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Abstract: Transition states for carbene insertion reactions into C-H bonds can be classified as ¢ or x approaches. In
the = approach, the empty orhital of the carbene is aligned wirth 1he carbon p orbiial of the rcy2 fragment orhital; in
the o approach, the empiy carbene p orbital is aligned with the ocy; fragment orbiial. Conceried hydrogen migration
to the larger lobe of the carbene lone pair is energerically favorable. The transition siate for CH; insertion into metbane
has been calculated at 1the HF /6-31G*, MP2/6-31G*, and QCISD/6-31G* levels. At all levels, the « approach is
slighily favored over the « approach. The barrier a1 HF is too high, and the C-C bond in the transition state is too
short. A small barrier (0.4 keal/mol) relative 10 a long-range complex was found at the QC1SD/6-31G* level, but
none is found at QCISD(T)/6-31G* and QCISD/6-311G**. Transition siates have also been optimized at 1the HF/
6-31G* and MP2/6-31G* levels for HCCH3, C{CH3),;, CHF, and CF;inserting imo methane. The ¢ approach is again
slightly favored over #. For vinylidene { C=CH ;) 1here is a slight preference for 1he # approach for insertion into both
methane and ethane. Transition states for inseniion of CH., HCCHj, C{CH3):, CF., vinylidene, and silylene into
etbanc have been oprimized at HF/6-31G* and MP2/6-31G*. The acy; patbways are favored over wcy; and #ouces
with ocucnz lying significantly higher. For the carbenes considered, 1bere is a wide variation in the barrier beights.
The 1ransirion s1ate with the carbene in an inveried orientaiion and the bydrogen migrating to the wrong side of the
carbene lone pair is typically 5-10 keal/mol higher. Contrary to expectations, the barricr heights do not correlaie with
the HOMO or LUMO energies or the HOMO-LUMO gap. Instead, tbe trend correlates with the singlet-triplet
energy differences in the carbenes. The valence bond staie correlation metbod has been used to develop an explanation

for the barrier heighis.

Introduction

Traditionally, descriptive organic chemistry and tbe reactivity
of organic compounds have been organized by functional groups.
Until recently, saturated hydrocarbons, as a class of organic
chemicals, bave been conspicuously absent from discussions of
closed-shell reactions.! Theobservation of facile oxygen insertion
into the C—H bonds in 1ransiiion metal mediated hiochemical
processes? and newly developed chemical reagents wiith a high
propensity for oxygen donation {e.g. dioxiranes)? siands in stark
contrasi 10 the expectations initially held for ibis class of
“wnreaciive” organic substrates. A mechanisiic rationale for the
concerted insertion of carbon, oxygen, and meial a1oms into the
o bonds of saturated hydrocarbhons remains a goal of mechanistic
organic chemists.

We haverecently described a frontier molecular orbital {(FMQO)
model, hased upon a set of fragment hydrocarbon molecular
orbitals, thai provides a rationale for the oriemaiion of anack of
an electrophilic species involved in 1be direct functionalization
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of saturated hydrocarbons.* Asexemplified by 1, we defined the
electrophilic reagent E as having an electron deficient molecular
orbital, capable of imeracting with a doubly occupied hydrocarban
fragment orbital, and one or more pairs of elecirons 1bat may
serve as the migration terminus for a 1,2-hydrogen sbift. In a
tetrahedral array both hydrogens bound to the sp’ carbon of a
methylene group {CH,) occupy a common plane, and they are
related by symmetry and are associated with an orbital with #
symmetry {#cy2) as in 2a and a ocya orbital as in 2b.}
Replacement of one of 1he hydrogens in a #cy; fragment orbital
by an alkyl group {e.g. CH3) gives rise to a wcucn; fragment
orhital {2c). In this FMO medel we prefer 10 use canonical
Hartree—Fock orbitals 2a-2c and the «/7x nomenclature to
describe the bydrocarbon fragment because it is easier tovisualize
the reaction trajectory and define the axis of attack of the
elecitophilic orbital on E {1). The localized description of the
C-H o bond is equally valid but very much harder to reconcile
with the calculated geometries obtained for the transition states.

.o 08 e e

In this study we describe the mechanism for insertion of singlet
divalentcarbon {CX,, X = H,msCH,, CH;, F) and silicon {SiH,)
into saiurated hydrocarbons. These electrophilic species typify
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Figure 1. The insertion of carbenes into hydrocarbons can proceed along a wcu2 path, where the empty carbene p orbital is aligned with the carbon
p orbital of a wcy, fragment orbital, or along a ocuz path, where the carbene p orbital is aligned with a ocu, fragment orbital.

1 since they possess both an empty p orbital and a lone pair of
electrons. Thus, we suggest an idealized approach to either the
doubly occupied wcy hydrocarbon fragment 3a or the doubly
occupied ocpa fragment 3b along the axis of the empty p orbital
of carbene 4 toarrive at transition state 5 (Figure 1). Of primary
importance to the proposed model is that the hydrogen migrates
to the larger lobe of the lone pair of electrons on the methylene
carbon. In this orientation the migrating hydrogen (H;) can
readily undergo a concomitant 1,2-hydrogen shift to the adjacent
pair of electrons on carbon, affording insertion product 6.
Although the trajectory for the incoming electrophile ('CHb) is
along the axis of the atomic p orbital of the ocu or mepz fragment,
in the final insertion product the electrophile must be approx-
imately along the C—H bond axis of the initial hydrocarbon.
Consequently, after the barrier is crossed, the CHR,R; group
must tilt by 35-50°. In addition to the orientation of the carbene
in the transition state, we will also address the electronic factors
that determine the magnitude of the activation barrier for carbene
insertionintoa C—H ¢ bond. Carbenes are highly reactive species
that can exist in twoelectronic states. For thesimplest of carbenes,
CH,, the triplet is the ground state, while divalent carbon bearing
electronegative substituents with px lone pairs has a singlet ground
state. The diverse reactivity of a carbene is a direct function of
its electronic state. Reactivity trends have been rationalized by
a simple valence bond (VB) model based upon reactant and
product spin recoupling. In the present study we include a
qualitative discussion of the singlet—triplet energy differences
(AEst) for carbenes based upon the state correlation diagram
(SCD) model described by Shaik and Pross.” These data provide
a rationale for the relative magnitude of the activation barriers
for carbene insertion.

