the technique of Experiment 5.c.1. was fo110wed.

White crysta1s were obtained. They weighed 1.84 g. and

me1ted at 189.5-191.0°0. Evaporation of the fi1trate yie1d

ed a second crop, long white neadles, weight 0.23g., m.p.

190-1°0. By further evaporation a trace of a yel10w resi

due was obtained, m.p. about 200°0., with decomposition

starting at 188°0.

6.
The possible catalytic effect of p-to1uenesu1phonic

acid was investigated. The opportunity was taken to improve

the azeotropio-distillation apparatus by replacing the dry

ing bottle by a drying U-tube.

Aniline ( 2 ml., 2.044 g., 22.0 mi11imo1es), phthaloyl

glycine (1.5 g. ,.7..325 mil1imoles), p-to1uenesu1phon1c aoid

(0.2 g. ,l..16 mi.Ll.ImoLea}, and 200 ml. t01uene were p1aced

in the reaction f1ask. On heating, the solution soon turn

ad dark brown and after twenty-four hours it became almost

black. Filtration did not yie1d any crysta1s. A black
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sticky mass remained adhering to the flask. It wes not in

vestigeted further. The filtrate was evaporated to dryness.

A black, sticky residue remained. Repeated attempts to

obtain crystalline material fram it were unsuccessful. ' ·



CARBONIC-CARBOXYLIC ANHYDRIDES

l n t r 0 duc t ion

A new method tor synthesizing the peptide bond was re

ported in 1951 independently by Boissonnas (38), Vaughan and

Osato (40, 120), and Wieland and Bernhard (39). The overall

reaotion oan be out11ned in the tollowing way:

ReOOR NHA. RCOOH.NR
3'

C1COOR" _ RCOOeOOR" NHaR"~RCONHR"'
-Hel.NR' -R"OH

3
-002

This method has several conspicuous advantages. It uses comM

mercially available reagents (e.g. ethylchlorotor.mate, tr1

n-butylamine, etc.) and amine acid derivatives which are

easily prepared (e.g. N-phthaloyl derivatives, estera, salta).

The reaction proceeds rapidly undermild conditions and

without raoemization. The product obtained is in a pure

state, since the by-produots are either soluble in the organ

10 med1um (ethanol, tr1-n-butylammon1um ohlor1da) or are 1n

gaseous torm (carbon d1oxide).

D 1 s eus a 1 0 n 0 t Res u 1 t a

Prel1minary exper~ents wlth mlxed carbonlc-oarboxyllc

anhydrides, deslgned to tamlllarlze us wlth thls method,

have shown that the reactions of these anhydrides with
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aniline, amine a01d salts, or benzyl esters yielded easily

products of remarkable purity. The benzyl esters of the am

ino a01ds gave higher y1elds than the amine aoid salts (cf.

Exp'ts 6.a.). We prepared several benzyl esters of the

phthaloyldlpeptides, whloh have not been reportad prevlous

ly in the literature.

One dlfticulty whloh plagued us throughout these ex

periments was the apparent instability ot the anhydrides.

~ulte often, the solution of the mixed anhydride evolved

carbon dioxide, indicating a decomposition (disproportion

ation) of the anhydride, before the compound eontaining

the tree amino group could be added. Such a disproport

ionation ot these anhydrides had been noted by Wieland and

Bernhard (39) who Buggested that symmetric anhydride of

the acyl-amino acid and carboni~ acid diester are obtainad:

2 RCOOCOOR' --- (RCO)20 + (R'O)aCO + OOa

The tendency to disproportionate waa more pronounced when

triethylamine was used instead of triwn-butylamine. Priv

ate communication with Vaughan and co-workers of the Ameri

can Cyanamide Co. revealed that this difficulty might be

diminished if ethyl chloroformate were replaced by isobutyl

chloroformate. Our experiments confir.med this. No appraci

able affect of the ohange of chloroformates on the yield of

anilides was observed.

The effect of replacing the chloroformate by one ot
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Its thlo-analogues on the formation of the peptide bond was

also tested. The decision to study the replacement of oxy

gen by sulphur in these compounds stemmed trom the known

Increase in the stability of analogous NMoarbonio anhydrides

(oxazolldinediones) when the oxygen atoms were replaoed by

sulphur atoms. Whlle oxazolldlnediones-2,5 are very thermo

labile and sensitive to the presence of hydroxylio eam

pounds, thiazolidinedlones-2,5 and 2-thiothlazolldinones-5

(mentioned above on PP. 46, 49 and 51) are lesa so. The

experiments showed that thiochloroformates which contaln

the oarbothionic (C.S) group are too uns table to be of any

practioal value for our purposes. A representative thio

analogue which contained the carbothiolic (C-S-) group,

viz. n-pentyl chlorooarbothiolate (a oompound not previous

ly mentioned ih the literature), was tound to be quite

stable and was subjected to a comparative testing with the

chlorofor.mate. Phthaloylglycine anilide was prepared in

two runa, one uaing n-pentyl ohlorooarbothiolate, the other

isobutyl ohloroformate. The yields were lower in the tirst

oase (54 per cent, as compared with 71 per cent in the

latter).

In the above-mentioned reactions of the oarbonio-oarbox

ylio anhydrides with the alkali salts of the amine acids,

water was used as a solvent for the amine acid salta. This

had the obvious disadvantage ot introducing large quantit1es

of a compound which contains a hydroxyl group capable of
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reaotlng wlth the anhydride. This side reaotion, which com

peted with the amidation reaotion, could explain the lower

ylelds generally obtained when salts of the amine acids ln

water .ere used, as compared wlth those ot the amine acid

esters in inert solvents. On the other hand, using a base

as a protecting group for the oarboxyl enhances greatly the

ease of synthesizing the peptides, since its removal re

quires only a simple neutralization reaction. Accordingly,

if an Inert solvent capable of dlssolving 8uch salta could

be found, or, conversely, a base aapable ot tormlng amlno

acid salts soluble in organla solvents, a method of far

reaching merlts might be Introduced to peptide synthesis.

