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Competing Radical and Non-Radical Pathways for the Decomposition of
LFe''(H,0,) Complexes: a Density Functional Study
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Density functional theory has been used to explore the
mechanism of hydrogen peroxide decomposition when coor-
dinated to a bispidone iron(Il) complex. Two quite distinct
pathways are identified, one involving O-O bond homolysis
followed by a “rebound” hydrogen atom abstraction, the

other involving proton transfer followed by O-O bond heter-
olysis. A water molecule in the second coordination sphere
plays a key role in both pathways.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Mononuclear non-heme iron enzymes are involved in
many different types of biological oxidation reactions, in-
cluding hydroxylation and hydroperoxidation of C-H
bonds, cleavage of aromatic rings and oxidative ring clo-
sure.ll 31 As a result, there has been a great deal of interest
in synthesising model complexes that mimic aspects of the
structure and reactivity of these enzymes. The chemistry of
model complexes with multidentate nitrogen-donor ligands
such as N4Py,™ trispicenel®! and the pentadentate N,Py;
bispidones,!® L! and L? (Scheme 1) is particularly well de-
veloped. The Fe' complexes are known to be potent
bleaching catalysts,[’! reacting with excess H,O, to form hy-
droperoxide species, LFe!"'(OOH),* 8l which then gener-
ate LFe'V(O) by homolytic cleavage of the O-O bond.!
Whilst the mechanism of decomposition of the
LFe"(OOH) species has been extensively explored by both
experiment and theory, the initial formation of the Fe'!
species has received comparatively little attention. There
are, however, obvious parallels with classic Fenton chemis-
try, where H,O, is used to oxidise aqueous solutions of Fe!l,
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eventually yielding Fe''! if no substrate is present.['? Al-

though the Fenton reagent has been used extensively in or-
ganic chemistry for over a century, the precise identity of
the active intermediate remains a topic of debate.l'!l The
Haber—Weiss mechanism,['>!3 first proposed in 1934,
identifies OH radicals as the active oxidant, a suggestion
that has been substantiated by radical trapping experiments
and also kinetic comparisons with radiolytically generated
radicals. Alternatively, the reactive species may be a high-
valent iron complex such as Fe'V(O) as first suggested by
Bray and Gorin in 1932.I'Y1 The participation of high-valent
oxido—iron species has been supported by a detailed kinetic
analysis by Kremer,!'”! which suggested that the Fe''' prod-
ucts were formed by comproportionation of an intermedi-
ate Fe'V(O) species with excess Fell.
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Scheme 1. Structure of complexes of pentadentate ligands, N4Py,
trispicene and the bispidones L' and L.
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Buda et al. have recently used density functional theory
to explore the energetics of the reaction between aqueous
Fe'' and H,0,.['%17] The first step in their proposed reac-
tion pathway (Scheme 2) involves a ligand-substitution re-
action where H,O, replaces a molecule of water in the first
coordination sphere of [Fe(H,O)¢]**, giving [(H,O)sFe'l-
(H,0,)]**. Meyerstein and co-workers have argued that co-
ordination of the H,O, is a necessary precursor to bond
cleavage, as the alternative, outer-sphere electron transfer, is
energetically unfavourable.[''¢!8] Homolytic cleavage of the
0O-O bond then leads directly to an Fe!V species, [(H>0),-
Fe'V(OH),J*>*, which subsequently rearranges by proton-
transfer to the product, [FeV(H,0)s(O)]**. A critical fea-
ture of the pathway is that as the O-O bond elongates, the
developing OH radical abstracts a hydrogen atom from a
neighbouring water ligand, and so is effectively trapped in
the first coordination sphere. Thus, although the O-O bond
cleavage is homolytic, no free radicals are released into
solution. The putative Fe!V(O) intermediate in Scheme 2,
[(H,0)sFe!V(0)]**, has recently been obtained by oxidation
of aqueous Fe!" with ozone, and characterised using a com-
bination of Maossbauer and X-ray absorption spec-
troscopy.['”) Consistent with Kremer’s scheme, this species
does indeed comproportionate with excess [Fe''(H,O)¢]** to
form an Fe'"!' dimer [(H,O),Fe"'(OH),Fe'"" (H,0),]**. The
latter is not, however, observed when H,O, is used in place
of Os, suggesting that [(H,0)sFeV(O)]** is not the active
Fenton intermediate, at least in aqueous solution.
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Scheme 2. Mechanism for the decomposition of [Fe'(H,O)s-
(H,0,)]** proposed by Buda et al.l'‘]

