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A method is proposed for calculation of the catalytic activity of the com- 
plexes of transition metals. An effective Hamiltonian describing the be- 
havior of the reagents in the presence of the catalyst is formulated, and 
a catalytic activity index tan2% is introduced. The isomerization of 
quadricyclane to norbornadiene is considered. It is shown that the index 
in the case of the catalytically active low-spin complex CoTPP is two orders 
of magnitude larger than in the case of the catalytically inactive high-spin 
complex MnTPP and the analogous Fe(III)TPP and MnPc complexes. 

Investigation of the nature of the catalytic activity of metal complexes in various re- 
actions is an important task in organic synthesis and homogeneous catalysis. As an example 
we will consider the isomerization of quadricyclane (I) to norbornadiene (II) [1-4]: 

This symmetry-forbidden 2~ + 2z reaction has many analogs and'has evidently been studied ex- 
perimentally better than the others. The catalysis of this reaction by various transition 
metal complexes was studied in [2] and interpreted in terms of the Mango-Schachtschneider 
(MS) theory [5]. 

As noted in [2], explanation of the catalytic activity of the various complexes in terms 
of the MS theory comes up against serious difficulties. The combined system RM, consisting 
of the reacting molecule R coordinated with the catalyst M, conserves orbital symmetry in the 
transition from the initial to the final state on account of the redistribution of the elec- 
trons among the orbitals of M and R; the establishment of this fact is the object of the MS 
theory. In the case of the catalysis of the isomerization of quadricyclane to norbornadiene 
difficulties appear in the explanation of the catalytic activity of the complexes CoTPP (Co- 
tetraphenylporphyrin) and MnPc (Mn-phthalocyanine). As shown in [2], in CoTPP (total spin 
S = 1/2) and in other low-spin complexes of Co(ll) the d orbitals with b I and b 2 symmetry 
(dxz, dy z) are fully occupied [6] and cannot accept electrons from the corresponding MOs of 
the R system. In MnPc, on the other hand, each of the orbitals dxz and dy z is only occupied 
by one electron [6] and could participate in the repopulation of the orbitals of the reagent. 
In the latter case the requirements of the MS theory are fulfilled, and the complexes of 
Mn(ll) and also the isoelectronic high-spin complexes of Fe(lll) must be catalytically ac- 
tive, and this contradicts experiment [2]. During explanation of the reaction in terms of 
vibronic theory [7] the same difficulties evidently arise as with the MS theory. In vibronic 
theory, as in the MS theory, a major role in the activation of the molecule is played by the 
redistribution of electrons between the occupied and unoccupied MOs of the activated mole- 
cule on account of its interaction with the catalyst. As already stated, there are greater 
possibilities for such redistribution in the case of the complexes of Mn(ll) and Fe(lll) than 
in the case of the complexes of Co(ll), but only the Co(ll) complexes and not the Mn(ll) and 
Fe(lll) complexes are catalytically active. 

The difficulties encountered in the application of the theory [5, 7] are explained by 
the disregard of the electronic correlation effects both in the subsystems R and M and in 
the combined system RM. As will be shown below, a major role in the theory is played by the 
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Fig. i. Diagram of the mutual arrangement of the atomic orbitals 
and energy levels of the molecular orbitals with various symme- 
tries for quadricyclane (I) and norbornadiene (II) with various 
values for the resonance integrals. 

Fig. 2. Sections of the potential energy (E) surfaces of the 
reacting system along the Kzx + K2y = 48' line, on which the ex- 
tremal points lie, as a projection onto the plane (E, x): i) 
E(~Az); 2) E(3A2); 3) 3/4 E(ZAI) + 1/4 E(3A2); 4) 1/2 E(ZAz) + 
1/2 E(3A2); 5) E(x) according to Eqs. (22) and (23) for g = -3 eV. 

configurations of the combined system, which are built up from the ground states of each of 
the subsystems IRoM0>, from the ionized states of the subsystems JR+M-> and IR-M+> (the con- 
figurations with electron transfer between R and M), and from the excited states of the sub- 
systems JR*M*>, where the spin of the R* and M* states differs from the spin of the ground 
states R 0 and M 0 . Inclusion of the configuration interaction is an essential element of the 
theory both during description of the catalytic processes and during interpretation of the 
characteristics of transition metal complexes [8]. Use of the configurations in the form of 
the products of the states of the subsystems R and M will make it possible (as in the "atoms 
in molecules" or "molecules in molecules" methods) to achieve maximum utilization of all the 
available information on the states of the catalyst and the reagents. 

