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Abstract: Previously, we have shown that the ferryl ion ([Fe'VOJ?") is easily produced from Fenton’s reagent
(i.e., a mixture of Fe?* ions and H.O- in aqueous solution), using DFT and Car—Parrinello MD calculations.
To verify that the ferryl ion can indeed act as the active species in oxidation reactions with Fenton’s reagent,
we study in the present paper the reactivity of the ferryl ion toward an organic substrate, in particular the
oxidation of methane to methanol. In the first part of this paper, we perform static DFT calculations on the
reaction of CH, with the [(H.O)sFe'VO]?* complex in vacuo that show a strong prevalence of the oxygen-
rebound mechanism over the methane coordination mechanism. This is in agreement with the static DFT
results for methane oxidation by biocatalysts MMO and P450, but not with those for methane oxidation by
bare metal-oxo ions, where the methane coordination mechanism prevails. The highest energy barrier in
the oxygen-rebound mechanism is only 3 kcal/mol in vacuo, whereas in the methane coordination
mechanism the highest barrier is 23 kcal/mol. Overall the oxidation reaction energy is downhill by 47 kcal/
mol. We conclude that the ferryl ion can indeed act as the oxidative intermediate in the Fenton oxidation
of organic species. In the second part of this paper, we perform a preliminary assessment of solvent effects
on the oxidation by the ferryl ion in aqueous solution using the method of constrained (first principles)
molecular dynamics. The free energy barrier of the H-abstraction reaction from methane by the ferryl ion
(i.e., the first step in the rebound mechanism) in aqueous solution is, with 22 kcal/mol in solution, significantly
higher than in vacuo. Given the fact that methane has a relatively strong C—H bond (ca. 10 kcal/mol stronger
than the C—H bonds in the more typical Fenton’s reagent substrates), we infer that for many organic
substrates oxidation with the ferryl ion as an active intermediate may be a perfectly viable route.

. Introduction bleaching and cleaning of polluted soil. However, the reaction

Oxidation of organic compounds catalyzed by transition metal _m_e_chanisms within Fenton chemistry: i.e., oxidation reactions
complexes is of great importance in industrial and biological initiated by Fenton’s reagent, are still not fully understood,
processes. The most efficient oxidation catalysts are enzymesdespite the intensive research for more than 60 years.
found in nature, and some examples are the chromophore P450, It is generally believed that the active species in Fenton
the antitumor drug bleomycin and methane monooxygenaseChemistry is the free Otradical, which is produced by the
(MMO). MMOs are a group of enzymes with two active iron won-cataly_zed dissociation of hydrogen pgromde, as already
centers, which are even capable of directly converting methaneProposed in 1932 by Haber and Wéigeeaction eq 1).
to methanol, whereas nowadays methanol is commercially
produced in a two-step process via synthesis gas, which is FE' + H,0,—~ Fe’" + OH™ + OH’ 1)
thermodynamically less efficient. To improve industrially ap-
plied catalysts, study of these enzymes can be very helpful. Fe" + H,0, — FeQ" + H,0 @)
Oxidations by Fenton’s reagést(i.e., a mixture of F&" and ) _ o
H,0,) are particularly interesting because it not only shows According to the most popular alternative, the active inter-
several mechanistic similarities with biochemical enzymes but Mediate is a high-valent iron oxo species, the ferryl ion, which

it has also found industrial applications in, for instance, paper Was actually already suggested in 1930 by Bray and Gorin
(reaction eq 2). Due to the extremely short lifetimes of the

TVrije Universiteit Amsterdam. e i i i i i
* Present address: Leiden Institute of Chemistry, Leiden University, P.O. prOpo.Sed active Imerm?dlates’ which makes dlreCt. detection
Box 9502, 2300 RA, Leiden, The Netherlands. experimentally very difficult, the controversy remains. The
§ Unilever Research Vlaardingen.
(1) Fenton, H. J. HChem. Newd.876 190. (3) Haber, F.; Weiss, Proc. R. Soc. Londot934 147, 332.
(2) Fenton, H. J. HJ. Chem. Socl894 65, 899. (4) Bray, W. C.; Gorin, M. HJ. Am. Chem. S0d.932 54, 2124.
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elucidation of the mechanism is further complicated by its isoelectronic to Fe&, is most effective in GH bond activa-
complex dependence on reaction conditions such as the ligationtion, compared to Fe© and CoJ.131° Shaik et al. have
of the metal, the solvent, the pH, and the organic substrate. proposed low-energy reaction paths, via a double crossing of
We have recently performed static density functional theory the high-spin and low-spin energy surfaces, the so-called two-
(DFT) calculations on water-ligated iron hydrogen peroxide state reactivity.”-*829However, in contrast to FeO and FEO
complexes in vacuo as well as ab initio (DFT) molecular the spin inversion is unlikely to play a role in the FeQase.
dynamics (AIMD) simulations on Fenton’s reagent in aqueous Only the quintet state plays a role in the-8 activation by
solution, without an organic substrate®.Our studies show that  the aqueous ferryl ioF?
the ferryl ion is easily formed from hydrogen peroxide The active states of the bioorganic molecules MA@? and
coordinated to pentaaqua iron(Il) and, from the energetic point cytochrome P458%25 capable of hydroxylating and oxidizing
of view, much more likely than the formation of free ®H  organic substrates, also involve ai2intermediate. The latest
radicals, thus favoring Bray and Gorin’s proposal (reaction eq theoretical (DFT) studies on methane-to-methanol oxidation by
2). However, to definitively accept the ferryl ion as the active MMO26-33 and P458*3>confirm the consensusxygen-rebound
species in aqueous Fenton chemistry, we need to investigatemechanismfor these systems. The rate-limiting step is the
whether the ferryl ion is indeed capable of oxidizing organic methane H-abstraction, via a linear (Fe)®---C complex,
substrates. This is the main goal of the present study. forming a*CHjs radical, which can rearrange to form the alcohol
For the organic substrate, we have chosen methane as ouin the rebound step. The oxygen-rebound mechanism is sup-
model system, which commends itself for a number of reasons. ported by the high measur®d3® and calculate3° kinetic
First, the conversion of methane to methanol is commercially isotope effects. However, ultrafast radical clock experiments,
very interesting, as mentioned before. Second, methane is atiming the rate of the rebound step, have measured extremely
simple and small system, which should limit the chemical short intermediate lifetimes, casting doubt on the presence of
complexity and also the computational requirements. Third, free radicals, which occur in a rebound mechar@mOgliaro
since the C-H dissociation energies of alkanes range from 103 et al. explained the fast radical clock results for the P450 system
kcal/mol (calculated at the DFT-BFZPE level of theory) for with the aforementioned two-state reactivitfzor MMO, the
methane to about 90 kcal/mol for tertiary positions, oxidation radical clock experiments were explained by Siegbahn by an
of other alkanes by the ferryl ion should proceed more readily. electron transfer of the substrate to the metal complex, forming
Last, C-H bond activation of methane by transition metal a cation instead of a free radicl.
complexes has already been investigated extensively, which e start with a summary of the methodological details in
makes it possible to compare the reactivity of the water-ligated section I1. Then, in section IlI, we focus on the reaction energy
iron oxo species to other iron-oxo moieties such as the profiles for the oxidation of methane to methanol by the water-
previously mentioned enzymes. In practice, methane is not aligated iron(IV) oxo species in vacuo following the two
Fenton’s reagent substrate in agueous solution due to its verymechanisms proposed in the literature. (A third mechanism, the
low solubility in water. so-called oxene insertion, is now generally believed to be
The bare FeO ion has been shown to oxidize methane to unlikely, as it is characterized by very high energy barriéys.
methanol in the gas phase, under ion-cyclotron resonance
conditionst®!! which has led to a number of theoretical (19) Ryan, M. F.; Fiedler, A.; Schder, D.; Schwarz, HJ. Am. Chem. Soc.
investigations of oxidation reactions by Fe@nd other bare (5 ]!-:?Sjej;lzzgiﬁrder D.; Shaik, S.; Schwarz, H. Am. Chem. S0d.994
metal oxo specie¥. 18 Bare iron-oxo species were also believed 116 10734.
to model the enzyme oxidations by cytochrome P4%hd feig. A. L Libpard, S, Jehem. Re. 1994 34, 799,

Waller, B. J.; Lipscomb, J. BChem. Re. 1996 96, 2625.