There have been numerous theoretical studies on the concerted
pathway for singlet methylene insertioninto the hydrogen molecule
to afford methane (eq 1).! The reaction

CH,('A,) + Hy('2,") = CH,('A)) (1)

is a prototype of a reaction where a Woodward-Hoffmann®-

(6) Bernardi, F.; Bottoni, A.; Robb, M. A. Mol. Phys. 1992, 77, 51.

(7) (a) Shaik, S. S.; Schlegel, H. B.; Wolfe, S. Theoretical Aspects of
Physical Organic Chemistry; Codey: New York, 1992. (b) Pross, A.; Shaik,
S. S. Ace. Chem. Res. 1983, 16, 363.

(8) (a) Bauschlicher, C. W, Jr.; Schaefer, H. F., 111; Bender, C. F. J. Am.
Chem. Soc. 1976, 98, 1653. (b) Kollmar, H.; Staemmler, V. Theor. Chim.
Acta (Berlin) 1979, 51, 207. (c) Jezioreak, D.; Zurawski, B. Int. J. Quantum
Chem. 1979, 26, 277. (d) Bauschlicher, C. W., Jr.; Haber, K.; Schaefer, H.
F., I1I; Bender, C. F. J. Am. Chem. Soc. 1977, 99, 3610.

allowed and a symmetry-forbidden path can compete. This
carbene insertion reaction, which is predicted by theory to proceed
by a non-least motion pathway®* and to occur without an activation
barrier,® has also served as a model for singlet methylene insertion
into the C-H bonds of saturated hydrocarbons, However, the
least motion pathway of reaction 1, maintaining C,, symmetry,
is forbidden by orbital symmetry, and configuration interaction
(CI) calculations now predict a barrier of 26.7 kcal/mol.34
Although the CH; + Hz insertion has no barrier, a relatively high
level ab initio calculation (MP4/6-311++G(3df,3pd)//MP2/
6-311G(2d,2p) predicted a small barrier for SiH, insertion into
H; that is 4.8 kcal /mol above a long-range potential well and 1.7
kcal/mol above reactants.'®™ Schlegel has found a dramatic
increase in the barrier heights for insertion into H; when methylene
or silylene is substituted with either fluorine!'*—< or chlorine.!!

Insertion reactions of methylene into methane!% and ethane!%4
have been reported at the Hartree—Fock level (barriers of 9.1 and
16.5 kcal /mol, respectively). When third-order Moller—Plesset
perturbation theory corrections were included (MP3/6-31G*/
/HF/3-21G), barriers for CH; insertion into methane and ethane
were 0 and 0.2 kcal/mol. Experimental data also suggests that
the barriers for methylene insertion into hydrocarbons are quite
low.!? Insertion of singlet methylene into the C~H bond of methyl
chloride has been studied at the MCSCF//MP2/6-31G* level,
and a barrier of 5.4 kcal/mol is predicted.® It has been
suggested®®'3 that these reactions occur in two stages, involving
an “electrophilic” interaction between the empty p orbital on the
methylene carbon and the ¢ C-H bond and a “nucleophilic”
couterpart between the carbene lone pair and the methylene o*
C-H orbital. Zero barriers were also predicted!% for insertion
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of SiH, into SiH4. However, SiH; insertion into a C—H bond of
methane had a predicted activation energy of 22 kcal/mol that
compares favorably with an estimated experimental barrier'# of
17-19 kcal/mol. It was suggested'™ that the barriers and
activation energies correlated with the length of the substrate
bond and that steric interactions appear to be a major factor in
determining barrier heights. Incontrast to the concepts outlined
in Figure 1, all of the transition states reported'” for '\CH; insertion
predicted that the hydrogen would migrate to the opposite face
of the methylene lone pair. Migration of a positive hydrogen to
the smaller lobe of the nucleophilic carbon appeared to us to be
counterintuitive and prompted us to also examine the question
of lone pair orientation in the transition state for carbene insertion.

Method of Calculation. Molecular orbital calculations were carried
out using the Gaussian 92 program system'*® utilizing gradient geometry
optimization.'® The geometries of the reactants and transition structures
were first determined at the Hartree—Fock (HF) level of theory with the
3-21G and 6-31G* basis sets. All geometries were then fully optimized
using second-order Moller—Plesset perturbation theory (MP2/6-31G*).
Relevant energies and barrier heights were computed with the 6-31G*
basis set using fourth-order Moller—Plesset perturbation theory (frozen
core, MP4SDTQ/6-31G*//MP2/6-31G*). Vibrational frequency cal-
culations at the MP2 /6-31G* level were used tocharacterize all stationary
points as either minima (zeroimaginary frequencies), first-order transition
states (a single imaginary frequency), or second-order saddle points, SOSP
(two imaginary frequencies).

Results and Discussion

Singlet Methylene Insertion into Methane. The FMO model
suggests that singlet methylene ('CH;) may approach methane
from two unique directions. As illustrated in Figures 1 and 2,
the empty p orbital on the methylene carbon may either interact
with a filled fragment orbital of = symmetry, as indicated in 7a,
or it may approach a ocy; orbital, as in 7b. In an earlier study
abinitio calculations predicted that electrophilic oxygenapproach
to methane in a ocy;, fashion was slightly favored over the mcp
orientation.® In preliminary calculations on methylene insertion
the two transition states we examined were constrained to C
symmetry. We found that the ocy» approach in TS-1, a first-
order saddle point, is 0.4 kcal/mol lower in energy than the mcu2
orientation, a second-order saddle point SOSP-8 at the HF/6-
31G*level (Figure 3 and Table I). Inconsonance with the FMO
model,* the ocuz hydrocarbon fragment approaches the empty
2p orbital on the methylene, affording TS-1. When all of the
geometry constraints in SOSP-8 were released, the geometry
optimized to TS-1. Inthisorientation the product ethane is formed
in its staggered conformation. We next examined the preferred
orientation of the methylene lone pair with respect to the migrating
hydrogen. Intuitively, hydrogen migration to the larger lobe of
the methylene lone pair should have a lower activation barrier
than hydrogen migration to the back side of the methylene carbon.
Consistent with this hypothesis TS-2 is 7.3 kcal/mol (HF/6-
31G*) higher in energy than SOSP-8 (Figure 3).

