
EQUILIBRIUM STUDIES: SUBSTITUENT EFFECTS ON 
METHOXYPYRIDINE-I-METHYLPYRIDONE EQUILIBRIA 

P. BEAK, T. S. WOODS and D. S. MUELLER 
Roger Adams Laboratory, University of Illinois, Urbana, Illinois 61801 

(Received in the USA 12 May 1972 : Receiwd in the UK for publication 24 July 1972) 

Ahdraet- The effects of 6-chloro, S@enzo, 3,4-benzo, 4-methoxy-bmctbyl, bmcthyl4one, S,6-benzo- 
rlmethoxy, and 5,6-benxo-4+ne substitution on 2-mcthoxypyridinc-I-methyl-2-pyridone equilibria have 
been determined by measurement of the heat evolved on equilibration of substituted isomer pairs at 
lUrls0” or by determination of the quihbrium coastaL at 115,125 and 140”. In all eases the 2-one isomer 
is more stabk in the liquid phase. Estimates of differenecs in gas phase cnthalpies and in chemical binding 
energies are made for these isomer pairs. The results provide a quantitative cdtimate of tbe stability 
difference between isomerie l-methyl 2- and Cpyridoncs and show that of the substituents investigated 
only 6-ehloro substitution has a sign&ant enthalpy dfect. It is suggcstal that for substituted compounds 
in tbis series extrapolation of cnthalpy differenaa from the parent systan will be valid in most easea and 
that tbe I-methyl-2-one isoma will usually be the more stable. Comparisou ofalkylomerie and protomeric 
equilibria is eonsidcrai aod it is suggcated that, for a singk equilibrium, reactions corrected for inter- 
molax&r and solvent effcets and for kinetk aad zero-point energy differencar provided the least ambiguous 
test of approximate quantum mechanical methoda Syntbcsu of 2-mcthoxy-1,6dimethy14pyridont and 
Z-methoxy-l-methyl4quinolonc which involve the use of a trimethylsilyl blocking group provide a 
procedure wbieh should be adaptabk to the produeticm of the k.m availabk alkylomcrie isomera of many 
isoma pairs. 

EQUILIBRATION of alkyltropic isomers by the catalytic function of’ the common 
alkylated derivative ‘9 z has been used in conjunction with calorimetric or equilibrium 
constant measurements to obtain quantitative information about the differences in 
stabilities of imidateamide (l),’ pyridine-pyridone (l),’ and thiopyridine-thio- 
pyridone (2r isomer pairs: and the relationship of the general equilibration reaction 
to the many conversions of imidates to amides in which the intermediacy of a 
common alkylated derivative has been suggested or recognized5 has been discussed.’ 
For the isomer pairs 2-methoxypyridine (3)-l-methyl-2-pyridone (4) and 4-methoxy- 
pyridine (5)-l-methyl+pyridone (a), the pyridone isomers 4 and 6 are the more 
stable in the liquid phase by enthalpies of 12.1 f 08 and 8.5 f 03 kcal/mol, res- 

[Cl+X++Z-cH,] + 
CH,-X-Y=Z - o X=Y-Z-CH, 

l,X=O,Y=C,Z=NR 
2,X=S,Y=C,Z=NR 

pectively? Estimatea of heats of vaporization of the isomers suggest that in the vapor 
phase 4 is mart stable than 3 by an enthalpy of 7-7 f 24 kcal/mol, and that 5 and 6 
PIE of comparable enthalpy.j The relevant values are presented as the first two entries 
in Table 1, along with an estimate of the differences in chemical binding energy for 
these isomer pairs. 
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The importance of these different enthalpy values depends, of course, on the 
context in which the energy differences are to be used. For example, for the prediction 
of enthalpies in solution or of relative rates of reactions governed by the ground 
state enthalpy differences, relative liquid state enthalpies and heat of solution data 
would pertain. For discussion of the energy differences of the isomers devoid of 
association or solvent effects, the enthalpies in the gas phase would be useful, and 
for analysis of the fundamental difference in binding energies, such as those obtained 
from quantum mechanical calculations, the relative chemical binding energies 
would be of interest. The large estimated errors associated with the latter values 
seem realistic and reflect the difficulty of accurately gauging differences in kinetic 
and zero-point energies 3*6 between structurally complex isomers. On the other 
hand, it has been reasonably suggested that for energy differences of isomeric hydro- 
carbons effects due to terms other than potential energy are inconsequential in most 
applications.7 It was previously noted in a comparison of the relative chemical 
binding energies of the isomer pairs 2-methoxypyridine (3)--1-methyl-2-pyridone 
(4) and 2-methoxyvalerolactim-IV-methylvalerolactam that errors obtained by 
summing the estimated errors were too large, since errors made in the original 
estimates of differences in heats of vaporization and kinetic and zero-point energies 
for different functionalities would be expected to partially cancel when similar 
functionalities are compared.3 Accordingly, gas phase enthalpies will be used for 
comparison of parent and substituted isomer pairs in the cases considered here. The 
present work was undertaken to determine the ground state substituent effects of 
chloro, benzo, methoxy, and methyl groups on methoxypyridine-l-methyl 2- and 
4-pyridone equilibria and to obtain quantitative information about the relative 
enthalpies of l-methyl 2- and 4-pyridones. 

