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While Arduengo-type carbenes are now well established for
the Group IVa elements carbon, silicon and germanium, they
are experimentally unknown for the isoelectronic anions with
the Group Illa elements boron, aluminum, gallium, and in-
dium. In the present quantum chemical investigations, the
bonding features of this class of compounds are explored. As
a result, they are predicted to be stable species with sizeable

singlet-triplet energy separations and electron affinities.
Hence, they may be considered as valid targets for experi-
mental investigations. An analysis of the electron density
distribution in the case of boron and aluminum reveals a
strongly polar B—N bond for the former, and a half AI-N
bond with positive charge at the aluminum, emphasizing the
donor-acceptor formulation for the latter.

Introduction

Since the pioneering studies of Wanzlick on nucleophilic
carbenes!!], their successful isolation as stable species be-
came prominent in the reports of Arduengo et al.l?1l3] on
the imidazo-2-ylidene, 1 (E = C).
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Subsequent experimental studies included the prep-
aration of the analogous silylenef, 1 (E = Si), and germy-
lenell, 1 (E = Ge), derivatives. In order to gain insight into
the peculiar stability of the Arduengo-type carbenes, va-
rious quantum chemical calculations have been performed
on 1EI7IEIPIIONIIIANSIN4 - Fyrthermore, investigations of
their photoelectron spectral® and a detailed analysis of
their chemical shielding tensors have been reported!!°l.

Meanwhile, the enormous stability of the valence isoelec-
tronic diaminophosphenium cation is a well established
matter in phosphorus chemistry!3'®l in particular in ring
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systems analogous to 1[!7111811191120] The halogen precursors
of the latter dissociate spontaneously into the cyclic cation
and a halide anion[!”]. In contrast, Arduengo-type carbenes
with Group Illa elements are as yet unknown. If these
compounds are considered as being isoelectronic with the
Arduengo-type carbenes, they would bear a negative
charge at the Group IIla element. The capability of
Group Illa elements to stabilize a negative charge has
nevertheless been demonstrated by experimental and
theoretical studies on B—B and Al—Al bonded sys-
tems PH22R3124][25126] 12712811291 For boron, one-electron
(24112511261 a5 well as two-electron?!122] reductions have been
observed. In contrast, for the Al—Al bond, only one-elec-
tron reduction has been found?71281(29], These findings indi-
cate that it might be feasible to prepare Arduengo-type
carbenes in which E (= C, Si, Ge) is replaced by a valence
isoelectronic Group IIla element bearing a negative charge.

We report herein on an exploration of the bonding
properties of Arduengo-type carbenes, 1, with E = B(7),
AI®), Ga™), In™). A first experimental approach to this
class of compounds has recently been undertaken in the
synthesis and structural elucidation of 213%. This structure
is found to contain the diazaborolyl unit. In addition, we
include in our investigations the 1,2-shifted structural iso-
mers 3.

Methodology

The geometries of the various molecular structures were en-
ergy optimized at the density functional theory level 31132,
utilizing Becke’s three-parameter functional®3 with local
and non-local electron correlation contributions. For the
optimization of the geometries, the 6-31+ +g(d,p) basis set
was used for carbon and hydrogen, as well as for boron,
aluminum, and galliumP¥, One set of diffuse s,p-func-
tions® and polarization functionsP%! were added. Alterna-
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tively, the relativistic pseudopotentials of Basch and
KraussB7), with a double-{ description for the valence
space, were employed for the evaluation of structures in the
homologous series containing boron to indium. For these
cases, the basis sets were again augmented by one set of
polarization functions (at all atoms) and one set of diffuse
sp-functions (at all atoms). The coefficients for the sup-
plementary functions were chosen according to the recom-
mendations made for the utilization of the Gamess pro-
gramB8. Single point calculations were additionally per-
formed (for the cases of boron and aluminum) at a triple-
{ level, with the 6-311++g(d,p) basis set*1 and with the
MP4SDTQ(fc) approximation[®? for the electron corre-
lation correction treatment. For the evaluation of the ener-
gies in the open-shell cases (doublets), the spin-projection
technique of Schlegel*l was applied. Zero-point vi-
brational energies were included in the relative energies, un-
less noted otherwise. All stationary points were verified by
calculation of the corresponding Hessian matrices. For the
calculations, we used the Gaussian-94*2! and Gamess!*’!
programs. The electron distributions in the various molecu-
lar structures were examined within the natural bond or-
bital (NBO) partitioning scheme[*,