21)
(22)
MMO.12-14 For the methane-to-methanol oxidation by FeO (23) Solomon, E. I.; Brunold, T. C.; Davis, M. |.; Kemsley, J. N.; Lee, S.-K.;
. . Lehnert, N.; Neese, F.; Skulan, A. J.; Yang, Y.-S.; ZhouClem. Re.
n=20, 1, 2, Yoshizawa et al. found that a concerted reaction 200Q 100, 235.

mechanism. via a four-centered transition state (Wi'[h methane(24) O_rtiz de l_\/lontellano, P. RCytochrome P450: Structure, Mechanism, and
! Biochemistry Plenum: New York, 1995.

coordinated to iron), is energetically more favorable than a direct (25) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, JGhem. Re. 1996
’ ) . 96, 2841.

H abgtractlon by the oxo ligand. Secgnd, Pe® much. mqre (26) Siegbahn, P. E. M.: Crabtree, R. H.Am. Chem. S0d997 119, 3103,

effective for C-H bond cleavage in thisiethane coordination  (27) Siegbahn, P. E. Ml. Biol. Inorg. Chem2001, 6, 27.

6)
mechanismthan Fe® and FeO.2 Also, MnO*, which is (283 Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma, B. Am. Chem. Soc.
)
)
)

1999 121, 7249.
(29) Basch, H.; Mogi, K.; Musaev, D. G.; Morokuma, K. Phys. Chem. A
2001, 105, 3615.

(5) Buda, F.; Ensing, B.; Gribnau, M. C. M.; Baerends, ECem. Eur. J.

2001, 7, 2775. (30) Torrent, M.; Musaeyv, D. G.; Basch, H.; Morokuma, X.Comput. Chem.
(6) Ensing, B.; Buda, F.; Blthl, P. E.; Baerends, E. Angew. Chem., Int. Ed. 2002 23, 59.
2001 40, 2893. (31) Dunietz, B. D.; Beachy, M. D.; Cao, Y.; Whittington, D. A.; Lippard, S.
(7) Ensing, B.; Buda, F.; Blchl, P. E.; Baerends, E. Phys. Chem. Chem. J.; Friesner, R. AJ. Am. Chem. So00Q 122, 2828.
Phys.2002 4, 3619. (32) Gherman, B. F.; Dunietz, B. D.; Whittington, D. A.; Lippard, S. J.; Friesner,
(8) Ensing, B.; Baerends, E. J. Phys. Chem. A22002 106, 7902. R. A. J. Am. Chem. So2001, 123 3836.
(9) Buda, F.; Ensing, B.; Gribnau, M. C. M.; Baerends, ECem. Eur. J. (33) Guallar, V.; Gherman, B. F.; Miller, W. H.; Lippard, S. J.; Friesner, R. A.
2003 9, 3436. J. Am. Chem. So®002 124, 3377.
(10) Schidaler, D.; Schwarz, HAngew. Chem., Int. EA.99Q 29, 1433. (34) Ogliaro, F.; Filatov, M.; Shaik, SEur. J. Inorg. Chem200Q 2455.
(11) Schidler, D.; Schwarz, H.; Clemmer, D. E.; Chen, Y.; Armentrout, P. B.;  (35) Ogliaro, F.; Harris, N.; Cohen, S.; Filatov, M.; de Visser, S. P.; Shaik, S.
Baranov, V. I.; Bohme, D. Kint. J. Mass Spectroni997, 161, 175. J. Am. Chem. So®00Q 122, 8977.
(12) Yoshizawa, K.; Shiota, Y.; Yamabe, Drganometallics1998 17, 2825. (36) Nesheim, J. C.; Lipscomb, J. Biochemistry1996 35, 10240.
(13) Yoshizawa, K.; Shiota, Y.; Yamabe, J.Am. Chem. S0d998 120, 564. (37) Lipscomb, J. D.; Que, L., Jd. Biol. Inorg. Chem199§ 3, 331.
(14) Yoshizawa, K.; Shiota, Y.; Yamabe, J. Chem. Phys1999 111, 538. (38) Brazeau, B. J. Waller, B. J.; Lipscomb, J.DAmM. Chem. So2001, 123
(15) Yoshizawa, K.; Shiota, Y.; Kagawa, Y.; Yamabe, JI.Phys. Chem. A 1042.
200Q 104, 2552. (39) Yoshizawa, K.; Kagawa, Y.; Shiota, ¥. Phys. Chem. BO0Q 104, 12365.
(16) Schidaler, D.; Schwarz, H.; Shaik, Struct. Bond200Q 97, 92. (40) Toy, P. H.; Newcomb, M.; Hollenberg, P. B. Am. Chem. Soc998
(17) Shaik, S.; Fllatov M.; Schdner D.; Schwarz, HChem. Eur. J1998 4, 120, 7719.
193. (41) Newcomb, M.; Shen, R.; Choi, S. Y.; Toy, P. H.; Hollenberg, P. F.; Vaz,
(18) Filatov, M.; Shaik, SJ. Phys. Chem. A998 102, 3835. A. D. N.; Coon, M. J.J. Am. Chem. SoQ00Q 122 2677.
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Table 1. Bond Dissociation Energies and Rearrangement Energies in kcal/mol for Isolated (“Gas Phase”) Complexes, Calculated with the
Amsterdam Density Functional Program (ADF) and the CP-PAW Program Using the Becke—Perdew Exchange Correlation Functional]

gas-phase reaction CP-PAW ADF AAE
A [(H20)sF€']? — [(H20)sF€']% + H,0 21.7 22.1 —-0.4
B [(H20)6F€'12" — [(H20)sFe 12t — H,0O —-2.3 —-3.5 1.2
C [FéI(Hzo)s]zJr + H,0,— [Fe'” (HzO)sOH]ZJr + OH* -8.4 -2.1 -6.3
D [Fe" (H20)sOH]2* 4+ OH* — [F€Y(H20)s0]%" + H0 —30.8 —28.7 —-2.1

The results for the methane coordination mechanism arein translational energyAE' and rotational energAE" were obtained
presented in section Ill-A, and next we discuss the results for using the ideal gas law, associating k&7 to each degree of freedom.

the oxygen-rebound (radical) mechanism in section Ill-B. The

The partition functiorQ is the product of translational, rotational, and

in vacuo results clearly establish the oxygen rebound mechanismviPrational contributions (e.g., see Chapter 20 in ref 47).

as the favored one, with only a barrier of 3 kcal/mol, and prove
the viability of Fenton oxidation via the FEOintermediate.
In the remainder of the paper (section 1V), a first investigation
is made of the (usually neglected) role of the environment of
the reactants on the thermodynamics of theHCactivation.

Traditionally, Fenton chemistry takes place in aqueous solution.

We have therefore computed the free energy profile for the
methane hydroxylation by the ferryl ion (according to the

oxygen-rebound mechanism) in aqueous solution, using con-

strained ab initio molecular dynamics. It is clear that water is

not the natural solvent for methane, so we have to treat these

results with caution when making inferences for typical organic

substrates for the Fenton reaction, which are water soluble and

have less strong €H bonds; see the discussion in section IV-
B. The conclusions are summarized in section V.

Il. Methods

In view of the strongly spin-polarized nature of Fe in the complexes,
all electronic structure calculations were performed usinguthies-
stricteddensity functional theory (DFT) method (e.g., see ref 42). Note
that the lowest state of the iron(IV) oxo complex is the high-spin state
(S= 2),° and this overall spin state is actually preserved during all the

For the second part of the paper on the ab initio (DFT) molecular
dynamics calculations of the systems including the solvent environment,
we used the CarParrinello (CP) methdd as implemented in the CP
PAW code developed by Bthl*° The one-electron valence wave
functions were expanded in an augmented plane wave basis up to a
kinetic energy cutoff of 30 Ry. The frozen core approximation was
applied for the 1s electrons of O and up to 3p for Fe. For the
augmentation for H and O, one projector function per angular
momentum quantum number was used for s- and p-angular momenta.
For Fe, one projector function was used for s- and p-, and two were
used for d-angular momenta. The characteristic feature of the Car
Parrinello approach is that the electronic wave function, i.e., the
coefficients of the plane wave basis set expansion, are dynamically
optimized to be consistent with the changing positions of the atomic
nuclei. The mass for the wave function coefficient dynamics mas
1000 au, which limits the MD time step tt = 0.19 fs.

