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I. Spin catalysis as a new chemical phenomenon

Spin catalysis consists of stimulation of chemical reactions by
changing the electron angular momenta (spins) of the reactants.
This phenomenon originates from the fundamental law of spin
conservation, viz ., only those reactions are allowed in which the
total spin of the products is identical to the total spin of the
reactants; all other reaction channels are strictly forbidden.

The physical sense and role of spin catalysis consist of
eliminating the spin forbiddenness, changing the reactant spins
and opening reaction channels closed for spin reasons. These
functions are performed by a spin catalyst, viz., a species with its
own electron spin (an atom, radical or ion).When interacting with
the reaction system, the catalyst combines its own spin with those
of reactants; in such a united spin system, the initially closed
reaction channels are opened, i.e, spin-allowed.1, 2

Like other kinds of catalysis, spin catalysis is a purely kinetic
phenomenon: a catalyst modifies the reactivities of reactants thus
increasing the reaction rate (often, by several orders of magni-
tude). Spin catalysis manifests itself at two levels: for barrierless
reactions, the pre-exponential factor in the rate constant expres-
sion (the total cross-section of the reaction) increases, while for

reactions with activation barriers the low-barrier channels can be
opened and the activation energy can be lowered (together with
the increase in the pre-exponential factor in the aforementioned
equation).

Many examples of the effect of paramagnetics on the rate and
direction of chemical reactions can be cited. The mechanism of
these effects remained unclear and often even intriguing (e.g., the
effect of local activation in paramagnetic polymers) for a long
time.3 It is since the discovery of the spin catalysis phenomenon in
the last decade that these effects have been clearly understood.

II. Discovery of spin catalysis

The first reliable and unambiguous proof of the existence of spin
catalysis 4 was obtained from studies on photolysis of optically
active d,l-diphenylpentanone (DPP), the dissociation scheme of
which was reliably established.

Photodissociation of the ketone occurs in the triplet state,
giving rise to a triplet radical pair of acyl and alkyl radicals, which
can either recombine (following the triplet ± singlet conversion) to
yield the original ketone or dissociate to give free radicals which
can undergo further transformation to the molecular products
(predominantly through decarbonylation of the acyl radical). The
inversion of the alkyl radical in the pair results in the loss of optical
activity for the regenerated ketone. By separating the optical
isomers into d,l- and meso-DPP and estimating their yields as a
function of chemical conversion of the ketone, we can determine
with a high accuracy the probability of recombination of the
radical pair (Pr).

Thismethod proposed formeasuring the cage recombination 5

was used in determination of Pr for DPP decomposition in
benzene at 20 8C. Under these conditions, the value of Pr turned
out to be very small, viz., only * 0.03 (3%). Hence, the spin
prohibition for recombination of triplet pairs is strictly fulfilled.
(For comparison, it may bementioned that the probability of cage
recombination of similar singlet pairs is 10 ± 20 times greater.)

The following fact was quite unexpected: in the presence of
such a strong scavenger of carbon-centred radicals as the stable
iminoxyl radical TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl),
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the probability of recombination Pr increased with the increase in
its concentration (Fig. 1).4 This result contradicted the fact that in
the presence of different strong but diamagnetic scavengers (e.g.,
dodecanethiol) the Pr value decreased with an increase in the
scavenger concentration. It is evident that the paramagnetic
nitroxide catalyses the recombination of radicals; moreover, its
catalytic function prevails over the traditional function of a potent
radical scavenger.

The increase in Pr with an increase in the TEMPO concen-
tration (see Fig. 1) implies that two spin-conversion channels
coexist for a radical pair, namely, a direct channel induced by
magnetic interactions within the pair (this provides only 3% of
recombination) and a catalytic one. The contributions of these
channels can be assessed quantitatively by analysing the following
kinetic scheme:

which takes into account both direct recombination of the pair to
yield the product N (meso-DPP in the case of d,l-DPP) and
catalytic recombination. The latter involves the integration of an
iminoxyl radical R into the radical pair RP with the diffusion rate
constant k, which is followed by spin conversion to give N. The
meanings of constants r, r* and d in the scheme are evident.

