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DFT calculations have been performed to study the course of dichlorocarbene insertion reactions into
alkanes and to better understand the regio- and stereoselectivities observed. At the B3LYP/6-31G(d)
level of theory, the selectivity of dichlorocarbene insertions into a number of hydrocarbons agrees well
with the obtained experimental results. The reactivity of a specifitHCbond is determined by the
capacity of the remaining alkyl fragment to effectively delocalize the partial positive charge buildup
during the reaction. This activity can readily be estimated by calculation of the hydride transfer potential
(HTP). A comparison with the structure and the stability of the corresponding cation is useful to emphasize
the origins of the selectivity. Dichlorocarbene is also predicted to react efficiently with acidid C

bonds through a nucleophitielectrophilic mechanism. In principle, an attack of a carbene on an
appropriately substituted three-membered ring may lead to fragmentation of the molecule.

Introduction

The activation of saturated hydrocarbbhas been described
as “the search for the Holy Graflfor chemists. In the reaction
of a carbene with such compounds a new@bond is formed.
Dichlorocarbene has proven to be particularly useful fertC

dihalomethyl group can easily be hydrolyzed to an aldehyde,

allowing a further functionalization.
The insertion of carbenes into-& bonds has already been
treated by theory-® Recently, the reaction path of the insertion

(4) (a) Jones, W. M.; Brinker, U. H. IRericyclic ReactionsMarchand,

insertion reactions into activated bonds because of its goodA. P., Lehr, R. E., Eds.; Academic Press: New York, 1977; Vol. 1, p 118.

selectivity and reactivity. Furthermore, the resulting geminal
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9095 (e) Raghavachrl K. Chandrasekhar J.; Gordon, M. S.; Dykema, K.

J.J. Am. Chem. S0d.984 106 5853. (f) Gordon M. S.; Gano D. R.
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H(1)-C(1)-C{2)-H(2)ongo = 76.9°
H{1)}-C(1)-C(2)-H(2)oro = -42.3°

H(2)enao-C(2)-C(3)-C(4) = 152.5°
H(2)endo-C(2)-C(1)-C(5) = -140.7°
H(2)exo"C(2)-C(3)-H(3)enuo = 153.3°
H(2)exo-C(2)-C(1)-C(6) = 164.9°

H(A)-C(A)-C(B)-H(B)ango = -107.8°
H(A)-C(A)-C(B)-H(B)eo = 7.9°

H(B)ongo-C(B}-C(CIH(C)aro = 163.2°
H(B)endo-C(B)-C(A)-C(F) = 106.8°
H(B)exo-C(B)-C(C)-C(D) = 168.2°
H(B)exo-C(B)-C(A)}-C(G) = 152.3°

Mieusset and Brinker
6 7

H(F)}-C(F)-C(E)-H(E)ongo = 72.8°
H(F}-C(F)-C(E)-H(E)exo = -43.5°

5

H(E)endo-C(E)-C(D)-C(C) = 173.6"
H(E)gngo-C(E)}-C(F)-C(A) = -143.4°
H{E)ayo-C(E}FC{D}-H(D)gpg, = 168.0°
H(E)exo-C(E)-C(F)-C(G) = 171.9°

2

FIGURE 1. Geometries ofl and?2 as given by B3LYP/6-31G(d) calculations. Bond lengths in picometers and dihedral angles in degrees.

of singlet chlorocarbenes in methane and ethane has bee

TABLE 1. Activation Energies for the Insertion of

Bichlorocarbene into Bicyclo[3.1.0]hexane (1)

thoroughly investigated at the MP2, CCSD, CCSD(T), and
B3LYP levels with the 6-31G(d,p) basis set as well as with the

G3MP2 and MP2/G3MP2Large methodJhe results were
found to coincide satisfactorily; the lowest activation barriers
were calculated with MP2/G3MP2Large and the highest with
CCSD/6-31G(d,p].

The insertion of dichlorocarbene into—& bonds occurs
initially through an electrophilic phase followed by a nucleo-
philic phase resulting in a net charge flow from the alkane to
the inserting carbene during the first part of the reaction. For
dichlorocarbene, the turning point, i.e., a charge minimum on
CCl,, occurs just before the transition stéte.

We have recently detailed a successful methodology based
on the combination of ultrasonication with phase transfer
catalysis (PTG for the regio- and stereoselective insertion of
dichlorocarbene into thex--C—H bonds of cyclopropanés.
Accordingly, we have performed computations to better under-
stand and more correctly predict the observed selectivities.

Results and Discussion

First of all, we investigated bicyclo[3.1.0]hexan® @t the
B3LYP/6-31G(d) level of theory. Two conformers were
found: laandlb. 1a possesses a boat form (Figure 1) and is
3.0 kcal/mol more stable thatb, which exists in a chair form.

The preference for the boat conformation is due to a staggered.

arrangement of the hydrogen atoms. This is in accordance with
experimental results obtained by electron-diffraction, microwave,

(7) Ramalingam, M.; Ramasami, K.; VenuvanalingamCRem. Phys.
Lett. 2006 430, 414. See also: Ramalingam, M.; Ramasami, K.; Venu-
vanalingam, P.; Sethuraman, YVHEOCHEM2005 755, 169.

