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Introduction

The recent revival of carbodiphosphorane chemistry[1–3] and
the interpretation of C ACHTUNGTRENNUNG(PR3)2 as divalent carbon(0) com-
pounds CL2

[3] in which a carbon atom retaining all four va-
lence electrons as two lone pairs is bonded to two s-donor
ligands (Scheme 1) sparked intensive theoretical[4–11] and ex-
perimental[10–14] investigations of this hitherto unrecognized
class of compounds, which has been the subject of two
recent reviews.[15,16] A highlight of this work was the advent
of carbodicarbenes C ACHTUNGTRENNUNG(NHC)2 as a new type of divalent
carbon(0) compounds CL2 with N-heterocyclic carbenes

(NHCs) as ligands, which were
theoretically predicted to be
stable molecules.[4–6] Bertrand
and co-workers subsequently
synthesized[12] the first stable
carbodicarbene, while further
studies by F�rstner et al.[10, 13]

proved the validity of the
carbon(0) concept for this
promising class of compounds.
The high electron density and
availability of two lone pairs of
electrons at the central carbon
atom suggest new and unusual
ligand properties which are waiting to be explored.[14–16]

The theoretical studies[4–11] on the electronic structure of
compounds CL2 suggested a wide scale of bonding situations
between divalent carbon(0) compounds such as carbodi-
phosphoranes C ACHTUNGTRENNUNG(PR3)2 and carbodicarbenes C ACHTUNGTRENNUNG(NHC)2

having two lone-pair orbitals at the central carbon atom and
divalent carbon(II) compounds with only one electron lone
pair at the carbon atom. The latter species are carbenes,
while the term carbone has been proposed for divalent
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Scheme 1. Schematic represen-
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carbon(0) compounds.[7,16] Divalent carbon(0) behavior may
even be found as “hidden”[4–6] feature in formally tetravalent
carbon(IV) compounds such as tetraaminoallenes (NR2)2C=

C=C ACHTUNGTRENNUNG(NR2)2,
[4–6] in which the central carbon atom is a strong

donor which binds CO2
[17] in an adduct that resembles the

complex (PPh3)2C-CO2, which was recently isolated and
characterized by X-ray structure analysis.[1]

The new findings suggest that other organic compounds
may exist which have either not been synthesized yet or
which have not been recognized as carbones CL2. Here we
report on a computational study on a set of molecules 1–10
(Scheme 2) to determine whether they exhibit chemical re-

activity that is typical for divalent carbon(0) compounds. To
this end we calculated the first and second proton affinities
of the molecules, which were suggested as probes for diva-
lent carbon(0) character.[4,6,7,16] We also estimated the first
and second donor strengths of 1–10 with respect to a strong
Lewis base by calculating the geometries and bond-dissocia-
tion energies of the complexes with one and two BH3 li-
gands. Finally, we present a thorough analysis of the elec-
tronic structure of the calculated molecules using charge-
and energy-decomposition methods.

The choice of the systems was guided by two aspects:
1) investigation of recently synthesized compounds such as
benzannelated carbodicarbene 2[12] and “bent allenes” [11,12, 14]

3 and 4 b and 2) inclusion of complexes with mixed ligands
CLL’ 5–9. Carbodicarbene 1, which has saturated NHC li-
gands, was included in this work because prior studies fo-
cused on C ACHTUNGTRENNUNG(NHC)2 with unsaturated ligands.[4–6] Compound
2 was the first experimentally observed and characterized[12]

carbodicarbene, but it has not been the subject of a theoreti-
cal study. While the carbon(0) character of 2 and model
compound 1 is undisputed, the interpretation of the bonding
situation in “bent allenes” 3 and 4 b, which were recently
synthesized by Bertrand and co-workers,[11, 12] has been con-
troversially debated.[18,19] A recent experimental and theo-
retical study established strong exocyclic delocalization in
these molecules, which have distinct carbon(0) character.[11]

Compounds 5–9 with mixed ligands L and L’ are new var-
iants of the systems CL2, where L is NHC, CO, or PR3,
which were previously investigated by us.[3–7, 16] Molecules 6,
8, and 9 feature N2 as a ligand in CL2. They were included
in our study because we found in the literature that com-
pounds with the general formula C ACHTUNGTRENNUNG(PR3)(N2) were already
synthesized by Bertrand and co-workers more than 20 years
ago.[20] These were described as phosphacumulenes with
double bonds at carbon R3P=C=N2, which was at that time
the common description for such molecules.[21] We note that
the first stable carbene, which was synthesized by Bertrand
and co-workers in 1988, was originally depicted to be a l5-
phosphaacetylene R2P�C-SiMe3 on the basis of NMR spec-
troscopy.[22] It was only later recognized that the molecule is
better described as a carbene R2P�C�SiMe3.

[23] The homo-
leptic parent system for the dinitrogen compounds is C(N2)2

(10), which was theoretically predicted as stable species by
Pyykkç and Runeberg in 1991.[24]

Methods

Geometry optimizations without symmetry constraints were carried out
with the Gaussian 03[25] optimizer[26] in conjunction with Turbomole 5[27]

energies and gradients at the BP86[28]/def-SVP[29] level of theory. Station-
ary points were characterized by calculating the Hessian matrix analyti-
cally at this level of theory. Thermodynamic corrections and Kohn–Sham
orbitals were taken from these calculations. 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[30] with application of the frozen-core
approximation for non-valence-shell electrons and with BP86 and the
def2-TZVPP[31] basis set (in the following called TZVPP). Coupled-clus-
ter[32a–g] energies at the CCSD(T)/TZVPP level were calculated for some
molecules with the program package Molpro2006.[32h] For the BP86 and
the MP2 calculations the resolution of the identity method[33] was ap-
plied. MP2 energies were also calculated with inclusion of the spin-com-
ponent-scaled (SCS) correction proposed by Grimme[34] by applying the
standard parameters. The NBO[35–37] analyses were carried out with the
internal module of Gaussian 03 at the BP86/TZVPP//BP86/def-SVP level
of theory without using the resolution of the identity approximation.

