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Abstract: This study uses density functional theory (DFT) calculations to explore the reactivity of the putative
high-valent iron—oxo reagent of the iron-substituted polyoxometalate (POM—FeO*"), derived from the Keggin
species, PW12040°". It is shown that POM—FeO*" is in principle capable of C—H hydroxylation and C=C
epoxidation and that it should be a powerful oxidant, even more so than the Compound | species of
cytochrome P450. The calculations indicate that in a solvent, the barriers, and especially those for
epoxidation, become sufficiently small that one may expect an extremely fast reaction. An experimental
investigation (by R.N .and A.M.K.) shows, however, that the formation of POM—FeO*" using the oxygen
donor, FsPhl—0, leads to a persistent adduct, POM—FeO—I—PhFs*~, which does not decompose to POM—
FeO* + FsPh—I at the working temperature and exhibits sluggish reactivity, in accord with previous
experimental results (Hill, C. L.; Brown, R. B., Jr. J. Am. Chem. Soc. 1986, 108, 536 and Mansuy, D.;
Bartoli, J.-F.; Battioni, P.; Lyon, D. K.; Finke, R. G. J. Am. Chem. Soc. 1991, 113, 7222). Subsequent
calculations indeed reveal that the gas-phase binding energy of FsPhl to POM—FeO*~ is high (ca. 20 kcal/
mol) compared to the corresponding binding energy of propene (ca. 2—3 kcal/mol). As such, the POM—
FeO—I—PhFs* complex is expected to be persistent toward the displacement of FsPhl by a substrate like
propene, leading thereby to sluggish oxidative reactivity. According to theory, overcoming this technical
difficulty may turn out to be very rewarding. The question is, can POM—FeO*~ be made?

Introduction Scheme 1

Polyoxometalates (POMs) constitute a diverse class of a

inorganic oxe-metal clusters with defined structures based on
octahedra of tungstic and/or molybdic oxides, e.qg., tha W~

Keggin type species in Scheme 1a, which possesses a centre
phosphate moiety that coordinates the edge-sharings WO _
octahedra into a single clustefhe stability of these compounds ¢
to strongly oxidizing conditions has made POMs extremely
attractive as oxidation catalysts and for activation of environ-
mentally benign oxidants.

An important subgroup of polyoxometalate compounds are
those so-called transition metal (TM)-substituted polyoxometa-
lates (POM-TM) wherg_ transition metals are inserted into a aThe PWOs6* species. The central atom in blue is phosphorus, the
lacunary or defect position of the polyoxometalate. It has been jarger circles in yellow are tungstens, and the small red circles are oxygens.
suggested that such compounds may be viewed as transitiorPA schematic representation of a [RMJsg] TM=O0 species made from the
metal complexes with an inorganic polyoxometalate ligand that PWi20s®" species.

acts as a potential multielectron acceptoAn especially

; The Hebrew University. intriguing aspect of POMTMs has been the activation of these

+Weizmann Institute of Science.

(1) (a) Pope, M. Tlsopoly and Heteropoly AnionSpringer: Berlin, 1983. complexes with oxygen donors, which thereby elicit catalytic
(b) Pope, M. T.; Mlier, A., Eds.,Polyoxometalate ChemistrKluwer i _ i H _
Avademic: Dordrecht, The Netherlands, 2001 agtlvny to'wa.rtli double-bond epOX|dat|on apd—EI hydroxyl

(2) (a) Kozhevnikov, |. VCatalysis by Polyoxometalated/iley: Chichester, ation. A significant number of such applications have appeared
England, 2002. (b) Hill, C. L.; Prosser-McCartha, C. ®oord. Chem. ; ; ; i ; ; ;

Rev, 1995 143 407. (c) Mizuno. N.. Misono, MChem. Re. 1998 98, in the literature, |nclu_d|n_g reverS|_bIe dioxygen complexation to
199. (d) Neumann, RProg. Inorg. Chem199§ 47, 317. a POM-Mn(ll),® activation of dioxygen by a POMRu(Il)
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complex? activation of monooxygen donors such as iodoso-
benzené, nitrous oxide? and other$ by various POM-TMs.

It has been generally assumed that the activation of these

POM—TM complexes by oxygen atom donors such as iodoso-
benzene leads to the high-valent POWMM=O0 species, e.g.,

in Scheme 1B,analogous to the Compound | species of heme
enzymes;®and to synthetic Compound I-like cataly$?shus,

it was reported that POMMN(II) catalyzes oxygen transfer

reactions from iodosobenzene to alkenes and alkanes in a

manner (activity, selectivity) similar to what has been observed
for analogous metalloporphyrif®y contrast, the corresponding
POM—Fe(lll) was reported to be a very sluggish catalyst,
leading to meager oxygen transfer activity to organic substpates.
This latter result is intriguing in view of the high reactivity of
iron—oxo porphyrin specié$-1%aas well as of nonheme iren
oxo catalystd%-d |s this sluggishness of the POMFe(lll)
complex rooted in the lack of reactivity of the corresponding
iron—oxo complex, POM-Fe=0? This is the central question
dealt with in the present contribution by theoretical and
experimental means.

