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In the course of an investigation of the laws of the formation of the spatial structures of linear [1-4]
and cyclic [5-12] peptides, the synthesis [13] and an all-sided physicochemical investigation [14-17] of a
series of amides of N-acetyl amino acids, which are convenient models of the corresponding dipeptides, have
been performed.

The present paper gives the results of an investigation of the H NMR spectra of compounds (I)- X),
which enables the position of the equilibrium between the forms with the cis and trans configurations of the
amide bonds to be determined and the rotational states of the NH—C%H and C®H—CPH fragments to be char-
acterized.
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NMR spectroscopy is widely used to study the cis—trans isomerism of amides [18, 19] and also of
derivatives of N-methyl amino acids [20, 21, 27-29] and of proline [22-26, 30-32]. Since, as a rule, the en-
ergy barriers of cis—trans transitions in amides are extremely high (15-20 kcal/mole), corresponding
to coalescence temperatures of 40-100°C, with the participation of both forms in the conformational equilib-
vium the observed spectrum is the result of the superposition of two spectra, the intensities of the corre-
sponding signals of which are proportional to the proportions of the respective forms.

Literature information shows that the trans forms of secondary peptide groups are advantageous as
compared with the cis forms by approximately 2 kcal/mole [33, 34]. Consequently, in linear and unstrained
cyclic peptides the trans conformation of the peptide groups is realized. For N-methylated peptide bonds
[28] and proline derivatives, the energy barrier between the trans and cis forms decreases (for example,
by 0.6 kcal/mole in the case of derivatives of N-methylalanine), which leads to the appearance of consider-
able amounts of conformers with the cis configuration of the tertiary amide bonds.

The results of an investigation of compounds (I)- X) (Tables 1 and 2, Figs. 1-4) agree well with the
facts given above. Thus, in the spectra of the diamides (I) (see Fig. 1), ), (V), and (VI) no additional sig-
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TABLE 1. Chemical Shifts of the Protons (ppm) and Amounts of the
Cis Isomers with Respect to the CO—N()H Bond in Compounds
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* The chemical shifts of the signals from the cis form of the CO—Ny)
fragment could not be observed in the spectrum.
¥ Signals used for the determination of the amount of cis isomers.

nals whatever are observed, which shows the presence of amide bonds in only a single conformation — trans-
amide bonds. Inthe spectra of compounds (III), V), (see Fig. 3), and (VII-X), however, signals from the
cis and the trans forms clearly appear. For example, in the diamids (VII) (Fig. 2b), in (CD4),SO solution,
each signal from the trans form is accompanied by a signal from the cis form with a similar shape but a
lower intensity.

The assignments of the individual signals to the cis and trans forms of compound (III), (VI), and (VII-
X) given in Tables 1 and 2 do not follow directly from the spectrum obtained, although it is extremely prob-
able on the basis of literature information [28, 29]. However, the preferred nature of the trans form in so-
lutions in nonpolar solvents has been shown in a recent paper on the dipole moments of diamides [15]; the
preferrved nature of the trans form in the case of compounds (III), (VII), and (IX) also follows from the pres-
ence of large amounts of folded conformations stabilized by intramolecular H bonds and excluding cis-amide
bonds [14].

While in the regions corresponding to isopropyl (0.75-0.87 ppm), acetyl (2.03-2.10 ppm), N-methyl
(2.95 and 2.77 ppm), and NH (7.86 and 8.08 ppm) groups the differences in the chemical shifts of the signals
from the trans and cis forms are comparatively small (0.22 ppm), the signals from the C®H protons are
considerably more sensitive to a change in the configuration of the amide group (A6 = 0.85 ppm) (see Tablel).
This difference, which also appears for other compounds [for example, () and (IV), see Table 1], is con-
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TABLE 2, Chemical Shifts of the Protons (ppm) and Amounts of Cis
Isomers in the N(;)-Methylamides and N (;),N(;)-Dimethylamides of Nj-
Acetylproline (IX) and (X)
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Fig. 1. NMR spectrum of AcAlaNHMe (I) in CDClg. The top
part of the figure shows fragments of the spectrum taken in an
expanded sweep.

nected with the diamagnetic anisotropy of the N-terminal amide group [18, 35, 36], which is apparently spa-
tially close to the CPH group, which changes its orientation by 180° relative to the carbonyl group in cis—
trans transitions. It must be noted that for the proline derivatives (IX) and (X) (see Fig. 4 and Table 2), the
differences in the chemical shifts for the N—CH; groups are considerably smaller thanfor the linear di-
amides, amounting to only 0.04-0.09 ppm; the values of A 6for the C?H signals are also smaller than for
compounds (I), V), and (VH) [< 0.2 ppm in nonpolar solvents and 0.10-0.16 ppm in (CD;),80]. It is pos-
sible that this equalization of the signals of the cis and trans isomers is comnected with the rapid transfor-
mation of the pyrrolidine ring and with the participation in the conformational equilibrium of at least two
forms with similar thermodynamic parameters [37].

