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Abstract—Density functional theory calculations were used to examine the formation of lithium halide and lithium alkoxide mixed aggre-
gates with halomethyllithium carbenoids. These mixed aggregates may be the important intermediates in carbenoid reactions where lithium
halides are formed as byproducts, or when the mixture has been exposed to small amounts of air. The calculations showed that in the gas phase
and in THF solution, mixed dimers, trimers, and tetramers may coexist with free lithium carbenoids, depending on the lithium salt. The cal-
culations also indicated that mixed aggregates may influence the activation free energies of cyclopropanation reactions of lithium carbenoids.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium carbenoids are used extensively in organic synthe-
sis. In addition to cyclopropanation reactions with alkenes,
carbenoids undergo a variety of single bond insertion reac-
tions, including both C—H and C—heteroatom insertions. The
instability and reactivity of lithium carbenoids makes them
difficult to study by conventional experimental methods,
although low temperature >C NMR spectroscopy has been
used for structure determination of a few of the more stable
haloalkyllithium carbenoids.'? Those investigations proved
the carbene-like character of the halomethyllithium species
from the lithium—carbon spin coupling constants, but pro-
vided no information on the aggregation behavior of lithium
carbenoids. To date little is known about the detailed reac-
tion mechanisms of these compounds, and several research
groups have turned to computational studies to investigate
the structure and reactions of these species in more detail.
Cyclopropanation reactions have been the subject of several
theoretical investigations of monomeric lithium and zinc
carbenoids in the gas phase.>~

Nearly all organolithium compounds can exist as aggregates,
and lithium carbenoids are no exception. A previous compu-
tational study showed that halomethyllithium carbenoids di-
merize in the gas phase and sometimes in ethereal solvents.®
Small changes in the structure of lithium compounds or in
solvation can cause significant changes in the aggregation
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behavior. Mixed aggregates between two different lithium
compounds are also quite common and can have significant
effects on the product distribution. This was illustrated by
several studies on lithium dialkylamide mixed aggregates and
their effect on the stereochemistry of ketone enolization.”12

A clear picture of the reactions of lithium carbenoids is
beginning to emerge, and will almost certainly include
homo- and mixed aggregates. Nakamura and co-workers
showed that monomeric lithium and zinc carbenoids can re-
act with alkenes either in a concerted or stepwise manner.’
Our own work, currently in progress, suggests that the con-
certed mechanism is also operative in the lithium carbenoid
dimer. The monomer and homo-dimer are likely reactive
species at the beginning of lithium carbenoid reactions
before much lithium halide byproduct has been formed.
We hypothesize that the lithium halide byproduct will form
mixed aggregates with the halomethyllithium carbenoids,
similar to those that have recently been reported with lithium
dialkylamides.'® Likewise, exposure of the reaction mixture,
or the alkyllithium used to generate the carbenoid, to small
amounts of air will result in the formation of lithium alkox-
ides. Of course, either of those compounds can be intention-
ally added to the reaction mixture to take advantage of any
favorable reactions of mixed aggregates, and addition of LiCl
to reaction mixtures of lithium compounds is quite common.
In this paper we use computational methods to elucidate the
structures and solvation states of lithium carbenoid mixed
aggregates with lithium halides and lithium methoxide.
In addition, we investigate whether mixed aggregates sig-
nificantly alter the activation free energy of cyclopropane
formation between chloromethyllithium and ethylene. The
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significance of this is that lithium carbenoids may undergo
several types of insertion reactions, or non-insertion reac-
tions like the FBW rearrangement of 1-halovinyllithium
carbenoids. The competition between the different types
of reactions is likely influenced by mixed aggregates.

2. Computational methods

All calculations were performed using the Gaussian 98 or
Gaussian 03 programs.'* The reported gas phase and solu-
tion energies include the electronic and nuclear repulsion
energy (E.,), thermal corrections to the free energy (includ-
ing ZPE) at 200 and 298 K, and where applicable, solvation
terms. Due to the possibility of several possible confor-
mations of similar energy, it was sometimes necessary to
optimize two or more conformations of the same structure
and the lowest energy conformer was used in subsequent
calculations.

