SPECTRA IN THE MIDDLE AND FAR IR REGIONS OF

CYCLIC PEPTIDE COMPOUNDS WITH A cis AMIDE GROUP
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At the present time, the IR spectra of secondary amides [1-2] and of peptides [3-6] with the trans
configuration of the amide bond have been studied in fairly great detail. The authors concerned have made
assignments of the frequencies of the normal vibrations over a wide region of the spectrum (4000-40 cm™)
and have singled out those particular vibrations that characterize the trans configuration of the amide
group in the solid state. It has been found that particular value for the identification of the conformational
states of peptide compounds is presented by the frequencies of bands located in the middle and far IR re-
gions (amide I-amide VII) [3, 4]. Thus, from the features of the IR spectra it is possible to determine the
trans configuration of an amide bond fairly reliably. At the same time, the second possible configuration
of the amide bond — the cis form — has been studied quite inadequately. An assignment has been made of
the frequencies of the normal vibrations of the cis configuration for substituted amides [7-8], lactams [9],
glycylglycine anhydride, and other piperazinediones [1-12, 36], but the published results are contradictory
to some extent and therefore further investigations are necessary. In this communication we give the re-
sults of a study of the IR spectra of piperazinediones with various amino acid residues having the general
formula

R\c‘{/ H
/
A-x T=u
,0=( N-H
H
and their deutero analogs (Table 1).
TABLE 1*
Com= Formula of the
ﬁ))lfnd Compound compound R
| |cyclo= (-Gly-), (—CH.CONH—), —
I | cyclo- (-Gly-). (—CH, . OND—), —
LI | cyelo-(-Gly-), ( --CL.CONH—). —_
IV jcyclo=-(-Ala-D-Ala-) (—CHR—CONI{—), CH;
V lcyclo-(-Ala-), (—CHR—CONH—), CH,
VI | cyclo-(-Ala-)s (—CHR—COND), CHs
VIl | cyclo-(-Val-); (—CHR—CONH™S), CH(CHa),
VIl | cyclo-(-Val-) (—CHR—COND—), CH(CHy),
IX | cyclo-{-nVal-), (—CHR—CONH=), CH,CH.CH,
X | cyclo-(-nVal-). (—CHR—COND—), CH.CH,CH;

* Amino acids of the L series except when stated otherwise.
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oA ’ It is kmown that such structures can be encountered
in natural materials [37, 39]. It appeared of interest to
study the sensitivity of the IR spectra to a change in the
geometry of the piperazinedione ring, which may be either
(GHGIN-), planar or nonplanar [13-19].

“"\"\(‘\ Figure 1 shows the spectra of compounds (I-III) in
the 4000-40 cm™ region. Let us first consider the vibra-
s g tions up to 160 cm™!; the vibrations of the hydrogen bond
- BHND-), and of the crystal lattice will be discussed below. As is
well known from x-ray structural studies, the molecule

of glycylglycine anhydride (I) is planar and belongs to
symmetry group C,j, [14]. The distribution of the 24 vibra-
GDZGU'GH ' E, tions of the molecule (without taking into account the
i/

Zm 7 radicals at C%) according to the types of symmetry has
X0 200 1600 72g€qulcy 4Zn - the form I'y = 9Ag + 4Au + 8Bu + 3Bg. The 4Au and 8Bu
Fig.1. IR absorption spectra of compounds v1bra"c1ons are active in the IR spgctrum .and are, re-
-1 spectively, nonplanar and planar in relation to the plane
(I-III) (KBr tablets down to 400 cm™ and . . o
mulls with paraffin oil below 400 cm™) of the ring. Thus, our problem includes the finding of
P : eight planar and four nonplanar vibrations in the observed
spectrum of compound (I). The results of the interpreta-
tion of the vibrational spectrum of compound (I) are given
in Table 2.
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The assignment of the nonplanar vibrations is a matter of some complexity. The band at 840 cm™!
has been assigned by Karplus and Lifson [12] to the vibration of the CH, group and that at 808 em~! to the
nonplanar vibration of the N—H groups. An analysis of the IR spectra of compounds (II) and (III) (see