In a recent communicatiot,we presented density functional
theory (DFT) results for the POMFe=0*" and the oxidized
form, POM—Fe=03". The electronic structure of these com-
plexes revealed the apparent similarity, albeit with some

Scheme 2. Theoretically Studied Epoxidation and Hydroxylation
Processes of Propene by POM—Fe=0%"

] | epoxidation H;C
o o L "\ — “CH—CH,
- 7
5 “ O
[POM-Fe=O[*
CH. I —CH
CH,=CH hydroxylation CH, ~CH,-OH

studied previously using Compound | of P43Experimentally,
the formation of POM-Fe=O*" was studied (by R.N. and
A.M.K.) by employing commonly used monooxygen donors to
transition metals, iodosobenzene, £11,1°2 and iodosopenta-
flurobenzene, Ph=0. As shall be demonstrated by calcula-
tions, POM-Fe=0*" is a powerful oxidant, more so than
Compound | of P450. However, this intermediate was experi-
mentally inaccessible; instead a nonreactive and stable POM
Fe—O—IAr complex is formed.

Methods

Theoretical Procedures.Following the previous study, here too

differences, to the corresponding Compound | species of thethe [PWi10sFe=0]*" species was generated from [PXs]*~ by
enzyme P450. While some rationalization was attempted to replacing a single [W=0]** group by [F€=0]*". The oxidation state
account for the apparent sluggishness of these proposed specie%f the iron (V) corresponds to the same effective oxidation state of
as oxygenating agents, it was at the same time clear that thisCompound I species, in which Fe=0 is coordinated to a porphyrin

guestion merited an eventual direct study eflChydroxylation
and double-bond epoxidation by POMre=O*". Thus, a
complete DFT study of the hydroxylation and epoxidation of
propene by PWOsFe=0*" was carried out. Simultaneously,

radical catiorf~1%2Since the truncation of [W=0]*" leaves behind a
lacunary [PWiOsq”", the combination of this lacunary with the
[FeV=0]J3* fragment generates the [RV@sFe=0]*" species with a
total charge of 4. The starting geometry was the neutron diffraction
structuré® of [PW1,040]%~ into which the Fe=O moiety was inserted,

an attempt was made to experimentally probe the formation andpy the above-described replacement. The so resulting structure was

reactivity of the proposed POMFe=0 species. The present
contribution describes these studies.

calculated by DFT using the unrestricted hybrid functional, UB3LYYP,
and the doublé: effective core potential basis set, LANL2DBZ.

The two processes that were studied by DFT calculations areSubsequently, the structure was optimized at the UB3LYP/LANL2DZ
summarized in Scheme 2. Propene was chosen as a substratgVel, implemented in GAUSSIAN98? and the very similar level

since it contains both €C and C-H oxidizable moieties, and
because these reactions can be compared to the same on

(3) Katsoulis, D. E.; Pope, M. Td. Am. Chem. S0d.984 106, 2737.

(4) (a) Neumann, R.; Dahan, MNature 1997 388 353. (b) Neumann, R.;
Dahan, M.J. Am. Chem. S0d.998 120, 11969.

(5) (a) Hill, C. L.; Brown, R. B., JrJ. Am. Chem. Sod.986 108 536. (b)
Mansuy, D.; Bartoli, J.-F.; Battioni, P.; Lyon, D. K.; Finke, R. G.Am.
Chem. Soc1991, 113 7222.

(6) (a) Ben-Daniel, R.; Weiner, L.; Neumann, R. Am. Chem. So2002
124, 8788. (b) Ben-Daniel, R.; Neumann, Rngew. Chem., Int. EQ003
42, 92.

(7) (a) Zhang, X.; Sasaki, K.; Hill, C. LJ. Am. Chem. S0d.996 118 4809.
(b) Neumann, R.; Abu-Gnim, Cl. Am. Chem. S0d.99Q 112 6025. (c)
Neumann, R.; Khenkin, A. MChem. Commuril998 1967.

(8) (a) Ortiz de Montellano, P. R., EdCytochrome P450: Structure,
Mechanism and Biochemistrgnd ed.; Plenum Press: New York, 1995.
(b) Ortiz de Montellano, P. R., EdCytochrome P450: Structure,
Mechanism and Biochemistrgrd ed.; Kluwer Academic/Plenum Publish-
ers: New York, 2004. (c) Poulos, T. L. Iithe Porphyrin Handbogk
Kadish, K. M., Smith, K. M., Guilard, R., Eds.; Academic Press: New
York, 2000; Vol. 4, p 190. (d) Groves, J. Proc. Natl. Acad. Sci. U.S.A.
2003 100, 3569. (e) Sono, M.; Roach, M. P.; Coulter, E. D.; Dawson, J.
H. Chem. Re. 1996 96, 2841.

(9) Harris, D. L.Curr. Opin. Chem. Biol2001, 5, 724.

