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Theoretical Study of Magnesium Compounds: The Schlenk Equilibrium in the Gas Phase
and in the Presence of EfO and THF Molecules

Jaana Tammiku-Taul,’* Peeter Burk,*+ and Ants Tuulmets'
University of Tartu, 2 Jakobi St., Tartu 51014, Estonia
Receied: June 11, 2003; In Final Form: October 23, 2003

The Schlenk equilibrium involving RMgX, ®1g, and MgX (R = Me, Et, Ph and X= ClI, Br) has been
studied both in the gas phase and in diethyl ethesQJeand tetrahydrofuran (THF) solutions by means of

the density functional theory (DFT) B3LYP/6-3G* method. Solvation was modeled using the supermolecule
approach. The stabilization due to interaction with solvent molecules decreases in the order Mg X

> R;Mg and among the groups (R and X) PhMe > Et and CI> Br. Studied magnesium compounds are
more strongly solvated by THF compared te@t The magnesium halide is solvated with up to four solvent
molecules in THF solution, assuming thiens-dihalotetrakis(tetrahydrofurano)magnesium(ll) complex forms.
The formation ofcis-dihalotetrakis(tetrahydrofurano)magnesium(ll) is energetically less favorable than the
formation of corresponding disolvated complexes. The predominant species in the Schlenk equilibrium are
RMgX in ELO and RMg + MgX; in THF, which is consistent with experimental data.

1. Introduction group exchange. Temperature effects on the composition of
Grignard reagents in solution can be either kinetic or thermo-
dynamic. Increasing temperature usually results in a faster
exchange of ligands among magnesium complexes, which
translates to faster equilibration rafes’2 Thus, all factors
which affect the position of equilibrium are in close connection
with one another.

The Schlenk equilibrium constant is usually expressed as

Although the stoichiometry of a Grignard reagenan be
expressed as RMgX (R organic group, X= halogen), the
real composition of the reagent is far more complex, both in
solution and in the solid state. It should be expressed by
equilibrium of the type

(RMgX), = 2RMgX == R,Mg + MgX, = R,Mg-MgX,
@) « —_ [RMgX]®

where the middle part is known as the Schlenk equilibfium ° [R-Mg]-[MgX]
and the associated species can exist as dimers, as well as trimers L )
and higher aggregates. The Schlenk equilibrium is dynamic and!f [R2Md] ~ [MgX2], which is frequently the case, a determi-
can be shifted very fast. nation of the ratio [RMgX]/[RMg] can be used. 'I_'he equilibrium

The position of the Schlenk equilibrium depends on the constants are also calculated from the equation
solvent, the concentration of the solution, the nature of the
organic group, and the halide as well as the temperature. The
most important factors are solvent and concentration. All alkyl-
and arylmagnesium chlorides, bromides, and iodides are mon-
omeric in tetrahydrofuran (THF) over a wide concentration range
(0.1-3.5 M)35 Alkyl- and arylmagnesium bromides and
iodides contain essentially monomeric species at low concentra-
tions (less than 0.1 M) and dimeric species at higher concentra-
tions (0.5-1.0 M) in diethyl ether (EO). The alkylmagnesium
chlorides are essentially dimeric even at the low concen-
trations3-62 The difference in Grignard reagent association
behavior in THF and ERO is attributed to the relative Lewis
basicities of the two solvents. Solvefthetal bonding competes
with the bridging characteristics of the halide, and THF
competes more favorably thamBt The associated complexes
are believed to bridge predominantly through halide substitu-
ents35 Variable temperature NMR studies indicate that the rate
of alkyl exchange is a function of the structure of the alkyl

)

AG = —RTInK ©)

whereR is the universal gas constant (8.314 JAK®land T is
temperature.

The Schlenk equilibrium has been the subject of various
experimental investigations. Calorimetric studies of the heats
of reaction between MgxXand RMg in dilute solutions of
Et,0%¢ and THP (thermochemical titration) have provided
thermodynamic parameters and equilibrium constants for several
systems. A number of constants, thermodynamic parameters,
and qualitative kinetic data for the exchange process have been
obtained by variable temperature NMR spectrosc@pyAlso
IR-spectroscopy? polarography! analysis of kinetic investiga-
tions of Grignard reaction$2band molecular weight measure-
ment§2° have been used.

