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Abstract: The solution conformations of oWo-(Gly-Phe-D-Pro-Ala) (5) and c>'c/o-(D-Phe-Pro-D-Phe-Pro) (6) have been 
studied by 1H and 13C NMR in CDCI3/Me2SO-^6 mixtures, and by circular dichroism spectroscopy in chloroform, methanol, 
acetonitrile, and water. The data from these studies indicate that the conformations of 5 and 6 are solvent dependent. The con
formation of 5 in CDCl3 is characterized by four transoid amide bonds, at least one 3 ->• 1 intramolecular hydrogen bond, and 
a peptide ring backbone with the following torsion angles (±20°): 0, 72",^, -60°, co, 168°; 02 -110°, \p2 95°, co2 -156°; 03 
72°, \P3 -60°, OJ3 168°; 04 -1 10°, i/-4 95°, OJ4 -154°. The conformation of 6 in CDCl3 has four transoid amide bonds, two in
verse 7 turns, and a peptide ring backbone conformation with the following torsion angles: 0(D-Phe) 120°, v (̂D-Phe) -115° 
w(D-Phe) 160°; 0(Pro) -60°, i£(Pro) 60°, ai(Pro) -160°. Solvent titration, NMR variable-temperature, and 13C NMR stud
ies indicate the presence of a 7 turn between the Ala NH and Phe carbonyl group and possibly between the Phe NH and Ala 
carbonyl group in 5 and between the Phe NH and Pro CO in 6. Evidence is presented that these 7 turns stabilize the all-tran-
soid ring conformations of 5 and 6 in chloroform. As the mole fraction of Me2SO-^6 in CDCl3 increases, cis X-Pro amide bond 
conformations are found. In neat Me2SO-^i 5 exists in equilibrium between 30% all-transoid and 70% cis X-Pro amide bond 
containing conformers, while 6 has only cis D-Phe-Pro amide bonds. 

Conformational studies of cyclic tetrapeptides have pro
vided interesting examples of unusual peptide bond geome
tries2'3 and conformational interconversions.4 Variations in 
biological activities of analogues of naturally occurring cyclic 
tetrapeptides,5 e.g., tentoxin,6'7 and the related cyc/o-tetra-
depsipeptides, e.g., AM-toxins,8 also have been rationalized 
in conformational terms. Extension of these studies to other 
systems is dependent upon the complete characterization of 
the possible solution conformations available to a cyclic te
trapeptide of a given sequence. 

Theoretical calculations indicate that cyclic tetrapeptides 
can exist in multiple ring conformations9^12 and that one with 
four transoid amide bonds 1 (where transoid designates a trans 
amide bond deviating from planarity by « twist angles of 
±14-25°) may be more stable than conformations with al
ternating planar cis,trans,cis,trans amide bonds 2 (Figure 
1 ) . 1 0 ' " Although several examples of the latter conformation 
have been studied,4'13 the all-transoid conformation has been 
observed unambiguously only in the crystal structure of 
dihydrochlamydocin 3a,3 an analogue of the cytostatic cyclic 
tetrapeptide chlamydocin 3b (Figure l). ,4c>Wo-Tetraglycyl 
4 has been reported to exist in all-transoid conformation like 
1 in MeiSO or TFA, ' 5 but this conclusion has been disputed, 
and conformation 2 has been proposed for cyc/o-tetra-
glycyl.16 

While investigating the solution conformation of several 
cyclic tetrapeptides related to chlamydocin,17 we found that 
the conformation of [Ala4]-desdimethylchlamydocin, cyclo-
(Gly-L-Phe-D-Pro-L-Ala) (5), '8 was extremely dependent on 
the nature of the solvent. Solvent dependency of cyclic peptide 
conformations is known for other peptide systems,19 but the 
solvent dependency of cyclic tetrapeptide 5 was unusual be
cause it appeared to be the first example of conformational 
solvent dependency in a cyclic tetrapeptide ring system. To 
characterize fully the conformation of 5, it was necessary also 
to determine the conformation of the model cyclic tetrapeptide, 
cyclo-(D-Phe-Pro-D-Phe-Pro) (6).20 

We report here the results of an investigation to determine 
the solution conformations of the cyclic tetrapeptides, cyclo-
(Gly-L-Phe-D-Pro-L-Ala) (5) and cyc/o-(D-Phe-L-Pro-D-

Phe-L-Pro) (6). Our results show that the solution conforma
tions of each peptide are unusually solvent dependent. In 
chloroform both peptides have four transoid amide bonds, and 
this is the first observation of these conformations in solution. 
As the solvent polarity is increased, other conformations with 
cis amide bonds predominate. Our data suggest that the 
transoid conformation for a cyclic tetrapeptide in solution is 
stabilized by 3 -* 1 intramolecular hydrogen bonds (7 
turns).21a-b 

