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A new two-dimensional classification of singlet carbenes based on the difference in reactivity of their
insertion reactions into the €H bonds of acetonitrile and isobutane is presented. This classification
combines the stabilitynd the philicity of divalent species. Until now all of the experimentally based
philicity scales are based on tlagldition to alkenes. Moreover, a new terminology for describing the
reactivity of carbenes is introduced. Among the alkyl carbenes, acetyl carBea@d cyclopentadi-
enylidene are shown as highly reactive electrophilic carbenes, whereas the other alkylidenes and
alkenylidenes investigated are all less active tAand more nucleophilic. The stabilized-nucleophilic
bicyclo[2.1.1]hex-2-en-5-ylidenelB) possesses a stability similar to that of cyclic alkyl amino carbene
(CAAC) 18 and aminophosphoniocarberieStrong hydrogen bridging is found between &k bond

of acetonitrile and the nucleophilic carberiEsand 14.

groups in the vicinity of the carbenic center, their properties
. . . . can change considerably. First of all, they can possess either a
_CarbeneSare species bearing a divalent carbon. In their yiniet or 4 singlet ground state. But also the consideration of
smglet state, they possess a Iope par gnd a low-lying urjoccu_pleqheir stability and philicity is very significant to describe their
orbital at the same atom. This special electron configuration .o tivity properly and to answer the question whether the
gives them a high reactivity, especially toward additions 10 gectrophilic or the nucleophilic reactivity predominates. Until
double bonds, e.g., cyclopropanation or insertion into single " several one-dimensional scales have been proposed in
bonds. Depending on their structure and on other functional order to better understand the reactions of singlet carlreines.
. . a related field, a general equation for reactions between an
s dress coresponding to this author. Phoned3-1-4277-52121. Fax: electrophile and a nucleophile has been developed on the basis
* Carbene Rearrangements. 70. For Part 69 see: Mieusset, J.-L.; Brinker, U.Of Kinetic investigations (eq £)This concept has been extended

H. gi)o(r%. é:helr(nZO(EJ?, 7H2, 1@5% i Carb Chemisirglsevi to a wide range of reactions, for example for superelectrophilic
a rinker, U. R., vances In Carpene emisjrgisevier: :
New York, 2001; Vol. 3. (b) Bertrand, G., E@arbene ChemistpyMarcel heteroaromatic substratés.
log k = $:5,(E + N) )

Introduction

Dekker: New York, 2002. (c) Bourissou, D.; Guerret, O.; GabBalP.;
Bertrand, G.Chem. Re. 200Q 100, 39. (d) Boche, G.; Lohrenz, J. C. W.

Chem. Re. 2001, 101, 697. (e) Lebel, H.; Marcoux, J.-F.; Molinaro, C.;
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Hahn, F. EAngew. Chemlnt. Ed. 2006 45, 1348.
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wheresz = electrophile-specific slopay = nucleophile-specific
slope,E = electrophilicity parameter, arfd = nucleophilicity
parameter.
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For carbenes, the most popular scale remains the experimenthe potential properties of the carbene prior to the synthesis of
tally determined philicity scale proposed by Md&swhich is its precursor and its generation. Until now, all of the experi-
based on competitive cyclopropanations of alkenes. For a speciaimentally based philicity scales for carbenes are based on the
carbene CXY, the resultingarbene selectity index ngxy is addition to alkenes. However, for most carbenes, no enthalpic
defined as the slope of log(ko)cxy Vs logki/ke)cci.®2 Com- barrier can be computed. Therefore, our scale is based upon

pounds with a low selectivity index are then described as the comparison of two different-€H insertion reactions. This
electrophile$2mcxy can also be calculated from Taft parameters allows the transition state to be computed in most of the cases.
(eq 2)%a Moreover, we concentrated our efforts on alkyl carbenes, since
their position in the philicity scales to a large extent is still
Mexy = —1.10; 0R+ + 0.53; 0;—0.31 (2) unknown. And, we were especially interested in stabilized-
; : nucleophilic carbenes.

