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ABSTRACT

CHAPTERS I AND II

A new method for measuring the primary kinetic isotope effect
(kH/kD) is described. The method is applied to distingulsh between
two mechanisms (enolization and oxazolone formation) for racemization
during peptide synthesis with two model systems. Racemization during
the synthesis of the Young model peptide via the acyl azide, mixed
anhydride or two benzisoxazole-derived phenyl esters is shown to be
oxazolone mediated under all conditions used. Racemization during
the synthesis of the Anderson model peptide via the mixed anhydride
or the Kemp-Chien reagent is best interpreted as oxazolone mediated.
The acyl azide is racemized via an enolization mechanism in the
presence of tertiary amines in nonpolar solvents. Under the same
conditions in polar aprotic media, enolization and oxszemlone for-
maticn are shown to be competitive.

CHAPTERS III AND IV

Factors influencing the design of effective peptide reagents
are described. The interconversion between a catechol moncester
and the corresponding oxazolone is elaborated using double radio-
tracer techniques. The equilibrium constant for the ester-oxazolone
reaction under basic conditions is defined. Rate constants for
amino acid coupling via the catechul ester derived from the Kemp-
Chien reagent are measured. The effects of amino acid side chains,
temperature, basicity and solvent are described.
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INTRODUCTION

Exciting advances in peptide chemistry have appeared during the
last decade. Substances exhibiting enzymatic activity have been syn-
thesized and new hope prevails that life-gustaining chemical reactions
might soon be understandable in terms of structure-function relation-
ships. Before this goal can be acheived, convincing methods of
structure proof for synthetic macromolecules are necessary. The abso-
lute methods (X-ray crystallography, neutron diffraction) are presently
so impractical that their routine use in the near future appears un-
likely. Other spectroscopic techniques lack the requisite analytical
power.

Biological assay cannot be employed for structure proof until the
structure-function relationship has been shown to be specific in a
predictable sense. 8ince one purpose of future synthesis will be to
prove (or disprove) this very specificity, the current use of bioassay
as a structure-determining method is groundless.

Peptide chemists agree that the structure problem will yield most
readily to a statistical attack: by improving synthetic techniques,
confidence in the structure assigned the synthetic product might be
raised to near surety. The methodology to be used for these improve-
ments is presently an intensely debated subject, with opponents in
clearly distinguishable camps. One group champions a synthetic strategy

in which single amino acids are added to a growing peptide chain; the



other schemes to combine peptide fragments of increasing size. A few
chemists change allegiances in mid-synthesis.

There are no panaceas; both schemes have unique advantages and
disadvantages. The linear scheme offers apparent freedom from rac-
emization but suffers the problem that intermediates cannot be
efficiently purified. Its proponents face the task of driving all
reactions to completion. The pyramidal schemes provide
readily purifiable intermediates but encounter the problem of racem-
ization. 1Its proponents search for efficient methods of coupling
large peptides.

The research program pursued in these Laboratories is allied to
the latter methodology. With the premige that advances in this camp
are critically dependent on a detailed understanding of the racemiza-
tion problem, racemization studies have been our major concern. The
first phase, in which a new and supersensitive method for the detec-
tion of racemization was developed, is now near completion. This thesis
describes the second phase - a mechanigtic study of racemization - and
hopefully provides the basis for the most rewarding phase: the rational

design of effective peptide reagents.



CHAPTER I

When faced with a choice between two mechanistic
possibilities. I am happier with the one with the larger
number of intermediates, since that one will be the
easier to prove or disgprove.

D. S. Kemp
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ASPECTS OF THE RACEMIZATION FROELEM

The dimensions of the racemization problem are most easily grasped
by considering the synthesis of a substance with three chiral sites,
i.e., a tripeptide. Assuming that amino acids A, B and C are avail-
able in cptically pure form and racemization occurs only when the amino
acids are introduced into the sequence ABC, the fraction of.desired

product (ALBLCL) is given by (1), wherein a, B and y represent the

—> ARC ABC =(1- gm - §><1 - 5) (1)

percent racemization suffered by A, B and C respectivel&. From the 11-
lustration (Fig. 1) for the cases 0 = B = 20%, » = 305 and @ = B =

Y = 100%, it can readily be appreciated that syntheses in which racemi-
zation occurs require purification at each step if isolation of the
desired product is to be achieved.

Lest the reader cavil at the significance of much lower levels of
racemization, Table 1 hag been included. The calculations assume that
the racemization level for each amino acid is constant and are based
on the formmule (1 - ’;ac)n’ where n represents the mumber of chiral

sites in the peptide. The figures refer to the fractional yield of the

chirally homogenous product.
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Filg. 1
Table 1!
4 enantiomer
n 10 1 0.1
oxytocin
10 0.35 0.90 039 insulinm, ACTH, ferridoxin
-5
100 3 x 10 0.37 0.91 ribomiclease, lysozyme
1000 L L x 10-5 0.37 hemoglobin

(1) J. P. Greenstein and M. Winitz, “Chemistry of Amino Acids," John
Wiley and Sons, Inc., New York, N.Y., 1961, p. 94T,



Coincidentally these figures can also be applied to another impor-
tant aspect of peptide synthesis,the yield (n = the number of steps
and % = the incompleteness of reaction for each step). The synthesis®
of a substance with ribomucleic activity, in which » 11C0 steps were
involved without purification of intermediates,would make an inter-
esting example if the average % incompleteness werz known. The
steps most vulnerable to incomplete reaction are the coupling steps
(n = 128), which have recently been examined for solid phase peptide
synthesis.® Results for the synthesis of a dodecapeptide indicate
the incompleteness of each coupling step varies between 0.5% and
50%:

In the light of the important consequences of racemization levels
between 0.1 and 1%, it is remarkable that only in the present year
bas & technique been developed that can accurately measure racemate
levels in this range. Kemp* has assessed the extent of racemization

during the preparation of the Young® (2) and Anderson® (3) model

(2) B. Gutte and R. B. Merrifield, J. Am. Chem. Soc., 91, 501 (1969).
(3) H. Hagemmaier, Tet. Lett., 283 (1970).

(4) D. S. Kemp, S. W. Wang, G. Busby,III, and G. Hugel, J. Am. Chem.
Soc., 92, 1043 (1970).

(5) G. W. Anderson and F. M. Callahan, ibid., 80, 2902 (1958).

(6) M. W. Williams and G. T. Young, J. Chem. Soc., 881 (1963).
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peptides® by a variety of commonly used peptide reagents.

Bz-1-Leu-OH —> Bz-L-LeuGly-OEt (2)*

Z-Gly-L-Fhe-OH ——> Z-Gly-L-Phe-Gly-OEt (3)

The results (Table 2), which show the recemate observed under
optimal conditions for each method, indicate that even the best
peptide coupling methods presently in use are not free of racemiza-

tion.

The use of model peptides is dictated by the lack of
methods for detecting a single racemized site in a large peptide.
A recently explored possibility,7 involving hydrolysis, esterifica-
tion,and vpc analysis on cepillary columns coated with optically
active substances appears to have few advantages over the classical
method of enzymatic digestion.

(7) E. Bayer, et al., J. Am. Chem. Soc., 91, 1735, 1738 (1970).

f&bbreviations are according toc standard peptide nomenclature.
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TABLE 2%
Anderson Young
Method $rac %rac
Acyl Azide 0.01 0.15
Kemp-Chien Reagent® 0.01 0.15
p-Nitrophenyl Ester 0.1 ————
Woodward's Reagent K° 2.1 8.5
Mixed Anhydride!® 0.01 0.k

It mist be borne in mind that these are model systems; infor-
mation concerning racemization during the coupling of larger peptide

fragments is not available. The definition of fraction racemate (k&)

DL _ rate of rac
L+ DL =~ rate of coupling + rate of rac

fraction rac =

suggests that for couplings involving larger peptides the racemate

level would increase since the coupling rate should show sensitivity

(8) D. S. Kemp and S. W. Chien, J. Am. Chem. Soc., 89, 2743 (1967).

(9) ?. gg. )woodmd, R. A. Olofson and H. Mayer, ibid., 83, 1010
1961). —

(10) G. W. Anderson, et al., ibid., 89, 5012 and 7152 (1967). These
results are described in the experimental sections of this thesis.
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to the steric bulk of the peptide compcnents. The effect of size on
the racemization rate has yet to be explored. Indeed,little infor-
mation regarding the racemization rate can be found in the peptide
literature; only scattered reports of the effect of salvent and
temperaturel! on racemization levels have appeared.

In order to define the factors that influence the raceixizstion
rate,we felt it was essential to understand the racemization process in
great detail,and to this end a study of the racemization mechanism

was undertaken.

(11) F. Weygand, A. Prox, L. Schmidhammer and W. Konig, Angew. Chem.,
15, 282 (1963).
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The Mechanisms of Racemization

Any study of racemization mechanismsmust include consideraticn
of the well-known oxazolone or azlactone pathway. These substances
(Fig. 2), which heve always played an integral role in the chemistry
of amino acids, can be generated from acyl amino acids by a variety
of dehydrating agents.

Fig. 2
NHo-CHR-COoH Ac-NH -CHR-CO2H

Ac20 Aco0
ACoH

o H
R A
-— /}
O \
Oxazolone \’.CEvO—PNTidine

R'NHo | 1) R'CHD, Ho  Ac-NH-CHR-COCHs + CO
(R=H)
2) Hs0 ¥
NHo-CH-COoH
Ac-NH-CHR* CONHR ' Ho

L

The rich chemistry of oxazolones,'2 which includes amino acid

(12) For reviews see J. Cornforth in "The Chemistry of Penicillir,"
H. Clarke, Ed., Princeton Univ. Press, Princeton, N.J., 19L5,
P. 730 ; and H. E. Carter in "Organic Reactions," Vol. III,
John Wiley and Sons, Inc., N.Y., 1946, Chapter 5.
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syntheses, acylamino ketone syntheses as well as peptide synthesis is
mostly a consequence of the lability of the qa-H bond. It is just
this feature of oxazolones that made them attractive intermediates for
the racemization mechanism. The actual participation of oxazolones in
the racemization of acylamino acids was suggested by Bergmann and

collaborators’ in 1926.,13214  (pig. 3).

FIG. 3

cat. Acz0
AC NH;C?R-COQH or oXAzolone racemate
(L

but

Et-0CO-NH-CHR-CO2H

or Ac-N-CHR-CO-H -—-+9L——+> racemate

|
R'

(L)

(13) M. Bergmann and H. Koster, Z. physiol. Chem., 159, 179 (1926).

(14) M. Bergmann and L. Zervas, Biochem. Z., 203, 280 (1928).

# The experiments outlined above bore fruit in the form of the im-
measurably valuable benzyloxycarbonyl(carbobenzoxy, Z) protective
group. Urethane groups had previously been used by Fischerl®S but
had been abandoned due to the fact that they could not be selectively
removed. The benzyloxycarbonyl function, introduced by Bergmann
and Zervas in 1932,1€ became the first and foremost sclectively
removable blocking group in peptide synthesis since it could be
removed by catalytic hydrogenolysis.
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Inasmch as acylamino acids are model peptides, it was inevitable
that the oxazolone mechenism would be expanded to account for the
racemization of all activated peptide derivatives, especilally active
esters, when these latter substances appeared in the peptide chemistry
scenerio. The p-nitrophenyl (OPNP) esters are the most extensively
studied and oxazolones can be isolated when these esters are

treated with tertiary amines.l”

R o R o
T e N —
ks ¥

In an elegant investigation Young'® was able to show that the
intermediacy of oxazolones was both sufficient and necessary to

account for tke racemization of

(15) E. Fischer, Ber., 36, 2094 (1903).
(16) M. Bergmann and L. Zervas, Ber., 65, 1192 (1932).
(17) M. W. Williams and G. T. Young, J. Chem. Soc., 3701 (196k4).

(18) I. Antonovics and G. T. Young, Chem. Comm., 398 (1965).



-19-

p-nitrophenyl esters under these conditions. Since this beautiful
experiment alone provides the basis for the argument that racemization
of peptide-activated species proceeds via oxazolone intermediates,

it will be described in some detail (Fig. 4).

The p-nitrophenyl ester of Benzoyl-Gly-L-Phe (1) was treated with
triethylamine in the presence of a ten-fold excess of the oxazolone
(II). This latter reagent was used to trap any phenol (generated by
the collapse of the ester (I) into the corresponding oxazolone (III))
and thus preclude the formation of racemic ester by the return reaction

(III) and (IV) — IL (I). When the optical rotation of the system

FIG. k4

Bz« Gly-L-Phe-OPNP

I - L EtaN Z-NH-CHp %
II

4co-NH-C * lome ]

ITT $

IV

Z-Gly- 01 Phe-OFNP

had fallen to half its initial value, the reaction was quenched by acids

and the recovered ester I was found to be "scarcely changed in rota-
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tion". Thus Young concluded that the oxazolone was responsible for
the racemization.

The control experiments (unfortunately not described) indicated
that as much as 10% racemate in the recovered ester I could have
eluded detection by the analytical procedure used (polarimetry).

Among tertiary bases, triethylamine has been shown to be among the
least effective éatalysts for the racemization of p-nitrophenyl esters
by mechanisms which do not involve oxazolones.* It would seem that
generalizations toward the racemization behavior of other systems
should be made with caution, yet this study - which lacks & single
reptide ccupling - is entitled "The Mechanism of Racemization during
the Coupling of Acyl Peptides." Despite the minor blemishes of this
study, there is little doubt that oxazolones can sufficiently account
for the racemization of activated peptides by strong bases.®

Evidence also exists that substauces capable of forming oxazolones
racemize more readily than nearly identical substances which, by

virtue of their blocking groupe,are incapable of oxazolone formation.

#  Ref. 28 (also discussed in This Thesis).

(19) Goodman and Stuben have reached similar conclusions for
the reaction of a peptide p-nitrophenyl ester with hydroxide
ion, J. Org. Chem., 27, 3409 (1962).
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relative racemization

ratet
active ester (EtaN in CHCls)
Z-L~FPhe-OPNP 1
Phth -~L-Phe-OPNP 10
Z- Gly-L- Phe-OPNP 50

The argument for oxazolone-catalyzed racemization rests on
the evidence summarized as follows:
1. Through the action of dehydrating agents, acylamino
acids can be completely racemized by conversion to

oxazolones.

2. Peptide-activated species can be converted to oxazolones

by treatment with strong bases.

3. Oxazolone-catalyzed racemization appears to be a more
facile process than other mechanistic pathways, ceteris
paribus.

Since all of this evidence has been produced under conditions

in which large (10-100%) levels of racemization are observed, the

# Phth = phthaloyl.

t+ Calculated from polarimetric data given by G. T. Young and
B. Liberek in Proc. Sth Fur. Pept. Symp., Noordwijk, 55 (1967).
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oxazolone argument, when applied to peptide coupling ccnditions, is
clearly one of analogy. Yet other mechanistic possibilities exist
which can also be applied by the same argument.

Direct enolization (in its various forms)*is a mechanistic
possibility which has, in fact, been explored for amino acid deriva-
tives. Liberek®© has studied the effect of blocking and activating
groups on the triethylamine-catalyzed racemization of compounds of

the type (V)(incapable of oxamzolone formation).

>
il

Activating group.

0 relative racemization rates
i
0-0R' > —S4¥ > O-PRP >> OMe

o
L[}

Blocking group.

Pthaloyl > Benzyloxycarbonyl

(20) B. Liberek, Tet. Lett., 925, 1103 (1963).

Ketene formation is alsoc considered herein as an enolization
pathway.
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The extreme cases exemplified by (VI) and (VII) below indicate

a wide (ca. 10%) range of racemization rates.

Q Time required for rotation
Phth N to reach zero or nearly
zero (triethylamine in
O acetone)
(V1) . 1 v !
2 min ;km=20_!fnin-.
. _.. - l
Z-1-Fhe-OPNP 11 days 5 ki =2 X 10 W
min~1,
(vII)

The important conclusion to be derived from such studies is
that these enolization rates are sufficient tc account for the level
of racemate observed during peptide coupling. The reaction of
Z-Gly-1-Phe-OPNP with ethyl glycimate to give Anderson tripeptide
proceeds with an aminolysis rate of about 0.5 M 'min-1.2! and yields
ca. 0. 14 racemate. The racemization rate can be approximeted to

be

k
= = 3. 2 -3l -1
fraction rac = " =1 X10%; kr ac 2 X 10°°M min

coup (4)

* Liberek's method of reporting data doee not allow precise calcu-
lation of the rate constants. The figures reported here are based
on the assumption that "zero or neerly zero" implies 98¢ racemi-
zation.

(21) D. S. Kemp and R. Sitrin, unpublished.
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of the proper order of magnitude expected for an enolization mechanism
for racemization (L).

The two possible modes of racemization (oxazolone formation and
direct enclization) have now been outlined. No evidence exists that
allows a distinction between the two mechanisms for the extremely
low levels of racemization observed under optimal peptide coupling
conditions. Nor, in fact, could there be such evidence for the
simple reason that in order to study racemization one mst be able
to detect it. Earlier strdents of the racemization problem were un-

aware that even under optimal conditions the best peptide reagents

(those of Table II) yield detectable amounts of racemate. The tech-
niques in use before 1970 (polarimetry, fractional crystallization)
were far too insensitive to detect less than 14 racemization, conse-
quently the studies previously described were characterized by the
gross perturbations (excess tertiary bases) required to observe
racemization.

The availability € the isotopic dilution microscope made it
possiﬁle to study racemization phenomenon under real peptide coupling
conditions for the first time. Almost dutifully, then, with the aid
of our unique method, we addressed the problem of distinguishing
between the two mechanistic possibilities.

In order to penetrate the mechanistic problem, an understanding

of the kinetics governing the two racemization pathways is necessary.



The essential fealures of the oxazolone mechanism - the optical
fragility of oxazolones and the kinetics of oxazolone formation -
will therefore be described in some detail.

1. Goodman®® has measured the racemization and coupling rates
for a number of optically-active oxazolones. When the oxazolone
VIII-a was allowed to react with ethyl glycinate(or any amino acid

ester) completely racemic peptide products resulted. The relative

-_4£i?_—jgiifi a; R =40
R 0 Me
N- —d b; R = é-c}{z-o-g-NH-J:-
Me
VIII

rates for coupling and racemization were estimated to be 1 and 200
respectively, i.e., racemization proceeds much faster than ring
opening. For the oxazolone VIII-b the reaction with ethyl glycinate
gave product that was only partially racemic, thus the coupling and
racemization rates were of the same order of magnitude. Both oxazo-

lones are instantly racemized by tertiary amines.