Results and Discussion

Qualitative Considerations: The stabilities of the carbene
structures are determined by (a) the singlet-triplet energy
separations, and (b) the electron affinities in 1 (E = B,
Al Ga), In™)). If the singlet-triplet energy separations
are small, the carbene-type structures will not be stable and
will be capable of facile radical reactions (with solvents,
etc.). The electron affinities, on the other hand, give a quan-
titative measure of the anion stabilities. If the electron affin-
ities are large, then the possibility of preparing the anion
can be considered as being realistic. In practice, however,
the anions are surrounded by cations (e.g. as lithium salts).
Hence, their stabilities will be mediated by crystal effects*’],
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The frontier orbitals of methylene, 4a, are given by the
lone pair orbital at the central atom, o, and the p-or-
bital[*6]. Within C,, symmetry they are confined to a; and
b; representations. Both orbitals are energetically in close
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proximity to each other, hence a triplet ground state *B; is
preferred®’]. In a stabilized carbene, 4b (X = NH,, hal-
ogens), a similar sequence of orbitals is present™®l. Since
the energy splitting between HOMO (c) and LUMO (p)
becomes larger for these structures, a singlet ground state
results#?],

The frontier orbital system of 1 can be viewed in a similar
manner, as a mutual interaction between the orbitals of the
diene unit (A) and the orbitals at E (B). The composition
of the orbital system is given in (C) [= (A)—(B), Figure 1].

Figure 1. Diagram showing schematic interaction between a
diene unit (A) and E (B), resulting in the cyclic compound (C)
[= (A)-(B)]
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The p,-orbital forms two linear combinations with the s-
orbital (s + p,), of which one (s + p,) remains non-bonding
upon interaction with the corresponding orbitals at (A). On
the other hand, the other combination (s — p,) can strongly
overlap with the a; orbitals at fragment (A). Similarly, the
b, orbital at (B) strongly interacts with the antibonding
lone pair combination b, at (A). In addition, n-type interac-
tion occurs among the b; orbitals, between (A) and (B).
Consequently, the relevant occupied frontier orbitals at (C)
can be depicted as in formula 5.

As mentioned above, the stabilities of the anions are de-
termined by their electron affinities, i.e. the tendency to re-
tain their negative charge. Consequently, it is necessary to
examine the anions, the corresponding neutral doublet
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states, and the energy differences between the two species.
The resulting Slater determinants for the singlet ground
state of the anion and the two relevant doublet states are
given as follows:

Y ('A) = ....(b)*(a)* >
Y CA)) = ...(b)*(a)' >
¥ (°B)) = ....(a)*(by)' >

The relevant triplet states for 1 are described by the fol-
lowing Slater determinants:

¥ (By) = ....(a)'(b)' >
¥ CA) = ....(b)'(b)' >

The first of these (°B,) refers to the lowest-energy triplet
state, as has been evaluated for the classical Arduengo car-
benel”. All the states in question were examined by the
quantum chemical calculations.

It should be noted that 1 is not the only feasible molecu-
lar structure. It might well be possible that it undergoes a
1,2-hydrogen shift with formation of species 3. Conse-
quently, we also included these possible structural isomers
for the species in question in our evaluations.

Equilibrium Geometries: The equilibrium geometries of
all these structures, 1 and 3, (bond lengths in A, bond
angles in degrees) are collected in Figure 2.

Minimum-energy structures were established by (3N —
6) positive vibrations of each species. The geometries were
obtained with (a) all-valence basis sets, or alternatively with
(b) effective core potential methods (ECP’s, values in paren-
theses) (for details, see the Methodology section). All struc-
tures were obtained at the DFT level.

The anions of 1 invariably adopt C,, symmetry. The va-
lence angle at E ranges from 97.8° [X = B()] to 77° [X =
In(7)]. This indicates that the equilibrium geometries of
these ring systems are largely determined by the angle strain
due to the first-row atoms C and N.