This scale has been corroborated by FMO théanyd by )
the global electrophilicity w, a value derived from density ~Computational Methods

functional theo'ryﬁ. ) . o The Gaussian 03 prografmwas used for density functional
However, this one-dimensional depiction does not allow theqry calculations, employing Beck&shree-parameter hybrid

visualizing the differences in reactivity, placing for example method, and the exchange functional of Lee, Yang, and Parr
dichlorocarbene and methylene into the same electrophilic (B3LYP)13 Geometries were optimized at the B3LYP/6-31G(d)
group, although these two carbenes show different chemistries.level of theory. The stationary points were characterized by

Therefore, we thought that a two-dimensional surface would vibrational analysis.

facilitate the understanding of carbene reactions. Until now, only

Sander has classified carbenes on a two-dimensionalSthis. Results and Discussion

scale is based on a comparison of electron affinities with

ionization potentials. In contrasthe surface presented here For the realization of our in silico experiments, we choose
takes into account not only the philicity but also the reaityi to compare the insertion reactions of a variety of alkyl carbenes

of carbenesIn order to obtain results comparable with the into the tertiary C-H bond of the highly symmetric isobutane
experimentally observed reactivity, we based our investigation (Cs,) and into the primary €H bonds of acetonitrile Gs,).

on kinetic parameters. Indeed, it has been found that the Isobutane was chosen as a nucleophilic counterpart, due to its
reactivity of carbenes is only poorly related to the HOMO  high hydride transfer potential (HTP, 75.8 kcal/mbélnd its
LUMO gap or the HOMG-LUMO energiest® A better cor-  high pKa (53) Especially, the &H bond in acetonitrile
relation is found with singlettriplet gaps.°2 We have deter- represents an electrophilic partner, since it possesses a very low

mined our kinetic parameters in silico to gain information about HTP (4.5 kcal/mol)* and moderately acidic hydrogen atoms
(pKq = 31.3 in DMSQO)!¢ Therefore, isobutane is thought to
(2) (@) Schoeller, W. W.; Brinker, U. HZ. Naturforsch198Q 35h, 475. reveal the electrophilic reactivity of a carbene, whereas nucleo-
(b) Schoeller, W. WTetrahedron Lett1980Q 21, 1505. (c) Schoeller, W. philic carbenes should preferably react with acetonitrile. The
}’g)'?,@g:gﬁg",\')"} mgﬁej Hl\f‘_”%?i‘\’/"é CAt]'egé?ttr.aEd;]Egﬂtﬁsszoillsegrﬁizﬁ averaged height of the calculated barrier is an indicator for the
Trans. 21986 183. (e) Soundararajan, N.; Platz, M. S.: Jackson, J. E.; overall reactivity of the carbene. The results are summarized in

Doyle, M. P.; Oon, S.-M,; Liu, M. T. H.; Anand, S. M. Am. Chem. Soc. ~ Table 1. As shown in Figure 1, for every carbene investigated,

1988 110 17915‘3- 1(;)QF2“2“S’)“((’§)"S'?Q?rigthﬁ"ﬁ“j\i/iuse-ﬂlggf;%nlwuggiagaﬁnz- the insertion into methane has proven to necessitate more energy
Photochem. Photobiol. 8990 7, 277, (h) Volovik, S. V.. Staninets, v. I, than for the insertion into the activated bonds of acetonitrile
Zefirov, N. S.Dokl. Akad. Nauki992 324, 354. (i) Mendez, F.; Garcia-  and isobutane. For an electrophilic carbene, the energy barrier
Garibay, M. A.J. Org. Chem1999 64, 7061. is considerably lowered for the reaction with a nucleophilic

