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Abstract.

Transition states for the insertion reactions of singlet mono and dichlorocarbenes (*CHCI and

!CcCly) into C—H bonds of alkanes (methane, ethane, propane and n-butane) have been investigated at
MP2 and DFT levels with 6-31g (d, p) basis set. The p, of *CHCI and 'CCl, may interact with alkane’s
filled fragment orbital of either o or 7 symmetry. So chlorocarbenes insertion reactions have been inves-
tigated for both (of/ z) approaches. The o approach has been adjudicated to be the minimum energy path
over the 7 approach both at the MP2 and DFT levels. Mulliken, NPA and ESP derived charge analyses
have been carried out along the minimal energy reaction path using the IRC method for *CHCI and *CCl,
insertions into the primary and secondary C—H bonds of propane. The occurrence of TSs either in the
electrophilic or nucleophilic phase has been identified through NBO charge analyses in addition to the net

charge flow from alkane to the carbene moiety.

Keywords.

1. Introduction

The hydrochloroflurocarbons (HCFCs) and hydro-
flurocarbons (HFCs) with a shorter lifetime of a few
months are slowly phasing out the refrigerants chloro-
fluorocarbons (CFCs) and halogens which are potent
stratospheric ozone destroyers.! The advantages of
HCFCs and HFCs are their susceptibility to quick
oxidation by OH radicals in the troposphere and their
photodissociation to halocarbenes. In addition to their
importance in atmospheric chemistry, halocarbenes
(:CXY) and carbenes are important transient interme-
diates in organic synthesis,? in organometallic chemi-
stry® and in gas phase combustion.*® Regarding the
stability the large o— p, separation®® and inductive/
mesomeric effects make the halocarbenes more stable
in the singlet state. The vacant p, orbital and the fully
occupied o orbital on the carbenic carbene are res-
ponsible for their electrophilic and nucleophilic re-
actions respectively.” Among the different types of
reactions of singlet carbenes, the highly characteristic
concerted insertion reactions into Y-H bonds (Y=C,
Si, O, etc.), involving a three-center cyclic transition

*Dedicated to our senior colleague Dr V Sethuraman on the
occasion of his retirement from collegiate service
**For correspondence

Singlet chlorocarbenes insertion; C—H of alkanes; MP2 and DFT; NBO analysis.

state’® seem to be important in synthetic organic
chemistry.? The electrophilicity of carbenes has been
reported to decrease with increased chlorination® re-
sulting in a substantially high activation barrier as
reported in the case of fluorocarbenes.'* The present
investigation focuses on the mechanism of 'CHCI
and 'CClI, insertion into the primary and secondary
C—-H bonds of methane, ethane, propane, and n-butane
(scheme 1) and characterize the electrophilic and nu-
cleophilic nature of the chlorocarbenes in these in-
sertion reactions. If the total charge on the chloro-
carbene moiety as the reaction progresses (by IRC'?)
is monitored one could detect the “turning point’ that
will mark the end of the first phase (electrophilic
phase) and the onset of the second (nucleophlic
phase). In order to gain evidence for the two-phase

n-butane
Compounds and numbering system adopted

Propane

Scheme 1.
in this study.
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Table 1. Activation barriers (in kcal/mol) for insertion of *CHCI and CCl, into alkanes at
B3LYP/6-31g(d, p) and MP2/6-31g(d, p) levels for sigma (pi) orientations.

CHCI cCl,
B3LYP MP2 B3LYP MP2

Methane 4.87 (5-15) 7.05 (7-35) 20-57 (21-44) 18-83 (19-83)
Ethane 1.27 (1-82) 3.47 (3-67) 1566 (16-97) 12.98 (14-30)
Propane (C1) 137 (1-80) 3.22 (3-35) 15.90 (17-38) 12.60 (14-17)
Propane (C2) 0-69 (0-50) 079 (1-39) 12.45 (13-80) 8-59 (10-24)
n-Butane (C1)  1-21 (2-29) 3.05 (3-44) 1548 (17-21) 11.94 (13-91)
n-Butane (C2)  0-69 (0-73) 076 (1-05) 1262 (14-80) 7.95 (10-30)

<CIH1C2H2=8.7 (1.1)
TS-1 (Ocu2)

<C1HI1C2H2=-0.02 (0.0)
TS-2 (Scmz)

<CIH1C2H2=178.9 (178.9)
SOSP - 1 ()

<CIHIC2H2=-3.5 (-2.2)
TS-3 (Ocpp)

Figure 1. Selected optimized geometrical parameters
(distances in A and angles in degrees) of the transition
states at B3LYP/6-31g (d, p) and MP2/6-31g (d, p) (in
parentheses) levels.

mechanism, the charge versus reaction path probe
for the insertion reactions into the primary and sec-
ondary C—H bonds of propane have been carried out.
As the transient carbenes are short lived, ab initio
guantum mechanical investigations of the carbene
reactions are helpful in bringing out the insights and
complement the experimental techniques in under-
standing the reaction mechanism.

