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We have previous ly  [1, 2] cons idered  the NMR and IR spec t r a  of the following methy lamides  of N- 
acetyl  a - a m i n o  acids: 

Ac-L-A!a-NHM_" (I), Ac-L-Ala-NM;._, (i!), A:-L-MeAla-NHM.- (~lI), 
Ac-L-MeAla-NM~_~ (IV), Ac-L-V~I-NHMe (V), Az-L-VaI-NMe~ (VI), 

Ac-L-MeVaI-NHMa (VII), Ac-L-MeVaI-NMe2 tVIII), Ac-L-Rro-NHMe (IX). 
A :-L-Pro-NMe~ (¢). 

It follows f r o m  an ana lys i s  of the NMR s p e c t r a  that the amide  groups  in compounds (I), (II), (V), and 
WI) in both po la r  and nonpolar  med ia  have the t r ans  configuration. The d iamides  (lID, (IV), and (VII=X) 
exis t  in the f o r m  of equi l ibr ium m i x t u r e s  of f o r m s  with the t r ans  and c is  configurat ions of the t e r t i a ry  a m -  
ide groups,  the posit ion of the equi l ibr ium (par t icular ly  in a nonpolar medium) being shifted in the d i rec t ion  
of the conformat ions  with the t r a n s  amide  groups.  By means  of IR spec t r a  a study has  been made  of the 
equi l ibr ium between the two types  of conformat ions  of compounds (I), (III), (V), (VII), and (IX) - folded (with 
an in t r amolecu la r  H bond of the 3 - 1  type closing a s e v e n - m e m b e r e d  ring) and extended. The p resen t  pa-  
p e r  is a continuation of inves t iga t ions  of the spat ia l  s t r u c t u r e  of compounds (I=X) by the d ipo le -moment  
method.  

The dipole m o m e n t s  of the me thy lamides  of N-ace ty l  a - a m i n o  acids  with al iphat ic  side chains can be 
r e p r e s e n t e d  in the fo rm of the vec t o r  sum of the m o m e n t s  of the amide  groups.  According to the l i t e ra tu re  
[3, 6], the dipole m o m e n t s  of am i des  a r e  insensi t ive to alkyl  subst i tuents  and amount to ~ 3.7 D. They also 
r ema in  p rac t i ca l ly  constant  on pass ing  f r o m  solutions in CC14 to those  in CHC13.* Fur ther ,  it may be con- 
s idered that the vec to r  of the dipole moment  is d i rec ted  at an angle of 40 ° to the C - N  bond. This  d i rec t ion 
follows f rom the mic rowave  s p e c t r u m  of f o r m a m i d e  [7], an analys is  of the intensi t ies  of the absorp t ion  
bands in the IR s pec t rum  of this compound [8], and f rom quan tum-chemica l  calculat ions of a s e r i e s  of am= 
ides [9]. In addition, the r e su l t s  of expe r imen ta l  [10, 11] and theore t ica l  invest igat ions of amides  and lac -  
t a m s  show the c lose  va lues  and d i rec t ions  of the dipole m o m e n t s  of the t r ans  and cts  amide  groups.  Thus, 
in in terpre t ing  the exper imenta l  dipole m o m e n t s  of compounds (I-X) we as sumed  that the d i f fe rences  be= 
tween them a re  de te rmined  only by the conformat ional  p a r a m e t e r s  of the main  c h a i n -  the angles  cI,, ,I,, and 
CaC)N [12]. F i g u r e s  1 and 2 give maps  of the dipole momen t s  in the coordina tes  ¢, @ for  the t r ans  and 
cis  configurat ions of a N - t e r m i n a l  amide  group. They coincide with the corresponding conformat ional  m a p s  
of the molecu les  of (I) and (HI) on which the points cor responding  to the opt imum f o r m s  have been plotted 
[13-16]. 