The presence of chelating nitrogen-donor ligands such as
the bispidones, L! and L2, will clearly alter the electron den-
sity at the metal centre relative to the aqua complex. Per-
haps more significantly, the pentadentate nature of the li-
gand means that the coordination of additional water mole-
cules is blocked in the putative intermediates, [LFe'-
(H,0,)]**, and the all-important trapping of the developing
OH radical in the first coordination sphere (Scheme 2) is
therefore not possible. Nevertheless, Que and co-workers
have shown that, in the case of [(N4Py)Fe!'(CH;CN)J**, the
addition of precisely 0.5 equiv. of H,0, still gives quantita-
tive oxidation to Fe'' {present as a mixture of [(N4Py)-
Fe'"'(OH)]?* and the oxido-bridged dimer, [(N4Py)Fe"(O)-
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Fe(N4Py)]**} with no evidence of ligand oxidation.™
Girerd and co-workers have observed similar behaviour in
the reaction of Fe!' complexes of the trispicene ligand with
H,0,, where the intermediate was tentatively assigned as
[LFe™CI>*.5) From a mechanistic perspective, the clean
oxidation of Fe!l to Fe'™ with 0.5 equiv. of H,O, seems in-
consistent with the generation of free OH radicals, which
would cause ligand degradation and therefore reduce the
yield of Fe". The direct formation of transient Fe'V(O),
followed by comproportionation with excess Fe!l, as pro-
posed by Kremer, seems more consistent with this observa-
tion. Very recently, Comba and co-workers have studied the
formation of [L>Fe"V(O)]?>* from a mixture of the bispidone
complex [L?Fe'(BF,),] and H,0,.[% The presence of clear
isosbestic points in the UV/Vis spectrum, along with sec-
ond-order kinetics and a large negative entropy of acti-
vation support a mechanism where binding of H,O, to the
Fe!l centre is followed by direct conversion to Fe!V(O) by
0O-0O bond heterolysis. This pathway is quite different from
the O—O bond homolysis proposed for the aqua complex, !
and poses a number of intriguing questions regarding the
precise role of the pentadentate ligand in the reaction.

In this paper, we use density functional theory to explore
possible pathways that can lead to a high-valent [LFe™-
(O)]** species from [LFe''(H,0,)]**, where L is a member
of the bispidone family. Specifically, we focus on the bispi-
done ligand L' shown in Scheme 1 above — a comparison
of the properties of complexes of L' and L? will form the
basis of a subsequent communication. In all cases, the ester
groups on the ligand backbone have been replaced by hy-
drogen atoms to simplify the computational model. We
identify two distinct mechanisms for decomposition of the
hydrogen peroxide. The first is qualitatively similar to the
homolytic fission pathway proposed for the aqua com-
plex,!'® except in this case the developing OH radical is
trapped in the vicinity of the metal centre only by non-
covalent interactions. The second pathway, in contrast, in-
volves proton transfer, mediated by a water molecule in the
second coordination sphere, followed by heterolysis of the
O-0 bond, and so is very similar to the mechanism pro-
posed in ref.[®®! The barriers to the two processes prove to
be comparable, suggesting that subtle changes in ligand
structure and/or reaction conditions could shift the balance
from one to the other.

Results and Discussion

In the initial section, we present a detailed description of
the electronic structure of the aqua complex, [L!Fe'l-
(H,O)]**, which we take as the starting point for these cal-
culations, along with the various metal-based species that
may play a role in the decomposition of H,O,: viz. the hy-
drogen peroxide adduct, [L'Fe™(H,0,)]**, the Fe'! inter-
mediate, [L'Fe''(OH)]?>* and the product [L'Fe!Y(O)]>*. We
subsequently consider mechanisms for their interconver-
sion, paying particular attention to the possible role of sol-
vent.

Eur. J. Inorg. Chem. 2007, 65-73
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Electronic Structure of [L'Fe'(H,O)**, [L'Fe''(H,0,)]**,
[L'Fe"™(OH)]>* and [L'Fe'Y(O)]*

The optimised structures of the most stable spin states
of [L'Fe''(H,O)]**, [L'Fe''(H,0,)]*", [L'Fe™(OH)]** and
[L'Fe™V(O)]** are shown in Figure 1, and the structural pa-
rameters for all accessible spin states are collected in
Table 1. For both the aqua and hydrogen peroxide com-
plexes, the optimised S = 0 and S = 2 structures show the
typical features of low-spin/high-spin Fe!! species, with the
metal-ligand bonds approximately 0.2 A longer in the lat-
ter. A strong Jahn-Teller distortion is present in the triplet
state, resulting in very long bonds to the H,O and H,O,
ligands. The O-O bond in the hydrogen peroxide ligand is
relatively insensitive to spin state, although the marginal
elongation in the singlet can be ascribed to the better back-
donating ability of low-spin Fe!'. The quintet is the most
stable spin state in both systems, with relatively large gas-
phase separations of ca. 35 kJmol™! to the singlet and ca.
45 kIJmol™' to the intermediate spin®” (S = 1) state. The

