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The theory of catalytic activity of transition-metal compounds is a

fascinating problem especially if a comparison of different

catalysts is necessary. The isomerization of quadricyclane (QC) to

norbornadiene (NB) catalyzed by transition-metal porphyrins is a

challenge and incidentally a suitable benchmark for various

theories of catalysis. We analyze this process in detail using a

valence bond-like scheme adjusted for the description of reaction

centers containing transition-metal atoms. A qualitative

explanation of contrasting catalytic behavior of Mn-

phthalocyanine and Co-tetraphenylporphyrin is obtained from

the analysis of the spectra of local many electron states of free

catalysts and their complexes with the reactant/product. This

picture is supported by the numerical analysis of potential energy

profiles for the QC to NB isomerization in the presence of a

catalyst performed in the effective Hamiltonian approximation.

This exemplary reaction is put in a more general perspective of

theories of catalytic activity of transition-metal complexes and in

relation with oxygenation reactions. VC 2013 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24386

Introduction

Transition-metal compounds (TMCs) exhibit catalytic activity

for a wealth of chemical reactions.[1–3] They are equally impor-

tant both as homogeneous and heterogeneous catalysts due

to a rich variety of many-electron states which influence the

chemical transformation. From the point of view of a perspec-

tive, it is in a way amazing that during decades there were

only scarce attempts to construct any general theory of cata-

lytic action based on quantum mechanics/chemistry. A Google

search with terms ‘‘catalysis theory’’ results in a collection of

‘‘application of density functional theory to understanding of

some specific cases of catalysis’’ rather than theory of catalysis.

These are not the points of our interest. Although catalysis as

a whole is a rather complex phenomenon (especially in the

heterogeneous setting) involving numerous elementary steps,

the transformation of reactants to products in the coordina-

tion sphere of a transition-metal ion is the key step determin-

ing the potential catalytic activity or inactivity of that or

another compound. One can ask oneself whether a general

theory of catalysis can be constructed at all. After all, the

thinkable diversity of reactions and catalysts is immense, so

what might be the common principle? We are going to show

that it is possible following Einstein’s motto.[4] Taking the catal-

ysis phenomenon as it is defined in the IUPAC Gold Book: ‘‘cat-

alyst: A substance that increases the rate of a reaction without

modifying the overall standard Gibbs energy change in the

reaction; the process is called catalysis’’[5] leaves to many

degrees of freedom. Even a simplest model of chemical

kinetics, namely, the Arrhenius law leaves at least two possibil-

ities: (i) increase of the rate of a reaction on account of

increase of the preexponent as it is believed to be in case of

‘‘enzymatic’’ or ‘‘template’’ catalysis or (ii) decrease of the activa-

tion energy of the reaction. However, already in the textbooks

catalysis is predominantly related with the option (ii).* It is not

an accident as it can be shown that at least for the simplest

kinetic scheme of a catalytic reaction (Michaelis-Menten mech-

anism) the activation energy has to decrease.[6] An analogous

conclusion can be deduced also from the results.[7–10] Thus,

the quantum mechanical/quantum chemical theory must

explain the change of the activation energy and according to

[a] A. L. Tchougr�eeff

Institut für Anorganische Chemie, RWTH Aachen University, Landoltweg 1,

Aachen 52056, Germany

E-mail: andrei.tchougreeff@ac.rwth-aachen.de

[b] A. L. Tchougr�eeff

Moscow Center for Continuous Mathematical Education, Moscow, Russia

[c] A. M. Tokmachev

NBICS Centre, NRC Kurchatov Institute, 1 Akademika Kurchatova pl.,

Moscow 123182, Russia

[d] R. Dronskowski

Institut für Anorganische Chemie, RWTH Aachen University, Landoltweg 1,

Aachen 52056, Germany

Contract grant sponsor: RFBR; Contract/grant number: 10-03-00155.

*It may be not even written that the activation energy must decrease for catal-

ysis to occur, but the topic is always accompanied by a picture representing

two energy barriers: a higher one for the noncatalytic reaction and a lower

one for the catalytic one. And that is what all the students remember; even

more so when they have eventually matured to professional scientists. See, for

example., Atkins, P.J., de Paula, J., Physical Chemistry, OUP; Oxford, 2009.

Another issue is the selectivity achieved by using catalysts. Of course, in the

practice the problem of selectivity can be equally important. In general terms

one can say, that a catalyst either selectively lowers only the desired barrier on

a sophisticated surface with multiple barriers or by nonselectively and uni-

formly lowering all of them allows to reduce the temperature at which the pro-

cess can occur and by this allows a practicing chemist to have a better usage

of the selectivity through the difference of the Arrhenius factors for different

possible processes. The latter, most probably happens when usual burning

turns to (enzymatic) breathing in living species. However, in either case what-

ever reasonable analysis of selectivity must start with an adequate description

of the PESs.
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the standard interface between the physical and quantum

chemistries the corresponding deformation of the potential

energy surface (PES) or profile of the original noncatalytic reac-

tion to a new one occurring in the catalytic setting. The search

of the required deformations can enormously profit from the

classic article[11] describing geometry changes in excited states

that is the deformation of the respective PESs in simple terms

of the symmetries of the molecular orbitals (MOs) repopulated

throughout the excitation. However, we follow here a some-

what different route.

Transition-metal porphyrins serve as efficient homogeneous

catalysts for a rich variety of processes of technological im-

portance such as oxygenation and isomerization of hydrocar-

bons. They are also successfully used as biomimetic models

of enzymatic reactions. The experimental data show that the

catalytic activity of transition-metal porphyrins strongly

depends on the metal itself but can be significantly modified

by peripheric substitution of the porphyrin ring and by the

axial ligation. Whatever theory attempting to describe, quali-

tatively (and even more if quantitatively) catalytic activity of

different TMCs should pay special attention to details of

interactions of the catalyst and reactants at the reaction

center.

The isomerization of quadricyclane (QC) to norbornadiene

(NB) is an archetypical model reaction involving the rearrange-

ment of a four-membered ring into a pair of double bonds

(Fig. 1). This reaction is symmetry restricted according to the

Woodward-Hoffmann rules,[12,13] as seen in a simple orbital

diagram (Fig. 1).y

There are many experimental and theoretical studies on either

isomer[18–21] as well as on the interconversion process.[22–24] The

isomerization of NB to QC (inverse process) proceeds
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photochemically, and it is established that the transformation

goes through the lowest triplet state 3A2.[23] This excitation pro-

motes one electron from the highest occupied molecular orbital

(HOMO) to the lowest unoccupied molecular orbital (LUMO) and

makes the reaction photochemically allowed in the sense of the

Woodward-Hoffmann theory as it is foreseen by the respective

Pearson’s rule.[25]

Compounds of different classes are known to catalyze this

isomerization process. They include Rh(I),[26] transition-metal

porphyrins,[27] Co chelates,[28] LiCB11Me12,[29] Cu(II), and Sn(II)

salts.[30,31] A general explanation of catalytic action of the ther-

mally forbidden isomerization process by metal salts is typi-

cally based on the concept of electron transfer catalysis.[32–34]

It is assumed that the reaction proceeds through some nega-

tively or positively charged intermediate. In this case, the

estimated barrier is only 4.8 kcal/mol.[35] The isomerization of

the QC cation to the NB cation is well studied in the litera-

ture.[36–39] The reaction path maintaining the C2v symmetry

implies that the highest point on the potential energy profile

is a conical intersection. At the same time, the symmetry is

not strictly maintained and the reaction actually proceeds

through the configurations of a lower symmetry.

