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We report here the results of an ab initio study of the lithitimydrogen exchange reaction of ¢Ht (CHs-

Li), both in gas phase and in tetrahydrofuran (THF) solution. All the species involved in the reaction have
been characterized at the Hartrdeock, second-order Mier—Plesset (MP2)(full), and density functional
theory (B3LYP) levels using the 6-31G(d,p) basis set. The effect of the solvent (THF) has been modeled
using the Polarizable Continuum Model developed by the group in Pisa that includes both electrostatic and
nonelectrostatic (cavitation and dispersion repulsion terms) contributions to the solvation energy. A main
result of this study is the finding of a nonplanar transition state structure that leads to a b&rkeal/mol

lower at the MP2 level than the one calculated based Ggsix-membered ring transition state previously
reported by Schleyer et al. for the same reaci@nComput. Cheml0, 437 (1989)). We include here a
detailed discussion of the differences between these two mechanistic alternatives and the effect of the solvent
on both of them. The performance of the B3LYP hybrid functional is examined against our MP2 results to
assess whether this methodology is reliable for the study of more complex metalation reactions in which the
size of the reactant system prevents the use of MP2 methods as a way for including electron correlation.

1. Introduction hand, it is a well-documented drawback of the MNDO and
derived methods that repulsion between Li core and C lone pair
electrons is underestimat@deading to the overestimation of
the Li—C bond strength. On the other hand, steric repulsions
are considerably overestimated by these methddall these
elements together can be responsible for the problems reported
by different authors, such as giving incorrect geometries for
molecules containing EC bonds or predicting erroneous
eregioselectivity for lithiation of systems where two differently
rlnybridized C centers of the substrate may be invoRfed.
Although the experimental evidence shows that the solvent
has a very strong influence both in the outcome and rate of
lithiation reactions, only a few theoretical studies have con-
sidered the influence of the solvent on the process. Moreover,
even when this has been done, the effect of the solvent has been
mimicked through the inclusion of-23 discrete water molecules
in the supermolecule which do not actively take part in the
reaction’® Water is a solvent not generally used in experimental
conditions, and moreover-B molecules are a poor representa-
Fock [HF] and second-order Mer—Plesset MP2 levels o of the bulk solvent. In the present work Wl?a have%ddressed

calculations on the lithiation reaction of aromatic compounds. - study of the effect of a more realistic solvent (tetrahydro-
T.WO r_nain conclu_sions can be extracted from th_ese reports: (a)furan, [THF]) using a continuum dielectric model developed
directing and activated effects of electronegative substituents by us at the University of Pisd

in aromatic compounds would mainly be transition state
phenomend;(b) semiempirical methods are often not valid tools fo
for studying lithiation reactions, even qualitatively. On the one

Metalation of acidic carbon atoms by reaction of organic
compounds with organolithium reagents is usually introduced
in elementary organic chemistry courses as a very effective and
selective way to incorporate new functional groups into organic
molecules: Despite its widespread use in synthesis, some
mechanistic aspects of this group of reactions are still the subject

understanding of how the reaction proceeds has not yet bee
reached. In particular, for the so-calldidected ortho-lithiatiod
of aromatic compounds, different terms and concepts (like
“complex-induced proximity effects"agostic activations”,*>
and “kinetically enhanced metalatiofi'have been invoked to
rationalize the observed regiospecific outcome of the reaction
and the reactivity of the species involved as a function of the
nature of the directing group present in the reactant.

In recent times, several communications have reported
semiempirica”-8 (MNDO and PM3) and ab initio®2 (Hartree-

We started our study analyzing the mechanism and energetics
r one of the simplest lithiation reactions, the degenerate-_i
exchange between methane and dimeric methyllithium

T Professor Ciuffarin died while the present work was in progress. He THFH3C—H + (LiCH3)2(H3CLi + CH4-LiCH3 (1)
was the one who called our attention to the mechanistic aspects of lithiation

reactions. We would like to dedicate this article to his memory. . . . . .
* To whom correspondence should be sent. E-mail: laurac@fcien.edu.uy both in gas phase and in bulk THF. The choice of dimeric

or tomasi@serverl.dcci.unipi.it. methyllithium as lithiating reagent is based on the experimental
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evidence discarding monomeric forms as reagents. In fact, thecomplex) and two first-order saddle points (tsix-membered

aggregation state of the organolithium compound strongly ring transition state originally proposed by Kaufmann and
depends on the specific solvent (for example, it has been Schleyet® (TS6MR) and a new four-membered ring-like
determined thah-BuLi exists in a tetramer-dimer equilibrium  structure TS4MR) proposed here for the first time) have been
in pure THF solutiot?). fully optimized in vacuo at each level of theory without