The advantage of PAW over the more commonly used pseudopo-
tential approach is that transferability problems should be largely
avoided. However, as with all methods in which the core is represented
approximately, there will be some loss of accuracy. Extensive tests
are therefore required, and we have previously shown that bond energies
and geometries of small molecules and complexes computed with CP
PAW agree very well with highly accurate all-electron DFT results
obtained with the ADF prograi?.However, we have in the course of

further transformations that are considered in this paper. The spin stateshe present work noted that reaction energies of chemical reactions

will therefore only be referred to if they are not completely evident
from this information. We used the Becke-88 gradient-corrected
exchange function&land the Perdew-86 gradient-corrected correlation
functional#* For the first part of the paper on the molecular structures
in vacuo, we used the Slater-type orbital-based ADF packégethe

involving a change in the formal oxidation state of iron sometimes
exhibit relatively large (several kcal/mol) discrepancies with accurate
(large basis set, all-electron) ADF calculations. Table 1 shows four
reaction energies of gas-phase reactions involving simple water-ligated
iron complexes, calculated with CRPAW and ADF.

calculation of energies, frequencies, and optimizations of geometries.  Reactions A and B show the typical small differences in the order
The Kohn-Sham orbitals were expanded in a large, even-tempered, of 1 kcal/mol due to the differences in basis set and the frozen core
all-electron, Slater-type basis set containing 4s, 2p, and 1d functions approximation used with PAW. However, reactions C and D, which
for hydrogen,; 6s, 4p, 2d, and 1f functions for carbon and oxygen; and involve a change in the iron oxidation state, show larger discrepancies,
11s, 7p, 5d, and 1f functions for irdf.Finite-temperature reaction  up to 6.3 kcal/mol for the reaction in which iron(ll) is oxidized to iron-
enthalpies al = 300 K and the entropies were estimated using (I1). The error does not seem to be due to the plane-wave cutoff of 30
Ry (it is not reduced when going to 50 Ry) and can be attributed to

AH¥K = AE) + AE pe + AER (3) the partial waves for the inner region of the valence electrons and the
projector functions used in the PAW calculations. Also in this work,
AE%?OK = AET" + AE' + AFE' (4) we simulate a reaction involving a changing iron oxidation state (from
iron(IV) to iron(lll)) in aqueous solution. We will therefore only discuss
AS=RIn(QQ'Q") (5) the solvent effects on this reaction by comparing the results with the

same reaction in vacuo rather than attempting to compute the reaction

with Eg being the sum of the electronic energy in a static nuclear field rate for this reaction in aqueous solution.

(Born—Oppenheimer approximation) and the nuclear electrostatic
repulsion. The zero-point vibrational enerBye and the temperature-
dependent vibrational enerdy;¥ were calculated from the unscaled
DFT-BP frequencies, within the harmonic approximation. The change

Ill. Gas-Phase Calculations

A. Methane Coordination Mechanism.Figure 1 shows the
energy profile and the complex geometries along the reaction

(42) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and Molectiles

Oxford University: New York, 1989. (47) Atkins, P. W.Physical ChemistryOxford University Press: New York,
(43) Becke, A. D.J. Chem. Physl1992 96, 2155. 1990.
(44) Perdew, J. PPhys. Re. B 1986 33, 8822. (48) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.
(45) Baerends, E. J.; Ellis, D. E.; Ros, Ghem. Phys1973 2, 41. (49) Blochl, P. E.Phys. Re. B 1994 50, 17953.
)

(46) Chong, D. P. Private communication on high-quality even-tempered all- (50) Ensing, B.; Meijer, E. J.; Blhl, P. E.; Baerends, E. J. Phys. Chem. A

electron STO basis set. 2001, 105 3300.
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Reactant the oxo-ligand, forming a hydroxo ligand and a £hgand,
Complex . . . . . )
f Tanstion Transttion making iron formally F& (see intermediate no. 1 in Figure 1).
-~ v Srate o] r State no.2 L ¢ This step is exothermic by 15.5 kcal/mol but has a significant
o b 1‘. ¢ . .s-“?.‘ 1 barrier of 22.8 kcal/mol with respect to the reactant complex,
: associated with a strained four-membered ring in the transition
Transition 1 - state. In the second step, the £gtoup is transferred from the
50— State no.1 20 metal center to the oxygen of the hydroxo ligand, forming a
| f’i-z . bound methanol group. The oxidation state of iron is simulta-
w228 | Fe(lllYoH + (free) CH, 1 neously lowered from Féto Fé', as both ligands (i.e., formally
40 :Hzo P 3i2 -110 OH~ and CH"™) revert formally to OH and CH to form an
- ligand i | . electron pair bond in C§DH, i.e., donate an electron to the
30 _/29r'2- '!: +31.3) Jo metal d-manifold. The energy barrier for the, again exothermic,
| §_5_8'g| {383 i | second step is not very high: 11.6 kcal/mol. This second barrier
! 234 ! {19.5 Lransition is much lower than the energy required to, alternatively, form
- o Roaclant 1§ [/ State no.2 110 a free CH® radical and the iron(lll) hydroxo complex from
g i P | _:'I; \ {1 8 intermediate no. 1431.3 kcal/mol).
g 10} h202 L frire Products  _{ 55 The bonding of the methanol to H&l,0), is found to be
o b IntorSdiate 7 E | -~ 31.4 kcal/mol strong. The final separation in aqueous solution
< ‘Free no.1 : o < can, however, be expected to be almost thermoneuttal=
Reactants i 1720 5.4 kcal/mol, neglecting solvent effects) if it is accompanied
i ! +31.4If' 5—26.0 ] by the coordination of a solvent water to the vacant coordination
10— "; —-40 site of the 5-fold-coordinated product complex, i.e.:
20 R X Fé'(H,0),(CH,0H) + H,0 — Fé'(H,0)s(CH;OH)
I Lo THHO AE = —20.3 kcal/mol
Product 525 ligand
30 Complex Fé'(H,0)s(CH;0H) — Fé'(H,0)s + CH;OH
o4 g ., ¢4~ AE = +25.7 kcal/mol
! || Preduct
l Intemeciote ‘lcomp'e" (methanol is more strongly bonded to tetraaqua iron(ll) than to
0.1 ;

: pentaaqua iron(ll) by 31.4 25.7= 5.7 kcal/mol).
Figure 1. Geometries and energy profile (in kcal/mol) of the intermediate Compared to the methane-to-methanol oxidation by bare
steps along the methane coordination mechanism of the methane-to-methanol

oxidation by the pentaaqua iron(IV) oxo species. The energy of the separatedmetal'oxo specie%zfls for which the methane coordination
reactants is the off set for the left-hand-side energy axis. The energy axis mechanism was found to be the most likely mechanism, there
on the right-hand-side serves to indicate the energy changes with respectare a number of differences. In the reactant complexes of
to the separate tetraaqua |ron(IV)_ 0X0 _complex and methane molecule, -8 methane coordinated to bare FeO, Eeénd Fe@', the binding
after creatlng a vacant coordination site. ki . .