The proportion of the cis forms of the diamides (II), IV), and (VII-X) have been determined from the
ratios of the areas of the corresponding signals in the NMR spectra. The region of the N-methyl signals,
which have a high intensity and a simple shape (singlet), proved to be the most convenient for this purpose.
As can be seen from Tables 1 and 2, the proportions of the cis forms are higher in (CDg),SO (8-35%) than
in CCly or CHCl; (4-20%). This characteristic feature appears most clearly for compound (VII) the solu-
tion of which in CCl, shows no signals of the cis isomer (see Fig. 2a), while in (CD;),SO (see Fig. 2b) the
proportion of cis isomer is 35%. The high proportion of cis isomers in polar solvents is apparently con-
nected with the fact that the most preferred conformations of the molecules of the diamides with the cis
configuration of the amide groups have, according to [15], higher dipole moments than the conformations
with the trans-amide groups. Furthermore, for compounds (III), (VII), and (X) the relative stabilization of
the trans forms in nonpolar solvents can be partly explained by the formation of intramolecular H bonds of
the 3—1 type which are broken by (CD3),SO; in the cis forms the formation of such bonds is impossible.
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Fig. 3. NMR spectrum of AcMeAlaN(CHy), (IV) in
(CDy),80.1

Madison and Schellman [24], on making a detailed study of the diamide (X) came to the conclusion that
in polar media [H,0, CD30D, (CDy),80], the compound exists predominantly (70-85%) in the trans form, and
in nonpolar solvents (CHCl3, CCl;, CgH;,) in the cis form. The results of measurements of the NMR spectra
of compounds (X) in mixtures of CCl, and (CDy),SO in different proportions that we have performed, how-
ever, have shown that the trans form is the dominating one in all cases, since with the change in the solvent
there is no appreciable redistribution of the intensities of the signals of the two forms (Fig. 5). The cause
of the contradiction mentioned was possibly that in the determination of the ratio of the cis and trans forms
of X) in nonpolar solvents, Madison and Schellman [24] erroneously assigned the two multiplet signals ob-
served in the C5H2 region (2.9-4.0 ppm) to the CH, groups of the cis and trans forms and did not consider
the region of the signals of the N-methyl groups. This left out of account the possibility of the assignment
of these multiplet signals to the two nonequivalent C‘SHZ protons. If such a possibility is assumed, then it
is not surprising that the amount of the cis form in solutions in CCly, C¢Hg, and CHCly measured by Madison

* Signal of H,O (impurity in the solvent).
t8ignal of HyO (impurity in the solvent),
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Fig. 4. NMR spectrum of AcProN(CHg), X) in CCl,.

and Schellman [24] should prove close to 50% (52, 50, and
55%, respectively); in evaluating the results for solutions

5 (el},5& in cyclohexane (65%) the great error of measurement
3?7
| connected with the poor solubility of the diamide (X) in
; this solvent must be borne in mind.

‘ ! The hypothesis put forward was confirmed by our
y "\ r1 study of the spectra of the diamide X) in CCl;— C¢H,
i (1:1) solution at various temperatures (Fig. 6). Heating
J N the solution to 50°C leads to the coalescence [through
— trang\."] an acceleration of rotation relative to the C(0O)— N()bond]
\ of the intense N-methyl signals from the trans form,
\ ”‘; ';s ! | 2: j which are close to one another, and at 86°C the fusion of
'\L\,\} k j /\, \ all the N-methyl signals takes place [through rotation
T/. L .'. S~ L{LA\‘_/ ‘ \‘_ ' around the C(O)—Na) bond]. As can be seen from Fig. 7,
32 31 30 29 28 32 & 30 29 28 27 in CCly solution it is possible to trace the coalescence
ppm of the signals from all four N-methyl groups. So far as

concerns the two multiplet signals of equal intensity from
the C9 H, protons, they do not change their shape appre-
ciably in the same range of temperatures (see Fig. 6).
This excludes the possibility of the assignment to the cis
and trans configurations of the amide groups of (X) and
confirms the fact that they are due to the two nonequiva-
lent protonson the cO atom.

Fig. 5. Region of the signals of the N—CHj,4
groups of compound (X) in mixtures of CCly
‘and (CD4),SO with various ratios of the com-
ponents.

According to Go and Scheraga [38], it follows from a conformational analysis of Pro—Pro fragments
that the realization of the 6 (#=120°, ¥ ~280° —360—30°) and R (& =120°, ¥~ 120°) conformations is possi-
ble. The first has a considerably lower energy (see also [24]). A considerable displacement of the equilib-
rium in the direction of the R conformation, which has a high dipole moment [15], can be expected only in
polar solvents. In view of the fact that the energy barrier of the transition from the ¢ to the R form is
fairly high and is comparable with the barriers of cis =trans transitions [38, 39], we have attempted to ob-
serve these conformations from the spectra of the diamide (X) taken at a low temperature in solutions con-
taining CDgOD (CD4OD—C¢D;CDj, 1:1 and CDgOD—C¥F,Cly, 1:2). However, lowering the temperature to
=110to —132°C led only to a uniform broadening of the gignals in the spectrum without signs of coalescence.
1t follows from this that the diamide (X) exists in a conformation of the & type both in nonpolar and in polar
solvents, The question of the influence of the solvent on the conformation of X) will be considered in more
detail in a paper in which the results of a study of the ultraviolet spectra and circular dichroism curves of
compounds (I-X) are described [17].

