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F r o m  a purely qualitative point of view, the cha rac te r i s t i c s  of an aromatic  compound can be de t e r -  
mined ra ther  s imply.  We call aromat ic  those cycl ic  compounds that have a high resonance energy  and 
undergo predominantly substitution react ions ra ther  than addition react ions .  In other words,  these are  
compounds that, as defined exactly by Robert  Robinson, " rever t  to the original type," retaining the a roma t -  
ic sextet of 7r e lect rons  after the react ion.  More precise ly ,  a roma t i c  compounds are charac te r i zed  by the 
presence  of 4n + 2 7r e lectrons (the H[ickel rule) and by diamagnetic proper t ies  of the ring current ,  which 
are readi ly detectable in the NMR spec t rum.  Comparat ively  recent ly  it was established that, in addition to 
the usual  c lasses  of "aromat ic"  and "nonaromatic"  compounds, one should also consider  "ant iaromat ic"  
compounds;  cycl ic  compounds that have 4n lr e lectrons in the r ing make up the la t ter  c lass .  The s implest  
method for the detection of "ant iaromatic i ty"  is NMR spectroscopy,  since such compounds are  c h a r a c t e r -  
ized by paramagnet ic  proper t ies  of the r ing cur ren t .  

Difficulties ar ise  when we attempt to render  the concept of aromat ic i ty  more  quantitative. These dif-  
ficulties become par t icu lar ly  ser ious  when there are  heteroatoms present  in the ring. Thus no one will 
deny that furan, thiophene, and pyrro le  are a romat ic  sys tems .  However, are  they more  or less aromat ic  
than benzene ? Some authors consider  these compounds to be "supera romat ic , "  since they ex t remely  r ead-  
ily undergo the electrophil ic  substitution react ions so charac te r i s t i c  for benzene.  In addition, a number  of 
invest igators  cons ider  these compounds (furan at least) to be "semiaromat ic , "  for they also undergo addi- 
tion react ions (for example, the Die ls -Alder  reaction),  which to a certain extent is evidence for their  diene 
cha rac t e r .  One can cite another example:  replacement  of one CH group of  the benzene ring by nitrogen 
gives pyridine.  Does this substitution lead to an increase  or  decrease  in the a romat i c i ty?  Of course ,  
pyridine reac ts  with electrophil ic  agents with g rea te r  difficulty than benzene, but its react ions  with nucleo-  
philes proceed with g rea te r  ease than in the case  of benzene. This is manifested even more  acutely for a 
compound such as sym- t r i az ine ,  which reac ts  ve ry  readi ly with nucleophiles but is absolutely inert  in e lec -  
trophilic substitution reacticl~s involving the ring carbon atoms.  

The difficulties that a r i se  in an attempt to give a prec ise  definition of a romat ic i ty  f rom a quantitative 
point of view have led some chemis ts  to regard  the entire concept of aromat ic i ty  as one that has become 
obsolete and old-fashioned.  However, any chemist  who has some experience in the teaching of chemis t ry  
and anyone who is studying it should imagine that the concept of a romat ic i ty  is the corners tone  of all of o r -  
ganic chemis t ry .  It is p rec i se ly  for this reason that many invest igators  have made considerable efforts  to 
impar t  a more  quantitative charac te r  to this concept. In my opinion, it is cur ren t ly  standard pract ice  to 
charac te r i ze  a romat ic i ty  by thermodynamic  ra ther  than kinetic c r i t e r i a .  In other words,  an important  
quantitative pa rame te r  is the additional stabilization energy that the aromat ic  compound has as compared  
with a s imi lar  but cycl ical ly  unconjugated sys tem.  In par t icular ,  one should make a distinction between 
"empir ica l  resonance energy" and "vert ical  resonance energy,"  as demonstrated in Scheme I [1]. The 
ver t ica l  resonance energy,  i.e., the difference between the energies  of the true s t ruc ture  and a hypotheti-  
cal  s t ruc ture  with localized double bonds and the same ar rangement  of atoms as in the real  s t ruc ture ,  is, 
theoret ical ly  speaking, probably a more  important  quantity. However, f rom the point of view of c o m p r e -  
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Scheme I 

Ver t i ca l  and empi r i ca l  r e sonance  energ ies  

~ Bond deformation 
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hension,  t h e e m p i r i c a l  r e sonance  ene rgy  is ce r t a in ly  m o r e  convenient,  and we will t he r e fo re  deal p r e c i s e l y  
with it  in the p re sen t  paper .  

The c l a s s i c a l  quanti tat ive definition of a romat i c i ty  is based on heats  of combust ion.  Some a r o m a t i c  
resonance  energ ies  obtained f rom the heats  of combust ion and hydrogenat ion a re  p resen ted  in Table  1. 
Both methods give e x t r e m e l y  c lose  r e su l t s  for  benzene.  However ,  one genera l ly  obse rves  g r e a t e r  dev ia -  
t ions,  e spec ia l ly  when he t e roa toms  are  p resen t .  This  is a ssoc ia ted  with the difficulty in de termining  the 
heats  of combust ion of compounds that  contain ni t rogen or sulfur  and also with the fact  that  the resonance  
energy  found by this method is a smal l  dif ference between two la rge  quanti t ies.  F u r t h e r m o r e ,  many h e t e r o -  
cycl ic  compounds are  difficult (and s o m e t i m e s  imposs ible)  to hydrogenate  quanti tat ively.  A n u m b e r  of 
other  methods for the quantitat ive evaluation of a roma t i c i t y  have the re fo re  been developed.  Some of them 
will be examined b r i e f ly  he r e .  

a) Severa l  groups of authors have compared  the a romat i c i t i e s  of he t e rocyc le s  using accura te  data on 
bond lengths obtained by mic rowave  spec t roscopy  [2,3]. This  method es tab l i shed  that,  for  example ,  the 
o rder  of dec r ea se  in a romat ic i ty  is (4) > (5) > (6) > (7) [3]. 