For bonding analyses in terms of energy-decomposition analysis, the geo-
metries of molecules 1–10 were also optimized with the program package
ADF2006.01.[38] As above, BP86 was chosen with uncontracted Slater-
type orbitals (STOs) as basis functions. The basis sets for all elements
have triple-z quality augmented by two sets of polarization functions
(ADF basis set TZ2P[39]). Core electrons (i.e., 1s for second- and
[He]2s2p for third-row atoms) were treated by the frozen-core approxi-

Scheme 2. Compounds investigated in this work: carbodicarbenes 1, 2 ;
“bent allenes” 3, 4 ; carbones CLL’ with the ligands L, L’=NHC, PR3,
CO, and N2 (5–10).
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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.[40] Scalar relativistic effects were incorporated by applying the
zeroth-order regular approximation (ZORA)[41, 42] in all calculations un-
dertaken with ADF. The interatomic interactions were investigated by
means of an energy-decomposition analysis (EDA) developed independ-
ently by Morokuma[43] and by Ziegler and Rauk.[44] The bonding analysis
focuses on the instantaneous interaction energy DEint between two frag-
ments A and B in the particular electronic reference state and in the
frozen geometry of the molecule AB. The interaction energy can be di-
vided into three main components [Eq. (1)],

DEint ¼ DEelstat þ DEPauli þ DEorb ð1Þ

where DEelstat is the electrostatic interaction energy between the frag-
ments, which are calculated by means of the frozen electron density dis-
tribution of the fragments in the geometry of the molecules. DEPauli refers
to the repulsive interactions between the fragments, which are caused by
the fact that two electrons with the same spin cannot occupy the same
region in space. DEPauli is calculated by enforcing the Kohn–Sham deter-
minant on the superimposed fragments to obey the Pauli principle by an-
tisymmetrization and renormalization. The stabilizing orbital interaction
term DEorb is calculated in the final step of the energy partitioning analy-
sis when the Kohn–Sham orbitals relax to their optimal form. This term
can be further partitioned into contributions of orbitals belonging to dif-
ferent irreducible representations of the point group of the interacting
fragments. The interaction energy DEint can be used to calculate the
bond-dissociation energy �De by adding DEprep, which is the energy nec-

essary to promote the fragments from their equilibrium geometry to the
geometry in the compounds [Eq. (2)].

�De ¼ DEprep þ DEint ð2Þ

Further details on the EDA method[45, 46] and its application to the analy-
sis of the chemical bond[47, 48] can be found in the literature.

Results and Discussion

Geometries and energies : The optimized geometries of com-
pounds 1–10 are shown in Figure 1 together with the calcu-
lated values for the most important bond lengths and angles.
Experimental data from X-ray analyses are given for 2,[12]

3 a,[14] and 4 b.[14] For 3 a only a crystal structure of the LiBF4

adduct is published.[14] The agreement between the calculat-
ed structures and the experimental data is very good. The
difference between the theoretical (142.58) and experimen-
tal (134.88) values for the C2a-C1-C2b angle in 2 is probably
due to intermolecular interactions in the solid state. It has
previously been shown that the bending potential of
carbon(0) compounds is very shallow.[4,5,16]

The calculated C1�C2 bonds of “bent allenes” 3 and 4 are
about 0.04 � longer than those of the carbodicarbenes 1 and

Figure 1. Optimized structures (bond lengths [�] and angles [8]) of 1–10 at the BP86/SVP level of theory. Experimental data from X-ray analyses for 2,[12]

3a,[14] and 4 b[14] are given in parentheses. The experimental data of 3a refer to the LiBF4 adduct of the compound.
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2, which is in agreement with the experimental values of 2
and 4 b. The mixed CLL’ systems 5–10 are all significantly
bent, with bending angles between 124.68 for 10 and 151.98
for 5. Note that the NHC�CL bonds in mixed complexes 5–
7 c are always slightly longer than in the homoleptic adduct
C ACHTUNGTRENNUNG(NHC)2 (1) while the N2�CL bonds in 6, 8, and 9 are
always shorter than in C(N2)2 (10). The strongly bent equi-
librium structures are a first hint that the investigated mole-
cules may not be considered as classical (hetero-)cumulenes
but might be further examples of divalent carbon(0) com-
pounds. The N�N and C�O distances of the N2 and CO li-
gands in 5, 6, and 8–10 are slightly longer than in free N2

(1.112 �) and CO (1.142 �). This indicates some C!L (L =

N2, CO) p backdonation in these compounds.
Comparison of the calculated bending angles of carbones

CL2 and the p-acceptor strength of L suggest that there is a
clear correlation between these two variables. The strong p

acceptor CO leads to a quasilinear structure in carbon sub-
oxide C(CO)2, which has a bending angle in the gas phase
of about 1568.[50b] The carbone C(N2)2 (10), which has the
weaker p acceptor N2 as ligand, has a much more acute
angle of 124.68, which is similar to the calculated (BP86/
SVP) bending angles of 123.68 for C ACHTUNGTRENNUNG(PH3)2 and 126.68 for C-ACHTUNGTRENNUNG(NHCH)2, where NHCH is an unsaturated NHC which has
hydrogen atoms at the nitrogen atoms.[5] The larger bending
angles calculated for C ACHTUNGTRENNUNG(PPh3)2 (135.08) and C ACHTUNGTRENNUNG(NHCMe)2

