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Divalent Carbon(0) Chemistry, Part 1: Parent Compounds

Ralf Tonner and Gernot Frenking*"

Abstract: Quantum-chemical calcula-
tions with DFT (BP86) and ab initio
methods [MP2, SCS-MP2, CCSD(T)]
have been carried out for the mole-
cules C(PH;), (1), C(PMes), (2), C-
(PPhy), (3), C(PPh;)(CO) (4), C(CO),
(5). C(NHCy), (6), C(NHCy), (7)
(Me,N),C=C=C(NMe,), (8), and NHC
(9), where NHC=N-heterocyclic car-
bene and NHC,, = N-methyl-substitut-
ed NHC. The electronic structure in 1-
9 was analyzed with charge- and
energy-partitioning methods. The re-
sults show that the bonding situations
in L,C compounds 1-8 can be inter-
preted in terms of donor-acceptor in-
teractions between closed-shell ligands
L and a carbon atom which has two

particularly for the carbodiphosphor-
anes 1-3 where L=PR;, which there-
fore are classified as divalent carbon(0)
compounds. The NBO analysis suggests
that the best Lewis structures for the
carbodicarbenes 6 and 7 where L is a
NHC ligand have C=C=C double
bonds as in the tetraaminoallene 8.
However, the Lewis structures of 6-8,
in which two lone-pair orbitals at the
central carbon atom are enforced, have
only a slightly higher residual density.
Visual inspection of the frontier orbi-
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tals of the latter species reveals their
pronounced lone-pair character, which
suggests that even the quasi-linear tet-
raaminoallene 8 is a “masked” divalent
carbon(0) compound. This explains the
very shallow bending potential of 8.
The same conclusion is drawn for phos-
phoranylketene 4 and for carbon sub-
oxide (5), which according to the bond-
ing analysis have hidden double-lone-
pair character. The AIM analysis and
the EDA calculations support the as-
signment of carbodiphosphoranes as di-
valent carbon(0) compounds, while
NHC 9 is characterized as a divalent
carbon(I) compound. The L—C('D)
donor-acceptor bonds are roughly
twice as strong as the respective L—

lone-pair orbitals L—C+«L. This holds

Introduction

Most organic compounds which are stable in a condensed
phase have tetravalent carbon(IV) atoms, all four valence
electrons of which are engaged in chemical bonds. A notable
exception is the trivalent valence state of carbon in mono-
coordinate CO, which has been called “an isolated embar-
rassment for introductory chemistry teachers”."? The rare
trivalent valence state of carbon is also found in the recently
synthesized” transition metal complexes that have a termi-
nal carbon atom as ligand.”) Molecules with divalent carbon
atoms are usually identified with carbenes, where the carbon
atom has one o-type lone-pair orbital and a formal oxida-
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BH; bond.

tion state of two. The divalent carbon(II) chemistry of car-
bene compounds received a major upswing in 1991 when
Arduengo et al.”! introduced imidazolin-2-ylidenes as syn-
thetically useful stable molecules. Stable carbenes had al-
ready been isolated in 1985 by Bertrand et al., but phos-
phanylcarbenes were only later recognized as divalent C"
compounds.”! The chemistry of carbenes has been greatly
extended since the groundbreaking work of Arduengo et al.
and Bertrand et al., and the scope of divalent carbon(II)
chemistry has been significantly extended since the success-
ful isolation of the first stable carbenes.!

Divalent carbon atoms may also have a formal oxidation
state of zero rather than two. We recently reported a quan-
tum-chemical analysis of the bonding situation in carbodi-
phosphoranes C(PR;), which showed that the C—PR; bonds
should be discussed in terms of
donor-acceptor interactions be-
tween the phosphorous lone-
pair electrons and empty va-
lence orbitals of carbon
(Scheme 1).) Inspection of the

c
RsP 1”7 = NIPR,

Scheme 1. Schematic represen-
tation of the bonding situation
in carbodiphosphoranes.
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electronic structure revealed that the four valence electrons
of carbon are not engaged in chemical bonding but are
rather retained as two electron lone pairs. The bonding anal-
ysis indicated that carbodiphosphoranes (CDPs) have one o-
type lone-pair orbital and one m-type lone-pair orbital at the
divalent C° atom. This is a unique bonding situation which
conceptually distinguishes CDPs from carbenes.

Carbodiphosphoranes have been known experimentally
since 1961, when Ramirez et al. synthesized C(PPh;), as a
stable compound which melts at 208-210°C.'% They used
several resonance forms to describe the carbon—phosphorus
bonds in the molecule. Carbodiphosphoranes became the
subject of intense experimental studies in the following
years by several groups, and numerous compounds contain-
ing the CDP moiety could be isolated."! Interest in CDPs
partly came from the finding that solid C(PPh;), exhibits the
unusual property of light emission, which was dramatically
observed as triboluminescence.!'?

The electronic structure in CDPs has sometimes been de-
scribed in the past in terms of two electron pairs at
carbon,™ but the prevailing description of the bonding sit-
uation in carbodiphosphoranes either uses the notation
R;P=C=PR; or the bonding is compared with carbenes or
ylides.'!! The delineation of the electronic structure with
two lone pairs at carbon and with C«+PR; donor acceptor
bonds explains the unusual chemical behavior of carbodi-
phosphoranes, which are very strong Lewis bases. For exam-
ple, C(PPh;), readily reacts with CO, to give the adduct
(PPh;),C—CO,, which has a rather short donor-acceptor
bond between the carbon atoms." The availability of two
carbon lone pairs in C(PPh;), comes to the fore in the isola-
tion of the doubly protonated cation in the salt
[(PPh;),CH,][FeCl,],!*! and in the synthesis of the donor-ac-
ceptor complex [(PPh;),C(AuCl),].t" The residual donor
strength in singly protonated (PPh;),CH™* is still strong
enough to permit the isolation of the triply charged complex
[{(PPh;),CH},Ag]**.} As a further probe of the four-elec-
tron donor strength of CDP we allude to the isolation of the
stable complex [(CO),Ni{C(PPhs),}], in which C(PPhs), re-
places two CO ligands.'”! Very recently, Petz et al. isolated
and determined the X-ray structure of the first CDP com-
plex with a bidentate main group Lewis acid bonded to the
carbon atom, namely, [{(p-H)H,B,}C(PPh;),](B,H;), in
which the carbon atom of C(PPh;), binds to both boron
atoms of the cation B,H,*.'¥

Carbodiphosphoranes may be considered as examples of
molecules with general formula CL, in which the ligands L
are Lewis bases which engage in a donor-acceptor bond
with the carbon atom. We searched for other ligands L
which might yield stable divalent carbon(0) compounds. Ob-
vious choices are CO and N-heterocyclic carbenes (NHCs)
because both are ubiquitous ligands in complexes. CO is
usually considered to be a strong m-acceptor ligand,! but it
can also bind as a o donor without significant m-bonding
contributions in nonclassical carbonyl complexes.”” A com-
parative study of the nature of the bonding in the isoelec-
tronic hexacarbonyls [TM(CO),]¢ (TM?=Hf*", Ta~, W, Re™,
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Os**, Ir’*) showed that the o contribution exceeds & bond-
ing in the positively charged complexes.?!! The ligand prop-
erties of NHCs are often compared to those of phosphines
PR;, because both ligands are thought to bind mainly
through the o lone pair.”! A recent comparative investiga-
tion of [TM(CO)sL] for the Group 6 metals TM=Cr, Mo,
W between L=NHC and L=PMe;, PCl; showed that the
NHC ligand is a stronger o donor and a weaker m acceptor
than phosphine ligands in these complexes.®!