(22) M. Goodman and C. Glaser in "Peptides: Chemistry and Biology, "
B. Weinstein and S. lLande, Eds., M. Dekker, New York, 1970,
p. 267. (Proceedings of the Fir st American Peptide Symposium,
Yale, 1968).
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2. Although aclactone formation from peptide-active esters has
long been known to be base-catalyzed, the exact nature of the base
catalysis was defined only in 1567.22 The rates of racemization for
& variety of phenyl esters of benzyloxycarbonylglycyl-L-phenylalanine

(IX-a-c) by triethylamine in the presence of EtsNHEF4 were found to

CONHEt
0 0
g I
¢CHz-0-C-N-CH>-C~NH-CH-C-X
TR oD
¢l
CONHEL
IXa-c
c; =-0
0

be (1) proportional to the N/NH ® ratio at constant amine concentra-
tion and (2) independent of the amine concentration at a constant
N/N'H@ ratio. These phenomena are consistent only with a specific-
base catalyzed process, (Fig. 5) and the rate of racemization is given

by (5)0

v k__[K ][X][B/BHG]. (5)

rac ox- eq

(23) D. S. Kemp and S. W. Chien, J. Am. Chem. Soc., 89, 2745 (1967).
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FIG. 5
fast(Keq)
0 L 0e 0
! B: 8., L
~~~C-NH-CH-CO-0Ar —=—>  AC->:N-CH-C-OAr
Ja g J o
® BH ®
X XI
slow(kbx)

OH

as O
e,

(# note that excess tertiary bases are present)

For several of these esters a plot

+
rac vs. B/BH resulted

in a small but significant intercept:

Vrac

B/EH ¥
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This intercept indicates a finite rate of racemization that is not
specific base-catalyzed and is consistent with racemization processes of

two types: (1) general base-catalyzed oxazolone formation (6)

B: + X Elﬂ—, oxazolone (6)

()

or (2) enolization (7).

B + IT' OAr s8low \C=C /OAr
’ 7Ca—— c“: - zkenol! ~ \O@

(7)

The tremendously important consequence of the oxazolone-mediated
racemization process (5 or 6) is that the rate-determining step for

the appearance of racemate does not involve the breaking of the

Co-H bond! 1In sharp contrast, racemization by the unolization mech-
anism involves this bond in its rate-determining step. Herein lies
the possible means of distinguishing between the two mechanisms:
substitution of deuterium for the g-hydrogen will not affect the rate

of racemization via the oxazolone mechanism (either (5) or (6),
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via via
L(a-H) oxazolone enolate
5 kg =¥y k> %
L(cr-D)/
= kinetic isotope kinetic isotope
effect = 1 effect 3-7

but should reduce the rate of racemization if an enolization mechanism
is followed.

With the resolution of the theoretical aspect the practical prob-
lem of experimental design emerged. How could this kinetic isotove
effect be measured for the cases of most interest; i.e., those coupling
reactions for which the racemate accounts for only a few hundreths of
a percent of a product mixture. The isotopic dilution assay clearly
would be required to detect such levels of racemization and, since
it was also used (in modified form) to measure the kinetic isotope
effect it is briefly outlired below.

The method involves four distinct phases.

1. Preparation of a radiclabeled substance (bearing a single
chiral site) that is free of any labeled enantiomer: (# denotes label)
—_— L;M free of D;M‘

Ly, + Dy
su * Do
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2. Submission of this material to a procedure whose stereo-

specificity is to be assessed:

L* L* ﬁ' ®
SM ° produé% 1‘pror‘iu.r.ct;.

3. Isolation of the labeled racemate:

# »_® *_
I'prodnct +D I'product > D I'prod.

k., Isotopic purification of this racemate in such a manner that

the activity due to the D enantiomer may be measured:

L3 »
P ——= DL (freeof L).

Thus the procedure measures the extent of the overall racemization

process

* »

LSM > D product’

and experimental deta.ils'r have been established for tkhe two cases:

1 Although the actual mechanics of these operations need not concern
us in the present discussion, the cogniscenti will avail themselves
of the discussions and experimental design.described in Ref. h,
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Young Model

*
Bz-L"-Leu-OH ——> Bz+D -Leu-GLyOEt

Anderson Model

2-Gly-L'-Phe-OH ——= 2-Gly-D -Phe-GlLyOEt.

Let us return now to the problem of measuring the kinetic isotope
effect for the racemization process. Quite obvicusly, the y-deuterated
analog of one of the starting materials must be prepared, subjected to
racemization assay described above and the results for any given coup-
ling procedure compared with the corresponding results obtained with the
a-protio substance. Ideally, however, the g-protio and y-deuterio
species should be subjected to a competition experiment, in which bcth
substances are simltaneously exposed to a given experimental procedure.
This requirement could easily be met within the fremework of Kemp's
racemization assay if the o-protio and g-deuterio species were labeled
with different radioisotopes.

Consequently the following experimental design was envisaged.
PTritium labeled benzoyl-L-leucine (XII) would be combined with carbon-1k

labeled, g-deuterated benzoyl-L-leucine (XIII) and the 3H/14C activity



ratlio of this mixture would be a.ssessed*. Irasmich as all the tritium-
marked molecules bear g-protium and all thel*C-marked molecules bear

a-D deuterium, the ®H/1%C activity ratio represents a aH/yD ratio

D

e H L

. HN.
HNCO 140 __,/CO

/

¢’ ¢

XIT XIIT

Consider now a process that selects between hydrogen and deuterium
(i.e., enolization) for the conversion L ——> IL (racemization).
For molecules that undergo the L. —3% D epimerization, a redistrib-
ution of radiolabel will result, since °H-marked (a-H) molecules will
epimerize at a faster rate than 14C-marked (o-D) molecules. The
®H/14C activity ratio of the D product will thus be different than

that of the L starting materials.

# Modern liquid scintillation counters are readily capable of
distinguishing between °H and 14¢ disintegrations when both
gources of radiocactivity are present in the same sample.
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On the other hand,a process that does not select between hydrogen
and deuterium for the L . IL conversion (oxazolone mediated racemi-
zation) will not change in label distribution, since the !“C-marked
(a-D) molecules must undergo the L = D epimerization at the same rate
as the °H-marked (w-H) molecules. The 2H/1%C activity ratio of the
D product will be the same as that of the L starting material,

The 3H/14C activity ratio of the D enantiomer is thus & unique
function of the mechanism of ra.cemiza.tion'. Since the racemization
assay described by Kemp ultimately measures the activity due to the D
eﬁntimr, the mechanistic problem could be solved within the frame-
work of the existing technique.

It should be noted that the proposed technique for measuring the
primary kinetic isotope effect, k‘H/kD’ represents a novel method.

The potential applicatiors are limited only by the availability of
radiolabeled substances. For our purposes, clearly an g-deuterated
analog of L-leucine (Young model) or L-phenylalanine (Anderson model)
was required. The Young model was selected since the oxazolone derived

from benzoyl-L-leucine was of the sort (i.e., a 2-phenyl oxazolone)



that was sure to racemize many times faster than it acylated ethyl-
glycinate (See p. 25 ) to give the Young peptide.

The necessary starting material, *“C-labeled benzoyl-L-leucine-
a-deuterated, was expected to present no synthetic difficulties.
The introduction of deuterium could be accomplished by any method
that racemizes leucine in protic medium. The classical method of
racemizing amino acids in acetic acid-acetic annydride appeared
especially promising since (1) deuterium could be introduced by in
8itu generation of Ac-0-D from the reaction of heavy water with acetic
anhydride:

Aco0 + DO — 2Ac0-D

R R oo R P 0 D
\/ i /R
AC-—N—C\ ‘Eﬁ, —_— - - N—tzé
H C0-H H \002H

and (2) acetyl-l-Leucine has been used to resolve y-phenyl ethyl-
amine.2* If the resolution could be performed in the reverse sense

(using optically-active g-phenyl ethylamine to resolve the deuterated

(24) H. DeWitt and A. Ingersoll, J. Am. Chem. Soc., 73, 5782 (1951).
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a.cetyl-_D_I_,-leucine) the synthetic problem would be solved. The resul-
ting acetyl-L-leucire could be converied to L-leucine and thence to
benzoyli-I-leucine by well-established procedures.

The resolution could indeed be performed in the desired sense,’
but the introduction of deuterium into the g-position of acetyl leucine
could not be practically achieved. Treatment of acetyl leucine with
acetic anhydride-heavy water mixtures not only exchanged the labile
a-hydrogen, but the methyl hydrogens of the N-acetyl function as well.
Fig. 6 . This phenomenon is most easily rationalized by assuming
that equilibration between the imine XIV and enamine XV is a facile
process under these conditions. Although acetic acid is used as a
reaction medium fr peptide synthesis only in a few cases,®S it is
possible that this equilibration may occx;r under basic or neutral
conditions. The awesome consequence for peptide synthesis should be
clear. (Fig. 7 ). Any method that can generate oxazolones in the
C-terminal (ultimate) amino acid residue is potentially capable of

racemizing the pemultimate amino acid as well. In this light, the

# A system in which "reverse resolution" led to nightmare-like dif-
ficulties is described in the total syntheses of Quinine,
R. B. Woodward and W. E. von Doering, J. Am. Chem. Soc., 67, 860

(1945).
(25) F. Weygand and W. Steglich, Ber., 93, 2983 (1960).



Fig. 6
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Fig. 7
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frequently made assumption - that couplings involving C-terminal
glycine can be safely performed using methods that, in other cases,
yield racemic products - is questionable.

Ironically, the intermediate that this mechanistic study was
designed to prove (or disprove), proved to be the ideal intermediate
for the deuteration. The oxazolone derived from benzoyl leucine is
easily prepared and, unlike its acetyl counterpart, is a stable
crystalline substance with only one labile hydrogen. The deuteration“
proceeded without event and the resulting deuterated, racemic acid
was cleanly resolved via the chinccnine salts. The overall procedure
[7-14C ]benzoylDL-leucine = [7-14C]benzoyl-L-[2-2H]leucine could be
accomplished in satisfactory yield. This material was combined with
benzoyl-L- [4,5-3H]leucine and the mixture was washed free of radio-
labeled D enantiomers by the technique described in Ref. I before use
in the experiments outlined below.

In order to establish that isotope effects could indeed be measured
by this new technique,a series of control experiments were performed.
The trebly-labeled benzoyl-L-leucine was converted to the methyl ester

(diazomethane) and this substance was exposed to methoxide ion.

The extent of deuteration of the unwanted enantiomer from the
resolution was determined (by nmr using CAT techniques) to be

> 974.



After partial racemization had occured, the reaction was quenched with

H( D)
R\\ R 0®
o N—
Rl/& \00224& Q—me_" R'/_\ OMe * HCOH(D)

dilute acids and the recovered ester (in solution) was converted to
the acid by saponification and to the Young peptide via the acyl
azide coupling procedure. (Both saponification and peptide coupling

proceed without significant racemization):

SCHEME I ol/aD = 2.3
L ester

3y/14c = 2.16

e
OMe
L + DL esters
A~ NoHg, HORO
OH (< 0.24 rac) GlyOEt (< 0.24 rac)
L + IL acids L + IL Young Peptides
D acid D peptide
3g/14c = 8.0 3H/14C = 7.5
aH/aD = 8.1 oH/aD = 8.0

(origin) (origin)
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4 rac in Step (1)

oH 11.8 of 11.8

aD 3.1 oD 33

These results, SCHEME I , in which the redistribution of radio-
label for the process L — D reflects the selectivity of methoxide for
ofl vs. aD establish a new and general method of measuring the kinetic
isotope effect, kH/kD. For our specific purposes, this experiment
established that racemization via enolization will give an observable
isotope effect.

To complete the control experiments, the other side of the argu-
ment (!15. an oxazolone mediated racimization shows no kinetic isotope
effect) had to be shown valid.

The reaction of tetramethylguanidine (TMG) with the benzoyl-L-
leucine ester of the Kemp-Chien reagent XVI, produces a system in
which oxazolones have been shown to be present by independent proof

(Chapter III). This experiment was performed on the corresponding

0
*—_b
Bz-L-leu-0 YO

CONGEt
0

XvI
ester derived from trebly-labeled benzoyl-L-leucine. After one hour

the reaction mixture was treated with ethyl glycinate and the resulting
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Young peptides were taken through the isotopic dilution assay. The
D peptide had the same 3pH/14C ratio as the L starting mterip,l, demon-
strating that no selectivity between o~H and o-D occurs in an oxazolone
mediated racemization mechanism. (kH/kD = 1).

With the completion of the control experiments we turned to the
selection of peptide coupling methods for testing by this new proce-

dure. The general criteria for selection were:

l. Methods which show the lowest levels of racemization were

the most important, since these are the mose frequently

employed in peptide coupling.

2. A variety of structural types was desirable, since any
subsequent generalizations regarding clcsely related methcds

could be made with confidence.

3. Methods for which enolization seemed likliest were attrac-

tive for the reason given in (2).

4, Methods in which the activated species could be prepared
in optically pure form from the starting material were
necessary because the mechanistic study was aimed at the

recemization during peptide coupling.

The criteria were met by the acyl azide, and the mixed anhydride
methods, and two 1soxazole-derived phenyl esters; detailed discussion

on how these procedures came to meet the specifications follows.
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The Acyl Azide Method

Any study of racemization must begin with this classical peptide
synthetic procedure. Introduced by Curtius®® in 1902, its magnificent
ability to mediate peptide bond formation without observable racemi-
zation has made it the reagent of choice for the condensation of
peptide fragments, despite the number of steps and possible side

reactions involved:

R,-CO2R, 24 5 R, _cONHe -3{7) [R,-CONs) NE&R, R cONHR,
<
The first report of racemization during acylazide couplings was
made by Anderson®’ in the preparation of his model peptide. Treat-
ment of the freshly frepa.red benzyloxy carbonylglycyl-L-phenylalanyl
azide with trimethylamine for 12 min before the addition of ethyl-
glycinate gave rise to product which was > 1% racemic. Young,® how-
ever, was unable to detect any artificially induced racemization in
a similar treatment of benzoyl-l-leucylazide with triethylamine during
the preparation of his own model peptide. The evidence accumlating

from the isotopic dilution studies in these Laboratories, + indicating

(26) T. Curtius, Ber., 35, 3226 (1902).

(27) G. W. Anderson, J. E. Zimmerman and F. M. Callahan, J. Am. Chem.
8Soc., 2._8_: 1338 (1966)0
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that the Young model was approximately an order of magnitude more
sensitive to racemization than the Anderson model ,made the discrepancy
concerning the two acyl azides notable, and required that a prelim-
inary study of the acyl azides be executed to 'define optimal and
racemizing conditions. Using the single-label Young test as the
model, some critical variables in the acyl azide purification and

coupling steps were determined.

Bz-1~1leuNpHs (10 mmol) sat. ag. Nalga--> acyl azide in

-10°
conc. HC1l ( 5 ml) organic phase,0®
glac. HOAC ( 5 ml) A
ether (25 ml)
TABLE ITI
Racemization via Acyl Azides
. Conditions ﬁ yield 2 rac
A Dried(Mgs804) then
(1) 2 eq.GlyoEt, 0° 62 0.1
(2) 1 eq.EtsR(15 min) 66 0.1
then GlyoEt, 0°
A Extracted exhaustively
with bicarbonate then
(3) 2 eq.GLyOEt, 0° T3 0.35
(4) 1 eq.HDAc then 67 0.3
1 eq.GlyOEt, O°
(5) 1 eq.EtaN then 70 2.3
GlyoEt, 0°
(6) 1 eq.GlyOEt, 1 hr 0°, 62 0.3

then R.T.
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An important observation which concilates Young's results
with those of Andersoﬂ ~oncerns the effect of the bicarbonete extrac-
tiors. Young's conditions (2) show nearly minimal racemization,
while Anderson's conditions (5).Eorrespond to maximum racemization.
It 1s noteworthy that the acidic components in the diazotization
mixture persist in the ethereal phase through three extractions with
cold, saturated, sodium bicarbonate solution and a fourth extraction
is required to bring the fH of the aqueous pbase to ~ 8. 8ince added
acetic acid failed to recduce the level of racemization, the bicarbonate
may be responsible for the racemization observed.

The trebly-labeled benzoyl-L-leucine was subjected to conditions

corresponding to optimal (1) and racemizing (5) conditicns.

Conditions ﬁ rac Isotope effect*
Optimal 0.15 1.0
Racemizing 1.8 1.1

t ag/14c p proguct
31/14C |, starting material

The results demonstrate that racemizatiorn i8 oxazolone mediated.

Further, since ether is a poor solvent for the support of equilibrated

Anderson's solvent was ethyl acetate, Young's was ether.
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amide anions, a general base catalyzed oxazolone formation is probably

indicated:

0
s ~\H o
\VN\Na slov + BH + ny

H@\(Q

The Mixed Anhydride Method

The reinvestigation of the mixed anhydride method by Anderson 28
with his conclusion that under carefully defined conditions optical
purity could be maintained, warranted its inclusion in the preeent
study. The general procedure recommends activetion of a tertiary amine
salt of the peptide acid by a few moments exposure to a chlorofor-

mate (ethyl or &butyl) at low temperature. As in the azide method,

o 0 6 -R
&
cof m +a-leop Y2to2min, [_/</§ ]
0
0

-159°

mixed anhydride

(28) G. W. Anderson, J. E. Zimmerman end F. M. Callahan, J. Am. Chem.
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the mixed anhydrides are not isolated but treated in situ with amine

The observed effect of excess base on racemic content

(Table IV ).

micleophiles.
is of special relevance to the mechanistic question.

C1-COp-i-Bu, THF
Z-Gly-L-Fhe > Anderson peptide
GlyOEt '

TABLE IV
Base 4 rac*
Quinuclidine 100
MeaN 90
EtoRKe 25
N-Me-Morpholine 0

Anderson suggested that a steric effect was responsible for the order
of racemization, since the rate of racemization of phthaloyl alanine

£-nitro phenyl ester by these bases followed the order quiruclidine >

R 0
N— C-—CD —— racemate
PN

| P
5 Chy

Anderaon reports yields of L and IL peptides; the figures above
are calculated from Anderson's data using the formula
eld IL
4 rac = Sl yie1d
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MesN s> EtaN > N-Me Morpholine.

The anhydride results are inconsistent with the notion of specific
base catalyzed racemization,# but are consistent with a general base
catalyzed oxazolone mechanism, or direct enolization. The inves-
tigation of this system using the single-label Young model was under-
taken and gave results which were in excellent agreement with thoge

