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The relative activation energies for the methylation of pyridine, 37 alkyl-substituted pyridines, and 6 het- 
eroeubstituted pyridines were calculated by using semiempirical all-valence electron (MIND0/3) self-consistent-field 
procedures. The rates of alkylation covered more than 5 orders of magnitude. A reactivity model was constructed 
by placing a CH3+ moiety 1.88 A from the pyridine nitrogen and completely optimizing the CH3+-substrate 
supermolecule. A transition-state (TS) model was determined by consideration of the dequaternization of the 
N-methylpyridinium cation. The energy difference between the TS model and the completely optimized 
ground-state molecule for the 44 compounds resulted in a good correlation with the logarithms of the methylation 
rate constants. Implications of this work to nonadditive steric and electronic effects are considered. The model 
is used to evaluate changes in the position of the TS in these methylation reactions. 

I. Introduction 
The Menschutkin reaction of substituted pyridines (eq 

1) continues to provide a great deal of information re- 
garding electronic, steric, and solvent factors in organic 
chemical  reaction^.^ To date, most interpretations of the 

CH, 

Menschutkin reaction have been carried out in the context 
of linear free-energy relationships (LFER).3-9 Recently, 

(1) For the previous paper in this series, see: Seeman, J. I. Chem. Rev. 

(2) For a preliminary account of this work, see: Viers, J. W.; Schug, 
J. C.; Seeman, J. I. J. Am. Chem. SOC. 1982,104, 850-851. 

(3) Reviews: (a) Zoltewicz, J. A.; Deady, L. W. Adv. Heterocycl. Chem. 
1978,22, 71-212. (b) Tomasik, P.; Johnson, C. D. Zbid. 1976,20, 1-64. 
(c) Johnson, C. D.; Roberts, I.; Taylor, P. G. J. Chem. Soc., Perkin Trans. 

(4) (a) "Correlation Analysis in Chemistry"; Chapman, N. B., Shorter, 
J., Eds.; Plenum Press: New York, 1978. (b) "Advances in Linear Free 
Energy"; Chapman, N. B., Shorter, J., Us.; Plenum Press: London, 1972. 
(c) Albery, W. J.; Kreevoy, M. M. Adv. Phys. Org. Chem. 1978,1687-157. 
(d) Grob, C. A. Angew. Chem., Znt. Ed. Engl. 1976, 15, 569-575. (e) 
Johnson, C. D. "The Hammett Equation"; Cambridge University Press: 
New York, 1973. 

(5) (a) For recent theoretical studies of SN2 transition states, including 
geometry evaluations, see: Wolfe, S.; Mitchell, D. J.; Schlegel, H. B. J. 
Am. Chem. SOC. 1981,103,7692-7694,7694-7696. (b) For a very inter- 
esting and thorough review of steric effects with illustrations incorpo- 
rating the Menschutkin reaction of pyridines and other heterocycles, see: 
Gallo, R. In 'Progress in Physical Organic Chemistry"; Taft, R. W., Ed.; 
Wiley: New York, in press. We thank Prof. Gallo for sending a preprint 
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of this manuscript. 
(6) Seeman, J. I.; Galzerano, R.; Curtis, K.; Schug, J. C.; Viers, J. W. 

J. Am. Chem. SOC. 1981,103,5982-5984. 
(7) (a) le Noble, W. J.; Miller, A. R. J. Org. Chem. 1979,44,889-891. 

(b) Berg, U.; Gallo, R.; Metzger, J.; Chanon, M. J.  Am. Chem. SOC. 1976, 
98.1260-1262. (c) Yamataka. H.: Ando, T. Ibid. 1979,101,266-267. (d) 
Abraham, M. H.; Nasehzadeh, A. J. Chem. SOC., Chem. Commun. 1981, 
905-906. (e) Harris, J. M.; Paley, M. S.; Prasthofer, T. W. J.  Am. Chem. 
SOC. 1981,103,5915-5916. (0 Kevill, D. N. J .  Chem. SOC., Chem. Com- 
mun. 1981,421-422. (g) Rodgers, J.; Femec, D. A.; Schowen, R. L. J.  Am. 
Chem. SOC. 1982, 104, 3263-3268. (h) Kurz, J. L.; Seif El-Nasr, M. M. 
Ibid. 1982, 104, 5823-5824. 

(8) Arnett, E. M.; Reich, R. J .  Am. Chem. SOC. 1980,102,5892-5902. 
(9) (a) Johnson, C. D. Tetrahedron Lett. 1982, 2217-2218. (b) Epsz- 
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for interesting discussions. 
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a considerable and continuing debate7d-fJ',g concerning the 
nature of the pyridine alkylation transition state (TS) was 
provoked by an elegant study by Arnett and Reich.8 We 
have been particularly interested in the Menschutkin re- 
action on the basis of our preliminary evidence that in- 
dicates excellent correlations between the alkylation rates 
of various substituted nicotines and their pharmacological 
activity.'O 

The Menschutkin reaction is an extremely interesting 
candidate for reactivity modeling. Kinetic data for the 
methylation of a very wide range of alkyl- and heteroat- 
om-substituted pyridines are available, including com- 
pounds whose reactivities are dominated by steric effects 
and others controlled by electronic e f f e ~ t s . ~ J ~ - ' ~  The 
interpretations of the relative reactivities of substituted 
pyridines by means of linear free-energy relations have 
generally been successful, except for 2,3- and 2,6-disub- 
stituted pyridines, where large steric effects and non- 
additivities become apparent. Brown and co-workers have 
made detailed studies of the latter cases and have suc- 

