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Synopsis 
The interaction between cyclic peptides [cyclo-(Sara), cyclo-(Pro-Sar-Gly)r, cyclo- 

(Sar-Sar), and cyclo-(Sar-Gly)] with benzene has been investigated by nmr spec- 
troscopy. The experiment with cyclo-(Sarr) showed that benzene int,eracted prefer- 
entially with the frans peptide bond in  a similar manner to the dimethylformaniide- 
benzene interaction. The solvent-induced nmr shift was then applied to the con- 
formational analysis of cyclo-(Pro-Sar-Gly)? with the aid of the'molecular model. The 
major conformation was proved to possess the C? symmetry with internally hydrogen- 
bonded glycine residues, in which all peptide bonds were trans. The interaction of 
cyclo-(Sar-Sar) and cyclo-(Sar-Gly) with benzene was also studied. The association 
constant was 0.115-kg solut.ion per mole of cyclo-(Sar-Sar) and 0.089-kg solution per 
mole of cyclo-(Sar-Gly ) in chloroform. 

INTRODUCTION 
Some papers have been published on the intermolecular interaction be- 

tween aromatic compound and peptide. They include a stereospecific 
collision complex of cyclo-(L-Pro3) n ith benzene, n hich was formed in 
CD2C12 by the attractivc iriteractions betwem the electron-rich aromatic 
ring and the electron-deficient H, and nitrogen atoms of the peptide back- 
bone assuming all cis conformation.' However, cyclic peptides consisting 
of trans peptide bonds showed a marked difference; with cycloheptapeptide 
evolidinc2 and cyclo-(G1y-Glu(OBzl)-Gly)23 all of the signals in nmr spectra 
shifted slightly to the lo\ier magnetic field upon the addition of benzene- 
d~(C6D6) , suggesting no complex formation or the formation of a mokcular 
complex in 1% hich benzene does not face the peptide. 

Since in the above instances the experiments were performed in a di- 
methylsulfoxide-ds(C6D6) mixture, the weak solute-solvent interaction 
might have becn destroyed by the polar solvent. In this respect, it is very 
interesting to  investigate the interaction 1% ith benzene of cyclic pcptides 
containing trans peptide bonds as me11 as cis peptide bonds in an inert sol- 
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vent. Cyclic pcptides consisting of sarcosine are more soluble in nonpolar 
solvent and suitable for the present purposc. In the present study, inter- 
actions of cyclo-(Sar4) were investigated. 

The nmr shift induced by the benzene dilution has been used to dis- 
tinguish a cis peptide bond from a trans peptide bond in linear molecules.4-7 
If the principle of the aromatic solvent-induced shift is applicable to  cyclic 
peptidcs, the conformational analysis of cyclic peptides will be possible. 
In  the present investigation, the conformational analysis of cyclo-(Pro- 
Sar-Gly), on the basis of the solvent-induced shift and a molecular model 
construction was performed. The interactions of cyclo-(Sar-Sar) and 
cyclo-(Sar-Gly), consisting of only a cis peptide bond, with benzene were 
also investigated. The experimental findings are described in this paper. 

EXPERIMENTAL 

Materials 
The syntheses of cyclo-(Pro-Sar-Gly), and cyclo-(Sar,) have been de- 

scribed in the previous paper.8 Cyclo-(Sar-Gly) was synthesized from 
sarcosylglycine benzyl ester hydrochlorides in ammonia-methanol. Re- 
crystallization from ethyl acetate gave white needles; yield 82%; mp 
147"-148°C (Ref. 9, 139"-140°C). Cyclo-(Sar-Sar) was synthesized as 
described previously. lo Deuterated compounds used were of reagent grade. 
Benzene and chloroform were purified in the usual manner" and distilled 
before use. 

Procedures 
Nmr spectra were recorded on a Varian HA-100 and HR-220 spectrome- 

ter. A double-resonance experiment was accomplished using a Hewlett 
Packard 42048 digital oscillator. Tetramethylsilane(TMS) was used as a 
reference and an internal rock at  100 MHz. Temperature-variable experi- 
ments were carried out using ethylene glycol for the calibration on the 
Varian charts. Circular dichroism(CD) was measured on a Jasco J-20 
spectrometer. 

