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ABSTRACT: Spectroscopic differentiation based on the 13C NMR
chemical shift of the parent and protonated derivatives of carbon(II) and
carbon(0) bases has been proposed. The 13C chemical shift of the central
carbon atom of carbenes in their parent and protonated forms will
experience more downfield shift, whereas the central carbon atom of
carbones will experience a lesser downfield shift; such shifts for
compounds that possess “hidden” carbon(0) characteristics will lie
between these two extremes. The 13C chemical shifts of the protonated
derivatives are solely dependent on the out-of-plane pπ occupancies of
the central carbon atom. This difference arises due to their unique difference in bonding and may provide an easier distinction
between these two classes of compounds.

Carbon is usually known to employ all of the valence
electrons in bonding. A rather unusual bonding situation

where only two of its valence electrons are involved, such as in
carbenes, CR2, is isolated and experimentally well-character-
ized.1−9 This bonding situation in carbenes results in retention
of the remaining two electrons in the same orbital to form a
lone pair (singlet carbenes); they may occupy different orbitals
with opposite spins to form excited singlet states (open-shell
singlet), or they may occupy different orbitals with the same
spin (triplet carbenes). Although the parent carbene CH2 has a
triplet ground state,10,11 stable singlet carbenes containing a
lone pair of electrons are also known.1−9 On the other hand,
some experimentally known12−22 carbon compounds are also
expected23 to reveal another unique bonding situation. A recent
electronic structure study23 has revealed that it is also possible
for the central carbon atom of such compounds12−22 to use
none of its valence electrons, thereby forming stable divalent
carbon(0) compounds, carbones (CL2). This bonding situation,
which is described as donor−acceptor-type, L → C ← L,23

results in the retention of two lone pairs at the central carbon,
unlike carbene, which contains a single lone pair. It is this
difference in the nature of bonding that is responsible for the
different reactivity shown by carbenes and carbones. For
example, due to the presence of two lone pairs in carbones,
their first and, more precisely, second proton affinities are quite
high compared to those of carbenes, which have only one lone
pair. This has been used as a decisive indicator to distinguish
carbenes from carbones.24a,b A similar distinction for carbon
can also be made for the heavier group-14 elements,24c,d which
were supported by the recent synthesis of first stable
silylones24e,f and germylones.24g−i Other reactivity parameters,
such as complexation with one and two molecules of AuCl to
distinguish carbenes from carbones, have also been proposed.25

We have recently shown that both carbenes and carbones may
show very high values of second proton affinity as well as bond
dissociation energies for gem-dimetalation.26 Thus, their
reactivity becomes blurred when subjected to electrophilic
attack. However, unlike carbones, carbenes are ambiphilic in
nature owing to the presence of a σ symmetric lone pair and a
vacant p orbital concentrated on the central carbon atom (Cc).
Thus, they may show different reactivity when subjected to
nucleophilic attack. This reactivity difference had been
proposed as another criterion to distinguish these two classes
of compounds.26

Herein, we propose a spectroscopic distinction between
these two classes of compounds (Scheme 1) based on 13C
NMR chemical shielding of the parent compounds and their
protonated derivatives. Recently, Bertrand and co-workers have
experimentally shown that 31P chemical shifts of the carbene−
phosphinidene adducts are very good indicators of the π acidity
of carbenes,27 which has been substantiated theoretically by
us.28 Thus, it appears that the spectroscopic parameters may
not only provide insight toward understanding the ligating
abilities but also be useful in distinguishing different carbon
bases. Moreover, these spectroscopic parameters are very easy
to accumulate experimentally because many carbenes,1−9

carbones,12−22 and their protonated derivatives are already
known.1−9,12−22,27

Calculations29 predict that values of 13C shifts of the parent
and protonated derivatives of carbenes and carbones indeed
provide a quantitative difference between these two classes of
compounds. Due to the presence of an extra lone pair, there is a
larger concentration of electron density at Cc of carbone than at
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carbenes. This, in turn, should result in a more downfield shift
of the 13C NMR signal for carbenes. Table 1 collects the 13C
NMR shifts of the parent molecules. The calculated values of
13C NMR shifts are in reasonable agreement with the available
experimental data.7,8,13,21,34

It is evident from Table 1 that the 13C NMR shifts of
carbenes 1−8 are more downfield compared to carbones 9−20.