Experimental Section 

The syntheses of [Ala4]-desdimethylchlamydocin (5) ls and 
r>'c/o-(D-Phe-L-Pro-D-Phe-L-Pro) (6)20 have been described. The 
optical purity of each chiral amino acid was established by hydrolyzing 
the peptide and reacting the free amino acids with L-amino acid oxi
dase as previously described.'8 A mass spectrum of each peptide gave 
the correct molecular ion for a cyclic tetrapeptide. Proton NMR 
spectra were recorded on a Bruker HX-90E (90 MHz) or WH-270 
(270 MHz) spectrometer operated in the FT mode at nominal solute 
concentrations of 10-10OmM. Carbon NMR spectra were obtained 
on a Bruker HX-90E (22.63 MHz) or a JEOL FX-90Q (22.5 MHz) 
spectrometer operated in the FT mode at nominal solute concentra
tions of 0.03-0.3 M. The circular dichroism spectra were measured 
on a Jasco J-40-A spectropolarimeter in 0.5-mm cells and reported 
as mean residue ellipticities. Infrared spectra of cyclic peptide 5 were 
obtained in chloroform, which was dried and freed of ethanol by fil
tration through alumina, using a Nicolet 7199 FT infrared spectro
photometer. 4-Amino-2,2,6,6-tetramethylpiperidinooxy, free radical, 
was obtained from Aldrich. 

Results 
cjc/o-(D-Phe-Pro-D-Phe-Pro) (6). 1H NMR. The chemical 

shift and coupling constant data for peptide 6 in 95% chloro-
form-(^/Me2SO-^6 are given in Table I and Figure 2. This 
solvent system was used because of the low solubility of 6 in 
pure chloroform. The proton spectrum obtained is consistent 
with a single C2 symmetrical conformation of 6 in this solvent. 
Minor peaks attributable to alternate conformations are not 
observable, and the large coupling constant for the Phe 
N H - C ' H does not vary from 20 to 50 0 C, indicating that 
conformational averaging of the peptide ring system does not 
occur. The Phe-NH resonance is relatively independent of 
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Figure 1. Diagrammatic representations of proposed conformations for 
cyclic tetrapeptides. 1, all-transoid amide bond sequence, .S4 symmetry; 
2, cis,trans,cis,trans amide bond sequence, /1 symmetry; 3, all-transoid 
amide bond sequence, bis-7-turn conformation. 

temperature (AS/AT, - 1 .4 X 1O-3 ppm/ c C) and peptide 
concentration (Figure 3), consistent with shielding of the 
Phe-NH from solvent. 

When the concentration of Me2SCW6 in chloroform-^ is 
increased to 20%, additional resonances appear in the 1H 
NMR spectra (Figure 2b). Above 50% Me2SCW6 in chloro-
fornW, only the new resonances are visible and at 100% 
Me2SCW6 there is evidence that an additional set of reso
nances now predominates (Figure 2e). These changes are 
consistent with the partitioning of c>>c/o-(D-Phe-Pro-D-Phe-
Pro) into one or more new conformations. 

13C NMR. Schematic drawings of the 13C NMR spectra of 
cyclo-(D-Phe-Pro-D-Phe-Pro) in 20% Me2SCW6 in chloro-
fornW and 100% Me2SCW6 are shown in Figure 4. We were 
unable to obtain 13C NMR spectra at lower Me2SCWe con-
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Figure 2. 270-MHz 1H NMR spectra of cjWo-(D-Phe-Pro-D-Phe-Pro) 
as a function of Me2SCWe concentration in chloroform-d; (a) 5%; (b) 20%; 
(c) 30%; (d) 50%; (e) 100%. Peptide concentration was 15 mg/mL, 20 
0C. 
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Figure 3. Chemical shift vs. concentration of peptide at 20 °C: cyclo-
(D-Phe-Pro-D-Phe-Pro) (6) (—), Phe NH ( • ) , Phe aH (A), ProaH ( • ) ; 
c>Wo-(Gly-L-Phe-D-Pro-L-Ala) (5) (- - -), GIy NH ( A ) , Phe NH (O), 
AIaNH(O). 

Table I. 270-MHz 1H NMR Data for cjWo-(Gly-L-Phe-D-Pro-L-
AIa)" and cjWo-(D-Phe-Pro-D-Phe-Pro)* 

residue 

Phe, NH 
a-H 

Pro, a-H 

GIy, NH 
a-H; 
a-H 0 

Phe, NH 
a-H 

D-Pro, a-H 
Ala, NH 

a-H 

5, ppm 

cjWo-(D-Phs 
7.65(d) 
5.21 (ddd) 
4.81 (dd) 

CjWo-(GIy-L-
6.86 (dd) 
4.58 (dd) 
3.22 (dd) 
6.68 (d) 
5.20 (ddd) 
4.74 (dd) 
7.27 (d) 
4.64 (m) 

JKa, HZ 

:-Pro-D-Phe-Pro) 
11.0 
11.0, 10.2,6.8 
8.0, 1.5 

Phe-D-Pro-L-Ala) 
9.2,4.3 
9.2, 12.5 
4.3, 12.5 
10.1 
10.1,9.7,5.9 
8.6,2.0 
10.0 
m 