In a gas-phase theoretical study which appeared several yearémposing any symmetry constraint. The nature of every
ago, Kaufmann and Schleyéreported an ab initi€s symmetry stationary point has been determined at each of the levels
six-membered ring structure for the transition state of this considered, based on the number of negative eigenvalues of the
reaction which yields a barrier height of 46.1 kcal/mol at the Hessian matrix, as usual. Harmonic frequencies were calculated
HF/3-21G (zero point energies [ZPE] corrected) level. In the at each level of theory. ZPEs, contributions due to thermal
present work we conducted a more extended search on themotions, and entropy at 298 K were also calculated in order to
potential energy surface (PES), characterizing an intermediatedetermine in vacuo Gibbs free energy values for all these
complex (not explicitly studied by the Erlangen grétiff) of species. ZPEs have been scaled using factors determined to
CHj, with (LiCH3),, and looking for alternative transition state  better reproduce experimental values: 0.9188,9826°2and
structures to gain better insight into the mechanism of this kind 0.9643%bat the HF, B3LYP, and MP2(full) levels, respectively.
of process. The Gaussiang22and Gaussian$® electronic structure pack-

A final issue addressed in the present article is related to the ages have been used to perform all the gas-phase calculations.
study of the more complex reactions involving aromatic Atomic charges and bond orders for each of the species involved
compounds and larger lithiating agents, such-asityllithium. in the two mechanisms considered were also calculated using
Opitz et al® showed that both semiempirical and Hartré®ck Natural Population (NPA) and Natural Bond Orbital (NBO)
methodologies are qualitatively incorrect for the study of the Analysis.

Li—H exchange reaction between phenol and LiH. Inthatcase The effect of the bulk solvent (THF, dielectric constant
these methods predict an artificial agostic interaction in the initial 7.580) has been modeled using the Polarizable Continuum
complex for the reaction. Moreover, even where the afore- Model (PCM}! developed at the University of Pisa, coded into
mentioned methods are capable of giving an adequate picturey locally modified version of the Gaussian94 pack&geill
of the lithiation process under study, Schleyer ét'dishowed the PCM calculations of the electrostatic compone®y)(of
that including correlation effects in the calculations can lead to the solvation free energyGgo,) have been performed at the
a reduction of more than 10 kcal/mol in the estimated barriers. HF/6-31G(d,p) and B3LYP/6-31G(d,p) levels on the MP2(full)/
However, the larger size of the molecules involved in most of 6-31G(d,p) geometries optimized in vacuo, within the recently
the lithiation reactions of synthetic interest makes it difficult to  proposed Integral Equation Formalism (PCM/IBE)In cal-
perform expensive ab initio correlated calculations for correctly culating the nonelectrostatic contributions to the solvation
determining energetics and structural features of the speciesenergy, we used the Pierotti SPT apprdatfor the cavitation
taking part in these processes. _ energy Gea).2* Dispersion Ggi) and repulsion Grey) terms

In the past few years density functional theory (DFT) were calculated using empirical two-bodies potentials and a
method$® have been considered as a possible alternative for continuum distribution in a general-shaped ca¥fty.

including electron correlation iq studies of organolithium A critical issue in calculatingse using PCM is the choice of
compounds at a lower computational cost. Pratt and Khan e ra4ji required for constructing the general-shaped cavity that
have reported a study of a set of organolythium reagents coniains the solute. Actually, together with the dielectric
(including both monomeric and dimeric methyllithium) using — constant of the continuum isotropic medium, these are the only
local density functionals. Their results seem to be in good gnpirical parameters required as an input for performing PCM
agreement both_ with th_e ab initio calculat|o_ns and the experi- .4 |culations of5e. More than 15 years of experience applying
mental information available on these species. More recently, pcm to a wide range of solute/solvent systems was shown us
Kremer et af* have successfully applied Becke3LYP hybrid 4t molecular cavities obtained intersecting spheres of van der
functional calculations to obtain energetics of species related\y/4415 radii conveniently scaled by a constant factor of 1.2
to metalation of ortho-substituted toluenes. These facts haveperform a good job for neutral solut&¥,so we have resorted
enco_uraged us to apply t_he_l_33LYP fun<_:t|onal_to_ the study _Of to that approach in a case where the changes of the molecular
reaction 1 to assess its reliability notpnly in pr}adlctlng energetics ¢,rface along the reaction coordinate can be a driving force of
of metalation processes, but also in providing structural data the process in THF solution. For another definition of cavity

(both nuclear and electronic) for the species involved in the ;i qeveloped for reproducing experimental solvation energies

mechanisms of thes_e reactions. Our fmql aim is t0 assesst, giaple species using PCM, see the work recently done by
whether B3LYP provides a reliable alternative to approach the g, e et a5

study in gas phase and solution of the lithiation of molecules

considerably more complex than GH The size of the C and H atoms has been well determined.

