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The wave functions of a system composed of two mutually-interacting molecules have been expressed in terms

of configuration interaction wave functions.

respect to the states of adiabatic interaction, delocalization interaction, and polarization interaction.
tron populations in all of these states have been obtained separately.

The electron configurations have been taken into account with

The elec-
It has been demonstrated that the adiabatic

interaction between two closed-shell molecules can not be the origin of the bond interchange in chemical reactions.
The inclusion of charge-transferred states has been shown to be of great importance in explaining the formation of

new bonds and the weakening of old bonds in the case of chemical interaction between two molecules.

On the

basis of the results of numerical calculations on some typical reaction models, the important role of the orbital
overlapping interaction of the highest occupied molecular orbital and the lowest unoccupied molecular orbital

has been pointed out.

The interaction energy between two mutually-react-
ing molecules has been investigated by partitioning it
into the Coulomb-interaction, exchange-interaction,
delocalization, and polarization terms on the assump-
tion of no nuclear configuration change.? Expressions
for these four energy terms have been derived. The
important role of electron delocalization in determining
the favorable position and spatial direction of chemical
interaction with respect to each of the two reacting
molecules has been pointed out on the basis of the
three governing principles of chemical interaction.?
The significance of the cooperation of the charge-
transfer and the nuclear configuration change has been
stressed in relation to the nodal properties of the highest
occupied (HO) molecular orbital (MO) and of the
lowest unoccupied (LU) MO. The purpose of the
present paper is to show how and why the formation
of new bonds and the cleavage of old bonds take place
in chemical reactions. This seems to be one of the
most fundamental problems in understanding the
nature of chemical reactions.

Wave Functions

Let us consider the chemical interaction between the
molecules 4 and B. Here we set limits to the case in
which both 4 and B have closed-shell structures in the
isolated state. Only a slight modification should be
needed for other systems. We represent the wave
function of the combined system of the two molecules,
4 and B, by the configuration interaction (CI) wave
function;

OocC uno occ uno
¥ =GCY, + Et} ? Ca¥ia + ; g} Crj¥ kg

occ uno ocC uno
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The meanings of the wave functions ¥y, ¥ty iy, -
are the same as those in Ref. 1. These wave functions
are constructed by means of the Slater determinants,
composed of the MO’s, ays, and a,’s of the molecule
A and the by’s and bys of the molecule B, according

1) K. Fukui and H. Fujimoto, This Bulletin, 41, 1989 (1968).
2) K, Fukui and H. Fujimoto, ibid., 42, 3399 (1969).

to each electron configuration. Other highly-trans-
ferred and highly-excited configurations can be neg-
lected, provided the interaction is not too strong. The
coefficients, C;, Ci.;, Ciny, -+, can be obtained by
solving the secular equations. The integrals which are
necessary in constructing the secular determinant have
already been derived in Ref. 1. The coefficients of the
wave function, ¥, are taken so as to satisfy the nor-
malization condition:

Syfzdr -1 @)

In order to obtain the expressions of the electron
populations of the interacting systems by the use of ¥, it
is convenient to represent them as the sum of the electron
populations in each of the terms appearing in Eq. (1).
For this purpose, we present the first-order density matri-
ces® of some of the terms in Appendix. In the following
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Fig. 1. A schematic representation of assumed models of the
dimerization of methylenes.

3) R. McWeeny, Proc. Roy. Soc. (London), A223, 63 (1954};
A232, 114 (1955).
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discussions, the contribution from polarized configura-
tions may be disregarded so long as we concentrate
our attention on the intermolecular charge-transfer
between 4 and B. The off-diagonal terms pyy (/3 J')
(see Appendix), in which neither J nor J’is 0, are put
equal to zero in a first approximation.

The example taken here to show the numerical
results is the dimerization of singlet methylenes to
form ethylene. This system was discussed by Hoffmann
and his coworkers in order to demonstrate the prefer-
ence of the non-least motion to the least motion in the
mutual approach of methylenes by the use of the ex-
tended Hiickel calculation.¥ We will compare the two
modes of approach by means of our method, from the
standpoint of mutual electron-donating and electron-
accepting interactions. The two models are schema-
tically illustrated in Fig. 1. The relative nuclear posi-
tions of the two methylenes are the same as those
determined by Hoffmann. In Tables 1 and 2 we
present the coefficients, C;, Ci.p’s, and Cj.,s, with
respect to the two models in Fig. 1. The method of
calculation and the approximations employed are the

TABLE 1. THE COEFFICIENTS OF THE GROUND-STATE
CI WAVE FUNCTION OF MODEL I
Cy,=0.9925

n’ o, [- ¢
|Ces] o, 0 0.0223 0
Gy 0 0 0.0025
c3 0 0.0544 0
T A Gy
[Crerg o, 0 0.0223 0
oy’ 0 0 0.0025
65’ 0 0.0544 0

The MO’s of methylenes are termed as follows.