(132.38) may partly be caused by steric repulsion between
the bulky ligands.[5] Steric repulsion between the ligands
should be negligible in 5, 6, 8, and 9. The trend of the calcu-
lated bending angle in the latter compounds is in agreement
with the p-acceptor model. The much more acute bending

angles for 6 (127.28) and 8 (126.68) than for 5 (151.98) can
be explained by the effect of the strong p acceptor CO in
the last-named species, which is replaced by N2 in the other
two. Compound 9 has a phosphane ligand bearing electro-
negative Cl and NMe2 groups instead of the methyl groups
of the PMe3 ligand in 8. This makes the phosphane ligand in
9 a better p acceptor than in 8, and thus 9 has a more
obtuse bending angle of 133.98 than 8 (126.68).

Table 1 lists the calculated values for the bond-dissocia-
tion energy (BDE) of 1–10 for dissociation into a bare
carbon atom in its 3P electronic ground state and two ligands
L and L’, predicted by DFT (BP86/TZVPP) and ab initio
methods (MP2/TZVPP and SCS-MP2/TZVPP). In all cases
BP86/SVP geometries were used. Theoretical BDEs which
were previously reported for carbones and for the parent
NHC are also given.[5] In general. agreement between the
BP86/TZVPP values and the fairly accurate[34b] SCS-MP2/
TZVPP results is good, except for molecules which carry
CO or N2 as ligands, the calculated bond energies (SCS-
MP2/TZVPP) of which are significantly lower than the
BP86/TZVPP values. The largest difference is found for
C(N2)2 (10), for which SCS-MP2/TZVPP gives a BDE of
only De =31.6 kcal mol�1, while the BP86/TZVPP value of
De =72.6 kcal mol�1 is much higher. The overall trends of
the bond energies at the BP86/TZVPP and SCS-MP2/
TZVPP levels are very similar, however.

To estimate the accuracy of the calculated BDEs we car-
ried out additional energy calculations at the highly accurate
CCSD(T)/TZVPP level for those molecules which are not
too large for this expensive method using BP86/SVP opti-
mized geometries. Table 1 shows that the SCS-MP2/TZVPP

Table 1. Dissociation energies De and energies including thermal and zero-point vibrational contributions D298
0 for the reaction C(LL’)!C (3P) +L+L’

[kcal mol�1]. All energy calculations were carried out with the TZVPP basis set on BP86/SVP geometries. The thermal and entropic contributions were
taken from the BP86/SVP calculations.

BP86 MP2 SCS-MP2 CCSD(T)
L L’ No. De D298

0 De D298
0 De D298

0 De D298
0

NHCs
Me NHCs

Me
[b] 1 193.1 188.4 204.9 200.2 192.6 187.9 – –

NHCCb
Me NHCb

Me
[c] 2 191.4 187.4 194.8 190.8 183.0 179.0 – –

RCN(Ph)N(Ph)CR[d] 3 a 197.6 194.1 206.9 203.4 196.5 193.0 – –
RCN(Ph)N(Ph)CR[d] 3 b 199.4 195.7 209.1 205.4 198.8 195.1 – –
RCN(Ph)N(Ph)CR[d] 4 a 198.3 194.8 204.4 200.8 191.8 188.2 – –
RCN(Ph)N(Ph)CR[d] 4 b 201.6 198.0 209.7 206.1 196.9 193.3 – –
NHCs

Me CO 5 192.0 186.9 184.5 179.4 168.0 162.9 166.4 161.3
NHCs

Me N2 6 141.8 137.0 134.9 130.1 121.0 116.2 112.7 107.9
NHCs

Me PH3 7 a 148.0 143.6 151.9 147.5 141.7 137.2 135.3 130.9
NHCs

Me PMe3 7 b 159.8 155.8 168.7 164.7 157.0 153.0 – –
NHCs

Me PPh3 7 c 158.0 154.0 171.6 167.6 158.6 154.7 – –
PMe3 N2 8 112.9 108.8 104.0 99.9 91.4 87.4 84.5 80.4
PCl(NMe2)2 N2 9 111.9 108.2 106.5 102.8 93.2 89.4 – –
N2 N2 10 72.6 68.8 45.2 41.4 31.6 27.8 25.8 22.0
PH3 PH3

[a] 107.8 103.4 108.7 104.2 100.6 96.1 93.3 88.8
PMe3 PMe3 –[a] 135.8 132.3 145.3 141.8 134.6 131.1 129.0 125.5
PPh3 PPh3 –[a] 129.9 126.4 151.3 147.8 137.7 134.2 – –
PPh3 CO –[a] 161.7 157.4 156.6 152.3 145.4 141.1 – –
CO CO –[a] 175.7 170.8 154.8 149.8 142.3 137.3 136.0 131.1
NHCu

Me NHCu
Me

[e] –[a] 178.9 175.2 181.5 177.7 170.3 166.5 – –
HN= CH-CH =NH[f] –[a] 171.8 168.1 170.4 166.7 161.5 157.8 158.6 154.9

