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left in the aqueous state. Hemocyanin was hydrolyzed in 6 M HCl 
(constant boiling) at 110 0C for 22 h in an evacuated sealed tube. The 
hydrolyzates were prepared in duplicates. Cyst(e)ine content was 
determined as cysteic acid, following oxidation with performic 
acid. 
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tide and certain amino acid salts. The stabilizing interactions 
involved in binding include, primarily, derealization of the net 
positive charge of the amino acid ammonium group over the 
peptide carbonyl oxygens, as well as possible hydrogen bonding 
and hydrophobic interactions similar to those expected to 
stabilize enzyme:substrate or hormone:receptor complexes. 

Impetus for the present investigation was provided by the 
discovery that amino acid ester hydrochlorides (which may be 
viewed as alkylammonium salts; e.g., RNH3+C1-) bind spe­
cifically to the cyclic hexapeptide, c>>c/o(L-Pro-Gly)313 (des­
ignated hereafter as c(PG)3)'6. The cation binding capabilities 
of this peptide have already been described.17 (We propose the 
trivial name "aminophore" to describe the class of compounds, 
including the present ion-binding cyclic peptide, capable of 
interacting specifically with and/or transporting compounds 
containing protonated amino groups.) 

In contrast to metal ion: ionophore complexes, both com­
ponents of amino acidxyclic peptide complexes contain carbon 
atoms (and are of suitable molecular size) such that detailed 
structural features in both species can be studied spectro-
scopically by 13C NMR. If a discrete amino acid:c(PG)3 
complex is formed (see Figure 1), its existence would be con­
firmed by the decrease in the average relaxation times, T1, of 
the carbon atoms of both the peptide and the amino acid (rel­
ative to the T\ values of the free components). A similar de­
crease of 7Ys of the protons of acetylcholine was reported re­
cently upon complex formation between ATP and acetylcho­
line,18 and in a related approach, binding of 13C-enriched ox-
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ytocin to neurophysin II was examined.19 A preliminary ac­
count of the present work has appeared.20 

It has already been demonstrated, at least for metal cations 
such as magnesium, that the conformational change induced 
in c (PGb up°n binding one mole of salt leads to the formation 
of a second binding site on the opposite face by concomitant 
reorientation of appropriate carbonyl groups.17 Thus, since 
there are two potential binding sites on c(PG)3 located on 
opposite faces of this disk-shaped molecule (consisting, re­
spectively, of three GIy and three Pro carbonyl groups), the 
binding of more than one molecule of amino acid to each cyclic 
peptide is possible. 

In the present report the conformational details of Pro-
OBz:c(PG)3 and Val-OMe:c(PG)3 complexes are examined 
through the application of 13C NMR measurements of their 
7"i and chemical shift changes. The existence of an "amino acid 
sandwich", Val-OMe:c(PG)3:VaI-OMe, is demonstrated, and 
its formation is discussed in terms of stepwise conformational 
adjustments upon binding. 

Materials and Methods 

c>'c/o(Pro-Gly)3 was prepared as described previously21 and was 
used as the dimethylformamide adduct. Proline benzyl ester hydro­
chloride (HCl-Pro-OBz) was prepared according to the procedure of 
Newman and Smith.22 Valine methyl ester hydrochloride (HCl-
VaI-OMe) was purchased from Ajimoto Co., Inc., Japan. Deuter-
iochloroform (99.8% d) was purchased from Merck Sharp and Dohme 
Isotopic Products, Teterboro, N.J. 

Sample Preparation. A weighed quantity of amino acid hydro­
chloride was dissolved in 1.0 ml of CDCl3 (to give a ca. 0.2 M solution) 
and transferred to an 8 or 10 mm (o.d.) NMR sample tube. After T1 

data were obtained on this sample, 0.25 equiv of cyclic peptide was 
added, and the T\ data were taken again. T\ data were generally 
collected for mole ratios of salt:peptide of 4:1, 2:1, and 1:1. Duplicate 
experiments with gassed and degassed samples yielded comparable 
results within experimental error. Degassing was accomplished by 
bubbling argon gas through the solvent for 10 min prior to sample 
preparation. Most T\ values were determined on undegassed sam­
ples. 