Several theoretical studies about the Schlenk equilibrium,
solvent effects, association processes in Grignard reagents, etc.
have been carried out by semiempirical calculations, using the

group, e.g., methyl group exchange is much faster tHautyl extended Hakel MO (solvents are Mg and MeN) and
4 i ) .
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perturbation calculatiod® (solvent is MegO) and density TABLE 1: Selected Bond Lengths of Solvated Magnesium
functional theory (DFT), where solvent is M&'6 or EtO.17 Compounds at the B3LYP/6-3%G* Level?

Many crystallographic data are available for the structures Z-nEt,0
of so_lvated r_nonomeric magnesium_compou%?dé? The struc- r(Mg—0) r(Mg—x) r(Mg—C)
ture in solution, however, can be different from the solid-state
structure because of various intermolecular and intramolecular n=1 n=2 n=1t n=2 n=1 n=2
forces in these phases. In the current work we report the results MgClz 2.038 2.091 2.238 2.286
of the density functional theory (DFT) calculations about the MgBr, 2,046 2.091 2.380  2.427

y Iu i MeMgCl 2.085 2.137,2.140 2.269 2319 2.104 2.129
Schlenk equilibrium of RMgX, BMg, and MgXx (R = Me, MeMgBr 2.089 2.131:2.140 2.411 2.469 2102 2.123

Et, Ph and X= CI, Br) in the gas phase and in solution. We  gggCl  2.088 2.138;2.141 2270 2.319 2.119 2.142
have used the most common reaction media for Grignard EtMgBr  2.087 2.129;2.140 2411 2.467 2117 2.139
reagents, diethyl ether (J2) and tetrahydrofuran (THF), as  PhMgCl  2.075 2.122;2.126 2.259 2309 2108 2.139

solvents. PhMgBr 2.082 2.116;2.120 2.395 2.452 2102 2.128
Me;Mg 2.137 2.190 2.127 2.154
. Et,Mg 2.138 2.201 2.144 2.168
2. Computational Methods PhMg 2104 2.157:2.161 2125 2.156
The calculations were carried out using the GAUSSIARPI8 Z.nTHE
program package. All geometry optimizations and vibrational — — —
analyses were done using the density functional theory (DFT) r(Mg—0) r(Mg—X) r(Mg—C)
with hybrid B3LYP functional and the 6-31G* basis set n=1 n=2 n=1n=2n=1 n=2
(B3LYP/6-314-G*). All stationary points were found to be true  MgCl,  2.033 2.075 2.237 2.286
minima (number of imaginary frequencies, NImag0). The MgBr,  2.038 2.068 2.379 2.426

calculated frequencies were also used for calculations of MeMgCl 2.078 2.118;2.123 2.268 2.321 2.103 2.129
enthalpies and Gibbs energies. MeMgBr 2.078 2.114;2.115 2410 2.467 2.102 2.121

. . EtMgCl 2.078 2.122;2.123 2.269 2.322 2.118 2.142
Solvation was modeled using the supermolecule approach, gypviger  2.078 2.111:2.119 2.410 2.469 2.116 2.135

which is the best method to describe the specific solvent effects. phmgcl  2.063 2.107;2.110 2.259 2.313 2.106 2.136
Up to two molecules of diethyl ether and up to four molecules PhMgBr 2.067 2.100;2.101 2.395 2.460 2.103 2.131

of tetrahydrofuran were added to the studied species. Me,Mg  2.128 2.170 2.127 2.154
The stability of the solvated species was calculated consider- Eﬁ'\lclg g'ésg gﬂg 2145 22'11‘1'2:’; 22'116593, 2157
ing the basis set superposition error (BSSE) estimated according © "9 ' R ' R
to the counterpoise (CP) correctiéhThe BSSE arises from Z-nTHF
the mathematical fact that the basis sets are not complete and r(Mg—O0) r(Mg—X) r(Mg—C)

it should be considered in the case of complexation energies.