Despite its tentative practical importance, the catalytic trans-

formation of QC to NB is of interest for us not by itself rather

as an example of catalysis of a reaction forbidden by the

Woodward–Hoffmann rules (and moreover of one, which is

indeed kinetically restricted in accordance to these rules hav-

ing as it is known many exceptions[40]). It was found that

some transition-metal porphyrins are effective catalysts for this

isomerization, whereas others do not exhibit any catalytic ac-

tivity.[27,41] This ‘‘discontinous’’ behavior can be attributed to

effects of the transition-metal d-shells. In this article, we pro-

vide an analysis of this catalytic reaction and explain difference

in behavior of various transition-metal porphyrins as catalysts

with respect to the above isomerization process with use of

the generalized paradigm of the resonance of the valence

bond (VB) structures. Because of ‘‘perspective’’ character of the

present article in the next Section, we review some previous

attempts performed in this direction. After that, we briefly

describe the effective Hamiltonian-based implementation of

the generalized VB approach to the chemical transformations

in the coordination sphere of TMCs. The results of its applica-

tion to the catalytic isomerization of QC to NB constitute the

following Section. Finally, we draw some conclusions with

respect to the mechanism of the catalytic process under con-

sideration and put it in the relation with the latest theoretical

considerations in the area of the metaloxo enzymes.

Perspectives I. Earlier Theories

Previous attempts to explain the experimental data on cata-

lytic activity of transition-metal porphyrins in the QC to NB

isomerization reduce to two different mechanisms of catalytic

action. The first one is similar to the electron-hole catalysis as

introduced by Wolkenstein[42,43] and is known as the Mango-

Schachtschneider (MS) theory of catalysis.[44] This theory

exploits the MO picture of molecular electronic structure. In its

framework, a formal explanation of catalysis of symmetry for-

bidden reactions is given. It is based on the assumption that

in the presence of a catalyst the orbital symmetry is conserved

due to transfer of two electrons from the HOMO of the reac-

tant to a virtual orbital of the catalyst of the same symmetry

with simultaneous transfer of two electrons from an occupied

orbital of the catalyst on the LUMO of the reactant. It makes

the isomerization allowed according to the Woodward-Hoff-

mann rules.

Although the MS theory looks quite reasonable (despite the

reservations concerning the applicability of the Woodward-Hoff-

mann rules in general[40] and the necessity of changing the

states of four electrons when moving along the reaction coordi-

nate), the comparison of catalytic activity of different complexes

in its framework leads to serious contradictions with experimen-

tal data. Already in 1970, Manassen had shown[41] that the MS

theory gives incorrect results when used to describe contrasting

catalytic activity of Co-tetraphenylporphyrin (CoTPP) and Mn-

phthalocyanine (MnPc) in the QC to NB isomerization. The sim-

plest description of the ground state of CoTPP is the single de-

terminant doublet 2A1g with doubly filled dxz and dyz orbitals

(see Fig. 2), which are of the same symmetry as the ‘‘crossing’’

molecular orbitals of the reactant (b1 and b2).

Therefore, CoTPP is unable to take electrons from the reac-

tant and can not exhibit any catalytic activity according to the

MS theory. At the same time, the same orbitals in Mn are only

singly filled and could in principle participate in redistribution

of electrons between the catalyst and the reactant which is (in

a line with the MS theory although not precisely following its

details) a condition for exhibiting catalytic activity. The experi-

mental situation is precisely inverse: CoTPP exhibits remarkably

catalytic activity while MnPc is not active at all.

The vibronic theory of catalysis belongs to the earliest

attempts of constructing a general theory of catalysis.[45]

According to it, a catalyst modifies the electronic structure of

reactants like in the Wolkenstein’s and MS approaches assisting

Figure 1. Scheme of isomerization of QC to NB together with the orbital

crossing diagram.
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in the redistribution of electronic density between the MOs of

the reactants (either occupied or empty in the free reactants)

with the mediation of the orbitals of the catalyst in a way sim-

ilarly to the Dewar-Chatt-Duncanson’s donation/back-dona-

tion.[46] This modifies the reactants’ energy profile which is

quantified by the orbital vibronic constants—in fact by the

slopes of the coordinate dependence of the corresponding or-

bital energies depicted by crossing dashed lines in Figure 1—

of the repopulated orbitals, which in turn are the key quanti-

ties of the vibronic theory. The amounts of the densities redis-

tributed between the reactant’s MOs are to be found from a

calculation of the complex of the catalyst with reactants/prod-

ucts (the catalytic complex—CC). In this sense, the vibronic

theory is ‘‘reactant-centered’’: it describes a tentative catalytic

action in terms of the reactants’ vibronic constants, leaving

the properties of a TMC important for its tentative catalytic ac-

tivity out of focus.

The vibronic theory encounters problems analogous to the

MS theory trying to account for the nature of the transition

metal in the catalyst. Like in the MS theory, the metal orbitals

which could be used to mediate the required redistribution

are available in the catalytically inactive MnPc and are not

available in the catalytically active CoTPP. This brought us

some time ago to a more general formulation of the problem

of catalysis as of one of the deformation of the entire PES of

free reactants/products through their interaction with a cata-

lyst occurring when the reactants’ become coordinated to the

catalyst. Recognizing the quantum-mechanical nature of the

processes involving the catalyst and the reactants allows for a

natural description of the PES of catalytic transformation in

terms of those of the various quantum states of the compo-

nents of the catalytic complex (CC). Indeed, taking a CC as one

formed by the free reactants and the free catalyst allows us to

take the products of the corresponding electronic states as a

suitable basis for describing the CC which justifies terming it

as a ‘‘resonance theory of catalysis.’’[6,47–50]zThis provides a nec-

essary formal point of view upon the problem.[4] The catalytic

action is a significant modification of the PES leading to a low-

ering of the activation barrier. It takes place due to admixture

of configurations, where catalyst and reactant are

Figure 2. Dominant configurations contributing ground and lowest excited states of considered metal-porphyrins. Symmetry notation is given with

respect to the group C4v. (a) Ground state of the catalytically active CoTPP. Symbol ‘‘�’’ refers to a mixing (resonance) of the configurations with some

amplitudes by no means equal. (b) First excited state of the catalytically active CoTPP. (c) Ground state of the catalytically inactive MnPc. (d) First excited

state of the catalytically inactive MnPc.

zIt must be understood that by the free catalyst we understand here not the

original species added to the reaction pot to make the reaction to run faster

(this latter more deserves the name of precursor) but that composition of the

central atom and ancillary ligands which actually turns out to be a part of the

CC. This of course complicates the treatment since the real composition and

even more the structure of the free catalyst thus defined are largely unknown.

