O C‘The Journal of Organic Chemistry

pubs.acs.org/joc

Electronic Structural Trends in Divalent Carbon Compounds

Han Vinh HuynhT and Gilles Frison**

"Department of Chemistry, 3 Science Drive 3, National University of Singapore, Singapore 117543
*Laboratoire des Mécanismes Réactionnels, Department of Chemistry, Ecole Polytechnique and CNRS, 91128 Palaiseau Cedex,

France

© Supporting Information

ABSTRACT: This work aims to analyze and compare the intrinsic electronic densities in
a series of neutral and anionic divalent carbon-donor derivatives. The o-lone pair at the
divalent carbon is the HOMO of these species. Structural factors have been identified that
influence its energy, which is a measure of the o-basicity. The z-electronic structure has
been described as a function of the z-population. Our results show that no
straightforward structural criteria correlate with the s-electronic distribution. However,
the z-population, as well as the 7-acidity and 7-basicity, are related to the 7-MOs. In all
cases, these 7-MOs can be qualitatively obtained on the basis of those of the protonated
analogues by simply increasing the energy of the p, orbital at the divalent carbon atom
compared to normal sp® carbon. Such an analysis allows a rationalization of the trends
observed for the 7-electronic structure of these ligands. Notably, this explains the values
of the m-population at the divalent carbon center, which shows an increasing and
continuous range from classical NHCs to mesoionic “carbenes”.
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B INTRODUCTION

Since their first synthesis by Bertrand'™® and Arduengo’s*
groups, stable singlet carbenes® have become very widely used
in organometallic®™® and heteroatom chemistry” '* as well as
in transition-metal-mediated catalysis'>~"* and organocataly-
sis.”""*% Their characteristically strong electron-donating
ability’*>” makes them good nucleophiles and good ligands
for numerous important processes, which include [2 + 1]
cycloadditions,”® olefin metathesis,® or cross-coupling reac-
tions.*® The versatility of classical N-heterocyclic carbenes
(NHCs) in these areas has led to a significant amount of work
dealing with their structural modification, and this has led to
the discovery of a great variety of novel divalent carbon ligands
that are usually included under the “carbene” umbrella. The
parent structures of selected representatives C-H are presented
in Scheme 1 along with their classical NHC counterparts A and
B.

Scheme 1. Representative Examples of Divalent Carbon-
Donor Molecules
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The carbene carbon atom in conventional NHCs A and B is
flanked by two c-accepting and 7-donating nitrogen atoms that
give rise to a significant stabilization of the singlet ground
state.’ In structures C-H, the divalent carbon atom is less well
stabilized through z-donation from the heteroatom(s) (Scheme
1),>" and compounds that do not have heteroatoms lying a- to
the carbene carbon, often termed remote NHCs (NHC),** are
usually better donors due to lower negative inductive (—I)
effects.®® Despite their widespread use, it is noteworthy that the
nomenclature of some of these compounds is not particularly
enlightening because of ambiguities in the description of their
electronic structures; for example, no clear boundaries exist
between the classes of carbon(II) carbenes, carbon(0)
complexes,**** and ylidic compounds.**™** So as to eliminate
any notational bias in the way we present these molecules from
the outset, we draw them all with z-electron delocalization in
Scheme 1, even though localized resonance structures are
usually favored by the chemical community, for example, for A
and B. Another potential distinction between these divalent
carbon-donor molecules reflects their ability to accommodate a
nonzwitterionic resonance structure. Compounds requiring the
introduction of formal charges on some atoms are termed
mesoionic (or abnormal) carbenes (MICs)*** (C, E, and G in
Scheme 1), and numerous representations have been proposed
in the literature, as illustrated for species E (Scheme 2)."~**

Among these resonance forms, a cyclic “bent allene”
resonance E9 that has been used to describe 3,5-bis-
(dialkylamino)- or 3,5-bis(aryloxy)-substituted derivatives of
E (see 4 and § in Scheme 3) has been the subject of intensive
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Scheme 2. Proposed Delocalized or Resonance Structures
for Type E Structures
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debate. The electronic structure of these intriguin:
ligands has been the subject of thorough theoretical studies, *®*
which show that it is difficult to describe them in terms of a
unique (or predominant) resonance form. Further areas that
might benefit from being addressed in more depth include how
the z-electronic distribution in derivatives of E is modified by
their 3,5-substituents (from 2 to 4 and S) and how ring-
aromaticity is disrupted through z-delocalization of the lone
pair of exocyclic nitrogen atoms in 5. More generally, although
convincing electronic descriptions are available for individual
compounds from theoretical studies and there is an increasin
understanding of their physicochemical properties,””>3~>
important unanswered questions remain concerning the
interpretation of differences in the electronic structures
among members of the divalent carbon compound family.
The o-basicity of these compounds, which results from the lone
pair located at the Cy4 divalent carbon, has been treated in terms
of the number of adjacent nitrogen atoms,*® but the effects of
the structure of the carbene upon z-acidity and 7-basicity have
attracted less interest™ and trends have not been rationalized
so far. More fundamentally, it is not even clear if the distinction
between “normal” and mesoionic structures, which essentially
translates conventions in the way that chemical compounds are
drawn, has any real meaning in terms of electronic structure.
A vast body of work aimed at better understanding the
bonding of NHC and related compounds toward transition-
metal complexeséo_87 has already appeared. However, in the
work presented here, we focus on the intrinsic electronic
structure of divalent carbon-donor molecules. Our goal is not

