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The mechanism of the catalytic activity of transition metal complexes is discussed in terms of an effective Hamiltonian of a 
reactant-catalyst system. The potential energy surface has been constructed for the reaction of catalytic isomerization of quadri- 
cyclane to nonbomadiene. The properties of the catalyst are found to affect strongly the activation energy of the reaction. 

1. Introduction 

An important problem in the field of organic syn- 
thesis and homogeneous catalysis is the elucidation 
of the nature of catalytic activity of metal complexes 
in various reactions. As an example we consider the 
reaction of isomerization of quadricyclane (I) to 
norbomadiene (II) [ l-41 : 

LB 
I II 

This symmetry-forbidden 27r+2n reaction is en- 
countered in different variants and seems to be stud- 
ied most thoroughly from the viewpoint of experi- 
ment. Catalysis of this reaction by different transition 
metal complexes has been studied and interpreted [ 2 ] 
within the framework of the Mango-Schachtschnei- 
der (MS) theory [5]. 

The MS approach to the explanation of catalytic 
activity of different complexes leads to serious diffi- 
culties pointed out in ref. [ 21. The combined system 
(RM) of a reacting molecule (R) coordinated to a 
catalyst (M) conserves the orbital symmetry while 
transforming from the initial to the final state due to 
a redistribution of electrons in the system. The difti- 
culties of the MS approach occur in an attempt to ex- 
plain the catalytic activity of the complexes CoTPP 
(cobalt tetraphenylporphyrin) and MnPc (man- 
ganese phthalocyanin) in the isomerization of quad- 

ricyclane to norbomadiene. The orbitals d,,, dYZ of 
CoTPP which have the same symmetry as intersect- 
ing orbitals of reacting moiety are fully occupied [ 6 ] 
and cannot accept electrons from these orbitals. 

At the same time, each of the orbitals d,,, d,,, in 
MnPc is singly occupied [ 61 and can take part in re- 
distribution of electrons among the orbitals of the re- 
agent. In this case the requirements of the MS theory 
are fulfilled and complexes of Mn (II) should display 
catalytic activity, in contradiction to the experiment 

[21- 
The effect of the catalyst on the reagents is due to 

some type of interaction, which populates the excited 
(and/or ionized) states of both reagents and cata- 
lyst. The main questions are the nature of this inter- 
action and the relationship between catalytic activity 
and other physical properties of the catalyst. We 
demonstrate in the present paper that the interaction 
which removes the symmetry restriction is the reso- 
nance one. This resonance interaction cannot be ac- 
counted for without using a large number of non-tra- 
ditionally built configurations. Namely, we construct 
the configurations of the RM system as direct prod- 
ucts ]R”Mo), ]R+M-), (R-M+), ]R*M*) ofthe 
reagent states 1 R") , I R* ) and I R’ ) and the catalyst 
states I MO), I M* ) and I M’ ) . Here the upper in- 
dices denote the ground (0), the excited ( * ), the an- 
ionic ( - ), and the cationic ( + ) states of subsystems 
R and M. 

A theory which intends to describe catalytic pro- 
cesses and interpret other properties of transition 
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metal complexes should take into account the config- 
uration interaction; this has been pointed out, e.g., in 
ref. [ 7 1. We consider the resonance interaction in the 
framework of the Van Vleck effective Hamiltonian 
method. The representation of the many-electron 
function of RM as a sum of product of states of the 
subsystems R and M would allow the utilization of 
available experimental information on energies and 
symmetry properties of the electronic states of the 
catalyst and reagent, as do the methods of “atoms-in- 
molecules” or “molecules-in-molecules”. 

2. Model potential energy surfaces for the 
izomerization of quadricyclane to norbornadiene 

Let us consider a simple model of the reaction: the 
electronic structure of a reacting system is deter- 
mined by four electrons (these are the four x elec- 
trons of II, or the four electrons of the cyclobutane 
ring of I located on the four atomic orbitals ( AOs) of 
the carbon atoms). The remaining electrons and the 
nuclei are taken into account via the elasticity pa- 
rameters of the core. Now we derive the adiabatic 
terms (potential energy surface (PES) ) of the sys- 
tem depending only on two parameters, i.e. change 
in the length (x) and width (y) of the cyclobutane 
ring, which we assume to retain a rectangular shape 
in the course of the reaction (fig. 1). In the MO LCAO 
approximation (molecular orbitals as linear combi- 
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Fig. 1. Schematic arrangement of atoms, atomic and molecular 

orbitals in quadricyclene (I) and norbornadiene (II). 

