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Conformations of Peptides in Solution by Nuclear Magnetic Resonance 
Spectroscopy. Part 111. t Cyclic Dipeptide Ring Conformations 
By David B. Davies and Md. A. Khaled, Department of Chemistry, Birkbeck College, Malet Street, London 

The determination of the degree of folding ((3) of the diketopiperazine ring (DKP) of cyclic dipeptides from 3J- 
(HNCH) and 5J(HH), the homoallylic coupling across peptide bonds, is  discussed. From measurements of the 
I00 MHz l H  n.m.r. spectra of cyclic dipeptides containing glycine or sarcosine [i.e. cyclo-Gly(Sar)-X where X = 
amino acid] it i s  concluded that p increases with the bulkiness of amino-acid X for both D,O and DMSO solutions. 
The results are in agreement with those determined from the c.d. spectra of the same cyclic dipeptides in aqueous 
solution. A correlation is observed between the magnetic non-equivalence of the Gly (or Sar) methylene group 
and the degree of folding of cyclic dipeptides containing amino-acids not substituted by aromatic rings at the 
(3-carbon atom. 
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THE conformations of cyclic dipeptides have been inten- 
sively studied in the solid state by X-ray crystallo- 
graphy1-6 and in solution by various forms of spectro- 
 copy.^-^^ The structure of a cyclic dipeptide (I) shows 
that the diketopiperazine ring (DKP) is substituted by 
amino-acid side chains (Rl, R,) and that both peptide 
bonds are constrained in the cis-conformation. The 

peptide bond may also be substituted (R1’, R,’ as in 
proline or N-methylated amino-acids) or unsubstituted 
(Rl’ = R,’ = H). As cyclic dipeptides have limited 
conforrnational freedom they have been used to develop 
the criteria necessary for analysing the conformations of 
larger linear and cyclic peptides and proteins. In the 
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solid state X-ray crystallographic studies have shown 
that the substituted DKP ring exists in the planar con- 
formation for molecules with a centre of symmetry (c- 
G l y - G l ~ , ~ ~  c-Sar-Sar; and c-L-Ala-D-Ala 5, but buckled 
conformations of the ring occur for unsymmetrically 
substituted derivatives (c-Gly-~-Tyr,~ c-Sar-~-Val,l~ and 
c-L-Pro-X derivatives 9. 

For solutions n.m.r. studies have been used to show 
that the DKP ring of cyclic dipeptides exists in buckled 
conformations. Most results of Kopple and his co- 
workers 7~16~17 were analysed in a qualitative manner by 
relating the observed 3J(HNCH) for cyclic dipeptides in 
dimethyl sulphoxide (DMSO) solution to the dihedral 
angle between N-H and C-H bonds using a Karplus 
type relation. In some cases where 3J(HNCH) could 
not be observed (k in D,O-CF,CO,H solutions) the 
magnetic non-equivalence of the glycine residue was 
used to indicate whether a cyclic dipeptide had a planar 
(magnetic equivalence) or buckled conformation (non- 
equivalence).7 The results for a number of cyclic dipep- 
tides containing aromatic residues indicated a buckled 

10 K. BlAha, M. BudSinskg, I. FriE, J. SmolikovA, and J. 

l1 J. Vicar, M. Budt%insky, and K. BlAha, Coll. Czech. Chem. 

l2 J. ViCar, J. SmolfkovA, and K. BlAha, Coll. Czech. Chem. 

13 T. M. Hooker, P. M. Bayley, W. Radding, and J. A. Schell- 

l4 R. Degeilh and R. E. Marsh, Acta Cryst., 1959, 12, 1007. 
l5 P. Timmins, Acta Cryst., 1975, B31, 2561. 
l6 K. D. Kopple and D. H. Marr, J .  Amer .  Chem. SOC., 1967, 89, 

l7 Ziauddin, K. D. Kopple, and C. A. Bush, Tetrahedron Letters, 

ViCar, Tetrahedrofl Letters, 1972, 1437. 

Comm., 1973, 38, 1940. 

Cornm., 1973, 38, 1967. 

man, Biopolymers, 1974, 13, 649. 

6193. 

1972, 483. 



1976 

DKP ring such that the side chain was stabilised in a 
flagpole conformation by interaction between the aro- 
matic ring and the amide g r 0 ~ p . l ~ ~ ~ ~  An extensive study 
of cyclic dipeptides containing a t  least one cyclic imino- 
acid (D-pipecolic, Pip ; L-proline, Pro ; or ~-azetidine-e- 
carboxylic acid, Aze) also showed that ,J(HNCH) and 
Gly CH, magnetic non-equivalence are powerful methods 
for analysing the conformations of such relatively rigid 
molecules in solution.l0Y1l The method of determining 
the approximate conformation of the DKP ring using 
3J(HNCH) is obviously limited to solutions in which 
such coupling can be observed (6.g. CDCl,, DMSO, and 
H,O but not D,O or CD,OD) though the magnetic non- 
equivalence of the glycyl methylene group can be used 
in the latter solvents. Neither of these methods have 
so far yielded a quantitative determination of the DKP 
ring buckling. 

