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The chromatographic indicator of the ability of substances to form associates in a pure 
liquid 6E~p proposed in our previous study was used to estimate the capacity for self- 
association of alkvl-substituted imidazotes, pvrazoles, pvrroles, oxazoles, isoxazoles, pyridazines, 
pyrimidines, pyrazines, and pyridines. Alkyl substituents introduced in heretocyclic com- 
pounds decrease the i~,T, p values, which is consistent with the data on the heats of self- 
association of heterocycll;~: compounds in pure liquids. The reasons for the difference between 
the boiling point of a compound at standard pressure and its "gas-chromatographic boiling 
point" are discussed 
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Previously t we have  p roposed  the  c h r o m a t o g r a p h i c  
indica tor  6 gb~ p !or e v a l u a t i n g  the  capaci ty  of  subs t ances  
for se l f -assocmtmn in p u r e  liquids. Using  unsubs t i t u t ed  
heterocyct ic  c o m p o u n d s  like pyrrole,  pyrazole,  i m i d a -  
zole, 1,2.4-tr iazole,  i soxazole ,  oxazole,  pyrazine,  pyr i -  
mid inc ,  and pyr idaz ine  as examples ,  we d e m o n s t r a t e d  
that  the value of  th is  i n d i c a t o r  is corre la ted with t i le 
s t rength  of the associa te .  

The  c h r o m a t o g r a p h i c  i nd i ca to r  o f  associat ion is ca l -  
cula ted from the  bo i l ing  po in t s  of  associated h e t e r o c y -  
clic c o m p o u n d s  m e a s u r e d  di rect ly  and  the  g a s - c h r o -  
matographic  p a r a m e t e r s  cha rac t e r i z ing  the d i spers ion  
in terac t ion  of  m o n o m e r i c  molecu le s  with the m o l e c u l e s  
o f  a nonpo la r  s t a t i o n a r y  phase .  

ht this work, we h a v e  s tud ied  the  inf luence of  alkyl  
subs t i tuents  il~ five- a n d  s i x - m e m b e r e d  n i t r o g e n - c o n -  
ta in ing  he terocycl ic  c o m p o u n d s  on the  g a s - c h r o m a t o -  
graphic  indica tor  o f  a s soc i a t i on  of  these subs tances  in 
pure  liquids. 

Experimental 

Gas-chromatographic analysis of methylated heterocyclic 
compounds listed in Table's 1 ~ 3  was l~erfonned at t 10 ~ on a 
glass capillary column 2 with OV-101 po[ymethylsiloxane; the 
layer thickness was df = 0.4 ,urn. The temperatures of the flame 
ionization detector and injector were 200 "C. The excess pres- 
sure of the carrier gas (helium) was I arm; the gas split ratio 
~vas t : 30 The "dead time" was determined for methane.  
rejected together with a sample, The sample size was 0.2--0.4 
M- of a 1--2% solution of  a heterocycfic compound in diethyl 
ether or benzene. Samples (I ptL) were injected using a Hamilton 
syringe. Retention of  the methyl-substituted heterocyclic corn- 

pounds under analysis was ciaaracterized by Kovats indices 
using C6--0t2 n-alkanes as standards, tleterocyelic compounds 
were commercial preparations of Fluka, Sigma, Aldrich, Merk- 
Shuchardt, and Reachim. N-Alkyl-substituted pyrroles, tmid- 
azoles, pyrazoles, and N-ethyl-t,2,4-triazole were prepared by 
alkylation using a kno;vn procedure. 3 

The gas-chromatographic indicator of the capacity of sttb- 
stances for self-association fiT,, and gas-chromatographic boil- . . O ~ .  

ing points T b p GC were calculated from equations proposed 
previouslv.I " " 

The resulting values are listed in Tables 1--3. 