0 

(10) (a) Seeman, J. I.; Secor, H. V.; Hartung, H.; Galzerano, R. J .  Am. 
Chem. SOC. 1980, 102, 7741-7747. (b) Seeman, J. I.; Secor, H. V.; 
Chavdarian, C. G.; Sanders, E. B.; Bassfield, R. L.; Whidby, J. F. J. Org. 
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Purdue University, in the appendix of the Bank Dissertation. (d) Brown, 
H. C. "Boranes in Organic Chemistry"; Cornel1 University Press: Ithaca, 
NY, 1972; Chapters 5-8. (e) Brown, H. C. J.  Chem. Educ. 1959, 36, 
424-431. (f) Brown, H. C. J. Chem. SOC. 1956, 1248-1268. 
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Table I. Methylation Rate Constants, MIND0/3-Calculated Relative Activation Energies, and Nonadditive 
Rate Factors [ S a ]  of 1-44 

compd k re1 calcd' S a  A E *  1 A E * / R T  
pyridine (1) 
2-picoline ( 2 )  
3-picoline (3) 
4-picoline (4) 
2,3-lutidine ( 5 )  
2,4-lutidine (6) 
2,5-lutidine ( 7 )  
2,6-lutidine ( 8 )  
3,4-lutidine (9) 
3,5-lutidine (10) 
2,4,6-trimethylpyridine (11 ) 
2,3,5,6-tetramethylpyridine (12)  , 
2,3,4,5,6-~entamethylpyridine (13) 
2-ethylpyridine (14) 
3-ethylpyridine (1 5 )  
4-ethylpyridine (16) 
2-isopropylpyridine (17)  
3-isopropylpyridine (18) 
4-isopropylpyridine (19) 
2-tert-butylpyridine (20) 
3-tert-butylpyridine (21)  
4-tert-butylpyridine (22) 
2-methyl-3-ethylpyridine (23) 
2-methyl-5-ethylpyridine (24) 
2-methyl-3-isopropylpyridine (25) 
2-methyl-5-isopropylpyridine (26) 
2-methyl-3-tert-butylpyridine (27 ) 
2-methyl-5-tert-butylpyridine ( 28) 
2-ethyl-3-methylpyridine (29) 
2-ethyl-5-methylpyridine (30) 
2-ethyl-6-methylpyridine (31) 
2-isopropyl-3-methylpyridine (32)  
2-isopropyl-5-methylpyridine (33 ) 
2,6-diethylpyridine (34 ) 
2,6-diisopropylpyridine (35) 
2,3-~yclopentenopyridine (36 ) 
2,3-~yclohexenopyridine (37 ) 
2,3-~ycloheptenopyridine (38) 
2-aminopyridine (39) 
4-aminopyridine (40) 
2-amino-6-methylpyridine (41) 
2-cyanopyridine (42) 
4-cyanopyridine (43) 
3-methoxypyridine (44) 

1 
0.43 
1.7 
2.1 
0.43 
0.92 
0.82 
0.040 
3.4b 
2.6 
O. l l '*d  
0.013e 
0.015e 
0.22f 
2.2' 
2.3' 
0.075 f i g  

2.4' 
2.2' 
0.0 00 20 f,g 
2.8' 
2.2' 
0.48' 
1.1' 
O.5lc 
1.2' 
0.33' 
1.3c 
0.24' 
0.54' 
0.0035 
0.0O3lc 
0.17' 
0.0037' 
0.02015' 
1.9 

0.30 
0.50g 

36.05 
0.050' 
0.0020R 
0.096P 
0.98' 

l . l b  

0.74 
0.90 
0.73 
0.18 
3.6 
2.9 
0.17 
0.034 
0.071 

0.95 
0.95 
1.0 
1.0 
1.2 
1.2 
0.37 
0.37 
0.095 
0.13 
0.13 
0.048 
0.0056 
0.73 
0.73 
0.73 

0.22 

0 
1.7 

-0.9 
-2.1 

0.59 2.2 
1.0 -0.3 
1.1 1 .G 
0.22 5.5 
0.95 -2.8 
0.90 -1.8 
0.65 4.6 
0.38 8.4 
0.21 7.1 

1.6 
-1.5 
-2.6 

1.5 
-1.0 
-3.0 

8.2 
-1.9 
-3.4 

0.51 2.6 
1.2 0.4 
0.49 2.4 
1.2 0.4 
0.27 2.9 
1.1 -0.03 
0.64 2.9 
1.5 1.2 
0.037 6.6 
0.024 5.2 
1.3 0.7 
0.076 6.9 
0.027 8.5 
2.6 -2.3 
1.5 -0.3 
0.41 1.4 

-1.0 
-8.4 

0.23 3.9 
4.7 
0.8 

-1.2 

0 
2.9 

-1.5 
-3.6 

-0.5 
3.6 

1.6 
9.2 

-4.7 
-3.1 

7.7 
14.2 
11.9 

2.7 
-2.5 
-4.4 

4.1 
-1.8 
-5.1 

-3.1 
-5.8 

4.4 
0.7 
4.0 
0.7 
4.9 

-0.04 
4.9 
2.1 

11.2 
8.8 
2.8 

11.7 
17.2 
-3.9 
-0.4 

2.4 
-1.8 

-14.3 
6.6 
7.9 
1.3 

-2.0 

13.9 

a Nonadditive rate factor S = k,l/kcAd. Perfect additivity is obtained when S = 1. Reference 6, acetonitrile, 25 "C. 
c Reference 11, nitrobenzene, 25 "C. d Reference 1 2 ,  nitromethane, 60 "C. e Reference 13, acetone, 25 'C., 
l l a ,  nitrobenzene, 25 "C. 
acetone, 25 "C. 
monosubstituted pyridines and applying LFER. ' Calculated using eq 2-3 (kcal/mol- I ) .  

Reference 

Calculated using relative rate constants for the 
Reference 14, acetonitrile, 30 "C. 

Reference 17,  dimethyl sulfoxide, room temperature. 
Reference 15, dimethyl sulfoxide, 23 "C. * Reference 16, 

ceeded in quantifying these kinetic steric effects." In a 
very recent paper,lg the present authors have also discussed 
the reactivities of 2,X-disubstituted pyridines and estab- 
lished that the nonadditivities are steric in origin. One of 
the most illuminating previous studies was that of Berg 
et  al.5bJ4 in which the relative rate constants were em- 
pirically dissected into electronic and steric components. 

While these earlier studies have clearly established the 
importance of both electronic and steric effects, and have 
in some cases quantitatively evaluated both components, 
little has actually been accomplished in terms of obtaining 
a basic understanding of the data. That is, no success has 
been achieved in calculating the relative reactivities from 
first principles. In the present paper, we take a step in 
this direction. We propose a model that  allows for the 
unified treatment of electronic and steric effects. It ac- 
counts successfully for nonadditive substituent effects and 
allows the treatment of heteroatom substituents as well. 

