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The equilibria of Grignard reagents, CH;MgCl and CH;MgBr, in diethyl ether (Et,O) solvent as well as the
reaction of the reagents with acetone are studied theoretically. To describe the equilibria and reactions in
Et,0O solvent, we employ the reference interaction site model self-consistent field method with the second-
order Mgller—Plesset perturbation (RISM-MP2) free energy gradient method. Since the solvent molecules
strongly coordinate to the Grignard reagents, we construct a cluster model by including several Et,O molecules
into the quantum mechanical region and embed it into the bulk solvent. We propose that, instead of the
traditionally accepted cyclic dimer, the linear form of dimer is as stable as the monomer pair and participates
in the equilibria. For the reaction with acetone, two important reaction paths (i.e., monomeric and linear
dimeric paths) are studied. It is found that the barrier height for the monomeric path is much higher than that
for the linear dimeric path, indicating that the reaction of the Grignard reagent with acetone proceeds through
the linear dimeric reaction path. The change of solvation structure during the reaction is examined. On the
basis of the calculated free energy profiles, the entire reaction mechanisms of the Grignard reagents with
aliphatic ketones in Et,O solvent are discussed.

1. Introduction

Grignard reagents, the organometallics that react with car-
bonyl or allyl compounds and form C—C bonds in the products,
have been utilized in organic synthesis for more than 100
years.! ™3 Because of the importance and usefulness of Grignard
reagents in various applications, the reaction mechanisms have
been continuously studied. For example, the stereoselective
addition of Grignard reagents to carbonyl compounds has been
a topic of experimental*® and theoretical®’ studies in recent
years. Despite these activities in studying the Grignard reactions,
details of the reaction mechanisms are still vague, particularly
for the role of solvents, which is important in characterizing
the reaction mechanisms.

The Grignard reagents are formally written as RMgX, where
R is an alkyl group and X is a halide. However, their actual
structures in solution are far more complicated. Traditionally,
they have been expressed in the form of the equilibria

(RMgX), = 2RMgX = R,Mg + MgX, (1)

Here, the former is known as the dimerization equilibrium,
whereas the latter is the Schlenk one. Crystallographic studies
on the solvated structures of the species in eq 1 have been
performed,®® and they found that the Mg atoms in Grignard
reagents are stable in tetrahedrally coordinated form. Experi-
mental studies on eq 1 have also been performed by calorimetric,!*~ 12
molecular weight,'>!* and ebullioscopic measurements'” as well
as NMR spectroscopy.'® These suggested that the dimerization
equilibrium is dominant in diethyl ether (Et,O) solvent, though
the Schlenk equilibrium is preferable in tetrahydrofuran (THF).
It was also found that alkylmagnesium bromides (RMgBr) in
Et,0 solvent are monomeric at low concentration (<0.1 M) and
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are dimeric at higher concentrations (>0.5 M), whereas alkyl-
magnesium chlorides (RMgCl) are dimeric even at low
concentration.!->!31517

Theoretical studies on Grignard reagents have been carried
out by ab initio methods'® and density functional theory
(DFT),72! as well as semiempirical calculations.”>?* From these
studies, the binding energies of solvent molecules to Mg atoms
in Grignard reagents were found to be very large and also quite
sensitive to the level of computational methods. For example,
the binding energy of two dimethyl ether (Me,O) molecules to
CH;MgCl was 28.4 kcal/mol by DFT method,”® whereas it
became 46.8 kcal/mol by the second-order Mgller—Plesset
perturbation (MP2) method.'® The dimerization energy was also
sensitive to the methods.!®2! On the other hand, the Schlenk
equilibrium was well described by both DFT and MP2 methods
(i.e., the energy difference between 2CH;MgCl+(Me,O), and
(CH3),Mg*(Me,0), + MgCl,*(Me,0), was 3.1—3.6 kcal/mol
at DFT or MP2 level).'$2°

Grignard reactions usually proceed in solvents such as Et,O
and THF. The solvent effects on the reaction mechanisms have
been studied with the continuum solvent models.®” However,
since solvent molecules strongly coordinate to Grignard reagents,
more elaborate models reflecting molecular aspects of solvent
may be required to describe the solvation effects. Recently, we
developed the analytic free energy gradient for the reference
interaction site model self-consistent field (RISM-SCF) method
with the MP2 energy (i.e., RISM-MP2 free energy gradient
method).?* This method was applied to study the equilibria of
CH;MgCl in Me,O solvent. We found that the effect of dynamic
electron correlation as well as that of bulk solvent were
important for describing the dimerization and Schlenk equilibria.