[L'Fe"(H00** [L"Fe"(H,0,)1"

5=2 §=2
[LFe"(OH)* [L'Fe¥ 0
5=572 §=1

Figure 1. Optimised structures of the ground states of [L'Fe'l-
(H0)P*, [L'Fe"(H,0,))**, [L'Fe''(OH)]** and [L'Fe'(O)]**.

inclusion of solvation through the PCM approach stabilises
the S = 0 and, to a lesser extent, S = 1 states relative to the
S = 2 ground state. The solvation energy in these systems is
dominated by electrostatic interactions between the solvent
continuum and the +2 charge on the solute, and its magni-
tude is therefore largely determined by the size of the solute
cavity. The preferential stabilisation of states of lower multi-
plicity is therefore a general observation in these systems,
and simply reflects the shorter Fe-N and Fe-O bonds,
which lead in turn to a smaller solute cavity, and hence to
stronger electrostatic interactions.

For the Fe'' intermediate, [L'Fe™ (OH)J]**, we have lo-
cated distinct minima for S = 1/2, 3/2 and 5/2 spin states.
The structures show the usual trend towards longer bonds
in the higher multiplicity states, most obviously in the com-
parison of the equatorial Fe—N distances in the S = 1/2 and
S = 5/2 states. In the gas phase, the sextet (shown in Fig-
ure 1c) is the most stable, but the doublet is only 8 kJmol !
higher in energy. We have noted above the tendency of sol-
vation to stabilise lower spin states, and in this case it leads
to a reversal of the order, with S = 1/2 lying 10 kJmol™!
below S = 5/2. There has been considerable debate over the
ability of density functional theory to accurately model
spin-state splittings, and the case of Fe! seems to be par-
ticularly problematic.?!l This uncertainty, along with the
approximate nature of the PCM solvation model, precludes
a definitive conclusion on the multiplicity of the ground
state of [L'Fe™(OH)]?*. Neither [L'Fe"(OH)]** nor
[L'Fe"(CD)J]** has been isolated experimentally, although
the hydroperoxide complex, [L'Fe™(OOH)]**, is known to
have a doublet ground state.

The d* configuration of the [L'Fe'(O)]** species leads
to S =0, 1 and 2 spin states. Of these, the ground state
(Figure 1, d) is clearly the triplet (gas phase and in solu-
tion), a situation typical of d* metal-oxido species, where
two of the three t,,-based orbitals are strongly destabilised
by M-O n*-interactions. The open-shell singlet state (<S>
= 1.03) has almost identical bond lengths and angles, and
lies 38 kJmol ! higher in energy. High-spin states of Fe(O)
have attracted considerable attention since the identification
of such a species in the active site of the enzyme tauD,"
but in this case the quintet lies 20 kJ mol ! above the ground
state, sufficient to rule out its participation in the oxidation
pathway.

Table 1. Optimised Fe-N and Fe-O bond lengths [A] and relative energies [kJmol '] of the various spin states of [L'Fe™(H,O)]**,
[L'Fe''(H,0,)]?*, [L'Fe'(OH)]** and [L'Fe'V(O)]**. Energies are given relative to the most stable spin state for each species.

[Ll Fe"(HZO)]z* [Ll FeII(HZOZ)]ZJr [Ll Fe]II(OH)]Pr [Ll FeIV(O)]2+
S 0 1 2 0 1 2 172 32 512 0 1 2
Fe-O 2.08 2.73 2.24 2.05 3.40 2.22 1.79 1.83 1.80 1.62 1.62 1.61
Fe-N! 2.10 2.33 2.29 2.11 2.19 2.32 2.16 2.52 241 2.24 2.24 2.22
Fe-N? 2.03 2.00 2.23 2.03 2.00 2.23 2.01 2.06 2.22 2.01 2.01 2.20
Fe-N3 1.99 2.04 2.18 1.99 2.03 2.18 1.99 1.98 2.17 2.00 2.00 2.13
Fe-N* 1.99 1.98 2.14 2.00 1.96 2.16 2.00 2.09 2.12 1.99 1.99 2.06
Fe-N° 2.00 2.04 2.21 2.00 2.04 2.16 2.02 1.99 2.18 2.01 2.01 2.18
0-O0 1.46 1.45 1.46
Egasphasey | +35 +50 0 +33 +40 0 +8 +55 0 +38 0 +20
Epcwmy +10 +38 0 +15 +33 0 0 +50 +12 +38 0 +32
Eur. J. Inorg. Chem. 2007, 65-73 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.eurjic.org 67
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Thermodynamics of the Decomposition of [L!Fe™(H,0,)]**
into [L'Fe'V(0)]**

