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Abstract-A predictive equation based on extrathermodynamic assumptions is proposed, that allows the prediction 
of the degree of epimerization in tripeptide model reactions of condensation of peptide segments as a function of 
the primary structure. The experimental validation of this equation is presented in the field of the 125 tripeptides 
containing alanine, leucine, phenylalanine., valine and isoleucine, the prediction requires I3 epimerization measure- 
ments on reference reactions. Sixteen statistically chosen predictions are checked experimentally showing a good fit 
in spite of the drastic basic assumptions needed to set up the equation. 

The condensation of peptide segments is a good strategy 
for peptide synthesis. The separation of the product from 
truncated or deleted sequences is considerably facili- 
tated. The main drawback of this method lies in the easy 
racemization of the carboxylic segment of the C-terminal 
residue, when this residue is neither glycine, nor prol- 
ine. This racemization goes mostly through an oxazolone 
by reaction of the penultimate residue on the terminal 
activated carboxylate. Considerable efforts have been 
made to forecast this reaction and its dependence upon 
the reagents and the coupling conditions. However, very 
little has been done concerning the influence of the 
primary sequence in the vicinity of the coupling point on 
the extent of the racemization. 

Concluding his recent review on the racemization in 
peptide synthesis,’ Kemp pointed out five “unresolved 
probhms”. The last is the “development of a procedure 
for predicting the chiral purity expected for a coupling 
reaction carried out with a given pair of peptide frag- 
ments”. 

TWO steps can be considered for this develop- 
ment: “A first step in developing such a procedure 
involves determining whether the racemization level can 
be analyzed in terms of separate contributions from 
substituents, coupling agent, and conditions. A second 
step involves determining the degree to which the entire 
substituent contribution is controlled by the penultimate 
and COOH-terminal acyl substituents, together with the 
amine substituent. Implicit in a prediction procedure is an 
understanding of the scope of 5(4H)-oxazolone induced 
epimerization at the penultimate site”. 

The aim of the present paper is to give a general basis 
for an answer to Kemp’s problem, and a partial 
experimental justification. A preliminary note gave some 
verifications of a general predictive equation.* 

The predictive equation 
The general reaction scheme of a coupling reaction is 

often complex; several active species are generally in- 
volved, especially when a nucleophilic additive, such as 
hydroxybenzotriazole is added in order to minimize 
racemization and other side reactions. 

The racemization’ can be expressed by the ratio of the 
epimerized product; it is actually the result of the com- 

petition between activated species aminolysis and cycl- 
ization to a steady quantity of oxazolone; under normal 
reaction conditions, the oxazolone undergoes epimeriza- 
tion more readily than ring opening, either directly by 
aminolysis, or indirectly to an epimerized active inter- 
mediate.4 This last possibility is very probable in the 
presence of a nucleophilic additive. It is necessary to 
consider a simplified scheme. It has been shown by 
Goodman that the simplest scheme to which the com- 
petition aminolysis-racemization could be reduced, is the 
following: 

H2NL4kR 
RNH-I_-Ai-L-A,X p LLL-tripeptide 

I 
LL-oxazolone 

H2h%-AkR 

Lwxazolone p LDL-tripeptide 

Even this scheme does not allow the expression of the 
epimerization ratio p = % (LDLl/%(LLL) as a simple fac- 
torizable function of the various rate constants. Hence 
we expressed this ratio as the simple ratio of an epi- 
merization to a coupling rate constant. The epimerization 
ratio may be assumed to depend only on the nature of 
the amino acids Ai, the participating aminoacid, Aj, the 
activated amino acid and At the amino component. 

Furthermore, we shall assume that k:jk is independent 
of the nature of Ak and that krrk is independent of the 
nature of Ai. This procedure presents a drastic sim- 
plification but leads to conclusions that, with experience, 
we can compare. 

It has been shown by Kemp’ that a factorization of the 
coupling rate constant for the coupling of the Aj and At 
residues can be expressed as 

where the subscript o refers to a standard amino acid. As 
we assume that the coupling rate depends only on the 
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nature of the Ai and A1, residues, this expression can be 
written for a triplet ijk: 

the selection of the low epimeri~tion bonds rather than 
the high epimerization bonds. We chose to check the 
validity of the prediction law in the field of five non- 
functidnaf amino-acids, afanine, leucine, phenylalanine, 
valine and isoleucine. Thirteen reference measurements 
are needed to forecast I12 cases. 

(2) 

We shall then assume that this expression can be 
applied to racemization rate constants, thou~ no sup- 
porting experimen~l evidence is available: 

as the epimerization rate is independent of Ak 

It is possible to derive an expression for ijk, from this. 
The details of this development are described in Ap- 
pendix I and the simple predictive equation (5) is given. 

(5) 

This approach possesses the advantage of not requir- 
$8 kinetic ~pe~~~t~ brtt only the measurement of the 
ratiu of the epimer yiekf~. The eq~tion, if expe~men~ly 
valid, can be applied to the field of the 18 racemizable 
coded amino-acids. The knowledge of pwo, pi=* pop and 
&& requires (3 x 17) f t = 52 reference measurements 
and provides the prediction of If?-52 = 5780 cases, for 
any case of segment coupling. The experimental vafida- 
tion of this law would justify our simplifyi~ assump- 
tions and would provide synthetic chemists with a very 
useful tool for segment planning. Indeed, an epimeriza- 
tion index will be available for any peptide link in the 
chain and in the absence of glycine or proline will allow 

Ubviously, eqn (5) is applicable to a set of data 
obtained under the same experimental conditions. It is 
necessary to fix these conditions: nature of the coupling 
reagent, solvent, base, ions, concentration of the reagent, 
and temperature. Our model reaction consists of the 
coupling of Boc dipeptides by our BOP reagent, which 
involves the formation of active esters of hydroxy ben- 
2otriazoleP 

