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in stable molecules is well justified, and with the results of
theory should lead to a better understanding of the geometrical
changes in chemical reactions. Further accurate studies on a
number of related molecules are currently in progress,
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Mechanism of Formation of Grignard Reagents

E. A. Vogler,* R. L. Stein, and J. M. Hayes!

Department of Chemistry, Indiana University,
Bloomington, Indiana 47401. Received November 11, 1977

Abstract, Experiment shows that there is no carbon kinetic isotope effect in the formation of CH3Mgl from CH;l (k2/k13 =
0.9992, ¢ = 0.0005). Calculations indicate that an observable isotope effect should accompany this reaction if it proceeds by
an inner-sphere electron-transfer mechanism in which breakage of the carbon-halogen bond must be involved in the rate-de-
termining step. Accordingly, it is proposed that the alternative mechanism must be followed, with the rate-determining step
involving formation of a radical-ion pair by outer-sphere electron transfer from the magnesium to the organic halide.

The formation of the Grignard reagent from alkyl halide
and magnesium is of continued mechanistic interest.2-8 It is
generally concluded from stereochemical, kinetic, and CIDNP
studies that alkyl radicals are intermediates. However, the
route by which radicals are formed and the relevance of such
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an intermediate to the formation of the Grignard reagent re-
mains largely undefined,

Two alternative rate-determining steps can be envisioned.
One involves electron transfer from the magnesium surface
(here represented in monomeric form for simplicity) to the
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Table L. Kinetic Isotope Effect for Grignard Reagent Formation at
34,5°Ce

513CPDBCH31, 513CPDBCH4, Yicld,

%0 %0 % kl#kIJ
—79.04 £ 0.15 =79.01 £0.17 32.7 1.0000
—79.26 £ 0.09 -77.23 £0.21 42.7 0.9971
—79.33 £ 0.32 —78.42+0.14 38.5 0.9987
—-81.23+0.21 —81.63 £ 0,09 36.6 1.0006
—80.81 £ 0.09 —78.89 £ 0.09 6.7 0.9978
—80.84 + 0.45 —81.14 £ 0.10 39.4 1.0004
—80.84 £ 0.45 —80.54 £ 0.11 259 0.9996

Av kya/k13 = 0.9992
+ 0.0005

¢ Indicated uncertainties are standard deviations. All isotopic
analyses were performed in triplicate.

alkyl halide, forming a tight radical-ion pair,
R-X + Mg — [R-X"-, Mg*] (1)

The alternative involves transfer of the halogen atom to
magnesium, forming a loose radical pair. In this case, the
carbon-halogen bond is broken in the rate-determining
step.

R-X + Mg — R. + -MgX (2)

Subsequently, the products of either of these rate-determining
steps can directly form product, RMgX, although the tight
radical-ion pair might first collapse to the loose radical
pair,

Both alternative rate-determining steps are electron-transfer
reactions and, as such, can be conveniently viewed in terms of
oxidation-reduction mechanisms, According to the classifi-
cation of such reactions,’® routes 1 and 2 correspond to outer-
sphere and inner-sphere electron-transfer processes respec-
tively, In the former, the electron given up by the reducing
agent (Mg) is transferred to the oxidizing agent (RX) with no
net bond breakage or formation in either reaction partner, The
latter mechanism, however, involves transfer of the halogen
atom from the organohalide to magnesium, a process involving
both bond breakage and formation. Given this contrast, it
follows that a study of kinetic isotope effects can allow a choice
between the inner-sphere and outer-sphere electron-transfer
mechanisms. A primary carbon isotope effect is expected in
route 2, none is expected in route 1.

The sensitivity of the mechanistic test depends upon the
magnitude of the isotope effect which would be expected to
accompany route 2. Although this cannot be known directly,
the isotope effect prevailing in a simple carbon-halogen bond
homolysis reaction, e.g,,

CH3;X — CH3- + X: 3)

can be used to estimate it, Carbon kinetic isotope effects have
not been measured for alkyl-halide homolysis reactions, but
the isotope effect for the hypothetical equilibrium,

CH3X f=4 CH3' + X (4)

can be calculated!®!! and used as a measure of the maximum
value of the kinetic isotope effect for bond homolysis,

In this report, we present, first, experimental measurements
of the carbon kinetic isotope effect in the reaction of methyl
iodide with magnesium in diethyl ether and, second, a calcu-
lation of the equilibrium isotope effect for the homolysis of
methyl iodide. Taken together, the results of these studies
suggest that outer-sphere electron transfer rather than
inner-sphere electron transfer is the rate-determining step in
the formation of the alkyl Grignard reagent.
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Results

Measurement of the Isotope Effect. Experimental mea-
surements of the isotopic fractionation accompanying the
formation of methyl magnesium iodide are summarized in
Table I, in which the carbon isotopic composition of methane
derived from hydrolysis of the methyl magnesium iodide is
compared with that of the methyl iodide from which the Gri-
gnard reagent was formed.