The solvation free energy change of the gas phase organo-
lithium molecule (RL1),, due to microsolvation by m explicit
ethereal solvent ligands E (in this case, THF) is calculated by
considering the process

(RLi), +mE— (RLi), - mE. (1)

The microsolvation model assumes that the free energy
change accompanying this reaction adequately represents
the solvation free energy AGY,,, of the solute (RLi), in
the solvent E, so that

Gy (solute) = Gy (gas) + AGY, (2)
In other words, the free energy of a ‘supermolecule’
(RL1),,- mE relative to that of m solvent molecules is assumed
to yield a good approximation to the free energy of the
solvated molecule (RLi), in the condensed phase. The gas
phase free energies at temperature 7 of the relevant species
are obtained computationally as

G (gas) = Eo, + AGY, (3)

where the terms on the right hand side as well as the proce-
dure used for calculating them are described below. The
geometry of each molecule or transition structure was first
optimized using the B3LYP hybrid density functional
method'>'® with the MIDIX basis set,'” and that basis set
was also used for frequency calculations and to determine
the ZPE’s and thermal corrections to the free energies. A fur-
ther refinement of the geometry and electronic energy was
done at the B3LYP/6-31+G(d)'®'? level of theory, as diffuse
functions are needed for molecules that have substantial
carbanion character. Basis set superposition errors (BSSE)
were corrected by counterpoise corrections for all homo-
and mixed aggregates, defining the fragments in each aggre-
gate as the lithium carbenoid or lithium halide monomer
units. When calculating the energies of mixed aggregate for-
mation, each aggregated species was counterpoise corrected
at the B3LYP/6-31+G(d) level, including the lithium carb-
enoid and lithium halide dimers. Thus we have:

E.,=the electronic plus nuclear repulsion energy of the
equilibrium geometry, using B3LYP/6-31+G(d).

Egib:unscaled B3LYP/MIDIX vibrational zero point
energy.

AG7=B3LYP/MIDIX thermal corrections to the free
energy for a standard state of 1 atm and specified temper-
ature from the masses. This includes contributions from
translational, rotational, and vibrational degrees of free-
dom, as well as the zero point energy.

Calculations of the free energy changes for the ‘reactions’
(dimerizations, tetramerizations, etc.) are straightforward
using the G (gas) terms defined in Eq. 3.

Density functional theory is not always reliable for transition
structure calculations, so a slightly different approach was
used to determine activation free energies. The geometry
was optimized and the thermal corrections to the free ener-
gies were obtained at the Hartree—Fock/6-31+G(d) level.
The geometries were then re-optimized at the B3LYP and
MP2 levels with the same basis set, and the Hartree—Fock
thermal corrections were added to the E., at each level of
theory to obtain approximate activation free energies.

The standard state of a solution is taken as 1 mol/L at
298.15 K, and an additional correction to the free energy
terms is needed to convert the standard state of an ideal
gas (1 atm) to the standard state of the solution. This was in-
corporated by simply adding the term RT In(R7) to each free
energy term, where the numerical value of the argument of
the logarithm was obtained using the pressure—volume
(0.082057 L atm/K/mol) value for the gas constant. This
replaces the logarithm argument term PV (24.47 L atm)
with RT, corresponding to a concentration of approximately
0.0409 mol/L, and this correction corresponds to the free
energy of compressing the gas to a concentration of 1 mol/L.
These corrections amount to 1.1120 kcal/mol at 200 K and
1.8943 kcal/mol at 298 K. These correction terms were in-
cluded in all solution phase reactions below, i.e., calculations
where the microsolvation model was used.

Yet another correction is required for proper treatment of the
explicit solvent molecules used in microsolvation. The tradi-
tional approach is to set the standard state of a pure liquid
to be the concentration of the pure liquid itself, which then
allows one to drop the concentration of the pure liquid
from equilibrium expressions (consider the ionic product
of water, for example). However, since we have decided to
adopt the standard state of 1 mol/L for all species, the free
energy change for the process

2RLi-2THF — (RLi- THF), + 2THF 4)
is given by Ref. 20

AG® = —RT In{ [(RLi-THF),] /[RLi-2THF]*}
— 2RT In[THF] (5)