. . N n=3 n=3 n=3
The dimer (complex) energy minus the monomer energies is
the directly calculated complexation energyEcomplexation MgCl. g-gg? 5‘3 2.340 (e)
N MgBr; 2.198 (a) 2.471 (e)
AEcompIexationZ E(AB)z — E(A), — E(B), (4) 2.203 (a) 2.475 (e)
2.073 (e)
To estimate how much of this complexation energy is due to 2. THE
BSSE, four additional energy calculations were needed. The
CP correction is defined as r(Mg—0) r(Mg—Xx) r(Mg—C)
cis, trans, cis, trans, cis, trans,
AECP: E(A)2b+ E(B):b— E(A):— E(B)Z (5) n=4 n=4 n=4 n=4 n=4 n=4
MgCl, 2.235(a) 2.199 2.409(e) 2.429
where E(A)7, and E(B)%, are the monomer energies with the 2.240 (a) 2.432
. * N 2.322 (e)
basis set of complexE(A); and E(B), are the monomer 2.323 (e)
energies with their normal basis sets. In all cases the monomersmger, 2.222(a) 2.191 2.551(e) 2577
were calculated with the geometry they have in complex. The 2.298 (e) 2.579
;(;unterpmse corrected complexation enelyigsss IS given 2 All distances are in angstroms, A.
AE — AE _AE 6 tetracoordinated magnesium forms with its ligands a deformed
BSSE™ ~—complexation CP © tetrahedron in the disolvated species (Figure 1c,d), in accordance

) i with X-ray diffraction studies of the crystal structures
The BSSE was also taken into account in the case of the of monomeric EtMgBRELO,82b PhMgBr2ELO  and

reactions of the Schlenk equilibrium. The BSSE had a particu- PhMg-2EO1° MgBr»2E£02° and PhMgBr2THF2 The

Isaélﬁlllesrtrkor:eg LIJTI]:It;Jr?LTrze o?‘ntr?gﬂl]:)rtgriiligl-\(/:?)tlz?ginﬁg er?:lgfn acr)]l?nfjhse ggometry of d{ethyl _ether both in th? M onosolvated .and
q . ; 9 POUNGS  gisolvated species is like a “propeller”, similar to that obtained

compared to the corresponding chlorine compounds, indicating by Lammertsma’s group. For the solid state, and possibly for

somewhat less satisfactory description of bromine basis set. he so|ytion state as well, the structure of solvated magnesium
compounds depends primarily on the steric requirements of the
R group and solvent molecules attached to the magnesium atom.
3.1. Structures of Solvated Magnesium Compoundsthe As tetrahydrofuran is sterically less demanding than diethyl
optimized structures of some mono- and disolvated species areether, magnesium halide can probably coordinate at least four
shown in Figure 1. The monosolvated structures contain an tetrahydrofurans, e.g., MgBATHF, based on crystallographic
essentially planar tricoordinated magnesium (Figure 1a,b). The dat&?2P and conclusions by Smith and Becker about their

3. Results and Discussion
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Figure 1. Optimized (at B3LYP/6-31+G* level of theory) structures of monosolvated and disolvated species: (a) EtMdE| (b) EtMgCHELO,
(c) EtMgCF2THF, and (d) EtMgCRELO.

TABLE 2: Solvation Energies (AE, contains zero-point deformed octahedron and as the chlorine atoms are located
vibrational energy (ZPVE) correction), Enthalpies (AH), and alongside, we label them as equatorial (e). Thus, two THF
Srll?rk\);oE[r;ieer?hlslsEeh%)rR;I(g\lﬂea::%rllgssIg{nth%o&pLo\l(Jgﬂi?ﬁi%?ne ligands are equatorial (e) and the other two THF ligands are
Level axial (a). The trans form is also an octahedron, where equatorial

and axial positions are indistinguishable.
The obtained bond lengths of mono- and disolvated magne-

