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Abstract: In a cyclic dipeptide, there are cis and trans isomers with respect to the configuration of two side chains 
on the diketopiperazine ring. The isomerization between these two forms was examined in ethanolic sodium ethox
ide at 30-75° as well as in aqueous solutions at 250°. The thermodynamic constants (K, AG, AH0, and AS0) in the 
equilibrium of this isomerization were determined for various cyclic dipeptides and discussed with relation to the 
conformations of these compounds. The composition of the cis and trans isomers in the equilibrium state widely 
varied depending upon the types of cyclic dipeptides. The amount of the cis isomer was almost equal to that of the 
trans isomer for ryc/o(Ala-Ala) (1), cyc/0(Leu-Leu) (2), and cyc/o(Phe-Phe) (3). For cyc/o(Pro-Ala) (5), cyclo(Pro-
Leu) (6), c>>c/o(Pro-Phe) (7), and c>c/o(Pro-Val) (8), the trans isomers were more stable than the cis isomers. Both 
the free energy difference and the enthalpy difference between the cis and trans isomers became larger with the 
bulkiness of the side chain of the amino acid residue. For ryc/o(Pro-Pro) W and cycfo(Hyp-Hyp) (10 and 11), on 
the other hand, only the cis isomers were found in equilibrium. 

For a cyclic dipeptide, there are four possible isomers, 
as shown in Figure 1. The four isomers are classi

fied into cis and trans isomers. These isomers are 
known to isomerize easily into each other under alkaline 
conditions.2-6 Ott, Frey, and Hofmann reported that 
90-95% of cjc/o(L-Pro-L-Phe) was isomerized into 
cyc/o(D-Pro-L-Phe) in dilute sodium hydroxide at room 
temperature for a short time.5 Mauger found that the 
equilibrium mixture in methanolic sodium methoxide 
contained mainly the trans isomer.6 The conforma
tions of cyclic dipeptides, on the other hand, have ex-
tensibly been studied by means of X-ray diffraction,7-12 

nmr,13"16 ORD, CD,17-19ir,20-21 and quantum mechani
cal calculation.19'2223 Now a study on the thermo-

(1) The abbreviations for amino acids and peptides recommended by 
the IUPAC-IUB Commission on Biochemical Nomenclature, J. Biol. 
Chem., 241, 2491 (1966), have been used throughout. In addition: 
Hyp = 4-hydroxyproline, aHyp = a//o-4-hydroxyproline. 
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93,605(1931). 
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(1929). 
(5) H. Ott, A. J. Frey, and A. Hofmann, Tetrahedron, 19, 1975 (1963). 
(6) A. B. Mauger, J. Chromatozr., 37, 315 (1968). 
(7) I. L. Karle, J. Amer. Chem. Soc, 94, 81 (1972). 
(8) E. Slettern, J. Amer. Chem. Soc, 92, 172(1970). 
(9) E. Benedetti, P. Corradini, and C. Pedone, J. Phys. Chem., 73, 

2891(1969). 
(10) E. Benedetti, P. Corradini, and C. Pedone, Biopolymers, 7, 751 

(1969). 
(11) E. Benedetti, P. Corradini, M. Goodman, and C. Pedone, Proc. 

Nat. Acad. Sci. U. S., 62,650 (1960). 
(12) L. E. Webb and C. Lin, / . Amer. Chem. Soc., 93, 3818 (1971). 
(13) K. D. Koppie and M. Ohnishi, J. Amer. Chem. Soc., 91, 962 

(1969). 
(14) I. Z. Siemion, Justus Liebigs Ann. Chem., 748, 88 (1971). 
(15) I. Z. Siemion, Org. Magn. Resonance, 545(1971). 
(16) P. E. Young, V. Madison, and E. R. Blout, J. Amer. Chem. Soc, 

95,6142(1973). 
(17) K. Bla'ha and I. Fric', Collect. Czech. Chem. Commun., 35, 619 

(1970). 
(18) E. H. Strickland, M. Wilchek, J. Horowitz, and C. Billups, J. 