Fig. 1) permits these bands to be assigned more correctly, since in the spectrum of compound (II) the band
at 840 cm™ has shifted into the 662-cm™ region and in compound (III) it has shifted into the 847cm™ re-
gion. Furthermore, the band at 808 cm™! can be assigned to the nonplanar deformation vibration of C =0
groups: on deuteration it apparently shifts into the 670-cm™! region in the case of compound (I) and to
about 740 cm™! in the case of compound (II). This assignment is also confirmed by the fact that the amide
VI band shifts considerably when different groups in the amides [2] and diamides [3-5, 21] are deuterated,
in contrast to the band of the deformation vibration of C =0 groups (amide IV band) which is displaced in-
significantly on N-deuteration [2-5]. We have found no bands ascribed to the twisting vibration about the
C—Nbond (or VII); the only possible band for assignment to this vibration, at 178 cm™!, disappears in the
spectrum of compound (III), which should not take place in the deuteration of the CH, groups [3], and no
other bands are found in the low-frequency region of the spectrum (up to 150 cm™) of cyclo-(-Gly-),.

The band in the form of a shoulder at ~780 cm™! must also be considered. Karplus and Lifson {12]
assigned it to the nonplanar deformation "antisymmetric" vibration of NH groups. In our opinion, this as-
signment is unlikely for two reasons: because of its low intensity and because of the presence in the spec-
trum of compound (II) of a band at 779 cm™! which shows an insignificant shift of this band on N-deutera-
tion. These facts, by analogy with literature information [3, 4, 9] may be considered to favor the assign-
ment of the band at ~780 cm™! to the planar deformation vibration of the C oCN angle,

X-ray structural information for compounds (IV) and (V) shows that the first of them has a planar
structure of the ring and the second a nonplanar structure [15, 16]. In view of this, the assignment of the
bands in the IR spectrum of compound (IV) (Fig. 2) was performed by analogy with eyclo-(-Gly-), (Table 3).

The appearance of bands at 1665, 1330, 697, and 455 cm™! in compound (IV) but not in the spectrum
of ¢ yblo-(-Gly-—)2 should probably be explained by interaction between neighboring molecules in the crystal
[22]. In the spectrum of Ala-D-Ala in DMSO only one band is present, at 1680 cm~!. Thus, our hypothesis
proves {o be correct.

The nonplanar molecule of cyclo-(Ala-),, the IR spectrum of which is shown in Fig. 3, belongs to
symmetry group C,. If the side chain of the amino acid radical is disregarded, the distribution of these
24 vibrations according to the types of symmetry has the form I';; = 13A +11B. Since all the vibrations
are IR-active, a larger number of bands must be expected in the observed spectrum of compound (V) than
in the spectrum of (IV). However, their IR spectra scarcely differ in respect of the number of bands,
which is due to the small splitting of the bands because of the weak interaction between equivalent groups,
which are remote from one another in the cyclo-(-Ala-), molecule.
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TABLE 2. Frequencies of the Normal Vibra-
tions of Cyclo-(-Gly-),

Type
Freque:rllcy, Assignment ?;m -| Notes
cm metryl
3180 N—H stretch Bu -
2918 CHj stretch antisym.
1690 C=0 stretch Bu —_
1470 CH, def.
1442 N—H def. Bu —
1375 ?
1340 C—N stretch Bu -
1250 ?
1075 N—CH, stretch.+def. angle Bu | {11}
995 C—C stretch Bu | [12, 20]
915 CH; twist .
840 N- H def. Au |Amide V
808 C=0 def. Ay | Amide VI
708 (sh.) CH,—C -N def.(CCN) Bu CaCN
449 C=0 def. Bu | Amide IV
174 ? ’

Table 4 gives the assignments of the bands in
the spectrum of compound (V) on the basis of an
analysis of the spectra of compounds (VI) (see Fig.3),
(I) , and (IV).

On comparing the spectra of compounds (I) and
(IV) with that of compound (V) it is easy to see that
with a nonplanar structure of the molecule several
absorption bands appear in the 670-600-cm~! region.
Making use of information on the IR spectra of
lactams [9], we assigned the bands in this region to
the vibration of the CNC? angle, which it is possible
to consider as a characteristic index of the nonplan-
arity of the ring in peptides with a cis-amide group.