(19) Seeman, J. I.; Schug, J. C.; Viers, J. W. J. Org. Chem. 1983, 48, 
2399-2407. 

Sections I1 and I11 of this paper deal with the con- 
struction of a model transition state for the Menschutkin 
reaction and the use of MINDO/3 calculations to calculate 
relative methylation activation energies for 44 pyridines 
(1-44, cf. Table I), including the most reactive alkyl- 
pyridine (toward iodomethane, 3,4-lutidine) to the least 
reactive (2,6-diisopropylpyridine) for which kinetic data 
are currently available. Also included in the series are six 
heterosubstituted pyridines, thereby extending the re- 
activity range examined herein to greater than 5 orders of 
magnitude. A good correlation between experimental rate 
constants and theoretical relative activation energies is 
obtained, indicating that the model is indeed capable of 
predicting electronic and steric effects. In section IV, we 
discuss possible variation in the TS structures for the series 
of substrates treated. 

11. Reactivity Model 
Two different theoretical approaches can be applied 

toward an improved understanding of chemical reaction 
rates in general. One approach involves obtaining a de- 



4894 J. Org. Chem., Val. 48, No. 25, 1983 Schug, Viers, and Seeman 

Table 11. Comparison of Pyridine Alkylation Relative Rate Constants 

compd 
pyridine 
2-picoline 
3-picoline 
4-picoline 
2,3-lutidine 
2,4-lutidine 
2,5-lutidine 
2,6-lutidin e 
3,4-lutidine 
3,5-lutidine 

~~~ ~ 

methylation ethylation ally lation 
CH,CN/25 'C" CH,CN/30 "Cb PhN0,/25 'CC PhNOJ60 "Cd PhNO,/6O "Ce 

1 1 
0.43 0.50 
1.7 2.1 
2.1 2.2 
0.43 
0.92 
0.82 
0.040 
3.4 4.23 
2.6 3.97 

1 1 
0.47 
2.1 2 .o 
2.2 2.1 
0.56 
1 .1  
1.1 
0.042 

4.2 
4.0 

1 
0.16 
1.5 
1.8 
0.16 
0.32 
0.27 

2.8 
2.4 

,0.0039 

~ ~ ~~ 

Statistical analysesf 
slope 0.897 0.977 0.760 0.641 
intercept -0.112 -0.149 0.042 0.381 
r 0.986 0.996 0.997 0.989 
n 6 8 5 10 
P 0.00034 0.00009 0.00490 0.00001 
SDR 0.139 0.115 0.128 0.205 

a Reference 6b. Reference 14. Reference 11. Reference 21. e Reference 12. The reported correlations are 
linear relations between natural logarithms of the relative rates between each of the literature sets of data (columns 2-5) 
and our methylations in acetonitrile/25 "C; r is the correlation coefficient, n is the sample number, p is the probability, and 
SDR is the standard deviation of the residuals. Slope ( m )  and intercept ( b )  are for the relationship In (column 1 )  = m In 
(column x )  + b.  

tailed knowledge of the minimum energy reaction path on 
the multidimensional energy hypersurface for a particular 
set of reactants.20 Because of the complexity of this type 
of investigation, studies to date have been limited to very 
simple types of reactions. The second approach involves 
the derivation of a suitable reactivity model, alternatively 
described as a model for the reaction transition state. 
Successful models for quantitation of steric hindrance in 
ester hydrolyses and SN2 reactions have been reported by 
DeTar and his students,21 and similar transition state 
models have subsequently been evaluated for other reac- 
tions by other g r o ~ p s . ~ ~ , ~ ~  Fundamental to this approach 
is the hypothesis that the model TS structures yield an 
estimate of steric and electronic factors affecting the 
transition state, and that the change in activation energy 
is proportional to these factors, as quantified by the chosen 
theory. 

In the present study, we adopt the second approach 
discussed above and base our model on the postulate that 
relative activation energies can be estimated by considering 
interactions between CH3+ ions and the several molecules, 
as illustrated by 45. 

This m del d es not specifically consider solvent effects 

(20) Muller, K. Angew. Chem., Int. Ed. Engl. 1980,19, 1-13. 
(21) (a) DeTar, D. F.; Tenpas, C. J. J. Am. Chem. SOC. 1976, 98, 

7903-7909. (b) DeTar, D. F.; Luthra, N. P. Ibid. 1980,102, 4504-4512. 
(c) DeTar, D. F. Ibid. 1974,96, 1254-1255, 1255-1256. 

(22) (a) Birkhofer, H.; Beckhaus, H.-D.; Ruchardt, C. Tetrahedron 
Lett. 1983, 185-188. (b) Ruchardt, C.; Beckhaus, H.-D. Angew. Chem., 
Znt. Ed. Engl. 1980, 19, 429-440. 

(23) Allinger, N. L. In "Advances in Physical Organic Chemistry"; 
Gold, V., Bethell, D. Eds.; Academic Press: London, 1976; Chapter 1. 

or charge separation and bond breaking associated with 
the nucleofuge. Abraham has shown that varying the 
solvent for a given pair of reactants can change the reaction 
rate by as much as several orders of magnitude;24 Arnett 
and Reich have concluded that the energy requirement for 
bond breaking is the single most important factor in de- 
termining the rate.8 Considerable controversy concerning 
TS structure in the Menschutkin reaction remains as ev- 
idenced by subsequent work by Johnson: Abraham,Id and 
others . 7c,e,f*h 

To evaluate the need to consider unusual solvent and/or 
TS variation effects in these reactions, we have compared 
the rates of methylation shown in Table I with other 
available alkylation data. Table I1 shows the available 
data. The correlations presented in Table I1 are linear 
relations between the logarithms of the present experi- 
mental relative rate constants (column 1) and the loga- 
rithms of the relative rate constants determined by the 
other investigators. The most complete comparison of our 
methylation data is with the allylation results of Clarke 
and Rothwell12 in different solvents (acetonitrile vs. ni- 
trobenzene) and at different temperatures (25 vs. 60 "C). 
Additional comparisons include ethylations and methyla- 
tions in alternative solvents and temperatures. From the 
excellent relationships that exist between these sets of 
alkylation rate constants (cf. the lower section of Table 11, 
which lists the correlation coefficients and additional 