(3) (&) Mayr, H.; Patz, MAngew. ChemInt. Ed. Engl.1994 33, 938.
(b) Mayr, H.; Kempf, B.; Ofial, A. R.Acc. Chem. Re®003 36, 66. (c)

Mayr, H.; Ofial, A. R.Pure Appl. Chem2005 77, 1807. (d) Phan, T. B.; (10) (a) Bach, R. D.; Su, M.-D.; Aldabbagh, E.; Ahdyd. L.; Schlegel,
Breugst, M.; Mayr, HAngew. Chemlnt. Ed. 2006 45, 3869. H. B.J. Am. Chem. S04993 115 10237. (b) Ramalingam, M.; Ramasami,

(4) Terrier, F.; Lakhdar, S.; Boubaker, T.; Goumont,JROrg. Chem. K.; Venuvanalingam, P.; Sethuraman, WHEOCHEM2005 755, 169.
2005 70, 6242. (11) Frisch, M. J. et alGaussian 03 Gaussian, Inc.: Pittsburgh, PA,

(5) (@) Moss, R. AAcc. Chem. Re4.98Q 13, 58. (b) Moss. R. AAcc. 2003.

Chem. Resl1989 22, 15. (12) Becke, A. D.J. Chem. Phys1993 98, 5648.

(6) Rondan, N. G.; Houk, K. N.; Moss. R. A. Am. Chem. S0d.980 (13) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
102 1770. (14) Mieusset, J.-L.; Brinker, U. Hl. Org. Chem2007, 72, 10211.

(7) (@) Parr, R. G.; Szentpa L. v.; Liu, S. J. Am. Chem. Sod. 999 (15) (a) Jaun, B.; Schwarz, J.; Breslow,RAm. Chem. So298Q 102
121, 1922. (b) Chattaraj, P. K.; Sarkar, U.; Roy, D. Bhem. Re. 2006 5741. (b) March, JAdvanced Organic Chemistryth ed.; Wiley: New
106, 2065. York, 1992; p 252.

(8) Perez, PJ. Phys. Chem. 2003 107, 522. (16) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G;

(9) Sander, W.; Kting, C.; Hibert, R.J. Phys. Org. Chen200Q 13, Cornforth, F. J.; Drucker, G. E.; Margolin, Z.; McCallum, R. J.; McCollum,
561. G. J.; Vanier, N. RJ. Am. Chem. S0d.975 97, 7006.

1554 J. Org. Chem.Vol. 73, No. 4, 2008



The Carbene Reacity Surface ]OCArtiCle

TABLE 1. Free Activation Energies and Activation Enthalpies for the Insertion of Carbenes 19 into Acetonitrile, Methane, and Isobutane

acetonitrilé methané isobutanée differencé average
AH* AG* AH* AG* AH* AG* AAG* AH* AG*

1 13.1 23.6 195 30.4 6.3 17.6 -5.9 13.0 23.9

0.7 12.1 2.2 13.9 «5.5f (6.6p (—5.5) (=0.9) (10.9)

2 -7.2 5.9 -7.2 4.5 —-12.8 -1.6 -75 -9.1 2.9

6.7 18.0 5.6 172 0.2 125 65 4.2 15.9

3 15.3 25.5 211 31.9 10.6 21.4 —-4.1 15.7 26.3

(—0.8y 9.2y -0.8 8.6 3.8y (6.9 (—2.3) (~1.8) (8.2)

4 -9.6 5.4 -9.0 2.8 -15.1 —-2.2 -7.6 -11.2 2.0

8.2 196 7.0 18.4 27 14.1 55 6.0 174

(—6.0p 3.6y (—13.9y (—5.0p (—8.5p (1.5p (—2.1) (~9.5) (0.0)