Thus, the results of an analysis of the spectra
of cyclic peptides with a cis-amide group in the
middle and far IR regions enable characteristic vibra-
tions for the cis configuration to be isolated and be

compared with those for the trans configuration in linear peptides (Table 5). However, as mentioned pre-
viously [6], the use of vibrations in the amide I-III region to indicate the presence of the cis configuration
in peptides is possible only when the cis configuration has a considerable predominance, because a number
of characteristic amide bands overlap with the bands of other vibrations, such as the deformation vibra-

tions of CH, and CH; groups.

No x-ray structural information on compounds (VII) and (IX) is known from literature sources.
Nevertheless, the similarity of the spectra of these compounds (Fig. 4) to the spectrum of compound (V),
and also an analysis of the spectra of the N-deuterium-substituted analogs permits an assignment to be
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Fig. 2. IR absorption spectra of compound (IV).
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Fig. 3. IR absorption spectra of compounds (V) and (VI) (at the posi-
tions of interruption of the spectrum are the absorption bands of

paraffin oil).
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TABLE 3. Frequencies of the Normal TABLE 4, Frequencies of the Normal

Vibrations of Cyeclo-(-Ala-D-Ala-) Vibrations of Cyclo-(-Ala~),
Type ' ’ Tfype
i iﬁ‘_’:!'- Assignment s°f - Eiﬁ‘k' Assignment ?ym-
‘ rietry metry
3250 N —H stretch. Bu 3190 .
2y | CH, swetch. : 3086 [ N—H stetch. Al
1680 C=-0Q stretch. Bu 2980 CH; stretch.
16§5 . 1690 C=0 stretch. Al
1470 C—CH; def. antisym. 1460 C —CHj def. antisym.
H§0 N H def, . Bu ’ 1450 N-H def. planar Al
1370 C—CHjy def. sym. 1375 C—CHj def. sym.
1340 ~N stretch. Bu 1321 C—N gtretch. AB
11?30 C—N stretch, 1302 ?
1300 3 1155
1130 | N—CHstretch. +def.angle| Bu 1120 | N-CHjstretch+ def.angle] A. 5
1095 3 960 | C—C stretch A B
1069 C—C stretch. 845 NH—def. nonplanar A B
962 C —C stretch. Bu 526 C=0 def. nonplanar A B
N5 ' 770 C* CN A B
N0 N—H def. Au :;171 CNC -
810 C=0 def. Au 658 * - b
7?9 l CH3—C--N def.. Bu 611 |
647 ? iS4 | C=0 def }
155 ) ¢ gef Bu 77 ) et b
o ! : 126 ]
2% l Deformation vibrations 388 Deformation vibrations
';’_;8 ’ of the skeleton 313 J of the skeleton --
2 254

* Band observed only in the spectrum
of a mull in paraffin oil

TABLE 5

Vibration, cm=t

Amide* group - - - -
amide I | amide II |amide IIl|amide IV| amide V |amide Vljamide VII

1] H
G\ N ]’ 1670— 1440— 1320— | 450500 $30--850} TU0— <30
i—1€90 | —1460 1—1340 I :
i |
s K |
0 X
AN 1'50— | 1550— | 1260— | 610—700] 720—730| 520 —¢1C 140 ~270
¢ N — 1660 —1570 | —1310
trans H |

* Figures for the trans configuration taken from the literature [1-4,
21].

made of the vibrations and, on this basis, some conclusions to be drawn concerning the structure of cyclo-
(~Val-), and cyclo-(-nVal),. All the assignments are given in Table 6,

The absence of bands in the 1550-1570-cm™! region and also the values of the amide I-VI bands show
the cis configuration of the amide groups in compounds (VII) and (IX). In addition, in cyclo-(-Val-), and
cyclo-(-nVal-), there are bands in the 670-600-cm~! region which show a nonplanar structure of the rings,
This conclusion is confirmed by the results of calculations and of investigations of a number of piperazine-
diones in solutions by the NMR method [38]. In the case of compound (IX) the appearance of bands relating
to the twisting vibrations of CH, and CH; groups aroundaC—C bond in the long side chain in the 770-720-
em™ region is possible [20], which explains some difference of the spectrum in this region from the
spectra of the other cyclic peptides.

