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Energy-localized molecular orbitals (LMO) generated from UHF-INDO wave functions have been used for

the studies of the mechanistic details of the abstraction and addition reactions of triplet methylene.

The UHF

LMO mapping procedure which we have previously developed permits a clear understanding of the nature of the

chemical bonds to be formed or broken on reaction.

Significance of the three-stage mechanism, which should

involve the successive - and a-spin electron delocalizations between reactants and the concomitant spin polarization
of the reacting bond, is emphasized. The whole aspects of the reactions are well in accord with the customarily

accepted mechanistic schemes.

In the preceding paper of this series,) we dealt with
mechanistic details of radical reactions in terms of the
localized molecular orbitals (LMO). The results were
found to be chemically meaningful in many respects.
The success has encouraged us to take up the abstraction
and addition reactions of triplet methylene, CH,(®B,).
Specifically, we wish to elucidate the nature of the
deformation of bonds due to the intermolecular interac-
tions. To this end, we have carried out the LMO
mapping analysis of the unrestricted Hartree-Fock
(UHF) wave functions for the entire reacting systems
on one hand and the schematic description of the
movement of the LMO charge centroids with reaction
on the other. Further, the UHF wave functions of the
interacting systems were expanded as a superposition
of various electronic configurations of reactant molecules,
and their relative importances to the reaction were
assessed. The results are found to be useful for the
understanding of mechanistic features of the reactions
in question.

Calculation Method

The canonical molecular orbitals (CMO) for isolated
molecules as well as the reacting systems were calculated
by the UHF method? in the INDO approximation.®
The UHF LMO’s were generated by the successive
two-by-two rotation method® for a- and §-spin electrons
separately. All possible two-orbital transformations were
repeated until further increase in the sum of intraorbital
Coulomb energies did not exceed 10-%eV. Virtual
CMO?’s were also localized by the same method.

The UHF LMO’s ¢" for the entire reacting systems
obtained at various reaction path points are mapped
over the LMO’s ¢ for the isolated reactant molecules:

¢ = 9T (1
where T7 is a unitary matrix pertinent to the mapping,
the superscript ¢ denoting the «- or f-spin. The LMO
mapping matrix 7'" was obtained by the same procedure
as described in a previous paper.)

The UHF ground-state wave functions at given path
points can be expanded into various electronic config-
urations:

Conr = |17 oo o Pl Do’
= Cglg + iﬂ?cxtht (2)

where @g is the ground configuration and where O;
is the i-th configuration of type K—local excitation
(LE) of reactant molecule, charge transfer (CT) from
reactant to 3CH,, back charge transfer (BCT) from
3CH, to reactant, and so on.) The configurational
coefficients, Cq and Ck;’s, were calculated by the
technique similar to the one used by Baba et al. All
computations were carried out on a FACOM 230-60
at the Kyoto University Computation Center.

Results and Discussion

A.  Characteristics of the UHF-LMO’s of Methylene.

It is recognized that methylene (CH,) can exist in both
singlet (*A;) and triplet (B,) states. The bond angles
calculated by the INDO method for a fixed bond length
(Rcr=1.094 A) are 107 and 132°, respectively,® which
are both in good agreement with observations (102.4
and 136°, respectively®-®)). The LMO’s which we
obtained at these calculated equilibrium angles are
shown in Table 1, where CH,(3B,) is assumed to have
two more a-spin electrons than §-spin ones. It can be
seen that each LMO is certainly little delocalized
(less than 19%,).

The total energy E of methylene can be expressed as
the sum of contributions from individual occupied
LMO’s, provided the nuclear charge of each atom is
assumed to be expressible in the form?-11)

Z, = ;Z,,A (3)

where Z; , is the part of the nuclear charge on atom A
partitioned to the i-th LMO. The value of Z;, is
taken to be equal to 1 for an unpaired LMO as well
as an LMO localized mainly around two atoms, whereas
Z; =2 for a lone-pair LMO. The component energies
g thus derived are given by

1
& = —2'<¢’¢T|F T+ HC\ > + CCJEAZBEezzt,AZj,B/RAB (4)

where F7 and H° are the Hartree-Fock and core
Hamiltonian operators, respectively; R,p is the inter-
nuclear distance between atoms A and Bj; and ¢; is a
constant which is 1/2 for the i-th a-spin counterpart of a
f-spin LMO and 1 for an unpaired radical-center LMO.

