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Abstract: CCSD/6-311++G(2d,2p) quantum-chemical calculations carried out in conjunction with rigorous
analysis of the computed electronic wave functions reveal the existence of four different types of methyl ate
anions (CH3)n+1X-, where X is a first- or second-row element. Ate anions with ionic bonds between the
central atom and the ligands, formed by elements of the first three main groups, are very stable to the loss of
CH3

-. Hypervalent anions, which obtain from the other second-row elements, possess largely covalent X-C
bonding that provides them with (sometimes marginal) stability to the ligand loss. The other two types of ate
anions are unique to the first-row elements. The “double-Rydberg” species are derived from nitrogen and
oxygen. They are unstable to electron loss and thus most probably not observable in the gas phase. The
potentially observable (CH3)2F- species is the only member of its class. It has a positive vertical ionization
potential, and its dissociation into CH3F and CH3- is predicted to proceed through a small barrier. This anion
is found to possess a peculiar electronic structure that involves an entirely new type of bonding, namely, a
bypass linkage of the methyl ligands.

Introduction

The term “ate complexes” was coined by Wittig in the late
1950s1 to describe the products of the reaction

where R is a hydrogen, alkyl, or aryl group, X can be (at least
in principle) any element, and M is a monovalent metal such
as lithium. Many of these species are believed to constitute
key intermediates of the halogen-metal exchange reactions2

which are widely employed in syntheses of various organic and
organometallic compounds. The relation of some ate anions
to the transition states of SN2 reactions3 and hypervalent
compounds4,5 is also worth mentioning.
The stability of ate complexes varies greatly with X. Some

of them, such as Na+[(C6H5)4B]-, are stable, commonly used
reagents,6 whereas others, such as [(TMEDA)2Li] +[(C6H5)2I]-

(TMEDA ) tetramethylethylenediamine), can be isolated

only at low temperatures.7 Although crystal structures of many
ate complexes have been determined,8 the species with X)
Hg, Sn, Se, Te, and I have been characterized only in solu-
tion by means of NMR spectroscopy,9 the aforementioned
[(TMEDA)2Li] +[(C6F5)2I]- being the only exception. Ate
complexes of many elements, such as carbon and chlorine,
remain experimentally unknown.
The present study addresses the question of whether the

observed large variations in stability of ate anions stem from
gradual changes in bond ionicities with the numbers of valence
electrons and electronegativities of the central atoms or are
manifestations of distinct bonding patterns. With the computed
electronic properties of methyl ate anions of the first- and
second-row elements clearly pointing to the latter alternative, a
systematic classification of all ate anions is obtained. At least
three common types of these species are identified, and the
remarkable properties of the (CH3)2F- anion are uncovered.

Details of Calculations

To assure adequate accuracy of the computed electronic properties,
relatively high levels of theory were employed in the present study.
Geometries of the methyl ate anions (CH3)n+1X-, where X) Li, Be,
B, C, N, O, F, Na, Mg, Al, Si, P, S, or Cl, and of the corresponding
neutral species (CH3)nX were initially optimized at the MP2/6-31+G*
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level of theory (note that 5d rather than 6d functions were used), and
confirmed to be minima by vibrational analysis. Although the large
number of readily rotating methyl moieties in some of the anions makes
it difficult to guarantee the global nature of these minima, the energy
differences between the individual rotamers are small and thus of little
significance to the present investigations.
In all cases, the initial geometries were subsequently reoptimized at

the MP2/6-311++G(2d,2p) level of theory. At the same time,
vibrational frequencies, properties of atoms in molecules (AIMs),10

covalent bond orders,11 and AOM-localized natural orbitals12 were
obtained. Single-point CCSD/6-311++G(2d,2p) energies were com-
puted at the optimized MP2/6-311++G(2d,2p) geometries for all the
systems but (CH3)5C- and (CH3)5Si-. In addition,G2 calculations13

were carried out for the fluorine species. All calculations were
performed with the GAUSSIAN 9414 and TURBOMOLE15 suites of
programs.