Model Potential Energy Surfaces for the Isomerization of Quadricyclane to Norbornadiene 

The principal concept of our proposed approach involves investigation of the changes in 
the potential energy surface (PES) of the gas-phase reaction (I + II) due to the presence of 
the transition metal complex. Let us examine a simple model of the reaction; the electronic 
structure of the reacting system is determined by four electrons [the 47 electrons of (II) 
or the four electrons of the cyclobutane ring in (I) in the four atomic orbitals (A0) of the 
four carbon atoms] in the presence of the elastic core. The remaining electrons and atoms 
are taken into account through the elastic constants of the core. We obtain the four adia- 
batic states of the system, the energies of which (PES) will only depend on two parameters, 
i.e., on the change in the length (x) and width (y) of the cyclobutane ring, which according 
to our proposal preserves the rectangular form during the reaction (Fig. i). In the LCAO- 
MO approximation the form of the MO is determined by the symmetry of the system (C2v): 

lal> - ( I  1>-+-I2> -+-]3> +[4>)/2, ]az> =(] 1>--12> + 13>--14>)/2, 
101> = (11>- -12>- -13>  + I 4))/2, ]b 2 > = ( [ I > + [ 2 > - [ 3 > - 1 4 > ) / 2 ,  

where the MOs with az, a2, bz, and b 2 symmetry are expressed in terms of the AOs of atoms i, 
2, 3, and 4. Diagrams of the e(MO) energy levels for the states of systems (I) and (II) are 
shown in Fig. I. In the initial state of (I) e(b I) < s(b2) , and in the final state (II) 
e(b l) > a(b2), this is determined by the mutual arrangement of the atoms i, 2, 3, and 4 and 
by the magnitude of the resonance parameters. The intersection (repopulation) of the MO 
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levels of various symmetry in the course of the reaction I + II is a characteristic feature 
of a reaction prohibited by orbital symmetry (the Woodward-Hoffmann rule) [9]. 

The Hamiltonian of the reagents is taken in the following form: 

HR = H ~ I +  KlxZ/2 + K ~  2/2" (i) 

The electronic part of the Hamiltonian HR el contains the parameter of the attraction of the 
electron to the core W < 0, the parameter of coulombic repulsion of the electrons in one AO 
y > 0, and the resonance parameters of the jump of electrons between neighboring AOs, which 
depend linearly on the changes in the distances between the atoms x and y: 

~1 = ~? +" ~x,  ~z = ~ + ~'Y (~?.~ > 0, ~' < 0). (2 )  

The second and third terms in Eq. (i) describe the elastic energy of the core, in which there 
are four electrons. As in the theory of conjugated systems [i0], we will consider that the 
changes in the bond lengths are negative (x 5 0, y ~ 0) and are measured from some hypotheti- 
cal lengths: Rx ~ = 1.54 ~ and Ry ~ = 2.6 ~. The elasticity constants K l > 0 and K a > 0 are 
equal to twice the elasticity constants of the 1-2, 3-4, 2-3, and 1-4 bonds, respectively. 

On the basis of the four-electron Slater determinants la12612>, la12b=2> (A I symmetry) 
and I 12bl=b2~ >, lal2bl~b2~> (A 2 symmetry) the matrix of the operator HRel consists of two 
blocks: 

( 4W -- 4~, + ? 
y/4 

4117 -- 2 ([3~ § ~2) + Y 
- -  ?/4 

?/4 ) , 

4 V / -  413 z + ? A, 

--%,/4 ) 

4 W - -  2 ([3~ + [$z) -+ ? A," 

(3) 

The block A 2 is diagonalized in the transition to functions of specific total spin (singlet 
and triplet): 

l aAz) = (I a~,b,=b2~> --la~b*~b==>)/V ~ ,  
2 13Az) = (I a, b,~b2~> -P l a~ b~b==) )/ ] /  2. 

(4) 

After diagonalization of (3) we obtain the PES of the investigated 
energies of the states of the Hamiltonian (i), which depend on x and y: 

E (x&) = F ~ ,  y) -- R (x, Y)I E (XAi) = F (x, ~ + R (x, y), 

E (IAz) = F (x, y) + ?/4, E (aA2) = F (x, y) - -  ?/4, 

reaction as the 

(5) 

where 

F (x, y) = 4W + ~; - -  2 ([~1 + [~z) + K1 x2/2 -{" KzY 212, 

R (x, y) = [4 (131 - -  [~2) 2 + %'z/161I/~. 