In the present article, we study the reaction of Grignard
reagent CH3;MgClI with acetone in Et,O solvent. Since Et,O is
one of the most common solvents in organic synthesis studies,
we employ this solvent instead of Me,O. Note that the boiling
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Figure 1. Equilibrium geometries of (a) linear dimer, (b) cyclic dimer,
and (c) monomer, obtained by RISM-MP2 method. Distances are in
angstroms.

point of Et,O, 307.8 K, is much higher than that of Me,0, 248.2
K. The purpose of the present work is twofold. One is to obtain
a satisfactory explanation of the equilibria of Grignard reagents
in E,O solvent. We calculate the solvation free energies of
monomeric and dimeric forms of the reagents. For the dimer,
we propose a new linear form as shown in Figure 1a, which is
more stable than the traditional cyclic dimer in Figure 1b. The
other is to clarify the mechanism of reaction in solution. We
carry out calculations on the reactions of monomeric and dimeric
forms of the reagent with acetone. To see the role of halide in
Grignard reactions, we further study the equilibria and reaction
for CH;MgBr reagent, and the results are compared with those
for CH;MgCl.
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2. Computational Details
In the RISM-MP2 method,* the free energy for a closed shell
molecule is given by

M2 =E

solute

"t Au+ E?

occ vir

) 1 )
= (Wl AWy + Au + ZZ Y Gijlab)

ij ab

2(ijlab) — (iblaj)
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where the suffixes i,j and a,b denote the occupied and virtual
orbitals, respectively. FIgas is the solute Hamiltonian in gas phase,
and Au is the excess chemical potential that is calculated with
the correlation functions obtained by solving the RISM integral
equations.”?® Wy is the solute Hartree—Fock (HF) wave
function composed of the orbitals obtained by solving the
solvated Fock equation derived from the Hamiltonian
site

A A

A=A, + Y 0.V, 3)

gas
o

Here, Q, is the population operator generating the partial charge
QO on the solute site o, and V, is the electrostatic potential
acting on the same site, respectively. The orbital energy ¢; (in
eq 2) is given as an eigenvalue of the solvated Fock operator
including the solvation effect. The equilibrium geometries were
obtained using the analytical gradients of the free energy,?* and
the vibrational frequencies were calculated by numerically
differentiating the free energy gradients. The zero point energy
(ZPE) corrections were also evaluated from these vibrational
frequencies and are included in all the energies throughout the
present article unless otherwise mentioned.

The effective core potential with the (5s,5p,1d)/[2s,2p,1d]
basis set proposed by Stevens et al.”” was employed for Br.
For the other atoms, the 6-31G** basis set was employed. The
effective charges on solute sites, Q,, were determined by the
restrained electrostatic potential method?® with the grid points
generated by the Spackman procedure.?

The coordination of solvent Et,0O molecules to Mg atoms in
Grignard reagents is known to be quite important.'3 2% In the
framework of the RISM-SCF method, the charges on solute sites
(atoms) and distribution of solvent around these sites are
determined self-consistently by coupling quantum mechanical
calculations and statistical RISM integral equation of solvent.?>2
Here, the interaction between solute and solvent is described
by the site—site electrostatic and Lennard-Jones (LJ) potentials.
However, since the strong dative bonding effects cannot be
described sufficiently by the sum of these potentials, we
introduced several Et;0 molecules into the quantum mechanical
(QM) region to take into account the strong coordination effects.
Since the experiments show that a Mg atom is coordinated to
be a tetrahedral structure, we included Et;O molecules in the
QM region so that Mg atoms are tetrahedrally coordinated.

The effect of bulk Et,O solvent was treated through the RISM
integral equation coupled with the hypernetted chain closure
relation. The potential parameters of solvent Et;O molecule and
LJ parameters of solute molecules were taken from the
literature?*+3°~3% and are given in Supporting Information. The
temperature and density of solvent were fixed to 298.0 K and
5.75 x 107? molecule/A3, respectively.