(10) (a) Groves, J. T.; Han, Y.-Z. IModels and Mechanisms of Cytochrome
P450 Action Chapter 1p 3 in ref8(a). (b) Costas, M.; Mehn, M. P.; Jensen,
M. P.; Que, L., JrChem. Re. 2004 104, 939. (c) Kaizer, J.; Klinker, E.
J.; Oh, N. Y.; Rohde, J.-U.; Song, W. J.; Stubna, A.; Kim, J'nkekj E.;
Nam, W.; Que, L., JrJ. Am. Chem. So@004 126, 472. (d) Rohde, J.-U.;
In, J.-H.; Lim, M. H.; Brennessel, W. W.; Bukowski, M. R.; Mok, E.;
Nam, W.; Que, L., JrScience2003 299, 1037.

(11) de Visser, S. P.; Kumar, D.; Neumann, R.; ShaikABgew. Chem., Int.
Ed. 2004 43, 5661.

e

UB3LYP/LACVP, implemented in JAGUAR5.5? Since the two
séructures were virtually identical (see Figure 1, later), we preferred to
use UB3LYP/LACVP, due to the greater speed of JAGUAR, compared
with GAUSSIAN, in geometry optimization procedures. DFT calcula-
tions of POM derivatives are gradually appearing more frequently in
the current literaturé’ and the overall impression is that the method is
not only a pragmatic one, but that its results seem also quite reti@ble.

(12) de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik].Am. Chem. Soc.
2002 124, 11809.

(13) Brown, G. M.; Noe-Spirlet, M. R.; Busing, W. R.; Levy, H. Acta
Crystallogr., Sect. BL977, 34, 1038.

(14) (a) Becke, A. DJ. Chem. Physl992 96, 2155. (b) Becke, A. DJ. Chem.
Phys.1992 97, 9173. (c) Becke, A. DJ. Chem. Phys1993 98, 5648. (d)
Lee, C.; Yang, W.; Parr, R. @hys. Re. B 1988 37, 785.

(15) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistr$chaefer,

H. F., lll., Ed.; Plenum: New York, 1976; pp-128.

(16) (a) Frisch, M. J.; et alGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.
(b) Jaguar 5.5 Schralinger, Inc.: Portland, OR, 2003.

(17) See for example: (a) Bagno, A.; Bonchio, M.; Sartorel, A.; Scorrano, G.
ChemPhysCher2003 4, 517. (b) Maestre, J. M.; Lopez, X.; Bo, C.; Poblet,
J.-M.; Casan-Pastor, N. Am. Chem. So2001, 123 3749. (c) Tsipis, A.;
Tsipis, C. A.J. Phys. Chem. 200Q 104, 859. (d) Rohmer, M.-M.; Beard,

M.; Cadot, E.; Secheresse, F.Polyoxometalate ChemistriPope, M. T.,
Mdiller, A., Eds.; Kluwer Academic Publishers: The Netherlands, 2001; p
117. (e) Duclusaud, H.; Boshch, S. korg. Chem.1999 38, 3489. (f)
Duclusaud, H.; Boshch, S. Al. Am. Chem. So001, 123 2825. (g)
Bridgeman, A.Chem. Eur. J.2004 10, 2935. (h) Musaev, D. G;
Morokuma, K.; Geletii, Y. V.; Hil, C. LInorg. Chem2004 43, 7702. For

a recent interplay of DFT and experiment, see: (i) Anderson, T. M.;
Neiwert, W. A.; Kirk, M. L.; Piccoli, P. M. B.; Schultz, A. J.; Koetzle, T.
E.; Musaev, D. G.; Morokuma, K.; Cao, R.; Hill, C. Bcience2004 306,
2074.
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(a) UB3LYP/LANL2DZ : *POM-FeO* (2POM-FeO*)

UB3LYP/LACVP :“POM-FeO* (2POM-FeO*) (b) Q‘ J

1.878 (1.879)
1.878 (1.878)

1.887 (1.884)
1.893 (1.888)

1.642 (1.664)
1.647 (1.667)

1.849 (1.845)
1.851 (1.849)

f/

1.742 (1.742)
1.743 (1.743)

1.740 (1.740)
1,741 (1.741)

1.937 (1.937)
1.962 (1.960)

1.920 (1.922)
1.911 (1.909)

fFe-Ojntermal) = 2.138 (2.096)
2.132 (2.114) 8

A=0.191 (0.166)

0.186 (0.173)

AE =0.00 (10.57)

0.00 (10.86)

Figure 1. Optimized geometries and relative energies (a) and electronic structure (b) of P in the quartet and doublet states. Each geometric
(energy) value is presented in two lines; the upper line corresponds to UB3LYP/LANL2DZ values, the lower to UB3LYP/LACVP values. The relative
energiesAE, are in kcal/mol, and the distances are in angstroms.