The following expression was derived6 for such a scheme:

Pr �
r

r� d� k�R� �
r�

r� � d

k�R�
d� k�R� . (1)

The terms in this equation define the contributions to the total
probability of recombinationmade by the two channels, namely, a
direct noncatalytic channel (for [R] = 0) and a catalytic channel
via spin triads. The contributions are formed independently; the
former channel defines the ratio r/d=3.461072, from which it
follows that r� d. A numerical analysis of the catalytic contribu-
tion carried out by a trial-and-error procedure gives a stable
solution at d=1.86108 s71, r=66106 s71 and r*=
3.96107 s71. For these parameters, the calculated Pr values
coincide with those found experimentally (see Fig. 1) for all
concentrations of the radical-catalyst.

The ratio for rate constants of catalytic and direct recombi-
nation r*/r is 6.5, i.e., the recombination rate constant for a given
radical pair in the radical triad (in the presence of nitroxide as the
third partner) is almost an order of magnitude higher than the
recombination rate constant of the original (without nitroxide)

radical pair. In other words, the third radical strongly catalyses the
recombination of this pair, thus accelerating its conversion.

Such a remarkable conversion of a radical scavenger into a
catalyst is the result of competition between the long-range
potential responsible for spin exchange (and spin conversion)
and the short-range potential of chemical bond formation. This
effect is illustrated in Fig. 2: at an encounter between two radicals,
namely, a catalyst and a partner of the pair, the exchange
interaction of their unpaired electrons and spin conversion can
begin even at great distances (lex), much larger than the distance
required for the formation of a chemical bond (lch); the latter is
formed at the Lennard-Jones contact of of rendezvous partners.
In other words, sufficient overlap of wave functions, which
induces the spin exchange, occurs long before the chemical contact
of partners. Such a coordinate difference between two processes,
namely, the spin exchange and the chemical reaction, is explained
by their different energy scales: the exchange interaction fre-
quency sufficient for spin conversion is of the order of magnitude
of 108 ± 1010 Hz, whereas chemical interaction is significant only
at an exchange potential of no less than kT, i.e., several orders of
magnitude larger.

The relationship lex> lch means that spin exchange is much
more efficient than the reaction and its rate constant exceeds the
cross-section of the chemical reaction. The efficiency of spin
exchange (and spin catalysis) depends on details characterising
the passage of the radical partners through the lex ± lch region (the
time of their residence in this region, orientation dynamics, the
extension of their orbitals and their spin delocalisation through
solvent molecules).

Experiments on spin relaxation ofmuon-substituted radicals,7

the transfer of spin polarisation between radicals 8 ± 10 and other
studies 11 directly confirmed the validity of the lex> lch relation-
ship. This problem is beyond the scope of this review and is not
discussed below. Note that it is this relationship lex> lch that is the
key to the interpretation of spin catalysis as a chemical phenom-
enon; that is why organic paramagnetics are much more efficient
spin catalysts than the chemical reactants.

III. Theory of spin catalysis

In fact, the theory of spin catalysis is a theory of spin states and
spin transitions in multispin systems, namely, spin triads (where
the third spin is that of the catalyst), four-spin systems (where the
catalyst carries two spins, e.g., an oxygen molecule or a Pr3+ ion),
etc. The comprehensive theory of spin catalysis comprises two
parts, namely, a static one, which studies new wave functions and
spin states, and a dynamic one, which considers evolution of both
the spin states and their population, and also time profiles. Both
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Figure 1. Probability of recombination of a triplet radical pair formed in

the DPP photolysis as a function of concentration of TEMPO.4 Points

correspond to experiment, line corresponds to calculations.
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Figure 2. Potential energy (U) of triplet and singlet states of a radical pair

as a function of the distance between unpaired electrons that form a
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parts are essential for the understanding of the physics of this
phenomenon, purposeful selection of spin catalysts and prediction
of the scope and limitations of catalysis.

1. Three-spin system
The three-spin system is a theoretical model of a radical triad
(R1,R2,R3), in which one of radicals (let it be R3) is a spin catalyst,
while the others, i.e., R1 and R2, are the components of the
reacting system, e.g., a radical pair (note that these two spins can
also pertain to any chemical bond which reacts in the presence of a
spin catalyst, e.g., to the p-bond of an alkene in its cis ± trans-
isomerisation or a carbene). Let the reacting spin pair (R1 and R2)
be in the triplet state; the reaction product R1R2 is formed by
recombination of the (R1,R2) pair in the singlet state. Hence, we
have to find the probability of formation of R1R2 under the action
of the spin of the third radical R3. (Note that the problem ismerely
inversed if the original reacting spin pair is in the singlet state.)

