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a b s t r a c t

Structur e and energy of EtBr adsorption complexes on (0001) magnesium crystal surface in the sur- 
rounding of adsorbed solvent molecules L (L = n-pentane, acetonitrile, THF, DMF, DMSO, pyridine, 
HMPTA) as well as the most probable routes of their transformation with the Grignard reagent (EtMgBr)
formation were studied by applying the DFT method (B3PW91/6-31G(d)). Surface complexes were mod- 
eled using the Mg 50–EtBr, Mg 50–L and Mg 50–EtBr–L6 clusters. Thermodynamics of element ary reactions 
of Grignard reagent formation in aprotic solvents on the magnesium surface was studied. It is shown that 
the overall kinetic rate of the Grignard reagent formation is defined by the competition between the 
adsorption and desorption steps depending on the donor properties of solvents, while the oxida tion step 
itself is fast. The magnes ium oxidatio n rate correlates with the adsorption energy of oxidizer on a mag- 
nesium surface and product’s desorption energy to the reaction mixture volume. 

� 2013 Elsevier B.V. All rights reserved. 

1. Introduction 

The Grignard reaction that was discovered more than a hundred 
years ago, is one of the most convenie nt methods of obtaining 
organometa llic and coordinatio n compounds . The reaction is, to a
large extent, a heterogeneous process that includes reagents 
adsorption, chemical reaction itself and products’ desorption from 
the metal surface. 

The oxidative dissolution of metals, in particular, Grignard re- 
agent formation (1), has been subject of numerous publications 
[1–8].

RXþMgþ L! RMgX � L; ð1Þ

where RX is an alkyl- or aryl halide, L is an aprotic solvent . Kinetic 
studies of the reaction were conduct ed in many investigatio ns [8–
15]. Products and intermedia tes of the reaction between magne- 
sium and hydrocarb on halides were charac terized [6,15–18], the 
morphol ogy of a metallic surface after the reaction was investigate d
[19]. The scheme of free radical formation with the participat ion of 
surface metal atoms was suggeste d [20]. Still, despite numerous 
studies done, the overall reaction mechani sm remains a subject of 
discussion s. 

Two different mechanis ms for the Grignard reagent formation 
were suggested: the radical and molecular ones. Walborsky 

[3,20,21] and Garst [5,7,22,2 3] assume that an intermediate radical 
R� is formed as result of the decomposition of an alkylhalide radi- 
cal-ion pair adsorbed on a magnesium surface in accordance with 
the scheme: 

RXþMg! R� þMgdþ . . . X�d�: ð2Þ

While Walbor sky proposes that transform ations of R� species occurs 
only on a magnesiu m surface (‘‘A’’ model), Garst assumes the possi- 
bility of radical diffusion to the reaction volume (‘‘D’’ model) where 
it can participat e in different proces ses: interactio n with solvent 
and alkylha lide molecu les, recombin ation etc. 

Quantum chemical calculatio ns conducted up to date [24–26]
support the formatio n of active radical intermediates .

Some of the conducted studies show that a high-symmetr y
compact cluster of magnesium atoms can be present in the Grig- 
nard reagent molecule RMg nX. Such substances have been detected 
experime ntally while quantum chemical studies demonst rate their 
higher thermodyna mic stability as compare d to mono-organom ag- 
nesium derivatives . For example, calculations performed in [27,28]
confirm higher stability of bi- and tetra-organomagn esium deriva- 
tives CH 3MgnX (n = 2, 4; X = F, Cl). Rather high Mg AMg bonding en- 
ergy was noted within these studies. The cluster nature of the 
Grignard reagent is also claimed in Ref. [29]. It was shown that 
cluster-ty pe Grignard reagents are more energeticall y favorable 
as compared to RMgX species. Based on results of this study, the 
stability of Grignard reagents is a function of the number of mag- 
nesium atoms and their configuration and is changing as 
following :
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CH3MgF < CH3Mg2F 6 CH3MgFðMg2Þ < CH3MgFðMgÞ

Obvious ly, Grignar d reagent stability is determined by a number of 
atoms within the metal clusters and their space configuration. Ther- 
modyna mic stability and reactivity of the Grignard reagents con- 
taining the polyatom ic magnesiu m clusters were studied 
experime ntally as well as theore tically [30]. Cryochemic al metal- 
vapor synthesis of the Grignard reagent was conducted in inert 
matrix [31,32]. The IR-spectra of the obtained product s contained 
characteris tic absorpti on bands typical for Grignard reagents with 
MgAMg bonds. Quantum-ch emical calculation s [33] at a high level 
of theory (MP2/6-311++G(d,p); B3LYP/6-3 1++G(d,p); B3P86/6- 
311++G(d,p); BLYP/TZ 94P) also confirm the possibilit y of the exis- 
tence of polyorganim agnesium derivatives .

Despite the long history of research in this field, a number of 
questions regarding Grignard reagent formation mechanism re- 
mains up to now unanswe red. In particular, the rate-determini ng 
step of the process as well as the stationar y point position corre- 
sponding to a transition state were not yet finally established . Pos- 
sible Grignard reagent formation pathways were studied in detail 
in a number of theoretical studies [24–26,34]. A quantum chemical 
study of magnesium and methyl chloride interaction within a
cluster model of reaction center was recently conducte d [34].
The B3LYP/6-31 G(d, p) basis was used for the calculation, with 
the addition of 6-311 + G(d) for selected precise evaluations. The 
authors note that an attempt to find the energy and geometry of 
the transition state with only one magnesiu m atom was not suc- 
cessful. They assume that that a transition state may contain more 
than one metal atom. 