We employed the united-atom model for Et,0 molecules in
bulk solvent, and thus each solvent molecule consists of five
sites (i.e., O, two CH,, and two CHj; groups). It is known that
an Et,O molecule can take the trans and gauche conformations
where the CH;—CH,—O—CHj dihedral angles are different.
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According to the Monte Carlo simulation calculations by Briggs
et al.,’® liquid Et,O consists of mainly the trans—trans (tt)
conformer (70%), with the trans—gauche (tg) (26%) and two
gauche—gauche (g g, g™ ¢7) isomers (1%, 2%). We therefore
assumed that the bulk Et,O solvent molecules take the tt
structure for convenience. It is noted that we also carried out
calculations with the solvent molecules fixed to the tg confor-
mation, but the difference in solvation free energy of CH;MgCl
was within 1.0 kcal/mol between the tt and tg cases.

Et,0 molecules in the QM region were also treated by the
united-atom model in solving the RISM equation, and the details
are given in Appendix. We emphasize here that no geometric
constraint was applied to Et,0O molecules in the QM region.
Indeed, as seen in the next section, the geometries of Et,O
molecules in the QM region were close to the g* g~ conformer,
because of the steric effects between the Grignard reagent and
coordinated Et;O molecules.

To examine the effect of bulk solvent, we also carried out
calculations for the Grignard reagents without the bulk solvent.
Note that, even in this case, the strongly coordinating Et,O
molecules were included in the QM region. All the calculations
were performed by the GAMESS quantum chemistry package,**
in which we implemented our own RISM-MP2 routine.

3. Results and Discussion

3.1. Equilibria. We discuss here the equilibria of the
Grignard reagents CH;MgCl and CH;MgBr in Et,O solvent.
Since the solvent Et;O molecules, which strongly coordinate
to Mg atoms to be a tetrahedral form, are treated quantum
mechanically, we rewrite eq 1 in the following form:

(CH,MgX),*(E1,0), + 2Et,0 (I)
—(CH,;MgX),*(Et,0); + Et,0 (I)

—2CH,MgX+ (Et,0), (III)

—(CH,),Mg+(E,0), + MgX,*(Et,0), IV)  (4)

where X is Cl or Br. For the dimerization equilibrium, we
considered the linear dimer (II) in addition to the traditional
cyclic dimer (I). Since the Mg atom is tetrahedrally coordinated
in each species in the equilibria (eq 4), the linear dimer is formed
from two monomers by replacing one Et,0O molecule coordi-
nated to one of the monomers with the halogen atom of the
other monomer ((IIT) == (II)). The cyclic dimer (I) is further
produced from the linear dimer (II) by eliminating one Et,O
and forming a new Mg—X dative bond. Note that the dimer-
ization equilibrium, (IIT) = (II) == (I), is expected to be achieved
easily because the substitution reaction of reagents at the Mg
center is considered to be a very fast process."!®!"1 Since the
number of Et;,0 molecules in the QM region is four for the
species (IIT) and (IV), we regarded the extra Et,0O molecules in
(I) and (II) as the solute molecules solvated in the bulk solvent.
Thus, the number of Et,O molecules in the QM region is
conserved in each step included in eq 4.

The geometries optimized by RISM-MP2 method are shown
in Figure 1, and the energies of the equilibria (eq 1) are given
in Figure 2 and Table 1. The Schlenk equilibrium (III) = (IV)
of CH3MgCl was calculated to be endothermic by 3.4 kcal/mol
with the RISM-MP2 method. The endothermicity was increased
to 4.4 kcal/mol when substituting Br for Cl, as seen in Figure
2. These results are consistent with previous calculations.!*?!