statistical parameters), we tentatively conclude that dif- 
ferential solvation and changes in leaving group will not 
invalidate correlations involving the logarithms of relative 
rate ~0nstants . l~ 

We next had to choose a theoretical algorithm to use in 
conjunction with our TS model. Berg and Gallo have 
recently employed Allinger's molecular mechanics method 
to determine transition-state structures from estimated 
strain energies in the methylation of 2-alkylpyridine~.~~*~~ 
Because a suitable force field for nitrogenous heterocycles 
was (and remains) unavailable,26 Berg and Gallo used a 

(24) Abraham, M. H. Prog. Phys. Org. Chem. 1974, 11, 1-87. 
(25) Berg, U.; Gallo, R., unpublished results. We thank Prof. Gallo 

for supplying us with these unpublished results. 
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the C4-N axis of pyridine at a reasonably large distance 
from the nitrogen atom. As the CH3+ ion is moved toward 
the nitrogen, the MIND0/3-derived total energy of the 
system continuously decreases until dNcM reaches its 
equilibrium value for the corresponding N-methyl- 
pyridinium cation. This is illustrated for pyridine and 
2-tert-butylpyridine in Figure 1. 

The functional behavior illustrated in Figure 1 is not 
limited to semiempirical treatments. Hariharan et al. and 
Kaufman et al. have carried out ab initio (model potential) 
self-consistent-field calculations for the attack of CH3+. on 
a ring nitrogen of guanine and have found a very similar 
total energy-dNcM relation~hip.3~9~~ Without performing 
any geometry optimization, Hariharan et al. calculated an 
energy difference of about 107 kcal/mol between the 
separated CH3+ (planar)-guanine pair and the equilibrium 
guanine-CH3+ (tetrahedral) cation, the latter occurring at 
a dNCM distance of about 1.77 Our MIND0/3 calcu- 
lations2s yielded an equilibrium distance dNCM of 1.45 A 
for the N-methylpyridinium cation, almost identical with 
the experimental value of 1.46 A. The total energy in- 
creased by 105 kcal/mol when dNCM was increased from 
its equilibrium geometry value to 3.5 A. 

The forward (alkylation) and reverse (dequaternization) 
processes must pass through the same TS. By the prin- 
ciple of microscopic reversibility, the dequaternization 
reactiod4 can be employed to determine our TS model. 
Berg and Gallo have summarized the evidence that solvent 
effects should be very similar for the quaternary salt and 
the methylation transition state of pyridine.25 Therefore, 
solvent effects need not be explicitly included for the re- 
verse activation process. 

For the dequaternization of N-methylpyridinium iodide, 
Arnett and Reich have determined the enthalpy of acti- 
vation to be 36.35 kcal/mol,8 and we matched this number 
to a calculated model activation energy. Starting from the 
optimized structure of N-methylpyridinium cation, which 
exhibited good agreement with the crystal structure of 
N-methylpyridinium iodide,lg we moved the exocyclic 
methyl carbon atom (C,) away from the nitrogen atom 
and, a t  each distance dNC , optimized all other geometric 
parameters. As illustrate! in Figure 1, the energy differ- 
ence between each CH3+-pyridine supermolecule (45, R 
= H) and the optimized N-methylpyridinium cation in- 
creased essentially linearly with dNCM from 1.6 to 2.3 A; a 
value of 36.35 kcal/mol was reached at a distance of dNCM 
= 1.88 A. We adopted this value for dNCM for our reactiwty 
model in the methylation of substituted pyridines 1-44. 

111. Relative Alkylation Rates of Substituted 
Pyridines 

The relative rate constants for the methylation of pyr- 
idine, 37 alkylpyridines, and six heterosubstituted pyri- 
dines are listed in the first column of Table I. The data 
for compounds 1-10 and 36-38 were obtained by us a t  25 
"C in acetonitrile.6 The relative rates for the remaining 
compounds are from Brown and his students,ll Berg and 
G a l l ~ , ~ ~ J ~  le Noble and 0go,l6 Deady et al.,15917 and Clarke 
and Rothwell.12 Attempting to reconcile data from dif- 
ferent laboratories may cause some difficulty due to sys- 
tematic errors. However, the complete set of data seems 
to be reasonably consistent (cf. Table 11). Moreover, the 

0 
v) 'k 
21 I 

-I I 
f . 5  2 . 0  2 . 5  3 . 0  3 . 5  

~ N C M  

Figure 1. Total energy (kcal mol-') for [pyridine-CHJ' and 
[ 2-tert-butylpyridine-CH3]+ supermolecules as a function of the 
N-C distance, dNCM (A). ET is given in each case relative to the 
value obtained for the equilibrium cation. 

standard pyridine ring geometry for their  calculation^.^^ 
They also found it necessary to specify a particular geom- 
etry for the attacking CH3+ ion. From the results of 
several different force fields, they concluded that the best 
average transition state has a N-CH3+ distance (dNcM) of 
about 1.81 A. 

We decided to employ the MIND0/3 algorithmna since 
earlier studies have shown that this method correctly 
predicts energies and structural information for pyridines 
and the related N-methylpyridinium ~at i0ns . l~  We have 
found that the nonadditive part of the iodomethylation 
rate constants for 2,5-7,23,25,27, and 36-38 are highly 
correlated with the molecular position of their 2-alkyl 
substituent.6 We have also reported an excellent corre- 
lation between experimental heats of reaction for a number 
of alkylpyridines and boron trifluoride and the MIND0/3 
calculated heats of methy1ati0n.l~ 

Numerous other studies have been reported that used 
the MIND0/3 method with carbocations and related 
 specie^.^^,^^ Although MIND0/3 was originally param- 
eterized for equilibrium geometries of molecules, Dewar 
and co-workers31 have applied the method to studies of a 
wide range of reaction mechanisms, including transition 
states of charged species, with considerable success. 