(8) (@) Xu, L.; Tao, F.; Yu, TActa Chim. SinicaEngl. Ed.1987, 294.
(b) Xu, L.; Tao, F.; Yu, T.Acta Chim. SinicaChin. Ed.1988 46, 608;
Chem Abstr. 1988 109, 189862r. (c) Xu, L.; Tao, FSynth. Commuri988
2117. (d) Xu, L.; Lin, G.; Tao, F.; Brinker, U. HActa Chem. Scand.992
B46, 650. (e) Xu, L.; Brinker, U. H. IrSynthetic Organic Sonochemistry
Luche, J.-L., Ed.; Plenum Press: New York, 1998; pp-3345.

(9) (@) Xu, L.; Smith, W. B.; Brinker, U. HJ. Am. Chem. Sod.992
114, 783. (b) Brinker, U. H.; Lin, G.; Xu, L.; Smith, W. B.; Mieusset, J.-L.
J. Org. Chem2007, 72,8434.
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bond orientation E (kcal/mol)
1 C(1)-C(2)
1 C(1)-C(5) 16.0
1 C(1)-C(6) 16.6
ende2 C(2y-H 12.4
endo2 C(2-C(1) a
endo2 C(2)-C(3) 125
exo2 C(2-H 114
exo2 C(2-C(1) 12.4
exo2 C(2-C(3)
endoe3 C(3)-H 13.2
ende3 C(3)-C(2) b
exo3 C(3)-H 14.6
exo3 C(3-C(2) 15.0
endo6 C(6)-H 18.5
endo6 C(6)-C(1) 235
exo6 C(6y-H
exo6 C(6)-C(1) 17.3

aSteric repulsion with the cyclopropane rirfgSteric repulsion with
endoé.

and far-infrared spectroscop§!However, the ring-puckering

potential energy profile determined from far-infrared data

provides the boat conformation as the sole minintéi@alcula-

tions at the B3LYP/6-31G(d,p) level of theory predict the chair

structure to sit only in a shallow minimu##.12

insertion into the &H bonds ofl. For each G-H bond, the

(10) (a) Carreira, L. A.; Lord, R. Cl. Chem. Physl969 51, 2735. (b)
Lord, R. C.; Malloy, T. B., JrJ. Mol. Spectroscl973 46, 358. (c) Lewis,
J. D.; Laane, J.; Malloy, T. B., J&. Chem. Physl974 61, 2342. (d) Cook,
R. L.; Malloy, T. B., Jr.J. Am. Chem. Sod974 96, 1703. (e) Mastryukov,
V. S.; Osina, E. L.; Vilkov, L. V.; Hilderbrandt, R. LJ. Am. Chem. Soc.
1977, 99, 6855. (f) Choo, J.; Chiang, W. Y.; Lee, S. N.; Laane].JPhys.
Chem.1995 99, 11636.

(11) Kang, P.; Choo, J.; Jeong, M.; Kwon, ¥..Mol. Struct.200Q 519,
75.

(12) See also: (a) Skancke, P. NHEOCHEM1982 86, 255. (b) Siam,
K.; Ewbank, J. D.; ScHar, L.; Van Alsenoy, CTHEOCHEM1987, 150,
121. (c) Okazaki, R.; Niwa, J.; Kato, Bull. Chem. Soc. Jpril988 61,
1619. (d) Shen, Q.; Mastryukov, V. S.; Boggs, JJEMol. Struct.1995
352/353 181.

Table 1 summarizes the activation energies obtained for the
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H(B)ando-C(B}-C(C)-H(C)exo = -161.7°
H(B)anda-C(B}-C{A)-C(F) = -105.9°

*H 10.4

2TSgenda

- 2TSpaxo
Ers = 2.6 koalimol Ers = 11.8 kcal/mol
HCCly : HCCly :
APT: -0.187 APT: -0.222
NBO: -0.160 NBO: -0.176

H(A)}-C(AFC(B}H(B)aso = -5.0°

2TSeendo 21s
Eyg=10.3 kcal/mol

H(E)enaa-C{E}-C{D)}-C(C) = 157.5°

H(E)enaaCIE}-CIF)-ClA) = -126.4°

HCCly : HCCl :
APT: -0.178 APT: -0.164
NBO: -0.150 NBO: -0.149

H(F)-C{F)-C{E)-H(E )oxo = -24.8°

H(B)exo-C(BFC(C)}-H(C)anga = 156.3°
H{B)exo-C(B)-C(A)-C(G)

H(3)axo"C(3)-C{4)-H(#) axo = :!cu“b

H(A}C(A)-G(B)-H(B)gngo = 35.5°

Eaxo
Ets = 10.8 kealimol

H(E)exo CIE)-C(D)-H(D)ono = 176.7°
H(E) xo"C(E)-C(F)-C(G) = 157.8°

H(F}-C{F}-C(E)}-H(E)gngo = 52.9°

JOC Article

H(2)anao-Cl2)-C(3}-C(4) = 130.7°
H(2)anao-C(2)-C(1)-C(5) = -119.8°

=-140.0°

1TS20nd0
Etg = 12.4 kcalimol

HCCly :