M
CH;l —5 CHMgl (5)
Et;0
H,0
CH;Mgl —> CH, + MgI(OH) (6)

The isotopic compositions are reported in terms of 6'3Cpps,
where §*Cppp = [(Rsample/ Rpps) — 17103, R = 13C/!12C, and
PDB indicates the PeeDee Belemnite isotropic standard Rppg
= 0,0112372, The units for § are denoted by the symbol %o, and
are termed “per mil”.12 The tabulated isotope effects were
calculated from the data using

kis ) [ 101124 + 1.12450]
X131 e L <200
<k|2 8 | =D oT12a+ 1128,

= log [ (1 * 5io+— 1503> (T{_f> ] )

where fis the fractional degree of completion (0 < f < 1.0),
and 6o and 6, represent the 8!3Cppg values for the starting
reactant (CH3I) and pooled product (CHy from CH3;Mgl
hydrolysis), respectively, Equation 7 has been recast in terms
of 8, from an expression derived by Bigeleisen and Wolfsburg,'?
and is exact for all values of 6 and for (0 < f < ).

The results given in Table I show that the formation of the
Grignard reagent in this system proceeds with no observable
kinetic isotope effect. As noted, this experimental result con-
stitutes only one half of a necessary comparison, While the
absence of an isotope effect strongly favors route 1, it must also
be shown that the isotope effect which would accompany the
inner-sphere electron-transfer mechanism, if it occurred, is
large enough to be detectable. In the absence of experimental
determinations of carbon kinetic isotope effects prevailing in
carbon-halogen bond homolyses, it is necessary to calculate
the theoretical equilibrium isotope effect!:!! and to base the
comparison upon that result,

Calculation of the Equilibrium Isotope Effect. Equilibrium
isotope effects were calculated using a program developed by
Burton, Sims, Wilson, and Fry,!4 The calculations incorporate
the hypothetical equilibrium represented by eq 4, in which
methyl radical is taken as a model for the intermediate in route
2, this radical being assumed to resemble closely the inter-
mediate that would directly follow rate-limiting inner-sphere
electron transfer. The equilibrium carbon isotope effect is the
carbon isotope ratio of the reactant Rcu,x, divided by the
carbon isotope ratio of the products, Rcn,.. It can also be ex-
pressed in terms of the ratio of complete partition functions,
Q, for the species involved in the equilibrium,

K> _ [\2CH3]{*CH3X]

K13  [*CHy][2CH3X]

_ Renax _ (Qrcn;) (Qucu;x) 8)
Rcuy  (Qieny ) (Qrach;x)

Calculation of the equilibrium isotope effect requires
knowledge of molecular geometries, nuclidic masses, and force
constants for all bonds. In the case of methyl halides, all of the
required parameters are well known!>! and are listed in Table
I1. The methyl radical is assumed to possess D3, geometry!”18
with the force constants for a C-H stretch, a hydrogen out-
of-plane bending, and a H-C-H bending mode being required
in the calculation. The C-H stretching valence force constant
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Table [I, Force Constants Used in the Calculation of Equilibrium Isotope Effects

Stretching,?® mdyn - A-!

Bending,? mdyn . A «rad—2

Compd C-X C-H H-C-H H-C-X Out of plane

CHsl 2.309 (2.139) 5.006 (1.095) 0.450 0.444

CH;Cl 3.386 (1.78) 4.969 (1.095) 0.468 0.566

CH;- 5.15¢(1.079)4 0.40¢ 0.070¢
0.75

@ See ref 11 unless otherwise indicated. ® Bond length in angstroms in parentheses; see ref 17, ¢ See text. ¢ See ref 18.