Values taken from the literature are in the range of-1L& A
for C and of 1.2 A for H#7 The information available for Li is
less accurate than for the other two atoms. In an unpublished
Exploratory calculations on the gas-phase PES ferLH study on the best radii for light metal ions in solvents of various
exchange between GHand (CHLI)» have been performed at  types, Bonaccorsi et &2 suggested for Li a radius of about
the HF/3-21G7 level, the same used by Kaufmann and 1.40 A for solvents such as THF. Badenhoop and Weinhold
Schleyet3 to locate &Cs transition state for this reaction. Then proposeé® for Li in LiH and LiF (on the basis of their natural
a series of more accurate calculations has been done for eacisteric analysis calculated at the HF/6-31G* level) van der Waals
of the stationary points found at the HF, MP2(full) perturbational radii equal to 2.128 and 1.394 A, respectively. Arteca éPal.
theory levels,’ and Becke's hybrid density functional B3LYP proposed transferable isodensity spheres (TIDS) for Li with a
using the 6-31G(d,p) basis sét.The structures of three stable radius in the range 0.991.38 A. The values limiting this range
species (Chl (CHsLi),, and the CH-(CHaLi), intermediate correspond, respectively, to the radii of spheres that contain the

2. Methodological and Computational Aspects
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(a) it RLilLi2 TABLE 1: NPA Atomic Charges for Heavy Atoms in the
2141 2151 2159 Species Involved in Mechanisms 4MR and 6MR Calculated
2110 2153 in Vacuo at Each of the Levels of Theory Considered in This
2111 d.608 Work Using the 6-31G(d,p) Basis Set (in Atomic Units)
CNTH) o 3666 7 1084 intermediate
\\ ;3@2 level of theory atorh reagents complex TS4MR TS6MR
o ke nom toms o
' . — P . . . .
M e \ C: -1475 —1469 —1484 —1.480
C, —1.475 —1.469 —1.228 —1.244
(b) 3.692 Cs —0.878 —0.928 —1.228 —1.246
Y MP2 Lip +0.840 +0.834 +0.888 +0.884
T Li, +0.840 +0.817 +0.885 +0.860
2.141 2.141 C —1.468 —1.453 —1.476 —1.472
C, —1.468 —1.453 —1.221 —-1.229

2.109 2.109
2.131 //@‘\ 2.131
2.196

o DFT (B3LYP) Lip +0.843 +0841 +0.893 +0.880

C. -1499 -1489 —1508 -1.502
C, -1499 -1489 —1.244 —1.255
Cs -00932 —0999 -1242 —1.258

a See Figure 1 for the numeration assigned to each atom.

distances obtained at the HF, MP2, and B3LYP levels using
the 6-31G(d,p) basis set. There are no large differences in the
geometries obtained with the three methods: we only remark
. _ o that the inclusion of correlation in the calculation results in a
Figure 1. In vacuo optimized structures for the stable species involved horteni f about 0-20.3 A for the dist bet the Li
in the reaction: (a) reagents; (b) frontal and side view of the shortening or about O-2U. or the dis ance, etween ? !
intermediate complex. Selected structural information is given in the &tom and the carbon of the GHeactant, this effect being
following order: first entry HF, second entry (italic) B3LYP, and third ~ slightly stronger at the MP2 level. A similar trend is observed
entry (bold) MP2(full) results obtained with the 6-31G(d,p) basis set. for the C-C and C-Li in the methyllithium moiety.

. Thus, there is a remarkable asymmetry in the interaction of
same amount of the electron density (calculated at the HF/6- CH, with both Li atoms. This fact is confirmed after examina-

31G(d,p) level) that is contained in a sphere of 1.6 A for C or 5y of the molecular charge distribution in the methyllithium

of 1.2 A for H. Because for light elements such as Li core gimer and the intermediate complex of the reaction. (See NPA
electrons are farther from the nucleus than heavier atoms such, ;i< charges reported in Table 1 for the heavy atoms in each
as C, we consider the value of 8.4 a onver limit. We have of the species involved in the mechanisms considered.) A
performgd explorrﬁtpry PCM/IEF calculations at the HF and.DFT charge polarization process takes place when &pproaches
levels with Liradii in the range 1.381.80 A. Anincreasein (CHsLi)2 to form the complex by mutual polarization of the
the Li radii essentially produces some changes in the electrostancfragmems: the Li atoms placed near and far to methane bear
component of the solvation energy, but the differential effects . positive charges which are smaller than in the isolated

in comparing the transition state of the alternative mechanism oy jiithium dimer, particularly for the former atom. The ionic
relative with that already known are rather modest and do not 1. \re of the complex evident from the analysis of the set of

affect our conc_lusions. Thus th_e data repqrted_in this article charges and the subunits assigned by the NBO bond order
refer to calculations performed with an effective Li radius equal analysis performed: two Gianions (charge-—0.8 au each)

to 1.66 A (obtained by scaling 1.38 A by 1.2 as explained in a4 two Li cations (charge-+0.8 au) plus a neutral methane
the previous paragraph). subunit are detected.