The balanced equation for the decomposition of
[L'Fe"(H,O,)** to [L'Fe™(O)** via the putative
[L'Fe™(OH)I** intermediate is:

[L'Fe"(H,0,)P* — [L'Fe"(OH)P>* + OH — [L'Fe!V(O)P** + H,0

The first step, the homolytic cleavage of the O-O bond,
is strongly endothermic [AE (g5 phasey = +34 kJ mol 1], while
the second is highly exothermic [AE (s phasey =
—~114kJmol'], and as a result the decomposition of
[(H,0)sFe(H,0,)]*" to [L?*Fe™v(0)]** + H,O is strongly
favoured [AE gas phasey = —80 kJmol ']. On purely thermo-
dynamic grounds, therefore, the direct generation of Fe'™,
along with the liberation of free OH radicals, seems rather
unlikely. The alternative pathway to Fel', by compro-
portionation of Fe'V(O) with excess Fe' is, in contrast, exo-
thermic [AE gas phasey = —62 kImol '], confirming it as the
more likely source of Fe''l in this case:

[L'Fe''(H,O)P** + [L'Fe'Y(O)P* — 2 [L'Fe(OH)]*

Influence of Solvent

When considering possible pathways that might link the
various species discussed in the previous section, we need
to pay careful attention to the motion of hydrogen atoms
as well as the cleavage of the O-O bond. Indeed, the role
of a water ligand as a hydrogen-atom shuttle has been high-
lighted previously.'® We have noted above that water is ex-
cluded from the first coordination sphere by the pentadent-

+120
+80

+40

Energy / kJ mol™

=120

ate bispidone ligand, and so for the exploration of reaction
pathways we choose the solvated species [L'Fe''(H,O,)]**-
H,0 as our minimal model, where the second coordination
sphere water can, at least in principle, play the same role
as the water ligand in [(H,0)sFe'(H,0,)]**. The balanced
equation for the decomposition of the H,O, complex is
then:

[L!Fe''(H,0,)]?*-H,0 — [L'Fe"'(OH)]**-H,0-OH —
[L!'Fe'V(O)]*-2H,0

Representative structures of the important hydrated spe-
cies are shown in Figure 2, and the optimised energies and
bond lengths are collected in Table 2. The oxygen and hy-
drogen atoms on the hydrogen peroxide are labelled as
proximal (p) and terminal (t), while those on the water
molecule are labelled “w” (see Figure 2, inset, for a sche-
matic diagram of the hydrogen-bonded network). In the hy-
drogen peroxide complexes (S = 0, 1 and 2), the water mole-
cule is aligned such that one lone pair interacts with the
more acidic proton on the proximal (coordinated) oxygen
centre. A comparison of Table 1 and Table 2 confirms that
the additional water molecule has only a marginal impact
on the metal-ligand bond lengths and the relative stabilities
of the different spin states. The only exception is the highly
distorted S = 1 state, where the increased basicity of the
proximal oxygen atom on the H,O, ligand results in a sig-
nificant contraction of the Fe-O and Fe-N? bonds.

We have identified minima corresponding to the caged
radical species [L'Fe™(OH)]***H,O-OH in four distinct
spin states (S = 0, 1, 2 and 3). The optimised structure of
the most stable gas-phase species (S = 2) is shown in Fig-

134 11
.-"--‘h .
\ /123
& §
232 # /
@ 118 =gl
1.75 Hymegy, |

1.62

Figure 2. Potential energy surface for the O—O homolysis pathway for decomposition of [L'Fe!'(H,0,)]>**H,O. Energies include the
effects of solvation introduced by the PCM model. For clarity, the bispidone ligand is not shown in the structures.
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Table 2. Optimised Fe-N and Fe-O bond lengths [A] and relative energies [kJ mol ] for stationary points on the O—O homolysis pathway
linking [L'Fe''(H,0,)]?**H,O and [L!'Fe'V(0)]**-2H,0. Energies of all species are reported relative to the S = 2 ground state of the

[L'Fe'(H,0,)]*"*H,0 complex.