of methane isy?- or #3-type, with Fe-C distances as short as
coordinate for the reaction between tetraaqua iron(IV) oxo and 2.32, 2.36, and 2.07 A, respectivéR/The interaction energy
methane, following the methane coordination mechanism. between Clj and Fe@" was found to be extremely high,
Starting from the octahedrally coordinated pentaaqua iron(lv) namely, 70.3 kcal/mol, compared to 22.8 and 5.7 kcal/mol, for
oxo complex, the oxidation reaction is thus preceded by the coordination of methane to the high-spin Fe@nd FeO
opening of a coordination site for the methane. The required molecules, respectively. The interaction energy with the MnO
expulsion of a water ligand is endothermic by 29.2 kcal/mol in ion (which is isoelectronic with Fe®) is only 16.2 kcal/mol3
vacuo. For comparison with the rebound mechanism hereafter,Instead, we find for our water-ligated complexes only a weak
which has the pentaaqua iron(IV) oxo complex as a starting interaction between methane and the iron(IV) complex (5.8 kcal/
species, we will use also here the sum of the energies of themol), with methane bonded to the metal via a single hydrogen,
optimized pentaaqua iron(1V) oxo complex and the optimized the Fe-H bond distance being 2.17 A, and the-Fe distance
methane molecule as the zero of the energy scale (shown orbeing 3.02 A. The relevant geometrical parameters, as well as
the left-hand-side vertical axis in Figure 1). As the solvent- Mulliken charges)and spin populationsare compiled in Table
mediated leaving of the water ligand is believed to be much 2 for the structures shown in Figure 1. The Mulliken charge on
less endothermic in aqueous solution, we have added a secondron of gFe = 1.22 is relatively high compared to, e.g., the
axis on the right-hand-side to show the energy changes with 5-fold-coordinated [P&(OH)4(H,0)]-H,O complex @(Fe =
respect to the separated tetraaqua iron(IV) oxo ion and methaned.859), due to the total-2 charge of our systems, and hardly
reactants. The initial step of the reaction with methane is the changes after forming the reactant complex with methane. Also,
coordination of methane at the vacant coordination site of the the different basis sets used in our work and in that in the
metal center, forming a weekly bound reactant complex. The literature can give rise to differences in the Mulliken charges,
interaction energy is less than 6 kcal/mol. The transformation so these comparisons are to be regarded with reservation. The
of the reactant complex into the product complex of methanol spin-density on iron(IV) osFe= 3.10, on the other hand, agrees
bound to tetraaqua iron(ll) occurs in two steps. In the first step, very well that of other iron(IV) complexes such as the
a hydrogen is abstracted from the weakly bound methane bytetrahydroxo complexsfFe= 3.1 and in MMO models e
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Table 2. Relevant Bond Lengths (in A) and Angles as Well as Mulliken Charges and Spin Populations for the Reaction Intermediates in the
Methane Coordination Mechanism of the Methane-to-Methanol Oxidation by the Tetraaqua Iron(lIV) Oxo Species
free reactants reactant complex transition state 1 intermediate 1 transition state 2 product complex free products
RFeO 1.62 1.61 1.73 1.74 1.79 2.03
ROH 251 1.13 0.98 0.97 0.97 0.97
RFeC 3.02 2.20 2.06 2.46 3.18
ROC 3.62 2.34 2.70 2.18 1.48 1.43
RCH 1.10 1.12 1.30 2.90 2.40 2.02 1.96
OOFeC 98 72 90° 59° 21°
gFe 1.22 1.24 1.43 1.40 1.32 1.25 1.28
qo —-0.16 —0.20 —0.25 —0.21 —0.30 —0.08 —0.09
qc 0.30 0.41 0.19 0.20 0.41 0.29 0.22
aqH 0.08 —-0.11 0.03 0.08 0.08 0.06 0.07
sFe 3.10 3.07 3.68 3.74 3.87 3.82 3.84
sO 0.73 0.72 0.28 0.37 0.26 0.04 0.00
sC 0.00 0.04 —-0.19 —-0.32 —-0.31 0.00 0.00
sH 0.00 0.01 0.05 0.02 0.01 0.00 0.00
= 3.11-3.5%7-29), The rest of the spin-density (the integrated infermediate
spin-density is 4) is mainly located on the oxo ligand. The . e e
geometries of transition state no. 1 (TS1) and the hydroxo Janstion o . Tanstion
intermediate agree qualitatively with the ones found for this \ _ t State no.4 *
first step for the bare [Fe@HCH3]2".22 Quantitatively, the bond P e o U
R ) A Uonge - —1_“ » D
lengths differ on the order of 0.1 A, with notably shorterf@ TR ? )'"1-‘5* . W ¢
bond lengths of 1.614 and 1.675 A for the TS1 and intermediate, ? o -
respectively, in the case of the bare [Fe®@CH;]2" (while in J
the water-ligated complexes we find bond lengths of 1.73 and 20 Transition Fe(lll)OH + (free) CH,
1.74 A) and a larger ©H bond distance of 1.443 A for the Free  Stateno.3 144
transition state (we find 1.13 A). The energetics are again very 10 |Reactants
different. For the bare [Fe@HCHz]2" first step, the barrier is x 4.7) (5.3)(5.2)
only 4.9 kcal/mol (here, 22.8 kcal/mol), whereas the overall A (1.7 (14~ g -
transformation energy equats52.0 kcal/mol (we find—15.5 0} —=-21 ,,/'""""1 3 == 3.0} S{:{'S'“O:
kcal/mol). The [MnC-CHjs]* profile shows only slightly better 0.0) < -0.1 e no:
comparison, with a barrier of 9.4 ard36.1 kcal/mol overall. \
The second step, the formation of the methanol, which we s 10 |
find to be exothermic by 34.1 kcal/mol with a moderate barrier £ Intermediate | Products
of 11.6 kcal/mol, was found to be energetically unfavorable for & gg;cptﬁe’;‘ no.2 f (-20.4)
the bare [FeOHCHg]?" case and was not further discus3eéd. & ! 1-20.9
Also with manganese (i.e., bare [MnOKH;)2"), this step is = !
not exothermic (by 0.2 kcal/mol) and has a very high barrier, < -30 ! {
equal to 35.9 kcal/mdf 1(-35.9)
We conclude that the oxidation of methane to methanol by 40 e = ".‘ /
the tetraaqua iron(lV) oxo species is exothermic in vacuo ": 6
following the methane coordination pathway, with a highest 746.
barrier for the hydroxylation step of 22.8 kcal/mol with respect 50 “j~  Product
to the reactant complex state. If one were to start from pentaaqua / Complex
iron(IV) oxo (as in aqueous solution), the first step is the water W oko O
methane ligand exchange reaction, which in vacuo is endot- -60 (’ -
hermic by 23.4 kcal/mol. The reaction energy profile shows g%l?r‘g"lﬂé\; ° Product
large differences with that of methane oxidation by a bare’FeO P

 Complex
ion, which casts doubt on the use of bare transition metal-oxo Figure 2. Geometries and energy profile (in kcal/mol) of the intermediate

species as models for ligated transition metal oxo moieties suchSte,gS _a'ogg thhe OXYQE”'VeF’O“(”d)meCha”iS,m Ofr:he metha?eﬁto'metha”%'

. . . oxidation by the pentaaqua iron IV) oxo species. The energy of the separate

as occur in enzymes an.d generglly n SplUtIOh. reactants is set to zero. The free energies are indicated by the dotted levels
B. Rebound Mechanism.In this section, we present the  and the numbers between parenthesis.

results for the methane-to-methanol oxidation by the water-

ligated iron(lV) oxo species, following the oxygen-rebound computed the zero-point energy corrections, the temperature-
mechanism. This mechanism also consists of two steps: first,dependent enthalpy corrections for a temperaturé f 300
the hydrogen abstraction from methane by the iron(IV) oxo K, and the entropy termTAS (see Table 3), the sum of which

species, producing iron(lll) hydroxo and*@Hjz radical, and is added to the internal energy to give the free energy, indicated
second, the collapse of th&€H; radical onto the iron(lll)

in Figure 2 between parentheses.
hydroxo oxygen, forming Fe(ll)C¥OH. Figure 2 shows the