However, with an increase in π donation ability of the carbenes
as in 5−7, the 13C NMR shifts move to slightly higher field.
This might be due to the presence of more electron density at
Cc of 5−7. Previous studies

26,35 suggest that these compounds
may be considered to be “hidden” carbon(0) compounds, due
to their ability for both σ and π donation. Surprisingly, the 13C
shift of 4 is significantly downfield, which may be traced not
only to the presence of only one N atom closer to the carbenic
center but also to the absence of any electronic delocalization
from other ring atoms, thereby rendering the carbenic center
electron-deficient. Although compound 21 may be thought to
show the properties of carbon(0) compounds, as revealed by
the following resonance forms,13 its experimental as well as
calculated 13C NMR shift13 clearly establishes its carbene
characteristics (resonance form A, Scheme 2). Thus, the

calculated values of the 13C NMR shift of carbenes are found to
be more downfield compared to those for carbones and provide
us a unique distinction between these two classes of
compounds.
We then turned our attention to investigate whether or not

such a trend will be followed in their protonated derivatives. In
general, carbene has a single lone pair of electrons at Cc, which
after donation to a proton (Scheme 3) becomes electron-
deficient. As a result, the 13C NMR shift of Cc in protonated
carbenes will have a downfield shift. However, Cc of carbones
will not have such a downfield shift in their protonated form as

Scheme 1. Selected Divalent Carbon(II)/Carbon(0) Compounds Considered for This Study

Table 1. 13C Chemical Shifts of Carbenes and Carbones
Calculated at the PBE1PBE/6-311++G*//PBE1PBE/6-
31+G* Level of Theorya

molecule δ13C molecule δ13C

1 214.9 12 13.3
215.234

2 236.1 13 −3.4
239.834

3 196.4 14 29.8
4 314.5 15 20.5

304.27

5 200.3 16 21.9
196.48

6 218.4 17 14.5
7 208.9 18 163.0

136.021

8 231.9 19 124.4
242.734

9 18.1 20 107.3
110.221

10 72.7 21 197.4
198.813

11 40.1

aExperimental values are shown in italics. Values of 13C shifts are
calculated using the relationship δ = (intercept − σ)/(−slope), where
intercept and slope were obtained from the plot of calculated isotropic
value (σ) versus the experimental chemical shift. For details, see
Supporting Information.

Scheme 2. Resonating Forms of 21 Showing the Carbene
(Form A) and Carbone (Form B) Characteristics
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there will be another lone pair still available even after
protonation. Table 2 collects the 13C chemical shifts of the

protonated derivatives of carbenes and carbones and the
occupancy of the out-of-plane pπ orbital of Cc, respectively. The
calculated NMR chemical shifts are in very good agreement
with the experimental values.8,34 It is evident from Table 2 that
the carbenic centers in their protonated form have much fewer
out-of-plane pπ occupancies. As a result, the

13C chemical shifts
of Cc will experience a downfield shift. On the other hand, Cc of
protonated carbones has a higher out-of-plane pπ occupancy,
and consequently, they will not experience a downfield shift
larger than that in carbenes. For example, the ranges of 13C
chemical shifts in the protonated derivatives of 1−4 and 8,
which are clearly divalent carbon(II) species, have much greater
positive values, indicating a higher downfield shift. However, Cc
of the protonated forms of 5−7 experience a lower downfield
shift. This might be due to the presence of some degree of
“hidden” carbon(0) characteristics in them.35 The difference in
13C chemical shifts in the protonated derivatives of carbenes
and carbones becomes distinct from 9 onward, a well-
established carbon(0) species.12,23 The values of 13C shifts are

significantly downfield for 9−21 compared to those for 1−8.
We obtained an excellent correlation between the out-of-plane
pπ occupancy at the central carbon atom and 13C chemical
shifts (R2 = 0.96, omitting the points corresponding to 3 and
12, Figure 1). Carbenes have lower pπ occupancy and more

downfield shifts, whereas carbones have higher pπ occupancy
and lesser downfield shifts. It should be noted that a correlation
between the pπ occupancy at Cc and

13C chemical shifts for the
parent compounds should not be drawn as the total electron
density at Cc will have a contribution from the in-plane lone
pair, as well.
In summary, quantum chemical calculations provide a

spectroscopic distinction between the divalent carbon(II) and
carbon(0) species, which may be easily verified by experimental
means. The 13C chemical shift of the central carbon atom of
both parent carbenes and their protonated forms will
experience a more downfield shift than the C(0) compounds.
This difference arises due to their unique difference in bonding.
The central carbon atom of carbenes will become more
electron-deficient in their protonated form, while carbones will
be less electron-deficient due to the presence of another out-of-
plane lone pair at the central carbon atom. This is evidenced by
the good correlation between the pπ occupancy and the 13C
chemical shifts of the central carbon atom in their protonated
form. Thus, we feel that this spectroscopic approach may be
safely used for distinguishing these two classes of carbon bases.
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Scheme 3. Bonding Situation in the Protonated Derivatives
of Carbenes and Carbones

Table 2. 13C Chemical Shifts of the Protonated Derivatives
of Carbenes and Carbones Calculated at the PBE1PBE/6-
311++G*//PBE1PBE/6-31+G* Level of Theorya

molecule δ13C occ (pπ) molecule δ13C occ (pπ)

