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In the preceding papers,  we have given the resul ts  of an investigation of the spatial s t ruc ture  of a 
se r i e s  of methylamides of N-acetyl  a - amino  acids of the type 

R~ ~ R3 
I ! I 

CHa-CON--CH-CON-CH3 
1 2 3  4 5 6  7 

with the aid of IR [1] and NMR [2] spect roscopy and the dipole-moment method [3]. In the present  paper, 
we discuss  the concentrat ion dependences of the molecular  weights and dipole moments  of the following corn- 
pounds: 

1. Ac-L-Ala-NHMe 
I1. Ac-L-AIa-NMe2 

IIl. Ac-L-MeAIa-NHMe 
IV. Ac-L-MeAIa-NMe.~ 
V. Ac-L-VaI-NHMe 

RI=R3=H, R.,=Me 
RI=H, R:=Ra=Me 
R1=R:=Meo R3=H 
R1=R2=R3=Me 
RI=Rs=H, R2=CHMe., 

The immediate  aim of this investigation was to determine the l imits of concentration at which the molecules  
of the diamides are  present  in the nonassociated state, which is necessa ry  for the analysis  and cor rec t  com- 

p a r i s o n  of the resul ts  of different physical  methods.  Fur the rmore ,  a quantitative evaluation of the degree 
of associa t ion was required in the interpretat ion of the NMR spectra  [2] obtained at comparat ively high con- 
centrat ions of the samples under investigation. 

The resul ts  of determinat ions of the molecular  weights of compounds (I-V) in chloroform are  given 
in Figs.  1 and 2 in the fo rm of the dependence of the degree of associat ion a = ( M e - M ) / M  on the concent ra-  
tion, C (where Me and M are,  respect ively,  the effective and true molecu la r  weights); N-methylacetamide 
was investigated for  comparison.  As can be seen f rom the f igures given, the beginning of in termolecular  
associa t ion and the nature of the a =f(C) curves  depend fundamentally on the position and number of the sec-  
ondary amide groups in the molecule of the monomer,  and also on the nature of the side chain R 2. 

The curves  in Fig. 1 relate  to N-methylacetamide and to the diamides (I), (lI), and OH); in the case 
of compounds (IV) with two te r t ia ry  amide groups no increase  in molecular  weight in chloroform solution 
was observed up to a concentrat ion of 0.3 M. 

Among the compounds containing one secondary amide group, the greates t  capacity for associat ion is 
possessed  by N-methylacetamide,  in which the formation of assoc ia tes  begins ear l ie r  and takes place more  
intensively than in compounds (II) and (III). The deciding role here  is obviously played by the size of the 
molecule and by spatial screening.  The fact that the curve for (HI) is above that for  (II) is apparently due 
to the g rea te r  access ibi l i ty  for the formation of a H bond of a C- te rmina l  amide group than of a N- terminal  
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Fig. 1. Concentration dependences of the degrees  of as -  
sociation of the methylamide of N-ace ty l -L-a lan ine  (I), N- 
methylacetamide (NMA), the dimethylamide of N-ace ty l -  
L-alanine (II), and the methylamide of N-ace ty l -N-methy l -  
L-alanine (HI) in CHC13 solution. 
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Fig. 2. Concentrat ion dependences of the degree of associat ion of the methyl-  
amide of N-acetyl-L--alanine (I) and the methylamide of N-acetyl-L--valine (V) 
in CHC13 solution. The effective molecu la r  weights a re  given at the inflections 
of the curves .  

Fig. 3. Concentration dependences of the die lect r ic  permeabi l i ty  of the methyl-  
amide of N-ace ty l -L-a lan ine  (I) and the methylamide of N-ace ty l -L-va l ine  (V) 
in CHC1 s solution. The effective values of the dipole moments  (I)) a re  shown on 
the curves.  

group. On the curve of the associat ion of N-methylacetamide it is possible to see severa l  regions in which 
the dependence of ~ on C has different natures.  In the initial stage (up to ~ 0.03 M), the molecular  weight 
sca rce ly  increases ;  then in the range of concentrat ions f rom 0.03 to 0.12 M the degree of associat ion r i se s  
rapidly, and this is followed by a f la t ter  section. A s imi lar  nature of the dependence of ~ on C is possessed  
by compounds (II} and (III}. This feature  of the curves  is connected with the cooperat ive nature of assoc ia -  
tion, i.e., with the dependence of the energy of a H bond of the number of molecules  entering an associate .  
The fea tures  of the NMR spect ra  [4] and quantum-chemical  calculations [5] show that with an increase  in 
the molecular  weight of an associa te  a H bond becomes  more  stable. This is also shown by the IR spectra:  
at a concentrat ion corresponding to the beginning of the associat ion of N-methylacetamide and the fo rma-  
tion mainly of d imers ,  the absorpt ion band of bound NH groups has a maximum at 3370 cm -1, and with a 
r i se  in the concentrat ion the maximum shifts to 3290 cm -1 [1]. 