[a] Values taken from reference [5]. [b] N-Methyl-substituted saturated NHC. [c] N-Methyl-substituted benzannelated NHC. [d] Bidentate fragment of
cyclic species (see Figure S1, Supporting Information). [e] N-Methyl-substituted unsaturated NHC. [f] Bidentate fragment of cyclic NHC.
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results show the best agreement with the CCSD(T)/TZVPP
values. The theoretically predicted BDEs at the CCSD(T)/
TZVPP level are 2–9 kcal mol�1 smaller than the SCS-MP2/
TZVPP results. Since BP86/TZVPP and MP2/TZVPP give
even larger bond energies than SCS-MP2/TZVPP, it follows
that the BDEs at the first two levels are uniformly too high.
The difference is particularly striking for C(N2)2 (10), for
which the calculated enthalpy at the BP86/TZVPP level sug-
gests rather strong donor–acceptor bonds, while the
CCSD(T)/TZVPP results show that it is much less stable.
However, the trends of the BDEs at the CCSD(T)/TZVPP
level are the same as given by BP86/TZVPP.

The calculations suggest that the C!C donor–acceptor
bonds of the saturated NHCs

Me ligands in 1 and the benzan-
nelated NHCb

Me ligands in 2 are stronger than the bonds of
the unsaturated NHCu

Me ligand in C(NHCu
Me)2 (Table 1).

Even slightly stronger bonds are predicted for the cyclic
“bent allenes” 3 a, 3 b, 4 a, and 4 b, which have the highest
BDEs for dissociation of a bare carbon atom of all com-
pounds listed in Table 1. The ligand fragments in the dissoci-
ation reactions of 3 a–4 b are bis-carbenes in the singlet state
with a trans configuration of the carbene substituents at the
N�N bond (see Figure S1 in Supporting Information). Sub-
stitution of one saturated NHCs

Me ligand in 1 gives the
mixed carbones (NHCs

Me)CL, where L= CO (5), N2 (6), PH3

(7 a), PMe3 (7 b), and PPh3 (7 c). Table 1 shows that the cal-

culated BDEs exhibit the trend 5>7 b�7 c>7 a>6. They
all should be stable enough to be isolated in a condensed
phase, because (Me3P)C(N2) (8) and [(Me2N)2ClP]C(N2) (9)
have much lower BDEs than 5–7. Homologues of 8 and 9
which bear bulky substituents at the phosphane groups have
been synthesized by Bertrand and co-workers.[20] It may be
difficult, however, to isolate the homoleptic complex C(N2)2

(10) because of its rather weak donor–acceptor bonds.

Bonding analysis : The bonding situation in compounds 1–10
was investigated with NBO and frontier orbital analyses.
The two highest-lying molecular orbitals of the investigated
molecules are depicted in Figure 2. Visual inspection of the
HOMO and HOMO�1 shows that the largest coefficient is
always at the central carbon atom, which suggests that 1–10
could be classified as carbones. Quantitative data on the
nature of the orbitals comes from the NBO analysis
(Table 2).

Although the equilibrium structures of some molecules do
not have a mirror plane, the shape of the frontier orbitals
clearly reveals in all cases typical s- and p-type character,
because there is a local mirror plane in the vicinity of the
central carbon atom. It is thus possible to classify the
HOMO and HOMO�1 as s and p orbitals even though
there is no overall mirror plane in the molecule. Figure 2
shows that the HOMO of 1, 2, 6, and 8–10 has (local) p

Figure 2. Shape and eigenvalues [eV] of the highest lying occupied molecular orbitals HOMO and HOMO�1 of 1–10 at the BP86/SVP level.
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symmetry and that the energetically lower lying HOMO�1
is a s-type orbital, while the HOMO and HOMO�1 of the
other molecules have a reversed order with respect to s and
p symmetry. Inspection of the ligands at the central carbon
atom indicates that those systems in which the ligand is a
poor p acceptor like N2 in 6 and 8–10 have a p HOMO,
while complex 5 with the better p-acceptor ligand CO and
systems 3, in which the two-coordinate carbon systems is
part of a 6p H�ckel aromatic system, stabilize the highest
lying p MO, which becomes the HOMO�1.

The NBO analysis makes it possible to identify the nature
of the two highest lying orbitals as lone-pair orbital or as
bonding orbital, and it is also possible to quantify the extent
of delocalization. Table 2 shows that the standard NBO cal-
culations identify the s orbitals as lone-pair orbitals with oc-
cupation numbers of greater than 1.3 electrons for all com-
pounds except 1, 2, and 6, which are calculated to exhibit
two C=E bonds. The p orbitals are identified as lone-pair or-
bitals only for 8–10 by the standard NBO calculations. For
the other molecules, the p orbitals are bonding orbitals of
the central carbon atom with ligand atoms, either as a
double bond or in a 3c2e bond. It is possible to enforce both
orbitals to be localized at the central carbon atom for 1–7 as
well. Table 2 shows that the residual electron density in-
creases only slightly when this localization is enforced. The
occupation of the p-type lone pair orbitals is in all cases
smaller than that of the s lone pair. Thus, the NBO method
reveals the extent of the carbone character for compounds
1–10.