Moller—Plesset perturbation theory has been shown to give
much better estimates of the barrier heights and transition-state
geometries for methylene insertion into C—H bonds.!® However,
all attempts to locate a transition structure for the ocna approach
in TS-1 or wcu: attack in SOSP-8 at MP2/6-31G* were
unsuccessful. Intermediate data for the optimization indicate
that insertion by the ocy2 approach is barrierless at the MP2/
6-31G* level. We were able to find a first-order saddle point for
methylene (!CH;) insertion into a wcy: orbital where the
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Figure 2. Orientation of singlet carbene attack on the filled fragment
orbitals of methane and ethane.

methylene lone pair is inverted and hydrogen H; migrates to the
back side of the methylene lone pair (TS-2). Thelatter TS exhibits
a small activation barrier (2.78 kcal/mol), relative to isolated
reactants,atthe MP4/6-31G*//MP2/6-31G* level, presumably
reflecting the less favorable electron density at the methylene
carbon (C;). The MP2 geometry is quite comparable to that
calculated at QCISD/6-31G*, but the barrier height for TS-2
is increased to 6.2 kcal/mol. Since hydrogen migration to the
larger lobe of the carbene lone pair is more facile, TS-1 would
be expected to have a lower barrier than insertion to the opposite
face, asshown in TS-2. Multiple pathways have previously been
noted for extrusion of SiH; from C,H;SiH3, affording ethane!!d
and SiH, + SiH,.!'¢ The transition state for the reverse reaction,
corresponding to the insertion of SiH; into ethane with hydrogen
migration to the larger lobe of the silicon lone pair, was 10.0
kecal/mol (HF/3-21G) lower in energy than the TS where the
smaller lobe of the silylene was involved. With this exception,
the transition structures reported earlier for 'CH; and !SiH,
insertion into the C—H bond of alkanes have all involved the
inverted configuration of the divalent carbon or silicon center.

In general, the stereochemistry of CH; insertion is adequately
described by the HF method, but the barriers are 10-15 kcal/
mol too high and the C~C bond distances are 0.2-0.4 A too short.
Since there are significant qualitative differences between the
Hartree—Fock and MP2 descriptions of methylene insertion, it
is important to check these findings at a higher level of theory.
The QCISD approach provides a better description of electron
correlation than MP2. Despite the long C—C bond distance (2.86
A) in the reactant cluster (Figure 3), the methylene fragment
(1CH3,) is poised to insert in a ocy> fashion and the C,—H, bond
in the methane fragment is slightly elongated (1.102 A). Thus,
the reaction trajectory for C—H insertion suggested by this FMO
model appears to be set in motion in the reactant cluster (see also
reactant cluster 9 in Figure 5). The QCISD/6-31G*-optimized
transitionstate is significantly earlier, as evidenced by a relatively
long C-C bond (2.503 A). The barrier at the QCISD/6-31G*
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Figure 3. Cluster, transition states, and second-order saddle points for singlet methylene insertion into methane. Geometries have been optimized at
HF/6-31G* (no parentheses), MP2/6-31G* (parentheses), and QCISD/6-31G* (brackets); bond lengths are given in angstroms, angles in degrees.
Barriers relative to reactants (in kcal/mol) have been calculated at HF/6-31G*, MP2/6-31G*, MP4/6-31G*//MP2/6-31G*, QCISD/6-31G*, and
QCISD(T)/6-31G*//QCISD/6-31G*. The transition vector shown for TS-1 wascomputed at QCISD/6-31G*. The QCISD/6-31G*barrierscalculated
from the reactant cluster without and with ZPE are 0.40 and 1.06 kcal/mol, respectively.

Table I. Total Energies and Barriers for Methylene Insertion into Methane
total energies (au) barriers (kcal /mol)
TS-1 SOSP-8 TS-2 TS-1 SOSP-8 TS-2
level of theory (ocH2) (7cHz2) (inverted wcu2)  (ocH2) (mcH2) (inverted wcm2)

HF/6-31G* -79.050 30 -79.049 70 -79.038 08 10.8 11.2 18.5
MP2/6-31G* a a -79.308 74 a a 1.45
MP4/6-31G*//MP2/6-31G* a a -79.344 16 a a 2.8
QCISD/6-31G* -79.351 31 -79.350 77 -1.3 -1.0
QCISD(T)/6-31G*//QCISD/6-31G* -79.358 14 -79.357 70 -2.4 -2.1
QCISD(T)/6-311+G(2df,p)//QCISD(T)/6-31G*  -79.486 45 —4,2%

¢ No transition state could be found; insertion proceeds without a barrier. ® The barrier relative to isolated reactants. At this level TS-1 is 1.77
kcal/mol lower in energy than its reactant cluster at the same level of theory.