5 —-125 -0.9 —-12.8 -16 -16.0 —4.6 -3.7 —-13.8 —-2.4

111 213 1038 210 9.0 187 ~26 103 203

6 29.7 39.4 36.8 47.4 27.7 38.1 -1.3 31.4 41.6
7 24.0 34.5 30.1 41.1 24.5 35.7 1.2 26.2 37.1
8 2.6 12.8 8.9 20.0 3.0 13.6 0.8 4.8 155
9 -0.3 10.9 10.0 20.9 4.2 15.1 4.2 4.6 15.6
10 2.6 12.9 10.9 21.1 7.2 17.9 5.0 6.9 17.3
11 0.5 10.8 9.2 20.0 6.3 17.8 7.0 5.3 16.2
12 115 22.1 20.1 31.6 18.9 30.5 8.4 16.8 28.1
13 22.0 32.2 32.0 43.4 31.0 41.4 9.2 28.3 39.0
14 —-2.2 8.4 14.3 24.5 10.9 21.4 12.9 7.7 18.1
15 25.6 35.1 43.7 53.7 40.8 50.8 15.7 36.7 46.7
16 19.1 29.9 42.8 53.0 36.7 46.8 16.9 32.9 43.2
(—11.9% (—1.8r 12.8 23.8 5.3 17.1 (18.9) (2.1) (13.0)
17 -3.4 9.7 13.9 25.6 9.5 20.3 10.6 6.7 185

7.8 189 22.0 337 169 295 106 156 274
18 8.9 195 33.1 43.6 29.2 39.5 20.1 23.7 34.2
19 21.4 31.9 52.2 60.7 51.5 60.6 28.7 41.7 51.1

a All energies in kcal/mol at the B3LYP/6-31G(d) level of theory, values in italic represent B3LYP/6-31G(d)//HF/3-21G* calculations; valuésathderl
were obtained at the HF/3-21G* levélThe carbenic carbon and the atoms of the breaking bond have been frozen in the geometry of the transition state
for the insertion oR into acetonitrile.* The carbenic carbon and the atoms of the breaking bond have been frozen in the geometry of the transition state for
the insertion of9 into acetonitrile.

~ A stabilized-electrophilic (orange), stable-electrophilic (yellow),
——15 0.0 stable-nucleophilic (green), stabilized-nucleophilic (blue), and
40 reactive-nucleophilic (purple) carbenes.
-8B The group of the reactive-electrophilic carbenes is composed
. 6 CF, of the singlets acetyl carbené)(cyclopentadienylideﬁé(4),
30 / o and methyleneH). They are characterized by a preference for
/,/ dl reaction with the tertiary €H bond of isobutane and, unfor-
,f/ —¢—12 A tunately, in many cases by the absence of an enthalpic barrier
o A toward insertion into the test compounds. For the insertion of
20 ——14 (D methylene into G&-H bonds, it has been shown that for the most
NH efficient approach, the one withceorientation, a transition state
——3 CcCl, can only be found with low-level methods such as Hartree
10 .. Fock, which overestimate these barri€té second case where
T O a transition state may be obtained is the investigation of inverted
approache& 18 Therefore, our methodology gives only qualita-
P /ﬁ\ tive results for the highly reactive specigs 4, and 5.
0 Consequently, the calculations were repeated at the HF/3-21G*

level of theory. Indeed, the preference for insertion into
isobutane is confirmed. However, the calculated activation
energies are unrealistically high with HF/3-21G* and much too
low with B3LYP/6-31G(d)//HF/3-21G*. Further common known
FIGURE 1. Enthalpies of activation of representative carbenes with Characteristics o2, 4, and5 are their ability to form ylides

acetonitrile, methane, and isobutane calculated at the B3LYP/6-31G- with ether$® and their triplet ground stat@&For acetyl carbene
(d) level of theory.

Acetonitrile
Methane
Isobutane

partner but is only slightly reduced for the reaction with an (17) Substituted cyclopentadienylidenes have already been ranked ac-
electrophilic partner and vice versa. cording to their selectivity: (a) Dw, H. Top. Curr. Chem1973 40, 103.