only to provide new insight into their electronic structure but
also to develop simple schemes for rationalizing electronic
trends within this family. Using theoretical methods, we will
examine the neutral free ligands 1—17, which include species
related to the experimentally known types A—G as well as
model compounds designed in silico (Scheme 3). For
comparison, we also include three related anionic derivatives
18—20 as preliminary models for strong o-donor ;'-carbon
ligands.** =

B RESULTS AND DISCUSSION

Optimized Geometries of 1-20 and 1(H*)—20(H*). The
geometries of divalent carbon-donor molecules 1—20 in their
singlet state have been optimized at the B3LYP/aug-cc-pVIZ
level and are depicted in the Supporting Information (Figure
S1). These structures deserve no special comment and show
planar (1, 2, 6—8, 10—12, 14—19) or almost planar (3—5, 9,
13, 20) arrangements around C; The largest deviation is
obtained for 9 which has an H-N—C4C dihedral angle of
172.5°.

Protonation at the divalent carbon atom C; leads to
compounds 1(H*)—20(H"), whose optimized structures are
also depicted (Figure S2, Supporting Information). In all cases,
this process is associated with a widening of the X—C4—Y (X, Y
= C or N) bond angle and an increasing planarization of the
molecule. Both 1(H*) and 6(H*) are obtained as planar
minima on the PES in the absence of any constraints during the
optimization process. 9(H*), 13(H*), and 20(H"*) are also
planar, in contrast to their deprotonated parent derivatives 9,
13, and 20, and 3(H")—S(H") are found to be less distorted
from planarity than 3—5. These changes can be rationalized in
terms of a larger p,—p, resonance in the protonated species
than in the corresponding neutral (or anionic) carbon-donor
molecules, as has already been noted for 2, 4 and 529 and
10—13.> Addition of the proton to the anionic “dicarbene” 18
can potentially occur at the “normal” carbene center, leading to
18"(H*) = 14, or at the “abnormal” carbene center, to give
18*(H") = 11.

o-Basicity of 1-20. The examination of the Kohn—Sham
molecular orbitals of 1—-20 indicates that, for every case except
18, the highest occupied molecular orbital (HOMO) describes
the carbon o-lone pair (6-LP) which lies in the X—Cy—X plane.
For 18, the HOMO results from an antibonding combination
of the two lone pairs located at each carbene center, with the

Scheme 3. Neutral (1—17) and Anionic (18—20) Divalent Carbon-Donor Molecules Studied in This Work

H H H
1 2 3

H ,%YH H\(,§.3\7/H Me%,%yMe %\(,29\ o) \N %Yr\'JH He S —H
H H N-N N-N, N— ; N=N H \Q/
H
6

SR
0SB0 N &N He©

7

H
7 8 9

Hean CnyoH Hepy & [ j
NN N
Oy U

Yo

13 14

-
s

C H..C s
(@ SN | H\N/CON,H
N § \=C.
16 17 18

H K
!

N

\,

H H H H
4 5

H\l\\l N-H H~ySy-H Me—ysy-Me
I - —

10 1" 12

O &

dx.doi.org/10.1021/j0302080c | J. Org. Chem. 2013, 78, 328—338



The Journal of Organic Chemistry

larger contribution arising from the “abnormal” carbene atom

(Figure 1).
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Figure 1. HOMO of some representative divalent carbon-donor
molecules. Atom color code: orange, carbon; light blue, nitrogen; red,
oxygen; white, hydrogen.