* The dipole m o m e n t s  of N-methy lace tamide  in CC14 and CHC13 that we have m e a s u r e d  are ,  respec t ive ly ,  
3.65 and 3.68 D, and those of N,N-d imethy lace tamide  a r e  3.63 and 3.74 D. 
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Map of the dipole m o m e n t s  and conformat ional  m a p  [13] of the 
me thy lamide  of N-ace ty l -L--a lan ine  (I) with the t r ans  configuration of 
the amide  g roups .  (Contours given in D and k c a l / m o l e ,  respec t ive ly .  
The a s t e r i s k s  m a r k  the posi t ions  of the opt imum conformat ions . )  

Fig. 2. Map of the dipole m o m e n t s  and conformat ional  map  [15] of the 
me thy lamide  of N - a c e t y l - N - m e t h y l - L - a l a n i n e  (HI) with the cis  config- 
ura t ion  of the - C O N C H s - g r o u  p (Notes as  in Fig.  1.) 

In the plotting of the maps ,  no account was taken of the change in the dipole m o m e n t s  of the amide  
groups  with the fo rmat ion  of i n t r amo lecu l a r  hydrogen bonds in the M and H conformat ions .  However,  as  
will be  shown below, a H bond has  no substant ia l  influence on the resul t ing dipole moment .  

The dipole m o m e n t s  of compounds (I-X) were  m e a s u r e d  in CC14 and CHC1 a solutions at concentra t ions  
excludingthe fo rmat ion  of i n t e rmolecu la r  H bonds [17] (Table 1). F o r  the ma jo r i t y  of compounds in the table  
the calculated dipole m o m e n t s  for  the opt imum conformat ions ,  the g e o m e t r i c  p a r a m e t e r s  of which were  
found by a minimiza t ion  of the energy on varying the d ihedra l  and valence  angles [13-16], a r e  a lso  given. 

By compar ing  the expe r imen ta l  r e su l t s  with the calculated f igures ,  two conclusions can be drawn r e -  
lating to al l  the compounds invest igated.  

1. In the conformat ional  equi l ibr ia  of compounds (I-X) in CC14 and CHC1S the f o r m s  with the t rans  
configurat ion of the amide  groups  a r e  the dominating ones. F o r  example,  let us cons ider  compounds (HI), 
(IV), and (VII-IX) with t e r t i a r y  N - t e r m i n a l  amide  groups,  where  the rea l iza t ion  of the cis configuration is 
m o s t  p robab le  [1]. With this configuration,  to the dipole m o m e n t s  of compounds (l/I), (IV), and (VII-IX) (1.99- 
2.90 D) co r respond  conformat iona l  regions  in the range  140 ° < ~I, < 240 °, in which there  a r e  no min ima  of the 
potent ia l  energy (see Fig. 2). The dipole momen t s  of the major i ty  of the opt imum conformat ions  with t rans  
amide  groups,  on the other  hand, ag ree  well  with the exper imen ta l  va lues  (see Fig.  1 and Table  1). So f a r  
as  concerns  the d imethylamide  of N - a c e t y l - L - p r o l i n e  (X) with dipole momen t s  of 4.17 D (in CCI4) and4 .30D 
(in CHCla), for  this, according  to the r e su l t s  of s e m i e m p i r i c a l  [15, 16, 18] and quan tum-chemica l  [19] ca l -  
culat ions,  the mos t  f avorab le  conformat ions ,  both with the t r a n s  and with the cis configurat ions of the a m -  
ide group, a r e  found in the ~I, = 280-360 ° region (5 form) and have dipole m o m e n t s  of ~ 4.0 and ~ 7.0 D, r e -  
spect ively.  This  unambiguously indicates  the rea l iza t ion  in the diamide (X) in CC14 and CHC1S of the (5 con- 
fo rma t ion  with the t r ans  configurat ion of the amide group (see a lso  [22]). 