Boc-LAi-U\jaH + Hz-N-LA,-ONe z BUC 

BOC-LAi*LAi-~*~Me 

Alanine was chosen as a standard amino acid in each 
position i, j and k. Reference tripeptides for the ap 
plication of eqn (6) are reported in the first row of 
Table 2. Proline and glycine were excluded from these 
models as their presence in position i or k was unrealistic 
from the synthesis chemist’s point of view; racemi~tion 
studies on large sets of ~peptides have been recently 
undertaken by other authors, but the structural variations 
were often limited by the pe~ormances of the dias- 
tereoisomeri~ mixt~e analysis. Ion exchange chromato- 
graphy generally requires the presepce of ;! polar residue 
such as lysine; hplc left many dtastereorsomerlc pairs 
unresolv~.B 

‘H NMR at 250MHz was chosen to carry out this 
analysis. Indeed the estimation of the diastereoisomeric 
contents on the basis of the integration of methyl ester 
signals was achieved in 28 out of the 29 

Tabte 1. Chemical shifts (Hz at W)NHz) of methylester protons of diastereoisomeric tripeptides 

CbcAIAIAkom 

AAA 

LAA 

FAA 

VAA 

IAA 

ALA 

AFA 

AVA 

AIA 

AAL 

AAF 

AAV 

AAX 

AL1 

FAL 

Qt. %M. 

936 

835.5 

833.5 

938 

836 

833.5 

92s 

834.5 

s33 

932 

923.5 

937.5 

934.5 

932.5 

930.5 

9x, 

930 

024.5 

930 

9% 

928,s 

920 

930 

930 

926 

822 

S3iJ 

928 

923.5 

921.5 

- 
bV 

- 

0 

5.5 

9 

8 

5 

5 

s 

4.5 

3 

8 

1.5 

7.5 

6.5 

s 

s 

- 

FAV 

FAT 

FAP 

ALL 

AFK 

AIV 

VFL 

VVL 

VIV 

ILA 

IVA 

LVI 

LXA 

LVV 

- 
hV 

- 

9 

9 

5 

7.5 

7.7 

? 

6 

8 

7.5 

4.5 

4.5 

6 

3 

S 

- 
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Table 2. Epimerization data for reference reactions 

Boc-AiAjAkOhe 
%jk (\I 

AAA 6.7 

LAA 6.1 

FAA 5.4 

VAA 3.7 

IAA 0.1 

ALA 6.6 

AFA 6.9 

AVA 17.2 

AI4 19.0 

AAL 5.7 

AAF 6.9 

AAV 9.3 

AA1 6.9 

diastereoisomeric pairs observed. The separation be- 
tween the two signals was generally greater than 3 Hz at 
250MHz. The signals for LLL isomers were always 
located at lower field than the signals for LDL isomers. 
Figure I shows a typical pattern of this situation. Table I 
summarizes the chemical shifts of the methyl ester signal 
for 29 diastereoisomeric pairs. 

The presence of an aromatic ring was not necessary 
for diastereoisomeric discrimination? Furthermore, if an 
aromatic ring in position i or j gave a positive con- 
tribution to the chemical shift difference, a phenylalanine 
in position k, acting as a magnetic screen on the methyl 
ester, gave a negative contribution to this difference. 
Hence, the signals of Boc-Ala-Ala-Phe-OMe dias- 
tereoisomers differed by only 1.5 Hz, but could be fairly 
easily separated by adding 10% of EuFod shift reagent” 
and recording the spectrum at 45”. This method is then 
universal; however it was limited to the measurement of 
epimerization ratios higher than 3%. The coupling con- 
ditions for the “2 t I” model reactions were chosen in 
order to give epimerization ratios in the range of 3 to 
25%. For this purpose, reagents were used in equimolar 
proportions at O.lM, in order to slow down the coupling 
rate.” Dimethylformamide was chosen as solvent, 
triethylamine as base; amino acid methyl esters were 
introduced as chlorhydrates. Pure LLL and LDL 
stereoisomers of each tripeptide were synthetized step- 
wise by non racemizing procedures, in order to provide 
reference compounds. Epimerization ratios for the I3 
reference reactions are reported in Table 2. From these 
values it was possible to get predicting values for the 112 
other possible reactions involving the five non functional 
amino acids. 

The experimental validation of eqn (5) must be sup- 
ported by a statistically fair sample of this population. 
Sixteen tripeptide forming reactions were chosen for 
which epimerization ratios were measured under the 
same conditions. This data is reported in Table 3 and 
compared with the corresponding data obtained from 
equation (5) (Fig. 2). Tbe choice of the items belonging to 

Fig. I. ‘H NMR spectrum of the methylester part of a typical 
diastereoisomeric mixture. 

the test sample is important. The breakdown of the 
sample population into epimerization ratio groups must 
reflect the breakdown of the total population. 

This breakdown was made as reported in Table 4. 
Furthermore, the test reactions involved every five 
amino acids in every three positions i, j and k. The 
sample size was determined from statistical con- 
siderations. 

The (pessimistic) hypothesis of a normal distribution 
law of the measurement errors allows the correlation 
between the certainty of the proportion of satisfied 
forecasts from eqn (5). the size of the sample and the 
precision required for the forecast (Appendix 2). For the 
sample of 16 items, this correlation results in the data 
reported in Table 5. For instance, it appears from this 
data that there is a 95% chance for equation (5) to give 
80% correct forecasts with a precision of 20%. If a 
precision of 30% is achieved, every forecast will be 
found to be true. Hence we are confident that Kemp’s 
question is, at least partly, answered. A prediction law 
exists that correlates highly significantly the epimeriza- 
tion in fragment coupling with primary structure; we are 
now working on the extension of its application to the 
wider field of functional amino acids. Some major prob 
lems remain for which we have not yet any experimental 
answer: what happens when we change experimental 
conditions (coupling reagent, base, or salt). Obviously 
pijk can vary by a large amount; however we feel that the 
epimerization indexes defined by eqn (6) 

rijk = -&!L = r,, X r,j, X r-k 

Poem 

could be more independent of experimental conditions. 
In this case these epimerization indexes would be 

helpful tools for synthetic chemists; regardless of the 
relatively low precision, the possibility of simply evalu- 
ating an epimerization index for each peptide bond in a 
chain will provide supplementary information for strate- 
gic choices. 