A S / A T ' 

-1 .4 
~ 0 
~ 0 

-5 .6 

-3 .4 

-0 .8 

a Concentration 20 mg/mL, 20 0C (S from Me4Si), in CDCl3. 
b Concentration 20 mg/mL, 20 0C (S from Me4Si), in 95% CDCl3, 
5% Me2SO-<4. c X103 ppm/deg; temperature range studied, 20 to 
50 °C for cjWo-(D-Phe-Pro-D-Phe-Pro) and -40 to 10 0C for 
cjWo-(GIy-L-Phe-D-Pro-L-AIa). 

centrations because of the low solubility of 6 in chloroform. In 
20% Me2SCW6 in chloroform-^, the carbon spectrum of 6 
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Figure 4. Schematic of 13C NMR at 30 0C. cyc/o-(D-Phe-Pro-D-Phe-Pro) 
(6), 28 mg/mL: (a) 100% Me2SCW6; (b)"20% Me2SO-(Z6 in CDCl3. 
ryc/o-(Gly-L-Phe-D-Pro-L-Ala) (5), 70 mg/mL; (c) 100% Me2SO-(Z6; 
(d) 50% Me2SO-(Z6 in CDCl3; (e) 100% CDCl3. 

2 0 -

1 5 -

10 -

5 -

- 5 - ] 

10 J 

1 

I 

Aj 

A 
I \ 
I \ 

/I 
I 
I 
I 

/ I 
I 
J 
I 
I / " • • 

r 
I 
i 

21C 

I 
I 
I 

Il 
11 

'A 

'' 'i A 
V 

2 3 0 

A J 

250 27Q 

A (nm) 

Figure 5. Circular dichroism spectra of cyclo-(D-Phe-Pro-D-Phe-Pro) (6) 
in various solvents at 0.43 mM: CHCI3 ( ); CH3CN ( ); MeOH 
(—); H2O (- - -). The H2O contained 1% MeOH to increase solubility of 
the peptide. 

shows a resonance at 24.1 ppm for both the Pro C'3 and Pro Cy 

carbons (Figure 4b). Thus, in this solvent system, the X-Pro 
bond is predominantly trans.22 The unusually high field reso
nance for the Pro C3 carbon is consistent with a Pro \p torsion 
angle near 60°23 and suggests the existence of an inverse y 
tu rn,2lb.24,25 

In 100% Me2SO-^6, the carbon resonances for the Pro C3 

and O carbons are separated by 11.0 ppm, indicating that the 
X-Pro bond is cis (Figure 4a).22 The carbon spectrum has only 
one line for each Pro and Phe carbon, and therefore the con
formation of 6 is C2 symmetrical in Me2SO-</6- A comparison 
between spectra in Figures 4a and 4b shows that the cis X-Pro 
conformation of 6 is a minor component of 6 in 20% Me2SO-^6 
in chloroform-d. This conformer probably gives rise to the 
minor resonances in the 1H NMR spectrum of 6 in 20% 
Me2SOc^ in chloroform-d (Figure 2b). However, when the 
Me2SOd6 concentration is only 5% (Figure 2a), the proton 
resonances attributable to the cis X-Pro bond conformers are 
not seen. Thus, we conclude that in chloroform solutions con
taining 5% or less Me2SCW6 the conformation of 6 contains 
only trans X-Pro bonds. 

Circular Dichroism. The CD spectra of 6 in different solvents 
are shown in Figure 5. The most important feature of these is 
the strong, negative ellipticity at 232 nm in chloroform. This 

C 6 H 5 C H 2 

-CH2C6H5 

2^6n5 

Figure 6. Diagrammatic representations of proposed solution conformation 
of cyclic tetrapeptides in chloroform: (A) c>'c7o-(D-Phe-Pro-D-Phe-Pro) 
(6); (B) oWo-(Gly-L-Phe-D-Pro-L-Ala) (5). 

is close to the value calculated for proline inverse 7 turns26 and 
observed in cyclic hexapeptides27 and cyclic pentapeptides24 

shown to contain inverse 7 turns. As the polarity of the solvent 
is increased, the amplitude of the bands at 233 and 250 nm 
diminishes. In methanol or water no CD band is apparent in 
this region. It is probable that this reflects the partitioning of 
6 into additional, non-7-turn conformations, but additional 
data are needed to establish this. 

Proposed Conformation of 6. The data presented for 6 are 
consistent only with a conformation with four trans amide 
bonds. Alternate conformations with single cis amide bonds 
can be eliminated from consideration because of the obvious 
conformational symmetry for 6 apparent in the 'H and '3C 
NMR spectra. A cis,trans,cis,trans conformation can be 
eliminated because it does not account for the shielding of the 
Phe-NH from solvent or for the high-field Pro C3 resonance 
in the 13C NMR. 