Frenking and co-workers have demonstrated that a strong
correlation exists between the proton affinity (PA) at the
carbon donor and the eigenvalues of the ¢ lone-pair orbitals
&(o-LP) for divalent carbon(0) compounds and type A and C
carbenes.”®®’ Figure 2 shows that this correlation can be
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Figure 2. Plot of calculated B3LYP/aug-cc-pVTZ proton affinity
versus the Kohn—Sham eigenvalues of the o-lone pair located at the C4
carbon atom (which corresponds to the HOMO, except for 18" where
it is HOMO-2) for compounds 1—20.

extended, with an even better correlation coefficient (R*) of
0.992, to a larger variety of 5- or 6-membered cyclic backbone
structures, as well as to neutral and anionic species. The
explanation of the poorer coorelation when restricting the
comparison to neutral divalent carbon-donor molecules 1-17
(R* = 0.879) probably lies in the energy that is associated with
the geometry change upon protonation, which forms part of the
calculated PA.>® This energy change is insignificant over a large
PA range, but energies associated with the change in geometry
can become non-negligible with respect to PA when changes in
PA are small. This explains the lower agreement.

330

The correlation given above provides a clear o-basicity scale
for divalent carbon compounds, which as noted previously,**
can be extrapolated to predict their o-donor strength when they
are employed as ligands. Analyzing the positions of 1-20 on this
PA-derived scale reveals several factors that affect their
characteristics. Overall, the charge of the divalent carbon-
donor molecule makes the most important contribution to the
o-basicity of the ligand. Then, for any given charge, the
calculations confirm that the identity of the atoms lying a- with
respect to Cy is the dominant influence. The higher
electronegativity of nitrogen versus carbon means that
derivatives having an N—C;—N moiety (10—13 for neutral
cases; 18" for an anionic case) have lower o-donor strength
than those presenting an N—Cy—C structure (9, 14 and 17 for
neutral cases; 18* for an anionic case), and in turn, these are
less aggressively donating than C—C;—C moieties (2, 3, S, 8,
15, and 16 for neutral cases; 19 for an anionic case). Atoms in
the f-position relative to Cy also appear to play a notable role.
Thus, the presence of highly electronegative oxygen atoms
means that 4 and 7 are weaker o-donors than § and 8,
respectively.*® Consistently, 11 is a weaker o-donor than 13
because the sp-hybridized carbon atom has a lower electro-
negativity than the sp>-hybridized one,”® as has been confirmed
experimentally by '*C NMR spectroscopy.”

Compounds 1 and 6 do not fit into this picture because their
o-basicity is computed to be significantly lower than that of 2. It
is clear that the wider CC4C bond angle found in 1 than 2 is
not the cause of this effect. Calculations upon 1* and 1*(H*),
which are analogues of 1 and 1(H*) wherein the CC4C bond
angles are constrained to the values observed in 2 (101.0°) and
2(H") (106.1°), respectively, show that the proton affinity of 1*
(1109 kJ/mol) is smaller than that of 1 (1125 kJ/mol) and thus
also of 2 (1203 kJ/mol). This is to be expected, given the more
negative eigenvalue of the 6-LP (—0.249 and —0.231 au in 1°
and 1, respectively) that translates the higher lone pair s
character (hybridization of sp* and sp"®?, respectively). On
the other hand, examination of the HOMOs in Figure 1
suggests that the localized o-lone pair could be stabilized by a
two-electron interaction with the antibonding orbital of the
X,~Y; bond (X, Y =H, C, or N in & and f} position relative
to Cdg) that lies trans to the o-LP (i.e., the endocyclic bond for
cyclic compounds), which we will note as trans-o* (Xa—Y/;).
NBO calculations of the second-order perturbation energy
confirm that the larger contribution associated with o-LP comes
from trans-6*(X,~Yj). Electronegativity differences give the
order &(c*(CH)) < &(6*(CC)) < &(6*(CN)), which may
explain why the o-lone pair in 1 and 6 is more stabilized, and
therefore less available for o-donation, than in 2. The role of the
trans-c*(X,—~Yj) can be related to the effect of the ring size on
the o-donor strength of N-heterocyclic carbenes.””'%~'%
Indeed, extending the NHC from a 5- to a 6- or 7-membered
ring decreases the stabilizing overlap between the o-LP and
trans-c*(X,—~Yy), thus enhancing the o-donor strength. This is
in agreement with experimental results.

n-Electronic Population of 1-20. The r-electronic
structure of 1—20 is not straightforward to address because
they show several delocalized 7-MQO’s. We choose here to use
the z-electronic population at Cy as a parameter for describing
the 7-system. According to IUPAC, carbenes are defined as
compounds containing a divalent carbon atom that bears two
nonbonding electrons, and in the singlet state, these non-
bonding electrons are spin-paired and located in the 6-LP. The
p» population at Cy might therefore be expected to be close to
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zero. The population of the p, orbital at C4 can be established
through an NPA/DFT analysis, and Figures S3 and S$4
(Supporting Information) give the atomic z-population of 1—
20 and 1(H")—20(H"), respectively. Figure 3 gives a
comparison between the z-population at Cy for compounds
1—-20 and the z-population of the corresponding carbon center
in 1(H")—20(H").