Madison and Schel lman [18] a s c r i be  to the conformat ions  of iX) with t r ans  and c is  amide  g roups  di-  
pole m o m e n t s  of 3.0 and 4.2 D, respec t ive ly .  However ,  these  va lues  were  obtained by using an inadequately 
based  dis tr ibut ion of the cha rges  on the a toms  [20, 21], which, for  example,  leads  to a cons iderable  d i s c r e p -  
ancy between the calculated (2.4 D) and exper imenta l  (3.8 D [10, 11]) va lues  of the dipole m o m e n t s  of cis 
amides .  

2. In the conformat ional  equi l ibr ium of compounds {I-X) in nonpolar  and weakly po la r  media ,  only a 
smal l  p ropor t ion  of f o r m s  of the R and L type is  poss ib le .  This  is shown by the cons iderable  d i f ference  
between the calculated m o m e n t s  of these  f o r m s  (~ 7.0 D) and the expe r imen ta l  m o m e n t s  of compounds (I-X) 
(1.99-4.17 D in CC14 and 2.01-4.30 D in CHCla). In addition to this,  the expe r imen ta l  r e su l t s  ag ree  quite 
sa t i s fac to r i ly  with the calculated dipole m o m e n t s  of o ther  op t imum conformat ions  of the molecu le s  of (I-X). 
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TABLE 1. Dipole Moments  of the Methy lamides  of N - A c e t y l - L -  
alanine, N-Ace ty l -L-va l ine ,  N-Ace ty l -L-p ro l ine ,  and The i r  N-Methyl  
Der iva t ives  

No. 

l 
II 

111 
IV 
V 

VI 
VII 

VIII 
IX 
X 

Compound exptL 
solvent 

CHCI~ 

3,20 
3,56 
2,92 
2.93 
2,70 
2.49 
2,01 
2,62 
3,44 
4,30 

7,0 
6,8 
7,2 

7,1 
6,7 

6.8 
7,0 
4,4* 

Dipole moment (D) 
calc. 

optimum con otf~-rn-a-'rion [13-16] 

L "~ 

6.9 3.2 
7.0 2.8 
6.8 3,2 
6,8 2.9 
7.2 3,1 
6.9 2,5 
7.2 2.3 
7,1 2.5 

CCI, 

Ac-L-AIa-NHMe 3,12 
Ac-L-Ala-NMe 2 2,80 
Ac-L-MeAIa-NHMe 2,85 
Ac-L-MeAla-NMec 2,90 
Ac-L-VaI-NHMe 2,80 
Ac-L-VaI-NMe._, 2,53 
Ac-L-MeVaI-NHMe 1,99 
Ac-L-MeVaI-NMe2 2,57 
Ac-L-Pro-NHMe 2,96 
Ac-L-Pro-NMe2 4,17 

3.9 5,7 
2,9 6,6 
3,8 5,6 
3.1 3,8 
3,8 
2,8 
3,7 

4,3 
4,0 
7,0" 

H M 

2,7 2,3 

2,8 2,5 

2,6 2,2 

2,5 2.0 

2,7 

* Dipole moment  with the cis configurat ion of the amide group; in al l  
o ther  cases ,  the calculated values  of/~ fo r  the conformat ion with 
t r ans  amide  groups  a r e  given. 

x._, 

Fig.  3. Sys tem of r ec tangu la r  coordinates  of 
the ma in  chain of a dipeptide f ragment .  

On the bas i s  of calculation [15], the 7 conforma-  
tion m a y  be predic ted as  the mos t  f avorab le  for  com-  
pounds (IV) and (VIII); a f t e r  this, the L conformat ion has 
an energy g r e a t e r  by 1.5 k c a l / m o l e  for  (IV) and by 2.0 
k e a l / m o l e  fo r  (VIII). The r e su l t s  of a compar i son  of the 
exper imenta l  and calculated va lues  of the dipole momen t s  
show the exis tence of both compounds in the 7 form.  The 
cons iderable  di f ference in the energ ies  of the 7 and L 
f o r m s  gives  grounds for  assuming  that the 7 conforma-  
tion will be  stable in po la r  and nonpolar  media .  This 
hypothesis  is conf i rmed complete ly  by the CD and ORD 
spec t r a  obtained fo r  (IV) and (VHI) in heptane and in wa-  