Table 111, Theoretical Equilibrium Isotope Effects?-®

H-C-H bending? Compd
force constant, CHsl CH,CI
mdyn + A . rad—2 Ku/Kp Ki3/Kis Kn/Kp Ki2/Kis
0.40 1.246 1.029
0.60 1.103 1.027 1.169 1.035
0.75 1.019 1.019

a Isotope effect values calculated for 25 °C. ¢ See text.

for the methyl radical has been obtained by the method of es-
timation derived by Gordy.'® In this procedure, the bond
length?® of the C-H bond in ethylene has been used as a model
for the calculation of the C-H stretch of methyl radical, The
hydrogen out-of-plane bending mode force constant has been
obtained by iterative fitting of the vibrational mode at 607
cm™!, The value of the H-C-H bending mode force constant
is unknown and cannot be closely estimated. Therefore, the
value of this constant has been varied between extremes in
order to allow calculation of maximum and minimum equi-
librium isotope effects. The resulting values of the methyl
radical force constants are summarized in Table II.

Calculated values for both the hydrogen and carbon equi-
librium isotope effects are given in Table I11. Three different
values of the H-C-H bending mode force constant have been
considered, and the observed effects of this variation allow the
probable value of the carbon isotope effect to be determined
quite specifically. On the one hand, when methyl iodide is
considered as the reactant and a minimal value for the H-C-H
bending mode force constant is used, the calculated carbon
isotope effect is 2.9%. Because the associated hydrogen isotope
effect is already improbably large2! (25%) and because further
decreases in the force constant lead to still more extreme
values, we conclude that the equilibrium carbon isotope effect
is unlikely to exceed 3%. On the other hand, if a large value is
assigned to the force constant (the value chosen is, in fact, 11%
greater than the H-C-H bending force constant in ethylene),
the calculated carbon isotope effect is still nearly 2%, while the
hydrogen isotope effect has become improbably small
(1.9%).21:22 1t is, therefore, concluded that the equilibrium
isotope effect for reaction 4 lies between 2 and 3%.

Discussion

The observed kinetic isotope effect can be usefully compared
to a calculated equilibrium isotope effect even though the latter
is purely thermodynamic in origin. The kinetic isotope effect
can be expressed as the product of an imaginary frequency
factor and a zero-point energy term, as noted in eq 9.23

kio/kiz = (r121/v13L) [ ZPE] )

For dissociative reactions in which the imaginary frequency
term is unity (those cases in which there is no motion of the
isotopically substituted atom along the reaction coordinate),
the equilibrium isotope effect sets an upper limit for the kinetic
isotope effect. This occurs because the equilibrium isotope
effect represents the maximum value of the zero-point energy

term, this maximum being approached when the product of
the equilibrium strongly resembles the rate-determining
transition state. For the reaction being modeled here, however,
and for all reactions in which there is motion of the isotopically
substituted atom along the reaction coordinate, the imaginary
frequency term will be > 1. In these cases, the maximum kinetic
isotope effect will exceed the equilibrium isotope effect and,
particularly for reactions having late transition states, observed
kinetic isotope effects can exceed calculated equilibrium iso-
tope effects. It happens, therefore, that, for reactions of this
type, the equilibrium isotope effect can be taken as a useful
estimate of the kinetic isotope effect, being an underestimate
if contributions from reaction coordinate motion are significant
and the transition state is very late, and being an overestimate
if these circumstances are reversed.

Because the similarity in substituent effects lends support
to the parameters chosen to describe the methyl radical, it is
interesting to compare the calculated equilibrium isotope ef-
fects with experimentally determined kinetic isotope effects
for heterolytic cleavage of a carbon-halogen bond, When an
intermediate value is assigned to the H-C-H bending mode
force constant, the calculated hydrogen isotope effects are
10,3% for methyl iodide and 16.9% for methyl chloride (Table
III). This predicted substituent effect is in good agreement with
experimental observations, which show that the a-hydrogen
isotope effect for heterolysis of an alkyl iodide via an Syl
mechanism is 9%, while that for an alkyl chloride is 16%.24

It is well to ask, quite apart from the adequacy of the cal-
culations, whether the methyl radical is a good model of the
intermediate formed by inner-sphere electron transfer in route
2. If the strength of interaction between the alkyl radical and
the magneseous halide radical (-MgX) were comparable with
the strength of the carbon-iodide bond in methyl iodide, the
methyl radical would be a poor model. However, it has been
shown that the reaction of optically active 1-iodo-1-methyl-
2,2-diphenylcyclopropane with magnesium in THF proceeds
with greater than 98% racemization,® Therefore, the strength
of interaction between the alkyl radical and the magneseous
iodide radical must be weak, inasmuch as retention of con-
figuration would have been expected if the interaction had been
strong, Further, during the formation of a Grignard reagent,
it is often observed that the alkyl radicals can undergo side
reactions such as combination, disproportionation, and reaction
with solvent.2® These observations suggest that the alkyl
radical must have considerable mobility on the surface of the
magnesium, and that the methyl radical represents an appro-
priate model.