APT: -0.129

NBO: -0.126
H(1)-C(1)1-C(2)-H2)ero = -22.1°

2982,

1TS20x0
Eys= 11.4 kealimal

H(2)exe Cl2)-C(3)-H(2) ango = 165.2°
H(2)ex"C(2)-C(1)-C(6) = 148.8°

HCCls

APT: -0.147

MBO: -0.138
H(1}G(1)-C(21H(2)enao = 55.7°

FIGURE 2. Geometries of the transition states of the insertion of dichlorocarbend iatml 2 as given by B3LYP/6-31G(d) calculations. The

lengths of the bonds which are elongated in comparison to the ground
bonds with strong interactions according to NBO analyses. The arrows
state. Bond lengths in picometers and dihedral angles in degrees.

state structure are in red. The dihedral angles given are those connecting two
describe the amplitude of the rotation of C(2) from the initial to the transition

dichlorocarbene can approach the alkane through three differentcarbene, the €H insertion starts by interaction of the LUMO

orientations; the most efficient pathway remains the one with
the approach above the geminatB bonds, minimizing steric
repulsion. Only in a few cases no transition states were found

for the approach above a specific bond due to steric hindrance,

e.g., for the approach above the C{Z)(1) bond during the
attack of H(2)nq0oand above the C(3)C(2) bond by the reaction
with H(3)engo Our attempts to locate the corresponding transition
state lead to an approach above the correspondinlg Bond.
The experimental results are fully confirmed: with 11.4 kcal/
mol, the lowest reaction pathway is insertion at C(2) into the
exaC—H bond followed by insertion into thendeC—H bond

of C(2) with 12.4 kcal/mol. According to the Boltzmann
distribution, these two values correspond toesnaldexo ratio

of 19/81 (22/78 for AGyeg), quite close to the obtained
experimental ratio of 26/7%# Since CC} is an electrophilic

(13) A more accurate estimation also would consider the differences in
the free energies, the solvent, and all different approaches during the
insertion. However, this would imply much more computational effort and
would not lead to a significant improvement of the predictive value. In this

of the carbene with the alkane, i.e., the hydrogen moves toward
the carbenic carbon by following a trajectory perpendicular to
the CHC—CI plane. At the transition state (Figure 2), the
attacked C-H bond is almost brokerd(= 156.8 pm inlTS,exo,
which results in the formation d3), whereas with 114.1 pm
the distance between the carbene carbon and the hydrogen
corresponds almost to a normat€& bond. Therefore, it is
possible to consider a HCELand a GH1; unit in the transition
state. A population analysis shows that the HCfChgment
possesses a partial negative charge (AP70.147; NBO:
—0.138 for1TSyx) and the GH1; fragment a partial positive
charge (APT: +0.147; NBO: +0.138). Indeed, the results
correlate well with the stability of the corresponding bicyclo-
[3.1.0]hexanyl cations obtained experimentally. The most stable
bicyclo[3.1.0]hexanyl cation is the cyclopropyl carbinit,
(Figure 3), because of an efficient delocalization of the positive
charge by the three-membered ritfgOther carbocations are
only poorly stabilized?

work, the ratios calculated from the free energy are about the same as the
ratios presented in Table 2, because in every case very similar reactions

are compared (all of them are insertions intel€ bonds and the reactants
are the same). Therefore, the calculated entropies of activation differ only
by less than 1 cainol~1-K -1, allowing a direct comparison of the activation
enthalpies.

(14) (a) Brook, P. R.; Ellam, R. M.; Bloss, A. Ehem. CommurL968
8, 425. (b) Bloss, A. S.; Brook, P. R.; Ellam, R. NI.. Chem. So¢Perkin
Trans. 21973 15, 2165. (c) Jorgensen, W. Detrahedron Lett1976 35,
3029. (d) Mjoberg, P. J.; Almlof, Zhem. Phys1978 29, 201. (e) Szabo,
K. J.; Kraka, E.; Cremer, DJ. Org. Chem1996 61, 2783.
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H(1}-C(1)-C(2)-H(2) =-5.2°
H{2)-C(2)-C{3)-H(3)gyo = -31.0°

H(A}C(A)}-C(B)H(B) = 5.2°
H(B}-C(B}-C(CHH(Clero = 39.1°

H(B)-C(6)-C{5)-H(5)gxo H(F)-C(F)-C{E)}-H(E)xo = -36.9°

=17.4°

H(F)}-C(F)}-C(E)}-H(E) = 2.7°
H(E)-C(E}-C(D)-H(D)axo = 14.3°
H{A)-C(A)-C(B)-H(B)gyo = -11.7°

FIGURE 3. Structures of cation$',, 2tg, 2"g, and4t,. Bond lengths in picometers and dihedral angles in degrees. The torsion angles of hydrogen

atoms in a synperiplanar arrangement are given in red.

@
. ® A
w3 0

(a) (b) (c)
® @_
= O ==
@
()

(a) (b)
FIGURE 4. Resonance structures contributinglta and2+,.