2. Method of calculations

This investigation was performed with Gaussian03W
suite of program.*® The geometries of the chlorocar-
benes, the alkane substrates, the transition states and
the products have been optimized initially at HF/6-
31g (d, p) level. The resultant geometries were then
taken as inputs for MP2 and B3LYP*® investiga-
tions. For a better treatment of 1,2-hydrogen shift dur-
ing the insertion process, standard 6-31g (d, p)'*® basis
set has been adopted. In all the 7-approaches the

carbenic—carbon and the atoms of the —CHR-unit of
the alkane bearing the hydrogen that undergoes shift
to the nucleophilic face of the carbene were constrai-
ned to be in one plane during the geometry optimiza-
tion. The harmonic vibrational frequency calculations at
MP2 and B3LYP levels were carried out to charac-
terize all the stationary points as either minima, first-
order saddle points or second-order saddle points —
SOSP. Following the location of the relevant transi-
tion state, the IRC was followed using the Schlegel-
Gonzalez algorithm.”* The Mulliken,?> NPA% and
charges derived by fitting the electrostatic potential
(CHelpG)** methods have been followed for the
atomic charges computations, along the reaction path.

3 Results and discussion

3.1 Singlet chlorocarbenes insertions into methane
and ethane

The activation barriers computed at B3LYP/6-31g
(d, p) and MP2/6-31g (d, p) levels are listed in table
1. The p, of 'CHCI and *CCl, may interact with al-
kane’s filled fragment orbital of either o or 7 sym-
metry. So chlorocarbenes insertion reactions have
been investigated for both (ofz) approaches and the
o approach has been adjudicated to be the minimum
energy path resulting in a staggered conformer. Our
recent investigation of fluorocarbenes insertion!
and the earlier report of carbene® and oxygen inser-
tions?® into C—H, also preferably assume o orienta-
tion over the 7 approach. The o approaches of 'CHCI
and CCl, towards the C—H of methane are associated
with the activation barriers of 4-87 and 20-57 kcal/mol
respectively at B3LYP/6-31g (d, p) (table 1). The
MP2/6-31g (d, p) value for 'CHCI insertion is
~ 2 kcal/mol higher and that for *CCl, insertion is
~2 kcal/mol lower than those of the corresponding
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B3LYP/6-31g (d, p) values. Replacement of hydro-
gen by chlorine in '*CHCI decreases its electrophilicity.?’
So the barrier heights increase from 4.-87 to
20-57 kcal/mol at B3LYP and 7-05 to 18-83 kcal/mol
at MP2 calculations respectively for methane. Both
in the o and the x orientations the enhanced nucleo-
philicity of ethane seems to be the reason for the
barrier height lowering through ~3-3 to 3.7 kcal/mol
for '*CHCI insertion. Similarly, the barrier height for
'CCl, into ethane does show the same trend (a re-
duction through ~4-5 to 5-9 kcal/mol). This aspect is
clear from the fact that the reactivity decreases as the
chlorination increases in the carbene. The predomi-
nant z-donation over o-attraction by chlorine atom
could be the reason for this enormous increase in the
activation barrier with the degree of chlorination.
Over all, the ocy, orientation for *CHCI (‘CCly) in-
sertion has been found to be slightly preferred over
the 7zcw, approach. The relevant geometrical parame-
ters of the transition states for the *CHCI and *CCl,
insertions in o and 7z orientations have been shown
in figure 1. The TS for 'CCl, insertion (TS-2) comes
much later along the reaction coordinate than that
for 'CHCI insertion (TS-1) as reflected in the relative
C2-H1 bond distances of 1-430 (1-345) and 1-274
(1-202) A and the charges on H1 of 0-284(0-260)
and 0-253 (0-225) a.u. respectively.