This predefines particular importance of the catalysts which presumably are

not very different from their respective precursors. Namely, those possessing

rigid chelating ligands (see below) may be thought not to change too much

then the respective CC’s are formed. With this assumption one may also think

that the electronic states of the precursor-similar free catalysts can be taken as

those of the precursors themselves.
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simultaneously excited, to the unperturbed ground state, pro-

vided the excited state of the reactants has at least a smaller

barrier on its PES along the reaction path.

The role of a catalyst in this theory is postulated to populate

the reactive excited state of the reactant/product. The very idea

of such a population is by no means new (see e.g., Ref. [51] where

catalysis had been explained by thermal population of the reac-

tive state). The question is where the energy required for popu-

lating the excited states is going to come from. In the present

article, we test a particular quantum-mechanical mechanism of

populating the reactive state through the formation of an

entangled state—one which under all circumstances cannot be

represented as a product (antisymmetrized) of the electronic

states—of the catalyst and reactants.[52] The necessary energy is

then the energy of formation of chemical bond between the

reactants and the catalyst: the resonance energy.

Now we are about to apply these ideas to analyze the cata-

lytic transformation of QC to NB. In order to undertake such a

study, one must possess a good model of the PES of transfor-

mation of free reactants to free products. Although a purely

qualitative picture in this case is fairly provided by the Wood-

ward-Hoffmann rules[12,13] even semiquantitative estimates are

not possible in this framework. The models of required quality

can be constructed in the framework of the valence-bond

theory as suggested by Shaik.[53,54] However, transformation of

QC to NB which involves breaking and formation of two bonds

requires for its description too many resonance structures

which makes the valence-bond picture too complicated. Thus

we combined earlier ideas[40] of describing the chemical reac-

tivity with use of linear combinations of resonating electronic

configurations whatever they are with an even earlier idea[55]

to supply an explicit consideration of electrons in the p-elec-

tron chromophore with a harmonic potential describing the

effect of all other electrons and nuclei widely used in later

works. [56,57] This has been formalized in Ref. [6,47–50] by con-

sidering the dependence of the orbital energies of b1- and b2-

orbitals assumed to have the simplest possible linear form:

�b1
¼ kb1

ðq� q 6¼Þ; �b2
¼ �kb2

ðq� q 6¼Þ (1)

where q= stands for a point on the reaction coordinate q where

the b1- and b2-orbital energies are equal as shown in Figure 1.

The slopes kb1
and kb2

are precisely the orbital vibronic constants

required by the theory.[45] The effect of all other electrons and

nuclei is assumed to be covered by a harmonic potential K(q �
q0)2/2 added to the energy. The energy profiles of the QC (reac-

tant) and NB (product) which can be obtained with the respec-

tive single determinants are shown on the left panel of Figure 3.

The intersecting parabolae fairly represent the diabatic states

required by the VB theory of reactivity.[53,54]§

By taking the electron-electron interaction in its simplest

form, the one-center (Hubbard–Anderson) repulsion (for more

details see[49]) of the magnitude c, we determine another impor-

tant component of the valence-bond theory of reactivity,[53,54]

namely, the resonance energy stabilizing the linear combination

of the diabatic states. Some algebra (namely, solving a square

equation) shows that the stabilized linear combination of the

reactant and product diabatic states (the singlet adiabatic

ground state of the system QC/NB) has the energy:

ESðqÞ ¼ BðqÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðkb1

þ kb2
Þ2ðq� q6¼Þ2 þ c2=16

q
(2)

where

BðqÞ ¼ ðkb1
� kb2

Þðq� q 6¼Þ þ c=4 þ Kðq� q0Þ2=2

so that the resonance energy is c/4. It is depicted in the right

panel of Figure 3 where one can easily recognize the minima

corresponding to QC and NB that are not that much different

from the diabatic/single determinant minima and the fact that

the resonance stabilization occurs in the vicinity of the crossing

of the adiabatic terms. The single-excited configurations give

rise to the adiabatic triplet state of QC/NB with the energy:

ETðqÞ ¼ BðqÞ � c=4 (3)

which is as well depicted in Figure 3. A remarkable feature of

the present model is that in the intersection point q= of the

orbital energies the energy profiles of the many-electron states
1A1(¼S) and 3A2(¼T) touch each other. Although it is not true

in reality, this does not prevent a cautious usage of the model

in the present study.

Figure 3. Diabatic and adiabatic terms for the transformation of QC to NB.

Color coding (visible online): red and green, respectively, the energy pro-

files for the single determinant states representing QC and NB as shown in

Figure 1. Blue and magenta are singlet (ground) and triplet (excited) adia-

batic energy profiles respectively for the thermal and photochemical trans-

formation of QC to NB. Zero energy level is chosen arbitrarily although

other parameters are adjusted to reproduce the experimental heat of reac-

tion and its activation barrier.[49] [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

§Those who are familiar with the VB theory of reactivity [53,54] immediately rec-

ognize the fact that promotion energy of the reactant Gr is its excitation

energy to the state corresponding to the reaction product (notice that this is a

double! excitation). Also, the energy at the intersection point fairly represents

the fraction of the promotion energy fGr serving as the bare activation energy

for the diabatic states.
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With these prerequisites, we can start dealing with the cata-

lytic process. As already mentioned, a configuration basis set

suitable for considering the modification of the energy profile

under the coordination with the tentative catalyst are the

(antisymmetrized) products of the states of the catalyst and

the reactants/products. The simplest (two-level) model is

spanned by two such products. In the case of CoTPP, its

ground state 2A1g multiplied by the 1A1 state of QC produces

the wave function Wgg (gg stands for two ground states) hav-

ing 2A1 symmetry (we go here to the lowest nontrivial symme-

try group of the CC which is the C2v symmetry). The orbital

diagram of this state is shown in Figure 4a.

The energy profile of this state is the S one of Eq. (2) which

are depicted as S and ‘‘S,’’ respectively in Figures 3 and 5.