The energy of CH;MgCl cyclic dimer (I) is higher than that
of the monomer pair (IIT) by 4.7 kcal/mol in Et,O solvent. For
CH3MgBr, the cyclic dimer becomes more unstable (i.e., 11.0
kcal/mol higher than the monomer pair). Thus, the cyclic dimer
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Figure 2. Energies of the species in the equilibria. Blue and green
lines are for CH3MgBr and CH3;MgCl, respectively. Energy of the
monomer pair is set to zero.
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TABLE 1: Change in Energies Due to Dimer Formations
and Its Components (in Kilocalories per Mole)*

AE (total) AEuT AAu AE®

AE (ZPE)

CH;MgCl
linear dimer (I) 0.9 (=3.6) 1.2(0.7) 49 —45(=3.5) —0.7(-0.8)
cyclic dimer (I) 4.7 (3.7) 040.7) 1.7 48(52) —22(-22)
CH;MgBr
linear dimer (I) 3.6 (—0.5) 2.83.6) 3.7 —1.7(=34) —12(-0.7)
cyclic dimer (I)  11.0(9.7) 4148 22 69(7.1) —22(-22)

“The energy of the monomer pair is set to zero. Values in
parentheses are energies without bulk solvent.

is not likely to be formed in Et,O solvent from the present
calculations. On the other hand, the energy of CH;MgCl linear
dimer (II) is very close to that of the monomer pair (III), as
seen in Figure 2. The formation of linear dimer from the
monomer pair ((III) == (II)) was endothermic by only 0.9 kcal/
mol in Et,O solvent. By substituting Br for Cl, the endother-
micity increased to 3.6 kcal/mol. Therefore, the present calcu-
lations indicate that the dimer of Grignard reagents is considered
to be of a linear form, not a cyclic one, because the formation
of a cyclic dimer from a linear one is a very endothermic process
with energy of 3.8 and 7.4 kcal/mol for CH3;MgCl and
CH;MgBr, respectively.

To see the effect of bulk Et,O solvent on the dimerization
equilibrium, we obtained the geometries and energies of the
species in the equilibria (eq 4) without the bulk solvent. The
resultant energies are given in Table 1. In contrast to the case
in solution, the formation of linear dimer became exothermic
by 3.6 and 0.5 kcal/mol for CH;MgCl and CH;MgBr, respec-
tively, without the bulk solvent. The energy difference between
the cyclic dimer and the monomer pair was reduced to be 3.7
and 9.7 kcal/mol for the Cl and Br compounds.

Figure 3 shows the radial distribution functions (RDFs)
between O atom in the bulk solvent and Mg atom in CH;MgCl
for the monomer, linear dimer, and cyclic one. We can find
mainly two peaks at the distances of about 3 and 7—8 A for all
RDFs. The coordination numbers of bulk Et,O molecules,
obtained by integrating the first peaks of RDFs, were 0.31 for
the monomer, 0.45 and 0.19 for the linear dimer, and 0.27 and
0.27 for the cyclic dimer, respectively. This indicates that there
can exist the species in which a Mg atom is pentagonally
coordinated in Et,O solvent, though their populations are small
because the coordination numbers are much smaller than 1.0.
Thus, the first solvation shell of Mg atom is considered to be
almost saturated by the Et,0 molecules in the QM region.

In a previous article, the cyclic dimer of CH;MgCl in Me,O
solvent was studied.?* The coordination number of the bulk
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Figure 3. Radial distribution functions between Mg in Grignard reagent
CH;MgCl and O in Et,O. Red, blue, and green lines are for monomer,
linear dimer (dark: Mgl, light: Mg2), and cyclic dimer.

Me,O solvent in the first solvation shell was larger than the
present Et;O value. This result is consistent with the weaker
effect of bulk Et,O solvent than Me,O. Actually, the energy of
cyclic dimer in Me,O was higher than the monomer pair by
12.4 kcal/mol without ZPE correction, which is larger than the
corresponding energy in Et,O solvent, 6.9 kcal/mol.

Experimentally, the free energy change for the Schlenk
equilibrium in Et;O solvent was measured for CH;MgBr, 3.4
kcal/mol,'? which is comparable with the present result, 4.4 kcal/
mol. For the dimerization equilibrium, experiments suggested
that CH;MgBr in Et,O solvent is monomeric at low concentra-
tion, whereas CH;MgCl in Et,O solvent is dimeric even at low
concentration.'>!>!7 As mentioned above, the traditional cyclic
dimer is not likely to participate in the equilibrium, and the
dimer observed in the experiments is considered to be of a linear
form. Although the formation of linear dimer was calculated to
be slightly endothermic for both CH;MgCl and CH3;MgBr, the
endothermicity is mainly attributed to a relatively large positive
value for the change of excess chemical potential (AAu), 4.9
and 3.7 kcal/mol for CH3;MgCl and CH3;MgBr, respectively
(Table 1). Since the RISM theory has a trend to overestimate
the component of cavity formation energy in estimating the
excess chemical potential,® the present values for AAu might
be too large. Taking account of this fact, the present results for
the linear dimers are consistent with the experimental findings.

