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Abstract We have carried out a theoretical investigation of
the methyl alkali metals CH;M with M=Li, Na, K and Rb
using density functional theory (DFT) at the BP86/TZ2P
level. Our purpose is to determine how the structure and
thermochemistry (e.g., C—M bond lengths and strengths) of
these organoalkali metal compounds depend on the metal
atom, and to understand the emerging trends in terms of
quantitative Kohn—Sham molecular orbital (KS-MO) the-
ory. The C—M bond becomes longer and weaker if one goes
from Li to the more electropositive Rb. Also, the polarity of
the C—M bond increases along this series but it preserves a
strong intrinsic preference to homolytic over ionic disso-
ciation in the gas phase. We show that a description of the
bonding mechanism in terms of a polar C—M electron-pair
bond between the methyl radical and alkali metal atom is
just as natural as an ionic description (i.e., in terms of
CH;+M") and that it provides a straightforward way of
understanding all observed trends.
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Introduction

Organoalkali metal compounds, in particular organolithium
reagents, are both archetypal and of practical importance:
they constitute the simplest organometallic compounds
and, at the same time, are widely used in organic synthesis
[1]. Many studies have been directed towards unraveling
the nature of these compounds. Early pioneering studies by
the groups of Schleyer and Pople [2], Lipscomb [3], and
Ahlrichs [4] highlighted the covalent aspects of the carbon—
lithium bond (see Structure 1), especially in organolithium
aggregates. This view is also supported by the large car-
bon-lithium NMR coupling constants of up to 17 Hz ob-
served for organolithium aggregates [5-8].

In contrast, Streitwieser and coworkers [9] were the first to
emphasize the highly polar character of this bond based on a
more advanced scheme for computing atomic charges, the
integrated projected populations (IPP). This approach yields
an atomic charge of Li in methyllithium of +0.8 a.u. Other
studies have also been in support of a lithium atomic charge
close to +1 a.u., for example, natural population analysis
(NPA) [10, 11] and atoms in molecules (AIM) [12], which
yield charges close to +0.9 a.u. In addition, Streitwieser,
Bushby, and Steel have shown that a simple electrostatic
model is able to reproduce the ratio of carbon—carbon and
lithium—lithium distances in the methyl lithium tetramer
[13—15]. These results have led to the current picture [16—
25] of an 80-90% ionic C-Li bond that can best be
understood in terms of a CH; anion and a Li" cation in-
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teracting predominantly electrostatically with only margin-
al covalent character (see Structure 2).

The purpose of the present study is twofold. In the first
place, we wish to augment the scarce structural and ther-
modynamic information on organoalkali metal compounds
(vide infra) with a set of data that is obtained consistently at
the same level of theory and, thus, to enable a systematic
analysis of trends. Thus, we compute at the BP86/TZ2P
level of density functional theory (DFT) [26] how the
structure and thermochemistry (e.g., C—M bond lengths and
strengths) of methyl alkali metal compounds CH3;M depend
on the metal atom, along M=Li, Na, K and Rb. A second
purpose is to understand the emerging trends in terms of
quantitative Kohn—Sham molecular orbital (KS-MO) the-
ory [27]. In particular, we show that a description of the
bonding mechanism in terms of a polar C—M electron-pair
bond between the methyl radical and alkali metal atom is
just as natural as an ionic description (i.e., in terms of
CH;+M") and that it provides a straightforward way of
understanding all observed trends. In the course of this
work, we present a new implementation into our Amster-
dam Density Functional (ADF) program [26] for comput-
ing Kohn—Sham Fock matrix elements in terms of fragment
molecular orbitals (MOs).

Materials and methods
Computational details

All computations were carried out with the ADF program
[26] at the BP86/TZ2P level of the generalized gradient
approximation (GGA) of Kohn—Sham density functional
theory (DFT) [27]. The TZ2P basis set consists of un-
contracted set of Slater-type orbitals (STOs), including
diffuse functions. It is of triple-( quality for all atoms and
has been augmented with two sets of polarization functions:
3d and 4f on C, Li, Na; 4d and 4f on K, Rb; and 2p and 3d
on H. In addition, an extra set of p-functions was added to
the basis sets of Li (2p), Na (3p), K (4p) and Rb (5p). The Is
core shell of carbon and lithium, the 1s2s2p core shells of
sodium and potassium, and the 152s3s2p3p3d core shells of
rubidium were treated by the frozen-core (FC) approxima-
tion. An auxiliary set of s-, p-, d-, f- and g-STOs was used to
fit the molecular density and to represent the Coulomb and
exchange-correlation potentials accurately in each SCF
cycle. For a more detailed description of our methods and
the ADF program, see [26] and [27].