When considerations are limited to CH3+-nucleophile 
interactions, no saddle point exists on the model reaction 
hypersurface. Consider for example the supermolecule 
obtained by placing a CH3+ moiety at some position along 

(26) (a) Osawa, E.; Muaso, H. Top. Stereochem. 1982,13,117-193. (b) 
Profeta, S., Jr. PbD.  Disseration, University of Georgia, Athens, GA, 
1978. _ _  . _. 
(27) Bingham, R. C.; Dewar, M. J. S.; Lo, D. H. J. Am. Chem. SOC. 

(28) (a) Schmidling, D. Q.C.P.E. 1978,II, 350. (b) Rinaldi, D. Comput. 
1975.97, 1285-1293, 1294-1301, 1302-1305. 

Chem. 1976,1, 109-114. 

cited therein. 
(29) McManus, S. P. J. Org. Chem. 1982,47,3070-3075 and references 

(30) Tasaka. M.; Onata, M.; Ichikawa, H. J. Am. Chem. SOC. 1981,103, - 
1885-1891. 
(31) (a) Dewar, M. J. S.; McKee, M. L. Inorg. Chem. 1978, 17, 

1075-1082. (b) Cone. C.: Dewar. M. J. S.: Landman. D. J. Am. Chem. SOC. 
1977, 99, 372:376. '(c)'Dewar: M. J. S.: Landmb. D. Ibid. 1977, 99, 
2446-2453. 

~ ~~ ~ 

(32) Haraharan, P. C.; Popkie, H. E.; Kaufman, J. J. Int. J. Quantum 
Chem., Symp. 1979,13, 255-265. 

(33) Kaufman, J. J.; Hariharan, P. C.; Popkie, H. E.; Petrongolo, C. 
Ann. N.Y. Acad. Sci. 1981, 367, 452-471. 

(34) For a discussion of the dequaternization of heterocyclic meth- 
iodides and leading references, see: Deady, L. W.; Korytsky, 0. L. Tet- 
rahedron Lett. 1979, 451-452. 
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Figure 2. Relationship between the MIND0/3-calculated ac- 
tivation energy AE* and the methylation rate constants for the 
alkylpyridines 1-38 (eq 4). 

total data give a wide range of relative rates, and the ob- 
jectives and results of this study justify examination of the 
entire set. 

All calculated results in this paper were obtained by 
using the GEOMO (MINDO/3) program, which incorpo- 
rates geometry optimization.28 Our approach was direct. 
For each nucleophile, we (a) optimized the geometry for 
the free base and obtained a total energy, EFB,6 (b) con- 
structed our reactivity model 45 with the attacking methyl 
carbon (CM) 1.88 A away from the pyridine nitrogen and 
minimized the energy with respect to all other geometric 
parameters, thereby obtaining a total energy for the model 
TS, ETS, and (c )  estimated the model activation energy 
relative to pyridine, AEIi by using eq 2-3. If the model 
is appropriate, we expect a good correlation of log (krel) 
with AE*. 

&E* = ET9 - EFB (2) 

AE*i = 6E*i - 6E,, (3) 

Figure 2 shows the correlation obtained for pyridines 
To test the generality of our model, we 

(4) 
[ r  = 0.937, n = 38, p = 0.00001, SD of residual = 

0.4141 
applied it to several pyridines involving substituents other 
than alkyl groups. As shown in Table I, we chose com- 
pounds that primarily exerted electronic effects (e.g., 4- 
aminopyridine) and substrates dominated by steric factors 
(e.g., 2-amino-6-methylpyridine). The procedure is iden- 
tical with that described above for the alkylpyridines. The 
calculated results are listed in Table I, and Figure 3 shows 
a graph of log (kreJ vs. AE*/RT for these species (39-44) 
(including pyridine). The least-squares straight line is 
given by eq 5. 

( 5 )  
[ r  = 0.956, n = 6, p = 0.0026, SD of residual = 0.4691 
If these six heterosubstituted pyridines are combined 

with the other 38 pyridines discussed earlier, the resulting 
correlation is given by eq 6. I t  appears that our model 

log (krJ = -0.192 - 0.17l(hE*/RT) (6) 

0.4591 

1-38 (eq 4). 
log (kreJ = -0.093 - O.178(AEt/RT) 

log (kreJ = -0.689 - 0.171(AE*/RT) 

[ r  = 0.921, n = 44, p = 0.00001, SD of residual = 

I " 
i 

- 1 0  -5  0 5 1 0  
L+ : 

AE+/RT 
Figure 3. Relationshp between the MIND0/3-calculated acti- 
vation energy AE* and the methylation rate constants for the 
heterosubstituted pyridines 39-44 (eq 5). 
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Figure 4. Relationship between the MIND0/3dculated ac- 
tivation energy hE* and the methylation rate constants for the 
entire set of pyridines for which experimental data were obtained 
in our laboratories (1-10 and 33-36). See eq 7. 

is capable of correlating both alkyl-substituted and het- 
erosubstituted pyridines simultaneously. Note that the 
slopes of eq 4-6 are nearly identical, indicating the com- 
patibility of the treatment of alkyl-substituted and het- 
erosubstituted pyridines. 

It is important to note that the kinetics data used in the 
above correlations have experimental uncertainties, not 
only because they represent average values over limited 
sets of experiments but also because we have gathered 
together data from different sources. As indicated in Table 
I, the methylations were run in different solvents, and 
although the relative rate constants are highly correlated 
from one solvent to another (Table 11), the slopes are not 
unity. In addition, there are unquestionably significant 
errors associated with the rate constants for the hindered 
pyridines, and it is for these that the deviations from the 
correlation lines are the greatest. 

To investigate to what extent using data from different 
laboratories has biased the statistics of our reactivity 
model, we have correlated the model activation energies 
with relative rate constants using experimental results 
obtained exclusively in our laboratories (1-10 and 36-38). 
The resultant correlation (Figure 4 and eq 7), which spans 



Reactivity Model for the Menschutkin Reaction 

log (krJ = -0.0522 - 0.1295(AE*/RT) (7) 

[ r  = 0.973, n = 13, p = 0.00001, SD of residual = 
0.1231 

nearly 2 orders of magnitude in rate, is much better in 
terms of linear free-energy relationships than the previous 
correlations. The utility of any theoretical model is de- 
pendent on the consistency of the experimental data. We 
conclude that the current model may actually be better 