(o] og 6.525 ev

gy oy 5.752
LUMO 1 m -0608
HOMO 03 —o—o— gy —e—o—-9036

03 —6—06— - 0 —6—06—-11.244

0y ——o6— oy —o—o— -18.820

METHYLENE 1 METHYLENE 2

4) R. Hoffmann, R. Gleiter, and F. B. Mallory, J. Amer.
Chem. Soc., 92, 1460 (1970).
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TABLE 2. THE COEFFICIENTS OF THE GROUND-STATE
CI WAVE FUNCTION OF MODEL II

C,=0.9231
n 64 o5
|Cii s, 0.0038 0.0240 O
s, O 0 0.0039
6 0.0601  0.0035 0
T A A
[Ceegl o 0.0466  0.0266 0
Gy’ 0 0 0.0111
sy’ 0.2879 0.0480 0

same as those adopted in our previous calculation.?
It is clear that the charge-transfer interaction is by far
more effective in Model II than in Model I.

Formation of New Bonds

Let us divide the electron populations into two parts,
intermolecular and intramolecular. First, let us try to
connect this concept to the origins of the formation
of new bonds between 4 and B. The AO bond popu-
lation between the AO ¢ of 4 and the AO u of B is
given by:

Beu = 80> + O 3)

¢% is the AO bond population between ¢ and u due
to the exchange interaction:

oce uno
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where ¢ is the coefficient of the AO ¢ in the MO
a; and where s;, is the overlap integral between the
AQO’s, t and u.

OCceC occ
($EP) e = — 2(M! )”?—4(2; %‘M‘i %cPs10Ss
0,
- g‘: )‘u Stusik
SRR D,
+ %}Q" cPsewSe — 26{9cPs,,84) (6)

(620 ($52)i-1, and (¢%P)x-; indicate the AO bond
populations of a bond newly formed between the AO
t of A and the AO u of B due to the electron exchange
in ¥y, ¥y, and ¥y states respectively.

The quantity ¢% implies the AO bond population
between ¢ and u due to the electron delocalization:

oce uno
> =2 31 3 (B0, et () e-1,0}CoCion

+ 3 SO0 s+ (9)eg, GGy ()

(B52)0,01 == A/ 260651y, 8)
In Table 3 are given (%), and ¢ with respect

5) H. Fujimoto, S. Yamabe, and K. Fukui, This Bulletin, 44,
971 (1971).
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TABLE 3. THE INTERMOLECULAR AO BOND
POPULATIONS DUE TO THE EXCHANGE

Carbon of Methylene 1

Ky X pi Z

Carbonof s/ —0.0038 0 —0.0000 —0.0001
Methylene 2 (—0.0035) (0)  (—0.0000) (0)
X0 —0.0001 0 0
(0) (—0.0001) (0) (0)

y  —0.0051 0 —0.0000  0.0005
(—0.0048) (0)  (—0.0000) (0)
2 0.0000 0 0.0000 0

(0) (0) (0) (0)

The values in parentheses indicate (¢2),.

TABLE 4. THE INTERMOLEGULAR AO BOND POPULATIONS DUE
TO THE ELECTRON DELOCALIZATIONS FROM METHYLENE
1 TO METHYLENE 2 AND FROM METHYLENE
2 TO METHYLENE 1

Carbon of Methylene 1

s x ¥ z
Carbon of s —0.0021 0 0.0000 0
Methylene 2 —0.0035 0 0.0003 0.0139
x 0 0.0001 O 0
0 —0.0002 0 0
¥ 0.0015 0 0.0000 0
—0.0052 0 0.0003 0.0372
2’ 0.0002 0 0.0014 0
0 0 0 0