level is —1.34 kcal/mol for ocus-oriented singlet methylene
insertion into methane (TS-1 in Figure 3and Table I). Although
the negative barrier could be due to basis set superposition error,
it is most likely a consequence of a small degree of C—C bonding.
The transition state is only 0.4 kcal /mol above the reactant cluster,
the methane portion of the transition structure is 1.15 kcal/mol
higher in energy than ground-state methane, and the methylene
fragment was essentially unperturbed in the transition state, being
only 0.02 kcal/mol higher in energy than ground-state !CH,.
Despite theextremely weak interaction, TS-1 isa first-order saddle
point, as determined by a numerical frequency calculation at the
QCISD/6-31G* level. The normal mode associated with the
single imaginary frequency (see Figure 3) is consistent with this
insertion process, primarily C-C bond formation and H transfer.
Inclusion of the triple excitation at this level (QCISD(T)/6-
31G*//QCISD/6-31G*) affords a barrier for TS-1 of -2.36 kcal/

mol. When the barrier height is measured from the reactant
cluster (QCISD/6-31G*) with zero-point energy (ZPE), the
barrier is 1.06 kcal/mol. However, when the triple excitations
are included, the barrier is ~0.28 kcal/mol, but with ZPE the
barrier is 1.04 kcal/mol. We were unable to find a transition
state at the QCISD(T)/6-31G* or QCISD/6-311G* levels.
Activation barriers calculated at these levels on the QCISD/6-
31G* geometries for the cluster and TS-1 were —0.28 and —1.48
kcal/mol, respectively (without ZPE). When the activation
barrier was computed at QCISD(T)/6-311+G(2df,p) on the
QCISD/6-31G* geometry, TS-1 was 1.77 kcal/mol lower in
energy than the reactant cluster and the overall energy difference
between isolated reactants and TS-1 was ~4.2 kcal/mol. We
conclude from these data that the insertion process is barrierless.

Methylene Insertioninto Ethane. There are six distinguishable
orientations for insertion into a ¢c-u bond of ethane where the
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Figure 4. Methylene insertion into ethane via the ocua approach (path A) and the inverted ocuz approach (path B).
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Figure 5. Transition states and second-order saddle points for singlet methylene insertion into ethane. Geometries have been optimized at HF /6-31G*
(no parentheses) and MP2/6-31G* (parentheses); bond lengths are given in angstroms, angles in degrees. Barriers relative to reactants (in kcal/mol)
have been calculated at HF/6-31G*, MP2/6-31G*, and MP4/6-31G*//MP2/6-31G*.

hydrogen migrates to the more nucleophilic face of singlet
methylene. Thereare two equivalent (mirror image) approaches
of 'CH; to the wcy;z orbital in ethane, as illustrated in 9a, and
two mirror image orientations for attack in a ocy; fashion (9b,
Figure 2). Interchanging a hydrogen and methyl group affords
wcuchs and ecycns orbitals. Hence, the two additional potential
transition structures involve interaction of the electrophilic carbene
2p orbital along the axis of the wcycus orbital (9¢) and between
the methyl group and hydrogen (ocucus3), as in 9d.

The ocuz and wcu approaches of methylene insertion into
ethane are very similar to the insertions into methane. At the
Hartree—Fock level, the ocya approach (path A, Figure 4) leads
to a transition state, TS-3 (Figure 5), but the inverted ocu
approach (path B) yields a second-order saddle point. The 7cha2
attack also gives a second-order saddle point, but the inverted
wcHzattack involves a first-order saddle point, TS-4. By contrast,
all of the ocuchs and wepcna routes to insertion lead to second-
order saddle points.

Despite numerous attempts, we could not locate a transition
state for 'CH} insertion into ethane for the electronically preferred

ocnz approach (path A) at the MP2/6-31G* level. Reaction
coordinate following established that 'CH; insertion by path A
as shown in TS-3 occurred without a barrier at the MP2/6-31G*
level of theory (Table IT). We did find relatively small activation
barriers of less than 1 kcal/mol for hydrogen transfer in the
inverted configuration (path B) for the wcu2 (TS-4) approach to
ethane. We suspect that we were only able to find a transition
state for path B because of the less favorable interaction of the
inverted lone pair of electrons with the migrating hydrogen. The
more hindered ochcns orientation had an MP4SDTQ/6-31G*/
/MP2/6-31G* barrier of 9.4 kcal/mol. From these data we
conclude that singlet methylene will preferentially approach a
simple hydrocarbon in a ocy, fashion, that the hydrogen will
migrate to the larger lobe of the attacking carbene, and that
insertion will take place with little or no activation barrier.
Singlet Vinylidene Insertion into the C—H Bonds of Methane
and Ethane. Although the energy differences between the acp2
and wcu2 approaches to methane and ethane are relatively small,
in each case the orientation of the lone pair and empty 2p orbital
on the methylene carbon was consistent with the basic concepts
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Table II. Total Energies (au) and Barriers (kcal/mol) for Methylene Insertion into Ethane

MP4SDTQ/6-31G*// MP4SDTQ/6-31G*//

compd orientation HF/6-31G* MP2/6-31G* HF/6-31G* MP2/6-31G*
total energies
methylene -38.872 37 -38.974 01 -38.993 37 -38.993 79
ethane -79.228 76 -79.494 74 -79.532 34 -79.532 81
TS-3 OCH2 -118.086 22 -118.543 27 -118.525 38
TS-4 TCH2 -118.074 50 -118.479 02 -118.527 83 -118.52579¢
14 -118.102 094 -118.480 374 -118.528 44
Barriers

TS-3 OCH2 9.36 -6.44 (0.85)° -11.02 (-9.31)¢
TS-4 TCH2 16.72 —4.45 (2.84)° -1.33 (0.38)¢ 0.51ab
14 —0.60 -7.29 -1.71

2 Geometry was constrained to a gcy; orientation. The total energy was —118.536 40 when the constraint was removed. ® The lone pair of electrons
on the methylene has the inverted configuration (path B). ¢ Activation barriers in parentheses have been calculated relative to reactant cluster 9 based
upon a MP2/6-31G*//HF/6-31G* energy. ¢ At the MP2/6-31G*//HF/6-31G* level. ¢ Barriers relative to reactant cluster 9 based upon a MP2/

6-31G*//HF/6-31G* energy.