Results and Discussion 

Sel f -assoc ia t ion  of the molecu les  of  n i t r o g e n - c o n -  
ta ining he te rocyc l i c  c o m p o u n d s  is due to d o n o r - - a c -  

Table I. Retention indices and the 6T~,.p. values for methyl- 
substituted azoles 

Compound 7b.p/~ II lO0"v_to I 8 Tb.ta.,/~ C 

2-Methylimidazole* 267 1050 +84 
4(5)- Meth ylimidazole* 263 1198 +47 
1,2- Oimetlayli midazole* " 204 1006 q-29 
3(5)-Methylpyrazole 204 930 +46 
4- M ethylpyrazole 21)7 964 +41 
3,5- Dimethylpyrazote 218 1010 +42 
5-Methylisoxazole 122 702 +23 
3,5-Dimethylisoxazole i43 801 + 17 
2,4,5-Trimethyloxazole 135 830 +2 
1,2.5-Trimethylpyrrole 173 976 +5 

* Retention indices were determined previously It at 150 ~ 

Translated from l~'estiya Akademii .,Vattk. Seriya Khimicheskaya, No. 2, pp. 319--322. February. 2000. 

t066-5285/00/4902-0321 $25.00 ,�9 2000 Khiwer A.cademic/PIenum Publishers 



, ~ ,  Russ, Chem.Bul l . .  Vol. 49.  No. ~ February. ~000 Golovnva et  al. 

Table 2. Retention indices and the 6Tb.~, values for ;GatkyV 
substituted heterocyclie compounds 

Compound R Tb 0 ,!o c i I t0 8Tb, /~ (3V-ItII v -  

1. midazoles 
~ M 

/~- I~  Me 198 929 41 
' 4 . 2  Et 226 991 54 
N R Pyrazoles 

~ N  M e 127 743 17 
Et 137 809 9 

Nil t ,2,4-Triazoles 

/7 "-'~\ E t 199 900 48 q. .N 
NR 

Pyrroles 
Me 113 731 6 
Et 129 803 3 

NR Pr 145 886 2.5 

Table 3. Retention indices and the Tup+ and 6Tbp values for 
six-membered heterocyclic nitrogen-contammg compounds 

Compound Th.p./,o C 1[ [0Or_ II)l () 7[, p./~ 

Pyridazine 208 915 54 
3- Met hylpyridazine 215 982 45 
4-Methylpyridazine 225 1045 42 
3.6- Dimethylpy ridazine 215 1052 31 
Pyrimidine 123 744 13 
4-Methylpyrimidine 141 827 9 
5- Methylpyrimidinc 153 864 I 1 
Pyrazine 118 722 14 
2- Metllylpyrazine [35 S 12 6 
Pyridine t 1.5 748 3; 5* 
2-Methylpyridinc 1.29 81.4 l; l* 
3- Methylpyridine 144 -- 5" 
4- Methylpyridine 145 864 4" 6* 
2,3- Dimethylpyridine 163 94 l 2 
3.5- Dimethylpyridine 170 q74 2 

*The correspoindmg remntion indices of pyridines determined 
on SE-30 polymetb_,,Isiloxane at t t0 ~C. t3 

ceptor n.. .n interactions and to tile formation of hydro- 
gen bonds, a The stronger tile associates formed in a 
pure liquid, the greater the energy needed lot evapora- 
tion and the higher the boiling point determined experi- 
mentally ( rbn ) .  During evaporation in a chromato- 
graph, the associates are destroyed. Under conditions of 
infinite dilution in a chromatographic column, mono- 
meric molecules of a sorbate interact with molecules of 
the stationary phase (SP}. If a nonpolar phase is 
employed, the interactions are mainly of the dispersion 
force type; the contribution of the induction component 
is insignificant. Chromatographic separation in a col- 
umn starts with the transfer of individual molecules of a 
substance (sorbate) from the vapor phase to the liquid 
stationary phase followed by interaction of the sorbate 
with the stationa~" phase (sorption). Therefore, the 
vapor pressure of a self-associated substance above a 
pure liquid differs from that in a chromatographic col- 

umn. Evaporation of a pure liquid consisting of nonpo- 
lar molecules, for example, n-alkanes, requires the en- 
ergy AG v. Having entered a capillary' column from the 
injector, the molecules of an n-alkane condense from 
the vapor to liquid and interact with tile nonpolar phase. 
The energy zXG,, absorbed during vaporization is thus 
liberated. In this particular case, tile overall energy of 
sorption (AG s) is equal to the sum of AG,. and the excess 
energy of mixing (aGE). The AG E value for the interac- 
tion of n-alkanes with polymethylsiloxane is close to 
zero; therefore, the vapor pressure above a pure liquid is 
virtually equal to that in a chromatographic column at a 
specified temperature. Hence, the boiling point of an 
n-alkane calculated from chromatographic data ( Tb.p. Gc) 
is close to the known Thn value measured directly. 

