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B3LYP/6-31G* calculations were carried out on adducts formed by the interaction of a cyclic unsaturated
aminocarbene with carbenoid moieties CH2, SiH2, NH, PH, O or S. The bonding mode has been described using the
Natural Bond Orbital (NBO) partitioning schemes, the Charge-Decomposition Analysis (CDA) and the topological
analysis of the Electron Localization Function (ELF). A donor–acceptor interaction with a substantial π back-
bonding of the carbenoid moiety is observed in the case of CH2, SiH2, PH and S. The bond-description has been
correlated with the bond length, the bond dissociation energy and the aromaticity of the carbene ring obtained by
Nucleus-Independent Chemical Shift (NICS) calculation.

Introduction
Since their first synthesis by Arduengo and co-workers in 1991,1

imidazol-2-ylidenes have been the subject of a growing interest,
especially in the field of catalysis where they could be used
instead of phosphines as ligands.2 Besides this possibility of
coordination to transition metals, aminocarbenes may also bind
to main group elements.3 Among the various compounds thus
obtained, those resulting from the bonding of an aminocarbene
with a fragment possessing an electronic structure isolobal
to a carbene (named carbenoid thereafter) have retained our
attention. As far as we know, such a structure could be indeed
found for CR2,

4,5 SiR2,
6 GeR2,

7 SnR2,
8 PbR2,

9 NR,10 PR,11,12

AsR,12 O,13 S,14 Se 15 and Te 5,16 carbenoids. In these compounds,
a formal double bond exists between the carbene and the
carbenoid end. This bond is generally not significantly shorter
than the corresponding single bond and exhibits a neat polarity
towards the negative extremity of the carbenoid, as displayed
in the limiting resonance structures A and B of Fig. 1.

When the carbenoid is a phosphinidene group PR, Cowley
et al. have proposed, by analogy with transition metal carbene
complexes,17 another resonance form (C, Fig. 1).18 These
authors suggested that the bonding between aminocarbene and
phosphinidene is best described as a donor–acceptor bond, as
in Fischer carbenes, whereas typical phosphaalkenes possess a
covalent double bond between a triplet carbene and a triplet

Fig. 1 Limiting resonance structures involved in double bond between
imidazol-2-ylidene and main group element.

† Electronic supplementary information (ESI) available: Cartesian
coordinates, absolute energies (at B3LYP/6-31G* and B3LYP/
6-31�G**//B3LYP/6-31G* levels) and Zero-Point Energy (ZPE) of
compounds 1–6. See http://www.rsc.org/suppdata/p2/b2/b204688a/
‡ Present address: Laboratoire DCMR, Ecole Polytechnique, 91128
Palaiseau Cedex, France. E-mail: gilles.frison@polytechnique.org;
Fax: � 00 33 (0)1 69 33 30 41.

phosphinidene, as in Schrock carbenes. The same kind of
donor–acceptor bonding model has also been proposed for
aminocarbene dimers,19 aminocarbene–aminosilylene 6 or
aminocarbene–germylene 7 adducts.

Recently, we have examined theoretically the coordination of
phosphinidene to various diaminocarbenes and brought some
precision to the description of the bonding mode.20 We have
shown that σ-donation of the in-plane carbene lone pair to the
phosphinidene moiety is completed by a substantial π-back
bonding from the P valence space to the cycle. The smallest
π-back-bonding is obtained in the case of imidazol-2-ylidene
due to the delocalization of the nitrogen lone pairs, which
participates to the ring aromaticity.

During this study we have been interested in the possibility of
extending this description to other aminocarbene–carbenoid
adducts. The following questions have retained our attention:
for which carbenoid is the donor–acceptor bond description
valid? Which factor governs the preference for a donor–
acceptor or a covalent bond? What is the influence of bonding
on the geometric structures? In the case of a donor–acceptor
bond; what is the intensity of back-donation? Our work is
aimed at answering these questions for carbenoids bearing
atoms of the second (CH2, NH, O) and third (SiH2, PH, S) rows
of the periodic table.

