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TRANSITION STATE FLEXIBILITY IN NUCLEQPHILIC ATTACK ON CARBON
F. M. Menger* and D Y Williams
Department of Chemistry, Emory University, Atlanta, Georgia 30322

Summary: Multi-directional transition state theory cualitatively explains steraic
effects with hindered nucleophiles.

We recently advanced the hypothesis that reactions do not occur by means of
single definable transition statesl. Instead, there exist "cones" of trajector-
l1es; each trajectory 1s associated with a particular degree of bond formation and
cleavage. Support for the notion of "reaction windows" comes from a study of
lactonization rates with rigid hydroxyacldsz. Compounds were constructed for
which angles 6 differ by as much as 10° whereas other factors (such as OH/C=0

distances D and the ring strain in the lactones) remain constant We found that

A=
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lactonization rates do not depend on the angularity differences; carbonyl addi-
tion must have, therefore, a reaction window of at least 10° (and perhaps much
larger) Wide reaction windows suggest, among other things, that an isotope
effect or a Br®nsted coefficient represents a composite derived from a multitude
of geometries

In the present Note we examine nucleophilic attack on sp2 and so3 carbon by
nitrogen bases (pyridine and imidazole) having zero, one, or two methyl groups
adjacent to the nitrogen. These methyls enter the reaction window as the nitrogen

forms a partial bond to carbon in the transition state:
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Inasmuch as the methyl groups engage 1in non-bonded interactions with the sub-

strate, the reaction 1s i1mpeded. Multi-directional transition state theoryl

leads to the following postulates:
1. If the reaction window 1s narrow (a single trajectory in the extreme),
then the effects of the methyl groups should be roughly additive. In other words
h t £
the ratio o kH,H to kMe,H should approximate the ratio of kMe,H to kMe,Me‘
presupposes little shortening of the N/C partial bond with methyl substitution;

This

work by Arnett3 and by Johnson4 on the alkylation of pyridine supports such bond-
length 1nvariability in the transition state.

2. If the reaction window 1s wide, a single methyl group should induce a
relatively minor rate retardation because the nucleophile can "tilt" to direct
the methyl group outwardly and thus minimize non-bonded interactions A second
methyl group should, however, cause more severe rate perturbations because rota-
ting one methyl away from the substrate brings the other one closer.

In Table I we list relative rate constants for the acylation of three imi-
dazoles with p-nitrophenyl acetate in water at 25.0°, Tables II and III pre-
sent literature data for the alkylation of three imidazoles by ethyl methyl-
sulfonate 1n water5 and for the alkylation of three pyridines by methyl 1odide
in acetonltrlles. Tt 1s seen from Table I that, consistent wath a wide reaction
window, a second methyl in proximity to the nitrogen has a much more profound
effect than the first. The same 1s true in Table III for the pyridine nucleo-
philes. This cannot be attributed to basicity because the pKa values 1ncrease
uniformly with methyl substitution. Since the effects of the methyl groups are
definitely not additive, a single trajectory mechanism seems unlikely. Note
from Table I that the rate differences arise mainly from changes in AH* (not ASY)

suggesting that non-bonded interactions as opposed to solvation effects govern

the behavior.
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Table I. Activation Parameters and Relative Rates at 25 0° for the Acylation

of Imidazole Bases with p-Nitrophenyl Acetate in Water.

a
Nucleophile PK AH* AS* krel
(kcal) (eu)
Imidazole 6.95 75  -35 151P
2-Methylimidazole 7.86 9.0 -33 34
2,4,5-Trimethylimidazole 8.86 10.9 -33 1

& maken fggm Rgf. 3. b Second-~order rate constant for this reaction eguals
0.513 M “sec

Table II. Relative Rates? for the Alkylation of Imidazole Bases with Ethyl

Methanesulfonate i1n Water at 35°.

Nucleophile pKa krel
Imidazole 6.95 1
2-Methylimidazole 7.86 2.1
2,4,5-Trimethylimidazole 8.86 4.9

8 pata taken from Ref 3.

Table III. Relative Rates® for the Reaction of Pyridine Bases with Methyl

Iodide 1n Acetonitrile at 25.0°

Nucleophile pKa krel
Pyridine 5 17 25
2-Picoline 5.97 11
2,6-Lutidine 6.77 1

2 pata taken from Ref. 4
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Methyl substituents actually increases the reaction rates 1in Table II. Ap-
parently, the N/C bond 1s weakly formed in the transition state as might be expect-
ed for a borderline SNl/SNZ mechanism in water7. Thus, non-bonded interactions
with the methyl groups are minimized, and the rate increases reflect the larger
pKa values for the methylated nucleophiles. 1In general, the longer the N/C par-
tial bond, for a given reaction type, the larger the volume available to the
nucleophile within the reaction cone, the smaller the effect of the second methyl
group over and beyond that of the first.

In summary, multi-directional transition state theory can qualitatively ex-
plain the steric effects among the alkylated nucleophiles. A more quantitative
assessment of the theory requires our examining bifunctional molecules whose two
interactive groups have varying but measurable dispositions in space (as with
the hydroxyacids mentioned above). Further work along these lines wi1ill be re-
ported later. It should be mentioned here, however, that the Dunitz solid state
approach to reaction trajectorles8 does not (despite 1ts great interest) provide
the necessary information X-ray structures give an optimum trajectory but tell
nothing about other concurrent trajectories and how they compare with the opti-
mum. Collectively, an array of non-optimal geometries could well dominate a re-
action pathway (similar to intermolecular hydrogen bonding where greater than
half the population deviates by 20° or more from llnearltyg).

Acknowledgment This work was supported by the National Science Foundation

References

1. F M. Menger in "Chemical Approaches to Understanding Enzyme Catalysis",
Proceedings of the 26th OHOLO Conference, B S. Green, Y Ashani, and D
Chipman, ed., Elsevier, New York, N.Y., 1982, p. 138.

2. F. M. Menger and L. E Glass, J Am. Chem. Soc., 102, 5404 (1980).

3. E M. Arnett and R. Reich, J Am. Chem. Soc., 102, 5892 (1980). See 1n par-
ticular Faigures 5 and 7.

4, C. D Johnson, Tetrahedron Lett., 23, 2217 (1982).

5. R. F. Hudson and R. J. Withey, J Chem. Soc., 3513 (1964).

J. I. Seeman, R. Galzerano, K. Curtis, J. C 8Schug, and J. W. Viers, J. Am.
Chem. Soc., 103, 5982 (1981).

7 R. E. Robertson, Can. J. Chem., 31, 589 (1953).

8. J. D. Dunitz, "X-ray Analysis and the Structure of Organic Molecules",
Cornell University Press, Ithaca, N.Y , 1979, Chapt. 7.

9 W. L. Jorgensen and M. Ibrahim, J. Am Chem. Soc., 102, 3309 (1980).

(Received 1n USA 3 June 1982)