The data presented for <r>>c/o-(D-Phe-Pro-D-Phe-Pro) are 
consistent with the bis inverse 7-turn conformation in chlo
roform shown in Figure 6A. The conformation is C2 sym
metrical with both X-Pro bonds trans. The hydrogen bonding 
studies indicate the Phe-NH groups are either shielded from 
solvent or in intramolecular hydrogen bonds. The CD spectrum 
in chloroform is consistent with an inverse 7 turn, and this is 
supported by the high-field Pro C*3 resonance in the 13C NMR, 
which is comparable to those found in inverse 7 turns. The Phe 
NH-C0H coupling constant also is compatible with this con
formation. The torsion angles for the chloroform conformation 
of 6 (Table II) are derived from molecular models and are 
consistent with the NMR data.28 

We have assumed that the chloroform conformation of 6 
(Figure 6A) contains four transoid instead of four planar trans 
amide bonds. This assumption is based on theoretical calcu
lations that show that closure of a linear tetrapeptide to a cyclic 
form with four trans amide bonds is not possible unless a> de
viates ±15-25° from 180° 29'30 Our data show that the amide 
bonds cannot be cis and that Pro is in an inverse 7 turn, but we 
do not have direct evidence that all amide bonds are not planar. 
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Figure 7. 270-MHz 1H NMR spectra of c>>r/o-(Gly-L-Phe-D-Pro-L-Ala) 
(5). Peptide concentration was 14.7 mg/mLat 20 0C: (a) 100% CDCl3; 
(b) 100% Me2SO-^6. 

Table II. Torsion Angles" for Proposed Solution Conformations of 
c>r/o-(D-Phe-Pro-D-Phe-Pro) and o>c/o-(Gly-L-Phe-D-Pro-L-Ala) 
in Chloroform 

^bM 

^d 

^bJ 

^d 

0 ) c 

ryWo-(D-Phe-Pro-D-Phe-Pro) 
D-Phe Pro 

120° - 6 0 ° 
-115° 60° 

CKZo-(GIy-L-Phe-
GIy- L-Phe-

(A!bu) (L-Phe) 

72(71.8) - 1 1 0 
(-105.5) 

- 6 0 (-63.7) 95 
(94.4) 

168(162) -156 
(-165.7) 

D-Phe 

wc 160° 

D-Pro-L-Ala)e 

D-Pro-
(D-Pro) 

72(71.8) -

- 6 0 (-63.7) 

168(162) 

Pro 

-160° 

L-AIa-
(L-Aoe) 

-110 (-105.5) 

95(104.7) 

-154 (-163.7) 

" For a definition of torsion angles, see ref 28. * All values are ±20°. 
c The a) twist angles are assumed to be approximately the same as 
those found in dihydrochlamydocin.3 d In dihydrochlamydocin, r 
angles are 105°.3 Torsion angles for 5 and 6 were derived using 
Dreiding models in which T = 109°. e Values in parentheses are de
rived from X-ray crystal structure of dihydrochlamydocin.3 

However, when one builds molecular models incorporating the 
observed conformational features, it becomes necessary to 
incorporate nonplanar amide bonds into the conformation. To 
do this we assumed the a> twist angles in 6 are similar to those 
found in dihydrochlamydocin 3a.3 Large 3 J n ,NH values have 
been observed in other polypeptide systems,3''32 and DeMarco 
et al. have suggested that 3ia,NH ^ 10 Hz represent 0Q,NH 
values =^180° for transoid peptide bonds.33 Thus, the large 
3^a,NH found for 6 (Table I) is consistent with the nonplanar 
Phe-Pro amide bond proposed for 6 in chloroform. 

cyc/o-(Gly-L-Phe-D-Pro-L-Ala). 1H NMR. The chemical 
shift, coupling constant data, and temperature dependencies 
of the amide protons are listed in Table I and representative 
spectra shown in Figure 7. Assignments were made by the 
usual decoupling methods. The absence of minor peaks, the 
large J\-„ values, and the large differences in chemical shift 
between glycyl geminal protons indicate that one ring con
formation predominates in chloroform solution. No evidence 
for conformational heterogeneity was observed as the tem
perature was raised from —50 to 20 0 C. 

The N - H region was analyzed in detail, as the solute con
centration (Figure 3), temperature (Table I), and solvent 
composition (Figure 8) were varied. In addition, we looked for 
differences in the broadening of the peptide proton (NH) 
resonances that are produced by small additions of a stable free 
radical, 4-amino-2,2,6,6-tetramethylpiperidinooxy (Figure 
9). The results clearly indicate that the AIa-NH is shielded 

Vol % DMSO-d6 m CDCI3 

Figure 8. Amide proton chemical shifts of c>'Wo-(Gly-L-Phe-D-Pro-L-Ala) 
(S) at varying volume percent Me2SO-^6 in CDCl3 (peptide concentration 
14.7 mg/mL, 20 0C). 