Figures 1 and 2 show the variations in &; of various
filled LMO’s of the singlet and triplet methylenes,
respectively, with the bond angle /\HCH. The numbers
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TABLE 1. LOCALIZED ORBITALS FOR THE SINGLET AND TRIPLET METHYLENES
AO coefficients
LMO® /
Cs Cpy pr Cp, H, H,

CH, (*A,)
Occupied CH, 0.399 0.353 0.475 0.000 0.700 —0.011
L 0.715 —0.693 0.000 0.000 —0.060 —0.060
Vacant CH,* 0.307 0.380 0.506 0.000 —0.710 —0.012
L* 0.000 0.000 0.000 1.000 0.000 0.000

CH,(*B,)
Occupied CH,* 0.348 0.404 0.497 0.000 0.684 —0.027
CH,? 0.518 0.129 0.471 0.000 0.701 —0.045
N, 0.517 —0.482 0.000 +40.707 0.023 0.023
Vacant CH,** 0.335 0.324 0.503 0.000 —0.728 —0.025
CH,/* 0.411 0.236 0.527 0.000 —0.704 —0.038
N,.* 0.250 —0.654 0.000 +0.707 —0.069 —0.069

a) See Figs. 1 and 2.

appended indicate the values of x for hybridization
(sp®)of the carbon orbitals involved.

Comparison of Fig. 1 with Fig. 2 shows that the
energies ¢’ have a roughly similar pattern of angular
variations for both spin states. The lone-pair (L) and
unpaired (N) orbital energies have the greatest angular
variations and are decreased as the bond angle decreases.
On the contrary, the C-H bond energies for both spin
states increase with the decreasing bond angle. In other
words, the nonbonding orbitals tend to make the
methylene molecule bent, while the C-H bond orbitals
are energetically in favor of the linear geometry. The
equilibrium bond angles would be a compromise bet-
ween these two opposing contributions. The results are
in accord with those obtained by the electrostatic force
theory,'? in which the former contribution is ascribed
to the “atomic dipole” force and the latter, to the
“exchange’ force.

Here, considerations of the spatial arrangement of the
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Fig. 1. Variations of the bond energy and hybridization

with the bond angle (< HCH) for the singlet methylene.

C—H bond orbitals themselves seem to be in order. In
the triplet methylene, the LMO'’s for the x-spin electrons
can be described roughly as tetrahedral (sp®) in type
while those for the f-spin electrons as linear (sp).
Pauling!® pointed out qualitatively that the two (C-H)“
bond orbitals would tend to bring the HCH bond angle
to 90° while the two (C-H)? bond orbitals, to 180°.
The directions of the C—H bond orbitals obtained by
the present treatment for varying bond angle are as
illustrated in Fig. 3. Deviations of the direction of bond
orbitals from that of the C—H bonds may be taken as
reflecting the force with which the orbitals attract the
H nucleus. It would then appear as though the bond
angle were determined by the balance between the
attractive forces from the (C-H)® and (C-H)? bond
orbitals. Thus, at the equilibrium bond angle, the
hydrogen atom is situated nearly on the bisector of the
angle between the bond orbitals. For the singlet state,
things are much simpler; only when the equilibrium
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Fig. 2. Variations of the bond energy and hybridization
with the bond angle (< HCH) for the triplet methylene.
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Fig. 3. Directions of the C~H bond orbitals for'»3CH,.
The solid and broken arrows for 3CH, show the direc-
tions of the a- and -spin C-H bond orbitals, respec-
tively.

bond angle is reached, can the hydrogen atom locate
itself in the direction of the (C-H) bond orbital. These
results may serve as a useful guide for the prediction of
the changes in nuclear motions during chemical
reactions.