Results of investigations of the intermolecular vibrations of monomers bound into a dimer by hydro-
gen bonds havebeengiven in many publications, The authors of these publications have found the values of
the frequencies of stretching vibrations proper of the hydrogen bonds for dimers of acetic acid [23], formic
acid [24-25], other carboxylic acids [26], and benzene derivatives [27]. A knowledge of the frequencies of
the stretching vibrations proper of the hydrogen bond makes it possible to determine to what extent these
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08 : vibrations affect the interacting molecules, i.e., whether
they are localized in the complex X—H-'-Y with their fre-
quency independent of the residual mass of the interacting
molecules or the opposite situation exists. By consider-
ing, on the basis of x-ray structural and electron-diffrac-

cyclo-f~ ),

v tion data [14-16, 23], the molecules of compounds (I}, (IV),
and (V) in the form of dimers, we have calculated the fre-

At quencies of the stretching vibrations of the hydrogen bonds
[-GHCH(GH)- CONIT, proper for cyclo-(-Gly-),. It was assumed that the vibra-

tional interaction between the dimers is a second-order
effect; in this case the frequency can be determined from
the formula for the vibrations of a diatomic molecule

Transmission, %
8

8

cyclo-h!/d!-,‘ [26, 27]
wot —
;——’\V“ W= 2% m_f , 1)
=C *
L )
[-CHICH,), .CH= COKT-] where f is the force constant of one hydrogen bond; m is
0 . . . . ”.‘ ! LY the number of hydrogen bonds (in our case, m = 2); and u
qo0 3000 2000 600 T2W w " is the effective reduced mass.
Frequency, cm™ '
Fig. 4. IR absorption spectra of compounds R M HYVH
(VII-X). b 21

BN u-0.H-N  G=0...

|
= yu-u...u-c\c YH
R W R

L. o -

For the calculations of the values of f we used a semiempirical potential function (V) describing the
properties of the hydrogen bond which was proposed by Lippincott and Schroeder [29, 30]. Assuming that
the X—H---Y system is linear, we find the value of the force constant from the condition

v
1= (5ae ) #

Here, r (0.98 fk) and R (2.84 A) are the X—H and X---Y distances at equilibrium, corresponding to the true
values taken from electron-diffraction figures [23]. The expression for f in the developed form is as
follows: ’

- DA 7 (R—r—r) ory n' -1 T
f= ) exp ———2— . (R—I) . (R_’.);; - _(/\)_'.}3 J
+[1 ro ] [ PR~ 1
- (R—r) ' bRI— R .

| Z

D,* is determined from the formula Dy* = Kg*r* /n* ., The values of To*, n*, b, and K * were taken from
the literature [30] for the linear N—H:--O sysfem.

4
Thus, for compound (I) it was found that f = 0.941 - 10 dyne/cm. From formula (I) let us deter-
mine the values of v' for two possible reduced masses: 1) u, — the reduced mass of the complex N—H---O;

and, 2) 4, — the reduced mass of the two interacting molecules. In the first case, V"‘i =197 cm™!, and in

the second case v L )" 73 ecm™!, In view of the pronounced anharmonicity of the X—H---Y vibrations in

dimers [26, 27, 31], let us introduce a correction for the values of vbi and v "‘2 obtained. The anharmon-

icity factor x = 0.045 was taken to be the same as for carboxylic acids [27], since it is unknown for the
cyclic peptides studied. Taking anharmonicity into account, Vu=ViL(1_2x). Hence Y, = 170 em~1, and
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TABLE 6, Frequencies of the Normal Vibrations of Cyclo-(-Val-}),
and Cyclo-(-nVal-),