AIaNH GIyNH 
/ * Il P h« 

-"" - NH 

) y 

7 5 7 0 6-5 PFM 
Figure 9. Effect of varying amounts (w/v %) of the stable free radical 4-
amino-2,2,6,6-tetramethylpiperidinooxy on the amide resonances of 
f>'c/o-(Gly-L-Phe-D-Pro-L-Ala) (5) at 270 MHz. Peptide concentration 
was 8.9 mg/mL in CDCl3 at 20 °C. 

from the solvent or from intermolecular interactions.34 In 
contrast, all data areconsistent with exposure of the GIy-NH 
to solvent. The Phe-NH appears to be shielded from solvent 
on the basis of the stable nitroxide experiment in which equal 
broadening of the AIa-NH and Phe-NH resonances is ob
served. The remaining criteria indicate the Phe-NH may be 



1116 Journal of the American Chemical Society / 102:3 / January 30, 1980 

3SbO 34 50 34 bo 3350 33bo 3250 32b0 

35b0 345~6 31IhO 3350 33bo 3250 32b0 

35b0 34.50 3ib0 3350 3300 3250 32~Eo 
WRVENUMBERS 

Figure 10. Infrared N-H stretching absorptions of cyclo-(G\y-L-Pbe-
D-Pro-L-Ala) (5) as a function of peptide concentration in CHCl3: (A) 
10~2 M;(B) ICr3 M;(C) 10"4 M. 

more accessible to solvent than the AIa-NH but less accessible 
to solvent than the GIy-NH. The solvent shielding of the 
AIa-NH (and Phe-NH) could be caused by a stable aggregate 

(e.g., a dimer) of peptide 5, or by an intramolecular hydrogen 
bond. 

The variable concentration study (Figure 3) shows a small 
change in chemical shift with peptide concentration at con
centrations below 10 mg/mL, which suggests that the peptide 
is still aggregated. However, FT-IR studies of 5 at 1O-2, 1O-3, 
and 10~4 M (Figure 10) show the presence of both a hydro
gen-bonded NH (3330 cm-1) and a non-hydrogen-bonded NH 
(3400 cm""1). The ratio of bonded to nonbonded NH absorp
tion is about 2:1, and this ratio does not appear to change as 
the sample concentration is diluted. This type of data has been 
interpreted as indicating the presence of intramolecular hy
drogen bonds in the conformations of peptides.34 

Analysis of the chemical-shift and coupling constant data 
for glycine established that the Ala-Gly amide bond is trans. 
As has been observed in other cyclic tetrapeptide systems,6'35 

the glycyl geminal protons are nonequivalent. The proton 
resonating at 4.58 ppm is unusually downfield and must be 
eclipsed by the deshielding region of the alanyl carbonyl group. 
The downfield shift of protons eclipsed by an amide carbonyl 
has been observed in several conformationally defined cyclic 
tetrapeptide systems.6-35 The large vicinal coupling constant 
(9.2 Hz) between the deshielded glycyl proton and the GIy-NH 
establishes that the vicinal bond angle is about 155V3-40 This 
angle and the deshielding of the a proton can be obtained only 
when the Ala-Gly amide bond is approximately trans. 

13C NMR. Schematic representations of the carbon nuclear 
magnetic resonance spectra obtained for 5 are given in Figure 
4. A striking feature of the 13C NMR spectrum of 5 is that both 
the /3- and 7-prolyl carbons resonate at 25 ppm in chloroform 
(Figure 4e) and at 25.5 and 25 ppm in chloroform-methanol 
mixtures, and, therefore, the acyl-Pro amide bond must be 
trans.22 The upfield resonance of the prolyl /3 carbon provides 
additional conformational information, and indicates that the 
D-Pro \p torsion angle is near — 60°.23 The high-field Pro C'J 

resonance also is found in cyclic pentapeptides24-2-1 and in cyclic 
hexapeptides27 in which an L-Pro is in an inverse 7 turn with 
i^(L-Pro) = 60°. 

As the solvent composition is changed from pure chloroform 
to Me2SO-^6. additional resonances appear in the 13C NMR 
spectra (Figures 4c and d). Of particular interest is the ap
pearance of resonances at 32 and 21 ppm, which signal the 
presence of cis acyl-Pro amide bonds.22 Additional resonances 
can be attributed to the doubling of signals due to the presence 
of two or more conformations which interconvert slowly on the 
NMR time scale. These data are consistent with ring confor
mations with either cis,trans,cis,trans or cis.trans,trans,trans 
amide bond sequences in Me2SO. Additional data, which will 
be reported separately, support the former possibility. 

Circular Dichroism. The circular dichroism spectra of 
peptide 5 as a function of solvent are shown in Figure 11. In 
chloroform peptide 5 shows a strong negative ellipticity at 238 
nm. This spectrum is more complicated than it appears because 
the n—"-7T* band is red shifted from what is anticipated for a 
7 turn,26-27 and the ellipticity is negative instead of positive. 
The NMR data obtained for 5 strongly suggest that the D-Pro 
residue in 5 is part of a 7 turn. This 7 turn should produce a 
positive n—"-7T* transition because it is the mirror image of the 
inverse 7 turn in 6 which has a negative n-*7r* transition. The 
unsymmetrical shape of the CD spectrum of 5 between 230 and 
245 nm is not caused by transitions involving the aromatic ring 
of 5 because the CD spectrum of cyc/o-(Gly-L-0-cyclohex-
ylalanyl-D-Pro-L-Ala) (7), synthesized by hydrogenation 
of 5 over PtO2,

36 is essentially identical with that of 5 between 
200 and 245 nm in acetonitrile and between 230 and 250 nm 
in chloroform. 