Results and Discussion

In agreement with the experimental observations, the pre-
dicted energies of the reaction

exhibit large variations (Tables 1 and 2). Analysis of the
computed electronic wave functions in terms of localized natural
orbitals, covalent bond orders, and atomic charges makes it
possible to divide the ate anions under study into four distinct
categories. These categories are discussed separately in the
following text.
Ate Anions with Ionic Bonding. This category encompasses

the (CH3)2Li-, (CH3)2Na-, (CH3)3Be-, (CH3)3Mg-, (CH3)4B-,
and (CH3)4Al- species. Among these, the (CH3)4B- and
(CH3)4Al- anions, which one might view as covalent com-
pounds satisfying the octet rule, are least ionic. However, even

these species possess covalent bond orders of only 0.402 and
0.263, respectively, indicating a high degree of ionicity. This
considerable ionicity is reflected in the charges of the central
atoms which equal 1.942 for boron and 2.389 for aluminum.
Although the ionicities of the X-C bonds in the other four
anions vary somewhat with the electronegativities of X, they
remain high in all cases. The central atoms in these species
possess large positive charges (Li, 0.880; Na, 0.806; Be, 1.683;
Mg, 1.642), and the X-C covalent bond orders are small (Li-
C, 0.120; Na-C, 0.185; Be-C, 0.182; Mg-C, 0.220).
Analysis of bonding in terms of localized natural orbitals

(LNOs) has been proved to provide valuable insight into
electronic structures of a wide variety of chemical systems.5,16

Applied to (CH3)3Be-, it produces a clear picture of bonding
in all ate anions of the ionic type (Table 3). There are only
five symmetry-unique LNOs that describe the core orbitals of
the three carbons and the beryllium (LNOs 1-4), the lone pairs
of the carbons (LNOs 5-7), and the C-H bonds (LNOs 8-16).
Covalent Be-C bonding is absent, in agreement with the
aforementioned magnitudes of atomic charges and bond orders.
The absence of covalent bonding is further confirmed by the

patterns observed in the computed energies of reaction 2 (Table
1) and the X-C bond lengths (Table 4). The energies, which
follow roughly the charges on the central atoms, are strikingly
similar to those obtained previously for the Hn+1X- ate anions,17

and are quite insensitive to the level of theory employed in
their calculationssexactly as expected for highly ionic com-
pounds. Moreover, even in the systems with monovalent met-
als, where steric repulsion can be easily ruled out, the attach-
ment of the methyl anion to the neutral CH3X species brings
about an increase in the X-C bond length (Table 4), implying
strong electrostatic repulsions among the ligands within the
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1991. Häser, M.; Ahlrichs, R.J. Comput. Chem.1989, 10, 104. Ahlrichs,
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Table 1. Calculated Energies of Reaction 2 for Ate Anions with
Ionic Bondinga

X n R) CH3
b R) Hc

Li 1 -57.8 -54.0
Na 1 -49.0 -46.9
Be 2 -62.5 -60.1
Mg 2 -64.7 -59.9
B 3 -68.3 -74.1
Al 3 -79.4 -76.2

a Energies (kcal/mol) atT ) 0 K, ZPEs included.b Present work,
CCSD/6-311++G(2d,2p) energies with the MP2/6-311++G(2d,2p)
ZPEs and optimized geometries.cReference 17.

RnX + R- f Rn+1X
- (2)

Table 2. Calculated Energies of Reaction 2 for Ate Anions of the
Other Typesa

X n
MP2/

6-31+Gb
MP2/

6-311++G(2d,2p)
CCSD/

6-311++G(2d,2p)c

N 3 46.1 28.8 30.4
O 2 85.2 68.6 68.0
F 1 24.7 26.3 42.5d

Si 4 -22.0 -25.2 n/a
P 3 -9.1 -13.1 -8.3
S 2 -0.1 -5.8 0.5
Cl 1 -1.3 -6.6 2.1

a Energies (kcal/mol) atT ) 0 K, ZPEs included.b 5d rather than
6d polarization functions used.cCCSD/6-311++G(2d,2p) energies with
the MP2/6-311++G(2d,2p) ZPEs and optimized geometries.d The
correspondingG2 value is 32.8 kcal/mol.

Table 3. MP2/6-311++G(2d,2p) Strongly Occupied Localized
Orbitals of the (CH3)3Be- Anion

LNO occup T (au)a description

1-3 2.000 16.048 core orbitals of C (100% localized)
4 2.000 6.839 core orbital of B (99.5% localized)
5-7 1.962 1.116 lone pairs of C (91.8% localized on

the CH3 fragments)
8-10 1.967 0.953 C-H bonds (3.5% ionic, 96.9% localized)
11-16 1.966 0.940 C-H bonds (3.0% ionic, 96.8% localized)

a The orbital kinetic energy.
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(CH3
-)n+1Xn+ bonding environment. Accordingly, the methyl

moieties are located as far as possible from each other,
conferringD3h/D3d,C3h, andTd symmetries upon the anions with
n ) 1, 2, and 3, respectively.
“Double-Rydberg” Ate Anions of the First-Row Elements.