Analytical Method 
The association constant K for the following equilibrium can be estimated 

from the nmr study, where A and D represent an acceptor molecule (cyclic 

A + D C A D  
K 

peptide) and a donor molecule (benzene), respectively. 
If the "1 : 1" complex is formed, and the exchange of complexed molecule 

with uncomplexed molecule is rapid on the nmr time scale, the following 
relationship is obtained under the condition [D] >> [ A ]  according to 
Foster,', 

(1) A / [ D ]  = A0.K - A . K .  
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where A is the difference of the chemical shift of a given proton of A in the 
presence and in the absence of D,  and A0 is the difference of the same 
proton between the “1: 1” complex and the uncomplexed A. A plot of 
A/ [D] against A may give the association constant K and Ao. 

RESULTS AND DISCUSSION 

Interaction of Cyclo-(Sar,) With Benzene 
Cyclo-(Sar,) has been reported to  be centrosymmetric with the cis-trans- 

cis-trans sequence of the peptide bond.13,14 The effect of benzene-& on 
the nmr spectra of cyclo-(Sar4) is shown in Figure 1. Figure 2 shows the 
shift of the nmr signals as a function of the mole fraction of benzene-&. 
All of the signals shifted to  the upper magnetic field on increasing the mole 
fraction of CsD6. The cyclic peptide is so rigid that the conformational 
change is not induced by the solvent and cannot explain the shift. The 
shift was thus caused by the formation of an intermolecular complex. The 
extent of the up-field shift decreased in the order CH2(d)(e) > trans N -  
CH3(a) > cis N-CHs(6) > CH2(c)(f). It should be noted that benzene 
diamagnetically shielded the sarcosine N-methyl group (a ) ,  and even more 
strongly affected the sarcosine a-proton (d) (e) resonances, indicating that it 
interacts preferentially with the trans peptide bond of cyclo-(Sar,). From 
these experimental facts the average geometry of the complex is supposed 
to be such that benzene is situated obliquely over the peptide backbone, 
facing its plane to  the trans N-CH3(a) and the CH,(d)(e) protons as shown 
in Figure 3. The electron-rich benzene plane is attracted by the partial 
positive charge on the nitrogen atom, but repelled by the partial negative 
charge on the carbonyl oxygen atom of the trans peptide group. On the 
other hand, the N-methyl group of the cis peptide bond does not interact 
with benzene as strongly as that of the trans peptide bond, because an 
approach of benzene to  the methyl group causes a repulsion by the nega- 
tively charged carbonyl oxygen of the cis peptide bond. This is quite 
similar to  the model proposed for the DMF-benzene ~omplex ,~  but different 
from that proposed for the diketopiperazine-benzene complex, which will 
appear subsequently. 

These results suggest that the solvent-induced nmr shift is applicable to  
distinguish the cis-trans isomerism of the peptide bond of cyclic peptides 
(except for diketopiperazine) as well as simple amides and linear oligo- 
peptides. It should be emphasized here, however, that the steric factors 
of cyclic peptides should be considered when one analyzes the conformation 
of cyclic peptides according to  the above method. 

Conformational Analysis of Cyclo- (Pro-Sar-Gly), 
220-MHz nmr spectra of cy~lo-(Pro-Sar-Gly)~ are shown in Figure 4. 