At flrst, our attention was centred on d1methyl torm

amide, because It 18 unaftected by acid anhydrldes and 18

known to be a good solvent for a number ot metallio salta

of both inorganic and organic acids (299). (It has a high

dielectric constant in oomparison with other organic sol

venta.) Sodium glyainate, however, was found to be insol

uble ln dimethyl formamide. Âcoordingly, attention was

given to other alternatives. At tirst, amino acid salta

of mataIs of Groups I.B., VI.B., and VIII (viz. Cu, Or,

Ni) looked attractive, because their ohlorides and acetates

are reported to be highly soluble (299), but they were re

jected when it was realized that they might have a tendency

to exist as ahelate oompounds (at. e.g. 300). Tin and zino

salts remained as possible solutes (299). Âacordingly,
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stannic and zinc salts of glycine were prepared by weIl known

methoda (tram zinc or stannic chloride respectively, potas

sium hydroxide and glycine). Unfortunately, they showed only

limited solubility in dilnethyl tor.mamide.

Another alternative would be to tind an appropriate org

anic cation. Tertiary amines, which serve so ettectlvely

with N-substltuted amine acids, are not applicable to tree

amine acids, because of their apparent inability to break up

the zwitter-ion constitution ot the amine acids. Exploratory

test-tube experiments on the solubility ot glycine plus tri

n-butylamine in twelve organlc solvents or their combinations

(sixty-six combinations of equalvolumes of two solvents)

had shown that no signitlcant dlssolving took place. Neither

dld glyoine dissolve in trl-n-butylamine, triethylamin., dl

ethylethanolamine, or trlethanolamlne. It was apparent that

a much stronger organlc base was requlred. Theretore, ex

periments with quaternary ammonium salts were undertaken.

The above oonsiderations were contirmed by the suooes.s

tul experiments with benzyltrimethylammonium glycinate.

This oation was chosen because of itsreasonably simple

structure and ready "avai l abi l i t y (as ohloride) trom oommer

oial souroes. The glycinate was round to be readily soluble

in anhydrous ohlorotorm and in thls solvent was subjeoted

to reaction with the mixed anhydride derived trom phthal

oylglyoine and isobutyl chlorotormate. Â good yield (74

per oent) otphthaloylglycylglycine was obtained. The
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prinoiple of using a quaternary ammonium oation for the pro

teotion of the carboxyl group of amino aoids tor amidation

reaotions carried out ln non-hydroxylicsolvents appears to

be established.

The experimental work reported in this chapter has pro

vided us with firsthand experience in the applioation ot

phthaloylamino acids to peptide syntheses.These derlvat

ives have proved themselves to be reasonably satistactory,

with the exception ot ditticulties encountered in their

purification when they had been previously subjected to

the atfeot of high pH media (our observations were confir.m

ad by a private communication with Vaughan and co-workers

of the ~erioan Cyanamide Co.). The possible type ot this

ettect is indioated by the transformation of phthaloyl

glyoine into o-carboxybenzoylglycine in alkaline solution

(301, 302).

Hydrochlorides of the benzyl esters of amino acids

proved to be superior to the benzenasulphonates of the ben

zyl esters of amino aoids as starting materials for the

synthesis ot the peptide bond. For example, benzyl phthal

oylglycylglyoinate was prepared in pure for.m in 76 per oent

yield, if hydroohloride .was employed, while only 44 per

oent of impure produot was obtained from benzenesulphonate.
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Exp e r i men t a 1 Pro c e dur e s

Experiments 6.a.

Mlxed Carbon1c-Oarboxy1ic Anhydride Method:

H
06H4(CO)2NCCONHR'" + C"OH + CO2R

The phtha10y1amino acid (usually 4.2 millimoles) was suspended

in an anhydrous solvent (e.g. 2.5 ml. ohloroform. or 5 ml.

toluene). oooled on ice and an equivalent amount of the

tertiary amine (8.g. 0.98 ml. of tri-n-butylamine) was slowly

added with constant stirring. In several cases the suspen

sion did not clear oanpletely and a careful addition of a

small amount of the solvent was required to bring the amine

acid derivative oampletely into solution. The mixture was

then oooled in the freezing compartment of the refrigerator

to around -10°0. and an equivalent amount of the ohloroform

ate (e.g. 0.40 ml. ethyl ohloroformate) was added. The mix

ture was shaken brietly and left in the retrigerator with

ocoasiona1 shaking for a pre-determined period (usually ten

minutes). after whioh the solution of equivalent amount of

the compound oontaining the tree amino group was added.
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Three prooedures were used, aooording to whioh type of the

"amine" was added:

a) Aniline was added dissolved in the same anhydrous

solvent as that in whioh the oarbonic-oarboxylio

anhydride was prepared, and the mixture was vig-

orously shaken.

b) Amino acid dissolved in alkaline aqueous solution·

was added, the mixture stirred on the magnetio

stirrer tor about one hour.

0) Hydroohloride (or benzenesulphonate) ot the amino

acid benzyl ester together with the equivalent

amount ot a tertiary amine (whioh rel.ases the

amino group ot the amino aoid ester trom the salt

tormation), dissolved in the same solvent as that

in whioh the oarbonio-oarboxylio anhydride was

dissolved, was added and the mixture vigorously

ahaken.

In al1 cases gas evo1ution occurred immediate1y atter

the reactive amine was added. The reaction mixture was

a1lowed to warm to room temperatur~ and to stand' for a

longer time (usually overnight), though the apparent gas

evolution rarely lasted tor more than a tew minutes, in

* An exaot amount ot alkali oarbonate was used, beoause ex
oessive alkalinity was found ta be detrimental to the
phthaloyl derivatives.
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order to enab1e the reaction to prooeed as far as possible

to completion.

1.
Phtha10ylglycine ani1ide separated immediately as a

mioroorystalline precipitate. It was isolated by suction

filtration, washed oonseoutively with small amounts ot

water, normal hydrochlorlc acid, normal solution of sodium

bioarbonate, and again wlth water. Yield was 72 per oent;

m.p. 229-230°0. (lit. 230-231.5°0.) (38).

Phthaloyl-DL-phenylalanine anilide precipitated a1so

soon atter aniline was added and the treatment otthe pre

o1pitate was the same as in Exp. 6.a.l. Yield was 68 per

oent; m.p. 213-4°0. (1it.2l3-2l3.8°0.) (50).