Z + nEt,O — Z-nEt,O

AE AH AG sium compounds (Table 1) can evidently be related to a lesser

Z n=1 n=2 n=1 n=2 n=1 n=2 steric hindrance to the interaction between the magnesium atom
MgCl, —216 -353 -216 -349 -11.7 -143 and the oxygen atom(s) of the solvent. The distances between
mgaﬁa :ﬁ-g :gg-é :ﬂ-g :gg-g :g-i :g-% the magnesium atom and the oxygen atom(s) of the solvent
MeMgBr 130 -211 -127 -206 —32 0.7 increase in the order MgX< RMgX < R;Mg and among the
EtMgCl —14.8 -235 —144 -229 —42 -15 groups Ph< Me ~ Et. The bond lengths(Mg—0O) are
EtMgBr  —13.0 -21.1 -126 -204 2.2 1.7 somewhat unsymmetrical in the case of disolvated RMgX
PhMgCl  -16.3 -26.7 -159 -261 —-63 —43 compoundsAr = 0.003-0.011 A in the E£O complexes, and
PhMgBr  —139 —228 -136 -222 -32 03 Ar =0.001...0.008 A in the THF complexes. The bond lengths
Me:Mg —9.6 -—-143 -9.4 -138 0.4 7.3 . - . .
EtMg —95 -135 -92 —13.0 1.9 10.0 r(Mg-X) increase in the direction MgX< RMgX (Ph < Me
PhMg —129 -194 -125 -186 —-23 3.2 ~ Et) andr(Mg—C) in the direction RMgX< R,Mg (Ph ~

Me < Et). The r(Mg—O) is shorter in the case of THF
complexes, e.g.Ar = 0.005-0.015 A in the monosolvated,
calorimetric studie€. The optimized structures of tri- and andAr = 0.016-0.029 A in the disolvated THF complexes
tetrasolvated tetrahydrofuranate complexes of Mg@ shown ~ compared to the corresponding 28t complexes, while
in Figure 2. The tris-tetrahydrofuranate complex of magnesium (Mg-X) and r(Mg—C) are more or less constant. All bond
halide forms a deformed trigonal bipyramid, wherein the lengths are longer in the case of disolvatedCEand THF
chlorine atoms and one THF molecule are equatorial () and complexes compared to the monosolvated complexes. The Mg-X
two THF molecules are axial (a). The tetrakis-tetrahydrofuranate bond lengthens in Mg%nTHF complexes with the addition of
complex of magnesium halide can exist in two formsgcis the next THF molecule. The asymmetry of the M@ bonds
dihalotetrakis(tetrahydrofurano)magnesium(ll) arahs-diha- also appears irtris- and cistetrakis-tetrahydrofuranate com-
lotetrakis(tetrahydrofurano)magnesium(ll). The cis form is a plexes. The axial MgO bonds are somewhat longer than the

a All values are in kcal/mol and include BSSE corrections.
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TABLE 3: Solvation Energies (AE, contains zero-point
vibrational energy (ZPVE) correction), Enthalpies (AH), and
Gibbs Energies AG) of Magnesium Compounds with One to
Four Tetrahydrofuran Molecules at the B3LYP/6-314+-G*
Level

Tammiku-Taul et al.

TABLE 5: Energies (AE, contains zero-point vibrational
energy (ZPVE) correction), Enthalpies AH), and Gibbs
Energies (AG) for the Schlenk Equilibria of Grignard
Reagents in the Gas Phase and in ED and THF Solutions
at the B3LYP/6-31+G* Level?

Z + nTHF — Z:nTHF AE AH AG
AE AH AG 2RMgX = R,Mg + MgX
_ _ _ _ _ _ MeMgCl 5.35 5.66 5.19
a n=1 n=2 n=1 n=2 n=1 n=2 MeMgBr  5.25 5.72 4.81
MgCl, —255 —440 —255 —-43.7 -—-159 227 EtMgCl 5.89 6.24 6.50
MgBr; —22.1 —393 —-219 -—-39.0 -—-13.0 -17.8 EtMgBr 6.14 6.55 6.48
MeMgCl —-18.7 —-32.2 -184 -—31.6 -9.1 -115 PhMgCI 3.68 4.01 4.38
MeMgBr —-17.0 —-29.8 -16.5 -—29.2 7.7 —-7.9 PhMgBr 6.19 6.64 6.62
EtMgCI —-18.6 —31.9 —-183 —31.2 —8.1 —-9.9