The upper value in each set indicates the AO bond popula-
tion due to the electron delocalization from methylene 1 to
methylene 2 and the lower value that arising from the el-
ectron delocalization from methylene 2 to methylene 1.

to Model II. The contribution of mono-transferred
states to ¢%” is negligibly small. It can be seen that
the sum of ¢%”’s over all the pairs of the ¢ of 4 and
the u of B is negative. This demonstrates an anti-
bonding contribution of the exchange interaction in
the chemical interaction between two methylenes.
Table 4 shows the ¢%’ due to the electron delocali-
zation from methylene 1 to methylene 2 and that due
to the electron delocalization from methylene 2 to
methylene 1. Adding ¢% to ¢%, we can find the
positive atomic bond population arising in the region
between the carbon atoms of two methylenes. It
should be noted that the greatest contribution comes
from the combination of the p, orbital of methylene
1 and p,/, orbital of methylene 2, and that the next
largest is that of the p, orbital of methylene 1 and
the 2s orbital of methylene 2.

The intermolecular chemical bonding can be inter-
preted in terms of the mixing of charge-transferred
states into the ¥, state. Thus, the importance of
delocalization interaction in the process of bond for-
mation is clear.

Weakening of Old Bonds

The changes in the bond populations of the intra-
molecular AO pairs in 4 and B due to the electron-
exchange interaction may be given by:
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The changes in the AO bond populations of 4 and
of B due to the mixing of charge-transferred states
into ¥, are given by:

n
D~ 2 )G 02 (D
P =2(=3] Ez G2, Ps 4y + Ek} > ICE.i65Pc{Ps
T J

occ uno

— 20/ 7G33 $1Ceaei®ciPsuS) (1)
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D 2 k) (K 2 [ORU
o 2 2(— 3] 312 Peoun + 31 3ICE0PePs00
J T

_9 \/70&: S 0P 54.S,,) (15)
J

TABLE 5. THE CHANGES IN THE AO BOND POPULATIONS OF
THE C~H BOND OF METHYLENE 1 AND METHYLENE 2
Methylene 1

Carbon
s x y
Hydrogen s —0.0035 0.0000 —0.0012 0
Methylene 2
Carbon
Sl x’ y/ z/
Hydrogen s’ 0.0053 0.0000 —0.0083 0
H
\
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Fig. 2. A schematic representation of assumed model of the
addition of methylene to ethylene.
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TABLE 6. THE CHANGES IN THE BOND POPULATIONS OF THE
CARBON-CARBON BOND OF ETHYLENE DUE TO THE
INTERACTION WITH METHYLENE

Carbon 1
s x y z
Carbon2 s —0.0020 0 0.0002 0
x 0 0.0003 0 0
» —0.0002 0 —0.0003 0
z 0 0 0 —0.0397

Table 5 shows the changes in the AO bond popula-
tions in methylenes. However, the numerical values
are too small to show the importance of the bond
weakening caused by electron delocalization, since car-
bon-hydrogen bonds in methylenes never break down
in the process of dimerization to form an ethylene
molecule. In order to obtain a more distinct result,
we had better proceed to the addition of singlet meth-
ylene to ethylene® (Fig. 2). The results of the calcu-
lation of the changes in the AO bond populations of
the carbon-carbon bond of ethylene are shown in
Table 6. We can find that the AO bond population
between the 2p, orbital of the carbon 1 and the 2p,
orbital of the carbon 2 decreases conspicuously, while
the others remain almost unchanged. This demon-
strates the start of the disappearance of the n bond
in ethylene to form o bonds with methylene.
Extending Mulliken’s concept of population analysis?
to an AO pair between two interacting molecules, the
electrons flow into the intermolecular region through
the orbital overlapping between the AO ¢ of 4 and the
AO u of B may be divided into two, one of which
reverts to the AO ¢, and the other, to the AO u. There-
fore, the changes in the AO populations of AO ¢ and
AO u due to the electron delocalization are given by:

B A

AND = (S +3i?) (16)
A B

ANP = 5 (S0 +3102) (17)

Table 7 shows the changes in the AO populations of
methylenes in Model II. We can see that methylene

TABLE 7. THE CHANGES IN AO POPULATIONS OF
METHYLENE ] AND METHYLENE 2

Methylene 1

Carbon
Hydrogen
s x v z
—0.0053 0.0000  —0.0034 0.1088 0.0042
Methylene 2
Carbon
Hydrogen
S, x/ ] y/ zl
—0.0070  0.0000 —0.0961 0.0045 —0.0050

6) a) R. Hoffmann, J. Amer. Chem. Soc., 90, 1475 (1968).
b) K. Fukui, H. Fujimoto, and S. Yamabe, to be published.