Methodology
All calculations were carried out with the GAUSSIAN 94 21 or
GAUSSIAN 98 22 suite of programs. Geometry optimizations
of all compounds studied were performed, with no symmetry
constraints, using Becke’s hybrid three-parameter exchange
functional and Lee, Yang, and Parr’s nonlocal correlation func-
tional (B3LYP) 23 using the 6-31G* basis set 24 containing six
Cartesian d functions. A vibrational analysis was performed
after optimization of each stationary point found, to confirm
its identity as an energy minimum (NIM = 0). Inspection of
the carbene–carbenoid interaction was performed using the
Natural Bond Orbital (NBO) partitioning scheme,25 the
Charge-Decomposition Analysis (CDA) 26 and the topological
analysis of the Electron Localization Function (ELF) 27 based
on the B3LYP/6-31G* wave function.

The NBO analysis is based on a method for optimally trans-
forming a given wavefunction into a localized form, corre-
sponding to the one-center (core and lone-pair) and two-center
(bond) parts of the chemist’s Lewis structure picture. It has the

2
PERKIN

1692 J. Chem. Soc., Perkin Trans. 2, 2002, 1692–1697 DOI: 10.1039/b204688a

This journal is © The Royal Society of Chemistry 2002



advantage of transforming the delocalized, canonical, molecu-
lar orbitals, which are distributed over the entire molecule, into
localized orbitals that represent a more “chemical” view of the
system. Several steps from the one-electron density matrix give
the set of natural bond orbitals (NBOs). This set, correspond-
ing to the one for which the two-center natural bond orbitals
subblock accommodates most electrons, is then given as the
optimal Lewis structure of the molecule. It has to be stressed
that this partitioning procedure induces an artificial cutoff
between bonds and lone pairs. Bond polarities have thus been
discussed on the basis of natural localized molecular orbitals
(NLMOs) derived from the NBOs.

In the ELF method, the molecular space is divided into
various types of basins located around an attractor. Core
basins, labeled C(X) and located around the heavy atoms, which
are typical of the K shell for C, N and O atoms and K and L
shells for Si, P and S atoms, will not be treated here for the sake
of conciseness. To a good approximation, they may be con-
sidered as remaining independent of the actual substitution and
bonding pattern. A given valence basin will be labeled as one of
the following: (i) V(X) when it only shares a boundary with a
core basin and thus contains electrons that are not involved in a
bonding process. This corresponds to the usual Lewis language
for nonbonding electrons. In this case, the ideal count of
electrons is 2 for a “lone pair” or 1 for an “odd electron”,
depending on the actual case. (ii) V(X, Y) when the basin shares
a boundary with the cores of two atoms X and Y. Such a basin
is typical of a bond between X and Y. We will see in the coming
sections that its population may vary significantly, according
to the actual nature of the bond. Though the classical MO
language distinguishes σ and π contributions to bonding, the
ELF analysis, which is based on the total electronic density,
characterizes basins and attractors without separating these
types of contribution. For example when dealing with alkenes,
two V(C, C) basins are observed at the usual standard bond
length, separately lying above and below the double-bond local
plane. ELF calculations were achieved using the wfn output of
B3LYP runs, using the TopMod series of programs.28

The CDA method may be regarded as a “quantified”-
Dewar–Chatt–Duncanson 29 model providing information
about the donation, back-donation, and repulsive interactions
in donor–acceptor compounds. This is achieved, in the present
case, by inspecting the orbital contributions to the charge distri-
butions in the aminocarbene–carbenoid adduct by (i) the mix-
ing of the filled orbitals of the aminocarbene with the unfilled
orbitals at the carbenoid (donation); (ii) the mixing of the
unfilled orbitals of the aminocarbene with the filled orbitals at
the carbenoid (back-donation); (iii) the mixing of the filled
orbitals of the aminocarbene with the filled orbitals at the
carbenoid (repulsive polarization); (iv) the mixing of the
unfilled orbitals of the aminocarbene with the unfilled orbitals
at the carbenoid (residual term). One of the chief advantages of
CDA is that it is correct only for compounds that are donor–
acceptor adducts. All others possess large residual terms, which
is a physically unreasonable result and indicates that the com-
pounds could not be described as the result of interaction
between closed-shell fragments. The program CDA 2.1 has
been employed for the CDA calculations.30

The aromatic character was evaluated by computing the
nucleus-independent chemical shift (NICS, GIAO-SCF/6-
31�G*//B3LYP/6-31G*) at the center of the five-membered
ring.31 The dissociation energies have been computed at the
same level of calculation as in ref. 6 (B3LYP/6-311�G**)
based on our B3LYP/6-31G* geometries.