. . e o . (b) Durr, H. Top. Curr. Chem1975 55, 87.
Overall, the investigated carbenes can be classified into SIX( )(18) Sevin, E_; McKee, M. L.: Zhev”n, P. B. Org. Chem2004 69,

different groups (Figure 2): reactive-electrophilic (red ellipse), 382.
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FIGURE 2. Carbene reactivity surface based on the insertion into thel Gonds of isobutane and acetonitrile. Averaged free energies of activation
against differences in free energy of activation calculated at the B3LYP/6-31G(d) level of theory. All energies given are in kcal/mol.

(2), we calculated a singletriplet gap of+4.5 kcal/mol at the
B3LYP/6-31G(d) level of theory, a method that is known to
overestimate the stability of the triplet by ca. 3 kcal/#8MWith

behavior is also characteristic for nucleophilic carbenes which
react with good selectivity only with electrophiles.

The group of the stabilized-electrophilic carbenes is repre-

the more accurate G3MP2B3 procedure, the gap is reduced tosented here by dihalocarbendsand 3. They combine a

—0.1 kcal/mol. However, this methodology tends to favor the
singlet by ca. 0.7 kcal/ma@PR?In this work, a positive value for
the singlet-triplet gap means that the triplet is predicted to be
more stable. The case of benzocyclobutenylide3)ag note-
worthy: it has been described as one of the strongest electro-
philes with amcxy value of 0.43! However, our calculations
describe it as a reactive ambiphilic carbene because it is
predicted to react slightly better with acetonitrile than with
isobutane. This discrepancy is due to the reduced selectivity of
benzocyclobutenylidenes). Indeed, the cycloaddition & to
tetramethylethylene (TME) is about 10 times faster than the
addition to cyclohexen: This value can be compared to the
100-fold increase in the rate of addition of dichlorocarbed)e (
with cyclohexene vs TME?2 The relatively poor selectivity of
8is the cause for the lowcxy value determined experimentally
and is typical for reactive-electrophilic carbenes. However, this

(19) (a) Zub, L. L.; Standard, J. MitHEOCHEM 1996 368 133. (b)
Tucker, J. M.; Standard, J. MHEOCHEM1998 431, 193. (c) Gonzalez,
C.; Restrepo-Cossio, A.; Marquez, M.; Wiberg, K. B.Am. Chem. Soc.
1996 118 5408. (d) Yates, B. F.; Bouma, W. J.; RadomJLAm. Chem.
Soc 1987 109 2250. (e) Moreno, M.; Lluch, J. M; Oliva, A.; Bertran, J.
Can. J. Chem1987, 65, 2774. (f) Dobado, J. A.; Martinez-Garcia, H.;
Molina, J. M.; Sundberg, M. RJ. Am. Chem. So@00Q 122, 1144. (g)
Oku, A.; Sawada, Y.; Schroeder, M.; Higashikubo, I.; Yoshida, T.; Ohki,
S.J. Org. Chem2004 69, 1331.

(20) (a) McKellar, A. R. W.; Bunker, P. R.; Sears, T. J.; Evenson, K.
M.; Saykally, R. J.; Langhoff, S. Rl. Chem. Phys1983 79, 5251. (b)
Zuev, P. S.; Sheridan, R. S. Am. Chem. SoQ001, 123 12434. (c)
Kassaee, M. Z.; Arshadi, S.; Acedy, M.; Vessally JEOrganomet. Chem.
2005 690, 3427. (d) Scott, A. P.; Platz, M. S.; Radom, L.Am. Chem.
Soc.2001 123 6069.

(21) Takahashi, Y.; Nicolaides, A.; Tomioka, Hl. Synth. Org. Chem.
Jpn. 2001, 59, 1070.