It is visually clear that an admixture of the configuration

Wee (ee stands for two excited state multipliers) which has the

same energy profile as the triplet Eq. (3) shifted by the energy

DEC of the 4B2g state, to the Wgg configuration is going to

damp the activation barrier relative to that of the adiabatic

energy profile of the free QC/NB system. Therefore, the trial

wave function of the form:

W ¼ Wgg cos/þWee sin/; (4)

where the weight of the ‘‘reactive’’ state Wee (sin2 /) with the

triplet QC state as a multiplier determines the catalytic activity

being an example of an ‘‘entangled’’ state[52] is rich enough to

reproduce the key features of the intraspheric transformation.

One can make sure that both configurations involved in Eq.

(4) have the same total spin and spatial symmetry as in the

spectroscopic notation they are both the 3A2 states.¶ This is a

prerequisite for having a nonvanishing matrix element of the

Figure 5. Energy terms relevant to description of the catalytic transformation

of QC to NB within the two-level model. Color coding for the ‘‘S’’ and ‘‘T’’ profiles

is the same as in Figure 3. Cyan is used for the profile CC of the transformation

within the CC as given by the model Eq. (4). Zero energy level is chosen to be

that of the ground state of the free catalyst. Quotation marks are used to stress

that it goes about the profiles of the QC to NB transformation in the coordina-

tion sphere of a catalyst but with the interaction turned off. Having QN/NB

coordinated results in the the catalyst energy gap DEC to be the minimal

energy separation between the ‘‘S’’ and ‘‘T’’ terms. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Orbital diagrams for the basis states of the two-states model Eq.

(4). Symmetry notation is given relative to the C2v point group. The sym-

bols ‘�’ and ‘�’ are used to denote, respectively, a linear combination of

the electronic states with more or less aritrary amplitudes (resonance) and

the antisymmetrized product of the electronic states of the respective sub-

systems. (a) The pictorial representation of the Wgg state - the product of

ground states of the catalyst (CoP) and QC/NB. (b) The pictorial representa-

tion of the Wee state - the product of excited states of the catalyst (CoP)

and QC/NB.

¶The general form of the spin- and symmetry-based selection rules allowing to

restrict otherwise ‘‘unlimited variety of possibilities’’ [4] is:

5

jSg
C � Sg

Rj � S � Sg
C þ Sg

R

jSe
C � Se

Rj � S � Se
C þ Se

R

C ¼ Ce
C � Ce

R ¼ Cg
C � Cg

R

(5)

The spin and irreducible representation symbols (S and C) without sub-

script and superscripts refer to the CC and must be the same for the con-

figurations Wgg and Wee for they could interact; the subscripts R and C

refer to the reactants and catalyst respectively, the superscripts g and e

refer to the ground and excited states.
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Hamiltonian g ¼ hWgg|H|Weei = 0 necessary to make the

above linear combination/entanglement nontrivial. If the latter

is the case, finding the approximate ground state energy of

the CC is equivalent to solving another square equation stem-

ming from the eigenvalue problem for the q-dependent 2 � 2

matrix:

ESðqÞ g
g ETðqÞ þ DEC

� �

representing the effective Hamiltonian of the CC in the sub-

space spanned by the pair of configurations Wgg and Wee. In

the point q= where the orbitals and diabatic states of QC/NB

cross and the adiabatic states of the free QC/NB touch each

other (ES(q=) ¼ ET(q=)) the energy of the lowest adiabatic

state of the CC has the form:

ES;Tðq 6¼Þ þ
DEC

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DE2

C

4
þ g2

r
� ES;Tðq6¼Þ � g2

DEC
for g � DEC

ES;Tðq 6¼Þ þ DEC

2 � g for g � DEC

(

so that the flattening of the activation barrier relative to that

on the adiabatic energy profile ES(q) of the free QC/NB

amounts in two limits to

DDE 6¼ ¼ � g2

DEC
for g � DEC

DEC

2 � g for g � DEC

(

This situation is depicted in Figure 5 for a reasonable constant

value of the effective interaction g. The catalytic action

through the resonance (entanglement) of the states Wgg and

Wee is obvious. In order to take into account the more general

situation when two adiabatic energy profiles of the reactants/

products do not touch each other at q=, but remain separated

by an energy gap DER ¼ ET(q=) � ES(q=) the above result

must be modified: the gap DER must be added to DEC:

DDE 6¼ ¼ � g2

DECþDER
for g � DEC þ DER

DECþDER

2 � g for g � DEC þ DER

(
(6)

The formula Eq. (6) shifts the perspective of the theoretical treat-

ment of catalysis in a profitable direction: from exclusively reac-

tants/products to the catalyst but without loosing the reactants

from sight. In a way, the result is trivial: the consequences of set-

ting reactants in interaction with catalyst depend on the energy

spectra of two interacting systems (DEC and DER) and on the

interaction energy (g). However, it allows for a complete qualita-

tive analysis of what might happen when a reactant is put in a

contact with a tentative catalyst. If the ground state adiabatic

energy surface of reactants/products with a high activation bar-

rier is always separated from any reactive state (with small or no

barrier) by a considerable energy gap (DER � g) nothing is

going to help: it is not possible to improve such a reaction with

use of any catalyst. If, however, an accessible reactive state of

the reactants/products can be identified, tentative catalysts can

be further sought on the basis of the spectrum of their elec-

tronic states and their suitability for interaction. The excited

states of a tentative catalyst must be of low energy as well (in

the estimate enters the sum of two excitation energies) which

explains the activity of transition-metal complexes as a whole

class: these species basically have low-lying excited states in

their d-shells. However, having low-lying excitation of suitable

spin and symmetry is not a universal property of all TMCs. Speci-

ficity of their individual spectra allows to explain the drastic dif-

ferences in the catalytic activity of similar compounds of differ-

ent transition metals. The reason is that in a series of transition-

metal ions the changes in the number of d-electrons occurs in a

discrete manner, so that the spectra of the ions of the same

degree of oxidation may differ very strongly. In our exemplary

case of CoTPP versus MnPc, the energy of the first excited states

satisfying the selection rules Eq. (5) are respectively 0.21 and

more than 2 eV (see for details[47–49]) which immediately

explains the difference in their activity observed in

experiment.[41]

The proposed scheme is capable to trace also tiny distinctions

within the series of catalysts/reactants differing, for example, by

chemical substitution distant to the reaction center. Within such

series one can observe correlations between catalytic activity ei-

ther with respect to a series of similar substrates or to a series of

similar catalysts and some spectral characteristics of either of

them. In the series of similar catalysts or reactants, the excitation

energies (respectively DEC and DER) change depending on dis-

tant substituents, and this produces correlation between the

variations of the activation energy (catalytic activity) and the

outcome of the methods probing these excitations (the larger

the excitation energies, the worse are the prospects for improv-

ing the reactivity by the catalyst).