EtMgBr ~17.0 -297 -16.6 -290 -72 -7.2 2(RMgX-Et0) = ReMg-Et:0 + MgX B0
PhMgCl  —20.3 —35.7 -20.0 -351 -98 —13.3 MeMgcl  2.00 3o aa
PhMgBr —18.1 —-33.0 -17.8 -—-32.2 —-6.8 —10.3 EtM %I 4'32 4'29 5.08
Me,Mg —-13.3 —225 -—-13.1 -—-22.0 —3.2 —-0.5 EtMgBr 4.66 4'73 4'57
Et:Mg —-13.4 —222 -—-13.1 -—-21.7 -1.8 1.8 PhMggCI 1'91 1' 83 3' 06
PhMg —-16.7 —28.6 —16.3 —27.8 —5.6 —-5.9 PhMgBr 3.25 3.43 257
2(RMgX-+2Et;,0) = R;Mg-2Et,0 + MgX»-2Et,0
n=3 n=3 n=3 MeMgCl  3.34 3.30 5.52
MeMgBr 3.07 3.20 2.70
MgCl, —49.2 —48.6 —15.7 EtMgCl 411 4.04 5.18
MgBr. —434 —42.8 —-8.9 EtMgBr  4.65 4.59 4.96
PhMgCI 2.47 2.59 1.85
PhMgBr 2.22 2.61 1.09

cis trans cis trans cis trans

12 IS, 12 IS, 1S IS, 2(RMgX-THF) = RoMg-THF + MgX »THF
n=4 n=4 n=4 n=4 n=4 n=4 MeMgCl  3.99 3.99 4.27
MgCl, —436 —529 —428 -516 3.9 —-7.0 MeMgBr 3.74 3.80 3.95
MgBr, —37.7 —-46.2 —-37.0 -—455 11.0 3.1 EtMgCl 4.20 4.16 4.87

EtMgB 4.72 4. .

a All values are in kcal/mol and include BSSE corrections. P?]Mggcgl 217 2?3 ga:?)
TABLE 4: Energies (AE, contains zero-point vibrational PhMgBr 3.53 3.99 1.55
energy (ZPVE) correction), Enthalpies AH), and Gibbs 2(RMgX-2THF) == R;Mg-2THF + MgX»-2THF
Energies (AG) of Displacement of Diethyl Ether with MeMgCl  3.29 3.18 4.96
Tetrahydrofuran for Magnesium Compounds at the B3LYP/ MeMgBr  2.97 3.07 231
6-31+G* Level? EtMgClI 3.35 3.18 5.41

EtMgBr 3.98 3.79 4.97
Z:nEt,O + NTHF — Z-nTHF + nEt,O PhMgCI 253 2 60 236
AE AH AG PhMgBr 4.18 4.28 3.64
z n=1 n=2 n=1 n=2 n=1 n=2 2(RMgX-2THF) + THF = R,Mg-2THF + MgX »3THF
MeMgCl ~ —1.92,-323  -168,—3.00  11.94,10.63
MgCl, -39 -87 -39 88 -42 83 MeMgBr —1.13,—-6.17  -0.75-57%  11.22,6.19
MgBr; —-4.1 -9.2 —-41 —-9.1 48 —9.6 _ _ _ _
EtMgCl 1.85,—3.20° 1.68,—3.09 12.39, 11.04
MeMgCl —3.8 -85 —38 -84 37 —7.8 _ _ _ _ b
MeMaB 40 87 39 86 45 85 EtMgBr 0.12,—5.40 0.03,—5.3% 13.87,8.59
emMgbr : : : : : : PhMgCl  —2.68,-3.99  —2.26,—357  9.34,8.08
EtMgCl ~ -38  -83 -38 -83 -38 -84 PhMgBr  0.08-4.93 0.46,—4.55 12.55,7.54
EtMgBr —-4.0 —-86 —4.0 -85 —5.0 —-9.0 ' ' '
PhMgCI —4.0 —-9.0 -4.0 -90 -34 —-9.0 2(RMgX+2THF) + 2THF == R:Mg-2THF + cisMgX - 4THF
PhMgBr —4.1 -102 -42 -10.0 -35 —10.6 MeMgCl  3.69, 1.68 4.06,2.04 31.49,29.48
Me;Mg -37 -82 —-37 -82 —37 -78 MeMgBr  4.60,—4.72 5.07,—4.24 31.03,21.72
Et:;Mg -39 -87 -39 -87 —3.7 -83 EtMgCl 3.76,1.7% 4.05, 2.0% 31.94, 29.89
PhMg -3.8 -92 -38 -92 -33 -9.1 EtMgBr 5.62,—3.99 5.80,—3.76 33.69, 24.12
PhMgCI 2.93,0.98 3.48,1.47 28.89, 26.88
Z:2EO + nTHF — Z-nTHF + 2ELO PhMgBr 5.82,-3.47 6.28,—3.07 32.36, 23.07
n=3 n=3 =3 2(RMgX-2THF) + 2THF == R;Mg-2THF + trans MgX »4THF
_ _ _ MeMgClI —5.54,—-8.27 —4.75,—7.47 20.66, 17.93
mgg:z _ig'g _ig'g _és’ MeMgBr  —3.90,-21.99  —345-21.54 23.19,5.10
2 ' ' ' EtMgClI —5.48,—8.24 —4.75,—7.5P 21.10,18.35
EtMgBr —2.89,—21.23 —2.72,-21.06¢ 25.85, 7.51
- " - " : L PhMgCI —6.30,—9.02 —5.33,-8.04 18.06, 15.34
cis, rans, - cis, rans, - cis, rans, PhMgBr  —2.68,—20.7%  —2.23,-20.30 24.52,6.45
n=4 n=4 n=4 n=4 n=4 n=4
— — — — a All values are in kcal/mol and include BSSE corrections if not
mch:E _sg _%? _;? _igg igi 112 stated otherwise. Values without BSSE corrections.