A recent analysis l3 of the c.d. curves of c-L-Pro-L-Pro 
and c-L-Ala-L-Ala in solution has shown that such 
measurements can be used for a quantitative determin- 
ation of the degree of folding of the DKP ring. Indeed 
it was suggested that the DKP ring of c-L-Ala-L-Ala 
exists in solution with a fold (Rl, R, quasi-equatorial) 
which is the reverse of that observed in the solid state 
(Rl, R, quasi-axial). The c.d. analysis has been applied 
to symmetrical cyclic dipeptides (R, = R,) but extension 
to molecules with different residues (R, # R,) has not 
been made. 

It is obviously desirable to develop the n.m.r. analysis 
of cyclic dipeptides in order to provide quantitative 
information on the degree of folding using a technique 
with a number of parameters available for analysis. 
Five-bond long range coupling has recently been observed 
between a-CH protons of cyclic dipeptidesls and 
analysed according to the relation (1) where A s  is a 

5J(HH) = nAssin2+’ sin2$’ (1) 

constant for syncoplanar a-CH groups, +’ and $’ are 
homoallylic torsion angles for C,-N and C’-C, bonds, 
and f i  equals the number of equivalent coupling paths 
(i.e. rt = 2 for cyclic dipeptides). The angles 4‘ and $‘ 
for L- and D-amino-acids are related to the peptide tor- 
sional angles + and $ (I) by the relationships (2) and (3). 

+ = 240 - +‘L = 120 - +’= 
$ = $’L - 240 = $’= - 120 

(2) 

(3) 

Hence analysis of 5J(HH) of cyclic dipeptides leads to 
determination of the conformation of the DKP ring. 
The results for a series of c-Gly-X and c-Sar-X compounds 
in DMSO, D,O, and CDC1, solutions are compared with 
those found using ,J(HNCH). It is found that the 
buckling of the ring depends on the bulkiness of the 
amino-acid X ; concomitantly the observed magnetic 
non-equivalence of the Gly (or Sar) methylene group 
exhibits a linear correlation with the degree of folding of 
the ring. 

18 D. B. Davies and Md. A. Khaled, J.C.S. Perkin II, 1976,187. 

EXPERIMENTAL 
The preparation of the cyclic dipeptides used in this study 

has been discussed previously.lE N.m.r. spectroscopy was 
used to characterise these compounds in [2H,]DMSO soh tion 
and the parameters have been published.l* 100 MHz lH 
N.m.r. spectra of the cyclic dipeptides in D,O solution were 
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FIGURE 1 C.d. curves of c-Gly-X derivatives in aqueous 
solution, X = amino-acid 

measured using a JEOL MHlOO spectrometer operating in 
the internal lock mode a t  a probe temperature of 308 K. 
Spectra were calibrated with a Racal 801R frequency 
counter and proton chemical shifts { G(p.p.m.) downfield 
from sodium [2,2,3,3-2H,] -3-trimethylsilylpropionate 
(TSP) } and spin coupling constants (J/Hz) are summarised 
in Table 1. Magnitudes of long-range coupling (> 0.5 Hz) 
were observed directly from the splitting patterns of a-CH 
multiplets ; otherwise they were determined from at  least 
five measurements of the line-widths of coupled and de- 
coupled signals a t  54 Hz sweep width (1.5 Hz cm-l). The 
results are summarised in Table 2, together with those for 
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cyclic dipeptides in C2H6]DMS0 solution. C.d. measure- 
m a t s  were performed on a Gary 61 spectrometer operated 
by the University of London Intercol%iate Research 
Service. We thank Dr. P. M. Scopes, Westfield College, for 
help and advice. 

DISCUSSION 

rotation of the plane containing N-C, to become co- 
planar with the plane containing C-C, as shown in the 
Scheme. It is found from crystal structure analyses of 

e ' o  

C'- 6, P.0 

I P\ 

\;7 

The c.d. spectra are shown in Figure 1. 
c - c, - - - - 

The c-Gly-X compounds listed in Table 1 form a series C'-C,-N p r: 0 
in which different amino-acid residues (X) have side 
chains of varying size. It is expected that different 
buckled conformations of the DKP ring are related to the 
bulkiness of X. The n.m.r. parameters of cyclic dipep- SCHEME 

tides in DMSO and D,O solutions (Table 1) are analysed 
in terms of the conformations of the molecules. It was 
shownljl* from the results of X-ray crystallographic 

cyclic dipeptides that the sign and magnitude of p 
depends on the c~'s-(LL) or trauts-(LD)-substitution of the 
DKP ring and also on the bulkiness of the amino-acid 