The molarity of the THF solvent was calculated to be 13.26
at 200 K, and 12.33 at 298 K, from its tabulated density.21
These corrections amount to —1.0273 and —1.4883 kcal/
mol per THF at 200 and 298 K, respectively. Thus, the
—2RT In[THF] term in Eq. 5 will favor the disolvated mono-
mer by 2.0546 kcal/mol at 200 K.
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3. Results and discussion

Because frequency calculations on large systems are often
prohibitively expensive, the smaller MIDIX basis set was
used to calculate the thermal corrections to the free energies.
To be sure that those corrections were reasonable, the geo-
metries of gas phase carbenoid monomers and dimers were
optimized with both the MIDIX and 6-31+G(d) basis sets and
the thermal corrections calculated, as shown in Table 1. The
total thermal correction for the dimerization of the halo-
methyllithiums is the correction to the dimer free energy
minus twice the correction to the monomer, shown in the
last column of Table 1. The differences between the MIDIX
and 6-31+G(d) results were 0.8 and 0.5 kcal/mol, respec-
tively, for the dimerization of chloro- and bromomethyl-
lithium. We therefore concluded that the use of the smaller
basis set for the frequencies is a reasonable approximation
for this system.

Table 1. Calculated thermal corrections to the free energy (Hartree) for the
dimerization of lithium carbenoids

Carbenoid Basis set Monomer Dimer D-2M

LiCH,Cl MIDIX 0.000844 0.022119 0.020431
LiCH,Cl 6-31+G(d) 0.000762 0.020666 0.019142
LiCH,Br MIDIX —0.000875 0.017992 0.019742
LiCH,Br 6-31+G(d) —0.000838 0.017277 0.018953

The free energies of mixed aggregate formation were calcu-
lated from the free energies of the lithium carbenoid and lith-
ium halide dimers. The lithium halide dimers were used in
these calculations based on the experimental result that
LiBr is mostly dimeric in THF solution.?? Lithium meth-
oxide could potentially exist as a dimer or tetramer, and the
energy of gas phase and THF solvated tetramer formation
was calculated according to Egs. 6 and 7, respectively. The
calculated energies at the counterpoise corrected B3LYP/
6-31+G(d) level are shown in Table 2. In both the gas phase
and in solution, the tetramer was energetically favored, and
that the species was used in the calculation of mixed
aggregate energies of formation.

2(LiOCH3), — (LiOCH3), (6)
2(LiOCH3),-2THF — (LiOCH;), -4THF (7)

The mixed aggregates that were investigated include a mixed
dimer, two mixed trimers, and four mixed tetramers. The
mixed aggregate structures and free energies of formation
were first calculated in the gas phase to determine the aggre-
gation behavior in the absence of solvent effects, and then
using the microsolvation model with THF ligands. Because
basis set superposition errors (BSSE) can be substantial with
lithium halides (particularly bromides), all reported free
energies were counterpoise corrected, as described in the
Section 2. The gas phase free energies of lithium halide
mixed aggregate formation were calculated according to
Egs. 8-13, and the corresponding lithium methoxide mixed
aggregates by Eqs. 14—19. The optimized gas phase geome-
tries of the chloromethyllithium carbenoids and their mixed
aggregates (structures 1-9) are shown in Figure 1, and
the analogous lithium methoxide tetramer and mixed aggre-
gates (structures 10—17) are shown in Figure 2. The lithium

Table 2. Calculated free energies of lithium methoxide tetramer formation
(kcal/mol)

Phase Temp (K) AG tetramer formation
Gas 200 -35.8

Gas 298.15 -31.6

THF solution 200 —13.4

THF solution 298.15 —8.11

chloro- and bromocarbenoid mixed aggregates optimized to
similar geometries.