The interaction between the methane substrate and the iron-
energy profile for these reaction steps along with the intermedi- (IV) oxo complex is again very weak in the reactant complex,

ate complex structures. For this mechanism, we have alsoequal to—2 kcal/mol. The first reaction step, the transfer of a
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Table 3. DFT Energies (kcal/mol) for the Intermediates in the Oxygen-Rebound Mechanism of the Methane-to-Methanol Oxidation by the
Pentaaqua Iron(lV) Oxo Species (Proposed Active Species in Fenton’s Reagent), Compared to Biochemical Methane Oxidations by MMO

and P4502

reactant complex transition state 3 intermediate 2 free radical transition state 4 product complex free products
Fentor® -2.1 1.3 -0.1 14.4 3.0 —46.6 —20.9
MMO¢ 2.3 13.8 2.8 7.6 —47.7
MMOd —-15 23.2 11.3 23.7 20.6 —41.8 —34.3
P45@ -1.0 26.7 23.6 29.1 —36.9
AZPEP —-0.8 —-4.9 -3.3 -3.9 —-3.5 1.8 0.1
AER™® 0.4 4.4 -1.7 -1.8 -2.1 4.2 -1.3
—TASP 7.2 9.7 6.6 —-34 7.8 4.6 1.7

aBottom three rows show the zero-point energy correction, temperature-dependent corrections, and the entrb@utenrark. ¢ P. E. M. Siegbahn,
DFT-B3LYP + PCM, MMO compound Q model: (HCO@Y(C3N2H4)Fe(u-O)x(172-HCOO)Fe(GN2H4)(HCOO)(H0), ref 27.9 Basch et al., DFT-B3LYP,
MMO compound Q modelcis-(H20)(NHz)Feu-O)x(17>-HCOO)Fe(NHy)(H20), ref 29.¢ Ogliaro et al., DFT-B3LYP, high-spin P450 compound | model:

FeO(GoN4H12)(HS), ref 35.

Table 4. Relevant Bond Lengths (in A) and Angles as Well as Mulliken Charges and Spin Populations for the Reaction Intermediates in the
Oxygen-Rebound Mechanism of the Methane-to-Methanol Oxidation by the Pentaaqua Iron(lIV) Oxo Species

free reactants reactant complex transition state 3 intermediate 2 free radical transition state 4 product complex free products
RFeO 1.61 1.63 1.72 1.77 1.77 1.79 2.09
ROC 2.91 2.55 2.78 2.50 1.47
ROH 1.76 1.20 1.03 0.98 1.01 0.97 1.43
RCH 1.10 1.15 1.34 1.76 1.70 1.99 0.97
OHOC r 0° 1° 30° 108 108
JFeOH 179 176 155 17 151 12¢¢
gFe 1.35 1.36 1.46 1.43 1.49 1.43 1.30 1.33
qo —-0.20 —0.30 —0.48 —0.36 —-0.25 —-0.37 —0.08 —0.09
qC 0.30 0.34 0.34 0.30 0.00 0.33 0.30 0.22
qCHs 0.08 0.13 0.32 0.32 0.00 0.34 0.21 0.02
qH —0.08 -0.11 0.04 —0.03 0.07 —0.02 0.05 0.07
sFe 3.14 3.40 3.97 4.11 4.20 4.08 3.83 3.85
sO 0.69 0.59 0.38 0.40 0.52 0.35 0.04 0.00
sC 0.00 -0.10 —0.50 —-0.75 1.08 —0.65 0.00 0.00
sH 0.00 —0.04 —0.03 —0.01 0.03 —-0.01 0.00 0.00

CH, hydrogen from methane to the oxo ligand, forming an Fe-
(MOH complex with a boundCHjs radical (intermediate no.

2 in Figure 2), is surprisingly easy. The reaction energy with
respect to the reactant complexti&.0 kcal/mol, and the barrier
is only 3.4 kcal/mol (1.3 kcal/mol with respect to the free
reactants). In contrast to H-abstraction from an isolated CH
molecule, which costs 103 kcal/mol (calculated at the DFT-
BP+ZPE level of theory), the energy surface is thus very flat,
which is due to the simultaneous formation of the OH bond
with the breaking of the CH bond. When we go to free methyl
radical and (HO)sFe ""OH, the net energy cost is only 14.4
kcal/mol with respect to the free reactants (16.5 kcal/mol with

For the second step in the oxygen-rebound mechanism, we
find the formation of methanol bound to pentaaqua iron(ll) to
be very exothermic (46.6 kcal/mol), with again a very small
barrier, equal to 3.1 kcal/mol. We did not succeed in finding
this second transition state from geometry optimization along
the unstable mode of the Hessian, due to convergence problems
(which is a notorious problem of radicals bound weakly to
transition metal complexes; e.g., see ref 27). However, from
the potential energy surface (PES) shown in Figure 3, we could
determine the transition-state structure to be the one shown in
Figure 2. This two-dimensional potential energy surface was
computed from a geometry optimization for each point (indi-

respect to the reactant complex). The 2.0 kcal/mol reaction cated by the crosses) constraining only the@bond distance

energy needed to go from the reactant complex Fe(1VHIH;

to the intermediate no. 2 Fe(lll)OHCHg is still considerably
smaller. The difference of 16-2.0 = 14.5 kcal/mol is the
energy of the bond between the €Hadical and the Fe(lll)-
OH complex, which is a three-center, two-electron bond,

and the H-O—C angle. The contour plot shows the PES in the
plane through the O and H atoms of the hydroxo group and the
C atom of methyl, with the oxygen situated at the origin (0,0),
the g1 axis (g2= 0) aligned through the ©H bond and the
g2-axis thus perpendicular to the-® bond. The energy of

typically considerably stronger than a hydrogen bond but much the Fé'—OH:---CH; complex (i.e., intermediate no. 2), which

weaker than a regular covalent bond. Also the éharge on

is a local minimum on the energy surface, was set to zero in

the complex has considerable effect, leading to an electrostaticFigure 3. The potential energy surface shows that the intrinsic
component to the bond and to increased orbital interaction, cf. reaction coordinate is predominantly the-B—C angle, i.e.,

the substantial absolute increase of the chag§2sndgCHs
as the distanc&(O—H) decreases anB(C—H) increases in
Table 4, indicating the charge transfer from £td the iron
complex; the charge on GHbecomes zero for the free radical
formation. In the intermediate no. 2, the s@n= 1/2 of the
methyl radical couples antiferromagnetically to the= 5/2 of
the [(H,O)sF€YOH]?" complex to the same overdl= 2 we
consistently have throughout these reactions.
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the bound methyl radical can rotate around the hydroxo
hydrogen to bind with the oxygen. The energy along the intrinsic
reaction coordinate is very flat up to ant®—C angle of about

60°, with a small maximum at an HO—C angle of 30
(transition state no. 4), but then enters a very steep well
associated with the irreversible formation of methanol. From
the zero-Kelvin energy surface, this second step seems thus
much more likely than dissociation of the Fe(lll)OHCH;
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was performed using the hybrid B3LYP functional, which is
known to sometimes give better transition-state energies in cases
where these barriers are underestimated by GGA functionals;
for example, see ref 50. However, a comparison of these two
functionals for the hydroxylation of Hby a bare iron oxo
species showed that there is good agreement on the reaction
barriers among the B3LYP and BP86 functionals, although the
overall reaction exothermicity was found to be 10 kcal/mol
smaller by the BP86 functional compared to the B3LYP
functional!® Since discrepancies between the functionals are
typically amplified in such small bare atom reactions, we expect
much smaller discrepancies between energetics calculated with
B3LYP and BP86 for the present complexes.
The O-H and C-H distances in transition state no. 3 (i.e.,

the one for the hydrogen abstraction step) (see Table 4) are very

£ similar to those found for the biochemical analogues. For MMO,
14 Siegbahn foundRon = 1.24 A andRcy = 1.30 A, and Basch
' ' ! ! et al. foundRoy = 1.21 A andRey = 1.33 A, which compares
well with the values in our transition statBdy = 1.20 A and

g2 / Angstrom Ren = 1.34 A). For the P450 transition state, Ogliaro et al. found

Figure 3. Contour diagram of the potential energy surface of the bound Ron = 1.09 A andRcy = 1.50 A, which lies relatively closer
*CHs radical in the neighborhood of the hydroxo ligand, which were both to the Fd! —OH---CHs intermediate state. To summarize, we
D e o o e et sty thl, apart rom the higher barrer for hydroxylation nthe
was obtained from a geometry optimization of the complex, constraining MMO case, the rebound mechanism for methane-to-methanol
only the G-O distance and the HO—C angle. Oxygen is located at the  oxidation by the pentaaqua iron(lIV) oxo species is quite similar
point (0,0),'ar_1d the R1 a_xis is ch(_)sen_to lie on _theI-(Dbor_u_j, as indicated. to the mechanism for the methane oxidation by MMO,
The R2 axis is perpendicular to it. WitlCHs initially positioned close to . . . .
(0,3), it can follow a bent channel with a small barrier of 3.1 kcal/mol calculated by S'?gbahn' The hydra_ted ferryl ion in vacuo is
toward the steep well at (1:40.5), forming methanol bound to iron(ll). ~ found to be a highly reactive species, very well capable of