TABLE 1 
lH N.m.r. parameters of c-Gly(Sar)-X dipeptides in D,O solution 

Gly (Sar) residue 
A r > 

6 (p.p.111.) J ( H 4  
r------7 r-------l 

Cyclic dipeptide a-L U-D NCH, "(au) 6J(NCH,,~) 
Gly-Gly 4.04 4.04 a 
Gl y-L- Ala 4.02 4.084 - 18.35 
Gly-D-Abu 4.12 4.01 - 18.4 
Gl y-L-Val 4.20 4.37 -18.3 
Gl y +Leu 4.04 4.18 - 18.6 
Gly-L-Pro 4.22 3.93 -17.6 0.9 ( & O . l )  
Sax-Sar 4.21 4.21 2.98 a 0.23 (k0.08) 
SW-Gly 4.075 4.075 2.98 a 0.37 (f0.06) 
Sar-L-Val 4.09 4.36 2.87 -18.05 0.2 (hO.1)  
Sar-L-Phe 3.17 2.23 2.42 -17.6 0.17 (30 .1 )  

a Not observed due to magnetic equivalence of u-CH signals. 
surement a t  100 MHz. Phenyl group. "(B(3). 

studies of cyclic dipeptides that the cis-peptide bond is 
essentially planar, that the DKP ring folds along the 
line joining the two a-C atoms [(I) C, and C,] and that, 
generally, the DKP ring is buckled symmetrically; these 
assumptions are correct to within an accuracy of 4-5". 
In this work observed 3J(HNCH) and 5J(cc-CH, a-CH) 
values are related to the degree of folding (p) of the DKP 
ring and the results are compared for different solvents 
(D,O and DMSO) and with crystal conformations where 
available. 

(i) Degree of Folding (p).-A measure of the buckling 
of the DKP ring of cyclic dipeptides in the solid state 
was determined by the angle between the least squares 
plane of the peptide bonds1 and the results for most 
crystal structures have been summarised previously.l*ls 
These studies did not discriminate between the two 
possible conformations of the substituted DKP ring for 
the same angle between the planes, i.e. keeping C, and 
C, fixed in (I) the peptide planes fold either into or out 
of the plane of the page. These conformations can be 
discriminated if the angles between the peptide planes 
are converted to the degree of folding (p) previously used 
in the analysis of c.d. studies of cyclic dipeptides.13 

The degree of folding (p) which is the angle subtended 
between the planes containing the peptide bonds is zero 
for a planar conformation. For the cyclic dipeptide 
viewed along the line joining the two a-C atoms, p is 
positive (or negative) for clockwise (or anti-clockwise) 

r- -___ 
7 

U 

4.04 
4.167 
4.12 
4.10 
4.14 
4.32 
4.21 
4.014 
4.05 
4.08 

X Residue 

1.96 
1.89 0.95 
2.18 0.97 (0.88) 
1.52 1.80 1.01 

( 2.2-2.4) 3.60 

2.46 1.18 (1.05) 
2.95 (2.74) 7.80d 

6.9 
3.0 7.4 
3.4 7.0 (7.0) 
4.7 4.5 6.0 
c c c 

4.0 6.6 (6.6) 
3.7 (4.6) -13.1ie 

b Abu = 2-Aminobutyric acid. Signal overlap precludes mea- 

side chain. The range of p values from +39 (c-L-Pro-X 
derivatives) through zero (c-L-Ala-D-Ala, c-Gly-Gly, and 
c-Sar-Sar) to -26 (c-Sar-L-Val) are illustrated in Figure 2. 

The orientation of the amino-acid side chain with 
respect to the DKP ring depends on the configuration 
(LL, DD, or LD) and conformation (p) of the cyclic dipep- 
tide. ldealised conformations for LL-cyclic dipeptides 
are shown alongside the crystal conformations in Figure 
2 ; side chains are quasi-equatorial (p > 0) or quasi-axial 
(a < 0) and the corresponding a-C protons are quasi- 
axial (p > 0) or quasi-equatorial (@ < 0). The reverse 
relationships hold for DD-CyCliC dipeptides. The relative 
orientation of the a-C protons for different conformations 
is important in determining the magnitudes of 5J(HH) 
and 3J(HNCH). The following approximate relation- 
ships indicate the dependence of both sJ(HH) and 3J- 

(HNCH) on p for u-cyclic dipeptides. 
Assuming planar peptide bonds and tetrahedral a-C 

atoms for cyclic dipeptides, it  is found that equation (4) 
applies where 0(HNCH) is the dihedral angle between 

(4) p = pLI - 60 = 60 - Ie,l 
the HCaN and CaNI-I planes and subscripts L and D 
refer to the amino-acid configuration. As only the 
magnitude of dihedral angle (0) is important in the 
Karplus relation, no account is taken of the sign of 0L 
and in equation (4). It was previously assumed that 
the Karplus relation between 3J(HNCH) and O(HNCH) 
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can be approximately represented by relation (5) for the 

limited range of O(0 < 0 < 90) found for cyclic dipep- 
tides1* The relation between 3J and (3 derived from 