3.
Phthaloy1glycylglycine started to precip1tate soon

atter the aqueous phase was acid1tied to Congo Red. It

was separated by suction filtration and reorystallized

trom 60 par oent etpanol. Yie1d was 55 per cent; m.p.

230.5-232°6. (lit. 229-231°0.) (50).

4.
Phthaloylglycyl-DL-phenylalanine separated also atter

the aqueous phase was aciditied. It was reorysta111zed

tram Iso-amyl alcohol. Yield was 59 per oent; m.p. 195-6°0.

(lit. 197-198.5°C.) (50).
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Phtha10y1-DL-1eucy1g1ycine separated after acidification

in the torm of an oi1y layer, which 1ater solidified into a

crysta11ine structure. Recrysta11ization fran methano1 ra

su1ted in a total yie1d of 46 par cent; m.p. 117-ge O. (lit.

119-120·0.) (303).

Benzy1 pntha10Y1g1yoy1g1ycinate separated beautitu11y in

the form of a orysta11ine precipitate, whioh me1ted sharp1y

without reorysta11ization at 180-2°0. The yie1d was 76 per

oent. (Hydrooh1oride or the benzyl glyoinate was used as a

startlbg materia1 in this experiment; it banzenesulphonate

was used instead, on1y 44 per oent of crude produot, m.p.

176-180.5°0., was obtained.)

Oa1cu1ated tor C19H1605H2:

Found:

C 64.75; H 4.58

C 64.42; H 4.33

Benzyl phthaloylglyoyl-L-leuolnate separated more slow1y,

but again it was a microcrysta11ine preoipitate, m.p. 129.5

131°0. The yie1d was 62 par cent. (Hydrooh10ride of the

benzy1-L-leuoinate was the starting material.)

Ca1cu1ated for 023H240SN2:

Found:

H 5.93

H 5.59



164

ltrperimenta 6.b •

1) Preparation of 'n-Pentyl Chlorooarbothiolate

â.
Phosgene gas was oondensed in a large test-tube immers

ed in an aoetone/dry ioe bath. Âpprox~tely 90 ml. (125 g••

1~26 moles) of llquid phosgene was 0011eoted. Yrom a bur

ette, 50 ml. (42.8 g., 0.41 mole) n·pentanethlo1 was added

drop-wise with stlrring over a period of twenty minutes •

. The stirrlng was then oontlnued for two hours more, the con

tainer was taken out of the 001d bath and lett standing at

room temperature until most of the phosgene evaporated. The

residual phosgene was removed by vacuum distillation at room

temperature; 42.6 g. of o~ear liquid remained. whioh was

divided into two parts. The first' part, 15.9 g., was sub

jected to ordinary distillation. Approximately 1 ml. went

over at 91-112°0. No further distillation occurred even after

the oil bath temperature was increased to above 200°0., when

the material began to deeampose (darken). The liquld was

theb qulckly oooled to prevent further deoomposition, and

subjected ta vacuum distillation. During this distillation,

the bol11ng 11quld toamed considerably. When the second

part (26.7 g.) was subjected to vacuum distillation, no toam

ing oocurred. In both oases, the tractions boiling at 65

90°0. (12 mm. vacuum) were singled out for turther puriti

cation descrlbed below (Exp. 6.b.l.b.). Their weights were

5.1 g. and 13.8 g. respective1y. Green colouratlon in the
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Beilstein tast indioated the presence of ohlorine in both

samples. No chlorine, or only traces of it, were detected

in lighter and heavier traotions in both distillatiohs.

Small amounts of tarry sediments remained atter each distil

lation in the distilling tlask.

The previoua experiment (6.b.l.a.) was repeated, using

approxtmately 100 ml. of liquidphosgene (139 g., 1.40 moles)

and 50 ml. ot n~pentanethiol (42.8 g., 0.41 mole). Atter

removing unreacted phosgene by vacuum distillation at room

temperature. the clear, "colourless liquid was sUbJected im

mediately to vacuum distillation on the oil bath. The tracw

tion boiling at 65-90·C. (12 mm. vacuum) was tound to oolour

intenslvely the copper wire in the flame. while only traces

ot ohlorine were detected in the lower fraction. and no ohlo

rins in the higher traotion. About one ml. of a tarry sedi

ment remained in the distilling tlask.

The amount ot the midd1e traotion was 15.7 g. The two

traotions from the previous experiment (5.1 g. and 13.8 g.)

were added and the mixture was subjected to repeated vacuum

distillation on an oil bath heated to 100-125·0. The boil

ing started at 60·C. (12 mm. vaDuum). The temperature of

the vapour rose quiokly to 84°C., where it remained tor a

while. and then increased very slowly to 86°C. Rapid ria8

to above 90°C. tollowed. The 84-86°0. traction was collect

ed. It was a colourless liquid with a characteristic odour
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mildly reminisoent ot onions, weighing 32.63 g. (197 milli

moles of n-pentyl · ohlorooarbothiol~te ) . Binoe the volume ot

this produot was 30.5 ml. its density is 1.07. As this cam

pound was not desoribed in the literature, it was identified

by elementary analysis:

Calculated for C6H110S01: C 43.25; H 6.65; B 19.2 ; Cl 21.3

Found: C 43.65; H 6.65; S 19.09; Cl 19.09

2) Preparation of Ethyl Ohlorooarbothionate:

a.
The method ot Autenrieth and Hef'ner (304) was generally .

tollowed. .Â known amount of' sodium (4.3 g., 187 millimoles)

was slowly added to a large exoess (50 ml.) of absolute eth

anol. Âtter formation ot sodium ethoxide was oompleted, the

oontainer was plaoed in an acetone/dry ice bath and stirred

vigorously. Thiophosgene(2l.4 g. , 186 millimoles), prev

iously oooled to a semitrozen state, was addedslowly so

that the temperature of' the solution did not rise markedly

(the reaction was f'ound to be strongly exothermic). The

addition took about fitteen minutes •.. Stirring was then con

tinued for one more hour in the oooling mixture, and then

tor half an hour at room temperature. Binee it was observed

that white tumes formed on the surface of the reaction mix

ture in the light, the container was wrapped in tin foil.