The atomic partial charges listed in Table 2 are further
support for a description of the bonding situation L!C !L’
for 1–10. The NBO calculations suggest that carbon always
carries a negative partial charge, which comes from the don-
ation of the s lone-pair orbitals of the ligands. This is re-
markable, because in the case of 6 and 8–10 the bonded

donor atom nitrogen is more
electronegative than carbon.
Even in the homoleptic com-
plex C(N2)2, the carbon atom
carries a small negative charge
of �0.05 e, while the N2 ligands
are slightly positively charged.
Thus, N2!C !N2 s donation is
stronger than N2

!C!N2 p

backdonation. Note that the
carbene carbon atom in the
parent NHC carries a small
positive charge of +0.04 e while
the attached nitrogen atoms
have a large negative charge of
�0.53 e.[5] It is also noteworthy
that substitution of one NHC
ligand of 1 by CO yielding 5 en-
hances the negative partial
charge at the central carbon
atom from �0.40 e to �0.52 e,
while the substitution by N2

yielding 6 significantly lowers the partial charge to �0.25 e
(Table 2). Replacement of one NHC ligand in 1 by a phos-
phane group yielding 7 a–7 c gives much higher negative par-
tial charges at the carbon atom. The calculated values are
between �0.89 e and �0.95 e. Note that the stronger charge
donation R3P!C !PR3 in 7 a–7 c compared with the dona-
tion NHC!C !NHC in 1 does not mean that the bonds in
the former compounds are stronger than in the latter.
Table 1 shows that the BDE of 1 is significantly higher than
those of 7 a–7 c. The calculated charge distribution shown in
Table 2 is in accord with the description of the chemical
bonds at the central carbon atom in 1–10 in terms of donor–
acceptor interactions.

Proton affinities : Previous studies have shown that the
second proton affinity (PA) is a sensitive probe for the diva-
lent carbon(0) character of a molecule, because donor com-
pounds which can provide a second lone pair orbital at
carbon have large values of both the first and second PA.[7]

Table 3 shows the calculated first and second PAs of 1–10 at
the MP2/TZVPP//BP86/SVP level of theory, which was used
in our previous studies.[4,7] The values refer to protonation at
the central carbon atom. Test calculations have shown that
carbon protonation is always energetically more favorable
than protonation at any heteroatom which carries a lone-
pair orbital (O, N, Cl). Table 3 gives for comparison also the
first and second proton affinities of the carbodiphosphor-
anes C(PH3)2, C(PMe3)2, and C(PPh3)2, the carbodicarbene
bearing unsaturated NHC ligands C(NHCu

Me)2, and carbon
suboxide C(CO)2, which have been studied by us before.[4,7]

The theoretical PA values in Table 3 suggest that com-
pounds 1–9 are very basic and should be classified as super-
bases according to the definition of Raczýnska et al. (PA>

1000 kJ mol�1�239 kcal mol�1).[49] Bis(diaza)carbone C(N2)2

(10) has a much smaller first PA than the other compounds

Table 2. NBO results at the BP86/TZVPP level//BP86/SVP for CLL’ compounds 1–10. Partial charges and oc-
cupation numbers for the central atom q(C1) and for the adjacent atoms E and E’ are given in electrons.

q(C1) q(E)/q(E’)[a] LP(C1)s
[b,e] LP(C1)p

[c,e] Residual density[d,e]

1 �0.40 0.30/0.30 �(1.36)[f] (1.14) 1.7% (2.9 %)
2 �0.43 0.31/0.31 �(1.37)[f] (1.16) 2.8% (3.6 %)
3a �0.48 0.31/0.31 1.78 (1.59)[g] (0.91) 2.6% (2.8 %)
3b �0.49 0.31/0.31 1.78 (1.60)[g] (0.91) 2.3% (3.1 %)
4a �0.49 0.43/0.43 1.77 (1.54)[g] (0.91) 3.2% (3.6 %)
4b �0.48 0.43/0.43 1.77 (1.50)[g] (0.90) 2.9% (3.3 %)
5 �0.52 0.38/0.54 �(1.36)[f] (1.18) 2.4% (3.0 %)
6 �0.25 0.33/�0.01 1.40 (1.43)[h] (1.10) 2.7% (3.4 %)
7a �0.89 0.33/0.76 1.59 (1.54)[h] (1.25) 2.0% (2.5 %)
7b �0.95 0.33/1.50 1.57 (1.55)[h] (1.26) 1.6% (2.1 %)
7c �0.91 0.34/1.49 1.54 (1.50)[h] (1.27) 2.8% (3.0 %)
8 �0.67 1.48/0.00 1.40 1.30 2.6%
9 �0.70 1.76/0.02 1.37 1.31 2.2%
10 �0.05 0.00 1.33 1.13 5.0%

[a] Atoms E/E’ which are directly bonded to the central carbon. [b] Occupation number of the s lone pair at
C1. [c] Occupation number of the p lone pair at C1. [d] Density that is left after the diagonalization step re-
sulting in the NBOs. Given as total non-Lewis contribution in the NBO calculation. [e] Values in parentheses
come from Lewis structures with two lone pairs at the central carbon atom, enforced in the NBO calculations.
[f] Best Lewis structure given in NBO shows two C1=E/E� bonds. [g] Best Lewis structure given in NBO
shows a E-C-E’ 3c2e bond. [h] Best Lewis structure given in NBO shows one C=E and one C�E’ bond.
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of only 195.6 kcal mol�1. The largest values for the first PA
are predicted for cyclic species 3 a and 3 b. The most inter-
esting data for our study are the calculated values for the
second PA. Table 3 shows that the theoretically predicted
second PAs of 1–9 are rather high, particularly for com-
pounds 1–3, 7 b, and 7 c. Note that the order of the second
PA of the carbon bases is not the same as for the first PA.
This observation has been made before.[7] The first PA
refers to neutral species 1–10 and is mainly determined by
the energy level of the highest lying occupied s orbital,
while the second PA is mainly determined by the highest
lying occupied p orbital of the protonated species 1(H+)–
10(H+), which is always the HOMO.