Furthermore, we feel that our method for setting a 
provision law depending on more than two parameters is 
rather general and could be used in other field of organic 
chemistry. 



4232 D. L. NGUYEW et al. 

4( 

2a 

P l xp. 

10 2b 30 

Fii. 2. Experimental us calculated epimeriition for test sample. (The straight line is the first diagonal. not the very 
near regression line). 

Appendix 1 
From eqns (2) and (3) one can write the epimerization 

ratio 

&_k6,xk:, kL 
‘r’=kfjk- k& ‘k&xk&,, (‘5) 

that is Appendix 2 

&a 1 
hik = k’ x Poio x -. (7) 

oak PO00 

An expression for kL/k&,k is easily found: 

~~k~+!??x~x__& 
oak - aok oak 

(8) 

(9) 

As from initial assumption kc,, = kk and kLok = k;,, 
the predictive equation follows: 

Piik = Pf- (5) 

Assuming that the proportions p. of satisfied predic- 
tions with a precision better than c are normally dis- 
tributed, the probability P that the proportion of the 
whole population of prediction, p., differ from the 
measured proportion on the sample, fi.., can be compared 
to a given risk a, through the classical expression of the 
statistical Normal Law: 

P(lp, - &.I > tote, a)) < a (10) 

where n(s a), the uncertainty on the proportion of 



Segment coupling in peptide synthesis--II 

Table 3. Epimerization data for test tripeptides 

a0c-AiAjAkc61 talc. \ Found \ 

AL1 6.4 6.3 

FAL 4.6 4.5 

ALL 5.6 5.5 

FAV 7.4 ?.5 

ILA 7.9 10 

AFI 6.6 7.5 

FAF 5.5 4.5 

VFL 7.6 7.3 

FAI 5.2 5.3 

LVI 15 11.4 

\VL 16.9 17.2 

LIA 17.2 20.6 

LVV 21.6 20.6 

IVA 20.7 20.6 

AIV 26.3 19.9 

VIV 34 32.5 
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Table 4. Compared breakdowns of predicted epimerization in the total population and in the test population 

lacemizatlon Total population lest population 
range breakdown X breakdown II 

(n&e* of items) (nmber of itas) 

o-5 2.6 (3) 6.2 (1) 

5-10 49.1 (55) 50 (6) 

10-15 12.5 (14) 6.2 (1) 

15-20 15.1 (17) 12.5 (2) 

20-25 15.1 (17) 12.5 (2) 

25-30 2.6 (3) 6.2 (1) 

30-35 2.6 (3) 6.2 (1) 

satisfied predictions is: popular form: 

where n is the sample size and t(a) is defined as: 
From eqn (13) it can be deduced that the uncertainty 

~(4 a) could be smaller than a given value no if 

P(0 s T < t(a)) = + 
L 

where T is the normal, centered, reduced variable. 
One can write the estimation of p. under the more 

We had no P priori estimation of b, before any 
measurement; however, the maximal value of b.(l -A) 
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Table 5. Statistical amount of satisfied oredictions as a function of the reouired orecision 

c (a) 

5 

10 

15 

20 

25 

30 

$b) 
E 

55 

60 

70 

60 

90 

100 

. . 

‘(c.a) (‘I 

12 

12 

10 

8 

4 

_ 

(a) Precision of the predictton X 

(b) Proportion of fit In the test sample X 

(c) Uncertainty on the proportion of satisfied prediction X. 
(I = 5 X (see eq. (13) Appendix II). 

is 0.25 for b, = 50%. At the risk a = 5%, t(a) = 1.96 and 
the sample size can be safely chosen as 

1 
n’i2 (15) 

An uncertainty below 10% would need more than 100 
experiments; this evaluation is obviously pessimistic and 
even meaningless on a population of 112 individuals 
where an other distribution law, such as binomial law, 
would be considered. 

The value n = 16 was chosen, for which uncertainty 
Mow 25% could be secured. Above this value, the 
rentability of experimental work, expressed by dq/dn 
drops below 0.1%. 

In Table 5 are reported the proportions of fit b, as a 
function of the relative precision l . The range of p. 
values for the total population at the risk of 5% can be 
determined from eqn (13). 

Boc-amino-acids and amino-acid methyl esters were purchased 
commercially. BOP reagent was synthetized according to a pub 
lishcd method.& Acetonitrile was distilled over uhosnhcrus nen- 
toxide and stored over molecular sieves 3 A; dimethylformamide 
was distilled over calcium hydride; triethylamine was tirst dis- 
tilled over potassium hydroxide then over ninhydrin. tic analysis 
were performed on Kieselgel Cl precoated plates. Preparative 
chromatographic column were tilled with Kieselgel 0.05-0.2 mm; 
the eluent was hexam-ethyl acetate (40-60). Optical rotations 
were measured with a Perkin-Elmer 451 apparatus in a IOcm cell 
in ethanol (c = I). Melting points were determined on a Kolller 
plate and were not corrected. All products were recrystallized in 
diethylether. 

High resolution ‘H NMR spectra were plotted on a CAMECA 
250 spectrometer in the C.W. mode and CDCI, was used as 
solvent with TMS as internal standard. Elemental analyses were 
obtained from the ‘Service Central de Microanalyse du CNRS”. 

Stepwisc synthesis of the reference peptides 
The following standard procedure was followed for the syn- 

thesis of the 26 reference tripeptides. 

Boc-L-alany/-L-nlanyl-L-alan~e methyl ester 
An acetonitrile solution (5 ml) of 189 mg of Boc-L-alanine 

(I mmol). 139.5 ma of methvlalaninate methyl ester hydrochloride 
(I mmol)and 422-mg of Bi)P (1 mmol) were treated-with 202 mg 
(2mmol) of triethylamine under stirring for 2hr. The reaction 
mixture was then diluted with water and extracted with ethyl 
acetate. The organic phase was washed with 3N hydrochloric 
acid solution, saturated sodium hydrogen carbonate and 
saturated sodium chloride. It was then dried over magnesium 
sulfate, filtered and concentrated by rotatory evaporation. 265 mg 
of Boc-L-Ala-L-Ala-DMe were then obtained whose purity was 
checked by tic before deblocking. 