The bonding situation is somewhat more complicated in
the doublet states. Interestingly, the doublet states undergo
a change in their electronic (ground) state in the sequence
E = B to In. In the case E = B, a 2A, ground state is
observed, while for E = In it becomes 2B,. An intermediate
case is 1, E = Al. Here, both states, 2A; and ?B;, mingle
with each other with concomitant Jahn-Teller interac-
tionsB%. Symmetry breaking occurs to give C, symmetry,
through induction of b; vibration within C,, symmetry. For
this case (E = Al), the five-membered ring is tilted out of
the plane (. CNNAI = 14.2° for 2A’). We acknowledge
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Figure 2. Equilibrium geometries of lowest-energy singlets (first
entry) and doublets (second entry) of 1 (E = B, Al, Ga, In) and 3
(E = B, Al, Ga), at all-valence electron (ECP) level
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that a more rigorous approach for the study of the Jahn-
Teller phenomena in the (neutral) doublet states would re-
quire elaborate MCSCF calculations with subsequent
multi-reference CI calculations. For the case at hand, a de-
tailed study of the crossing of the electronic hypersurfaces
of the various doublet states was not attempted.

The rearranged structures 3 invariably adopt C, sym-
metry. Again, all species possess (3N — 6) positive vi-
brations in their equilibrium geometries. Thus, they corre-
spond to energy minima on the electronic hypersurfaces. In
general, the E—N bonds in 3 are shorter than those in the
structures 1. Notably, the E—N bond to the twofold coordi-
nated nitrogen atom is always shorter than that to the sub-
stituted nitrogen. This can be rationalized in terms of two
prominent resonance structures, which contribute to bond-
ing in the ground states.

In canonical structure a, the negative charge is localized
at the nitrogen atom, while in b it is shifted towards E (=
B, Al, Ga) with formation of a (partial) double bond. The
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predominance of canonical structure b over a is determined
by the electronegativity of E and the gain in m-energy. Al-
though it is difficult to assess both factors quantitatively,
one would expect that 3 becomes increasingly stabilized
over (the singlet ground state) 1 in the order X = In < Ga
< Al < B. As will be shown in the following section, this
is indeed the case.

Energy Considerations.: The electron affinities and singlet-
triplet energy separations are the specific properties that de-
termine the stabilities of the various species 1. These are
presented in Table 1.

Table 1. Electron affinities (in kcal/mol) [first entries] and singlet-
triplet energy separations [second entries] for structure 1 (E = B to
In); values in parentheses are derived from ECP calculations

Atom

E DZzPplal DZP/ZPEP! TZPll MP4ldl

B ('A1=2A) 7.009.3)0 84 7.2 3.3 (2.8)
('A1—=3A)) 20.2(22.6) 209 20.4 23.1 (23.5)

Al (A —=2A") 32.5(34.3) 33.1 334 34.5
(‘fA—=3B)) 41.3(50.5) 41.5 424 453

Ga ('A,—=2B;) 27.0(32.1) 28.1 26.7 39.3
TA1—3A)) 52.0 (47.9)

In ('A1—=2B)) (27.0)
('A1—=3A)) (38.8)

[a

b3lyp/6-31++g(d,p). — P! Method [a][ ﬁjlus zero-point vibratio-
nal energy correction (unscaled). — ¢ b3lyp/6-311++g(d,p)//
b3lyp(6-31 -+ +g(d.p). — 19| MPASDTQ(c)/6-31-+ +g(d.p)Tb3iyp/
6-31++g(d,p). — " b3lyp/ECP-31++g(d,p).

For the cases X = B to Ga, they were explored with the
all-valence electron basis set methods, and also with the
ECP’s (at times within the DFT procedure). For E = In,
our considerations rely solely on the results of the ECP cal-
culations. For the structures where the results of both quan-
tum chemical procedures are available (all-valence electron
basis sets and ECP’), the different approaches are seen to
yield similar energy quantities. On closer inspection of the
data, it can be seen that for E = B the electron affinity is
found to be rather small. The value is only marginally
changed by zero-point vibrational energy corrections or at
an improved triplet-{ basis set level. On the other hand, for
all cases the singlet-triplet energy separations are sizeable.
Thus, a singlet ground state of all structures is ensured. The
electron affinity, and hence the stability of the anion, is in-
creased for the higher element homologues. In essence, for
all higher element homologues, the electron affinities are
larger than those for the first-row element boron. Again,
zero-point energy vibrational correction as well as explicit
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CI methods, such as the MP4SDTQ approach, yield com-
parable energy quantities.

To evaluate the feasibility of the synthesis of 1, it is neces-
sary to have knowledge of the relative energetic ordering of
1 and 3, given the same element E. Corresponding energy
quantities were evaluated at various levels of sophistication
for the cases E = B, Al and Ga, and are listed in Table 2.