RESULTS 

The conversion of 6chloro-2-methoxypyridine (7) to 6chloro-1-methyl-2-pyridone 
(8) at 130” by the catalytic action of 6chloro-2-methoxy-1-methylpyridinium fluoro- 
borate is too slow for convenient measurement of the enthalpy of reaction. According- 
ly, the ground state enthalpy difference between 7 and 8 was found to be -4.1 + 2.2 
kcal/mol in favour of 8 (Table 1) from a plot of log K us. l/T, with the equilibrium 
constants being determined by approach to the equilibrium mixture from both sides 
at 115, 125, and 140”.4 The entropy difference between the isomers obtained by this 
analysis is 4 _t 5 eu: in accord with previous estimates for the parent system 3+,3 
it is likely that the entropy difference between 7 and 8 is actually negligible. It is clear 
that the enthalpy difference between 7 and 8 is significantly less than for the un- 
substituted isomers 3 and 4 and this difference is reflected in the enthalpies given for 
the gas phase and chemical binding energies in the second and third columns of 
Table 1. 

Equilibration of the quinoline-quinolone isomer pairs was carried out in the 
previously described calorimeter3 and the heats of equilibration were measured 
directly. The relative liquid phase enthalpies obtained, expressed in favour of the 
quinolones, are - 11.5 +_ D7 kcal/mol for 2-methoxyquinoline (9)-l-methyl-2- 
quinolone (lo), and - 13.9 + 09 kcal/mol for l-methoxyisoquinoline (ll)-2- 
methyl-1-isoquinolone (12) (Table 1). The conversions of the liquid phase enthalpies 
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TABLE 1. RJ!L.ATIVE EINL?RGY DIPPERENCE~ FOR THE PYSUDINL-PYRIDONE ISOMER PAIRS IN kcal/mol 

Isomer pair AH, AH,’ AEcbrm,c.n,,ndis, 

cl 1’ c_ 
N’ OMe 

3 

?Me 

cl 1’ c 

N’ 

Cl 

7 

- 12.1’ f 08 - 1.7 * 2,3 

tie 

4 

6 

Cl 

Me 

8 

tie 

10 

- 8.5” + 03 + 01 f 1.8 + 01 + 3.3 

- 4.1 f 2.2 + 03 f 3.1 + 03 f 5.2 

- 11.5 f 07 - 7.1 * 2.2 

- 13.9 f 09 - 95 + 2.4 

- 7.1 * 3.7 

- 9.5 f 3.9 

+ 97 + 4.0 + 1.1’ * 1.0 + 97 f 2.5 

- 1.7 + 3.8 

LI Data from ref. 3 with the values obtained from mixtures deleted. 
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to gas phase values and to differences in chemical binding energies given in Table 1 
are based on the assumption that the differences in heats of vaporization for the 
isomers in the present study will be the same as for 3 and 4.j Accordingly, the AH,” 
values collected in Tabk 1 am obtained by subtracting 4.4 f 15 kcal/mol, AAH”,,,, 
for 3 and 4, from AH,‘, since the pyridine isomers are the more volatile. The difference 
in the kinetic and zero-point energies of 3 and 4, previously estimated as 15 kcal/mol, 
is added to AH#” to give the AEchemi~u,ladlnS values. Although the use of 3 and 4 as 
appropriate models is justified by the reliability of homolog and group increment 
conversions in standard methods for estimating heats of vaporization,* the estimated 
heats of vaporization remain the weakest point in these estimates. 

13 

OMe 

FKI 1. Equilibration of the isomer triad l&14-15 

Equilibrations of the 2,4dimethoxypyridine-2-methoxy-l-methyl4-pyridone- 
4-methoxy-1-methyl-2-pyridone isomers 13-U-15 and 1617-18, summarized in 
Table 2, provide the first study of isomer triads (Fig 1) by the alkylated catalyst- 
calorimetric procedure. The liquid phase enthalpies for the isomer pairs are: 
2,4dimethoxy-6-methylpyridine (13w-methoxy-1,6dimcthyl-2-pyridone (14), 
- 12.1 f 04 kcal/mol: 2-methoxy-1,6dimethyWpyridone (19-14, -47 f 03 
kcal/mol: 2.4dimethoxyquinoline (16)-Gmethoxy-l-methyL2quinolone (17), 
-105 f 05 kcal/mol: and 2-methoxy-1-methyl4quinolone (18)-17, -56 f 06 

kcal/moL Equilibrations of the pairs 15-14 and 18-17 were carried out in solution 
in 14 and 17, respectively, and include a correction for the heat of solution of the 
less stable isomer in the more stable isomer. This procedure was necessary because 
the neat isomers 15 and 18 tended to rearrange thermally to 14 and 17 at tempera- 
tures above their melting points. The compositions of the mixtures were determined 