1/2(LiCH,X), (1) 4 1/2(LiX), (2)

— (LiCH,X)(LiX) (3) (8)
1/2(LiCH,X), + (LiX), — (LiCH,X)(LiX), (4) 9)
(LiCH»X), + 1/2(LiX), — (LiCH,X), (LiX) (5) (10)
(LiCH,X), + (LiX), = (LiCH,X), (LiX),

(two isomers, 6 and 7) (11)

1/2(LiCH,X), + 3/2(LiX), = (LiCH,X) (LiX); (8) (12)
3/2(LiCH,X), + 1/2(LiX), — (LiICH,X),(LiX) (9)  (13)
1/2(LiCH,X), (1) 4 1/4(LiOMe), (10)

— (LiCH,X)(LiOMe) (11) (14)
1/2(LiCH,X), (1) + 1/2(LiOMe), (10)

— (LiCH,X)(LiOMe), (12) (15)
(LiCH,X), (1) + 1/4(LiOMe), (10)

— (LiCH,X), (LiOMe) (13) (16)
(LiCH,X), + 1/2(LiOMe), — (LiCH,X), (LiOMe),

(two isomers, 14 and 15) (17)
1/2(LiCH,X), + 3/4(LiOMe),

— (LiCH,X) (LiOMe), (16) (18)
3/2(LiCH,X), + 1/4(LiOMe),

— (LiCH,X),(LiOMe) (17) (19)

The calculated free energies of gas phase mixed dimer and
trimer formation are shown in Table 3. For each system,
mixed trimer formation is favored over mixed dimer forma-
tion, and the formation of both mixed aggregates is weakly
temperature dependent, with the higher temperature disfa-
voring lithium halide mixed aggregate formation. Formation
of lithium halide mixed dimers and trimers is more energet-
ically favored than those of lithium methoxide. In the gas
phase, steric effects on the chloromethyllithium dimer are
negligible, and the driving force toward mixed aggregate
formation is likely to be primarily the difference in base
strengths of the carbenoid and the lithium salt.

Table 4 shows the calculated free energies for mixed tetra-
mer formation. Two isomeric (LiCH,X),(LiX), mixed tetra-
mers optimized to planar ladder (6) and distorted tetrahedral
(7) geometries, with the ladder structure being favored by
about 0.5-1 kcal/mol per lithium atom. The analogous lith-
ium methoxide symmetrically mixed tetramers optimized to
a ladder (14) or bent (15) geometry, with the ladder structure
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Figure 1. Optimized geometries of gas phase chloromethyllithium, LiCl, and mixed aggregates 1-9. Gray: carbon; white: hydrogen; violet: lithium; green:

chlorine; red: oxygen.

being highly favored over the bent one. The two unsymmet-
rically mixed tetramers also optimized to distorted tetra-
hedral structures (8, 16 and 9, 17). For the lithium halide
mixed aggregates, the unsymmetrically mixed tetramer 8
was favored over 9. The analogous lithium methoxide 16 op-
timized to a weakly bound complex of the mixed dimer 11
and (LiOMe),. Of all the lithium methoxide mixed tetramers
with LiCH, X, structure 17 was the most energetically favor-
able. As with the mixed dimer and mixed trimers, the higher
temperature disfavored the formation of mixed tetramers.
Comparison of the data in Tables 3 and 4 indicates that
several lithium halide mixed trimers and tetramers will be
present in the gas phase, while the lithium methoxide mixed
aggregates will exist almost exclusively as the mixed tetra-
mers 14 and 17.

Solvation is expected to have a significant effect on the for-
mation of mixed aggregates due to both dipole and steric
effects. For the lithium carbenoid (1) and lithium halide
(2) dimers, and for the mixed dimer (3 or 11), a question
arose as to the number of solvent ligands associated with
each lithium atom. Therefore, calculations were performed
on the disolvated and tetrasolvated homo- and mixed dimers
(Egs. 20-22), and the results are shown in Table 5.

(LiCH,X), -2THF (1) + 2THF — (LiCH,X),-4THF  (20)

(LiX),-2THF (2)— (LiX),-4THF (21)
(LiCH,X)(LiX)-2THF (3 or 11) + 2THF
— (LiCH,X)(LiX)-4THF (22)

The solvation state of the homo- and mixed dimers shows
significant temperature dependence, with higher tempera-
tures favoring the disolvated form. Because of the extreme
instability of haloalkyllithium carbenoids, reactions are nor-
mally performed in a dry ice bath (about 195-200 K) or at
even lower temperatures. At 200 K a 1 M solution of the
carbenoid would contain the disolvated and tetrasolvated
LiCH,CI dimers in nearly equal concentrations, and the
bromo analog is predominantly the tetrasolvate. The LiX (2)
and mixed dimer (3) are all tetrasolvated at that temperature,
and at lower temperatures sometimes required, the LiCH,Cl
dimer will also exist mostly as the tetrasolvate. Therefore,
tetrasolvated (1), (2), and (3) were used in the subsequent
calculations. The situation is different for the LiCH,X-
LiOMe mixed dimers, which the data in Table 5 show to
be mostly disolvated by THF, and the disolvated form was
used in subsequent calculations.