a All values are in kcal/mol and include BSSE corrections.

equatorial Mg-O bond in the MgX%-3THF complexes, but the

are shorter than the axial and longer than the equatoriat®g
bonds in the MgX%-3THF complexes.
3.2. Solvation Energies for Magnesium CompoundsThe

situation is inverse in the case of cis MgATHF complexes;
the axial Mg-O bonds are shorter than the equatorial-My
bonds. The Mg-O bonds in the trans MgX4THF complexes

solvation energies of studied species with diethyl ether and
tetrahydrofuran molecules were calculated from eqs 7 and 8,
where Z is MgX%, RMgX, and RMg, andn is the number of
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Figure 2. Optimized (at B3LYP/6-31G* level of theory) structures of tris-tetrahydrofuranate and tetrakis-tetrahydrofuranate complexes of magnesium
halide: (a) MgC}-3THF, (b) cis MgC}-4THF, and (c) trans MgGI4THF.

solvent molecules. respectively. The fourth THF molecule can have either a
stabilizing or destabilizing effect on the energy of solvated
Z+nEL,0—Z-nEL,0 (n=1-2) (7) complex, depending on the geometry of the complex. Cis
MgX2-4THF complexes are by 5.7 to 5.8 kcal/mol less stable

Z+nTHF—Z-nTHF (n=1-4) (8) than MgX:3THF + THF and by 0.9 to 2.0 kcal/mol less stable

] ] ] ~ than MgX:2THF + 2THF, while trans MgX%-4THF complexes
The results are given in Tables 2 and 3. The solvation enthalpiesgre by 2.7 to 3.1 kcal/mol more stable than Me3THF + THF
are exothermic for all the studied species. The solvent stabiliza- ang py 6.5 to 7.9 kcal/mol more stable than MeXTHF +

tion (with both one AHj, and two solvent moleculea\Hy) is 2THE.

largest for the magnesium halides, MgXAH; = —17.9 to THF, the stronger base, forms somewhat stronger Lewis
—21.6 kcal/mol,AH; = —29.8 to —34.9 kcal/mol in E{O acid—base complexes with studied magnesium compounds than
solution, andAH; = —21.9 t0—25.5 kcal/mol,AH; = —39.0 does E40. This becomes evident from the energies of displace-

to —43.7 kcal/mol in THF solution) and least for the diorga- ment of E4O with THF for magnesium compounds (Table 4)
nylmagnesium compoundszRg, (AH; = —9.2 to—12.5 kcal/ expressed by eq 9.