Results and discussion
Geometries, aromaticity and bond energies

Fig. 2 exhibits the optimized structures of the aminocarbene–
carbenoid adducts 1–6. The calculations show that compounds

4–6 are strictly planar while 1 and 3 are almost planar with a
substantial pyramidality from each nitrogen of the cycle (the
sum of the bond angles around each N equals 351.4� in 1,
359.4� and 359.9� in 3). Compound 2 has a non-planar struc-
ture, the silylene plane being almost orthogonal to the carbene
plan. These calculated molecular shapes agree well with
available experimental X-ray structures. 4,4�-Methylene-
bis(1,3,5-trimethyl-4-imidazolin-2-one) 13a and substitued 14b or
semihydrated 14c imidazoline-2-thione, respectively analogues
of 5 and 6, show planar carbene rings, as well as methyl-
substituted analogues of 1 4 and 3.10 The non-planarity of
experimental analogues of 4,11,12 as well as the shorter calcu-
lated P–C bond length 20b have been shown to result from steric
hindrance. An experimental structure comparable to 2 has been
recently published.6 This N-heterocyclic carbene–N-hetero-
cyclic silylene adduct shows that the two rings are almost
perpendicular.

The agreement between experimental and calculated bond
lengths is also quite good (Fig. 2), even if substituent effects are
not taken into account. The aminocarbene–carbenoid bond
length is very well reproduced for second row carbenoids (1, 3,
5) for which experimental structures containing only alkyl
chains on the carbene ring are available.4,10,13a The structural
change produced by substituting the hydrogens at Si by amino
groups in 2 has been studied.6 Calculation at the B3LYP/6-
311�G(d,p) level gives a 1.927 Å C–Si bond length for 2 and a
2.024 Å C–Si bond length for the unsubstituted N-heterocyclic
carbene–N-heterocyclic silylene adduct, in better agreement
with the experiment. Finally, the slightly shorter C–S bond
length of 6 (1.676 Å) compared to experimental values (1.696–
1.698 Å) could be explain by the presence of a hydrogen bond
in crystallographic structure formed between S and a hydrogen
from either a second adduct 14b or a water molecule.14c This inter-
molecular bond indeed probably lowers the π-back-bonding of
the S atom on the ring (vide infra) and thus prevents a slight
decrease of the C–S bond length.

Table 1 shows the bond lengths of the unsubstituted single
and double bond between C and C, Si, N, P, O or S. The
carbene–carbenoid bond lengths are always longer than the
corresponding double bonds. For 1, 3 and 5, the increase is
relatively small (about �0.02 Å) whereas it is more pronounced
for 6 (�0.058 Å), 4 (�0.088 Å) and especially for 2 (�0.222
Å). Indeed the last compound has a C–Si bond length (1.932 Å)
longer than the corresponding C–Si single bond (1.889 Å)
(Table 1 and Fig. 1).

Table 2 gives the theoretically predicted carbene–carbenoid
bond dissociation energies. These values indicate that the
dissociation energies of carbene–carbenoid bonds are always

Table 1 B3LYP/6-31G* bond length (in Å) of H3C–X and H2C��Y
(X �� CH3, SiH3, NH2, PH2, OH, SH; Y �� CH2, SiH2, NH, PH, O, S)

 CC CSi CN CP CO CS

Single bond 1.530 1.889 1.466 1.877 1.419 1.836
Double bond 1.331 1.710 1.270 1.675 1.206 1.618

Table 2 Dissociation energies a of the carbene–carbenoid adduct 1–6
and of the corresponding parent single and double bond with respect to
the electronic ground state of the fragments b