. ) . . hydroxylation and oxidation reactions with an organic substrate.
bond, i.e., formation of the free methyl radical. However, if we

include zero-point energy effects, temperature corrections, and
entropy effects, we see that the free energy barriers are similar
namely, 5.2 and 5.3 kcal/mol, respectively (see the numbers
between parentheses in the panel for TS no. 4 and free Fe(lll)- A. Car—Parrinello Molecular Dynamics Calculation of the
OH + CHjs in Figure 2). Free Energy Barrier. The environment of a reacting system
This rebound mechanism has also been theoretically predictedcan have a strong influence on the thermodynamics of the
to be the reaction mechanism for the methane-to-methanolreaction. This is why larger and larger parts of the bulky
oxidation by the enzymes P450 and MMO (as aforementioned biological enzymes are taken into account in theoretical studies
in the Introduction). In these complexes, anViee species is of the catalytically active centers of the enzymes, although
ligated by either a porphyrin ring via four nitrogens (P450) or solvent effects are usually still neglected. In this second part of
octahedrally by none-heme ligands via connecting oxygens the paper, we will examine the solvent effects on the energetics
(MMO), which makes especially the latter interesting to compare of the hydroxylation of methane by the ferryl ion in aqueous
our results with. Literature values for the energetics are compiled solution. An advantage of the methane oxidation by the ferryl
along with our results in Table 3. We see that also in these ion is that the system is small enough to afford the inclusion of
biological complexes the methane is initially very weakly bound the traditional water solvent environment of the Fenton reaction
in the reactant complex and that the overall formation of the in a Car-Parrinello molecular dynamics simulation. A disad-
product complex is very exothermic. The reaction barriers vantage of methane is of course that it is not water soluble. We
between, however, are significantly higher for the oxidation by will return to this point in the discussion.
the enzymes than by our water-ligated iron oxo species. For We have performed constrained molecular dynamics simula-
methane oxidation by P450, Ogliaro et al. found barriers of 26.7 tions to compute the free energy barrier, using the method of
kcal/mol for the hydroxylation and 29.1 kcal/mol for the rebound thermodynamic integration (e.g., see ref 51). Since in vacuo
step, although the latter barrier vanishes if the system is allowedthe reaction barrier for the methane hydroxylation was found
to cross to the low-spin surfaéeCytochrome P450 is known  to be much higher in the methane coordination mechanism (22.8
to be incapable of oxidizing methane, in contrast to MMO. Still, kcal/mol with respect to the reactant complex plus an additional
Basch et al. found a barrier for H-abstraction by MMO that is 23.4 kcal/mol to create a vacant coordination site) than in the
almost as high as the one for P450, equal to 23.2 kcalfhol. oxygen-rebound mechanism (3.5 kcal/mol), we have concen-
Siegbahn found a much lower barrier with MMO, namely, 13.8 trated on the latter route in agueous solution. The methane
kcal/mol, which is still 11 kcal/mol higher than the barrier we coordination mechanism in vacuo suffers, apart from the barrier
find for the oxidation with aqua iron ox&.Friesner et al. found  with respect to the reactant complex, also from an additional
the barrier to be 16 kcal/mol, a value between the results of endothermicity of 23.4 kcal/mol from the first step ob®f
Siegbahn and Basch et®&IThe cited work on P450 and MMO  CH, ligand exchange. One could argue that this ligand exchange

g1/ Angstrom

IV. Solvent Effects on H-Abstraction from Methane by
'Iron(IV) Oxo in Water
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Figure 4. Force of constraint (gray line) and a running average (black 0= 1 0
line) during a constrained AIMD simulation of [g)sFeYO(CHy)]2 in
aqueous solution. Constraining the-#@ bond length to 3.0 A results in a . . .
repulsive force of 0.008 a.u. Moving the constraint to 2.5 At(at 4.25 -10 0 0.2 04 0.6 0.8 1 -0.1
ps) increases the average to 0.022 au. ’ ’ 3 ’ ’

reaction energy would be much less endothermic in agueousFigure 5. Helmholtz free energy profildA (solid thin line) for methane
solution, due to the hydrophobic repulsion between the methanehydfOIXBSaUOn bB; the fef;y' ion in aq(u?ors SO“&“S”- hObéal'_”ed f_fohmhthed
. T . sampled mean forces of constraint (circles an ashed line; right-hand-
substrate and the solvent in contrast to the hydrophilic mtgrapnon side axis) of nine constrained AIMD runs. The discrepancy between the
between the water molecule and the solvent. In principle, reaction energies of the hydroxylation in vacuo for the all-electron ADF

computation of the ligand exchange reaction free energy in calculation (crosses) and the approximate PAW calculation (squares) results

aqueous solution is possible, although cumbersome and a{;‘oafi‘r’]ge(‘éﬁotr;;SAAaqPAW the corrected\Aqq being given by the solid

complicated reaction coordinate would be required. Instead,
using a simple bond constraint, the interaction between the CH,. For our nine MD simulations, we chooge= (0.30, 0.35,
methane molecule and the iron site can be computed andp.40, 0.45, 0.50, 0.54, 0.60, 0.65, 0.70). Each simulation started
compared to the-6 kcal/mol attraction at an FeC distance of by bringing the constrained reaction coordinate the desired
Rrec = 3.0 A in vacuo. We therefore performed a short value during a short MD run, after which an equilibration MD
constrained molecular dynamics simulation of this system (e.g., run followed by at least 2.5 ps to adapt the system to the new
see the reactant complex structure in Figure 1) in water, with constraint value until there was no longer any drift in the
the Fe-C bond distance constrained to 3.0 A. The resulting fluctuating force of constraint. We then sampled the force of
average force of constraint is repulsive by 0.008 au, and constrainte, during a 2 ps MDsimulation. To correci for
similarly, an average force of constraint equal to 0.022 au is the bias introduced by imposing the constraint, which limits
found for an Fe-C bond distance fixed at 2.5 A (see Figure 4). the sampling to a constrained NVT ensemble, instead of the
The CH, molecule is thus repelled from the iron coordination desired true NVT ensemble, the true force of constrait)

site in aqueous solution, so we have concluded that the methaneyas calculated using

coordination mechanism does not offer a viable route in aqueous

solution. i 1 e 1
Proceeding with the oxygen-rebound mechanism, we per- VYA +5kBT £ —Vi&-ViZ
formed nine subsequent constrained molecular dynamics simu- F(E) = =M £
lations at different points along the reaction coordinate of the [271/2@
reaction
1[0&\2
[(H,0)Fe¥O1*" 4+ CH, — [(H,O)F€"OH]*" + 'CH, (6) z=3% 5(5) (8)
I [

in water. The cubic supercell with an edge of 10.13 A and . )

subject to periodic boundary conditions contained one iron(lv) WhereT is the temperaturés is Boltzmann's constaniy and

oxo molecule, one CHmolecule, and a total number of 34®1 ri are the mass and the position of atgrand?; is the sampled
molecules. The total 2 charge was balanced by a uniformly ~Lagrange multiplier associated with the holonomic constraint
distributed counter charge. A Noshermostat maintained a & — &'(r) = 0.2 _ . .
temperature of = 300 K. The constrained reaction coordinate, ~ The results, the forces of constraint for nine points along the
&, was chosen to be a function of the-® bond distanceRon, reaction coordinate, are shown in Figure 5, indicated by the
the C-O bond distanceico, and the angle between these bonds, OPen circles (and the right-hand-side axis) and fitted with a