t e r  [22], and also by the constancy of the dipole m o m e n t s  of these compounds in CC14 and CHC13. A s o m e -  
what different  s i tuat ion mus t  be obse rved  according to [15] for  compounds (II) and (VI). Although, as  before ,  
the mos t  p r e f e r r e d  conformat ion is the 7 conformation,  neve r the le s s  the d i f ference  between the energy of 
this fo rm and two others  (Sand L) is  not so g r ea t  as  in the preceding case .  According to calculation [15], 
the exper imen ta l  va lues  of the dipole m o m e n t s  of (II) and (VI) in CC14 prac t ica l ly  coincide with the calcu-  
lated m o m e n t s  for  compounds (IV) and (VIII), respec t ive ly ,  and, consequently,  cor respond  to the 7 confor-  
mation.  P a s s a g e  f rom solution in CC14 to CHC13 considerably  r a i s e s  the dipole momen t  of (II), which can 
be explained only by the par t ia l  d i sp lacement  of the conformat ional  equi l ibr ium to the L fo rm.  In the case  
of compound (VI) the dipole moment  in the two med ia  r e m a i n s  unchanged and, as can be seen f r o m  Table  1, 
co r r e sponds  to the 7 and 5 conformat ions .  As will be shown in a subsequent  pape r  [22], these conclusions 
a r e  a lso  in full ha rmony  with the CD and ORD spec t ra .  

In an invest igat ion of the IR spec t r a  [2], we es tabl i shed that compounds (I), (iII), (V), (VII), and (IX) 
exis t  in CCI 4 solution to the extent of 60-90?0 as the folded f o r m s  (M, H), s tabil ized by an in t r amolecu la r  
H bond. The calculated m o m e n t s  of these fo rms  (2.3-2.7 D) in the compounds l is ted a r e  very  close to the 
expe r imen ta l  va lues  (2.8-3.22 D). The somewhat  higher  values  of the l a t t e r  a r e  connected with the p r e s -  
ence of the extended f o r m s  which, on an average ,  have g r e a t e r  dipole m o m e n t s  than the H and M fo rms ;  
this has  been shown fo r  compound (I) by summing  the contr ibut ions of the m o m e n t s  of the opt imum confor-  
mat ions ,  ta ldnginto  account the i r  r e la t ive  energ ies  and population dens i t ies  ove r  the whole of the conforma-  
tional m a p  [14]. On pass ing  f r o m  solution in CC14 to CHCI.~, the amount of the folded f o r m s  (I), (HI), (V), 
(VII), and (IX) d e c r e a s e s  approx imate ly  twofold [2, 14]. Never the less ,  with such a sha rp  change in the con- 
fo rmat iona l  equi l ibr ium the dipole m o m e n t s  r i se  only slightly (2.85--3.44 D). This  fact  additionally con f i rms  
that among the extended f o r m s  of the compounds mentioned those m o s t  p r e f e r r e d  in CC14 and CHC13 a re  the 
conformat ions  p re sen t  on the map  in the B region (7, 5). Subsequently [17] the dependence of the dipole 
m o m e n t s  of (I) and (V) on the concentra t ion  and the conformat ional  f e a tu r e s  of these  compounds following 
f r o m  them will be considered.  
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The dipole moment  of compound (IX) (2.96 D in CC14), which, under  the conditions of m e a s u r e m e n t ,  
adopts conformat ion M to the extent of 90% [2], is c lose  to the calculated value (2.7 D). It follows d i rec t ly  
f r o m  this that the ex t r eme ly  subs tant ia l  red i s t r ibu t ion  of the e lec t ron  densi ty in the amide  groups  that takes  
p lace  with the fo rmat ion  of a H bond has l i t t le effect  on the magnitude of the resu l t ing  dipole moment  of the 
molecule .  A s i m i l a r  conclusion can be drawn by compar ing  the exper imenta l  and calculated momen t s  of 
compound (III), which is p resen t  in CC14 solution to the extent of 70% in the folded M for  [2, 22]. 