_ . N  ~' 'ik, 
N- .'s~N ",S'" . . ( }  

(4) (5) (G) (7) 

b) Julg and Franco i s  [4] have defined the so -ca l l ed  " a roma t i c i t y  index" A by means  of the following 
equation: 

, A = I - - -  
n (rs) 

where  n is the number  of ~ e lec t rons ,  drs  is the dis tance between a toms r and s ,  and d is the average  bond 
length calculated f rom the fo rm u l a  

~= l_Z'a. .  
n (rs) 

Taking benzene as the s tandard  {A = 1), the authors  found that the a romat i c i ty  indexes for thiophene, 
py r ro l e ,  and furan a re ,  r e spec t ive ly ,  0.93, 0.91, and 0.87. 

TABLE 1. Resonance Ene rg i e s  f rom Heats  of 
Combustion and Hydrogenat ion* 

From heat of tom- 
Compound ,busfion, kcal/mole 

Benzene 36--37 
Pyridine 23--43 
Thiophene 24--31 
Furan t 6--23 
Pyrrol~ 14--31 

From heat of hydro- 
genation, kcal/mole 

36 

22 

* F o r  example ,  see G. W. Wheland, Resonance 
in Organic Chemis t ry ,  New York (1955), pp. 
98, 99, and many  other  s tudies .  

c) Elvidge and J ackman  have used  the magni tudes 
of the chemica l  shif ts  induced by the r ing cu r r en t  as a 
m e a s u r e  of a roma t i c i t y  [5]. By measu r ing  the c h e m i -  
cal  shif ts  of the protons  bonded d i rec t ly  to the h e t e r o -  
Cycle or  of the protons  of the methyl  groups bonded to 
the he te rocyc le  and compar ing  these  shifts  with the 
shif ts  in model  compounds,  they e s t ima ted  the degree  
of a roma t i c i t y  of compounds (8)-(11) as compared  with 
benzene,  the a roma t i c i t y  of which was taken as 100%. 

However ,  the accura te  select ion of model  c o m -  
pounds is difficult  in this method.  Thus Abraham [6] 
has  calculated that the r ing cu r r en t s  in furan (9) and 
thiophene (10) a re  the same  as in benzene;  he feels  that 
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TABLE 2. 

(KT)* 

Method 

Methods for the Determination of Tautomeric  Equilibrium Constants 

NMR spec t roscopy 

IR spec t roscopy 
UV spec t roscopy 

pK a measurements  

Charac te r i s t i cs  of the method 

Equil ibrium is usually established rapidly on the NMR 
time scale 

Useful qualitative information 
Comparison of the labile sys tem with fixed models - 

useful for  many solvents but l im i t edby  the nar row 
range of the KT values 

Broad range of K T values but applicable only to aqueous 
solutions 

*See A. R. Katri tzky and J .  M. Lagowski, Adv. Heterocycl .  Chem.,  Vol. 1 (1963), 
p. 311, for detai ls .  

the ring cur ren t  is unsuitable as a quantitative charac te r i s t i c  of aromat ic i ty .  On the basis  of other m e a s -  
u rements  of the r ing current ,  Wynberg [7] calculated that the aromat ic i t ies  of furan (9) and thiophene (10) 
are ,  respect ive ly ,  61 and 75% of the aromat ic i ty  of benzene. The problem is obviously still a cont rovers ia l  
one, but the use of ring cur ren ts  as a measure  of he te roaromat ic i ty  is not present ly  a general ly  accepted 
method. 

It H 

35~ 46O/o 7,~~ ,~Olo 
(8) (9) (Io) (H) 

d) A different appraoch was used by Balaban [8]. He introduced the "aromat ic i ty  constant" K, which 
is defined as K = Zk. The k values in this expression charac te r ize  the tendency of the individual r ing atoms 
to at t ract  or repel  the ~ e lect rons  of the delocalized aromatic  cloud and! are defined by the equation 

) k =  0 . 4 7 8 - ~ - 1 . O l - m ~  100, 

where mTr is the number  of lr e lect rons ,  r is the covalent radius in angst roms,  and Z* is the effective 
charge calculated f rom the formula  

Z*=Zm--0.85mK--0.525mI.,  m--0.175mh, b, 

where Zm is the nuclear  charge,  mK is the number  of e lectrons in the K shell, mL, m is the number  of non-  
bonding L e lect rons ,  and mL,  b is the number  of bonding L e lec t rons .  

Taking benzene as the s tandard with K = 0, we obtain aromat ic i ty  constants of +23 for pyridine, +97 
for the pyridinium ion, -1  for t h iophene , -7  for phenol, and -100  for the cyclopentadienyl anion. 

All of these methods are  useful and give interest ing information, but none of them associa tes  a roma-  
ticity direct ly  with readi ly  accessible  energy charac te r i s t i c s  that can be obtained by investigating chemi-  
cal  equil ibria.  Our r e s e a r c h  also consis ted in an attempt to find such relat ionships .  