Ti Measurements. All spectra were recorded on a Varian CFT-20 
13C NMR spectrometer. The field strength of this instrument is 18.682 
kG. The ambient temperature of the probe is ca. 30 0C. The required 
pulse widths of 180 and 90° were determined from a standard t-
BuOH/DMSO-^6 sample. Two pulse sequences were used to deter­
mine T) values: the inversion recovery method which utilizes a -
(180o-?-90°-57"i)„- sequence, and the progressive saturation method 
which uses a ~(90°-r-90°)„- sequence.23 The latter method was used 
with the "random-wait" parameter as described by Freeman and 
Hill.24 

T\ values were determined from a non-linear least-squares fitting 
procedure for the following equations: 

A = A0(\ - 2e~'/T>) -(180°'-r-90°-5ri)«-
A = A0(I - e~>/T') -(90°-/-90°)„-

Here, A and AQ are peak intensities at any time, t, and aW = °°, re­
spectively. The standard error of reported T\ values is 10%. Nuclear 
Overhauser enhancements for both the salts and the cyclic peptide 
were found to be 3.0, within experimental error for aliphatic proton-
ated carbons. This result indicates thatdipolar.coupling is the dominant 
relaxation mechanism.6~8 The relaxation times of the aromatic and 
nonprotonated carbons were not determined. 

Analysis of T\ Data. For the molecules and complexes reported 
herein, the ' 3C-' H dipolar interaction dominates the ' 3C relaxation 
of protonated carbons. Furthermore, at our magnetic field strength 
(20 MHz) the 13C-1H dipolar relaxation satisfies the extreme nar­
rowing condition; i.e., (O)H + Oc)2Tc2 « 1. Thus, the T\ values of the 
protonated carbons are related in a straightforward manner to the 
rotational correlation time, TC, of the 13C-1H pair, as described in eq 
1. 

Here, TV is the number of directly bonded protons; 7c and 7H are the 
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Figure 1. The binding scheme of an amino acid salt to C(PG)3. An amino 
acid salt, e.g., VaI-OMe, is represented by RNH3

+; Pro-OBz would be 
RR7NH2

+. The N-Cn bond of the salt has been elongated for clarity. 
Binding is shown to the trio of GIy carbonyls. All six peptide bonds in the 
cyclic peptide are trans. 

Table I. /VT1 Values (s) of HCl-P.o-OBz and cyc/o(Pro-Gly)3 

Peptide 
Mole ratio Salt 

salt/peptide Proa Pro„ Gly„ 

Free 0.59 0.44 0.47 
4:1 0.50 
2:1 0.40 0.32 0.30 
1:1 0.34 0.31 0.32 

gyromagnetic ratios of carbon and hydrogen, respectively; h is Planck's 
constant divided by 2ir; r is the C-H bond distance; and TC is the ro­
tational correlation time of the C-H pair. For a C-H bond length of 
1.09 A, eq I becomes 

I/AT, = 2.15 X 1010TC (2) 

where TC may represent the rotational correlation time of a molecule, 
provided that the C-H pair within the molecule has no internal degrees 
of freedom. 

If the exchange rate between the free and complexed state is fast 
on the NMR time scale, only a single resonance will be observed for 
each (nonequivalent) carbon of the salt and peptide. The T\ value of 
a given salt or peptide carbon atom will then be a function of the rel­
ative populations of free and bound salt. This is quantified in eq 3: 

_ ^ _ = ^ L + ^r_ ( 3 ) 
7 obsd ^ 1 B T F K ' 

where «B and «F are the mole fraction of bound and free amino acid, 
respectively, and T\B and T\F are the relaxation times of the bound 
and free amino acid, respectively. Evidence for the existence of fast 
exchange for these complexes in chloroform solution has been pre­
sented in a previous communication13 and is further verified here by 
the observation of single averaged resonances at all salt to peptide 
ratios. In that report the ammonium (or "immonium" for Pro) moiety 
of the amino acid hydrochloride was proposed as the site at which the 
cyclic peptide complexes the amino acid, as shown in Figure 1. 