Attachment of an R- anion to a RnX neutral that obeys the octet
rule affords a 10-electron system. The fate of the extraneous
electron pair depends strongly on the central atom X. In the
case of first-row elements, the two electrons are usually expelled
to the exterior of the anion, giving rise to a system composed
of a cationic core with an octet of electrons surrounded by a
weakly bound (or unbound) electron pair. These double-
Rydberg anions18 are often stable with respect to electron loss
but not to the loss of the ligand anion.19,20

At the PUMP2/6-31++G(2d,2p) level of theory, both the
(CH3)3O- and (CH3)4N- species are found to possess negative
vertical ionization potentials of-1.2 and-0.6 eV, respectively.
Therefore, unlike their H3O- and H4N- counterparts,18-20 these
anions are not expected to be experimentally observable in the
gas phase. Consequently, although the electronic properties
computed with basis sets devoid of unnormalizable functions
describing infinitely diffuse Rydberg orbitals may have some
relevance to studies of the behavior of the (CH3)3O- and
(CH3)4N- anions in condensed phases, they are necessarily of
approximate nature. The (CH3)5C- species is not even a
minimum on the potential energy hypersurface, which is not
surprising in light of the similar property of H5C- 19,20and the
fact that this ate anion is an analog of transition states of SN2
reactions.3

The C3V (CH3)3O- and Td (CH3)4N- anions have singlet
ground states with rather narrow (several kcal/mol) singlet-
triplet energy gaps. Their central atoms bear sizable negative
charges (O,-1.018; N,-0.870). The large X-C covalent bond
orders (O-C, 0.748; N-C, 0.866) indicate considerable electron
sharing between the central atoms and the ligands. These X-C
bonds are only slightly longer than those in the corresponding
(CH3)nX parent compounds (Table 5).
The presence of the Rydberg electron pair is conspicuous in

the LNOs of (CH3)3O- (Table 6). LNOs 1-17 are essentially
those of the corresponding cation with highly ionic O-C
interactions and weakly ionic C-H bonds. Among them, the
lone pair of oxygen (LNO 5) is readily recognizable. LNO 18,
which possesses very low kinetic energy indicative of great
spatial delocalization, describes the Rydberg pair. The elec-
tronic structure of (CH3)4N- is very similar.
Hypervalent Ate Anions of the Second-Row Elements.

Whereas geometry optimizations of (CH3)3O- and (CH3)4N-

invariably converge to the highly symmetrical structures de-

scribed above, for methyl ate anions with X) Si, P, S, and Cl
it is possible to locate low-symmetry global minima that
correspond to geometries conventionally ascribed to hypervalent
species. At the highest level of theory employed in the present
study, theCs (CH3)3S- andD3h (CH3)2Cl- species are unstable
with respect to the loss of the methyl anion (Table 2), but the
C2V (CH3)4P- anion is stable (and so is its H4P- prototype21).
Unlike its carbon analog (see above), theC3h (CH3)5Si- species
is found to lie well below the (CH3)4Si + CH3

- dissociation
products (Table 2), in line with the theoretically predicted22 and
experimentally observed23 stability of H5Si-.
The equilibrium geometries of the hypervalent ate anions are

characterized by the presence of two types of X-C bonds. The
two axial bonds are longer than their equatorial counterparts
[Table 5; note that only axial X-C bonds are present in
(CH3)2Cl-]. The Cax-X-Cax bond angles in the phosphorus
and sulfur species are less then 180°, amounting to 171.3° and
175.6°, respectively, at the MP2/6-311++G(2d,2p) level of
theory, whereas a collinear Cax-X-Cax atom arrangement is
found in (CH3)5Si- and (CH3)2Cl-. The Ceq-X-Ceqbond angle
in (CH3)4P- is 106.4°.
The electronic structure of (CH3)2Cl- is typical of the

hypervalent ate anions. The chlorine atom bears a charge of
-0.345, and the Cl-C covalent bond order is 0.860. Even by
the recently published highly restrictive criteria,5 this anion is
clearly a genuine hypervalent system. Analysis of the computed
LNOs (Table 7) leads to the same conclusion. In addition to
core orbitals (LNOs 1-7) and the LNOs describing the C-H
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cited therein.
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Chem.1990, 94, 4762.
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J. Mol. Struct.: THEOCHEM1988, 167, 235. Reed, A. E.; Schleyer, P. v.
R.Chem. Phys. Lett.1987, 133, 553. Brandemark, U.; Siegbahn, P. E. M.
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Table 4. Calculated X-C Bond Lengths in the (CH3)nX and
(CH3)n+1X- Species with Ionic Bondinga