nations of atomic orbitals) the form of the MO is de- 
termined by the symmetry (C,,) of the system: 

where MOs having the symmetries A,, Al, B,, Bz are 
expressed via the AOs of the atoms 1-4 (fig. 1). A 
diagram of the energy levels (MOs) for the states of 
the systems I and II is shown in fig. 1. For the initial 
state (I) b(b,)<W(b,), for the final state (II) 
b(b,) > b(b*). The intersection of the MO levels of 
different symmetry in the course of the reaction J-+11 
is a characteristic feature of a symmetry-forbidden 
reaction (according to the Woodward-Hoffman rules 

181). 
Let us assume the Hamiltonian of the reacting sys- 

tem (I and II) to have the form 

HR=H$+$K,x2+fKzy2. (1) 

The electronic term of the Hamiltonian is as follows 

--A 1 (aE,a2,+a,+a4,+h.c.) 
0 

-P2 1 (a&a3,+aLa4,+h.c.) 
CJ 

+ tu C aLai -&aaro, 
,JJ 

(2) 

where a; (a,,) are operators of creation (annihila- 
tion) of an electron having a spin projection (T (a= 
l/2 or - l/2; henceforth the electron spin projection 
will be denoted by a subscript a or B) occupying an 
A0 1 i) ; WC 0 is a parameter characterizing the at- 
traction of an electron to the core; y> 0 is a parameter 
of the Coulombic repulsion between electrons occu- 
pying the same AO; /I, > 0 and pZ > 0 are bond reso- 
nance parameters (electron transition parameters) of 
electrons between adjacent AOs, which we assume to 
depend linearly on the values x and y characterizing 
the bond deformation of the cyclobutane ring: 

P,=PY+P’X, P*=PIz-tP’.v. 

It was pointed out in ref. [ 9 ] that the linear approx- 
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imation for /3, (the resonance integral between two 
n-overlapping AOs) was valid while the variation of 
n-bond length is small ( ] x ] 5 0.3 A). The similar ap- 
proximation for p2 is the rough simplification which 
we assume to be acceptable through the limited range 
of Y variation. The parameters 8, and pz correspond 
to different types of A0 overlap: 

Two parameters - p’, and /3; - are necessary to de- 
scribe the dependence of fir and p2 on the intera- 
tomic distance. For the sake of simplicity we assume 
them to be equal: /$ =/I; =p .The second and the 
third terms in ( 1) describe the elastic energy of the 
core, on which the four electrons are located. Like in 
the theory of conjugated systems [ 9 1, we assume 
x< 0, Y< 0 for the points corresponding to the min- 
ima on the ground state PES and the bond lengths are 
set as follows: 

The elasticity constants K, and Kz are twice the con- 
stants for the bonds (12), (34), and (23), (14), 
respectively. 

The matrix of the electronic term of the Hamilto- 
nian Hi in the basis of the four-electron Slater deter- 
minants ]a:b:), ]a:b:) (term symmetry A,) and 
I a!b,,bp >, I a31ebu > (term symmetry AA con- 
sists of two blocks 

( 

4w-48, +y Y/4 
Y/4 4w-4/32 +Y > *, 

( 
4=2(p, +B2)+y --Y/4 

-Y/4 4w-2(pI +r62)+~ > . Az 

(3) 

In the basis of functions of definite total spin, i.e. a 
singlet and a triplet, 

ILA~)=(la:bl,b~g)-Ia:bl~b;?a))/~, 

I 3& > = ( IdbI,b2~) + la~b~,ha) >lfi, 

the block AZ has a diagonal form. 

(4) 

The different PESs of the system considered are ei- 
genvalues of the Hamiltonian ( 1) depending on x and 

Y: 

R(‘A,) =F(x, Y) -R(x, Y) 9 

R(‘A;)=F(~,Y)+R(x,Y), 

R(‘A,)=W,Y)+~/~, 

R(3Az) =F(x, Y) -y/4, 

where 

(5) 

F(x, y)=4W+y-2(/3, +j&)+$KIx2+~K2y2, 

R(x,y)= [4(/X -B2j2+ ikv’l I”. 

The ground state PES E( ‘AI ) has two local min- 
ima corresponding to the compounds I and II, and a 
saddle point. All the stationary points lie on a straight 
line defined by the equation: 

K,x+K2y=4jl’ . 

The parameters /.I?, y and K, are assigned the val- 
ues which are commonly used for the conjugated sys- 
tems [ 9 1. The value of /I’ is only slightly modified in 
respect to the one used in ref. [ 93. The values of &’ 
and K2 are estimated for the calculated activation en- 
ergy AE and the heat of reaction AU to approximate 
the experimental data for the reaction I+II. 

The set parameters defined as stated above, 

fi1=2.5eV, P!=O.O2eV, 

p=-4.75eV/A, y=BeV, 

K, = 92 eV/A2 , K2 = 16.65 eV/A2 , (6) 

leads to ARcarc= 1.41 eV and AUcalc= 1.01 eV com- 
pared with ARobs = 1.45eV [lo] and AICJ,,~,= 1.03eV 
[ 111. The minimum I is located in the point (x=0, 
y= - 1.14 A) and the minimum II is in the point 
(x= -0.2, y= -0.036 A) (see fig. 2). 