AElr2 = 38.9

SOSP-11 (inverted ocHz)

TS-6 (ncH)

Figure 6. Transition states and second-order saddle points for vinylidene insertion into the C~H bond in methane and ethane. Geometries have been
optimized at MP2/6-31G*; bond lengths are given in angstroms, angles in degrees. Barriers relative to reactants (in kcal/mol) have been calculated
at MP2/6-31G*and MP4/6-31G*//MP2/6-31G*. Total energiesof TS-5,SOSP-10,SOSP-11,and TS-6 at MP2/6-31G*are-117.303 18,-117.301 00,
-117.269 43, and -156.477 01 au, respectively; total energies of TS-5 and TS-6 at MP4/6-31G*//MP2/6-31G* are —-117.344 70 and -156.529 15 au,

respectively.

outlined in the FMO model. Although vinylidene is a short-lived
carbene that is principally of theoretical interest, it presents itself
as an excellent model to test steric requirements for insertion
since it has an empty 2p orbital that lies in the same plane as its
trigonally hybridized adjacent methylene group. In this case we
found that the wcuz approach to methane was slightly favored
and the MP4//MP2/6-31G* activation barrier for TS-5 is 20.0
kcal/mol. The ocuz approach is a second-order saddle point
(SOSP-10) that is 1.4 kcal/mol higher in energy (Figure 6). The
orientation of the lone pair on the sp carbon is also very important
since SOSP-11, which is comparable to path B, is 19.8 kcal/mol
higher in energy than SOSP-10. The MP4SDTQ/6-31G*//
MP2/6-31G* activation barrier (15.9 kcal/mol) for insertion
into ethane (TS-6) is 4.1 kcal/mol lower than that for methane
insertion, reflecting the stabilizing influence of the filled wcm2
orbitals on adjacent methyl groups.# Stericinteractions between
the methyl and methylene groups cause a deviation from the
idealized wcy, approach, and the C,H,C;H, dihedral angle is

163.6° in TS-6. Although we did not make a thorough search
for other possible reaction trajectories for vinylidene insertion,
in general we have found that there is only one first-order saddle
point with the proper orientation of the carbene lone pair and we
do not necessarily seek other approaches that are of higher order.
However, as noted below, transition structures for hydrogen
migration to either face of the carbene (Figure 4) can be a first-
order process.

Insertion Reactions of Silylene, Fluoro Carbenes, and Methyl
Carbenes. We next reexamined the transition structures for
silylene insertion into ethane at the MP2/6-31G* level. Both
pathways (Figure 4) for hydrogen migration had previously been
reported at the HF level.!'d Qur objective here is to establish the
reaction trajectory. Within the context of this FMO model, singlet
SiH; insertion into ethane proceeds by a ocuz pathway (TS-7,
Figure 7) with a barrier of 22.3 kcal/mol. Although the xcy2
insertion pathway with the inverted silylene configuration (path
B) is also a first-order saddle point (TS-8), it lies 7.8 kcal/mol
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<8SitH1C2H2176.9

<SitH1C:H2x15.78

AEr2 = 23.2
AEfr2=15.6 AEhps = 30.1
AErs = 22.3
TS-7 (ocH2) TS-8 (inverted mcHz)

Figure 7. Transition states for silylene insertion into the C-H bond of
ethane. Geometries have been optimized at MP2/6-31G*; bond lengths
are given in angstroms, angles in degrees. Barriers relative to reactants
(in kcal/mol) have been calculated at MP2/6-31G* and MP4/6-31G*/
/MP2/6-31G*. Total energies of TS-7 and TS-8 are —369.547 10 and
-369.534 96 au, respectively, at MP2/6-31G* and -369.587 43 and
-369.575 15 au, respectively, at MP4/6-31G*//MP2/6-31G*.

<CiH1CzH==0.0
AEire = 13.3 AEjre = 424
AEire=14.8 AEhrs =433
TS-9 (ocHz) TS-10 (ocHe)

AEfp: =43.2
AEfips = 44.0

SOSP-12 (ncHe)

AElr2=31.8
AElre =385

TS-11 (ocHe)

Figure 8. Transition states and second-order saddle points for fluoro
carbene and difluoro carbene insertion into the C-H bond of methane
and ethane. Geometries have been optimized at MP2/6-31G*; bond
lengths are given in angstroms, angles in degrees. Barriers relative to
reactants (in kcal/mol) have been calculated at MP2/6-31G*, MP4/
6-31G*//MP2/6-31G*,and QCISD(T)//MP2/6-31G*. Totalenergies
of TS-9, TS-10, SOSP-12, and TS-11 are —178.35] 88, -277.389 99,
-277.388 64, and —-316.564 50 au, respectively, at MP2/6-31G* and
-178.387 58,-277.425 89,-277.424 85,and-316.611 49 au, respectively,
at MP4/6-31G*//MP2/6-31G*. Thetotal energies for CHy, CHF, and
TS-9 at QCISD(T)//MP2/6-31G* are —40.355 96, —138.056 99, and
—-178.389 16 au.

higherinenergy than TS-7. Thisoverallinsertion process mirrors
the !CH, insertion process, except it exhibits a much higher
activation barrier.

We also felt that it would be prudent to examine the insertion
pathways for halo-substituted carbenes and methyl-substituted
carbenes to see if they are consistent with the FMO model.
Monofluoro carbene (\CHF) approaches methane in the ocy»
fashion, and the insertion reaction (TS-9, Figure 8) is associated
with a fairly large activation barrier (14.8 kcal/mol). When the
barrier was computed at the QCISD(T)/6-31G* level on the
MP2 geometry, it was essentially unchanged (14.9 kcal/mol).
We found the ocy; orientation for CF, insertion into both methane
and ethane to be slightly preferred to the wcy» approach. The
ochz approach (TS-10) is a first-order saddle point that is 0.7
kcal/mol lower in energy than SOSP-12 (Figure 8). However,
itshould also be emphasized that the wcy, approach in 12 affords
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. ABhp2=-7.3
(1.095) AEkws = -0.6

TS-12 (ocHz)

AEp2 = -6.2
ABhpa=1.1

CiHiCzHz=
<2,17 1(22.6)2_ TS-13 (GCHz)

AElrs = 16.4

TS-14 (inverted ®tckz)

Figure 9. Transition states for methyl carbene and dimethyl carbene
insertion into the C—H bond of ethane. Geometries have been optimized
at MP2/6-31G*; bond lengths are given in angstroms, angles in degrees.
Barriersrelative to reactants (in kcal/mol) have been calculated at MP2/
6-31G* and MP4/6-31G*//MP2/6-31G*. Total energies of TS-12,
TS-13 and TS-14 are -157.666 94, —-196.847 34, and -196.825 14 au,
respectively, at MP2/6-31G* and -157.724 89, -196.914 99, and
-196.890 58 au, respectively, at MP4/6-31G*//MP2/6-31G*.

an eclipsed conformation upon insertion. The activation barrier
forsinglet CF; insertion into ethaneis 38.5 kcal/mol. This barrier
(TS-11) is 4.8 kcal/mol lower than the CF; barrier for insertion
into methane, in consonance with the relative barriers noted for
the other insertion reactions.