The intermediate product was treated by a l-l mixture of 
trifluoroacetic acid and methylene chloride (3.4 ml). The reaction 
was monitored by tic. After 0.5 hr the solvents were evaporated 
under vacuum. The remaining acid was thoroughly removed by 
5 coevaporations with hexatte. CFsCO;, H,N’-L-Ala-L-Ala-OMe 
was obtained as a vellow oil. That oil was dissolved in 5 ml of 
acetonitrile and coupled with 189 mg of Boc-L-Alanine (I mmol) 
as previously described. The same workup gave the crude 
product as a pale yellow solid that was chromatographed. 310 mg 
of pure product were obtained (90%). m.p. 190”; [a]$ = -69.3: 
NMR: 6 1.36, 1.39,1.40 (3d, Jk = JVc, = JV,. = 7.5 Hz, 9 H, 3 Hb + 
3 Hb’ t 3 H,); 1.44 (s, 9 H, H,); 3.74 (s, 3 H, H,); 4.19 (br.m., I H, 
H.); 4.54 (m, 2 H, H, + Hd); 5.13 (d, JdSc’ = 7.5 Hz, 1 H, Hc); 
6.87, 6.93 (2 d, Jde= J&c, =7.5 Hz, 2 H, I&t &). Calc. for 
C,sHs,OsN,: C, 52.16; H, 7.87; N, 12.16; Found: C, 51.84; H, 
7.76; N, 12.14%. 

d” ~“1 d’ c’ d c a 
(H C)C-0-CONH-IH-CONH-FH-CONH- 
e3 ‘i 

H-COOCH3 

Boc-L-alanyl-~alanyl-L-olonine methyl ester 
M.p. IcnO; [a]g= -2.6; NMR: 6 1.36, 1.38, 1.40 (3 d, Jh = 

JVc’ = J,,.< = 7.5 Hz, 9 H, 3 H,, + 3 Hu + 3 Hb,); 1.44 (s, 9 H, H,); 3.72 
(s, 3 H, H,): 4.18 (br.m., 1 H, &); 4.57 (m, 2 H, Hi, t Hb); 5.44 (m, 
1 H, &);7.19,7.34(2 d,Jd, = Jace = 7.5 Hz.2 H, Hd + H&Calc.for 
C,rH&Hs: C, 52.16; H, 7.87; N, 12.16; Found: C, 52.00; H, 7.77; 
N. 1198%. 
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Boc-r-phenylalanyl-L-olanyl-L-alanine methyl ester 
Ma. 163”: lal?? = - 30.8: NMR: S1.34. 1.39 (2 d. J = 7 Hz. 6 H. 

3 H;+ 3 H,ej; l:i8 (s, 9 H3; 3.08 (dd, iti = 7.5 Hi, J,, = 14Hz. 
1 H, H,); 3.10 (dd, J,,,=6.Hz, J,, = 14 Hz, 1 H, H,); 3.73 (s, 3 
H, H,); 4.34-4.64 (brm., 3 H, Hb t Hs + NW); 5.27 (d, Jm = 8 
HZ, 1 H, H,& 6.78 (m, 2 H, Hd + H,,); 7.14-7.32 (m, 5 H, H,). 
Calc. for CtlHJIOr,N,: C. 59.84, H, 7,4t; N, 9.%; Found: C. 
59.49; H, 7.22; N, 9.72%. 

‘675 

Boc-t-phenylalanyl--Dalanyl-L-atanine methyl ester 
Mp. 152”; [a]$=-20.9; NMR: 6 1.18 (d, J,,=7Hz, 3H, 

He.); 1.40 (d. J,s=7 Hz, 3 H, H,); 1.38 (s, 9 H, He); 3.00 (dd, 
Jes. = 7.5 Hz, J,, = 14 Hz. 1 H, H,); 3.06 (dd, JI.s. = 7.5 Hz, 
J,, = 14 Hz, I H, H.): 3.69 (s. 3 H, H,); 4.36 (m. 1 H, H,); 4.53 
(m, 2 H, H,+ H,.); 5.54 (d, Jty = 7 Hz, 1 H, H,); 6.89 (d. J = 8 
HZ, 1 H); 7.45 (d, J = 7 Hz, I H), H6. + I&; 7.14-7.32 (m, 5 Hr). 
Calc. for C2,H3,06N1: C. 59.&4; H, 7.41; N, 9.96; Found: C, 
59.69: H, 7.06; N, 10.17%. 

~~-~-~na~y~-L-phenylaianyl-~-al~n~e methyl ester 
M.p. 168”; ]a]%= -29.9; NMR: & 1.29, 1.33 (2d. Jcb= J*= 7 

Hz. 6 H, 3 l&+3 H,); 1.40 (s, 9 H, He); 3.08 (dd, Jcb’=6.5 Hz, 
I,,. = 13.5 Hz, 1 H, H,); 3.11 (dd, Jl%’ = 6 Hz, J,. = 13.5 Hz, 1 H, 
H,); 3.70 (s, 3 H, H,); 4.12 (br.m., H,); 4.49 (dq, Jt, = Jw = 7 Hz, 
1 H, H,); 4.71 (ddd, Jut = 6.5 Hz, Jwe‘ = 6 Hz, Js.# = 8 Hz, 1 H, 
H& 5.02 (d, JW = 6.5 Hz, I H, H,); 6.74 (m, I H, H& 6.80 (d, 
Jw= 8 Hz, 1 H, H.A 7.14-7.36 (m, 5 H, H,). Calc. for 
C~IH~IO~N~: C.59.84;H,7.41;N,9.%;Found:C,59.62;H,7.37;N, 
9.68%. 