Ohoc: guadratic spline (dashed line). Due to the limited size of the
supercell, the reaction coordinate valu€at 0.3 is practically
. Ron €0sUyoc the largest possible separation of the reactants in the box. The
£=1- Reo @) average distance between the oxo ligand and the methane carbon
equalsRco = 3.44 A at this constraint value (see Figure 6, for
The second term is the ratio of the projection of thekbond the relevant average interatomic distand®s,, Ron, Ren, and

distance onto the €0 axis and the €0 bond distance, which  Reeo @s a function of the reaction coordinafe The average
equalst = 0.5 when the hydrogen is in the middle of the oxo distance between the methane carbon and its hydrogen (that is
ligand and the carbon. For infinitely separated react@mses to be transferred to the oxo ligand) Rep = 1.114 A at§ =

to 0, and for infinitely separated productsgoes to 1. Note 0.3, which is almost equal to the other three averagé&i®ond
that& > 1 for Opoc = 90°, for instance when forming methanol,  distances (1.107 A). The interaction between the reactaidts at
and secondS < 0 if Roy > Rco, for instance in freely rotating = 0.3 is indeed very small, but not completely zero, as seen
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number, results in a free energy barrier of 1.1 kcal/mol in vacuo,
making the difference in energetics even larger (the zero-point
energy is not included in the computed Helmholtz free energy
of the reaction in solution and is therefore also omitted in this
number for the reaction in vacuo). The large difference between
the free energy profile in aqueous solution and the reaction
energy in vacuo is notable, but it is well-known that for a
charged system large effects may occur. Moving further to the
product side AAyq slowly decreases again by 3.3 kcal/mol, to
18.5 kcal/mol with respect to the reactant staté at 0.3.

B. Analysis of Solvent Effects.Although the method of
constrained molecular dynamics is in principle an exact method
to compute free energy differences for a system in solu-
tion 5152statistical errors are introduced due to the limited length
of the trajectories. In a previous work, we estimated this error
for the free energy barrier of they3 reaction between Cland
CHsCl to be 3 kcal/moP® However, we found the & reaction
in water to be a worst case scenario because during the course

3 of the reaction, as the charge moves from the attackingtl
Figure 6. Most relevant bond distances as a function of the reaction the leaving Cft, the attacking Cli loses four water molecules

coordinatef. The bond distances in vacuo and the (average) distances in from its coordination shell, while at the same time the leaving
solution are very similar, except for=R, In vacuo, the Fe O distance for CI- builds ub a coordination shell. This slow process requires
[(H20)sFeVOJ2* (£ = 1) is reached rapidly, as indicated by the horizontal p : p q

dotted line, and similarly the FeO distance for [(HO)sFe" OHJ?* (£ = extremely long simulation times, which led in this case to a
0) at the other end. In aqueous solution, the averagedFeond length is  free energy barrier that was 3 kcal/mol too high. 3 kcal/mol
always significantly larger. should thus be regarded as an upper limit for the error.

from the small value for the mean force of constraint at The reaction free energy barrier for hydrogen abstraction from
0.3 in Figure 5. Moving along the reaction coordinate to larger Methane by the ferryl ion is 20 kcal/mol higher in aqueous
E results initially in an increasing repulsive force, which comes Solution than it is in vacuo. One of our concerns was that the
to a maximum a€ = 0.477 and then decreases again to cross difference could be attributed to an erroneous electronic spin
the zero mean force of constraint &t= 0.580, which marks ~ State of the product iron(li)hydroxo complex in aqueous
the transition state. Initially, the reactants are just pulled toward Solution. That is, with the excess number of up-spin electrons
each other, as shown by the rapid decrease in the averages Ofpge.d to fourwnh. respect to the pumber of down-spin electrons,
Rco andRoy (see Figure 6). But beyongl = 0.4, alsoRcy is giving a tqtal spin ofS= 2 the !ron(lll)hydrqxo complex can
seen to increase rapidly, indicating the transfer of the hydrogen €ither be in theS = 5/2 high-spin state, antiferromagnetically
from methane to the oxo ligand. The average distance betweercoupled to thes = —1/2*CHj radical, or in theS = 3/2 low-

the oxo ligand and the methane carbBgo, has its minimum ~ SPin state coupled to a parallél = 1/2 *CHs radical. For

»x—x PAW, aqueous solution
[ 8 PAW, in vacuo
O---0 ADF, in vacuo

R/A
I”OH]2+

[(H,0)sFe' 01"
[(H20)5Fe

T
S

0.2

at the transition-state position §f= 0.580. example, regarding the [(@)sFe(lll)OH:*CH3]*" complex in
The Helmholtz free energy profile is obtained by integrating Vacuo, we found an energy difference of 11.5 kcal/mol between
the mean force of constraint with respectgto this complex with iron(lll) in theS = 5/2 high-spin ground

state and that with iron(lll) in the energetically higtgs 3/2

spin state (in both cases, the electron spin°©H3 coupled
antiparallel to that on the iron complex). To verify the spin-
state on iron(lll) in solution, we computed the electron spin
density (i.e., the difference between the up-spin and down-spin
total electron densities) of snapshots from the constrained MD
simulations of the product state. Figure 7 shows the spin density

for the hydrogen abstraction from methane by the ferryl ion in (iSosurfaces of 0.02 €) of a molecular configuration at a
water, after correcting for the discrepancy between results for constrglned re.actllon coordinate valuefof ,0'7' As e.xpec.ted,
the reaction energy of the hydrated complexes in vacuo obtainedthe spin density is located on th€Hs radical, the iron 1on,
with the accurate all-electron ADF computation and with the and 0 @ lesser extent, the water and hydroxo ligands. The
approximate PAW approach, as explained in the Method negatlve_(blue) density cr_ﬁ:Hs and the positive (yel_low) densny_
Section. We have also plotted these reaction energies of the®” the iron complex indeed shows the antiferromagnetic
hydrated complexes in vacuo in Figure 5 for comparison, using coupling between the products, V\{h'Ch gonflrms that the iron
dotted lines and squares (label®B,,c App) and crosses (labeled complex has the expectei= 5/2 high-spin state.

AEyacpaw). The reaction free energy barrier of 21.8 kcal/mol Having established that the increased reaction barrier in
(with respect to the reactant complexéat 0.3) is much higher solution is not due to a change in the electronic spin state, the
than the zero-Kelvin energy barrier found for the H-abstraction Solvent environment apparently has a strong effect on the
in vacuo of 3.4 kcal/mol. Inclusion of the temperature-dependent
internal energy,AEﬁg‘x = —48 kcanOL and the entropy (51) Frenkel, D.; Smit, BUnderstanding Molecular Simulatipscademic: San

. . " Diego, CA, 1996.
contribution,—TAS = 2.5 kcal/mol (see Table 3), to this latter  (52) den Otter, W. K.; Briels, W. 1. Chem. Phys1998 109, 4139.

AE) = [F&dé+C 9)

The result is shown by the thin solid line in Figure 5 (connected
to the left-hand-side axis). We chodSeuch that the free energy
equals zero for our point with the lowesvalue,§ = 0.3. The
bold solid line shows the modified free energy profiel\,
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Figure 8. Solvation of the reacting species during the hydroxylation in
Figure 7. Electron spin density and balbtick representation of a water measured by the coordination numbers of the oxo/hydroxo ligand
constrained molecular dynamics snapshot of the unit cell containing the 0xygen (upper graph) and of the methane/methyl-radical carbon and
*CHj radical and iron(l1l)hydroxo complex products in aqueous solution at hydrogens (lower graph). Circles, squares, and solid lines show the average
a reaction coordinate valug= 0.7. The spin density, mainly localized on ~ number of solvent hydrogens with a certain radius around the atom, and
the products, is negative (blue) 6@Hz and positive (yellow) on the iron- crosses and dashed lines show the number of oxygens with a certain radius
(1) complex, confirming the antiferromagnetic coupling between'@ids; around the atom.