Fock matrix elements in terms of fragment MOs

The ADF program has the option to analyze the interaction
energy between two molecular fragments by building up
the molecule from these either mono- or polyatomic frag-
ments. The molecular orbitals {wf} that are computed are
then expressed as linear combinations of the symmetry-
adapted fragment orbitals {q)jr} , 1.e., symmetry-adapted

linear combinations of the molecular orbitals of the frag-
ments under consideration, which in turn can be written as
linear combinations of STO basis functions {x}:
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For the Kohn—Sham Fock matrix Fgg in the basis of
the symmetry-adapted fragment orbitals, the generalized
Eigenvalue problem holds, i.e.,

FxsC=SCE 2
with the Kohn—Sham Fock matrix elements given by
(Fis)y = (o7 |Fxsl} ) 3)

The Kohn—Sham Fock matrix elements correspond the
coupling or interaction strength between two orbitals ¢
and gojr . They can be obtained either with the potential of
the promolecule density (i.e., the initial sum of fragment
densities) or with the final molecular density. The former
case corresponds to the field that the orbitals are exposed to
before they start interacting but after the fragments have
adopted their positions in the overall molecule. In the latter
case, solution of the generalized Eigenvalue problem of
Eq. (2) yields the molecular Kohn—Sham orbitals ¥/ and

<1//F )]:“ ks|vT > In the present study,

we use the latter interaction matrix elements. We wish to
point out, however, that the two choices yield similar
values that show exactly the same trends.

orbital energies &; =

Results and discussion
Structures and energies

The results of our BP86/TZ2P computations on methyl
lithium, sodium, potassium and rubidium are collected in
Table 1. Our computed homolytic bond dissociation en-
thalpies (BDE for 298 K) and bond lengths (see Table 1)
agree within a few kcal mol™' and a few hundredths of an
angstrom (A), respectively, with the available experimental
[28] and/or with other DFT and ab initio results [10, 11, 16—
25]. The computed strength (i.e., BDE) of the C—M bond in



Table 1 Analysis of the C—M bond between CH3" and M in CH;M"

Property CHs;Li  CH3;Na CH3K  CH3Rb
Geometry (in A, degree)

C-M 2.010 2376 2747  2.821
C-H 1.105 1.098 1.100 1.096
H-C-H 106.48 109.84 109.14 109.63
Bond energy decom-

position (in kcal mol )®

AE, —63.1 —422 384 422
AV stat -30.3 233 -19.0 204
AFEpayii 38.4 27.8 23.4 30.7
AE;, -550 —37.7 340 -31.9
AL ey 10.2 6.7 7.4 6.9
AE 448  -31.0 266 250
AH***~—BDE 440 303 262 246
Miscellaneous bonding

parameters®

Sbond 0.31 0.28 0.21 0.19
Frond 703 —61.5 —402 d
&(ns)—&ay) 3.2 3.4 3.8 4.0
o) 0.386  0.351 0.428 0.466

dComputed at BP86/TZ2P

bAE:AEprep+AEint; AEim:A Velstat+AEPau1i+AEoi (See tCXt)
“Interaction matrix elements between SOMOs Fionq in keal mol™!;
bond overlap Spong; Orbital energy difference £(ns)—€(2a;) in eV;
VDD atomic charges Q(M) in a.u

dCannot yet be computed for Rb, for technical reasons

methyl alkali metal monomers decreases if one descends
the periodic table, from 44.0 (Li) to 30.3 (Na) to 26.2 (K) to
24.6 kcal mol™' (Rb). The computed C—M bond distances
increase monotonically from 2.010 (Li) to 2.376 (Na) to
2.747 (K) to 2.821 A (Rb), in agreement with mm-wave
spectroscopy experiments of Grotjahn et al. for M=Li, Na
and K [28, 29]. Note that our H-C-H angles are system-
atically smaller for CH;3Li (106.48°) than for the heavier
homologous (109-110°), in line with CCSD(T) calcula-
tions [18] for CH;Li and CH3zNa. The mm-wave experi-
ments [28, 29], on the other hand, yield essentially constant
M-C-H angles of 107.2, 107.3 and 107.0°, along the series
Li, Na and K. Thus, for methyl rubidium, for which an
experimental structure has not yet been published, we
predict a C—M bond length that is about 0.07 A longer than
that in methyl potassium, whereas the methyl has
essentially the same structure in both molecules.