(22) Chateauneuf, J. E.; Johnson, R. P.; Kirchhoff, MJMAmM. Chem.
Soc.199Q 112, 3217.
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pronounced dominance of the electrophilic reactivibAG*
—4.1 kcal/mol for CGJ) and a high averaged enthalpic barrier
(13 to 16 kcal/mol). Dichlorocarbene is known to insert into
the C—H bonds of several polycyclic alkanes with a syntheti-
-cally useful selectivity, when the calculated barrier for insertion
is lower than 12 kcal/mol at the B3LYP/6-31G(d) level of
theory423 It has also been shown to insert efficiently into
activated G-H bonds?* e.g., into secondary ethéf2> (calcu-
lated barrier: 4.9 kcal/m#f) or into malonic acid derivatives
(calculated barrier: 7.4 kcal/mid). The highest barrier found
is toward insertion into methane with 21.1 kcal/rf1*26These
large activation barriers correlate well with the significant
stabilization energy previously comput&dn dihalocarbenes,
the stabilization and the dominance of electrophilic reactivity
derive from a combination of resonance and inductive effects.

To our knowledge, the group of the stable-electrophilic
carbenes still has no archetypal representative. The species we

(23) Mieusset, J.-L.; Brinker, U. Hl. Org. Chem2007, 72, 8434.

(24) (a) Dehmlow, E. V. IrHouben-Wey(Methoden der Organischen
Chemie); Regitz, M. Ed.; Thieme: Stuttgart, Germany, 1989; Vol. E 19b,
pp 1521-1589. (b) Masaki, Y.; Arasaki, H.; Shiro, MChem. Lett200Q
29, 1180. (c) Masaki, Y.; Arasaki, H.; lwata, MChem. Lett2003 32, 4.
(d) Arasaki, H.; lwata, M.; Makida, M.; Masaki, YChem. Pharm. Bull.
2004 52, 848. (e) Zlotskii, S. S.; Bazunova, G. G.; Mikhailova, N.Bashk.
Khim. Zh.2005 12, 21. (f) Masaki, Y.Gifu Yakka Daigaku Kiy@005 54,
29.

(25) (a) Lin, Q.-J.; Feng, D.-C.; Qi, C.-$5aodeng Xuexiao Huaxue
Xuebao200Q 21, 1922. (b) Feng, D.-C.; Lin, Q.-J.; Ma, W.-Y.; Wang,
H.-J.Gaodeng Xuexiao Huaxue Xueh2@0(Q 21, 1708. (c) Lin, Q.-J.; Feng,
D.-C.; Ma, W.-Y.Gaodeng Xuexiao Huaxue Xueb200Q 21, 1427. (d)
Lin, Q.-J.; Feng, D.-C.; Qi, C.-Sliegou Huaxue00Q 19, 224.

(26) Ramalingam, M.; Ramasami, K.; VenuvanalinganCRem. Phys.
Lett. 2006 430, 414.

(27) Mieusset, J.-L.; Brinker, U. Hl. Am. Chem. So2006 128 15843.
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norbornenylidene 12) and bicyclo[2.1.1]hex-2-en-5-ylidene

for the aminophosphoniocarbenes previously synthesized and(homopyramidane)l@d) which possess an unequivocal prefer-

isolated by Bertrané® It is characterized by a high averaged
activation barrier of more than 24 kcal/mol and a nearly
comparable reactivity toward isobutane and acetonitrile.
Examples of stable-nucleophilic carbenes are the well-known
isolableN-heterocyclic carbenes. Indeed, extremely high activa-
tion energies are calculated for insertion into methane and
isobutane, if dimethylimidazolyliden®9 is used as a reactant,
confirming the impossibility of these reactions. Nevertheless,
insertion into acetonitrile is predicted to be strongly favored

ence for acetonitrile XAG* = 8.4 and 9.2 kcal/mol, respec-
tively) and a high activation enthalppAH* = 11 to 31 kcal/
mol, AAG¥ = 22 to 42 kcal/mol), which is prohibitive in most
of the cases, since these alkyl carbenes can still react intramo-
lecularly and form strained alken&sTherefore, stabilized-
nucleophilic carbenes can only be intercepted by extremely
effective carbenophiles, e.g., RGH.

