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Direct Evidence for Oxygen-Atom Exchange

between Nonheme Oxoiron(iv) Complexes and
Isotopically Labeled Water**
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The establishment of the involvement of high-valent iron-oxo
intermediates in the catalytic cycles of heme and nonheme
iron monooxygenases and their model compounds has been
an important goal in mechanistic enzymology and bioinor-
ganic chemistry."?) These highly reactive and unstable
intermediates are often difficult to characterize directly;
therefore, '8O-labeled water experiments have frequently
been carried out to obtain indirect insight into the nature of
the reactive intermediates involved in the catalytic oxygen-
ation reactions.”™ Since metal-oxo species can in principle
exchange their oxygen with labeled water prior to oxo
transfer to organic substrates (Scheme 1), the incorporation
of labeled '®O from H,"0O into oxidation products has been
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Scheme 1. Proposed mechanism for *O-incorporation from H,"0 into
products in metal-catalyzed oxygenation reactions.
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considered as evidence for the participation of high-valent
metal-oxo intermediates in oxygen-atom transfer reactions.
However, the mechanisms of oxygen exchange between high-
valent metal-oxo species and H,"®O are not well understood.
For example, the rate of oxygen exchange has not yet been
directly measured in enzymes and biomimetic systems./! A
mechanism involving oxo-hydroxo tautomerism has been
proposed by Meunier and co-workers for heme models®*!
but may not be generally applicable to nonheme models. The
recent isolation and unexpected stability of nonheme oxoir-
on(iv) complexes!”! provide us with an unprecedented oppor-
tunity to investigate mechanisms of oxygen exchange in
nonheme iron models. Herein, we report the first direct
evidence of 'O exchange between nonheme oxoiron(iv)
complexes and H,"®0, and the determination of activation
parameters for the '*O exchange reactions.

The addition of H,0, to a reaction solution containing
[Fe(TMC)(OTYf),] (TMC=1,48,11-tetramethyl-1,4,8,11-tet-
raazacyclotetradecane, OTf= CF;SO;), thioanisole, and a
small amount of H,"™0O in CH;CN at 10°C produced a
green-colored solution with an absorption maximum wave-
length 1., at 820 nm, thus indicating that [(TMC)FeV=0]**
(1) is generated in this reaction.’ After the intermediate
reverted back to the starting [Fe(TMC)J** complex (t;,~
705),l analysis of the reaction solution with GC and GC/
MS revealed that methyl phenyl sulfoxide! was obtained as a
major product (=80% yield based on the amount of H,0O,
used) and 54 % of the oxygen in the sulfoxide product derived
from the labeled water. The ®O-incorporation from H,'*O
into the sulfoxide product was found to increase linearly with
the increase of ®*O% in the water (Figure 1).' Since the
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Figure 1. Plot of 0 (%) in methyl phenyl sulfoxide against H,"®0
(vol %) in water. See Experimental Section for detailed reaction proce-
dures.

oxygen atom of methyl phenyl sulfoxide does not exchange
with H,"O under the reaction conditions, the observed *O-
incorporation from H,'®*O demonstrates that 1 is generated as
a reactive species in the reaction of [Fe(TMC)]** and H,0,,
and that 1 exchanges its oxygen atom with H,'"®O before the
oxo group of 1is transferred to thioanisole (see Scheme 1).~!

This observation led us to monitor oxygen-atom exchange
between 1 and H,"O directly with electrospray ionization
mass spectrometry (ESI-MS).[1*! Figure 2 shows that upon
the addition of H,"™O to a reaction solution of 1, the mass
peak corresponding to [Fe'Y('*O)(TMC)(OTH)]* (m/z=

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

4773 4792 5381 5401
Pt oee s
|I| [+ %] ° o Q I|
| e °’ 0 ° 0 I||
o Oe
H &
I ° || I
! i n
A W
J'\,-”I.III I/ I".;" I'\.f'"k_,n_ ___I=0min e ‘1 : I'-_’"L__ t=10 min
;| I
|
| l | | | I
| | |I { | II|
| Nl
/1 ,ﬂ\ I| | I| II| I'Llll I".
V. "I1'-.:'\_,ﬂ__ f=18 min | v l"" \m_ t=15min
[ |
| |‘
ol N
[ I |
| | I I' .
IV
et M UI]I Wl 1=34 min il ¥ ||' LT t= 30 min
[ ||
|
| |
A i
oA foonf ML /1
WA VA t=50min AT YV =45 min

474 476 47A 480 482 536 538 540 542 544
'z mz

Figure 2. ESI-MS spectral changes of 1 (left) and of 2 (right) upon the
addition of H,'®0 (20 puL) to reaction solutions containing in situ-gen-
erated 1 and 2 (2 mm) at 10°C.