Equilibration studies: Substitucnt effects on methoxypyridioc-1-methylpyridone equilibria 5511 

TABIJJ 2. RELATIVE LINEROY DIFTKREN CM FOR THE NJiTHOXYPY RwNpyprmlxypyilIwNE IsOmR PAIRS 

IN kcai/mol 

Isomer pair AH, AH; AL.ac.,w., 

OMC OMe 

MeaOMe = ..f& -12.1*04 -7.7k1.9 -7.7k3.4 

l3 

0 

VMe ?Me 

I 
Me 

14 

OMe 

-4.7 * 04 - 106 f 1.9 - 106 f 3.4 

Me 

Me 

w 

- 6-l f 2.0 - 61 f 3.5 

16 17 

doMF do -5.6*@7 -11.5k2.2 -11.5k3.7 

the 
18 

t!4e 

17 

by withdrawal of a sample just prior to breaking the catalyst bulb, and the heats of 
solution of 15 and 14 and 18 in 17 were estimated as 06 f 01 kcal/mol, since that 
value is obtained as the heat of solution of I-methyl4-pyridone (6) in I-methyl-2- 
pyridone (4) at 130”. Because 15 and 18 are solids at 130”, the standard states for the 
equilibrations of these isomers are those of the supercooled liquids. The conversions 
of the liquid phase enthalpies to the gas phase and to chemical binding energies 
(Table 2) are as outlined above except that the differences in the heats of vaporization 
of the isomers lS14 and 18-17 were estimated on the basis of the differences in the 
estimated heats of vaporization of 4 and 6 as -5.9 f 1.5 kcal/mol, with 14 and 17 
being the more volatile.3 Measurement of heats of equilibrations in a solution of 
the more stable isomer with correction for the heat of solution is an extension of the 
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alkylated derivative-calorimetric method for obtaining energy differences which 
could prove useful for other thermally unstable isomers. 

The structure of 18 was assigned relative to 17 by Arndt et a/.? on the basis of its 
higher basicity and its lower yield when produced by reaction of 4-hydroxy-l- 
methyL2quinolone with diazomethane. Both a more efficient synthesis and a 
definitive structure proof of 17 and 18 were required. The synthesis of 18 from 
4-hydroxy-l-methyl-2-quinolone as outlined in Fig 2 proceeds in 27x, overall yield. 

ClSi(Mc), 

pyridine 

Me 

0 

H,O, (Et),N 

OMe 

?-SitMe), 

I 
Me 

I MeOSO,F 

?-Si(Me), 

FSO; 

Me 

FIG 2. Synthesis of 2-methoxy-I-methyl4quinolone (18) 

The sequential use of the trimethylsilyl group as a blocking group and methyl 
fluorosulfonate as an efficient methylating agent to produce the previously more 
difficult to obtain alkyltropic isomer should be a process which conveniently makes 
available a number of compounds previously obtained only in low yields and usually 
in admixture with an isomer in syntheses where multiple alkylation sites are available. 
The same procedure was used to prepare in 37% yield, 2-methoxy-1,6dimethyl- 
cl-pyridine 15 from 1,6-dimethyl-4-hydroxy-2-pyridone. A structure proof 
for 17 is outlined in Fig 3. The key compound in this correlation is 2chloro4- 
methoxyquinoline, which is converted to both 17 and 1-methyl4quinolone of 
established structure. The spectral propertiesrOv” of 14, 15, 17, and 18 are also 
consistent with the structures assigned to these compounds. The structures of 14 
and 15 follow by synthetic analogy and from the fact that these compounds conform 
to an ultraviolet spectral correlation which seems reliably diagnostic of isomer type 
for the pyridones.’ I* 

DISCUSSION 

The effect of a substituent on pyridine-pyridone equilibria can be gauged by 
comparison of the enthalpy difference for the substituted isomer pair with the 
enthalpy differences for the unsubstituted pair. In principle, comparisons should be 
made only for the diiferences in chemical binding energies, the last column in both 
tables. However, as noted heretofore, such a comparison would lead to unrealistic- 
ally large error estimates, and the gas phase enthalpy differences, column three in 
Tables 1 and 2, will be used for evaluation of substituent effects.’ 
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QMe VMe 

he 

I NaOH, H,O 

OMe 

ti 
1; 1 

N 
I 

on ’ 1 ; 0 
I 

die 17 ?he 

tk 3. Structure proof for ~methoxy-i-methyl-2~qu~nolone (Ii’) 