mol, AH, = —13.0 to—18.6 kcal/mol in EfO solution, and

AH; = —13.1 t0—16.3 kcal/mol AH, = —22.0 to—27.8 kcal/ ZnEt,0 + NTHF — Z-nTHF + nE,0 9)

mol in THF solution) with intermediate values for the organo-

magnesium halides, RMgXAH; = —12.6 to—15.9 kcal/mol, All displacement reactions are exothermic, indicating that the
AH; = —20.4 t0—26.1 kcal/mol in E{O solution, andAH; = magnesium atom of each species prefers THF #®EThe

—16.5 to—20.0 kcal/mol, AH, = —29.0 to—35.1 kcal/mol in obtained energies of displacement are simifeti; = —3.7 to
THF solution). The phenyl derivatives have larger solvation —4.2 kcal/mol,AH, = —8.2 to —10.0 kcal/mol, respectively.
energies compared to the alkyl derivatives, which are sterically The displacement of two ED molecules with three or four THF
the most unfavorable. There is hardly any difference in solvation molecules in the disolvated 2 complexes of MgXis —12.9
energies between compounds carrying Me or Et groups, but theto —13.6 kcal/mol AH3) and—7.1 to—7.9 kcal/mol in the case
chlorine-containing compounds are somewhat more strongly of cis complexes ané-15.6 to—16.7 kcal/mol in the case of
solvated than the corresponding bromine-containing compoundstrans complexesAH,), respectively. The difference in energies
because of the more electronegative and smaller chlorine atom between bromine-containing and chlorine-containing compounds
The addition of the third THF molecule to MgCand MgBg is negligible,AAH; = 0.1 to 0.2 kcal/molAAH, = 0.2to0 1.0
stabilizes the formed complexes only by 4.9 and 3.8 kcal/mol, kcal/mol, AAH; = 0.7 kcal/mol, andAAH, = 0.8 to 1.1 kcal/
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TABLE 6: Collected Experimental Data for the Schlenk Equilibrium 2RMgX = R,Mg + MgX, at 298 K

AF or AG
Grignard reagent solvent AH (kcal/mol) (kcal/mol) 1Ks analysis method ref
MeMgCl THF 1.0+ 0.72 NMR 7b
4.5 IR 10
MeMgBr EtO 320 calorimetric 8c
450 kinetic+ UV 12a,b
THF 4.0+ 2.6 NMR 7b
3,5 IR 10
EtMgCl THF —3.80 1.010 5.52 calorimetric 9
EtMgBr ELO 3.74 3.66 480 calorimetic 8a,b
THF —6.10 0.965 5.09 calorimetric 9
PhMgCI THF —2.72 0.300 1.66 calorimetric 9
PhMgBr EtO 2.02 2.37 5562 calorimetric 8b
THF —2.82 0.787 3.77 calorimetric 9
—3.2+£05 4.0+£0.8 NMR 7a,c
—4.47 7.46 NMR 7d
EtMgBr dimethoxyethane 220.3 polarographic 11
PhMgBr dimethoxyethane 640.3 polarographic 11