3. The interaction of the reacting system with a 
catalyst and an effective Hamiltonian of the catalytic 
complex 

The Hamiltonian of the combined system RM has 
the form: 

H=H,+H,+H*+H,, (7) 
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Fig. 2. Sections of the potential energy surface for the reacting 

system along the straight line K, x+K2 y= 4/l’. Reagents without 

acatalyst:(----)E(‘A,);(---)E(SA,):reagentswithCoTPP 

as a catalyst: (-.-,-) E(x) by eq. (23) with g= - 3 eV. 

where HR is the Hamiltonian of reagents ( I), HM is 
the Hamiltonian of the catalyst. We consider the fol- 
lowing coordination of I with metalloporphyrin: the 
plane of the cyclobutane ring of I is parallel to that of 
porphyrin, the ring’s centre is located right above the 
metal, and the C-C bonds are normal to the metal- 
nitrogen bonds of the porphyrin. With this arrange- 
ment the combined system has the symmetry Czv. So, 
the operator of resonance interaction between the re- 
agents and a catalyst is of the form: 

Hi= ,,t;,, H,(I, m,, m,) . (8) 

Here r is the orbital symmetry common to both sub- 
systems and m, and m2 label orbitals of R and M sub- 
systems respectively. In the present case I may be 
either b, or b, and in both subsystems there exists 
only one orbital of either symmetry. The operator 
H, (r, m,, m2> is proportional to the resonance pa- 
rameter b’,,,,,, for the orbitals R and M. 

In our case the Hamiltonian of the resonance inter- 
action between the reagents and the catalyst has the 
form 

Hi=--bC (M,+~Rb,.,+M~,,R,,,,+h.c.) > 
* 

where M,f,,,, A4,+G are creation operators for an elec- 
tron with the spin projection a= + l/2 on the d, and 
d,z AOs, respectively; Rblrr, Rbzg are the annihilation 

operators for an electron occupying the reagents’ MO 
with the symmetry b,, b2, respectively; b is a reso- 
nance parameter which we assume to be the same for 
I- = b, and b2. The operator Hc of the Coulombic in- 
teraction between the catalyst and reagents is taken 
in the form 

Hc=g,,(&-Z,)(&-ZR) > (9) 

where Ns, and fiR are operators of the number of 
electrons, and ZM and ZR = 4 are the core charges in 
the subsystems M and R; g,, =z 0 is a parameter of 
the Coulombic interaction between the subsystems M 
and R. 

We estimated gRr,, as an energy of Coulombic inter- 
action of two point-charges located in the “centers of 
gravity of charges” ground state of the subsystems M 
and R, and found it to be E 4.5 eV. 

Now let us consider the ground state term of the 
Hamiltonian (7) in the basis of many-electron func- 
tions of the combined system RM. The basis RM- 
functions, built up of product of the R- and M-func- 
tions, possess correct symmetry, definite number of 
particles, and given total spin and its projection; they 
will be denoted as 

1 kN, k’N’ ) 

= in zs+lrN, nt 23+Irf~;2S+If,~z) , 
(10) 

where k= (SS) and k’ = (n’T’S’ ) are multi-indices 
for the subsystems M and R, respectively, with the 
numbers of electrons being N and N’. The detailed 
notation on the right-hand side involves the total 
symmetry T, total spin s, and it projection 3,. 

In the basis of the functions ( 10) the Hamiltonian 

H,,=H,+H,+H,, (11) 

has a diagonal form with the following matrix 
elements 

(kN,k’N’IHo/kN,k’N’)=Eo(kN,k’N’) 

=(kNlH,IkN)+(k’N’IH,Ik’N’) 

+&,(N --&)(N-&I) . (12) 

The operator HI is non-diagonal and mixes the states 
\kN,k’N’) and (qN+l,q’N’Tl),whichareob- 
tained by an electron transfer between R and M. 

Since the initial (I) and the final (II) states of the 
system R have the same number of electrons, N’ = 4, 
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let us describe the reaction in the subspace of func- 
tions without charge transfer between M and R. The 
configurations with charge transfer (CT) concerned 
with important resonance interactions will be taken 
into account following the Van Vleck method [ 121 
(cf. also ref. [ 13 ] ). The contribution of the CT con- 
figurations arises as correlation corrections by going 
from the total Hamiltonian H to an effective one, 
which acts in the subspace of functions with zero 
charge transfer between M and R, and whose eigen- 
values coincide with those of the total Hamiltonian 
H. 