The CO homologues of C(PR;), are experimentally
known. The mixed-ligand species (R;P)C(CO) with R=Ph
has been isolated, and its geometry determined by X-ray
structure analysis.”" The P-C-C bending angle between the
ligands of 145.5° is less acute than the P-C-P angle of 131.7°
in C(PPh;),. The former compounds were termed phospha-
ketene ylides whose bonding situation was described with
double bonds R;P=C=C=0.['"" The dicarbonyl homologue
C(CO), is known as carbon suboxide C;0,, which was syn-
thesized as early as 1906.%" Experimental studies on C;0,
mainly focussed on the reactivity of the double bonds in the
molecule, which is sketched as O=C=C=C=0.’"! Carbon
suboxide has a quasi-linear equilibrium geometry with a re-
markably shallow bending potential.”” Divalent carbon(0)
compounds with N-heterocyclic carbene ligands C(NHC),
are experimentally nearly unknown. The only experimental
work which reports on the synthesis of carbodicarbenes that
is known to us is a mass-spectrometric identification of a
phenyl-annelated homologue of C(NHC), by Grahn, which
was described, however, as an allene derivative.” A singly
C-protonated cation of an octamethyl derivative [HC-
(NHC),]* has been isolated and an X-ray structure analysis
was reported by Kuhn et al.® Very recently we reported
quantum-chemical calculations on the parent compound C-
(NHCy), and the N-methyl substituted derivative C-
(NHC,,) which predict that carbodicarbenes are viable
goals for synthesis.*"!

Here we report on a comprehensive theoretical investiga-
tion of divalent carbon(0) compounds CL, where L=PR;,
CO, NHC. We optimized the geometries and calculated the
energies of the molecules C(PH;), (1), C(PMe;), (2), C-
(PPhs), (3), C(PPh;)(CO) (4), C(CO), (5), C(NHCy), (6),
and C(NHC,.), (7) using gradient-corrected density func-
tional theory (BP86) and ab initio methods at the MP2 and
CCSD(T) levels of theory. To compare the theoretically pre-
dicted properties of dicarbenes 6 and 7 with related com-
pounds, we also calculated tetrakis(dimethylamino)allene
(Me,N),C=C=C(NMe,), (8) and imidazolin-2-ylidene (9),
the parent N-heterocyclic carbene (NHC). The calculated
compounds are shown in Scheme 2. The electronic structure
of the molecules was analyzed with charge- and energy-de-
composition methods.

To investigate the donor properties of 1-9 we also calcu-
lated the protonation energies, and we theoretically investi-
gated donor—acceptor complexes of the compounds with the
Lewis acids BH;, CO,, W(CO)s, Ni(CO); and Ni(CO),. The
latter results are presented and discussed in the following
paper in this issue.[!
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Scheme 2. Molecules 1-9 which have been investigated in this work.
NHCy; =N-heterocyclic carbene (imidazolin-2-ylidene). NHCy,=N-
methyl-substituted NHC.

Methods

Geometry optimizations without symmetry constraints were carried out
with the Gaussian03 optimizer™ together with TurboMole5™ energies
and gradients at the BP865*/def-SVPP! level of theory. For the phenyl
rings of PPh; groups a minimal basis set was used (benzene BS) except
for the a-C atom. Stationary points were characterized as minima by cal-
culating the Hessian matrix analytically at this level of theory.® Thermo-
dynamic corrections and Kohn-Sham orbitals were taken from these cal-
culations. The standard state for all thermodynamic data is 298.15 K and
1 atm. Single-point energies at the BP86/def-SVP (in the following called
SVP) optimized geometries were calculated with the MP2 method®” with
application of the frozen-core approximation for non-valence-shell elec-
trons and with BP86 and the def2-TZVPPP* basis set (in the following
called TZVPP). The geometries of molecules 1-9 were also optimized
with the program package ADF at the BP86/TZ2P level of theory, as out-
lined below. For the BP86 and the MP2 calculations the resolution-of-
identity method was applied.®” MP2 energies were also calculated with
inclusion of the spin-component-scaled (SCS) correction proposed by
Grimme!! by applying the standard parameters. The NBO¥! analyses
were carried out with the internal module of Gaussian03 at the BP86/
TZVPP level of theory. We also analyzed the electronic charge distribu-
tion with the Atoms-in-Molecules (AIM) method*! which was per-
formed at the BP86/TZVPP level of theory with a locally modified ver-
sion of the AIMPAC program package.””) CCSD(T)/TZVPP energies
were calculated for some molecules with the program package
Molpro2006.1*!

For bonding analysis some molecules were optimized with C,, symmetry
constraints with the program package ADF2006.01.*) As above, BP86
was chosen with uncontracted Slater-type orbitals (STOs) as basis func-
tions. ! The latter basis sets for all elements have triple-{ quality aug-
mented by two sets of polarization functions (ADF basis set TZ2P). Core
electrons (i.e., 1s for second- and [He]2s2p for third-row atoms including
first-row transition metals, [Ne]3s3p3d for second-row and [Ar]4sdp4d
for third-row transition metals) were treated by the frozen-core approxi-
mation. This level of theory is denoted BP86/TZ2P. An auxiliary set of s,
p, d, f and g STOs was used to fit the molecular densities and to repre-
sent the Coulomb and exchange potentials accurately in each SCF
cycle Scalar relativistic effects were incorporated by applying the
zeroth-order regular approximation (ZORA) in all ADF calculations.*"!

The interatomic interactions were investigated by means of an energy-de-
composition analysis (EDA) developed independently by Morokumal*!
and by Ziegler and Rauk.”” The bonding analysis focuses on the instan-
taneous interaction energy AE;, of a bond A—B between two fragments
A and B in the particular electronic reference state and in the frozen ge-
ometry of AB. This interaction energy is divided into three main compo-
nents [Eq. (1)].
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AEi = AEqgu + AEpa + AE 1

The term AE,, corresponds to the quasi-classical electrostatic interac-
tion between the unperturbed charge distributions of the prepared atoms
and is usually attractive. The Pauli repulsion AEp,,; is the energy change
associated with the transformation from the superposition of the unper-
turbed electron densities p,+pg of the isolated fragments to the wave-
function ¥°=NA[P*¥®], which properly obeys the Pauli principle
through explicit antisymmetrization (A operator) and renormalization
(N=constant) of the product wavefunction.”¥ AE,,; comprises the de-
stabilizing interactions between electrons of the same spin on either frag-
ment. The orbital interaction AE,,, accounts for charge transfer and po-
larization effects.”!! The AE,, term can be decomposed into contribu-
tions from each irreducible representation of the point group of the inter-
acting system. Since the molecules in our study have at least C; symme-
try, it is possible to estimate the intrinsic strength of orbital interactions
from orbitals having a’ (0) and a” (7t) symmetry quantitatively. This di-
rectly gives the contributions of the o and m orbital interactions to the
AE,,, term [Eq. (2)]

AEa(C) = AE(a') + AE,(2") )

Some molecules have C,, symmetry, which makes it possible to distin-
guish between @ contributions arising from in-plane (b,) & orbitals and
out-of-plane (b,) 7, orbitals [Eq. (3)]. The energy contributions from or-
bitals which have ¢ symmetry (a,) are negligible for the investigated mol-
ecules.