Results 

Complexes with HCl-Pro-OBz. The NT1 value of the 
HCl-Pro-OBz a-carbon decreases monotonically as the 
equivalents of c(PG)3 are increased (see Table I). Simulta­
neously, NT] values for the cyclic peptide a-carbons also be­
come shorter in the presence of salt. These results are consistent 
with the fact that an amino acid salt of molecular weight 252, 
complexed with a peptide of molecular weight 462, should have 
NT\ values characteristic of a molecule of molecular weight 
714. The amino acid experiences the larger percentage gain 
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Figure 2. Variations of 13C chemical shifts of c(PG)3 when titrated with 
Pro-OBz; solvent, CDCl3; concentration of c(PG)3,0.1 M. (S - So) rep­
resents the difference in chemical shift between that of the free peptide, 
So, and the peptide in the presence of a given concentration of amino acid, 
S, in ppm. 

1.0 2.0 3.0 
SALT/PEPTIDE 

Figure 3. Variation of '3C chemical shifts OfC(PG)3 when titrated with 
VaI-OMe; solvent, CDCl3; concentration of C(PG)3,0.1 M. (S - S0) rep­
resents the difference in chemical shift between that of the free peptide, 
8o, and the peptide in the presence of a given concentration of amino acid, 
S, in ppm. 

in molecular weight and, hence, displays the larger percentage 
drop in T\ 's. While these molecular weights include the chlo­
ride anion of the amino acid salt, the data provide no infor­
mation as to its location with respect to the complex or whether 
it "tumbles along with the complex". 

Since the cyclic peptide Pro Ca and GIy Ca carbons comprise 
a portion of the relatively rigid peptide backbone, it is assumed 
that the corresponding C„-H pairs have no internal degrees 
of freedom (other than possible puckering around the sterically 
unhindered GIy Ca, particularly in free c(PG)3), This as­
sumption is supported by the observation that ATi values of 
the Pro Ca and GIy Cn of c(PG)3 are nearly identical in both 
the free and complexed state. At a mole ratio of 1:1 Pro-
OBz:c(PG)3, the ATi of the amino acid a-carbon (0.34 s) is 
equal, within experimental error, to the ATi 's of the cyclic 
peptide a-carbons (Pro, 0.31s; GIy, 0.32 s). Assuming that the 
Pro-OBz:c(PG)3 complex tumbles isotropically, this result 
provides confirmatory evidence for the existence of a discrete 
complex. 

Other carbon atoms in both components display qualita­
tively similar decreases in ATi values. Interestingly, the ATi 
of the benzyl methylene carbon in the ester portion of Pro-OBz. 
(OCH2Ph) drops from 1.8 s (free amino acid) to 0.49 s (1:1 
complex). The fact that both of these AT| values are greater 
than the corresponding a-carbon values (0.59 s free, 0.34 s 
bound) indicates the occurrence of internal motion in this 
portion of the amino acid salt, as might be anticipated for 
atoms in Pro-OBz other than those contained in the rigid 
pyrrolidine ring. 

Chemical shift changes in both species were also monitored 
during these titrations, and the results for c(PG)3 are shown 
graphically in Figure 2. The chemical shifts of c(PG)3 have 
apparently reached their limiting values at a 1:1 mol ratio of 
amino acid:peptide. This finding supports the inference from 
T\ measurements of the formation of a 1:1 amino acid:cyclic 
peptide complex. Chemical shift changes in the salt (Pro-OBz) 
were of lesser magnitude but also reached their limiting values 
at 1:1 molar ratios. 