We are unable to rationalize completely the CD spectrum 
of 5 with the NMR data. One possible explanation is that the 
band between 230 and 245 nm is a composite of two transitions, 
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one positive at ~232 nm and one negative at ~235 nm.37 As
suming the CD band for the D-prolyl 7 turn occurs at the same 
wavelength as the L-prolyl inverse 7 turn in 6 but is positive, 
it is possible to calculate the negative CD band needed to 
produce the observed CD (Figure 11). 

The origin of such a negative band is not clear. It could arise 
from an n—"-7r* transition for an inverse y turn involving the 
Ala-Gly-Phe sequence (\t(Gly) = 60°). However, J^a for Phe 
in 5 (Table I) is too large for the vicinal bond angle (6) near 
15°, which would be present in this inverse y turn.33'40 Fur
thermore, the Phe a-H resonates farthest downfield of all a 
protons in 5, and this is consistent with its being eclipsed by the 
glycyl carbonyi group.4'35 These data indicate to us that the 
Ala-Gly-Phe sequence is part of a 7 turn (^(GIy) = —60°), 
and that an inverse 7 turn cannot explain the anomalous CD 
spectrum of 5. 

Alternatively, the hypothetical negative 235-nm band could 
be due to some other non-7-turn, n—*-7r* transition of the type 
observed in rtWo-(l_-azetidine-2-carboxyl)3,38 for which the 
observed ellipticity (—13 100) is comparable to that calculated 
for 5 (—9000). As the solvent polarity is increased, the observed 
CD band for 5 at ~238 nm shifts to lower wavelength, and 
decreases in intensity. Both results are consistent with the 
known effects of solvent on CD spectra of n—-tr* transitions. 
However, these effects could also arise from conformational 
interconversions which NMR data indicate occur in the more 
polar solvent systems. 

Proposed Conformation of 5. The spectroscopic data pre
sented establish that the conformation of cyc/o-(Gly-L-Phe-
D-Pro-L-Ala) (5) in chloroform must be based on a ring system 
with four trans amide bonds. This conclusion is based on 
the following analysis. Since the X-Pro and X-GIy amide bonds 
are trans, there are only four possible amide bond sequences 
for the cyclic system: A, cis,trans,cis,trans; B, trans, 
trans,trans,cis (Pro-Ala); C, trans,trans,trans,cis (Gly-Phe); 
D, all trans. Conformer A can be eliminated since intramo
lecular hydrogen bonding is not possible in this ring system and 
because it does not account for the high-field Pro Cs resonance 
in the ' 3C N MR. Conformer B can be eliminated for the same 
reasons as A plus the fact that the Phe NH-C"H vicinal bond 
angle would be too small (<130°) for the large Phe / N « ob
served.33'40 Conformer C is more difficult to exclude since it 
permits the intramolecularly hydrogen bonded 7 turn involving 
AIa-D-Pro. However, this conformation does not account for 
the shielding of the Phe-NH from solvent, and it also places 
the /3 carbon of Phe within 2.5 A of the <5 carbon of Pro. This 
is a severely hindered interaction39 and one that has been 
shown to be disfavored energetically in other cyclic tetrapeptide 
systems.4-6-7 

We therefore conclude that the conformation of cyclo-
(Gly-L-Phe-D-Pro-L-Ala) (5) must have four trans amide 
bonds. The hydrogen-bonding studies suggest that one intra
molecular bond involving the AIa-NH is especially likely and 
that a second intramolecular hydrogen bond to the Phe-NH 
is probable. The 13C NMR chemical shift for the Pro-C3 res
onance is consistent with a 7 turn involving the Pro residue. 
The conformational constraints imposed by the 7 turn, the 
trans X-Pro and Ala-Gly amide bonds, and the observed 0 
angles3340 can be accommodated in a cyclic tetrapeptide 
conformation with four transoid amide bonds as shown in 
Figure 6B. Values for the 4>, V̂. and u torsion angles in 5 are 
given in Table II. The nonplanar transoid amide bonds were 
assumed to have to twist angles close to those found in dihy-
drochlamydocin 3a for the reasons cited previously.29-30 A 
hydrogen bond between the Phe-NH and the AIa-CO is pro
posed on the basis of the hydrogen-bonding data. 