RX-C (Å) ∆RX-C

X n (CH3)nX (CH3)n+1X- (Å) (%)

Li 1 1.990 2.121 0.131 6.6
Na 1 2.343 2.503 0.160 6.8
Be 2 1.688 1.795 0.107 6.3
Mg 2 2.104 2.202 0.099 4.7
B 3 1.574 1.648 0.074 4.7
Al 3 1.967 2.035 0.068 3.4

a The MP2/6-311++G(2d,2p) optimized geometries.

Table 5. Calculated X-C Bond Lengths in the (CH3)nX and
(CH3)n+1X- Species of the Other Typesa

RX-C (Å) ∆RX-C

X n (CH3)nX (CH3)n+1X- (Å) (%)

N 3 1.455 1.494 0.040 2.7
O 2 1.415 1.473 0.058 4.1
F 1 1.393 2.012 0.619 44.4
Si 4 1.880 2.043 (ax) 0.163 8.7

1.944 (eq) 0.064 3.4
P 3 1.848 2.087 (ax) 0.238 12.9

1.871 (eq) 0.023 1.2
S 2 1.812 2.149 (ax) 0.337 18.6

1.821 (eq) 0.009 0.5
Cl 1 1.792 2.221 0.429 23.9

a The MP2/6-311++G(2d,2p) optimized geometries.

Table 6. MP2/6-311++G(2d,2p) Strongly Occupied Localized
Orbitals of the (CH3)3O- Anion

LNO occup T (au)a description

1 2.000 29.206 core orbital of O (100% localized)
2-4 2.000 16.059 core orbitals of C (100% localized)
5 1.974 2.747 lone pair of O (96.5% localized)
6-8 1.955 2.222 O-C bonds (62.7% ionic, 96.8% localized)
9-14 1.970 1.105 C-H bonds (10.8% ionic, 95.9% localized)
15-17 1.970 1.105 C-H bonds (10.8% ionic, 96.1% localized)
18 1.873 0.178 Rydberg orbital

a The orbital kinetic energy.
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bonds (LNOs 13-18), there are three lone pairs located at the
chlorine atom (LNOs 8-10) and two Cl-C bonds (LNOs 11
and 12) that are somewhat ionic. In other words, 10 electrons
are ascribed to the central atom, making it hypervalent. The
bonding patterns in the other three species are essentially
identical, the lone pairs being gradually replaced by X-C bonds
as the number of the methyl ligands increases from two to five.
(CH3)2F- Anion. Thanks to its highly unusual electronic

structure, the (CH3)2F- species occupies a unique place among
methyl ate anions. Unlike its (CH3)4N- and (CH3)3O- coun-
terparts, the (CH3)2F- anion is stable with respect to electron
loss (IPvert ) 1.0 and 1.4 eV at the PUMP2/6-311++G(2d,2p)
andG2 levels of theory, respectively). Although it lies well
above the separated CH3F + CH3

- pair (see Table 2; also note
that theG2 standard enthalpy of dissociation is-32.5 kcal/
mol), a barrier to dissociation that is 3.5 kcal/mol high (ZPEs
not included) is predicted by MP2/6-31+G* calculations. As
expected, the corresponding transition state is very early,
possessing the F-C bond lengths of 1.716 and 2.171 Å. These
results indicate that, unlike H2F-,18-20 (CH3)2F- may be
experimentally observable.
The (CH3)2F- anion hasD3h symmetry and a singlet ground

state, the singlet-triplet energy difference amounting to ca. 19
kcal/mol at the PUMP2/6-31+G* level of theory. The unique-
ness of its electronic structure stems from the presence of an
unprecedented bypass bond between the carbon atoms of the
two methyl groups (Table 8). Out of the total of ten electrons,
the central fluorine atom takes eight, leaving only two electrons
for the ligands. Accordingly, in addition to core orbitals (LNOs
1-3), and the C-H bonds (LNOs 9-14), there are three lone
pairs on fluorine (LNOs 4-6). LNO 7 is essentially yet another
lone pair with some residual tricentric bonding to the two
ligands. It is only because of this bonding that the (CH3)2F-