All the geometries were optimized with JAGUAR 5.5. In the cases Results and Discussion
of 1 and the transition states the structures were verified by frequency )
calculations, using GAUSSIANOS (at the UB3LYP/LACVP level), Structures and Electronic Features of POM-Fe=0*". As
which has a more robust and faster frequency calculation routine. SinceShown in a previous theoretical stulyPOM—Fe=0*", 1,
frequency calculations for these systems take extremely long time, the possesses two triradicaloid states with three unpaired electrons;
rest of the frequency calculation had to be waived. Reaction pathways a quartet ground state followed by a doublet state, héfte
were verified by a scan along a given coordinate, while optimizing The optimized geometries of these states are shown in Figure
freely all other coordinates. Single-point calculations were carried out, 1a and the corresponding electronic structures in Figure 1b.
on the optimal species, with the larger basis set, LACVgon)/6- Figure la shows that the optimal values determined with
311+-G*(rest), for energy evaluatioti Similar single-point calculations | ANL2DZ and LACVP are, as expected, very similar. A few
were done on the respective species, in ref 12, for the reaction of P450sa 5t res are notable: first, theF® distances of 1.641.66 A
Compound | with propene. Hereafter, we refer to LACVP as B1 and are very similar to the average distance reported for many
to LACV3P™ as B2. Compound | species of heme enzyres¥synthetic porphyrin

The effect of solvent was systematically estimated using the SCRF j.on—oxo model$¢-1%and nonheme ironoxo compound&?®—d
model, based on the PoisseBoltzmann equation, as implementedin  go06n4, compared to the electron diffraction structure of the
JAGUARS.5; this model defines the solvent by two parameters, a pristine POME3 where the distance between tungsten and the
dielectric constante) and a probe radiug); the program calculates oxygen Iigand of the phosphaste grot®W/—Oierna), is 2.437

the cavity of the solutés® Since ionic solvation varies in proportion to A th ding dist in th f ir6Re—O
the square of the ionic charge, then any small inaccuracy in the model’ ™ € CprreSpon ing distance in the case of ir#Re—Ontema),
is considerably shorter, ca. 2.1 A. Indeed, all other-Be

(e.g., solvent parameters or calculation of the cavity of the solute) will ™ ; -
be highly amplified for a quadruply charged species such as POM distances are shorter than the correspondingQ\istances,

FeO'. To avoid this pitfall as much as possible we used two different a_nd as such, the replacement oAU by F§=O causes some
sets of solvent parameters: one is the commonly used solvent in ourdistortion of the cage as though FeO pinches the 4

theoretical studies of P450 reactiosyith e = 5.7 andr = 2.7 A, the lacunary. Finally, as shown by th& parameter, the Fe atom
other being more polar with = 37.5 (as for acetonitrile), = 2.2 A. deviates from the mean plane of the close coordinate shell (Fe
In a few of the cases (the complex of POMPeQuvith FsCgl) we 04) by 0.19 A, significantly more than in the case of Compound
employed also the model COSMO implemented in GAUSSIARNGS | of P450.

We must, however, emphasize that what matter are the trends relative  The electronic structure in Figure 1b shows that the d-block
to Ithe tgas phase rather than the absolute quantitative results in theorbitals (for detailed drawings of these and other orbitals see
Solvents. the Supporting Information, Figure S2) split in a three-below-

The data are summarized in the Supporting Information deposited two pattern, typical to hexacoordination. The ground stite
with this paper, while the text focuses on the key results. ' '

(19) Shaik, S.; Kumar, D.; de Visser, S. P.; Altun, A.; Thiel, Ghem. Re.
(18) Barone, V.; Cossi, MJ. Phys. Chem. A998 102 1995. 2005 105 2279.
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i i I -sSDIi 1 - 14.08/ 9.08/ 8.24
involves three electrons in a high-spin occupation of three d-type 19.08 9,08/ 524

orbitals,z* and o. In the higher doublet state, the spin of ihe  — N

. . 214+C3HgY, XSL 1276/ 5.06/ 1.34
electron is opposite to the ones of thitelectrons. The energy /—\17;31/ o e
difference between the two spin states is significant, 10.9/13.2 \
kcal/mol with B1/B2, and reflects the stabilization of the quartet ?3]%/9 ﬁ%ﬁ?}lfg.zs\—' Y 003095 322

)

RC l/ *rs1\ Y 13.10/5.02/0.84

state by two additional-dd exchange interactions of the open- 22700 212 ;
shell electronic system. Similar gaps were reported previously 3ss 203146 L

’

with the BP86 pure functional (Table S2 in the Supporting ST, / Ly , 3731709 2333
Information)! so one may consider this energy splitting as N—.000.001000 %\ /ﬁ 547 1883 2507
being fairly reasonable. Thus, with thé1z* 161 configuration, ,&\ \ 42912051593
the POM-FeO' complex involves a triplet Fe(V)O moiety L\ e FA
strongly coupled to a third electron in ferromagnetit) (and 43711731524 o &v
antiferromagneticil) coupling modes. Other states were tested 6.711-14.07/ -17.58 A
before!! but all were found to be higher in energy than ##& AR
. . . 31.17/ -46.92/ -50.34\\_"3
pair described here and hence were not considered for the 33,14 -48.90/ -52.31 \“T
reactivity study. » So‘m/ 5340
Stability Patterns of POM—Fe=0%". The stability of 41.35/-54.56/ -57.95
‘POM—-FeC" toward one electron oxidation was tested be- L .
fore! It was shown that in the gas phase the species loses an Bond activation | Ring closure

electron spontaneously (iR —23.5 kcal/mol) but in a solvent  Figure 2. Energy profile for the epoxidation mechanism of propene by
(using COSMO and a dielectric constant of waferthe 421, The energies (in kcal/mol) of each species, relative to the quartet