The flat sections of the relat ion ~=f(C) show a disappearance of the cooperat iveness  of the assoc ia -  
tive p rocess  with an increase  in concentration. As can be seen f rom Fig. 1, the capacity for associat ion of 
N-methylace tamide  fal ls  at a concentrat ion C > 0.12 M, that of the diamide (IX} at C > 0.19 M, and that of 
(lid at C ~ 0.10 M. The passage to a f la t ter  section of the curve in the compounds mentioned takes place at 
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a comparat ively smal l  increase  in the concentration of the solution and at low values of the degree of as -  
Sociation o~, which shows a rapid fall in cooperat iveness  with an inc rease  in the molecular  weight of the as-  
soc~ te .  Apparently, the additional gain in energy of the H bond through the nonadditivity of the p rocess  has 
an.~appreciable influence only on the formation of low-molecular-weight  a s s o c i a t e s -  t r i - ,  te t ra- ,  and, pos-  
sibly, penta- and hexamers  - while the grea tes t  effect is observed on passing f rom the d imer  to the t r imer .  

: The curves  of the associat ion of the methylamides of N-acetyl-I . .-alanine (I) and N-ace ty l -L-va l ine  
(V) (see Figs .  1 and 2)have  an extremely peculiar  nature. In curve 1, af ter  the monomer ic  section, there 
is a fair ly sharp increase  in the degree  of associat ion in the range of concentrat ions f rom 0.006 to 0.008 M; 
with a change in C f rom 0.008 to 0.016 M, the value of o~ scarce ly  r ises ,  and with a fur ther  increase  in the 
concentrat ion in the range f rom 0.016 to 0.018 M there  is another sharp r i se  in o~; then, af ter  a small  sec-  
tion in which ~ is constant, there is a monotonic r i se  in the degree of associat ion with an increase  in the 
concentration which, however, is more  pronounced than for N-methylacetamide,  (II), and (l/I). The depen- 
dence of o~ on C for  compound {V) is s imilar  in nature, with the only difference that in the lat ter  the jumps 
in associat ion a re  found at lower concentrat ions (0.0008-0.0012 and 0.006-0.008 M). 

For  compounds (I) and (V), the dependence of the dielectr ic  constant c on the concentration is shown 
in Fig. 3. The curves  c =f (C) have two inflections, and these are  at the same concentrations at which the 
jumps on the o~ =f (C) curves  are  observed.  In the monomer ic  sections, the dipole moments  of (I) and (V) 
do not change; af ter  the f i rs t  inflection, they decrease  considerably and then remain  constant to the second 
inflection where they again decrease  abruptly. After  the second inflection, the values of the dipole moments  
f i r s t  r emain  constant and then begin to decrease  monotonically. 

The existence of severa l  stepwise changes in the effective values of the molecular  weights and of the 
dipole moments  of (I) and (V) shows that with a r i se  in the concentration of these compounds the format ion 
of assoc ia tes  of different types takes place. 

Making use of Figs.  2 and 3, let us evaluate the percentage of monomer ic  (m) and associated ( l - m )  
molecules  for  different values of the degree  of associat ion o~ at given sizes of the associa te  (n). Since the 
observed molecu la r  weight is inversely proport ional  to the total m o l a r  concentration of monomer ic  and 
associa ted forms,  then we have 

M e 1 
,/! == 

in view of the fact that ~=  (Me/M)-1 ,  we obtain 

I - - D $  ° 

n 

l - -  n----::- y 
m = - - ~ + ~  

Table 1 gives the proport ion of monomer  on the formation of di-,  t r i - ,  and t e t r amer ic  associa tes  and the 
values of ot corresponding to different sect ions of the curve oz =f(C) for compound (I). The same table gives 
the effective dipole moments  (/~obs) found under conditions corresponding to the given values of v~, and the 
values of the dipole moments  of a different type of associa tes  (Pass) calculated f rom the formula  P2obs= 
~2mon+ [(1-m)/n]~2as s. In all cases,  ~Zmo n was taken as  3.2 D, i.e., the dipole moment observed at oL= 0. 
The resul ts  of calculation have shown that only the values of the moments  of the d imer ic  assoc ia tes  (n= 2) 
a re  effective. In fact, the moments  of associa tes  of other  types,  ca lcula tedonthe  assumption that in each 
case an equilibrium exists only between the monomer  and t h e t r i m e r  or between the monomer  and the te t ra -  
mer ,  and so on, had imaginary  values. Although the f igures  in the table do not, in principle, exclude the 
existence of assoc ia tes  with n > 2, nevertheless,  they show that in a solution of compound {I) in CHC13 at 
concentrat ions corresponding to the jumps on the curves  o~ =f (C) and £ =f (C) low-molecular-weight ,  mainly 
dimeric,  assoc ia tes  predominate  in the equilibrium. 