Let A be a subspace of configurations with zero 
charge transfer between R and M, B is the comple- 
ment subspace, PA and PB are the projectors onto the 
subspaces (PA + Ps = 1). Let us denote 

H”=PiHPj (i,j=A, B) . (13) 

An effective Hamiltonian He, depending on the en- 
ergyEhastheform [13]: 

H,,(E) =HAA+HABRB(E)HBA , 

where 

(14) 

RB(E)=(EPB-HBB)--I, 

is the resolvent operator for HBB. 

Taking into account eqs. ( 10 )- ( 14 ) the following 
explicit expression can be derived for the matrix ele- 
ment of H,,( E) 

+ c (kN,k’N’jH,IqN+l,q’N’-1) 

99’ E-E’(qN+l,q’N’-1) 

x(qN+l,q’N’-llH,IINI’N’) 

+ c (kN,k’N’IH,)qN-l,q’N’+l) 

44’ E-E”(qN- 1, q’N’ + 1) 

x(qN-l,q’N’+lIH,IINI’N’). (15) 

This expression resembles very closely that for the 
second-order correction in the perturbation theory. 
The operator H&E:), where E8 is the ground state 
energy for the operator Ho, is exactly the Hamilto- 
nian obtained on partial diagonalization of the oper- 
ator H= Ho + HI in the second-order perturbation 
theory, with H, as a perturbation. 

Non-diagonal matrix elements of the operator 
He&E) obey selection rules: each intermediate state 

I q NIfI 1, q’ N’ + 1) should have the same total sym- 
metry r, total spin S, and spin projection S,, as the 
functions I kN, k’N’ ) and I IN, I’N’ ) . 

4. Variational approach to the calculation of the 
ground state energy of the effective Hamiltonian 

The potential energy surface for the complex RM 
is the lowest eigenvalue E=E(x, y) of the operator 
He, which should be found as a solution of the 
equation 

<wl&WIv)=E, 

where the variational function 

(16) 

W= A$Ckk+N,k’N’), 1 Ickk’i*=1, 
!xk’ 

(17) 

is a linear combination of functions belonging to the 
subspace A, with unknown coefficients c,&. 

Eqs. ( 16) and ( 17) have to be solved by iterations 
in each point (x, y). Assuming an initial value for 
E= go, we derive the Hamiltonian H,,( $), then its 
lowest eigenvalue 8, should be found; then the pro- 
cedure is iterated starting from &‘1 until convergence 
in &is achieved. The last iteration gives also the func- 
tion v. As the first approximation let us confine our- 
selves to the Hamiltonian H& = H,,( Eg ), where E8 
is the lowest eigenvalue of the Hamiltonian Ho at the 
point (x, JJ). Then eq. ( 16) is reduced to 

E=(vlfG~lvW) - (18) 

The variational function is assumed to be a linear 
combination of two eigenfunctions of Ho, y. (being 
the ground state of Ho) and w,, corresponding to the 
lowest eigenvalue of Ho, for which the matrix ele- 
ment ( v. I H& I tyI ) is non-vanishing. 

In the present case v has the form: 

v= v/O cos p+ cl sin p , (19) 

with one variational parameter I. The functions w. 
and w1 are defined as 

v/~= Izs+‘I-N, ‘A,4; *‘+‘rN+4) , 

v/, = I=‘+‘l-‘N, 3A24; 2s+‘rN+4) , (20) 

where r = r, S= S. The spatial symmetry I’ and spin 
s’ are determined by the condition that the functions 
v. and vl should have the same spatial symmetry T 
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and spin 3. Taking into account the explicit form of 
I,U~ we conclude that f should be equal to F, and 3 
should be equal to S due to the relation *‘+‘I% 
‘Al = *‘+ ‘F. So F’ should be such that its direct prod- 
uct with A2 gives F and S’ should be equal to Sk 1. 
In eq. (20) we use the detailed notation of eq. ( 10) 
(with & omitted) for the functions lye and wl. Their 
averages with Ho (Ez and E?) are defined by the fol- 
lowing expressions: 

E:=<y/,I%l~o) 

= (2s+‘l-NIHM 12s+‘lTV) +E(‘A,) , 

E’:=(wI IHolw, > 

(21) 

= (2S’+‘r’NjHM12S’+1r’N)+E(3A2). (22) 

The PES to be found is now determined by mini- 
mizing the expression 

E(~)=acos*~+dsin*yl+gsin2~. 

The minimum takes place at (4~ pO, where 

(23) 

2g 
tg24%= Cd’ (24) 

and 

a=twolKfflwo>, d=<v, IH&II~), 

g=(voIH:clw > . (25) 

Taking into account eqs. (15), (23)-(25) the 

2Y 

E 

d,?_$ 

%* 

X-Y- $2 

d 

$2 
XY 

d dyz XZ’ 

The Coulomb interaction of d electrons is assumed 
to be the same as in the free ion and determined by 
the Racah parameters A, B, C. In the case of CoTPP 
the splitting parameters evaluated from the ESR 
spectra are [ 15 ] : 

ground state PES can be expressed as 

E(x,y)=E(‘A,)co~*a)~+E(~A~)sin’~~ 

Co: X=1.3eV, Y=2eV, Z=-0.5eV. 