of Anderson (Table V ).

C1-COz-1-Bu
Bz-L-Ieu + Base T > [mixed anhydride] + GlyOEt
)
-15° THF ——s~ Young peptide
TABLE V
Base 2 yield rac

N-Me Morph.

1 eq. 60 0.k

2 eq. 60 15

EtaN

1l eq. 25 1.5

2 eq. 70 39

* Unless the solubilities o€ the corresponding amine hydrochlorides
are both appreciable in THF and fortuitously follow the order
N-MeMorpholine > EtzN > MegR > QuimiclidinesHCl.
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The trebly-labeled experiment was performed with 1.1 equivalants
of N-methylmorpholine to give racemate which had identical isotopic
(®H/1%C) compositions in the D enantiomer and L starting material,

a result consistent only with an oxazolone mediated racemizationa

Active Esters

Peptide synthesis by fragment condensation has generally been
limited to the acyl azide coupling method. The low yields and side
reactions that are often encountered with this procedure mmke elter-
native methods of coupling desirable. The search for stable crystal-
line (purifiable) active esters which could provide these alternatives
began in the early 1950's and, although moderate successes have been
scored recently, represents a dismal chapter in beptide history.

The brief popularity of new methods, uninspired epplication of de-
hydrating agents, and general desperation characterize the decade
1950-1960.' The esters developed in this period shared a peculiar
trait - although they are excellent acylatihg agents, their prepar-
ation requires secondary activating agents. This requirement leads

dehydrati ent

R-CO2H R'-0H

R-CO2R'

A review of methods is given by M. Bodanszky and M. Ondetti in
"Peptide Synthesis," Interscience, New. York, 1966, Chapter 5.
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to disastrous results when the acids involved are peptide acids.
The dehydrating agents not only produce the activé eaters, but
oxazolones &8 well. Since the formation of the latter always involve
an intramolecular reaction leading to a five-membered ring, while the
esterification was a bimolecular reaction, various degrees of racemi-
zation were consistently observed during the preparation peptide
active esters. Further, their preparation in optically pure form
did not guarantee freedom from racemization in the subsequent amin-
olysis.

It required the genius of Woodward to save active ester tech-
nology from an early death. Isoxazolium salts, reacting with car-
boxylates provided both the energy for activation and the incipient

alcoholate in the same molecule. Esterification was "promoted" to

|
AN

,\F RCO2H
T — _ + RCOzH

d 0

KN~ HN-

@) PH~ 5 ‘T\D

) O foe
R R/\=o

A
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& unimolecular reesction on the dehydrating a.gent! Woodward's —eagent

X2° rapidly became the badly needed supplement to the acyl azide

SOC3-3 No_/

method of peptide coupling. Although the recently published results
of racemization assay may cause WRK to lose some of its current pop-
ularity, it will long be remembered as the prototype of newer and

apparently more successful benzisoxazolium saltsSC (the Kemp-Chien

Reagent).® These two esters, then were chosen for the mechanistic

Aoy
/ /
BR,” H o BES

Kemp-Chien
reagent

(29) R. B. Woodward, R. A. Olofson and H. Mayer, J. Am. Chem. Soc.,
83, 1010 (1961).

(30) D. 8. Kemp and R. B. Woodward, Tetrahedron, 21, 3019 (1965).
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study from among the bestiary of active esters.

The O esters of H-ethylsalicylamide had previously been found
to give unacceptable levels of racemization (Ref. 4) but possessed
other desirable characteristics. They were typical phenyl esters
in their racemization behavior when treated with tertiary bases;
thus the possibility existed that the specific base~catalyzed OX&-
zolone formation could be suppressed by the addition the correspon-
ding amine salta. The ester of benzoyl-L-leucine exhibited an

®
inordinately large jntercept for kra.c vs. B/BH indicating that

o xidd

rac ol

v 2
B/EH®

general base-catalyzed reactions, possibly enolization,contributed

gignificantly tc the racemization process. The estex derived from
trebly-labeled material was exposed to conditions (indicated in
the graph above) under which ca. 804, of the racemization rate could
be attributed to the general base-catalyzed processes. Subsequent
reaction with ethyl glycipa.te followed by separation of the Young
peptides gave a sample of racemate,the D activity of which had the

same 3H/14C ratio as the L starting material. Again, only en oxa-



zolone mechanism would give this result, consequently, the intercept

of the graph above must represent general base-catalyzed oxazolone

formation:

B+ ester 2% 5 oxazolone

The ester derived from the Kemp-Chien reagent was selected for
the machanistic study because it met all of the criteria. Its

catechol structure raised the unique possibility of racemization

via an intramolecular process as depicted below:

% 8
o] G’OH}

The trebly-labeled ester was exposed to strongly racemizing,

weakly racemizing and optimal coupling conditione, all with the same
result. No kinetic isotope effect was observed for the racemization
process, a result which can only be accommodated by en oxazolone mech-

anism,
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In conclusion, 211 the methods tested gave the same answer to
the mechanistic problem - the oxazolone was the culprit in racemi-
zation. More specifically, three of the four cases indicated a
general base-catalyzed oxazolone formation. The fourth case (the
Kemp-Chien ester) is examined in scme detail in Chspter IIT, but

the reader is urged to examine Chapter II as well.
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EXPERIMENTAL

I. Reagents
Al]l amino acids were purchased from Calbiochem Corp. and bore

the "A grade" label. sdlvents, as well as other reagente, were of
"reagent grade" quality unless otherwise ndted and were used with-
out further purification. Dimethyl sulfoxide and dimethyl formamide
'were dried over molecular sieves ( Linde, 4A) at least a week before _
use. Radiotracer labelled coqpéunds were obtained from New England

Maclear Corp.

II. Apparatus
Melting points were determimed in capillary tubes with a

Thomas-Hoover apperatus and are reported corrected. Infrare_d spectra
vere obtained with a Perkin-Elmer Infracord Model 137 and calilrated
to the 1603 cm™! band of polystyrene. Varian Asgociates' Models
A-60 and T-60 spectrometers were used to obtain FMR spectra with

™S as the external standard. Radioactivity assays were determined
with a Packard Instruments Model 3000 Tri-Carb Liquid Scintillation
Counter, using internal *“C and °H standards. Polarimetry was per-
formed with Perkin-Elmer 181 or 141 and Zeiss 0.005° (photoelectric)

polarimeters.
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III. Methods

1. Analytical Samples.

Microanalyses were performed by the Scandanavian Micrcanalytical
Laboratories of Copenhagen. Samples were recrystallized to constant
melting point, treated with activated charcoal and recrystallized three
additional times. For the ultimate récrysta.llization only glassware
that had been cleaned with HoS04-NaoCrz07 solution and oven-dried
in a dust-free atmosphere was employed. The ultimate solution was
filtered hot through a fine porosity sintered glass funnel and sac-
rifically crystallized. The crystals were powdered with a glazed
porcelain mortar and pestle, dried in vacuo at 56° for 1-2 hours and

sealed in sample tubes before mailing.

2. Radioactivity Measurements.

Suitably purified samples were counted as dilute (10-30 mg in
15 ml scintillation liquid) solutions in potassium-free glass vials.
The scintillation liquid was prepared by diassolving 150 mg "Dimethyl
POPOP", 3.5 g "POP" and 50 g napthalene ir 500 ml dioxane. Activities
'are reportgd as disintegrations per minute per millimole as calcu-
lated by the following equation:

_dm _ (counts mimte-ba: 1) « (M)
mmole sample wt) - efficiency)
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The efficiency was determined by counting appropriate internal
standards at optimum voltage (gain) settings for each isotope. Cal-
ibration of the apparatus for dual channel counting (double label-
ling experiments) was eccomplished by the following procedure:
Internal standards of °H and 1%C were separately counted in the
channel optimized foi' 14c, fThe efficiency as a function o” the
lower discrimination setting for this channel was determined for
both 2H and 1%C. A similar set of curves were obtained for each
isotope in the SH optimized channel where the efficiency as & func-
tion of the upper discriminator for this channel was determined.
falculation of disintegrations due to °H and *C at any discriminator

setting were made with the aid of the charts.

Resolution of Acety. 1-I1-leucine

The procedure used by DeWitt! to resolve X-phenyl ethyl amine
was adapted. To a suspension of 11.2 g acetyl-IL-leucine in 15 ml
HoO was added 7.9 g (+) O-phenyl ethyl amine.® Another 55 ml Hz0

was added and the nixturé heated to boiling then allowed to cool

(1) ?. E.)nemtt and A. W. Ingersoll, J. Am. Chem. 8oc., 73, 578
1951). | |

(2) A. Ault, Org. Syn., 49, 93 (1969).
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(insulated) slowly to room temperature. The solids were collected
(ca 8 g) a.nd recrystallized from 45 ml hot water to give magnificent
spars, 4.5 g mp. 195-198°. The polarimetric data suggest that the
literature values are in error since that salt was presumably con-

taminated with the more levorotatory acetyl-I-leucine (~) amine

salt,
- 24
mp LC-!]JD (c=t, MeOH Source

1) 195-198 - 7.2 Resolution above

2) 193-196 - T.2 Salt of Ac-L-Leu-OH
with (+) amine

3) 185-190 - 8.8 Literature® resolution
of Q-phenyl ethyl amine
with Ac-1-leu-OH

L) 178-183 -13.2 Salt of Ac-LI-Leu-OH

with (=) amine

The combined mother liquors were evaporated to dryness and thé
resulting solids were recrystallized from minimum HoO to give another

700 mg spars, mp 192-195°, raising the total yield to 55¢.

Preparation of L-leucine

A solution of 1.1 g (+) amine salt of acetyl-L-leucine in 7 ml
3K KC1 wae refluxed for 3 hours then evaporated to drymess in vacuo.
The residue was combined with 2 ml H>0 and the eveporation repested.
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The resulting solids were dissolved ir a minimum volume of He0 (ca
5 ml) and the pH adjusted to 5.5 by the dropwise addition of LN
LiOH solution. After the addition of ca 40 ml absolute ethanol the
suspension was chilled overnight to give shiny plates, 360 mg (75%).

[a]D23 + 16.0 (c=2, 5N HCl). Lit.® +16.0.

Benzoyl Chloride, 7-1%C

Benzoic acid [7-1%C (100 ,c) was carefully transferred in ether
solution > a 3o0lution containing 13 g (0.108 mol) benzoic acid.
The solution was evaporated at reduced pressure and a small sample
removed for isotopic analysis. The remaining white solid was com-
sined witk 13 ml (0.18 mol) thionyl chloride and heated with stirring
under reflux for 1.5 hours. The reflux condenser was replaced by a
short-run distilling head and the liquid was distilled at atmospheric
pressure until the bath temperature reached 120°, After cooling
the residue was distilled at aspirator pressure and the water-white
fraction boiling at 66-68° was collected and ased without further

purification. 1k4.2 g (93%).

(3) Ref. 4, p. 2075.
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Attempted Deuteration of Acetylleucine

The procedure déacribed by Greenstein und Winitz* to racemize
L-leucine was adapted.

Solutions of DOAc vere prepared by heating equimolar amounts of
Do0 and acetic-anhydride until the phases coalesced, then uged as
quickly as possible.

To a hot solution of DOAc (1 mole) was added 6.55 g L-leucine
(0.0Snxﬂ) and when solution was obtained, 13 ml acetic anhydride. The
resulting (exothermic) reaction mixture was gently boiled for 10 min,
allowed to stand at ambient temperature for one hr, then evaporated at
reduced pressure. The residue was triturated with 4.5 ml DO (omissicn
of this step results in production of substantial amount.s of intrac-
table resin at the expense of crystalline product), and the evapor-
ation was repeated (ig !!ggg) giving a white crystalline solid. The
solid was submitted to two repetitions of the deuteration procedure
and the ultimate solid was recrystallized from acetone to give 5.1 g
large transparent tablets mp 156-163°. Fmr analysis indicated 80§
deuteration of the N-acetyl function and 90% deuteration of the &
position. Similar results were obtained using acetyl-L-leucine in

the place of L-leucine.

(4) J. P. Greenstein and M. Winitz, Chemistry of the Amino Acids,
John Wiley and Sons, Inc., Yew York, N.Y., 1961, p. 834.




Benzoyl-1-Ieucine®

A solution of 13.1 g L-leucine (0.1 mol) in 50 ml 2K NaOH was
stirred vigorously and chilled by means of an ice bath. When the
temperature reached 4°, dropwise and similtaneous addition of 11.7 ml
benzoyl chloride (14.1 g, 0.1 mol) and 6C ml 2N NaOH was commenced in
such a manner that the reaction mixture remained strongly basic. The
reaction was stirred at 0-5° for 30 min after the last addition then
extracted once with 50 ml ether. The aqueous phase was acidified to
PH 1 by the addition of 3N HCl, extracted with three 100 ml portions
of ether, and the combined ether phases were dried (MgS80,) and evapor-
ated. The water-white oil was taken up in 80 ml dry ether and warmed
as pet ether was added to the cloud point, then seeded and allowed to
ccol slowly to room temperature to afford large transparent prisms in
two crops (12.5 and 8.2 g; 864), mp 106-107°. The remaining motker
liquor was treated with excess cyclohexylamine and the resulting floc-
culent precipitate wes recrystallized from methanol-ether to give 2.k g
of the salt, mp 145-146° to raise the total yield to 954. [T-**C]-
Benzoyl-L-leucine and benzoyl-L[h,S?H]leucine were prepared by identi-

cal procedures.

(5) M. W. Williams and G. T. Young, J. Chem. Soc., 881 (1963).



-60-

Benzoyl Leucine Oxazolone®

(2-phenyl-4-isobutyl oxazol-5-one)

Benzoyl-L-leucine, 7.05 g (30 mncl) was dissolved in a mixture
of 10 ml dioxane and 40 ml acetic anhydride and heated under reflux
for 20 minutes. After cooling to room temperature, the solvent was
removed at reduced pressure and the residue was evaporated with three
15 ml portions of toluene to remove the excess acetic anhydride. The
oily residue was taken up in ca 40 ml warm hexane and chilled in the

freezer to give 5.6 g white needles, mp 55-56° in two crops. (869)

Deuteration of Benzoyl Leucine Oxazolone

(2-phenyl-k-deutero-k-1isobutyl oxazol-5-one)

A mixture of 15 g D=0 (0.65 m), and acetic anhydride, 80 ml
(0.8 m) was heated together until the phases coalesced, then the exo-
thermic reaction mixture was allowed to cool to room tempersture and
used within a few mimures. In 25 ml of this mixture (0.4 m exchangeeble
DOAc) was dissolved 5.45 g (25 mol) azlactone and the solution heated
under reflux for 20 mimutes, cooled then evaporated in vacuo. The pro-
cedure was repeated with another 25 ml deuteration solution and the
residue crystallized from hexane to give 4.0 g white needles, mp 55-

57°. No signal could be detected for the o-hydrogen region in the nmr

(6) H. Clarke, Ed., "The Chemistry of Penicillin,” Princeton Univ.
Press, Princeton, N.J., 1949.
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spectrum of this substance.

Acid Hydrolysis of the Deuterated Oxazolone

To a hot solution of 6.9 g azlactone in 25 ml DOAc was added 10
ml Do0. The exothermic mixture was allowed to cool until solids began
to separate then evaporated to dryness in vacuo. The residue was
recrystallized from ethyl acetate-pet ether to give 6.8 ¢ (91;) in
two crops, mp 137-139°. The readily exchangeable (nitrogen and oxygen-
bound) deuterium was removed by evaporating the solids with two 50
ml portions of methanol before resolution. C.A.T. mmr analysis vsing
internal triphenyl silane standard gave < 34 o-Hydrogen after 49 gcans

of the region 3 to 6.5 ppm.

Cinchonine Salts of Benzoyl Leucine

To a suspension of 294 mg (1 mmol), finely powdered cinchonine
in 100 ml boiling ethyl acetate was added 235 mg (1 mmol) benzoyl-L-
leucine. The sclution was boiled down to 50 ml, at which time all the
gsolids were in solution, and allowed to stand for 24 hours to give
500 mg shining cubes mp 190.5-193° [c,,]D-'*‘s + 122.6 (c=3.65; MeOH),
insoluble in ethyl acetate.

Similar treatment of benzoyl-D-leucine geve no solids until the
solution was evaporated, triturated with ethyl acetate-pet ether and
chilled for 2 weeks; 270 mg small transparent blades mp 163-168,

readily soluble in ethyl acetate.



Resolution of Benzoyl-DL-Leucine

To a suspension of 588 mg, (2mmol), finely powdered cinchonine
in 200 ml boiling ethyl acetate was added 470 mg, (2 mmol), benzoyl-
Dl-leucine and the solution boiled down to 100 ml and seeded with the
L salt. After 20 hours at room temperature the cubes were collected
and washed with ethyl acetate to give 450 mg (85%), mp 189-191
[e]2° M 119.4 (c=h.2 MeOH).

To a rapidly stirred solution of 3N HCl (10 ml) was added 1.17 g
of the salt followed quickly by 30 ml ethyl acetate. The stirring
was continued until the initial suspension cleared to give two simple
phases, the layers were separated, and the aqueous phase was extracted
" with another 25 ml ethyl acetate. The combined organic phases were
washed with 3N KC1 and brine solutions, then dried and evaporated.
The water-white oil was crystallized from ether-pet ether to give L20
mg transparent prisms mp 105-106.5° (814).

The resolution was performed on a 30 mmol scale for the preparation
of [7-1*CJbenzoyl-L-leucine, a-deuterated. (73% based on the racemic

acid).

Isotopic Purification’ of labeled Benzoyl-L-Leucines

The resolved [7-1‘C]benzoy1-1,- [a-an]leucine, 3 g and benzoyl-L-

[4,5-H)leucine, were dissolved in 17.5 ml ethyl acetate containing

(7) D. S. Kemp, S. W. Wang, G. Busby, III and G. Hugel, J. Am. Chem.
Soc., R, 1043 (1970)
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0.65 g unlabeled benzoyl-IL-leucine. The solution was seeded with
racemic acid and the precipitated solids (0.73 g) collected after
3.1/2 hr at 3°. The mother liquor was used to dissolve another 2h2
mg unlabeled racemate and the seeding repeated to yield 235 mg solids.
This process was repeated with another 242 mg racemate end the ul-
timate mother liquor was evaporated. The residue was treated with
ethyl acetate-pet ether to give 3.5 g large prisms, mp 105-107°,
[a)D2=-6.5, (c=2, EtOH). Specific activity 8.70 x 105 dpm/mmol,
SHA4C = 6.7. Another sample of trebly-labeled acid was prepared by
the same overall procedure (deuteration, resolution and isotopic
purification) and the Young tests for the various coupling procedures
described below were performed on both samples. Kote that the Q-
deuterated (14C-labeled) acid is not diluted in specific antivity by
the washing procedure above, but the o-hydrogen (®H-1abeled) acid is
diluted.

Consider the following calculation:

The a-deuterated acid,*C activity 8,315 dpm/mg was combined with
SH labeied acid and washed by the described procedure. The ultimate
L-acid haci specific activity (total) 7,950 dpm/mg, with the ®m/4c
ratio = 2.16. Thus one mg of tke trebly-labeled acid has 1%?%% = 2,513
dpm 14C which corresponds to 2"315 g:/mg = 0.304 mg C-deuterated sub-