AE(Cy) = AE(ay) + AEs(ay) + AE,, (b)) + AE (b,) (3)

To obtain the bond dissociation energy (BDE) D, (by definition with op-
posite sign to AE), the preparation energy AE,,,, which gives the relaxa-
tion of the fragments into their electronic and geometrical ground states,
must be added to AE;, [Eq. (4)].

AE(= -D.) = AE; + AE,., (4)

Further details on the EDA method!*! and its application to the analysis
of the chemical bond"®? can be found in the literature.

Cartesian coordinates [A] and total energies of all compounds discussed
in the text are available as Supporting Information.

Results and Discussion

Geometries and energies: The optimized geometries of com-
pounds 1-9 at the BP86/TZ2P and BP86/SVP levels are
shown in Figure 1. Experimental geometries of 2-5 are also
given. It is worthwhile to discuss the geometrical data in
more detail because the calculated and experimental results
already provide valuable information about the bonding sit-
uation of the molecules. Unless otherwise noted, we use the
BP86/TZ2P values for the discussion.

The calculated bending angle in parent CDP 1 (125.1°)
becomes more obtuse in hexamethyl- and hexaphenyl-sub-
stituted homologues 2 (136.9°) and 3 (136.9°). The experi-
mental value for 3 (131.7(3)°), obtained from X-ray struc-
ture analysis,"™ is in good agreement with the calculated
value, and so is the experimental value for the central P—C
bond length (1.635(5) A), which is slightly shorter than the
theoretical datum (1.652 A). Donor-acceptor bonds become
shorter in the solid state,* which explains the difference be-
tween the calculated and measured values. Noteworthy is
the rather large discrepancy between the theoretical and ex-
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Figure 1. Optimized geometries (bond lengths [A], angles [°]) at the BP86/TZ2P level(BP86/SVP) of 1-9. Experimental values are given in italics. [a] Ex-
perimental values from electron diffraction taken from ref. [54]. [b] Experimental values from X-ray analysis taken from ref. [10b]. [c] Experimental
values from X-ray analysis taken from ref. [24]. [d] Experimental values (top) from X-ray analysis taken from ref. [60]. [e] Experimental values (bottom)

from electron diffraction taken from ref. [59].

perimental values for 2. The latter data were obtained from
gas-phase electron diffraction® and should therefore be in
better agreement with theoretical values. We reoptimized
the geometry of 2 at the BP86 level using larger basis sets
and at the MP2 level using a TZVP basis set. The calculated
P-C distances vary between 1.644 (BP86/TZV3P) and
1.660 A (MP2/TZVP). We think that the experimental value
for the central P—C bond length of 2 is too long and that the
measured P-C-P bond angle is too large. The calculations
predict that 2 and 3 have the same P-C-P angle of 136.9°.
The electron diffraction result for Me;P=CH, obtained by
the same group™ has been questioned by Rankin and co-
workers.’®l It was concluded in the latter study that the P—C
bond length was too short in the earlier examinations due to
too stringent assumptions during the refinement procedure.
Thus, it can be assumed that similar problems occurred for
the measurement of 2 and that the experimentally deter-
mined bond length of this compound is probably too short.

The bending potential for the P-C-P angle of the CDPs is
not very deep. We calculated the energy which is necessary
to stretch the P-C-P angle to 180°. Table 1 shows that the
energy differences between the equilibrium structure and
the linear forms of 1-3 are not very large. The slightly larger
value for 3 (AE=3.1kcalmol™) than for 2 (AE=
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Table 1. Calculated (BP86/TZ2P) relative energies [kcalmol™'] of 1-8
with different bending angles a.

Co
L! \(1/ L2
L' L? No.  Equilibrium a=180° a=136.9°
structure
PH, PH, 1 0.0 2.0 0.3
PMe;, PMe;, 2 0.0 0.9 0.0
PPh; PPh, 3 0.0 3.1 0.0
PPh; CcO 4 0.0 0.3 0.5
CO CcO 5 0.0 0.0 1.9
NHCy, NHCy, 6 0.0 3.6 0.6
NHC,. NHC,. 7 0.0 32 0.1
C(NMe,), C(NMe,), 8 0.0 0.0 53

0.9 kcalmol ') suggests that the bending potential is mainly
determined by subtle changes in the R;P-C-PR; bonding sit-
uation but not by steric interactions between the PR;
groups. The bending potential becomes extremely shallow
when one PPh; group of 3 is substituted by a CO ligand
yielding 4. Figure 1 shows that the calculated bending angle
of 4 at the BP86/TZ2P level® is 144.6°, which is in very
good agreement with the experimental result from X-ray
structure analysis (145.5(7)°).? Geometry optimization with
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a smaller basis set at the BP86/SVP level gives a nearly
linear OC-C-P angle of 179.9°. The energy difference at the
BP86/TZ2P level between the equilibrium geometry of 4
and the structure in which the OC-C-P angle is frozen at
180.0° is only 0.3 kcalmol™ (Table 1). The linear form re-
sembles the structure of a ketene and the trivial name for
compound 4 is actually phosphoranylideneketene.”?”! The
bonding analysis given below suggests that 4 should better
be termed either carbonylcarbophosphorane or carbocarbo-
nylphosphorane.®!

The experimental value for the C—CO bond length of 4 in
the solid state (1.210(10) A)®* is significantly smaller than
the calculated value (1.280 A). We think that the difference
between the theoretical and experimental value is at least
partly due to intermolecular interactions in the crystal,
which can yield significantly shorter interatomic distances
for donor—acceptor bonds.*® This conjecture is supported by
the experimental values for the C—CO distance of C;0, (5)
which are available from electron diffraction (1.289(2) A)i
and X-ray structure analysis (1.251(1) A).*) The gas-phase
value is in good agreement with the calculated C—CO bond
length (1.277 A), while the value for the solid-state structure
is clearly smaller. Electron diffraction and X-ray measure-
ments show that 5 has a linear (180.0°) or nearly linear
(178.3°) OC-C-CO angle. The calculations also give a linear
(D) geometry for C;0, but the bending potential is very
shallow. The energy which is necessary to distort the linear
form of 5 to an OC-C-CO angle of 136.9° (i.e., the equilibri-
um L-C-L angle of 3) is only 1.9 kcalmol™. Previous high-
level ab initio calculations on carbon suboxide already
showed that the bent form is even slightly lower in energy if
the geometry optimization is carried out at the CCSD(T)
level of theory.””!

The equilibrium geometries of the carbodicarbenes 6 and
7 exhibit even more acute bond angles at the divalent
carbon atom than CDPs 2 and 3 (Figure 1). The NHC—C
donor—acceptor bonds are rather short; the values for 6
(1.359 A) and 7 (1.358 A) are in the range of a typical C—C
double bond. The NHC ligands are twisted with respect to
the central C-C-C plane by 27.8 (6) and 34.3° (7). Rotation
of the NHC ligands about the C—C bond has low energy
barriers. Figure 2 shows calculated structures and relative
energies of 6 which have been optimized with symmetry
constraints. The calculated values for methyl-substituted ho-
mologue 7 are given in parentheses.