Preliminary studies with the A'-methylated amino acid, 
HCl-Sar-OMe, indicate that it binds c(PG)3 similarly. 

Table II. AT, Values (s) of HCNVaI-OMe and ^cZo(PrO-GIy)3 

Mole ratio, 
salt/peptide 

Free 
4:1 
2:1 
1:1 

Salt 
VaIn 

0.62 
0.41 
0.34 
0.48 

Prott 

0.44 
0.27 
0.28 
0.29 

Peptide 

GIyn 

0.47 
0.28 
0.28 
0.32 

Complexes with HCl-VaI-OMe. As with the Pro-OBz salt, 
the a-carbon ATi value for valine salt decreases with in­
creasing cyclic peptide concentration (Table II). In the VaI-
OMe case, however, a-carbon ATi values do not decrease 
monotonically; at a mole ratio of 2:1 VaI-OMCc(PG)3 the 
VaI-OMe Cn A T goes through an apparent minimum, and 
as the concentration of peptide increases, ATi increases but 
does not return to its value in the free VaI-OMe salt. Additional 
unusual aspects of the Val-OMe:c(PG)3 system are apparent 
from inspection of the plots of chemical shift changes of c(PG)3 
titrated with HCl-VaI-OMe (Figure 3). Up to a 1:1 mol ratio 
the trends in the titration curves of the c(PG)3 carbonyl carbon 
chemical shifts are similar, using either Pro-OBz or VaI-OMe 
as the titrant (compare Figures 2 and 3). Beyond the 1:1 mol 
ratio, however, in the VaI-OMe case the c(PG)3 carbonyl 
chemical shifts continue to change as more VaI-OMe is added 
(although the C(PG)3 side chains and a-carbon resonances 
have essentially leveled off in this region). 

Determination of the "Primary" Binding Face of c(PG)3 
Using a Paramagnetic Cation, Mn2+. In an effort to determine 
precisely which trio of carbonyl groups (i.e., the three Pro 
carbonyls or the three GIy carbonyls), if either, comprises the 
primary binding site for cations with c(PG)3, the 13C spectrum 
of c(PG)3 was monitored as small amounts of manganese 
?er/-butyloxycarbonylalanate (Mn(BoC-AIa)2) were added 
to the NMR sample.25 Since Mn2+ is a paramagnetic cation, 
it can effectively relax nearby nuclei15 with the result that the 
resonances due to carbons closest to the cation will experience 
significant broadening. As shown in Figure 4, the GIy carbonyl 

Journal of the American Chemical Society / 99:4 / February 16, 1977 



1031 

Table III. Correlation Times, TC, of HCl-VaI-OMe, HCl-Pro-OBz, 
cyc/o(Pro-Gly)3, and Their Complexes 

Species T C X 1 0 - ' ° , s 

HCl-Pro-OBz, free 0.75° 
HCl-VaI-OMe, free 0.75" 
cyc/o(Pro-Gly)3, free 1.1* 
HCl-Pro-OBz/c(PG)3 complex, 1:1 1.5* 
HCl-Val-OMe/c(PG)3 complex, 1:1 1.5* 

" TC determined from NT\ values of amino acid a-carbons (using 
eq 2). * rc determined from NTi values of C(PG)3 a-carbons. 

resonance has broadened significantly relative to the Pro 
carbonyl resonance. This result suggests that the primary 
binding site for Mn2+ is on the c(PG)3 face containing the GIy 
carbonyls, although one cannot rule out the possibility that 
some primary binding also occurs at the Pro carbonyls. Pre­
liminary circular dichroism studies indicate that added Mn2+ 

ion produces parallel conformational changes in c(PG)3 to 
those of Mg2+ ion.26 While the various C(PG)3 cation com­
plexes studied thus far have varying stoichiometrics (e.g., 
Mg2+, Mn2+, VaI-OMe+ form ion sandwiches, although Li+, 
Na+, Ca2+, Ba2+, and PrO-OBz+ do not17), the present results 
may be tentatively extrapolated to indicate that the GIy car­
bonyls are also the primary binding site for other cations and 
amino acid salts. 