stances. The remaining 0.695 mg is O-protium species and is respon-

sible for (7,950 - 2,513) = 5,437 dpm 31, consequently the activity of
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a-protium species in g.h I :’ém = 7,820 dpm/mg. The ratio of GH to

ap is thus 2.3 in the starting material.

A Test of the Accuracy of Dual Channel Counting

Samples of °H labeled benzoyl-l-leucine were counted at optimm
voltage and discriminator settings and the average value for the
specific activity was determined to be 2.57 x 10° dpm/mmol ageinst
internal SH standard. The 14C labeled substance was determined to have
specific activity 1.97 x 10° dpm/mmol against internal 14c gtandard.

The calibration curves determined that the efficiemcy for SH
end 14C were < 0.1% and 58.54 respectively, for channel A when the
voltage (gain)was 11.5 and the diecriminator settings were 225 to
1000. For channel B at voltage 50 and discriminator 50 to 375 the
corresponding figures were: °H 27§, *“C 10.6%.

A s.ample congisting of 12.70 rg 14¢ labeled acid and 15.75 mg
SH 1abeled acid was counted simultanecusly in channels A and B at the

discriminator settings described above.

A
found 6190 counts/min
—» 14C = 10,600 disint/min
(6,190/58.5%)
or specific activity = 1.96 x 10° dpm/mmol

(W mg/nnol) compare  1.97 x 10° dpm/mmol
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B
found 47,300 counts/min

- 1,120 14C contribution

(10.6% x 10,600)

46,180 °H cpm
—» 171,000 dpm °H
(46,180 /27%)
specific activity = 2.55 x 10° dpm/mmol

compare 2.57 x 10° dpm/mmol.

All samples were counted at two discriminator settings in each
channel, and the figures reported represent the average values. (The

mmbers were always within 2% of each other.)

Ethyl Benzoyl-I-Leucylglycinate

The procedure described by Youngs was used. Benzyloxycarbonyl-
L-leucine was coupled with ethyl glycinate via the carbodiimide method
in ca 4ok yield. The dipeptide (ethyl benzyloxy carbonyl-L-leucyl-
glycinate), 10.7 g, was dissolvedin acetic acid (25 ml) containing
1.1 g 5% palladium on charcoal catalyst and hydrogenolyzed for 3 hours
under a contimious stream of hydrogen at atmospheric pressure (a

description of the apparatus employed may be found in Ref. 4, pagel1233 ).



The catalyst was removed by filtration (celite) and the solvent
removed at reduced pressure. The syrupy residue was diluted with

30 m1 water, overlayered with 75 ml ether and stirred vigorously as
5.7 g NallOg was cautiously added in small portions. The stirring was
contimed as a solution of 4.3 ml benzoyl chloride in 60 ml ethyl
acetate was added dropwise and simltaneously with a slurry of 5.5 g
RaHCOg in 30 ml water. Fifteen minmutes after the addition was corplete
5 ml pyridire was added and a few minmutes later the layers were 73€p-
arated. The organic phase was washed successively with 3K HC1, 1%
citric acid and sat. bicarbonate solutions, then dried (MgS0¢) and
evaporated. The solid regsidue was twice recrystallized from ethyl

acetate-pet ether to yield 7.8 g ( 80%) ethyl benzoyl-L-leucylglycinate,

mp 155-157% [al>° - 32.9 (c=3, EtOH). Lit.® - 34.0.

Ethyl Benzoyl-IL- leucxlﬂcimte

A solution of 2-phenyl-l-isobutyl-oxazol-5-one (benzoylleucine
oxazolone) 10 mmol (2.17 g), in 10 ml dry DMF was combined with a
warm solution of 30 mmol glycine ethyl eater hydrochloride and 6 ml
triethylamine in 20 ml DMF. The resulting suspension was stirred at
ca 70° for 1/2 hr, then poured into 100 ml ice-water and extracted
into three 50 ml portions of ethyl acetate. The combined organic phases
were washed successively with 3K HC1l, 2N RaOH and brine, then evapora-

ted. The white crystalline residue was recrystallized from aqueous



-67-

ethanol to give 2.8 g (88%) brilliant spars mp 145-147°, 1it.%
145-147°,

Proof of the Separability of the Young Peptides’

Racemic Young peptide, (prepared via the oxazolone) 78.9/mg
sp. act. 1846 d/mg, 1*C/°H 1.32, and unlabeled L peptide, 369.8 mg
were dissolved in 15 ml hot ethyl acetate, the solution was cooled
to room temperature then seeded with a microdrop of a slurry of freshly
precipitated racemate. After 4 hours at 3° the solids were collacted
and recrystallized to mp 14%.5-145.5 sp. act. 973 dpm/ng ‘*C/°H
1.34 (96% pure) calculated activity: 1013 dpm/mg.

The remaining racemate, 17.2 mg, was combined with 115.3 mg
unlabeled racemate and 577.6 mg unlabeled L peptide and recovered as
described above; mp 144-145.5, sp. act. 113 dpm/mg 14C/%H 1.35 calc.
act. 121 dpm/mg, (94% pure).

The remaining racemate, 58.8 mg, and 248 mg unlabeled L peptide
were combined in 10 ml solvent and recovered as before to give mp

ikk.5-146, ep. act. 114 dpm/mg, 1*C/H 1.31.

Racemization of Methyl Benzoyl-L-Leucinate by Methoxide:

Polarimetric sis
A solution of 0.2 M base was prepared by cautiously dissolving
potassium tert-butoxide, 570 mg (98.5% pure), 5 mmol, in 25 ml dry

methanol. When the solution had cooled to room temp. 10 ml was com-
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bined with 274 mg methyl benzoyl-L-leucinate, 1.5 mmol, (instant solu-
tion in a total volume of 11 ml). After the time lapses indicated
below, 1.0 ml aliquots were quenched by addition of 0.5 ml aliquots
of 20f acetic acid in methanol (v/v) and sealed until analyzed polar-

imetrically at the sodium D-line (1 dm microcell).

t(min) | o2
1 -0.481
1.3 0.478
30 0.456
70 0.435
15 0.395

220 0.325

Racemization During Saponification

of Methyl Benzoyl-L-Leucinate

Isotopicelly purified methyl benzoyl-I-leucinate, 220 mg (0.88
mmol), sp. act. 1.675 X 10® dpm/mmol, was dissolved in & minimum vol-
ume of acetone (1-2 ml) and stirred rapidly at room temp. as 2.0 ml
1 N KaOH was added all at once. After 90 min the solution was par-
titioned between 30 ml each ethyl acetate and 1 N HC1, the aqueocus
phuse was saturated with salt, the layers were separated and the organ-

ic phase was washed with brine, then dried and concentrated. A 1 ml
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aliquot of the product in 25 ml ethyl acetate was combined with 149 mg
benzoyl-L-leucine and the solids recrystallized from ether-pet ether

to mp 106-107°, sp. act. 403 dpm/mg, indicating a total yield of acid:
201 mg (9T$). The solution of 193 mg remaining acid was combined with
317.3 mg unlabeled racemic acid and 2.053 g unlabeled L acid, the vol-
ume concentrated to 10 ml, chilled and seeded with racemate. The solids
were collected 5 hrs later and recrystallized from ethyl acetate-pet
ether to mp 138-140, 150 mg. This substance was combined with 1,022k g
unlabeled L acid in 5 ml ethyl acetate and recovered as before to give
racemate, mp 138-14C°. This substance, 92.4 mg, was taken through
another dilution with 628.8 mg unlabeled L acid to give an ultimate
racemate mp 138-140°, sp. act. 6.4 dmp/mg. The L acid was recovered
from the mother liquors and recrystallized, mp 105-107°, sp. act. 3.7
dpm/mg (cale 2.96 dpm/mg). The activity of the D enantiomer is 9.1

dpm/mg imiicating a yield of D acid 0.2 mg or 0.21% racemate.

Racemization and Hydrolysis of Methyl benzoyl-IL-
leucinate by Methoxide: Isotopic Dilution Analysis

A solution of 375 mg methyl benzoyl-L-leucinate, freed of labeled
D enantiomer, sp. act. 1.675 X 10° dpm/mmo). in 10 ml of 0.2 M potassium
tert-butoxide in methanol was allowed to stand in a desiccator for 3
hrs. The reaction was quenched by the addition of 553 mg (2.36 mmol),
benzoyl-DL-leucine, the solvent was evaporated and the residue was par-

titioned between ether and sat. bicarbonate solution. The organic phase



-70-

was washed with sat. bicarbonate and Brine, combined with the back-
extracts of the aqueous phases and evaporated. The combined aqueous
phases were acidified (3 N KC1) then extracted into ethyl acetate,
dried, concentrated and the solid recrystallized to mp 138-140°, sp.
act. 9% dpm/mg or 19% hydrolysis. The evaporate from the neutral
phase was dissolved in 10 ml methanol and treated with 3 ml 1 N NsOH
with occasiona) _ddition of water to keep a one phase system. The
mixture was evaporated 2 hrs later, the glassy residue was partitioned
between ethyl acetate and water, the aqueous phase wus acidified and
extracted into ethyl acetate. The organic phase was washed vith
brine then dried and concentrated. An aliquot (1 ml) of the product in
25 ml ethyl acetate was cambined with unlabeled L acid, 125 =g, and
recrystallized to mp 106-107°, sp. act. 63 dpm/mg indicating 24k.8 mg
L acid remaining in the 2k ml. The 2k ml was combined with 469.5 mg
unlabeled racemic acid and 2.026 g unlabeled L acid, the volume ad-
justed to 12 ml, the chilled sclution seeded with racemate. The solid
was collected after 2 hrs and recrystallized from ethyl acetate-pet
ether, mp 138-140° (400 =g).

Sp. act. 65.7 dpm/mg
Cale. for L 60.2 dpm/mg

e®e D ‘ctiﬁty = 71.2



The remaining racemic acid, 178 mg, was combined with unlabeled

L acid, 1.255 g, and recovered and recrystallized as before to np
138-140°,

8p. act. 37.1 dpm/mg

found for L 4.08 dpm/mg (Calc. 3.98)

.*. D activity = 71,1 dpm/mg indicating & yield of
D acid 21.6 mg or 16.3% racemi-

zation
Material balance:

70 mg hydrolysis product
255 mg L acid

347.5 mg (1.47 mm) or 98.5%

Racemization of Methyl Benzcyi-l-leucinate by

Methoxide: Isotopic Dilution Anaiysis via the Azide

The reaction soluticn was prepered by dissolving 1.0 g (4 mmol)
methyl [7-14C]Jbenzoyl-L-leucinate, sp. ect. 1.675 X 10° dpm/me0l, in
a sclution of 25 ml methanol containing 5 mmol (570 mg of 984) potae-
sium tert-butoxide. Aliquots of 8 ml were quenched with excess acetic
acid at 5 min, 60 min and 210 min after combination of reagents. The

quenched solutions were evaporated, the residues in ethyl acetate were



washed with sat. bicarbonate and water then evaporated. The resulting
solids were quantitatively teken up in hot ethanol, treated with 0.5
m! hydrazine hydrate and allowed to stand at room temp. for 12 hra.
The solvent was removed at reduced pressure, the residue was taken up
in 20 ml water and 0.5 ml each conc. RCl and glacial acetic acid, then
overlayered with ether and diazotized in a cold room (+3°) uaing an
ice-acetone bath at -10°, with sat. sodium nitrite solution. The
ethereal phases were worked up in the usual fashion® and each treated
with excess ethyl glycinate at 3° for 22 hrs. The residues from the
coupling workup were taken through the isotopic dilution sequence with

unlabeled L and DL Young peptides to give the following results.

% rac k (min~1) $ ect. due to D enantiomer

rac
1. (5 min) 0.5 1 x1/073 75
2. (60 min) 7.1 1.2 x 1072 83

3. (210 min) 17.0 0.9 x 107° 89

The Isotope Effect for Racemization of Methyl-benzoyl-

I-leucinate by Methoxide

The trebly-labeled methyl benzoyl-L-leucinate, specific activity:

7,500 dpm/mg; 2H/*4C = 2.16, ofi/aD = 2.3, 3 mmoles, were dissolved in

* Detailed experimental conditions are described elsevwhere in this
section,
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20 ml of & 0.2 M solution of potassium tert-butoxide in methancl and
allowed to stand in a desiccator for 3 hrs at rbom temp. The reaction
was quenched by the addition of 0.5 ml acetic acid and the solution was
evaporated at reduced pressure. The residue was partitioned between
ethyl acetate and sat. sodium bicarbonate, the layers were separated
and the organic phase was washed with sat. bicarbonate and brine, then

dried (msm) and divided into 2 equal portions A and B.

1. Determination via the azide coupling and Young test

The neutral fraction A was evaporated and the residue was dissolved
in ethanol and treated with hydrazine; the hydrazide was converted to
the azide by the usual technique-~ (cold room) then coupled with ethyl
glycinate. When solids appeared during these conversions care was
taken to quantitatively dissolve them to avoid any racemate-enantiomer
fractionations. The residue from the work up of the coupling reactions
was combined with unlabeled racemic Young peptide, 1268.4 mg, and the
corregponding L enantiomer 397.4 mg and both substances recovered by
the ususl techniques.

sy 140 33/140
Activity IL 1,035 313
Activity L 1,226 613 2.00
Activity D Bk 131 6.46
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The remaining racemate, 64.4t mg, was combined with unlabeled L

318,2 mg and both substances recovered

33/140
Activity DL 408 75.8
Activity L 110 57.2 1.2
Activity D 706 k. b 7.49

Calculations

Activity of undiluted product is 5,840 dpn/mg.
1. Yiecld of L peptide

found activity 1,226 ®H + 613 *c

= 1,839 dpm/mg
total L diluent added = 461.6 mg

Yield of L peptide = 461.6 mg (1839 dpm/mg
(5,840 - 1839) dpm/mg

= 212 mg.

Since &ll the SH-labeled molecules bear an oH and all “C-labeled
molecules bear an aD, the 3H/14C ratio of the starting material cor-
responds to an oH/aD ratio. The SH/14c ratio of the products then

will reflect the aH/aD origin of the products:
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ianfl“c)su (38/*4c)p
oH/aD) SM (H-derived)
D-derived
For the L peptide (®H/1*C)P = 2.0 the starting material had
Sy/14 =2 6‘ = b i g_fl-_d_e_:_rlvﬂ
H/14C = 2.1 H oH/aD = 2.3 .°. the L peptide has yD-derived retio 2.12
or 144 mg o~H derived and 0.68 mz o-D derived.

2, Yield of D peptide
10.18 mg (calculated as above)

Sg/14 = ., ofi-derived _
R/1%C D peptide = 7.5 .*. L=ty = 8.0

or 9.04 mg o~H derived and 1.1% mg oD derived

3. % racemization

o-H species = 3% = 11.8%
oa-D species = % = 3.3%

4, Isotope effect

Assuming that no methoxide is consumed, and the reaction is

¥-first order, kH = o H

rac t
kH
Tac in H
and 5= = T 5./D 3.T5

krac
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2. Determination of saponification

The remaining neutral fraction B was evaporated at reduced pressure
and the residue was saponified in acetone 1 N NaOH as previously des-
cribed., The acidic fracticn was isolated and combined with unlabeled
benzoyl-L-leucine, 1.527 g and the corresponding racemate, 231 mg,
and both substances were recovered and purified by recrystallization.

Activity of the I, enantiomer:

g 4 3H/14%c  yield L _ 270.5 mg:

748 380 1.97 o = 183 mg; oD = 87.5 mg

The racemate, 14T mg, was combined with 1.005 mg unlabeled L acid
and the racemate recovered, then ccmbined (100 mg) with 700 mg un-

labeled I and both substances were recovered and purified as usual.

3“/146
Activity of DL 3575 46
Activity of L 7.8 3,94 1.98
Activity of D T07.2 88.06 8.03% yleld D = 12.5 mg;

11.5 mg ¢H-derived

1.4 mg oD-derived

% racemization oH = 11.8%
oD = 3.15%
Isotope effect = 3,94



The Isotope Effect for Racemization During Coupling
vig the 3-Acyloxy-N-Ethylsalicylamides

1. Optimal Conditions

The trebly-labeled ester 1 mmol, sp. act. 8.70 x 10° dpm/mmol,
3g/14c: 6.3, was dissolved in 6 ml dry IMF and chilled for onme hr
at 3°, then 0.11 ml (1.1 eq) ethyl glycinate was added, and the
reaction mixture was ellowed to stand at 3° overnight. The solution
was quenched with dil. HCl and extracted with several portions of
etl'gl acetate. The combined organic pba.ses'were washed successively
with dil. NaOH, sat. bicarbonate and brine solutions, then dried and
concentrated to 25 ml. A 1 ml aliquot of the solution was combined with
91 mg unlabeled Young L peptide and the L peptide, mp 1559, recovered
and recrystallized from ethyl acetate-pet ether. Activity 297 dpm/mg;
3g/14c: 6.26. The remaining solution of product was combined with
unlabeled racemate, 206 mg, and unlabeled L peptide, 751 mg, in a
total volume of 30 ml ethyl acetate, the gsolution was seeded with a
micro-drop of a freshly precipitated slurry of racemate and chilled
for 6 hr to give solids. After recrystallization from ethyl acetate-
pet ether the mp was 145-147°, specific activity 339 apm/mg; SH/2*C:
6.2.

The remaining racemate, 95 mg, was combined with 478.4 mg unlabeled

L peptide and the racemate recovered and purified as before, mp 1kl
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146°, sp. act. 37.4 dpm/mg; 3g/14c: 6.5. The remaining racemate,
37,4 mg, was combined in T ml ethyl acetate with 192.8 mg unlabeled

L peptide, and both substances recovered as before.

Activity of racemate: 117.1 dpm/1k.3 mg; 2H/14C 6.4
Activity of L enantiomer: 5.3 dpm/mg; 3g/14c 6.4
Calculations

1, Yield of L peptide in aliquot

(X mg)[2.720 dpm/mg] = (X + 91 mg) [297 dpm/me]
X = 11.5 mg, or 268 mg remains in the 24 ml.

Total yield = 279.5/320 = 87.5¢.

2, Activity of the D enantiomer
a. After first dilution L act. = 665 dpm/mg

D activity = 2 x IL activity - L activity

2(339) - 665
13 dpm/mg.
b. After second dilution L act. = 60 dpm/mg

14.8

D activity

c. After third dilution L act. = 5.3 dpm/mg
D activity = 2(8.2) = 5.3
= 11.1 dpm/nu. 654 due to D.
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3. Yield of D peptide

X mg [2720

(x + 103 mg) [11.1]

X = 0.425 mg D peptide

and mg IL = 0.85

L, ¢ racemization

L 0.8
$ra.c.= ﬁm = %Bi = 0.324

The constant °H/1%C ratio indicates the isotope effect = 1.

2. Slightly Racemizing Conditions

A solution of 2 mmol of the active ester in 10 ml dry IMF was
treated with 2 mmol glycine ethyl ester hydrochloride and 2 mmol tri-
ethylamine then stirred at room temp. for 1 day. The reaction mixture
was worked up as before and the Young test applied to give:

L peptide 964 yield; 3y/14c 6.4; 1.0 % rac., D peptide 3y/14c 6.5

ho% of the final measured activity wac due to D enantiomer.

3, Strongly Racemizing Conditions

A solution of 2 mmol active ester in 10 ml IMF was treated with
230 mg (2.0 mmol) tetramethylguanidine. After 1 hr at room temp. 2
mmol glycine ethyl ester hydrochloride was added and the resulting

solution was stirred at room temp. for 15 hr. The usual workup and

Young test gave:
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L peptide 3g/14¢ 6.3; 32% rac, D peptide 3y/14¢ 6.5

88% of the final measured activity was due to the D enantiomer

The Isotope Effect for Racemization During Coupling

with O-Esters of N-Ethylsalicylamide

A solution prepared by dissolving 1 rmol ¢ the trebly-labeled
active ester, sp. act. 1.87 x 10° dpm/mmol; SH/14C 2.2, 2 mmol tri-
ethylammonium fluoroborate and 1 mmol triethylamine in 5 ml dry IMF
was allowed to stand for 10 min at rocm temp., after which time 1 mmol
ethyl glycinate was added. The reaction mixture was quenched after
2l hr at room temp. by the addition of 20 ml dil. HCl, and the aqueous
phase was extracted with several portions of ethyl acetate. The com-
bined organic phases were washed with N ReOH, sat. bicarbonate and
brine solutions, then dried and concentrated to 25 ml and the Young

test applied.

85% yield; L peptide °H/**C 2.2

19% rac; D peptide 3y/14¢ 2,2

Racemization Tests for Couplinge via Acyl Azides
The general procedure described by Youngs was émployed with some

major modifications. The 1*C-labeled hydrazide, 2.17 g, (8.5 mmol)
was suspended in 10 ml wacer at 0° and stirred rapidly as 2 ml each

conc, HCl and glacial acetic acid were added.
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All subsequent operations were performed in a cold room
maintained at +3°, using pre-equilibrated reagents and
glassware.

The clear, acidic hydrazide solution was placed in an ice-
acetone bath (ca. -10°), overlayered with 15 ml ether and stirred
rapidly as a solution of 1.2 g sodium nitrite in a minimm valume of
water wvas added dropwise over the course of 8 min. After another 5
min stirring the layers were separated, the aqueous phase was extracted