3J(HNCH) = B C O S ~  0 + C (5) 

0 

p - 0  

p =  t39 b d 
E -  Gly-L-PtO 

Q 

d p =o  

c- Sar- Sar 

p = - 2 6  tJ 

t -  Sar-L-Vat 
FIGURE 2 Degree of folding (p) of cyclic dipeptides shown 

for an idealisedwmodel and for crystal conformations 

\ t 4  

FIGURE 3 Relation of 3J(HNCH) and 5J(HH) with degree of 
folding (p) for LL-cyclic dipeptides. Similar curves for DD- 
cyclic dipeptides are generated by reflection of J and 8 J about 
the p = 0 axis 

equations (4) and (5) is given by equation (6) for L- and 
D-amino-acids. The dependence of 3 J ( ~ )  on (3 is plotted 

3 J ( ~ )  = Bcos'(~ + 60) 
3J(D) = Bcos2(60 - a) (6) 

in Figure 3 for a range of p (-60 < p < 60) using the 
values of B = 6.1 Hz and C = 0 as discussed previously.ls 
For -60 < < 0 observed ~ J ( L )  leads to a unique 
determination of p. The relation between sJ(~) and f3 

1241 
in equation (6) generates a curve similar to that for ~ J ( L )  
but the curve for 3J(D) is the reflection of the ~ J ( L )  curve 
shown in Figure 3 about the axis p = 0. 

The relation between 6J(HH) and is determined in 
the following manner. For cis-substituted DKP rings 
(LL- or DD-CYC~~C dipeptides) it was shown1* from 
crystal structure data that #: - #; - 42' - 4;; hence 
equation (1) reduces to equation (7). The relation 

between +' and O[(+'L = 180 + OL and +'= = 180 - e,)] 
transforms equation (7) to equation (8) and enables the 

sJ = nAssin4+' = nAssin4#' (7) 

5J = nAssin40 (8) 
variation of 5J with p to be calculated for L- and D- 
amino-acid residues by the appropriate substitution from 
equation (4). A s  Was found to vary slightly in different 
solvents.ls Calculations of 6 J ( ~ ~ )  were made for cyclic 
dipeptides (n = 2) in DMSO (A8 0.9 Hz) and D20(As 1.4 
Hz) solutions and the results for -60 < p < 60 are 
shown in Figure 3. It can be seen that sJ(HH) observ- 
ations lead to determination of a unique conformation 
of the DKP ring for -60 < p < 30. The curve for 
5 J ( ~ ~ )  also leads to determination of (3 as it is the 
reflection of the 5 J ( ~ ~ )  curve shown in Figure 3 about 
the axis = 0. Measurements of 3J(HNCH) and 
6J(HH) of cyclic dipeptides in DMSO solution can be 
used to check the reliability of the method of analysis 
by comparison of the values of p determined from ~J(L) ,  
3 J ( ~ ) ,  and 5,7(HH) for each cyclic dipeptide measured in 
[2H$DMS0 solution. The results are compared with 
magnitudes of f3 determined from previous observations 
of cyclic dipeptides. 

(ii) CoPtformatioPts of Cyclic Dipe@tides.-Magnitudes 
of J for c-Gly(Sar)-X derivatives in DMSO solutionl8 
(3J and 5J)  and in D20 solution (5J, this work) are sum- 
marised in Table 2 together with the degree of folding (p) 
determined from the curves in Figure 3. There are four 
possible determinations of p, two from 3 J ( ~ )  observed 
for each amino-acid residue, one from 3J(D) of the glycine 
residue, and one from 6 J ( ~ ~ ) .  The results for c-Gly(Sar)- 
X in DMSO in Table 2 show that p determined from each 
~ J ( L )  is essentially the same and that the value is similar 
to that determined from 5 J ( ~ ~ ) ;  greater variation is 
found for (3 determined from 3J(D) as for many of the 
molecules measured in this work p < 0 and 3 J ( ~ )  < 3 J ( ~ ) .  
Only one determination of can be made for cyclic 
dipeptides in D20 solution [from 5 J ( ~ ~ ) ]  but it is found 
that p(D20) - p(DMSO), i.e. the conformation of the 
DKP ring of c-Gly(Sar)-X derivatives is similar in DMSO 
and D20 solutions. 