NPA m-population of 1(H*)-20(H*)

(in electron)
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Figure 3. Plot of calculated NPA 7z-population at C4 in compounds 1—
20 versus NPA z-population at the same carbon atom in 1(H")—
20(H").

First, we notice a relatively large range of z-population at C4
for the neutral compounds 1—17, from 0.53 z-electrons in 10
and 13 to 0.90 z-electrons in 4. Our calculations, which show
that the well-known NHCs 11—13 have significantly more than
two electrons in the o-LP and p, orbitals, are in accord with a
previous study on 11 and 13 that gave a population of 2.46 and
2.31 nonbonding electrons for the respective at C4 atoms.'**
Even so, they have the lowest number of nonbonding electrons
among the stable singlet divalent carbon compounds that we
have examined. At the other end of the scale, compounds 4 and
S have close to three electrons in the o-LP and p, orbitals,
which indicates that these compounds are more properly
described as dipolar compounds that have a negative charge at
C4 than as neutral “carbenes”.'® There appears to be no clear
separation between the two limiting NHC and dipolar
descriptions because the compounds that we have modeled
show values right across the scale. Compound 16 has a 7-
population of 0.68 electrons and appears approximately in the
middle of the range. Previous studies have shown that 16 is best
represented as a dipolar compound36_39 so, with deference to
this description, our scale implies that only 9—13, 15, and 17
should be described formally as carbenes; the MIC structures
1-8, 14, and 16 are better described as having a negative
charge at Cy. The values for the NPA z-population at the Cy
center in 19 and at the “abnormal” and “normal” sites in 18
indicate that the divalent carbon atoms in anionic compounds
are electronically quite similar to those in mesoionic
compounds. The C; site in 20 shows an even larger z-
population, which indicates that a resonance structure having a
dianionic center may also be appropriate.

331

The NPA atomic charges at Cy (Figure S3, Supporting
Information) are consistent with the above description, but the
correlation is complicated by the combined effects of both the
o- and 7z-electronic populations. The electronic structures
depicted in Scheme 2 describe changes in the z-system only
and neglect polarization within the o-bonds, which means that
the formal Lewis charges are very different from the calculated
NPA atomic partial charges. The electronegativity differences
between C, N, and O centers, which induce the polarization of
C—N and C—-O o-bonds, make a significant contribution:
despite its z-population of 0.53 electrons, the Cy center in 13
has a positive NPA charge (+0.17) because it is bound to two
nitrogen atoms. Conversely, the C4 center in 15, which shows a
similar z-population (0.55 electrons), has a negative NPA
charge (—0.19) because its o-bonds are not strongly polarized.
Once the nature of the neighboring atoms is taken into
account, it is then possible to see a relationship between the 7-
population and NPA charge at Cy (Figure SS, Supporting
Information). Carbenes 9—13, 15, and 17 show therefore a
more positive charge at Cy than their related mesoionic
structures.

In depth examination of the z-population and atomic charges
in 1-20 and 1(H*)—20(H"*) (Figures S3 and S4, Supporting
Information) reveals that the distinction between carbenes and
mesoionic structures in 1—20 that was made above has a clear
parallel in 1(H")—20(H"), as is illustrated by the correlation
(R*=0.937) observed between the z-population at Cy in 1—20
and at the corresponding carbon center after protonation
(Figure 3). This shows the limitation of drawing fine molecular
description through Lewis structures. Note, for example, that
while chemists are used to draw 2(H*), 11(H*), and 15(H")
similarly, as aromatic structures with a delocalized cationic
charge, there are significant differences in the s-electronic
distribution in each of these rings and between these molecules.
It seems therefore difficult to define a way of describing 1—20
that will reflect both their differences and relationships with
their protonated analogues. A dipolar description is therefore
recommended for 1—8, 14, and 16 that differentiates them
from “neutral” carbenes 9—13, 15, and 17, even if there is a
continuum of electronic structure between the two extremes.
This dipolar description should include a cationic charge
delocalized into the other atoms of the ring (and the exocyclic
substituents for 3—5, 7, and 8), as in resonance structures
similar to E3 and E4 or, in short, to E2 (Scheme 2).

n-Basicity of 1-20. Counterintuitively, the z-electron
population is not a good parameter for evaluating the 7-
basicity of 1—20 and their protonated analogues. This is clear
from the relatively poor correlation that is found between the
m-population and the second PA (Figure S6, Supporting
Information), which pertains to double protonation of 1—20 at
the Cy center (Scheme S1, Supporting Information). It follows
that the form of the occupied 7-MOs (i.e., the weight of the p,
atomic orbital in the occupied 7-MOs) that gives the -
population is not a direct measure of z-basicity.