In Table 2 we report gas phase relative energies, ZPE
corrected energies, enthalpies, and Gibbs free energies (the last
3.1. Gas-Phase Results: The Alternative Mechanism. two quantities evaluated at 298 K) calculated at each of the
Both saddle points we have found are directly connected via theoretical levels considered for the species studied. (Absolute
an intrinsic reaction coordinate (IR€)path to an unique initial energetics at each of the levels used, including the exploratory
complex, topologically defined as a local minimum, which has calculations performed at the HF/3-21G level, are given as
not been characterized in related work previously done by other supplementary information.) Relative values are given as

authors. differences with respect to those of the £Hnd (CHLi),

The structure of this stationary point on the PES is reported moieties separated at the infinite. Kaufmann and Schiéyer
in Figure 1 together with the geometry of the reagents. It has estimated (using data calculated at the MP2(FC)/6-GAHF/
the appearance of the substrate (the,@hblecule at the left 6-31G* level+ ZPE) a value of-4.1 kcal/mol for the relative
corner in the picture) weakly interacting with one of the Li atoms energy of this intermediate complex, assuming that the associa-
in the methyllithium dimer. To give a clearer picture of the tion energy for methane and methyllithium dimer is about the
spatial arrangement of the atoms in the complex we also same as that obtained for the interaction between methane and
included a side view of this structure in the same figure. Notice the monomer. Comparing this estimation with the value
that both Li atoms lie almost on the same plane defined by the calculated at the MP2(full)/6-31G(d,p) levet$.1 kcal/mol) it
three C atoms, and three of the four H atoms in methane moietyis clear that the assumption was justified at a qualitative level
are interacting with the closest Li atom, in a way similar to considering the height of the barrier predicted. However, it
that reported for the complex between methane and kitSf deserves to be mentioned that at the HF/3-21G level (the one
We display in this figure numerical values of the most significant used in Kaufmann and Schleyer’s work for characterizing the

3. Results and Discussion
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TABLE 2: In Vacuo Relative Energetics® for the Species TS4MR

Involved in Mechanisms 4MR and 6MR at Each of the C1 b) W
Levels of Theory Considered in This Work Using the @ |
2125 |

6-31G(d,p) Basis Set (in kcal/mol)

R K 2.094 \ 2.125 / 2.221\\ :
level of intermediate barrler_helgHI 2089 [ 2o 2;‘;‘; ‘ 3.553/3.576
theory complex TS4MR TS6MR 4MR 6MR Lis \‘ Li1 @/é@m 348713.509
HF AEp —-1.7 43.9 45.1 1797 AR5, / 3.521/3.521
AHo -1.1 42.9 43.3 44.0 44.4 1.758 \ “ 1.797
AHzg  —05 418 424 423 439 1766 | 1788 Cz
AGyos 5.9 36.0 35.3 30.1 29.4 o — R Cs
MP2(full) AEo 5.1 294 313 1456 1.456 R
AHop 4.1 28.4 29.9 325 340 ;-ﬁi ;-2226
AH2gs —3.9 27.3 28.7 31.2 32.6 ’ i
AGyos 4.5 39.0 41.0 345 36.5 e e ReiLit RCaLig
DFT (B3LYP) AE, -3.2 28.7 30.2 2011 o it
AHo -25 277 282 302 307 fyonl _ams  ams
ﬁgizz ié ggg gg ggg ggg Figure 2. Structure of the new transition state proposed for the

reaction: TS4AMR. Selected structural information is given in the
a Calculated with respect to the reagents Gihd methyllithium following order: first entry HF, second entry (italic) B3LYP, and third
dimer (CHLi); at an infinite distance? Taken from the bottom of the entry (bold) MP2(full) results obtained with the 6-31G(d,p) basis set.

well of the intermediate complex [CGHCHaLi)].
TS6MR

transition state for the reaction involving the methyllithium oy e
dimerd) this quantity is only about 2 kcal/mol, a value close to / \ gy ppidd
the one obtained at the B3LYP/6-31G(d,p) level (2.5 kcal/mol). Jaa0a SOR  RORS
Hence, using this estimation leads to predicting a barrier for 557 / ﬁ%ﬂ/ 2470\2005 | 3.982 o on
the process which is artificially raised by more than 3 kcal/mol 2.910 2,423 \ Y 2157 218
at that level. Remember that compared with the association /szW@ 2.424 mm\ 2091 2,455
energies of the order of just a few kilocalories per mole, the // | \
2027‘ ! 2024
uncompleteness of the basis set used here can give an ap / 2.000| | 2000 \
preciable basis set superposition error (as a matter of fact, MP2,/ %91 | 1958
has been shown recently to give too negative binding energies my
for the complexes between LiH and benzene and tolGene, c larz 14w Ca
fact that seemed to be corrected at the B3LYP level). Thus, e aoee
although these values should just be considered rough estima:
tions of the absolute complexation energy, because both 2910
alternative reaction pathways here considered start at the same 2.925
intermediate complex, this fact does not affect the validity of 1891
the analysis performed in this work. Figure 3. Structure of the six-centered ring transition state proposed