An important parameter of the NMR spectra of peptides isthe spin—spin coupling constant of the pro-
tons of the NH—C%H fragment, the stereochemical dependence of which has been established previously [1,
2]. As can be seen from Table 3, compounds {), (), (V), and (VI) are characterized by high values of the
constants 3JNH-C“H (8.2-9.4 Hz) which shows a very low proportion of the gauche rotamers with respect
to the N—C% bond (with an angle @ between the H—N—C% and N—C%—H planes of 50-130° [1] and the angu-
lar coordinates &~ 0-10°, 110-190°, and 290-360° [40]) (Fig. 8). Higher values of the constants for the va-
line derivatives (V) and (VI) (9.0-9.4 Hz) show the preferential trans orientation of the NH and C%H protons
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Fig. 6. Region of signals from the N— CH; and C6H2 groups of com-
pound (X) in CCl,—CgH; (1:1) at various temperatures.

Fig. 7. Region of the signals from the N— CHgy groups of compound
X) in CCl, at various temperatures.

(®~60x£20°, These conclusions are in complete agreement with the results of
conformational analysis performed by the semiempirical method [41, 42]. On the
other hand, the results of quantum-chemical calculation agree considerably less
well with ours, since they predict a predominance of rotamers with respect to the
N—C® bond differing significantly from the cis and trans forms (&~ 30°, 90-180,
and 280°) [43, 44].

Fig. 8

According to the spin—spin coupling constants of the protons of the COH—
CTH fragments in the valine derivatives (V) and (VI), both gauche and trans rota-
mers with respect to the C%—CP bonds are present (37=7.3 and 6.6 Hz in CDCly), and of the sterically more
hindered N-methylvaline derivatives (VII) and (VII) it is mainly the trans rotamers that are realized (3J=
11.2 and 10.8 Hz in CDCl,) (see Table 2). :

The 'H NMR spectra do not give more detailed information on the relative amounts of the various con-
formers of compounds (I-X) within their trans and cis forms. This question will be discussed in following
papers [13-17].

EXPERIMENTAL

The 'H NMR spectra were measured in polar (CDs3),SO and nonpolar (CCly and CDCly) solvents at 25°C
with concentrations of 2-10"! M on a JNM-4H-100 instrument with a working frequency of 100 MHz and with
stabilization of the resonance conditions on one sample. Tetramethylsilane was used as internal standard
The chemical shifts were determined with an accuracy of + 0.005 ppm, and the spin— spin coupling constants
with an accuracy of 0.1 Hz. The temperatures of the samples were found by means of a copper— constan-
tan thermocouple with an accuracy of + 2°C from special calibration graphs.

The spin—spin coupling constant 3Jyp_copy of compound (I) in dilute CDCl, solution (3.5 - 10~3 M) was
measured on a Varian HA-100D instrument with a C-1024 accumulation device. The value given in Table 3
(8.3 Hz) was determined at 32°C with respect to the signal from C%H accumulated with the simultaneous
irradiation of the region of the C—CHj signals with a strong radiofrequency field. The same values of
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TABLE 3. Spin—Spin Coupling
Constants of the NH—C%H and
CoH—CPH Protons, Hz

Com-
v 3 . 3
pound | SOMeRt | on_catt | J ca u_coy
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{
i { (ot

1 8,7
8,4

8,4

8,2

CDCl; 9,4
9,0

8,5

9,2

9,4

P

V. 1(CDy)s50

ccl,
VI { Cpél
(CD3),S0

BN =

[ CCl, -
Vil CDCl3 —
| (CDs)50

———

CcCl,
Vil [ CDCl,
(CD,);SO)  —

DXL LS o ww

OO0 Orm

— —

* The values of the constants are
given with a correction for the
electronegativity of the substit-
uents in the peptide fragment
CONHC®H [1].

+ Measured at concentrations of
3.5-1073 M.

3INH-cay Were observed at —40°C for the Ny)H and for the COH signals.

SUMMARY

1, The proportions of the cis forms of methylamides and dimethylamides of acetylmethylalanine,
acetylmethylvaline, and acetylproline in media of different polarities have been determined from the ratios
of the areas of the corresponding signals in the NMR spectra.

2. The rotational states of the fragments NH—C®H and C¢ H—CPH in the methylamides and dimethyl-
amides of the acetylamino acids have been investigated by analyzing the vicinal spin=spin coupling con-
stants of the protons in these fragments,
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