The nmr spectrum in CDC13 was analyzed as follows. Protons of glycine 
residue were assigned by the spin decoupling method and analyzed as ABX 
spin systems. a-, P-, y-, and &protons of proline residue were assigned in a 
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Fig. 1. 100-MHz nmr spectra of cyclo-(Sara). (A)-In CDC13, (B)-CDCkC&6 
(3: 1); (C)-CDCI,-CsD6(1: 1). Concentration: 1.5-2 mg/ml, signals ( a ) - ( f )  corre- 
spond to  the protons of Fig. 3. 

similar way using the double-resonance mcthod. A large splitting of the 
AB-type spectrum was observed for a-methylene protons of the sarcosine 
residue, suggesting the difference of the proton environment. These 
assignments were confirmed by comparison with the spectra of the inter- 
mediate products during synthesis, and other cyclic peptides containing 
sarcosine or proline. Except for two minor resonances a t  6 2.93 and 3.24 
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Fig. 2. Chemical shift of the protons of cyclo-(Sarr) as a function of the mole frac- 
tion of benzene-&. Concentration: 0.7-2 mg/ml; for (u)-(g), see Figs. 1 and 3. 

H(d1 

Fig. 3. Average geometry of cyclo-(Sar4)-benzene complex. Protons (a)-(f) corre- 
A benzene molecule approaching to the second spond to  the signals in Figs. 1 and 2. 

trans N-CHI group is not shown because of the centrosymmetry of the complex. 

ppm of N-CH3 protons of sarcosine residue, only one set of signals was 
observed for the individual amino acid residue in CDCl3. This implies 
that cyclo-(Pro-Sar-Gly), possesses C, symmetry in CDC13 on the nmr 
time scale. 

It may be expected that cyclo-(Pro-Sar-Gly), assumes two or more 
conformations because the cis peptide bond of the sarcosine residue is stable 
as well as p r ~ l i n e . ~ ~ . ~ ~  It is acceptable that the cyclohexapeptide assumes 
two different conformations in CDCl,, and this is evidently the case in 
methanol and DMSO-ds as shown in Figure 5. On going from CDC13 to 
methanol and finally to DMSO-d6, the two minor resonances (h )  of N-CH, 
protons of the sarcosine residue increased the peak area, while the major 
resonance ( H )  of N-CH, protons decreased. Moreover, three resonance 
signals were observed with the Gly-NH proton in DMSO-d6. The two 
minor resonances (hl, h,) having an equal intensity appeared in accompani- 
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c61)6(3: 1); (c)-cnc13-c6D,(1 : 1). Concentration: 20-25 mg/ml. 
Fig. 4. 220-MHz nmr spectra of cyclo-(Pro-Sar-Gly),. ( A  )-In CIlC13; (B)-CDC13- 

ment with the increase of the peak area of the minor resonance signals (h )  
for Sar-N-CH3 protons. These resonance signals are supposed to  reflect a 
minor conformation of the cyclohexapeptide. They are not due to im- 
purities, because the nmr spectrum of the cyclohexapeptide did not change 
even after repeated recrystallizations and the three KH resonance signals 
coalesced a t  94°C. The two minor resonance signals for either KH or 
N-CH3 protons should belong to a conformation (h) ,  not to two or more 
conformations. This is supported by the fact that with either Sar-N-CH3 
or Gly-KH protons, the ratio of the two minor resonance signals were al- 
ways unity in any solvent employed. From the fractional peak area 
h/h + H ,  the content of the minor conformation was determined to be 8% 
in CDCI3, 12% in CD30D, and 24% in DAISO-d6 a t  23°C. The content 
was not influenced significantly by the temperature. The major confor- 
mation ( H )  possesses C, symmetry, while the minor conformation (h)  is 
asymmetric. 

The temperature dependence of the NH resonances in DAISO-d6 and 
methanol is shown in Figure 6. An up-field shift of peptide proton reso- 
nance with increasing temperature is useful to distinguish an NH proton 
shielded from solvent. l7 Since cyclo-(Pro-Sar-Gly), carries no bulky sub- 
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Fig. 5. 100-MHz nmr spectra of cyclo-(Pro-Sar-Gly), in DMSO-de (upper figure) 
The spectrum of the NH region of the latter was and in MeOH-da (lower figure). 

recorded in methanol. Concentration: 25 mg/ml. 

stituent, solvent molecules easily approach the NH bond of the cyclic hexa- 
peptide. Therefore, a small temperature coefficient implies an internally 
hydrogen-bonded NH proton. The major resonance ( H )  and one of the 
two minor resonances (h,) were less sensitive to  the temperature variation, 
indicating that the NH protons are involved in the internal hydrogen 
bonding. On the other hand, the minor resonance signal a t  lower magnetic 



740 SUGIHARA, IlIAXISHI, A N D  IIIGASHIlIUIIA 

7.01 

in DMSO-ds 

20 40 60 80 100 

Fig. G .  The temperature dependence of the chemical shift of the NH resonances of 
csyclo-(Pro-Sar-G1y)2. 