S . . A reaction complex*RC, are given in two lines. The upper line gives
ionization potential was quite significant, # +169.5 kcal/ UB3LYP/B1 energies, while the lower line lists UB3LYP/B2 energies. In

mol (oxidation potential= +2.8 V relative to the standard  each line there are three entrit/AE(e = 5.7)/IAE(e = 37.5) corresponding
hydrogen electron (SHE)). Addition of an electron*ROM— to energy only and energy with the solvation corrections for the two solvents

FeO' generates the speci#8OM-FeG -, which in the gas used in the study. The corresponding geometries are given in Figure 3.
phase will lose an electron spontaneously=dP-139.4/~134.7 (a) *2TS1
kcal/mol for the triplet/quintet states). The use of the SCRF
model in JAGUARS®® |eads to positive values IR +104.5/
+100.0 kcal/mol for a dielectric constant of 5.7 afd39.4/
+134.7 kcal/mol for a dielectric constant of 37.5 (corresponding
to oxidation potentialss —0.017/ 0.212 V anct-1.469#4-1.292

V relative to SHE). We may therefore conclude that in the
presence of strong reducing reagents, with<IR30 kcal/mol,

the POM-Fe*~ reagent will be reduced to POMre~. The
ionization potential of propene, the substrate used in this study,
is 224.4 kcal/mof? and in a solvent it will be approximately
170 kcal/mol (solvation energies of monopositive carbon cations
are ca. 50 kcal/mol). Thus, propene will not transfer an electron
to POM—-FeC' and is therefore an appropriate substrate for
the present study.

Epoxidation of Propene by POM—Fe=0%". The reaction
profile for the epoxidation of propene is depicted in Figure 2,
while the geometries of the critical species are drawn in Figure
3. The reaction starts from initial reaction clustér&RC, which
are weakly stabilized relative to the reactants. This is followed
by the corresponding transition states of bond activafiéhS1,
which lead to two intermediates;?, which subsequently
undergo ring closure via two transition stated,S2, terminating
at the ferric epoxide product complexég3. The mechanism
resembles very much the corresponding one for epoxidation by
Compound | of P450 specié3.

Figure 2 exhibits two interesting new features. The first one
is the shrinkage of the doubtetjuartet gap, which starts as 9
kcal/mol or so in favor of the quartet state, and reduces to 1 Figure 3. Key geometric features of the critical species along the
kcal/mol at the intermediaté:2, stage. This change reflects a epoxidation pathway described in Figure 2: (a) bond activation transition

. . . o5 states#?TS1, (b) “2 intermediates, (c) ring closure transition stafe€$S2,
corresponding change in the electronic structure. Thud2lin and (d)*23 epoxide complexes. Some spjs) &nd charge@) densities are

indicated near the species. Distances are in angstroms.

]
{ Hg =037 (-0.32) (h) 4.22
CqH, =0.23(0.21)

1497 (1500}

p i452.7 (i364.0)
POM FeOr = 2.63 (1.32)
M FeO = <123 (-4.21)

(20) The IP of propene in the gas phase is 224.4 kcal/mol, see: (a) Traeger, J. X . .
C. Int. J. Mass Spectrom. lon Processk384 58, 259. For the effect of there are three unpaired electrons in d-type orbitals, and the
solvent on IP of, e.g., allyl cation, see: (b) Shaik, S.; Cohen, S.; de Visser, e .,
S. P.; Sharma, P. K.; Kumar, D.; Kozuch, S.; Ogliaro, F.; Danovich, D. large quar_te{_dOUblet splitting reflects the favorable—d
Eur. J. Inorg. Chem2004 207. exchange in the quartet state. However, at the level of the

J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005 17715
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. . . i 14.08/ 9.08/ 8.24
intermediate, the ironhydroxo complex has only two unpaired T e

electrons, while the third one is located on the propene moiety; —
. . 214C3Hg, 1S3 14.41/9.34/7.90
now the coupling between the d-orbitals and the propene- , oSS i 1a7
centered orbital is weak, and hence the quaideublet splitting
.. . . . 9.15/9.02/ 9.17 ’ \
becomes very small, similar to the situation in P458 13261 15,13/ 13,2 e e 12657 7.14) 5.34
The second interesting feature is the remarkably small barriers 2l) 2700 212 RC TSI NG 17.931242/10.63
for bond activation, which becomes even smaller when solvation s -2.03-1.46 K
correction is added. The reason for this solvent effect is the *1+_Cbe / 1
ili i i i ' — 3 -0.91/-5.02/ -8.49

electrophilic nature of the iroroxo moiety. As a result of this 0,00/ 0.00/0.00 "RC by, S84 1,09/ 5,19/ 5.58
nature, some electron density is transferred from the propene  0.00/0.000.00 /K 2TS4