An approximately planar conformation is found for 
cyclic dipeptides with a pseudo-centre of symmetry (c- 
Gly-Sar) similar to that observed for cyclic dipeptides 
with a centre of symmetry (c-Gly-Gly and c-Sar-Sar) in 
both the solid state and in solution. In this conform- 
ation both C,-H bonds are gauche to the neighbouring 
carbonyl and NH(G1y) or NCH,(Sar) groups. For un- 
symmetrical cyclic dipeptides a buckled conformation is 
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found for the DKP ring (0 < p > 0) such that the bulky 
C,-R bond minimises interactions with adjacent N-H- 
(CH,) and C=O groups at the expense of the C,-H bond 
interactions. The side chain R group exists in the quasi- 
axial position (p < 0 for LL- and p > 0 for DD-cyclic di- 
peptides). Magnitudes of p depend on the nature of the 
amino-acid side chain; increasing bulkiness of X in the 
series H (Gly), CH, (Ala) , CH,CH, (Abu = 2-aminobutyric 
acid), CH(CH,), (Val), and CH,CH(CH,), (Leu) leads to 

from the c.d. measurements of c-Gly-X derivatives shown 
in Figure 1 agree qualitatively with the results of n.m.r. 
measurements. The c.d. curve of c-Gly-L-Pro resembles 
that observed previously l3 for c-L-Pro-L-Pro in aqueous 
solution in having a negative lobe at ca. 187 nm (AE -17 
corresponds to Me 5.6 x 104) t and a maximum at ca. 
211 nm (A& 2.4). The c.d. curves indicate that the two 
cyclic dipeptides containing L-proline have similar 
conformations (a > 0) in aqueous solution as well as in 

TABLE 2 
Degree of ring folding (p) for cyclic dipeptides 

DMSO solutions D20 solution 
c-G~v-X I 1 & A 

x 3J IL 
2.2 
2.2 

GlY (L) 

2.2 
GlY (D) 
L-Ala 
D-Abu 1.8 
L-Val 2.9 
L-Phe 2.8 
L-Leu 3.2 
L-Pro 0.2 

D-L-Leu 3.0 
D-L-Val 3.0 

D-L-His 2.5 

Gly 2.2 

D-L-PhGly '*' 3.0 

D-Pip 2.2 
L-Pro # O  < 1 
D-Aze g 5.0 
D-L-Pro 4.5 
c-Sar-X derivatives 

L-Val 
L-Phe 

G1Y 

P1L 
-7 
+7 
-7 
-3 
- 13.5 
- 13 
- 16.5 + 39 
f 7  

& 14.5 
& 14.5 
f 14.5 
f 9.5 
-7 

- 34 
h 30 

"ID PID 
2.2 f7 
2.2 -7 
2.2 +7 
2.4 +9 
1 .o -6 
0.7 -10 
1.0 -6 
4.4 +28 
2.2 f7 
1.5 f0 .5  

-1 f 6.5 
G0.5 <+13 
1.5 f0.5 
2.2 +7 
4.0 +24 
0 - 30 
1.5 f1.5 

'J2 
2.2 
2.2 
2.0 
d 
3.0 
2.6 
3.0 

2.2 
f 
f 
3.0 
f 

2.0 
2.6 
2.8 

P z  
-7 
+7 
-5 

- 14.5 
-11 
- 14.5 
&7 

+ 14.5 

5 5  - 11 
- 13 

a 
a 
0.9 
0.7 
0.4 
0.46 
0.3 
1.65 

a 
f 
f 
f 
f 
f 
f 

0.8 

1.3 - 

1.1 
0.5 
0.37 

- 
P l . 2  P ' J  

o(f7) a 
-2 -2 (f4) 1.2 
+7 +4 (It41 1.0 

a 

-15.5 -12 (f3) 1.0 

-19.5 -14 (f4) 1.1 
- 14 - 1 2 ( f 2 )  i 

+ 39 35 (h5) 2.6 
0 (f7) 

f7.5 (37) 
&10.5 (f4) 
f14 (It11 
&5 (f4) 

4.5 1.5 (h5.5) 
ca. +24 

ca. 30 
.8 to -52 ca. -32 

2.5 1 (*4) 1.6 
-12.5 -12 (fl) 1.0 
-17.5 -15 ( f 2 )  0.8 

P 

-6 
f9.5 
- 9.5 

-8 + 39 

0 
-9.5 
- 13 

solution to  measure 5J(HH). 

greater folding of the DKP ring (p increases). It is 
found that the amino-acid side chain preferentially exists 
in a quasi-axial relationship with respect to the DKP 
ring similar to the ' flagpole ' conformation previously 
found for aromatic  derivative^.^ 

The degree of folding is also calculated for cyclic 
dipeptides measured p rev io~s ly .~*~~  l1 The results are 
listed in Table 2 where it can be seen that the error in 

is greater than in the present work as, in some cases, 
3J(HNCH) only is reported and, in other cases, 3J and 
5J are reported as approximate values. However, these 
results also show that bulky side chains cause greater 
buckling of the DKP ring even though large discrepancies 
are sometimes found with the present results, e.g. vari- 
ations in @ for c-Gly-L-Leu [-14(&4) and -7.5(&7)] in 
DMSO solutions are at the limits of the errors involved 
in the previous measurements. It should be noted that 
a number of cyclic dipeptides contain racemic mixtures 
of D- and ~-residues.~ The single values of 6 and J for 
these compounds indicate that the buckled conformation 
of each cyclic dipeptide in solution (L and D) exist as 
mirror images, i.e. degrees of folding of -3  for L- and + p for D-cyclic dipeptides. 