B. Abstraction Reaction. We wish to examine the
reaction of triplet methylene with methane as a prototype
of abstraction reactions. The reaction is considered to
proceed via a linear transition state!® as shown in Fig. 4.
This was indeed confirmed by the calculations!® of
the intermolecular interaction energy based on our
intermolecular perturbation method.’® A similar
transition state geometry has been assumed for the
hydrogen abstraction reaction of triplet methylene from
molecular hydrogen.1?)

The main purpose of this study is to analyze the
alteration in electronic structure of molecules during
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Fig. 4. Coordinate system for the abstraction reaction
of methane by triplet methylene.
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reaction rather than the change in the total energy,
and to interpret it in an orderly manner in terms of the
LMO mappings. We specify the reaction path with
the notation (r,, 7,), where r, is the distance in units of A
between carbon C! and hydrogen H#, while r, is that
between carbon C2? and hydrogen H* (Fig. 4). Calcula-
tions were carried out at model path points A(1.09, 2.5),
B(1.09, 2.0), C(1.09, 1.5), and D(1.29, 1.3),®) where
1.09 A is the equilibrium C-H distance of methane.1®

Variations in hybridization during the reaction are
shown in Table 2. It is seen that the bond orbitals
C-H! and C~H* of methane suffer variations in
hybridization in different manners. The a-spin C!-H*
bond destined to be cleaved diminishes in p character
as the reaction proceeds. In the meantime, the remain-
ing three a-spin C-H bonds gain p character to make
up the decrease in p character of the «-spin C!-H*
bond. On the other hand, the g-spin C-H* bond
gains p character, being accompanied by the decrease
in p character of the remaining three f-spin C-H bonds.
As for the methylene molecule, the p character of
both the a- and B-spin C-H bonds tends to be increased
while that for the unpaired a-spin orbitals is decreased.
It is only the C'-H* bond that suffers drastic change in
form during the reaction.

TABLE 2. VARIATIONS IN HYBRIDIZATION®) OF THE
CARBON AToMS IN THE CH,~-3CH, sysTEM®

CH, 3CH,
Path
: C-H* Cl-H* C2-H* N,
point
p——P e A, e,

o-spin f-spin «-spin f-spin  «-spin f-spin o«-spin

9  2.68 2.68 2.68 2.68 3.45 0.89 2.73
(A) 2.68 2.66 2.66 2.69 3.45 0.89 2.73
(B) 2.72 2.62 2.59 2.76 3.46 0.91 2.69
(C) 2.87 2.47 2.31 3.10 3.66 0.99 2.53

a) The entries are the values of x for the hybridization
sp®. b) See Fig. 4. c) Isolated reactants.

Shown in Fig. 5 are the movements of the centroids
of the LMO charge distributions with the progress of
reaction. The approach of two unpaired electrons of
the methylene carbon decouples the electron pairing in
the C'-H* bond. The f-spin electron moves toward
the H* atom while the a-spin electron, in the opposite
direction. This separation of the «- and g-spin electrons
will effectively weaken (and eventually break) the bond.
Meanwhile, the f-spin electron begins to be coupled
with one of the «-spin electrons of CH,. The situation is
closely related to the conventional representation as
follows:

A\

RAVH + $4CH, —> Re-otymmcHommmmee 1CH, —> RE + 4CHg

A better insight into the mechanism of bond rearrange-
ment can be obtained from the results of LMO mapping
analysis (Table 3). The bonds other than the Ct—H*
bond of methane and the N. orbitals of methylene
suffer little deformation during the reaction. The «-spin
electrons in N orbitals are delocalized mainly into the
antibonding orbital (C'-H#%)*, which will weaken the
C1-H® bond. On the other hand, the §-spin orbital
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Fig. 5. Top view of the centroids of localized molecular
orbitals in the CH,—CH,(®B,) system at the path points
(A), (C), and (D).