3.2 Singlet chlorocarbenes insertions into C—H of
higher alkanes

The B3LYP and MP2 barrier heights for these have
been listed in table 1. For the c-insertion of ‘CHCI
into the primary C—H of ethane to n-butane, the bar-
rier heights calculated at B3LYP/6-31g (d, p) have
been found to be around 1-3 kcal/mol. But MP2 pre-
dictions (~3-2 kcal/mol) are slightly higher by
~1-9 kcal/mol. The small reduction in barrier height
on moving from methane to ethane (3-5 kcal/mol)
should have been due to the enhanced nucleophilicity
by the methyl substituent in methane and this effect
is insignificant on further increasing the hydrocar-
bon chain length.When we investigated the insertion
pathway for secondary C-H, the barrier heights have
been found to be appreciably reduced to an average
value of ~0-69 kcal/mol at B3LYP level and ~1-22
kcal/mol at MP2 level. The proximity of the electron
donating alkyl group to the insertion site is the rea-
son for this result. If the carbene is *CCl, the barrier
height decreases to ~16-9 kcal/mol at DFT for all
primary C—H insertions on comparison with that for
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methane and it falls around 14-1 kcal/mol at MP2
level. The decreased electrophilicity may be the rea-
son for the enhanced barrier heights. This trend also
reveals that the steric factor has no noticeable influ-
ence upon the insertion pathway. For secondary C-H,
the barrier heights have been found to be reduced to
an average value of ~0-78 kcal/mol and 8-27 kcal/mol
for insertion of 'CHCI and 'CCI, respectively at
MP2 level. The proximity of the electron donating
alkyl group to the insertion site might be the reason
for this result.

3.3 Energetics

In the case of insertion of *CHCI and CCl, into an
alkane, the activation barrier is higher for primary
than secondary C—H bonds (table 1). The above trend
draws support from the fact that the pair of electrons
on the carbene—carbon involved in the bonding process
is more and more stabilized with the degree of chlori-
nation. Due to the less availability of the electron pair
on the carbene—carbon, ease of bond formation is
inhibited. The NBO? (Natural bond orbital) analyses
quantify this aspect in terms of the energies of the
electron pairs on 'CHCI and CCl, as -0-4057 and
—0-5595 a.u. at B3LYP and —0-4535 and -0-6019 a.u.
at MP2 respectively. The enthalpies of chlorocar-
bene insertion reactions calculated from the equation
(table 2),

ArHO(298 K) =2(s + Hcorr)products

—2(50 + Hcorr)reactantSu

& Iis the total electronic energy; Hcorr the correction
to the enthalpy due to internal energy.

All the reaction enthalpies show the exothermicity
of the insertion reactions indicating that all the tran-

Table 2. Heat of reaction (kcal/mol) for insertion of
singlet chlorocarbenes into C-H bonds of alkanes using
6-31g (d, p) at B3LYP and MP2 levels.

CHCI CCl,
Alkane B3LYP MP2 B3LYP MP2
Methane -77-72  -94.82  -62-92 -78-25
Ethane -79:31 -97.63  -64-48 -81.38
Propane (C1) -79-14 -97.66  -64.29 -81.48
Propane (C2) -79-83 -99.75 -63.89 -82.79
n-Butane (C1) -79-14  -97.73  -64.31 -81-59
n-Butane (C2) -78-73  -99-09  -62.47 -82-88
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Table 3. Selected geometrical parameters (distances in A, angles in degrees, and barriers
in (kcal/mol) at the TSs of *CHCI with alkanes at B3LYP (MP2)/6-31g(d, p).
Alkane Fcimt Fcico Fcamt Ghicicz  Bhicect feiriconz ot
Methane 1.281 2-289 1.274 26-2 26-4 8.7 0-237
(1-341)  (2-306) (1-202) (23-5)  (26-4) (1-1) (0-193)
Ethane 1.296 2:343 1.260 232 239 12.0 0-2527
(1-409)  (2-401) (1-173) (19-6)  (23-8) (9-8) (0-161)
Propane (c1) 1.295 2-340 1.261 234 241 9-5 0-2531
(1-416)  (2-406) (1-172) (19-6)  (23-9) (4-6) (0-157)
Propane (c2) 1.290 2:421 1.272 18-9 19-2 432 0-268
(1-536)  (2-545) (1-143) (15-6) (21-2) (5-3) (0-105)
n-Butane (c1) 1.296 2-342 1.261 23-3 24.0 87 0-253
(1-422)  (2-412) (1-170) (19-4)  (23-8) (39) (0-154)
n-Butane (c2)  1-290 2:391 1.271 20-8 211 387 0-271
(1-491) (2-521) (1-154) (15-5)  (20-2) (31.9) (0-124)

Jet, quantum of charge transfer from alkane to carbene at the TSs

Table 4. Selected geometrical parameters (distances in A, angles in degrees, and barriers
in kcal/mol) at the TSs of *CCl, with alkanes at B3LYP (MP2)/6-31g (d, p).

