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High-valent iron oxidants are known to be the catalytically
active species in heme enzymes, and the last decade has seen
similar developments in non-heme-iron biomimetics and
biochemistry.?) Extensive reactivity studies, structural, spec-
troscopic, and computational work have established {Fe''-
OOH} and {Fe"V=0} as relevant intermediates in catalytic
oxygenation processes.> The species {Fe =0} has also been
trapped, characterized, and found to be active in oxygen
transfer, and discrete {Fe'} species have been spectroscopi-
cally characterized.*! TauD, an a-ketogluterate-dependent
enzyme, is a well-characterized non-heme iron enzyme and
has a high-spin (S =2) center in its active form.!! The aqua ion
is the only other known high-spin ferryl complex.s! All
biomimetic ferryl complexes characterized to date have
intermediate-spin (S=1) electronic configuration. Herein
we present experimental data of the iron-catalyzed oxidation
of cyclooctene by H,O, with the tetradentate bispidine ligand
L' (Scheme 1a). The data indicate that unprecedented Fe'
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[(L"Fe(solvent),]**

Scheme 1. Iron complexes of a) L' and b) L% X denotes coordinated
solvent.

centers may be involved as the active oxidants, and these
species are predicted by DFT calculations to be the novel
intermediate-spin {Fe"™(OH),} (S=1) and the high-spin
[Fe™Y=0} (S=2) species, which have not been observed in
model chemistry until now.”
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With the pentadentate bispidine ligand L* (Scheme 1b)
the {(L?)Fe"}/H,0, chemistry produced the low-spin
{Fe™OOH}, high-spin {Fe"(0O,)}, and intermediate-spin
ferryl {Fe"Y=0} complexes, which have been fully character-
ized.”!% It was shown that there is a direct path from
{(L)Fe"} to the {(L*)Fe'} ferryl complex, which was identi-
fied as the catalytically active species.'”" In sharp contrast,
in the corresponding L'-based system, no Fe™ species has
been identified, with the exception of an {Fe™OOR} complex
obtained by the oxidation of {(L")Fe"} with tBuOOH; this
complex was shown to be close to the spin-crossover limit.[*!
We have also been unable to trap and characterize the
intermediate-spin ferryl complex. A DFT analysis indicated
that this result is not unexpected, as the {(L')Fe"} system is
predicted to be directly oxidized by H,O, to the novel
[Fe'V(OH),} complex with an intermediate-spin (S=1) elec-
tronic configuration, and which reacts through proton transfer
to the corresponding and slightly more stable high-spin (S =
2) ferryl oxidant.']

Olefin oxidation experiments similar to those with the
pentadentate ligand L* were carried out ({(L')Fe"}/H,0,/
cyclooctene = 1:10:1000, 298 K, aerobic or argon atmosphere,
MeCN as solvent, TON,, =10, reaction time 0.5h,
standard work-up procedure, and GC-MS analysis; for details
see the Supporting Information). Product distribution and
labeling studies (**0) indicate that, while the reactivities of
the L'- and L*based catalysts are similar (TON,,, = 3.8 and
5.0; Table 1), the reaction mechanisms must be different.
With the L>-based system, diol products are only produced
under argon and are stereochemically scrambled (cis- and

Table 1: TON, product ratios, and '*0 labeling studies for the iron—
bispidine-catalyzed oxidation of cyclooctene with H,0,.1!

{(L)Fe} {(L*)Fe}®

o, Ar o, Ar
diol, epoxide TON 1.6, 2.2 1.5,1.0 0.0, 5.0 1.0, 1.0
epoxide %"20:
H,"%0,/H,"*0/ "0, 45/0/55  100/—/—  15/0/85 8218/
cis diol %'0 from:
H,"0,® 0/5/95  0/4/96 - 0/23/77
H,"*0b! 92/8/0  93/7/0 - 0/30/0
trans diol %'%0 from:
H,"0," - - - 0/56/44
H,'*oM - - - 0/50/0

[a] TON,.x=10;" error limit is 5%. [b] percentage of no/one/two O
atoms in the diol product.
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trans-diols). This result indicates a carbon-radical-based
process.[m] In the L'-based system, there is a constant
amount of pure cis-diol product, irrespective of whether
oxygen is present or not. This finding suggests that there is a
different reaction channel for the diol production with L',
which does not involve carbon radical intermediates.