Biol. Chem., 245, 4168 (1970). 
(19) J. A. Schellman and E. B. Nielsen, "Conformation of Bio-

polymer," Vol. I, Academic Press, New York, N. Y., 1967, p61. 
(20) K. Bla'ha, J. Smolikova', and A. Vitek, Collect. Czech. Chem. 

Commun., 31,4296 (1966). 
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dynamics of the isomerization between the cis and trans 
forms of cyclic dipeptides seems to be required for con
formational analysis of cyclic dipeptides. This is the 
subject of this paper. 

Results and Discussion 

The isomerization experiments were carried out in 0.1 
N ethanolic sodium ethoxide at three temperatures, 30, 
50, and 75 °. Under these conditions, no reaction other 
than isomerization was observed. The percentages of 
the trans isomer in the equilibrium mixtures at 30° are 
shown in Table I. These values were reproducible 
within ±0 .3%. From the equilibrium constants (K = 
[trans isomer]/[cis isomer]) determined at the three 
temperatures, thermodynamic constants (AH0 and 
AS0) of the cis-trans isomerization of cyclic dipeptides 
were obtained by plotting log K against IjT and by 
adopting the least-squares method. The results are 
summarized in Table II. 

The isomerization experiments were also carried out 
in aqueous solutions at 250°. Under this condition, 
some side reactions such as hydrolysis occurred besides 
the isomerization, and substances positive for ninhydrin 
test were produced. The percentages of the trans 
isomer in the equilibrium mixtures are shown also in 
Table I. These values were reproducible within ± 1 %. 

c>>c/o(Pro-Pro) Type of Cyclic Dipeptides (9, 10 and 
11). Four sets of racemic cyclic dipeptides and two 
meso-type cyclic dipeptides can be made by the com
binations of four isomers of 4-hydroxyproline, DL-
Hyp, and DL-aHyp, as shown in Figure 2. The con
figurations around the asymmetric carbons (C4 and 
C4-) in the pyrrolidine rings do not change at all under 
both of these isomerization conditions. Therefore, the 
isomerization reactions in eq 1-3 should take place (see 
Figure 2). 

As shown in Tables I and II, only the cis isomer is 
found in equilibrium for this type of cyclic dipeptide 

cyc/cKX-Hyp-L-Hyp) (10a): 

oWo(D-Hyp-D-Hyp) -

: c>r/o(L-Hyp-D-aHyp) (10b) ,̂ ** 
cych(D-aHyp-D-aiiyp) (10c) (1) 

: cyc/o(D-Hyp-L-aHyp) ^ **". 
c>>c/o(L-aHyp-L-aHyp) (2) 
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Table I. Equilibrium Composition in the Cis-Trans Isomerization of Cyclic Dipeptides 

Cyclic dipeptide 

CK?o(Ala-AIa) type 

H ° 

CjCk(ErO-AIa) typa 

o "• 

cyclo (Pro-Pro) type 

Ho 

0 H 

1 
2 
3 
4 

5 
6 
7 
8 

9 
10 
11 

cycZo(Ala-Ala) 
cyclo( Leu-Leu) 
c>>c/o(Phe-Phe) 
Cj-CZo(VaI-VaI) 

cycZo(Pro-Ala) 
CKZO(PT o-Leu) 
CKZo(Pr o-Phe) 
cyclop Pr o-Val) 

cK'"(Pro-Pro) 
CKZo(HyP-HyP)(A)" 
CK/o(Hyp-Hyp)(B)« 

R 

C H , 
CHaC-ri(Cri3)2 
CH2Ph 
CH(CH3)J 

CH3 
CH2CH(CH3)J 
CH2Ph 
CH(CHa)2 

Rl Rj 

TT TJ 

OK(RY OH(R) 
OH(R) OH(S) 

Content of trans isomer, % 
Condition A" Condition B6 

47.1 
41.7 
50.1 
75.9 

57.2 
85.0 
90.9 
92.4 

<0.5 
<0.5 
<0.5 

52 
52 
54 
67 

52 
73 
79 
81 

<0.5 
<0.5 
<0.5 

° Condition A: at 30° in 0.1 ZV ethanolic sodium ethoxide. ' Condition B: 
(S) represent the chirality of C4 or C4- in the pyrrolidine ring. 