(iii) C.d. Spectra.-The degree of folding determined 
Me = 3 300 x ALE. 

0 Not observed due to magnetic equivalence of a-CH groups. Abu = 2-Aminobutyric acid; PhGly = 2-phenylglycine; Sar = 
sarcosine, N-methylglycine. C Values of PD determined by  reflecting PL curves in Figure 3 about axis P = 0. Signal overlap precludes 
measurement. 6 Ref. 7. f Value not Dublished. Ref. 11. CDCl, Solutions. Ref. 8. Not sufficiently soluble in aqueous 

the solid state 1-3 (a ca. +39). On the other hand 
inverse behaviour is found for c-Gly-L-Leu and c-G~Y-L- 
Val where the c.d. curves exhibit positive lobes at 188 
(AE 7.2) and 190 nm (A& 20.7), respectively, and negative 
lobes at 206 (AE 3.0) and 207 nm (AE -9.2) respectively. 
This behaviour is similar to that found for c-L-Ala-L-Ala 
(@ < 0) .13 Thus both the n.m.r. and c.d. results indicate 
that c-Gly-L-Leu and c-Gly-L-Val have buckled DKP ring 
conformations in aqueous solution with < 0. The 
similarity in shape of the negative lobe of the c.d. curve 
of c-Gly-L-Ala to that for c-Gly-L-Leu indicates that the 
DKP ring of c-Gly-L-Ala is buckled with p < 0 in agree- 
ment with the results of n.m.r. measurements. The 
minimum of the negative lobe at 197 nm for c-Gly-L-Ala 
is similar to that observed for c-L-Ala-L-Ala (200 nm) 
in aqueous s01ution.l~ Assuming the relation between p 
and rotatory strengths of the 1 . ~  __it x* and x + x* 
transitions (Figure 7 of ref. 13), the c.d. curves in Figure 1 
indicate that in aqueous solution c-Gly-L-Val is buckled 
appreciably greater than L-Leu or L-Ala derivatives. A 
similar conclusion is determined from n.m.r. measure- 
ments (Table 2) though the degree of buckling of the L- 
Val derivative (-9.5) is only slightly greater than the L- 
Leu (-8) and L-Ala (-6) derivatives. 

The c.d. curve for c-Gly-D-Abu in aqueous solution is 
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approximately the inverse of those found for the L-Val 
and L-Leu derivatives. The magnitudes of the positive 
and negative lobes of the D-Abu derivative are midway 
between those found for the L-Val and L-Leu derivatives. 
These results indicate a buckled ring conformation for 
c-Gly-D-Abu (p > 0)  with the side chain (ethyl group) 
in a quasi-axial conformation between those found for 
L-Leu (isobutyl) and L-Val (isopropyl) derivatives. It 
was also concluded from the n.m.r. observations of c- 
Gly-D-Abu in aqueous solution that the DKP ring is 
buckled (p > 0) and the degree of buckling (p + 9.5) 
is found to be similar to the valine derivative (p - 9.5). 
Analysis by n.m.r. of c-Gly(Sar)-X derivatives cannot 
distinguish between optical isomers or racemic mixtures 
of amino-acid (X) whereas the advantage of using one 
isomer is confirmed by comparison of the results with 
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example, a number of c-Gly-X (X = Val, His, PhGly) 
with buckled conformations in DMSO solution [different 
3J( HNCH) and non-equivalent Gly a-CHI were concluded 
to exhibit planar confonnations in trifluoroacetic acid 
(TFA) as the Gly a-CH signals showed magnetic equiva- 
l e n ~ e . ~  Similar behaviour was found for c-Gly-Pro 
which was concluded to exhibit buckled conformations 
in DMSO and D,O [non-equivalent Gly cc-CHI and a 
planar conformation in TFA [equivalent Gly u-CHI .9 

The widespread use of the magnetic equivalence of the 
glycine methylene group as a criterion for planar ring 
conformations of c-Gly-X derivatives suggests that a 
relation might exist between the magnetic non-equiva- 
lence of the glycine methylene group and the degree of 
buckling of the DKP ring. Many of the previous 
observations of chemical shifts are rationalised with the 