The NHC ligands in structures 6a and 7a are perpendicu-
lar to each other, while structures 6b and 7b are planar. The
energy differences of the perpendicular species with respect
to the equilibrium geometries are only 2.3 kcalmol ™' for 6a
and 2.1 kcalmol™ for 7a. Note that the central C—C bonds
become significantly shorter in the perpendicular species,
which are higher order saddle points on the potential-
energy surfaces (Figure?2). The planar form 6b is only
3.3 kcalmol ™' higher in energy than 6, while methyl-substi-
tuted planar homologue 7b is 12.6 kcalmol ' less stable
than 7. The larger energy difference between the latter spe-
cies probably comes from steric repulsion between the
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Figure 2. Optimized geometries and relative energies [kcalmol™'] at the
BP86/TZ2P level of carbodicarbene 6 with restrained angles: 6a has per-
pendicular NHC planes, 6b has a planar geometry, 6¢ has perpendicular
NHC planes and a linear arrangement of the central C-C-C moiety and
6d has a planar geometry and a linear arrangement of the central C-C-C
moiety. Relative energies are given with respect to the equilibrium geom-
etry 6 (Figure 1). The number of imaginary frequencies is given by i. Re-
sults for the structures of the N-methyl-substituted carbodicarbene 7 are
given in parentheses.

methyl groups. Note that steric repulsion in 7b enforces a
significantly larger bending angle at the central carbon atom
(158.9°) compared with the equilibrium structure 7 (131.8°),
while the central C—C bond length in 7b (1.345 A) is even
shorter than in 7 (1.358 A). The bending potential for the di-
carbenes with perpendicular NHC ligands is rather shallow.
The linear forms 6c¢ and 7¢ are only 3.7 (6¢) and
3.0 kcalmol™' (7¢) higher in energy than the equilibrium
structures. The planar forms 6d and 7d, which also have a
linear C-C-C arrangement, are 11.7 (6d) and 12.6 kcalmol !
(7d) less stable than the energy minima.

The central N,C-C-CN, moiety of carbodicarbenes 6 and
7 is the same as in tetraaminoallenes (TAAs) (R,N),C=C=
C(NR;),. The last-named compounds are experimentally
known and their reactivity and properties were studied
many years ago.®! Unfortunately, there is no experimentally
determined geometry of a free TAA known to us. Figure 1
shows the optimized geometry of the N-methyl-substituted
TAA (Me,N),C=C=C(NMe,), (8). Contrary to carbodicar-
benes 6 and 7, the central carbon atoms of 8 have a quasi-
linear arrangement with a C-C-C bond angle of 179.9°. Cal-
culations on the ethyl homologue (Et,N),C=C=C(NEt,),
gave a bond angle of only 169.5°, which indicates a shallow
bending potential for TAAs.*" Table 1 shows that the opti-
mized structure of 8 in which the C-C-C angle is constrained
to 136.9° is only 5.3 kcalmol™' higher in energy than the
linear equilibrium form. The strength of the bending poten-
tial of the allene moiety is significantly weakened by the
amino substituents. Calculations on the parent allene H,C=
C=CH, at the BP86/TZ2P level predict an energy difference
between the linear (D,,) energy minimum and the optimized
structure in which the C-C-C angle is constrained to 136.9°
to be 16.3 kcalmol . Figure 1 also shows the optimized ge-
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ometry of the parent NHC compound 9. Note that the N—
Ceabene DOnds of the NHC species (bond length in the free
species 1.379 A) are no longer degenerate in the carbodicar-
benes; they are clearly longer in 6 (1.398 and 1.414 A) and 7
(1.404 and 1.413 A).

An important question is the strength of the carbon-
ligand bonds in compounds 1-9. To this end we calculated
the bond dissociation energies of reaction (5) where L' and
L? are identical except for 4 (L'=CO, L*=PPh;) and 9 (L'-
L>*=HN=CH-CH=NH).
CL'L> - C(P)+L'+1L? %)
Note that reaction (5) is spin-symmetry-forbidden because
the ligands L have a singlet ground state while the carbon
atom has a triplet ground state. Table 2 lists the calculated
bond dissociation energies (BDEs) at various levels of
theory.

Table 2. Dissociation energies D, and energies including thermal and vibrational contributions D2* for the dis-
sociation reaction C(L'L?)—C(’P)4+L'4+L% Geometries were optimized at the BP86/SVP level. All ener-

gies [kcalmol '] were calculated with the TZVPP basis set.
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AD}* value of C;0,, which was calculated as the difference
between the measured heats of formation AH?® of C;0,,
CO and C(P).®! The CCSD(T)/TZVPP value (131.1 kcal
mol™') is somewhat smaller than the experimental result
(140.9 kcalmol ™). Extrapolation to the basis-set limit for
CCSD(T) gives a BDE of 136.5 kcalmol™', which is in rea-
sonable agreement with experiment.

The theoretical BDEs of 1-9 (Table2) at all levels of
theory indicate that carbodicarbenes 6 and 7 have much
stronger bonds than CDPs 1-3. The SCS-MP2/TZVPP data
suggest that substitution of one PPh; group in 3 by CO gives
a larger total bond energy in 4 (D,.=145.4 kcalmol™) than
in 3 (D.=137.7 kcalmol™), but replacing the second PPh,
ligand by CO yielding 5 slightly weakens the bonds (D.=
142.3 kcalmol ). The PPh; and CO ligands apparently have
a synergistic effect on the total bond energy of the carbon
atom. The highest bond energy at all levels of theory is cal-
culated for TAA 8.

Our previous studies strongly
suggest that the chemical bond-
ing in CDPs 1-3 and carbodi-
carbenes 6 and 7 should be dis-

cussed in terms of donor-ac-

BPS6 MP2 SCS-MP2 CCSD(T) Exptl

L' L No. D, DY D, DY D, DY D, Dy® Dy* ceptor interactions L—C«L
PH, PH, 1 107.8 1034 1087 1042 1006 961 933 888 - (L=PR;, NHC)."**) The inter-
PMe;, PMe, 2 1358 1323 1453 1418 1346 1311 1290 1255 - acting fragments in these spe-
PPh, PPh, 3 1299 1264 1513 1478 1377 1342 - - - cies are the donor ligands L
PPh, co 4 1617 1574 1566 1523 1454 1411 - - - and the accentor carbon atom
co co 5 1757 1708 1548 1498 1423 1373 1360 13119 140901 ptor ¢

NHC, NHCy 6 1784 1752 1747 1715 1658 1626 1604 1572 - in the electronic singlet states.
NHCy, NHCy, 7 1789 1752 1815 1777 1703 1665 - - - The appropriate electronic state
C(NMe,), C(NMe,), 8 202.8 1981 2192 2145 208.0 2033 - - - of the carbon atom is 1D’ which

HN=CH-CH=NH 9 1718 1681 1704 1667 1615 157.8 1586 1549 -

is  29.1 kcalmol™! higher in

[a] The CCSD(T) value extrapolated to the basis set limit is 136.5 kcalmol™". [b] Ref. [64].