However, as with the results obtained for divalent carbon(0)
derivatives and type A and C carbenes,”®”” the second PA value
of 1-20 correlates with the eigenvalues of the z-HOMO'*
{e(x-HOMO)} of the protonated derivatives 1(H*)—20(H")
(R?* = 0.927; Figure S6, Supporting Information). Nonetheless,
it should be noted that restraining the study to the neutral
species 1—17 almost completely nullifies the correlation (R* =
0.552; Figure S6, Supporting Information). The conclusion
seems to be that the correlation between the second PA and the
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e(m-HOMO) of the protonated derivatives is good for
carbon(0) center molecules but is not pertinent for the neutral
m-delocalized systems that are under consideration here.

This result is not surprising in that the same protonated
species can arise from different divalent carbon compounds.
For example, while protonated forms 2(H") and 9(H") are
identical, 2 and 9 do not have the same second PA (254 and
160 kJ/mol, respectively, Table S1, Supporting Information)
because the protonated species result from the addition of the
protons at different carbon centers (C4 in 2 versus C3 in 9,
respectively, Scheme S1, Supporting Information).

In order to better understand these absences of correlation,
and therefore to give some insight in the absolute and relative
m-basicities of 1—20, it seems helpful to analyze their 7-MOs in
term of both their form and energy.

7m-Molecular Orbitals. Because they constitute the simplest
building blocks of most of the compounds studied here, 1 and
10 are useful as models. The parent allyl cation 1(H") is planar
and has two delocalized #-electrons, while 10(H") is a 1,3-
diaza-allyl cation (i.e., parent formamidinium cation) and has
four delocalized -electrons.

Their 7-MOs, which are presented using Hiickel calculations
for clarity (Scheme 4), are quite similar in form. However, the

Scheme 4. Hiickel Molecular Orbital Diagram of 1(H*) and
10(H")*

E
0.71
o-141p
— 0.88
0.5
D5
T a-0.61p
-0.33
o
071 @,
0.71 o+1.50p
} , 0.71
oL 41p 05 @ | 0.47
o+2.11B
0.62
1Hh) 10(H")
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different number of 7-electrons means that their role is very
different: @, is the z-LUMO of 1(H*) and the -HOMO of
10(H"). Further, the high electronegativity of nitrogen relative
to carbon means that the p, atomic orbital in the first occupied
7-MO @, has a lower coeflicient at the central carbon in
10(H*) than in 1(H*). This qualitative prediction of a lesser 7-
population at the central carbon of 10(H*) than of 1(H") is in
nice agreement with the DFT-computed z-population given
above (Table S1, Supporting Information).

Comparing the MOs of the divalent carbon compounds 1
and 10 with their protonated analogues 1(H*) and 10(H")
reveals strong similarities. The form of the LUMO and the
highest lying occupied z-orbital (i.e., the HOMO-1 of 1 and the
HOMO of 1(H")) computed at the DFT level are the same
(Figure 4), which means that the m-system of 1 can be
interpreted as an allylic moiety having two delocalized 7-
electrons. Quantitatively, 1 has only 0.73 z-electrons at Cg,
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Figure 4. 7-Electron population from NPA in 1(H*) and 1 (bottom)
and their HOMO-1, HOMO, and LUMO (top) computed at the
B3LYP/aug-cc-pVTZ level.
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which means that its HOMO-1 is less well localized on this
atom than is the HOMO of 1(H*) (Figure 4). Several
explanations for this reduction in z-delocalization at C4 upon
deprotonation can be proposed, which include the following:
(i) the electric field induced by the proton will influence the
orbital of 1 through electronic and Coulombic interactions,
which will increase 7-delocalization at the protonation carbon
center; (ii) the o-symmetric lone pair at C4, the HOMO in 1,
appears to be larger than the corresponding ocy orbital
(HOMO-1 in 1(H")), so that its greater sgatial extension will
induce the smaller CCC bond angle in 1.""7 It is also possible
that this larger spatial extension inhibits 7-delocalization at Cj.
Qualitatively, we propose that the changes in the 7-system that
occur upon deprotonation can be viewed as a manifestation of
decreasing electronegativity at the carbon atom Cgy. The lower
electronegativity of O-z-electron carbon atom (i.e., Cy)
compared to 1-7-electron carbon (i.e., a “normal” sp? carbon)
then parallels the well-known decrease of the electronegativity
from 2-m-electrons to 1-m-electron oxygen and nitrogen atoms
in the Hiickel formalism.'**'*

The above considerations provide a simple guide to
qualitatively build and analyze the #-MOs of 1-20 and
1(H*)—20(H"). Indeed, molecular orbital diagrams can be
constructed for divalent carbon compounds under study by
combining the 7-MOs of 1 or 10 with those of small fragments
like —NH,—NH,— or —-CH=CH-.