Cyclo-(Val-), Cyclo=(=nVal-),
frequen= oo frequency, .
cy, cm-1 assignment em=t assignment
[ |
g& N—H stretch. 3&];8 N—H stretch.
2960 CHj stretch. 2960 CH, stretch,
1665 C=0 stretch. 1675 C=0stretch,
1463 C—CHj, def, antisym.
1450 N—H def. planar 1450 N - H def. planar
1375 C—CHjdef. sym. 1380 C—CHj def. sym,
1350 | C—Nstretch, 1332 C—N stretch.
1297 | ? 1297 3
loa | N—CH-Rstretch+def. angle] 1145 N—CH,—R stretch + def. angle
1043 |
- tretch. 0
lg(_;g } C~C stretch 19;8 } C-C stretch,
847 N—H def. nonplanar 827 i N-—H def. nonplanar
825 C=0 def. nonplanar 787 C =0 def. nonplanar
79 | c*CN 740 | c* CN
65 | CNC® : 670
662 } CNC*
625 -
493
gg } C=0 def. planar 472 } C=0 def. planar
440
408 423
;ésl, Def. skeleton 13 Def. skeleton
210 825

Vu )" 66 cm™!, On comparing the calculated values obtained for Vi and Yu, with the absorption bands in

. the spectra of compounds (I, IV, V, VII, and IX) below 160 cm™! (see Figs. 1-4), it can be seen that in all
the compounds there is a strong band in the 150-cm™ region which is closest to the value of v iy and can

be assigned to the stretching vibration proper of a hydrogen bond. Consequently, this vibration can be
considered as localized in the complex N—H--<O: it does not depend on the mass of the molecules forming
the dimer. This conclusion confirms the assumption made previously of a weak interaction of the vibra-
tions between the dimers. Our assignment also agrees well with the results of investigations on the long-
wave spectra of crystalline imidazole forming a dimer [32, 33] in which a band at 142 cm~! has been as-
signed to the stretching vibration proper of the hydrogen bond of the comvlex N—H---N (R = 2.86 &).

It is interesting to note that in the spectrum of the planar compound (I), instead of one band at 140
cm™, as was shown in [34], there are two bands, at 149 and 138 cm™. The same pattern is observed in
the spectrum of compound (IV) (bands at 153 and 132 cm™!), The appearance of two bands in the region of
the stretching vibrations of the hydrogen bond must probably be explained by Davydovskii splitting through
interaction between the N—H---O vibrations, as takes place in the dimer of acetic acid [23]. It may be as-
sumed that the band at 178 cm™ in the spectrum of cyclo-(-Gly-), also appears as the result of an interac-
tion of the N—H..-O vibrations and is due to the stretching vibration proper of the hydrogen bond. In the
spectrum of imidazole [32], in addition to the band at 142 cm™! a band at 179 cm™! has also been assigned
to this vibration.

1

The bands below 130 cm™ in the spectra of compound (I) (84 cm™Y), (IV) (82 cm™), and (V) (112 and
72 cm™!) are assigned, by analogy with imidazole [32], to the deformation vibrations proper of the hydro-
gen bond. However, such assignment requires additional experimental and computing confirmations and
therefore cannot be considered as definitive.

EXPERIMENTAL

The cyclopeptides (I, IV, V, VII, and IX) were obtained by the method proposed by Nitecki et al. [35].
The degree of deuteration of the N-and C-deuterium analogs was checked from the absorption bands of the
N-—H stretching and CH, deformation vibrations,

The IR spectra were recorded on a Perkin-Elmer 257 specti'ometer in the 4000-625-cm™! region, a
Hilger H-800 spectrometer in the 1000-400-cm™! region, and an FiS-21 instrument in the 500-40-cm~! re-
gion. The samples were used in the form of tablets with KBr down to 400 cm™! and in the form of mulls
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with paraffin oil between polyethylene windows in the 500-40-cm~! region. The accuracy of the measure-
ments below 2000 cm™ was +2 em™, and the calibration of the instruments was performed with respect
to the spectra of polystyrene and of water vapor.

The authors are grateful to V., T, Ivanov for the interest shown in this paper and for valuable ob-
servations.

SUMMARY

1. The results of an analysis of the spectra of cyclic peptides in the middle and far IR regions have
enabled the characteristic vibrations of the cis configuration of the amide group to be distinguished.

2. A difference has been found in the IR spectra of planar and nonplanar piperazinedione rings.

3. The frequency of the stretching vibration of the hydrogen bond in cyclic peptides has been deter-
mined and its characteristic nature has been shown.
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