at 250° in H2O. < See Figure 2. d The symbols (R) and 

Table II. Thermodynamic Constants for the Equilibrium, Cis Isomer ^ : Trans Isomer of Cyclic Dipeptides0 

Compound 

CKZo(AIa-AIa) 
CKZo(Leu-Leu) 
cycZo(Phe-Phe) 
CKZo(VaI-VaI) 
CKZo(Pr o-Ala) 
CKZO(PT o-Leu) 
cKZo(Pro-Phe) 
cyclo( Pr o-Val) 
CKZo(Pr o-Pro) 
CKZo(HyP-HyP)(A)"* 
CKZo(Hyp-Hyp)(B)d 

Km
h 

0.892 
0.716 
1.0O3 
3.16 
1.34 
5.67 

10.03 
12.09 

<0.005 
<0.005 
<0.005 

AG3OS, kcal/mol 

+0.07 ±0.005 
+0.20 ±0.005 
-0.002 ±0 .03 
-0 .69 ±0 .01 
-0 .17±0 .005 
- 1 . 0 4 ± 0 . 0 1 
- 1 . 3 9 ± 0 . 0 2 
-1 .50 ±0 .02 

> +3.2 
> +3.2 
> +3.2 

AH0, kcal/mol 

+ 0 . 2 2 ± 0 . 1 
+ 0 . 4 6 ± 0 . 1 

- 0 . 4 4 ± 0 . 1 
- 0 . 1 2 ± 0 . 1 
- 1 . 0 0 ± 0 . 2 
-1.28 ± 0.2 
- 1 . 4 0 ± 0 . 2 

AS0," eu 

+ 0 . 4 9 ± 0 . 2 
+ 0 . 8 7 ± 0 . 2 

+ 0 . 8 2 ± 0 . 3 

° The reaction was run at 30, 50, and 75 ° in 0.1 ZV ethanolic sodium ethoxide. b K = [trans isomer]/[cis isomer]. c In the CKZo(PrO-AIa) 
type, the entropy difference was generally small and the projected error of AS0 was larger than the measured values (AS0). Thus, data were 
deleted from the table. * See Figure 2. 

cK/o(L-Hyp-L-aHyp) (Ha) 

cKZo(D-aHyp-D-Hyp) ( l ie ) 

CKZo(L-Hyp-D-Hyp) ( l ib) 

CK/o(D-"Hyp-L-aHyp) ( l id) (3) 

e!s - : 

4\ 
HN, ^ 1S^T" R* "^ 

!'•••J-'Nffl 

o H 

H ° 

H I v J - H * 

T H 

Configuration 
Bf Amino Acid 

C*S-!semir 

!rons-lsomer 

c is - I 
cis-E 

•trons-I 
irons-I 

Figure 1. Four isomers of a cyclic dipeptide and their classifica
tions. 

irrespective of the presence of hydroxy groups on C4 and 
C4 ' in the pyrrolidine rings and the configurations 

dcp-

Figure 2. Cis-trans isomerization of a cyclic dipeptide com
posed of two 4-hydroxyproline residues. 

around the asymmetric carbons (C4 and C4')- The 
trans isomer could not be detected in equilibrium; how
ever, its amount was found to be <0.5 % by a compari
son with that of an authentic mixture; <0.5% of the 
trans isomer could not be detected exactly by the 
adopted glc analytical procedures. Since the difference 
in the compositions at 30, 50, and 75° could not be 
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Figure 3. Boat (A, C, D, and G), planar (B and F), and slightly 
twist-boat (E) conformations for the diketopiperazine rings of 
cyclic dipeptides. 

observed from one another beyond the experimental 
error of glc, AH° and AS0 could not be determined for 
these dipeptides. 

No crystallographic study has ever been made of this 
type of cyclic dipeptide. On the basis of nmr stud
ies,1416 however, the diketopiperazine (DKP) ring is 
considered to have a boat form (Figure 3A) in the cis 
isomer and a planar form (Figure 3B) in the trans 
isomer. The ring was actually found to have a boat 
form in cyc/o(L-3,4-dehydroprolyl-L-3,4-dehydroprolyl), 
whose structure was analyzed by X-ray diffraction.7 

A Dreiding model also indicates that the boat form can 
be stable for the cis isomer. 