For example, the z-electronic system of 2-5 can be derived
from the 2 7-electron allylic moiety 1 by addition of endo- (NH
groups) and exocyclic (CH;, NH, and OH substituents) 2 7-
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electron donors. A qualitative description of the MO diagram of
2 resulting from these moieties is given in Scheme S, and it

Scheme S. Qualitative z-Molecular Orbital Diagram of 2
from Combination of 1 with Two NH, Groups®
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“The p, orbitals are viewed from the top and represented as circles.

should be noted that the resulting MOs agree well with the 7-
MO’s obtained at the DFT level (Figure S). This simple
decomposition of molecules into fragments provides a
straightforward rationalization of their relative electronic
structure. It clearly shows that as the 7z-donor groups increase
in strength (NH, > OH > CHs), the energy of the z-HOMO
and the 7-electronic transfer to Cy rise, in agreement both with
results of the z-population at C; and observation that
compounds like 5, but not 3,% can be doubly protonated.
Conversely, 15 represents the association of 1 and a 3-atom/4-
m-electron —CH—NH—CH-— fragment that has one vacant and
two occupied orbitals. Therefore s-electron density can be
transferred not only from the fragment to 1, as observed for 2—
S, but also from 1 to the fragment. This explains why 15 shows
a lower p, population at C4 than 2—35. Finally, this description
shows that the electronic structures of 5 result from a
competition between the endo- and exocyclic nitrogen donor
groups in transferring electron density to the CC,C allylic
moiety. Because of their similarities, both endo- and exocyclic
donor groups should interact with the s-orbital of the allyl
moiety to a similar degree. Thus, even though the endocyclic
nitrogen atoms induce aromaticity through their delocalization
into the allyl moeity, they do not enter into delocalization more
efficiently than the exocyclic nitrogen atoms. This explains that
exocyclic delocalization could reduce the aromaticity associated
with endocyclic delocalization.”

This description of 1—S$ also suggests that the replacement of
the endocyclic N atoms with other 2-7-electron donor groups
should lead to new stable divalent carbon compounds having
similar electronic properties. This has already been shown for
related oxygen derivatives.*® Substituting the endocyclic NH
groups by CH, groups gives 6—8, which resemble 2, 4, and §,
respectively. The structural proximity produces similar
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Figure 5. 7-Electron population from NPA in 2(H'), 2, and 9
(bottom) and their Kohn—Sham MOs (top) computed at the B3LYP/
aug-cc-pVTZ level.

electronic structures as revealed by close first PA values (Figure
2). The second PA (Table S1, Supporting Information) is
reduced becaue of the lower 7-donating capacity of the —CH,—
group, through hyperconjugation, compared to that of —NH-—,
but remains significant for 8. It should be noticed that the
second PA reduction is larger in 6 (compared to 2; A(second
PA) = —101 kJ/mol) than for 7 (compared to 4; A(second
PA) = —71 kJ/mol) and 8 (compared to 5; A(second PA) =
—4S kJ/mol), illustrating the decreasing influence of the
—NH—-NH- bridge in the 7 electronic structure in the 2—35
series.

Similarly, 7-MOs of 11—13 are derived from those of 10.
Consequently, the better donor ability of —CH=CH-
compared to —CH,—CH,— explains the larger 7-population
at Cyin 11 compared to 13.

A second way to deconstruct the 7-MOs of 1-20 is to relate
them to the 7-MOs of 1(H*)—20(H"). This can be achieved by
substituting a “normal” sp’ carbon atom by a Cy4 center having
lower electronegativity. For example, both the 7-MOs of 9 and
2 can be derived from those of 2(H"), with the site of lowered
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electronegativity being at different positions in the ring. The
form of the m-orbitals that are generated is comparable, but
their position relative to Cy is different (Figure 5)."*°

The increase in energy that is associated with the 7-AO of
the less electronegative Cy relative to the 7-AO of a “normal”
sp* carbon atom means that it participates less in the occupied
-MOs. The result is that the z-population at this center is
reduced by approximately the same amount for all molecules,
which is in accord with the correlation observed between the 7-
population of 1-20 and 1(H*)—20(H*) (Figure 3). To
compensate, the excess 7-electron density (around 0.3 e) is
shared by the other atoms that comprise the z-system, as
shown for 2 and 9 in Figure S.