1 133.8 0.94 12 17.7 1.22
137.234

2 153.3 0.80 13 20.5 1.43
156.734

3 196.3 1.05 14 33.7 1.34
4 186.5 0.70 15 9.2 1.67

192.234

5 111.4 1.11 16 7.6 1.66
116.08

6 127.6 1.02 17 8.1 1.67
7 117.2 1.06 18 80.0 1.29
8 149.0 0.82 19 60.2 1.34

154.434

9 11.4 1.70 20 53.7 1.37
10 53.0 1.41 21 90.8 1.20
11 21.7 1.68

aOut-of-plane pπ occupancy [Occ(pπ)] at the central carbon atom is
also tabulated. Experimental values are shown in italics. Values of 13C
are calculated using the relationship δ = (intercept − σ)/(−slope),
where intercept and slope were obtained from the plot of calculated
isotropic value (σ) versus the experimental chemical shift. For details,
see Supporting Information.

Figure 1. Correlation plot between δ13C and out-of-plane pπ
occupancy of the central carbon atom of the protonated derivatives.
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(2) Igau, A.; Grützmacher, H.; Baceiredo, A.; Bertrand, G. J. Am.
Chem. Soc. 1988, 110, 6463.
(3) Igau, A.; Baceiredo, A.; Trinquier, G.; Bertrand, G. Angew. Chem.,
Int. Ed. Engl. 1989, 28, 621.
(4) Arduengo, A. J., III; Harlow, R. L.; Kline, M. J. Am. Chem. Soc.
1991, 113, 361.
(5) Arduengo, A. J., III; Dias, H. V. R.; Harlow, R. L.; Kline, M. J. Am.
Chem. Soc. 1992, 114, 5530.
(6) Aldeco-Perez, E.; Rosenthal, A. J.; Donnadieu, B.; Parameswaran,
P.; Frenking, G.; Bertrand, G. Science 2009, 326, 556.
(7) Lavallo, V.; Canac, Y.; Pras̈ang, C.; Donnadieu, B.; Bertrand, G.
Angew. Chem., Int. Ed. 2005, 44, 5705.
(8) Weiss, R.; Reichel, S.; Handke, M.; Hampel, F. Angew. Chem., Int.
Ed. 1998, 37, 344.
(9) Nakafuji, S. Y.; Kobayashi, J.; Kawashima, T. Angew. Chem., Int.
Ed. 2008, 47, 1141.
(10) Balasubramanian, K.; McLean, A. D. J. Chem. Phys. 1986, 85,
5117.
(11) Allen, W. D.; Schaefer, H. F. Chem. Phys. 1986, 108, 243.
(12) (a) Ramirez, F.; Desai, N. B.; Hansen, B.; McKelvie, N. J. Am.
Chem. Soc. 1961, 83, 3539. (b) Petz, W.; Frenking, G. Top. Organomet.
Chem. 2010, 30, 49. (c) Petz, W. Coord. Chem. Rev. 2015, 291, 1.
(13) Alcarazo, M.; Lehmann, C. W.; Anoop, A.; Thiel, W.; Fürstner,
A. Nat. Chem. 2009, 1, 295.
(14) Marrot, S.; Kato, T.; Cossío, F. P.; Gornitzka, H.; Baceiredo, A.
Angew. Chem., Int. Ed. 2006, 45, 7447.
(15) Schmidbaur, H.; Schier, A.; Milewski-Mahrla, B.; Schubert, U.
Chem. Ber. 1982, 115, 722.
(16) Daly, J. J.; Wheatley, P. J. J. Chem. Soc. A 1966, 1703.
(17) Otto, M.; Conejero, S.; Canac, Y.; Romanenko, V. D.;
Rudzevitch, V.; Bertrand, G. J. Am. Chem. Soc. 2004, 126, 1016.
(18) Bazinet, P.; Yap, G. A. P.; Richeson, D. S. J. Am. Chem. Soc.
2003, 125, 13314.
(19) Schmidbaur, H.; Schnatterer, S. Chem. Ber. 1983, 116, 1947.
(20) Schmidbaur, H.; Costa, T.; Milewski-Mahrla, B.; Schubert, U.
Angew. Chem., Int. Ed. Engl. 1980, 19, 555.
(21) Dyker, A. A.; Lavallo, V.; Donnadieu, B.; Bertrand, G. Angew.
Chem., Int. Ed. 2008, 47, 3206.
(22) (a) Martin, D.; Melaimi, M.; Soleilhavoup, M.; Bertrand, G.
Organometallics 2011, 30, 5304. (b) Melaimi, M.; Soleilhavoup, M.;
Bertrand, G. Angew. Chem., Int. Ed. 2010, 49, 8810. (c) Hahn, F. E.;
Jahnke, M. C. Angew. Chem., Int. Ed. 2008, 47, 3122. (d) Kirmse, W.
Angew. Chem., Int. Ed. 2004, 43, 1767.
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