The formation of THF solvated lithium halide mixed aggre-
gates are described by Egs. 23-28, and the corresponding
lithium methoxide mixed aggregates by Eqs. 29-34. The
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Figure 2. Optimized geometries of lithium carbenoid mixed aggregates
with lithium methoxide 10-17.

optimized geometries of the solvated chloromethyllithium—
lithium chloride aggregates are shown in Figure 3, and those
of the chloromethyllithium-lithium methoxide mixed aggre-
gates in Figure 4.
1/2(LiCH,X), -4THF (1) + 1/2(LiX),-4THF (2)

— (LiCH,X)(LiX)-4THF (3) (23)

1/2(LiCH,X), -4THF + (LiX), -4THF
— (LiCH,X)(LiX), -3THF (4) + 3THF (24)

Table 3. Gas phase free energies of LiCH,X mixed dimer and mixed trimer
formation (kcal/mol per Li) at 200 K (298.15 K)

Table 4. Gas phase free energies of LiCH,X mixed tetramer formation
(kcal/mol per Li) at 200 K (298.15 K)

Mixed aggregates Temp Ladder  Tetrahedral Tetramer Tetramer
(K) (6 or 14) or bent (8or16) (9or17)

(7 or 15)
LiCH,ClI LiCl 200 -5.20 —4.58 —6.57 —2.36
LiCH,CI LiCl 298.15 —4.52 —3.52 —5.54 —-1.22
LiCH,CI LiOMe 200 —1.18 2.95 3.32 —1.93
LiCH,Cl LiOMe 298.15 —0.747 3.47 3.52 —0.977
LiCH,Br LiBr 200 —3.69 —2.81 —5.03 —1.13
LiCH,Br LiBr 298.15 —2.95 -1.72 —4.01 0.00533
LiCH,Br LiOMe 200 —0.860 3.92 3.60 —1.43
LiCH,Br LiOMe 298.15 —0.390 445 3.82 —0.455
(LiCH,X), -4THF + 1/2(LiX), -4THF

— (LiCH,X), (LiX)-3THF (5) + 3THF (25)

(LiCH,X), -4THF + (LiX), -4THF

— (LiCH,X), (LiX), -4THF + 4THF (6 and 7) (26)
1/2(LiCH,X), -4THF + 3/2(LiX), -4THF

— (LiCH,X)(LiX), -4THF (8) + 4THF (27)
3/2(LiCH,X), -4THF + 1/2(LiX), -4THF

— (LiCH,X),(LiX)-4THF (9) + 4THF (28)
1/2(LiCH,X), -4THF + 1/4(LiOCH;), -4THF

— (LiCH,X)(LiOCH3)-2THF + THF (29)

1/2(LiCH,X), -4THF + 1/2(LiOCH;), -4THF
— (LiCH,X)(LiOCHs), - 3THF + THF (30)

(LiCH,X), -4THF + 1/4(LiOCHs), -4THF
— (LiCH,X), (LiOCH; ) - 3THF + 2THF (31)

(LiCH,X), -4THF + 1/2(LiX), -4THF

— (LiCH,X), (LiX), -4THF + 2THF (14 and 15)  (32)
1/2(LiCH,X), -4THF + 3/4(LiOCHs), -4THF

— (LiCH,X)(LiOCHj;), -4THF + THF (33)

3/2(LiCH,X), -4THF + 1 /4(LiOCH;), -ATHF
— (LiCH,X),(LiOCH;) -4THF + 3THF (34)

Table 5. Calculated free energies of tetrasolvated dimer formation (Eqgs.
20-22, kcal/mol per Li) at 200 K (298.15 K)

Mixed Temp (K)  Dimer Trimer Trimer Mixed Temp (LiCH,X), (1) (LiX), (2) Mixed dimer (3)
aggregates (3or1l) (@orl12) (Sorl13) aggregates (K)