For the trans isomer, on the other hand, the boat 
conformation cannot be constructed as long as the 
amide bonds are kept planar. A Dreiding model 
strongly suggests that only the planar form (Figure 3B) 
can be stable. With the planar DKP ring, the pyr
rolidine rings should have a half-chair conformation 
with four carbon atoms in a plane and the nitrogen 
atom out of the plane on the same side as the carbonyl 
group. This conformation of the pyrrolidine ring is 
greatly strained as long as the amide bonds are kept 
planar. Such a strain may explain why the trans isomer 
is less stable than the cis isomer. 

cyc/o(Pro-Ala) Type of Cyclic Dipeptides (5-8). 
For this type of cyclic dipeptide, the trans isomer is 
mostly predominant in equilibrium. Both the free 
energy difference and the enthalpy difference between 
the cis and trans isomers become larger as the bulkiness 
of the side chain (R) of the amino acid residue increases 
in the neighborhood of the a carbon, and then changes 
in AG0 owing to R are almost controlled by changes of 
AH° (see Tables I and II). 

On the basis of the X-ray crystallographic data of 
cpc/o(L-Pro-L-Leu)7 and nmr data,15 the DKP rings of 
both the cis and trans isomers are considered to have 
boat conformations (Figure 4H and I). In Figure 4H, 
the R group is on a quasiequatorial bond of the DKP 

> = f ^ C ^ 

H-4— N—4-C-O 

Figure 4. Boat conformations (H and I) of the cyc/o(Pro-Ala) 
type of cyclic dipeptides, e.g., cyc/o(Pro-Leu) (R = CH2CH-
(CH3)2). Conformations 1 and 2 show the conformation around 
the C'-C" bond. Conformations 3 and 4 show the conformation 
around the N-C" bond. 

ring and eclipses the carbonyl group around the C-C" 
bond (Figure 4, conformation I)24 or the N ' - H bond 
of amide group around the N ' - C " bond (Figure 4, 
conformation 3). On the other hand, the R group in 
Figure 41 is on a quasiaxial bond of the DKP ring and 
is skew to the carbonyl group (Figure 4, conformation 
2) or to the N ' - H bond of the amide group (Figure 4, 
conformation 4). 

In the carbonyl compounds such as CH3CH2COR, 
the conformation in which the methyl group eclipses 
the carbonyl group seems more stable than the con
formation in which the methyl group is skew to the 
carbonyl group, e.g., the stabilization energy of the 
eclipsed conformer from the skew conformer is 900 
cal/mol for CH3CH2CHO,25 1000 cal/mol for CH3-
CH2COCH3,26 and 75 ± 50 cal/mol for CH3CH2CO2-
CH 3 ." 

On the other hand, the enthalpy difference between 
the cis and trans isomers in the cjc/o(Pro-Ala) type 
of cyclic dipeptides suggests that conformation 2 is 
more stable than conformation 1. Therefore, on the 
basis of above knowledge, one might suspect that 
what we found is somewhat abnormal. It is not neces
sarily so, however, in view of a recent finding of Koy-
ama.28 For CH3CH2CONHCH3, he found by means 
of gas electron diffraction and ir that a conformation in 
which the methyl group eclipses the OC-NH bond 
(i.e., the methyl group is staggered to the carbonyl 
group) is the most stable, but the conformation in 
which the methyl group eclipses the carbonyl group is 
not observed at all in gas, liquid, and solid states. This 
difference of CH3CH2CONHCH3 from other carbonyl 
compounds in the conformation of the CH3CH2^-CO-
axis is considered to be due to partial double bond 
character of the OC-N bond and partial single bond 
character of the C = O bond in the amide group. On 
the basis of this finding, it is quite understandable 

(24) The abbreviations and symbols for the description of the con
formation of polypeptide chains proposed by the IUPAC-IUB Com
mission on Biochemical Nomenclature, Biochemistry, 9, 3471 (1970), 
have been used throughout. 

(25) S. S. Bucher and E. B. Wilson, Jr., J. Chem. Phys., 40, 1671 
(1964). 