Boc-L-alanyl-!&enylalanyl-L-alanine methyl ester 
Mp. 131”; [a@=-14.0; NMR: S 1.24, 1.26(2d, Jcb=Jc’b.=7 

Hz, 6 H, 3 H, + 3 H,); I.52 (s, 9 H, He); 3.03 (dd, Jcb’ = 6.5 Hz, 
J,. = 13.5 Hz, 1 H, H,); 3.16 (dd, Jew = 6 Hz, J,. = 13.5 Hz, 1 H, 
H& 3.68 fs, 3 H, H.); 4.08 (dq, J,,.d. = Jb.c. = 7 Hz, 1 H, H,); 4.49 
(dq, Jbc = JM =7 Hz, 1 H, Hs); 4.74 (m, 1 H, H,); 5.14 (m. 1 H, 
H.,,); 6.74 (m, I H, H& 6.88 (d, Jdw = 7.5 Hz, 1 H, H,,); 7.16-7.36 
(m, 5 H, Hr). C&c. for C2rHa06Ns: C, 59.84; H, 7.41; N. 9.96; 
Found: C, 59.87; H, 7.26; N, 9.97%. 

Boc-L-alanyl-L-olanyl-L-piunylalaninc methyl ester 
M.p. IS?“; ]a]$= -36.3: NMR: 6 1.29, 1.32 (2 d, Jrs.= Jm=7 

Hz, 6 H, 3 H, + 3 Hr); 1.44 (s. 9 H, H& 3.08 (dd, J,, = 6.5 Hz, 
J m* = 14 Hz, 1 H, H,); 3.11 (dd, Je% = 6 Hz, J=. = 14 Hz, 1 H, I&); 
3.69 (s, 3 H, H,); 4.16 tbr.m.. 1 H, H& 4.49 (dq, Jb.=* = Jw = 7 HE, 
I H, Hu); 4.82 (ddd, Jbc = 6.5 Hz, Jkq =6 Hz, Jbr = 8 Hz, 1 H, 
H& 5.24 (d, Jay = 7.5 Hz, 1 H, H,.); 6.91, 6.95 (2 d, Jeb =8 Hz, 
J r~=7.5 HZ, 2 H, H,+ &A 7.12-7.45 (m, 5 H, &). Calc. for 
Cs&OsNs: C, 59.84; H, 7.41; N, 9.96; Found: C, 59.81; H, 7.45; 
N, 9.76%. 

3oc-L-ala~yl-~aianyl-L-ph~yla~an~e methyl ester 
M.p. 1520; [a]F=+8.7; NMR: S 1.25, 1.31 (2 d, Jw=Jw=7 

Hz, 6 H, 3 H,+3 He); 1.43 (s, 9 H, H& 3.02 (dd, J,=7.5 Hz, 
J,,. = 13.5 Hz, I H, H,); 3.16 (dd, Jeb = 6 Hz, J,. = 13.5 Hz, I H. 
H,); 3.68 (s.3 H, H&4.21 (br.m., 1 H, H&4.51 (m, H,);4,82(ddd, 
Jk = 7.5 Hz. Jw = 6 Hz, Jbc = 7.5 Hz, 1 H, H,); 5.24 (d, Jl,,. = 
7.5 Hz, 1 H, H,.); 6.97 (d, J,s = 7.5 Hz, 1 H, H,); 7.08 (d, Jegb’ = 8 Hz, 
1 H, H& 7.12-7.32 (m, 5 H, Hd). Calc. for C2rHs106NS: C, 59.&4; H, 
7.41; N, 9.%: Found: C, 59.97; H, 7.60; N, 10.09%. 

Boc-L-vdyk-alanyk-alanine methyl ester 
M.p. 150”; [a#‘= -6.17; NMR: S 0.91.0.95 (2 d, Jr, = 7 Hz, 6 

H, H,); 1.38,1.39 (2 d, J, = Jew = 7 Hz, 6 H, 3 H, t 3 H,.); 1.44 (s, 
9 H, H& 2.10 (m, 1 H, H,); 3.74 (s, 3 H, H,); 4.05 (dd, Js.,,. = 7.5 
Hz. I,,‘. = 7 Hz, 1 H, H,); 4.55,4.65 (2 dq, Jk = Jus, = Jud’ = 7 Hz, 
2 H, Hs + H& 5.54 (d, Jm = 7.5 Hz, I H, H,); 7.24, 1.39 (2 d, 
Jdw = Jds = 7 Hz, 2 H, Hd + &). Calc. for C1,H3,0&: C, 54.69; 
H, 8.57; N, 11.26; Found: C, 54.77; H, 8.26; N, 11.18%. 

d” b” d’ b’ d b a 
(CH ) C-0-CONH-ii-CONH-CH-CONH-FH-COOCH3 

g3 3 

CHe c 
1 

,Y3 y3 

(‘Hf3)2 

~~-L-valyl-5&lany~-L-ala~~e methyl ester 
Af.p. 140”; [a]8 = - 0.1; NMR: 6 (X93,0.% (2 d, Jr, = 7 Hz, 6 

H. Hr); 1.39.1.42 (2 d, J,, = Jw = 7 Hz, 6 H, 3 H, -t 3 H,); 1.43 (s, 
9 H, He); 2.11 (m, I H. H,); 3.72 (s, 3 H, H,); 3.98 (m, t H, H,); 
4.16,4.27 (2 dq, J, = Jw = Jut. = Jw = 7 Hz, 2 H, Hs+ H,); 5.51 
(d, Jaa- = 8 Hz, 1 H, H,,.); 7.23, 7.50 (2 d, Jdw = Jdb = 7 Hz, 2 H, 
Hd+H& Calc. for CllH3,06N3: C, 54.69; H, 8.57; N, 11.26; 
Found: C, 54.M); H, 8.39; N, 11.13%. 