Discussion 
Since the molecular weight of any complex is larger than the 

individual molecular weights of its components, the rotational 
correlation time of the complex should be longer (i.e., slower 
motion) than the corresponding values for its individual 
components. Thus, an increase observed in the correlation time, 
TC, as manifested by a decrease in experimental JVTi values, 
provides good evidence for the formation of a discrete complex 
in solution. Indeed, as indicated in the Results section, the Ti 
data reported herein confirm the existence of Pro-OBz:c(PG)3 
and Val-OMe:c(PG)3 complexes; both amino acid and cyclic 
peptide display /VTi values which have decreased significantly 
relative to the corresponding NT] values for the free species 
and have, for the Pro-OBz case, converged to a common value. 
The data, therefore, show that the Pro-OBz:c(PG)3 and VaI-
OMe:c(PG)3 species are specific complexes, in which the 
components tumble as an entity, in contrast to nonspecific 
complexes (e.g., peptide:solvent) in which the components do 
interact but behave essentially as independent species. 

The correlation times for the various components and 
complexes, calculated from the measured ATi values of the 
appropriate a-carbons using eq 2, are given in Table III. If 
there are no internal degrees of rotational freedom, the JVTi 
values of both species in a 1:1 complex should be equal. How­
ever, the NT\ value of VaI-OMe C„ has not decreased to the 
value of the c(PG)3 a-carbons at a 1:1 mol ratio (as has the 
Pro-OBz C„, see Tables I and II). Since essentially all VaI-
OMe molecules are expected to be bound under these condi­
tions, this result may be attributed to some free rotation about 
the VaI-OMe N-CQ bond in the complex. By comparison, the 
corresponding N-C„ bond in Pro-OBz is incorporated into the 
pyrrolidine side chain and would not have such rotational 
freedom. If the Ca carbon of VaI-OMe is considered to be a 
rotating methine carbon attached to an isotropically rotating 
body, the internal rotational correlation time about the VaI-
OMe N-C a bond can be determined.7-8 Using the result (Table 
III) that the Val-OMe:c(PG)3 complex tumbles with a cor­
relation time of 1.5 X 1O-10S, the rotational correlation time 
about the VaI-OMe N-C a bond is computed to be 0.83 X 
1O-10S. This finding indicates that motion about the Vail-OMe 

Pro C=O 

GIyC=O 

1 1 — 

22.72 25.03 

CHEMICAL SHIFT IN ppm 

RELATIVE TO CS2 
Figure 4. 13C spectrum of the carbonyl resonances of C(PG)3 in the pres­
ence of Mn(Boc-Ala)2. The molar ratio of salt to peptide is 3.6 X ICT5 

Carbonyl resonances were assigned through 13C enrichment at the GIy 
carbonyl (in another c(PG)3 sample173). 

Table IV. 13C Chemical Shift Changes of c>>c/o(Pro-Gly)3 
Carbonyl Carbons 

Salt (HCl) 

Pro-OBz 
Pro-OBz 
VaI-OMe 
VaI-OMe 

Equiv salt/ 
equiv C(PG)3 

1/1 
4/1 
1/1 
4/1 

( 5 -

Pro C=O 

-1.85 
-1.89 
-1.50 
-2.31 

«o), " ppm 

GIyC=O 

-1.24 
-1.13 
-2.00 
-1.51 

a (<5 — 5o) = change in chemical shift vs. free cyc/o(Pro-Gly)3 in 
chloroform solutions. 

N-Cn bond is more rapid than the overall rotation of the 
complex. 