than is indicated by the statistical parameters of the 
preceding correlations (eq 4-6), which utilize data from 
different laboratories. 

The correlations (eq 4-7) are fairly impressive for a 
number of reasons. First, the correlations that incorporate 
large samples (n = 38 for eq 4 and n = 44 for eq 6) are 
significant to greater than one part in one hundred thou- 
sand. Second, it is striking that a theoretical study of this 
type, which included steric effects and electronic effects 
simultaneously, mimics experimental observations over 
such a wide range (for the alkylpyridines, 4 orders of 
magnitude; with the inclusion of the heterosubstituted 
pyridines 39-44,5 orders of magnitude). Third, we further 
emphasize that this model predicts reactivity trends for 
systems that incorporate dominant steric effects (e.g., 
2,6-dialkylpyridines) as well as dominant electronic effects 
(e.g., 3,4-dimethylpyridine, 4-aminopyridine). In addition, 
the model successfully treats numerous pyridines that 
exhibit nonadditive kinetic effects. Each of the 14 2,3- 
disubstituted pyridines and four 2,6-disubstituted pyri- 
dines methylate in a nonadditive fashion, as indicated by 
a value of S < 1 (cf. Table I). 

An unusual result occurred when we treated 2-fluoro- 
pyridine. The optimized ground-state structure was not 
exceptional, but in the model TS, the fluorine atom was 
displaced toward the carbon of the attacking methyl group, 
so that it was almost within bonding distances of the 
pyridine nitrogen, CM, and one methyl hydrogen, as well 
as C2 of the pyridine ring. This configuration was quite 
stable so that the calculated AE*/RT was -50.78. This, 
of course, would predict a rate constant many orders of 
magnitude larger than that for pyridine rather than the 
experimentally observed krel = 0.001 31. Interestingly, 
Dannenberg recently made an INDO study of the nu- 
cleophilic attack of F- on methyl, ethyl, and isopropyl 
fluoride, and in the latter two cases, he observed deep 
minima corresponding to "specific interactions between 
F- and hydrogen on the alkyl groups".35 Dannenberg 
suggested that these minima would disappear in the 
presence of a solvent. Ab initio calculations at the STO-3G 
level also found a similar abnormality in the reaction of 
CH3F with F, in that a lower energy stable intermediate 
rather than a transition state was produced; this abnor- 
mality disappeared when a 4-31G basis set was used.36 
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IV. Struc tures  of Model Transition States 
In all cases, the pyridine ring in the optimized model 

TS remains essentially planar, and the carbon atom (CM) 
of the attacking CMH3+ group is very close to being in the 
plane of the ring. The dihedral angles 7(NC2C3C4) and 
7(NC6C,C4) measure nonplanarity of the pyridine ring, and 
all were found to be less than lo. The dihedral angles 
7(CMNC2C3) and 7(CMNC6CS) measure the deviation of CM 
from the pyridine ring plane and were no larger than 1.5'. 

Table 111. Comparison of Methylation Activation 
Energies Relative to  Pyridine 

( ~ N c M  = 
AE*eXptl? 1.88 a) ,  d N C M * ' b  

compd kcal mol" kcal mol-' a 
pyridine 0 0 1.88 
2-picoline 0.1 1.7 1.87 
3-picoline -0.3 -0.9 1.89 
4-picoline -0.3 -2.1 1.90 
2,6-lutidine t 1 . 2  + 4.8 1.85 
2-isopropylpyridine + 0.9 +1.5 1.87 
2-tert-butylpyridine + 3.6 +9 .4  1.83 

the pyridine nitrogen and CM for which the calculated 
activation energy matches the experimental activation 
energy. 

Data from ref l l a .  ~ N C ~ *  is the distance between 

The largest deviations from coplanarity occurred for the 
most sterically hindered system. 

For the symmetric compounds (e.g., 1, 4, 10) and those 
with no ortho substituent (e.g., 3 and 9), CM is found to 
be essentially colinear with C4-N. The 2,6-disubstituted 
compounds (8, 11-13,34 and 35) deviate from colinearity 
here by about 1.5', the methyl group being forced slightly 
out of the plane of the pyridine ring. For compounds 
having a single a-substituent, the methyl carbon CM in the 
model TS is forced out of colinearity with the C4-N axis 
but remains in the plane of the ring. For 2,3- and 2,5- 
lutidine, LC~NCM is 173.7', while for 2-picoline and 2,4- 
lutidine, it is 174.3'. Approximately the same lack of 
colinearity (6') was found for cyclohexenopyridine (37) and 
cycloheptenopyridine (38), while for cyclopentenopyridine 
(36) the deviation was only 4'. In the series 2-methyl-, 
2-ethyl-, 2-isopropyl-, and 2-tert-butylpyridine (2, 14, 17, 
and 20), as the 2-substituent increases in size, CM is driven 
continuously further off the C4-N axis. The deviations 
from colinearity were found to be 5.7O, 6.5', 7.2', and 12.9O, 
respectively, for 2, 14, 17, and 20. 

We have previously examined the effect of alkyl sub- 
stituents on pyridines and on the corresponding N- 
methylpyridinium cations by MIND0/3-geometry opti- 
mization and have found significant internal bond angle 
variations as a function of substituent bulk.lg Not sur- 
prisingly, alkyl substituents display similar effects on the 
bond angles for the model TS. For a monosubstituted 
system, the ipso angle decreases by ca. 4-6', the a-angle 
increases ca. 3-4', and there are minor changes for the @- 
and y-angles. 

When the pyridine is substituted in two adjacent pos- 
itions, the optimized model TS structures exhibit nonad- 
ditive changes3' in the internal as well as external ring 
angles. Such structural nonadditivities are similar to the 
results we reported earlier for the effect of adjacent sub- 
stituted pyridines and the N-methylpyridinium cations.lg 
As noted in an earlier paper,19 nonadditive changes in 
structural parameters for the 2-substituted pyridines are 
well-correlated with their kinetic nonadditives. As noted 
in the preceding section of this paper, the present model 