On the potential energy surface E(IAl) the two minima [corresponding to (I) and (II)] 
and the top of the barrier (the saddle point) on the I + II path lie on the line Klx + K2y = 
4~' A qualitatively correct description of the reaction I + II is obtained with the follow- 
ing values for the parameters: 

[~ = 2.5 eV [~ = 0.02 eV, [3' = -- 4.75 eV/~, 

? = 6 eV, K1 -= 92 0.'1t~2, Kz = 16.65 eVl~K (6) 

The parameters of Eq. (6) are chosen so as to describe satisfactorily the energy character- 
istics of the reaction I ~ II; the calculated activation energy AE = 1.41 eV and the energy 
effect of the reaction 5U = 1.01 eV agree well with the experimental data AEexpt = 1.45 eV 
and 5Uexpt = 1.03 eV [ii, 12]. The minimum of (I) lies at the point (x = 0, y = -1.14 ~), 
while the minimum of (II) lies at the point (x = 0.2 ~, y = -0.036 ~) (Fig. 2). 
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Interaction of the Reacting System with the Catalyst and the Effective Hamiltonian of the 

Reagents 

We represent the Hamiltonian of the combined system R + M in the form 

H = H~+H R § I ~ Hc, (7) 

where H R is the Hamiltonian of the reagents (i) and H M is Hamiltonian of the catalyst or the 
metal ion from the metal complex. We considered the following coordination of (I) on porphy- 
rin: The plane of the cyclobutane ring of (I) is parallel to the plane of the porphyrin, 
the center of the ring is above the metal atom, and the C-~ bonds are perpendicular to the 
metal-nitrogen bonds of the porphyrin. Here the combined system belongs to the C2v symmetry 
group. The operator of the resonance interaction between the reagents and the catalyst then 
has the following form: 

H~ = V H~(rmm'), (8) 
~mm' 

where in our case r = b l, b 2 and m = m' = i. The operator Hl(rmm') is proportional to the 

resonance parameter bmm ,F of the orbitals of R and M. The operator of the coulombic inter- 
action between the catalyst and the reagents H C is given by 

Hc = gMR (N M -- ZM) (N R -- ZR)' ( 9 ) 

where A M and ~R are the operators of the number of particles; Z M and Z R = 4 are the charges 
of the cores in the subsystems M and R; gMR > 0 is the parameter of the coulombic interaction 
of the subsystems M and R. Estimates of gMR as the energies of coulombic interaction between 
the two point charges located at the "centers of gravity of the charges" in systems M and R 
led to a value of -4.5 eV. 

To study the PES of the reaction with the catalyst we will consider the lowest term of 
the Hamiltonian (7) on the basis of the many-electron functions of the combined system RM. 
These basis RM functions, constructed from the products of the R and M functions, have the 
correct symmetry, determined by the number of particles, by the given total spin, and by its 
projection, and are denoted in the following way: 

I kN, k'N') = [n2S+lP, n'2S'+IF'; ~s+iP~z) ' (10)  

whre k = (nFS) and k '  = ( n ' V ' S ' ) ,  r e s p e c t i v e l y ,  a r e  t h e  m u l t i - i n d i c e s  of  t h e  s u b s y s t e m s  Mand 
R w i t h  n_umbers o f  e l e c t r o n s  N and N ' .  The t o t a l  symmet ry  F, t h e  t o t a l  s p i n  S, and i t s  p r o -  
j e c t i o n  S z a r e  g i v e n  f rom t h e  r i g h t  in  expanded  n o t a t i o n .  I n  t h e  b a s i s  s e t  o f  t h e  f u n c t i o n s  
(10)  t h e  o p e r a t o r  

Ho = HM + HR + Hc 

is diagonal, and its matrix elements have the following form: 

( l l )  

<kN, k 'N '  I H01 kN, k'N'> = E ~ (kN, k 'N')  = 

= (kN l H M I kN> + <k'N' [ H R (x, V) I k'N') + gM~ (N' - -  ZR) (N - -  Z2~ ). (12) 

The operator H I is nondiagonal and mixes the states [kN, k'N'> and Is • i, s u i> obtained 
during the transfer of one electron between M and R. 