3.2. Reaction with Acetone. We now examine the reaction
mechanism of the Grignard reagent CH;MgCl with acetone in
Et,0 solvent, particularly the reactions of the monomer and
linear dimer, since these are dominant in Et,O solvent, as shown
above. The reaction path of the cyclic dimer was also calculated
for comparison.

To initiate the reactions, one of the coordinated Et,O
molecules needs to be replaced by an acetone molecule, resulting
in a complex of Grignard reagent with acetone. Note that this
complexation process is observed to occur rapidly in the
experiments."!” After the Grignard reagent—acetone complex
is produced, the C—C bond formation reaction occurs. The
reaction schemes for the monomer and linear dimer complexes
are depicted in Figure 4.

The substitution reaction of acetone for Et,O is expressed as

Z+(E,0), + (CH,),CO — (CH,),CO+Z+(Et,0),_, + Et,0
%)
where Z denotes the Grignard reagents, and the subscript n is

2 for the monomer and cyclic dimer, or 3 for the linear dimer.
It is noted that there can be several isomeric forms for
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Figure 4. Scheme of the monomeric and linear dimeric reactions.

(CH3),CO-Z+ (Et,0),—1, depending on the position of (CH3),CO.
Here we only considered the complexes that are directly related
to the reaction products, since the energies of the complexes
are rather insensitive to the positions of (CH3),CO.

The RISM-MP2-optimized geometries for the complexes of
monomer and linear dimer are shown in Figures 5a and 6a, and
that of cyclic dimer is in Supporting Information. The calculated
energies for the substitutions (eq 5) are summarized in Table
2. We can see that the reactions of CH;MgCl are exothermic
by 1.0, 3.4, and 0.9 kcal/mol for the monomer, linear dimer,
and cyclic dimer, respectively. Without the bulk solvent, the
exothermicity became smaller by about 1 kcal/mol. Note that
the dynamic electron correlation was very important (i.e., the
HF results overestimated the exothermicity by more than 4 kcal/
mol). We also considered the substitution reaction for CH;MgBr.
The results are included in Table 2, where the reactions of
monomer and linear dimer were exothermic by 1.4 and 3.3 kcal/
mol in solution, respectively.

Another route for the dimer—acetone complex formation has
been suggested.’® The linear dimer—acetone complex can be
produced from a monomer—acetone complex and a monomer
via the following reaction:

CH,MgX-(Et,0), + (CH,),CO+CHMgX-Et,0
—(CH,),CO*(CH,MgX),*(E,0), + Et,0 (6)

Here, X is Cl or Br. This reaction is exothermic by 1.5 kcal/
mol for CH;MgCl, while it is endothermic by 1.7 kcal/mol for
CHs;MgBr in Et,0O solvent. However, it is noted that the
solvation free energy for linear dimer seems to be underesti-
mated compared with that for the monomer pair (see the
discussion about AAu in the equilibria). In fact, without the
bulk solvent the reaction (eq 6) becomes exothermic by 6.1 and
3.1 kcal/mol for CH;MgCl and CH;MgBr, respectively. Thus,
the formation of linear dimer—acetone complex is considered
to be feasible even for CH;MgBr.

After the Grignard reagent—acetone complex is produced,
the C—C bond formation reaction proceeds through the paths
as shown in Figure 4. The RISM-MP2-optimized geometries
of transition states (TS) and products for the reactions of
monomer and linear dimer complexes are shown in Figures 5
and 6, and the energies are given in Table 3. As we can see
from Table 3, the barrier height for the monomeric reaction path
was 16.2 kcal/mol with the exothermicity of 25.1 kcal/mol,
measured from the complex with acetone that is regarded as
the reactant for this reaction step. For the linear dimeric reaction
path, the TS was located above the reactant by only 9.2 kcal/
mol, and the exothermicity was quite large (i.e., 49.1 kcal/mol).
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Figure 5. Geometries of (a) reactant, (b) transition state, and (c) product
for the reaction of monomer with acetone. Distances are in angstroms.