Bonding mechanism

Our analyses of the C—M bond comprize three comple-
mentary approaches: (1) decomposition of the electronic
bond energy AFE; (2) quantitative analysis of the Kohn—
Sham orbital electronic structure; (3) analysis of the
electron-density distribution using various atomic charge
schemes. The bond energy AE corresponds to the reaction
CH3;+M—CH;3M and is first divided into the preparation
energy AE,., associated with deforming the methyl radical
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(from its planar equilibrium structure to the pyramidal
geometry it adopts in CH3M) and the actual interaction
energy AEj, between pyramidal CH; and M radicals.
AE ., is somewhat more destabilizing in methyl lithium
than in the heavier homologues owing to the stronger C—Li
interaction, which causes the above-mentioned higher
extent of methyl pyramidalization in CH;Li. The interac-
tion energy AE;, shows the same trend as AE and AH>*%:
it weakens strongly from Li to Na and then more moder-
ately along Na, K and Rb. We have further decomposed
AFE,, into the electrostatic attraction AV, between the
unperturbed charge distributions of the CHz* and M frag-
ments, the Pauli repulsive orbital interaction AFp,y;
(between occupied orbitals) and the bonding orbital in-
teractions AE,; that are provided by electron-pair bonding
and donor-acceptor interactions [27].

Interestingly, the more dominant of the two bonding
terms is the orbital interactions AE,,; (which is between —63
and —38 kcal mol ") and not the electrostatic attraction
AVt (Which is between —30 and —19 kcal mol '). This
may be surprizing at first if one proceeds from the ionic
model, in which the cohesion in the C—M bond is ascribed
to electrostatic attraction between CH; and M ions in a
nearly salt-like, ionic CH;M. Note, however, that, electro-
statically, the charge separation across the C—M bond is
energetically unfavorable in the gas-phase compared to a
more balanced (less polar) charge distribution.

Of course, this changes in solution as the solvent mole-
cules interact strongly with, and thus stabilize, the ionic
fragments of the heterolytic dissociation pathway. Note
however that in solution, a physically correct description
of a methyl alkali metal consequently involves (at least) a
few solvent molecules of the first solvation shell and that
the system is rather to be conceived as a methyl alkali
metal-solvent complex. Here, we focus our analysis to the
intrinsic nature of carbon—-metal bonding as it exists, un-
affected by solvent molecules, in the gas phase.