Since the system R has the same number of electrons N' = 4 in the initial (I) and final 
(II) states, we will write our reaction in the subspace of the functions without transfer of 
charge between M and R. We take account of the configurations with charge transfer and the 
important resonance interactions of the operator HI, following [13], as correlation cor- 
rections in the transition from the full Hamiltonian H to the effective Hamiltonian, 
which operates in the subspace of the functions with zero charge transfer (ZCT) between M 
and R and which has eigenvalues coinciding with the corresponding eigenvalues of the full 
Hamiltonian H. Let A be the subspace of the configurations with ZCT, let B be the additional 
subspace, and let PA and PB be the projectors onto these subspaces (PA + PB = i). We will 
write 

H ~j = PiHPj, (i, ]) = (A, B). (I 3 ) 
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The effective Hamiltonian Hef f for the term with energy E has the following form [13]: 

Hef t (E)= H A'4 + HABR B (E) H BA, 

where 

R a (E) = 1/(EPB -- H BS) 

i s  t h e  r e s o l v e n t  o f  t h e  o p e r a t o r  H BB. With r e g a r d  to  Eqs. 
Hef f we obtain: 

(kN, k'N' I Heft I IN, l'N') = 6~z6k,t,E ~ (kN, k'N') + 
(kN, k'N' I H, I qN + I, q'N' -- I) (qN + I, q'N' -- I l H~ ! IN, I'N') + 

E--E~ + l ,q 'N ' - -  1) 
qqs 

(IeN, k'N' [HI [ctN-- 1,q'N' + 1) (qN--l ,q 'N'  + 1[HI I IN, I'N') + 
E--EO(qN ~ 1,q'N' + 1) 

qq" 

(10-14), for the matrix element 

+ 

The Variation Method of Sear, ch, f0,r ,,the, Principal Term of. the Effective Hamiltonian 

The PES of the complex M + R is the smallest eigenvalue E = E(x, y) of the operator 
Heff, which is obtained by solution of the equation: 

(14) 

where the variation function 

<~ l/]eff (E) IXl ') = E, 

(15) 

(16)  

~g=~----~Ckk'lkN'le'N')kk" (~k ',[Ck~']= = 1 ) (17)  

is a function of the ZCT with unknown coefficients Ckk,. For an approximate value, 
of Eq. (17) we will consider the terms from the simpler problem: 

E {cp) = {~ [Hef f (E?) I~), 

where the variation function 

depends on one parameter ~:, 

and the energy 

R* = Wx cos ~p + ~= sin 

T ,  = 12S+lrN, M14), 1F= = 12s'+,r,N, M24) ' 

instead 

(18) 

(19) 

(20) 

E? = (T, } Ho } T1) = ( 2s+lrN ] HM } 2s+IrN) + E (l&) ( 2 l )  

is the energy of the ground state of the Hamiltonian H0. The desired PES is determined as 
the minimum with respect to ~ for the expression 

E(~) = acos2~ + dsin2~ + gsin2% (22)  

The e x p r e s s i o n  (22) has  a minimum a t  ~ =  % and 

tan 2~o = 2g/~--  d), (23) 

(24) 

where 

From Eqs. 

a = <W1 [/-/e~ I Rrl), d = (~2' o i~eff i xtr2), 

g ---~ Wl @]e~ ]~'2), H:ff =/-]eft (E~). 

(22)-(24) it follows that for g # 0 the state ~= with energy 

•o <~s,+,I,, N :s'+1F'N) + E (aA2) 2 = <~ i Boil2) = i th ,  i (25) 
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is admixed with the ground state ~i of the Hamiltonian H 0. The spatial symmetry F, F' and 
the spins S, S' are determined from the condition in which the PI and ~2 functions have the 
same spatial and spin symmetry. 

We write the PES of the ground state with regard to Eqs. (15, 22-24) in the following 
form: 

E (X, y) = E (1A1) COS 2 ~o + E (3A2) sin 2 % + B (x, ~ ,  ( 26 ) 

where the first two contributions are due to the admixture of the triplet term with the 
ground singlet term, while the contributions from Eq. (22) are incorporated in the last term. 
The minimum of the 3A 2 term is close to the maximum of the IA l term in the region of the re- 
action barrier [see Fig. 2 and Eqs. (5)]. Therefore, if only the first two terms of Eq. (26) 
are taken into account, the size of the barrier for the reaction I ~ II decreases if q0 dif- 
fers from zero. 