The following conclusions can be drawn by comparing the enthalpg difference of 
the substituted and unsubstituted pairs: (i) A &chloro-substituent shifts the enthalpy 
from strongly favouring the 1-methyl-Zpyridone system (34) sufficiently towards 
the 2-methoxypyridine system that 7 and 8 have comparable enthaipies. (ii) A 6 
methyl or S,d-benzo substituted 4-methoxy-l-methyl-Zpyridone is of lower enthalpy 
than the isomeric &methyl or 5,6 benzo 2-methoxy-I-methyM-pyridone by about 
11 f 3 kcal/mol (lS-14 and 18-17). (iii) Neither benzo conjugation of the quinolone 
or isoquinolone type nor 4-methoxy or B-methyl substitution has a major enthalpy 
effect on methyl pyridone-pyridone or i-methyls-pyridone-2-pyridone enthalpy 
differences since the differences within the sets (a) 3-4,9-10, and 11-12: (b) lS14 
and 1617: (c) 15-14 and 18-17: and (d) 3-4 and 13-14 are small. (iv) A substituted 
2+dimethoxypyridine may be of lower enthalpy than the isomeric 2-methoxy-l- 
methyl+pyridone provided that a cancellation of errors occurs in the heats of 
vaporization estimates, but the gas phase enthalpy differences for 13-15 and 1618 
of 2-9 t 3.8 and 5.4 f 4.2 kcal/mol in favour of the d~ethoxypyridine isomer are 
within experimental errors of the difference for M of 01 f: 1.8 kcal/mol. 

The effect of the 6-chloro substituent in shifting the enthaipy from favouring the 
2-pyridone in the unsubstituted pair S4 towards the pyridine in the pair 7-8 would 
be expected a priori on the basis of steric, resonance, and inductive effects. However, 
a steric effect is probably not dominant since a 6-methyl substituent does not seem 
to have a large effect on the enthalpy differences for the pairs 3-4 and G-14? and 
different evaluations of the relative sizes of chioro and methyl substituents suggest 
that chloro is slightly the smaller. ‘* Consideration of the inductive effect of chlorine 
on relative resonance energies of 7 and 8 may he seen in the contributors 7a and 8a, 
which suggests that the electron withdrawing effect of the Gchloro substituent 
would tend to favour contribution of the dipolar canonical structure 7a, which 
places a negative charge on the imidate nitrogen, while the same effect would tend 
to disfavour contribution of the dipolar canonical structure 8q which places a 
positive charge on the amide nitrogen. A related inductive effect in the sigma frame- 
work would focus on the electron demands of nitrogen and suggest that 6chloro 

t It is assumed that the effect of the 4-merhoxy group cancels in 13 and 14. 
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substitution destabilizes 8 relative to 7 if the amide nitrogen is assumed to be more 
electronegative than the imidate nitrogen. Paquette et al., suggested the latter type 
of effect, along with a conjugation effect, to explain the relative stabilities of isomeric 
cyclopropyl substituted imidates in the azabulvalenes.’ 3~‘**15 Gordon and Katritzky 
have suggested a resonance effect similar to that above in their study of the proto- 
merit equilibria of the chloropyridones. l6 Other comparisons of protomeric 
pyridone equilibria in solution which show a linear free energy relationship for 
substituent effects support the above indication that the effect of the 6-chloro group 
on the equilibrium of 7-8 is primarily electronic.” On the other hand, both steric and 
electronic effects may be important in the equilibria of the nitrogen and oxygen acyl 
pyridones.ls 

Me 

The enthalpies of the Cmethoxy-I-methyl-2-pyridones 14 and 17 relative to the 
2-methoxy-1-methyl4pyridones 15 and 18 provide a value of 11 f 3 kcal/mol for 
the relative enthalpis of I-methyl-Zpyridones and 1-methyl4pyridones only if 
the effect of the methoxy group is considered to be independent of its location in the 
2- or rlposition. Such independence is not likely for either the electronic or steric 
effects of the methoxy function. That steric effects can play a major role in 4-mcthoxy- 
pyridine-1-methyl4pyridone equilibria is seen by comparing the enthalpy for the 
unsubstituted isomer pair 5-6 with that for the 2,6diphenyl substituted isomer pair 
19-20 (Table 1). In the unsubstituted case the isomers are of comparable energy, but 
for the 2,6diphenyl substituted case the Cpyridone is disfavoured by 9.7 f 2.5 kcal/ 
mol. Although estimation of the magnitude of the steric effect in 19 and 20 is compli- 
cated by the fact that steric and electronic effects may act in concert to disfavour 20, 
it seems clear that a steric effect is important. On the other hand, steric effects do not 
appear to be dominant in comparisons involving 2-methoxpyridines and 1-methyl-2- 
pyridones: the gas phase enthalpies for 3+ 9-10, 11-12, 13-14, and 1617 are 
within experimental error of one another. The apparently minor role of steric effects 
in these equilibria may reflect the small “size” of the amide carbonyLLg In any case, 
the greater stability of the 1-methyl-2-pyridones 14 and 17 over the isomeric l-methyl- 
4-pyridones 15 and 18, respectively, is best taken as a provisional quantitative 
indication of relative stabilities of the l-methyl 2- and Cpyridones. 

