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Kinetics of Formation of Alkyl Grignard Reagents.
Evidence for Rate-Determining Electron Transfer?!

Summary: A technique for obtaining relative rates of
reaction of organic halides with metallic magnesium has
been developed, and rate data obtained using this tech-
nique have been interpreted to indicate that the rate-de-
termining step for formation of alkyl Grignard reagents
involves electron transfer from the metal to alkyl halide.

Sir: The mechanism of the reactions between alkyl ha-
lides and metallic magnesium in ethereal solvents has
proved difficult to investigate, in part because in this, as
in other surface processes, the influence of the structure of
the organic reactant on the rate of the reaction is not easi-
ly characterized using absolute kinetics techniques.2 Or-
ganic radicals have been implicated as intermediates in
these reactions by stereochemical, CIDNP,4 and product®
studies, but the relevance of these radicals to the princi-
pal reaction path leading to Grignard reagent, the
strength of their interaction with the magnesium surface,
and the nature of the rate-determining step for the overall
reaction remain unsolved problems. Here we report that
reliable relative rate data for these reactions may be ob-
tained using competition techniques and present evidence
suggesting that electron transfer from magnesium to the
alkyl halide occurs in the rate-limiting step.

The principal difficulty in studying the kinetics of the
reaction of an alkyl halide, RX, with magnesium is that of
accounting for the unknown and variable effective surface
area of the metal (Smg). We have hypothesized that an
expression having the form of eq 1 might prove adequate
to describe this reaction. If this hypothesis is correct, it
should be possible to write precisely analogous expressions
(eq 1 and 2) containing the same value of Sy, for two

—d(R,X)/dt = k(R X) Su, (1)
—d(R,X)/dt = kARX)"'Sy,
In[(R,X), /(R X),] = (k/ky) In [(RX), /(R X))

structurally similar organic halides competing in the same
reaction mixture for a common magnesium surface. As-
suming that « = 1, a simple expression (eq 3) containing
no term in magnesium is obtained by dividing eq 1 by eq
2 and integrating. We find experimentally that plots of eq
3 are linear to >65% consumption of alkyl halide.6:7 and
that values of k;/k2 obtained from these plots are sensibly
independent of the quanity and type of magnesium used,
the starting concentration of alkyl halide, the presence of
magnesium salts in the reacting solutions, and the pres-
ence of small quantities of water or oxygen intentionally
added to the solutions; these values were reproducible
within £10%. Thus, eq 3 appears to describe adequately
the kinetic behavior of a mixture of two alkyl halides
competing for a single magnesium surface.

Comparison of the rate-structure profile produced bv
the kinetic data generated using this procedure (Figure 1)
with profiles for reactions proceeding by SN2 and anionic
mechanisms establishes that the rate of the Grignard
reaction is much less sensitive to the structure of the or-
ganic moiety than are members of these classes of reac-
tions® and confirms that the transition state for the for-
mation of alkyl Grignard reagents is not similar to transi-
tion states tvpical of these classes. The exceptionally
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Figure 1. Rate-structure profiles for representative SN2 and an-
ionic reactions, and for the reactions (diethyl ether, 0°) of organic
halides, RX, with metallic magnesium and with tri-n-butyltin hy-
dride (hv, AIBN). Unless indicated otherwise, X = Br.

small influence of the structure of the organic moiety on
the rate of reaction is compatible with a diffusion-con-
trolled reaction; however the absolute rates of the Gri-
gnard reactions are less than diffusion controlled.® Since
these observations exclude heterolytic and diffusion-limit-
ed mechanisms for the reaction, and since the predomi-
nant loss of stereochemistry at carbon observed by others?
on reaction of diasteriomeric alkyl halides with magne-
sium argues against concerted insertion of a surface mag-
nesium atom (Mgg) into a carbon-halogen bond (1), two
basic types of transition states for the reaction remain to
be considered. One (2) would resemble an alkyl halide
radical anion, produced by one-electron reduction of the
alkyl halide by the metal; a second (3) would approximate
an alkyl radical, either free or surface-bound, and might
be generated by abstraction of a halogen atom by the
magnesium surface or by decomposition of 2.
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Generalizable reaction-rate profiles for radical reactions
are difficult to obtain, since many methods of generating
radicals—including, in principle, the reaction considered
here—impose polar character on their transition states.®
We have used the reduction of alkyl halides with tri-n-
butyltin hydride!® to model 3 (Figures 1 and 2) and find
that, although the rates of both the tin hydride and Gri-
gnard reactions are relatively insensitive to variations in
structure, only a poor correlation exists between them: the
latter are significantly less responsive to changes in struc-
ture than are the former, and, while the structure-rate
profiles for the two reactions are similar in general form.
they differ markedly at specific compounds. To estimate
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Figure 2. The relative rates of reactions of alkyl halides with
magnesium correlate better with half-wave potentials for their re-
duction at a dropping mercury electrode than with their rates of
reaction with tri-n-butyltin hydride. In this figure, primary ha-
lides are represented by @, secondary by M, the single tertiary
halide by A, and phenyl, included on the plot for comparison, by
O.

the energy required to convert RX to RX.~ (2), we have
used half-wave potentials, Ey,,, for reduction of alkyl ha-
lides.1® For a reaction generating 2, the log of the rate of
electron transfer to RX at constant potential should be
approximately proportional to Ej,s, provided, as we ob-
serve, that the rate is not diffusion limited. The cor-
relation between log (kgrx/kgisr) from the Grignard reac-
tions and E,,2 for the corresponding alkyl bromides is
again not particularly close over the limited range of com-
pounds for which consistent electrochemical data are
available, but appears better than that characterizing the
tri-n-butyltin hydride reductions.12.13

These rate studies indicate that the rate-determining
transition state in the formation of an alkyl Grignard re-
agent does not involve a heterolytic fission of the C-X
bond, nor is it diffusion limited. The superiority of the
correlation of log (krx/ketsr)mg with Ejso to that with
log(krx /REtBr)trivusnn Suggests, but does not prove, that 2
rather than 3 describes the transition state for the reac-
tion. Evidence implicating 2 as an intermediate in the for-
mation of Grignard reagents has been described by oth-
ers,3-4 but these data have not been sufficient to charac-
terize the rate-determining step, or, in the instance of
CIDNP experiments, to establish that the 2 lies along the
principal reaction path leading to product.
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Supplementary Material Available. Experimental procedures
used to obtain the data summarized in Figure 1, and a represen-
tative plot of experimental data according to eq 3, will appear fol-
lowing this article in the microfilm addition of this journal. Pho-
tocopies of the supplementary material from this paper only or
microfiche (105 X 148 mm, 24X reduction, negatives) containing
all of the supplementary material for the papers in this issue may
be obtained from the Journals Department, American Chemical
Society, 1155 16th St., N.W., Washington, D. C. 20036. Remit
check or money order for $3.00 for photocopy or $2.00 for micro-
fiche, referring to code number JOC-74-857.
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