Alkane TC1HL Fcico Fcont Ghicicz  Gnacect PeiH1C2H2 Ot
Methane 1-176 2-255 1-430 335 27-0 0-02 0-297
(1-203) (2-250)  (1-345) (29-7) (26-3) (0-0) (0-316)
Ethane 1-164 2-293 1-461 330 257 -3-5 0-337
(1-199) (2-276)  (1-349) (28-5) (25-1) (2:2) (0-353)
n-Propane(cl) 1.164 2-291 1461 331 258 0-7 0-336
(1-201) (2-278)  (1-348) (28-4) (25-1) (0-1) (0-352)
n-Propane(c2) 1.143 2413 1.532 299 21-8 11 0-354
(1-187) (2-379)  (1-380) (23-9) (20-4) (3-:3) (0-375)
n-Butane (c1) 1-163 2:295 1-470 333 25-8 4.0 0-342
(1-199) (2-277)  (1-350) (28-5) (25-1) (2.9) (0-361)
n-Butane (c2) 1-141 2-415 1-546 30-6 221 2-5 0-358
(1-184) (2-375)  (1-389) (24-6) (20-8) (39) (0-385)

Jet, quantum of charge transfer from alkane to carbene at the TSs

sition states analyzed resemble the reactants rather
than the products.”® The proximity of the transition
states to the reactants deviates with the degree of
chlorination of carbene. Irrespective of the level of
theory (B3LYP or MP2) followed, the insertions of
'CHCI form the transition states are ‘earlier’ than
those of CCl, insertions as revealed by exothermic-
ity values (table 2).

3.4 Transition state geometries

The relevant computed data for all the transition
states have been presented in tables 3 and 4. A scru-
tiny of the bond breaking and bond formation steps
corresponding to C2-H1 and C1-H1 respectively
during the insertion process reveals that it is a con-

certed reaction. It is observed that the maturity of
C1-H1 bond takes place earlier than the C1-C2 bond
in the TSs (tables 3 and 4). The C1-H1 distances are
inversely related to the barrier heights as expected.
A similar relationship is also obvious in the C1-C2
distances (tables 3 and 4). The C2-H1 distances in
the bond breaking process in all the transition states
for 'CHCI insertions at B3LYP (MP2)/6-31g (d, p)
have been found to be ~1.264 (1.197) A and 1-272
(1-149) A, respectively for primary and secondary
C-H of higher alkanes. This shows again the belated
transition states compared to that of 'CH, inser-
tions."* The mean glide angle (Ghicac1) decreases
from primary to secondary C-H of the alkane (table
3) and it gets reflected in the corresponding activa-
tion barriers (table 1). Further correlation is also no-
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ticed when the torsion angles ¢cinicon2 have been
analysed (table 3). The quantum of charge transfer
from alkane to carbene in TSs increases with the in-
crease in the number of alkyl substituents on the C2
carbon (table 3). It shows the inverse relationship
between the barrier height and quantum of charge trans-
fer. The same trend is observed in the case of *CCl,.

3.5 NBO analysis

NBO analysis of charge distribution in the transition
states provides useful insights on the insertion reac-
tivity. For all the transition states the second-order
perturbative analyses were carried out for all possi-
ble interactions between filled Lewis-type NBOs
and empty non-Lewis NBOs. These analyses show
that the interaction between the oc,_n1 bond of alkane
and the empty p, orbital of the carbenic—carbon
(ocu = Pc) and the charge transfer from the pair of
electrons of the carbenic—carbon to the anti-bonding
orbital of C2-H1 (nc — o*cy) seems to give the strong-
est stabilization. Finally, we observed that there was
a net charge flow from the alkane unit to the insert-
ing chlorocarbene moiety. The quantum of charge
transfer from alkane to carbene supporting the donor—
acceptor interaction in the transition states for all the
insertion reactions have been collected in tables 3
and 4. The inverse relationship between the quantum
of charge transfer and the activation barriers reveals
the fact that for the favorable insertion, the nucleo-
philicity of the alkane should have been enhanced
either sterically or electronically. This correlation
holds good for all the reactions analysed in this in-
vestigation. For example, in the case of 'CCl; inser-
tion into n-butane at MP2 level the barrier heights,
11-9 and 8.0 kcal/mol, for the primary and secon-
dary C—H bonds correlate with the charge transfer of
0-361 and 0-385 a.u. respectively.