The theoretically predicted BDEs for reaction (5) are
quite large. A comparison of the calculated values at the dif-
ferent levels of theory shows that the BP86/TZVPP and
MP2/TZVPP values are too high for most molecules. This
becomes obvious by comparing the data with the CCSD(T)/
TZVPP and SCS-MP2/TZVPP results, which are used as
reference values. It has been shown before that the SCS-
MP2 method gives energies which are in much better agree-
ment with experimental values
than the standard MP2 approxi-
mation.””? From Table 2 it can
be seen that the SCS-MP2/
TZVPP data are roughly 6 kcal

energy than the 3P state.* We
calculated the strength of the
donor—acceptor interactions in
CL, by taking the BDE values D, given in Table 2 and
adding the C(*P)—C('D) excitation energy, which gives the
donor—acceptor bond strength D, for two L—C('D) bonds.
Table 3 lists the theoretically estimated D, values for one
L—C('D) bond in 1-3 and 5-8. Compound 8 was included
in the calculations because the chemical properties and the
analysis of the bonding situation which is given below indi-
cates that TAA 8 can be considered as a “masked” donor—

Table 3. Theoretically estimated strength of the L—C('D) and L—BH; donor-acceptor bonds [kcalmol™].
The values were calculated by using one half of the D, values from Table 2, which are corrected by the excita-
tion energy C(°P)—C('D) (29.1 kcalmol™'). The geometries were optimized at the BPS6/SVP level. All ener-
gies were calculated with the TZVPP basis set.

mol™!  larger than  the

1

CCSD(T)/TZVPP values of 1, L—C(D) L—BH,

2 5 and 6 while the MP2 E No. BP8 MP2  SCS-MP2 CCSD(T) BP86 MP2 SCS-MP2  CCSD(T)
T’ZV’PP Val7ues show much PH: 1 685 689 649 61.2 280 265 227 24.0

) deviations £ b PMe;, 2 824 872 819 79.1 415 420 375 39.5
arger deviations from the re-  ppy 3 795 902 834 - 367 387 343 -
sults which are obtained by co 5 1024 919 857 82.5 378 266 216 238
using the CCSD(T)/TZVPP NHCy 6 1038 1019 974 94.7 58.6 573 532 54.9
method. The only experimental NHCu. 7 1040 1053 997 - 591 594 547 -

data given in Table?2 is the C(NMe,), 8 1159 1241 1185 - 575 595 544 -
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acceptor compound. For com-

HOMO HOMO-1 HOMO HOMO-1
parison we also give the calcu-
lated bond strength D, of the () ¢
analogous complexes L—BHj. 1 w \ ”° 2
The results shown in Table 3 ‘
i !
suggest that the L—C('D) o164 o176

bonds in 1-3 and in 5-8 are

quite strong. The calculated

bond energies for the L—C(*D) 3
bonds are roughly twice as {
large as the values for the re-
spective L—BH; bond. The
NHC ligands are clearly stron-
ger donors than phosphines
PR, with respect to both C('D)
and BH; as Lewis acid. The
strong Lewis basicity of diami-
nocarbenes has already been
reported.”® The large value for
the OC—C('D) bond is at first
sight surprising and may be 7
taken as a hint that the inter-

pretation of C;0, as a donor—

-0.142

wn

acceptor complex is not justi- -0.110
fied. We note, however, that

MP2 and CCSD(T) calculations 9 %
indicate that CO and PH; are ’
equally strong Lewis bases with 20.168

-0.150

-0.266

-0.147

-0.173

-0.207

respect to BH;. There is no ab-
solute scale for the strength of
a Lewis acid or Lewis base;
rather, it depends on the partic-
ular binding partners, which can significantly change the
order of the donor-acceptor bond strength. A dramatic ex-
ample was recently reported for the compounds H;B—L and
H,B*-L. (L=CO, ECsH;; E=N-Bi)." The calculated
BH;—CO bond is stronger than the H;B—ECs;H; bonds for
E =N-Bi, but the binding interactions in H,B*—ECsH; are
much stronger than in H,B*—CO. It is well known that &
backdonation plays an important role in the donor-acceptor
strength of carbonyl com-
plexes.”! C('D) is a strong m
donor and o acceptor which in-

at the BP86/SVP level.

in electrons.

Figure 3. Shape and eigenvalues [eV] of the two highest lying occupied orbitals HOMO and HOMO-1 of 1-9

Bonding analysis: We analyzed the bonding situation in
compounds 1-9 using charge- and energy-decomposition
methods. Figure 3 shows the two highest lying occupied or-
bitals of the molecules. The numerical results of the NBO
analysis are given in Table 4. Figure 4 shows a sketch of the
most favorable Lewis structures given by the NBO calcula-
tions, in which three-center delocalized orbitals were al-
lowed for but were unfavorable in all cases.

Table 4. NBO results (BP86/TZVPP//BP86/SVP) for 1-9. Partial charges g and orbital populations are given

duces strong OC—C('D) o don- ! L2 No. q(OE  g(E) LP(C), LP(C),*!  Residual
ation and OC+C('D) m back- Occ %1 Occl! density [%]*
donation. The latter interaction PH, PH, 1 -1.32 0.78 1.62 42.6 1.51 2.5
explains why the OC—C('D) PMe, PMe, 2 147 1.53 160 257 1.53 14
interaction is nearly as strongas po 00Y L T 1hes 00 a3 3269
. s -0 54/0. . . . 20.

NIIJCH—’C( D) and NHCw— o co 5 ~055 0.65 125)  (00) (1.25) 48 (48)
C('D) bonding, while the OC—  NHC, NHCy 6 ~0.51 0.28 (151)  (64) (L1 2.8 (4.2)
BH, interaction is only half as NHCy, NHCy 7 ~0.50 0.29 (145)  (57)  (1.16) 23 (3.3)
strong as NHCy—BH; and C(NMe), C(NMey), 8 —0.21 025 (114)  (00)  (1.10) 1.4 (2.9)
NHC,,, BH, bonding HN=CH-CH=NH 9 004  —053 191 517 (0.67) 25 (5.1)

(Table 3). We show below that
7t backdonation in 6 and 7 is sig-

nificantly stronger than in
OC—BH,. tions.
3266 —— www.chemeurj.org
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[a] Central carbon atom. [b] Atom E which is directly bonded to the central carbon atom. For 1-3: E=P, for
4: E=P/C, for 5-8: E=C; for 9: E=N. [c] Density that is left after the diagonalization step resulting in the
NBOs. Given as total non-Lewis contribution in the NBO calculation. [d] Values in parentheses come from
Lewis structures with two lone pairs at the central carbon atom which have been enforced in the NBO calcula-
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Figure 4. Most favorable Lewis structures for 1-9 given by the NBO
method. Only one of two equivalent Lewis structures are shown in ¢ and f.