When Br atoms were substituted for Cl, the energy barrier for
monomeric and linear dimeric reaction paths became 16.7 and
9.5 kcal/mol, respectively, which are comparable with the cases
of CH;MgCl.

To see the effect of dynamic electron correlation on the
energy profile for the C—C bond formation reaction, we
calculated the reaction paths with the RISM-HF method. The
reaction barrier heights were overestimated by 8—11 kcal/mol,
and the exothermicity became small by 8—13 kcal/mol at the
HF level. The electron correlation effect is also apparent on
the TS geometries. The two characteristic distances, the bond-
breaking Mg+++C (=r) and bond-forming C++-C (=r,), are
written in Figures 5 and 6. As shown in the figures, r; is 2.173
and 2.182 A, and r, is 2.420 and 2.514 A for the TSs of
monomer (TSy) and linear dimer (TSyp), respectively. Without

Mori and Kato

LY

i
r2=3.315 G

&
re=1.528

Figure 6. Geometries of (a) reactant, (b) transition state, and (c) product

for the reaction of linear dimer with acetone. Distances are in angstroms.

TABLE 2: Energies of the Substitution Reaction (in
Kilocalories per Mole)*

monomer linear dimer cyclic dimer
CH;MgCl —1.0(—0.1) —3.4(—2.6) —0.9 (0.1)
CH;MgBr —1.4(—=0.5) —33(=3.1) —0.8(0.2)

“Energies without bulk solvent are also shown in the
parentheses.

the electron correlation effect, r; of TSy and TSy p was extended
t0 2.251 and 2.264 A, while r, was shortened to 2.299 and 2.384
A, indicating that the geometries of TSs are shifted to the
reactant side by the electron correlation. This is consistent with
the Hammond postulate that the TS becomes earlier with
increasing exothermicity.
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is for a complex of Py with Et,O.

TABLE 3: Energies of the Reactant, Transition State, and
Product for the C—C Bond Formation Reaction of the
CH;MgCl—Acetone Complexes®

monomer linear dimer cyclic dimer
reactant 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
transition state 16.2 (15.4) 9.2 (7.5) 15.9 (14.7)
intermediate” —33.5(—32.9)
product —25.1(=25.1)  —49.1(=51.0)  —41.4(—42.7)
product—Et,O¢ —43.3 (—46.6) —55.4 (—61.0)

“ Energy of each reactant is set to zero. Values in parentheses are
energies without bulk solvent. ” See Supporting Information and ref
6. ¢ Tetrahedrally coordinated product formed by adding one more
Et,0O molecule.

As seen in Figure 5, the product in the monomeric reaction
path (Py) includes a tertiary coordinated Mg atom, since the
methyl group is eliminated from the Mg along the reaction path.
This implies that anther Et,O molecule is expected to coordinate
to the product Pyy. To verify this, the RDFs between the O atoms
in bulk Et,O solvent and the Mg atoms in solute are shown in
Figure 7a. We can see that, while the first peak for the reactant
Ry is very small, the peak is largely increased at the product
Py as in Figure 7a. Indeed, the coordination numbers at Ry
and Py; were calculated to be 0.25 and 0.75, respectively. To
estimate the coordination effect of additional Et,O molecule to
the product Py, we included one more Et,0O molecule into the
QM region. As a result, the reaction exothermicity increased
by 18.2 kcal/mol (given as “product—Et,O” in Table 3). The
coordination number of Et,O to Mg thus reduced to 0.25 for
the tetrahedrally coordinated product. It is noteworthy that the
first peak in the linear dimeric reaction path did not change
largely even at the product (Ppp) because the Mg atoms are
tetrahedrally coordinated throughout the reaction, as seen in
Figure 6.