. . -4.98/-8.42/ -8.49 ) . s -1.18/-18.50/ -28.52
to the iron—oxo, and as such the negative charge on the POM 5.01/-845/-8.52 et \2.52/-19.21/-29.23
FeO moiety increases compared with the charge on the reactant, 5988801903,

. . -6.33/-9.15/ -19.38 %
POM—Fe(' or the reaction clusteiRC, and some positive \

\
charge builds up on the propene (see Figure 3 below). Since N,
-47.87/-66.24/ -63.05%\ S

the POM-FeO moiety is quadruply charged and ionic solvation -46.57-64.93/ -61.75 ‘T
is proportional to the square of the charge, the increase of the

. N . -55.80/ -63.86/ -65.08
negative charge on the POMreO moiety will create a -56.90/ -64.96/ -66.19

heightened sensitivity to solvent effect. The consequence of L
these changes in charge density is the better solvatibAT&1 C-H activation Rebound —I

compared with the reactant$?{ + CgHe) and the reaction  Figure 4. Energy profile for the &H hydroxylation mechanism of propene

complexesf‘~2RC, and hence, reduction of the bond activation by 421, The ener)g(;jes (in kcal/mol) of each species, relative to the quartet
; : ; reaction complex’RC, are given in two lines. The upper line gives

barr.lers relative to the gas-phase Values.' The resulting sma”UBSLYP/Bl eﬁlergies, Whilegthe lower line lists UBsLYPp/FI;Z energ?es. In

barriers (7.1/2.3 kcal/mol for the B2 data with= 5.7 = 37.5) each line there are three entries labeled\B4AE(e = 5.7)/AE(e = 37.5)

are in apparent contradiction with experimental data, where the that correspond to energy only and energy with solvation corrections for

iron species appears unreactive as an oxielAstshall be seen the two solvents used in the study. The corresponding geometries are given

later there is a good reason for the apparent disparity between Fl9ure 5

theory and experiment. the barriers are sufficiently small to expect efficient-8

_Figure 3 de_picts the structures of the cr_itical species, along hydroxylation by the POMFeO reagent. The structures in
with some spin densityp] and charge densityQ) data. Thus, Figure 5 show also the same trends in the spin and charge

compared witfl, the bond activatiof S1species exhibit some density as in the epoxidation. In general, there is great similarity

elongation of the FeO and G=C bonds, which participate in between the reactivity of POMFeG* and Compound | of
the activation. A significant amount of spin density is transferred P450L2

to the propene and is concentrated mostly on C2 (0.53981

and —0.55 in the?TS1). The spin density transfer is attended
by charge density depletion on the propene that acquires a
significant positive charge;+0.23 (+0.21). These changes
become more significant in the intermediat®%, where now

Experimental Results.As reported in the literaturealso in
our hands in this study, iron-substituted polyoxometalates were
practically inactive (2 turnovers, 12 h) as catalysts for
epoxidation of alkenes such cyclooctene using iodosobenzene
. . . as oxygen donor. To rely oA’ NMR as a probe of the
the spin density on the propene is close to 1.0 and th€0 o4 civity of an iron-substituted polyoxometalate, we used

bon_d_is fully made. The ring closure tr_ansitior_l state§,S2, the iron-substituted WeltisDawson type polyoxometalate,
exhibit the expected decrease of the spin density on the prOpenQQ7[P2Fe'”(HZO)W1706]] (“Q = n-Bu:N*),22 where the phos-

moiety. The epoxide produgt complexes’3, are what one phorus heteroatoms are not equivalent. TAB NMR of
would expect. from guch femc complexes, with normal bond 4Q,[PF el (H,0)W1-0¢1] in CD:CN showed a broadened peak
lengths and iron spin density of almost 3.0/1.0 for quartet/ at —14.8 ppm for the phosphorus heteroatom distal to the
doublgt complexes._ " iron(lll) center of the polyoxometalate; the phosphorus atom
.AIIyI|c Hydroxylation of Propene by POM —Fe=0 " vicinal to the Fe(lll) was not observed due to the paramagnetic
Figure 4 traces the energy profile for the allylic hydroxylation  gtoct - Addition of a 5-fold excess pentafluoroiodosobenzene,

of propene, while Figure 5 depicts the _critical structures_. The FsPhIO, at room temperature yielded a similar spectrum with a
process follows the rebound mechanism suggested first byshifted broad peak at14.1 ppm. From this experiment one

Groves and MCCIUSW for C—H hydroxylation. by the Com- may conclude that a new stable species was formed, which still
pound | species of P450, but having two reactive states, quartet, .o o paramagnetic iron center. The tiis spectrum of this

and doublet. Initially the irorroxo reagent abstracts a hydrogen o rmediate species was essentially unchanged from the initial

atom from th_e allylic position of propene, leading to an allyl 4Q,[P,F e (H,0)W17061] compound, both being yellowish and
radical coordinated weakly to an ireinydroxo complex;*?4. having a maximum at 242 nm with a broad shoulder at 420