TABLE 3 
Comparison of magnetic non-equivalence of Gly (and Sar) methylene protons with degree of folding (p) for cyclic dipeptides a 

c-GIY-X 
X 

2 D-AbU 
1 L-Pro 

3 Gly 
4 L-Ala 
6 L-Val 
6 L-Leu 
7 L-Phe 

14 Gly 
D-L- 
HomoPhe b*c 

15 D-L-Leu 
16 D-L-l'hGly a s c  

17 D-L-Val 
18 D-L-His 
19 D-L-Phe 
20 D-L-Trpc 
21 D-L-Tyr 
22 D-Pip d 

23 L-Pro 
24  D-Aze 
25 D-L-PrO * 

- 
6L 

4.071 
3.789 
3.850 
3.73 
3.614 
3.597 
3.357 
3.70 
3.78 

3.63 
3.73 
3.63 
3.33 
3.37 
3.35 
3.32 
4.02 
4.10 
3.73 
4.02 

DMSO solutions 
h 'I 

6 D  A6 s 

3.850 0 0 ( f 7 )  
3.73 0 -2 ( f 4 )  

3.691 0.48 +35 ( & 5 )  
3.70 0.089 f 4  ( f 4 )  

3.805 -0.191 -12 ( f 3 )  
3.818 -0.221 -14 (&4) 
2.777 0.580 -12 ( f 2 )  
3.70 0 0 ( h 7 )  
3.78 0 f 
3.83 
3.93 
3.81 
3.57 
2.79 
2.86 
2.72 
4.02 
3.87 
4.05 
3.63 

5 0 . 2  3 7 . 5  (&7) 
f 0 . 2  &I4 (&I)  

f0 .24  f 5  ( 3 4 )  
fO.18 h10 .5  ( 4 4 )  

f0 .58 f 1 4  ( f l )  
5 0 . 4 9  & 14 ( f  1) 
f0 .60 &14 (+1) 

0 1.5 (f5.6)  
0.23 ca. 24 

&0.39 ca. 30 
-0.32 ca. -32 

c-Sar-X derivatives 

26 Gly 3.957 3.957 0 1 ( f 4 )  
27 L-Val 3.88 4.064 -0.184 -12 ( f l )  
28 L-Phe 3.409 2.487 0.922 - 15 ( & 2 )  

r 
X 

8 L-Pro 
9 D-Abu 

10 Gly 
11 L-Ala 
12 L-Val 
13 L-Leu 

D,O solutions 

BL 6D A8 
4.22 3.93 0.29 
4.12 4.01 0.11 
4.04 4.04 0 
4.022 4.084 - 0.062 
4.20 4.37 -0.17 
4.04 4.18 - 0.14 

D-L-Val 4.58 
D-L-His 3.58 

4.74 
4.13 

&0.16 
h0 .55  

D-L-Pro 4.16 3.86 h0 .30  

1 

P + 39 
+9.5 

0 
-6 
- 9.5 
-8 

f 
f 

29 Gly 4.075 4.075 0 0 
30 L-Val 4.09 4.36 -0.27 -9.5 
31 L-Phe 3.17 2.23 0.94 - 13 

a Measurements of chemical shifts by different workers are in the temperature range 300--315 K. Abbreviations: Abu = 2- 
aminobutyric acid ; Sar = sarcosine, 2L'-methylglycine ; HomoPhe = homophenylalanine ; PhGly = 2-phenylglycyl. c Ref. 7 ; 
DMSO solutions. Ref. 11; CDCl, solutions. f N o  information given from which p could 
be determined. 

Ref. 8; DMSO and D,O solutions. 

those determined from c.d. measurements. In general 
the conclusions from both methods of analysis are similar 
€or each molecule within the error limits of each observ- 
ation and the limitations of each type of analysis. 

(iv) Non-equivalence of Glycine Residue.-The relative 
chemical shifts of glycine cc-CH signals have been used 
to  indicate planar or buckled conformations of the DKP 
~- ing .~*~. l l  Magnetic equivalence of Gly-CH, signals was 
found for the planar DKP ring in c-Gly-~-Pip [planarity 
determined from 3J(HNCH) 2.2 Hz] whereas markedly 
different values of S(a-CH) and 3J(HNCH) were found 
for the glycyl protons in c-Gly-L-Pro and c-Gly-D-Aze 
which have buckled DKP rings.ll The same criterion 
was used to indicate changes in conformation of the DKP 
ring of cyclic dipeptides in different solvents. For 

present results by showing that a relation exists between 
the degree of folding of the DKP ring and the chemical 
shift difference of the glycine methylene group of c-Gly-X 
in different solvents. It is likely that the absolute 
values of observed chemical shifts of glycine residues vary 
with solvent and substitution of the DKP ring (ie. 
nature of X) though the chemical shift difference is less 
dependent on different environments. Accordingly 
chemical shift differences (A8 = SL - 8,) of the glycine 
residue in c-Gly-X derivatives have been calculated for 
the present results and the results of other workers 7~~ 
and compared with the degree of folding (p) of the DKP 
ring. The results which are summarised in Table 3 
indicate that glycine magnetic non-equivalence increases 
(A8 increases) with greater folding of the DKP ring (p 
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increases). It should be noted that, for cyclic dipeptides 
containing L-D mixtures of amino-acids, A8 and 8 
exhibit both positive and negative values; also, deter- 
mined from the results of other workers [usually 3J- 