The highest second PA is calculated for the mixed com-
plex C(NHCs

Me)(PPh3) (7 c) and not for 3 a and 3 b, which
have the largest values of the first PA. The calculations sug-
gest that the first and second PA of the carbodicarbene
bearing saturated NHC ligands C(NHCs

Me)2 (1) are slightly
smaller than those of C(NHCu

Me)2. Interestingly, the first PA
of mixed carbone C(NHCs

Me)(PPh3) (7 c) is larger than those
of homoleptic carbones 1 and C(PPh3)2, but the second PA
of C(PPh3)2 is larger. The same observation can be made for
the proton affinities of the mixed carbone 7 b in comparison
with 1 and C(PMe3)2. On the other hand, mixed carbone
C(NHCs

Me)(PH3) (7 a) has lower proton affinities than 1,
which can be explained by the rather low PA values of
C(PH3)2. Compounds 3 a and 3 b may be considered as car-
bones in which the divalent C0 atom is bonded to two diami-
nocarbene ligands C(NR2)2, while 4 a and 4 b have two oxoa-
minocarbene ligands C(NR2)(OR). The latter ligands are
weaker donors than the former, and this explains why the

first and second PAs of 3 a and 3 b are higher than those of
4 a and 4 b.

The first and the second PAs of C(N2)2 (10) are slightly
larger than those of C(CO)2. This is interesting because 10
has a strongly bent geometry with a bending angle of 124.68,
while carbon suboxide is quasilinear.[50] However, the bend-
ing potentials of both compounds are very shallow, as is typ-
ical of molecules CL2 which have divalent carbon(0) charac-
ter.[3–5, 16] The calculated proton affinities show that C(N2)2

(10) and C(CO)2 do not exhibit the characteristic chemical
reactivity of a carbone which has very large first and second
PAs. Furthermore, the second PAs of 5, 6, 8, and 9 are clear-
ly smaller than those of the other molecules (Table 3), and
the assignment of these compounds as carbones may be
questioned. However, it will be shown below that these spe-
cies all yield stable 1:2 complexes with Lewis acidic BH3.
This distinguishes them from NHCs, which bind only one
BH3 molecule. According to the theoretical results, all com-
pounds 1–10 have carbon(0) character, which is particularly
strong in 1–3, 7 b, and 7 c. All complexes which bear CO or
N2 as a ligand have comparatively small values of the
second PA.

Table 3 also lists the atomic partial charges of the central
carbon atom in the protonated and diprotonated species. It
is noteworthy that the carbon atoms remain negatively
charged even after double protonation. This observation has
been made before.[3–5, 16] It can be explained by the increased
charge at the carbon atom after protonation, which changes
the polarization of the L!C(H+)n bonds towards the
carbon atom. The charge shift compensates for the loss of
electronic charge of carbon to the proton. The partial
charge at carbon in the protonated species may even be
more negative than in the neutral molecule. This holds for
example for compounds 1, 2, 5, 6, and 10, in which the abso-
lute value of the negative partial charge at the central
carbon atoms increases from the neutral compound to the
singly protonated species and further to the doubly proton-
ated complex.

Figure 3a shows a correlation between the eigenvalues of
the HOMO of 1–10 and the first PAs, and Figure 3b the cor-
relation between e(HOMO) of the singly protonated species
1(H+)–10(H+) and the second PAs. The correlation coeffi-
cients of about 0.88 and about 0.93, respectively, suggest
that the first and second PAs are mainly determined by the
energy level of the highest lying s orbital of compounds 1–
10 and the p HOMO of the singly protonated species, re-
spectively, but other factors such as the electrostatic interac-
tion also play a role. For example, the HOMO of 1 is much
higher in energy (�3.61 eV) than the HOMO of 4 a
(�4.40 eV), and yet the latter has a slightly larger first PA
(285.2 kcal mol�1) than the former (282.2 kcal mol�1). The
same finding was reported in a recent analysis of the first
and second proton affinities of carbon bases.[7]

Complexes of 1–10 with BH3: Another characteristic feature
of divalent carbon(0) compounds which distinguishes them
from carbenes is the ability of the central carbon atom to

Table 3. First and second PAs of 1–10 [kcal mol�1] at the MP2/TZVPP//
BP86/SVP level of theory. Atomic partial charges at the central carbon
atom q(C1) in the singly and doubly protonated species (BP86/TZVPP//
BP86/SVP).

Molecule M�(H+) M-(H+)2

1st PA q(C1) 2nd PA q(C1)

1 282.2 �0.48 157.5 �0.54
2 284.7 �0.51 167.8 �0.53
3a 296.5 �0.42 158.7 �0.52
3b 293.5 �0.42 158.0 �0.53
4a 285.2 �0.43 131.0 �0.61
4b 284.3 �0.44 133.3 �0.61
5 243.3 �0.58 99.0 �0.65
6 244.1 �0.29 111.5 �0.35
7a 273.3 �0.85 140.2 �0.75
7b 284.2 �0.88 160.4 �0.78
7c 287.1 �0.86 176.4 �0.78
8 243.5 �0.63 108.4 �0.60
9 239.7 �0.68 115.5 �0.63
10 195.6 �0.11 47.0 �0.18
C(PH3)2

[a] 255.7 �1.26 114.4 �1.01
C(PMe3)