 CC CSi CN CP CO CS

Single bond 344 334 323 264 353 276
Carbene–carbenoid 410 194 409 233 572 359
Double bond 702 438 631 474 727 515
a B3LYP/6-311�G**//B3LYP/6-31G* energies, corrected with ZPE
obtained at B3LYP/6-31G* (scaling factor 0.98)32 in kJ mol�1. b Singlet
state of SiH2 and the free aminocarbene, doublet state of CH3, SiH3,
NH2, PH2, OH, SH, triplet state of CH2, NH, PH, O and S. 
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Fig. 2 Optimized equilibrium structures (B3LYP/6-31G*) of compounds 1–6. Experimental values of substituted compounds available are shown
in parentheses: 1,3,4,5-tetramethyl-2-methyleneimidazoline 4 for 1, N-heterocyclic carbene–N-heterocyclic silylene 6 for 2, 2-imino-1,3-dimethyl-
imidazoline 10 for 3, 1,3,4,5-tetramethyl-2-phenylphosphinideneimidazoline 11 for 4, 4,4�-methylenebis(1,3,5-trimethyl-4-imidazolin-2-one) 13a for 5,
imidazoline-2-thione semihydrate 14c (top parentheses) and 1,3-dimethylimidazoline-2-thione 14b (bottom parentheses) for 6.

Table 3 Aromaticity measurements (NICS, GIAO-HF/6-31�G*//B3LYP/6-31G*) and results of the NBO analysis (results for the corresponding
parent double bond are given in parentheses, B3LYP/6-31G*) of the carbene–carbenoid adducts 1–6

  
%C in C(1)–X(6) bond a %X in C(1)–X(6) bond a

Charge
 NICS σ bond π bond σ bond π bond XHn

1 �6.8 51.3 (50.0) 42.4 (49.9) 48.1 (50.0) 57.3 (49.9) �0.22 (0.00)
2 �12.2 77.4 (69.4) 5.7 (59.7) 21.0 (30.4) 91.0 (40.3) �0.19 (0.58)
3 �9.3 43.5 (40.9) 34.0 (43.2) 56.2 (59.0) 65.9 (56.8) �0.47 (�0.26)
4 �10.2 68.1 (63.8) 31.7 (51.9) 30.9 (36.1) 68.1 (48.1) �0.11 (0.34)
5 �10.5 35.8 (33.6) 27.6 (35.5) 64.0 (66.3) 72.3 (64.5) �0.66 (�0.49)
6 �11.2 60.3 (56.0) 26.3 (43.9) 39.0 (43.9) 73.5 (56.1) �0.27 (0.07)

a Percentage of the NLMO considered on C(1) or X(6). The sum of the contribution on C(1) and X(6) is not exactly 100% due to some small
contributions from other atoms. 

lower than these of the corresponding double bond. For 4 and
especially for 2, the dissociation energy is even smaller than for
the corresponding single bond.

Let us now focus our attention on the carbene ring bond
lengths. We observe an increase of the four C–N bond
lengths and a concomitant decrease of the C–C bond accord-
ing to the order 2  6  4  5  3  1. The change
along this series results from a decrease of delocalization on
the carbene ring. On this ground, a comparison with the
free carbene 33 shows that 2 would possess quite the same
aromaticity.34

The NICS calculation at the center of the carbene ring (Table
3) confirms this trend. The aminocarbene–carbenoid adducts
possess an aromatic character which is inferior to that of the
free carbene.33 The less aromatic compounds are 3 and more
especially 1, for which small structural distortions from the
carbene ring planarity are calculated.

Analysis of the bonding situation

The results of the NBO analysis are listed in Table 3. The opti-
mal Lewis structure predicted by the NBO partition scheme for
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Table 4 ELF results for classical double bonds and aminocarbene–carbenoid adducts 1–6 at the B3LYP/6-31G* level

 
XHn

 CH2 SiH2 NH PH O S

CH2��XHn compounds       
V(C, X) 3.42 a 3.58 a 3.00 a 2.96 a 2.31 2.62 a

V(X) — — 2.62 2.69 5.20 a 5.00 a

Aminocarbene–XHn adducts       
V(C1, X6) 3.52 a 2.50 2.79 2.60 2.13 2.43
V(X6) 0.37 1.92 3.27 3.76 a 5.74 a 5.76 a