477.3) decreased, whereas the mass peak corresponding to
[Fe™(**O)(TMC)(OT)]* (m/z = 479.2) increased. By plotting
the percentages of '*O in 1 against the incubation time, we
were able to determine a pseudo-first-order rate constant
kops=1.5(3) x 10~ s7' at 10°C (Figure 3a). The rate of oxygen
exchange increased concomitantly with the amount of H,"O
in the reaction mixture, affording a second rate constant k, of
5.4(6)m~'s™! (Figure 3b). We also found that the rate of
oxygen exchange was retarded as the reaction temperature
lowered. By determining the rates from 283 to 308 K, we
obtained activation parameters of AH* =4.1(6) kcalmol ™
and AS* = —57(8) calmol "K' (Figure 3c¢).

Much to our surprise, we also observed '*O exchange with
[(N4Py)Fe™V=0OJ]** (2) (N4Py= N,N-bis(2-pyridylmethyl)-
bis(2-pyridyl)methylamine), a complex with a pentadentate
ligand."™ As with 1, this exchange could easily be monitored
by the decrease of the mass peak corresponding to
[Fe"(**O)(N4Py)(ClO,)]* (m/z=538.1) and the increase of
the mass peak corresponding to [Fe"v(**O)(N4Py)(ClO,)]*
(m/z=540.1) upon the addition of H,™O to a reaction
solution of 2 (Figure 2). The pseudo-first-order rate constant
was determined to be ky,,=1.7(3)x107%s™" at 10°C (Sup-
porting Information). As observed in the reactions of 1, the
rate of oxygen-atom exchange between 2 and H,'®O increased
concomitantly with the amount of H,'®O in the reaction
mixture, affording a second rate constant k, of 4.8(5) M 's™
(Supporting Information). The rate of oxygen-atom exchange
was faster at higher temperature, and analysis of the rates of
oxygen-atom exchange from 283 to 308 K afforded activation
parameters of AH'=4.0(6)kcalmol™ and AS*=
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Figure 3. a) Plot of In [[Fe" ("®*0) (TMC)]] against incubation time for
the oxygen-atom exchange between 1 and H,'®0O (20 pL) at 10°C.

b) Plot of k,,s against the amounts of H,'®O for the oxygen-atom
exchange between 1 and H,'®0 at 25°C. c) Determination of activation
parameters for the oxygen exchange of 1 with H,"®0 (20 uL). See
Experimental Section for detailed reaction procedures.

—57(8) calmol "K', which are quite similar to those
obtained for 1 (Supporting Information).

How do nonheme oxoiron(iv) complexes exchange their
oxygen atoms with labeled water ? For high-valent metal-oxo
porphyrin species, the prevailing exchange pathway is
through the oxo-hydroxo tautomerism mechanism proposed
by Meunier and co-workers,*!l which entails the binding of
labeled water trans to the oxo group and then tautomerization
of this species to a symmetric trans-dihydroxoiron(1v) inter-
mediate that scrambles the label (Scheme 2a). This pathway
clearly cannot be operative for 1 and 2, since such a symmetric
trans-dihydroxoiron(1v) species cannot be attained for these
nonheme complexes. The crystal structure of 1 shows that the
top and bottom of the TMC ligand, unlike for the planar
porphyrin ligands, are not equivalent; in fact all four N-
methyl groups point away from the oxo group.”” Thus,
although it is conceivable for labeled water to bind trans to
the oxo group by displacement of the bound acetonitrile
ligand, a symmetric trans-dihydroxoiron(iv) transition state
cannot be obtained. In the case of 2, the pentadentate nature
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of the N4Py ligand and the way it wraps around the iron
center does not permit binding of a water molecule trans to
the oxo atom (see the proposed structure of 2 in Figure 2).
Despite these constraints, H,'®O exchanges readily with the
iron-oxo units of 1 and 2, with very similar activation barriers
(see above). We are thus compelled to propose an alternative
to the oxo-hydroxo tautomerism mechanism, in which
oxygen exchange occurs via a twofold symmetric cis-dihy-
droxoiron(1v) transition state that is formed by coordination
of a water molecule to the iron center adjacent to the oxo
group (Scheme 2b). The unusual geometry of the proposed
intermediate is similar to that associated with n’-peroxoiron
complexes.'*? Indeed the fact that such a side-on peroxo
complex has been characterized for [Fe"(N4Py)] complex!'?
is a strong argument for this proposed transition state.

In summary, we report the first direct evidence for
oxygen-atom exchange between nonheme oxoiron(iv) com-
plexes and H,"O, and the first direct measurement for the
rates and activation parameters for the '®O-exchange reac-
tions. Oxygen-atom exchange in nonheme oxoiron(1v) models
is proposed to occur not through the trans oxo-hydroxo
tautomerism pathway proposed in high-valent metal-oxo
porphyrins but by a variant that involves a cis-dihydroxoir-
on(1v) transition state.