S = 1/2 spin state with the iron(llI5 = 5/2 spin state. . .
P (s P carbon,Rco (Figure 6), decreases. However, the oxo coordina-

energetics of the abstraction reaction, which is not completely tion is not so small aE = 0.55 and 0.60 even thoudRo is
unexpected for a charged reaction complex. The hydration of still small. Most likely, the increased charge transfer (polariza-
the iron complex and the methyl by the surrounding dipolar tion) in the transition-state complex relative to the reactant
water molecules plays an important role, as the charge distribu-complex that we observed for the hydrated complexes in vacuo
tion over the reactants changes along the reaction coordinate(see Table 4) also takes place during the hydrogen transfer in
leading to changes in the solvation energy. We are not able tosolution. As a result, the oxygen becomes more negative in the
guantitatively calculate the solvation energy with its long-range transition-state configuration (§t= 0.58 in aqueous solution)
(dielectric response) contribution; however, we can analyze theand therefore more attractive for H-bond-donating solvent
changes in the short-range solvent structure during the reactionmolecules, hence the increased coordination numhgrad.55
which will make the largest contribution to the change in and 0.60, compared t#® = 0.50.
solvation energy. Since the charge on the complex remains the The coordination number of the carbon (and methyl hydro-
same, the long-range contribution is expected to change little. gens) initially increases, as the methane molecule becomes
We have therefore expressed the hydration of the oxo atom andpolarized when one €H becomes slightly elongated (lower
the carbon and its (three) hydrogens in solvent coordination graph in Figure 8). But again cn drops when the distance
numbersgcn, by integrating the radial distribution functions of between methane and the oxo ligaRdo, decreases, and part
these atoms with respect to the solvent hydrogens and solvenbf the solvation shell of methane has to make space for the oxo
oxygens up to certain radii. For the oxo/hydroxo ligand oxygen, ligand to enter. Also here, the minimum in cn is again followed
the radial distributionggons(r) andgoodr), showed clear peaks by a significant increase, which must be due to the increased
due to the hydration by, on average, one water molecule, and(now positive) charge on Ciwhich we also noticed in vacuo
the upper integration limit was therefore chosen at the minimum (Table 4).
after the peaks atons = 2.25 A andrpps = 3.00 A. For the Although we have discussed in detail the effects of H-bonding
methane/methyl carbon and hydrogens, the hydrophobic sol-changes of oxo and methyl, this does not establish conclusively
vation does not result in sharp peaks in the radial distribution the origin of the increase of the barrier. We cannot exclude other
functions, so that here the integration limits were chosen possible effects: changes in coordination of first and second
judiciously to bercys = 3.0 A rcos= 3.5 A, rimus = 2.5 A, coordination shell waters and dielectric response effects. What
and rymos = 3.0 A (the subscript s meaning solvent and m conclusions can we draw from these studies of the effect of
meaning methyl). Figure 8 shows these solvent coordination water solvent for the viability of the ferryl ion as a reaction
numbers for the oxo/hydroxo ligand (upper graph) and the intermediate in oxidation reactions by Fenton’s reagent? The
methane/methyl substrate (lower graph). reaction free energy barrier of more than 20 kcal/mol for the
The hydration of the hydrogen abstracting oxygen shows a rate-determining step (i.e., the H-abstraction) in the oxidation
clear picture: at the reactant side, the oxo ligand is coordinated of methane in aqueous solution, is on the high side. However,
by on average one water molecule, and at the product side, theas explained in the Introduction, the reaction barrier for methane
hydroxo ligand also accepts on average one (1.2) hydrogen bonchydroxylation serves as an upper limit. The-B bond energy
from a solvent molecule. In between, the hydration decreasesin a more typical organic substrate such as tartaric acid (as was
to a minimum of about 0.4 hydrogen bonded solvent molecule used by H. J. H. Fenton hims&f is on the order of 10 kcal/
at& = 0.5. This decrease is partly explained by the approaching mol less than that in methane. The remaining 10 kcal/mol for
methane, which disrupts the solvent structure around the oxo-the barrier of the hydroxylation is not high at all, so this result
ligand as the distance between the oxygen and the methanen combination with our previous work on the ferryl ion
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formation from Fenton’s reagent leads us to conclude that the barrierless in vacuo and also proceeds in two steps. First, a
ferryl ion is indeed a likely candidate for the active species in hydrogen is abstracted from methane by the oxo ligand, forming
Fenton chemistry. A definitive answer will have to come from an [Fe'!'OH--+*CH3]?" complex. Then, the bourt€Hjs radical
simulations in water solution using a water-soluble typical can transfer via a narrow channel to the hydroxo oxygen, again
organic substrate for the Fenton oxidation. In addition, we note forming methanol. Overall, this mechanism shows strong
that it may be interesting to consider other solvents, notably similarities with methane oxidation by the enzyme methane
ones that can be expected to have smaller screening effectsmonooxygenase and, to a lesser extent, with oxidation by
Such solvents can be expected to lower the barrier for the cytochrome P450, although the calculated barriers in the cases
H-abstraction considerably compared to water, to the point that of these biocatalysts are significantly higher.
even methane oxidation might become feasible. Solvent effects are important when dealing with charged
reactants. We have therefore studied the solvent effects on the
initial methane hydroxylation step in the oxygen-rebound

We have performed static DFT calculations and ab initio mechanism in aqueous solution. The free energy barrier of the
(DFT) molecular dynamics simulations to study the ability of H-abstraction from methane in aqueous solution is estimated
the ferryl ion [F&/O]?* to oxidize organic substrates in aqueous to be 22 kcal/mol, using the method of constrained molecular
solution. In the first part of this work, we have shown with dynamics. The reaction barrier and the overall endothermicity
static DFT calculations that the hydrated ferryl ion()s- of this first step are thus significantly higher in solution than
FeVOJ?* is indeed very reactive and can oxidize methane to they are in vacuo, which is related to the decreased hydration
methanol in vacuo. We have tested and compared two reactionof the reacting oxo/hydroxo ligand in the transition state and
mechanisms that have been proposed for the methane-tothe higher energy of solvation for the iron(IV) oxo ion compared
methanol oxidation by the bare ferryl ion on one hand and by to the iron(lll) hydroxo ion. These findings cannot be general-
the ferryl ions that form the active cores of certain biological ized immediately to more typical organic substrates in the Fenton
enzymes on the other. In the second part of this work, we have oxidation, which are water-soluble and typically have weaker
studied the role of the reactants' environment by taking into C—H bonds (ca. 10 kcal/mol). The barrier might therefore be
account the full aqueous solvent environment in the ab initio ca. 10 kcal/mol lower, which would make the oxidation with
molecular dynamics approach. the ferryl ion as an active intermediate a perfectly viable route.

Via the so-called methane coordination mechanism, with one Actual simulations with larger organic substrates, to quantify
water ligand replaced by methane, the weakly interacting the solvent effects, will have to provide definitive verification.
reaction complex first forms a iron(IVWhydroxo-methyl com- In combination with our previous work on Fenton’s reagent
plex by hydrogen transfer from the methane to the oxo ligand. (a mixture of iron(ll) ions and hydrogen peroxide in water),
Then, methanol is formed in a second exothermic step by which showed the spontaneous formation of the much contested
transfer of the Chigroup from the metal to the hydroxo oxygen. ferryl ion, this work supports the mechanism proposed by Bray
The first step is the rate-limiting step with a barrier of 22.8 and Gorin for the oxidation of organic substrates by Fenton’s
kcal/mol. The energetics for the methane coordination mecha-reagent, with the ferryl ion as the active species.
nism in our water-ligated iron complex are quite different from
those of the methane oxidation by bare metal oxo species, for
which this mechanism was found to be the most likely one.
The water-methane ligand exchange reaction preceding the
actual H-abstraction is endothermic by 23.4 kcal/mol.

Via the alternative mechanism, the so-called oxygen-rebound
mechanism, the methane-to-methanol oxidation, is practically JA038865A

V. Conclusion
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