(26) T. Shimanouchi, Y. Abe, and M. Mikami, Spectrochim. Acta, 
244,1037(1968). 

(27) J. Bowles and W. O. George, Chem. Commun., 103 (1970). 
(28) Y. Koyama, The Kwansei Gakuin University, personal com

munication, 1973. 
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that conformation 2 is more stable than conformation 1. 
Thus, what we found here for the cyclic dipeptides is 
an interesting coincidence with what was recently 
found for a linear amide. 

Koyama has also found that, in CH3CONHCH2CH3, 
the methyl group is skew to the N-H bond (i.e., CH3CH-
H bond eclipses the N-H bond) in its gas, liquid, and 
solid states.28 This conformation corresponds to 
conformation 4. Therefore, it is understandable that 
conformation 4 is more stable than conformation 3 
and the energy difference between these two con
formations increases with the bulkiness of the R group. 

cycZo(Ala-Ala) Type of Cyclic Dipeptides (1-4). 
The amounts of cis and trans isomers in equilibrium 
are nearly equal in this type of dipeptide. The en
thalpy (AH°) of the cis isomer -»• trans isomer reaction 
is slightly positive in c>'c/o(Ala-Ala) (1) and cyclo-
(Leu-Leu) (2). In CJcZo(VaI-VaI) (4), on the other hand, 
it is negative as in the case of cjcZo(Pro-Val) (8). 

This type of cyclic dipeptide is known to be very 
flexible and is suggested to have various boat and planar 
conformations which are not discrete and can easily 
interconvert.10'11'17,21 However, the stable conforma
tion of the cis isomer is generally considered to be the 
boat form (Figure 3C17 or G1921) or a slightly twisted 
boat form (Figure 3E),8 1 0 1 3 and that of trans isomer 
is considered to be a boat form (Figure 3D)17 or a 
planar form (Figure 3F).8 9 2 1 

By X-ray crystallographic studies,8'10 cycZo(L-Ala-L-
AIa) is known to have a slightly twisted-boat con
formation (Figure 3E). Its torsional angles, \pca-c 
and 0N'-ca, are found to be smaller by about 10° than 
those of c>'cZo(L-Pro-L-Leu),29 so the DKP ring of 
CJcZo(L-AIa-L-AIa) is nearer to a planar structure than 
that of cycZo(L-Pro-L-Leu). Thus, the dihedral angles, 
0i(C"-C"-C'-O) and 02(C8-Ca-N'-H), in two alanine 
residues are all greater than the corresponding angles 
of cycZo(L-Pro-L-Leu).30 Therefore, cyclo(L-Ala-L-Ala) 
has not nearly eclipsed conformations (conformations 
1 and 3) anymore. 

On the other hand, by the results of ORD19 and con
sistent force field calculations,21 cyclo(h-AIa-L-Ala) is 
suggested to have a shallow boat form (Figure 3G), 
in which two methyl groups are on the quasiaxial bonds 
of the DKP ring and are skew to the carbonyl group and 
to the N '-H bond. 

Since the cjcZo(Ala-Ala) type of cyclic dipeptide is 
much more flexible than the cycZo(Pro-Ala) type of 
cyclic dipeptide, the following factors should be further 
considered in the cjcZo(Ala-Ala) type of dipeptide 

(29) c.j'cto(L-Ala-L-Ala): Slettern reported that the two torsional 
angles, i / 'C-c and 0 N - C , were +20.6 and —32.4°, respectively, in one 
alanine residue and +26.9 and —25.7°, respectively, in another alanine 
residue.8 Benedetti, Corradini, and Pedone reported that ^ c ° - c and 
0N-c were +20 and —25°, respectively, in one alanine residue and +28 
and —33°, respectively, in another alanine residue.10 c.ic/o(L-Pro-L-
Leu): il/ca-c and <£N-C were +33.8 and —41.5°, respectively, in the 
leucine residue and +33.7 and —41.5°, respectively, in the proline resi
due.0 