Finally, the interaction strength (i.e., actual magnitude of g) is

an indispensable component of the entire picture. In the litera-

ture, this important issue frequently escapes the attention. Even

if the symmetry allows some interaction to be nonvanishing, it

is its actual magnitude which enters Eq. (6) and determines the

amount of the lowering of the activation barrier. It is not

enough only to single out appropriate catalyst states on the ba-

sis of symmetry: it is a preliminary step. One has to be sure that

the found states indeed interact strongly enough so that the

activation energy noticeably lowers. This brings us to the ques-

tion of the physical nature of the interaction assuring the magni-

tude of the matrix element g of the order of about 1 eV.**

Considering an important role of open-shell complexes as

well as our above result on importance of combining the

**In a way, the same question arises in the frame of the general scheme of the

reactivity analysis along the lines.[53,54] What is the physical nature of interac-

tion which assures appearance of the resonance matrix element B between

the diabatic reactant and product states which has the required magnitude?

In the specific case of the QC to NB isomerization considered in the present pa-

per it was the two electron Coulomb interaction which was capable to mix the

states differring by excitation of two electrons without breaking the Slater

rules, but is it possible to find a suitable interaction—that is, one giving the

matrix element of a magnitude conforming to experiment and not breaking

the Slater rules in all cases of intersection of the reactant and product adia-

batic states? And does it mean that a transformation must proceed as a multi-

step process involving one or more intermediates if for a pair or reactant/

product diabatic states one cannot find a suitable interaction, for example, in

the cases when the ground state of the product is more than doubly excited

state (differs by more than two spin-orbitals) of the reactant?
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singlet and triplet state of QC/NB can easily bring to a conclu-

sion of a spin-orbital nature of g. The importance of a spin-or-

bital interaction for catalysis by transition-metal complexes is

frequently mentioned in the literature (see the review[58]) par-

ticularly in relation with catalysis of the spin-forbidden reac-

tions (we return to this issue later). Nevertheless, the bare

spin-orbital interaction in a transition-metal ion, which lies on

the 0.1 eV scale, hardly produces a matrix element of about 1

eV which is necessary to transform an energy profile with a

barrier of about 1.5 eV (that of the thermal isomerization of

QC to NB) into an almost barrierless one as occurring in the

ligand sphere of CoTPP.

This is in a way the same question as that of the energy

supply for populating a reactive excited state. Our conjecture

is that the energy comes from the chemical bonding, that is,

electron hopping between the catalyst and reactants/products.

For this end in the present article, we apply a somewhat more

general model taking into account a larger number of configu-

rations produced by simultaneous excitations of catalyst and

reactant and/or by electron transfers between them.yy

Methodic Development

The theoretical description of a catalytic process requires a

detailed knowledge of the electronic structure of the catalytic

complex (CC). In the case of catalysis by TMCs, the problem

turns very complicated because not only the interaction

between catalyst and reactant is not trivial, but the electronic

structure of free TMCs themselves requires a fairly subtle

description. The ground and excited states of many TMCs

require essentially multiconfigurational wave functions.

Catalytic systems based on TMCs are typically polyatomic

molecular systems. Nevertheless, a detailed account of electron

correlations is necessary only for relatively small parts of them.

This is a prerequisite for applying hybrid methods,[59,60] where

different parts of the system are described by using electronic

wave functions of different form. If the electronic structure of

a TMC alone is to be described, a statically correlated treat-

ment is necessary for the d-shell, while the rest can be calcu-

lated using a simpler one-electron approximation. This concept

is a basis for the Effective Hamiltonian Crystal Field (EHCF)

method[61] which has been thoroughly tested.[62–65] In this

method, the trial wave function is taken in the form

W ¼ Ud � Ul; (7)

where Ud and Ul are wave functions for electrons in the d-

shell and in the ligands, respectively; the symbol � has to be

understood as an antisymmetrized product of the wave func-

tions of the electrons in two subsystems. The electronic varia-

bles of the subsystems are separated using the effective Ham-

iltonian approach based on concerted usage of the L€owdin

partitioning technique and the McWeeny group-functions

theory.[66,67] That simple setting, however, does not prevent

the EHCF method from being capable to reproduce extremely

subtle features of electronic structure of TMC’s like spin cross-

over transitions in quasioctahedral complexes of Fe(II) and

Co(II)[65,68] and the 3E ground state of Fe(II) porphyrin[64] which

represents a serious problem even for very advanced methods

of ab initio quantum chemistry.

Although the EHCF method is a natural framework for analy-

sis of electronic structure of TMCs, its formulation is in many

aspects restrictive. It does not allow for treatment of catalytic

processes because (i) the one-electron approximation is not

suitable for description of electron reorganizations both in the

d-shell and in the the ligands undergoing transformation (reac-

tive ligands) and (ii) interactions between reactive (rather than

spectator) ligands and the d-shell are not trivial and include

mixture of different combinations of their electronic states.

Thus, the EHCF method had been recently generalized for nu-

merical analysis of chemical transformations in the coordina-

tion sphere of TMCs.[69] In this setting, the subsystem which

requires a nontrivially correlated description (the reaction cen-

ter) is formed by the d-shell of the transition-metal ion and by

several molecular orbitals repopulated throughout the trans-

formation process (r-subsystem). The rest can be treated in a

simpler manner not involving too much correlation. The wave

function of a CC is then assumed to be given by the antisym-

metrized product:

W ¼ Ud�r � Ul	r: (8)

Of course, the wave function of the CC of the form Eq. (8)—

like that of the form Eq. (7) for the usual transition metal com-

plex—can be only approximate due to interactions which

entangle—see below—the electronic states of the parts of

these molecules. Like the EHCF method had been derived for

the usual transition metal complexes by separating (i.e., desen-

tangling) the variables referring to the d-shell and the ligands

through a concerted usage of the L€owdin and McWeeny

approaches[66,67] the effective Hamiltonian method for the

many-electron wave function of the form Eq. (8) with the elec-

tronic variables divided between two subsystems: reaction

center hereinafter denoted as d � r and spectator subsystem

denoted as l § r have been consructed by the same techni-

ques and practically implemented for the CNDO, INDO, and

MINDO/3 semiempirical Hamiltonians for the l § r-subsys-

tem.[69] More details on the methods used can be found in

review[59] and monograph[60] although specific of application

to the problem of catalysis is highlighted elsewhere.[69,70]