Boc-L-olanyl-L-valyl-L-alanine methyl ester 
Map. 173”; [a]; = - 56.8; NMR: 6 0.93, 0.97 (2 d, J,, = 7 Hz, 6 

H, Hr); 1.38, 1.41 (2 d, JEb = Jew = 7 Hz, 6 H, 3 H, t 3 Ii& 1.44 
(s, 9 H, H&; 2.17 (br.m., 1 H, I&); 3.74 (s, 3 H, H,); 4.22 (br.m., 1 
H, H,); 4.32 (dd, Jve = 8.5 Hz, Jwe = 7 Hz, 1 H, H,); 4.56 (dq, 
Jbd = J, = 7 Hz, 1 H, Hi,); 5.23 (d, J,r,,. = 7 Hz, 1 H, Ha); 6.94 
(m, 2 H, Hd + Ii& Caic. for Cr,H,rOsNs: C. 54.69; H, 8.57; N, 
11.26; Found: C, 54.20; H, 8.53; N, 9.97%. 

d” b” d’ b’ d b a 
(CH ) C-O-CONH-CH-CONH-!H-CONHTH-COOCH3 

g3 3 
c 
.1;13 !He “H,3 

(iHf312 - 

aoc-L-~anyl-~oolyI-t_oloninr methyl ester 
M.p. IP; [& = - 12.5; NMR: S 0.93,0.% (2 d, Jr, = 6.5 Hz, 6 

H, f&k 1.38, 1.41 (2 d, Jti = Jfl = 7.5 Hz, 6 H, 3 H, + 3 H,); 1.43 
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(s, 9 H, HA; 2.20 (br.m., 1 H, He); 3.72 (s, 3 H. H.); 4.25 (m, 1 H, 
H,.); 4.39 (dd. Jwde= 8.5 Hz, Jve =7 Hz, I H, H,); 4.56 (dq. 
Jbd=Jk=? Hz, 1 H, fib); 5.51 (m, 1 H, H&); 7.16 (d, Jdv=&.5 
Hz, 1 W. l-l,.); 7.30 (d. Jdb = 7 Hz, 1 H, K,). Calc. for C,,HI,QNI: 
C, 54.69; H, 8.57; N, 11.26; Found: C, 54.89; H. 8.62; N, 10.50%. 

Boc-L-alanyk-aianyi-I.-valine methyl ester 
M.p. 148”; [a]? = - 58.3; NMR: & 0.90,0.93 (2 d, Jti = 5 Hz, 6 

H, H,); 1.35, 1.38 (2 d, Jb., = JbT = 7 Hz. 6 H, 3 Ht t 3 Hr); 1.43 (s, 
9 H, H,); 2.f6 (br.m., 1 H, H&I: 3.75 (s, 3 H, HA; 4.23 (br.m., I H, 
Hh,); 4.50 (dd, JM = 5 Hz, Jk = 9 Hz. I H. Hbk 4.60 (dq, Jbte’ = Jw, = 
7 HZ. 1 H. H,): 5.36 (d, Jcx- = 7.5 Hz, 1 H, H,-); 7.1 I (m, ZH, 
H,+H,.).Calc.for C~~H~~O~H~:C.54.69:H,8.57:N.11.26: Found: 
C, 54.80; H,&.61; N, 11.35%. 

B~c-t-ulanyi-D-aianyi-L-valve mefhyl ester 
M.p. 147’; [a]$‘= -1.7; NMR: 6 0.92. 0.95 f2d, Jr4 =7Hz, 6 

H, H,); 1.36,l.Qo (2 d, Jb., = JhT = 7 Hz, 6 H, 3 Ht t 3 H,); 1.43 (5, 
9 H. H,); 2.17 (m, 1 H, Hd); 3.72 (s. 3 H, H,); 4.20 (br.m., 1 H. 
H,); 4.49 (dd. Jbd =5.5 Hz, Jbc =9 Hz, I H, H,,); 4.64 (dq, 
JwE. = Jvf =7 Hz, 1 H, Hv): 5.40 (d. Jc,,. = 7 Hz, I H. H,); 7.13 (d, 
Jcch. = 7 Hz, 1 H, H,.): 7.27 (d. Jcb = 9 Hz, I H, H,). Calc. for 
C1,H,,06N,: C, 54.69; H, 8.57; N. 11.26; Found: C, 54.75; H, 
8.75; N, 11.41%. 

Boc-l.-ieucyl-t-oianyi-~-alanine methyl ester 
M.p. 143”; [a]$= -59.9; NMR: S 0.92,0.94(2d, Jd=6Hz,6 

H, H,); 1.38, 1.40 (2 d, Jk = Jwc. = 7 Hz, 6 H, H,t H,z); 1.44 (s, 9 
H, H,); 1.50-1.78 (br.m., 3 H, 2 H, t H,); 3.74 (s, 3 H, H,); 4.17 
(br.m., 1 H, H,); 4.53.4.58 (2 dq, Jk = Jw = Jwc, = Jwcr = 7 Hz, 2 H. 
Hb + H,); 5.37 (d, Is,%. = 7 Hz, 1 H, b); 7.18.7.34 (2 d, JdB = Jd,,. = 
7 Hz, 2 H, Hd +Hd’). Calc. for CIBH3,06N3: C, 55.81; H, 8.51; N. 
10.85; Found: C, 55.98; H, 83.7; N, 11.03%. 

(km., 1 H, H,); 4.56,4.63 (2 dq, Jk = Jb( = Jvcs = Jws = 7.5 Hz, 2 
H, Hbt H,); 5.36 (d, Jw = 9.5 Hz, 1 H, H,); 7.15, 7.44 (2 d, 
Jdb = Jw = 7.5 Hz, 2 H, K t b.1. Calc. for CIsH3s06Nf: C, 
55.81: H, 8.52; N, 10.85; Found: C, 56.11; H, 8.61; N, 11.05%. 

Boc-baianyi-L-ieucyi-L-aianine methyl ester 
M.p. 180”; [a]: = - 64.6; NMR: 6 0.91.0.93 (2 d, Jd = 6 Hz. 6 

H, H,); 1.35, 1.40 (2 d, Jbc = Jb.c.= 7 Hz, 6 H, 3 H,t3 H,); 1.44 
(s, 9 H, H,); IA&-l.74 (br.m., 3 H, 2 H, t H,); 3.73 (s, 3 H, H,); 
4.19 (br.m.. 1 H, H,); 4.48 (m, 1 H, H,); 4.54 (dq, Jk = Jbd = 7 
Hz. 1 H, H,); 5.16 (m, 1 H, He); 6.82 (d, Jdv = 8 Hz. 1 H, H,.); 
6.91 (d, Jdb = 7 Hz, I H, Hd). Calc. for CIgHI,O,N,: C, 55.81; H, 
8.52; N, 10.85; Found: C, 55.57; H, 8.40, N, 10.59%. 