Experimental Section

General: H,"8 O (95% '®O-enriched) was purchased from ICON
Services Inc. (Summit, NJ, USA). UV/Vis spectra were recorded on a
Hewlett Packard 8453 spectrophotometer equipped with an Optostat
variable-temperature liquid-nitrogen cryostat (Oxford instruments)
or a circulating water bath. Electrospray ionization mass spectra were
collected on a Thermo Finnigan (San Jose, CA, USA) LCQ Deca XP
Plus and Advantage quadrupole ion trap instrument. Product
analyses were performed on a Hewlett-Packard 5890 II Plus gas
chromatograph interfaced with Hewlett-Packard model 5989B mass
spectrometer.

Oxidation of thioanisole by Fe(TMC)(OTf), and H,0,: This
reaction was run at least in duplicate under air, by monitoring the UV/
Vis spectral changes of reaction solutions. The addition of H,0,
(6 mm, diluted in 20 uL CH;CN) into a 1 cm UV cuvette containing
[Fe(TMC)(OTTY),] (6 mm), thioanisole (0.12m), and H,"®O (0.12 mL,
95% '*0) in CH,CN (3 mL) at 10°C resulted in the formation of a
green species, [(TMC)Fe'Y=O]**. After the green intermediate
reverted back to the starting [Fe(TMC)]** complex, the reaction
solution was directly analyzed by GC and GC/MS. The '°O and '*O
compositions in thioanisole oxide were analyzed by the relative
abundances of m/z =125 and 140 for 'O and m/z =127 and 142 for
180.
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Scheme 2. Proposed oxo—hydroxo tautomerism mechanisms for O exchange in
a) heme and b) nonheme iron models.
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Isotope labeling studies with oxoiron(iv) complexes and H,"*O:
Complexes 1 and 2 were prepared by treating [Fe(TMC)(OTTf),]
(2 mm) and [Fe(N4Py)(ClO,),] (2 mm), respectively, with 1 equivalent
of peracid (peracetic acid for 1 and m-chloroperbenzoic acid for 2) in
CH,CN (3 mL) at 10°C.["" After appropriate amounts of H,'*0 were
added to the reaction solution at the given temperature controlled by
a circulating water bath, samples were infused directly into the source
at 20 pLmin~' by using a syringe pump. The spray voltage was set at
4 kV and the capillary temperature at 70 °C. The percentages of **O in
the mass spectra of 1 and 2 were calculated by fitting the characteristic
isotope distribution patterns. Two traces of observed isotopic
distribution patterns of 1 before and after addition of labeled water
were provided with the bars representing the calculated isotope
distributions (Supporting Information).

Received: December 10, 2003 [Z53497]
Published Online: April 2, 2004

Keywords: enzyme models - iron - oxidation - oxo ligands -
oxygen

[1] Reviews for cytochromes P450: a) M. Newcomb, P. F. Hollen-
berg, M.J. Coon, Arch. Biochem. Biophys. 2003, 409, 72-79;
b) J. T. Groves, Proc. Natl. Acad. Sci. USA 2003, 100, 3569—
3574; c¢) P.R. Ortiz de Montellano, J.J. De Voss, Nat. Prod.
Rep. 2002, 19, 477-493; d) Y. Watanabe, J. Biol. Inorg. Chem.
2001, 6, 846-856.

Reviews for nonheme iron monooxygenases: a) E. I. Solomon,
A. Decker, N. Lehnert, Proc. Natl. Acad. Sci. USA 2003, 100,
3589-3594; b) M.-H. Baik, M. Newcomb, R. A. Friesner, S. J.
Lippard, Chem. Rev. 2003, 103, 2385-2419; c) L. Que, Jr., W. B.
Tolman, Angew. Chem. 2002, 114, 1160-1185; Angew. Chem.
Int. Ed. 2002, 41, 1114-1137; d) E. I. Solomon, T. C. Brunold,
M. I. Davis, J. N. Kemsley, S.-K. Lee, N. Lehnert, F. Neese, A. J.
Skulan, Y.-S. Yang, J. Zhou, Chem. Rev. 2000, 100, 235 —349.