with three 25 ml portions of ether and the combined organic phases
were thoroughly mixed (volume ~ 90 ml).

One third of the acyl azide solution was dried briefly over MgSO4,
then divided and one portion was treated with 0.18 ml ethyl glycinate
(1) vhile the other was treated with ca. 100 mg triethylamine followed
10 min later by 0.18 ml ethyl glycinate (2).

The remaining ethereal azide solution wa.s extracted cautiously
with four 15 ml portions of sat. bicarbonate solution (after which
the pH of the aqueous phase is ~ 8),dried briefly over Mg, then
divided into four equal portione (3-6).

3 was treated with 100 mg triethylamine followed 10 min later

by 0.18 ml ethyl glycinate.
4 was treated with 100 mg glacial acetic acid and, after

thorcugh mixing, 0.18 ml ethyl glycinate.



5 was treated with 0.36 ml ethyl glycinate.
6 was treated with 0.18 ml ethyl glycinate and, after 1 hr,
was brought into a room at 2k° and allowed to stand for
20 hr.
Solutions 1-5 were allowed to stand at 3° for 20 hr, during which
time crystals of product sppeared in all the ‘golutions. The workup
was conducted at room temp; the ether was eveporated and all resulting
golids were carefully dissolved in ethyl acetate, washed with acid,
bicarbonate and brine solutions, dried then concentrated to 25 ml.

The Young test results are tabulated below.

% of final measured
activity due to the

Conditions % Yield % rac. D enantiomer
1 62 0.1 £ 0.03 30
2 66 0.1 30
3 70 2.3 R
M 67 0.27 55
2 1 0.36 8o
6 62 0.29 70
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Racemization Tests for Couplings via

the Mixed Anhydride

The general procedure described by Anderson® was used with minor
modifications. Tritium labeled benzoyl-L-leucine, sp. act. 2.5 x 10°
dpm/mol, 1 mmol was dissolved in 5 ml dry tetrahydrofuran and allowed
to equilibrate for 20 min with a bath at -14° (the bath temperature
was obtained by preparing a slurry of 50 g each ice, water and sodium
nitrate in a small Dewar flask). The fase indicated below was added
followed by 0,14 ml iso-butylchloroformate. One minute after the
addition of the chloroformate, 0.1l ml ethyl glycinate was added, the
bath was removed 1-2 min later, and the stirred reaction mixture was
allowed 1 hr at ambient temperature. The suspension was partitioned
betwwen ethyl acetate and dilute HCl, the aqueous phase was saturated
with salt, the layers were separated and the organic phase was washed
with sat. bicarbonate and brine solutions, dried (MgSO4) then con-
centrated to 25 ml and the Young test applied as usual.

N-methylmorpholine % of final measured activ-

%yield % rac ity due to D enantiomer
1 eq.(0.11 ml) 60 0.k 20
2 eq.(0.22 ml) 60 15 85
T™riethylamine
1 eq.(0.14 ml) 25 1.5 45
2 eq.(0.28 ml) 70 39 9

(8) G. W. Anderson, J. E, Zimmerman and F. M. Callehan, J. Am., Chem.
Soc., 89, 5022 (1967).



The Isotope Effect for Racemization

During Couplings via the Mixed Anhydride

The trebly-labelad benzoylleucine, 1 mmol, sp. act. 1.9 x 10°
dpa/mmol, °H/14C 2.2, we.. converted to the mixed anhydride with 1
eq. iso-butylchloroformate at -14° ueing 1.1 eq. N-methyl morpholire.
After a one-mimte activiation time,lleqg.ethyl glycinate was addex
and the reaction mixture treated as previously described. The Young
test gave a 66% yleld of the L peptide SH/1%C 2.2, 2.4% rac., D peptide
SE/14c 2.1. Of the final measured activity, 60% was due to the D

enantiomer.

The Isotope Effect for Racemization
m.rinidoglliq&via the Acyl Azide

A. Racemizing Conditions

The acyl hydrazide, 1.3 mmol, sp. act. 1.90 x 10° a/mmol, °H/1%C
2.2 1;9,5 diazotized in the cold room as previously described. The
resulting ethereal azide solution was extrasted exhaustively with sat.
bicarbonate, érigd and the total volume (35 ml) was treated with 100
mg triethylamine followed 10 min later by 0.18 ml ethyl glycinate.
After 20 hr at 3° the reaction mixture was worked up as before to give

‘the following results:

Yield 66%; L peptide °B/4c 2.2
Rac. 1.8%; =D peptide Sg/i4c 2.4

Of the final measured a.ét:l.vity > 90% was due to the D enantiomer.
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B. Optimal Conditions

An independently prepared sample of the acyl hydrazide with sp.
act. 8.7 x 10° dpm/mmol, 3H/1%*C 6.5 was diazotized according to the
usual procedure. The resulting ethereal azide solution was extracted
with a single portion of sat. bicarbonate solution, dried then treated

with ethyl glycinate.

Yield 65%; L peptide 3H/1%C 6.4

Rac. 0.16%; D peptide 3H/**C 6.5

65% of the final measured activity was due to the D enantiomer.

Polsrimetric Stu” - of the Racemization

of the O-Acyl-N-Ethylsalicylamide Ester#

All runs were performed in a water-jacketed polarim:ter microcell
(1 dm) held at 25° by measn. ¢ a constant temperature circulating bath.
Standard solutions of the active ester, triethylamine and triethyl-
annoﬁium fluoborate were combined, and the resulting solutions were
made up to constant ionic strength (0.2 M) by addition of tetraethyl-
ammonium fluoborate. The rotation at the godium D line was observed
as a function of time; plots of 1ln vs. time' gave good straight lines

over three half-lives.

Tne method describedkby Kemp and Chien (J. Am. Chem. Soc., 89, 2745

(1967).



Active ester concentration 24 (20 mg/ml).

Triethyl emine cnncentration 0.2 M.

2
Concentrations(M) K pg X 10

EtgNe HEF FtaN-BF4

0.2 0 1.4
0.1 0.1 2.2
0.025 0.175 3.6
0.012 0.188 L7
0.01 0.19 5e3
A plot of k ;. X 107 vs. EtoN/EtsN°HEF4 resulted in a straight

line with slope 0.19 and intercept 1.6 (least squares aralysis). In
one run, an isotopic dilution wes performed after three half-lives
to determine the total remsining active ester concentration (L + IL).

Only 94 of the initial radioactivity was recovered.
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CHAPTER II

How generalizable is all this?

G. M. Whitesides



The mechanistic conclusions reached in the previous chapter ere
not necessarily valid for other peptide sytems. The uncertainty
arises because the benzamide of the Young peptide may not be a reli-
able model for a normal peptide bond. The effect of the phenyl group
on the racemization behavior of oxazolones has already been described;
the same phenyl group may have other consequences as well.

Comparison of thg racemization rates of the Young (Bz-;._—Leu)
and Anderson (Z-Gly-L-Phe) O-esters of N-ethylsalicylamide I, bears
out these suspicions (Fig. 1). The Young ester racemizes at con-

siderably faster rate than the Anderson ester. Since the slopes,

Fig. 1
Bz-L-Leu \ CONHEt
-0
+ N
2-Gly-L-Phe / Ets
I
K _ ko "
B+ I —ﬂ—b amide anion —> oxazolone
. >
K g ¥ 10° Kobs = Keq l:ox[:[][B/EH ]

Young
L .
2 | / Ander son

10 » 20
EtoN/Et oN« HEF4
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which represent Keqfkox for the two esters, are parallel,* the in-
creased racemization rate of the Young case can be traced to the larger
intercept. The evidence of the preceding chapter has shown that this
intercept reprcsents the rate of general base-catalyzed oxazolone

formation. The effect of the benzamide grouping, then, is an overall

O 0

BH\./‘\ slow ;\’/<

increased rate of racemization due to this secondary oxazolone mech-
anism. The important consequence for the rechanistic study is that
this effect creates a two-fold racemization rate difference in the two
models at the high N/ﬁ% ratios expected under normal peptide coupling
conditions.

With this rate difference in mind the azide results of the pre-
vious chapter were bothersome since the isotope effect was disting-

uishable from unity. Assuming a primary isotope effect of three for

The increased stability of a benzomide anion vs. an alkylamide
anion would be reflected in a larger Keq but smaller koyx for the
Young case when compared to the Andersor. case. The parallel slopes

are, consequently, not surprising.
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the process:

e
BN SAY

H( D)
L N3 Ns %H( D)
T v

the oxazolone pathways need be only 6 times faster than the hydrogen
enolization rate to give an observed isotope effect of 1.1l. The
actually observed value (1.1), suggested that both mechanisms might
clearly be seen in a system with a slower owrall rate of oxazolone-
catalyzed racemization.

In éumary, the predicitve value of the results from the Young
‘model was questionable. The Anderson model, in which a genuine pep-
tide bond would be involved in oxazolone formation, represented a
cage from which generalizations to other peptide systems could be
made with more certainty. The present chapter describes the attempts
to measure the isotope effect for racemization using the Anderson
model.

The required starting material, radiotracer-labeled Z-Gly-L-
(a-deuterated)Phe, was expected to present no gynthetic difficulties
since the g-deuteration of amino aclds via the benzoyl oxazolones
was now a well-trodden laboratory route. The deuteration was accom-

plished without event, acid hydrolysis served to remove the benzoyl
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group, and the racemic, g-deuterated phenylalanine was coupled with
14¢-1abeled Z-Gly via the Kemp-Chien reagent. Resolution of the
resulting racemic dipeptide acid with (=) a-phenyl ethylamine gave a
sample of the required 2-[1-1*C]-Gly-L-[2-®H]Phe that was > 994 optically
pure. This material was combined with Z-Gly-L- [3-2H]Phe and the mix-
ture was freed of any radiolabeled.g enantiomer by the techniques des-
cribed in the previous chspter.
When the trebly-labeled material was coupled with ethyl glycinate

via either the Kemp-Chien reagent or the mixed anhydride method, and
the racemization assay applied to the resulting peptide, small but

measureable kinetic isotope effects for racemization were observed:

racemization
4 oH oD kH/XD
Mixed anhydride 0.013 0.009 1.5
Kemp-Chien Reagent,(23°)  0.06 0.0k 1.5
Kemp-Chien Reagent,{ 3°) 0.01k 0.013 1.1

These results suggest a racemization mechanism in which the break-
age of the cd-H bond is rate-determining. By the arguments of the
preceding chapter, enolization alone could account for this phenomenon.
Unfortunately, the arguments for the Young case may not obtain in the

present case.



It will be recalled that the advantage of the Young model lay in
the assurance that the oxazolone derived from benzoyl-L-leucine would
racemize at such a rate that any peptide arising from it would be
racemic, i.e., krac >> kcoup (Scheme I). This feature is not neces-
sarily shared by the oxazolone derived from Z-Gly-L-Phe (11).

H
N N
HUIN: NZ
2 HZ MEZ b
11 IIT

Goodman's' studies with optically active oxazolones, in which

the peptide oxazolone (III) was found to give only partially racemized

(1) See page 25.
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coupling product (i.e., L kcoup) with ethyl glycinate, suggest
that oxazolone II may also give partially racemic peptide. If the
racemization rate for the oxazolone is in balanced competition with
the coupling rate, substitution of the o-H in IIT by a-deuterium
should upset this balance, and a kinetic isotope effect for the rac-
emization of the oxazolone would be seen.?

The consequences for the present mechanistic study would be at
the very least, annoying. If both oxazolone and enolization path-
ways are able to show kinetic isotope effects for racemization, the
mechanistic problem cannot be solved by a method that is designed to
measure the kinetic isotope effect. The initial objectives were to:

1. Determine the relative rates for racemization and

aminolysis of the Anderson oxazolone by ethyl glycimate.

2., Develop experimental conditions under which the kinetic
isotope effect allows a distinction between the two
racemization mechanisms.

In order to attain the first objective, the Anderson oxazolone

was required in an optically pure form. The literature records mum-

(2) Another reaction in which the rate-determining step is followed
by a kinetic isotope effect has recently been reported:
T. J. Katz and S. A. Cerefice, J. Am. Chem. Soc., 1, 6519

(1969).



erous attempts to prepare this substance,® but, even though its der-
ivatives have sghown some optical activity, quantitative assessment of
the optical purity of the oxazolone itself has been impractical due
to its existence as an unstable heavy syrup. In our hands, assessing
the minimum optical purity of the Anderson oxazolone would be an easy
matter. Goodman* reports that the reaction of oxazolone III with
excess hydrazine in cold methanolic tetrahydrofuran yields a hydrazide
that is optically pure. The hydrazide that would result from similar
treatment of the Anderson oxazolone is a substance whose optical purity
could be assessed with great accuracy due to the isotopic dilution
assay described for this compound by Kemp.®

FNone 2less a method of generating the cxazolone under mild con-
ditions wes required. The published attempts, which suffer their
gre_ateat problems in the purification of this exceedingly soluble gub-
stance, appeared u@roiising. A mich more attractive method was sug-

gested by the observations of Woodward's students®®’® regarding the

(3) (a) D. S. Kemp, Ph.D. Thesis, Harvard, 196k.
b; E. Schnabel, Ann., 688, 238 (19655.
c) W. J. McGahren and M. Goodman, Tet., 23, 2017 (1967).

(4) M. Goodman and C. Glaser in "Peptides: Chemistry and Biology, "
B. Weinstein and S. Lande, Eds., M. Dekker, New York, 1970, p. 307.

(5) D. 8. Kemp, S. W. Wang, G. Busby and G. Hugel, J. Am. Chem. Soc.,
9%, 1052 (1970). -

(6) D. Woodman, Ph.D. Thesis, Harvard, 196
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behavior of keto-ketimines IV derived from isoxazolium salts V by

the action of tertiary bases. These intermediates are extremely mild

H

® F?c:cj:) 5’;Pd-—_-

N s :gj -+ RCO,H

/ d Iv
HN /
H
S T 9
pPH < b4 C\O/C\R

O

dehydrating agents and under carefully defined conditions are able to
convert peptide acids to oxazalones. Woodmen ' s ‘investigations sug-
gested that the keto-ketimine derived from Woodward's reagent K VI
would be ideal for our purposes, since the side products would be

water soluble and could be removed by simple extraction.



This method, in fact, proved to be satisfactory. The Anderson
oxazolone could be prepared from Z-Gly-L-Phe with greater than 95%
retention of optical integrity, albiet in low yleld. The‘trebly-
labeled acid was converted to the corresponding oxazolone which, in
ethereal solution, was (1) sampled for optical purity with the hydra-
zine quench and (2) treated with excess ethyl glycinate. Application
of the isotopic dilution assay to the hydrazide and peptide products

gave the following results.

isotope effect
H D
4 rac (krac/k rac)
a-H oD
(1) 2-Gly-Phe-NHNHz T 3

(2) 2-Gly-Phe-GIyOEt  SK(64)"  24(3h) 3.7(3.3)

Assuming that the coupling and racemization reactions are both

bimolecular, the fraction racemate, g, can be expressed as

k
4 rac Trac . - -
B = 100 kcoqp + krac ’ krac/kcou;p B/(l )

* See the details in the experimental sec .ion for the expianation
of the mumbers in parentheses.



Since secondary isotope effects are expected to be negligible,

H_/l_ H
= D' e = isotope effect for
8/ 1-g") racemization.

In another series of experiments, the oxazolone was allowed to react
with ethyl glyciﬁ:a.te in the presence of triethylamine in ether (3)
and dimethylformanide (4) and directly with ethyl glycinate in 4.~
methylformanide (5):

isotope effect

o-H e oD kHrla.c/k])i-s,c
(3) EtsN-GlyOEt(Etz0)  87(100)  87(100) 1
(4) EtsN-GlyOEt(IMF) 87(100)  87(100) 1
(5) GlyoEt (IMF) T3(87)  34(k2) 3.8(7)

These results are in complete accord with the studies of Goodman®
and establish an insurmountable obstacle in the path of our original
goal, i.e., the study of racemization mechanism under optimal peptide
conditions. Only in the présence of tertiary amines could the enoli-
zation and azlactone mechanisms be distinguished; milder conditions
would show isotope effects for both mechanisms and therefore could
allow no distinction. In this light, the results of the mixed anhydride

and catechol ester couplings are not easily rationalized, since, under



neutral conditions, both mechanisms should show isotope effects for
racemization. A peassible explanation may lie in the fact that the
carboxylate and phenolate by-products increase the rate of the rac-
emization of the azlactone,

Although the mechanistic study was thwarted by the optical
lifetime of the Anderson oxazolone, the acyl azide method was still
of interest for the‘reasons discussed earlier in this chapter. The
acyl azide was generated by the usual method and, using ether as the
coupling medium (with the hope that the specific base-catalyzed for-
mation of oxazclone would be suppressed in this solvent), our suspicions

were confirmed. ZExperiment (2) is ambiguous since the oxazolone shows

4 rac L /D
Ether with a-H oD rac rac
(1) EtaN-GlyOEt 1.6 0.5 2.8
(2) GlyoEt 0.03 0.011 2.9

an isotope effect under these conditions, but the racemization in
experiment (1)} cannot be oxazolone-mediated. The latter experiment,
then,represents the first proof of enolization for any peptide-activated
spacies capable of oxazolone formation.

The experiments were repeated in dimethylformamide as the reaction

medium with even more dramatic results. Again, experiment (3) is
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ambiguous, but experiment (4), in which massive amounts of racemization
are observed for the first time with acylazides,must represent a

competition between the oxazolone and enolization mechanisms. Assuming

4 rac H D
IMF with o-H o-D k rta.c/k rac
(3) GlyOEt 0.48 0.22 2.3
(4) EtaN-GlyOEt 50,3 N 1.3

an isotope effect of 3 for the enolization process, it can be calcu-
lated that the rate of enolization in (4) is 1/3 as fast as the rate of
oxazolone formation, whereas in experiment (1) the enolization rate is
10 times the oxazolone rate. Herein may lie the explanation of the
solvent effects previously noted for racemization. By changing the
solvent from IMF to ether, the specific base-catalyzed oxazolone for-
mation may be reduced 30-fold. Unfortunately, the more polar solvents
will be required for the coupling of large peptide fragments. Fortun-
ately, other means of reducing specific base-catalyzed racemization ere
aveilable and are discussed in the next chapter.

The enolization demonstrated for the acyl azide presents a new facet
of the racemization curse and warns against highly activating groups in

peptide synthetic schemes that do not encounter the oxazolone problem.
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EXPERIMENTAL

Determination of the Amount of Tritium Label

in the o Position of I-[2,3°H]phenylalanine

Tritium-labeled benzoyl-l-phenylalanine! (prepared from L-phenyl-
alanine "2,33H”' by “he same procedure as used for benzoyl-L-leucine),
800 mg, sp. act. 13,000 dpm/mg, was dissolved in 35 ml of a mixture of
dioxane-acetic anhydride, 1:7 (v/v), heated under reflux for 20 min,
then eveporated at reduced pressure. The resulting oil was refluxed
in 20 ml of acetic acid-acetic anhydride solution, 3:1 (v/v), then
evaporated. This latter procedure was repeated three additional times
with fresh acid-anhydride solution, then e portion of the residue was
removed, while the remaining oil was taken through another cycle. The
azlactones thus obtained were hydrolyzed by addition to a boiling mix-