V(C1, N2/5) 2.06 2.34 2.08 2.11 2.19 2.33
V(N2/5, C3/4) 1.76 1.95 1.80 1.87 1.87 1.93
V(C3, C4) 3.68 a 3.54 a 3.64 a 3.58 a 3.62 a 3.56 a

V(N2/5) 1.61 � 0.32 b 1.18 a 1.06 � 0.78 b 1.58 a 1.62 a 1.30 a

a Sum of the population of two identical basins. b The nitrogen pyramidalization induces two non-identical basins. Basins population in electrons.

adducts 1 and 3–6 yields a carbene–carbenoid couple of σ and
π bonds, while 2 only has a σ bond.35 The examination of the
bond polarities at the basis of natural localized molecular
orbitals (NLMOs) gives more precise information on the bond-
ing (Table 3). The C(1)–X(6) (X �� C, Si, N, P, O, S) σ bond of
compounds 1–6 exhibits a variable polarity depending on the
electronegativity of X. Compound 2 shows the higher polarity
towards C (only 21% is at the Si end) whereas the lower polarity
towards C is calculated for 5 (64% is at the O atom). The com-
parison of the NLMOs σ bond between the parent double bond
and 1–6 (Table 3) reveals that the C–X σ bond is always more
polarized towards C in the latter compounds than in the
former. The changes in polarity are however relatively weak
(the maximum change was calculated for 2 with an increase
from 69 to 77%).

The opposite result is observed for the π system. The C(1)–
X(6) π bond of 1 and 3–6 is polarized towards the carbenoid
(57–73% is at the X end). The NBO bonding pattern for 2
suggests that the Si–C π system is even more polarized towards
the carbenoid end, because the optimal Lewis structure bears
a silicon lone pair p(π) orbital rather than a π bond. This
“parent” natural bond orbital (NBO) gives indeed a natural
localized molecular orbital (NLMO) which is mostly located at
the Si end (91%). This NLMO is strongly delocalized, having
only about a 91% contribution from the localized Si(6) parent
lone pair NBO, with “delocalization tails” composed primarily
of contribution (5.7%) from C(1), and also smaller contribu-
tions (∼1,6% each) from both nitrogens. The π polarity towards
the carbenoid, compared to that of parent classical double
bonds, is enhanced in 1, 3, 5 and 6, and shows the reverse trend
in 2 (91 instead of 40% at the Si end) and 4 (68 instead of 48%
at the P end). It is noteworthy that the change in polarity is
higher for π than for σ bonds. Furthermore, we observed that
the stronger the change in π polarity (60 to 6% with Si, 52 to
32% with P, 44 to 26% with S), the higher the lengthening of the
C(1)–X(6) bond compared to the classical double bond.

The calculated atomic charges (Table 3) indicate that the
carbenoid fragment is always negatively charged in adducts 1–6.
This is not the case for parent double bond where SiH2, PH
and S ends are present. In these cases, where the X substituent
possess lower (or almost equal for S) electronegativity than C,
the XHn ends are positively charged. These results are in
agreement with the well-known better electronic donating
ability of aminocarbenes compared to their acceptability.

The topological analysis of the Electron Localization
Function (ELF) yields another point of view on the bonding
situation in these compounds. While the NBO analysis focuses
on the MO structure of the molecules, the ELF analysis con-
siders the total electron-density distribution. The results of the
ELF analysis are listed in Table 4. Before examining the data
obtained for compounds 1–6, it seems useful to describe ELF
results calculated for parent double bonds since they are not
always in agreement with the classical Lewis description. The

population of basins V(C, X) and V(X) (X �� C, Si, N, P, O, S),
which respectively correspond to the C–X bond and to the X
lone pair, are given in Table 4.

