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The ortho-directed metalation of arenes2 bearing an
appropriate directing group (DMG), by alkyllithiums or
lithium amides, is a powerful method for achieving a
variety of functionalizations on the phenyl ring. Addition
of stoichiometric amounts of N,N,N′,N′-tetramethyleth-
ylenediamine (TMEDA) in hexane or ether increases both
reaction rates and yields. Although TMEDA is fre-
quently used as a cosolvent in metalations, its tendency
to chelate lithium in the presence of THFsespecially in
the case of lithium amidesshas been questioned by
Collum.3 Beak has proposed that complexation of the
alkyllithiums with the DMG (“complex induced proximity
effects”)2c,4 is the key feature of the metalation reactions.
On the other hand, Schleyer considered the term “kineti-
cally enhanced metalation”, proposing that directing and
activating effects are transition-state phenomena.5
The ortho-metalation of anisole was discovered by

Wittig6 and Gilman7 independently almost 60 years ago.
The yield of the reaction is remarkably high, especially
with the aid of several additive cosolvents.8 Roberts and
Curtin were the first to suggest9 that complexation of the
alkyllithium to the methoxy group facilitates ortho-proton
removal. Bauer and Schleyer,10 using 1D and 2D het-
eronuclear NMR, provided direct spectroscopic evidence
for the formation of an intermediate cubic aggregate
between anisole and n-BuLi upon mixing in toluene-d8
at -64 °C. The mixed aggregate does not give any
further reaction even on prolonged standing. However,
addition of 1 equiv of TMEDA causes the immediate
liberation of “free” anisole, while dimeric n-BuLi solvated
by TMEDA is formed. Under these conditions, o-anisyl-

lithium can be gradually formed. It was suggested that
dimeric n-BuLi partly solvated by anisole leads to the
product (Scheme 1). The proposed mechanism was also
supported by MNDO calculations.
Similar theoretical calculations and experimental ob-

servations by Saa11 and co-workers in the ortho-directed
metalations of phenol, naphthols, and 1,3-disubstituted
heteroaromatics indicated the significance of agostic
hydrogen-metal interactions in the intermediate com-
plexes.
Slocum and co-workers12 found that even incremental

amounts of TMEDA in diethyl ether (0.2 equiv per
alkyllithium) can cause a significant rate acceleration
and suggested a predictive model for the ortho-metala-
tion. According to that model, formation of a complex
between anisole and n-BuLi in ether occurs in the rate-
determining step, followed by a faster metal-hydrogen
exchange. Complex formation is necessary to reduce the
tendency of methoxy group to delocalize, thus increasing
the acidity of the ortho-protons. In the presence of
TMEDA, coordination probably is not involved, and a
simple “overriding base” reacts rapidly with the relatively
acidic ortho protons.
In order to shed some light on the mechanistic dis-

crepancy of the ortho-directed metalation, we report in
this paper an isotope effect study in the lithiation of
anisole by n-BuLi in diethyl ether with or without added
TMEDA (Scheme 2). The combination13 of intra- and
intermolecular isotope effects is a powerful tool for
distinguishing between stepwise and concerted reaction
mechanisms. Recently, by applying this combination, it
was found that the metalation of a benzylic urea14 by
s-BuLi/TMEDA proceeds through the prior formation of
an alkyllithium-urea complex in the rate-determining
step.
Metalation of anisole-2-d15 was achieved by addition

of 0.5-2 equiv of n-BuLi.16 The anions were quenched
by TMSCl; the resulting 2-(trimethylsilyl)anisoles were
purified by preparative GC (SE-30, Tcol ) 120 °C) and
then analyzed by 1H NMR. The isotope effects found
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(11) (a) Saà, J. M.; Deyà, P. M.; Suner, G. A.; Frontera, A. J. Am.
Chem. Soc. 1992, 114, 9093-100. (b) Saà, J. M.; Morey, J.; Frontera,
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are kH/kD ) 2.3 ( 0.1 in ether (in a typical experiment
using 1.5 equiv of base per 1 equiv of anisole, conversion
to products was achieved in 50% yield after 16 h) and
kH/kD ) 3.1 ( 0.1 in the presence of TMEDA (95%
conversion in 20 min using again 1.5 equiv of n-BuLi).
In all experiments, the amount of added TMEDA was
equimolar with respect to the amount of base.
The intermolecular isotope effects17 in neat ether (kH/

kD ) 2.5 ( 0.2) and in ether with added TMEDA (kH/kD
) 3.2 ( 0.2) are identical within experimental error, to
the intramolecular isotope effects in the same solvent
systems. This indicates that the ortho-hydrogen abstrac-
tion of anisole by the base in both cases occurs in the
rate-determining step.
For the case of added TMEDA in ether, if we assume

that the dimeric intermediate complex between anisole
and n-BuLi exists,10 its formation undoubtedly occurs in
a faster step compared to the step leading to the forma-
tion of the o-anisyllithium. The activation energy for its
formation must be substantially lower compared to the
second deprotonation step; otherwise, a significant de-
crease in the overall calculated isotope effect would be
expected.13a The identical intra- and intermolecular

isotope effects are also in accordance with a single-step
mechanism where a highly reactive low n-BuLi aggregate
that is formed by the action of TMEDA deprotonates
anisole without any precoordination as postulated
earlier.12a It is difficult to distinguish between the two
mechanisms on the basis of the kinetic isotope effects.
In neat diethyl ether, n-butyllithium exists as a tet-

ramer.18 According to the isotope effects found in this
solvent, we propose the following mechanistic possibili-
ties: (i) Products are formed in a slow step via a
transition state achieved from an intermediate containing
n-BuLi and anisole. The intermediate may be either a
tetrameric or a dimeric aggregate. In both cases, the rate
of the reaction is expected to be significantly retarded
as occurs, indeed because in the transition state of
hydrogen abstraction achieved through the tetrameric
aggregate severe steric repulsions are existing or, on the
other hand, the concentration of a reactive dimeric
aggregate19 is expected to be very low. (ii) The possibility
that no precomplexation occurs and deprotonation occurs
in a single step cannot be ruled out. Although further
experimental work is neccesary to delineate the meta-
lation mechanism in neat ether, it is clear that a
previously proposed mechanism12a (formation of an in-
termediate complex in the rate-limiting step) is not
consonant with the observed isotope effects.
In conclusion, it is important to emphasize that the

current results neither require nor exclude the existence
of a preequilibrium complex. They establish the abstrac-
tion of hydrogen as the rate-determining step and are
consistent with transition-state phenomena, as predicted
by theoretical calculations.5
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