Maigre t  et al.  [26] give the calculated value of the dipole momen t s  of the M and H conformat ions  as  
4.5 D. They differ  f r o m  our values  mainly  by the noncoincidence of the potent ial  min ima  of these f o r m s  on 
the 4, and ~t, maps  obtained by quan tum-chemica l  (for example,  M, 4,=90 °, ,I~ = 210 °) [26] and s e m i e m p i r i c a l  
(M, 4, = 108 °, ~I, = 250 °) [13] methods.  With the geome t r i ca l  p a r a m e t e r s  of M and H given by Maigre t  et al. 
[26], the m o m e n t s  of the folded conformat ions ,  according to the d ipo l e -momen t  map  (see Fig. 1) a r e  about 
4.0 D, which a lso  shows the smal l  influence of a H bond on the dipole moment  of the molecule .  

In a compar i son  of the exper imen ta l  values  of the dipole moment s  of the alanine de r iva t ives  (I and V) 
and (II and VI), and so on, at tention is a t t rac ted  by the fact  that the m o m e n t s  of (I-IV) a r e  inaU c a s e s g r e a t e r  
than the m o m e n t s  of (V-VIII). Never the less ,  as shown above, the m e m b e r s  of each pa i r  of cor responding  
compounds in CC14 solution are  p r e s en t  in ex t r eme ly  c lose  conformat ional  s ta tes .  The obse rved  effect ive 
dipole momen t s  differ ,  in the f i r s t  place,  by the noncoincidence of the g e o m e t r i c  p a r a m e t e r s  (par t icular ly  
the angles  ~ and ~I, and the valence  angle NCaC ' [17]) in the monotypical  opt imum conformat ions  of the a l a -  
nine and valine d iamides  and, in the second place,  by the different  posi t ions of the conformat ional  equil ibria .  
In actual  fact ,  as  follows f r o m  Table  1, the calculated momen t s  of identical  f o r m s  of these compounds have 
different  values ,  and in the case  of the valine de r iva t ives  the m o m e n t s  of the R and L conformat ions  (which 
sca rce ly  exist  in CC14) a r e  somewhat  g r e a t e r  and, conversely ,  those of the ~/, 5, H, and M conformat ions  
(dominating under  the s ame  conditions) a r e  s m a l l e r  than the m o m e n t s  of the cor responding  f o r m s  of the 
alanine der iva t ives .  The i nc rea se  in the dipole momen t s  of (III) and (IV) as compared  with (VII) and (VIII) 
may also  be par t ia l ly  connected with the g r e a t e r  proport ion,  in the alanine der iva t ives ,  of the m o r e  po la r  
f o r m s  with the cis configuration of the t e r t i a ry  amide  groups.  

F o r  the me thy lamides  of N-ace ty l  oL-amino acids,  Tsuboi et al. [23] and, la ter ,  Avignon et al. [24, 25] 
postulated the conformat ion  ~ =,t, = 0 ° with an in t r amolecu la r  H bond of the 1 - -  1 type. The r e su l t s  that we 
have obtained on dipole m om en t s  have not conf i rmed the exis tence  of such a fo rm in the compounds invest i -  
gated. Thus, the dipole m o m e n t s  of the d iamides  (II) and (VI) in CC14 (2.80 and 2.53 D) a r e  cons iderably  
lower than the momen t  of the conformat ion  with 4 ,=~ = 0 ° (3.5 D). In a preceding paper  [2] we have a l ready  
repor ted  the noncorrespondence  of this conformat ion with fea tu res  of the IR s p e c t r a  and the r e su l t s  of a 
theore t ica l  ana lys is .  