The brownish precipitate, which started to torm immediately

af'tar the tirst drops ot thiophosgene were addad to the
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solution of sodium ethoxide in ethanol, was now removed by

rapid filtration. Washing the precipitate with anhydroua

diethyl ether turned it white (evaporation of the ethereal

solution yielded some more product, which was added to the

filtrate). This white powder melted without decomposition

in a strong flame and was easily soluble in water; it

weighed 10.23 g., which could represent 176 millimoles of

sodium chloride.

The dark orange filtrate, whioh was found to be strongly

lachrymatory. was subjected to distillation. All tractions

boiled at temperatures below 100°0•• while the boiling point

of ethyl chlorocarbothiolate is reported to be 126-7°0. (304)

or about 136°0. (305).

Vacuum distillation yielded fractions ooloured yellow

to orange. which gave positive tests on chlorine(Beilstein

test}, but negative aniline test (no precipitate for.med).

b.
In this repetition of the previous experiment (6.b.2.a.)

the precipitated sodium ohloride was not removed by filtrat

ion. Instead, the observation made during the previous ex

periment (that addition of water to a small aliquot of the

reaction mixture resulted in a separation of olear oily

droplets of a brownish tinge) was applied. Two volumes ot

diethyl ether were added to one volume of the reaction mix

ture and the resultant ethereal solution was shaken with

one and a halt volume (i.e. halt volume of the ethereal
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solution) ot water saturated with diethyl ether. The aque

oua layer was separated, and the ethereal solution W&S shak

en with another one and a halt 'volume of water. (Note: while

. the aqueous layers were colourless, the ethereal layer re

~ined yellowish all the time.) The ethereal solution was

dried with calcium chloride and evaporated in vacuo in a

stream of carbon dioxide (in orderto prevent the possible

oxidation of the thioester). The residue was an orangeish

yellow vlscous liquid with an ozone-like smell. Distillation

ot a small aliquot (7.0 ml.) of this product had shown that

most . of it distilled between 137-155°0. This product gave

a positive test for chlorine and reacted vigorously with

aniline (exothermic reaction) yielding a large amount ot

white precipitate which solidified the mixture. This would

indicate the tollowing reaction:

The melting point of the precipitate was round to be ~93-o00.,

subl. aboya 110°0. (lit. m.p. ot aniline hydrochloride is

198°0.)

It was established that distillation of the product ob

tained by the above described pr~cedure, whether done at ordi

nary pressure (all distilling apparatus being previously til

led wlth carbon dioxide in order to minimlze the contact ot

the vapours wlth oxygen), by vacuum distillation, or with

various types of columns, resulted in extremely small yields

or the final product.
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E!Pertment 6.0.

The solubility of 0.15 g. glyoine (2 milltmoles) and

0.5 ml. tr1~n.butylamine (0.389 g., 2.1 mill~oles) ln 10 ml.

ot the following solvents was tested: ohlorotorm, oarbon

tetraehloride, dtmethyltormamide, pyridine, toluene, oyolo

hexane, dioxane, tetrahydroturan , isopropyl ether, d~ethyl

glyool ether, oellosolve aoetate, aoetone, ethanol, and gly

oerol. With the exoeption ot glyoerol, no dissolving was

observed aven after two drops of water were added to eaoh

test-tube. Glyoerol dissolved glycine, but tri-n-butylamine

formed a separate layer.

AlI possible oombinations of two 5-ml. aliquots of the

above solvents (excepting ethanol and glyoerol), 66 in all,

were prepared and tested. No dissolving ot glycine and tri

n-butylamine was observed.

Experiment 6.d.

Application of the ~uâternary Ammonium Salt of Glyoine:

At first, benzyltrtmethyl ammonium hydroxide had ta be

prepared tram its chloride by the aotion of silver oxide. To

the solution of 34.0 g. (0.2 mole) silver nitrate in 100 ml.

distillad water, 11.2 g. (0.2 mole) of potassium hydroxide in

50 ml. dlstilled water was added slowly wlth vigorous stirrlng.

The preclpltated silver oxide was ls01ated by filtration and

thoroughly washed with distilled water. The molst sllver
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oxide was then suspended in 61.5 g. of the 60 per cent aque

ous solution or benzyltrtmethyl ammonium chloride (Commercial

Solvents Corporation, New York), i.e. with 37.0 g. (0,2 mole1

ot this compound. The dark green-black colour of the silver

oxide gave .way to a light ohocolate brown eolour of impure

silver chloride. After standing for two hours in a stopper

ed flask, the silver chloride was separated by a rapid til-

. t r a t i on and washed with small volumes of water.

In the clear, viscous solution ot benzyltrimethyl ammon

ium hydroxide in water, glycine (15.0 g., 0.2 mole) was dis

solved with easa. Removal of water fr.om the resultant

aqueous solution of benzyltrimethylammonium glyeinate proved

to be a difficult task, due to the highly hygroscopie char

aeter of this salt. We were relUetant to heat this solution

beeause of the well-known thermal instability of quaternary

ammonium salts. Prolonged passage of a stream of dry air

through the solution under vaouum of the water aspirator (about

15 mm. vacuum) tailed to reduce appreoiab1y lts volume. In

creasing the vacuum by using an etficient meohanical vacuum

pump (about 1 mm. vaouum) with repeated additions and evap

orations of amall volumes of chloroform dried over oalcium

hydride, we obtained a small volume of a highly viscous oil.

It was plaeed in a highly evaouated desicaator over oaloium

hydride. The final form of the material was a waxy solid in

which a small amount of crystalline material was suspended.

A small sample of this material wastriturated with dry
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ohloroform. The waxy solid dissolved freely; the orystal

line solid ramained undissolved. Sinoe the orystals dis

solved in water. it was assumedthat they are particles of

unreaoted glyoine. Another sample of the waxy solid was

tested for its properties. It waS found to be extremely

hygroscopio (a amall piece of it left in air soon turned

into a liquid droplet), treely soluble in water. anhydrous

ethanol. anhydrous chloroform, and dîmethyl formamide,

tairly soluble in anhydrous tetrahydrofuran, and insoluble

in anhydrous toluene, diethyl ether, and oarbon tetraohloride.

