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Abstract

The linear combination of bond orbitals method is used to investigate the reactivity of halomethanes in
abstraction reactions by atoms. The activation energy is evaluated on the assumption that, in an activated
complex, two electrons in a bond to be broken become completely isolated from the rest of the g-electron
systems. Such a model leads to an intuitively attractive concept that the interactions between the reactive bond

and the neighboring bonds govern the reactivity of o-electron systems. The resulting equation for the activation
energy, € is:
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Here, subscript C-4 indicates the bond to be broken, while C-i represents the other three bonds surrounding
the reactive bond; £ is the activation energy of a hypothetical reaction of an isolated C-4 bond and an attacking
atom; and 7p-i» c-¢ Stems from the stabilizing interaction of C-4 bond with neighboring C-¢ bonds. A choice
of 7', consistent with bond strength data simplifies the above equation {0 a form

e=§+Nye-g ¢~

where N denotes the number of C-H plus C<F bond in halomethanes. In agreement with this equation, exper-

imental e-values increase linearly with increasing N.

1. Introduction

The reactivity of conjugated molecules in radical
and ionic reactions is often examined " on the basis
of the localization energy theory @ according to which
energy required for localizing a m-electron or electrons
at the reaction center plays a decisive role in determ-
ining reaction rates. Various successful examples @ @
indicate that the activated complex invoked here has
a plausible structure, As it stands now, the localization
energy theory is capable of treating m-electron reacti:
vities only. An extension to g-electron cases is
important, particularly in view of the fact that a
unified “theory is urgently needed to understand the
reactivity of chemical compounds in general. The
present papet attempts such an extension &) by taking
as a specific example the abstraction reaction involving
halomethanes. The activated complex to be employed
has essentially the same structure as in the z-electron
reactions. Because of the difference between the electron
mobilities of the two systems, however, it is necessary
to employ entirely different basis orbitals in représen-
ting overall molecular eigenfunctions.

I. Activated complex

Schematically, the abstraction reactions may be
written as .
% ! .1

2——(':——4+A—¢ 2—(':-'4--'A—-2|-C°+4—A(1)
3 3 3

where £(=1,2,3, and 4) denotes either hydrogen or
halogen atoms. As the attacking species A approaches
the reaction center, C-4 bond becomes weaker, In the
vicinity of transition state where this reactive bond is
at the verge of breakdown, two electrons in it become
fiearly uncoupled. When this happens, the unshared
electron close to the carbon atom resides in an orbital

having nearly 2px character which, because of symme
etry property, interacts negligibly with the rest of o-
electron systems. These intuitions suggest an activated
complex having a structure in which two electrons in
a bond io be broken become isolated from the rest of
a-electron systems. ) .

To evaluate the energy of such a s'tructure, it i
necessary to presume a reasonable molecular eigenfun-
ction. For this we recall that, in contrast to the m-
electron systems where electron densities tend ta spread
all over the molecular framework, the mobility of
a-electrons is mostly confined within the vicinity of a
single bond. This suggests the use of an orhital
strongly localized in each single bond. Such dn orbital
is called a bond orbital @ and has been successfully
employed in the quantum mechanical investigation of
paraffing. ©® @ Denoting the bond orbital of C-¢ bond
as go-i, we then represent the molecular orbital of
halomethane in the initial state as follows:

¢=YCide: i=1,4 @
At the transition state, C-4 bond is missing; and the
summation goes only up to 3¢
¢=3Ce-; 1=1,2,3 3
It is important at this point to realize that the

number of allowed energy levels in the variation

treatment is the same with the number of basis
functions in the molecular orbital; thus the use of
bond orbitals leads to the completes to the molecular
orbital theory of m-¢lectrons where a common practice
of using atomic orbitals results in the occupation of
only a half of the allowed levels. This fact drastically
simplifies the eigenvalue evaluation in the g¢-electron
case. In fact, all of our forthcoming conchsions
conterning the mtructural factors governing chesmical
reactivity also stem disectly from this use of bond
orbitals. To emphasize these facts, the present use of
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bond orbitals in investigating elementary reactions is
called bond orbital theory of chemical rectivity.