It is worth noticing that the insertion goes along with a partial
rotation of C(2): In both cases, the dihedral angle HQ}1)—
C(2)—H(2) is reduced by 20in order to take on a conformation
more in accordance with the geometry of the bicyclo[3.1.0]-
hexan-2-yl cation (H(1)C(1)—C(2)—H(2) = —5.2°, Figure 3)
and in agreement with the “double boado bond” resonance
structures (b) and (c) contributing to the stabilization1dp

different conformations should be considered for the bicyclo-
heptan-2-yl cation2*g and2g. DFT calculations predi@'g

to be 2.6 kcal/mol more stable tha&re. This is probably due

to the presence of two synperiplanar arrangement®tin
causing eclipsing strain. In the same way, the activation energies
obtained for the carbene insertion into the i@ bonds are lower

for C(B)—H than for C(E)-H (Table 2).

The insertion into C(B}H(B)endoiS the one that requires the
lowest activation barrier (9.6 kcal/mol). It is also the only
insertion in which the attacked carbon atom is not required to
rotate during the reaction, since the torsion angle of the
remaining alkyl subunit in2 (H(1)—C(1)—C(2)—H(2)exo =
—7.9) is nearly the same as that in the bicycloheptan-2-yl cation
2% (H(1)—C(1)—-C(2)—H(2) = —5.2) and, therefore, the same
as that in the transition sta®d Sgendo (H(1)—C(1)—C(2)—H(2).,,
= —5.0°). This nearly planar geometry is required for an
effective stabilization of the partial positive charge by the
contributing structures (b} (c) of cation2™, (Figure 4). On

(Figure 4). Indeed, during the reaction, the attacked carbon atomthe contrary, insertion into C(B)H(B)exo goes along with an

is subjected to planarization. It follows that a-@& bond will

important rearrangement: C(B) rotates by @#til the transition

be more easily broken if this process requires a minimal amount state is reached in order to reduce the large dihedral angle of
of reorganization between the ground state and the transitionthe reactan2 (H(1)—C(1)—C(2)—H(2)endo= 107.8). Because

state. The preference for tle&cinsertion may be enhanced by

steric factors, since this side is less hindered. Moreover,

electronic factors may play a role since the breaking of €(2)
H(2)endoiS Only poorly stabilized by the C(3)C(4) bond (130.7

of this torsion, H(3) and H(4) are forced to lose their staggered
conformation (H(3ks—C(3)—C(4)—H(4)exo= 20.2° in 2T Sgexo).

This unfavorable interaction plus the considerable rearrangement
are probably the origin for the increase in barrier height

at the transition state, which is in an anticlinal arrangement and calculated for the insertion into C(BH(B)exo (11.8 kcal/mol),

cannot be effectively involved in hyperconjugation).
A similar analysis can be made to explain the selectivity
observed in bicyclo[4.1.0]heptan@)( In this case too, DFT

when compared with the insertion into CB)(B)endo
Interestingly, although C(E) is placed in a similar environment
in 2 as C(2) inl, i.e., a boat structure, insertion into C(E)

calculations predict the experimental ratios quite accurately H(E)endo iS preferred over insertion into C(&j) according to

(enddexo= 87/13 (86/14 forAG,gg versus 81/19 according

the B3LYP calculations. One of the factors controlling this

to the experiment): the barrier for the transition state leading selectivity is probably hyperconjugation of the breaking bond

to theendeproduct is 9.6 kcal/mol, whereas 10.8 kcal/mol are
required for formation of thexoproduct. Norcaran@ exists

in only one chemically relevant conformation (Figure3315
However, the carbon atoms in the position to the three-
membered ring are oriented differently. In analogy to the two
conformers of bicyclo[3.1.0]hexan&)( we define C(B) as the
carbon atom placed in a local arrangement similar to thdt of
in its chair form, and C(E) as the carbon atom with a local
conformation like the boat form of. Correspondingly, two

(15) (a) Naumov, V. A; Bezzubov, V. MProc. Acad. Sci. USSE97Q
193 477. (b) Wiberg, K. B.; Bonneville, G.; Dempsey, Rr. J. Chem.
1983 23, 85.
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with C(3)—C(4). In 2TSgendo this bond is antiperiplanar
(157.8), whereas it is anticlinal il (130.7).

In summary, the selectivity of the insertion reaction of
dichlorocarbene into thel position to a cyclopropane ring is
determined by a combination of electronic and steric criteria.
First of all, the G-H bond needs to be activatédlin other
words, the partial positive charge buildup should be efficiently
stabilized by the neighboring atorfsWe choose to determine
this capability by means of the determination of the hydride
transfer potential (HTP) of the respective alkane (Table 2).

(16) (a) Alabugin, I. V.; Zeidan, T. AJ. Am. Chem. So@002 124
3175. (b) Alabugin, I. V.; Manoharan, M. Org. Chem2004 69, 9011.
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TABLE 2. Activation Energies for Dichlorocarbene Insertions into C—H Bonds