[L'Fe'(H,0,)]**-H,0 [L'Fe'(OH)**H,0-OH | [L!'Fe!Y(0)2*2H,0 | TSI | MECP| TS2 TS3

s 0 1 2 0 1 2 3 0 1 2 2 L2 |to2 Jjo 1 2

Fe O 2.05 2.34 2.22 179 179 181 1.81 |1.62 1.62 1.61 [1.90/1.78 |1.75 1.73]1.96 2.02 1.98
Fe-N! 211 2.37 2.32 218 218 243 245 [225 225 222 [237(2.19 [2.20 2.20(2.13 247 2.37
Fe- N2 2.03 2.03 2.23 201 201 221 222 200 201 220 [221(2.17 |2.01 2.23[2.03 2.07 2.24
Fe N3 1.99 1.99 2.18 201 200 215 215 [201 200 212 [2.16]2.06 |1.98 2.08|2.01 1.98 2.1
Fe N* 2.00 2.04 2.16 201 200 213 213 [1.99 1.99 206 [2.14|2.11 |2.01 2.11[2.00 2.09 2.17
Fe N° 2.00 1.99 2.16 1.99 200 218 218 |2.01 201 221 [2.22/2.09 [2.02 2.16[1.99 1.99 2.23
0,-0, 1.46 1.46 1.46 232 253 235 260 |3.89 389 3.63 |1.75(2.52 [232 236|152 1.52 1.54
0, H, 1.00 1.00 1.00 099 1.00 099 099 |637 637 671 |1.00/099 |1.18 1.20|1.73 1.74 1.72
H,-O, 1.66 1.68 1.66 173 172 181 180 |097 097 097 [1.66|1.79 |1.23 1.22]1.02 1.02 1.02
O,-H, 097 0.97 0.97 098 098 098 098 |1.85 1.85 1.80 |0.97[098 |[1.13 L11|L.11 1.11 1.11
H,-O, 3.07 3.04 3.19 198 195 198 195 |098 098 099 |226/1.93 |[1.34 136|138 1.37 1.38
Eggasphase) | 31 50 0 20 27 11 16 |61 99 78 |40 |57 79 104 |130 156 101
Epem) 13 44 0 1 8 3 8 63 101 80 |34 |23 44 78 |101 133 87

ure 2, and bond lengths for all four spin states are collected
in Table 2. The complex spin-state manifold in this region
of the potential energy surface arises from parallel (ferro-
magnetic) or antiparallel (antiferromagnetic) alignment of
the spins on the [L'Fe™(OH)]** (S = 1/2, 3/2, 5/2) and OH
radicals (S = 1/2), giving rise to coupled spin states with
total S = 0, 1, 2 and 3. The description of the S = 3 spin
state is unambiguous — it can only be achieved through par-
allel alignment of the spin vectors on S = 5/2 Fe''and S =
1/2 OH, and indeed the structural parameters and net spin
densities (4.22 on Fe, 0.94 on O,) confirm this to be the
case. Likewise, the S = 0 state arises unambiguously from
the antiparallel alignment of S = 1/2 Fe'" and S = 1/2 OH
(net spin densities 0.95 on Fe, -0.93 on O,). In contrast, the
S =1and S = 2 states could, in principle, contain interme-
diate spin (S = 3/2) Fe!l. However, the rather high energy
of this spin state in isolated [L'Fe™(OH)]** (Table 1) sug-
gests that this is unlikely, and indeed the Fe-N and Fe-O
bond lengths in the S = 1 and S = 2 states are almost iden-
tical to those in S = 0 and S = 3, confirming the presence
of low- and high-spin Fe™, respectively. When the align-
ment of spins is antiparallel (S = 0, 2), the separation be-
tween proximal oxygen atom (O,) and the hydroxyl radical
(Oy) is somewhat smaller than where the alignment is paral-
lel (S = 1, 3), but the rather small energy differences be-
tween S = 0 and 1 (7 kJmol') and between S = 2 and 3
(5 kJmol™!) are indicative of only weak coupling.

The most stable spin state (S = 2 in the gas phase) lies
only 11 kJmol™! above the reactants, representing a sub-
stantial stabilisation relative to the fully separated reactants,
[L'Fe"(OH)]?* and OH (AE = +34 kJmol™!). The much
lower energy required to cleave the O-O bond is due to the
residual electrostatic attraction between the OH radical and
the +2 cation in the “caged radical” species, [L'Fe'l-
(OH)]*"*H,0-OH, that is absent in the separated species.
As was the case for the isolated [L'Fe™(OH)]*>* molecule,
solvation (introduced through the PCM model) has a sig-
nificant impact on the manifold of spin states, selectively
stabilising those containing the smaller low-spin Fe!'l centre
(S = 0, 1) relative to those containing high-spin Fe'™ (S =