+E(x,y) , (26) 

where the first two terms represent an admixture of 
the excited R state to the ground one, and the last 
term combines the remaining contributions from 
(23). The minimum of the excited term is located 
near the maximum of the ground term, in the region 
of the reaction barrier (see fig. 2 and eqs. (5) ). 
Hence, if we take into account only the first two terms 
in eq. (26)) we see that the barrier height for the re- 
action I-+11 decreases while q0 is non-zero. 

For MnTPP the splitting parameters are taken to be 
1.3 times as less as those for CoTPP 

Mn: X= 1 eV, Y= 1.54 eV, Z= -0.38 eV . 

The latter parameter set takes into account that in the 
octahedral complexes the parameter 10 04 (which is 
similar to X) for Mn (II) complexes is, on the aver- 
age, just 1.3 times smaller than for the Co( II) com- 
plexes [ 161. 

5. Comparative estimates of the catalytic activity of 
the complexes CoTPP and MnTPP 

According to ref. [ 15 1, the ground state of CoTPP 
has the symmetry *A,, and, hence, the symmetry of 
v0 is *A1 @IAl =‘A,. The lowest energy state of 
CoTPP, which would allow the state v/, to have the 
same symmetry, is the state 4B2. (In the system RM, 
which has the symmetry C&, the state 4B2 reduces to 
4A2, and then 4A2@3A2 =*A, e4A, a6A, .) 

Let us now compare the values of the parameter In the case of CoTPP the expansion ( 17) could in- 

characterizing the catalytic activity, tg 2p0, for cobalt volve the function (uz = I 4A27, ‘A24). According to 

tetraphenylporphyrin ( CoTPP) and manganese te- 
traphenylporphyrin (MnTPP), of which the first 
displays catalytic activity in the reaction I-II, 
whereas the second is an analogue of the catalytically 
inactive d5 complexes Fe(III)TPP+ and MnPc. 

Now consider the crystal field model for the Ham- 
iltonian HM in the d approximation, i.e. when all 
properties of the ions Mn*+ ( 3d5) and Co’+ (3d’) are 
determined by merely their d electrons. The matrix 
representations for HM in this approximation were 
built up in ref. [ 14 1, taking into account the Coulom- 
bit interactions in the d” shell, for the Cdv symmetry. 
The splitting of levels in the ligand field is described 
by three parameters, X, Y, 2. Their meaning is evi- 
dent from the scheme of the energy levels of d 
electrons: 
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ref. [ 15 1, the energy corresponding to this function a-d=E~(2S+11-)-E~(2S’+1~‘)+E(1A,) 

is slightly higher than that for w1 = 1 4Bz 7, 3A24). 
Hence, we may neglect v2 in one rough estimation 
based on the expansion ( 19 ) . 

Let us consider the effect of the configuration in- 
teraction in the catalyst on its catalytic activity. 

Within the self-consistent field (SCF) approxi- 
mation (configuration interaction is absent) the 
electronic structure of the ground state of CoTPP of 
symmetry 2A, is characterized by a single contigura- 
tion of d electrons {e4b:a, } ‘Ai [ 6,15 1. According to 
eq. ( 15 ) the function v0 corresponding to such a con- 
figuration of d electrons of the metal atom would not 
give non-vanishing matrix elements of H& with the 
function w,, which has the configuration 
{e”( ‘A2)b$a:b, } 4B2. However, due to the configu- 
ration interaction the ground state of CoTPP of sym- 
metry 2A, has an admixture of the d electron config- 
uration (e2(‘B,)b:a:b,} 2A,: 

wO(Co)=uo ]{e4b:a,}‘A, )+... 

-E(3A,)=-AE$-AE0,. (27) 

The observed data for CoTPP give [ 15 ] 

AE~,=E~,(4B2)-E&(2A,)=0.21 eV. 

The term energies EL,, for MnTPP were calculated 
as follows. The matrix of the Hamiltonian HM was 
calculated using the expressions for the matrix ele- 
ments cited in ref. [ 141 with the parameter values of 
X, Y, and Z estimated above and Racah parameters 
B=O. 1 eV, C=O.5 eV from ref. [ 161. Transforming 
the corresponding matrices to a diagonal form we 
found the energies of the terms 4A1 and 6A2. 

There are three states of the ion Mn2+ of symmetry 
4A2 constructed from the three electronic configura- 
tions [ 141: 

+ul{e2(1Bl)b~a~bl}2Al ) . 