HTP E predicted exptl yield,
compd bond (kcal/mol) (kcal/mol) ratio, % ratio, % %
5 A 87.9 9.9 90ab
F 87.3 10.9
2 endeB 85.0 9.6 87 81 8%
endoE 85.9 10.3
excE 80.2 10.8 13 19
exoB 76.3 11.8
adamantane 1 93.1 10.8 54
2 78.4 13.6
1 exo2 76.0 11.4 81 74 £ob
ende2 75.0 12.4 19 26
endo3 68.2 13.2
exo3 60.2 14.6
1 62.2 16.0
exc6 53.1 17.3
endo6 60.0 18.5
6 exo4 78.8 11.2 66 77 38
ende4 80.2 11.9 22 8
exo2 78.6 12.7 7 other 15
endo2 77.7 12.9 5
7 axial 80.8 12.4 %.b
equatorial 73.1 16.4
3 exo4 68.9 12.9
2 69.1
CHCl, 61.1
cyclohexane axial 66.7 13.3 tréée
equatorial 72.2 134
chloroform 39.3 15.6
4 equatorial-2 81.3 13.0 %
1 81.5 14.1
axial-2 68.9 14.8
methane 0 22.1
acetonitrile 4.5 15.8
malononitrile 7.2 8.1

aThe hydride transfer potential (HTP) is obtained from the isodesmic equatiqritORI" — CHz™ + RH by a single point energy calculation for the
cation obtained by removal of a hydride ion from the optimized structure of the parent hydrocanbdhis experiment the Makosza PTC procedure was
employedt’

100

Indeed, high yields are obtained by the reaction of Q@der
our reaction conditiorfsfor compounds having a high HTP 90 |
under the condition that they are not sterically hindered. One
can recognize a correlatioR{= 0.74) between the HTP values
and the calculated activation barriers. The correlation coefficient 70
is still not very high because only the electronic factors are taken _
under consideration and not the steric factors. However, a good=
correlation R2 = 0.96 for the linear part of the curve) is obtained =
between the calculated activation barriers and the experimentak>
yields (Figure 5).

Figure 5 shows that good yields-80%) are obtained for %01
hydrocarbons in which the calculated barrier toward insertion 20 |
is lower than 10 kcal/mol. Compounds such?eend5 possess

40 |

a hydride transfer potential higher than 85 kcal/mol (Table 2). 101 <

At the other end, compounds with a lower hydride transfer 0 ‘ ‘ ¥ _CHCl,
potential (ca. 75 kcal/mol) react with moderate yields (36% for 7 9 T 13 15 17
6 and 40% forl) and the DFT calculations predict a barrier

toward insertion of 1412 kcal/mol. For compounds with an E (kcal/mol)

even lower hydride transfer potential, still higher barriers are
calculated: 13.4 kcal/mol for cyclohexane and 12.9 kcal/mol
for 3. In these cases, no reaction takes pfgasy matter if the
PTC method or our modified PTC method was used. Compound
3is the insertion product of Cginto 1. Its reduced reactivity

FIGURE 5. Correlation betweelftrs and experimental yields.

may be explained by the inductive effect stemming from the
chlorine atoms. This absence of reactivity may lead to several

competing reaction& i.e., polymerization of the carbene, an
(17) (a) Yoshida, Z.; Tabushi, I.; Takahashi, NAm. Chem. Sod97Q

92,6670, (b) Slobodin. Y. M. Ashkinazi, L. A.. Kimchuk, G. Nh. Org.  S2SY Process requiring a relatively high carbene concentration,
Khim. 1984 20, 1238. reaction with water, or insertion into the solvent CilGfFor

(18) Dehmlow, E. V.Tetrahedron1971, 27, 4071. this reaction, a barrier of 15.6 kcal/mol was calculated.
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FIGURE 6. Contributing structures to the stabilization ofs.

It is worth noticing that insertion into cyclohexane occurs in
32% yield® when the Seyferth reagent, PhHgG®l, is used.
Moreover, the newly prepared dichlorodiazidhenay prove
to be a more powerful source of dichlorocarbene than chloro-
form.

How to explain these differences in reactivity? It has already ~ HWCONCIRRCIO) = 19137 beibeseil et i
been shown by comparison of the selectivities that all of the )
common dichlorocarbene sources, especially (bromodichlorom-
ethyl)phenylmercurdt and the phase transfer catalysis reaction
with chloroform?2 generate a “free carbene” and not a carbeffoid.
The reason for the difference in yields can probably be found
in the use of different solvents for the conversion as well as in
the kinetics of the carbene’s generation, i.e., the concentration
of “free carbene” during the reaction. The fact that the two most
efficient methods for insertion into hydrocarbons require
elevated temperatures (8C for the Seyferth reagent, 6@
for our combination of PTC with ultrasound) also pinpoints the AP 20 101
influence of the reaction temperature. This is also reflected by NBO: -0.142
the high free energies of activation calculated for the insertions 5TSAy 4TS,
into hydrocarbons (20 to 25 kcal/mol).

Spiro[4.2]octane {) presents a borderline case. A yield of _FIGURE 7. Geometries ob _and4 and the_ transition states of the
only a few percent is expected, since the calculated energySertion of dichlorocarbene infand4 as given by B3LYP/6-31G-
barrier for the insertion into the axial bond is relatively high (d) calculations. Bond lengths in picometers and dihedral angles in

APT: -0.142
NBO: -0.138

(12.4 kcal/mol), although this-€H bond is predicted to be better degrees.