Whereas the primary effect of fluorine substitution is on the
electronicstructure of the carbene, methyl substitution also exerts
astericinfluence. Methyl carbene ('CHCHj;) approaches ethane
in a ocu; orientation (TS-12, Figure 9) and has a small negative
barrier. Dimethyl carbene (!C(CHj3),) also proceeds in a ocya
fashion but with a small positive barrier (1.1 kcal/mol) (TS-13,
Figure 9). In the w2 approach, dimethyl carbene prefers the
inverted over the regular orientation because of stericinteractions
(TS-14).

Itis worthy of note that the magnitude of the activation barriers
for hydrocarbon insertion that we have examined so far depends
more strongly on electronic factors than on steric interactions.
For example, the activation barriers for methyl and dimethyl
carbene inserting into ethane are —0.6 and 1.1 kcal/mol, but
those for vinylidene and difluoro carbene insertion into methane
are 20.0 and 43.3 kcal /mol, respectively. The barrier for silylene
insertion also increases markedly with halogen substitution.!1ef
The TS for CF; insertion (TS-11) comes much later along the
reaction coordinate than that for CH,insertion (TS-4), as reflected
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Table III.  Singlet-Triplet Energy Gaps (AEst), HOMO and LUMO Energies (au), and Barriers (kcal/mol) for Insertion into

Methane and Ethane

activation barriers

HF/6-31G* MP2/6-31G* MP4//MP2/6-31G*
reactant AEgsT® HOMO# LUMO? AFEyo-LU? CH, C2Hg¢ CH, C2Hg CH, C;H;
methane —0.5446 0.2559 0.8005
ethane —0.4858 0.2418 0.7276
CH; -22.1 —0.3867 0.0724 0.4591 10.8 9.4 2.8% 0.51%
HCCH; -15.3 —0.3522 0.0948 0.4770 -71.3 -0.56
C(CH3); -9.98 —0.3253 0.1039 0.4292 -6.2 L.1
CHF 7.69 —0.4028 0.0898 0.4926 30.5 13.3 14.8
SiH; 12.9 —0.3358 0.0082 0.3440 15.6 223
H,C=C 385 —0.4023 0.0857 0.4880 41.9 17.7 7.6 20.0 15.9
CF; 51.3¢ —0.4718 0.1015 0.5733 63.7 424 31.8 433 38.5

a All energies given were calculated at MP2/6-31G* unless specified otherwise. > Hydrogen migration to the smaller lobe of the carbene lone pair
(path B). ¢ The singlet-triplet energy gap is 53.2 at QCISD/6-311G** and 55.0 at the QCISD(T)/6-31G**//QCISD/6-31G** level.

<CiFCzH2=180.0

AEdre = 16.1
AElpe = 16.0

TS-15 (rcHF)

AEwpe = -23.0
ABlRe=-17.3 AEwps =-20.8

TS-16 Cluster-13

Figure 10. Transition states and reactant cluster for singlet methylene
insertion into the C-~F bond of ethy! fluoride and into the O-H bond of
methanol. Geometries have beenoptimized at MP2/6-31G*; bond lengths
are given in angstroms, angles in degrees. Barriers relative to reactants
(in kcal/mol) have been calculated at Mp2/6-31G* and MP4/6-31G*/
/MP2/6-31G*. Total energies of TS-15, TS-16, and cluster-13 are
-217.468 63, —154.358 71, and —154.363 91 au, respectively, at MP2/
6-31G*and-217.517 90,-154.395 20,and —154.400 73 au, respectively,
at MP4/6-31G*//MP2/6-31G*.

ABhr2 =-19.7

in the relative C,—H, bond distances of 1.525 and 1.139 A and
the charges on H; of 0.31 and 0.16, respectively, whereas the
methyl and dimethyl carbene transitionstructures are very similar
to methylene insertion.

Carbene Insertion into C-F and O~H Bonds. Electronic factors
associated with the lone pairs of electrons on the substrate can
alsoinfluence the pathway for methylene insertion. Forexample,
insertion of !CHj into the C—F bond of ethyl fluoride follows a
reaction pathway comparable to path B (Figure 10). The lone
pairs of electrons on the fluorine interact with the empty 2porbital
on the methylene carbon. The four-electron repulsion is mini-
mized when the carbene lone pair is directed away from the
migrating fluorine (TS-15). Thisinsertionreaction hasarelatively
high activation energy (AE* = 16.0 kcal/mol), reflecting the
repulsive nature of the two reactants. Insertion of SiH; into the
Si—F bond of H;SiF also proceeds by path B.!'"® However, 'CH,
insertion into an O~H bond of methanol follows path A. The
higher lying oxygen lone pair appears to mix with the electrophilic
carbon 2p orbital and produces a reactant cluster 13 that lies 20.8
kcal/mol below the reactants. Hydrogen migration proceeds in

a manner analogous to that for hydrocarbon insertion (TS-16)
with a transition state 3.5 kcal/mol above reactant cluster 13.