The shapes of the HOMO and HOMO-1 of CDPs 1-3
clearly reveal the lone-pair character of the orbitals
(Figure 3). The o-type lone-pair orbital is always slightly
lower in energy than the m-type lone-pair orbital which is
the HOMO of the CDPs. Note that the small contributions
at the PR; groups in the HOMO and HOMO-1 stem from
o*(P—R) orbitals which stabilize the high electron density at
the central carbon atom by negative hyperconjugation. The
lone-pair character of these frontier orbitals is quantitatively
supported by the NBO results (Table 1), which suggest that
the HOMO and HOMO-1 are carbon lone-pair MOs occu-
pied by about 1.5-1.6 electrons. The NBO analysis suggests
that the most favorable Lewis structures of 1-3 should be
written as shown in Figure 4a. The interpretation of the
electronic structure in terms of two lone-pair MOs is also in
agreement with the calculated charge distribution, which in-
dicates that the two-coordinate carbon atom in the CDPs
carries a large negative charge of between —1.32e (1) and
—1.47¢ (2).

Substitution of PPh; in C(PPh;), (3) by CO significantly
reduces the negative charge at carbon to —0.96¢e in (CO)C-
(PPh;) (4) and to —0.55e in C(CO), (5). The default NBO
calculations do not give lone-pair orbitals at the central
carbon atom. Instead, the best Lewis structure of carbon
suboxide is degenerate and has alternating single and triple
bonds (O"—C=C—C=0") rather than double bonds, while
(CO)C(PPh;) is calculated as Ph;P*—C=C—O~ (Figure 4b
and c). Figure 3 shows that the orbital contributions from
CO to the HOMO and HOMO-1 of 4 and § are clearly
larger than the ligand-atom contributions in 1-3, but the
fact that the largest coefficients are still calculated for the
central carbon atom indicates some lone-pair character for
the occupied frontier orbitals. We note that the HOMO and
HOMO-1 of 4 and 5 have a node between the carbon
atoms and the oxygen atoms which indicates an overlap
with 0*(L—R) orbitals, as in 1-3. NBO calculations on 4 and
5 in which Lewis structures with two lone-pair orbitals at
the carbon atom are enforced give comparable residual den-
sities (Table 4) to the unconstrained NBO calculations.

The NBO calculations on the carbodicarbenes 6 and 7
also do not give carbon lone-pair orbitals at the central
carbon atoms (Table 4). Rather, a bonding situation like in
an allene with two double bonds (C=C=C) is depicted (Fig-
ure 4d), but on looking at the frontier orbitals the coeffi-
cients at the central carbon atom are larger than those of

Chem. Eur. J. 2008, 14, 32603272
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the terminal atoms. Figure 3 also reveals significant contri-
butions from unoccupied NHC-ligand AOs which stabilize
the orbitals of the two-coordinate carbon atom in the occu-
pied frontier orbitals of 6 and 7. Table 4 shows that the
atomic partial charges at the central carbon atom (—0.51¢ in
6 and —0.50¢ in 7) are comparable to that of carbon subox-
ide (5). Thus, the NBO calculations indicate that the carbo-
dicarbenes have less carbon lone-pair character than the
CDPs. Note, however, that the energy levels of the HOMO
and HOMO-1 of 6 and 7 are clearly higher than those of
1-4 and particularly higher than the HOMO and HOMO-1
of 5, which means that they are energetically more accessi-
ble. NBO calculations on 6 and 7 with enforced o-and m-
type lone-pair orbitals at the central carbon atom gave only
a slightly higher residual density than the default calcula-
tions, but the differences are larger than for 4 and §
(Table 4).

As expected, NBO calculations on TAA 8 do not give
carbon lone-pair orbitals at the central carbon atom but
rather two double bonds (C=C=C, Figure 4¢). The atomic
partial charge at the central carbon atom of —0.21e is the
smallest for compounds 1-8 (Table 4). Figure 3 shows, how-
ever, that the largest contribution to the highest lying occu-
pied orbitals comes from the two-coordinate carbon atom.
The NBO calculation on 8 with enforced ¢ and m lone pairs
at carbon gives only a slightly higher residual density com-
pared with the unconstrained calculation, which points to
the “hidden double-lone-pair character” of the TAA which
becomes evident in the product of the reaction with CO,."

The shapes of the HOMO and HOMO-1 of NHC 9 are
very interesting (Figure 3). The HOMO is clearly a o-type
lone-pair orbital at the carbene carbon atom, which means
that there is a local area of negative charge at the carbon
atom in the o direction. Nevertheless, the carbon atom car-
ries an overall slightly positive partial charge. This is similar
to the charge distribution in CO, where the carbon atom is
positively charged but behaves like a nucleophile because of
the electronic charge of the energetically high lying o-type
lone pair.”’ The NBO calculation gives a Lewis structure
(Figure 4 f) with an sp®’-hybridized carbon o-type lone-pair
orbital which is occupied by 1.91¢ (Table 4). Note that the
optimal Lewis structures given by the NBO method always
have an electron octet, which is preferred over Lewis struc-
tures which have the lowest formal charges. The HOMO-1
of 9 is a delocalized m orbital which has large coefficients at
the C—C = bond of the NHC ring. The NBO calculation
with enforcement of two carbon lone-pairs gives a substan-
tially larger residual density than the default calculation
(Table 4).

The results of the charge analysis with the NBO method
are nicely complemented by the AIM results of the com-
pounds. Figure 5 shows a contour line diagram of the Lapla-
cians of 1 and 9. The results for the other compounds are
not given since they do not reveal significant new informa-
tion. It is sufficient to present the Laplacians of 1 and 9 be-
cause they are typical for a divalent carbon(0) compound
and a divalent carbon(II) molecule.
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1 (side view)

9 (top view) 9 (side view)

Figure 5. Contour line diagrams v°0(r) of carbodiphosphorane 1 and
NHC 9 in two different views. Solid lines indicate areas of charge concen-
tration (5/°0(r) <0), while dashed lines show areas of charge depletion
(%0(r)>0). The thick solid lines connecting the atomic nuclei are the
bond paths. The thick solid lines separating the atomic basins indicate
the zero-flux surfaces crossing the molecular plane.

The shape of the contour line diagrams of the Laplacian
of 1 and 9 in the molecular plane (top view) clearly shows
the region of the o-electron lone pair, which appears as a
region of charge concentration (/%0(r) <0, solid lines). The
droplet-like appendix at the carbon atom of 9 has a larger
extension than in 1, which indicates that the density in the
latter has a larger slope at the carbon atom than in the
former. The difference in electron configuration at the
carbon atoms of 1 and 9 becomes obvious when the Lapla-
cians of the two compounds in the side view (Figure 5) are
compared. There is a continuous area of charge concentra-
tion around the carbon atom of 1 which comes from the
electron density of the o and it lone pairs. The side view of
the Laplacian of 9 is clearly different from that of 1. There
is a hole in the Laplacian distribution which indicates an
area of charge depletion in the m direction at the divalent
carbon atom of the NHC.