(C1-H%) mixes first with the vacant unpaired orbital
N* of methylene in a strongly bonding way and then
with the antibonding orbital (C1-H2%)* with a negative
sign. The corresponding a-spin orbital allows the orbital
(C-H%* to mix into it with a positive sign. The
mixing of the antibonding orbital (C1-H*)* into the
corresponding a- and B-spin bonding orbitals (C!-H?*)
in different signs is what is usually called ‘“‘spin
polarization.” The spin polarization induces an excess

TABLE 3. LMO MAPPING ANALYSIS OF THE HYDROGEN
ABSTRACTION OF 3CH, rrRoM CH,

. Path a
Spin p(?int Mapped LMO®
Cl-H4
a (A) 0.999(CtH*)+0.005(CtH#)*

(B) 0.999(CtH%)+0.023(C1H*)*—0.002[(N,)+(N_)]
(C) 0.989(C*H*)+0.088(C1H**—0.008[(N, )+ (N_)]
(D) 0.946(C'H*)+0.301(CtH*)*—0.051[(N,)+ (N.)]
B (A) 0.998(CtH%)—0.003(C1H%)*
+0.049[(N,)*+ (N-)*]
(B) 0.986(C1H?%)—0.017(CtH*)*
+0.1I5[(N,)*+(N.)*]
(C) 0.937(CtH?*)—0.056(CtH?)*
+0.237[(N,)*+ (N_)*]
(D) 0.866(CtH*)—0.177(CtH?*)*
+0.326[(N.)*+ (N_)*]
N.
a« (A) 0.999(N,)—0.024(C*H?*)*
(B) 0.998(N.)—0.052(CtH¢%)*+-0.003(C*H¢*)
(C) 0.992(N,)—0.116(CtH#*)*4-0.025(C*H*)
(D) 0.962(N.)—0.236(CtH*)*+-0.128(C*H?*)
a) For the LCAO expressions of the C-H* bond
LMO’s, (C*H%) and (CH*%),* of isolated methane,
see Table 1 of Ref. 1
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a-spin density around the carbon C! and an excess
B-spin density around the hydrogen H*.

All the above arguments converge into a concept of
three-stage mechanism as follows: The main bond
deformation caused at the initial stage of reaction is
due to the mixing of the f-spin C!-H? orbital into
the vacant unpaired orbital N:*. At the middle stage,
the mixing of the «-spin N orbital into the antibonding
orbital (C1-H4)* develops, to form a three-center bond.
As the reaction approaches the final stage, the mixing
of the a-spin orbital (C-H?) into the antibonding orbital
(C1-H4%)* becomes dominant. Thus, in the first place,
a f-spin electron is transferred from methane to
methylene; next, back transfer of an a-spin electron
from methylene to methane takes place; and finally,
local excitation in the bond to be broken becomes
appreciable. The first stage can be termed the electro-
philic stage of the reaction. From the viewpoint of
spin properties, the first and second stages may be
envisaged as the “spin delocalization” stage, which
operates to drive the two reactant molecules close to
each other, thus forming a three-center bond over Cl,
H4, and C2. Cleavage of the old bond is effected primari-
ly by the last stage, i.e., the “spin polarization” stage.
The spin polarization is in effect equivalent to the
“triplet excitation” noted in the intermolecular configu-
ration interaction treatments.!:20)

In connection with the above statement, we briefly
consider the reaction of the triplet methylene with
CH,X (X=F or Cl). Triplet methylene attacks sub-
strates containing both hydrogen and halogen atoms
in a selective manner; it abstracts a hydrogen atom
rather than a halogen atom.2) The calculated triplet
excitation energies?? from the bonding (CG-H) to
antibonding (C-H)* orbital are 17.1 and 17.3 ¢V for
CH,F and CH,Cl, respectively. Those from (C-F) and
(C—C1) to (C-F)* and (C-Cl)* are 24.0 and 19.1 €V,
respectively. Thus, we may anticipate the spin polariza-
tion effect to be larger in the C-H bond rather in the
C-F or C-Cl bond. Spin density distributions in
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0.256)
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—————X=—1.5 A—=C

, 0.074 1.682

H/ (0.417) (1.252)
H
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-0.019
(0.074) ‘°~°4”H
0.215
(0.200)
——1.5 A —=
2, -0.084 1.893
H/ (-0.098) (1.742)

H-abstraction
Fig. 6. Spin density distributions in the CH;X-CH,(®B,)
system (X=F or Cl). The entries given in parentheses
are the values for the case of X=Cl.
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the reaction systems lend support to this view (Fig. 6).
Apparently, the distributions are G---X-€ in the case

of the halogen abstraction and & A& for the
hydrogen abstraction. Thus, the triplet excitation energy
in the bond as well as the spin density distribution may
be a useful guide for predicting the relative ease of the
bond cleavage.