In all cases, the C–X bond is populated by less than four
electrons, the latter value being expected in the Lewis scheme.
The missing electronic density is partly located in the core
basins and in the C–H and X–H bonds.36 But, for the main part,
it is located in the X lone pairs which may accommodate
more than two electrons due to their wide spatial extension.37

In all H2C��XHn compounds studied the V(X) basins have a
population between 2.5 (X �� S) and 2.7 electrons (X �� P). This
accounts for the decrease of population of V(C, X) along the
sequence: H2C��SiH2 (3.58 e), H2C��CH2 (3.42 e) (where no lone
pair is present), H2C��S (2.62 e) and finally H2C��O (2.31 e)
where two lone pairs are located on the heteroatom. It should
be pointed out that H2C��O shows only one bonding attractor
for the C–O bond 38 whereas others compounds possess two
attractors. Recently, Grützmacher and Fässler have proposed to
characterize the bond order by the number of bond attractors.39

This would indicate that the limit structure E (Fig. 3) best

describes H2C��O whereas H2C��XHn (XHn �� CH2, SiH2, NH,
PH, S) best correspond to form D.

These results have to be kept in mind when analyzing those
obtained for compounds 1–6 (Table 4). In 3–6, the C(1)–X(6)
bond is slightly depopulated (by about 0.2 e), as compared to
the respective parent classical double bond. This depopulation
is much more pronounced in 2 (2.50 e instead of 3.58 e in V(C,
Si) of CH2��SiH2) whereas the C(1)–C(6) bond in 1 is slightly
more populated than the C��C parent double bond of ethylene
(3.52 e instead of 3.42 e). At the same time, the number of
non-bonding electrons at the XHn end increase on going from
the classical double bond to the aminocarbene–carbenoid
adducts. In the case of the NH, PH, O and S carbenoid ends,
this corresponds to an increase in the population of the V(X)
basins which are already present in the corresponding double
bond. It is noteworthy that the phosphorus atom in 4 now
has two V(P6) basins due to the presence of 3.76 non-bonding
electrons which could not be accommodated by only one lone
pair. In the case of 1 and 2, we observe that non-bonding
electrons are located respectively on the CH2 and SiH2

carbenoid ends although no lone pair is present in the corres-
ponding classical double bond CH2��CH2 and CH2��SiH2. The
V(C6) basin of 1 is very small and only contains 0.37 e whereas
V(Si6) of 2 is much more populated with 1.92 e.

All the trends of the variation of the basins population indi-
cate that the electronic transfer from the carbenoid fragment to

Fig. 3 Limiting resonance structures involved in parent double bonds.
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Table 5 CDA results for the carbene–carbenoid adducts 1–6 at the B3LYP/6-31G* level

 
Carbene  XHn

Donation
XHn  Carbene
Back-donation

Donation/
back-donation

Carbene ↔ XHn

repulsion
Residual
term

1 0.511 0.488 1.047 �0.104 0.036
2 0.557 0.170 3.276 �0.252 �0.019
3 0.214 0.469  �0.031 0.192
4 0.593 0.339 1.749 �0.309 0.003
5 0.363 0.601  �0.163 0.190
6 0.557 0.423 1.317 �0.356 0.020

the C(1)–X(6) bond and the carbene ring is diminished in 1–6
compared to the parent double bond, in good agreement with
experimental results which show a nucleophilic carbenoid end.
As previously observed for 4,20a the formation of the C(1)–X(6)
bond is accompanied in 1–6 by a decrease of the population of
V(C1, N2/5) and V(N2/5, C3/4) and an increase of the popula-
tion of V(N2/5) and V(C3, C4), compared to the free carbene.33

These variations of population confirm the decrease of delocal-
ization of the nitrogen lone pair in the carbene ring. Indeed, the
higher the above change compared to the free carbene, the
smaller the ring aromaticity previously calculated.