We also analyzed the nature of the carbon-ligand interac-
tions in 1-9 by energy decomposition analysis (EDA) with
L, and C as interacting fragments. The choice of the elec-
tron configuration of the carbon atom is crucial for the in-
terpretation of the C—L bonding. EDA calculations on
parent CDP 1 and NHC 9 as examples of divalent carbon(0)
and carbon(I) compounds, respectively, were carried out
with two doubly occupied valence orbitals and two vacant
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orbitals at the carbon atom in which all possible permuta-
tions of the orbital populations were considered. Figure 6a
schematically shows the carbon valence orbitals and the

Figure 6. Symmetry assignments for the carbon valence orbitals in a) C,,
symmetry and b) in structures 5 and 8 which have a linear C-C-C moiety.

symmetry assignments which were used for structures 1-4,
6, 7 and 9 for which EDA calculations were carried out
under C,, symmetry constraints. The equilibrium structures
of some molecules have lower symmetry, but the energy dif-
ferences between the C,, structures and the fully optimized
geometries are not very large and should not impair the
bonding analysis. Compounds 5 (D.,) and 8 (D,,) have
linear C-C-C arrangements. The orbital contributions from
the different irreducible representations of the respective
point group were transformed into o- and m-bonding inter-
actions, as shown in Figure 6b.

Tables 5 and 6 list the EDA results for 1 and 9 for six dif-
ferent electron configurations (a)—(f) at the carbon atom
which are denoted as C(2s"2p,"2p,  "2p, ") where n is 0 or 2.
Note that the ligands (PH;), and HN=CH—CH=NH, which
are the fragments for the EDA of 1 and 9, respectively, are
in an electronically excited state in schemes (b), (¢), (e) and
(f). The calculated values reveal interesting details about the
bonding situation and they show significant differences be-
tween the two compounds. The calculated values for the or-
bital interactions AE,, can be used as an indicator for the
best description of the carbon-ligand interactions. Those
EDA calculations which give the smallest AE,; value indi-
cate which fragments are the best choice for describing the
bonding situation, because the least alteration of the elec-
tronic charge distribution is required to yield the electronic
structure of the molecule. The values in Table 5 show that
fragmentation scheme (d) gives the smallest AE,, value
(—552.7 kcalmol ') for 1. The fragments in this scheme are
the (PH;), ligand in the electronic ground state and a
carbon atom which has one p(o) and one p(s, ) lone-pair or-
bitals. The result of the energy decomposition thus agrees
with the results of the charge analysis given above. Note
that the AE,,, value for fragmentation scheme (a), in which
the valence s orbital is occupied instead of the p(o) orbital,
is only slightly higher in energy (—567.8 kcalmol ") than in
fragmentation scheme (d). Nearly the same AE,, value as
in scheme (a) is calculated for fragmentation scheme (c)
(=567.5 kcalmol ), in which the 2s valence orbital is occu-
pied and the lone-pair electron resides in a p(o) orbital. The
latter fragmentation scheme describes the bonding situation
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Table 5. EDA (BP86/TZ2P) with six different partitioning schemes (a)—(f) for 1. Energies are given in kcalmol™'. See Figure 6 for explanation of the or-
bital terms. The most favorable partitioning scheme (d) yielding the smallest AE,,, value is given in italics.
C

HsP™“PH,
Partition scheme (a) (b) (c) (d) (e) (f)
Electronic state of C atom o Pr . x| $Po’Pr 1 'Px)” $Po P 1 Pry” s'pi’pa P’ $'Po’Pr . 'Px) $'Po’Pr 1 Pr)
AE,, —168.4 ~365.9 ~503.9 —552.4 ~749.9 7418
AEp 633.8 911.1 2092 204.2 4732 344.5
AE, 2344  (292) -561.1 (439) —1456 (204) —203.9 (26.9) —5220 (42.7) —4465  (41.1)
AE,, -5678  (70.8) 7158  (56.1) -5675 (79.6) —552.7 (73.1) 7012 (573) —639.8  (58.9)
AE,(a)" ~317.9  (56.0) —3171 (443) —187.0  (32.9) -300.9 (544) -302.5 (431) -362.7  (56.7)
AE,(a)" ~1.1 (0.2) —04 (0.1 —08 (0.1 -12 (02 —03 (0.0 —04 (0.1
AE,  (b)® —60.8  (10.7) —191.8 (26.8) —199.1  (35.1) —737  (133) 1774  (253) —67.0  (10.5)
AE,; (b —1880 (33.1) -2065 (288) —180.6 (31.8) —1769 (32.0) -221.0 (3L5) —209.7 (32.8)
AE e 63.9 2612 399.3 4482 645.5 637.0
AE,(C) 435 435 43.6 27.8 42738 427.4
AEpep(Ly) 20.4 2177 355.8 20.4 2177 209.6
AE (=-D,) ~104.5 ~104.7 ~104.6 —104.3 ~104.4 ~104.8

[a] The values in parentheses are the percentage contributions to the total attractive interactions AE .+ AE.4. [b] The values in parentheses are the
percentage contributions to the total orbital interactions AE,,.

Table 6. EDA (BP86/TZ2P) with six different partitioning schemes (a)—(f) for 9. Energies are given in kcalmol . See Figure 6 for explanation of the or-
bital terms. The most favorable partitioning scheme (c) yielding the smallest AE,, value is given in italics.

C.
HN NH
Partition scheme (a) (b) (c) (d) (e) (f)
Electronic state of C atom PPz 1 Pr) Do P 1 °Pry PP Py’ R 8Dy Pr . Pay S T
AE,, ~280.7 3367 —468.5 —664.7 ~720.7 ~949.0
AEpui 691.7 973.6 463.8 4013 671.4 4037
AE. 2927  (30.1) -469.1 (358) —2951 (3L7) -3602 (338) 5272 (379)  —290.6  (21.5)
AE, 1 —6797  (69.9) —8412  (642) —6373 (683) -7058 (662) —8648  (62.1) —1062.1  (78.5)
AE,(a,)" —339.0  (49.9) -3324 (39.5) —3862 (60.6) —3450 (48.9) 3386 (39.1)  —4457  (42.0)
AE,(a,)" —96 (L4 -39  (05) 88 (14 129  (L8) 46  (0.5) 21 (02)
AE, , (b)) 1751 (258)  -942 (112)  —91.9 (I44) 2027 (287) -786  (9.1)  —1734  (163)
AE,; (b —155.9 (229) -4108 (488) —I1503 (23.6) —1452 (20.6) —4431 (512) = —441.0 (41.5)
AE 111.0 167.0 298.9 4953 5513 7792
AE,,(C) 435 435 43.6 4278 427.8 4274
AE (L) 67.5 1235 255.3 67.5 1235 3518
AE (=-D,) ~169.6 ~169.6 ~169.6 ~169.4 ~169.4 ~169.8

[a] The values in parentheses are the percentage contributions to the total attractive interactions AE,, +AFE,,. [b] The values in parentheses are the
percentage contributions to the total orbital interactions AE,,.