This conclusion is in agreement with the results of studies [30–
32], where magnesiu m clusters containing 18 and 21 atoms 
showed minimum activation energies of 10.3 and 9.8 kcal/mol, 
respectively . The transition state corresponded to the breach of 
the CACl bond in the methyl chloride molecule with a simulta- 
neous coordinatio n of formed fragments to neighboring magne- 
sium atoms in a way that one of the atoms remains between 
these two fragments. However , the mechanis m of halogen Acarbon
bond breach was not considered. Also the presence of an electron- 
donor solvent (Et2O, THF) close to the reaction center was not 
taken into account when the transition state was calculated. A
possible solvation of the transition state was also not considered. 

The cluster model was used in some studies [24–26] where
quantum chemical calculations of the mechanism and transition 
state in the Grignard reagent formation on the interaction of RHal 
(R = CH 3, Ph; Hal = F, Cl, Br) with magnesium clusters Mg 4–Mg10

were performed. In these studies molecular-i onic and radical reac- 
tion mechanisms were considered. According to the results of Por- 
sev and Tulub [26], the direction of the process is determined by 
the position of the CAHal bond vs. the plane of the cluster surface. 
Parallel position leads to radical-free RMgHal formatio n, while a
perpendicul ar one is responsible for the radicals formation in a
homolytic dissociat ion of the CAHal bond. The UB3LYP/6- 
31 + G(d) and CASSCF/6- 31 + G(d) methods were used in a space 
of roughly 1.4 � 104 spin-symmetrized functions. It was shown 
that an activation energy is strongly dependent on the number of 
atoms in the cluster and is always lower in the case of the radical 
reaction pathway in comparison to the ionic one. The activation 
energy decreases by a factor of almost two when the number of 
atoms increases from 4 to 10. This fact is in good agreement with 
the conclusions of a study [34] where it was shown that reliable 
activation energy estimates can only be achieved for clusters con- 
taining more than 20 atoms. 

The results of the calculations show that the separated CH �3
and �MgnHal species can be formed by CAHal bond breakage 
after achieving the energy plateau on the potential energy sur- 
face. Thus, the rate-determini ng stage of the process (1),

thermod ynamic parameters of its separate stages, structure of 
adsorbed complexes and reaction centers as well as the effect 
of the surface coordina ted solvent on the reaction kinetics re- 
quire special considerati on. 

In the present work a quantum chemical study of the reaction 
(1) on an ideal magnesium surface was performed using the model 
cluster Mg 50. The purpose of our study has been manifold: (I) to 
determine the rate-limiting step of the reaction, (II) to establish 
the structure and formation energy of the reagent, solvent and 
product complexes formed at the surface Mg 50�L (L = ethyl bro- 
mide, ethyl magnesium bromide, diethyl ether, THF, DMF, pyri- 
dine) and (III) to reveal the influence of the adsorbed solvent 
molecule s on the activation energy of separate reaction steps as 
well as the overall reaction. 

2. Methods of calculation 

DFT with B3PW91 (6-31G(d) basis) functiona l was used for the 
calculatio n of ethylbromide, solvent and Grignard reagent adsorp- 
tion parameters. The choice of functional and basis was based on 
the fact that they were successfu lly earlier used for studies of sta- 
ble magnesium clusters [35] and the good agreement with the 
available experime ntal data which was achieved. The reaction cen- 
ter of the magnesium surface where transformat ion occurs was 
modeled by a molecula r cluster consisting of 50 magnesium atoms 
(Fig. 1).

The Mg 50 cluster was taken as a fragment of the ideal magne- 
sium crystal (space symmetr y group p 63

m mc) with the parameters 
of a compact magnesium lattice: a = b = 3.21 Å; c = 5.21 Å. The cal- 
culations were carried out for the ethyl bromide (oxidizer) mole- 
cule surrounded by n-pentane, acetonitrile, tetrahydrofu rane 
(THF), N,N-dimeth ylformamide (DMF), dimethylsulp hoxide 
(DMSO), pyridine and hexamethy lphosphortriami de (HMPTA)
which acted as typical aprotic solvents. Initially, the geometry of 
the isolated molecules was optimized using the same theory level 
B3PW91/6- 31G(d).

For the adsorption complexes Mg 50–L, where L is a molecule of 
the adsorbed aprotic solvent, several conformations were studied. 
The coordinatio n of the oxygen or nitrogen atom to the central 
atom of the cluster surface layer was considered. Mg 50–L com- 
plexes were partially optimized in the course of the calculation: 
all atoms of an adsorbed molecule , coordinatio n center on metal 
and nine atoms surrounding it (six in outer and three in a middle 
layer) were free. Similar methodology was used for the calculation 
of the desorptio n energy of an organomagn esium product. To de- 
scribe the solvent effects, the models of adsorbed complexes were 
built in a way that ethyl bromide and product molecules were sur- 
rounded by six molecule s of the solvent located at peripher al 
atoms of the cluster. Full energy and electronic structure calcula- 
tions of complexes Mg 50–L6 also included preliminary partial opti- 
mization of the system geometry where all atoms of aprotic 
solvents molecule s as well as all magnesiu m atoms of outer and in- 
ner layers remained free (see Fig. 3 below).

In fact, Mg 50–L6 can be considered as models of magnesium sur- 
face reaction centers. L–Mg50–L6 and EtBr–Mg50–L6 complexes
were constructed as adsorbed molecules of an alkyl halide and sol- 
vent on an active metal center in a solvent field (Fig. 4). This model 
is considered as a rather precise reflection of the real interaction of 
components upon Grignard reagent formation on a magnesiu m
surface.

The calculations were performed with the Gaussian-03 soft- 
ware [36]. The original program MOLTRA N [37] as well as special- 
ized software, develope d by one of the authors [37], were used for 
the interpretation of the results and for choosing of the initial 
geometry .
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