Along the lines of the EHCF method,[61] the wave function

Ud�r of the reaction center has to be taken as a full configura-

tion interaction (CI) wave function in the configuration basis of

yyThis situation calls for a kind of explanation in more general terms. Appa-

rently, the model Eq. (4) of the CC ground state is a correlated (multiconfigura-

tional, multireference) model. The correlations explicitly taken into account by

this model can be fairly described as static due to the mentioned multirefer-

ence character of the trial wave function. At the same time, the matrix element

g is a result of effective admixture of many other configurations. In this sense it

is correlation as well, but it can be fairly called dynamical correlation since it

manifests itself in the value of the parameter (effective matrix element) g, so to

say in the forces acting in the system. It is the same kind of dynamical correla-

tion which manifests itself in the magnitude of the effective exchange parame-

ters of the spin-Hamiltonian description of conjugated p-electronic systems;

that effectively accounting the charge transfer states.
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the d � r subspace. However, in order to simplify the analysis

it can be equivalently rewritten through the complete sets of

the eigenstates of the d-shell and the r-subsystem: [6,50]

Ud�r ¼
X
k;i

AkiU
k
d � Ui

r: (9)

Generally, in the state of a reaction center described by the

wave function Ud�r [Eq. (9)] the electronic states of the reac-

tants and the catalyst (its d-shell) are ‘‘entangled’’. Under this

assumption we obtain the electronic energy of the CC:

E ¼ hWjH Wj i ¼
P
k;i

Akið Þ2ðEkd þ EirÞþ

þ
P
k:i

P
k0;i0

AkiAk0 i0 hUk
d � Ui

rjHint U
k0

d � Ui0

r

�� �
:

(10)

The above equation generalizes the two-level model Eq. (4)

by formally adding to it all possible configurations of the

reactants/products and the catalyst. The interaction operator

Hint includes all possible interactions between the catalyst

and reactants, that is, the electron hopping between the d-

and r-subsystems and the Coulomb interactions between

electrons in these subsystems. The choice of the r-subsystem

in this reaction is natural - these are the molecular orbitals

(MOs) of the b1 and b2 symmetries. These two orbitals with

two electrons in them represent the simplest choice of the

r-subsystem adequate for our analysis. All other electrons

(the l § r-subsystem) are decribed on the semiempirical self

consistent field (SCF) level. The electron correlation in the r-

subsystem is taken into account when we use the full CI

method for the d � r-subsystem.

Calculations and a New Model

Following our general methodology to identify the effect of a

catalyst, we have to compare an energy profile describing a

reaction without a catalyst with one in the ligand sphere of a

catalyst. In order to obtain a profile of a noncatalytic reaction

we used the semiempirical MINDO/3 Hamiltonian which is

known to reproduce correctly the heats of formation of ‘‘or-

ganic’’ systems.zz The SCF-based procedure is adequate in the

vicinity of the QC or NB minima but it clearly fails in the vicin-

ity of the intersection of the diabatic terms. Following our

general theoretical consideration, it is logical to complement

our calculations by configuration interaction within the ‘‘cross-

ing’’ MOs of the b1 and b2 symmetries.

Figure 6 represents the energy profile for the QC to NB

isomerization as obtained from these (SCF/CI-MINDO/3) calcu-

lations. The border points of the reaction path (0 and 1) corre-

spond to the QC isomer with the C–C distances 1.54 and 1.46

Å in the ring and to the NB isomer with the corresponding C–

C distances, respectively, of 1.34 and 2.564 Å as corresponding

to the experimental geometries in the clathrates. These distan-

ces are set to be linear functions of the reaction coordinate.

All other coordinates are optimized for each point on the reac-

tion path. The minima on the energy profile do not corre-

spond to the points 0 and 1 on the reaction path since the

MINDO/3 method reproduces the experimental spatial struc-

tures not perfectly. This all produced the barrier of about 50

kcal/mol which we consider to be an acceptable starting value

for further semiquantitative estimates, as we are interested in

the fact of the deformation of the profile, not in the exact bar-

rier value.

Next, we considered the isomerization process in the coordi-

nation sphere of the cobalt porphyrin (CoP) as a potential cat-

alyst. The EHCF method correctly reproduces the d- d spectra

of transition metal porphyrins.[62,64] We made two further

structural assumptions (see Fig. 7): (i) the distance between

the catalyst and the center of the four-member ring of QC

(transforming into two double bonds of NB) rCo-ctr remains

constant and (ii) the catalyst conserves its structure during the

isomerization. The setting of the CC near the reactant and the

product geometry is depicted in Figure 7.

Our calculations show that the wave function Wgg in Eq. (4)

with the components depicted in Figure 4 is indeed the main

component of the ground state of the CC for the values of

rCo-ctr larger than 1.98 Å. Tracking this state along the reaction

path we found that the total weight of configurations with

electron transfers between d- and r-subsystems in either direc-

tion is always smaller than 1% and the weight of the Wee con-

figuration with two excited wave functions for the d- and r-

subsystems is less than 0.5%. Such a small admixture of the re-

active configurations does not provide any significant lowering

of the activation barrier (smaller than 0.5 kcal/mol). Even in

Figure 6. Energy profiles for isomerization reaction without a catalyst

(upper curve) and with CoP as a catalyst (lower curve) for the CC configu-

ration shown in Figure. 7. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

zzSemiempirical SCF calculations show that in the case of NB the energy differ-

ence between the ground singlet state (1A1) and the excited triplet state (3A2)

is about 7 eV. Although this value is twice as large as the experimental one[18]

it reproduces the fundamental feature that these states are energetically well

separated. In the narrow range near the barrier of the ground state transfor-

mation the triplet state even becomes energetically favorable as compared to

the singlet state. However, this inversion takes place only for very small seg-

ment of the reaction path (less than 3% of its entire length) and the relative

stabilization of the triplet does not exceed a few kcal/mol, thus this feature

cannot be responsible for lowering of the barrier by many dozens of kcal/mol

(see below).

REVIEWWWW.Q-CHEM.ORG

International Journal of Quantum Chemistry 2013, 113, 1833–1846 1841

http://onlinelibrary.wiley.com/


the range of geometries where the Wgg state becomes excited

the admixture of configurations with electron transfer or with

simultaneous excitations of the catalyst and QC/NB remains

small.

When the QC/NB unit further closes to the metal porphyrin

unit, different states in the d-shell of CoTPP nonuniformly shift

on the energy scale and the ground state of the CC changes

due to change of the ground state of the catalyst. The doublet

state with the configuration shown in Figure 8 becomes the

ground state. These doublet states stem from the 2Eg state of

the free catalyst which lies only by 0.35 eV higher than its
2A1g ground state. This degenerate state splits into the B1 and

B2 components since the symmetry of the CC reduces to C2v.