If we neglect the Zeeman and hyperfine electron ± nuclear
interactions, the spin Hamiltonian of the triad can be presented as
follows:12

H=7J12(1/2+S1S2)7J13(1/2+S1S3)7J23(1/2+S2S3). (2)

This expression contains only exchange energies Jij for pairs Ri

and Rj (i= j; i, j=1, 2 3); Si and Sj are spin operators of spins i
and j. Each spin in a triad has two spin states, so that the total
number of states in the triad is eight (23). The exchange interaction
(the spin-dependent part of the Coulomb interaction) splits these
states into two groups: four quartet states Q with the total spin
S=3/2 and spin projections Sz=�3/2, �1/2 and four doublet
states D and D0 with the total spin of each state S=1/2 and
projections Sz=�1/2. The spin functions of all four states are as
follows:

jQ�3=2i= aaa, (3a)

jQ�1=2i=371/2(aab+ aba+ baa), (3b)

jQÿ1=2i=371/2(bba+ bab+ abb), (3c)

jQÿ3=2i= bbb, (3d)

jD�1=2i=671/2(aab+ aba72baa), (4a)

jDÿ1=2i=671/2(bba+ bab7abb), (4b)

jD0�1=2i=271/2(aab7aba), (4c)

jD0ÿ1=2i=271/2(baa7bab). (4d)

These functions are eigenfunctions of energy and total spin;
the energies of spin states are derived from the SchroÈ dinger steady-
state equation with the spin-Hamiltonian (2) and functions (3), (4)

EQ=7(J12+ J13+ J23), (5)

ED=271/2[(J127J13)2+ (J127J23)2+ (J137J23)2]1/2, (6)

ED 0 =721/2[(J127J13)2+ (J127J23)2+ (J137J23)2]1/2. (7)

Figure 3 illustrates the energy levels and spin transitions in a
radical triad. In the quartet states, both the R1+R2 recombina-
tion and scavenging reactions R1+R3, R2+R3 are spin-forbid-
den; these `quartet' triads can only decompose due to diffusion or
disappear due to some ` foreign' chemical reactions.

Of four doublet states in a triad, namely, D�1/2 and D0�1/2,
only two (D�1/2) correspond to the singlet state of the reaction pair
(R1,R2), i.e., the R1+R2 recombination occurs only in this state;
theD0�1/2 state corresponds to the triplet state of the (R1 , R2) pair,
for which recombination is forbidden. This is the point where spin
catalysis is `switched on', as a result of which the triads pass from
non-reactive statesD0 to chemically active statesD. This process is
illustrated in Fig. 4. Let the exchange interaction be switched in
the (R1,R2 ,R3) triad between one of reacting pair partners, e.g.,
R2, and the spin catalyst R3 . Then, the non-reactive state D0+1/2

(corresponding to the triplet state of the reacting pair) is converted
into a chemically active state D+1/2 in which the (R1,R2) pair is a

singlet and hence can undergo recombination (see Fig. 4 a). This
occurs due to the combining of S2 and S3 spins and their exchange
(the mechanism of this process is shown below).

A spin catalyst converts D071/2 into D71/2 by the same
mechanism (see Fig. 4 b ) and populates the chemically active
singlet state of the (R1,R2) pair. Note that in these spin-catalytic
processes neither the total spin S, nor its projection Sz, change. It
is only the spin exchange within the triad that occurs in such a way
that the chosen pair (R1 ,R2) undergoes a triplet ± singlet con-
version and becomes chemically active.