T a u t o m e r i s m  o f  H e t e r o a r o m a t i c  C o m p o u n d s  

In cc~nection with other problems,  I have a l ready emphasized that invest igators  doing r e s e a r c h  on 
the chemis t ry  of he te rocycles  should depict and descr ibe he teroaromat ic  compounds in the form in which 
they rea l ly  exist  - in other words,  "call  things by their  proper  names"  [9-11]. Thus, in my opinion, we 
should ascr ibe  p rec i se ly  the 2-pyridone (13) s t ruc ture  to 2-pyridone ra ther  than the 2-hydro• 
s t ruc ture  (12), the fraction of which in equilibrium between these two substances is only one thousandth. 
Similarly,  we should speak of 2-aminopyridine (14) ra ther  than of 2-pyridonimine (15), since the fraction 
of imine (15) in the (14) ~ (15) equilibrium is only one millionth. 
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~'i~ 011 - N i ~ : C  - N ""~~ N H 
II  I I  

(12) (13) ( ,~)  ( Is )  

Physical  methods are the mos t  reliable methods for the study of tau tomer ic  equilibria.  The cha rac -  
t e r i s t i cs  of the most  common of them are presented in Table 2. The method of pK a values is par t icu lar ly  
valuable, since it can be used for the determination of very  large or very  smal l  tautomeric  equilibrium 
constants .  The principle of this method is demonstra ted in Scheme II. 

Scheme II 

pKa method for the determination of K T 

./// KT, " ~ KT= KA/KB= KCI/K D 
HA ' HA 

If two tautomeric  compounds, HA and AH, form a common cation, HAH + , the tautomeric  equilibrium 
constant {K T) is then associated with the basic i ty  constants KB and K A of HA and AH by the ra t io  K T = KA/  
K B. Although K A and KB cannot be measured  direct ly,  they can be est imated f rom the pKa values of fixed 
methylated tautomers  CH3A and ACH 3. 

I I  

(16) (l?} 

We will now consider  factors  that affect the position of a tautomeric  equilibrium of the 0-6) ~- (17) 
type.  One should make a distinction between external  (such as the polari ty of the solvent and the possibil i ty 
of the formation of hydrogen bonds) and internal fac tors .  Of the lat ter ,  two are  important:  f i rs t ,  the s t a -  
bility peculiar  to both tautomeric  functional groups,  in this case  to groups 0-8) and (19); second, the r e l a -  
tive stabilization energies  of delocalization of the s ix -~ -e l ec t ron  sys tems  in the rings of 0-6) and 0-7). 

and \N/-~x~ "-~-~x 
tt 

(is) (m) 

If we can take into account the difference in the stabili t ies pecul iar  to each of the two tautomeric  
functional groups and determine the difference in the energies  between the two tautomers ,  we are  then in 
a position to also determine such differences in the energies  of aromat ic  delocal!zation of the two tau tomers .  
For  this,  we compare  two alternative tautomeric  sys tems  (20) ~ (21) and (22) ~-~ (23). 

~,N'Y%,O i i 
I I  l i  

,'~o) (21) (2~) (~3) 

We can then set up Eqs.  (1) and (2): 

AH u = [Apyridone + (NI-I/CO) interaction] - [Apyridine + (NfOH) interaction] (1) 

AHs = (NH/CO) i n t e r a c t i o n -  (N/OH) interaction (2) 

We will assume that the interactions between NH and the carbonyl  group in (21) and (23) are  identical; 
the admissibi l i ty of this assumption is confirmed, for example, by the dipole moments  [12]. We will also 
assume that the interact ions between the ni trogen atom and the OH group in (20) and (22) are  also identical.  
Then, subtracting Eq. 0-) f rom Eq. (2), we obtain Eq. (3): 

AH~ - AH, ,  = Ap~y.ridin6-  A py~idone (3) 
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Scheme III 

~OH ~ 

/~s--A// 

--" C % o  ~= ( ~ o  
H H 

(27) (2~ 

l mpirical 
~sonance 

-- ~n~gy 
l(A pyridone~?y 

H 

128) 

~ O H  

(24) 

Emph-ical 
re$oIlaIlCe energy 
(Apyridine) 

"•OH 
(29) 

The m e a s u r e d  t au tomer ic  equi l ibr ium constants  a re  assoc ia ted  with AHu of Eq.  (3) by expres s ion  (4): 

AHu = A G .  + T A S u  = - R I "  In Ku + T A S u .  (4) 

Thus,  to de te rmine  the d i f ference  in the a romat i c  resonance  energy,  it is n e c e s s a r y  to know not only 
the constants  of both t au tomer ic  equi l ibr ia  but also the d i f ference  in ent ropies  [Eq. (5)]: 

Apyridine- Apyridone - RT In K~/Ks + T (AS~ - hSu). (5) 

As we will see below, the re  a re  different  methods to take the di f ference in ent ropies  into account.  
However ,  we will ini t ial ly examine in g r e a t e r  detai l  the approximat ions  that  were  a s sumed  when we took 
the sa tu ra ted  s y s t e m  (22) ~- (23) as the model  for  the descr ip t ion  of the in teract ion between the n i t rogen 
and oxygen a toms in unsa tura ted  s y s t e m  (20) ~ (21). In this connection, let  us turn to the ene rgy  d i ag ram 
presen ted  in Scheme III .  We will equate the d i f ference  in energ ies  between pyridone,  with local ized double 
bcmds (27), and 2-hydroxypyr id ine ,  with local ized double bonds (24), to the d i f ference  in energ ies  between 
piper idone (26) and 2-hydroxyte t rahydropyr id ine  (25). This  so r t  of approximat ion  p robab ly  does  not give 
r i s e  to se r ious  misgiv ings ,  as is apparent  f rom a compar i son  of the data p resen ted  in Scheme IV. 