calculations adequately account for these kinetic nonad- 
ditives in terms of changes in activation energies. 

The question of possible variation of transition-state 
~tructure,~, '  through the series can be addressed by com- 
parison of our estimated relative activation energies with 
the experimental activation energies obtained several years 

(35) Dannenberg, A. B. J. Am. Chem. Soc. 1976, 98, 6261-6265. 
(36) Schlegel, H. B.; Mislow, K.; Bemardi, F.; Bottoni, A. Theor. Chin. 

Acta 1977, 44, 245-256. 

(37) For an interesting theoretical approach to energy additivity and 
related matters, see: Murdoch, J. R.; Magnoli, D. E. J .  Am. Chem. SOC. 
1982, 104, 3792-3800 and references cited therein. 
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in dNCM would lead to changes in activation volumes by 
factors of 2 or more. 

Not too much quantitative significance should be placed 
on dNCM* because of the uncertainties in the experimental 
activation energies. Arnett and Reichs determined an 
energy of activation for pyridine methylation that differed 
from the value of Brown et al.” by more than 1 kcal mol-’. 
This variation would effect the quantitative, but not the 
qualitative, nature of our conclusions. Uncertainties also 
exist in the calculated relative activation energies, A P d d  
Aside from leaving group and solvent effects, the large 
number of internal geometric degrees of freedom in the 
molecules considered causes additional calculational dif- 
ficulties. Especially troublesome are the internal rotational 
degrees of freedom associated with ethyl, isopropyl, and 
tert-butyl groups. Our experience has shown that the 
energy surface in systems incorporating flexible side chains 
are very complicated and possess numerous local minima.lg 
It is necessary to begin each geometry optimization at  a 
large number of different starting points in the search for 
a true global minimum. In a number of cases, we have not 
made exhaustive searches due to the large amount of 
computational time required. 

V. Conclusions 
The Menschutkin reaction is of great importance as an 

archetype in physical organic chemistry. I t  has recently 
become controversial with the publication of Arnett and 
Reich’s somewhat unorthodox descriptions and the nu- 
merous subsequent publications both criticizing it and 
defending We have herein presented a transition-state 
model for the methylation of a series of alkyl-substituted 
and heterosubstituted pyridines that accurately correlates 
the rates of methylation for this series that spans 5 orders 
of magnitude in rate. The TS model is novel since there 
are few literature reports dealing with theoretical treat- 
ments of the nitrogen alkylation transition state, none to 
our knowledge that simultaneously model both electronic 
and steric contributions, and none that treats such a wide 
range of chemical reactivity and substituent patterns. 

Recently, Menger and Williams@ utilized their postulate 
of “reaction windows” to explain the nonadditive kinetics 
of alkylation of nitrogen heterocycles, including pyridines. 
In this hypothesis, “reactions do not occur by means of 
single definable transition states ... there exist “cones” of 
trajectories; each trajectory is associated with a particular 
degree of bond formation and ~ l e a v a g e ” . ~ ~  Our results 
indicate that relative activation energies estimated on the 
basis of a simple model adequately account for nonadditive 
effects, and there is no need for such phenomenological 
models as “reaction windows” at this time. 

The utility of our model can be stated in another way: 
on the basis of our molecular orbital calculations for the 
free bases, we have attempted4’ to find correlations be- 
tween relative reaction rates and a, total, or lone-pair 
charges on the nitrogen atoms. These attempts were 
doomed to failure because they do not take steric effects 
into account. The success of the current model is based 
upon the simultaneous treatment of both effects. 
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Figure 5. Experimental activation energies (kcal mol-’) for the 
methylation of selected alkylpyridines vs. the MIND0/3-derived 
methylation activation energies (kcal mol-’). 

ago by Brown and co-workers.” The methylation activa- 
tion energies of seven compounds relative to that of pyr- 
idine are shown in Table 111, and Figure 5 shows a plot of 
AlPeWfl vs. hEtcdd The least-squares straight line shown 
on this graph is given by eq 8. 

hE*,,,, = 0.041 + 0.339AZZ’,~,~ (8) 

[r = 0.959, n = 7, p = 0.001 19, SD of residual = 0.4281 

If the slope of eq 8 is divided by In 10, its value becomes 
comparable to those in eq 5-7. This gives credence to our 
modeling procedure, though the deviation of the slopes 
from the theoretical value of unity implies that the TS 
structure may not be uniform. In order to make the slope 
of eq 8 approach unity, the calculated values of AE* must 
be reduced for the more hindered compounds and in- 
creased for the less hindered substrates. This can be ac- 
complished by modifying dNCM in those compounds as 
follows. 

Our calculations have shown that, on the average, as 
dNC is increased, the calculated hE* changes by ca. 110 
kcarmol-’ A-’; this number does not vary by more than 
10% for the compounds included in Table V. Using this 
average slope, we have calculated for each of the com- 
pounds the value dNcp should be (dNCM*) in order for the 
calculated and experimental relative activation energies 
to be equal, assuming that the distance of 1.88 A is correct 
for pyridine. See Table 111. 

The required shifts in dNqM are rather small, the largest 
being 0.05 A for the most hindered species, 2-tert-butyl- 
pyridine. These shifts are compatible with the Hammond 
postulate as related to the Menschutkin reaction by 