C. Addition Reaction. The reaction here studied
is the addition of triplet methylene to the double bond
of ethylene. Characteristics of this particular reaction
was already investigated by Hoffmann?¥ in terms of
the extended Hiickel molecular orbitals. The reaction
path was more thoroughly examined by Bodor et al.19
using the MINDO/2 method. We here choose to
employ the path similar to that of Bodor et al. for our
purpose.

The relative positions of methylene and ethylene
during the reaction are specified as shown in Fig. 7.
The middle of the ethylene double bond was taken as
the origin of the coordinate. The carbons C! and C?
of ethylene are put on the x axis, and the carbons C2,
C2 and C® are placed on the xz plane. The entire
system is assumed to be symmetric with respect to this
plane. The geometry of the system is characterized by
the notation (r, 6, ¢, w) in units of A and degree. The
path points considered are A(3.5, 90, 90, 0), B(2.4, 85,
90, 0), C(2.0, 80, 80, 0), D(1.9, 65, 75, 0), E(1.9, 50,
60, 0), and F(1.9, 50, 60, 30).

[Vol. 49, No. 11

56

Fig. 7. Coordinate system (side view) for describing the
relative position of CH,(®B;) and CH,=CH,.

The LMO calculations for the ethylene molecule
provide two equivalent banana bonds for the descrip-
tion of the double bond; one (B+) lies above the molec-
ular plane while the other (B-) below it. The banana
bonds associated with the «- and f-spin electrons are
specified as B.* and B.’, respectively. The triplet
methylene has two unpaired orbitals N+ and N- as has
been mentioned earlier.

When reaction takes place, these particular LMO’s
suffer the greatest deformation. Table 4 gives the
results of the LMO mapping analysis at path points (B)

TaBLE 4. LMO MAPPING ANALYSIS OF THE ADDITION OF 3CH, Towarp C,H,

Spin Path point Mapped LMO®
B_
a (B) 1.000(B_)
(C) 0.982(B.)+0.170(B,)
(D) 0.859(B_)+0.508(B,)
(E) 0.819(B.)+0.570(B,)
B (B) 0.990(B_)+0.079(B,)
(C) 0.949(B.)+0.303(B.)
(D) 0.882(B_)+0.456(B.)
(E) 0.838(B.)+0.527(B,)
B,
a (B) 0.998(B,)—0.023(B_)+0.017(B,)*—0.014(B_)*
(C) 0.965(B,)—0.150(B_)+0.132(B,)*—0.116(B_)*
(D) 0.762(B,)—0.433(B_)+0.333(B,)*—0.294(B_)*
(E) 0.701(B,)—0.467(B_)+0.374(B,)*—0.344(B_)*
B (B) 0.963(B,)—0.046(B_)—0.014(B,)*+0.011(B_)*+0.198(N_)*+40.174(N,)*
(C) 0.857(B,)—0.241(B_)—0.069(B,)*+0.053(B_)*+0.298(N_)*+0.326(N,)*
(D) 0.736(B,)—0.354(B_)—0.136(B,)*+0.113(B_)*+0.392(N_)*+40.353(N,)*
(E) 0.679(B,)—0.398(B_)—0.157(B,)*+0.140(B_)*+0.433(N_)*+0.324(N,)*
N,
o (B) 0.995(N,)+0.001(N_)
(C) 0.950(N..)+0.004(N,)+0.066(B,)—0.040(B_)—0.218(B,)*+0.193(B_)*
(D) 0.828(N,)+0.176(N_)+0.246(B,)—0.160(B_)—0.302(B,)*+0.282(B_)*
(E) 0.712(N,)+0.321(N_)+0.289(B,)—0.213(B.)—0.302(B,)*+0.313(B_)*
N_
B (B) 0.999(N.)—0.002(N,.)
(C) 0.996(N.)—0.005(N,)
(D) 0.947(N_)—0.265(N,.)
(E) 0.869(N.)—0.457(N,)