That qualitatively explains the involvement of this state in the

catalytic action upon isomerization. Indeed, the configuration

formed by the antisymmetrized product of the 2B2 component

of the state of the d-shell and the singlet configuration 1A1 of

QC can effectively mix with the configuration formed by the
2B1 state of the d-shell and the 3A2 state of QC. In the case of

NB the situation is the same but our calculations show that

the roles of the components 2B1 and 2B2 become inter-

changed. Namely, the configuration formed by the product of

the 2B1 component of the state of the d-shell and the singlet

configuration 1A1 of NB mixes with the configuration formed

by the 2B2 component of the state of the d-shell and the 3A2

triplet of NB. The relevant orbital diagrams are shown in Figure

8.

If the symmetry of the CC had been exactly C2v it would

lead to the crossing of the terms 2B2 and 2B1 of the CC so that

the catalytic process would be symmetry forbidden in a strict

sense, not by the Woodward-Hoffmann rules. However, this

symmetry is only approximate since the small motions of the

reactants relative to the catalyst (e.g., rotations around the sec-

ond order axis—that one going through the metal center and

the apical carbon atom of the QC/NB moiety transversal to the

porphyrine ring so that the relative rotations of the moieties

around it remove the reflections in the mirror planes of the

C2v group) can further reduce it and allow for an effective mix-

ing of these terms. One has to notice, however, that the cata-

lytic activity in the sense accepted in the present article (the

deformation of the energy profile reducing the barrier) is

achieved in the two 2B2 and 2B1 states of the CC due to entan-

glement with the reactive 3A2 triplet of QC/NB. It is not impor-

tant how weak the symmetry reducing interaction mixing the
2B2 and 2B1 states is, the potential barrier is already reduced.

Numerical analysis of the process of intraspheric reorganiza-

tion of QC to NB at rCo-ctr ¼ 1.75 Å shows that the ground

state of the CC contains the 2B2 and 2B1 components of the

splitted 2Eg state of the catalyst for the major part of the reac-

tion path. It also contains an admixture of different configura-

tions with a noticeable but never dominating weight of those

with electron transfers between the d-shell and r-subsystem

(in fact the charge transfer states contribute about 18% for

the cationic form of QC/NB and 4% for the anionic form for

geometries close to the barrier). In the range close to the bar-

rier, the weight of configurations containing the triplet state of

QC/NB as a multiplier increases up to 60%. The situation can

be also described by a four-state model spanned by the con-

figurations Wgg, Wee, W
0
gg, and W

0
ee taken as the products of

the 2B2 and 2B1 states of the catalyst and the 1A1 and 3A2

states of QC/NB as depicted in Figure 8. The energy profile of

the isomerization in the presence of CoTPP is given in Figure

6. It can be seen that the significant lowering of the barrier

(by about 25 kcal/mol) indeed occurs in this case.

The results obtained have been verified by extending the r-

subsystem by adding one more occupied and one more unoc-

cupied orbital of QC/NB to it. By doing so, the r-subsystem of

the four orbitals a1, b1, b2, and a2 and four electrons was con-

sidered. Our calculations show that the results are stable with

respect to this modification of the model. Although the total

weight of configurations where the a1 orbital is not doubly

occupied and/or the a2 orbital is not vacant is not vanishingly

small (about 4% near the barrier) it does not lead to any sig-

nificant modification of the entire picture: the weight of elec-

tron transfer configurations increases only by 0.008 (mostly

due to increase of the weight of the cationic form of QC/NB)

but the barrier further lowers by only 0.3 kcal/mol.

When MnPc is tested for tentative catalytic activity with use

of the above technique, it shows that the change of the elec-

tronic state does not occur and admixture of configurations

with electron transfers or excitations of the catalyst and QC/

NB is vanishingly small for all reasonable geometries. This can

be understood on the basis of analysis of the electronic spec-

trum of the tentative catalyst: the lowest excited state of MnP

Figure 7. Catalytic complex of Co-porphyrin with QC/NB used in calcula-

tions. Geometries (a) and (b) are shown close to the ends of the reaction

path. Different perspective views are used in (a) and (b) for better visibility.
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(4Eg) lies about 2 eV higher than the ground state (6A1g) and

any potential mechanism of activation is not going to work.

The transfers of electron pairs which are thought to be a

source of catalytic activity in the MS theory[44] are energetically

very unfavorable. The same, however, applies to the potential

population of excited states in the reactant and the d-shell.

Indeed, when calculated at rMn-ctr ¼ 1.75 Å the lowering of the

barrier of the QC to NB isomerization is smaller than 1 kcal/

mol. Our consideration thus supports the experimental finding

on the inactivity of MnPc in this reaction as well as the conclu-

sions based on the simple two-level model.

Conclusions and Perspectives II

The QC to NB isomerization is an experimentally well studied

archetype of symmetry (Woodward-Hoffmann) restricted reac-

tions. The explanation of contrasting catalytic activity of differ-

ent transition-metal porphyrins in this reaction is a good

benchmark for theories of catalysis. The qualitative picture of

catalytic activity described in the present paper can serve as

an exemplary demonstration of applying the ideas of reso-

nance of different electronic configurations for describing the

catalytic activity of transition metal complexes. Our analysis

allowed to propose a new mechanism of catalytic action of

CoTPP. It includes a change of the ground state of the catalyst

due to variations of the ligand field induced by the reactants.

This factor is not trivial and significantly enriches our previous

more simplistic view upon this process as given by the two-

state model. Our considerations are supported by reaction

energy profiles with and without the catalyst calculated using

a specially designed hybrid quantum chemical method.[69] Our

analysis of reaction in the coordination sphere of MnPc sup-

ports the conclusion concerning the reasons of its inactivity in

this isomerization.

It is worth saying that the proposed VB-based approach first

of all applies as an analysis tool indicating ‘‘where to watch’’

when dealing with (transition metal complex) catalysis either

experimentally or with use of standard numerical techniques.