[a] 278.4 �1.36 156.2 �1.07
C(PPh3)2

[a] 280.0 �1.33 185.6 �1.07
C(CO)2

[a] 182.5 �0.67 28.7 �0.74
C(NHCu

Me)2
[a] 294.3 �0.52 168.4 �0.53

[a] Proton affinities were taken from reference [4], and partial charges
from reference [6].
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bind two main-group Lewis acids.[3,4,6] For example, theoreti-
cal calculations suggested that carbodiphosphorane
C(PPh3)2 should bind two BH3 ligands in the complex
C(PPh3)2(BH3)2, in which the second borane ligand still has
a BDE of D298

0 = 15.8 kcal mol�1.[3] The theoretical prediction
was recently confirmed by the isolation of the complex
[{C(PPh3)2}{(m-H)H4B2}]

+ ,[51] which was synthesized by reac-
tion of C(PPh3)2 with B2H6, whereby one hydride ligand dis-
sociates from the proposed intermediate C(PPh3)2(BH3)2

and reacts with excess B2H6 yielding B2H7
� as counterion.

We calculated the complexes of the Lewis 1–10 with one
and two BH3 molecules as Lewis acids. The optimized struc-
tures of 1-BH3 and 1-(BH3)2 are shown in Figure 4. The
borane adducts of the other compounds 2–10 show similar
features and thus are not shown here. The structures of M-
BH3 and M-(BH3)2 (M= 2–10) are shown in Figure S2 of the
Supporting Information. The first BH3 ligand always binds
to the s lone pair of carbon, while the complexes with two
borane molecules exhibit a tetrahedral arrangement at the
carbon atom. This is similar to the previously investigated
complexes L2C(BH3)2.

[6] We note that the heavier Group 14
homologues L2E (E=Si–Sn) are predicted to bind the first
Lewis acid through the p-type lone pair at atom E. Calcula-
tions show that main group Lewis acids, proton, and transi-
tion metal fragments are bonded to atom E of L2E out of
the L-E-L plane.[52]

Table 4 lists the calculated bond energies De and free en-
ergies �DG (negative by sign convention) at the MP2/

TZVPP//BP86/SVP level for loss of one and two BH3 li-
gands from M-BH3 and M-(BH3)2 (M=1–10). The theoreti-
cally predicted C�BH3 distances of the equilibrium struc-
tures are also given. The calculations predict that all singly
coordinated complexes M-BH3 should be stable enough to
be isolated in a condensed phase. The BDEs of complexes
1–4 and 7 are greater than 40 kcal mol�1, which places them
among the most strongly bonded donor–acceptor complexes
of main group elements.[53] The most strongly bonded BH3

complexes M-BH3 correlate with the compounds M which
have the highest PA (Table 3), although the order is not
always the same (e.g., 7 b and 7 c). Note that the C�BH3

bond length does not correlate with the bond dissociation
energy. Compounds 1 and 10 have the same bond length of
r(B�CH3)= 1.673 �, but the BDE of 1 (De =42.1 kcal mol�1)
is nearly twice as large as the BDE of 10 (De = 22.2 kcal

Figure 3. a) Correlation between the first proton affinity of M and the ei-
genvalue of the highest lying occupied s orbital. b) Correlation between
the second proton affinity of M and the eigenvalue of the highest lying
occupied p orbital (HOMO) of M-(H+).

Figure 4. Optimized structures of 1-BH3 (top) and 1-(BH3)2 (bottom).

Table 4. Dissociation energies De of complexes M-BH3 and M-(BH3)2 at
the MP2/TZVPP//BP86/SVP level. Free energies DG are given in paren-
theses. Calculated C�BH3 bond lengths [�] at the BP86/SVP level. All
energies are given in kcal mol�1.

M-BH3!M +BH3 BH3-M-BH3!M-BH3 +BH3

De (�DG) r(C�BH3) De (�DG) r(C�BH3)

1 42.1 (26.1) 1.673 29.0 (13.0) 1.741
2 49.3 (32.1) 1.667 27.0 (11.3) 1.743
3a 58.4 (42.7) 1.633 20.0 (5.8) 1.732/1.779
3b 57.6 (42.2) 1.629 16.9 (1.7) 1.762/1.763
4a 53.9 (40.0) 1.616 5.7 (�8.9) 1.674/2.032
4b 53.0 (38.2) 1.621 9.5 (�4.5) 1.647/2.094
5 30.7 (15.7) 1.701 17.4 (3.6) 1.757/1.819
6 31.9 (18.0) 1.673 20.7 (6.3) 1.763/1.788
7a 46.9 (31.9) 1.653 33.8 (18.1) 1.718/1.741
7b 51.7 (36.0) 1.655 26.4 (10.2) 1.733/1.750
7c 48.0 (31.4) 1.662 23.6 (7.3) 1.733/1.767
8 35.9 (22.2) 1.669 30.2 (15.4) 1.742
9 34.8 (21.8) 1.669 22.6 (7.5) 1.737/1.763
10 22.2 (10.0) 1.673 14.7 (1.6) 1.777
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mol�1). The equilibrium distance of a covalent bond depends
on the interplay of orbital interactions, electrostatic bonding,
and Pauli repulsion,[48a,b] which may even lead to a situation
in which a chemical bond between two atoms in one mole-
cule may be shorter and yet weaker than in the other.[54]

Table 4 shows that most compounds 1–10 bind a second
BH3 ligand strongly enough that the complex might be iso-
lated in a condensed phase. The BDE for the second BH3

ligand of 4 a-(BH3)2 and 4 b-(BH3)2 is very small, and the
free energies are even negative, probably due to steric re-
pulsion between the borane ligands and the bulky substitu-
ents. Substituted homologues C(PR3)(N2) of 8 and 9 are ex-
perimentally known, and it would be interesting to let them
react with diborane. The calculations predict that 8 and 9
should strongly bind one but also two BH3 ligands. Inspec-
tion of the first and second PAs and the BDEs for one and
two BH3 ligands show (Tables 3 and 4) that the trend for
binding one molecule of BH3 is similar to that of the first
PA, but there is no correlation between the second PA and
the BDE of the second BH3 ligand. This is most likely due
to steric hindrance for adding a second borane ligand to the
complexes.