Notice that when the thermal contributions at 298 K are by Kaufmann and Schleyé?:TS.GI\/_IR. Selected structural information
is given in the following order: first entry HF, second entry (italic)

considered, both MP2 and B3LYP methods converge 10 g3 yp, and third entry (bold) MP2(full) results obtained with the
approximately the same valug¢ 4.5 kcal/cal) for the Gibbs free  §.31G(d,p) basis set.
relative energy of the complex, the HF estimation of this value
being a little higher £5.9 kcal/mol). As expected, the value or negative net charges at each of the Li atoms and in the couple
becomes positive because of the unfavorable entropic contribu-of C atoms involved in the €H—C bridge, respectively, are
tions required to form the more organized structure of the the same) and an asymmetric distribution in TS6MR. According
intermediate complex in gas phase. Because this species hato the principle of microscopic reversibility, a symmetric
an ionic character and a net dipolar moment of about 0.8 D, it transition state should be expected to connect reactants and
is expected it will be stabilized to some extent by THF when products for a degenerate exchange reaction. This fact seems
the reaction happens in condensed phase. (See the next sectiol® give some support to the mechanism involving the more
for a detailed discussion on this topic.) symmetric TS, that is, 4MR in our study. More arguments in
In Figures 2 and 3, respectively, we report the structural support of the 4MR mechanism will be presented in the
parameters obtained at the different levels of theory for the four- following pages.
membered ring (TS4MR) and the six-membered ring (TS6MR)  The first transition state, TS6MR, was proposed originally
transition states characterized in this work. Here again, the gas-by Kaufmann and Schleyéf,as we have already stated. Our
phase energetics for both transition states is reported in Tableresults, obtained at better levels of theory than the HF/3-21G
2. used by those authors, essentially confirm their findings. The
A first glance at the structural data shows that although the six-membered ring (composed of the three carbon atoms,
asymmetry in the interaction between the two Li atoms with alternating the two Li atoms and the exchanged H) is planar,
the exchanging H atom we remarked in the intermediate almost atCs symmetry. The migrating H atom is located at
complex has practically disappeared in TS4AMR, it is still present almost the midpoint between the two C atoms, but as mentioned
in TS6MR (even if at a modest extent, which persists in previously, the interaction of this bridging atom with the Li
changing the techniques of optimization and the symmetry of atoms is not symmetrical (for example, at the MP2/6-31G(d,p)
the starting point for the search on the surface). Moreover, the level the calculated values for these two bond lengths are 2.091
examination of the atomic charges reported in Table 1 further and 2.155 A, respectively). A closer look at the charges
supports these observations: both transition states are ionic, withcollected in Table 1 reveals the ionic nature of this structure,
a symmetrical distribution of charge in TS4MR (the positive with the Li and C atoms that are closer to the exchanging H
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exhibiting higher net atomic charges than their respective
partners placed a little farther from the bridge hydrogen. It is
worth mentioning that although NBO analysis is in agreement
at the HF and DFT levels (predicting the existence of 23CH
anions, 2 Li cations, and a slightly negatively charged, Ghit),

the MP2 level gives a different picture: one glib+ unit, with

a net charge 0f-0.92 au involving a three-centered+C—Li
bond, plus a Chlanion, and also a slightly negatively charged
CHg unit. No attractive interactions between the migrating H
and the Li atoms are found.
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tions$14. Despite the presence of attractive interactions between
the Li ions and the exchanging H in TS4MR that are absent in
TS6MR, the former TS is not considerably more stable than
the latter. This is probably because the rearrangement of atoms
required to reach the saddle point in the 4MR channel also
involves a shortening of the distance between the two Li atoms.
This repulsive interaction partially cancels the stabilizing effects
of the Li—H interactions.

Concerning the absolute estimation of the barrier for lithiation
of CH, itself, our best in vacuo results predict a value of 30.2

The second transition state, TS4MR, is proposed here for thekcal/mol calculated a0 K with respect to the intermediate

first time. The three C atoms and the exchanging H almost lie

complex, and of 28.8 kcal/mol in terms AH,9s. The closest

on the same plane. A four-membered ring placed orthogonal | j —H degenerate exchange process for which experimental data

to that plane is formed by the H atom, the two Li atoms, and
the C atom at the upper GHpectator group. This structure is
closer than TS6MR to the geometry predicted for the TS of the
reaction involving methyllithium monomé#actually, TS4MR

is more in line than TS6MR with the experimental evidence
that suggests an ionic, four-membered ring TS for this kind of
reaction®? It exhibits attractive interactions between the migrat-
ing H and both Li atoms (l5+H distances ranging from 1.76 to
182 A, according to the level of calculation), a fact that would
make it possible to anticipate a lower barrier for this mechanism
than that of the 6MR one. In passing from the SCF level to

the MP2 and DFT correlated levels of calculation, the distances
between the elements of the ring progressively decrease withou
appreciable changes in the ratios of the various interatomic
distances. It also might be remarked that at the MP2 level there

is a lowering in the symmetry of the system (one of the Li atoms
is slightly closer to the methyl group in the upper position), at
the limit of modelistic interest.

