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for the loss of methanol relative to rt-propanol from the silver-
bound dimer (Table I), but the difference in proton affinities for 
these two alcohols is only ~7 kcal/mol.11 Absolute metal ion 
affinities are, in general, much smaller than the corresponding 
proton affinities12'1* due to a much smaller degree of covalency 
in the metal cation-ligand bond, particularly for closed-shell 
cations where electrostatic models have been successful at pre
dicting metal ion affinities.13,12b Small metal ion affinity dif
ferences between H2O and NH3 relative to their proton affinity 
difference has also been observed for a number of metals.120 This 
has been explained for alkali metals as resulting from a greater 
transfer of charge from the metal ion to NH3 than to H20.12c The 
tendencies of these bases for electron transfer to a proton are 
expected to have a more profound influence on their proton af
finities,14 resulting in an enhanced affinity for NH3 relative to 
H2O. The closed-shell silver cation is expected to behave similarly 
to the alkali metal cations, and these findings support this ex
pectation although the relative degrees of covalent interaction, 
ionic interaction, and electron transfer cannot be obtained from 
the data. The difference in the tendency for electron transfer of 
methanol and w-propanol is likely to be much smaller than that 
of NH3 and H2O so that 7 kcal/mol represents an upper limit 
to the differences in the silver ion affinities of methanol and 
n-propanol, with the actual difference likely to be somewhat less. 
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The Menschutkin reaction of substituted pyridines has provided 
an important basis for the assessment of electronic and steric 
effects in organic chemical reactions.1,2 A continuing challenge 
in the study of this important reaction is the elucidation of 
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mechanistic information for systems which incorporate both 
nonadditive steric effects and subordinate electronic features.34 

Table I lists the rate constants for the iodomethylation of pyridines 
1-21.4"6 We have recently shown4 that the nonadditive part of 
the iodomethylation rate constants for 2, 5-7, and 11-13 were 
highly correlated with the molecular position of their 2-alkyl 
substituent. We now report a theoretical model for correlation 
of the relative rates of iodomethylation of a series of alkyl-sub-
stituted pyridines (1-21), ranging from the most reactive pyridine 
(toward iodomethane; 3,4-lutidine) to the least reactive (2,6-di-
isopropylpyridine) for which kinetic data are currently available. 
These alkylations, which span four orders of magnitude in rate, 
are simultaneously controlled by steric and electronic effects. We 
propose the hypothesis that a set of pyridine iodomethylation rate 
constants are determined by the relative interactions of CH3

+-
substrate pairs. 

We have previously shown4 that complete geometry optimization 
using the MINDO/3 program of Rinaldi7 predicts appropriate 
trends in bond angles and lengths for pyridine and a series of 
analogous alkyl-substituted benzene derivatives, including the very 
sterically hindered o-di-rerf-butylbenzene. The MINDO/3 al
gorithm has also been successfully used for the determination of 
the energetics of cations.8 In addition, we have found that the 
MINDO/3 optimized geometry of the JV-methylpyridinium cation 
compares favorably with the X-ray structure of /Y-methyl-
pyridinium iodide.9 We have further validated the use of 
MINDO/3 for these systems by obtaining an excellent correlation 
between experimental heats of reaction for a number of alkyl
pyridines and boron trifluoride reported by Brown et al.10 and the 
MINDO/3 calculated heats of reaction for the analogous iodo
methylation reactions." 

To provide a basis for correlating the relative rates, we con
structed a model transition state (TS) for each substrate by placing 
the carbon atom of the CH3

+ ion at a reasonable TS distance from 
the nitrogen atom. It is not possible to determine an appropriate 
N-CH3

+ separation (d^cM) f°r t n e model TS by considering the 
forward (methylation) reaction since the calculation does not show 
an activation barrier in the absence of solvent and a leaving group. 
The activation energy for the demethylation of ./V-methyl-
pyridinium iodide is known2" (36.35 kcal/mor1), and by micro
scopic reversibility, it can be employed to determine the model 
TS. Starting from the optimized structure of A -̂methylpyridinium 
cation, we increased ^NCM> optimizing all other geometric pa
rameters at each separation. The energy difference between 
equilibrium cation and the model TS equalled 36.35 kcal/mol-1 

when rfNcM equalled 1.88 A. This distance was then used for the 
entire series of alkylpyridines. Previous successful calculations 
of steric effects on SN2 reactions showed that complete molecular 
relaxation was required in order to obtain meaningful changes 
in activation energies.12 We therefore minimized the energy of 
the supermolecule with respect to all geometric parameters except 
the 1.88-A N-CH3 distance. 

For each compound, we calculated an energy difference AE 
between the completely optimized CH3

+-substrate system and 
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Table I. Iodomethylation Rate Constants and 
MINDO/3-Calculated Relative Activation Energies of 1-21 

-5.00 

-16.00 -13.00 -10.00 -7.00 -4.00 -1.00 2.00 5.00 

- AAE/RT 

Figure 1. Relationship between the MINDO/3-calculated activation 
energy AAE and the iodomethylation rate constants for 1-21. 

that for the completely optimized substrate molecule by itself.4 

AE spanned a range of 12.2 kcal mol"1 from the most reactive 
to the least reactive pyridine. When LE was referenced to pyridine 
[AAE1 = AE{ - Ais(pyridine)], we obtained an excellent correlation 
between the logarithms of the experimental relative rate constants 
and AAE as shown in Figure 1 and eq 1. We performed the TS 

In kKi = -0.259 - OASl(AAE/RT) (1) 

[r = 0.964, r1 = 0.928, p = 0.00001, n = 
21, sd of residuals = 0.772] 

analysis with complete geometry optimization for dNCfi = 1.75 
and 2.00 A for 1—13 and found that the relative energies, AAE, 
are only slightly affected by this change, supporting the validity 
of the correlation. 