The spin exchange mechanism between a spin catalyst and an
(R1,R2) pair partners can be clearly demonstrated in terms of the
vector model. Let there be a triad in the D0+1/2 state (Fig. 5 a), in
which the chosen pair (R1, R2) is in a non-reactive triplet state
(both its spins are oriented upwards, while the catalyst spin is
directed downwards). Now, let the exchange interaction J23
between the radicals R2 and R3 be switched (say, as a result of
their approach to one another within the triad). This interaction
induces the precession of spins S2 and S3 around the total spin
vector S2+S3 (Fig. 5 b). In time t such that J23t= p, reorienta-
tion of S2 and S3 spins occurs (Fig. 5 c). Now, the triad is in the
D+1/2 state, i.e., the (R1 , R2) pair becomes a singlet and is ready to
react: its spins S1 and S2 are oppositely oriented, while the catalyst

Sz=+1/2

Sz=+1/2

Sz=71/2

Sz=71/2
D0

D

Figure 3. A scheme illustrating the doublet spin states of a radical triad.

State D0 corresponds to the triplet (chemically inert) state of the radical

pair chosen (R1 ,R2); stateD corresponds to the singlet (chemically active)

state of the pair. Dashed lines indicate spin-catalytic D0 ±D transitions.

a

D01=2 ! D1=2

R1 R2 R3R1 R2 R3

b

D01=2 ! D1=2

R1 R2 R3 R1 R2 R3

Figure 4. A scheme illustrating D0 ±D transitions.

Triplet states of the radical pair (R1,R2) are transformed into the singlet

state upon the interaction with a spin catalyst R3; (a, b) are explained in the

text.

a b c
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S3

S2+S3

R1 R2

R3

R1 R3
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Figure 5. A vector model of spin conversion for a radical pair (R1,R2)

from triplet to singlet state, induced by a spin catalyst R3; (a, b) are

explained in the text.
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spin is oriented upwards. Moreover, both the triad total spin and
spin projections are retained, whereas the chemical activity of the
reacting system chosen changes dramatically.

2. Four-spin system
The spin dynamics in a four-spin triad (R1,R2,K) formed by a
radical pair (R1,R2) and a third two-spin partner K, which may
represent a biradical, a triplet molecule (e.g, O2), a triplet carbene
or a metal ion, resembles in principle the spin dynamics in the
three-spin system.

Spin states of a four-spin system (the total number of states
24=16) differ in energy, in total spin S and its projection Sz to the
z axis and can be divided into three groups, viz., five quintet states
with the total momentum S=2, nine states with the total
momentum S=1 (triplet states) and two four-spin singlet states
(S=0). Being induced by exchange interactions, the spin-cata-
lytic triplet ± singlet conversion of the (R1,R2) radical pair is only
possible for the group of triplet states. The conservation laws for
the total spin of the triad and the total spin of the catalyst prohibit
the triplet ± singlet conversion of the radical pair for triads in
quintet and singlet states. The general theory of spin catalysis in
the four-spin system was discussed in Ref. 13.

IV. Two mechanisms of spin catalysis

Two mechanisms were proposed for spin catalysis: the first was
discussed in detail in the previous section and is realised due to the
exchange (nonmagnetic) interaction of electron spins; the second
mechanism is purely magnetic and realised due to interaction of
spins as the magnetic dipoles.

When discussing the exchange mechanism in the previous
section, we ignored the Zeeman and hyperfine interactions by
assuming the absence of the magnetic field and magnetic nuclei in
reactants. Including the Zeeman and hyperfine interactions does
not affect the exchange mechanism. In this case, the energy levels
of all eight states are modified only to a small extent, and
additional channels of quartet ± doublet spin conversion appear.
TransitionsQ ±D andQ ±D0 forbidden in the absence of hyperfine
coupling become partly allowed (like triplet ± singlet transitions in
isolated radical pairs). They create additional channels for pop-
ulating the D and D0 states of Q quartets. Populating these states
increases the efficiency of spin catalysis; moreover, additional
nuclear spin selectivity of spin-catalytic reactions and isotope
fractionation are observed as side effects.14 Spin transitions
induced by hyperfine coupling can be reliably calculated in terms
of spin chemistry (although it should be mentioned that these
transitions are not directly related to spin catalysis).

Another mechanism of spin catalysis is purely magnetic and
induced by the dipole ± dipole interaction of electron spins. In
contrast to the exchange mechanism, which stimulates only
transitions betweenD andD0 states, the dipolemechanism induces
all transitions includingQ ±D andQ ±D0; moreover, the total spin
and its projections are also changed (recall that both spin and its
projections are retained for the case of exchange mechanism).