Although the lower enthalpy of a 1-methyl-2-pyridone relative to a 1-methylA- 
pyridone is consistent with qualitative resonance arguments which would depict the 
dipolar contributors to the 2-pyridone as having less charge separation than the 
4-pyridone, such a rationalization should be viewed with considerable skepticism7 
because of the unknown differences in the sigma bond energies of the isomeric 

t For example, extrapolation of these rationalizations to estimates of aromatic character appear 
unwarranted. Although the relationship between magnetic and thermodynamic criteria of aromatic 
character is not clear. it has been shown that both 2- and 4-pyronc, which bear the same structural rela- 
tionship to each other as do I-methyl 2- aod Cpyridoncs, appear to be non-aromatic by magnetic crit~ria.‘~ 
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pyridones. Nonetheless, the lower enthalpy of a 2-one relative to a Cone appears to 
be general, i* 21 and it can be suggested that in the absence of dominant perturbations 
2-one isomers will generally be of lower enthalpy than isomeric rlones for six- 
membered formally heteroaromatic molecules. 

The differences between the liquid and vapor phase enthalpies given in Table 2 
for the isomer triads D-14-15 and 16-17-18 illustrate again5 the importance of 
considering heats of vaporization in order to correct for association effects in seeking 
fundamental information about enthalpy differences. In these instances the enthalpy 
differences between the 4- and 2-one isomers are increased by conversion to the gas 
phase, while the differences between the dimethoxy and 2-one isomers are decreased 
by the same conversion. In fact, comparison of the dimethoxy and 4-one isomers 
suggests that the latter ate of slightly higher enthalpy than the former, a result which 
is not indicated by the liquid phase data. 

That benzo conjugation does not have a major energy effect in these systems is 
shown by the fact that the enthalpy differences for the isomer pairs 3-4, !LlO, and 
11-12 are within experimental error of one another, as are the enthalpies of the 
isomer triads 13-14-15 and 16-17-18. Since the effect of benzo conjugation is 
usually considered to attenuate the energy effects associated with aromatic character 
of the benzo substituted ring22 and since comparison of the enthalpy difference of 
-7.7 + 2.3 kcal/mol for %I with that of - 14.1 f 2.0 kcal/mol for the non-aromatic 
pair 21-22 establishes that participation of an imidate in an aromatic ring lowers 
its energy relative to that of its isomeric amide, it might have been expected that 
benzo conjugation would have increased the energy difference between the pyridine 
and pyridone isomers. In fact, however, comparisons do not even show a trend in 
this direction, a result which might be attributed to a small steric effect disfavouring 
the amide isomer in each pair. 

CL N' OMe 

21 

CI, 
ie 

22 

The effect of substituent changes on energies can be compared meaningfully 
between alkyltropic and prototropic isomer pairs only if the observed energy 
differences are suitably corrected for differences in association energies.’ One method 
of implicitly making this correction is to limit comparison to structurally related 
series in the same medium such that association effects would reasonably be expected 
to caru~l.~‘~~~ Thus, comparison of the equilibria H and 21-22, which were used 
to provide an estimate of the thermodynamic aromatic stabilization of4 relative to 3, 
has been extended to extract similar information from solution protomeric studies 
of 23-24 and 25-26.24 In the same way, the effect of the 6chloro substituent on the 
enthalpy of 7-8 relative to M has been noted as precedented (vi& supra) by proto- 
merit studies in which the equilibrium 27-28 is shifted toward 27 relative to that 
for 23-24.“‘~~~ Quantitatively for the protomeric systems in water at 20”, the effect 
of the 6-chloro substituent shifts the free energy towards the imidic acid by ca. 
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2 + 1 kcal/mol zzs the same substitution in the alkylomeric series shifts the enthalpy - 
towards the imidate by 8.1 + 6.0 kcal/mol. The agreement between these values is 
not impressive, but the large errors associated with the enthalpy value and the fact 
that solvent has a major effect on the equilibrium 27-2112’ obscure the quantitative 
significance of this comparison. Qualitative agreement of problematical quantitative 
significance is also found in other comparisons. In the case of the quinolone and 
isoquinolone isomer pairs the protomeric series in solution shows a free energy 
difference of cc. 1 + 1 kcal/mol in favour of the isoquinolone pair being more in the 
form of the amide26 and the alkylomeric series has an enthalpy difference of 
2.4 f 4.6 kcal/mol in the same direction, suggesting in both cases no large enthalpy 
differences for this comparison. Previous studies on the hydroxypyridone27 and 
hydroxyquinolone2* tautomers have shown that the 2-one form is favoured in 
solution, but to an unknown degree, so quantitative comparison to the alkylomeric 
cases is not possible. 