From the data of the {(L*)Fe}-based system in Table 1, it
was concluded that, under an aerobic atmosphere, about 80 %
of the epoxide results from autoxidation, which arises from a
carbon-based radical intermediate (5 vs 1 TON epoxide, in
agreement with the labeling data), and this radical is also
assumed to be responsible for the formation of diol (no diol in
presence of O,).'" For the {(L')Fe}-based system, there also is
an increased amount of epoxide under aerobic conditions
(TON 2.2 versus 1.0). This finding is in agreement with the
fact that in air, 55% of the epoxide oxygen results from O,
(**0 labeling); the other 45% is from H,O,. The hypothesis
for the L'-based system is that the epoxide product is
produced, as in the L>-based system, by direct attack of the
ferryl oxygen at the double bond, and that this attack leads to
a carbon-based radical intermediate. The fact that the diol
production is not quenched by O, indicates that diol results
from another reaction channel. This finding is supported by
two observations, namely: a) there is only cis-diol product,
and b) both oxygen atoms of the diol originate from the H,O,
oxidant. An appealing hypothesis is that the diol is produced
by the new [(L")Fe(OH),]** oxidant."¥! The experimentally
determined mechanism of the L>-based system!'” was con-
firmed by DFT calculations," and a similar set of calculations
was therefore done with the L'-based system to more
thoroughly understand the new reaction mechanism, and
specifically to validate the above hypotheses.

From the decay of the [(L")Fe"(H,0,)(NCMe),]*" pre-
cursor there are four possible high-valent iron complexes,
[(L)Fe"=O(OH)J", [(L)Fe"=O(OH)]", [(L)Fe™(OH),J*",
and [(L")Fe™=O(OH,)]*"; the latter is formed from the
dihydroxo complex in a water-assisted proton-transfer reac-
tion with an energy barrier of 34.7 kJmol .l The potential
oxidant [(L")Fe"=0O(OH)]*" is not discussed in detail owing to
unfavorable energetics.!'*!7

Oxo-hydroxo-iron(IV) complexes, such as [(L')Fe"v=
O(OH)]*, are expected to perform both epoxidation and
cis-dihydroxylation of olefins. This reactivity has been
reported for the Fe-tpa-based system (tpa = tris-2-pyridylme-
thylamine).' Epoxidation and dihydroxylation based on
the [(L")Fe™V=O(OH)]* complex are exothermic but involve
relatively high energy barriers (approx. 70 kJmol !, see
Supporting Information). Also, the direct formation of
[(LYFe™=O(OH)]" has been predicted to be significantly
less probable than that of [(L')Fe'(OH),]*" and its tautomer
[(LYFe™=0O(OH,)|**.'l Therefore, pathways arising from
[(L"YFe™=O(OH)]" are not considered as major reaction
channels. Consequently, the hypothesis is that
[(LYFe™(OH),J*", formed in a direct process from [(L")Fe™-
(H,0,)]*" by O—O bond homolysis, is the key intermediate in
the oxidation processes (Scheme 2).

The key results of our DFT calculations related to the cis-
diol production are illustrated in the energy diagram in
Figure 1. [(L")Fe"™(OH),]*" has a triplet (S =1) ground state
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Scheme 2. Diol pathway (left) and epoxide pathway (right) for the cis-
dihydroxylation and epoxidation of olefins.

with a margin of 18.2 kI mol ™ to the quintet (S =2) state. The
transition state of the concerted reaction to the cis-diol has a
relative energy of 36.1 kI mol™" on the triplet surface. The spin

Energy/ kJmol ™!

Figure 1. Computed pathway for the iron-bispidine-catalyzed cis-dihy-
droxylation of ethylene (see also Scheme 2, left). The initial energy
levels (left) refer to the triplet ground state (S=1, 0.0) and quintet
exited state (S=2, 18.2 k) mol™") of [(L")Fe"(OH),]*". Spin densities
and bond lengths are given in the Supporting Information.
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density in the triplet transition state is distributed between the
iron center (1.08), the two oxygen atoms (0.18, 0.19) and the
partially oxidized olefinic carbon atoms (0.40, 0.27). The
reaction is highly exothermic (—272.3kJmol™') and the
product has a quintet ground state. Therefore, the reaction
involves a spin-crossover, which is expected to occur after the
formation of the transition state (the optimized structure of
the transition state on the quintet surface is given as
Supporting Information).

The proton transfer from [(L")Fe™(OH),]*" to [(L")Fe™=
O(OH,)J*" has an energy barrier of 34.7kJmol™' and is
exothermic (—18.5 kI mol™"); this process also involves a spin-
crossover from the {Fe'Y(OH),} (S=1) to the {Fe""=0O(OH,)}
(S=2) tautomer.'*?"! Stepwise and concerted pathways have
been considered for the epoxidation, and the results are
presented in Figure 2. In the stepwise reaction on the quintet
surface the energy barrier is 7.3 kJmol™'. Spin coupling
between the two magnetic centers in the emerging Fe™
radical intermediate leads to several possible spin states,
and a quintet state with high-spin Fe™ and spin-down on the
radical center is found to be the ground state. We have also
considered the possibility of a concerted transition state,
which directly leads to the Fe"-epoxide product. On the
quintet surface we were not able to refine a true transition
state. We have also tested for two-state reactivity by

Energy /kJ mol™!
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computation of the reaction on the triplet-state surface.
Both concerted and stepwise transition states are close-lying
with energy barriers of 56.2 and 55.2 kJmol™', respectively,
but these barriers are so high in energy that they can be
neglected.