One noteworthy difference between the 7-MOs of the
molecules under study concerns the form of the z-HOMO. In
most of the cases, this orbital is partially localized at the Cj
center or its protonated equivalent. Furthermore, the weight at
this center is larger for this MO than the other occupied MO’s,
as can be seen for 1 and 2 (Scheme S and Figure S). This
indicates that the z-basicity at the Cy center can be estimated
from the e(z-HOMO) for these molecules. However, the
coefficient of the p, atomic orbital at the Cy center is zero for
10, 13, 15, and their protonated analogues, as can be seen for
10(H") in Scheme 4. This means that only the HOMO-1, and
not the HOMO, can be responsible for z-basicity in these
molecules, which explains the weak correlation between the
second PA and the &(z-HOMO) of 1(H*)—17(H") that was
noted previously (Figure S6, Supporting Information).
Consistently, a good correlation (R* = 0.954) is obtained
between the second PA of 1(H")—17(H") and the eigenvalues
of the highest 7-MO partly located at the carbon atom
corresponding to the protonated Cg4 center (Figure 6).

5(n-MOH0) of M(H*) (au)

-0.4 /8/0

5

12
-0.45 1114 3
17, %%, 4
o, ¢ 7
-0.5 159 16 2
0.55 °
: 13 y =0.0004x - 0.5747
0.6 1 R?=0.9542
-0.65 ®0
-0.7
-200 0 200 400

2"d proton affinity (kJ/mol)

Figure 6. Plot of calculated B3LYP/aug-cc-pVIZ second proton
affinities versus the Kohn—Sham eigenvalues of the 7-MO with a non-
zero coeflicient at the carbon atom corresponding to the protonated
C4 center.

Singlet—triplet Transition. It is well-known that a
transition from a singlet to triplet carbene is associated with a
one-electron excitation from the doubly occupied o-lone pair at
C,4 (the HOMO) into the vacant p,, orbital (the LUMO; Figure
7). The 7-spin density population in the vertical triplet state
should therefore be a good measure of the form of the LUMO,
and therefore of the z-acidity of the divalent carbon
compounds.

Before analyzing the spin density in the triplet state, the
vertical singlet—triplet gaps (AE™"s_p) for 1—17 were
computed at the DFT level (Table SI1, Supporting
Information). The values obtained range from —20 kJ/mol
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for 1 to 411 kJ/mol for 11. The AE™"s_ 1 values for 7 (253 kJ/
mol) and 8 (253 kJ/mol) lie close to those computed for 3
(257 kJ/mol), which suggests that these compounds could be
pertinent synthetic targets, as it is known that a large value
indicates a compound which can normally be isolated
experimentally.

Figure 8 shows that the AE™";_; values for 1—17 correlate
with the energy difference between the Kohn—Sham HOMO
(6-LP) and the LUMO (correlation coefficient = 0.969). A
similar correlation (R? = 0.945) is obtained with the LUMO of
the protonated analogues. This indicates that the energy
decrease of the LUMO upon protonation is broadly similar in
compounds 1—17. This result is consistent with the general
energy decrease of the p,, orbital at C4 center upon protonation
(vide infra).

DFT calculations, which were made to evaluate the spin
density population that results from the singlet—triplet
transition (Figure 7 and Table S1, Supporting Information),
show that the expected spin density is found in the plane of the
molecule (o-spin density) and perpendicular to it (7-spin
density) in all cases. For NHCs, the z-spin density is mostly
located at Cy4 (11 in Figure 7). However, the vertical triplet
state of 1—8 (2 in Figure 7) shows no z-spin density in the p,
orbital at Cg; the promoted electron in the triplet state is
delocalized around the 7-system but absent from Cg. This result
reflects the different form of the LUMO in 1(H*) and 10(H*)
(Scheme 4). For 1(H*), the LUMO is ®,, which is located in
the terminal carbon, while for 10(H") it is @, which is located
mainly on the central carbon. We have shown above that 1 and
1(H") have similar 7-MOs and that 2—8 can be obtained from
1 after interaction with doubly occupied 7-MOs (Scheme ).
Therefore, the LUMOs of 1—8 are similar, and this explains the
m-spin density at Cy and the low z-acidity of these divalent
carbon compounds. Finally, the parallels in the occupied 7-
MOs of 2 and 9 (vide infra) are also found in the z-LUMO,
where the 7-spin density analysis shows similar values for the
different atoms of the ring (Figure 7).