Before  investigating the possible reasons for the jump-like changes in the apparent molecular  weights 
and dipole moments ,  and also the types of assoc ia tes  of (I) and (V) formed under these conditions, let us 
dwell briefly on the conformations of these compounds in the nonassociated state. Experimental  resul ts  
and those of a theoret ical  analysis  show that in highly dilute CHC13 solutions compounds (I) and (V) exist in 
folded and extended fo rms  [1, 6, 7]. The folded fo rms  can exist in two conformat ions  with in t ramolecular  
H bonds - M (4~ ~ 120 °, ~I, ~ 240 °) and H (,I, ~ 240 °, ~ ~ 120°), respect ively with the pseudoeqnatorial  and the 
pseudoaxial orientation of the side chain (R 2) with respec t  to the seven-membered  ring. Among the extended 
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TABLE 1. Relative Propor t ions  of  the Monomers  m 
and the Dipole Moments of the Associa tes  at Different 
Values of a and n for the lVIethylamide of N-Ace ty l -L -  
alanine (I) 

C, M 
(CHCI s) 

0,005 
0.009 
0,018 
0,042 

0 
0,12 
0.22 
0,33 

n ~ 2  a ~ 3  

1 1 
0,79 0,84 
0,64 0,73 
0,50 0,63 

n ~ 4  

1 
0,86 
0,76 
0,67 

Ix~obs, I ~ss, D 
3 , 2  - -  m 

2,9 3,05 i 
2,6 1,17 i 
2,3 0,68 i 

n = 4  

i 
i 
i 

f o rms  in the case of compounds (I) and (V), conformations present  in region B of the s ter ic  maps [6, 7] p re -  
dominate. 

A theoret ical  analysis  [6] shows that f rom the point of view of the nonvalent interact ions and the en- 
t ropy factor,  the folded fo rms  H and M of compounds (I) and (V) a re  less  advantageous than the extended B 
forms .  Thei r  formation in strongly diluted nonpolar and weakly polar  solutions is due to the reduction in 
the f ree  energy through the in t ramolecular  H bond. In polar  media, the H bond is appreciably weakened [7], 
and the equilibrium is shifted to the s ter ical ly  more  favorable open conformations.  This conclusion of the 
theoret ical  analysis  is fully confirmed by the experimental  resul ts  [1, 3]. Fu r the rmore ,  the resu l t s  of a 
calculation [6] permit  the predict ion of a decrease  in the stability of the folded f o r m s  as compared with the 
extended with an increase  in the volume of the side chain (R2). Among the folded forms,  according to [6], 
the H conformation has a somewhat lower potential energy than the M conformation, but it is inferior to the 
lat ter  with respec t  to entropy; consequently, the values of the f ree  energies  of the M and H f o r m s  may be 
ext remely  close. However, one of the r easons  for  the specific nature of the curves  of the associat ion of 
{I) and (V}, in our opinion, is connected with the presence  in solutions of these compounds of an equilibrium 
between the folded and extended forms .  Nevertheless ,  the stepwise nature of the curves  of {I) and (V) can- 
not be explained by this factor  alone. In CI-IC13, compound (11I) also contains a considerable amount of the 
folded forms [1], but never theless  its curve  (see Fig. 1) does not show a jump-l ike change in the degree of 
associat ion.  Evidently, a large role in the anomalous relation a = f ( C )  for  compounds {I) and (V} is played 
by the f ree  N(a)I-I group [which is absent f rom (HI)] and the f ree  C(5)Ogroup. In the folded forms,  because • 
of the direct  interaction between the two amide groupings in the seven-membered  ring these groups have 
a g rea t e r  tendency to in termolecular  interact ions of the corresponding groups of the extended forms.  In 
view of this, with an increase  in the concentrat ion of solutions of (I) and (V) one may expect, in the f i rs t  
place, the format ion of d imer ic  assoc ia tes  of the folded forms,  which takes place at definite threshold values 
of C for  such conditions. In the dimerizat ion of the M and H fo rms  by the routes  shown in Fig. 4, the four 
am[de groups become involved through H bonds in the folded system. As the resul t  of the direct  formation 
of two intermolecular  H bonds (with the presence  of two in t ramolecular  H bonds} and the cooperative nature 
of associat ion,  this type of d imer  i s  energet ical ly more  favored than the other possible types of d imers  
of the folded fo rms  and, par t icular ly ,  than the d imers  of the extended forms.  The d imers  shown in Fig..4 
are  stabilized not only by the H bonds but also by e lec t ros ta t ic  interactions,  since the atoms in the amide 
groups  opposite to one another have opposite charges.  