Eur. J. Inorg. Chem. 2007, 65-73
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2, 3). As a result, the S = 0 state becomes the most stable
at this level of theory, and the caged radical is now almost
isoenergetic with the hydrogen peroxide complex. At this
point, it is useful to contrast the pathway shown in Figure 2
with that described for [(H,O)sFe(H,0,)]**.1'® In this aqua
complex, the incipient OH radical is “trapped” by ab-
stracting a hydrogen atom from a neighbouring water mole-
cule, and the strength of the resultant Fe—-OH bonds stabi-
lises the intermediate, such that it lies over 80 kImol ! be-
low the hydrogen peroxide complex. In the case of
[L'Fe"(H,0,)]?*, the free OH radical is trapped only by
electrostatic interactions with the +2 charge on the metal
core, along with hydrogen bonding with the solvent cage,
and as a result, the O-O homolysis step is less favourable
(AE = 11 kJmol !, in the gas phase and +1 kJmol ! at the
PCM level of theory). In the context of the reaction chemis-
try, the weak trapping of the radical means that diffusion
to neighbouring organic species may be competitive with a
“rebound” reaction with the Fe'"'(OH) unit. Caged radicals
such as these have previously been proposed to play a role
in oxidation chemistry.[°b-22]

In the [L'Fe'V(O)]** complex, the presence of the two
additional water molecules has a negligible impact on either
the relative energies of the spin states or on the bond
lengths in the first coordination sphere. The interaction en-
ergy between the complex and the solvent molecules is
again dominated by the electrostatic interaction with the +2
charge on the metal core, and so the presence of the ad-
ditional water molecule stabilises the products by
19 kJmol ! relative to the hydrogen peroxide complex.

In terms of the overall energetics of the reaction, the pic-
ture is largely unaffected when we consider the “supermole-
cule” [L'Fe''(H,0,)]***H,O rather than the fully separated
species The intermediate and products are stabilised by elec-
trostatic interactions between the dicationic core and the
OH or H,O unit that is generated by cleavage of the O-O
bond, but this serves only to increase the already substan-
tial thermodynamic driving force for the cleavage of the O-
O bond. It is also important to note that the mixture of
explicit and continuum models for solvent described above

www.eurjic.org 69
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is problematic, particularly where a solvent molecule is in-
volved in the reaction®?® {in our case one molecule of H,O
is formed in the reaction [L!'Fe'(H,O,)]?*H,O0 —
[L'Fe'V(O)]**2H,0}. In the context of this work, the non-
cancellation of errors that arises through the mixture of
continuum and explicit solvent models introduces signifi-
cant uncertainties in the accuracy of the computed energies
of the different asymptotes. In the remainder of this paper,
we therefore focus on the qualitative mechanistic picture,
and do not place undue emphasis on the absolute values of
the computed energies.

In the following sections we describe two distinct path-
ways that lead to the formation of an Fe!V(O) species — the
first where O-O bond homolysis is followed by hydrogen-
atom abstraction, the second where proton transfer induces
0O-0 bond heterolysis. In both cases, we pay particular at-
tention to the various spin states that are accessible at dif-
ferent points on the potential energy surface. This latter
point is critical here because the ground states of the
[L'Fe''(H,O0,)]** and [L'Fe'V(O)]** species are a quintet
and a triplet, respectively. Intersystem crossing from one
potential energy surface to the other is therefore an integral
component of the reaction coordinate.

0-0 Bond Homolysis Pathway

We have located a transition state, TS1, linking the reac-
tant, [L'Fe"(H,0,)]***H,O, and the caged radical,
[L'Fe™(OH)]***H,0-OH, on the S = 2 surface. The O-O
bond is significantly elongated at the transition structure
(1.75 A vs. 1.46 A in the reactants), and the imaginary fre-
quency is clearly associated with the O-O stretching mode.
The Fe-O separation is also significantly reduced compared
to the reactants, due to the partial oxidation of the metal
centre. We have also located transition states (TS2) linking
the radical intermediates with the [L'Fe™V(0)]**-2H,0 as-
ymptote on both quintet and triplet surfaces. At this point,
the O,—H,, distance is significantly elongated while the sep-
aration between this hydrogen atom and the OH radical is
much reduced, and the imaginary frequency corresponds to
an O,—H,, stretch. The net effect is that the solvent water
molecule acts as a hydrogen atom shuttle, mediating the
abstraction of a hydrogen atom from the coordinated OH
ligand by the OH radical. The energy of TS2 is highly de-
pendent on the spin state — the triplet lies significantly below
the quintet, reflecting its product-like nature. The shape of
the potential energy surfaces also dictates that the crossover
between the quintet and triplet surfaces must occur at some
point between the radical intermediate (S = 2) and TS2 (S
= 1). We have located the minimum energy crossing point
(MECPI1) between these surfaces, and the structural
changes leading up to this point are largely associated with
the metal-ligand bonds, all of which contract significantly
from the intermediate to the MECP. The separation be-
tween the metal fragment and the OH radical is, in contrast,
essentially unchanged. We therefore conclude that the cross-