Bl CONCLUSION

The family of N-heterocyclic carbenes and related compounds
contains an increasing number of members that possess a wide
range of electronic properties. In this work, we have used
computational methods to rationalize the o- and s-electronic
properties of these derivatives. The o-basicity, which reflects the
energy of the o-LP, is influenced by the charge of the divalent
carbon species, the identity of the atoms neighboring C,, and
the nature of the trans X,~Yz; bond. Calculation of 7-
population data sheds new light on the nature of these divalent
compounds and brings out trends and similarities. The divalent
carbon compounds treated result from deprotonation of 7-
delocalized or aromatic structures that are based on allyl cation,
imidazolium, pyrazolium, pyridinium, or phenyl backbones, and
the deprotonation creates a formal localized negative charge
that is associated with the o-lone pair at the C; center. For
neutral compounds, the electrons of the 7-system can either
neutralize this negative charge, which is the case if the #-
population is low at the Cy4 center (NHCs), or does not, if the
positive charge is mainly delocalized over the ring (MICs). This
leads to a continuum of structures that range from classical
NHCs to mesoionic “carbenes”. Monoanionic ligands are
comparable to mesoions in terms of z-population because the
negative charge on the Cy center is not quenched. The divalent
carbon compounds therefore form a nondiscontinuous family
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Figure 7. (A) Electronic configurations of carbenes. (B) B3LYP/aug-cc-pVTZ spin density (isosurface at 0.02 au) and total NBO spin density
population (a—f) (7-spin density population in parentheses) for vertical triplet states of 2, 9, and 11.
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Figure 8. Plot of vertical singlet—triplet energy gap versus the energy
difference between o-LP of 1—17 and their LUMO (red) or the
LUMO of their protonated analogues (blue).

with respect to their electronic properties, even if it is not
possible to represent them all by the same sort of Lewis
representations. Unlike the o-system, there are no structural
criteria that predict the nature of the 7-system. However, trends
observed in the distribution of z-electron density can be
explained by a qualitative description of the 7-MOs, which can
be related to those of the protonated analogues by simply
increasing the energy of the p, orbital at the divalent carbon
atom beyond that of a normal sp* carbon. The 7-MOs can be
used to explain both the s-acidity and #-basicity of these
compounds and why exocyclic delocalization can reduce the
aromaticity associated with endocyclic delocalization in the
mesoionic carbene S.

We hope that the reported results will contribute positively
to a deeper understanding of these intriguing compounds.
Further work is in progress to rationalize the electronic
structure of these divalent carbon compounds with respect to
their o-donor and z-acceptor capabilities toward transition
metal fragments.
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B COMPUTATIONAL METHODS

Geometry optimizations of all compounds have been performed
without constraints (except where noted) at the B3LYP' L2 Jevel
with the Gaussian09 program.'*> All atoms were described with the
correlation consistent aug-cc-pVTZ basis set.''*''> A vibrational
analysis of 1—20 and their protonated counterpart 1(H*)-20(H"),
performed after optimization, confirms that these molecules represent
minima on the PES except for 1 and 6, which possess one imaginary
frequency. Geometry optimization of 1 and 6 without constraints leads
to the parent allene 1’ with linear CCC moiety and orthogonal
configuration of the CH, groups and to nonplanar “bent allene” 6"*'¢
with H-C—C—C dihedral angles of 158.0° respectively (Scheme 6).

Scheme 6. Structures of 1’ and 6’

H Ha /C\ aH
Hao o c C
H\\w-C—C—C B l
\ E2
H H,C—CH,
1 6'

Constraining the planar geometry during the optimization process
results in 1 and 6, which are located 321 and 15 kJ/mol higher in
energy than 1’ and 6, respectively. The R,C—Cy—CR, planar
arrangement in 1 and 6 around the C; divalent carbon parallels the
one observed in 2, allowing straightforward comparison (vide supra).

Natural bond orbital (NBO) analysis,"*”~"** performed at the same
level of calculation, gives the atomic charges through natural
population analysis (NPA). Second-order perturbation theory is
used to estimate the energy associated with two-electron donor—
acceptor orbital interactions. The z-electron population of closed shell
systems is obtained from the occupancy of the p, natural atomic
orbitals (NAO). For open-shell triplet states, the spin density or the 7-
spin density populations are obtained from the difference between a-
spin and f-spin NPA atomic charges or p, NAO occupancies,
respectively.

Energetic data discussed in the text are derived from electronic
energies. Similar trends and correlations are obtained from values
including zero-point and thermal corrections (Table S2, Supporting
Information).

Hiickel formalism has been used to drawn qualitative explanations,
and Hiickel molecular orbital diagram were obtained with the Hiickel
simple program.'*’

B ASSOCIATED CONTENT

© Supporting Information
Optimized geometries (Figures S1 and S2); NPA-calculated 7-
population and atomic charges (Figures S3 and S4); plots of
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calculated NPA 7z-population versus atomic charge at Cy
(Figure SS) and of calculated second PA versus the NPA 7-
population or the Kohn—Sham eigenvalues of the HOMO
(Figure S6); m-electron population and Kohn—Sham MOs of 9
and its planar constrained geometry 9p (Figure S7); computed
electronic and chemical properties of 1—20 (Tables S1 and
$2); absolute energies (Tables S3—SS) and atom coordinates
(Table S6) of all compounds. This material is available free of
charge via the Internet at http://pubs.acs.org.
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