7) R. S. Mulliken, J. Chem. Phys., 23, 1833, 1841, 2338, 2343
(1955).
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2 serves as an electron donor, and methylene 1, as an
electron acceptor.

Intramolecular Electron Rearrangement
Due to Interaction

The other terms in the diagonal elements of Egs.
(A. 1), (A. 3), and (A. 5), which have not appeared
in Egs. (4)—(17), stand for the reorganization of the
electron populations in both 4 and B caused by the
mutual interaction. We may define the partial AO
populations of the AO ¢ as:

ngii’) + ngi’i) j— (pgii’)+vgii')) + (pii'i)_{_vii‘i)) (18)

P = D G * i)
e A RN
o0 = S5, (8% t)
<

where p{*’ stands for the valence-inactive part, and
o™ for the wvalence-active part.® The quantity
n> 4 nf*® gives a non-zero value, in general, al-
though the sum over all the #’s of the molecule 4 van-
ishes. We represent the changes in the AO bond
populations in the molecules 4 and B by ¢ and
o5 respectively. Therefore, the changes in the AO
populations of the AO’s ¢ and u resulting from the
intramolecular electron rearrangement may be given
by:

A
AN = S (19)
(R) 1 2 (R)
ANu = _Q—ggouu’ (20)

The changes in the AO populations and AO bond
populations caused by the electron rearrangement are
shown in Table 8 with respect to Model II. Although
the changes in the electron populations due to the
intramolecular electron rearrangement are small in
comparison with the other terms discussed above, they
are hardly negligible in the systems where one or both
of the reactants involve highly-polarized bonds. In
Fig. 3 we present the changes in the atomic popula-

TaBLE 8. THE cHANGES IN AO POPULATIONS AND IN AO
BOND POPULATIONS OF METHYLENE | AND METHYLENE
2 DUE TO THE INTRAMOLECULAR ELECTRON

REARRANGEMENT
Methylene 1
Carbon
Hydrogen
s X y z
Hvd 0.0046  0.0003 —0.0002 O —0.0024
ydrogen —_0.0035  0.0000  0.0001 O —
Methylene 2
Carbon
Hydrogen
S/ x/ y/ Z/
Hvdrogen —0-0099 —0.0001  0.0025 0 0.0018
ydroge 0.0006  0.0000 0.0012 O —

8) K. Ruedenberg, Rev. Mod. Phys., 34, 326 (1962).
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Fig. 3. The changes in atomic populations and in atomic
bond populations due to the intramolecular electron rear-
rangement. The values in [ ] indicate the changes in
atomic bond populations.

tions and in the atomic bond populations due to the
intramolecular electron rearrangement with regard to
the chemically-interacting system shown in the figure.
It is interesting to see that the carbon-chlorine bond is
loosened and that electron migration takes place in the
direction from carbon to chlorine.

Changes in Electron Populations

The difference in the population of the AO ¢ before
and after interaction will be:

l B 1 A
AN, 2= 53 o + 5 3PP + 6P+ o) (21)

Similarly, the change in the AO bond population
between the AO’s ¢ and ¢’ of 4 is given by:

G = P + ¢ + o (22)
Summing up the changes in AO populations and AO
bond populations discussed above gives the final results
on Model I and Model II for the dimerization of
methylenes shown in Fig. 4.
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Fig. 4. The changes in atomic populations and in atomic
bond populations due to the interaction. The values in
( ) indicate the intermolecular atomic bond populations
and the values in [ ] stand for the changes in atomic bond
populations.

As has been discussed above, the delocalization
interaction has a close connection to the bond-inter-
change in chemical reactions of two closed-shell mole-
cules. It has been demonstrated that the formation of
new bonds between reagent and reactant and the
weakening of old bonds in both can be interpreted
only by the inclusion of charge-transferred configura-
tions. Among various charge-transferred terms, the
orbital interaction between the HO MO of the reactant
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and the LU MO of the reagent, and the reverse interac-
tion, play the most dominant role. Those electron con-
figurations which have been omitted in the present cal-
culation can also be included in a similar fashion in
the population calculation, although it will take too
much computer time to be performed. It is believed
that the main consequences would not be seriously
different from those presented here.