"Amino Acid Sandwich" Complexes of VaI-OMe-HCl and 
cyc/o(Pro-Gly)3- Evidence for the presence of higher order 
complexes of VaI-OMe with C(PG)3 emerged from several 
aspects of the experimental data. It has been noted in the Re­
sults section (and may be seen in Table II) that, upon titration 
with c(PG)3, NT\ values for VaI-OMe go through a minimum 
at ca. a 2:1 ratio of Val-OMe:c(PG)3. This finding suggests 
the formation of a "higher order" species (which reverts to the 
1:1 complex when sufficient c(PG)3 has been added). Fur­
thermore, c(PG)3 chemical shifts continue to change as excess 
VaI-OMe (but not Pro-OBz) is added, specifically at carbonyl 
positions where (additional) binding would be occurring. Table 
IV compares the behavior of the C(PG)3 carbonyls upon ad­
dition of 1 and 4 equiv respectively of both Pro-OBz and VaI-
OMe. Although the change in c(PG)3 carbonyls is negligible 
on going from 1:1 to 4:1 ratios of Pro-OBz:peptide, the addition 
of excess VaI-OMe moves the c(PG)3 Pro carbonyl further 
downfield by 0.81 ppm and the GIy back upfield 0.49 ppm. 
These results indicate that the cyclic peptide carbonyls are 
interacting to a further extent with excess VaI-OMe. 

C(PG)3 is known to form both "peptide sandwiches" (two 
peptides:one cation) and "cation sandwiches" (two cations:one 
peptide), the latter particularly with magnesium ion.17 Pre­
sumably, the two binding sites in the cation sandwich are the 
three GIy and three Pro carbonyl oxygen atoms on opposite 
faces of the peptide. Metal cations are "spherical" and can 
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Figure 5. Schematic of the stepwise binding of Val-OMe to C(PG)3. (a) 
Free C(PG)3 in 7-turn conformation, - - - indicates hydrogen bonds to GIy 
NH's; (b) 1:1 complex (salt presumably bound to GIy carbonyls); (c) 2:1 
complex (for Val-OMe, R = CH(CH3)2C02CH3). 

reside between two cyclic peptide molecules. However, one does 
not expect the formation of 2:1 cyclic peptide:amino acid 
complexes in the present experiments, since alkylammonium 
cations are bulky, dissymmetric species with positively charged 
heads oriented toward the peptide face and hydrophobic tails 
which prohibit the approach of another cyclic peptide molecule. 
However, in the presence of excess RNH3+ species, the for­
mation of a 2:1 amino acidxyclic peptide complex (e.g., VaI-
OMe:c(PG)3:Val-OMe) is a strong possibility. Indeed, con­
sidering the body of data presented above, we believe that ev­
idence for the existence of the "valine sandwich" complex is 
compelling. 

Stepwise Binding of Val-OMe to cyc/o(Pro-Gly)3. Given that 
the primary binding site on the cyclic peptide is composed of 
the three GIy carbonyls, as deduced from the Mn2+ experi­
ments, the following model for the stepwise binding of Val-
OMe molecules to c(PG)3 may be proposed. The free peptide 
in chloroform is known to have its three GIy carbonyls involved 
in intramolecular hydrogen bonds ("7 turns")17 and its three 
Pro carbonyls on the opposite face arrayed away from the 
central peptide cavity (Figure 5a). When the first molecule of 
Val-OMe is introduced, rotations about backbone single bonds 
occur,17 causing the GIy carbonyls to pucker slightly outward 
to receive the incoming cation, while also causing the three Pro 
carbonyls to rotate inward to form a second bjnding pocket 
(Figure 5b). In effect, this transformation converts the three 
Pro carbonyls from a potential binding site to an actual 
binding site, and the conformation of the cyclic peptide is now 
such that it is "set up" to receive a second Val-OMe molecule 
at the three Pro carbonyls. This latter binding step (depicted 
in Figure 5c), which produces a ternary complex, would not 
be nearly as favorable (vide infra) had not formation of the 
binary Val-OMe:c(PG)3 complex produced the necessary 
conformational change in the cyclic peptide. 