The configuration interaction matrix was calculated 
using the expressions for the matrix elements given 
in ref. [ 141 with the parameter values of X, Y, 2 and 
Racah parameters as given in ref. [ 15 1. Diagonaliz- 
ing the matrix we estimated u to be x 0.1. As a result, 
there is a non-zero matrix element of H& with the 
functions v. and vi, proportional to U. 

II] >= le20A2)b%l(2&)> , 

I~2)=le2(3A2)a,b:(2A,)), 

IV)3)=Ie2(1AI)b2albI(4A2)). 

Taking into account the electronic configuration of 
the ground state of d electrons, 16& > = 
]e2(‘A2)b2albl(“A2)) [14], and recalling that, ac- 
cording to eq. ( 15 ) , 

According to ref. [ 17 1, the ground state of MnTPP 
is the single configuration having the symmetry 6Al, 
which is also the symmetry of v. and vi. The first 
excited term of MnTPP which affords v/i ( 6Al ) is the 
4A2 term. 

(~o]H&]~,5,3A24)=0 fork=1,2, 

the non-diagonal matrix element ( v/O I H& I y, ) as- 
sumes the form 

There is another function, v2 = I 4B2 5, 3A24), that 
could be taken into account, but as the energy of this 
state is higher than that of wl we may neglect it like 
in the case of CoTPP. 

=&<w~IGFIv)~~, 3A24) . 

We found that the state I 4A2, 1) with the lowest 

Let us now estimate the value of tg2qo using eq. 
(23 ). If we assume the corrections to the diagonal 
elements of Ho (i.e. the sums over qq’ in eq. ( 15 ) ) 
in the formulae for a and d to be roughly equal and, 
hence, being cancelled in the difference (u-d), we 
arrive at the following estimate: 

excitation energy ( x 1.7 eV) involves mainly the 
configuration p, (A,,=0.99, AL3-=sz 1); the corre- 
sponding non-diagonal matrix element with v. is 

The state 14A2, 2) with the excitation energy of x 5 
eV contains a noticeable contribution of the contig- 
uration I3 (A23 z 0.9); precisely this state should be 
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employed in the construction of ‘//I by the formula 
( 19). The estimates of the excitation energies for the 

d shell are consistent with the observed data for 
Mn (1I)TPP [ 18 ] : according to these data the ener- 
gies of the R--X* transitions are less than the energy of 
the first d-d transition, which amount to 2 eV. Hence, 
the required energy difference for MnTPP is esti- 
mated to be 

In order to estimate g by the formulae ( 15 ), (20 ), 
(25 ) let us count, first of all, the number of non-zero 
terms in the sums over qq' . This number is equal to 
that of the intermediate states (qq’ ) of required sym- 
metry and spin in the d* and d6 shells of CoTPP, or 
in the d4 and d6 shells for MnTPP. Taking into ac- 
count the addition rules for spins and the explicit 
expression for Hi, the symmetry of these states is 
found to be 3B, (i= 1, 2) for CoTPP, and 5B, for 
MnTPP ( CZv symmetry). The number of states of 
symmetry 2S+‘B, is twice the number of states 2S+‘E 
( C4” symmetry), and, according to ref. [ 141, the re- 
spective numbers are Nc, = 15, N,, = 2. The number 
of non-zero terms in the expressions for g is, by eq. 
( 15 ), #,-, = 30 for CoTPP and flM,, = 4 for MnTPP. 
Neglecting a weak dependence of the parameter g on 
the coordinates (x, v), its value can be estimated by 
the theorem of the mean value: 

g= c (~k’N’IH,I~)(vlH,I1N~‘N’) 
VCB E-E, 

d&g, g 
where the summation is performed over the states 
with the charge transfer between the metal and re- 
agents. Let us assume the average energy of the states 
with the charge transfer to be AEg= 15 eV, and the 
average value of the resonance parameter to be b = 4 
eV. The latter estimate follows from the parametri- 
zation for the resonance integrals [ 181 for the tran- 
sition metals. The distance between the Co and C at- 
oms is estimated as Rcoc = Rc,, + Rc -0.09 1,~~ - 
xc I= 1.87 A, where Rco and Rc are the respective co- 
valent radii, xc0 and xc are Pauling’s electronegativi- 
ties, and the exponential parameters for the Slater 
AOs for the Co atom are taken according to ref. [ 6 1. 
Then, for #,-,= 30 we obtain gx - 3 eV. Finally, the 

potential curve along the reaction path can be found 
by eqs. (23) and (24) with the parameter g just es- 

timated, and the value of the activation energy, 
AEtheor ( CoTPP), is estimated to be 0.22 eV (fig. 2 ). 