ture of 3 ml acetic acid in 10 ml water, the crude solids were col-
lected and recrystallized twice from acetone to mp 185-187°, PRoth
samples of the racemic benzoylphenylalsnine had the same activity;
12,870 dpm/mg, indicating a loss of 130 dpm/mg or & total loss of 0.047
uwCi tritium. An aliquot of the combined distillates from the evepor-

ations were counted indicating a total of 0.025 ,Ci tritium recovered.

(1) E. Fischer and A. Mouneyrat, Ber., 33, 2383 (1900).

# Purchased from New England Ruclear Co., Boston, Mass.
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Jince nome of the label was sure to be lost dquring the evaporations,
the results demonstrate that only 1% of the tritium label is in the

a position in the phenylalanine used for the subsequent studies.

2-Phenyl-4-benzyl=-oxazol-5-one

(Benzoylphenylalanine Azlactone)

Racemic benzoylphenylalanine,® %0 g, (0.11 mol), was dissolved
in a mixture of 30 ml dioxane and 200 ml acetic anhydride and the
solution was heated at 100° for 30 min. After standing an additional
hour at room temp. the solution was evaporated at reduced pressure and
the residue was evaporated with two 50 ml portions of tcluene to remove
excess acetic anhydride. The residue was taken up in hot hexane, fil-
tered and chilled to give 24 g fine needles (86%), mp 70-71°, Lit.Z

70‘7200

Benzoyl-DL-phenylalanine, o-Deuterated

A solution of acetic acid-0-D was prepared by refluxing 92 g
acetic anhydride (0.9 mol) with 15.5 g deuterium oxide (0.775 mol)
for 30 min. After cooling to room temp. the solution (100 ml) was
divided into U4 portions each containing ca 0.35 moies exchangeable

deuterium.

(2) E. Mohr and F. Stroschein, Ber., 42, 2521 (1909).
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The recrystallized azlactone, 20 g {(0.08 moles), was combined with
a portion of the deuteration solution heated under reflux for 15 min,
then cooled and evaporated in vacuo. The residue was taken thrcugh
two additional cycles with fresh deuteration solution and the ultimate
golden residue was heated with the final portion of the deuteration
mixture. The refluxing solution was cautiously treated with 5 ml
deuterium oxide and after 10 min another 5 ml heavy water was added,
followed by vigorous refluxing for 30 min. The solvent was evaporated
in vacuo and the resulting crystalline solid was washed free of color
with cold dry ether to give 18 g (84%) racemic y-deuterated benzoyl-

phenylalanine, mp 184-186°.

Acid Hydrolysis of gDeuterated Benzoylphenylalanine

Eighteen grams of g-deuterated benzoylphenylalanine was dissolved
in 5% liters of hot 3 N HC1l and the solution kept at 100° for 1k hrs.
Concentration at reduced pressure to a volume of 2 liters followed by
chilling to 0° gave a precipitate of benzoic acid, mp 120-121°, which
was filtered off and the filtrate was taken to dryness at reduced
pressure. Excess HCl was removed by two further evaporations with 250
al portions of water and the resulting yellow powder was taken up in
100 m1 each ether and water. The aqueous phese was washed twice with
100 ml portions of ether then treated with 18 g freshly distilled aniline

to bring the pH to 4.5-5. The curdy precipitate was dissolved by heatling
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as 80 ml absolute ethanol was added, the hot solution filtered, and
the filtrate was diluted with 200 ml hot absolute ethanol. The large
plates of g-deuterated racemic phenylalanine were collected after
overnight chilling and washed with ethanol and ether, 5.8 g. A
second crop of 1.7 was obtained from the mother liquors: total yield
Te5 8 68%. A small sample was converted to the N-trifluoroacetyl
derivative® and the mass spectrum determined. The latter indicated
94% y-deuteration when compared with the spectrum of a sample of un-

labeled N-trifluoroacetyl phenylalanine..

(-) o Phenylethylammonium Salt of Benzyloxycarbonyl -

&lycyl-L-phenylalanine

The salt was prepared by combining equimolar amounts of the acid
and base in absolute ethanol. An analytical sample from ethanol had
mp 181-183°, with L;JDZS + 18.6° (c=0.5, MeOH). C, 67.79; H, 6.56;
N, 8.72. CoyHayNs0s requires C, 67.91; H, 6.54; N, 8.80.

To a solution of 121 mg (1 mM) (-) a-phenylethylamine in 8 ml

hot ethanol was added 357 mg ZGly-DL-Phe, (1 mmol), asymmetrically

(3) J. P. Greenstein and M. Winitz, "Chemistry of the Amino Acids,"
John Wiley and Sons, Inc., New York, N.Y., 1961, p. 91k.

# Technical assistance from Mr. James Althaus (M.I.T.)is gratefully
acknowledged.
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labeled (D enantiomer only) with sp. act. 605 dpm/mg. The solution
was chilled, seeded with the L-(-) salt and kept in the freezer over-
night with occasional swirling. The 8solid was coliected and washed
with water and ether to give 200 mg, mp 179-181°, activity 83.2
dpm/mg, indicating a composition of 91¢ I- and 9% D salts. The re-
maining 175 mg salt was recrystallized from ethanol (4 ml) to give
105 mg mp 180.5-182.59, with specific activity 22.5 d/mg indicating

98¢ L and 28 D salts.

Resolution of Benzyloxycarbonyl[i-'*clglycyl-1-

[2-D]phenylalanine

A solution prepared by dissolving 9.7 g (27.2 mmol) of the doubly-
labeled racemic acid in 250 ml hot ethanol containing 3.3 g (27.2
mnol), (-) a-phenylethylamine was seeded with the L:(-) salt and chilled
with occasional swirling for 20 hrs. The precipitate, 5.5 g, mp 175-
180°, was recrystallized from ethanol to give 4.6 g (70%), mp 180-
181.5°, [a]D23 + 18.5° (C=0.5, MeOH). The salt was added to a rapidly
stirred suspension of 100 ml each ethyl acetate and 3 K K1, the layers
were separated and the aqueous phase extracted twice with 50 ml por-
tions of ethyl acetate. The combined organic phases were washed with
water and brine, then dried and evaporated. The residue was taken up
in 50 ml hot ethyl acetate, seeded with racemate a chilled at 30 for

2 hrs to give 430 mg, mp 140-145°. Concentration of the filtrate to
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15 ml and chilling gave, after recrystallization 2.53 g, mp 130-131.5°,
[a]D23 + 38,6 (c=2.5, ethanol) ILit. +39.2, sp. act. 20,750 dpm/mg;

3.37 ,C1/mmol.

Isotropically Pure Benzyloxycarbonylglycyl-L-

phenylalanine, Trebly labeled*

The resolved acid, benzyloxycarbonyl[l,!“C]lglycyl-L-[2-DJphenyl-
alanine, 2.31 g, sp. act. 3.37 uCi/mmol, was combined with 4.82 g
benzyloxycarbonylglycyl-1- [3- ®Hlphenylalanine, sp. act. 1.55 ,Ci/mm,
and 1.426 g of the corresponding unlabeled racemic acid in 250 ml hot
acetonitrile. The solution was chilled to 3° and stirred rapidly as
a drop of freshly precipitated slurry of racemate was added. After
100 min at 3° the suspension was filtered and 1.53 g racemate dissolved
in the filtrate. The solution was seeded as described and two hrs
later the racemate was collected, and the process repeated with a
further 1.426 g racemate. The ultimate filtrate was concentrated at
reduced pressure and the solids recrystallized twice from ethyl acetate
to give the trebly labeled acid, mp 129-131°, 5.4 g, sp. act. 9,360
dpm/mg °H/14C = 0.895, eH/aD = 3.2.

(4) D. 8. Kemp, 8. W. Wang, G. Busby, III, and G. Higel, J. Am. Chem.
Soc., 92, 1052 (1970).
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In order to define limits of isotopic purity for this substance,
the recovered racemate from the first dilution was recrystallized
(acetonitrile) to mp 161-163° and 160 mg combined with 800 mg un-
labeled L acid in 28 ml acetonitrile. Recovery sad purification of
both substances by the usual procedures gave a sample of I acid, mp
129-131°, sp. act. 3H 4ok; 14C 62k dpm/mg.

The racemate, 112 mg, was combined with 566 mg I acid and the

racemate recovered and recrystallized, mp 160-152°

SH 14C
activity DL 30.3 137
(Cale) L ks 57
activity of D 15.6 217

Consequently, the resolved substance contained 0.66% racemate while
the initial tritiated substance contained 0.046% racemate. Assuming
a 90% recovery € racemate at each dilution and a purity of 99% for
the final L acid, the substance can be calculated to have leas than
0.00001% of its tritium activity and less than 0.0001% of its 1*C

activity in the D enantiomer.

Anderson Test Using the Mixed Anhydride Procedure

The trebly labeled acid, 393 mg (1.1 mmol) was added to a solution

of N-methylmorpholine, 111 mg (1.1 mmol), in 5 ml dry tetrahydrofuran.
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The acid was dissolved at room temperature and the resulting solution
allowed to equilibrate with a bath at -14° (scdium nitrate and ice-
water in a small Dewar flask) for 15 min. The solution was stirred
rapidly as 0.15 ml (1.13 mmol) isotutylchloroformete was added, fol-
lowed 30 sec later by 0.11 ml ethyl glycinate, (1.1 mmol). After

1 min the bath was removed and the reaction mixture was aliowed to stir
at ambient temperature for 15 min. The reaction was quenched by the
addition of 40 ml ethyl acetate and 10 ml 1 N HC1l, the layers were
separated and the organic phase was washed witn saturated bicarbonate
and salt solutions, then dried and evaporated. The residue was com-
bined with 453 mg unlabeled L enantiomer and 95.3 mg unlabeled race-
mate in 30 ml ethanol, cooled to 15° and seeded with a freshly pre-
cipitated slurry of racemate. Frequent swirling during the first

10 min followed by occasional swirling gave a precipitate of racemate,
86.3 mg, mp 132-133° within 1 hr. The racemate was colle cted and
subjected to the dilution sequence below while the L enanticmer was
recovered from the filtrate, recrystallized and its activity deter-

mined.
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Dilution Scheme for Mixed Anhydride Product

Recovered Added Added Activity L Yield of L
racemate L DL °H %C dpm/mg  mp(DL) 377 mg
1. Reaction U453 mg 95.3 1,520 1,760 132-133°  oH = 285 mg
product o= 92 mg
2. B86.3mg T66.2 131-133°
3, 69.8 696.7 130.5-13%2°
k. 57.9 4Tb.5 131.5-133°
0.23 0.26
(calc) 0.25 0.29
activity of racemate 0.97 0.8k
activity of D 1.71 1.42
yield of D (mg) 0.017 mg a Hydrogen derived

0.004 mg o Deuterium derived

racemization: o  0.0125%; oD 0.008T%, isotope effect = 1.45

Anderson Tests with 3—BeLleozqca.rbony;5_]_.lgyi-L-

phenylslanyloxy-2-hydroxy-N- ethylbenzamide

A. A solution of the trebly-labeled active ester? 519 mg, (1.0 mmol) in
5 ml dry dimethylformamide was treated with 110 mg ethyl glycinate
(1.1 mmol) and allowed to stand L hrs at 23°.

B. As in A but at 0-3° for 20 hrs.
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After the allotted times the reaction solutions were partitioned
between 50 ml each 1 N KC1 and ethyl acetate, the organic phases were
washed with water, twice with 1 N NaOH, water, then evaporated at reduced
pressure. The residues were combined with unlabeled racemic and L Anderson

tripeptides and the dilution sequence performed as previocusly described.

% rac
Yield ofl ad Isotope effect#
A 85% 0.06 0.0k 1.3
B 90% 0.01% 0.013 1.1

* For amall (< 1%) racemization levels the isotope effect is merely
Brr/14
(°r/*4c)

( SWI 4c )pmd
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Preparation of Optically Active 2-(Carbobenzoxamidomethyl)-

li-Benzyl-oxazol-5-one (The Anderson Azlactone)

A solution of 1 mmol triethylamine and 1.2 mmol finely powdered
N-ethyl-5-phenylisoxazolium-3'-sulfonate (Woodward's Reagent K) in
10 ml acetonitrile was stirred at ice-bath *>mperature for 20 min,
then at room temp. until almost all the solid dissolved in the pale

yellow solution (ca 15 min).

Al]l subsequent operations were performed in & cold
room at +3° with pre-equilibrated reagents and

glassware.

The reaction was returned to the ice-bath and a supersaturated
solution of benzyloxycarbonylglycyl-L-phenylalanine, 0.5 mmol, in
cold scetonitrile was added all at once and stirring contimued for
15 min. The reaction solution was partitioned between ether (50 ml)
end water (30 ml), the layers were separated and the organic phase
was washed twice with water, once with sat. bicarbonate then dried
over MgSO,. The resulting solution was used immediately after prepar-

ation. (Yield: ca 15%).



GENERAL PROPERTIES:

I. Infrared Spectrum

The infrared spectrum of the freshly prepared oxazolone solution
was essentially superimposable on that of the oxazolone described by
Kemp . #

IT. Optical Activity

A portion of the oxazolone solution (5 ml) was placed inal dm
polarimeter cell giving aD23 -0.256°, Treatment of the polarimetry
solution with 50 mg triethylamine gave a solution with abaa 0.001°
within 1 min after mixing.

I1I. Optical Purity?

A portion of the etheral solution prepared from trebly-labeled
starting material (20 ml) was combined at 3° with a quenching solution®
composed of 1 ml hydrazine hydrate in 5 ml each dry methanol and
tetrahydrofuran and allowed to stand for 1 hr at 3°. After evaporation
the o0ily residue was taken up in 25 ml absolute ethanol and 1.0l g
unlabeled I~-hydrazide was added. After heating to effect complete
solution, 125 ml cold absolute ethanol was added followed by a solution

of 32 mg unlabeled racemic hydrazide in 20 ml hot ethanol. When the

(5) M. Goodman and C. Glaser in "Peptides: Chemistry and Biology,"
B. Weinstein and S. lande, Eds., M. Dekker, New York, 1970,

P 507.
D. S. Kemp, Ph.D. Thesis, Harvard, 1964.



sclution had equilibrated to room temperature, a small drop of an
ethanolic slurry of freshly precipitated racemate was added and the
mixture rapidly stirred at ambient temperature for 12 hrs. The solid
was collected and recrystallized from ethanol to give racemaie A,

300 mg,mp 167-170°, while the filtrate was concentrated and the
resulting solids recrystallized from ethanol to give the L-emanticmer
mp 140-142° after shrinking at 105°, sp. act. H 98.7 dpm/mg; 1%C
107.5 dpm/mg. Yield of o~Hydrogen derived 20.9 mg; and 6.4k4 mg o~
Deuterium derived L hydrazides.

The racemate A, 214 mg was combined with 721 mg unlabeled L-
hydrazide in the manner described above. The resulting svlid was
sacrifically recrystallized to mp 167-170°, sp. act. SH 21 dpm/mg,
14¢ 14.4 dpm/mg. Since the calculated activity of the L-enantiomer
18 3H 12.75 dpm/mg and 1*C 13.9 dpm/mg, the activity of the D-enan-
tiomer is 29.2 dpm/mg 3H and 14.8 dpm/mg 1%C. Yield: a-Hydrogen
derived D-enantiomer 0.794% mg or 7.3% racemization; a-Deuterium
derived D-enantiomer 0.113 mg or 3,5% racemization.

In another determination of optical purity according to the
sequence described above but using a larger volume of quenching sol-

ution, the racemate derived from the a-Hydrogen species was less than

2%.



The Iasctope Effect for Racemization During

Peptide Coupling via the Oxazolone

A. Bther

The freshly prepared oxazoline soluticn (estimated concentra-
tion 0,06 mmol/30 ml) was treated at 3° with 1 mmol ethyl glycinate
(15-fold excess) and allowed tc stand in the cold for 12 hrg. The
residue after evaporation was taken up in ethyl acetate, washed with
diluted HCl, water, sat. bicarbonziz then dried and evaporated. The
residue was quantitatively dissolved i1 = wl absoclute ethanol and

placed in a 1 dm polarimeter cell giviiyg « 22 +0.025° indicating ca

&D
10 mg excess L Anderson tripeptide. The pularimetry solution was
taken through the Anderson test to give 54% recemized o species and

24k% racemized oD species.

B. Dimethylformamide

The freshly prepared ethereal oxazolone solution, 50 ml, (_g:
0.003 M in oxazolone) wes concentrated at 0° to one-tenth of its
original volume and divided into three equal portions, one of which
was combined with each of the following solutions at 2°.

a. 5 ml IMF containing 100 mg freshly distilled ethyl glycinate.

b. 5 ml DMF containing 60 mg triethylamine.

c. 5 ml ether containing 60 mg triethylamine.
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After 15 min at 3%, 100 mg ethyl glycinate was added to solutions

b and c and all three solutions were allowed to stand in the cold for
12 hrs. The reaction mixtures were partitioned between 50 ml ethyl
acetate and 20 ml 1 N KC1, and the organic phases were washed with
water and sat. NaHCOs, dried and evaporated. The residues were com-
bined with unlabeled 1L and racemic Anderson tripeptides and taken

through the usual dilutions.

%rac
ofl aD Isotope Effect
A(DMF) T3(87)%  34(k2) 3.8(7)
B( IMF-EtoN) 87(!100) 87(100) 1
¢(Ether-EtsN) 87(100)  87(100) 1

The 13§ excess L peptide must be due to the W.R.K. ester that
survives the aqueous extractions. The figures in parentheses
are adjusted to represent the results expected for the pure
L-oxazolone. ‘
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Preparation of Trebly-labeled Benzyloxycarbonylglycyl-

L-phenylalanylhydrazide

A soluticn of the trebly-labeled acid, 1.11 g (3.1 mmol), was
dissolved in a minimum volume of methanol at room temp. and titrated
to a persistent yellow end peint with cold ethereal diazométhane.

The solvent was evaporated and the residue was taken up in 5 ml
ethanol, 1 ml hydrazine hydrate added, and the solution heated at 60°
for 30 min. After standing an additional 3 hrs at room temp. the sol-
ution as seeded and the solid was recrystallized from 30 ml ethanol
to give the hydrazide, mp 142-144° after softening at 105°, 1.07 g
(9%%) Tit.” mp 140-142°, Sh 107°. Unlabeled and racemic hydrazides

of ZGly-Phe were prepared by this procedure in comparable yields.

Preparation of Trebly-lLabeled Benzyloxycarbonylglycyl-

L-phenylalanylazide

A1l procedures were performed in a cold room at +3° with pre-
equilibrated reagents and glassware.
The trebly-labeled hydrazide, 970 mg (2.6 mmol), was suspended in

6 mi water and treated with 1.5 ml each conc. HCl and glacial acetic

* Excessive heating during recrystallization gives less satisfactory
results. D. S. Kemp, private commnication.



acid. The resulting smooth cream was pleced in an ice-acetone bath
at -10°, overlayered with 15 ml ether and stirred rapidly as a goOl1-
ution of 500 mg sodium nitrite in & minimum volume of wmter was
added dropwise. After an additional 10 min stirring at -10° the
layers were separated and the aqueous phase extracted with two 25 ml
portions of ether. The combined ethereal phases were washed cau-
tiously but persistently with 4 x 15 ml portions of sat. bicarbonate
solution (to bring the pH of the last wash up to ~ 8) then dried
over anhydrous magnesium sulfate, and used immedliately afterward.

Yield of acylazide about 60% (vidi infra ).

The Isotope Effects for Racemization

vig the Acyl Azides

Ether

1. A portion of the cold ethereal azide solution, 60 ml (con-
taining ca 1.2 mmol acyl azide) was treated with 0.3 ml (3 mmol)
ethyl glycinate and the immediately precipitated oil was allowed to
stand for 24 hrs at 3° (crystals appear). “

2. A portion of the cold ethereal solution, 30 ml (containing
ca 0.6 mm acyl azide) was treated with 100 mg (1.0 mmol) triethyl-
amine and after 15 mia, ethyl glycinate, 0.15 ml (1.5 mmol), was
added to the clear colution. The precipitated oil was allowed to

stand as in 1.
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Dimethyl formamide

The freshly prepared ethereal azide solution (containing ca
2 mmol acyl azide) was combined with 10 ml dry IMF and the ether was
stripped off at 0°. The resulting solution was divided into two
portions (6 ml each).

3. One portion was treated with 150 mg (1.5 mmol) triethylamine
(irmediate yellowing) and, after 15 min, ethyl glycinate, 0.16 ml,
was added.

4. The other portion was treated directly with 0.16 ml ethyl