There is a clear criterion which allows distinguishing these two
mechanisms: the exchange-induced spin catalysis is determined by
the angular momentum (spin) of the catalyst, whereas the dipole-
induced spin catalysis is unambiguously defined by the catalyst
magnetic moment. The relative contributions of these mecha-
nisms depend on the time of magnetic relaxation of the catalyst
(T1) and molecular dynamics, which modulates both spin and
dipole interactions. Analysing the experimental results, we can see
that the exchange mechanism contribution to spin catalysis
prevails; the dipole effect is insignificant and operates only in
exceptional cases.

V. Spin catalysis by radicals and high-spin
molecules

The first clear example that opened up the spin catalysis as a new
phenomenon in chemistry was discussed above (see Section III).
Later, the spin-catalytic effect of the iminoxyl radical TEMPO in
the recombination of a pair of isopropyl and acylisopropyl
radicals was studied for photolysis of diisopropyl ketone by the
method of chemically induced dynamic nuclear polarisation
(CIDNP).15

Spin catalysis is also performed by biradicals. Interaction of
alkyl radicals R with nitroxide biradicals B proceeds in two steps

The addition of R to any terminus of the biradical transforms
it to amonoradicalM, which in turn adds to another alkyl radical;
the rate constants for these two reactions (kB and kM) should be
strictly equal, because the radical fragments in the biradicals
studied are absolutely identical. However, it turned out that the
ratios kB/kM reliablymeasured for different biradicals and various
radicals R always exceed unity 16 being equal to 1.1 ± 1.5, i.e., the
addition of the first radical occurs 1.1 ± 1.5 times faster as
compared with the second radical. It is evident that one of the
radical fragments operates as the reactant, while the other
operates as the spin catalyst accelerating the reaction of the former
fragment. It is also clear that the catalysis proceeds for coiled
conformations of flexible-chain biradicals Ð it is here that chains
and nitroxide fragments are closer to one another and can form a
spin triad with the reacting radical R. According to rough
estimates, the fraction of coiled conformations is* 10%; bearing
in mind such a population of spin triads, we can assess the ratio of
rate constants for catalytic and noncatalytic reactions, viz.,
r*/r& 2 ± 5 (this agrees with much more precise results shown in
Section II).

The same result was obtained byHayashi et al.;17 with the only
difference that all three triad partners were chemically bound
within a single molecular system. In the photolysis of ketones,
biradicals in the triplet state were generated by an intramolecular
reaction of hydrogen abstraction (if Y=Me); for ketones where
Y was a paramagnetic substituent (nitroxide fragment), this
reaction generated triradicals.

By studying the dynamics of intramolecular cyclisation of bi-
and triradicals, it was discovered17 that cyclisation rate constants
in a triradical exceed similar constants for biradicals by an order of
magnitude, although both cyclisation reactions are absolutely
chemically identical. This is an example of spin catalysis where
the third spin (on the nitroxyide fragment) induces the spin
conversion of the triplet radical pair involved in cyclisation.
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2 kB
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Similar examples of catalysis were observed for electron
transfer reactions;18 triplet radical pairs were found to be gener-
ated during photolysis. Their disproportionation (the reverse
electron transfer) was dramatically accelerated in the presence of
a spin label, viz., a nitroxide fragment chemically attached to the
radical-ion pair. In this case (as in the previous one), nitroxide was
not involved in the reaction at all and served only as the spin
catalyst inducing the triplet ± singlet conversion of the reacting
radical ion pair.

The function of the spin catalyst can be performed not only by
bi- and polyradicals, but also by different high-spin molecules,
e.g., O2. Thus catalytic effects of iminoxyl radicals and oxygen
were observed in the reactions of 7-silanorbornadiene and dime-
thylsilane (carbene).19Ð21

VI. Paramagnetic ions as spin catalysts

Like iminoxyl radicals, paramagnetic ions can also catalyse
barrierless reactions of radical recombination. An analysis of the
spin-catalytic functions of ions was performed on the example of
recombination of a triplet radical pair built of two benzyl radicals
one of which is para-substituted in the phenyl ring; non-sym-
metrical dibenzyl represented the recombination product.22