The allyl radical then rebounds onto the hydroxo group and nm. Furthermore, addition of sPhIO to 4Q;[P,Fe! (H,0)-

i 4, .. .
ggnerates the ferriealcohol c.omplex.es,.?5. Here too V\,’e W17061] showed almost no decomposition of the oxidant over
witness the same features as in epoxidation; first, the shrlnkau‘:je3 h as determined by iodometric titration of the oxidant. This

of the energy gap between the spin sta_tes_, _Wh'Ch collapse atexperiment showed that the intermediate formed as observed
the intermediate stage, and second, the significant solvent effectby 31p NMR was not a reactive intermediate. In a further

that lowers the barrier relative to the gas phase. Thus, here too

(22) Lyon, D. K.; Miller, W. K.; Novet, T.; Domaille, P. J.; Evitt, E.; Johnson,
(21) Groves, J. T.; McClusky, G. Al. Am. Chem. S0d.976 98, 859. D. C.; Finke, R. GJ. Am. Chem. S0d.991 113 7209.
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(a) 42183 (b) #%4

1 .35«%‘[ 1.351

1,393 (1.395)

1880 {1.876) 1,744 {1.792)
2,108 (2127 p L67(1L.87)

p i1547.2 (i1151.6)
QPO.\;] FeO =2.56(1.38)
POM FeO = -4.29 (-4.24)

o
= 5 2 J1.339 (1,339
| 387 (1.383) (d) 4,23 |.5uc |.5(|_ & { |

(c) %*TS4
1,395 (1,4001)
2.736 (2.599)
1S9 (1.88T)
A

2.082 (2,05

AE 00 = 20.02 kcal/mol

Figure 5. Key geometric features of the critical species along the allylic Figure 6. Key geometric features and gas-phase binding eneray of the
hydroxylation pathway described in Figure 4; data out of parentheses P(g)M—Fé”—Oy—Ig(F5Ph)4‘ complex, optirgizeg by UBSLYg/Bl igythe

correspond to the quartet state species, while those in parentheses correspo - o ; .
to the doublet: (a) bond activation transition staté3[S3, (b) 424 Féﬁrie(t)itlezge.I;I'hh)idEsggi/tllgr;;?Erogere;s;%ﬁt}e following process:-POM
intermediates, (c) rebound transition state3[S4, and (d)*% ferric— 5 5 '

alcohol complexes. Some spip)(and charge@) densities are indicated  similar results; the binding energy with= 37.5 is—1.5 kcal/

near the species. Distances are in angstroms. mol. Thus, it is clear that the solvent reduces the binding energy.
experiment0.5 equis of FsPhlO (9F NMR —119.43,—138.57, However, be the precise binding energy value in a solvent as it
—153.56 ppm) was added to a solution 4G;[P,F€" (H,0)- may, the gas phase results reveal a tightly bound complex, and

W17061] in CDsCN at —50 °C. The 1% NMR changed as such we may tentatively propose a physical mechanism for
significantly with peaks at—121.89,—146.31, and—157.38 barrier formatior?* Thus as the ©1 bond is stretched in a
ppm). Upon letting this solution warm to room temperature there Solvent, the intrinsic gas-phase energy curve will increase, while
was essentially no change in tHE NMR. Practically no EPhl the solvation energy curve will be lowered, leading to a barrier
was formed F NMR —119.35,~152.50,~159.57 ppm). From  that reflects the interplay of binding strength and solvent
the combined experiments described, one may reasonably'€0rganization during the dissociation. As such, the POM

conclude that the addition of oxygen surrogate4QgP,Fe' - Fell—O—I(FsPh)'~ complex is going to be persistent, and at
(H,0)W,7041] yielded a nonreactive intermediate species POM the same time, propene will not be able to displace th&,_hF _
Fe'-OIAr (Ar = Ph, Ph), rather than a reactive PONFe=O molecule to form the encounter complex necessary for oxidation.
species. Use of iodosobenzene derivatives as oxidants in otheff Nése conclusions regarding the PGW”_O__|(F5Ph)4_ _
iron-based systems has also shown formation of sutGeAr complex are further supported by the NMR experiments, which

intermediateg? It should be noted that use of other strong indicate a persistent complex.
monooxygen dono.rs. sulolrrchloroperbenzoic acid showed a  pjscussion
Fenton type reactivity in the presence 9;[P.Fé' (H,O)- ) _
W17061] rather than oxygen transfer. The theoretical results of this study show that PORO

Our gas-phase UB3LYP/B1 calculations, in Figure 6, reveal should be an extremely reactive irenxo species. The experi-
a tight complex formation between®hl and POM-Fe=0*" mental and theoretical results reveal also that the apparent lack
with a binding energy of 20 kcal/mol, much higher than the of reactivity, noted here and elsewhéris,due to the formation
binding energy of propene to the reagent (see, e.g., Figure 2).0f @ POM-FeO-IPhF™ complex that is persistent at the
The use of single-point calculations with the SCRF model working conditions and exhibits sluggish reactivity if at all. The

reduces the dissociation energy of the complex to 5.5 kcal/mol theoretical calculations show that the interaction between the
with € = 5.7, and withe = 37.5, the binding energy is further Arl and POM-FeO'™ moieties is 20 kcal/mol strong in the gas

reduced (becoming-0.7 kcal/mol). The use of COSMO led to phase, and despite its expected weakening by solvation, it is
likely to cause a barrier for dissociation.