The remaining orude produot (38 g.) was purified by the

above desoribed prooedure (suspended in ohloroform. filtered

and the crystalline solid which welghed 4.5 g. was disoarded

after being washed several times with dry chlorotorm). The

oambined volume of the filtrate and ohloroform washings

oontaining the purified product (33.5 g.) was adjusted to

70 ml. by turther addition of chloroform. A 5-ml. portion

of thls solution (contalning 2.39 g., i.e. 10.6 mil1imoles

of benzyltrimethylammonlum glyoinate) was added to the chlo

rotormic solution of the mixed anhydride previously prepar

ad from 2.1 g. (10 millimoles) phthaloylglyoine. 2.4 ml.

(1.9 g., 10 mi11imo1es) tri-n-buty1amine. and 1.4 g. (10

millimo1es) isobutyl chloroforminate in 10 ml. chloroform

by the procedure desoribed above (Exp. 6.a.). Instantaneous

evolution of oarbon dioxide ooourred, which diminished after

a while but continued on shaking of the solution for about
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one-halt hour. The solution was allowed to stand at room

temperature overnight, washed with dilute hydrochlorlc acld

several times, then with water, and heated caretully ln

order to remove excess chloroform. The yellow olly resldue

was trlturated with a small volume of water. A salld slow

1y separated. It was isolated by filtration and drled.

Weight: 1.91 g.J which represents 7.30 millimoles of

phtha1oylglycylg1ycine (73.0 per cent yie1d); m.p. 228°0.

(lit. 229-231°0.) (50).
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l n t r 0 duc t 'i 0 n

COMPOUNDS

Silicon oompounds are known in many oases to be consid

erably more stable thermally than their carbon analogues.

Consequently, the relative instability of the carbonlc-carb

oxyllc anhydrldes, the detrimental effect ot whlch was dis

cussed ln the prevlous chapter (cf. page 155), led us to

consider the potentialities of mixed silicic-carboxylio anhy-

drides. Â survey of the literature revealed atew recent

reports on the preparation of acetoxysilanes either fram

anhydrous sodium acetate and chlorosilanes, like silicon

tetrachloride (123, 127), ethyltrichlorosilane (126), or

trlmethyloh1orosi1ane (123), or from acetic acid and sili

con dlsulphide (124, 125). An lsolated report of the abil

ity of these anhydrides (sometimes oalled "esters") to

acylate amines has also appeared (125), although no percent

age yields were Included.

D 1 s eus s ion of' Results

As sample amidation reactions designed to ·t es t the reaa

ibility of this method, the formation of phenaeeto~p-toluidide

•and ot hippuroanilide were chosen. Preliminary expertments

showed that in both oases amidation occurred when silicon

tetrachloride was used, while application of trimethylchloro-
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sllane resulted on1y ln the reoovery of the phenacetic or

hlppurlc acld, respectlvely.

The averall scheme of thls new method can be out1ined

ln the fo1lowing way:

4 ReOOR + 4 NHR'3 ~
,

4 RCOOH.NR5 + 51014 '

+ 4 NHaR" 4 ReONHR"
_ Sl(OR)4 po

For example, when phenaceto-p-toluldlde ls to be prepared,

R ln the above scheme represents the benzyl group, w~lle R"

, l s the p-toluyl group. The flrst two atepa, formatlon of

trlethylammonlum phenylacetate and Ita reactlon with slll~

con tetrachlorlde in anhydrous benzene, were found to be

exother.mlc reactions which resulted in formation of a

heavy precipltate. {It is advisable to add silicon tetra

chloride to the carboxyllc salt, and not vice versa, be

oause of the posslbility of the sillcic-carboxylic anhydride

being converted to acy1 chlorides plus ai1icio acid in the

presence of excess ot silicon tetrachloride: {RCOO)4S1 +

5iC14 ----. 4 ReOel + R4Si04 ( ct. 306).) On the other hand ,

when p-toluidine was added to the reaction mixture, no vis

ible changes were apparent. Therefore at this stage the

reaction mixture was 1ett shaking on the vibrator for a very

long time (e.g.twe1ve hours) in order to allow the reaction
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to prooeed as far aS possible. S1m1lar observations were

made when hippuric acid and aniline were subjected to this

procedure. However, while the isolation of the precipitate

by filtration in the former case was a relatively easy task,

the filtration ot the reaction mixture in the second case

was rather time-consuming, because of the gelatinous char

acter of the precipitate. Recrystallizations of these

precipitates from ethyl alcohol yielded phenaceto-p-toluid

ide, or hippuroanilide, respectively.

Since the yields were below 50 per cent (of. Exp'ts

7.a.1. and 7.b.) some doubt existed as to the correct in

terpretation ot the oourse of the aeylation; i.e ·whether

disproportionation had perhaps ocourred which would result

in the symmatric earboxylic anhydride becoming the acylat-

ing agent. In such case, the yield ot the amidation reaot

ion could never be above the 50 par cent value of the

theoretical yield. or course, another hindranoe might be that,

as the number of chlorine atoms in the silane mole cule de

oreases, the tendency of the chlorine atoms to be replaced

by the acyloxy group decreases also.Indeed, as was noted

above, trimethylchlorosilane did not seem to react in the man

ner observed with silicon tetrachloride.

A series of experiments was started in order to determine

the optimal procedure for isolating the desired product tram

the reaction mixture (Exp'ts 7.a.1.). Surprisingly, the

best yie1d was obtained by shaking the reaotion mixture with
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an aqueous solution of sodium hydroxide. Apparently the

removal of the silicic acld by"dlssolving it in alkaline

medium resulted in lees reduction of yield than when it

was removed by filtration. Application of this procedure

to the larger amounts of reactants resulted in a 57.5 per

centyield ot phenaceto-p-toluidide.

Thus, the feasibility of the new route of amidation,

schematically described in the equat10n on page 174 is

proved. A new method has been deve1oped, which has the

advantage of hav1ng a thermally stable intermediate.

Exp e r i men t a l Pro c e dur e s

Experiments 7.a.