Notice that while in TS6MR the €H—C subsystem exhibits
a nonlinearity of the order of 18 degrees, in TS4AMR the
hydrogen bridge is practically linear (with deviations of 2
degrees according to the level of calculation). This finding
agrees with the already quoted rep&t{¢ modeling metalation
processes involving organolithium compounds in which no
evidence supporting a bent nature of thekt—C bridge in the
transition states is found. The hypothesis of nonlinearity in the
transition state was proposed by Liotta ef%bn the basis of
the experimental study of isotopic effects in the intramolecular
nondegenerate metalation of 2-(3-furyl)ethyllithium, actually a
chemical system significantly different from ours. The transition

are available is activation of methane by reaction with meth-
yllated organolanthanides €MCH 3 (with M =Y, Lu, Sc) in
cyclohexaned;, at 343 K32 In these studies the apparent
bimolecular rate constants for exchange are reported, but no
estimation of the barrier heights is given, hence any direct
comparison between theory and experiment becomes difficult.
Assuming a simple Arrhenius equation to be valid in this case,
Kaufmann and Schley&restimated that the barrier for lute-
tium—hydrogen exchange ranges from 18 to 23 kcal/mol.
Solvation and the use of a different metal instead of lithium
might be the clues to explain this apparent quantitative disagree-
ment between theory and experimental findings. The first of

tthese two factors will be addressed in the next section.

3.2. Solvent Effects on the Reaction PathsThe calcula-
tions in solution reported here mainly refer to in vacuo structures
characterized at the MP2(full)/6-31G(d,p) level. The use of this
approach is supported by the fact that no significant changes in
the solvation energies are introduced when using other geom-
etries. To check of the validity of this assumption, full geometry
optimization of the stable species involved in the process,, CH
(CHaLi) 2, and the intermediate complex [GH+t(CHaLi) 2], have
been performed in THF solution at the B3LYP/6-31G(d) level,
considering all the contributions to the solvation energy. To
this end, we have exploited the efficient new implementation
PCM/IEF?22 for which analytic first derivatives of the energy
with respect to the nuclear coordinates are already available at
the HF and DFT levef8® in our locally modified version of
the Gaussian94 packagke.A summary of the changes intro-
duced by the solvent on the structural parameters and energetics

states characterized in this or other theoretical research per-Of these species at the B3LYP/6-31G(d,p) level is given in Table

formed on the matter exhibit a linear or near linear bridge. In

By comparison of these data and the information reported

both cases, the exchanging hydrogens bear positive charges, ol Table 4 (obtained by solvation of the MP2 in vacuo structures)

about+0.2 au. Hence, no matter what reaction pathway is
preferred, the process is always described & atom transfer.

The energy values reported in Table 2 for the two TSs indicate

that there generally is similarity between the barrier heights for

it is clear that the regions near the minima in the solvated PES
are quite flat, a relaxation of the structures in the field of the
solvent resulting in small changes of solvation free energy.

Some common structural modifications induced by solvation

the two mechanisms considered, with some indications of lower are observed within the ionic moieties of the stable species:

barriers for mechanism 4MR, the exception being the free-
energy barriers at 298K at the HF and DFT levels. Notice,

the C-Li distances are lengthened by0.02 A both in the
methyllithium dimer and in the intermediate complex as a way

however, that the latter are less accurate because no optimaPf increasing the separation of charge; at the same time, both

scaling factors are available for thermal corrections as for ZPEs,

C,;—C; and Li—Li, distances are increased (specially for the

and unfortunately the scale factors used for correcting the latter distance, which becomes0.05 A longer in solution) to

systematic error introduced by ab initio and DFT vibrational
frequencies are different depending on their specific tses.

reduce any repulsive interaction between centers which bear
net charge of the same sign. The slight asymmetry observed

There are on the contrary large changes in the energy andat the in vacuo structure of the intermediate complex is still

enthalpy values in passing from the HF level to methods
including some electron correlation; a lowering of-11% kcal/

mol is observed in the classical barrier heights after including
correlation in the calculations (a fact already pointed out by

other authors in the study of more complex metalation reac-

more pronounced in THF solution. Each of the Li atoms is no
longer positioned equidistant from thg @nd G atoms in the
methyllithium moiety, and the strength of the weakly attractive
interaction between CHand (LiCHg), in the intermediate
complex is enhanced in solution; the distance betwegmuhd
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TABLE 3: Effects of Nuclear Relaxation in THF Solution for the Stable Species Involved in Mechanisms 4MR and 6MR

absolute energies (au) relative energetics in THF (kcal/mol)
SpeCieS Gel Gsol AGel AGcav AGdisp—rep AGsolv structural daﬁa