T ('C) 

field (h2) has a temperature coefficient of 0.0021 ppm/deg in DNSO-dG. 
This peptide proton of the conformation h i  is more exposed to the solvent 
than those of the conformations H and hl. Thus in the minor conforma- 
tion ( h )  one of the peptide protons of glycine residue is involved in the 
internal hydrogen bonding, while the other is exposed to the solvent. 

The nmr spectrum ascribable to the major conformation ( H )  in CDCls is 
essentially the same as in methanol and DXSO-clG. It is therefore reason- 
able to  assume that the C2 conformation with internally hydrogen-bonded 
glycine residue ( H )  is retained in CDCl,. Under all conditions employed, 
a triplet signal was observed for the proline a-proton resonance, which 
indicates the tram Gly-Pro peptide bond.l8 If one considers this as well 
as the intramolecular hydrogen bonding of 1,4-type, which constructs a p-  
turn,Ig the two Sar-Gly peptide bonds should be t r a m  due to the steric 
constraint of the pyrrolidine ring of prolinc residue. This is evident from 
the construction of the cyclohcxapeptide using the space-filling (CPIC) 
molecular model. H ~ M  ever, the nature of Pro-Sar peptide bonds remains 
uncertain. The molecular model shows that either czs or trans conforma- 
tion is acceptable for the Pro-Sar bond, though czs conformation imposes 
undue strains on the molecular skeleton. 

TO investigate this problem further, thc shift of nmr signals in CDCh 
nduced by the addition of benzene-& was examined. In  Figure 4 is shown 
the effect of benzene-& on the nmr spectrum of cyclo-(Pro-Sar-Gly)z. 
Figure 7 shows the chemical shift of various proton resonance signals as a 
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Fig. 7. Chemical shift of the protons of cyclo-(Pro-Sar-G1y)z as a function of the 
mole fraction of benzene-&. Concentration: 8-25 mg/ml. (---U--) Pro-CpHz, 
C,H2; (---x---) Sar-N-CH,(h); (---D-) Sar-N-CH,(H); (-.---) 
Sar-C,Hz; (---~---)Pro-CHz; (-A-)Gly-C,Hz; (-@---)Pro-C,H; 
(-A-)Gly-NH. 

function of the mole fraction of benzene-&. It is seen that a-, 0-, y-, and 
&protons of the proline residue and the N-methyl proton ( H )  of the sar- 
cosine residue shifted significantly to  the upper magnetic field. The shift 
was moderate for a-methylene protons of the glycine residue and one of the 
two a-methylene protons of the sarcosine residue. The chemical shifts of 
the other a-methylene proton of the sarcosine residue and the peptide 
proton (NH) were hardly affected by the addition of benzene. Since 
coupling constants of NH-C,H2 of the glycine residue and the ratio h/h + 
H of N-CH3 signals of the sarcosine residue remained unchanged, it is be- 
lieved that the change of the solvent composition was not accompanied by 
conformational change. These experimental data, together with the dis- 
cussion given below, support the suggestion that the major conformation 
(HI of cyclo-(Pro-Sar-Gly), is C2-symmetric, in which all peptide bonds are 
trans and two glycine residues are internally hydrogen-bonded. This con- 
formation is shown in Figure 8. Discussions on the temperature-induced 
shift of the minor resonance signals for Sar-N-CH3 (h) will appear sub- 
sequently. 
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Fig. 8. Major conformation ( H )  of cyclo-(Pro-Sar-Cly),. 