Within the suggested approach one can explain a 
decrease in the catalytic activity of complexes, aris- 
ing on addition of small amounts of compounds ca- 
pable of being axially coordinated to the Co atom in 
the metalloporphyrin (as, e.g., pyridine [ 21). Apart 
from an evident explanation that the coordination of 
an inert ligand hinders the coordination of the re- 
agent [ 21, the coordination of pyridine reduces the 
own catalytic activity of CoTPP. According to the 
data [ 151, the energy of the excited states 4Bz and 
4A2 in the complexes Py-CoTPP is essentially higher 
in comparison with the corresponding energies of the 
free Co-porphyrin. Eqs. (24) and (27) show that this 
leads to the growth of the activation energy for the 
reaction with Py-CoTPP as catalyst in comparison 
with CoTPP. 

Let us now compare the values of tg2po for the 
complexes CoTPP and MnTPP. Since in the case of 
MnTPP the difference a-d, i.e. the denominator of 
tg 2q0, is 10 times as great as for CoTPP, while the 
number of terms in the numerator is 7 times less, we 
arrive at the following estimate 

near the reaction barrier. The value of this ratio shows 
that the catalytic activity of MnTPP should be essen- 
tially less than the activity of CoTPP. The ground 
state of Fe(III)TPP has the total spin S=5/2, like 
the ground state of MnTPP, and the value of the pa- 
rameter tg 2~~ for Fe(III)TPP estimated under the 
same assumptions as for MnTPP leads to a close re- 
sult. This is consistent with the catalytic inactivity of 
the complex Fe( 1II)TPP observed in ref. [ 21 in the 
reaction considered. In the case of the other inactive 
d5 complex MnPc [ 2 ] no direct information is avail- 
able on the spin of the ground state of the catalyst 
under the reaction conditions. In the crystalline MnPc 
the term 4A2 is the ground state [ 191. The excited 
state 6A1 has the energy ~0.075 eV, and in solution 
this state may become the ground one. This conclu- 
sion is based on the fact that the existence of MnPc 
in the state 4A2 in the crystal is governed by an addi- 
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tional splitting of the d-electron levels of the Mn atom 
arising due to the nitrogen atoms of the adjacent mol- 
ecules of MnPc [ 191. The additional splitting van- 
ishes in solution. 

Besides, the low-lying state 4A2 in MnPc refers, like 
in MnTPP, to the configuration {ez(3A,)b:a, } [ 191. 
As it was already pointed out, this state, even being 
close in energy to the ground state 6A1, does not con- 
tribute to the catalytic activity. For the other state, 
4A2, with the configuration {e’( ‘Al )bza, b, }, which 
could contribute to the catalysis, the energy differ- 
ence AER, is = 3 eV. This value indicates, according 
to eq. (24), that MnPc should not display any cata- 
lytic activity. 

6. Discussion 

It is of interest to discuss a series of results ob- 
tained in this work from the viewpoint of the known 
theoretical backgrounds [ 51. According to the 
Woodward-Hoffman rules [ 81 the reaction is ex- 
pected to have a considerable activation energy if in 
the course of the reaction there takes place a reoccu- 
pation of the (doubly occupied) orbitals of different 
symmetry, 

reagents products 

Such a situation is usually referred to as a “symmetry 
forbidden” reaction. It is well known that if a reac- 
tion is symmetry forbidden in the ground state, then 
it is symmetry allowed in the excited state. This may 
be illustrated by the following scheme: 

p I., ;I s 
\/ /. (a) 

s .+x’ “A 
reagents products 

So the reaction becomes allowed when intersecting 
orbital levels are both singly occupied. 

The MS theory of catalysis takes into account the 
orbitals of the catalyst (A’S’ ) which have the same 

symmetry as the orbitals of the reagent (A, S ) . 

A s 
-1 

:q 
/' 

S' ,' '. A' 

A' -. /---H-S' 
\ 

--CT 
s ---+--/' '--+--A 

reagents products 

(Cl 

In this case, when the catalyst’s orbital A’ is doubly 
occupied, no reoccupation of the orbitals of different 
symmetry takes place, and the reaction is allowed. 
However, as it was pointed out [ 21, the orbitals S’, 
A’ in the case of CoTPP are the d,,, d,,= orbitals of the 
Co atom. In the ground state of CoTPP, calculated in 
the SCF approximation, both these orbitals are dou- 
bly occupied [ 6 1, and this leads to the following dia- 
gram of the energy levels: 

A 
-1 

, S 

:: 

S’ -0’ ’ +AA' 

A',.., 
(D) 

, -s' 

>' 

reagents products 

In this case the reaction requires a reoccupation of 
orbitals of different symmetry, so the reaction should 
be forbidden. The failure of the MS theory [ 5 ] to ex- 
plain the catalytic activity of CoTPP (and similar 
complexes) in the isomerization of quadricyclane to 
nonbomadiene is connected with the above 
considerations. 