Boc-L-aia~yf-~leucyi-L-a~an~e methyl ester 
M.p. 142”; [a]$‘= t9.4; NMR: 6 0.9LO.95 (2 d, Jd = 5.5 Hz, 6 

H, HA; 1.36 (d, J,,s~’ = 7 Hz, 3 H, H,,); I.40 (d, Jby = 7 Hz, 3 H, 
H,); 1.43 (s, 9 H, H,); 1.5O-1.75 (br.m., 3 H. 2 He+ H,); 3.71 (s, 3 
H. H,); 4.16 (m, I H, H,.); 4.51 (m, I H, H,); 4.53 (dq, Jk = Jw = 
7.5 Hz, 1 H. H,); 5.33 (m, I H, Hb); 6.99 (d, Jdw = 8.5 Hz, 1 H, 
H,.); 7.18 (d, Jdb = 7.5 Hz, 1 H, Ha). Calc. for CtsHa06N,: C, 
55.81; H, 8.52; N, 10.85; Found: C, 55.97; H, 8.80; N, 10.95%. 

Boc-L-aianyi-L-aianyi-L.ieucine methyl ester 
M,p. 160”; [a]$‘= - 58.7; NMR: 6 0.91, 0.92 (2d, JJ = 6Hz, 6 

H, H,); 1.35, 1.38 (2d, Jvs= J,= 7 Hz, 6H, 3H,t3H,); 1.44 
(s, 9H, H,); U&-l.73 (br.m., 3 H, 2H,+a); 3.72 (s, 3H, H,); 
4.23 (m, IH, H,); 4.53-4.65 (br.m., 2H, Hb t H,); 5.34 (d, JW = 7 
Hz, IH, H,); 7.10 (d, Jn, = Jw = &Hz, ZH, H1 + HP). Caic. for 
C,sH3J06N3: C, 55.81; H, 8.52; N, 10.85; Found: C. 55.90; H, 
8.62; N, 10.82%. 

Boc-L-ieucyi-rtaianyi-balanine methyl ester 
Mp. 120”; [u,F = -4.7; NMR: 6 0.93, 0.95 (2 d, J,, = 6 Hz, 6 

H, H3; 1.39, 1.41 (Jk = Jvc, = 7.5 Hz, 6 H, 3 H, t 3 H,,); 1.43 (s, 9 
H, H,); IA&-i.73 (br.m., 3 H, 2 H, t Ht); 3.72 (s, 3 H, H,); 4.13 

Boc-L-alanyl-~aianyi-L-leucine methyl ester 
Mp. 142’; [a]2 = t 5.7; NMR: 6 0.92.0.94 (2d, Jod = 6Hz. 6H. 

H,); 1.36,1.38 (2d, Jb.* = J., = 7 Hz, 6 H, 3 H, + 3 H,); 1.44 (s, 9 H, 
Hh); 1.55-1.73 (br.m., 3H. 2H,+Hdk 3.70 (s, 3H. H.1; 4.16 (m, 
lH, H,); 4.48-4.63 (br.m., 2H, Hb t H,); 5.32 (d, JW =7Hz, lH, 
H,); 7.K’ (d, Jw = 7 Hz, 1H. H,); 7.16 (d, J, = 8 Hz, lH, Hd. 
Cafe. for C,,H,,OsNs: C, 55.81; H, 8.51; N, 10.85; Found: C, 
55.19; H, 8.29: N, 10.88%. 

Bog-L-isoIeucyi-L-aianyl-~-~a~~e methyt ester 
M.p. 160”; [a]$‘= -64.3; NMR: 6 0.88 (t, Jk = 7.5 Hz, 3 H, Hd; 

0.92 (d, Jf, = 6.5 Hz, 3 H, H,); 1.38, I.40 (2d, JOE = Jw = 7 Hz, 
6 H. 3 H, t 3 H,,); 1.44 (s, 9 H, Hi); 3.74 (s. 3 H, HA; 4.04 (m, 
IH, H,); 4.54 (dq, Jbsd’ = J,,‘e’ = 7 Hz. IH, H,); 4.61 (dq, JM = 
Jbc = 7.5 Hz, IH, Hb); 5.00 (d, J&. = 8.5 Hz, IH, &I; 7.23 (J,,w = 
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7 Hz, IH, Hd’); 7.38 (d, Jdb=7.5Hz, IH, &). Calc. for Boc-L-alanyl-D-nlanyl-L-isokucine methyl ester 
C,sH,sOr.Ns: C, 55.81; H, 8.52; N, 10.85; Found: 55.85; H, 8.71; Mp. gum > 40”; [a]b = t 6.0; NMR: 6 0.90 (t* Jr, = 6.5 Hz, 
N. 10.75%. 3H, H,): 0.92 (d, Ja = 6.5 Hz, 3H, Hd); 1.36, 1.39 (2d, Jbb’ = Jh%, = 

CCH,,,C-~-~~~~-c~~co~~~~~~~~~~-c~-~~~~~~ 

i WHICH ) &I 
f3 ,3 

kH 

FH29 
c3 

CH 
h3 

Boc-L-isoleucyl-D-alanyl-L-aianine methyl ester 7Hz, 6H. 3Hi,+3H& I.44 (s, 9H. H,); I.91 (br.m., IH. 
h4.p. 147”; [o]‘o” = + 0.2; NMR: S 0.89 (t. Jh = 7.5 Hz, 3H, H,); H,); 3.68 (s, 3H, H.); 4.53 (dd, I, = 8.5 Hz, Jbc = 5.5 Hz, IH. Hb); 