(23) Nam, W.; Choi, S. K.; Lim, J. R.; Kim, I.; Kim, C.; Que, L., JAngew.
Chem., Int. Ed2003 42, 109. (24) shaik, S.; Shurki, AAngew. Chem., Int. EA.999 38, 586.
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Figure 7. Bond activation barriers (in kcal/mol) for epoxidation (Mi&1)

and allylic hydroxylation (viaTS3) of propene by POMFeO" (1) and
Compound | (Cpd I) of P450 (from ref 12). The data in is arranged as B1
energy/B2 energyt ¢ = 5.7/B2 energy+ ¢ = 37.5.

Complexes of the general formula LFe@\r (L = macro-
cycle ligand, Ar= Aryl) type have been postulated by Collman
et al?®> and were recently detected for iron porphyrin (Por)
complexes, by Nam et &F.who characterized the PorFeO
IPh complex by spectroscopic means. Nam &t demonstrated
that PorFeOf Phl and PorFe©IPh coexist in equilibrium and
the equilibrium mixture is reactive; it was not possible, however,
to compare separately the reactivity of the two oxidant species.
Recently, Bhakta et &P used iodosobenzene to generate the

Compound | species of cytochrome P450. They observed that

product distribution resulting from this experiment was different
than the distribution resulting from the natural generation of
Compound | (with @, NADPH) and postulated the formation
of PorFeG-1Ph, which reacts with the substrate in a manner
different than Compound I. In our study, the POGIReO—-
IPhR*~ species is experimentally unreactive or at best only
slightly reactive. Our preliminary theoretical results show that
the same complex with the POMMNO—IPhR®~ has a
significantly weaker binding energy, which may in part account

for the experimental observations that the manganese reagen

is reactive’

Theory shows that if the POMFeO-IAr4- complex de-
composes it will generate a highly potent PGe*~ reagent.
To appreciate this potency of POMreO' we present in Figure
7 the UB3LYP/B1 and UB3LYP/B2 barriers for-H hydroxyl-
ation and G=C epoxidation as found in the present study,

Figure 8. Charge distribution iTS1 andTS3. The interactions between
the positively charged propene moiety and the negatively charged Fe
(O)s moiety of POM-FeO stabilizes both transition states.

solvent. Thus, since the propene develops positive charge, in
the transition state, this results in additional charging of the
already negatively charged PCNFeO' moiety. Since classical
solvation energy varies with the charge squared, the additional
charging of the POM will cause further stabilization of the
transition states for either the hydroxylation or epoxidation, and
the respective barriers are lowered compared with those of P450
Compound I. Our calculations indicate that in a solvent, the
barriers, and especially those for epoxidation, become suf-
ficiently small that one may expect an extremely fast reaction.
The question is, can POMFeC"™ be made?

Conclusions

There is a continuing search for efficient and robust catalysts
that can perform monooxygenation of organic compounds. This
study identifies one such potential system based on iron-
substituted polyoxometalate (PONFe). The POM system is
robust and is a very good platform for generating reactive
metak-oxo reagent’ Indeed, this study shows that PGM
FeO'" is a powerful oxidant, even more so than P450, capable

f C—H hydroxylation and &C epoxidation. Unfortunately,
he formation of POM-FeO'~ using the usual oxygen atom
surrogate, FPhl—0, leads to a persistent adduct, POMeO—
|—PhR*~ (see Figure 6), which exhibits sluggish reactivity.
There must be a way to overcome this technical difficulty.
According to theory, such a way may turn out to be very
rewarding.

alongside the corresponding barriers for the same processes with Acknowledgment. This research was supported by the
the Compound | species of P45t is seen that the gas-phase German Federal Ministry of Education and Research (BMBF)
barriers with POM-Fe(}~ are significantly lower than those  within the framework of the Germarisraeli Project Coopera-
of P450 Compound I. Figure 8 shows that the reason for the tion (DIP). R.N. is the Rebbeca and Israel Sieff Professor of

lower gas-phase barriers of PONFeC'~ is the interaction of
the developing positive charge on the propene moiety with the
negatively charged sphere of the POM lacunary. By contrast,

Compound | of P450 is neutral and is hence devoid of the charge

stabilization mechanism in the bond activation transition state.
As further shown in Figure 7, an additional factor that makes
POM-FeCO' a potentially powerful oxidant is the effect of the
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