70 www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

over from the quintet to triplet surfaces involves a localised
S = 5/2 — S = 1/2 transition on the Fe! centre, and the
nature of the interaction between the metal centre and the
OH radical remains unchanged. In the gas phase, the
MECP lies 46 kImol ! above the S = 2 intermediate, but
this is reduced to 31 kJmol ! when solvation is included, as
a result of the contracted metal-ligand bonds in the former.
It is important to emphasise, however, that the effects of
solvation are only included post-optimisation. We have
noted previously that solvation stabilises low-spin states,
and indeed the S = 1 and S = 2 caged radical species are
almost isoenergetic when solvation effects are included. If
the energies of these two states were, in fact, reversed, then
the S =2 — S = 1 spin crossover would occur before, rather
than just after, the radical intermediate. Given the intrinsic
uncertainties in determining accurate spin-state energies
with DFT and the approximate nature of the PCM sol-
vation model, we are unable to reach a definitive conclusion
on this point. It will not, however, have a major impact on
the potential energy surface: the nature of the crossover —
viz. a localised high-spin/low-spin transition on the Fe!'!
centre — remains unchanged.

To summarise, the early part of the reaction coordinate
shown in Figure 2 lies along the quintet surface, and in-
volves homolysis of the O—O bond. The resulting intermedi-
ate contains an [L'Fe'(OH)J]** species, weakly coupled to
an OH radical, the whole unit being held together by elec-
trostatic interactions with the dicationic metal core and hy-
drogen bonding within the solvent cage. A localised high-
spin/low-spin transition on the Fe'l centre then causes a
crossover to the triplet surface, after which the OH radical
abstracts a hydrogen atom from the coordinated OH ligand.
Whilst the initial O—O bond homolysis step was marginally
endothermic, the hydrogen atom abstraction step is highly
exothermic, and the [L'Fe!V(0)]** product is 101 kJmol™!
more stable than the reactants. In comparison, a value of
117 kJmol ™! was reported for the aqua complex.['®] Thus,
the major difference between the two pathways lies not in
the overall exothermicity of the decomposition of the H,O,
complex, but rather in the details of the intervening poten-
tial energy surface. In the aqua complex, the O-O homoly-
sis and hydrogen atom abstraction steps are concerted,
while in the case of [L'Fe"(H,0,)]**, the absence of an ad-
ditional water ligand effectively separates the two processes,
leading to an identifiable Fe'™(OH) intermediate. The rate-
determining step in this reaction clearly depends on the rel-
ative energies of the two transition states, TS1 and TS2
shown in Figure 2. In the gas phase, TS2 (79 kJmol!) lies
substantially above TS1 (40 kJmol™), suggesting that the
OH “rebound” step should be rate-determining. In these
circumstances, diffusion of the OH radical into solution
should be competitive with formation of the Fe™(O) spe-
cies. However, when solvation is included, TS2 is strongly
stabilised relative to TS1 because the latter contains the
smaller low-spin Fe' centre, and the two barriers
are now rather similar (34 and 44 kJmol !, respectively).
We return to a discussion of this point in the concluding
remarks.
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0O-0 Bond Heterolysis Pathway

In the previous section we identified a pathway linking
the two asymptotes, [L'Fe!'(H,0,)]*"*H,O and [L'Fe'V-
(O)P**2H,0, via an intermediate containing a weakly
trapped OH radical. Comba, Que and co-workers have pro-
posed an alternative pathway involving proton (as distinct
from hydrogen atom) transfer, followed by O-O heterolysis,
to account for the observed decomposition of
[L?Fe''(H,0,)]?*.I1°l We have considered this possibility,
and identified a further transition state, TS3, that directly
links the reactants and products for each of the three spin
states (S = 0, 1, 2). The structure of the most stable transi-
tion state (S = 2) is shown in Figure 3, and key bond
lengths for all three are collected in Table 2. The most re-
markable feature of the transition structures is the near-
identical geometry of the H,O,°H,O unit in each case. The
proton initially attached to the proximal oxygen atom of
the hydrogen peroxide has been almost completely transfer-
red to the water molecule (O,+-H,, = 1.72-1.74 A, H,-O,,
= 1.02 A), suggesting that the reaction coordinate leading
up to the transition state is a simple proton transfer. The
Fe-O bond lengths contract somewhat as a result of the
removal of the proximal proton (by 0.24 A for § = 2), but
the equatorial and axial Fe-N distances remain largely un-
changed. The marginal elongation of the O-O bond (1.52—
1.54 A, cf 1.45-1.46 in the equilibrium structures) also
confirms that O-O bond cleavage is not well advanced at