That this second binding event occurs with little or no fur­
ther conformational change in the cyclic peptide is supported 
by the 13C chemical shift data. The relatively large (some 
greater than 3 ppm) chemical shift changes in resonances due 
to atoms remote from binding sites upon addition of the first 
mole of Val-OMe (Figure 3) must reflect almost exclusively 
conformational changes in both components of the incipient 
complex (such as the relief of the Pro-C/j-Pro-C=0 eclipsing 
interaction present in free c(PG)3). Perhaps a significant 
portion of the change, even in carbonyl chemical shifts, is also 
due to conformational change. However, since the binding of 
the second Val-OMe molecule to the cyclic peptide produces 
significant changes only in c(PG)3 carbonyl chemical shifts, 
it may be concluded that c(PG)3 maintains a relatively "con­
stant conformation" throughout the second binding step. 

Because of the relative simplicity of the amino acid:c(PG)3 
complexes, we have been able to monitor the conformational 
accommodations to binding displayed by the larger component 
of the complexes. In this context, one is struck by certain 
analogous features of the present systems to examples of pro­
tein interactions with small molecules, since, at least con­
ceptually, both allostensm and cooperativity are phenomena 
whereby subsequent events are facilitated only after prelimi­

nary events have occurred.2~5 In the present systems the for­
mation of the second binding pocket upon complexing of the 
first Val-OMe molecule to c(PG)3 facilitates the binding of 
the second molecule of Val-OMe. Thus, in the sense that 
c(PG)3 has a site specific for a substrate (Val-OMe), adjusts 
its conformation, and produces a site specific for a further 
substrate molecule (another Val-OMe), it may be concluded 
that an allosteric event has occurred. It would seem that the 
amino acidxyclic peptide systems could be modified to prepare 
mixed sandwich complexes containing different amino acids 
on opposing faces, or one amino acid:one metal cation, in ac­
cord with the more usual examples of allosterism. 

However, before describing the binding of two Val-OMe 
molecules to c(PG)3 as "cooperative", one must recognize the 
qualitative aspects of the existing data vs. the quantitative 
requirements for "true" or "positive" cooperativity. Thus, if 
the Val-OMe:c(PG)3:Val-OMe system were cooperative, as 
in the stepwise binding of oxygen molecules to hemoglobin, 
then each time a Val-OMe:c(PG)3 1:1 complex formed, a 
second Val-OMe molecule would preferably bind to this 
species and form the Val-OMe:c(PG)3:Val-OMe species be­
fore many additional 1:1 complexes formed. In such an ide­
alized situation a solution containing c-(PG)3 in excess over 
Val-OMe would consist largely of Val-OMe-.c(PG)3:Val-OMe 
and free c(PG)3 species. In reality, the binding constant for the 
second Val-OMe molecule is unlikely to be greater than that 
for the first molecule, since (a) the collision of three molecules 
(of approximately the same order of magnitude in size) to form 
a ternary complex is not an entropically favorable process and 
(b) the direct approach of two net positive charges (of alkyl­
ammonium groups) toward each other, as required in the 
formation of Val-OMe:c(PG)3:Val-OMe, is not an electro­
statically favorable process. In fact, experimental observations 
have established that the change from an ammonium binding 
moiety to the "immonium" group of Pro-OBz is apparently 
sufficient to preclude the second binding step with Pro-OBz. 
It remains to be determined in the Val-OMe:c(PG)3 system 
what the concentration is, if any, of Val-OMe:c(PG)3:Val-
OMe species in solutions containing ca. 1:1 molar ratio of 
Val-OMe and cyclic peptide. Despite these caveats, proton 
NMR experiments with the magnesium perchlorate:c(PG)3 
system revealed17 that at 1:1 molar ratios of Mg2+to c(PG)3 
the solution already contained ca. 30% of Mg2+:c(PG)3:Mg2+ 

species. 