The above conclusion is based on the assumption that benzene interacts 
with the electron-deficient site of the cyclopcptidc. This assumption 
seems to  be reasonable on account of cxpc~rimcntal results obtained with 
the cyclo-(Sar,)-benzene interaction. I’eptide protons (SH) of fully ex- 
tended glycine residues cannot interact with benzene sincc. they are buried 
in the peptide backbone due to the intramolecular hydrogen bonding. One 
of the a -me thyhe  protons of the sarcosine residue projects perpendicularly 
out of the plane of the peptide backbone and is located w a r  to the partially 
negative carbonyl oxygen of the trans Pro-Sar pcptidc bond. This side of 
the cyclic peptide, the l o m r  side of Figure S, is clectrorwgative, so benzene 
aould not be accessible to the protons on this side. The other mcthylcrie 
proton, N-methyl protons of the sarcosinc rcsidutl, and the a-proton of the 
proline residue are situated a t  the opposite sido of the carbonyl oxygcln of 
thc trans Pro-Sar peptide bond. This side of the cyclic peptide, the upper 
side of Figure 8, is electropositive. Thus benzcnc. should easily approach 
the protons involved in the upper side of the cyclic pcptidc, inducing the 
up-field shift of the resonance signals for these protons. 

If the conformation of the Pro-Sar peptide bond 11 err czs, the a-proton of 
the proline residue and N-methyl protons of the sarcosine residue would be 
brought into the proximity of the carbonyl oxygen of the cis Pro-Sar pep- 
tide bond. Under this condition, the approach of bcnzcwc to these protons 
is prohibited and little nmr shift nould havc been observed with these 
protons on the addition of C&. This consideration gives support to  the 
idea that in the major conformation of cyclo-(l’ro-Sar-Gly)2 the Pro-Sar 
peptide bond assumes a trans conformation. 

The complete analysis of the minor conformation (h)  of the cyclic peptide 
was not attained. However, it is safe to say that this conforniation is 
asymmetric, having one of the two NH protons cxxposed to the solvent, and 
the other internally hydrogen-bonded. Sincc. the rcwinancc signal for the 
sarcosine N-CHI group in the minor conformation appears as a doublet, 
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the cis-trans isomerization around the Pro-Sar peptide bond seems to be 
probable. One of the two Pro-Sar peptide bonds could be cis and the other 
trans, because the extent of the shift of the minor N-methyl resonance sig- 
nals on the addition of CsD6 was different; the up-field shift of the reso- 
nance signal a t  higher magnetic field was greater than that at lower magnetic 
field. 

The circular dichroism (CD) spectrum of cyclo-(Pro-Sar-Gly), was mea- 
sured in methanol. It showed a positive Cotton effect at 210 nm ([el = 
+189000) and a negative Cotton effect a t  238 nm ([el = -54000). The 
related compound, cyclo-(Pro-Gly-Gly), has been reportedz0 to  show a 
positive Cotton effect a t  201 nm ([el = +llOOO) and a negative Cotton 
effect a t  225 nm ([el = -2500). Apart from the shift of the absorption 
maxima and the magnitude of the circular dichroism, the overall pattern 
of the CD spectra was similar, indicating the similar conformation for the 
two cyclohexapeptides. It has been reported too that cyclo-(Pro-Gly-Gly)z 
assumes the same conformationz1~22 as that depicted for cyclo-(Pro-Sar- 
Gly)z in Figure 8. The CD spectra were, however, quite different from 
those of cyclo-(Pro-Pro) and cyclo-(Pros) . 2o 

Interaction of Diketopiperazine With Benzene 
The nmr spectra of cyclo-(Sar-Sar) and cyclo-(Sar-Gly) are shown in 

Figure 9. The peptide backbone of cyclo-(Sar-Sar) has been proposed to  
assume a planer or a rapidly converting c o n f o r m a t i ~ n . ~ ~  