Discussion 

The conformation of [Ala4]-desdimethylchlamydocin (5) 
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Figure 11. Circular dichroism spectra of cyclo-(Gly-L-Phe-D-Pro-L-Ala) 
(5) in various solvents: CHCl3 ( ) (6.56 X 1(T4 M); CH3CN ( ) 
(6.56 X 10-4 M); CH3OH (—) (2.21 X 10"4 M); H2O (- - -) (3.52 X 10"4 

M; the water contained 1% methanol). Predicted band of n—-ir* transition 
for D-Pro 7 turn (P); calculated negative n-^7r* band (O). 

in chloroform-d and the conformation of cyc/o-(D-Phe-Pro-
D-Phe-Pro) (6) in 5% Me2SCW6/chlorofornW represent the 
first time cyclic tetrapeptides with four transoid amide bonds 
have been observed unambiguously in solution. In the case of 
cjWo-(D-Phe-Pro-D-Phe-Pro) (6), 13C NMR data establish 
that the D-Phe-Pro bonds must be trans. The Pro-D-Phe bond 
normally would be expected to be trans, since this is a secon
dary amide bond and this expectation is borne out by the hy
drogen bonding and NMR data. 

Cyclic peptide 5 contains only one proline residue, which was 
assigned a trans configuration from the 13C NMR data, and 
it was necessary to find other methods for assigning the ge
ometry of the remaining amides. To do this we relied upon the 
unusual downfield shift of one glycine a proton when it is 
eclipsed by a neighboring carbonyi group in a synperiplanar 
fashion. This same argument previously was used to assign the 
s-cis geometry to the dehydrophenylalanyl residue to tentoxin,4 

and also was used here (vide supra) to exclude the possibility 
that the conformation of 5 is based on a 7 turn, inverse 7 turn 
conformation. The NMR spectroscopic evidence is consistent 
with the conformation of 5 depicted in Figure 6B. Thus, the 
interpretation that the downfield glycine inner proton can be 
used to establish w(Ala) appears to be justified and may prove 
useful in determining the conformations of other conforma-
tionally constrained peptide systems. 

In addition to finding that the conformations of 5 and 6 
contained four transoid amide bonds, we found that intramo
lecular hydrogen bonds are an important conformational 
feature of these ring systems in chloroform. The 1H and 13C 
NMR data strongly support the interpretation that the hy
drogen bonds in each molecule participate in 7 (or inverse 7) 
turns. Peptide 6 clearly has two inverse 7 turns, while peptide 
5 has one 7 turn at proline and probably a second 7 turn at the 
glycyl residue. Thus, both conformers 5 and 6 (Figure 6) are 
closely related in their ring conformations to the conformation 
of dihydrochlamydocin 3a (Figure 1) as observed in the crys
talline state. All structures have four transoid amide bonds and 
at least one (and probably two) 7 turns. It is interesting that 
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these conformations are related to the one originally proposed 
by Schwyzer et al. for cycZo-(Gly)4.
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In assigning y turns (or inverse 7 turns) to the proline 
residues in 5 and 6, we relied upon the previous interpretation 
that an unusually high field 13C NMR resonance for Pro-Cs 

signaled a i//(L-Pro) =* 60°.24-25-27 All lines of evidence re
ported here support conformations in which !/'(Pro) = 60° (for 
6) and -60° (for 5), and Pro-C'j resonated at 24 and 25 ppm 
for both 5 and 6 in the 13C NMR in chloroform. Therefore, this 
correlation has been extended to the cyclic tetrapeptide ring 
systems. The correlation of i/v(L-Pro) = 60° with the high-field 
Pro-C^ resonance appears to be a general phenomenon and one 
that may be diagnostic for a 7 turn (inverse 7 turn in the case 
of L-Pro) in other peptide systems. 

The origin of the negative CD band between 230 and 245 
nm in 5 is ambiguous and does not appear to be rationalizable 
in terms of the proposed conformation (Figure 6B). Never
theless, the N MR and 1R data are consistent with a cyclic te
trapeptide ring system with four transoid amide bonds and at 
least one 7 turn. A theoretical calculation may be required to 
explain the CD spectra of this strained cyclic tetrapeptide 
system. 

The availability of the first cyclic tetrapeptide established 
to have four transoid amide bonds in chloroform enabled us 
to study the factors stabilizing this conformation. Solvent ti
tration studies (Figures 4 and 8) show that the conformation 
of 5 has four transoid amide bonds in chloroform containing 
low MezSO-df, concentrations, but at higher Me2SO-d6 con
centrations, 5 has cis Phe-D-Pro amide bonds. In neat 
Me^SCW6, [Ala4]-desdimethylchlamydocin exists in equi
librium between the transoid conformation (Figure 6B) and 
two or more additional conformations in which 70% of the 
X-Pro bonds are cis. Molecular models as well as studies of 
related cyclic tetrapeptides4'35 indicate that [Ala4]-desdi-
methylchlamydocin can adopt cis,trans,cis,trans conformations 
related to 2 (Figure 1). These conformations in Me2SO will 
be reported separately. Similar results were observed for the 
effect of solvent on the conformation of c>'cZo-(D-Phe-Pro-
D-Phe-Pro). Our studies show that this peptide exists in a 
transoid conformation (Figure 6A) in 5% Me2SO in chloro-
roform, but when the Me2SO concentration exceeds 50%, 
cyclo-(D-Phe-Pro-D-Phe-Pro) adopts conformations with only 
cis X-Pro bonds. Thus, the conformation of cyclo-(D-Phe-
Pro-D-Phe-Pro) is as sensitive to solvent as 5 and this shows 
that the solvent dependency may be a general property of cyclic 
tetrapeptides capable of forming 7 turns or inverse 7 turns and 
not a property of the chlamydocin sequence alone. 