mol relative to bromine compounds, respectively. The experi- in the order [MgX] > [RMgX] > [R2Mg] (CI > Br),'>17 our
mental heatsAH) of displacement of RO with THF are—19.1 calculations are limited to monomers.
kcal/mol for MgBp, —7.0 kcal/mol for EtMgBr, and-4.6 kcal/ The Schlenk equilibrium is shifted toward RMgX also in the
mol for EtMg.® These data indicate that the degree of preference case of solvation with one and two THF molecules according
of THF over EtO is far greater for MgBrthan for EtMgBror  to our DFT calculations. From the experimental data it appears
Et;Mg. The best correspondence between the calculated andhat the direction of reaction in THF shifts in favor ofMag +
the above-mentioned experimental heats is found for trans MgX.. It has been suggested that the difference in the Schlenk
MgBr2*4THF (AHcac = —15.6 kcal/mol), for EtMgB2THF equilibrium between BEO and THF results from the increased
(AHcaic = —8.5 kcal/mol), and for EMg-THF (AHcac = —3.9 coordination number of magnesium halide in THF (see section
kcal/mol). 3.1. in the current paper). Our computational results using the
3.3. The Schlenk Equilibrium. The calculated energies for  energies of MgX-3THF for the calculations of the dispropor-
the Schlenk equilibria of monomeric Grignard reagents in the tionation reactions support this argument. The correlation
gas phase and in £ and THF solutions are given in Table 5. between the calculated values/®ifl without BSSE corrections
The collected experimental data are listed in Table 6 for and the corresponding experimental values is rather good,
comparison. AAHexp-caice3) is 0.77 kcal/mol for EtMgCI, 0.79 kcal/mol for
The Schlenk equilibrium lies in favor of alkyl- and arylmag- EtMgBr, andAAHcaic(s)-exp is 0.85 kcal/mol for PhMgCl and
nesium halides in the gas phase according to our 0.08t01.73 kcal/mol for P.hMgBr. The tendency that the a]kyl-
B3LYP/6-31-G* calculations;AH ranges from 4.01 to 6.64 ~ and arylmagnesium bromides are much more strongly dispro-
kcal/mol. The solvation by diethyl ether has a quite strong Portionated than the chlorides is also in agreement with
influence on the equilibrium, decreasing the endothermicity of €xperiment. It also becomes evident from the calculations using
disproportionation reactions. The addition of the firsp@t  the energies of cis MgX4THF without BSSE corrections, but
molecule has a stronger effect: disproportionation of mono- the extent of disproportionation is smaller in the case of bromine
solvated systems becomes by 1.69 to 3.21 kcal/mol lessCompounds and the equilibrium is shifted toward the formation
endothermic, and the addition of the second solvent molecule Of 0rganomagnesium halides in the case of chloride compounds.
has a small 0.14 to 0.82 kcal/mol additional effect, except for The results using the energies of trans MgX'HF are more
PhMgCl where the second £ molecule increases the endot- €asonable with BSSE corrections. The extent of disproportion-
hermicity by 0.76 kcal/mol. The effect of solvation is the ation is somewhat more pronounced in the case of chloride
strongest in the case of PhMgBr, giving a value/okH; = compounds, which is not consistent with experimental data.
AHgas — AH> = 4.03 kcal/mol; in the case of another species It seems that the used method of BSSE corrections is mostly
it ranges from 1.42 kcal/mol for PhMgCI to 2.52 kcal/mol for not justified in the cases whem= 3 and 4, but it works well
EtMgBr. Comparison of experimental and calculated energies whenn = 1 and 2. Such behavior can be attributed to the fact
for the disolvated systems indicates that most values obtainedthat the counterpoise correction seems to overestimate the
by calculations are somewhat bigger, eAf\Hcaic)-expis 0.85 ~ magnitude of BSSE, especially for higher aggregates.

kcal/molfor EtMgBr, 0.59 kcal/molfor PhMgBr, amtA Geaic(2)-exp It should be noted that for the di-, tri-, and tetrasolvated
is 1.30 kcal/mol for EtMgBr, buAAGeyp-caic(z) is 1.28 kcal/ complexes the values &G differ considerably from theAE
mol for PhMgBr. The calculated values oiG for the mono- and AH, having even some positive values. It seems to be a

solvated systems seem to be much more consistent with thefault of the used thermochemical analysis method, which treats
experimental data for real solutionSAGcaic(1)-expis 0.91 kcal/ all vibrational modes other than the free rotations and transla-
mol for EtMgBr and 0.20 kcal/mol for PhMgBr. However, the tions of molecule or complex as harmonic vibrations. For
tendency that the predominant species igOHs RMgX is still molecules having hindered internal rotations, this can produce
in agreement with experiment. We cannot ignore the fact that errors in the energy and heat capacity at room temperatures and
magnesium compounds exist as aggregates in real diethyl ethecan have a significant effect on the entropy. Thus, the obtained
solution. The dimerization processes were calculated by Bock values ofAG are not reliable, especially in the case of solvation
et al. in MeO™ and by Lammertsma et al. in £.17 As the Gibbs energies and Gibbs energies for the Schlenk equilibrium
Schlenk equilibrium is only slightly influenced by the association using the corresponding total energies of tris- and tetrakis-
of Grignard reagent$ and the dimerization energies decrease tetrahydrofuranate complexes of magnesium halides. Therefore,
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