M ~ K e n n a , ~ ~  in that the more hindered species tend to 
require transition states that are more productlike in 
character. This is also in agreement with the finding of 
le Noble and co-workers on the basis of volumes of acti- 
vati0n;7&’~,~ however, it is not clear that such small changes 
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(39) (a) le Noble, W. J.; Miller, A. R. J. Org. Chem. 1979,44, 889-891. 

(40) Menger, F. M.; Williams, D. Y. Tetrahedron Lett .  1982, 

(41) Schug, J. C.; Viers, J. W., unpublished results. 

(b) Asano, T.; le Noble, W. J. Chem. Rev. 1978, 78, 407-489. 
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The reaction of nicotine with methyllithium leads to 2-methylnicotine as a major product in addition to the 
previously reported 4- and 6-methylnicotines. The reaction of nicotine N-oxide with methylmagnesium bromide 
furnishes both 2- and 6-methylnicotine. The product composition of these reactions is strongly dependent on 
the experimental conditions; the effects of solvent, temperature, and relative reagent concentration are presented. 
The methyllithium reactions lead to partially racemized methylnicotines, and the recovered nicotine is often 
nearly optically pure. Independently, (S)-(-)-6-methylnicotine was treated with methyllithium and was recovered 
with complete retention of optical activity. These results suggest that the loss of optical purity in the formation 
of methylnicotines in these methyllithium reactions occurs during the reaction itself and is not due either to 
racemization of the starting material or to subsequent racemization of the initially formed product. 

Introduction 
Investigations in the field of nicotine structure-activity 

remain a topic of considerable interest.2 While almost all 
preparations of nicotine analogues involve lengthy syn- 
thesis from acyclic precur~ors,~ some of these nicotinoids 
have been derived directly from nicotine i t ~ e l f . ~ ? ~  This 
latter approach has appeal because optically pure (S)- 
nicotine is readily available as a starting material, and 
because this strategy can directly result in optically active 
analogues. 

Some years ago, it was reported that reaction of nicotine 
(1) with methyllithium in a variety of solvents led to the 
isolation of 6-methylnicotine (6) with minor amounts of 

(1) For the previous paper in this series, see: Kao, J.; Seeman, J. I. 
J. Comput. Chem., in press. 

(2) For leading references, see: (a) Aceto, M. D.; Martin, B. R. Med. 
Res. Rev. 1982,2,43-62. (b) Abood, L. G.; Reynolds, D. T.; Booth, H.; 
Bidlack, J. M. Neurosci. Biobehau. Reu. 1981,5, 479-487. (c) Romano, 
C.; Goldstein, A. Science 1980, 210, 647-650. (d) Rondahl, L. Acta 
Phurm. Suec. 1980,17,347-351. (e) Sanders, E. B.; Secor, H. V.; Seeman, 
J. I. US. Patent 4155909, 1979; US. Patent 4220781, 1980. 

(3) (a) Hu, M. W.; Bondinell, W. E.; Hoffmann, D. J. Labelled 
Compds. 1974,10,79-88. (b) Catka, T. E.; Leete, E. J. Org. Chem. 1978, 
43,2125-2127. (c) Seeman, J. I.; Secor, H. V.; Chavdarian, C. G.; Sanders, 
E. B.; Bassfield, R. L.; Whidby, J. F. Zbid. 1981, 46, 3040-3048. (d) 
Chavdarian, C. G.; Sanders, E. B.; Bassfield, R. L. Zbid. 1982, 47, 
1069-1073. (e) Cushman, M.; Castagnoli, N., Jr. Zbid. 1972,37,1268-1271. 
(f) Hutchinson, C. R.; Nakane, M. Ibid. 1978, 43, 3922-3931. (9) Cas- 
tonguay, A.; Van Vunakis, H. Zbid. 1979,44,4332-4337. (h) Sanders, E. 
B.; Secor, H. V.; Seeman, J. I. Zbid. 1978,43,324-330; 1976,41,2658-2659. 
(i) Seeman, J. I. Synthesis 1977, 498-499. 

(4) (a) For a preliminary communication of some of these results, see: 
Secor, H. V.; Chavdarian, C. G.; Seeman, J. I. Tetrahedron Lett. 1981, 
22, 3151-3154. (b) Seeman, J. I.; Howe, C. R., unpublished results. 

(5) Chavdarian, C. G.; Seeman, J. I. Tetrahedron Lett. 1982, 23, 
2519-2522. 
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4-methylnicotine (4) (eq 1).6 In 1978, other workers re- 

6 w 2 d - 1 - 
(a) CH,Li/toluene heat 

ported repeating the original literature procedure and 
"obtaining essentially the same results" with the exception 
that the isolated 4 had a higher optical a c t i ~ i t y . ~ , ~  

Based on the well-documented propensity of alkyl- 
lithium reagents to attack in a regioselective manner a t  
the 2-position of a 3-substituted pyridine in preference to 
the 6-position? we were somewhat skeptical of the litera- 
ture reports6i7 which did not demonstrate the formation 
of 2-methylnicotine (2) as a reaction product. We were 
thus prompted to reexamine these methylations to confirm 

(6) (a) Haglid, F. Acta Chem. Scand. 1967,21, 329-334. (b) Haglid, 
F. Acta Phurm. Suec. 1967,4,117-138. (c) Haglid indicates that a "third 
possible 2-methylnicotine, was present in 'trace"" quantities 
as judged by 'the presence of trace amounts of 2-methylnicotinic acid 
methyl ester and quinolinic acid dimethyl ester"& by packed column GC 
analysis of the permanganate oxidation mixture of the total methylation 
reaction product. (d) Haglid, F.; NorCn, J. 0. Acta Chem. Scand. 1967, 

(7) Leete, E.; Leete, S. A. S. J. Org. Chem. 1978, 43, 2122-2125. 
(8) The methylation of nicotine under homolytic radical conditions 

(t-Bu00H/FeS0,.7Hz0/H2S0,) leads to 2-, 4-, and 6-methylnicotines of 
higher optical purity than obtained in the methyllithium alkylations. See: 
ref 4 and Itokawa, H.; Inaba, T.; Haruta, R.; Kameyama, S. Chem. 
Pharm. Bull. 1978,26, 1295-1297. 

(9) (a) Yale, H. L. in "Pyridine and Its Derivatives"; Abramovitch, R. 
A., Ed.; Wiley: New York, 1974; Vol. 14, Supplement, Part Two, Chapter 
VII. (b) Abramovitch, R. A.; Poulton, G. A. J. Chem. SOC. E 1969, 
901-903. (c) Hauck, A. E.; Giam, C.-S. J. Chem. SOC., Perkin Trans. I 
1980, 2070-2076 and references cited in these papers. 

21,335-340. 
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