The RDFs at monomeric and dimeric transition states, TSy
and TSpp, are also given in Figure 7. For the monomeric
reaction, the peak at TSy was similar to that in the reactant
Ry, in contrast to the large peak in the first solvation shell of
the product Py;. The first peak for TSy p was also very close to
that for Ry p. The coordination numbers in TSy; and TSy p were
0.32 and 0.11, which are similar to those at Ry and Ry p, 0.25
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Figure 8. Proposed mechanisms for reaction of (a) CH;MgCl and (b)
CH;MgBr with acetone in Et,O solvent. Energies are in kilocalories
per mole, and the energy of the monomer pair in the equilibria is set
to zero.

and 0.11. Therefore, we can conclude that the solvation
structures at the TSs (TSy and TSyp) are similar to those at
the reactants (Ry and Ryp), indicating that the solvation
properties of TSs are well described by the present RISM-MP2
calculations. Note that, for the RDFs of linear dimer, we only
plotted those of Mg2 (Figure 6), since the reaction occurs around
this Mg atom and the RDF around Mgl did not change during
the reaction.

We also examined the reaction of CH;MgCl cyclic dimer with
acetone, since it has been studied in Me,O solvent.® The results
are given in Table 3 and Supporting Information. The energy
barrier in this path was 15.9 kcal/mol, which was much higher
than the linear dimeric reaction path. Therefore, we can conclude
that this reaction path does not contribute to the actual Grignard
reaction in Et,O solvent.

Historically, the reaction mechanism involving a six-member
ring transition state has been discussed to interpret the
experiments.*~38 This reaction is considered to start from a pair
of monomer—acetone complex and monomer, followed by the
formation of a six-member complex between them. We first
examined the complex where two Mg atoms are bridged by
the methyl group instead of chloride, as proposed by Swain
and Boyles.*® The energy at the RISM-MP2-optimized geometry
was higher than that of linear dimer Ry for CH;MgCl by 4.8
kcal/mol in Et,0O solvent, indicating that the complex involving
the Mg-++Cl---Mg bridge is more stable than that with the
Mg-++CHj*+*Mg one. We next calculated a six-member transi-
tion state starting from the linear dimer complex Ryp by
shortening the distance r, in Figure 6a. However, we could not
find a six-member transition state and only the TSy p in Figure
6b was obtained. This is because the coordination of O atom to
Mg strongly stabilizes the TS energy. Indeed, the dimer products
with O bridge was observed in the experiments.*4

Finally, Figure 8 summarizes the reaction mechanisms of
CH;MgCl and CH;MgBr with acetone in Et,O solvent. Note
that we only considered the dilute solution of the Grignard
reagents. As mentioned above, CH;MgCl in Et,O is equilibrated
between the monomer and linear dimer species ((III) == (I)).
Therefore, as shown in Figure 8a, there are two possible paths
for this reaction: (i) (II) = Ryp — TSyp — Prp and (ii) (III) =
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Ry = Ryp — TSyp — Prp. Although the monomeric reactant
state (Ry) is formed in path (ii), the C—C bond formation occurs
only through TSy p by forming Ryp, since the energy of TSy is
located much higher than that of TSy (i.e., by 8.5 kcal/mol).
For CH;MgBr (in Figure 8b), the monomer state (III) is the
main species in dilute solution, which is more stable than the
linear dimer state (II). The reaction is expected to proceed
through (II1) = (Ry) == (Rpp) — (TSLp) — (PLp). Even for
CH;MgBr, the reaction is not likely to proceed through TSy,
since the energy of TSy is higher than TSy p by 5.5 kcal/mol.

4. Conclusions

In this article, we studied theoretically the equilibria of the
Grignard reagents CH;MgCl and CH;MgBr in solution and the
reactions with acetone. As the solvent, we employed Et,O, which
is commonly used in organic synthesis studies. Since some of
the solvent Et;0 molecules strongly coordinate to the Mg atoms,
which are stable in tetrahedrally coordinated forms, we con-
structed cluster models explicitly involving these Et;O molecules
for all the species appearing in the equilibria and embedded
them in the bulk solvent. To describe the equilibria and reactions
in Et,O solvent, the recently developed RISM-MP?2 free energy
gradient method was applied to optimize the geometries of
species involved in the equilibria and to trace the reaction paths.
The results obtained here are summarized as follows.

For the equilibria:

(1) Although the cyclic dimer structure was considered to
participate in the equilibria for a long time, the linear
dimer structure was found to be more stable than the
cyclic dimer. This result indicates that the dimer that
appears in the equilibria is of the linear form, not the
cyclic one.