Table 2. Energy differences (in kcal/mol) between 1 and 3, at va-
rious levels of sophistication

Atom E DZPl DZP/ZPED! TZPLl
B —40.8 —42.4 —40.7
Al 17.6 13.9 17.9
Ga 23.9

@ b3lyp/6-31++g(d,p). — ™ Method [a] plus zero-point vibra-
tional energy correction. — [ b3lyp/6-311++g(d,p)//b3lyp/6-
31++g(d,p).

The trends in the energies are obvious. For E = B, the
1,2-hydrogen shifted structure is the lowest-energy alterna-
tive. In the other cases, 1 is more stable than 3. It should
be noted, however, that in the case of carbenes it has been
recently demonstrated that although 1,2-hydrogen mi-
grations are very exothermic, their occurrence is highly un-
likely from a kinetic point of view[!l,

Improvement of the basis set (level C) or the inclusion of
zero-point vibrational energy contributions (level B) does
not significantly alter the situation. There is a clear-cut
tendency of enhanced stability of 1 over 3, with increasing
atomic number of E. The case E = In was not further ex-
plored, but it seems reasonable to assume that it is at least
as stable as the case E = Ga (1 in relation to 3).

Electron Density Distributions: It is informative to ana-
lyze the electron distributions in 1 and 3. The relevant val-
ues were computed within the natural bond orbital (NBO)
scheme[*4. For the cases E = B and Al, these are displayed
in Figure 3.

The electron distributions in E = B and E = Al reveal
fundamental differences. For 1, E = B, the E—N bond is
almost a single bond, while it is almost a half bond for E =
Al. Simultaneously, E releases electron density towards the
neighbouring, more electronegative nitrogen atoms, with a
concomitant strengthening of the E—N bonds. Similar
trends are also observed in the Ga and In analogues, al-
though detailed populations are not given here. Considering
the data in more detail, the s/p ratio (atomic populations
for the valence electrons) for the lone pair amounts to
1.378/0.918 for E = B and 1.660/0.536 for E = Al (The
corresponding n-populations of valence electrons are given
in brackets in Figure 3).

Evidently, a fundamental change in the bonding is ob-
served on going from E = B to E = Al. The Laplacians of
the electron density for these two cases (as determined by
the method of “atoms in molecules” %, are shown in Fig-
ure 3b. For E = B, a non-bonding lone pair orbital (at E)
is present. It is diminished in the case E = Al, in favour of
an increased p-electron density at the neighbouring nitro-
gens. Furthermore, in the latter case (E = Al), the electron
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Figure 3. (a) NBO analysis (natural atomic charges with m-occu-
pancies in curly brackets), in parentheses Wiberg bond indices (in
the NAO basis) and (b) Laplacians of the electron densities for 1,
E = B and Al
E=B (1.662)
Al (1:642)

-0.168
-0.160

0.411

H”:\j’xE/N\\H 0.390

(0.889)
(0.488)

-0.927
-1.126

-0.022 {0.359}
0.420 {0.258}

E=A

density is more concentrated at the nitrogens compared
with the former (E = B). All these findings are in accord
with the predominance of canonical structure ¢ for E = B,
and a donor-acceptor formulation d for E = Al. For the
higher element homologue E = Al, a cyclic delocalization
of electrons does not occur.

_0 ®
E ' E

\ Q / \ e)

_N/ N —N N
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The structure d is dominant if E represents an electro-
positive element (as compared with nitrogen) and becomes
increasingly so in the order X = Al < Ga < In.

Conclusions

The results of our quantum chemical study can be summa-
rized as follows:

1. Arduengo-type carbene structures in which an isoval-
ent electronic species E = B(), A7), Ga™), In(") consti-
tutes the divalent center are stable species. They possess sin-
glet ground states and adopt C,, symmetrical structures.

2. Although the central atom is relatively electropositive
as compared with its neighbouring nitrogen atoms, the
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species possess bound states; i.e. they have a strong tend-
ency to retain the negative charge. In other words, the corre-
sponding doublet states have a strong electron affinity.

3. This is due to the enhancement of a chelate-type struc-
ture, in which the electropositive element E (In > Ga > Al)
can release its formal negative charge to the more electro-
negative neighbouring nitrogen atoms.

4. Furthermore, with increasing atomic number of E, a
possible 1,2-hydrogen rearrangement, which results in the
formation of a “classical” structure becomes disfavored.

On the basis of our quantum chemical considerations,
cyclic carbene structures of the Arduengo-type containing
the Group IlIla elements should be interesting targets for
synthetic verifications.
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