glycinate. Both solutions were allowed to stand at 3° for 2l hrs.

Workup (Room Temp.)

Ether

The solvent was evaporated at reduced pressure and the resulting
solids were completely dissolved in warm ethyl acetate, washed with
1 N HC1, water, sat. bicarbonate, dried over magnesium sulfate and
evaporated.

Dimethyl Formamide

The reaction solutions were partitioned between 20 ml each ethyl

acetate and water and the organic phases worked up as above.
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ofl
Ether 0.03%
Ether-EtsN 1.6
DMF-EtoN 50.3
IMF 0.48

rac

0.011
0. Sh
b3

0.&

Isotope Effect
2.6
2.9
1.3
2.1
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CHAPTER III

Mindig szeretek egy kis extrat csinalni.

J. Rebek, Sr.
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The isoxazole-derived catechol monoesters occupy a unique position
in peptide chemistry; they represent the only peptide reagents that owe
their existence toc rational design on two levels. The synthetic design
of these reagents has been described in Chapter 1. The present chapter
is devoted to their design as a natural consequence of the acid-base
chemistry of racemization processes.

The ester I, derived from benzoyl-l-leucine, 1s completely de-
protonated by tetramethylguenidine (TMG) in polar aprotic solvents
(pKa)phenol ~8,> pK_ ™GR® ~ 13). The resulting anion II must be in
equilibrium with the isomeric anion III, with a pH-independent equil-
ibrium constant defined by the relative acidities of the phenol and
amide, which in water may be estimated to be 107 ITI/II. While II is
not expected to collapse readily into an azlactone by virtue of its
poor leaving group, the igomeric III is the direct precursor to azlac-
tones in specific base-catalyzed processes2 and should be unstable to
azlactone formation. The fragile grasp that azlactones hold on optical
integrity in basic media insures that kazl is the slowest step in the
racemization of such a system. The rate of racemization is thus given

by (1) for the reactions of Fig. 1.

(1) S. W. Chien, Ph.D. Thesis, M.I.T., 1967.

(2) D. S. Kemp and S. W. Chien, J. Am. Chem. Soc., 89, 2745 (1967)-
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-d[g]
— - kazl[III] = K

dt eqfkazl[II] = K:eqka.zl[TMG]

(1)
when [TMG] < [I]

The introduction cof excess base has some surprising consequences
in this system. If II can be racemized by general base-catalyzed
processes (Fig. 2), an increase in racemization rate should be ob-
served, (2) or (3) and this system becomes eéxcruiciatingly uninter-
esting when compared to other active esters. (The internal racemi-
zation to give VI is independent of excess base and offers the only
dubious distinction)

The rational design factor rises from the assumption that general
base-catalyzed reactions are not major contributors to the racemiz-

ation process, leaving the system internally buffered against the

specific base-catalyzed process! The increase in pH (required to
digsolve amino acid nmucleophiles in aprotic media during peptide
coupling)ﬁill not affect the racemization rate of I until the pK of
the diasnion IV is reached (Fig. 3). The racemization rate should begin
to increase only around pH 18 accordirg to Eq. (4).

The species dominating this system as a function of pH is approx-
imated in Fig. L.

Conventional active esters must show increasing racemization rates

in the pH range 10-16 due to increased concentration of the amide anions
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Fig. 2
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For the sake of familiarity, the figures are those expected in
aqueous medium (pH). The actual values for IMF or IMSO can be
approximated by shifting the graph about 4 units to the right
on the scale above (i.e., pKI in DMF ~ 12). C. Ritchie and

G. Megerle, J. Am. Chem. Soc., 89, 1447 (1967).
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responsible for sgpecific base-catalyzed azlactone formation. Experi-
mental verification of the unique behavior of the catechol esters in
this pH range was obtained by Edith Chien.2

The isoxazole-derived ester of benzoyl-I~leucine (I) was treated

N
S
=

(3

with 0.2 eg. TMG for 1 hr to initiate the racemization precess.

Ethyl glycinate was then added and the resulting mixture € Young
pPeptides was analyzed for racemic coutent using the isotopic dilution
assay. The results of these anzlyses for coupling reactions in various

aprotic solvents is given in Fig. 5.

Fig. 5

Lo < predicted

4 rac

20 fdmd

Equiv. TMG

L
3
i
¥
1
5
H
£
H
ks
i

(3) D. S. Kemp and Edith Chien, unpublished observations.

[ .
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In accord with theory, the rate of racemization fer less than
1 eq. TMG i8 directly pProportional to the base concentration and the
addition of exceas base does not increase racemic content. The down-
ward curve in the region 1 to 2 eq. TMG suggested that some process
wes reducing the yield of racemic product (or specifically D p.oduct)
at a somewhat faster rate than the destruction of L product. Closer

examination of Chien's data was in complete agreement with this notion.

Fig. 6.
Fig. 6
total peptide
/
excess L peptide
yield
D peptide
1 2
Equiv. T™MG

The yield of excess 1,* peptide remeined constant when more than

1 equivalent of TMG was used, but the yleld of D peptide (and con-

It is important to remember that the quantities actually measured
in this isotopic assay are total yields of L peptide and D peptide,
excess L refers to the difference in these two quantitiea.
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sequently total peptide) steadily decreased as more bese waa present.

These factas offer a new argument for azlactone-catalyzed racemi-
zation, an argument that is independent of the azlactone proof Ly the
isotope effect of Chapter 1. There can be no reasonable process that
destroys D active ester or D peptide faster than it destroys excesas
L active ester or excess L peptide. Consequently this apparently
selective destruction of D peptide must be merely a result of the
destruction of potentially D peptide.

This potential D peptide must be of a different structural type
than active ester, i.e., a true intermediate such ss an azlacton:

(The internal enolization product (VI), cannot be such an intermediate:
if its destruction were faster than C-protcnation, a decrease in yield
should result whenever any TMG is present.)

The intriguing notion of suppressing racemization by selective
destruction of potentially racemic product offers & new solution to the
racemization problem and merits further investigation in this "age of
desperation" in peptide synthesis. The present exanple, although a
synthetically unattractive case, provides a system from which this
notion might be expanded if the forces that cause this effect could be
measured with some precision. Our goals, then, were to

(a) Provide experimental proof for both the sufficiency and

necessity of the presumed azlactone intermediate, hopefully
by developing techniques that could alsc be used in other

cages.
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(b) Confirm the unique acid-base chemistry of these catechol
esters.

(c) Define- the stability of these esters in terms of the
equilibrium between the ester and azlactone, since this
value miat reflect the inherent "racemizability" of the
active ester.

Of special relevance to this last objective is the study by Jencks*
in which the equilibrium was measuved for reaction (5). The extra-
ordinary sensitivity of this equilibrium to the nature of X may have

important consequences in the analogous process for peptide reagents
(6).

CHs-00-0-f-X === CHsCO~ + O-§-X (5)
g | l 1&/@ 0
® | \x. : xe't'l n\ ? -— HXE
H\fo LH nf//o H\n‘v

(6)

The evidence in Chepter 1 has demonstrated the existence of
azlactones in the racemization of catechol monoesters. The large
amounts of racemization observed in the present case suggested that
the azlactone concentration might be high enough to permit actual 1s0-
lation of this intermediate. Experiments designed to do so were un-

succeasful (a failure that conld subsequently be attributed to the
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short lifetime of the azlactone in this system). Isotopic dilution
proved to be an excellent method of determining small concentrations
of azlactones, and with this technique the destruction of the azlactone
in basic media was easily assessed. Only 3f of the initial radio-
activity due to the Young azlactone survived a 90-min treatment with
an equiv. TMG in IMSO. Although the final products of azlactone
destruction were not detemined,. it was necessary to establish that
the altered azlactone was not capable of producing racemic Young pep-
tide upon reaction with ethyl glycinate. Again, isotopic dilution

readily confirmed this:

1l eq. TMG
»  Bz-IL-Leu-GlyOEt, 304
H 10 eq. GlyOEt

60 min

\ 1 eqe TMG 1Peq. GlyOEt

- < 0.14 peptide
90 min 60 min

Self-acylation leading to polymeric material is the moat probable
path. The disappearance of azlactone absorption in the I.R. when
this azlactone is treated with tertiary amines has been not.d:

M. W. Williams and G. T. Young, J. Chem. Soc., 3701 (1964).

(4) M. Gerstein and W. P, Jencks, J. Am. Chem. Soc., 86, h§55 (196k).
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To prove the sufficiency of the azlactone intermediate for ex-
plaining the dowmward trend in Chien's racemization curve, the loss
of potentially excess L peptide must proceed at a constant rate in
the region of excess basge. Polarimetric assessment of the racemization
of the anion II (the only reasonable source of excess L peptide and
optical activity) showed the necessary insensitivity of racemization

rate to excess bage. (Table 1). The constant, first-order rate of

TABIE 1

Pase Catalyzed Racemization of I; DMSO, 239

Unit conc.(M) K ac X 10° Optical half-life
Ester TMG (min)

0.058 0.058 8.4/min 8e

0.039 0.058 8.2 85

0.2 0.2 7.8 90

0.it 0.4 8.2 85

racemization algo confirms the plateau in the pH profile of Fig. b,
consequently the general-base catelyzed mechanisms of Fig. 2 cannot
be significant racemization-contributing processes. The internal

enolization process, while consistent with the polarimetric results,

has already been discredited.
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The demonstrated instability of the azlactone to TMG placed un-
fortunate obstacles in the path of reaching the third goal, 1i.e.,
the stability measure of the active ester anion in terms of azlactone

partitioning. Fig. 7. Ideally the xéq should be determined by

Fig. T

Ft
o SLNEf
+

4----
k

ret ‘v i
i e

measuring both the forward and backward reaction velocitiies, but the
known instability of the catechol molety in base, as well as the deﬁ-
truction of the azlactone made such a direct approach impractical. In
fact,nc available evidence pointed to the existence of the return
reaction. The feasibility of the return reaction was established by
an isotopic dilution experiment, but one which differed from those
previously described. In the earlier experiments the instantanecue

concentrations of radioactive substances were determined by appropriate
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quenches. In the experiments which follow, the design provided for
partitioning of radiolabeled species before the system was quenched.
In a sense the two types of experiments are differential and integral
regspectively. The following experiment is of the latter type:

The active ester, with known specific activity (labeled in the
amino acid moiety) was allowed to equilibrate with TMG(1 eq) in DMSO
for 90 min. Unlabeled azlactone was then added in large excess and,
after a few minutes equilibration time the active ester was recovered
by an appropriate procedure. The specific activity of the recovered
ester was only 90’ of that of the starting material, demonstrating

that a process was generating active ester from unlabeled azlactone.

Ester + TMG -&2-—4:—1-‘1——» , then Azlactone —> Ester
2.5 x 10° dpm/mmol | 2.3 x 10° dpm/mmol

This demonstrates the feasibility of the return reaction but does not
require its existence under reaction conditions.

Further labeling experiments of the integrative type were designed
to tracé'the components, active ester and azlactone through their
meanderings in this complex srstem with more certainty. 8uch experi-
ments were feasible only if the azlactone and active ester carried
different radiolabels, according to the scheme in Fig. 8. The *C

labeled lL-ester, TMG, and 3H labeled azlactone were allowed to equili-
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IL ester with Fig. 8 Azlactone with

~ SH incorporated 14c incorporated
brate. Isotopic dilution for the various reaction products established
their concentrations, and the redistribution of radiocactivity (2*%c
activity in the azlactone and 3H activity in the active ester) demon-

strated the interconversion of the azlactdne and active exter.

L-Ester(l4c) + TMG + Azlactone(>H)
1 eq. 1 eq. 1 eq.
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(1) Product Distribution® after 90 Min in DMSO
L-Ester Azlactone
58% 14c 14% 14¢
13% °H 16% 3H

(2) e e
L-Ester DbEaterb
55% 14cC 18% 14c
11% °H 11% 3°H

(a) The figuree represent the radicactivity recovered; 58% of the
original 14cC activitg wag retained in the L-active ester while
13% of the original °H activity of the azlactone was converted
to L-active ester.

(b) These figures were determined by diluting with racemic ester
and subtracting the known isotopic content due to the L~
enantiomer.

The label distribution in the D-ester from experiment (2) is not
easily rationalized. If all D-ester comes from the reaction of
azlactone with phenolate, more 3H activity should appear in this product
than 1%C activity. The observed ratio ®H/1*C < 1 suggests the direct
leak&ge of 14C activity from L-ester to D-ester, & result expected
for an enolization mechanism. The internal racemization of Fig. 2
becomes attractive but the evidence of Chapter 1 argues against such

a froceaa. A possible explanation is that the azlactone composition
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at this point in Exp. (2) is also ®H/1“4C < 1, although it was not

determined.

A 8light excess of TMG causing faster destruction of the

°H azlactone could be the cause. Excess base (Exp. (3)) indeed caused

(3)

(&)

Ester(1c) + ™G + Azlactone(®H)
1l eq. 2 eq. 1l eq.

Product Distribution after 90 xin in DMBO

L-Ester Azlactone
57% 14c 6% 14c
6% °H 5% °H

Product Distribution after 24 hrs in DMBO

DL-Ester DL-Benzoyl leucine Azlactone
22% 14c 29% 14c < 0.1% %c
T SH 3.5% °H < 0.1% %1

faster destruction of the azlactone, but, in complete accord with the

polarimetry results, showed little effect on the rate of loés of

g(l‘c) active ester. These integrative experiments ccuialete-the proof

of the azlactone inﬁemdiate.



-136-

Cur last objective, the definition of the equilibrium constant,
was realized using DMF as the reaction medium. The nature of the
equilibrium, in which the azlactone is present only in low concen-
trations, coupled with the increased stability of the azlactone in
this solvent, greatly aided the determination of the return reaction
velocity. The instantaneous concentrations of azlactone, D .ester and
L ester were determined by an isotopic dilution experiment using a

single radiotracer.

L-ester(14C) + TMG Ea'ﬁ-_n—’ L-ester + azlactone + D-ester
1 eq. 1 eq. 0% 10% 20%

The complete recovery of radioactivity demonstratea that material
balance is maintained. Since the concentration of the D ester is
greater than that of the azlactone from which it originates, the system
mist be at equilibrium (the initial concentrations of both D-ester

and azlactone are zero). The equilibrium constant for the reaction

Ester Anion '5"—c—b Azlactone + Pheuolate
ret '
is thus:

|Azlactone]|1’henolate] . . -
Ester Anion 0.011 M Keq kra.c/ kret‘.
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The forward reaction velocity can be calculated since the system

is at its optical halflife at 60 min.

2 x [D ester] + [Azlactone] = 508
[Material Balance]

grac

k = -0.011/min
rac

The return reaction rate constant is consequently ~ 1 M?! min™t.

The only other activated species for which comparable data
exist are the p-nitrophenyl esters. Young® reports that the PRP
ester-oxazolone ratio is about 2:1 (benzoyl leucine ester with
N-methylpiperidine as the base). Goodman's data also indicate a
2:1 ratio of ester to oxazolone at equilibrium* for the PNP ester

of benzoyl phenylalanine using tributylamine.

(5) M. N. Williams and G. T. Young, J. Chem. Soc., 3701 (1964).

(6) M. Goodman and L. Levine, J. Am. Chem. Soc., 86, 2918 (1964).

Goodman reports the ester-oxazolone ratio is 17:1 when ten-
fold excesses of base and phenol are present.
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For mixed anhydrides the equilibrium must lie far on the side
of the oxazolone, since successful use of this method is critically
dependent on very short activation times (30 sec to 2 min), i.e.,
before equilibrium can be established. The sa.me conclusions may
be drawn for cerbodiimide-derived activated species, where the
equilibrium is driven to the oxazolone by the essentially irrever-
gible nature of the dehydration. Oxazolone-ester-equilibrium con-
stants for a mumber of activated species would be very degirable
for the rational design of peptide reagents. A atud:.r of the
enigmatic acyl azides may provide valusble information regarding

the inherent "racemizability" of activated species.

The specific destruction of potentielly racemic peptide
products formally represents a new means of reducing racemization.
The azlactones, replete with functional groupings, should be easlily
trapped by nﬁny reagents compatible with peptide synthesis. A

few possibilities are listed below.
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1. The behavior of azlactones as dipolarophiles" suggests

that they might be specifically destroyed by singlet oxygen.

2. The reaction of hydrazoic acid with azlactones to give
tetrazole acetic acids® is an especially attractive possibility;

the side products could easily be separated by extraction.

3, The high kinetic g-acidity of azlactones could be used
to advantage; reaction with some diazonium salts should give

readily separable products.

R, Hul en, H. Gotthardt and H. Bayer, Angew. Chen. , :{_,
185 (1

(8) H. Behringer and W. Grimme, Ber., 2, 2967 (1960).
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EXPERIMENTAL

The preparation of benzoylleucine derivatives is described else-

where in this thesis.

Racemization of 3-(Benzoyl-L-leucyloxy)-2-Hydroxy

N-Ethylbenzamide by Tetramethylguanidine

All rung were made in a 1 dm water-jacketed polarimeter microcell
held at 25° by means of a constant temperature circulating bath.
The rotation at the D line of sodium was observed ae a function of
time. Aliquots of standard solutions of the active ester and TMG in
IM30 were combined, made up to volume, then placed in the polarimeter
cell. Plois of 1ln o vs. time gave good straight lines over three
half-lives. Intercepts of ln « at zero time were directly propor-
tional to initial concentrations of the active ester, indicating that
Beer's law was followed over the range of concentrations used (0.06