0.93 (d, J,, = 6.5 Hz, 3H, H,); 1.39. 1.41 (2d, Jcb = JcV = 7 Hz, 6H, 4.64 (dq, JU, = 7 Hz, J,,% = 7 Hz, IH, H,,.); 5.48 (d, J, = 7 Hz, 
3H, t 3H,,); 1.43, (s. 9H. H,): 3.72 (s, 3H. H,); 3.94, dd, Jbnc= IH, H,); 7.21 (d, Jfl=7Hz, IH, Hg’); 7.35 (J,=8.5Hz, IH, 
Jb.# = 7 Hz, IH, Hb.); 4.53 (dq, Jr,.& = Jut. = 7 Hz, IH. Hb’); 4.57 HE). Calc. for CIsHs306N,: C, 55.81; H, 8.52; N, 10.85; Found: C, 
(dq, Jbd = Jbc = 7 Hz, IH, Hb); 5.42 (d, J,,,,, = 7 Hz, IH, H,.); 7.12 55.65; H, 8.43; N, 10.67%. 
(d, JdV = 7 Hz, IH, Hd’); 7.33 (d, Jdb = 7 Hz, IH, Hd). Calc. for 
C H 0 N . C. 55.81; H, 8.52; N. 10.85; Found: C. 55.66; H, II 13 6 3. Products for epimerirotion measurements 
8.47; N, 10.82%. We describe here one example out of the 26 series studied. 

Boc-L-ualyl-L-ualine. 310 mg of Boc-L-valyl-L-valine Methyl 
Boc-L-alanyl-L-isoleucyk-alanine methyl ester 

M.p. 181”; [a]b= -67.3; NMR: 6 0.88 (1, J,=7.5 Hz, 3H, 
ester prepared according to our standard coupling procedure (m.p. 
l65-166;” [a]: = -32.4”) were dissolved in lml of dioxan. 

Hh); 0.94 (d, J,, = 6.5 Hz, 3H, H,); 1.34, 1.40 (2d, Jcb = Jca. = 7 Hz, Sodium hydroxide solution (0.3 N, 3 ml) was added. After one hour, 
6H. 3H,+3H,.); I.44 (s, 9H. Hi); 3.73 (s, 3H, H,); 4.25 (br.m.. the solution was adjusted to pH 3 with 3 N HCI solution. The 
IH. H,,,); 4.37 (dd. JVd’ =9Hz, JVc=7 Hz, IH, Hi,); 4.56 (dq, organic phase was washed thrice with saturated sodium chloride 
Jhd = Jbc = 7.5 Hz, IH, H,); 5.35 (d, J,,.t,. = 7 Hz, IH, He); 7.07 (d, solution, dried over magnesium sulphate and evaporated: 280 mgof 
JdV =9Hz, IH, H,.); 7.10 (d, Jdb=7.5Hz, IH, Hd). Calc. for the title product were obtained (95%). In order to check if any 
C H 0 N . C, 55.81: H, 8.52; N, 10.85; Found: C, 55.73; H, 18 33 6 3. racemization had occurred at this stage” a fraction was reesterihed 
8.57; N. 10.75%. by a diazomethane solution and gave a sample of the starting 

d II b II 

(c~3)3c-c0~~-~~-c0~~~c~~c0~~-~~-c00c~3 

CH 
,I3 

CH(CH~) cH 
Ie f c3 

FH2 9 

CH3 h 

Boc-L-alanyl-Gsoleucyl-L-alanine methyl ester 
Mp. 153”; [a]g = - 13.5; NMR: 6 0.90 (1, Jlu = 7.5 Hz, 3H, Hs); 

0.93 (d, J,, = 7 Hz, 3H. H,); 1.37. I.41 (26, Jcb = Jew = 7 Hz, 6H. 
3H, +3H,.); 1.43 (s. 9H, H,); 3.72 (s, 3H. H.); 4.15 (dq, JVb= 
Jb.c. = 7 Hz, IH, H,); 4.35 (dd, JVd’ = 9 Hz, JVc = 6.5 Hz, IH, H,); 
4.55 (dq, Jbd= Jbc =7.5 Hz, IH, Hb); 5.09 (d, JdV=7Hz, IH. 
He); 6.73 (d, Jdv =9 Hz, IH, H,); 6.81 (m, IH, Hd). Calc. for 
C H 0 N : 10 33 6 3 C, 55.81; H, 8.52; N, 10.85: Found: C. 55.84; H, 
8.45; N, 10.62%. 

Boc-L-a/any/-r-alanyk-isoleucine methyl ester 
M.p. gum > 40”; [u]g = -48.0; NMR: 6 0.89 (1, Js = 7 Hz, 3H. 

H,); 0.90 (d, Jk=lHz, 3H. H.,); 1.35. 1.38 (2d. Jhb’= Jh%.= 
6.5 HZ, 6H. 3Hht3Hk); 1.44 (s, 9H. Hi); I.90 (br.m.. IH, H,); 
3.73 (s, 3H. H,); 4.27 (br.m., IH. H,); 4.55 (dd, J,=8.5Hz, 
Jbc = 5 Hz, IH, H,,); 4.69 (dq, J,,% = 6.5 Hz, JUl’ = 7.5 Hz, IH, Hb’); 
5.59 (d, Jfl = 7 Hz, IH, H,); 1.32 (2d. Jti = 8.5 Hz, Jti = 7.5 Hz, 
2H. H, + H,). Calc. for CuH3,06N3: C, 55.81; H, 8.52; N, 10.85: 
Found: C. 55.80; H, 8.79: N, 10.94%. 

material identical to the original one (m.p. 165-166”; [a]g= 
- 32.6”). 

Boc-L-valyl-L, walyl-L-leucine methyl ester. 280 mg of the 
preceding material (0.9 mmol) was dissolved in 9 ml of dimethyl- 
formamide with l70mg (0.9mmol) of leucine methyl ester 
hydrochloride and 4OOmg of BOP (0.9mmol). 185 mg of 
triethylamine (1.8 mmol) were then added. After 2.5 hr the stan- 
dard workup gave a crude product that was filtered on a short 
column of silicagel. The non-separation of the diastereoisomers 
was checked by tic, 370 mg of title product were obtained (95%). 
Indeed in the cases of AFA and ALA, the chromatographic 
behavior of the diastereoisomers were different enough to cause 
their separation. This artefact was the cause of mistaken data in 
our preliminary communications .‘.I’ The high resolution ‘H NMR 
spectra were performed on a solution of 50 mg of the compound 
in 0.5 ml of deuteriochloroform. 
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