The last group is represented by the reactive-nucleophilic
carbenes, mainly alkyl carbenes, and by the extremely nucleo-

over insertion into isobutane. Indeed, it has been shown thatphilic anionic carboxylate carbetfel?7. In contrast to the

1-(1-adamantyl)-3,4-diphenyl-1,2,4-triazol-5-ylidéhandN,N'-
dimesityl-1,3-diazacyclopentan-2-ylidéfAeo undergo insertion
into acetonitrile3! It is also worth noticing that a closely
associated complex of cyanomethanide with the imidazolyl

reactive-electrophilic carbenes, they are usually already less
reactive and more selective. Furthermore, quite a few possess
a singlet ground state. Among the uncharged carbenes we
investigated, the alkenylidendd and 14 have been shown to

cation can be computed as a minimum in the gas phase with anpossess a pronounced nucleophilicity that is due to interactions

energy level lower than the barrier for the concerted insertion
of 19into acetonitrile. This suggests that a two-step mechanism
initiated by protonation of the carbene may already be more
efficient as previously proposed by the experiment&?8:32

with the double bond. It is well-known that vinylcarbenes readily
rearrange to cyclopropenésWe designed a bicyclic system

in order to prevent cyclopropene formation, following the
concept of foiled carbene.Nevertheless, in this case, the

Other carbenes that may be used as ligands in organometalliccarbenes remain reactive with an averaged enthalpy of activation

chemistry like cyclopropenylidef& (16) or the cyclic alkyl
amino carbene (CAAG) 18 are already more reactive and show
properties similar to those of dimethoxycarberib)( This
classification is in accordance with the expectations, since it
has already been demonstrated by th€el8and experimerif

that 16 behaves as a nucleophile.

of 3.9 and 4.3 kcal/mol, respectively. The stabilization energy
and the singlettriplet gap also are low+2.7 and—7.2 kcal/
mol, respectively). The intramolecular stability of carbef#s
and 14 is predicted to be fairly high (12.8 and 19.2 kcal/mol,
respectively, for the barrier toward 1,2-H migration). These
computed properties suggest tHdt and 14 may be trapped

Stabilized-nucleophilic carbenes are best represented by theefficiently. Even in these carbenes, the 1,2-H migration occurs

category of foiled carbené&$3” They are represented here by

(28) (a) Merceron-Saffon, N.; Baceiredo, A.; Gornitzka, H.; Bertrand,
G. Science2003 301, 1223. (b) Conejero, S.; Canac, Y.; Tham, F. S.;
Bertrand, G.Angew. Chem.Int. Ed. 2004 43, 4089. (c) Vignolle, J.;
Donnadieu, B.; Bourissou, D.; Bertrand, Getrahedron Lett2007, 48,
685.
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FIGURE 3. Hydrogen bridge between carbehé and acetonitrile.

the insertion reactions of dihalocarbenes, although the ap-
proaches are differeAt:?6 with CCl,, the beginning of the
reaction resembles the abstraction of a hydride by the LP*

the carbene.

In conclusion, a convenient two-dimensional classification

Mieusset and Brinker

obtained in silico is suggested. This classification combines the
stability and the philicity of the divalent species. In this work,

an electrophilic carbene is defined as a species that inserts better
into the C-H bonds of isobutane than into acetonitrile. It is
worth remembering that carbenes usually are extremely reactive
species. Therefore, a carbene that is described here as predomi-
nantly nucleophilic is still able to react efficiently as an
electrophile, if the reaction partner is a good electron donor
(and vice versa). This categorization is confirmed by further
investigations concerning the properties of the aforementioned
carbenes, namely reactivity toward alkenes and ethers, frontier
molecular orbitals, proton affinities, ionization potentials, and
stabilization energies. These results will be published soon.
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