(2) While the monomer and linear dimer of CH;MgCl in
dilute solution coexist, the linear dimer of CH;MgBr is
more unstable than the monomer of CH;MgBr. This is
consistent with experimental findings.!>!31517

For the reaction:

(1) The Grignard reagent—acetone complex for the monomer
and linear dimer is produced easily. Moreover, the linear
dimer—acetone complex is as stable as the monomer one,
even for CH;MgBr.

(2) The barrier height for the linear dimeric reaction path is
lower than the monomeric one. This indicates that the
reaction proceeds through the linear dimeric path.

(3) The solvation structures at the TSs are similar to those
at the Grignard reagent—acetone complex. This means
that the TSs exist near the reactant states, which is
consistent with the calculated large reaction exothermicity.

(4) The proposed reaction mechanism for CH;MgCl with
acetone is (i) linear dimer (II) == Ryp — TSip — Prp
and (ii) monomer pair (III) = Ry = Ryp — TSpp —
Pyp, while for CH;MgBr, it is monomer pair (III) = (Ryy)
= (Rep) = (TSrp) — (Prp).

It is noted that two reaction mechanisms were proposed for
the alkyl group transfer in the Grignard reaction (i.e., polar and
single electron transfer (SET)), depending on the type of the
alkyl groups. It is recognized that the reactions occur via the
polar mechanism for aliphatic ketones, while the aromatic ones
prefer the SET mechanism.!%!7 We therefore focused on the
polar mechanism for the present case.

This work has provided a new insight to the equilibria of the
Grignard reagent CH;MgX in Et,0O solvent and the reaction with
acetone. However, there are still many problems to be solved
for the Grignard reactions, such as the reactions of aromatic
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ketones or reactions in THF solvent, to fully obtain understand-
ing of the reaction mechanism. These problems are subjects of
future works, and we believe that the present study may become
a guide to challenge such problems.
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Appendix: United-Atom Model for the Solute Molecule.

Within the united-atom model, the molecule is represented by
five sites (i.e., O, two CH,, and two CHj3), though an Et,O
molecule consists of 15 atoms. To apply this united-atom model
to the solute part of the RISM-SCF method, the charges of both
nuclei and electrons were assigned to the sites as effective
charges, with the least-squares fitting to reproduce the electro-
static potential.”® The effective charges q°' are given as

q"=qV +q“ (A1)

where

qV=a'@z + ¢z

=1
- 11—_111{1‘5“(31'2 + cZ™) — Ny} (A2)
a
q° = —a Y{tr(PB) + ¢Z°}
=1
+ 117111[1‘5“{&(1)13) + ¢Z°9) — w(PS)] (A3)
a

The definitions of a’, Z, Ny, P, B, and S follow those used in
ref 25. 27! is defined as

a'l=a—c (A4)
where a is also given in ref 25. Z°™ and Z°® are nuclear and
electronic reference charges, respectively, and ¢ is the restrained
electrostatic potential (RESP) constant parameter.?®
The form of eqs A2 and A3 are similar to that of Ten-no et
al.>> However, since the charge fitting is also done for nuclear
charges in eq A2, the analytic gradients of these charges with
respect to nuclear coordinates are required in addition to the
electronic part.”® The gradients of the nuclear charge part can
be easily evaluated by

N) z1 51 '
o9 _ (1 -~ al 1‘)[aa @Z + z™) + 5128 7

oR, 15711 JR, R,
~—1
—?;;{ 1tlll{l‘ﬁrl(a'z +eZ™) — N} (A5)
ala

On the other hand, the gradients of the electronic charge parts
(3q©)/(3Ry) are almost identical to the previous result.?® Indeed,
we only have to replace “a” and “tr(PB)” in ref 26 with “a™
and “tr(PB) + cZ<®” to include the RESP part.

Using these equations, we can easily apply the united-atom
model to the RISM-SCF method, which enables us to apply
this method to systems with many atoms efficiently.

Supporting Information Available: Potential parameters
for solvent and solute molecules (Table SI1). Geometries of
the reactant, transition state, intermediate, and product for the
reaction of cyclic dimer with acetone (Figure SI1). This material
is available free of charge via the Internet at http://pubs.acs.org.
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