Preparation of p-Phenacetotoluid1lie

Phenacetic ac1d (13.6 g., 100 mi11im01es) and 14.0 ml.

ot triethylamine (11.9 g., 100 mi1limoles) were diss01ved

in 25 ml. "dr y benzene. While the reactante diseolved, evo

lution ot heat waa observed; theretore the mixture was

cooled unti1 no turther heat evo1ution took place. The

solution waa then cooled on iee and 4.18 g. (24.7 millimoles)

of silicon tetrachloride diasolved in 5 ml. of dry benzene

was a10w1y added under constant stirring. Because of the

great aensitivity of si11con tetrachloride to moisture, the

container was stoppered and both the stirrer and the stem
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ot the separatory tunnel (which contained the benzene solu

tion ot silicon tetrachloride) were snugly titted in the

cork stopper. No glass joints were used because they could

be sealed by the ettect of silicon derivatives. Atter all

the s1licon tetrachlor1de was added to the react10n mixture,

a turther 10 ml. otdry benzene was added (because the ab

undant prec1pitate solidified the react10n mixture) and the

contents were shaken on the vibrator tor three hours. At

the end of this per10d, a tine, white precipitate settled

to the bottom, while the supernatant 11quid had a canary

yellow colour. A solution ot 10.72 g. (0.10 mole) p-tolui

dine in 15 ml. dry benzene was added and the mixture was

shaken for another twelve hours on the vibrator. The re-

action mixture became honey-coloured, homogeneous, viscous

liquid. The suction filtration separated the finely divid

ed (almost colloidal) precipitate, which turned out to be
1

a yellowish powder weighing 25.7 g. (atter being dried in

the dessicator). It did not have any def1nite melting

point (sottening started at 30°0.). Evaporation ot the

tiltrate to approximately 5 ml. yie1ded 1.70 g. (7.55 mi11i

moles ot phenaceto-p-toluidide) of white preclpitate, m.p.

130-1°0. (lit. 130-2°0.(297), 135-6°0.(298)).

The first crop was divided into tive 5-g. parts. Each

part was subjected to ditterent treatment in order to

determine the best procedure tor recovering the product:
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a) A 5-g. a1iquot was suspended in 40 ml. benzene, the

suspension boi1ed for one minute, and filtered while

hot. The undisso1ved part weighed 2.52 g. A melting

point determination showed that this materia1 soft

ened above 100°0., remained unahanged to about 200°0.,

when further softening was observed; at 235°0. re

solidifioation ooourred (disoo10uration at 230°0.),

and no turther ohange was observed up to 270°0. The

tiltrate was ooncentrated to approximately 5 ml. It

yielded 0.84 g. ot white miorocrystalline preoipit

ate, which sottened at 70°0. and melted at 77-82°0.

Washing this preoipitate with normal sodium hydrox

ide yielded 0.66 g. (2.93 millimo1es of phenaceto

p-toluidide), m.p. 130-131.5°0.

b) Another aliquot was suspended in 40 ml. ethyl aloohol

and further treated in the manner desoribed above tor

the tirst a1iquot. The undissolved part weighed

0.57 g., sottened at 120-140°0., disco1ourized above

200°0. and did not change further up to 270°0. The

fi1trate (atter being evaporated to approximate1y

5 ml.) yie1ded 1.26 g. of white precipitate, whlch

softened at 75°0., and me1ted at 79-86GC. Washing

this precipitate with normal sodium hydroxide yie1d

ad 0.84 g. (3.63 millimo1es), m.p. 131-2°0.
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e) An aliquot was suspended in &00 ml. hot water and

further treated in the manner described above for

the first aliquote The undiss01ved part weighad

1.38 g., m.p. 125°0. (approximataly; softened at

90°0.). Reorystallization fram ethan01 yie1ded

0.54 g. (2.40 millimoles), m.p. 130-1°0. The part

whioh did not dissolve in ethanol weighed 0.30 g.,

no m.p. up to 270°0.

Evaporation or the filtrate yie1ded a brownish

gray sédiment, m.p. about 40°0.

d} An aliquot was suspended in 40 ml. benzene, the

suspension was boiled for one minute, 100 ml. of

5 per cent aqueous solution of sodium hydroxide

was added, and the mixture was stirred vigorous1y

for one hour. The benzene layer was then separated,

reduced to about 5 ml., and allowed to cool. The

crystals weighed 1.02 g. (4.53 millimo1es), m.p.

131°0.

Mu1tiplying the amounts of the is01ated phenaoeto-p-toluidlde

by fiye and addlng the amount obtained by evaporation of the

flrst filtrate (1.70 g., 7.55 mi11imoles), the fo110wing

yields were ca1culated for the four procedures above:
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Halt amounts of the reaotants used in Exp. 7.a.l. were

treated in the same manner up to the point where the pro

longed shaking of the reaotion mixture on the vibrator (for

twelve hours) was oampleted. Instead of isolating the pre

oipitate as was done previously, 100 ml. of normal sodium

hydroxide solution was added and the mixture shaken vigor

ously for one hour. The benzene layer was then separated,

heated,and filtered while hot in order to tree it fram a

few semi-solid partioles. The filtrate was oonoentrated

to approximately 20 ml. volume. Orystallization upon 0001

ing produoed 5.53 g. of white leaflets, m.p. 133-133.5°0.

Further evaporation yielded 0.94 g. of the second orop,

m.p. 130-3°0. (softening at 124°0.). The total yie1d,

6.47 g., represents 28.8 mi1limo1es of p-phenaoetoto1uidide

(57.5 per oent yie1d).

Experiment 7. b.

Preparation of Hippuroanilide:

Hippurio acid (3.58 g., 20 mi1limoles) and 2.8 ml. ot

triethylamine (2.02 g., 20 millimoles) were dissolved in

30 ml. toluene with cooling (prolonged shaking was required

to bring these reactants into solution). A solution ot

0.84 g. (4.97 millimo1es) silicon tetraoh10ride in 5 ml.

toluene was added with oonstant oooling and vigorous stir

ring. The reaotion mixture Was shaken on the vibrator tor
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. three hours. Then 1.82 ml. of aniline (1.86 g., 20 mi11i

moles) was added and the mixture was shaken for another

twelve hours on the vibrator. The reaction mixture was

ye110wish and contained a large amount of brownish-yellow

precipitate, which was separated by suction filtration.