In  the spectrum of cyclo-(Sar-Gly) two kinds of a-methylene signals are 
observed, one of which is a broad singlet and the other is an  AB quartet. 
The assignment was made as shown in the insert of Figure 9. The singlet 
at the lower magnetic field was broadened on the addition of di-tert-butyl 
nitroxide. z4 This indicates the occurrence of a hydrogen bonding between 
the radical and a peptide proton (NH) .2j Therefore the peak a t  the lower 
magnetic field was assigned to the C,Hz protons of glycine residue and the 
higher magnetic field peak to those of the sarcosine residue. From the 
small AB quartet of C,Hp of the sarcosine residue in Figure 9, it? was con- 
sidered that the diketopiperazine ring of cyclo-(Sar-Gly) deviates slightly 
from the planarity. 

It is seen iii Figure 9 that all of the nmr signals shifted to up-field on 
increasing the mole fraction of benzene in the mixed solvent, suggesting the 
formation of a molecular complex. 

As shown in Figure 10, the plot of A / [ D ]  against A gave a straight line 
indicating the formation of a “1 : 1” complex. The association constant K 
was determined from the slope according to  Eq. (1) and is given in Table I. 
The K values are comparable to that of DMFz6 in cyclohexane (0.13 kg- 
solution/mol :it 375°C) and to  that of cycl~-(Gly-Gly)~~ in water 11.0 
(mole fraction‘) -l at  O”C1. 

From the AO values, the average geometry of the weak molecular com- 
plex can be determined according to  the Johnson-Bovey’s ring-current 
contribution. Usually five parameters are necessary to  specify the geom- 
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Fig. 9. The effect of benzene on the nmr spectra of cyclo-(Sar-Sar) and cyclo-(Sar- 
Gly). ( A  )-Cyclo-(Sar-Sar) in CHC13-C&.; (B)-cyclo-(Sar-Gly) in CDCl&.&.. 
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TABLE I 
Association Constant and A0 for Diketopiperazine-Benzene Complexesa 

Benzene 

Cyclo-(Sar-Sar) 2.366-6.585 0.115 + 0.009 0.97 f 0.04 127 =t 10 160 f 18 
Cyclo-(Sar-Gly) 0.937-6.223 0.089 + 0.006 0.69 + 0.03 166 f 20 215 f 26 

a 100 MHz, [ A ]  = 0.022-0.031 mol/kg-solut’ion, 31.5”C. 
b Average value for N-methyl and a-methylene protons. 

Fig. 10. Plots of A/[D] against A for cyclo-(Sar-Sar)-benzene complex ( A )  and cyclo- 
(Sar-G1y)-benzene complex (B).  

etry of a “1:l” complex.29 However, the geometry of the cyclo-(Sar- 
Sar)-benzene complex was determined reasonably from AOCHa and AOCH2. 
The benzene ring lies over the diketopiperazine ring as a result of dipole- 
induced dipole interactions. This interaction occurs between two amide 
dipoles and the 7r-electron cloud of benzene. The two ring planes are nearly 
parallel with a distance of about 2.2-2.6 A. The distance is somewhat 
smaller than the van der Waals contact of the complex (2.80-2.55 A). 
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The disagreement was caused by the neglect of the effect of chloroform 
on the interaction. If the contribution of the solvent shel130 had been 
taken into account, K values would have been greater and A,, smaller. 

The intcrmolccular interaction of benzene with cyclic peptides was found 
to be 11-eak. However, in somc cyclic peptides containing aromatic amino 
acid residues, the intramolecular interactions of the aromatic substituent 
with thc peptide bond should bc strong enough to  have a significant effect 
on the conformational ~ t a b i l i t y . ~ ~ ~ ~ ~  This could be achieved from a lesser 
entropy loss in the intcractions when the interacting groups are placed 
favorably for the intramolecular interactions. 

Grateful acknowledgment is due to lh. I. Morishima and H. Lfasuda of Kyoto 
University for the measurement of 220-MHz nmr spectra and the use of di-tert-butyl 
nitroxide. 
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