A number of structural conclusions are possible from exami
nation of the minimum energy geometries obtained. Relative to 
the ground-state structures, bond angles in the TS are affected 
in such a way as to reduce crowding in the vicinity of the nitrogen, 
e.g., the internal angles C2NC6 and the exterior angles NC2H2 

and NC2C2a (when present) increase by several degrees. The 
presence of a 2-substituent in 2, 5-7, and 11-19 asymmetrically 
distorts the internal pyridine angles and forces CM, the carbon 
atom of the CH3

+, off the C4-N axis (/C4NCM ~ 167.0° for 16); 
CM does remain in the plane of the pyridine ring. For these TS 
models, /CMNC 2 and ZCMNC6 range from ca. 121 to 126° and 
106 to 113°, respectively, relative to 117° for the pyridine TS 
supermolecule. 

The asymmetric distortions which obtain for the 2-monosub-
stituted pyridine TS do not occur for the 2,6-disubstituted pyridine 
TS: the N-C M axis is slightly deflected out of the plane of the 
ring, with the plane defined by CM-N-C 4 perpendicular to the 
plane of the pyridine ring. The distortions induced in the pyridine 
ring by the presence of the attacking CH3

+ clearly are not additive 
on progressing from pyridine to 2- and 2,6-substituted pyridines. 
These restrictions in the energetically available modes of molecular 
relaxation may account for the observed nonadditive reactivity 
of 2,6-disubstituted pyridines,5'10'13 in particular, and of other highly 
congested molecules in general.14 

The slope of eq 1 can be made to approach the theoretical value 
of unity by appropriately modifying <̂ NCM f° r e a c n substrate, 

compound 

iodo
methylation 

''rel 

AA£*, 
kcal 

mol"1 
AAE/ 
RT 

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) 
2,3-cyclopentenopyridine (11) 
2,3-cyclohexenopyridine (12) 
2,3-cycloheptenopyridine (13) 
2-ethylpyridine (14) 
2-isopropylpyridine (15) 
2-ferf-butylpyridine (16) 
2-methyl-3-ethylpyridine (17) 
2-methyl-3-isopropylpyridine (18) 
2-methyl-3-?e/"f-butylpyridine (19) 
2,6-diethylpyridine (20) 
2,6-diisopropylpyridine (21) 

ja,b 

0.4 3 b 

1.7b 

2.1 b 

0.43b 

0.92b 

0.82b 

0.040b 

3.4b 

2.6b 

1.9b 

l . l b 

0.30b 

0.22° 
0.072c 

0.00023c 

0.36d 

0.38d 

0.24e 

0.0037f 

0.00015f 

0 
1.74 

-1 .00 
-0.809 

2.15 
-0 .387 

0.953 
4.83 

-2 .76 
-1.84 
-2 .30 

0.228 
1.38 
1.62 
1.53 
9.41 
2.10 
1.38 
1.38 
6.92 
8.46 

0 
2.94 

-1 .49 
-3.55 

3.64 
-0 .654 

1.61 
8.17 

-4 .66 
-3 .11 
-3 .88 

0.385 
2.34 
2.74 
2.59 

15.9 
3.55 
2.33 
2.33 

11.7 
14.3 

a Relative to pyridine. Excellent linear correlations exist 
between iodomethylation of alkylpyridines in acetonitrile and in 
other solvents at similar temperatures. Seeref4. b Reference 4. 
c Reference 6. d Podall, H. Ph.D. Dissertation, Purdue University, 
West Lafayette, IN, 1955. e Howie, M. S. Ph.D. Dissertation, 
Purdue University, West Lafayette, IN, 1960. f Reference 5. 
* AAE = AFj - A£Xpyridine) where AE^ is the energy difference 
between the completely optimized CH3

+-substrate complex and 
the completely optimized substrate for the <%cM = 1.88-A TS 
model. • -M 

consistent with the current concepts of TS variation in the 
Menschutkin reaction.15 The energy of the model TS increased 
at a rate of 110 kcal mol"1 A"1 with respect to changes in </NCM-
The required shifts in ^NCM

 w e r e found to be quite reasonable, 
the largest being -0.05 A for the highly hindered 2-tert-buly\-
pyridine and +0.02 A for 4-picoline. 

In this study, we have successfully correlated the relative io
domethylation activation energies of 21 substituted pyridines which 
cover four orders of magnitude in alkylation rate. Complete TS 
geometry optimization was performed independent of the kinetic 
results, and the excellent correlation supports the use of the model 
for derivation of kinetic and TS structural information. Because 
complete geometry optimization was performed, the estimated 
relative activation energies of the model TS include steric as well 
as electronic effects. Studies of this type will be particularly 
valuable in analyzing nonadditive effects which are manifested 
by nonadditive molecular relaxation mechanisms and associated 
nontransferability of structure. 
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