B. Meunier, J. Bernadou, Struct. Bonding (Berlin) 2000, 97, 1—
35, and references therein.

Some selected references on heme models: a) W. Nam, S. K.
Choi, M. H. Lim, J.-U. Rohde, 1. Kim, J. Kim, C. Kim, L.
Que, Jr., Angew. Chem. 2003, 115, 113-115; Angew. Chem. Int.
Ed. 2003, 42, 109-111; b) B. Meunier, J. Bernadou, Top. Catal.
2002, 21, 47-54; c)J.-L. Primus, K. Teunis, D. Mandon, C.
Veeger, 1. M. C. M. Rietjens, Biochem. Biophys. Res. Commun.
2000, 272, 551-556; d) K. A. Lee, W. Nam, J. Am. Chem. Soc.
1997, 119, 1916-1922; ¢) J. T. Groves, J. Lee, S. S. Marla, J. Am.
Chem. Soc. 1997, 119, 6269 —6273; f) J. Bernadou, A.-S. Fabiano,
A. Robert, B. Meunier, J. Am. Chem. Soc. 1994, 116, 9375 -9376;
g) W. Nam, J. S. Valentine, J. Am. Chem. Soc. 1993, 115, 1772—
1778; h) J. T. Groves, R. C. Haushalter, M. Nakamura, T. E.
Nemo, B. J. Evans, J. Am. Chem. Soc. 1981, 103, 2884 —2886.
Some selected references on nonheme models: a) K. Chen, M.
Costas, J. Kim, A. K. Tipton, L. Que, Jr., J. Am. Chem. Soc. 2002,
124, 3026-3035; b) K. Chen, M. Costas, L. Que, Jr., J. Chem.
Soc. Dalton Trans. 2002, 672-679; c) B. S. Mandimutsira, B.
Ramdhanie, R. C. Todd, H. Wang, A. A. Zareba, R. S. Czernus-
zewicz, D. P. Goldberg, J. Am. Chem. Soc. 2002, 124, 15170—
15171.

Groves and co-workers reported an estimated rate for oxygen
exchange between an oxomanganese(v) porphyrin and H,"O:
see reference [4e].

a) J.-U. Rohde, J.-H. In, M. H. Lim, W. W. Brennessel, M. R.
Bukowski, A. Stubna, E. Miinck, W. Nam, L. Que, Jr., Science
2003, 299, 1037-1039; b) M. H. Lim, J.-U. Rohde, A. Stubna,
M. R. Bukowski, M. Costas, R. Y. N. Ho, E. Miinck, W. Nam, L.
Que, Jr., Proc. Natl. Acad. Sci. USA 2003, 100, 3665-3670; c) J.
Kaizer, E.J. Klinker, N. Y. Oh, J.-U. Rohde, W.J. Song, A.

2

—

3

—

(4

—_—

[5

—_

[6

—_

[7

—

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Stubna, J. Kim, E. Miinck, W. Nam, L. Que, Jr., J. Am. Chem.
Soc. 2004, 126, 472—-473; d) V. Balland, M.-F. Charlot, F. Banse,
J.-J. Girerd, T. A. Mattioli, E. Bill, J.-F. Bartoli, P. Battioni and D.
Mansuy, Eur. J. Inorg. Chem. 2004, 301 -308.

[8] In the absence of thioanisole, [(TMC)Fe""=OJ]** decayed
extremely slowly (¢, ~5 h).

[9] A trace amount (<2%) of methyl phenyl sulfone was also
formed: A. Wada, S. Ogo, S. Nagatomo, T. Kitagawa, Y.
Watanabe, K. Jitsukawa, H. Masuda, Inorg. Chem. 2002, 41,
616-618.

[10] a) D. Feichtinger, D. A. Plattner, Chem. Eur. J. 2001, 7,591 -599;
b) C. Kim, K. Chen, J. Kim, L. Que, Jr., J. Am. Chem. Soc. 1997,
119, 5964-5965; c)J. W. Sam, X.-J. Tang, J. Peisach, J. Am.
Chem. Soc. 1994, 116, 5250-5256.

[11] a) A. Hazell, C.J. McKenzie, L. P. Nielsen, S. Schindler, M.
Weitzer, J. Chem. Soc. Dalton Trans. 2002, 310-317; b) K. B.
Jensen, C.J. McKenzie, L. P. Nielsen, J. Z. Pedersen, H. M.
Svendsen, Chem. Commun. 1999, 1313 -1314.

[12] a) G. Roelfes, V. Vrajmasu, K. Chen, R. Y. N. Ho, J.-U. Rohde,
C. Zondervan, R. M. la Crois, E. P. Schudde, M. Lutz, A.L.
Spek, R. Hage, B. L. Feringa, E. Miinck, L. Que, Jr., Inorg.
Chem. 2003, 42, 2639-2653; b) A.J. Simaan, F. Banse, J.-J.
Girerd, K. Wieghardt, E. Bill, Inorg. Chem. 2001, 40, 6538—
6540; c) J.-J. Girerd, F. Banse, A.J. Simaan, Struct. Bonding
(Berlin) 2000, 97, 145-177, and references therein;d) F. Neese,
E. I Solomon, J. Am. Chem. Soc. 1998, 120, 12829 -12848.

Angew. Chem. Int. Ed. 2004, 43, 24172420


http://www.angewandte.org