b’+d 
/c\ 

b d 

OH 

A 
2XM,a=b=c=d=CH 

2%26,a=b=c=d=CH, 

27-28,a=CCI,b=c=d=CH 

The fact that alkylomeric and protomeric equilibria within analogous series do 
not always exhibit compensation of solvation effects is shown by comparing the 
first two entries in Table 1 with the corresponding protomeric systems. Thus the 
2-pyridone, 3, is favoured in the isomer pair 34 by 7.8 & 4-l kcal/mol more than 
the 4-pyridone, 5, is favoured in the isomer pair 5-6: however, for the corresponding 
protomeric equilibria in water at 20” the 4-pyridone is favoured by a free energy of 
cu. 1 kcal/mol more in equilibrium with 4-hydroxypyridine than is the amide 
2-pyridone in equilibrium with 2-hydroxypyridine.26 The difference in these energies 
could be attributed to the fact that the requisite heats of vaporization and solution 
of 2-pyridone and 4-pyridone do not cancel in the protomeric series and thus may be 
taken to suggest that, for protomeric equilibria in solution, the compounds compared 
must be quite closely related structurally. Although protomeric equilibria are of 
considerable interest,2Q the information gleaned from such equilibria about relative 
stabilities must be implicitly or explicitly corrected for solvent effects, if the values 
are to be used to estimate energy differences of isolated molecules. This is especially 
pertinent for evaluations of the different approximate quantum mechanical methods 
which have been used to predict relative chemical binding energies of heteroaromatic 
imidate-amide isomer pairs. 3o Alkylomeric equilibria corrected to the gas phase and 
for kinetic and zero-point energies appear at present to offer the least ambiguous 
test of such calculations in these systems. Qn the other hand, predictions of trends 
by calculations for a series of equilibria using solution data should prove correct if 
solvent effects are cancelled by the comparison throughout the series.23 

In conclusion, the isomer pair M appears to provide a reliable quantitative 
model for enthalpy differences in similar pyridine-pyridone systems unless a chlorine 
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atom, or presumably another strongly electron withdrawing group, is substituted at 
the 6-position. The isomer pair 5-6 appears to provide a useful but less satisfactory 
quantitative model for related equilibria. The relative insensitivity of the enthalpy 
difference from the parent systems to substitution suggests that generalization on 
the basis of the stabilities of the parent systems is warranted for other hetero- 
aromatics, provided that obvious dominant inductive or steric effects are absent. 

EXPERIMENTAL 

Infrared spectra were obtained on a Perkin-Elmer 521 spectrophotometer. Ultraviolet spectra were taken 

on a Cary 14 ultraviolet-visible-infrared recording spectrophotometer. Nuclear magnetic resonance spectra 

were recorded on Varian Associates HR-220, HA-100, A-60A, A-56/60, and T-60 spectrometers and 

chemical shiRs are reported as 6 (ppm) relative to the internal TMS. Mass spectra were obtained with 

Atlas CH4 and CH5 machines. M.ps were determined on a Biichi capillary apparatus and are corrected : 
b.ps are uncorrected. Elemental analyses were determined by J. Nemeth and associates. The NMR, IR 

and mass spectral properties of the known compounds arc consistent with the assigned structure-s unless 

otherwise noted. 
All analytical gas chromatography was conducted with a Varian 1800 flame ionization instrument. 

using ai in x I$ ft. column packed with Carbowax 20 M on 60/80 Chromosorb W at column temperatures 

of 75 and 100”. All preparative GLPC was conducted on a Varian A-90-P thermal conductivity instrument, 

with a 8 in. x 5 ft. column packed with Carbowax 20 M on 60/80 Chromosorb P, at column temperatures 

of 130 and 160”. Column chromatograms were carried out, as indicated, on Brinkman silica gel (00542 

mm) or Merck chromatographic alumina, with a lOO:l ratio of adsorbant to mixture unless otherwise 

indicated. Four column volumes ofthe following solvent mixtures were used to elutccach column : petroleum 

volumes of the following solvent mixtures wcrc used to elute each column: petroleum ether (3OM)“). 

benzene-petroleum ether, benzene chloroform-benzene, chloroform, ether+zhloroform. ether, ethyl 

acetate-ether, ethyl acetate, methanol-ethyl acetate, and methanol: when mixed solvents were used, 

1,2,3,4,5, IO, 20 and 5pl, mixtures of the more polar solvent in the less polar solvent were used for elution. 

6-Chloro-2-methoxypyridinel7) (Aldrich Chemical Co.) was purified by distillation, b.p., 394”, 03 Torr 

(lit.” 73-55”. 15 Torr), and by preparative GLPC (130”). 

6-Chloro-I-methyl-2-pyridine (8) was preplrcd by heating 14.3 g (01 mol) of 6chloro-2-methoxypyridine 

with 10% 6-chloro-2-methoxy-1-methylpyridinium fluoroborate at 130” for 22 hr. Chromatography on 

alumina and elution with petroleum ether gave a white solid which was recrystallized from pentane-ether 

(3/l) to give needles, 454 g (32 %), m.p. 62# (lit.3’ 6-Y). 
6-Chloro-2-methoxy-I-methylpyridinium jluoroborote. To a solution of 7.15 g (005 mol) of 6chloro-2- 

methoxypyridine (7) and 9.0 (QO46 mol) of silver lluoroboratc in 125 ml of 1.2dichlorocthane was added 

20 ml (0.31 mol) Mel and the mixture was stirred for 24 hr. The precipitate obtained by filtration of the 

mixture was treated with hot abs MeOH and the solution was combined with the reaction tiltrate. Concentra- 

tion of this solution and dilution with an equal volume of ether gave 7.77 g (69 %) of tine white needles, m.p. 