We believe the continued use of 13C NMR relaxation 
methods will allow studies in similar detail of more complicated 
synthetic and natural binding systems in which complexes of 
biochemical significance are found. 
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The Walsh model2 of the orbitals in cyclopropane suggests 
that maximum conjugative interaction between px orbitals of 
the substituent and the pseudo-x orbitals of the cyclopropyl 
group in cyclopropane derivatives occurs for a conformation, 
1, in which the C-Ha bond of the cyclopropyl group lies in the 
benzene plane. If the conformation of the cyclopropyl deriv­
ative is determined by this conjugation, then 1 will be of lower 
energy than 2 and the barrier to internal rotation may well be 
predominantly twofold in nature. 

---Ho—f/ j — TT plane - £ " 

CH2 H2C CH2 

(1) ( 2 ) 

The model is consistent with experiment3-5 in that the x 
planes of the NO2, CHO, COF, and COCl groups in the cor­
responding derivatives of cyclopropane do prefer an orientation 
corresponding to 1. Furthermore, the twofold component in 
the barrier to internal rotation is 3.3 ± 1.5 kcal/mol for the 
nitro compound3 and is 4.4 ± 0.4 kcal/mol in the alde­
hyde.4 

Measurements6 of the temperature dependence of the 
chemical shift between the ortho and meta protons in p-deu-
teriophenylcyclopropane suggest that 1 is 1.4 kcal/mol lower 
in energy than 2, although no error limits were assigned. The 
torsion frequencies7 indicate a barrier of 5.8 kcal/mol but the 
same method yielded rather large internal barriers in molecules 
like biphenyl and stilbene. 
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Classical calculations8 of the conformational energies of 1 
and 2 gave ambiguous results. The electron diffraction pattern8 

was consistent with a preferred conformation 1. 
On the other hand, dipole moment9 and infrared intensity 

data10 are interpreted to mean that the cyclopropyl group 
behaves like an alkyl group in donating electrons to the aro­
matic ring, its Hammet c constant being near —0.1. 

In this paper an analysis of the proton magnetic resonance 
spectrum of phenylcyclopropane in CS2 solution yields long-
range coupling constants between the ring protons and a proton 
on the cyclopropyl group. The assumption of a predominantly 
twofold barrier to internal rotation allows the deduction of its 
magnitude from the long-range coupling. Semiempirical and 
ab initio molecular orbital calculations are presented for 1 and 
2. The ring proton chemical shifts are compared with those 
expected in toluene. 

Experimental Section 
A 10 mol % solution of phenylcyclopropane (Aldrich, 97%) in CS2, 

containing a little tetramethylsilane, was degassed by the freeze-
pump-thaw technique. The proton magnetic resonance spectrum was 
calibrated at 305K in the frequency sweep mode on an HAlOO spec­
trometer. 

INDO MO FPT calculations" were performed for conformations 
1 and 2 using the geometry based on the electron diffraction data. Ab 
initio minimal basis set molecular orbital calculations at the STO-3G 
level12 were also performed on an IBM 370/158 system. 

Results and Discussion 
Spectral Analysis. The spectrum corresponds to an ABB'-

CCRXX'YY' spin system (see 3) and, as such,13 cannot be 
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Abstract: Analysis of the proton magnetic resonance spectrum of phenylcyclopropane in CS2 solution yields -0.23 ± 0.02 Hz 
for the spin-spin coupling constant over six bonds between the para proton in the phenyl group and the a proton in the cyclo­
propyl moiety. The assumption that this coupling is dominated by a <r-x electron mechanism, combined with a hindered rotor 
treatment, indicates a barrier to internal rotation about the C-C bond of 2.0 ± 0.3 kcal/mol. This value assumes a predomi­
nantly twofold barrier and implies that the low-energy conformation is that in which the C-Ha bond prefers the plane of the 
phenyl group. The result is compared with theoretical and other experimental data. The phenyl proton chemical shifts are con­
sistent with electron donation from cyclopropyl to phenyl. 
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