Scheme IV 

Approximat ion  of a sa tu ra ted  model  

C~HsNHCOC6H~ C6HsN--CC6H5 
I 

OCH3 

pKa -2,50113] pKa ,3,4* 

(C Ha) 2NCOC H3 C t t3N---CC H3 
I 

OC2Hs 

pKa -0.19114] pKa 7.5 [15] 

ApKa 5.9 

ApK~ 7,7 

* E s t i m a t e d  f r o m  data for  CH3N=CCH3, pK a 7.5; 'CJ{~N=CCH3, 5.06;IIN=:CC6Hs, 
I I I 

OCHs OCHs OCH3 

5.80. 
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�9 CO0 cO �9 
OO0 ~ 0 o 

o 

' kcal/mole - 10 A H ,  

-10,0 -5 ,0  I~ 5',0 10.0 

Fig. 1. Dependence of the pK on AH for pro tona-  
tion of the bases :  �9 p r ima ry  aromat ic  amines;  
x ) pyridines;  � 9  various other bases .  

~H~ 
kcal/mole 

2o Arnett equation / j "  
/ /  //z / 

. / /Y 
AH~,,, : AO~ / / / / Ionizat ion of 

- lO  - / ~G ~ kcal/mole 

-,~ -~b ~ ~ 2~ 

Fig. 2. Relationship between AH ~ and AG ~ for 
tautomeric  equil ibria.  

Stronger perturbat ions of the NHCO and N = 
C (OH) sys tems might have been expected if they were 
bonded to phenyl groups (as in Scheme IV) ra ther  than 
to "unconjugated double bonds ." The ApK value when 
the methyl groups are  replaced by phenyl groups in 
the equilibrium of methylacetamide ~Scheme IV) is 1.8 
pK units.  The difference in the ApK value caused by 
the introduction of unconjugated double bonds would 
cer ta inly  be considerably less than this, and the e r r o r  
associated with this approximation is consequently 
less  than 1 pK unit. 

M e t h o d s  f o r  T r a n s i t i o n  f r o m  A G  

V a l u e s  t o  A H  V a l u e s  

The following methods were used for t ransi t ion 
f rom AG values obtained on the basis  of the t au tomer -  
ic equil ibrium constants to AH values:  

1) Disregarding the interaction with the solvent, 
one can assume that AG is approximately equal to AH, 
in accordance  with the work of Larsen  and Hepler [16]; 

2) One can c o r r e c t  the pK a values taken for the 
calculation of the individual K T values:  a) the Arnett  
[17] corre la t ion  between the AH values determined by 
a ca lo r imet r i c  method and the AG values measured  
for ionization ~ H  = 1.3AG) is used; b) the pK a values 
can also be co r rec ted  by using their  dependence on 
tempera ture ;  

3) The tempera ture  dependence of the measured  
K T values can be used. 

The relat ionship between the measured  AH 
values for the protonation of the bases  and the c o r r e -  
sponding pK a values is shown in Fig. 1. The straight  

line for p r ima r y  aromat ic  amines is present ly  rel iable for a broad range of pK values [18, 19]. Unfortu-  
nately,  the specific cor re la t ions  for other types of bases  do not come through as distinctly, although pyr i -  
dines apparently lie on the line. 

The dependence between AH and AG for tautomeric  equilibria is presented in Fig. 2. The AH value 
can be obtained direct ly  only if the position of the tautomeric  equilibrium is determined at different t e m -  
pera tures ,  and this is possible only under the condition that it is not shifted too markedly  to one or the 
other side. The data were taken p r imar i ly  f rom the studies of Soviet authors [20]; they are designated by 
c i rc les  and are  compared  with three theoret ical  lines obtained by various other methods.  Points obtained 
on the basis of the assumption that the ionization of substituted pyridine cor responds  to the line for ~pyri - 
dines that is presented in Fig. 1 are  noted by squares  in the graph, while the ionization of the second taut-  
omer  corresponds  to the line for anilines in Fig. 1. The Arnett  line is also presented.  The slopes of all of 
the lines in Fig. 2 do not differ markedly  f rom one another.  