anion does not collapse to CH3CH3 and F-. The remaining
LNO 8 describes a peculiar C-C bypass bond that, the central
atom notwithstanding, directly links the methyl groups. Con-
sequently, the fluorine atom bears a charge of-0.591, and the
C-C covalent bond order is greater than its F-C counterpart
(0.565 vs 0.455). Thus, to the first degree of approximation,
(CH3)2F- has the structure of H3C‚‚‚|Fh|-‚‚‚CH3. As unexpected
as it may seem, this picture of bonding is consistent with the
computed geometry and vibrational frequencies. The F-C
bonds are unusually long (Table 5), and the force constant for

C-F-C bending is very low. In addition, the presence of an
octet of electrons on the fluorine atom explains the predicted
stability with respect to electron loss.

Conclusions

High-level quantum-chemical calculations carried out in
conjunction with rigorous analysis of the computed electronic
wave functions reveal the existence of four different types of
ate anions Rn+1X-. The anions with ionic bonding between
the central atom and the ligands are formed by elements of the
first three main groups. These species are very stable with
respect to the loss of the ligand anion and possess positive
vertical ionization potentials. Their X-C bonds, which are only
slightly longer than those in the corresponding neutral systems
RnX, are almost completely ionic. Consequently, their central
atoms are positively charged and their ligands bear negative
charges. The resulting electrostatic repulsion among the ligands
determines the geometries of these anions.
Many other elements, including silicon, phosphorus, sulfur,

and chlorine, are capable of forming hypervalent ate anions.
The X-C bonding in these species is largely covalent, imparting
(sometimes marginal) stability with respect to the loss of R-.
Lower-symmetry geometries, accounted for by the hypervalency
of the central atom, are a rule. The axial X-C bonds are longer
than their equatorial counterparts.
There are two other types of ate anions that are unique to the

first-row elements. The double-Rydberg anions contain either
nitrogen or oxygen as the central atom. They are unstable to
electron loss and thus most probably not observable in the gas
phase. Their electronic structures are best described in terms
of a cationic core surrounded by a Rydberg electron pair with
one unbound electron.
The (CH3)2F- species is the only member of the fourth class

of ate anions. It possesses a positive vertical ionization potential,
and its dissociation into CH3F and CH3- is predicted to proceed
through a small barrier. This potentially observable anion has
a peculiar electronic structure that involves an entirely new type
of bonding, i.e., a bypass linkage of the methyl ligands. This
unusual bonding accounts for the long F-C distances and the
low vibrational frequency of the C-F-C bending.
Carbon is found incapable of forming a methyl ate anion.
Although the results of electronic structure studies reported

in this paper pertain to methyl ate anions, the conclusions they
lead to can be safely carried over to species with ligands of
similar sizes and electronegativities, i.e., other alkyl and aryl
groups. The classification of ate anions presented here is
expected to aid future experimental and theoretical research on
these important systems.
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Table 7. MP2/6-311++G(2d,2p) Strongly Occupied Localized
Orbitals of the (CH3)2Cl- Aniona

LNO occup T (au)b description

8 1.979 3.094 σ lone pair of Cl (98.7% localized)
9-10 1.959 2.030 π lone pairs of Cl (97.3% localized)
11-12 1.918 1.421 Cl-C bonds (22.0% ionic, 88.5% localized)
13-18 1.966 1.013 C-H bonds (0.9% ionic, 97.3% localized)

aOnly the valence LNOs are listed.b The orbital kinetic energy.

Table 8. MP2/6-311++G(2d,2p) Strongly Occupied Localized
Orbitals of the (CH3)2F- Anion

LNO occup T (au)a description

1 2.000 37.281 core orbital of F (100% localized)
2-3 2.000 16.048 core orbitals of C (100% localized)
4 1.985 4.002 2s-like lone pair of F (99.3% localized)
5-6 1.970 3.040 π lone pairs of F (98.1% localized)
7 1.883 2.590 C-F-C tricentric bond (78.7% on F,

9.8% on each C)
8 1.854 1.145 C-C bypass bond (38.9% on each C,

6.5% on F)
9-14 1.967 1.027 C-H bonds (1.7% ionic, 97.7% localized)

a The orbital kinetic energy.
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