If a reliable numerical procedure is available one can most

probably use any type VB ‘‘reading’’ of the wave function[71] to

establish what configurations contribute to the ground state

at hand. The important difference from such a usage already

reported in the literature in relation to organometallic reactiv-

ity[72] is the proposed by us ‘‘shift of the focus,’’ namely

Figure 8. Orbital diagrams for the dominant contributions to the ground state of the extended model Eq. (9) accroding to our calculation with CoP as ten-

tative catalyst at rCo-ctr ¼ 1.75 Å. Like in Figure 4 symmetry notation is given relative to the C2v point group. The symbols ‘�’ and ‘�’ are used to denote,

respectively, a linear combination of the electronic states with more or less aritrary amplitudes (resonance) and the antisymmetrized product of the elec-

tronic states of the respective subsystems; (a) and (c) give the pictorial representations of the Wgg and W
0

gg states - the products of the components (2B2

and 2B1) of the splitted 2Eg state of the catalyst (CoP) and the ground 1A1 state of QC/NB; (b) and (d) give the pictorial representations of the Wee and W
0
ee

the products of the states 2B2 and 2B1 of the catalyst (CoP) and of the excited state 3A2 of QC/NB.
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describing the CC in terms of entangled states of the catalyst

and reactants/products. On the other hand, our results indicate

a tentative demand for namely a VB-based computational tool

for catalysis, since, as we have shown above, the relevant

wave function has only relatively small contribution of the

states with the charge transfer between the catalyst and reac-

tants, whereas the single determinant approximate ground

states, as it is well known, tend to overestimate their weight,

by this masking the role of the respective local (catalyst vs.

reactants/products) excitations. That is not talking about the

fundamental faults of the single determinant based MS and

vibronic theories (see above) which implies that the one-elec-

tron picture even of the reactive system is inadequate not

talking about the description of catalytic processes; thus

many-electron wave functions must be considered.

Of course, at the present time our description is incomplete.

One may, however, easily figure out immediate further moves

to be done: the effect of the axial ligands which may have an

important influence upon the spectrum of the metal-porphyrin

d-shell and thus change considerably the selection of its low-

energy states available for formation of the entangled states

must be explored. Also, lowering the symmetry of the CC from

the C2v accepted in the present work will be helpful for sub-

stantiating the four-level model (description in terms of the

configuration space spanned by the functions Wgg, Wee, W
0

gg,

and W
0
ee depicted in Fig. 8).

Turning back to a perspective view of our specific example

we notice that the interaction between the basis configurations

either in the original simplistic two-state model or in a tenta-

tively more realistic four-states model can be seen as an effec-

tive antiferromagnetic (that yielding the lowest possible total

spin of the CC) exchange coupling between the spin of the tri-

plet reactive state of the QC/NB and that of a suitable open

shell state of the catalyst. In the two-state model, the suitable

state turned out to be a quartet state which with necessary

modifications fairly corresponds to the recent ideas ascribing

particular importance to the high-spin states and to the intra-

molecular ferromagnetic exchange (that responsible for the

Hund’s rule in free atoms and ions) in shaping the reactivity of

metal-oxo enzymes.[73] Our calculations indicate that the situa-

tion is probably not that simple. From our point of view, the

case[73] is one of the nonreactive high-spin ground state (triplet

oxygen) and of the reactive low-spin (singlet oxygen) excited

state. Corresponding energy profiles of the oxygenation an or-

ganic substrate are presented in Figure 9.

One can easily see that an attempt to bring together the tri-

plet oxygen atom and a singlet organic species (both are in re-

spective ground states) leads to the excited state of the prod-

uct. By contrast, the excited singlet oxygen atom forms a

bound ground state of the oxygenation product. These terms

intersect somewhere and, according to the general scheme of

the VB analysis, the energy at the intersection point provides

an estimate of the activation energy of the thermal reaction as

a fraction of the excitation energy of the oxygen atom. They

correspond to different values of total spin, and the reaction is

forbidden according to the famous Wigner-Witmer spin-selec-

tion rule.[76] The latter circumstance is in a way misleading, as

it may suggest that overcoming the spin restiction is the main

task of an oxygenation catalyst or enzyme.[58] It is true that

the spin-orbit coupling may remove the spin restriction and

convert the intersecting energy profiles into an adiabatic pro-

file leading to the singlet product. Nonetheless, it is too weak

and cannot significantly reduce the barrier height as shown in

Figure 9. Thus the fact that the barriers in the enzymatic or

biomimetic oxygenation processes taking place at room tem-

perature are low remains unexplained. If one, by contrast,

assumes the strong resonance interaction (effective exchange,

donation/back-donation) between the catalyst and the oxygen

atom one obtains an energy profile with a barrier reduction

according to Eq. (6), which may be well strong. Obviously, the

existence of high-spin states of the tentative catalyst is a pre-

condition for formation of the entangled state of the CC con-

taining the singlet and the triplet states of the oxygen atom

Figure 9. Schematic energy profiles for various versions of oxygenation of

an organic reactant. The zero energy level is that of the separated organic

species and the singlet oxygen atom. The 1 sign denote an infinite sepa-

ration of the oxygen atom and organic reactant. The profile of the oxygen-

ation by the ground state triplet oxygen atom is sketched by the term T

(green). The profile of the abstraction of the singlet oxygen atom is

sketched by the term S (red). Bringing the triplet oxygen atom from infinity

to a contact with an organic species leads to the excited state of the oxo-

species which explains the decaying character of the T term. By contrast,

bringing the excited singlet oxygen atom in contact with an organic spe-

cies in its ground (singlet) state results in the bound term S. Turning on a

weak interaction (like the spin-orbit coupling) yields an adiabatic profile

sketched as SOC (blue; the curve is arbitrarily shifted down as a whole to

ensure visibility, otherwise it visually coincides with the respective seg-

ments of the T and S terms) which although refers to a process formally

allowed by the spin-conservation rules has a barrier of the order of excita-

tion energies of either oxospecies or oxygen atom.[74,75] Strong (resonance

or effective exchage interaction) yields as strongly deformed profile

sketched as CC (cyan) with the barrier diminished according to the magni-

tude of the interaction. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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as required even by our simplistic two-level model. In that

sense, our resonance theory of catalytic action agrees with the

conclusions derived from analysis of numerical studies.[73] The

situation considered in the present article is inverted with

respect to that in the oxygenation. In the QC/NB transforma-

tion one deals with the nonreactive low-spin state which has

to be modified through the formation of an entangled state

with the reactive high-spin state. It turns out that the states of

the catalyst required by the selection rules in order to form

necessary entangled states are not necessarily high-spin and

that the high-spin by itself does not guarantee high catalytic

activity with respect to all reactions. One can only state less

categorically that different types of transformations require dif-

ferent TMCs as catalysts. Of course, it would be of great inter-

est to address the oxygenation processes within the proposed

resonance paradigm in more depth in order to elucidate the

factors controlling the catalytic activity of various metal com-

plexes as functions of the metal nature, its oxidation state, and

details of coordination. Although the developed program

implementation of the resonance approach to catalysis is

semiquantitative since it employs an approximate Hamiltonian

and relies up on semiempirical parameters it can be useful for

obtaining simple and cheap estimates of variations of PESs up

on coordination to tentative transition metal complex cata-

lysts. A more rigorous nonempirical implementation of the res-

onance theory of catalysis is feasible. It will be a close relative

of the CASSCF and CASPT2 methods with a special emphasis

on the choice of the active spaces and the detail of the proce-

dure used for separation of electronic variables. A hybrid QM/

MM formulation is as well possible and well desirable in the

context of enzymatic catalysis.
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