D e t e r m i n a t i o n  o f  t h e  R e s o n a n c e  E n e r g y  f o r  

2 - P y r i d o n e  a n d  I t s  A n a l o g s  

The resul ts  obtained for 2-pyridone and its analogs are  presented in Table 3. Some of the compotmds 
n e c e s s a r y  for the pK a measurements  were inaccess ible ,  and pK a values of s imi la r ly  constructed compounds 
were therefore  used (Table 4). Some of the pK a values presented in the l i tera ture  are incor rec t ,  while some 
of the other values have not been detern~ined. Thus, for example, we found the pK a values for 1 -me thy l -2 -  
pyridone imine (13.0) and 1-methyl -2-pyr idone  methide (19.3). 
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T A B L E  3. Resu l t s  fo r  2 - P y r i d o n e  and Rela ted  Compounds  

Cit a 

PKa 

C X C H  a 

(3o) (at) 

AG u, 

keal/ 
mole 

PKa 

"--N@%XCHa 
t 
CH a 

(32) (331 

AG s, 
kcal/ 
mole ! 

cNOSHH 
-- 1,22.a 

0,32 D 
13,02 c 
19,8 c 

3,62 a 
3,28 b. 
6,86 d 
5,97 e 

--6,7 
-4,1 

8,5 
19,0 

-- 1,76 
O,19g 

11,4 f 

69 f --12,0 

79',543 ~ 10,6 0,00 
, 2,7 

AGu--AG s, 
kcal/mole 

5,3 
6.5 
8.5 

16.3 

aA.  A lbe r t  and G. B. Bar l in ,  J ,  Chem.  Soc. ,  2384 (1959). bA.  Alber t  
and J .  N. Phi l l ips ,  J .  Chem.  Soc. ,  1294 (1956). CResults  of the p r e s -  
ent  inves t iga t ion ,  dA. Albe r t ,  R. Goldacre ,  and J .  Ph i l l ips ,  J .  Chem.  
Soc. ,  2240 (1948). e l l .  C.  Brown and X. R.  Mihm, J .  A m .  Chem.  Soc. ,  
7_~7, 1723 (1965). fSee the r e f e r e n c e s  in Table  4.  g A s s u m e d  to be equal .  

T A B L E  4. Model  Compounds  for  pK a M e a s u r e m e n t s  

"Best" model 

i -  Methylpiperidine- 2 - fiaione 
2- Meuhylth.lo-3,4,5,6.te~a- 

hydropyridiae 
I -  Methyl-2-Di~sridone 
2-1,g,_m~oxy- if,4", 5,6- m~ahydro- 

pyHdine 

2- Methyl- 3,4, 5,6-tetrahydropyr- 
(dine 

1- Methyl- 2- piper(done methide 

Model 

CHaCSNHa 
CHaC (=NH)SC~Hs 

CHaCON (CHa)2 
CHaCOC2Hs 

11 
N--CH~ 

N- Methyleyclohexanone imine 
i . . . .  

t, 2- Dimethyl- 1,4, 5,6-tet rahydro- 
pyridine 

pK,, Literatttre 

- 1,76 a 
+6,9 b 

-0,19 c 
+7,5 d 

+ 9,43 e 

+11.4 f 

aRosen tha l  and T.  I. T a y l o r ,  J .  A m .  C h e m .  Soc. ,  7._99, 2684 (1957). 
bR.  W. Cha tu rved i ,  A .  E .  MacMahon,  and G. L .  Schmi r ,  J .  A m .  Chem.  
Soc. ,  8_99, 6984 (1967). CSee [14]. dsee  [15]. eM. B r e z i n a  and P .  
Zuman ,  C h e m .  Lis ty ,  4_~7, 975 (1953). fR.  Adams  and J .  E .  Mahan,  
J .  A m .  C h e m .  Soc. ,  6__~4, 2588 (1942). 

T A B L E  5. Di f fe ren t ia l  A r o m a t i c  Resonance  E n e r g i e s  0~cal /mole)  

~ less than [ ~  
XH ,- :"X 

H 

(34) (35) 

S 
O 

NH 
CH2 

Method 

5,3 
6,5 
8,5 

16,3 

2a 

4,3 
5,3 
7,0 

13,4 

~b 

5,5 
6,8 

14,6 

6,8 
8,4 

11,0 
21,1 

6,9 
8,6 

11,1 
21,4 

A n y - A x = l  1,37 Y, pK,~ 
2Ja 1,13 Y pK,~ 
2b 1,13 [A pK]- 1,48 [A pK ] 
3 1,78 s pK~ 
4 1,81 Y pK,~ 

Weigh~od 
mean value 

6 • 
7,5• 1 

10 +2 
18 • 
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TABLE 6. 
Analogs 

X 
fl x � 9  
I 

CH~ 

(30) 

s 1,30u a 
O 3.33 ~ 

NH 15,75 c 
CHs 21,3 c 

Aromat i c  Resonance  Energ ie s  of 4 -Pyr idone  and I ts  

~-Py,idone 2-Pyddoae 
px<~ lerivatives de.r~vafives 

XCH 

(37) 

5,97a 
662b 
9:12d 
6,02 r 

X 

I 
CH 3 

(38) 

f 
3,1hg 

f 

~ 5 

(39) 

f 

Apy- A x 

(difference). 

kcal/mole 

m 
6,6 
9,1 

Apy- A x 

(diffemnce), 

kcal/mole 

5,3 
6,5 
8,5 

16,3 

aA. Alber t  and G. B. Bar l in ,  J .  Chem.  Soc., 2384 {1969). bA. Alber t  
and J .  N. Phil l ips ,  J .  Chem.  Soc.,  1294 {1956). CResults of this in-  
vest igat ion,  dA. F i s che r ,  W- J .  Galloway, and J .  Vaughan, J .  Chem.  
Sbc., 3591 {1964). e l l .  C.  Brown and X. R.  Mihm, J .  Am.  Chem.  Soc., 
77, 1723 (1955). fThis compound has not yet been obtained, gJ .  V. 
Greenhil l ,  J .  Chem.  Soc. (B), 29 {1969). This is the value for  3-  
e thy laminocyc lohex-2-enone ,  hsee  note g; this  is the value for  N -  
(3-methoxy-2-cyclohexenyl idene)e thylamine .  iThe values were  a s -  
sumed  to be equal because  of s y m m e t r y .  