(30) cjc/o(L-Ala-i.-Ala): The dihedral angles, 9,(C8-C-C'-O) and 
02(C-C a-N-H), were calculated to be -36.6 and +38.4°, respectively, 
in one alanine residue and —31.6 and +35.4°, respectively, in another 
alanine residue on the basis of Slettern's X-ray data.8 From the X-ray 
data of Benedetti, Covadini, and Pedone,'» &(C-C"-C'-O) and &>(C-
C - N - H ) were calculated to be —39.1 and +40.0°, respectively, in one 
alanine residue and —33.1 and —34.3°, respectively, in another alanine 
residue. c.vcfo(L-Pro-L-Lcu): From the X-rav data of Karle,6 Si(C-
C a-C '-O) and 9 ! (C-C-N-H) were calculated to be - 24.6 and + 19.9 °, 
respectively, in the leucine residue and —28.1 and +17.4°, respectively, 
in the proline residue. 

about AH° in addition to conformational energies for 
the -CO^-CHR- and -NH^-CHR- axes: (a) energy 
of distortion from planarity of the amide bond,8-22 (b) 
intramolecular interactions of nonbonded atom pairs of 
the two side chains18 and similar interactions between 
a side chain and the DKP ring.1213 '23 

However, if the cis isomer of this type of cyclic 
dipeptides has generally a stable conformation similar 
to that of CJCZO(L-AIa-L-Ala) (Figure 3 E or G), the 
energy difference between the cis and trans isomers due 
to the conformations around the C - C and N ' - C " 
bonds decreases in this type of cyclic dipeptide. It is 
understandable, therefore, that the cis isomer is not so 
unstable in these cyclic dipeptides as in the cjcZo(Pro-
AIa) type of cyclic dipeptide. 

Experimental Section 
Cyclic Dipeptides. The cyclic dipeptides were prepared accord

ing to published procedures. " , 1 M 1 They were all analytically pure 
and homogeneous according to glc and thin-layer chromatographic 
criteria. Preparation of new cyclic dipeptides, e.g., cyc/o(L-Hyp-D-
aHyp), cyc/o(D-aHyp-D-aHyp), c>'c/o(L-Hyp-L-aHyp), cycio(h-
Hyp-D-Hyp), and cycZo(D-aHyp-L-aHyp), will be described in a 
subsequent paper in this series. 

Analysis of the Cis and Trans Isomers by GIc. Compositions 
of the cis and trans isomers were determined by glc using a Hewlet 
Packard 402 high efficiency gas chromatogram equipped with FID 
and glass columns. The gas chromatographic method has been 
applied to analyze the cis and trans isomers as unmodified com
pounds,6.32 as the trimethylsilyl derivatives,6 as the trifluoroacetyl 
derivatives,33 and as the iV-methyl derivatives.6 We modified 
these methods and analyzed these isomers as follows: (A) cyclic 
dipeptide (8-10 mg) in dry methanol (2 ml) was injected directly; 
(B) cyclic dipeptide (10-13 mg) was heated with A^,0-bis(trimethyl-
silyl)acetamide (1 ml) and dry pyridine (1 ml) for 5-10 min at 80°. 
The mixture was injected directly; (C) cyclic dipeptide (7-12 mg) in 
trifluoroacetic anhydride (2 ml) and chloroform (1 ml) was allowed 
to react for 2 days at room temperature in a closed vessel and then 
it was injected directly. 

The isomerization of cyclic dipeptide was not at all observed 
during these procedures. The compositions of the cis and trans 
isomers were reproducible within 0 .1% in these analytical proce
dures. The analytical procedures, column, column temperature, 
and retention times are shown in Table V.34 

The conditions sufficiently necessary to analyze the cis and trans 
isomers of c>>c/o(Phe-Phe) (3) could not be found in these pro
cedures, so the glc method was not adopted for 3. 