Conclusions

The formation of methyl magnesium iodide proceeds with
no carbon kinetic isotope effect, although the calculated
equilibrium isotope effect lies between two and three percent
if the reaction proceeds via route 2, Because the detection limits
of the procedure are on the order of 0.1%, a Kinetic isotope
effect should have been observed even if rate-determining
inner-sphere electron transfer did occur and happened to in-
volve a transition state that did not closely resemble methyl
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Figure 1, Reaction vessel for the production of Grignard reagent: A, 25-mL.
round-bottom flask; B, side arm valve; C, injection port: D, reflux con-
denser; E, vacuum valve.

radical, The alternative must, therefore, be chosen, and we
conclude that route I, in which outer-sphere electron transfer
forms the rate-determining step, more closely represents the
mechanism of this reaction, This conclusion is in agreement
with that of Walborsky,® and is consistent with the results of
electrochemical reductions of alkyl halides.?’

Experimental Section

Apparatus. The Grignard reaction was carried out in an apparatus
(Figure 1) consisting of a 25-mL round-bottom flask (A) to which had
been sealed a side arm valve (B) which served as an inlet for N, purge
gas, a septum port (C) for the introduction of solvents and reactants,
and a reflux condenser (10 cm in height, 1 ¢m in diameter).

The mercury diffusion pumped vacuum apparatus (Figure 2) used
for the recovery of the CHy resulting from the hydrolysis of the Gri-
gnard reagent consisted of a positive displacement mercury piston (F)
fitted with a two-way vacuum valve (G) which allowed the raising and
lowering of the mercury. The total sweep volume of the piston was ~1
L. Valves H and [ served as the sample introduction or withdrawal
ports. The liquid-nitrogen-cooled high efficiency trap (K) and the high
capacity trap (L) were removable and in place during the CHy in-
troduction step.

Production and Hydrolysis of the Methyl Grignard Reagent. Ap-
proximately 20 mg of Mg turnings and 10 mL of anhydrous diethyl
ether were added to the dry 25-mL round-bottom flask through the
septum port while purging with N, (A, Figure 1). The mixture was
stirred vigorously with a magnetic stirring bar and the ether was
brought to reflux temperature. A known quantity (~0.5 mmol) of dry
CH;l was injected into the refluxing ether,

After reaction (a variable time of reaction was used, 5-30 min), the
cooling water supply to the reflux condenser was shut off and, under
a fast flow of N3, the diethyl ether was evaporated. Subsequently, the
reaction flask was attached to trap L (Figure 2) and evacuated through
valve E (Figure 1) to assure that most of the diethyl ether was re-
moved.

Approximately 5 mL of H,O was injected into the reaction flask
through the septum port to hydrolyze the Grignard reagent. The re-
sulting CH,4 was led into the piston through traps L and K (Figure 2)
by allowing the gas to expand into the volume created in the piston
by lowering the mercury level. Traps L and K were held at =198 °C
(liquid nitrogen) to assure that only CH4 would pass into the piston.
The volume of the system was large enough to assure that all of the
CH, must be in the gaseous state to support the vapor pressure of
methane at liquid-nitrogen temperatures. Complete mixing of the gas
was assured by raising and lowering the mercury level in the piston.
Aliquots of the gas were taken for combustion by expanding the CH4
from the piston into an evacuated flask.

Combustlon and Determination of the Isotopic Compositions of
CH;l and CH4. Both CH;1 and CH4 samples were combusted in an
oven at 1200 °C in the presence of an excess of oxygen and a Pt ribbon
catalyst. The CO; resulting from the combustion was separated from
water by sublimation at —117 °C (ethanol slush). The purified CO,
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vacuum

atmos&here
vacuu

Figure 2, Apparatus for collection of methane (regulation of the pressure
in flask F controls the level of mercury in the cylindrical volume above the
flask, forming a 1-L positive displacement piston allowing quantitative
gas transfer): G, H, 1, J, vacuum valves; K, L, liquid-nitrogen-cooled
traps.

was transferred in a breakseal tube2® to the inlet system of an isotope
ratio mass spectrometer like that described by McKinney et al.?’
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