to 0.2 M).

The Reaction of Oxazolone with Tetramethylguanidine

A. (Control)
A solution prepared by disolving 88.4 mg oxazolone (0.4 mmol),

8p. act. 2.56 x 10% dpm/mmol (H), and 55 mg TMG (0.4 mol), in 2.0
ml DMSO was thoroughly mixed and a 1.0 ml alliquot immediately added

to a freshly prepared solution of 1 mamol each glycine ethyl ester
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hydrochloride and TMG in 3 g IMSO. After 1 hr 181.7 ag racemic Young
peptide was added and the reaction solution was worked up in the
usual fashion to give peptide, mp 144-146°, gp. act. 2.36 x 10°
dpm/mml, indicating a 29% yield from the oxazolone.

B.

A solution of oxazolone and TMG in the proportions and solvent
above was allowed to stand at room temp. 95 min, then a 0.5 ml aliquot
wae added to a solution of unlabeled oxazolone, 310 mg, and acetic
acid, 0.5 ml, in 20 ml ethyl acetate. After washing with sat. bi-
carbonate, dil. HCl and brine, the dried organic phase was evaporated
and the residue triturated with warm pet. ether. The supernatant
was drawn off, filtered and chilled. Recrystallization from a minimum
volume of pet. ether gave oxazolone, mp 55-57° sp. act. 24,5 apm/mg
indicating the presence of only 3% of the original oxazolone radio-
activity.

C.

Of the remaining olution in B, a 0.5 ml aliquot was treated
with a solution of ethyl glycinate (prepared as in A) and allowe. *©
stand for 1 hr. Racemic Young peptide, 182.4 mg, was added and re-
covered after workup, sp. act. 11.3 dpm/mg, or 8.2 x 10™% mmol

labeled product.
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Demonstration of the Incorporation of Oxazclune

into Active Ester

A solution of 1 mmol L-active ester, sp. act. 2.55 X 10% dpm/mmol
(14Cc) in 5 ml IMSO was treated with 1 mmol TMG and, after brief
flushing witk nitrogen, the intensely yellow reaction solution was
allowed to stand at 23° for 1 br. The mixture was used to dissolve
3.15 mmol unlabeled oxazolone and immediately diluted with 50 ml
ether. The clear supernatant was decanted from the resulting orange
oil and the waghing procedure repeated two additional times. The
combined ethereal phases were washed with water then dried (Mg804)
and evaporated. Trituration with carbontetrachloride* gave 80 mg
active ester, mp 147-149°, sp. act. 2.30 X 10® dpm/rmol. The orange
oil was treated with 1 ml acetic acid, dissolved in ethyl acetate,
washed with dilute acid and sat. bicarbonate solution then dried.

Evaporation gave the ester mp 148-150°, sp. act. 2.31 X 10° dpm/mmol.

The Exchange Reaction Between Active Ester

and Oxazolone Mediated by Tetramethylguanidine

A thoroughly mixed solution of benzoyl-L-leucyl active ester,

0.4 mmol, sp. act. 1.93 x 10° dpm/mmol (1*C) and 0.36 mmol TMG in ca

* The solubility of the oxazolone in this solvent is greater than
150 mg/ml.
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1 m1 DMSO was treated with benzoylleucine oxazolone, 0.43 mmol, sp.
act. 2.58 x 10° dpm/mmol (°H) and the volume adjusted to 2.0 ml.
After 90 min at room temp. aliquots were quenched with unlabeled
oxazolone and L-active ester solutions; the usual workups recovered

the diluents having the following properties:

mmoles
(origin)
mg diluent activity/mg SH/*%C  (ester) (oxazolone)

L-ester 398 340 dpm 0.29 0.058 0.013
Oxazolone 310 23] dpm 1.7k 0.01k4 0.0185
B.

A solution prepared as in A was allowed to stand 90 min at room
temp. after which 0.5 ml aliquots were extracted and quenched for I-

and DL-active esters.

mmoles
(origin)
mg diluent activity/mg °H/i*C (oxazolone) (ester)
L-ester 254 480 dpm 0.266 0.0113 0.055
DL-ester 203 T94 dpm 0.421

D(calc.) 101.5 580 dpm 0.88 0.0111 0.0164
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The Reaction of Active Ester with Exceas

Tetramth@mnidine in the Presence of Oxazolone

A solution prepared by dissolving 0.4t mmol L-active ester,
1.9% x 10° dpm/mmol (*%C), 0.4 mm oxazolone, 2.5 X 10° dpm/mmol (°H)
and TMG, 0.87 mmol, in a total volume of 2 ml IMSO was allowed to
stand 90 min at room temp. Aliquots of 0.5 ml each were quenched and

diluted for L-active ester and oxazolone.

mmoles
mmol (origin)
diluent activity/mg °2H/1*C (ester) (oxazolone)

L-active ester 2,063 148.4 dpm 0.129 0.0575 0.00575

‘Oxazolone 2.063 53.7 1.19 0.00571 0.00526

After an additional 2k hrs at rcom temp., a 0.5 ml aliquot was
quenched and diluted for racemic benzoylleucine and racemic active

ester, and the remaining solution diluted for oxazolone.

mmoles
(origin)
mg diluent activity/mg °H/1*c (ester) (oxazolone)

Dl-acid 552.6 117 dpm 0.152 0.0296 0.0035
Di-ester 301 192 0.391 0.022 0. 0072

Oxazolone 250 <1l < 0.0001 (i.e. < 0.1%)
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The Partitioning of the Active Ester in IMF-TMG

The reaction solution was prepared by mixing 139.4 mg L-active
ester (0.35 mmol), sp. act. 1.95 x 10° dpm/mmol, and 40 mg TMG (0.3k
mmol), in 2.0 ml DMF at room temp. After 1 hr 0.5 ml aliguots were
quenched with solutions of IL-active ester, oxazolone, and DL-active
ester and the solutions worked up as usual to recover the diluents.

The results are given below.

mg diluent activity/mmol mmol %
L-ester 396.3 1.15 x 10° 0.0626 71.5
Oxazolone 291.5 1.27 x 10* 0.00875 10
D (calc.) 213 2.45 x 10°
0.0178 20

total activity =»>  0.0892 mm

theoretical 0.0875 mm

i eater) + oxazolone
% racemization = 2(D-act vetotal ) = 50%
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CHAPTER IV
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Throughout this study reference has been made to the definition
relating racemization to the two parametera; = racemization rate
and coupling rate. Some factors that affect the former have been
explored in previous chapters. The present chapter definee the
variables that affect the latter.

v,

fraqtion rac =m rac

onupling * Vrac

Aside from its obvious importance in the racemization problem,
kinetic data bears other practical rewards. In any gynthesis that
offers seQeral paths connecting starting materials to product the
most successful strategy places low yleld (slow) steps early in the
synthetic sequence. Peptide synthesis— always a mlti-step pro-
cedure — is especially sensitive to variations in synthetic strategy,
but has historically been limited either to low-efficiency linear
sequences, or low yield fragment condensations via the azide pro-
cedure. The isoxazole-derived esters,of which the Kemp-Chien reagent
appears to be the most useful, introduce alternative strategies for
peptide synthesis.

Consider the scheme below, in which amino acids are added one

at a time to the C-termimus of an N-blocked peptide.
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blocki 1 i
A, =08 By 5% ::t yation, B-A)-A2 —;—-); B-A, -Ax-As

At the present time, the Kemp-Chien reagent is the only coupling
method which can be used efficiently in this scheme, since it can
both activate peptide acids and couple with amino acid anions with-
out significant racemization. This scheme, which requires only one
blocking group, # represents the shortest path between amino acids
and peptides.

In order to gain information regarding optimal conditions for
peptide synthesis via the Kemp-Chien reagent and thus refine the
coupling technique,a kinetic study of aminolysis for these esters
was devised.

The peptide literature, unfortunately, is not a source for such
kinetic data; probably because of the awesome number of possible
combinations (there exist over 1600 dipeptides). A reasonable approach
is implicit in the work of FPless and Boissannas® who report half times

for the reactions of certain 2,4,5-trichlorophenyl (TCP) esters. The

* The efficiency of this scheme is dependent on the uge of amino acid
anions as mucleophiles. The Kemp-Chien reagent appears unique in
its ability to maintain optical integrity under the conditions re-
quired to generate amino acid anions in aprotic medium (see Chap.III).

(1) J. Pless and R. Boissannas, Helv. Chem. Acta, 16, 1609 (1963).
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Z-L-Phe ester wvas treated with most of the common amino acid methyl

esters (1) and aiso benzyl amine. Then the Z-TCP esters of most

Z-1-PheTCP + NHo-CHR-COoMe
1)
NHo-CHo-0 (

of the common amino acids were treated with benzyl amine (2).

Z-NH-CHR-CO2TCP + NHzCHa9 (2)

From the published data we have calculated rate constants for the

more interesting reactions, the coupling of two amino acids (3),*®
frable 1).

2-NH-CH(R)-CO2TCP + NHo-CH(R')COzMe (3)

Assuming that steric effects of side chains are addative in
the transition state, keoup for reactions (1), may be normelized
to the ke for reaction with benzylamine. The keoup for
reaction (2), when mltiplied by the normalization factors,

give kcoup for reactions (3).
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TABLE 1%
R R* koM Imin~1, calc.
1 H(Qy) Ry 3.0
2 Me(Ala) Ala 1.1
3 Ala i pr(Vval) 1.3
h Vel Ala 0.045
5 Val val 0.05
6 Val Ay 0.07

Although these rate constants need only be valid for the TCP
esters at specified conditions (dioxane; 259), the relative rates

should reflect the process (k).

NHoCH(R')COoH + NHoCH(R')COz —
NHo+ CH(R)CONHCH(R ' ) COH

()

The most gtriking aspect 1s the sensitivity of the coupling rate

to the side chain of the active ester component (3 va. 5) when com-

Although the original publication does not specify the configuration
(L, IL or D) of the amino esters used in reaction (1), cur own '
yesults vidi infra aliow us to deduce that the amino esters used

were of the L configuration.



-151-

pared to the insensitivity of the rate to the side chain of the
micleophilic componenmt (2 va. 3), (4 vs. 5 va. 6). The two
extremes (1 and 5) probably eet the range of rates (10%) that can
be expected for coupling with TCP esters I, but not necessarily
for other esters.

The esters derived from the Kemp-Chien reagent are s priori
expected to have greater sensitivity (greater rate ranges) due to
the more crowded enviromment near the aminolysis center and the
restrictions imposed by hydrogen-bridged structures III,possibly

important in the rate determining step.

Cl 0 Q
Cl - ~ Bt
HET C NH
‘ H
o
I II ITI

The coupling of amino acids via the Kemp-Chien reagent (Table
II; see also Table III) suggests that this method is only slightly

more sensitive to steric factors than the TCP ester, &nd, inasmuch
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TABLE IT#
0 '
Z-N3-CH(R)- g\o CONHEL + NHo-CH-COR"
09
v ™G B IMF, 23°

Ester component Amine component ko, M min-1

1 Gy GlyOEt 1 ;:)Lo’)

2 L-Ala L-AlaOEt 1(1.1)

3 1-Ala D-AlaOEt 0.6

L L-Ala L-ValOEt 0.5(1.3)

> L-Val L-AlaOEt 0.06(0.045)
6 1-val 1-ValOBz 0.03(0.05)

7 L-val GLyOMe 0¢15(~ 0.07)

as the conditions can be compared, the two systems are of similar

reactivity.

* Xinetics by isotopic dilution for peptide product; see
experimental section for details.
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The most interesting feature of Table II is the rate difference
in reactions 2 and 3, which must reflect the preference for L + _I:
vs. L + D couplings (lhtu.re knows best). Although there is no
reason to expect the two reactions tv have the same rates, this
feature of ;ctive ester coiplings has not been. previously described. *
The reaction of esters IV with the strongly basic amino acid

anions was next examined (Table ITI). The amino acid anions appear

For coupling of oxazolones,(V), the opposite preference seems
to hold, but the pzeudo-oxazolones (VI) vehave as active esters.

R H

+L amino estey —>»

Ep Bz-D-1, peptide 51
v

Bz-L-L peptide

+ L amino ester —m

CFa-D-L peptide <1
CF3-L-1 peptide
H TR

Vi

F. Weygand, W. Steglich and X. Baracio de la Lama, Tetrahedron
(1966), suppl. 8, part I, p. 9.
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TABLE ITI
e+ !
Z-NH-CH(R)~C0-0 gy + NEe-CH-C0S X®
0
IMS0, 23°
or
IMSO- (MF at 0-3°
Ester component X Amine component koM lmin~?
8 Gy T™MA® Gly 36
9 Qy T™A QAy 15 at 0-3°
10 Giy-L-Phe ™A Gly 36
1 Gly-L-Phe TMA Gy 15 at 0-3°
12 Gy TMGH L-Pro 0,08
13 Gy TMGH Sarcosine! 0.8
1k Ay TMGH L-Phe 2.6
15 1L-val ™A L-Val 0.2
16 L-Val ™A D-Val 0,06

to react about 4 times faster than their alkyl ester counterparts,

in those cases where comparisons may be made (1 vs. 8; 6 vs. 15).

#
Me N

¢+ Sarcosine = N-methyl Giycine
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The effect of temperature appears to be small (10 vs. 11 and 8 vs.
9).
Solvent effects for couplings involving neutral active esters

and amine components are given in Table IV. The dramatic decrease

TAELE IV
Z-Gly-0 CONHEt: *+ GLYOEt
OH
23°
Solvent M imir-?1

17 IMF 0.2
18 IMso 0.22
19 Dioxane 0.15
20 Pyridine 0.45
21 IMF + 1 eq. EIuNe BFq,e 0.15

(50-fold; 1 vs. 17) in aminolysis rate when TMG is not preseﬁt in the
reaction medium may be of mach importance to the racemization ques-
tion. Tt would seem that the small temperature dependence on aminol-
ysis, coupled with this large base dependence argues that peptide
synthesis should be conducted at low temperatures and in the presence

of TMG, unless the racemization rate shows dependencies that parallel
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those of the coupling rate. Available evidence® indicates thst the
racemization rate is, in fact, more gensitive to temperature than the

coupling rate. (By analogy with the reactions 10 and 11 the coupling

Z-Qy-L-Phe-ester SOEY o 7 @my.LePhe. GlyoEt

o, - RT
23%; 0.001 = K3t /K7

Fraction rac: oup RT /k° =20
o. = k© T 5 Krgo/Erge = 20
3% 0.0001 = X2, /0.5 Ko

rate should suffer only a two-fold decrease when conducted at 0°
rather than 23°,)

Recently obtained results* suggest that the racemization rate is,
unfortunately, sensitive to the presence of TMG in much the same

manner that the coupling rate is sensitive for the system above.

fraction rac (neutral) 1
fraction rac (TMG) ~

(3) D. S. Kemp, S. W. Chien, G. Busby and G. Higel, J. Am. Chem.
Soc., %, 1049 (1970). -

(%) D. S. Kemp and C. Banguer, unpublishad.

o — w— e
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Chapter III, in which a specific-base-catalyzed oxazolone for-
mation is shown to be the mechanism of racemization of the Kemp-
Chien esters, suggests another possible method of racemate reduction.
Because the slow step in this process is unimolecular, whereas the
coupling is bimolecular, the fraction racemate should be an inverse
function of concentration. Studies in these Laboratories* have,

in fact, confirmed this surmise.
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EXPERTMENTAL

Methods

All coupling kinetics were followed by isotopic dilutions
measuring yields of peptide product as & function time. Second
order rate constants were obtained from at least four points which
followed the reactions for three half-lives. Water (or ice-water)

baths were used to maintain constant temperature.

Materials

Peptides for use as diluents were generally prepared via the
Kemp-Chien reagent, using procedures described by Chien.' Isolsted
yields of peptides having physical properties in excellent agree-
ment with literature values were generally between 70-80*.

Amino acid alkyl esters were liberated from the corresponding
hydrochlorides with tetramethylguanidine (TMG) and used directly in
those cases where a second equivalent of TMG was present (Table II).
The neutral couplings (Table IV), ethyl glycinate that had been
freshly distilled was used exclusively.

Tetramethylguanidinium salts of the amino acids were generated
in situ. Tetraalkylammonium (TMA) salts were prepared by dissolving

the amino acid in the appropriate volume of 10% (stendardized) aqueous

(1) S. W. Chien, Ph.D. Thesis, M.I.T., 1967.
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tetramethylammonium hydroside followed by azeotropically distilling
the water with benzene, using a Dean-Stark apparatus. WValine salts
thus prepared were highly crystalline, alanine salts were amorphous
powders, but the glycine salt was a wax. Standard solutions of these
salts were prepared for the kinetic studies.

Active esters were prepared by the method described by Kemp.3
Physical data for new benzyloxycarbonyl amino acid 3-esters of 2,3-
dihydroxy-N-ethylbenzamide are reported below.

Ester of Z- M.P. Rotation, 23°  Analysis Calc.
(C = 2,Et0Ac)

L-Serine 116.5-117.5° [olsas = 49.0° ¢ 59.63  59.70

[als7e = -42.3° H 5.47 5.51

N 6,99 6.96

L-Methionine 106-107.5° [alsee = -k2.0° € 59.21  59.19

[els7e = 36.3° H 5.9 5.87

N 6.2% 6.27

8 7.5k 7.18

L-Phenylalanine  89.5-91.5° [“]D = -47.0° ¢ 67.44  67.52
H 5.66 5.67

K 5.98 6.06

L-Valine T7-79° ["’]D = -48.5 C 63.69 63.76

H 6.3 6.22
N 6.83 6.76
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Techniques
A. The couplings (Table II) were performed as follows. Equi-

molar amou‘nts of the aminc acid alkyl ester hydrochloride and TMG
were combined in a small volume of IMF (ca. 10 ml). The precipitated
TMG*HC1 was filtered off (by suction filtration through a coarse
porosity sintered-glass funnel in such a manner that the filtrate

wag directly collected in a 25 ml volumetric flask) and washed with

a few ml IMF. The filtrate was combined with another equivalent TMG
and the resulting solution was equilibrated with a water bath at

23 + 19, The solutions were rapidly stirred (micro magnet) and
standard solutions of radiolabeled-active esters. (1 equiv.), were
injected via calibrated ( 1 ml) syringe at the beginning of marked
time, and the reaction mixture was quickly made up to volume. Afier
the appropriate time lapses, aliquots of the reaction solution were
removed and quenched with dil. HC1l over-layered with ethyl acetate.
Standard solutions of unlabeled peptide product were added via pipette
and the peptide product was reisolated by suitable extraction pro-
cedures. Recrystallization to constant melting point was followed

by analysis for isotopic activity. The yields were calculated according
to the following expression:

(mmoles diluent)( sp.act. of product)
(ﬂpo act. S.M. - 8P act. prodnct)

mmoles product = n =
in aliquot

€ yield = n/theoretical yield for the aliquot.
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1
init. conc.

plots of ((1 — ﬁlyieltﬁ - 1) va. time were made

and the values of the slopes are reported as ko.

B. Reactions involving TMG salts as nucleophiles (Table IIT)
were performed with equimolar amounts of ester and amine components

and the usual technique described in A.

C. The reactions for which TMA salts were required - Table iII,
8-11(glycine) and 15 and 16(valine) - were conducted under pseudo
first order conditions. Ten to forty-fold excesses of the amine
component were employed then the reaction mixture was treated as in
A. A first order rate constant, k >

b
at each of four anion concentrations. The plot of kob s/ [anion] vs.

g’ “as determined from four points

[anion] gave a (horizontal) line which was extrapolated to zero anion
concentration. The intercept found is reported as ko. (Bixteen points
were used to define each rate constant for reactions 8-11, eight points
each for 15 and 16.)

Reaction 14 was also conducted under pseudo first order con-
ditions using the anion solution derived from L-phenylslanine with

two equivalents of TMG (eight points).

D. Neutral couplings (Table IV) were run with equimolar amounts

of active ester and ethyl glycinate.
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