(HNCH) but sometimes sJ(HH)] exhibits far greater 
variation than the present results. Using the most 
accurate available results a correlation is found to exist 
between A8 and 8 as shown in Figure 4. The key to 
compounds plotted in Figure 4 is given in Table 3. An 

' ?& 0.6 

-Fo 
0.L 

-0.2 
% 

-0.4 

Degree of folding ,8 
FIGURE 4 Correlation between magnetic non-equivalence of 

Gly (Sar) methylene protons (A8 = 8~ - 8D) and degree of 
folding (p) of the substituted diketopiperazine ring. Key to 
data for different compounds in Table 3. Slope ca. 0.013 p.p.m. 
degree-I. Results from this work are plotted as bolder points 

approximately linear correlation between A8 and Q is 
found for cyclic dipeptides containing cyclic imino-acids 
(data 1 , 8, and 22-25) or acyclic residues not substituted 
by aromatic rings in the @-carbon atom (data 2-6,9-17, 
26,27,29, and 30) but not for acyclic residues substituted 
by aromatic rings at the 8-carbon atom (data 7, 18-21, 
28, 31). Within the large error limits of the present 
results the correlation is observed for c-Gly-X derivatives 
in different solvents, i.e. D,O, DMSO, and CDCl, solu- 
tions. Hence the magnetic non-equivalence of the gly- 
cine methylene group can be used to estimate the degree 
of folding of the DKP ring in cyclic dipeptides containing 
cyclic imino-acids or acyclic residues not substituted by 
aromatic rings in the @-carbon according to equation (9) 
where k is the slope of the linear correlation shown in 

A8 = ( 6 ~  - 8,) = K P  (9) 
Figure 4, i.e. ca. 0.013 p.p.m. per degree. Equation (9) 
is valid for cyclic dipeptides with p in the range -30 < 
p < 30. The relation shows that planar molecules 
(8 = 0) exhibit magnetic equivalence of the glycine 
residue (A8 = 0) and that buckled molecules exhibit 

increasing magnetic non-equivalence with greater degree 
of folding of the DKP ring (0 < P > 0). 

For cyclic dipeptides containing imino-acids or acyclic 
residues not substituted by aromatic rings on the p-C 
atom, the glycine chemical shift anisotropy depends to 
a large extent on the conformation of the DKP ring 
rather than the properties of the amino-acid side chain 
or solvent effects for D,O, DMSO, and CDCl, solutions. 
Thus it was previously found l1 for c-Gly-X (X = imino- 
acid) that the quasi-axial a-proton is downfield compared 
to  the quasi-equatorial one and that with increasing axial 
nature of X (X = Pip, Pro, or Aze) the magnetic non- 
equivalence increases. It was concluded l1 that these 
results are opposite in trend from models of magnetic 
anisotropy of the amide group where it is assumed that 
protons lying above and below the plane of the amide 
bond are shielded more than protons lying in the same 
plane.l9 Similar results were obtained in the present 
work where it is found for L-Val and L-Leu derivatives 
that the quasi-axial proton (HD) is downfield compared 
to the quasi-equatorial one (P < 0, A8 < 0, 8, < 813) and 
for c-Gly-D-Abu (@ > 0, A8 > 0, 8~ > 813) where the 
quasi-axial proton (HL) is also downfield with respect to 
the quasi-equatorial proton. These results suggest that 
the glycine a-CH chemical shift correlation (Figure 4) 
reflects their spatial relationship to the two planar cis- 
peptide bonds. 

Acyclic residues substituted by aromatic rings in the 
@-carbon atom (X = Phe, Tyr, Trp, His) do not conform 
to the AS-@ correlation shown in Figure 4. The DKP 
rings of these molecules are buckled (P < 0 for L and 
@ > 0 for D derivatives) such that the side chain exists 
in a quasi-axial relation to the DKP ring, the ' flagpole ' 
conformation.' For a predominantly gaztche-gauche- 
conformation for rotation about the C,-CB bond the 
aromatic ring projects over the glycyl a-proton in a quasi- 
axial conformation causing a significant upfield shift 
compared to an acyclic side chain.' From the relative 
position of the His residue (compound 18) to the aromatic 
residues (compounds 7 and 19-21) plotted in Figure 4, 
it  can be seen that the ring current effect of the imidazole 
ring (His) on the glycine protons is less than for the 
phenyl (Phe, Tyr) or indole ring (Trp). On the other 
hand the phenyl ring of the 2-phenylglycyl derivative 
(PhGly, compound 16) has little effect on the glycine 
protons. Hence the AS-p correlation can be used to 
investigate the effect of side chain interactions of cyclic 
dipeptides containing amino-acids with aromatic residues 
at the P-carbon atom as well as monitor the conformation 
of the diketopiperazine ring of cyclic dipeptides not 
containing aromatic residues at the @-atom. 
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