In the course of our investigation we found that the 
effect of the catalyst is not limited to supplying the 
orbitals of the appropriate symmetry. Of more im- 
portance is the catalyst-induced partitional popula- 
tion of an excited state of the reagent subsystem which 
may undergo the symmetry allowed reaction transi- 
tion. That means that the superposition of the follow- 
ing correlation diagrams EL and EZ, 
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A- - 
’ I 

reagents products 

*1 

S 

S’ 

A’ 

A 

A-+- 
\ /-- 

S’-t-_ ‘( ,y S’ 

A’.+- / _t_ A' 
/ \ 

S-d ‘-t-A 

reagent a products 

*2 

takes place. These diagrams are entirely different from 
the ones used in the MS theory. The diagram E, rep- 
resents the symmetry forbidden reaction (like dia- 
gram A) and E2 the symmetry allowed one (like B). 
The partial contributions of the diagrams E, and Ez 
depend on the value of tg 2yl,, i.e. on the ratio of the 
effective interaction parameter (g) to the excitation 
energy (a-d) of the reagent state represented by the 
diagram E, into the state corresponding to the dia- 
gram E2. Note that due to the nature of the operator 
H&, the configuration interaction takes place only 
for the configurations which differ by states of two 
electrons (one in the catalyst subsystem and the other 
in the reagents ). 

In the ground state of the complex of CoTPP with 
quadricyclane the orbitals A’ and S’ (d, and dyZ of 
Co respectively) are both doubly occupied. So, while 
being confined to a one-configuration approxima- 
tion, e.g., the SCF method, no excitation of the ground 
state of the reagents can produce a configuration with 
four unpaired electrons which corresponds to dia- 
gram Ez. That is the reason for the matrix elements 
of H& for E, to Ez transition to vanish, making the 
contribution of E2 to be zero. However, a configura- 
tion A’*Q*, where Q is some d orbital other than S’, 
contributes to the ground state of CoTPP. This con- 
tribution was found by considering the Coulomb in- 
teractions of all d electrons of the complex. The fol- 

lowing diagrams illustrate the insufficiency of the SCF 
approximation for describing the ground state of re- 
agent in the case of a d’ complex of Co(I1) and the 
necessity for inclusion of all d-electron configura- 
tions into the ground state of catalyst: 

In our calculation the ground state *A, of the com- 
plex CoTPP was a superposition of the live contigu- 
rations of d electrons [ 141. Of these configurations 
the one {e4b$a, } plays the role of the configuration 
Af2S2 (the active e orbitals are fully occupied), while 
the configuration {e’ (‘B, ) bsalb,} takes the part of 
the A”Q” configuration. As it was pointed out, it is 
the admixture of this configuration that gives rise to 
a non-zero non-diagonal matrix element 
( I+V~ ) H& I t,v, ) for CoTPP. The interpretation based 
on our calculations account for the catalytic activity 
of CoTPP without evoking the p orbitals of ligands 
in contrast to ref. [ 21. 

The consideration of the configuration interaction 
is of vital importance for studying catalytic pro- 
cesses. The language of correlation diagrams is natu- 
ral for the SCF approximation and that is why it looks 
so unwieldy when applied to the theory of catalysis. 

The resume of the present study is as follows: the 
represented theory relates the catalytic activity to the 
physical properties of catalyst. These properties are 
strongly dependent on the number of d electrons in 
the transition metal complex. Sometimes it can ac- 
count for the great different catalytic activities of 
complexes of different metals(e.g., Co(I1) and 
Mn (II ) in the case at hand ) . 

Minor differences in catalytic activity of com- 
plexes involving the same number of d electrons are 
caused by the differences in energy of the excited 
states. Lower catalytic activity of plane complexes of 
Co (II) with Schiff bases (Co (Salen) ) compared to 
CoTPP, was observed in ref. [ 2 1. From our point of 
view this is directly connected to the differences in g- 
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factor values of these complexes: g,,= 1.798 for 
CoTPP [15] andg,,=1.833forCo(Salen) [20].For 
a plane-square complex in accord with ref. [ 15 ] g,, 
has the negative term - 8$r, where $, is the weight 
of a 4B,-function in the ground state I& of the complex: 

v~=Q,]‘A~)+...+Q~ j4B2)+ . . . . 

The contribution of 1 4Bz) to the ground state q1 1 is 
proportronal to [/AI%,, where AE$ =E”( 4Bz) - 
E” ( 2A, ) and c is a spin-orbit constant. Both the in- 
crease in the catalytic activity (reflected by tg 2~~) 
and the decrease in g, are governed by the decrease 
in Al%,. This explains the existence of the above- 
mentioned correlation. 

Finally, the purely formalistic treatment of the 
simple model of the reaction, which involves so many 
assumptions, estimates and simplifications, allowed 
us to rationalize the complete set of the difficulties 
and concepts connected to the problem of catalytic 
activity. 
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