E X P E R I M E N T A L  

The dipole m o m e n t s  of compounds (I-X) were  de te rmined  at 25°C in CC14 and CHCI~ solutions in a 
range  of concentra t ions  excluding in t e rmolecu la r  a ssoc ia t ion  (1.0.10 .4 to 5 .0 .10  .4 M in CC14 and 1 .0 .10  .3 
to 4.0 • 10 .3 M in CHCI 3 [17])o 

The dielectric constants were measured on a DipoP instrument produced by the Angarsk OKBA [Ex- 
perimental Design Bureau for Automation]. The densities of the solutions were determined pycnometrically 
The refractive indices were obtained on an IRF-23 refractometer. 

The experimental values of the dipole moments in CCI 4 were calculated by Debyets method using 
Hedestrand's extrapolation formulas [27], and those in CHCI 3 by Onsager's method [28, 29]. In both cases, 
the values of the atomic polarization were left out of account. The values of the dipole moments are given 
with an accuracy of ± 0.05 D. 

To construct the dipole-moment maps and to calculate the values of the moments of the optimum con- 
formations (which are given in Table 1), a special program was drawn up for a computer which permitted 
the calculation of the resulting dipole moment of a molecule by the vector combination of the moments of 
the individual bonds or groups. The method of calculation will be understood by taking as example a dipep- 
tide fragment (Fig. 3). 

Local right-handed rectangular systems of coordinates are associated with each atom of the main 
chain. The X axis of each system is directed along the bond of the given atom with the preceding atom, the 
Y axis forms an acute angle with the neighboring bond (direction taken as right to left). The angles between 
the vectors of the dipole moments of the bonds at a particular atom of the main chain are given in the local 
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system,  and then the combination of the vec to r s  is ca r r i ed  out taking their  modular  values into account. The 
resul tant  vec tor  in the given sys tem of coordinates  ( K - l )  is t r ans f e r r ed  to another  one (K) by success ive  
rotat ions f i rs t  by an angle of 1 8 0 ° - ~  (where ~ is the valence angle) around the Z axis and then by the angle 
of rotat ion ¢.  In the ma t r ix  express ion,  these  operat ions appear  as  follows: 

YK =I  - c ° s * ' s i n ~  cos(V.cos~ 

Z K ]--sinqb.sina costP-cosa--coscl) L YKi, 
ZK I 

After the t r ans fe rence  to the new sys tem (K), the combination of the resul tant  vec tors  of the ( K - l )  and (K) 
sys t ems  is pe r formed .  F o r  a molecule  with n a toms in the chain it is obviously necessa ry  to pe r fo rm n - 1  
such success ive  t ransformat ions .  In calculating the value of the dipole moment  of the amide group, a value 
of 3.7 D and a direct ion of 40 ° to the C - N  axis were  adopted [7] both for the t rans  and for the cis  configura-  
tions. The contribution to the dipole moment  f rom the side chain was not taken into account, since it ap- 
pea r s  implicitly in the value of the group moment.  The dipole-moment  maps (Figs. 1 and 2) were  plotted 
for  the following values of the valence angles: for  the t rans  f o r m -  C'NC c~ =124 °, NC(~C ' =109 °, C~C'N= 
118 °, and for  the cis f o r m -  C'NC (~= 125.5 °, NC(~C ' =110 °, C(~C'N = 118,6 °. The moments  of the individual 
conformat ions  (see Table 1) were  calculated in the light of their  geomet r ica l  p a r a m e t e r s  as given in the 
l i t e ra ture  [13-16]. 

S U M M A R Y  

1. The dipole moments  of methylamides  of N-acetyl  (~-amino acids and their  N-methyl  der iva t ives  
in CC14 and CHC13 solutions have been measured .  

2. The p r e f e r r e d  conformational  states of the compounds investigated have been determined f rom a 
comparison cf the exper imenta l  and calculated values of the dipole moments .  
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