In the case where a compound forms associates in the 
pure liquid, association between molecules should be con- 
sidered. The energy of vaporization AGv* comprises the 
ener,gy needed to destroy the associates (,2~Gass) and the 
energy required to vaporize the individual molecules of the 
pure liquid (a\Gv). Monomeric molecules rather than asso- 
ciates enter the column. In the sorption process conducted 
under conditions of infinite dilution, the sorbate molecules 
interact with the nonpolar phase. The resultant energy of 
sorption AG s is the sum of the condensation energy, 
numerically equal to the enemy of vaporization of indi- 
vidual molecules, and the excess energy of mixing AG E, 
which in the case of polar substances, accounts for no 
more than 10% of AG s. Thus, the energy absorbed during 
vaporization of an associate AG* is greater than the 
enemy of A ~  and the vapor pressure above an associated 
liquid p~ is lower than that in a gas-chromatographic 
column at the same temperature. 

The difference between AG~" and ,AG s provides infor- 
mation on the capacity of a sorbate for self-association 
in the pure liquid using gas chromatography. For practi- 
cal purposes, it is sufficient to compare the boiling 
points of sorbates calculated from retention indices with 
the known experimental boiling points of their pure 
liquids. 

Determination of the retention indices actually in- 
volves simulating the behavior of a hypothetical n-alkane 
with a fractional number of carbon atoms, The elution 
sequence of n-alkanes from a column with a nonpolar SP 
corresponds to the boiling points. Therefore, the rela- 
tionship between the retention indices and the boiling 
points of n-alkanes can be used to calculate the gas- 
chromatographic boiling points of the compounds of 
interest. If a compound forms associates in the pure 
liquid, the Tb.p. Gc values found from gas-chromato- 
graphic data should be lower than the real T bp values 
found experimentally for pure liquids. The ci~fference 
between these values can serve as an indicator of associa- 
tion. A correlation between the 6Tb.p. value and the heat 
of association of a substance was first observed for 
unsubstituted heterocyclic compounds in our previous 
study i The 8T~ values for six unsubstituted five-mem- 
bered heterocychc compounds are compared (see below). 
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Published data ~'7-1~ on the structure and strength of the 
associates agree with the differences between the boiling 
points. For  example,  imidazole forms the strongest 
associates,  which are ol igomers compris ing tip to 
20 units. The corresponding heat of association is kHa~ s = 
-7.4 kcal mot -t (see Rel: 9). Imidazole is characterized 
by the o_reatest 8T b p = 73 ~. For pvrrole associates, ".5.Has s = 
-1.6 kcal tool - I  isee Ref. 7)~ and accordingly, the 
indicator shows the lowest value, h3rb.p. -- 19 ~ 

Compound ,5 Tb.o./~ 
Imidazole 73 
1,2.4-Triazole 61 
Pyrazole 45 
Isoxazole 28 
Oxazole 2 I 
Pyrrole 19 

In the imidazole and its C-methylated derivatives pre- 
sented in Table I, nitrogen bears an H atom capable of 
forming self-associates due to hydrogen bonding. The 
introduction of Me groups into the imidazoic ling sharply 
changes tile value of the chromatographic indicator of self- 
association (see Table I). If the Me group is located 
between two N atoms (in position 2 of the ring), the 
chromatographic indicator acquires the maximum value. 
equal to 84". The Me group in this position is known to 
increase the electron density on the N atoms and. hence, 
the tendency for tile NH...N and NH...a interactions is 
enhanced. Therefore, a higher heat of association of 2- 
methylimidazole should be expected and its associates 
should be stronger than those for unsubstituted imida- 
zole. The Me substituenls in 4(5)-methylimidazole and 
1.2-dimethylimidazole create steric hindrance and. hence. 
hamper or make impossible the lbrrnation of H bonds; this 
decreases the strength of associates in pure liquids. Con- 
versely, under conditions of GLC, the presence of Me 
groups in positions 1,2 and 4(5) of imidazole increases the 
energy of dispersion interaction with a nonpolar SP. These 
two t;actors inlluence the 8Tt~. value, which decreases 
from 84 ~ to 29 ~ for substituted imidazoles (see Table I). 
Comparison of the found 8Tb.p. values with the pub- 
lished t~ heats of association in pure liquids shows that the 
heat of se l f  association of 1.2-dimethylimidazole (Alias ~ = 
-1.8 kcal mol 'p) is four times lower than that for imida- 
zole. Thus, the indicators of association in pure liquids 
(iSTbp.) and the AHas s values characterizing the strength of 
associates formed by imidazole and methyl-substituted 
imidazoles vary in the same order. ............................. 