E. Activation emergy evaluation

In the evaluation of engenvalues associated with (2)
and (3), there appear various matrix elements for
which the following standard notation is employed:

a; = [pcHop-dr

Bii = Jie-Hpe-Ar

S = Jéc-ipcdr
The subscripts # and C-f are used interchangeably tq
denote the corresponding quantities for C-f bond,

These matrix elements may be expressed in terms of '

ac-y’ Be-fs c-#’» and oy, c-n’, which are the core-
esponding elements in unsubstituted methane, by using
the usual following approximations: @

“Bii=Biil Bo-trc-u'=SiilSc-mc-w

ay=ag-y+hr
where ’

r=Bc-mo-# — Sc-mo-# %-n
and h; is a constant determined by the relation
(o—ac-i)/r=h;. We define X as follows: ®

Aag-p — EV/ Be-woc-u” — Sc-me-w'ac-w)

=X/Q — Sc-mwe-w'X) @

" ie., X={(ac-y — EY/ Be-tc-w — ESc-siic-#"» E being
the energy of the system; then the secular equation
resulting from the application of the variation principle
to ¢ given by (2) becomes:

§X+h, Bz Pu Bu
Elz 52_)_(+hz fn Bu
bn o X thi i
B Bu Bu SX+h

Il
e

()

where _

3:=1—Sc-me-n” i
From (4),

Ey=ac-y — ______X.‘_T
1—Sc-ac-n'Xa
wac.g — y{Xa+Scom c-' Xi3+---]

Where X, denotes one of the four roots of (5), Since
all four energy levels are doubly occupied, the ground
state, Eq, for the halomethane becomes:

Eo=8ac-g—2r (CXp+Sc-he- TX2+) (6
The symmetric functions 2 X,* are related to the
coefficients of a polynomial, ® '

apXé+raX¥+a: X2+ azX +a4=0
(resulting from the expansion of (5)) by the equations:

TXy=—ar/ag

LRl

TX#= (at—2agap) fag?
When these coefficients are evaluated, Ey becomes
= & by . h?
Eo—Sﬁc—n‘F?TEi(a—i — Se-tprc-# -ﬁ)
Y
— 4Sc-msen’s 7 t%'}; D
57 88;
where the terms depending on the second and higher

powers of Sc-y,c-s are neglected. The corresponding
equation for the energy, Es, associated with (3) is:

. , h2
Ex=6ay+act+oyg+ 2::;(% —Sc-mc-4 ng‘-r)
—45c-mc'—n'rf: M )
57 80

where the term actag represents energy of the twe
electrons in C-4 bond at the transition state.

In the above discussion, the C-4 bond is presumed
to be completely isolated at the transition state from
the rest of o-electron system. Strictly speaking, this
is only true at the final stage of reactions; and in an
actual case, some interaction is expected to operate
between the C-4 and remaining o-electron system even
at the transition state, Because of this effect, experi- .
mental activation energy, ¢, is usually lower than
E.—Ey as indicated below: 4 .

¢=a(Ex—Eg) b )
where a and b are constant expressible in terms of
potential parameters involved in the reaction.

The use of (7) and (8 into (9) gives:

e=§+ ‘i::lvc-;. c-4 Q10

where

4 =ﬂ{¢c+a4"2ﬂc-u—2r %‘- +E’SC-H-C~H'-‘?§—) —b

" -2

ﬂc-.'.c-4=8( 4Se-mc-n —a?;— ) (—%““)
Equation (10) indicates that activation energy is
governed by two quantities, & and 5. The former
represents the activation emergy of a hypothetical
reaction of A with the C-4 bond, which is competely
isolated from any molecular environment. The other
term, 7, stems from the fact that in actual reactions
the C-4 bond resides in a wolecular environment.
hence it undergoes interactions with a meighboring
bond. For the reaction to take place, an extra amount
of energy must be supplied to overcome such an inte-
raction, For example, 7¢-1.04 mpresehr.s this extra
energy coming from the interaction between C-1 and
C+4 bonds.
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N¥. Comparison with experiments

An insight concerning the relative magnitude of
various 7p-j,c-4 may obtained from some thermodyn-
amic data. With a slight modification, the present
smethod is also applicable in treating bond energy data. ¥
For example, it can be shown that

—::—(’Jc-mc-a — pe-prc-ct) =D (CHz—Cl) —DICF;—CD
and

2 (5c-toc-8 — 0-coc-5:)=DICHs—Bi—DXCCli—B)
The fiest AD is nearly zero, 10 while the second is as
high as 19 kcals/mole. U2 This indicates that 9¢-mc-4
is about the same as f¢-g,c4 but much larger than
Te-che-4, I consistency with these considerations, we
select the following simple 7

DB C-4=TIC-FrC-42C-X -4

where X denotes Cl or Br atoms. Then, (10) takes

a simple form: .