It consisted part1y ot a microorystal1ine ye1low matter

and partly ot a brownish ge1atinous jel1y, which made fil

tration very ditticult. The filtrate was then evaporated

to one-third ot its original volume. A small amount ot

white precipitate separated, m.p. 213-4°C. The original

precipitate was dissolved in hot ethyl a1oohol. The un~

dissolved oo110idal particles were isolated by filtration

through a heated tunnel. Weight: 0.10 g., no m.p. up to

280°0. (browning observed above 240°0.). The tiltrate

gave, upon cooling, a yellow precipitate, which had a very

wide m.p. (trom 170°0. up). Theretore it was reorystalliz

ed tram 20 per cent ethanol. The product had a brownish

tinge; weight 1.57 g., m.p. 206-9°0. (6.19 millim01es ot

hippuroanilide; 31.0 per cent yie1d). Second recrystal

lization .ot a part of the product fram 20 per cent ethanol

gave white crysta1s ot m.p. 212-4°0. (lit 213-5°0.) (307).



S U Il JI A R Y

As was explained in the General Introduotion (of. Page 1),

we have oonoentrated our attention on two aspeots of the gen

aral problem of peptide synthesis. Therafore, this Summary

consists of two groups of statements.*

Results of the study of methods by which amino aoids oan

be rendered monofunotional may be summarized as follows:

A. Means for the proteotion of the oarboxyl group:

a) The teohnique of azeotropio distillation has been applied

with suooess to the direot esteritication of amino aoids

with benzyl aloohol. For this purpose the amino aoid was

temporarily oonverted to an arylsulphonate. Benzenesulph

onio aoid may be tised, but p-laurylbenzenesulphonio aoid

appears to be preferable, since its amino aoid salts are

soluble in anhydrous organic solvents.

(cf. Pages 83-85 and Experiments l.b.)

b) During the oourse of thla work, p-toluenesulphonio

aoid was round to be satistaotory as a variant tor the

benzenesulphonio acid in the Miller-Waelsch Method tor the

* In this Summary,· eaoh statement is tollowed by a referenoe
to the relevant pages of disoussion and the number of ex
perimenta. For the oonvenience ot the reader, the numbers
and looations of eaoh experiment (or group ot experiments)
are listed on Page 192.
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synthesis of benzyl esters of amino acids and a compound

prev10usly unreported, v1z. benzyl ester ot DL-leucine

hydrochloride, has been preparad.

(of. Pages 79-81 and Experiments l.a.)

c) The poss1bi1ity ot preparing orystalline (and stable)

esters ot amine ao1ds oontaining substituted benzyl groups

has been examined. 4-Chloro- and 2,4-diohlorobenzyl est

ers ot an NH2-protected amine aoid (benzoylglycine) have

been prepared trom the oorresponding benzyl ohlorides and

shown to have signitioantly higher melting points than

the oorresponding simple benzyl esters. However, benzy1

oh1orides were tound to be unsuitable reagents for pre

paring benzyl esters ot unproteoted amino acids.

(ot. Pages 81-83 and Experimenta 1.d.)

B. Means tor the protection ot the amine group:

d) Phthaloylam1no acids have been prepared tram amine

acids and phthal10 anhydr1de by an improved method in

volving glaoial aoetic aoid as a reaction medium. This

teohnique results in easier separation of crysta1line

products ot high purity.

(cr. Pages 98-99 and Experimenta 2.a.)

e) 3-Nitro- and tetrachlorophtha11c anhydrides have been

shown to be more satisfàotory than phthalic anhydride tor

the phtha1oylation ot several amino acids. The producta

tend to have higher meltlng points and to crysta111ze
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wlth greater facl11ty. In the course of thls work the fol

lowlng new campounds have been prepared and characterized:

3-nitrophthaloylglyclne, 3-nitrophthaloyl-DL-isoleucine,

3-nitrophthaloyl-DL-norleucine, tetrachlorophthaloylglycine,

and tetrachlorophthaloyl-DL-norleucine.

(cf. Pages 99-101 and Experimenta 2.b. and o.)

f) Su1phonation, which has recently become a favoured meth

od for the NHa-proteotion of amino acids and which oammonly

involves a solution of the p-toluenesulphonyl chloride in

an organic solvent and potassium (or sodium) hydroxide as

a base, has been modified to give improved yie1ds. lmport

ant factors appear to be the choice of the organic solvent

and the mode of additions ot su1phonyl chloride and of

alkali to the amino acid. In the course of this work, a

compound previously mentioned (as an intermediate) but not

described in the literature, vlz. p-toluenesulphonyl-DL

leucine, has been characterized.

(ct. Pagea 111-113 and Experiments 3.a.1. and 3.b.)

g) A ~rapid method" for the synthesis of su1phonated amine

acids in which potassium hydroxide is replaced by barium

hydroxide was deve1oped. A water-insoluble barium salt of

the su1phonated amino acid ia for.med as an intermediate.

Compounds of this type have not been previous1y described.

(cf. Pages 113-116 and Experimenta 3.a.2.)
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Results of the study ot amidation reactions fram the

standpoint of oontrolled peptide synthesis may be summar

ized as follows:

a) p-To1uenesu1phony1amino acida have been found to be

suitab1e as starting materia1s for the enzymatic synth

esis ot amides and peptides, while phtha1oy1amino acida

have been found ta be not susceptible to the affect of

papain. (ct. Pages 121-131 and Exper~ents 4.)

b) A sucoesstu1 attempt has been made to app1y the tech

nique of azeotropic distillation to the direct condens

ation of two compounds, one with a free carboxy1, the

other with a free amino group. Several amidations were

pertormed by this technique, which offers promise as a

new method for the synthesis of peptides. During the

course of this investigation, benzoy1glycine p-to1uidide

was characterized. (cf.· Pages 140-145 and Experiments 5.)

c) Applioability of the benzyl esters of amino acida to

the Boissonna8-Vaughan-Wieland method of peptide synthes

18 waS prov.d. In these experiments carbonic-carboxylic

mixed anhydrides of phthaloylamino acida were the acylat

ing agents. Benzyl esters of amino acld hydrochloridea

have been found to be superior to the benzyl esters ot

the amino acid benzenesu1phonates. Two new compounds

were prepared and charaoterized: benzy1 phtha1oy1g1ycyl

glycinate, and benzyl phtha1oylg1ycyl-DL-leuclnate.