Figure 6 shows the dependence of its yield (the cage effect or
recombination probability) on the lanthanide ion concentration in
the micellar solution. This dependence is the same as for radicals
(see Fig. 1); moreover, the spin-catalytic effect of ions is
adequately described by Eqn (1). Figure 7 shows the rate constant
ratio of catalytic and noncatalytic recombination r*/r as a
function of spin Si; a clear correlation between the spin catalyst
efficiency and its electron spin can be traced, which unambigu-
ously suggests that the catalysis is governed by the exchange
interaction between the radical pair and a paramagnetic ion. No
correlation with the magnetic moments of ions was revealed,
which additionally confirms the dominating role of the exchange
mechanism in the catalysis.23

Figure 7 also shows the rate constant for cyclisation of a
triplet biradical obtained by photodissociation of 2,10-diphenyl-
cyclododecanone 24 as a function of the catalyst (lanthanide ion)

spin. This dependence is also linear, which confirms the dominat-
ing contribution of the exchange mechanism of spin catalysis.

In addition to lanthanide ions, transition metal ions were also
studied as spin catalysts of recombination of triplet pairs formed
upon photolysis of naphthoquinones;25 these ions proved to be
potent catalysts, viz., at the same level withGd3+, the best catalyst
among lanthanides.

Table 1 shows the data on the efficiency of spin catalysts
studied, which is represented as the ratio of rate constants for
catalytic and noncatalytic recombination of radicals.

Diamagnetic ions (Sc3+, La3+, Zn2+) or ions with zero
angular momenta (Eu3+) exhibit no catalytic effects. Lanthanide
ions with unpaired electrons located in deep 4f electron shells and
hence strongly shielded by upper electron layers are catalysts of
low efficiency; the strongest catalyst is Gd3+ (r*/r=4.4). Note,
by the way, that the latter ion drops out of the dependence shown
in Fig. 7, its efficiency being higher than that predicted by the
exchange mechanism. Probably, this is precisely that extraordi-
nary case where the dipole-magnetic mechanism of spin catalysis
operates together with the exchange mechanism.

Ions of transition metals with unpaired electrons in less
shielded 3d electron shells display a catalytic activity substantially
higher than that of lanthanide ions. Their activity increases
systematically in the series from Co2+ to Cr3+ and approaches
the highest value corresponding to the iminoxyl radical with an
unpaired electron in the outer shell.

The quantitative hierarchy of spin catalysts with respect to
their spin-catalytic activity agrees with a theory that predicts that
the rate of spin conversion in a triad should be proportional to the
exchange interaction energy of the catalyst with any partner of the
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Table 1. Efficiency of spin catalysts.

Spin r*/r Spin r*/r

catalyst catalyst

Pr3+ 1.28 Tb3+ 1.93

Tm3+ 1.31 Gd2+ 4.4

Yb3+ 1.31 Co2+ 4.4

Ce3+ 1.34 Cu2+ 4.4

Er3+ 1.47 Fe2+ 5.3

Ho3+ 1.62 Mn2+ 5.7

Nd3+ 1.71 Ni2+ 5.7

Dy3+ 1.78 Cr3+ 6.2

Sm3+ 1.93 nitroxide 6.3
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radical pair. Hence, it unambiguously follows that spin carriers
with `outer' unpaired electrons (radicals, oxygen) are much more
potent spin catalysts than those spin carriers whose unpaired
electrons are `hidden' within the electron shell. However, being
potent catalysts, the former function also as reactants (radical
scavengers), whereas the latter are weak catalysts and as a rule
chemically inactive, which is their practical advantage. In essence,
the strategy of spin catalysis is to find a compromise between these
two functions of spin catalysts, viz., to serve as a catalyst or a
chemical reactant. This is not difficult to achieve by selecting
suitable radicals or ions and varying their concentrations. Note
that neither ionic radii nor the magnetic moments of ions are
related to the catalytic activity. The absence of these dependences
indicates that the exchangemechanism is the main driving force of
spin catalysis.

VII. Spin catalysis in reactions with activation
barriers

To this end, we analysed the spin catalysis in barrierless and low-
barrier reactions such as recombination of radicals and dispro-
portionation of radical ions. In reaction with activation barriers,
spin catalysts not only increases the total reaction cross-section
but also opens new earlier forbidden reaction channels.