activated (HTP= 80.8 kcal/mol) than the €H bonds in1 for TABLE 3. Activity of C—H Bonds of Bicyclooctanes 5 and 4

example. This discrepancy may be best explained by a steric compd bond HTP (kcal/mol)

consideration, due to the proximity of the cyclopropane ring. 5 A 87.9

At the transition state, a short distance of 266.6 pm is found E 873

between H(3) and a chlorine atom. Remarkably, the equatorial equatorial-E 80.1

C(2)—H bond in7 is not activated owing to an unfavorable equatorial-B 79.5

orientation of the cyclopropane subunit. This is reflected as well Zxng::g ;g'g

by the low HTP of 73.1 kcal/mol and by the high barrier for endoH 745

insertion (16.4 kcal/mol). A look at the contributing structures exoG 73.4

to the stabilization of the spiro[2.5]octan-2-yl catioh, (Figure endeG 69.1

6) suggests that better yields for the insertion into the axial exoH 68.5

C(2)—H bond may be expected with spiro[2.5]octanes bearing 4 <1equatoria|-2 881i‘l_33

substituents at the cyclopropane moiety. Ccis—8 73.7
Another striking result is provided by the bicyclo[4.2.0]- axial-2 68.8

octaness and4 (Figure 7). Thecis- and thetransisomers,5 trans-8 63.3

and4, respectively, present a totally different reactivity although
both compounds should be efficiently attacked at the bridge
head, per se a tertiary carbon atom. While compduatfords

a 90% yield, with4 no insertion is observed. One of the reasons
for this behavior probably is of steric nature, but the difference
in bond activation also plays an important role. Indeed,
comparison of the HTP of the-€H bonds in5 and4 (Table 3)
confirms the most activated bonds to be C{A) for 5 and

by a NBO analysis with5ta,. The analysis reveals strong
stabilizing interactions arising from the two-C bonds situated

on the opposite side of the cyclobutane ring. These interactions
are similar to those found in bicyclobutonium cations and are
particularly strong, since both torsion angles are wide (H(A)
C(A)—C(F)—C(G) = 138.6 and H(A)-C(A)—C(H)—C(G) =

C(1)—H for 4. However, the HTP value is higher & (87.9 —137.4).
kcal/mol) than in4 (81.5 kcal/mol). This fact can be explained ~ Indeed, “cyclobutyl cations” have been thoroughly investi-
gated and nonclassical structures were found. For example,
(19) Seyferth, D.; Burlitch, J. MJ. Am. Chem. Sod 963 85, 2667. C4H7" is best described as an ion in rapid equilibrium with
(20) Chu, G.; Moss, R. A; Sauers, R. R.Am. Chem. SoQ005 127, bicyclobutonium catio® and the cyclopropylmethyl catiat0
14206. (Scheme 1). Structu@is a slightly puckered cyclobutyl cation

(21) Seyferth, D.; Burlitch, J. MJ. Am. Chem. Sod 964 86, 2730. . . . .
(22) (a) Starks, C. MJ. Am. Chem. Sod 971 93, 195. (b) Dehmiow, that is much higher in energy th&n It can be computed with

E. V. Justus Liebigs Ann. Cheri972 148. B3LYP, but methods including more electron correlation like
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SCHEME 1

[] L Ve
8 9 10 30191417 92 0!42 @152
MP2 lead to a direct collapse @23 In accordance with the
13

efficient delocalization of the positive charge at the bridge head
of 5, the attack of dichlorocarbene is predicted to occur 1 12
preferably at the C(AyH bond on top of the C(A)}C(H) bond

by overcoming a small barrier of only 9.9 kcal/mol. In contrast,
the calculated barrier for the insertion into the C{H) bond

of 4 is high (14.1 kcal/mol) in agreement with its lower HTP
value (vide supra) and the poor spatial accessibility of the
C(1)—H bond. The geometry calculated for this conversion
corresponds to a late transition state: the breakingi®ond

is already 181.1 pm long (see Figure 7) and C(1) is almost planar
coordinated. The planarization requires the two rings to fold
up during the reaction, thereby increasing steric hindrance even
more. This results in an attempt to insert into-akCbond within

a concave environment. At the transition state, this leads to a
particularly short distance of 257.2 pm between chlorine atom

FIGURE 8. Transition states for the nucleophilic insertion of dichlo-
rocarbene into malononitrile and acetonitrile.

than the electron donation from the-€l bond to the LP* of

the divalent carbon. Astonishingly, in the preferred orientation
for the dichlorocarbene attack on malononitrile, an eclipsed
conformation is favored1(l, Figure 8). This means that the
s-approach is favored over tleapproach. To our knowledge,

in all previously studied insertion reactions of a carbene into a
C—H bond, thes-approach was preferred with the exception
of the insertion of vinylidene into methafé This may suggest
attracting interactions between the chlorine atoms and the sp
carbons. However, the NBO analysis does not reveal any