a) For the LCAO expressions of the banana bond LMO’s B, and B_* of isolated ethylene, see Table 4 of Ref. 1
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to (E). As is naturally expected, the B-%, B-#, B4?,
and N- bonds are responsible primarily for the intra-
molecular bond rearrangement, while the B+ and N+
orbitals, for the intermolecular bond formation. Here
also, the mixing of the B+* and B+* bonds with the
anti-bonding B+* and B-* bonds takes place with
opposite signs, a situation which is equivalent to an
inducement of triplet excitation in the double bond.?

The addition reaction of triplet methylene also
conforms to a three-stage mechanism. As can be
inferred from Table 4, triplet methylene initially
approaches ethylene as a f-spin acceptor. Next, it
comes to behave as an a-spin donor. Finally, local
excitation in the ethylene molecule becomes appreciable.
The B- and a-spin electron transfers must be the major
origin of the formation of the new C2-C3 bond. The
local excitation, ¢.e., spin polarization in the C1—C2
bond should be a factor most effective to the cleavage
of the B+ bond.

The results described above can be illustrated picto-
rially by the schematic representation of the centroids
of LMO charge distributions (Fig. 8). Again, the
schematic description is in accord with the conventional
scheme:

HCH, +CH

e
H C/H\CH + MCH, — H.C ===-= +
2\ M2+ MUy —> Ht =2 — B ——

The paired electrons which existed in the B- bond are
slightly decoupled and migrate toward the mid-point
of the carbons C! and C? to form a single bond. The

H
3
® ,—~Q"H\
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Fig. 8. Schematic representation of the centroids of
LMO charge distributions at path points (A)—(E) in
the addition reaction of triplet methylene to ethylene.
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paired electrons which existed in the B+ bond are highly
decoupled; the a-spin electron migrates onto the carbon
C! to form a radical center there, while the f-spin
electron migrates toward the mid-point of the carbons
C2? and C? to make a pair with one of the two unpaired
electrons of methylene, leaving the other unpaired elec-
tron to form another radical center on C3.

Listed in Table 5 are the total weights ?C{z’; of various

types of configurations K contributing to Qyge at
different reaction path points. That the reaction
proceeds by the three-stage mechanism can be perceived
here even more clearly. Thus, the most dominant
configuration to be mixed with @; at initial stages of
reaction is @gr, the S-spin delocalization from ethylene
to CH,. This is followed up by the mixing of @gor, the
a-spin delocalization from CH, to ethylene. Finally,
the contribution of @, due to the «-spin, and hence
triplet, excitation on ethylene becomes appreciable.

TABLE 5. TOTAL WEIGHTS OF THE COMPOSITE CONFIG-
URATIONS IN THE ADDITION OF TRIPLET ME-
THYLENE (M) TOo ETHYLENE (E)

Pa.th Spi CE ;C?,E.i ;Cé'l\k 20301'.1. XJ}CEEJ
point (EM) (E*M) (Et*M-) (E-Mt) (EM*)
(A) % 5 998 0.000 0.000 0.000 0.000
B ' 0.000 0.002 0.000 0.000
(B) % 896 0.001 0.003 0.009 0.001
B ’ 0.001 0.085 0.000 0.001
()] %0 648 0.026 0.010 0.073 0.008
B ! 0.008 0.179 0.001 0.008
(D) * 0 354 0.082 0.005 0.178 0.001
B ) 0.019 0.176 0.001 0.009

a) Other highly-transferred and highly-excited config-
urations are also mixed into the ground configura-
tion.

If triplet methylene approached ethylene by way of
the least motion with the Gy, symmetry (0=¢=90°),
no new pairing of opposite spins would be possible
between them and the bonded electron pair in B+ could
not be decoupled with ease. This was in fact confirmed
by separate calculations. The situation is much the
same as in the addition of methyl radical to ethylene,
which has been discussed previously.?) The steric course
of reaction should thus be dependent upon how smoothly
the interchange of pairing of opposite spins can take
place.
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