A vivid example illustrating this idea is the spin catalysis of
cis ± trans-isomerisation of alkene derivatives. Rotation of one
part of the molecule with respect to another by the angle p around
the double bond occurs through a singlet channel but requires
surmounting a high energy barrier (* 50 ± 60 kcal mol71). The
top of this barrier corresponds to the rotation angle p/2 where the
parts of a molecule undergoing isomerisation are orthogonal to
one another. However, there is another reaction trajectory along
the reaction coordinate (the rotation angle j) on the potential-
energy surface of the triplet state of the molecule. At angles j=0,
p, this surface lies well above the ground state energy; however, at
j=p/2 it has minima and lies well below the top of the singlet
channel barrier. The overlap of singlet and triplet channels occurs
at angles j& 40 ± 508 and 130 ± 1408.

Kinetics of liquid-phase cis ± trans-isomerisation of dimethyl
maleate to dimethyl fumarate was studied.26 Direct isomerisation
proceeds slowly with a rate constant

kd=105exp

�
ÿ 27 000

RT

�
.

In the presence of stable iminoxyl radicals, isomerisation
sharply accelerates, which is accompanied by neither their scav-
enging nor the formation of side products; moreover, the isomer-
isation rate is proportional to the concentration of iminoxyl
radicals. For the unit concentration of iminoxyl (1 mol litre71),
the rate constant of catalytic isomerisation is as follows:

kc=1012exp

�
ÿ 27 000

RT

�
.

A comparison of kd and ks constants provides grounds for the
unambiguous explanation of these results. First, the identity of
activation energies and their low values indicate that both the
catalytic and noncatalytic reactions cross the coordinate j= p/2
through the triplet channel; the spin-allowed singlet channel is too
high to be surmounted for energy reasons.

Second, the small pre-exponential factor in the rate constant
expression of the noncatalytic reaction suggests that the triplet
channel of direct reaction is spin-forbidden. This prohibition is
removed only partly due to the spin ± orbit coupling along the
reaction coordinate. Then, the spin changeover with the transition
from the singlet channel to the triplet one at angles j 40 ± 508 and
130 ± 1408 is compensated for by the changes in the orbital angular
momentum. However, in molecules containing carbon atoms, the

spin ± orbit coupling is very weak; hence, the triplet channel
remains virtually closed.

In the catalytic reaction, a spin catalyst removes the spin-
prohibition and opens the triplet channel of isomerisation; the
latter becomes allowed so that for the unit concentration of the
catalyst the pre-exponential factor in the expression for the
catalytic reaction rate constant increases by seven orders of
magnitude as compared with the similar factor for the non-
catalytic reaction. The three-spin system susceptible to spin
catalysis is formed by the catalyst spin and two electron spins of
the double bond, which are weakly coupled in the coiled con-
formation and resemble the spin of a radical pair. The exchange
interaction of the catalyst with this spin pair affords their
triplet ± singlet conversion by switching the reaction from the
high-energy singlet channel to the low-energy triplet one.

Evidence for the spin catalyst interaction with the double
bond by the exchange mechanism was obtained by analysing the
paramagnetic shifts and paramagnetic broadening of NMR lines
for dimethyl maleate in the presence of iminoxyl radicals.27 It was
reliably established that dimethyl maleate forms weakly bound
complexes with nitroxide (the binding energy of 1 ± 2 kcal mol71),
in which the spin density is transferred from the radical to the
ligand (dimethyl maleate).28, 29 It is in this complex that the three-
spin system is formed and the spin-catalytic event occurs.

Numerous examples of catalysing the cis ± trans-isomerisation
of alkenes by atoms and paramagnetic molecules (Br, I, NO, O2,
etc.) are known. McConnel referred to this phenomenon as
`paramagnetic catalysis',30, 31 although its physical sense had not
yet been fully understood. Particularly, for Br and I atoms it had
been assumed that the catalysis is realised due to spin ± orbit
coupling in their complexes with alkenes. The internal spin ± orbit
coupling in these atoms is substantial, whereas the intermolecular
interaction should be weak and incapable of sustaining the
efficient spin conversion of the alkene double bond, which always
seemed puzzling. Now, however, it is clear that paramagnetic
catalysis is, in fact, purely by spin catalysis in which the electron
spin plays the key role.