The Origin of the Barrier for Carbene Insertion. It appears
that an increase in the size of the basis set and the level of theory
results in the disappearance of an activation barrier for insertion
of ICH; into the hydrogen molecule.!® In a similar fashion, the
barrier for \CH; insertion into methane and ethane exhibits 0 or
negative values'%2<at the MP4//MP2/6-31G* level. However,
SiH; insertion into C-H bonds is associated with barriers in the
10-17 kcal/mol range.'* The increase in barrier heights for SiH,
insertion has been attributed to stericinteractions!®and tosimple
perturbational molecular orbital (PMO) arguments.!'? The
overall process for !CH; insertion into a saturated hydrocarbon
involves the breaking and making of a sc.y bond and the
exothermicity attending the formation of a new carbon—carbon
single bond. Since this is a highly exothermic reaction, conven-
tional wisdom has predicted an early transition state and no
activation barrier. A perusal of the various transition structures
for !CH; insertion suggests that the C—C bond distance in the
transition state is 2.0-2.5 A. Upon closer examination of the
transition structure for !ICHj; insertion, it became evident that
the C—C o bond is formed after the barrier is crossed. While the
FMO model provides a reaction trajectory, consummation of the
interaction of the electrophilic 2p carbon orbital and the filled
acHz Or wcyz hydrocarbon fragment orbital is not realized until
after the barrieriscrossed. Ifthisisindeed trueand '\CH;insertion
into a hydrocarbon involves perturbation of the C—H; bond, then
in the absence of electronic effects, this overall reaction should
exhibit a small but discernible activation barrier.

We have examined a broad range of insertion reactions, and
itis evident that neither steric effects nor FMO arguments based
upon HOMO-LUMO energy gaps correlate well with the increase
ininsertion barriers. However, anincreasein the energy difference
between the singlet and triplet state (AEgsy) of the carbene or
silylene is associated with a general increase in the activation
energy for insertionatall levels of theory (Table III). Forexample,
at the MP2/6-31G* level the methylene 3B, triplet state lies 22.1
kcal/mol below the !A| singlet state. The methyl (HCCH3) and
dimethyl carbene (C(CH3);) AFEgr’s are —15.3 and —9.98 kcal/
mol, respectively. Consequently, if this hypothesis has merit,
then one could predict that a modest increase in the barrier for
insertion should be observed as the AEgt increases. Although no
TS could be found for 'CHj; insertion into ethane by path A, the
MP4//MP2/6-31G* barriers for \CHCH; and !C(CHa); in-
sertion into ethane are —0.56 and +1.1 kcal/mol, respectively
(Figure 9). This series also demonstrates an interesting steric
phenomenon since both methyl (TS-12) and dimethyl carbene
(TS-13) insert by path A when the approach is ocy; and the
product has a staggered conformation. However, when insertion
of the more hindered dimethyl carbene proceeds in a mcy: fashion,
steric repulsion between the methyl groups induces an inversion
of the carbene and path B is preferred (TS-14). The activation
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Table IV. Calculated Singlet-Triplet (!A;—*B;) Energy Gap for
Methylene (kcal/mol)

level of theory AEgt® methane¢ ethane®
HF/6-31G* -30.8 10.8 9.36
HF/6-31G** -29.2
MP2/6-31G* -22.1 —~6.44 (9.85)
MP4/6-31G* -17.2 2.8/ 0.5/
MP4/6-311G** -14.2
QCISD/6-31G* -16.0 -1.38
QCISD(T)/6-31G* -15.3
QCISD/6-311G** -133
QCISD(T)/6-311G** -12.5
full CI(DZP)® -11.97
SOCI+Q* [5s4p3d2flg/4s3p2d]  -9.07
experimental? -9.02

¢ Energy of the triplet state (3CH3) minus energy of the singlet state
('CH;) fully optimized with the level of theory indicated. ® See ref 16c.
¢Seerefs 16a,b. 4 Seeref17. ¢ Activation barriers for the singlet methylene
insertion at the level indicated. / Using the MP2/6-31G* geometry.
& Without ZPE.
barrier for TS-14 increases to 16.4 kcal/mol. The migration of
H, in the electronically disfavored orientation should account for
about 7 kcal/mol of the increase in the barrier.

It is possible that an increase in steric interactions rather than
AEgris partially responsible for the increase in activation energy
in the methyl-substituted carbenes. An alternative approach to
separating the effect of AFgt and steric interactions on the
insertion barrier is to hold the carbene constant and to probe the
effect of AEgt by varying the level of theory. The singlet-triplet
energy gap for methylene has been well studied. Configuration
interaction calculations (SOCI+Q)!¢ with a large basis set (Table
IV) predict a AEgr of —9.07 kcal/mol, in excellent agreement
with experiment (—9.02).17 At the Hartree—Fock level AEst is
predicted to be —30.8 kcal/mol. However, we calculate a high
positive barrier for hydrocarbon insertion that vanishes when
third- or fourth-order Moller-Plesset electron correlation is
included. The AEgr that we calculate for CHCHj at the MP2/
6-31G* level (-15.3kcal /mol) isalso too large since the predicted
AEgr is —6.1 kcal/mol at the CISD+DVD/TZ+2p+f//CISD/
DZP level.!®* Inspection of the calculated singlet-triplet energy
gaps for methylene at the various levels of theory that we have
used shows that AEgt is approximately reduced by one-half at
the QCISD/6-31G* level relative to Hartree-Fock. These data
are consistent with the above contention, based upon the extent
of bond breaking in the TS, that the insertion of singlet methylene
into the C—H bond of a saturated hydrocarbon should proceed
with a small nonzero barrier. The singlet state of methylene is
higher in energy than the triplet, and the energy gap between 'A;
and *B; methylene is low relative to that same energy gap for CF,
where the singlet is the ground state. Forexample,at the QCISD-
(T)/6-311G** level AEgt for CH2is—12.5 kcal/mol and for CF;
the singlet is predicted to be 55.0 kcal/mol lower in energy
(QCISD(T)/6-31G**//QCISD/6-31G**) than the triplet, in
excellent agreement with experiment (56.6 kcal/mol).!* Con-
sequently, one can qualitatively predict that methylene insertions
on the singlet surface will have a lower barrier for those divalent
carbon species that have triplet ground states; barriers for carbene
insertion where the singlet is the ground state will be relatively
high. For substituted carbenes, with the exception of vinylidene,
there is a very good correlation between AEst calculated at the
MP2/6-31G* level and the activation barriers for insertion into
methane and ethane (Figure 11).