A r. »
. S 173
1.52
+120
+80
=2 o
L 40 §5=1
8
g =0 -
w e —
0 §5=2
40
1.46
-80
120

the transition state. The imaginary frequency in each spin
state corresponds to the transfer of the proton from H;O*
to the terminal oxygen atom of the hydrogen peroxide, and
a small displacement along this mode results in decomposi-
tion to the hydrated [L'Fe'V(O)]**-2H,O species, with no
further barrier. Given that the motion along the reaction
coordinate prior to the transition state is almost entirely
centred on the H,O,-H,O unit, it is unsurprising that the
barriers, measured relative to the reactant, are essentially
independent of the spin state of the iron centre (87—
89 kJmol !, Figure 3). The lowest energy pathway therefore
lies along the quintet surface until well after the transition
state. Intersystem crossing between the S = 2 and S = 1
surfaces must again occur at some later stage on the reac-
tion coordinate, and will correspond to a localised high-
spin/low-spin transition on the developing Fe'v(O) unit. In
summary, although the proton-transfer mechanism leading
to O-O bond cleavage is concerted and does not involve
any stable intermediates, it is also highly asynchronous. The
reaction coordinate prior to the transition state involves de-
protonation of the hydrogen peroxide ligand at the proximal
oxygen atom, while afterwards transfer of the proton to the
terminal oxygen leads to spontaneous cleavage of the O-O
bond. This mechanism is qualitatively similar to that pro-
posed by Que and Comba for the decomposition of
[L?Fe'Y(H,0,)]**, with the subtle difference that it is the
proton transfer, rather than the O-O bond heterolysis, that
determines the magnitude of the barrier.

J‘,Hw.qw,

Ht"-t};' ]

\,

Figure 3. Potential energy surface for the O-O bond heterolysis mechanism for decomposition of [L!Fe!'(H,0,)]>*H,0. Energies include

the effects of solvation introduced by the PCM model.
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Figure 4. Comparison of the key features of the potential energy surface homolytic and heterolytic (dashed) O-O bond cleavage in

[LlFell(Hzoz)]2+'H20.

Conclusions

The key features of the two possible pathways for O-O
bond cleavage are compared in Figure 4. Returning to the
question of radical (Haber—Weiss) vs. non-radical (Bray—
Gorin) mechanisms, we can identify three quite distinct sce-
narios, depending on the relative energies of the three tran-
sition states TS1, TS2 and TS3. If TS3 < TSI, the con-
certed mechanism will dominate, and any Fe product
must be generated by comproportionation of the initially
formed Fe'V(O) with excess Fe'l. If, in contrast, TS3 > TSI,
then the homolytic pathway will dominate, and this in turn
can lead to two distinct outcomes depending on the energies
of TS1 and TS2. If TS1 > TS2, rebound of the transient
OH radical will be rapid, leading again to formation of
Fe'V(0), but in this case via transient Fe(OH). In con-
trast, if TS2 > TSI, the products of the reaction will de-
pend critically on the rate of the rebound step (TS2) relative
to the rate of diffusion through the solvent. If the latter is
rapid, then the OH radicals are likely to escape and oxidise
the ligand, solvent or any other accessible substrate. The
presence of three distinct scenarios offers a possible expla-
nation for the very complex nature of Fenton chemistry,
and in particular for the apparent generation of radicals in
some cases but not others.''! It also provides a framework
for understanding the way in which changes in ligand can
perturb the reaction pathway.

Calculation Details

In all cases, the bispidone ligand was simplified by replacing the
ester groups with hydrogen atoms. All calculations described in this
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paper were performed using the Gaussian03 package.?* The
B3LYPI[?35:25 functional was used throughout, in conjunction with
the 6-31G* basis set on all atoms. Full geometry optimisations were
performed without symmetry constraints, and stationary points
were characterised as minima or transition states by vibrational
analysis. Minimum energy crossing points (MECPs) were located
using the code developed by Harvey and co-workers.*°! Solvation
energies were calculated by Tomasi’s reaction field method using
the polarized continuum model (PCM) with a dielectric constant
() of 78.39.
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