in a singlet carbene. Table 6 shows that the EDA results for lone pairs. The results for 1-8 are given in Table 7. Note
NHC 9 give the lowest AE,, value for fragmentation that the electron lone pairs in the C,, structures are denoted
scheme (c), which is in agreement with the classification of 9 as p(o) and p(m, ), while in the linear species 5 and 8 they
as a carbene while 1 is a carbon complex. are denoted as p(mw) and p(«'), which are degenerate
The AE,; value for 1 obtained by using fragmentation (Figure 6).
scheme (c) in the EDA calculation indicating a carbene-type The EDA results in Table 7 show that the attractive inter-
interaction is not much higher than the AE,, value using actions in the CDPs 1-3 mainly come from the orbital term
the fragmentation scheme (d). It is important to realize that AE,,,, which contributes 71-73 % to the total attractive in-
the two bonding models are qualitative descriptions which teractions AE;,. The (R;P),—C donation into the vacant
should not be confused with physical reality. The value of carbon 2s AO contributes more to the AE;,, term than dona-
the distinction between the two bonding models and the tion into the p(m)) AO (see Figure 6a for notation). Note
classification of the two compounds in different categories that the stabilization which comes from the s, orbitals is
lies in the explanation of the chemical behavior and the pre- rather high (the AE,, term has values between —68.3 and
dictions which can be made. —73.7 kcalmol ™), which at first sight is surprising because
In order to directly compare the C—L interactions in 1-9 the carbon p(it, ) orbital is doubly occupied and the charge
we carried out EDA calculations with the same fragmenta- analysis suggests that it retains its lone-pair character in the
tion scheme (d) in which the carbon atom has two electron CDPs. The calculated AE,, values mainly result from hy-
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Table 7. EDA (BP86/TZ2P) results of 1-8. All compounds except 4 (C,), 5 (D), and 8 (D,,) were optimized under C,, symmetry constraints. The inter-
acting fragments of the L,C compounds are L, and C. The carbon fragment is calculated with the electron configuration C(s“p‘,zpthn‘ %), which is frag-
mentation scheme (d) in Tables 5 and 6. See Figure 6 for explanation of orbital terms. Energies are given in kcalmol .

1 2 3 5 6 7 8
AE,, —552.4 —581.4 —575.7 —608.9 —618.5 —644.9 —635.4 —652.5
AEpui 204.2 162.8 166.8 153.0 127.8 2523 180.4 218.0

AE ! —203.9 (26.9) -—2124 (28.5) —2148 (28.9) —1758 (23.1) —133.9 (17.9) —296.9 (33.1) —2483 (30.4) —283.5 (32.6)
AE,, 1 —5527 (73.1) —=5319 (71.5) —527.7 (71.1) —5862 (76.9) —612.4 (82.1) —600.3 (66.9) —567.5 (69.6) —587.1 (67.4)
AE (a)" —300.9 (54.4) -276.9 (52.1) —2684 (50.9) —486.81 (83.1) —270.7 (45.1) —224.8 (39.6)

AEy(a,)? -12 (02) -14 (03) -18 (0.3) -101  (1.7) -120 (21)

AE, (b)®  —737 (133) —683 (128) —68.7 (13.0) —99.3¢ (16.9) —1265 (21.1) -121.6 (21.4)

AE,(b)"  —1769 (32.0) -1852 (34.8) —188.8 (35.8) —193.0 (322) —209.2 (36.9)

AE ) —1487 (24.3) —1475  (25.1)
AE, ™ —2251 (36.8) —2148 (36.6)
AEM -161  (2.6) —03 (<0.1)
AE,M —1112 (18.1) —1122  (19.1)
AE, —1112 (18.1) —1122  (19.1)
AE e 4482 447.8 4495 4487 4449 470.9 4682 481.6
AE,(C) 427.8 427.8 427.8 427.9 428.1 42738 42738 427.4
AE,,(L,) 20.4 20.0 21.7 20.8 16.8 43,0 40.4 542

AE (=-D,) —104.3 —133.6 —126.1 —-160.3 —1735 —174.0 —~1672 —~170.9

[a] The values in parentheses are the percentage contributions to the total attractive interactions AE ., +AE.q4. [b] The values in parentheses are the
percentage contributions to the total orbital interactions AE,,. [c] Only C,-symmetric structure; therefore, AE,,=AE (a’)+ E,(a").

perconjugative stabilization of the carbon lone pair by the
o*(P—R) orbitals. The small contributions from the AE;
term arising from the polarisation functions are negligible.

The EDA of 4 was carried out under C,; symmetry con-
straint, which impedes the distinction between AE, and
AE interactions. Table 1 shows that the x, orbital interac-
tions in 4 are stronger (—99.3 kcalmol ™) than in 1-3; this
hints at enhanced C—L &, donation due to the low-lying
vacant t* orbital of CO. This interpretation is supported by
the EDA results for carbon suboxide (5). The orbital inter-
actions which come from the degenerate C—(CO), & back-
donation are even larger (AE,=AE,=—111.2 kcalmol )
than the AE,, value for 4. This is in agreement with the
NBO analysis, which suggests that the best Lewis structures
have C—C multiple bonds. Note that the NBO result is help-
ful for qualitative interpretation, while the EDA provides a
quantitative estimate of the relative strengths of orbital in-
teractions which have different symmetry.

The EDA results for the carbodicarbenes 6 and 7 clearly
show that the m, orbital interactions become even stronger
(AE,, =—126.5kcalmol™ for 6 and AE,, =—121.6kcal
mol ™! for 7) than in 5. This is in agreement with the charge
analyses, which indicate that the ;t, orbital in the carbodi-
carbenes is more delocalized than in CDPs 1-3 but less de-
localized than in carbene 9. The EDA results for 9 with the
same fragmentation scheme as for the other compounds
shows indeed that the 7, orbital interactions are much
stronger [AE,, =—202.7 kcalmol™!, Table 6, scheme (d)]
than in the other compounds. The calculated values for the
AE., term can thus be used as a probe for the divalent
carbon(0) character of a compound. The EDA results for
TAA 8, which has a linear C-C-C moiety, shows that C—C-
(NMe,), m backdonation (AE,=AE, =—112.2 kcalmol ') is
comparable to that of C;0, (5), which suggests that the diva-
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lent carbon(0) character of both compounds is similar. This
is in agreement with the calculated properties of main group
and transition metal complexes with 5 and 8 as ligands,
which are presented and discussed in the following paper.F!

Conclusion

The theoretical data presented here clearly show that the
bonding situations in L,C compounds 1-8 can be interpreted
in terms of donor-acceptor interactions between closed-
shell ligands L and a carbon atom which has two lone-pair
orbitals (L—C«L). This holds particularly for the carbodi-
phosphoranes 1-3 where L=PR;. The NBO analysis sug-
gests that the best Lewis structures for the carbodicarbenes
6 and 7 where L is a NHC ligand have C=C=C bonds, as in
tetraaminoallene 8. However, the Lewis structures of 6-8 in
which two lone-pair orbitals at the central carbon atom are
enforced have only a slightly higher residual density. Visual
inspection of the frontier orbitals of the latter species re-
veals their high lone-pair character, which suggests that
even the quasi-linear TAA 8 is a “masked” divalent
carbon(0) compound. This explains the very shallow bend-
ing potential of 8. The same conclusion is made for the
phosphoranylketene 4 and for carbon suboxide (5), which
according to the bonding analysis have a hidden double-
lone pair character. The AIM analysis and the EDA calcula-
tions support the assignment of carbodiphosphoranes as di-
valent carbon(0) compounds, while NHC 9 is confirmed as a
carbene. The L—C('D) donor-acceptor bonds are roughly
twice as strong as the respective L—BH; bond. We empha-
size that the description of the bonding situation with differ-
ent models and terms such as carbon(0) and carbon(II) com-
pounds do not represent physical realities. However, they

Chem. Eur. J. 2008, 14, 32603272
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are very useful for understanding and predicting the chemi-
cal behavior of 1-9, which is discussed in the following
paper.F!
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