CI(1) and H(8). It is the shortest +CI distance we found at donor-acceptor interactions between them. A second transition
the transition state for the insertion of dichlorocarbene into the P . L ;
state12 has been found for this insertion, in which only one

hydrocarbons discussed here and it is less than the sum of the o . .
van der Waals radii of chlorine (175 pm) and hydrogen (120 Ch'o”r.‘e IS placed n _a;yr_}conformatlon to the cyano group,
pm). The high barrier calculated for the insertion into the tertiary ?hUt this gtatlfnzry pc_)kl)nt dlst 0.7 .I:.call n:gjlfemgher in energy than
C—H bond of4 (higher than that for cyclohexane) led us to the € prewousy. escrl e. ransition s o
conclusion that insertion into a secondary- & bond may be In contrast, insertion in }hg€H bond of acetonitrile (HTP
more competitive. Indeed, a high HTP value is found for the — 45 kcal/mol; [K, = 31.3) is associated with a prohibitively
equatorial bond at C(2). Here, the calculated barrier is only 13.0 Nigh-energy barrier (15.8 kcal/mol). The charge repartition at
kcal/mol. The activation is due to hyperconjugation with the (he transition staté3 (HCCL: APT = +0.207 and NBO= +
antiperiplanar C(3YC(4) bond (H(2)-C(2)-C(3)-C(4) = 0.169) s_peaks also for the_doml_nanon _of the nucleophilic
—174.7) and the strained C()C(6) bond (H(2)-C(2)—C(1)~ _mech_am;m. From a synthet!c point of view, a fo_rmal ¢Cl
C(6) = 177.9). These interactions are also reflected in the insertion into malon|c_aC|d de_rlyatlves has been obtained several
geometry of the bicyclo[4.2.0]octan-2-yl catiod't) with its times, but under basic conditiofss. _ _ _
particularly long central bond (C(2)C(6)) (see Figure 3). Which reactions may compete with th&lel insertion? As
Concerning the scope of this methodology, we think that the already described in the literature, strained cyclopropanes,
estimation of the activity by use of the HTP determination can €specially bicyclobutanes, undergo a two-bond insertion cleav-
be useful for most of the stabilized-electrophilic carbenes age reactiof? and it is reasonable to think that bicyclo[3.1.0]-
reacting by the electrophilienucleophilic mechanishT as in hexane {) may already be strained enough to undergo ring
the usual cases. However, the slightly nucleophilic character OP€ning. Indeed, a relatively low activation energy (13.5 kcal/
of dichlorocarbene can be revealed by investigation of an Mol) is calculated for the formation of 1,1-dichlorohepta-1,6-
extreme case: the insertion of G@ito the strongly acidic €H diene (4) (Figure 9). At the B3LYP/6-31G(d) level of theory,
bonds of malononitrile (6. = 11.1)24 Malononitrile is char- this conversion is described as a concerted process with an
acterized by an extremely low HTP value (7.2 kcal/mol), but, asynchronous cleavage of the bonds. This barrier is only 2.1
nevertheless, the calculated barrier for insertion into thedC ~ kcal/mol (1.1 kecal/mol for thendocompound) higher than those
bond is particularly low (7.4 kcal/mol). Analysis of the charge needed for the obtained-€H insertion products. This result
repartition at the transition state reveals that the H@@up  9ives hope that the ring opening to a diene may become the
is positively charged (APF +0.303; NBO= + 0.310). It main reaction, if a bicyclo[3.1.0]hexane is used as reactant with
means that this reaction is better described by a proton transfersubstituents which can efficiently stabilize the transition state
than by a hydride transfer, or in other words, by a nucleophilic OF even fa}vor the fprmation of a biragical or of a zwitterion as
phase followed by an electrophilic phase. This result is reactive intermediate. However, ring cleavage was never
confirmed by the NBO analysis of the transition state. Electron observed during the experimental investigation performed in
donation from the lone pair at the carbenic center into the OUr group? A second relatively realistic cleavage is obtained
antibonding orbital of the breaking-G4 bond is much stronger by an attack on C(6) leading to the formation of cyclopentene

(23) (a) Roberts, J. D.; Mazur, R. B. Am. Chem. S0d 951, 73, 3542. (25) (a) Kaz, A.; Zornig, W.J. Prakt. Chem1906 74, 425. (b) Krapcho,
(b) Koch, W.; Liu, B.; DeFrees, D. J. Am. Chem. S0d.988 110, 7325. A. P.J. Org. Chem1962 27, 2375. (c) Kira, M. A.; Osman, A. |.; Kamel,
(c) Saunders, M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. v.JRAm. O. K. Egypt. J. Chem198Q 20, 557.

Chem. Soc1988 110, 7652. (d) Wiberg, K. B.; Shobe, D.; Nelson, G. L. (26) (a) Jackson, J. E.; Mock, G. B.; Tetef, M. L.; Zheng, G.-X.; Jones,
J. Am. Chem. Socl993 115 10645. (e) Cacace, F.; Chiavarino, B.; M., Jr. Tetrahedronl985 41, 1453. (b) Koptelov, Y. B.; Kostikov, R. R;
Crestoni, M. E.Chem. Eur. J200Q 6, 2024. Molchanov, A. PZh. Org. Khim.1991, 27, 1902. (c) Xu, L.; Miebach, T.;

(24) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.; Brinker, U. H.; Smith, W. BTetrahedron Lett1991, 32, 4461. (d) Rablen,
Cornforth, F. J.; Drucker, G. E.; Margolin, Z.; McCallum, R. J.; McCollum, P. R. 38th Middle Atlantic Regional Meeting of the American Chemical
G. J.; Vanier, N. RJ. Am. Chem. Sod.975 97, 7006. Society, Hershey, PA, June-Z, 2006.
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TS(1-->14) TS(1-->15)

CCl,

15

FIGURE 9. Possible side reactions by the addition of dichlorocarbene to bicyclo[3.1.0]hexane.