However, also in the gas phase, charge separation still
occurs because of the electronegativity difference between
CHj and M, that is, the fact that the energy of the 2a,
singly occupied molecular orbital (SOMO) on the CHj’
radical is significantly lower than that of the ns SOMO on
the M atom (see orbital energy differences £(ns)-£(2a,) in
Table 1). This is nicely illustrated by examining the het-
erolytic dissociation of CH3M into CH;+M" (values not
shown in Table 1). Here, the electrostatic interaction
dominates by far: AV is between —197 (Li) and
—158 keal mol ! (K) whereas AE,; is only between —21
(Li) and —18 kcal mol™" (K). In CH;Li, for example, the
heterolytic bond energy AFEpeero between CHz;+M"
amounts to —174.2 kcal mol_l, which arises from
~197.4 kcal mol ! of electrostatic attraction AV
—21.1 kcal mol ' of orbital interactions AE,; and
44.0 kcal mol™" of Pauli repulsion. The weakening of the
electrostatic interaction in the heterolytic dissociation on
going from Li to Rb is due to the increase in the //—C bond
length, which is not compensated by the smaller charge
transfer from CH; to M along the Li—Rb series. However,
the heterolytic process is much more endothermic (—AE-
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hetero=175-124 kcal mol™") than homolytic dissociation
(—AE=45-25 kcal mol ') because of the ionization energy
that must be invested to remove an electron from M" and
transfer it to CHj'. It is of course perfectly valid to compute
the homolytic bond energy in two steps by adding the
reaction energies of CHy;+M—CH;+M" (charge separa-
tion) and CH;+M " —CH;3M (heterolytic bond formation)
[30]. However, AE}cero alone provides only incomplete
information about the quantity we are actually interested in,
i.e., the homolytic bond strength AE in the gas phase.
Moreover, we feel that analyzing the homolytic bond
energy AE, i.e., the reaction energy for CHy+M—CH;3M,
directly in terms of the bonding between the corresponding
neutral molecular fragments provides a more straightfor-
ward description and understanding of its origin and of
trends therein, than first analyzing the bonding between the
ionic fragments CH5 and M", associated with a different,
energetically (AFE}ciero) much disfavored ionic dissociation,
and adding the charge-transfer energy also to obtain AE.
On the other hand, the origin in the heterolytic bond energy
AEjcteros i.€. the reaction energy for CH; +M —CH;M, is
obviously most directly described in terms of the interac-
tion between the methyl anion and alkali metal cation,
which indeed is predominantly electrostatic (vide supra).
Both, electrostatic attraction AV, and Pauli repulsion
AEp,; between CHz and M become weaker along Li—K.
The common origin of these trends, which partially cancel
each other, is the decreasing overlap between occupied
orbitals of CHs and M as the metal AOs become more
extended and diffuse. The dominant contributor to the trend
in AFE is the orbital interaction AE;, which (just as
AV,sar) Weakens along Li-K from —63.1 to —42.2 to
—38.4 kcal mol !. The trend in AE,; and, thus, in the
thermodynamic stability AE (or AH***~~BDE) can be
traced directly to covalent features in the bonding mech-
anism, i.e., the bond overlap between and mixing of the
SOMOs that yield the electron-pair bond. Our quantitative
analyses of the orbital electronic structure show that this
electron-pair bonding 2a,+ns combination between the
methyl and alkali metal SOMOs is polarized toward
methyl. However, they also reveal that the alkali metal ns
contribution is not at all marginal: in terms of Gross
Mulliken contributions [31] the composition is approxi-
mately 70% 2a;+25% ns. In case of methyl lithium, the
situation is 70% 2a,+24% 2s with, in addition, a sizeable
contribution of 7% from the lithium 2p, AO. In terms
of mixing coefficients [31], this is 0.722a; + 0.532s
(4+0.322p,) . We recall that the stabilization of the bonding
2a,+ns combination relative to £(2a,), i.e., the covalent
contribution to the orbital interactions AE,;, is to second
order equal to Fbond2/£(2a1)—£(ns), that is, the interaction

matrix element Fj,,q = 2a; ‘I:“ ns> squared and divided

by the difference in orbital energies and that Fio,g is
in good approximation proportional to the bond overlap
Shona = 2ay|ns> [32], as illustrated by 3.

The bond overlap Spong 1S sizeable and decreases from
0.31 to 0.28 to 0.21 to 0.19 along M=Li, Na, K and RbD.
This is because the metal ns AOs become more diffuse and

extended along this series, which causes the optimum
overlap to become smaller and to be achieved at longer
bond distances [33]. The corresponding interaction-matrix
elements Fyong show the same trend as Spong; they are
sizeable and weaken from —70.3 to —61.5 to —40.2 kcal
mol ' along Li, Na and K (see Table 1). This leads to the
observed weakening of AE,; along Li—K [34], as illustrated
by 3—4, and contributes significantly to the same trend in
the overall C-M bond strength. The loss of AE,; is largest
from Li to Na because, in addition to the decreasing bond
overlap, the stabilizing admixture of the low-energy lith-
ium 2p, AO into the electron-pair bonding combination
is lost.