The stability of the all-transoid conformations of peptides 
5 and 6 in chloroform appears to result from the intramolecular 
hydrogen bonds in the 7 turns or inverse 7 turns. Addition of 
hydrogen bond acceptors like Me2SO to chloroform solutions 
of 5 or 6 causes the peptides to adopt cis,trans,cis,trans con
formations (Figures 4 and 8). This change appears to be caused 
by hydrogen bonding of solvent to the amide group rather than 
by the increased polarity of solvent because both peptides re
main predominantly in transoid conformations in acetonitrile. 
Other hydrogen-bonding solvents, e.g., methanol or water, 
promote cis amide bond conformations for these cyclic tetra
peptides but not as effectively as Me^SO. 

Although the conformations of 5 and 6 shown in Figure 6 
are related to calculated cyclic tetrapeptide conformations with 
S 4 ring symmetry,10'12 intramolecular hydrogen bonds are not 
a stabilizing feature in the theoretical conformations. Our data 
indicate that the conformations of peptides 5 and 6 are stabi
lized over either pure S4 or cis,trans,cis,trans conformers 
(Figure 1) in chloroform by the hydrogen bond in the 7 turn. 
As this intramolecular hydrogen bond is broken by addition 
of dimethyl sulfoxide or other hydrogen-bonding solvents to 
the chloroform solution, the equilibrium between transoid and 

cis X-Pro conformers shifts toward cis conformers. Thus, in 
contrast to the energy calculations,1012 the equilibrium be
tween all-transoid and alternating cis,trans conformations, in 
the absence of intramolecular hydrogen-bonding or unfavor
able transannular steric interactions, appears to lie in favor of 
species with cis amide bonds, although the energy differences 
between conformations cannot be great. However, while hy
drogen bonding of Me2SO to amide NH groups would remove 
a stabilizing hydrogen bond in the 7 turn, the hydrogen-bonded 
solvent molecule may also destabilize the transoid conforma
tions through steric interactions with transannular ring atoms 
as does a TV-methyl group.9 The apparent preference for cis 
amide bond conformers in Me2SO therefore may not accu
rately reflect the relative stability of cyclic tetrapeptide con
formations in the absence of solvent effects. 

In the crystal structures of these compounds, intermolecular 
hydrogen bonds or other crystal packing forces could shift the 
conformation of a cyclic tetrapeptide from an all-transoid 
to a cis,trans,cis,trans conformation. This may account for the 
crystal structure of dihydrotentoxin 8, which has a cis, 

trans,cis,trans amide bond conformation (with the secondary 
amide bonds cis2), even though molecular models suggest this 
molecule can adopt a bis 7 turn conformation without obvious 
strain or steric interactions developing. 

The results we have obtained for cyclic tetrapeptides 5 and 
6 may relate to the uncertainty about the solution conformation 
of CVcZo-(GIy)4. Wuthrich et al.15 reported that cyc/o-(Gly)4 
in Me2SO or TFA adopted an all-transoid or S4 conformation 
as shown in Figure 1. Their analysis was based on the unusual 
13C chemical shift of the carbonyl groups vs. model com
pounds. They assigned 13C resonances near 172-175 ppm to 
transoid amide bond carbonyl carbons and resonances between 
168 and 172 ppm to planar trans carbonyl carbons. As shown 
in Figure 4, we observe downfield carbonyl resonances (172, 
174 ppm). However, these can be attributed to either transoid 
amide bonds or to hydrogen-bonded carbonyls.41 

Dale and Titlestad reported a cis,trans,cis,trans confor
mation 2 for cyc/o-(Gly)4 in Me2SO or TFA and suggested 
that Wuthrich et al. were studying cyclo-(GIy)8.

16 The results 
which we obtained for peptides 5 and 6 show that the all-
transoid conformations predominate in chloroform but that 
conformations with cis X-Pro bonds predominate in pure 
MeiSO or other hydrogen-bonding solvents. Thus, our results 
suggest that the conformation of cyclo- (GIy)4 in Me2SO would 
be related to the cis,trans,cis,trans conformation 2 (Figure 1) 
and not to the S4 conformation 1. It is possible that we cannot 
extrapolate the solvent dependency of 5 and 6 to cyclo- (GIy)4 
because both 5 and 6 contain proline residues and therefore 
may assume the cis amide bond more readily than a Gly-Gly 
sequence. However, the differences in the amount of cis X-Pro 
bonds in MejSO between peptide 5 (1 Pro) and peptide 6 (2 
Pro) are not sufficient to ensure the absence of cis amide bonds 
in cvc/o-(Gly)4 in Me2SO. 
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