e={+Nycmow an
where N denotes the number of C-H plus C-F bonds
in halomethanes. In a series of similar reactions in
which both the attacking species and the atom to be

abstra%te_d remain constant, & as well as’9c-g,c-4 may

CH;J;/

6l CH2Cl2

« {k cals/maole)

1 1 i
° t 2 3
N
Fig 1. Activation.-energy € for the reactions: CH,
Cly-y +H—HCI+CH,Cly-q as 8 function of the
number, N, of C-H bonds in halomethane.
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be considered constant. Then, (11) predicts that e
should increase linearly with increasing N,
Figure 1 demonstrates this linearity for these re-
actions:
CH.Cl-o+H — HCI+CH,Cly,
Downward and upward arrows here are, respectively,
used to indicate the data1® 4% reported to be the

maximum and the minimunm.
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Fig 2. Actination energy ¢ for the reactions;
CH,X,-,+Na—NaCl+CH,Clz-, a function of
the number, N, of C-H plus C-F bonds in
halomethane,

Figure 2 shows the linearity for the reactions:

CH,_ X~ +Na—NaCl+CH, Xy »
where X indicates halogen atoms. The activation
energies of the reactions, which are shown in Figure
2, are evaluated by the following procedure: the
difference,  Je, in the activation energies for CH,X ¢4
and for CHC] is first estimated by using an expression:

Je=—RTh & /kp
after making proper corrections for the symmetry
change and assuming pre-exponential factors to be the
same; the relative rates for CH Xy, and CHyCl, k'/ke,
are taken from the results of diffusion flame techni-
que. ¥ U9 (As to the absolute rates, a recent invest.
igation indicates!® that some cocrrections are necessary
to these data; however the relative rates are not likely
10 be affected significantly.) The fe thus estimated is
converted to € using the information: 40

Na+CH;Cl — NaCl+CH;, 4e=9. 8kcals{mole

Figure 3 shows the same linearity for the reactions:

CH,X¢-s+Na = NaBr+CH,Xs-
Here, values are similarly estimated from the data m
the references. 18 4P
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Fig 3, Activation energy ¢ for the reactions:
CH,X4-o + Na—NaBr +CH,Cls-
as a function of the number, N, of C-H
plus C-F honds in halomethane.

In ali three cases, (11} agrees well with experimental
data. It is indeed gratifying to observe that activation
energy is expressible as a linear function of whole
numbers. -

The present method may be refined by carrying out
theoretical calculations of the two parameters, & and
% Such an investigation, currently being planned at
the University of Utah, is expected to provide a
further insight on the structural factors which govern
g-electron reactivities.

References

1) For a recent review see: (a) R. Daudel, R.
Lefebvre, and C. Moser, *Quantum Chemistry,”
Interscience Publishers, Inc., New York, 1959,

KPR
and (b) T. Fueno, Ann. Rev. Phys. Chem.,
12, 303 (196D).

2) G. W, Wheland, J. Am. Chem. Soc., 64, 9500
1942).

3) C.A. Coulson, J. Chem. Soc., 1435 (1955).
4 K. Yang, J. Am. Chem, Soc., 84, 3795(1962);
also see various references quoted in this paper.
5) A preliminary account of the present approach has
been described in the following papers:
(a) K. Yang, J. Phys. Chem., 67, 1562(1963).
(b) K. Yang, J.Chem. Phys., 38, 2586(1963).
6) G.G. Hall, Proc. Roy. Soc. (London), A205,
541 (1951).
7) R.D. Brown, J. Chem. Soc., 2615 (1953).
8) H. W. Turbull, “The Theory of Equatioas,™
Oliver and Boyd, Edinburgh, 1946.
9) T. Ree, to be published.
10} J. F. Reed and. B.S. Rabinovitch, J. Phys.
Chem. ,61,598(1957), and freerences quoted there.
11) M. Szwarc, J. Chem. Phys., 18, 1660 (1950),
and references quoted there.
12) E. Cremer, J. Curry, and M. Polany, Z. Physik
Chem., B 23, 445(1933).
13) J.E. Vance and W.C. Bauman, J. Chem. Phys.,
6 811 (1988). T '
14} W. Heller and M. Polany, Trans. Faraday
Soe., 32, 633 (1936).
15) 1. N. Haresnape, J. M. Stevels, and E. Warhurst,
Trans. Faraday Soc., 36, 465 (1960).
16) J. F. Reed and B. S. Rabinovitch, J. Phys.
Chem., 58, 261 (1955).
170 E. Warhurst, Quart.- Rev., 5, 44(1951).