(16) (a) Gallo, M. M.; Schaefer, H. F., I11. J. Phys. Chem. 1992, 96, 1515.
(b) Bauschlicher, C. W. Jr,; Langhoff, S. R.; Taylor, P. R. J. Chem. Phys.
1987, 87,387, (c) Bauschlicher, C. W., Jr,; Taylor, P.R. Ibid. 1986, 85, 6510.

(17) (a) Leopold, D. G.; Murray, K. K.; Miller, A. E. S.; Lineberger, W.
C.J. Chem. Phys. 1985, 83, 4849. (b) Bunker, P. R,; Sears, T. J. Ibid. 1985,
83,4866. (c) Marshall, M. D.; McKeller, A. R. W. Ibid. 1986, 85, 3716. (d)
?;1;14](61’, P. R,; Jensen, P.; Kraemer, W. P,; Beardsworth, R. Ibid. 1986, 835,

(18) For a recent discussion of singlet-triplet energy separations, see:
Russon, N.; Siclia, E.; Toscano, M. J. Chem. Phys. 1992, 97, 5031.
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Figure 11. Correlation between the singlet-triplet energy gap of the
substituted carbenes and the potential energy barriers for insertion into
methane and ethane.
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Figure 12. State correlation diagram for carbene insertion into C-H
bonds. The energy of the triplet state of the carbene is chosen as 0. The
AFEsy’s are calculated at QCISD(T)/6-311G**. The upper anchor state
for the reactants is the singlet coupling between the carbene triplet and
the C-H bond triplet; the upper product anchor state is the singlet coupling
betweena C-C tripletand a C-H triplet (the energies of the upper anchor
states are rough approximations).

The conventional PMO analysis involving HOMO-LUMO
interactions of both closed-shell reactants does provide an
explanation for the difference in activation barriers for CH; and
CF; insertion.!'s This type of reaction involving a reactant that
has two state configurations that can interact with a hydrocarbon
can also be conveniently explained by the valence bond state
correlation model of Pross and Shaik.” An explanation for the
surprising differences in activation energy for insertion reactions
of methylene and difluoro carbene can be readily displayed in a
state correlation diagram (Figure 12). Employing a simple two-
configuration interaction for the singlet surface, the reactant
ground-state configuration ¢, (!A-!¢) ends up as an excited
configuration. The excited configuration of the reactants ¢, (B~
3¢*) correlates with the ground state of the products. There are



10246 J. Am. Chem. Soc., Vol. 115, No. 22, 1993

two intermediate monoexcited configurations (¢3 = 3B~!¢ and
¢4 =1A—30*) that represent excited triplet states that do not mix
with the singlet surfaces. The reaction complex at any point on
the reaction profile can be described by ¥, a linear combination
of ¢; and ¢;. The character of the transition state will reflect
the extent of mixing between ¢, and ¢; in the region of the avoided
crossing.

In Figure 12 the triplet states of CH; and CF; are placed at
the origin, and the triplet state of a C—H bond is assumed to be
~ 100 kcal/mol above its ground state. The exothermicity of the
ICH; insertion reactions into methane at the QCISD/6-31G*
levelis 117.9 kcal/mol. The exothermicity of !CF2insertion into
methane is only 57.6 kcal/mol (MP4//MP2/6-31G*). It has
been shown that the dominant factor in determining bond energy
trends in the ground state of molecules possessing CXY fragments
is the singlet—triplet energy splitting of the corresponding
carbene.!® To a first approximation, the differences in the heats
of formation between the two insertion products are the singlet—
triplet energy gap for CF,. The excited state of the products that
correlates with the ground-state reactants is assumed to be ca.
100-150kcal/mol above the ground-state products. The barrier
arises from the avoided crossing between ¢; and ¢,. Because
singlet methylene lies above the triplet, ¢, rises relatively little
before it crosses ¢, resulting in a very small barrier. On the
other hand, singlet difluoro carbene is much more stable than the
triplet; thus, ¢; must rise steeply and yields a high barrier as a
result of its crossing with ¢,. This overall approach is consistent
with the spin recoupling VB model used to describe CH; insertion
into methyl chloride.¢ The state correlation diagram also indicates

(19) (a) Carter, E. A.; Goddard, W. A,, I1L. J. Phys. Chem. 1986, 90, 998.
(b) Carter, E. A,; Goddard, W. A,, III. J. Phys. Chem. 1988, 88, 1752,

Bach et al.

that the methyleneinsertion transition state should be significantly
carlier than the difluoro carbene transition state. This is in
agreement with the optimized structures shown in Figures 3 and
8 (C;-H, = 1.1-1.2 A for methylene insertion and ca. 1.5 A for
difluoro carbene insertion).

In summary, this FMO model provides a rationale for the
reaction trajectory for carbene insertion into a C-H bond. In
most instances the electrophilic carbene 2p orbital approaches
the doubly occupied ocuz fragment orbital of the hydrocarbon,
affording the insertion product in the lower energy staggered
conformation. Vinylidene inserts in a wcy2 fashion to avoid a
steric interaction of one of its vinyl hydrogens with hydrogen H,
of the ocuz fragment. In more complicated systems the approach
of the carbene will deviate from the idealized ¢ and = trajectories
and it is recognized that a rotation about the axis of the developing
C-C bond of 60° can interconvert ¢ and = approaches. The
primary purpose of this model is to allow predictions of an
approximate pathway and to provide an explanation for the
orientation of the carbene lone pair in the TS for insertion. Finally,
we feel that we have provided a convincing argument that the
magnitude of the activation barrier for insertion exhibits an
excellent correlation with the singlet—triplet energy gap of the
inserting carbene. This observation makes it quite obvious that,
inordertocalculateaccurately the energetics for carbene insertion,
the level of theory employed must be sufficiently high toaccurately
predict the magnitude of AEgrt.
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