LiCH,ClI LiCl 200 0.164 —3.31 —3.23 LiCH,CI LiCl 200 0.0984 —9.31 —6.89

LiCH,CI LiCl 298.15 0.0650 -2.90 —2.76 LiCH,ClI LiCl 298.15 593 —3.02 —0.825
LiCH,CI LiOMe 200 3.76 222 0.556 LiCH,CI LiOMe 200 0.0984 N/A 0.690
LiCH,Cl LiOMe  298.15 3.16 2.12 0.833 LiCH,Cl LiOMe 298.15 5.93 N/A 7.56

LiCH,Br LiBr 200 0.160 —2.82 —2.60 LiCH,Br LiBr 200 —1.55 —15.7 -9.96

LiCH,Br LiBr 298.15 0.0631 —243 —2.05 LiCH,Br LiBr ~ 298.15 3.24 —10.1 —3.93

LiCH,Br LiOMe 200 3.79 2.40 1.43 LiCH,Br LiOMe 200 —1.55 N/A 1.10

LiCH,Br LiOMe  298.15 3.24 233 1.78 LiCH,Br LiOMe 298.15 3.24 N/A 8.15
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2-4THF

3 «4THF

4 «3THF

6 +4THF

8 «4THF

5 «3THF

7 «4THF

9 -4THF

Figure 3. Optimized geometries of THF solvated chloromethyllithium, LiCl, and mixed aggregates 1-9.

Comparison of the data in Tables 3 and 6 shows quite differ-
ent behavior for the lithium halide and lithium methoxide
mixed aggregates. With the lithium halide mixed aggregates,
THF solvation has only a small effect on the free energy
of mixed dimer formation. At 200 K, the equilibrium con-
stant for LiCl mixed dimer formation will be close to unity,
and increase slightly with increasing temperature. The
significance of this result is that the mixed dimer cannot
be ignored when elucidating reaction mechanisms of chloro-
alkyllithium carbenoids under conditions where significant
amounts of LiCl are present, e.g., late in the reaction. Inten-
tional addition of LiCl to the reaction mixture will also favor
formation of the mixed dimer. Formation of the mixed tri-
mers (4)-3THF and (5)-3THF is energetically unfavorable

with respect to the mixed dimer, and showed a similar tem-
perature dependence. Compared to lithium halides, lithium
methoxide mixed aggregate formation has a larger tempera-
ture dependence, with mixed dimer 11 being favored at room
temperature, together with a small amount of mixed trimer
12. At lower temperatures there is little tendency for lithium
methoxide to form mixed dimers or trimers.

Table 7 shows the calculated free energy of formation of the
symmetric (6, 14 and 7, 15) and unsymmetric (8, 16 and 9,
17) mixed tetramers. In general, mixed tetramer formation
with lithium halides is energetically unfavorable at 200 K,
but in the case of the lithium chlorocarbenoids, some mixed
tetramers may be formed at higher temperatures. The most
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Figure 4. Optimized geometries of THF solvated lithium carbenoid mixed
aggregates with lithium methoxide 10-17.

favorable lithium halide mixed tetramer is the (LiCH,CI)-
(LiCl); (8), which may be present in significant amounts if
the reaction mixture contains an excess of lithium chloride.
The most favorable solvated LiCH,Cl-lithium methoxide
mixed tetramer was 14, which is favored over the mixed
dimers and trimers even at 200 K, and is the only lithium
methoxide mixed aggregate that will be formed in apprecia-
ble amounts at that temperature.

Table 6. Calculated free energies of THF solvated LiCH,X mixed dimer
and mixed trimer formation (kcal/mol per Li) at 200 K (298.15 K)

Mixed Temp (Borl1l): (4orl12)- (Sorl3)
aggregates (K) nTHF 3THF 3THF
LiCH,CI LiCl 200 0.0427 3.15 5.66
LiCH,ClI LiCl 298.15 0.0157 0.790 3.51
LiCH,CI LiOMe 200 1.05 1.06 2.07
LiCH,CI LiOMe  298.15 —1.17 —0.113 0.590
LiCH,Br LiBr 200 0.453 5.71 5.61
LiCH,Br LiBr 298.15 0.778 3.56 3.58
LiCH,Br LiOMe 200 1.20 0.837 3.25
LiCH,Br LiOMe ~ 298.15  —0.900 —0.305 2.01