In the associat ion of the M and H forms,  d imers  of three types are  possible: H : H, H : M, and M : IVI. 
The format ion of the H : H and H : M d imers  by the proposed scheme is not associated with any s ter ic  com- 
plications whatever.  Dimerizat ion of the M : M type is less  favorable in this respec t  because of the repul-  
sion of the side chains (R2) and the relat ive position of the N(3)H and C (5)O groups (angle between them close 
to 90°), which is unfavorable for  the format ion of H bonds. The d imers  mentioned above differ f rom one 
another in their  energy and, consequently, may have different threshold concentrat ion values. Fur the rmore ,  
they a re  not equivalent in their  conformational  possibi l i t ies  which, as we assume,  is shown in the nature of 
the concentrat ion curves  of compounds (I) and (V): the format ion of d imers  of the folded fo rms  is favored 
only in the initial stage of associat ion.  With an increase  in the concentrat ion they become less  prefe, ' red 
than high-molecular-weight  assoc ia tes  of the extended fo rms  in which pract ica l ly  complete saturation with 
H bonds may also take place. The advantage of the la t ter  over  d imers  of the folded fo rms  consis ts  in the 
fact that their  component monomer ic  fo rms  are  more  favorable than the M and H f o r m s  with respect  to non- 
valent interactions.  Consequently, it may be assumed that an increase  in concentrat ion will be accompanied 
by a shift in the equil ibrium towards h igh-molecular -weight  associa tes .  They can be formed by the direct  
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Fig. 4. S t ruc tures  of the d imer ic  assoc ia tes  of the folded 
fo rms  H : H, H : M, and M : M. The dashed lines denote H 
bonds. 

associat ion of the extended conformations that a r i se  in solution and by the condensation of d imers  of the 
extended forms with the rupture of the intramolecular  H bonds and the Corresponding conformational  t rans i -  
tion. The second route  is most  likely only for  the metastable d imers  of the M : M type. As is well known 
[6], the M fo rm is located on the conformational  map near the low-energy region B, and therefore  the 
M : M ~ B  : B transi t ion is not associated 'with  the overcoming of any appreciable b a r r i e r  whatever.  Con- 
verse ly ,  the H fo rm rema ins  far  f rom low-energy regions and is selSarated f rom them by high ba r r i e r s .  
F o r  this reason  and also because of the low stability of the M : M dimer  mentioned above, the t ransi t ions 
H : H ~ B  : B and H : M --*B : B a re  less  likely than the transi t ion M : M ~ B  : B. 

Thus, in agreement  with the considerat ions put forward above, the specific nature of the concentra-  
tion dependences of compounds (I) and (V) are  due to the predominant format ions  of d imers  of the folded 
fo rms  at low concentrat ions.  The two jumps on the o~ =f (C) and e =f (C) 'curves correspond to the succes-  

• sive format ion of the d imers  H : H and H : M. The sections of the curves  with constant values of o~ and # 
following af ter  each jump show the absence of additional associat ion in these concentration ranges.  If the 
formation of d imer s  of the M : M type takes place, it must  proceed at higher concentrat ions and does not 
lead to the appearance of a new jump because of the low stability of the dimer,  the ease of the conforma-  
tional t ransi t ion M : M--*B: B, and the incipient associat ion of the extended forms.  

A complicating factor  in this explanation is that the dimerizat ion of (I) and (V) does not take place to 
the extent of 100~0 in the region of the f i rs t  jump, as was to be expected for  the format ion of an associa te  
of a definite type, and it has a plateau at a considerably lower degree of associat ion.  However, cases  are  
known in the l i te ra ture  [8-11] in which the associat ion of compounds for  which the direct  formation of sev- 
era l  types of assoc ia tes  is possible also takes place stagewise without the complete transition, of the mono- 
mer i c  molecules  into the associated state. Thus, Suzuki et al. [11] have shown that in a highly dilute CC14 
solution formanil ide exists  in the t rans  and c is  forms in approximately equal proport ions.  An increase  in 
the concentrat ion of the solution leads p r imar i ly  to the dimerizat ion of the molecules  with cis-amide groups; 
pract ica l ly  no associa t ion of the t rans- formani l ide  is observed at f irst .  With a fur ther  increase  in the con- 
centration, d imer iza t ion of the cis  f o r m s  f i r s t  slows down and then ceases,  while the associat ion of the t rans 
fo rms  increases  and becomes  dominating at high concentrations.  The stepwise decrewse in the correspond-  
ing concentration ranges  of the dipole moments  ag rees  with the explanation of the o~ =f (C) curves  given 
above. The d imer s  H : H and M : H formed 'in these regions have lower values of the result ing dipole mo-  
ments  than the nonassociated state. 