In order to choose between the various structures A–C
(Fig. 1), we have used the CDA method,26 which decomposes
the bonding interaction of fragments into donation and back-
donation contributions (Fig. 4). In all cases, the aminocarbene

fragment has been taken in its singlet ground state with its
carbenic lone pair pointing towards the carbenoid end in the
plane of the carbene ring. In order to make possible a donor–
acceptor interaction with the aminocarbene, the carbenoid
fragments CH2, SiH2, NH, PH, O and S have been calculated in
a closed shell singlet state with an empty σ-type orbital pointing
towards the carbene lone pair and a filled π-type orbital
(Fig. 4). In the case of the NH, PH, O and S moieties, due to
their intrinsic symmetry, these two orbitals are equivalent. The
correct orientation of these orbitals is then only a question of
axis determination. For SiH2 and CH2, these two orbitals are
non-equivalent. In the case of SiH2, the structure of the
aminocarbene–carbenoid adducts 2 shows a perpendicular
arrangement of the fragments. This implies that the empty and
filled orbital of the SiH2 carbenoid should be respectively the π
orbital of the silylene and the Si lone pair. This configuration
corresponds to the closed shell singlet ground state of the
silylene. For CH2, the singlet closed shell ground state bears an
in-plane lone pair, thus directed towards the lone pair of the
aminocarbene carbon lone pair in 1. We have then used an
excited closed shell singlet state with a doubly occupied π
orbital and an empty in-plane σ orbital (Fig. 4). This configur-
ation is located 287 kJ mol�1 higher in energy than the singlet
ground state, at the B3LYP/6-31G* level, with the geometry
parameters of 1.

Fig. 4 Schematic representation of the dominant orbital interactions
corresponding to the resonance structure C.

Table 5 shows the CDA results for compounds 1–6. The
data for 1, 2, 4 and 6 reveal that the residual term is almost zero.
This means that these compounds can be reasonably inter-
preted as adducts between the closed-shell fragments of the
aminocarbene and carbenoid XHn. The donation/back-
donation ratio for 1, 2, 4 and 6 suggests that the carbenoid
fragment follows the order of back-donating capability: SiH2 <
PH < S < CH2. This is in good agreement with the trend
observed for the C(1)–X(6) bond length. Indeed, compared to
the classical corresponding double bond, 2 has a higher C(1)–
X(6) bond length elongation than 4, 6 and especially 1.

The CDA results for 3 and 5 differ substantially from the
previous ones because the residual terms are large positive
numbers. This means that the electronic structure of 3 and 5
should not be discussed in terms of donor–acceptor inter-
actions between the closed-shell aminocarbene and carbenoid.
Inspection of the orbitals that make up the residue term shows
that the sp(σ) orbital of the carbenoid, which is unoccupied in
the fragment, is a large contributor to the carbene–carbenoid
interaction. This means that the σ-bond is best described by a
covalent interaction than by a donor–acceptor interaction. This
is in agreement with the NBO results, which indicate that the σ
bond is more polarized towards the carbenoid end due to its
high electronegativity. Consequently, the nucleophilic reson-
ance form depicted in Fig. 5 would provide a more appropriate

description of the bonding scheme. This bonding model
corresponds to the ones suggested by Cundari and Gordon in
their study of Schrock carbene complexes.40

Finally, the different structural shapes of 1 and 2 could be
interpreted in view of these results. As noted previously, the
preparation energy necessary to adapt the CH2 fragment in the
adequate configuration for a planar donor–acceptor bond,
compared to a perpendicular donor–acceptor bond as in 2, is
287 kJ mol�1. In the case of the SiH2 fragment, the same
calculation gives an excitation energy of 470 kJ mol�1. The
higher preparative (excitation) energy would likely explain the
preferential orientation of the SiH2 moiety.

Conclusion
We may propose qualitative answers to the questions examined
at the beginning of this study. The donor–acceptor description
of the bonding for carbene–phosphinidene adducts proposed by
Cowley and collaborators may be extended to the CH2, SiH2

and S carbenoid moieties. However this donor–acceptor-
bonding mode not only consists of a σ donation from the
aminocarbene, but also substantial π back-bonding of the
carbenoid moiety. The observed carbene–carbenoid bond
length is related to the back-donation capability of the

Fig. 5 Schematic representation of the dominant orbital interactions
corresponding to a nucleophilic resonance form.
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carbenoid end. The non-planarity observed in the case of
the SiH2 fragment, contrary to the CH2 fragment, should be
understood in terms of excitation energy. When dealing
with NH and O fragments, the high electronegativity of the
heteroatom yields a σ-covalent bond and the donor–acceptor
model is no longer valid and is better replaced by a nucleophilic
limiting form.
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