TABLE 7. Aromat ic  Resonance  Energ ies  of 2-Quinolone and Its 
Analogs 

X 

CH 3 

(40)  

s I -,,6% --0.71 ~ 
NH 11,68 c 
CH2] 15,01 c 

Pga 

3,17 b -5,3 
7,34 d 5 9 
5,80 e 1311 

PKs 

C %  

(42) 

~ X C H  3 

__ 3,84 h. 
--0,50 f 4,63 1 

9,25 g 8,15 J 

I 

4,4 

aA. Alber t  and G. B. Barl in ,  J .  Chem.  Soc., 2384 (1959). bs .  F.  
M as c - ,  J .  Chem.  S o c ,  674 (1958). CResults of this invest igat ion.  
dA. Alber t ,  R.  Goldacre ,  and J .  Phi l l ips ,  J .  Chem. Soc., 2240 (1948). 
e c .  Golumbic and M. Orchin,  J .  Am.  Chem.  Soc., 72, 4145 (1950). 
f c .  A. Streuli ,  Anal.  Chem.,  31, 1652 (1959). This  is the value for  N-  
methylace tan i l ide ,  gJ .  Kebr le  and K. Hoffmann, Helv. Chim.  Acta,  
39, 116 (1956). This  is  the value for  1 ,3 ,3 - t r imethy l -2 - imino indol ine .  
I~R. K. Chaturvedi ,  A. E.  MacMahon, and G. L. Schmir ,  J .  Am.  Chem.  
Soc., 89, 6984 (1967). This  is the value for  ethyl N-phenyl th io-  
bu ty r imida te .  JR. K. Chaturvedi  and G. L. Schmir ,  J .  Am.  Chem.  Soc., 
90, 4413 (1968). This is the value for  ethyl N-phenylace t imida te .  Jsee 
note g; this is  the value for  2-aminoindolenine.  
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TABLE 8. Aromat ic  Resonance  Energ ies  of 1-Isoquinolone and 
Its Analogs 

~ 2  
NH 

pK,~ 

II X 
(44)  

XCH 3 

(45) 

--2,13 a 3,93.a 
- 1 , 8 0  ' ~  3 05 b . 

7162 d 
15,,62. c 

PKa 

x 
(46) 

I 
XCH 3 

(47) 

5,7 

13,06g 8,301 6.5] -- 

aA. Alber t  and G. B~ Barl in ,  J .  Chem.  Sot . ,  2384 (1959). bA. Alber t  
and J .  N. Phi l l ips ,  J .  Chem.  Soc., 1294 (1956). CResults of the p r e s -  
ent invest igat ion,  dA. Alber t ,  R. Goldacre ,  and J .  N. Phi l l ips ,  J .  
Chem.  Soc., 2240 (1948). e j .  T.  Edward,  H. S. Chang, K. Yates ,  and 
R.  Stewart ,  Can. J .  Chem. ,  38, 1518 (1960). fAssumed to be equal.  
gResul ts  of this invest igat ion;  this is  the value for  N - m e t h y l - l , 2 , 3 , 4 -  
te t rahydroisoquinol ine  1 -meth ide .  hR. K. Chaturvedi ,  A. E.  MacMahon, 
and G. L.  Scb_mir, J .  Am.  Chem.  Soc., 89, 6984 (1967). This is the 
value for  ethyl th iobenzimidate ,  i j .  T.  Edward and S. C. R.  Meacock,  
J .  Chem.  Soc., 2009 (1957). This  is the value for  methyl  benzimidate .  
JResul ts  of this invest igat ion;  this is the value for  3 ,4 -d ihydro-1 -  
methyl isoquinol ine .  

TABLE 9. Aromat ic  Resonance  Energ ie s  of Substituted 2 -Amino-  
pyr id ines  

H 
C+H5 
COCHa 
SO2CH3 

I 
C H  3 

(SO) 

PKa 

(571 

~ N X  
CH 3 

(58) 

( N<xc.3 
(sg) 

13,02 a 
10,17 D 
7,12q 

-0,33 d 

6,86~ 
5,84 
4,09 
1,10 u 

e 

8,15 f 
r 

9,25g 

Apyridine - -  

Ap~idone' 
kcal/mole 

8,5 
7,4 

asee  the footnote in Table  3. bResul t s  of this invest igat ion.  CR. A. 
Jones  and A. R.  Kat r i tzky ,  J .  Chem.  Soc., 1317 (1959). dR. A. Jones  
and A. R. Katr i tzky,  J .  Chem.  Soc., 378 (1961). eAssumed  to  be equal.  
f J .  Kebr le  and K. Hoffmann, Helv.  Chim.  Acta,  39, 116 (1956). This  is 
the value for  2-aminoindolenine.  gsee  note f; t ~ s  is the value for  
1 ,3 ,3 - t r imethy l -2 - imino indo l ine .  