The fall in the dipole mon~ents in the region of high concentrat ions is connected with dimerizat ion of 
the M : M type and, mainly, with the formation of associa tes  of the open forms.  The associa tes  of the ex- 
tended conformations may  be of two types (A and B), which consist  of f ragments  of the well-studied paral le l  
and antiparaUel E-pleated sheets .  
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Inas soc ia t ions  of type A, the dipole m o m e n t s  of the m o n o m e r i c  subunits have the s a m e  direct ion,  and 
the re fo re  the resul t ing  dipole monent  mus t  be c lose  to the momen t  of the m o n o m e r  or  have a somewhat  
g r e a t e r  value [12, 5]. Inas soc ia t ions  of type B, the m o n o m e r i c  subunits a r e  or iented in the opposi te  d i r ec -  
t ions and, consequently,  the r e su l t an t  m o m e n t  should dec rea se .  In view of this, it is natural  to connect the 
fal l  obse rved  in the effect ive dipole momen t s  of compound (I) and (V) at high concent ra t ions  with the a s s o c i -  
ation of the extended conformat ions  in the f o r m  of the an t ipara l le l  /~ s t ruc ture .  According to the r e su l t s  
of x - r a y  s t ruc tu ra l  ana lys i s  [13] and of IR d i ch ro i sm [14] it is just  this type of a ssoc ia t ion  that i s  p o s s e s s e d  
by the c rys ta l l ine  me thy lamide  of N-ace ty l -DL-nor l euc ine .  S imi la r  s t r u c t u r e s  of a s s o c i a t e s  have recent ly  
been  detected in solutions of  the re la ted  ol igopeptides Me3COCO-Ile4-OMe and Me~COCO-Ilee-OMe [15, 16]. 

We have a lso  de te rmined  the mo lecu l a r  weights of compound {I) and of N-me thy lace t amide  in aqueous 
solutions.  The r e su l t s  of m e a s u r e m e n t s  show that in wa te r  nei ther  compound shows apprec iab le  a s s o c i a -  
tion up to a concentra t ion of ~ 3.0 M. 

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

To de t e rmine  m o l e c u l a r  weights in solution, we used the m e t h o d o f g a s - l i q u i d  o s m o m e t r y  [17]. The 
t e m p e r a t u r e  coefficient of the t h e r m i s t o r s  was  6% per  deg ree  at a r e s i s t a n c e  R= 33 k~;  the sensi t iv i ty  with 
r e s p e c t  to AR was  ~ 0.1~2. The values  of the mo lecu l a r  weights  in CHC13 were  found with an accuracy  of 
~ 1% for  the range of concentra t ions  f r o m  0.01 to 0.5 M and ~ 2% for  concentra t ions  above this range.  The 
m o l e c u l a r  weights  were  calculated f rom the fo rmu la  

m ]~SU~ sub'(l -- Nst )'Msol 
m sol Nst 

where  msu  b is the weight of the subs tance  under  investigation; mso l  is the weight of the solvent; Mso 1 is 
the mo lecu l a r  weight of the solvent; and Nst  is the m o l a r  f rac t ion  of the s tandard subs tance  fo r  a g ivenva lue  
of AR of the solution. 

Naphthalene was used  a s  the s tandard  in ch lo ro form and the d imethyl  e the r  of ethylene glycol as the 
s tandard  in water .  

We have given the r e s u l t s  of the de te rmina t ion  of dipole m o m e n t s  in the exper imenta l  pa r t  of a p r e -  
ceding pape r  [3]. 

SUMMARY 

1. The concentration dependences of the molecular weights and dipole moments of methylamides of 
N-acetyl c~-amino acids and their N-methyl derivatives in chloroform have been studied. 

2. The concentration limits at which the molecules are present in the unassociated state have been 
determined. 
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3. The jump-l ike nature of the concentrat ion dependences of the molecular  weights and dipole mo-  
ments observed at the beginning of the a s soc i$ ion  of the methylamides  of N-ace ty l -L-a lan ine  and N-acety l -  
L--valine is due to the dh-aerization of the folded conformations.  
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