Table 7. Calculated free energies of THF solvated LiCH,X mixed tetramer
formation (kcal/mol per Li) at 200 K (298.15 K)

Mixed Aggregates Temp (6 or 14)- (7 or 15)- (8 or 16)- (9 or 17)-
(K) 4THF 4THF 4THF 4THF

LiCH,CI LiCl 200 2.68 1.57 0.787 2.29
LiCH,ClI LiCl 298.15  1.06 —0.351 —1.209 0.464
LiCH,CI LiOMe 200 —0.340 2.80 2.87 1.00
LiCH,CI LiOMe 298.15 —1.73 1.76 2.36 -0.377
LiCH,Br LiBr 200 5.27 5.25 4.48 5.27
LiCH,Br LiBr 298.15  3.69 3.59 2.48 3.56
LiCH,Br LiOMe 200 1.11 4.18 3.02 2.47
LiCH,Br LiOMe 298.15 0.0229 3.25 2.57 1.25

Halomethyllithium carbenoids could potentially undergo
cyclopropanation reactions via a monomer, homo-dimer,
or mixed dimer. To test the hypothesis concerning changes
in lithium carbenoid reaction pathways caused by mixed
aggregates, the gas phase activation barrier for the cyclopro-
panation reaction of chloromethyllithium with ethylene was
calculated. Although DFT methods generally generate good
geometries and energies for ground state species, they are
less reliable for transition structure and activation barrier
calculations.?® The activation free energies were calculated
at the Hartree—Fock, B3LYP, and MP2 levels, each with
the 6-31+G(d) basis set, and the results are shown in Table
8. At the MP2 level, the calculated activation barrier for
the mixed dimer (3) was lower than that of the chloromethyl-
lithium homo-dimer by 1.0 kcal/mol and lower than that of
the monomer by 0.5 kcal/mol. A comprehensive study on
the role of mixed aggregates in carbenoid reactions is be-
yond the scope of this paper and will be the subject of a study
in the near future. However, these preliminary calculations
show that mixed aggregate formation in these reactions can-
not be ignored under conditions where lithium halides are
present in significant amounts, such as near the end of the
reaction. Even with such a relatively small change in activa-
tion energies, the mechanism is subjected to change as new
potentially reactive species are formed. After a few half lives
the reaction mechanism may change at least once and per-
haps twice if significant amounts of tetramer are present
after several half lives.

Table 8. Calculated gas phase activation free energies of cyclopropanation
reactions of LiCH,Cl aggregates with ethylene (kcal/mol)

Aggregate Hartree—Fock B3LYP MP2
Monomer 14.2 14.2 17.1
Dimer (1) 11.1 15.4 17.6
Mixed dimer (3) 9.45 14.2 16.6

4. Conclusions

Lithium halomethyllithium carbenoids can form mixed
aggregates with lithium halides. In the gas phase, mixed tri-
mers and tetramers are formed preferentially over mixed
dimers. THF solvation disfavors the formation of the mixed
trimers and tetramers, but has only a small effect on the free
energy of mixed dimer formation. At temperatures below
200 K, chloromethyllithium, and to a lesser extent, bromo-
methyllithium mixed dimers will coexist with the free carbe-
noids. Mixed aggregate formation can affect the activation
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barriers of carbenoid reactions and may cause a change in
the mechanism during the course of a reaction.

In the gas phase, chloro- and bromomethyllithium can form
two different mixed tetramers with lithium methoxide. For-
mation of mixed dimers and trimers is energetically unfavor-
able. Solvation with THF reduces the tendency of these
carbenoids to form mixed aggregates, although there appears
to be a modest tendency toward mixed tetramer formation.

The major significance of this work is that the mixed aggre-
gate formation can affect the activation barriers of carbenoid
reactions and may cause a change in the mechanism during
the course of the reaction. Similar mixed aggregates have
been exploited to alter the reactivity and stereoselectivity
of other organolithium reagents. The mixed aggregates
described in this paper have potential for use in synthetic
reactions of lithium carbenoids.
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