(15) and 1,1-dichloroethene with an activation energy of 15.6 vibrational analysis. The zero-point vibrational energies (ZPE) were
kcal/mol. The third possibility does not need to be considered, scaled by a factor of 0.98G8.All reported energies include zero-
since it would cause the development of a partial positive charge Point corrections. The hydride transfer potential was obtained from

on C(6), which would not be efficiently delocalized, since C(6) the isodesmic equation GH- R™ — CHz" + RH by a single-
bears two hydrogen atoms. point energy calculation for the cation obtained by removal of a

Finally, a potential alternative mechanism should be consid- hydride ion from the optimized structure of the parent hydrocarbon.

ered: as carbenes can interact strongly with alkenes and als This permits a rapid estimation of the activity of a specific &

ith th bered ri L ; . - %ond. For this comparison, the structure of the cation is not
with three-membered ring$jt is interesting to investigate more optimized because the insertion of G@ito a C—H bond is a

deeply the possibility that the cyclopropane unit may influence concerted process in which only a small partial positive charge is
the course of the reaction by an interaction of the Walsh orbitals accumulated on the alkyl moiety. Moreover, in strained bicyclic
with the empty orbital of the carbene. Therefore, we have made compounds, cations may adopt an equilibrium geometry, which is
several attempts to locate complexes between bicyclo[3.1.0]- totally different from the starting geometry, because of the formation
hexane 1) and dichlorocarbene (see the Supporting Information, of non-classical cations, such as trishomocyclopropy! cafitss?
structuresl6 and17). Indeed, complexes between carbenes and or because of ring opening, i.e., formation of a monocyclic allyl
cyclopropane have already been describeidwever, we were  cation from a bicyclic cyclopropyl cation. Since the charge transfer
not able to find a minimum with the LUMO of the divalent induced by CGlis small and the concerted reaction does not allow
species pointing toward a-€C bond or a carbon atom df a significant amount of time for a potential rearrangement to

Instead, extremely weak minima (less tha0.6 kcal/mol for ~ Proceed; the reactivity of the alkane is better estimated by a

AE AG’ = 452 keal/mol f d .h f th comparison with the nonoptimized cation. Moreover, this methodol-
-, AGgos = +5.2 kcalimol) are found, when Onf of the 4y allows a comparison of the reactivity of both bonds, i.e., the

ubiquitous C-H bon(_js is oriented toward the_LP of the  andoand theexoC—H bonds.

carbene. Therefore, it can be concluded that dichlorocarbene

does not interact directly with three-membered rings.

Computational Methods

The Gaussian 03 progré&was used for density functional
theory calculations, employing Beck&shree-parameter hybrid

Conclusion

DFT calculations can be used for prediction of the regio- and
stereoselectivity of dichlorocarbene insertions intekCbonds.
For cyclic hydrocarbons, a calculated barrier below 10 kcal/

method, and the exchange functional of Lee, Yang, and Parr mo| |eads to excellent yields, whereas a barrier of more than

(B3LYP).3% Geometries were optimized at the B3LYP/6-31G(d)

12.5 kcal/mol is prohibitive for the reaction. The calculated

level of theory. The stationary points were characterized by onqgexoratios are in good agreement with the ratios obtained

(27) (a) Freeman, P. K.; Pugh, J. K.Org. Chem200Q 65, 6107. (b)
Freeman, P. K.; Dacres, J. E.Org. Chem2003 68, 1386.

(28) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,

Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.’;

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;

experimentally. Dichlorocarbene insertions proceed in good
yields with activated €H bonds, provided there is no steric
hindrance. During the reaction, a partial positive charge ac-
cumulates on the alkyl fragment that needs to be efficiently
delocalized in order to stabilize the transition state. Therefore,
the geometry of the remaining alkyl group has to be similar to
that of the corresponding alkyl cation in order to minimize
energetically costly rearrangements proceeding from the ground
state to the transition state. Thereby, the insertion into this

Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels, particular C-H bond is favored over other-&H bonds. When

A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D,
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
Gaussian, Inc.: Pittsburgh, PA, 2003.

(29) Becke, A. D.J. Chem. Phys1993 98, 5648.

(30) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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three-membered rings are involved, the reaction occurs in the
o position. For electrophilic reactions with an early transition
state the reactivity of a specific-€H bond can rapidly be

(31) Scott, A. P.; Radom, LJ. Phys. Chem1996 100, 16502.
(32) Masamune, S.; Sakai, M.; Kemp-Jones, A. V.; Nakashim&ah.
J. Chem.1974 52, 855.
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estimated by the computation of its hydride transfer potential ~ Acknowledgment. Calculations were performed on the
(HTP), thus facilitating the determination of the potential Schrainger Il cluster at the University of Vienna.

reaction products. With slightly acidic-&H bonds, the insertion . . . . .
P gnty Supporting Information Available: Cartesian coordinates and

of d|(?il1lorocarbe.ne occurg according to a nucleoptéitec- _energies for all relevant stationary points. This material is available
trophilic mechanism. In this case, the calculated energy barrier free of charge via the Internet at http://pubs.acs.org.

correlates well with the Ig, of the reactant. JO702047B
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