This calculation has been limited to the cases in
which both reactant and reagent are closed-shell
systems. Extension to other cases is now in progress.

The authors wish to express their appreciation to the
Data Processing Center of Kyoto University for the
generous permission to use the FACOM 230-60 com-
puter.

Appendix
Taking the terms up to the second order of the overlap
integrals S,; between the MO’s, a’s of the molecule 4 and

b’s of the molecule B, we have the first order spinless densi-
ty matrix given by:

oV | D0 = M [Wo(1',2, 0+, MYTo(1,2, -+, M)déydry - ey
~9 'ﬁi(l')i(l) +2 if_‘,ck(l’)k(l)
+ 2331 SH (1SS

+ 2 ; ; gk(l’)k’(l)sikSik,

-2 OZZC Ogcc(i(l/)k(l) +E(1)i(1)) S} o2 (M)
(A.1)

where M is the total number of electrons of the system com-
posed of 4 and B, i(1")k(1), for instance, is the abbreviation
of a;(1")bx(1), and the normalization factor for ¥, is:

oce

Hoz (1231 S183) "1/2(M 1) -12 (A.2)
1 k

With respect to ¥;.,;, we have
(V| Do, 22 233 (10 (1)
+ 2ﬁk(l’)k(l) — (17i(1) + 1(1)i(1)
+ i) s+ 258 + 11 Gisz— 253
— 23] W M) +R(1) (1) S
+ SICARW) +E)i(1)S4
- :iV_‘,‘ic(i’(l’)l(l)+l(l’)i’(1))S¢,, + 2((1) (1) +1(11)i(1)) Sy,
+ S35 @S SeaSent SeaSi)
- °i2°,°(i(1')i'(1) +i/(l’)i(l))(ﬁS,kSi,k—i-ZS”Si,l)
+ STSF (1) @SIS0aS0n — SuSix)

+ 02::(1:(1’)1(1) +1(1')k(1))(127c3¢1ksi'z—2SmSu)}miz(M /)
(A.3)
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Mg (1=2357 5382, + 3153, — 3352, 4+ 2857) -/2(M 1) 172
i k k 3
(A.4)

The next to be considered is the term which represents the
mixing in of monotransferred configuration into zero-configu-
ration. Neglecting the terms smaller than S,;2, we have:

(1 Doyt = o/ Z S(23 5 (1)0/(1) +23H(1)k(1))

—47(°§;f°i(1f)i/(1)si,,+ o;“1;(1/)1(1).5‘,.,c—i(1/)1(1))
(A.5)

Similar expressions are obtained from ¥;_;. The elements of
the density matrix due to the mixing in of the monoexcited
states are:

(U [ D g0y = 235/ (1)3(1)
+2 $T(10k(1) — i(1i(1) + j(1)5()
+ LW SE+i(1)i(1)3IS%
+ 233 ST S (10 (DSuaSurs
= SI836(08 (1) + (108 (1)SuSen

+ SIS + 1) (D) e

An MO-theoretical Interpretation of the Nature of Chemical Reactions

2941
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+ g o‘kjk(l’)k/( 1) (2°ii}°si,,csi,k, — SuSi +S 1S i)

— 23353 (1)) + K1) (1) i

+ Sk +E1i(1)S

- o}ﬁ(.j(l/)k(l)+k(l/)j(l))Sjk}'/Vi—2vj(M'/) (A.6)

and:
Aoy 2z (1233 Sis2,+ 83—~ Siszy 12 (AL7)
T % % I
and;
. oce | .
p(1 10,252 4/ 2 {(2;1'(1’)1'(1)
oce oce
+2 SRR (- 33508,0)
oce OCC‘ . oce Occ' .
+ g ;l(ll)l/(l)sjksi'k + iE Zk}l’(l’).f(l)Sszm
oce oce oce
+ ggk(ll)k’(l)siksjk' - gi(ll)k(l)sﬂc
oce . . . oce oce
- ;k(l')J(l)Sm} + 4/ 27(1)4 (1) (1—2%‘: 5;3?%)1/2
ocec occ oce
X (1—22, ;Sf.k+%}S?k—;S}k)'l/2 (A.8)

and similar formulas corresponding to the contributions from

Ty