152-153”; IR (nujol) 3135 (C-H), 1630 (C==N), 1293 (C-N), 1175 (C-O-C), 1060 (BF,), and 810 cm-’ 

(C-Cl): NMR (CD&N) 6 8.36 (d of d, J,, = 8.0 Hc Jq5 = 8.8 HI I, H-4). 7.62 (d of d, J,5 = I.3 Hz, 

J,, = 8.8 Hz, I, B-5). 7.54 (d of d, J,, = 8.0 H7, Ja, = 1.3 HZ I, H-3). 432 (s, 3, 0-_sllj). 4% (s. 3, 
N-CC,). (Cak for C,H9BCIF,NO: C, 34.26: H, 3.70: N, 5.71: Cl 14.45. Found: C, 34.23: H, 3.68: N, 

5.71: Cl, 14.462,). The same compound was obtained in 79% yield in an identical manner from 8. 
2-Methoxyquinoline (9) was prepared from 2-chloroquinoline and NaOMe in abs MeOH in 96%. yield : 

b.p., 6365”. 003 Torr (lit.32 247”. 760 Torr). 
I-Methyl-2-@no/one (10) was prepared by heating 2-mcthoxyquinoline with IO mol percent methyl 

tosylate at 130” for 24 hr. Purification by hexane-ether (3/l) recrystallizations yielded 44% crystalline 10: 

m.p. 71-72’ (lit.J4 74”). 
2-Methoxy-1-methylquinolinium fluoroborate. To a solution of 200 mg (I.26 mmol) of I-methyl-2- 

quinolone in 40 ml of l,2-dichloroethane was added 230 mg (1.20 mmol) of silver fluoroborate and 2.25 g 

(16 mmol) MeI. The solution was stirred for 24 hr, and the resulting precipitate was collected, washed three 
times with MeOH, and the filtrate combined with the original filtrate and concentrated. Excess ether was 
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The initial mixtures obtained in the cases of the thermally unstable isomers were analyzed by the UV 
method of Dewar and Urch.‘9 

Control experiments showed that no heat of solution of the catalysts in 14 or 17 could be detected, that 
the heat of stirring the contents of the reaction vessel could not be detected, and that the mixtures studied 
were homogeneous melts at the time of bulb breakage. The initial amounts of the reactants, the calibration 
factors, Q, the observed pen deflections the heat liberated, and the AH,“, as well as the average AH,” for 
each compound, are listed in Tables 3-8. The errors are standard deviations estimated by the method of 
Bauer.“’ 

TABLE 4. CAU)RIMETRtCALLY D&RMtNRD AH; BETWeeN ~-~IEIHOXY~.WQU~NOLINE (11) AND 2-METHYL-l- 
IsoQUINOLONE (12) AT 150” 

Initial mmol 
11 

Initial mmol 
catalyst 

Qe Observed Heat evolved AH, 

W/cm) deflection (cm) (Cal) (kcal/mol) 

9.42 0575 8.46 1649 1392 - 14.8 

9.48 0575 9.04 13.12 118.6 - 12.5 

6.30 0383 7.61 12.12 92.3 - 14.7 

634 0383 8.47 IQ59 898 - 14.2 

626 0383 9.32 8.92 83.0 - 13.3 

6.33 0383 8.82 IQ11 89.2 - 14.1” 

Av. - 13.9 f 09 

a Calculated from two calibrations only 

TABLE 5. CALORIMETRICALLY DEIXRMINRD AH; BETWREN ~,~-DI~OZTHOXY-~-~~ETHYLPYR~D~NP (13) AND 
4-blEl-HOXY-l,6-DIbrEZTDYL-2-PYRtDONE (14) AT 150” 

Initial mmol 
13 

Initial mmol 
catalyst 

Qe 
W/cm) 

Observed Heat evolved AH, 
deflection (cm) (Cal) (kcal/mol) 

13.1 0808 900” 17.2 155 - 11.8” 

13.2 0822 II.4 14.5 165 - 12.5 

13.1 Q808 II.5 13.5 156 - 11.9 

Av. - 12.1 f 04 

0 Calculated from three calibrations only 
b T = 140”. 

TABLE 6. CALOR~M~R~CALLY DEMLMNRO AH, BEIWERN M~XTURB OF ~-~IE~HOXY- I ,6-DIMETDYL-4-PYR~DONE 
(15) AND 4-blJITHOXY-~,bDlMPtlLYL-2-PY (14) AND PURE 14 AT 130” 

Initial Initial 
mmol mmol 

15 14 
._ -__ 

676 6.42 
974 908 
4.98 685 

Initial 
mmol 

catalyst 

0820 
0871 
0463 

Qe 
(Cal/cm) 