(cf. Pages 154-155 and 159 and Experimenta 6.a.)
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d) The prob1em of using carboxylio salta without simultan

eously adding a reaotive solvent (e.g. water), whioh oom

petes with the amino group tor the reaotion with the mix

ed anhydride, was solved by employing the qu~ernary,

ammonium hydroXide as a base. The resu1tant salt was

found to be falrly soluble in aserles of inert organlc

solvents. (of. Pages 156-159 and Experiments 6.c. and d.)

e) With a view to overoaming the instability of mixed

carbonic-carboxylio anhydrides. thioanalogues of the chlo

roformates were prepared and evaluated from the standpoint

ot their applicability to peptide synthesis. Thioohloro

formates ot the type CIOSOR are unsuitable, while C1COSR

type of thioohloroformates. although applicable does not

otfer any marked advantages. A new compound, viz. n-pen

tyl chlorooarbothiolate, was prepared.

(of. Pages 155-156 and Experiments ô.b.)

t) A new path to the formation of peptide bonds has been

explored by studying the reaotions of silioon tetrachlo

ride and of trimethylchlorosilane. In both oases attempts

were made to prepare mixed si1ioio-carboxylio type anhy

drides and to apply them as intermediates for acylating

amine oompounds. While trimethylch1orosilane did not seem

to give the desired reaotions, the application of silicon

tetrachloride resulted in deve10pment of a new method of

amidation. (cf. Pagès 173-176 and Experiments 7.)
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g) A systamatic classification has been campiled ot meth

ods reported tor the controlled synthesis ot an amido~

linkage. on the basis ot which suggestions have been

otfered tor fruittul lines of investigation. It i8 hoped

that this classification will be of service for turther

work in the project of whlch this work is the initiating

part. (ct. Pages 12·59 and Table l.)



CLAIMS T 0 ORIGINAL RESEARCH

1.
The technique ot azeotropic distillation has been suc-

cessfully applied tor the tirst time to the esterifioatlon

of amino aoids.

2.
The problem of dissolving amino aolds, which have their

amino group proteoted in the torm ot sulphonates, in inert

solvents has been solved by employing benzenesulphonic acid

having a long aliphatio side chain.

3.
During the course ot investigating the possibility of

preparing crystalline benzyl esters ot amino acids, mono

ohloro- and dichlorobenzyl esters of a substituted amino

aoid have been prepared tor the first time and charaoterized.

4.
An improved method tor the preparation ot phthaloylamino

aoids has been developed whioh is marked by the taoility

with whicb. pure produots can be isolated in crystalline

form..

5.
Substituted phthaloyl groups, 3-nitro- and tetrachloro-,

have been shown to otter advantages tor the NHa-protection

ot amino acids. Such amino-aeid de~ivatives, prepared for

the tirst time, are marked by higher melting points and

more facile crystalllzation than the unsubstituted phthal

oylamlno acids whloh have been used heretotore.
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6.
A variation of an existing method and a new method have

been developed for the synthesia ot sulphonated amino

acids. The former posses the advantage of leading to high

er yields. while the latter provides a more rapid synthesia

of the producta.

Sulphonatad &mino acida have been amployed tor the first

tfme in enzymatieally-catalyzed amldation reactions.

8.
Direct condensation of the carboxyl with an amino group

by the technique of azeotropic distillation with the result

ant formation of the amido bond has been accomplished for

the first time.

Benzyl esters of the amino acids have been found to be

suitable for amido-bond synthesis by the mixed carbonic

carboxylic anhydride method.

10.
Use of the salt-type of protection for oarboxyl groupa

in inert solvents has been made possible for the first

time by employing a quaternary ammonium hydroxide as the

base. Up until now. watar has been the only possible,

and not very sultable. solvent.

11.
The applicability of mixed tbiocarbonlc-carboxylic an·

hydrides as intermedlates in peptide synthesis has been

investigated for the first time.
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12.
A new method ot amidation has been deve10ped, based on

the mixed orthosilioic-carboxylic anhydrides.

13.
Systematic classifioation ot amidation methods and ot

proteoting groups applicable tor peptide synthesia has

been arranged tor the tirst time.

14.
The t01lowing compounds, previously unreported, or menM

tioned without conclusive data, have been prepared and

characterized: benzyl DL-leucinate hydrochloride (p.86),

4-ohlorobenzyl benzoylg1ycinate (p.95), 2,4-diohloroben

zyl benzoy1glycinate (p.96), 3-nitrophthaloylglyeine

(p.105), 3-nitrophthaloyl-DL-isoleucine (p. 106), 3-nitro

phtha1oyl-DL-norleucine (p. 107), tetrachlorophthaloylgly

cine (p. l08), tetrach10rophthaloyl-DL-norleucine CP. 109),

p-to1uenesu1phonyl-DL-leucine (p. l26) , benzoy1g1ycine

p-t01uidide (p. 148), benzyl phthaloylglycy1glycinate

. (p. 163), benzy1 phtha1oy1g1ycy1-L-1eucinate (p. 163), n

pentyl ch10rocarbothiolate CP. 166), benzyltrimethy1am

monium g1ycinate (p. 169).

15.
No previous reports were tound on the tollowing cam

pounds which tigured as intermediates in the above-des

oribed work: p-toluenesulphonic acid salts ot amino aoids

(P. 87), glycine p-1aurylbenzenesulphonate (p. 91), barium

salts ot glycine and ot p-to1uenesulphonylg1ycine (P. 122

126 and 114), mixed anhydride tram phthaloy1glycine and
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n-penty1 ch1orocarbothio1ate (P. 156). benzy1trimethy1

ammonium phtha1oy1g1ycy1g1ycinate (p. 171). mixed anhy

drides or the orthos111cic acid with phenacetic ac1d

(P. 176 and 180) and or the orthosilic1c acid w1th ben

zoy1g1yc1ne (P. 180).
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