CH, —40.524014 —40.522132 —-0.14 4.8 -1.8 2.9 R 1.091
OlHCH 109.5

(CHaLi) 2 —94.880371 —94.891263 —13.2 9.1 —-2.8 —6.9 Reice 3.637
Reitin 2.130
RciLiz 2.141
Riiiiz 2.238
OciLiic2 116.8
OlitciLio 63.2

[CHye++(CHaLi) 2] —135.425438 —135.411716 —-10.0 12.0 —4.28 -2.3 Reice 3.630
Reii 2.120
Rc]_Lig 2.142
Ruiti2 2.236
Rc1c3 3.948
ResLiz 2.383
RumetiLiz 2.258
RHmetZLiZ 2.278
RumetaLiz 2.338
OciLiic2 116.0
OlLitciLi2 63.3

2 Calculated at the B3LYP/6-31G(d,p) level WITHPCM/IEFSee Figure 1 for the numeration assigned to each atom.

TABLE 4: Solvation Energy and Components of the the data already collected in Table 4 reporting the components
'\SAOWﬁtIO_“ Enel{'%lnyOF E%Cl\q F(;f_ thg ?lf?rﬂfzs S'”‘l’o!"ed in the of the solvation energy obtained for all the structures involved
echanisms an in Bu olution (in in each reaction mechanism.

kcal/mol)

Notice that solvation energies reported in Tables 4 and 5 are
not largely affected by the quality of the quantum-mechanical
description of the solute used (both HF and B3LYP calculations

components of species
the solvation energy CH (CHgsLi), CH4.(CHsLi)2 TS4AMR TS6MR

AGef —0-14 —i3-g —9.7 —il-g —-10.2 give similar results in THF). We recall that the quantities
AG _2'93 - 3'1 _181'59 B 81 5 —91_;) 4 reported in Table 5 are differences between solvation energies
AGoe 18 -28 43 —42 —43 and that the differential solvent effects due to electron correlation
p-rep . . . . . B ; . .
AGgon? 30 -70 -2.1 -46 —3.1 are to a fair extent dampened in making these differences.
30 -69 -0.9 -32 -19

Analyzing the data collected in Tables 4 and 5, the most
2Values in normal and italic fonts, correspond to HF and DFT relevant feature is that for both mechanisms the global effect

electrostatic free energies, respectively, at 298 K. of the solvent is to stabilize their transition states with respect
TABLE 5: Differential Effects of Solvation (THF) on the to the |nt(;e.rm(—t3)d|af[e cor721plekx, l;edl:(]zlnqrstzim:\:/aludesl kOf l;[he
Barrier Height for Mechanisms 4MR and 6MR Calculated corresponding barriers by2.5 kcal/mol for and 1 kcal
Using PCM at the HF and DFT Levels (in kcal/mol) mol for TS6MR, hence further favoring the alternative mech-
differential effects of solvation barrier anism proposed in this work. A more detailed inspection of

the data reveals that for most of the species considered the

i a . a 1
mechanism AGef AGuwv  AGusprep ACul height principal contribution to the solvation energy is given by the

4MR -19  -07 009  -25 415/398 cavitation component (a destabilizing term), an expected result
—17 —23 gg_'gllzzg'g considering the low dielectric constant of the medium. Notice

6MR —054 -05 002 —1.0 43.4/429 that in passing from the isolated reagents to the intermediate
—0.53 —-1.0 29.7/28.6 complex, and from this one to the transition states TS4MR and

33.0/31.6 TS6MR, the cavitation term becomes smaller, reflecting the fact

differences 1.4 02 —007 15 19831 that the molecular surface of the solute is reduced as a

1.2 13 zl_é%z_bl consequence of the progressive approaching of the two methyl

groups involved in the H-transfer process. This differential

energies, respectively, in THF solution at 298 %Calculated by : P
addition of the differential solvent effects to the corresponding gas phase.i’_osnzli\)ﬁ:\zed with the gas phase) is slightly more pronounced for

AHo/AH9s barriers reported in Table 2. Third entry in bold type

corresponds to MP2 in vacuo barrietsdifferential solvation effects On the other hand, the electrostatic component evolves along
calculated at the B3LYP levetDifferences taken as 6MR-4MR. the reaction path following the changes in the ionic character

of the species involved in the process, as well as the variations
Csis shortened by 0.05 A, and the shortest interfragment.id in the extent Li atoms are exposed to interact with the oxygen
distance is reduced from 2.300 to 2.258 A. atoms present in solvent molecules (see Figures 1 and 2).