We analyzed the nature of the M-BH3 bonds with the
EDA method (Table 5). Note that the EDA calculations

have been carried out at a different level of theory (BP86/
TZ2P with Slater-type basis functions) to the above calcula-
tions (MP2/TZVPP//BP86/SVP with Gaussian-type basis
functions), and thus the calculated BDEs are slightly differ-
ent. However, the trends of the BDEs are very similar. The

optimized geometries at the BP86/TZ2P level with Slater-
type basis functions are also rather similar to the BP86/SVP
optimized structures. The full sets of coordinates are given
in the Supporting Information.

The EDA results show that the intrinsic interaction
energy between the frozen fragments DEint is significantly
higher than the BDE owing to structural relaxation of the
fragments. This holds in particular for the BH3 fragment,
the planar equilibrium geometry of which is distorted
toward pyramidal in the complexes M-BH3. Table 5 shows
that the DEprep values for BH3 are rather high. The break-
down of the interaction energy DEint into its bonding contri-
butions shows that the percentage contribution of the elec-
trostatic term DEelstat varies between 48.7 % in 3 a and
38.3 % in 10. The C�BH3 bond in the latter compound has a
smaller electrostatic character than in 1. This explains the
above observation that 1 and 10 have the same C�BH3

bond length but the bond strength in 1 is much higher than
in 10. Table 5 shows that the percentage contribution DEelstat

correlates quite well with the total interaction energy DEint.
Compound 3 a has the largest electrostatic character (48.7 %
DEelstat) and it has the largest DEint value (�83.1 kcal mol�1),
while the smallest electrostatic character in 10 (38.3 %
DEelstat) correlates with the smallest DEint value (�37.1 kcal

mol�1).

Conclusion

Charge- and energy-decomposi-
tion analysis of the electronic
structure of compounds 1–10
reveals divalent carbon(0) char-
acter in different degrees for all
molecules. A carbone-type
bonding situation L!C !L is
particularly strong for carbodi-
carbenes 1 and 2, “bent al-
lenes” 3 a, 3 b, 4 a, 4 b, and car-
bocarbenephosphoranes 7 a, 7 b,
and 7 c. The last-named com-
pounds have both very large
first and second proton affini-
ties. They also bind two BH3 li-
gands with bond energies which
are high enough that the bis-ad-
ducts should be isolable in a
condensed phase. The second
proton affinities of complexes
5, 6, 8–10 bearing CO or N2 as
ligand are significantly lower
than those of the other com-

pounds. However, they give stable complexes with two BH3

ligands, and this shows that they are twofold Lewis bases.
The chemistry of carbones is different from that of carbenes
because divalent carbon(0) compounds CL2 are p donors,
and thus they may serve as double Lewis bases, while diva-

Table 5. EDA results (BP86/TZ2P) of complexes M-BH3. The interacting fragments are M and BH3.

1 2 3a 4a 5 6

DEint �70.4 �69.8 �83.1 �73.7 �49.5 �56.1
DEPauli 142.4 143.9 161.9 150.3 123.7 126.0
DEelstat

[a] �94.8
(44.5 %)

�95.8
(44.8 %)

�119.3
(48.7 %)

�104.8
(46.8 %)

�74.4
(43.0 %)

�78.8
(43.3 %)

DEorb
[a] �118.0

(55.5 %)
�117.9

(55.2 %)
�125.7

(51.3 %)
�119.2

(53.2 %)
�98.8
(57.0 %)

�103.3

(56.7 %)
DEprep 33.3 30.7 27.8 26.7 21.8 22.8
DEprep(M) 10.4 8.2 4.9 6.7 4.8 5.8
DEprep(BH3) 22.9 22.5 22.9 20.0 17.0 17.0
DE=�De �37.1 �39.1 �55.3 �47.0 �27.7 �33.3

7 a 7b 7c 8 9 10

DEint �74.7 �77.8 �70.7 �57.0 �53.3 �37.1
DEPauli 163.0 155.4 153.2 125.6 124.0 107.1
DEelstat

[a] �111.2
(46.8 %)

�109.9
(47.1 %)

�102.0
(45.6 %)

�78.3
(42.9 %)

�74.7
(42.1 %)

�55.3
(38.3 %)

DEorb
[a] �126.5

(53.2 %)
�123.3

(52.9 %)
�121.8

(54.4 %)
�104.3

(57.1 %)
�102.6

(57.9 %)
�89.0
(61.7 %)

DEprep 30.4 32.1 31.9 20.1 20.6 13.0
DEprep(M) 7.4 9.0 9.1 2.7 3.6 1.3
DEprep(BH3) 22.9 23.2 22.7 17.4 16.9 11.7
DE=�De �44.3 �45.7 �38.8 �36.9 �32.7 �24.1

[a] The values in parentheses are the percentage contributions to the total attractive interactions DEelstat +

DEorb.
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lent carbon(II) compounds are p acceptors. The theoretical
results point toward new directions for experimental re-
search in the field of low-coordinate carbon compounds.
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