Analysis of the Cis and Trans Isomers by Nmr. The cis and trans 
isomers of cycfo(Ala-Ala) (1), c>>c/o(Pro-Ala) (5), and cycto(Phe-
Phe) (3) were analyzed by nmr with a Varian XL-100 spectrometer 
using TMS as internal standard in deuteriotrifluoroacetic acid. 
The methyl protons of cyclic dipeptides having the alanine residue 
gave a doublet signal at S 1.73 (Jap = 7.1 Hz) for the cis isomer of 1, 
at 1.69 (Jaf> = 7.2 Hz) for trans isomer of 1, at 1.59 (Ja/3 = 7.1 Hz) 
for the cis isomer of 5, and at 1.63 (J a9 = 7.1 Hz) for the trans 
isomer of S. The amounts of the cis and trans isomers were deter
mined from the peak heights of these methyl protons at 250 Hz 
sweep width by a comparison with that of an authentic mixture. 
The a protons of the cis and trans isomers of 3 gave multiplet 
signals at S 4.56 and 3.95, respectively. The abundance ratio of the 
cis and trans isomers of 3 was measured by integration of these 
signals. 

Cis-Trans Isomerization Studies in 0.1 N Ethanolic Sodium 
Ethoxide. The isomerization was started from both the cis (cis-l 
or CW-II) and trans sides (trans-l or trans-ll). When the abundance 
ratios of the cis/trans isomers in the two independent reaction mix
tures became equal to each other, this was taken as the equilibrium 
ratio. The time required for reaching the equilibrium was about 
20 hr at 30.0°, 3 hr at 50.0°, and 1 hr at 75.0°. The concentration 

(31) O. Grahl-Nielsen, Tetrahedron Lett., 2827(1969). 
(32) J. W. Westley, V. A. Close, D. N. Nitechi, and B. Halpern, Anal. 

Chem., 40,1888(1968). 
(33) G. P. Slater, J. Chromatogr., 64,166 (1972). 
(34) See paragraph at end of paper regarding supplementary mate

rial. 
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of the cyclic dipeptide was chosen depending upon the solubility, 
e.g., 0.33 mM for cyc/o(Phe-Phe) (3), 3.3 mMfor cyc/o(Ala-Ala) (1), 
cyclo(Leu-Le\}) (2), and o*c/o(Val-Val) (4), and 50 mM for other 
cyclic dipeptides. 

QWo(VaI-VaI) (4). CjWo(L-VaI-L-VaI) (50 mg, 0.25 mmol) in 
0.1 N ethanolic sodium ethoxide (75 ml) was allowed to stand at 
30.0 ± 0.1°. Samplings were done at least three times between 
25 and 40 hr. The aliquot (15 ml) taken out was immediately 
poured into 2 N hydrochloric acid (0.76 ml) cooled with ice to 
quench isomerization by neutralization, and the slightly acidic 
solution was evaporated to dryness under reduced pressure. The 
residue was further dried in vacuo on anhydrous potassium hydrox
ide and analyzed by procedure A. The equilibrium points were 
determined in a similar manner at 50.0 ± 0 . 1 and 75.0 ± 0,1°, 
in which samplings were done at 4-10 hr and at 3-8 hr, respectively. 
The isomerization was similarly carried out using CjWo(L-VaI-D-
VaI). The analytical results are given in Table III. 

Table III. Equilibrium Data for the 
Cis-Trans Isomerization of cyclo(VaI-VaI) 

Temp, 
0K 

Start from 
cyc/o(L-Val-L-Val) 

-Content of trans isomer, %— 
Start from 

CjWo(L-VaI-D-VaI) Av 

303 
323 
348 

75.8,76.0,76.1 
75.1,75.0,75.0 
74.1,74.1,74.4 

75.8,75.7,76.2 
74.9,74.8,75.1 
74.3,74.1,73.9 

75.9 
75.0 
74.2 

CjWo(AIa-AIa) (1), cjWo(Leu-Leu) (2), cjWo(Pro-Ala) (S), cyclo-
(Pro-Leu) (6), cyc/o(Pro-Phe) (7), and cjWo(Pro-Val) (8). The 
isomerization experiments were carried out in a similar manner to 
that of 4. In the case of 5-8, the cyclic dipeptides of CjWo(L-PrO-L-
Ala) type and cjWo(L-Pro-D-Ala) type were used as starting mate
rials. The analytical procedures and results by glc were shown in 
Table IV. By nmr, the equilibrium points of 1 and 5 were at 48 % of 

Table IV. Equilibrium Data for the 
Cis-Trans Isomerization of Cyclic Dipeptides 

Analytical 
procedure" 

Content of trans 
isomer, % . 