The data in Table 3 s e rved  as a bas i s  for  the conclusions p resen ted  in Table  5. The di f ference  (in 
k i loca lo r ies  per  mole) between the resonance  energ ies  of the pyridinoid (34) and pyridonoid (35) f o rms ,  ob-  
tained by var ious  methods,  is also p resen ted  in Table  5 along with the weighted mean  values .  The r e su l t s  
obtained by method 2a were  not taken into account in the determinat ion of the la t ter  values ,  s ince they a r e  
l e s s  accura te  than the data obtained by o the r  methods .  One can be eas i ly  convinced that  the deviat ions in 
the resonance  energ ies  a re  not ve ry  la rge ,  and all of these  compounds have cons iderab le  a roma t i c i ty .  
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In par t icular ,  we ar r ive  at the conclusion that 2-pyridone {35, X = O) and pyridine-2-thione (35, X = S) 
are  to a considerable degree aromat ic  compounds. Their  delocalization energy is apparently about 25 
k c a l / m o l e ,  while the most  rel iable es t imate  [21] of the aromat ic  resonance energy of pyridine i tself  gives 
32 k c a l / m o l e .  The aromat ic i ty  of 2-pyridone imine (35, X =NH) is substantial ly lower, while the a roma t i c -  
ity of the corresponding methide (35, X = CH2) is only about half that of pyridine.  

A r o m a t i c  R e s o n a n c e  E n e r g i e s  o f  4 - P y r i d o n e ,  

I t s  A n a l o g s ,  a n d  C o m p o u n d s  w i t h  C o n d e n s e d  B e n z e n e  R i n g s  

The corresponding data for 4-pyridone and its analogs (see [36]) are  presented in Table 6. Although 
the resul ts  are still incomplete,  it can sti l l  be stated at the present  t ime that all of these compounds are 
ex t remely  s imi la r  to the m e m b e r s  of the 2-pyridone se r ies  of derivat ives and have considerable  a roma t i c -  
ity. 

The aromat ic  resonance energies  for compounds of the 2-quinolone and 1,isoquinolone ser ies  are  
presented in Tables 7 and 8, respect ively .  In these cases ,  the difference in a romat ic i ty  between the quin- 
olinoid and quinolonoid forms is even less than for monocyclic  compounds. This might have been expected, 
since the heteror ing makes a smal le r  contribution to the aromatic  cha rac te r  of these compounds than to the 
monocycl ic  se r i e s .  

E f f e c t  o f  S u b s t i t u t i o n  in  M e t h y l  o r  A m i n o  G r o u p s  

A study of the effect of replacement  of the hydrogen atoms in methyl or amino groups by various sub- 
stituents also seems of interest ,  since it is known that in some cases  this sor t  of substitution has a sub-  
stantial  effect on the position of the tautomeric  equil ibrium. The (48) ~-~ (49) and (52) -~ (53) equil ibria and 
the (50) ~ (51) and (54) r (55) equilibria are compared  in Scheme V. It is apparent that the difference in 
the aromatic  resonance energies  between 2-benzylpyridine (52) and its methide (53) is about about 12 k c a l /  
mole, in contras t  to 18 k c a l / m o l e ,  found above for 2-methylpyridine.  The introduction of yet another 
phenyl group reduces the difference in the case of compounds (54) and (55) by about 1 k c a l / m o l e .  Data for 
a number  of substituents in amino groups are presented in Tab le  9. 

A r o m a t i c i t y  o f  P y r r o l e  

One can draw a conclusion relat ive to the aromat ic i ty  of pyrro le  f rom its bas ic i ty .  1-Methylpyrrole  
is a weak base that is half pr0tenated with an H 0 value of -2 .9  [25]. This cor responds  to a pK a of -3 .4  on 
the H R, scale [26]. It is known that protouation occurs  predominantly in the ~ position; however, the ~ position 
is also protonated to a cer tain degree,  and the H 0 value for half protonation is ~ - 5  ~ [25]. Assuming that 
correspondence  with the H R, scale is observed in this case,  it can be concluded that the pK a is ~ -5 .5 .  The 

Scheme V 

Effect of substituents in the methyl group 

c~,-c.=~/r  ~- co,~-c.~-~/" ;t,~ b(see [22]) 
HN~cH3 N\CH 3 

(48) (49) 

H 
(5o) (51) 

~ - ~  = ~ K,=9 (see [24]) 
CH.C6H 5 ~CHC6H 5 

" H 

(52) (53) 

~,.CH(C6Hp 2 = ~'~C(C6H~):Z~'T:8 (see [24]) 
II 

(54) (55) 
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H H II 

(6o) (ol) (02) 

protonation of the fi position of pyr ro le  can be compared  with the protonation of 1,4-dihydropyridine in the 
position [(63) ~- (64)], for which the PKa is 7.4 [27]. The pKa is consequently 12.9, which cor responds  

to a delocalization energy  of about 22 k c a l / m o l e  for  pyr ro le .  
/ 

c"3\/c"3 c " L ~ c , ~  , 

G|I 3 

(Qa) (e~4) 

A r o m a t i c i t y  o f  B e n z e n e  

To obtain values that cha rac te r i ze  the aromat ic i ty  of benzene, we will compare  the p h e n o l - c y c l o -  
hexadienone and cyc lohexenol -cye lohexanone  equil ibria.  Unfortunately, accurate  data on these equil ibria 
are not available.  We will attempt to make an approximate evaluation of the K T values for these two equil ib-  
r ia .  It should be emphasized that the e r r o r  in this sor t  of es t imate  is ra ther  large,  but the o rder  of m a g -  
nitude can never the less  be est imated co r rec t ly .  