Pyrazoles, like imidazoles, have an active H atom 
capable of forming associates due to H-bonding. Inter- 
estingly, the introduction of one or two Me groups into 
the pyrazole ring barely changes the chromatographic 
indicator of self-association. Apparently, in this case, 
heats of association in pure liquids are also close. Only 
the heat of self-association of 3.5-dimethylpyrazote can 
be found in the literature, 9 • s = -6 .7  kcal m o t  l 

Tile introduction of Me groups into isoxazoles and 
oxazoles, having no active H atoms, decreases the ca- 
pacity for self-association in pure liquids due to steric 

hindrance and increases the energy of intermoiecutar 
dispersion interaction with the nonpolar SP. The 8Tbp 
valnes decrease from 23 ~ to 17 ~ in the sequence 
isoxazole--5- methylisoxazole--3,5-dimethylisox~.ole (see 
Table I). 2.4,5-Trimethyloxazole, apparently, does not 
form associates at all. 

If the "pyrrole" nitrogen in di- or triazole is atky- 
lated, the indicator of self-association 8T b markedly 
decreases (see Table 2): the capacity for sel~association 
also decreases. For instance, Nmethy la t ion  of imida- 
zole decreases the enthalpy of association from -7 .4  to 
-2 .2  kcal tool - t  (see Refs. 9, 10). 

Pyrroles differ From other azoles by the tact that they 
virtually do not exhibit basic properties. N-Methyl- ,  
N-ethyl-, and N-propylpyrroles are characterized by low 
8T,~p values. Apparently, these compounds either do 
notl 'orm self-associates bv the ,~...~-interaction mecha- 
nism due to steric restrictions or the enemy of their 
formation is vet3, low and has almost no effect on the 
8Tb. p values. The boiling points of pyrroles measured 
directly are close to the boiling points calculated from 
the gas-chromatographic data (see Table 2). 

Six-membered aromatic N-containing heterocyclic 
compounds are knowu to be associated in pure liq- 
uids. tz Dimeric and polymeric associates as "stacks" 
(stacking smmtures) are formed due to dipole--dipole 
and x.,.a interactions. Stacking structures can be linked 
to one another by H-bonds formed by the lone electron 
pair of an N atom of one ring with the ct-H atom of 
another ring. Table 3 presents the retention indices and 
the 8Tbp values of pyridazinc, pyrimidine, pyrazine, 
pyridme, and their me',hylated derivatives. Unsubstituted 
pyridazine has the highest value of the chromatographic 
indicator; the introduction of a Me group in position 3 
or 4 of the ring decreases the 8Tb.p. value by 9--12 ~ , 
while the introduction of two Me groups decreases the 
6Tbp value by 23 ~ . This type of variation of 8Tb. m 
indicates that the strength of associates of methy{- 
substituted pyridazines in pure liquids should ct~ange in 
the same order. 

Pyridines come last among the six-membered nitro- 
gen-containing heterocyctes presented in Table 3 regard- 
ing the capacity for association. Pyridine dimerizes in the 
pure liquid. The crucial role in the association of py- 
ridines belongs to dipole--dipole and a...~t donor-accep- 
tor interactions between the aromatic rings, l/ A IH and 
13C .NMR .study of associates.formed by pyridine and its 
methylated derivatives showed that the stability of the 
associates varies in the sequence 4-methylpyridine > 
pyridine -> 3-methylpyridine > 2-methylpyridine > 
2,6-dimethylpyridine. t3 It can be seen from Table 3 that 
the 87bp values change in the same order. 

Thus, the results obtained indicate that the chromato- 
graphic indicator of association of substances in pure liquids 
changes ttpon introduction of alkyl substituents to the N or 
C atoms in five- and six-membered nitrogen-containing 
heterocyclic compounds. This change in 8Tbp correlates 
with the strength of self-associates of hetemcyclic corn- 
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pounds formed in pure liquids. The chromatographic method 
proposed 1br the evaluation of the capacity, of  sorbates for 
self-association in pure liquids based on 8Tbp values is 
t;easibte and readily available. This makes this technique 
especially attractive compm-ed to other labor-consuming 
and expensive physicochemical methods such as calori- 
xzmetry and tH and L~C N M R  m~d IR spectroscopy. 
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