Comparative Assesments of the Catalytic Activity of the Complexes CoTPP and MnTPP 

We will compare the values of the parameter tan 2q0, characterizing the catalytic ac- 
tivity, for the complexes of Co-tetraphenylporphyrin (CoTPP) and Mn-tetraphenylporphyrin 
(MnTPP), of which the former catalyzes the reaction I + II while the latter is an analog of 
the catalytically inactive d 5 complexes Fe(III)TPP and MnPc. We took the energies of the 
terms for the catalyst, required for determination of tan 2~0, from experimental data, or we 
obtained them from calculation with full allowance for the interaction of the d electrons of 
the metal. 

Let us consider the Hamiltonian H M in the crystal field model in the d approximation, 
where the characteristics of the Mn2+(3d 5) and Co2+(3d v) ions are determined only by their 
d electrons. The H M matrices with the inclusion of the coulombic interaction in the d N shell 
in the C~v symmetry field (the symmetry field of the ligands in our complexes) were con- 
structed in [14]. The splitting of the levels in the field of the ligands is described by 
the parameters X, Y, and Z, while the coulombic interaction of the d electrons is considered 
the same as in the free ion and is determined by the Racah parameters A, B, and C. The 
splitting parameters for CoTPP are as follows [15]: Co, X = 1.3 eV, Y = 2 eV, and Z = -0.5 
eV. In the case of MnTPP we reduce these values by a factor of 1.3: Mn, X = i eV, Y = 1.54 
eV, and Z = -0.38 eV. Such a choice of parameters takes account of the fact that the i0 Dq val- 
ues (a parameter analogous with X) in octahedral complexes are on the average 1.3 times 
smaller for the complexes of Mn(ll) than for the complexes of Co(ll) [16]. 

According to [15], the ground state of CoTPP has =A I symmetry, and Pl therefore relates 
to 2A I | ZA~ = 2Az symmetry. The lowest state of CoTPP in energy which makes it possible to 
obtain the same symmetry for P2 is the 4B 2 state. (In the M + R system, which has C2v sym- 
metry, the 4B 2 state is reduced to 4A 2, and then 4A 2 | 3A 2 = 2A I | 4A l | 6AI. ) According to 
[17], the ground state of MnTPP has 6A I symmetry; the same symmetry is characteristic of ~i 
and P2 (6AI | IAl = 6Al). The lowest excited term of MnTPP in energy, which leads to P~ 
(6Al), has 4A a symmetry. 

We determine tan 2% by means of Eq. (23). On the assumption that the correlation cor- 
rections to the diagonal matrix elements of H 0 in the expressions for a and d [the sums with 
respect to qq' in Eq. (15)] are approximately identical and are therefore compensated during 
calculation of the difference (a - d) we obtain the following value: 

a - -  d = E~ (2S+lF) - -  E~ (2s'+IF') -~-- - -  AE~. ( 2 7 )  

For CoTPP, a c c o r d i n g  to experimental data [15], we obtain: 

AE~o = E~o(~B2)--E~o(~AO = 0.2] eV. 

F o r  MnTPP t h e  e n e r g i e s  o f  t h e  EM ~ t e r m s  were  c a l c u l a t e d  i n  t h e  f o l l o w i n g  way.  By means  of  
t h e  m a t r i x  e l e m e n t s  o f  t h e  H a m i l t o n i a n  H H g i v e n  i n  [14]  w i t h  t h e  v a l u e s  o f  X, Y, and  Z d e -  
t e r m i n e d  a b o v e  and  t h e  Racah  p a r a m e t e r s  B = 0 . 1  eV and  C = 0 . 5  eV f rom [16]  we t o o k  t h e  i n -  
t e r a c t i o n  o f  t h e  d e l e c t r o n s  f u l l y  i n t o  a c c o u n t ,  r e a l i z i n g  t h e  d i a g o n a l i z a t i o n  o f  t h e  r e -  
s p e c t i v e  m a t r i c e s ,  and  o b t a i n e d  t h e  e n e r g i e s  o f  t h e  4A 2 a nd  6A~ t e r m s .  As a r e s u l t  t h e  d e -  
s i r e d  d i f f e r e n c e  i n  e n e r g i e s  i s  e q u a l  t o :  