Spin catalysis as a phenomenon may prove to be much more
common than it seems at present. Charge separation and water
oxidation during photolysis, C7H bond activation in CH4 by
metal complexes, ethylene activation by atoms and clusters,
dissociative adsorption on metals, the performance of peroxi-
dases, catalases and other metal enzymes Ð in many complex
reactions involving spin carriers the role of spin catalysis in
selecting the reaction pathways can turn out to be significant.
This cannot be claimed for all cases, but the possibility of this
should never be ignored.6, 32 ± 36

VIII. Coherent spin catalysis

The triad spin stateD0 corresponds to the non-reactive triplet state
of a radical pair chosen (see Section III). The probability of spin
conversion ofD0 toD in which this pair is in the chemically active
singlet state is determined by the solution of a nonstationary
SchroÈ dinger equation. This solution is as follows:

rss�t� �
�
DJ
o

�2
sin2

�
ot
2

�
. (8)

Here, css(t) is the probability that the pair is in the singlet state, DJ
is the difference in exchange energies of the spin catalyst and each
partner of the radical pair

DJ= jJ137J23j; (9)

o is energy splitting of the doublet states D0 and D, which is
determined by equations (6) and (7)

o=2[(J127J13)2+ (J127J23)2+ (J137J23)2]1/2. (10)

It follows from equation (8) that both conjugated processes,
viz., the doublet ± doublet evolution of the triad and the triplet ±
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singlet conversion in the chosen pair of this triad, oscillate in time
with a period t=o71 (Fig. 8). In this case, both the total spin and
its projection are retained.

The yield of reaction products (e.g., as a result of recombina-
tion in ensembles of selected pairs) also oscillates in time with a
frequencyo (Fig. 8). These oscillations (or quantum beats) can be
observed in static triads with fixed distances between the partners,
if the ensemble of these triads has been formed instantaneously
and coherently, i.e., in a fixed spin state and with the same phase.
In such ensembles (or coherent wave packets), one can realise and
observe the coherent spin catalysis with oscillating generation of
the reaction product.37

A photosynthesis centre, i.e., a molecular arrangement in
which all the partners of a spin triad are rigidly organised, can
serve as an example of a static triad. The photoinduced charge
separation gives rise to a radical-ion pair, in which spin evolution
is defined by the exchange interaction with Fe3+ ions as spin
catalysts.

In non-rigid triads, themolecular motion induces random and
incident changes in the distances between partners and modulates
the exchange interaction, thus varying the frequencies of quantum
beats. Ultimately, this motion modulates the phases and rates of
spin evolution, upsetting coherency and suppressing quantum
beats. The coherent spin catalysis has not yet been observed
experimentally; however, it would be worthwhile to pursue its
research in order to understand the structure and dynamics of spin
triads.

* * *

Spin catalysis is the universal phenomenon typical of multispin
molecular systems. This is observed in chemical reactions (both
barrierless and with activation barriers), biological systems (pri-
mary light-accumulating reactions in photosynthesis centres,
redox enzymes), in physical phenomena (the recombination of
spin-oriented hydrogen atoms, which prevents their Bose-con-
densation, the spin conversion of positronium, the paramagnetic
quenching of excitedmolecules). Scientists are often even unaware
of its existence, although its abundance is much wider than seems
at present. Any process of generation of radical or radical-ion
pairs during catalytic or thermal decomposition or electron trans-
fer can be accompanied by spin catalysis, so that such chemical
catalysts as metal ions or metal complexes (especially, bi- and
polynuclear) can also operate as spin catalysts. Such a coexistence
of spin and chemical catalysis is also true for biocatalytic
processes. Spin catalysis can also occur in heterogeneous proc-
esses such as hydrogenation, isomerisation, oxidation on zeolites,
metals, oxides, etc.

The reviewwas written with a financial support of the Russian
Foundation of Basic Research (Project No. 02-03-32753),

Program `Integration', Federal Program `Leading Scientific
Schools of Russia' (Project NSh-1221.2003.03) and programs of
the Division of Chemistry and Materials Science and the Presi-
dium of the Russian Academy of Sciences.
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