In Table 5 we collect the differential effects due to solvation Starting from methyllithium dimer, which exhibits the strongest
in the estimate of the reaction barriers for mechanisms 4MR electrostatic stabilization of 13.2 kcal/mol, this component is
and 6MR, with their decomposition into electrostatic, dispersion- reduced to 8.5 kcal/mol at the intermediate complex, to be
repulsion, and cavitation terms. At the right end of the Table increased to 10 and 9 kcal/mol at TS4AMR and TS6MR,
we report final estimations of the free-energy barrier heights in respectively. At the intermediate complex, because of its
THF solution, calculated by adding differential solvent effects internal position in the solute structure, one of the Li atoms
to the in vacuo barriers. This information is complemented by practically does not feel the effect of the field of the solvent
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TABLE 6: NPA Atomic Charges for Heavy Atoms in the in finding the correct structure for the species involved in the
_Sp_?ggsslnlvo_lved mhMelf:lEanl%mBS;;r_’\Y/lg E‘”d ?MR _Calc#lated reaction. These results encourage the application of the method
n olution at the HF and B3LYP Levels Using the not only for improving the description of the HF energetics of
6-31G(d,p) Basis Set (in atomic units) . - .

the metalation reactions in gas phase, as recently done by

intermediate Kremer et al8¢ used in combination with the PCM/IEF method,

level of theory atorh reagents complex TS4MR TS6MR g3 vp can also give a computationally efficient approach to
HF Lip  +0.890  +0.887  +0.925 +0.921 represent the effect of solvation both on the structure and

é‘z f(l)'igg '_Hl)'ig% fgggi 4_'2'2% energetics of lithiation reactions. This fact is particularly

Ci 1460 —1452 —1231 —1248 important in shedding light on several_ aspects of the mgchan_lsm

C; -0886 —0951 —1.467 —1.246 of lithiation of more complex aromatic compounds which still
DFT (B3LYP) Li;y +0.861 +0.859 +0.906 -+0.900 remain as a matter of discussi#f’® and for which more

Li, +0.861  +0.828  +0.904 +0.879 accurate and affordable calculations are required, in particular

C. —1483 —1l474 -1.492 —1.495 for obtaining kinetic data.

C, —1.483 —1.474 —1.243 —1.256

4. Concluding Remarks

aSee Figure 1 for the numeration assigned to each atom. . .
9 9 In this work we have performed a detailed study of the

mechanism of the simplest degenerateltiexchange reaction
that involves an aliphatic hydrocarbon, both in gas phase and

6). The solvent in turn seems to favor the process of chargeTHF solution. A weak intermediate complex and a transition

reorganization between fragments already pointed out in gasState alternative to the saddle point introduced in a previous
phase, a fact that is further confirmed by the results resported StUdy of this process have been fully characterized. This TS,

in Table 3 obtained after geometry optimization of this species phroposed hgre for tf:je f|rstht|mbe, §ee;ns to t,’e morlek!n Ime W'ﬂ;
in solution. At the transition states, the ionic character increases!€ assumptions made on the basis of experimental kinetic resuits

and the internal Li atom becomes more exposed, specially in 220Ut the structure of the TS for reactions of this kind. The
TS4MR, leading to a differential stabilization of this saddle point effect_c_)f the _solvent on each mechanistic alterative h_as been
over TS6MR. quantlflgd using a c;ontlnuum mpdel, our results showing that
One can conclude from the facts discussed for each reactionthe main changes in the_solvatlon energy are due b.Oth to the
that the presence of the solvent makes mechanism 4MR evercavitation and electrostatic terms. A favorable r(_eductlor_l_of t_he
more favorable than 6MR in vacuo, increasing the difference molecular syrface of the solut.e qnd amore effective stablllz_a_tlon
between the two barriers by 1.5 kcal/mol. Our better estimation of the species by electrostatic mteractlon.s between the Li ions
for the barrier height of the process in THF solution based on and_solvent molecules follow the e_volutlon fr_om reagents to
this mechanism (calculated by adding the differential effects TS in both cases, these effe_c_ts being more important for _the
of solvation to the corresponding gas phas.s barrier) has new.TS, which is furthe[r stablllzgd relative to the saddle point
now been lowered to 26.5 kcal/mol at the B3LYP level. previously proposgd. qually, .th'S gtudy demonstrates .hOW the
Although this value is closer to the barrier height estimated for B3L_YP level used in conjunction with the P.CM ’.“Ode' IS able_
the degenerate exchange involving methyllutetium, it is likely to give an accurate description Of_ the H migration process in
this is still an upper bound of the effective barrier of the reaction. solution at a reqspnable cgmputatlonal cost, preparing the way
We recall that the degenerateHi exchange studied herein for a more realistic modeling of complex lithiation reactions.
involves migration of a light H atom between two heaviersCH
groups, a typical case in which the minimum energy reaction
path lies on a large curvature PES. Hence, tunneling through
the barrier will surely play a nonnegligible role in the kinetics
of the process, especially at low temperatures, lowering the
effective barrier for the reaction. This and other dynamic
aspects related to the reaction are under consideration in our
group and will be the subject of another article.

3.3. Performance of the B3LYP Density Functional. In
conclusion, the B3LYP method has been shown to be reliable
in predicting structural information and energetics in vacuo and References and Notes
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