Note that ionic bonding would have led to the opposite
trend in AE,;, that is, an increase of the orbital interactions
along Li-Rb. To understand this, we must first realize that
ionic bonding between CH; and M radicals corresponds,
in terms of orbital interactions, to the complete transfer of
an electron from the metal ns to the methyl 2a; orbital and
the absence of mixing between these SOMOs. This is illus-
trated schematically below in 5.

ns
ns ;:'j ::':; X large
x, small
-H- ,,,,,,,,,,,,,,, +7'H' """"""""
2a 1 2a 1
5 6

The electron of the metal drops, so to say, into the methyl
2a; (which becomes a lone-pair like MO) and the orbital
interactions AE,; now originate from the associated orbital
energy difference £(2a;)—&(ns). The latter, which can also
be associated with the difference in electronegativity Ay
[35], increases along Li—Rb and so should AE,; (see 5—6)
if the ionic aspect were to dominate the trend in the
CH3+M —CH3M process. This is apparently not what
happens.



Alkali metal atomic charges

The above description of the C—M bond (see 3 and 4) as an
electron-pair bond with significant covalent character (i.e.,
stabilization through bond overlap) is not at all in con-
tradiction with a high polarity. Indeed, we find a wave
function (electron-pair bonding MO) that is polarized
toward carbon, and our Li atomic charge is +0.89, +0.50
and +0.39 a.u. according to the atoms in molecules (AIM),
Hirshfeld and Voronoi deformation density (VDD) methods
(see Table 1 for VDD charges Q(M) along Li—Rb) [10, 36].
The VDD atomic charge appears to be very close to
the GAPT (generalized atomic polar tensors) charge of
+0.4178 a.u. computed by Cioslowski at the HF/6-31G**
level [37]. The polarity across the C—M bond arises of
course from the difference in energy of the SOMOs of the
methyl radical and the lithium atom (i.e., the electroneg-
ativity difference Ay). As pointed out in the introduction,
the current ionic picture of the C—Li bond is based to an
important extent on this polarization, in particular, on the
atomic charge of Li in methyl lithium that in earlier studies
was mostly found being close to +1 a.u. (i.e., +0.8, +0.85
and +0.9 a.u. according to IPP [9], NPA [10], and AIM [12]
methods). This was interpreted as indicating that the C—Li
bond is 80-90% ionic. The present study confirms that the
C-Li bond is highly polar. However, as has been pointed
out recently [36], atomic charges are not absolute bond-
polarity indicators. Different atomic charge methods have
different scales: the atomic charge of exactly the same atom
in exactly the same chemical environment may differ
dramatically from one method to another (e.g. Li in CH5Li
is +0.89 a.u. and +0.39 a.u. according to AIM and VDD).
Atomic charges become meaningful only through the
comparison of trends in values computed with the same
method. Thus, one can conclude that all atomic-charge
schemes indicate that the C—M bond is significantly more
polar than most other bonds [36]. Furthermore, a high
polarity does not rule out a prominent role for a stabili-
zation of the C—M electron-pair bonding MO due to bond
overlap between the SOMOs of the CH;™ and M radicals.
In fact, as illustrated in 3 and 4, “covalent” and “ionic”
stabilization (i.e., stabilization caused by bond overlap and
electronegativity difference, respectively) occur in general
simultaneously in polar bonds. In the case of the C—M bond
in CH3M, the trend of the decreasing bond overlap Spong
along M=Li, Na, K and Rb overrules the trend of the
increasing electronegativity difference Ay, which derives
from the difference in SOMO energies £(ns)—£(2a,;) (see
table 1). This is not because the electronegativity difference
is small but because it changes relatively little compared to
changes in the stabilization due to Sponq.

Conclusions

The C—M bond in methyl alkali metal systems becomes
longer and weaker if one goes from Li to the more elec-
tropositive Rb as follows from our BP86/TZ2P computa-
tions. For methyl rubidium, the structure of which has not
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yet been characterized experimentally, we predict a C—M
bond length of 2.821 A, that is, about 0.07 A longer than
that in methyl potassium, whereas the methyl has es-
sentially the same structure in both molecules. Also, the
polarity of the C—M bond increases along Li—Rb but it
preserves a strong intrinsic preference to homolytic over
ionic dissociation.

We have shown that a description of the bonding mech-
anism in terms of a polar C—M electron-pair bond between
the methyl radical and alkali metal atom is just as natural as
an ionic description (i.e., in terms of CH;+M"). In this
picture, the weakening of the C—M bond along Li—Rb is
ascribed to the decreasing bond overlap between the
SOMOs of the CH;+M" radicals into which this bond
preferentially dissociates. This is not in contradiction with
the fact that the C—M bond is highly polar.
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