011 0 OH 0 

(es) (o0) (0~i (6a) 

Different resul ts  relat ive to the enol concentration in cyclohexanone are  presented in the l i te ra ture :  
1.2% according to Gero [28], 0.02% according to Schwarzenbach [29], and 4 �9 10 -6 according to the recent  
data of Bell [30]. However, all of these resul ts  may still be too high, since the accura te  determination of 
smal l  concentrat ions of enol involves cer tain difficulties.  The constants of the following tantomer ic  
equil ibria can be compared:  

N=C\NH --~-- ~-c~N N=C\oH ~ ~--c% 

p/~'T= 0 pA T ~ 7,7 
(09) (70) (70 (72) 

C=C\NH ~ ~--%N. C=C,o. ~ ~--C% 

P '̂r=2 aac, to an approx, estimate, p~'T~ 10 
(7~  (74) 

(75) (7~) 

This compar ison  gives a pK T value of about 10 for the equilibrium eno l -ke tone  mixture .  This value, how- 
ever ,  seems too high, since it supposes an improbably high basici ty  of 1-cyclohexenol for cyclohexanone 's  
pK a of -5 .6  [31]. We will therefore  take a pK T of 8, which cor responds  to AG ~ of 11 kcal /mole  (this is in 
agreement  with the difference AH ~ for the k e t o n e - e n o l  equilibrium of acetone, which was obtained f rom the 
heats of hydrogenation of acetone and 2-ethoxypropene [32] and is equal to 11.6 kca l /mole ) ,  as the most  r e -  
liable es t imate .  

To est imate  the phenol-cyclohexadienone equilibrium, we will attempt to es t imate  the pK values for 
the protonation of phenol in the o position and of cyclohexadienone at the oxygen atom. For  phenol, the H 0 
value for halfprotonat ion in the 4 [33] position is - 7 .04  [34]; however, this protonation apparently cor responds  
to the He acidity function r a the r  than to H 0 [35], and the corresponding pK a is therefore  -11.3 .  The pK a 
value for protonation of phenol in the 2 position should be lower, since compounds protonated in the 2 posi -  
tion are  not detected in the NMR spect rum.  However, it is apparently not much lower, since the ra tes  of 
ac id-cata lyzed exchange of protons in the 2 and 4 positions are comparable  (see the discussion in [36]). We 
will therefore  take a pK a of -12 for the protonation of phenol in the 2 position. The pK a for 2 ,4-cyclohexa-  
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Scheme VI 

Aromat i c i ty  of 2-pyr idone 

HO~N/%O PKT=0"5 0 / ~ 0  (see [4i]) 
H H 

(79) (80) 

(81) Is2) 

dienone can be es t imated  at -2 .5  f rom the following data [37]: cyclohexanone,  H 0 for  half  protonation -7 .1 ,*  
PKa -5 .6  (without making assumpt ions  regard ing  the c h a r a c t e r  of the acidity function) [31]; cyclohexenone 
(H A acidi ty function) [39], pK a -3 .6  [39]. Hence,  for  the pheno l -2 ,4 -cyc lohexad ienone  qu i l ib r inm we ob- 

tain a pK T of 9.5, which co r r e sponds  to a AG ~ of 13 k c a l / m o l e ,  and AH ~ is consequently approx imate ly  
equal to 29 k c a l / m o l e  for  the d i f ference  in the delocal izat ion energ ies  of phenol and 2,4-cyclohexadienone.  
The (77) ~-~ (78) equi l ibr ium,  for  which AG ~ = 3.2 kca l~mole  [40], makes  it poss ib le  to e s t ima te  the de -  
local izat ion energy  of 2 ,4-cyclohexadienone at about 5 k c a l / m o l e .  We then obtain 34 k c a l / m o l e  for  the de-  
local izat ion energy  of benzene.  

0 0 
II II 

(77) (78) 

A r o m a t i c i t y  o f  2 - P y r i d o n e  a n d  U r a c i l  

The preceding method,  in which t a u t o m e r i s m  of different  hydroxy compounds with the cor responding  
nonaromat ic  de r iva t ives  was used,  can also be applied to 2-pyr idone (Scheme VI). 

A compar i son  of the ( 7 9 ) ~  (80) equi l ibr ium with the equi l ibr ium for  cyclohexenol  [(81) ~- (82)] 
demons t r a t e s  that the delocal izat ion ene rgy  of compound (79) is 17 k c a l / m o l  e h igher  than for  compound (80). 

The same  approach  is  poss ib le  in the case  of 1 ,3-d ioxopyr imidines  (uracils) .  A compar i son  of the 
(83) ~ (84) and (81) ~ (82) equi l ibr ia  indicates  that the delocal izat ion ene rgy  of compound (83) is 10 k c a l /  
mole  higher  than the delocal izat ion energy  of compound (84). 

0 0 
II fl 

HO / O P/~T =| '9 0 o (see [42]') 
H H 

(83) (S4) 

The method desc r ibed  above is quite genera l  and can be applied to mos t  h e t e r o a r o m a t i c  s y s t e m s .  

I would like to e x p r e s s  m y  spec ia l  thanks to Doctor  P .  Linda (Perugia Univers i ty)  and Doctor  M. J .  
Kuku for  the substant ia l  ro le  that  they played in this r e s e a r c h  and to Bachelor  of Sciences R. D. Taku and 
Mas t e r  of Sciences S. O. Chua for  the i r  g rea t  ~mount of expe r imen ta l  work .  
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