3230K 3480K 

cjWo(Ala-Ala) 
c>>c/o(Leu-Leu) 
cjWo(Pro-Ala) 
cjWo(Pro-Leu) 
cjWo(Pro-Phe) 
cj>c/o(Pro-Val) 

C 
C 
A 
A 
B 
A 

47.6 
43.0 
56.9 
83.6 
89.5 
91.3 

48.2 
44.2 
56.5 
82.0 
88.4 
90.0 

" See Experimental Section. 

the trans isomer at 50.0° and at 56% of the trans isomer at 30.0°, 
respectively. 

cjWo(Phe-Phe) (3). cjWo(L-Phe-L-Phe) or cjWo(L-Phe-D-Phe) 
(36 mg, 0.025 mmol) was dissolved in 0.1 TV ethanolic sodium eth
oxide (75 ml) by warming at about 60° and the clear solution thus 
obtained was allowed to stand at 30.0 ± 0.1°. After 35 hr, the 
clear solution was neutralized with 2 N hydrochloric acid (3.8 ml) 

and the solution was evaporated to dryness in vacuo. The dried 
residue was dissolved in deuteriotrifiuoroacetic acid (0.5 ml), 
filtered, and analyzed by nmr. The equilibrium points were ob
served at 51.1 % of the trans isomer in starting from cjWo(L-Phe-L-
Phe) and at 49.0% of the trans isomer in starting from cjWo(L-Phe-
D-Phe). 

cjWo(Pro-Pro) (9). The isomerization experiments were carried 
out in a similar manner to that of 4 using cjWo(L-Pro-L-Pro) and 
cjWo(L-Pro-D-Pro) as starting materials. Gas chromatography 
(procedure A) showed that there was no detectable amount of the 
trans isomer in the equilibrium mixtures at 30.0, 50.0, and 75.0°. 
The detectable amount of the trans isomer in the mixture of cis 
and trans isomers was checked by using authentic mixtures which 
contained 10, 1, 0.5, 0.1, and 0.01 % of the trans isomer: 0.5% of 
the trans isomer was detectable; however, 0.1 or 0.01 % of the trans 
isomer was not detectable. 

cjWo(Hyp-Hyp) (A) (10). Using cjWo(L-Hyp-L-Hyp) (10a), 
cyclo(D-aHyp-D-aHyp) (10c), and cjWo(L-Hyp-D-aHyp) (10b) as 
starting materials, the isomerization experiments were similarly 
carried out. The trans isomer (10b) was not detectable by glc 
(procedure B) in the equilibrium mixtures at 25-78 °. Using authen
tic mixtures of 10a and 10b, the detectable amount of the trans isomer 
in the mixture was checked; <0.5 % of 10b was not detectable. 

cjWo(Hyp-Hyp) (B) (11). cjWo(L-Hyp-L-aHyp) (Ha), CJWO(L-
Hyp-D-Hyp) (lib), and cjWo(D-aHyp-L-aHyp) (Hd) were used as 
starting materials. The trans isomers (Hb and Hd) could not be 
detected by glc (procedure B) in the equilibrium mixtures. 

Further investigation of the isomerization of 10 and 11 will be 
described in a subsequent paper in this series. 

Cis-Trans Isomerization Studies in Aqueous Solutions, cyclo-
(Val-Val) (4). oWo(L-Val-L-Val) or cjWc(L-Val-D-Val) (20 mg, 
0.1 mmol) in water (1 ml) was sealed in a small glass tube and 
heated at 250 ± 1° for 3 hr. The equilibrium state was found to 
be accomplished after 2 hr in preliminary experiments. The tube 
was immediately cooled and opened. The solution was evaporated 
to dryness under reduced pressure and dried further in vacuo over 
phosphorus pentoxide. The residue was analyzed by glc. The 
equilibrium point was at 67.0% of the trans isomer in starting from 
cyclo(h-VaI-L-VaI) and at 67.7% of the trans isomer in starting from 
CjWo(L-VaI-D-VaI). 

The isomerization experiments of other cyclic dipeptides were 
similarly carried out, in which the concentration of the cyclic di
peptide was chosen as 1-10 % depending upon the solubility. 
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