3.6 IRC —charge analysis

The total charge on the Chlorocarbene moiety along
the IRC for the insertion reactions into the primary
and secondary C-H bonds of propane, as calculated
by Mulliken,?> NPAZ and CHelpG* methods using
theoretical models has been shown in figure 2. Den-
sity functional (B3LYP) plots showing charge on the
carbene moiety have been chosen in addition to the
MP?2 plots, which serve as our ab initio standard.
We discuss first the insertion reactions into the
primary C—H bond of propane, 'CCIX (X = H, CI) +
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CH3;—CH,—CHjs. The charge/IRC curves of these re-
actions are shown in figure 2. These reactions provide
clear evidence for the two-phase (electrophilic/nucleo-
philic) mechanism in that there is a distinct turning
point (charge minimum) in all the charge/IRC curves
for the two Hamiltonians (MP2 and B3LYP) regard-
less of the model used to compute the atomic charges.
For the '*CHCI insertion (figures 2a and 2b), the turn-
ing point occurs after the transition state (TS),
whereas with 'CCl, (figures 2e and 2f) the turning
point occurs just before the TS. Thus for the *CHCI
insertion, the TS occurs in the electrophilic phase
whereas for 'CCl, the TS is reached near the starting
point of the nucleophilic phase. This indicates that
the TS for the insertion of *CHCI into the primary
C-H bond of propane occurs much earlier along the
reaction coordinate than does the TS for the corre-
sponding 'CCl, insertion. This indication is fully
supported both by the two TS geometries — for ex-
ample, the C-H bond undergoing the insertion is
much shorter in the *CHCI (1-172 A) TS than in the
TS for *CCl, (1-348 A) insertion (tables 3 and 4) and
by the heat of reaction (table 2) and barrier height
(table 1), which are more negative and much smaller,
respectively for *CHCI (-97-66; 3-22 kcal/mol respec-
tively) than for 'CCl, (-81-48; 12-60 kcal/mol re-
spectively). This is in agreement with the Hammond
postulate.?® From the viewpoint of reactivity, it may
be said that the vacant p-orbital on *CHCI is more
available than that on *CCl,, thus facilitating the ini-
tial electrophilic phase of the reaction. In other
words, reactivity increases in the order *CCl, < *CHCI.
There is an agreement in the overall shape and
‘depth’ of the curves themselves between the MP2
and B3LYP plots. However, the turning points in the
B3LYP plots are less pronounced. The NPA and
CHelpG curves are similar in shape at MP2 and
B3LYP levels.

In the case of insertions of '*CHCI into secondary
C-H of propane, the position of the turning points
and the charge/IRC curves (figures 2c¢ and d) are
very similar to that in the insertion into primary C-H
of propane. The early TS for insertion into secon-
dary C-H on comparison with that of primary C-H
of propane is obvious from the TS bond distance of
C-H undergoing insertion (table 3). But for 'CCl,
insertion into secondary C—-H of propane (figures 2g
and 2h), the TS is observed near the starting point of
the nucleophilic phase conforming the belated TS
formation in comparison to the TS for insertion of
'CHCI (figure 2c and 2d). The MP2 and B3LYP
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(a) Charge analyses along the IRC for CHCI insertion into (b) 0.1 Charge analyses along the IRC for CHCI insertion into the
5 the primary C-H of propane at MP2 primary C-H of propane at B3LYP
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Figure 2. (m) NPA; (®) Mulliken and (4) CHelpG charge analysis respectively; () and
(A) correspond to the transition state and turning point respectively; Electrophilic phase- re-
gion right to the turning point; Nucleophilic phase-region left to the turning point.



Insertion of singlet chlorocarbenes across C-H bonds in alkanes

curves for insertion into the primary and secondary
C-H of propane are similar for all the three methods
of computing the atomic charges. In general, the nu-
cleophilic phase dominates for 'CCl, insertions,
whereas the electrophilic phase dominates for ‘CHCI
insertions.

4. Conclusions

The singlet chlorcarbenes insertions into the primary
and secondary C-H bonds of alkanes have been ana-
lysed and the influence of chlorine substitution on
carbenes on the transition states, energetics, geomet-
rical parameters, etc. has been investigated both at
B3LYP and MP2 levels. Both the theories predict
that the activation barrier is a function of the degree
of chlorination of carbene and the type of C-H into
which insertion occurs. Among the two different
types of carbene moiety approaches, i.e., oand z, the
o approach is preferred over the = approach at both
levels of theory as the =z approach leads to the
eclipsed conformation which is a second order sad-
dle point. The NBO analyses have been done with a
view to analysing the charge transfer processes during
the insertion reactions. The charge/IRC plots provide
clear evidences for the two-phase mechanism namely:
an electrophilic phase and a nucleophilic phase for
insertions of both *CHCI and *CCl, into the primary
and secondary C-H of propane respectively. Both
B3LYP and MP2 methods give the similar picture of
the investigated insertion reactions for geometries
and heats of reaction.
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