= E ~  (6A~) == 1.7 eV. 
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During determination of g by means of Eqs. (15, 20, 24) we first obtained the number of 
nonzero terms in the sums with respect to qq'. This number is equal to the number of inter- 
mediate states (qq') of the required symmetry and spin in the d e and d 8 shells for CoTPP and 
the d" and d e shells in the case of MnTPP. With due regard to the rule of the combination 
of spins and the explicit form of the operator H I we come to the conclusion that the symmetry 
of these levels is 3B i (i = i, 2) for CoTPP and SB 4 for MnTPP (C2v symmetry). The number of 
states with 2S+IB i symmetry is twice the number of-2S+IE states (C4v symmetry), while the 
number of these states according to [14] is: NCo = 15, NMn = 2. The number of nonzero terms 
in the expression for g according to Eq. (15) is ~Co = 30 for CoTPP and NMn = 4 for MnTPP. 
Disregarding the weak dependence of the parameter g on the coordinates (x, y), we determine 
its value by means of the mean-value theorem: 

b ~ g . . . . . .  ~ (kN, k'N' I HtEI _v) (,e IEv Hi, I lN, l'N) ~ _/Vco AEg 
vEB 

where the summation is performed among the states with electron transfer between the metal 
and the reagents. For the average energy of the states with electron transfer we take the 
value AE$ = i0 eV, and for the average resonance parameter we use b = i eV. (This value 
agrees wxth the values of the resonance parameters between the AO of the metal and the re- 
agents with overlap integrals of S = 0.05-0.1 [16].) Then (with NCo = 30) we obtain g = -3 
eV. Finally, by means of Eqs. (22) and (23) we construct the curve for the potential along 
the reaction path with the obtained value of g and find (Fig. 2) that the activation energy 
AEtheo r (CoTPP) ffi 0.22 eV~ 

We will compare the tan 2'~ 0 values for the two complexes. Since the denominator of the 
expression for tan2~ 0 in the case of MnTPP (a - d) is i0 times larger than in the case of 
CoTPP while the number of terms in the numerator is Seven times smaller, determination in 
the region of the reaction barrier gives: 

(tg 2%)Mn Tpp/( tan 2~O)CoTP P ~ 10 -2. ( 28 ) 

The obtained ratio of the tan 2~ 0 parameters indicates that the catalytic activity of 
the MnTPP must be significantly lower than that of CoTPP. The ground state of Fe(III)TPP, 
like that of MnTPP, has a total spin of S ffi 5/2; determination of the tan 2~ 0 parameter for 
Fe(III)TPP, which we made in the same approximations, leads to the same result as for MnTPP. 
This is consistent with the absence of catalytic activity in the Fe(III)TPP complex in the 
investigated reaction, discovered in [2]. For the other inactive d s complex MnPc [2] there 
is no direct information on the spin of the ground state of the catalyst under the reaction 
conditions. In the MnPc crystal the principal term is 4A 2 [18]. The excited term 6A l has 
an energy of -0.075 eV and may become the principal term during passage of MnPc into solu- 
tion. This suggestion is based on the fact that the existence of MnPc in the 4A 2 state in 
the crystal is due to additional splitting of the terms of the d electrons of the Mn atom, 
due to the nitrogen atoms of the neighboring MnPc molecules [18]. The additional splitting 
disappears during passage into solution. In this case the value of tan 2~.0 for MnPc will be 
the same as for MnTPP, and this leads to the conclusion that MnPc is inactive in the reac- 
tion, in accordance with experiment [2]. 

It should be noted that the admixture of the excited triplet state (the a12blb2 configu- 
ration) in the principal term of the reagents increases the population of the antibonding 
orbital. From the standpoint of vibronic theory [7] this can be interpreted as a change in 
the vibronic instability, and this leads to a decrease in the height of the reaction barrier. 
The method of admixture (inclusion) of the excited states proposed in the present work dif- 
fers from the theories in [5, 7], beginning with the method of construction and terminating 
in the selection and inclusion of the interaction of the electronic configurations. In terms 
of the proposed approach with an effective scheme for the inclusion of the electronic corre- 
lations it was possible to relate the catalytic activity of the metal complexes in the reac- 
tion to their optical and magnetic characteristics, which are determined by the d electrons 
of the metal. 

In contrast to calculation for the combined system by the LCAO-MO scheme, in the proposec 
method both subsystems (the reagents and the catalyst) can be calculated separately with any 
degree of completion. In particular, for the metal of the catalyst it proved necessary to 
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conduct the calculation with full regard to the interaction of the d electrons in order to 
obtain terms with the correct spin multiplicity. In the LCAO-MO scheme the inclusion of the 
metal in the combined system in a high-spin state involves considerable difficulties, which 
are often circumvented with violation of the rule of occupation of the orbitals with lowest 
energy. 
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