5.50 
5.26 
6.24 

Observed 
deflection 

(cm) 

614 
979 
4.48 

Heat 
evolved 

(Cal) 

33.8 
51.5 
28.0 

AH, 
(kcal/mol) 

-50 
- 5.3 
- 5.6 

Av. - 5.3 f 03 
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TABLE 7. CALOM~~~~IUCALLY DBIgRlQNBD m; BBIWXBN 2,4-Dlb4LTlIOXYQUlNOLlNE (16) AND b#RlliOXY 
I-borrHYL-2-Qun.JoLoNe (17) AT 140” 

Initial mm01 
16 

Initial mm01 
catalyst 

Qe 
(Cal/cm) 

Observed Heat evolved AH,” 
deflection (cm) (al) Qcal/mol) 

7.54 0492 8.45 930 78.7 - 104 
108 0708 947 12.3 116 - 107 
104 0687 8.39 13.0 108 - 104 

Av. - 105 02 f 

TABLE 8. CALORIMETRICALLY Dm A& B-N WXTIJRBS OF 2-ME.TIiOXY-1-MElHYL4QUlMEDNE 
(Is) AND h4ElHOXY-l-htWHYL.- 2-QumoLoNL? (17) AND PURE 17 AT 130” 

Initial Initial 
mm01 mm01 

18 17 

3.27 728 
I.99 15.62 
2.38 666 

Initial 
mm01 

catalyst 

0749 
0698 
0598 

Qe 
(al/cm) 

7.17 
680 
766 

Observed 
detlection 

(cm) 

2.53 
1.97 
1.95 

Heat 
evolved AH, 

(Cal) (kcal/mol) 

18,l - 5.5 
13.4 - 6.7 
14.9 - 63 

Av. - 62 06 f 

Estimation sf the heats 4 mixing o,f isomer pairs. Heats of mixing of the isomer pairs 15 in 14 and 18 
in 17 were estimated by measuring the heats of mixing of model 6 in 4 to give mixtures of the average 
composition obtained in the calorimetric runs. The heats of mixing were measured in the calorimeter in 
a round-bottomed glass vial which had two compartments separated by a frangibk glass partition each 
containing the pure components to be mixed. After thermal equilibration and calibration, the glass 
partition was broken, and the heating or cooling of the calorimeter was observed. Values obtained for a 35 % 
mixture of I-methyl-l-pyridone in I-methyl-2-pyridone at 130” were +05 and +07 kcal/mol of l-methyl- 
4-pyridone. 

GLPC determination of the liquid-phase K, for the calalyzed, thermal isomerization 47 and 8 Two 
isomer mixtures which bracketed the equilibrium mixture in initial concentrations of 7 and 8 were used 
and the change in concentration of 7 and 8 was observed to approach a common value for each mixture.* 

TMI~E 9. GLPC Dm &, AHp, G AND Ax Bm 2-METHOXY-rnROPYJuDlNE (7) AND 

1 -MI~~EM_-~-cHLC~~~-PY~~~NE (8) 

115” 125” 140” 

Initial 8fl mol ratios 4.11 x lo2 8.08 x 102 748 x 10’ 
5.34 x 10’ 3.91 x lo3 5.97 x 103 

wt. catalyst fmg) 60 60 6.0 
equilibration time (day@ 60 1.0 2.0 
Keq x lo3 2.05 f 040 1.75 f 015 1.45 f @SO 
AH,” Ikcal/mol) -4.05 * 2.21 -4.05 * 2.2 405 + 2.2 
AG; (kcal/mol) -5.90 f 010 -5.94 f 004 -6al + 0.24 
AS,” (ev) 4.18 f 5.35 4.75 f 5.35 463 f 473 

0 7, S, and the catalyst were shown to be stable individually under the reaction conditions by NMR 
analysis and by m.p. for the latter two compounds 
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The ratio of 8: 7 was between 1 x lo3 and 8 x lo* for the more dilute mixture, and between 1 x 10’ and 
8 x 10’ for the more concentrated mixture. Ratios before and after equilibration were determined by 
GLPC. Equilibrations were carried out in the presence of 10 wt. Tl, of the catalyst in vacuum-sealed thick- 
walled glass tubes placed in oil baths at the specified temperature f 1”. After suitabk reacticm time had 
elapsed, the tubes were opened and the contents were treated with CC& and filtered. The solvent was 
carefully evaporated and the residue was dissolved in CHICI for GLUT analysis Appropriate controls 
employing known concentrations of tbc isoma pairs established the accuracy of this procedure. The 
equilibrium constants obtained at 115”, 125”. and 140” were plotted us. l/T to give AGP, AH:, and w. 
(Tabk 9). 

The final equilibration residue showed the presence of an unidentilied impurity by GLPC which 
increased in magnitude with higher temperatures and longer equilibration time. The amount of the 
impurity varied from approximately equal magnitude with the minor isomer to twenty times that magni- 
tude. The amount of this material did not appear to influence the magnitude of the equilibrium constants 
and this material was not identified. 
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