The ring closure from the radical intermediate to form the
Fe—epoxide product has an energy barrier of 16.1 kJmol ' on
the quintet (S =2) surface, and the calculated energy barrier
on the heptet (S=3) surface is prohibitively high
(233.1 kJmol ™). The final Fe"-epoxide product also has a
quintet ground state. In the final step the epoxide is cleaved,
leading to the regeneration of the catalyst. This step has an
energy barrier of 12.9kJmol™', and the overall reaction
occurs in the quintet state. The reaction is exothermic in each
step. From our previous DFT calculations with the iron
complexes of the pentadentate ligand L? it emerges that the
reaction of O, with the Fe'™ radical intermediate has a lower
barrier than the ring closure, and this is required for the
formation of epoxide by an autoxidation process.'®! A similar
behavior is expected in this case.

The DFT calculations demonstrate that [(L')Fe™ (OH),]*"
(S=1) may be responsible for both cis-dihydroxylation and
epoxidation. Formation of cis-diol from intermediate-spin
[(LHFe™(OH),J*" is relatively sluggish compared to the
formation of epoxide from its high-spin tautomer (36.1 vs

Figure 2. Computed pathways (stepwise and concerted) for the iron-bispidine-catalyzed epoxidation of ethylene. The dashed line indicates a
concerted transition state. See also Scheme 2, right. The initial energy levels (left) refer to the quintet ground state (S=2, 0.0) and triplet exited
state (S=1, 11.5 k) mol™) of [(L')Fe""=0O(OH,)]*". Spin densities and bond lengths are given in the Supporting Information.
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23.4kJmol™!, sum of energy barriers for each process).
However, the generation of [(L')Fe""=O(OH,)]*" from
[(L"YFe"Y(OH),]*" by proton transfer also has a significant
energy barrier (34.7 kJmol ™). Starting from
[(LYFe™(OH),J*", the sum of the computed energy barriers
reveals that cis-dihydroxylation is favored by 22 kJmol ! over
olefin epoxidation. Under anaerobic atmosphere this finding
leads to the prediction of a diol/epoxide ratio of 1.6:1, in
excellent agreement with the experimentally determined
ratio of 1.5:1 (Table 1). Under aerobic conditions, the ratio
cannot be directly compared because of the autoxidation
process in the epoxidation path.

Our interpretation of the bispidine—iron-catalyzed olefin
oxidation with H,O, is at variance with the suggestion that the
mechanism with the comparable tetradentate tpa- and
bpmen-based catalysts (bpmen = N,N'-dimethyl-N,N'-bis(2-
pyridylmethyl)-1,2-diaminoethane) involves a catalytically
active {FeY=0} intermediate.”'?"! Our proposal is based on
[Fe™V(OH),} (S=1) and its tautomer {Fe"V=O(OH,)} (S=2),
which have not been considered and are derived from
experiment and a DFT analysis. We suggest that the {Fe'=
O(OH)} pathway is less probable but cannot be excluded with
our L'-based system.['#"?%] There is no indication that our
results and interpretation may be generalized, that is, it is
quite possible that other systems follow different mechanistic
pathways. An interesting recent observation, however, is that
[(tpa)Fe"™V=0]*", derived from [(tpa)Fe"-OO¢Bu]*, is able to
oxidize olefins.””!

Received: April 17, 2007
Revised: June 12, 2007
Published online: September 17, 2007

Keywords: dihydroxylation - epoxidation - iron - oxidation -
reaction mechanisms

[1] B. Meunier, S. P. de Visser, S. Shaik, Chem. Rev. 2004, 104, 3947.

[2] M. Costas, M. P. Mehn, M. P. Jensen, L. Que, Jr., Chem. Rev.
2004, 104, 939.

[3] “Metal-Oxo and Metal-Peroxo Species in Catalytic Oxidations™:
J.-J. Girerd, F. Banse, A.J. Simaan, Struct. Bonding (Berlin)
2000, 97, 145.

[4] F. Tiago de Oliveira, A. Chanda, D. Banerjee, X. Shan, S.
Mondal, L. Que,Jr., E. L. Bominaar, E. Miinck, T. J. Collins,
Science 2007, 315, 835.

[5] J. E Berry, E. Bill, E. Bothe, S. DeBeer George, B. Mienert, F.
Neese, K. Wieghardt, Science 2006, 312, 1937.

[6] J. C. Price, E. W. Barr, B. Tirupati, M. Bollinger, Jr., C. Krebs,
Biochemistry 2003, 42, 7497.

[7] O.Pestovsky, S. Stoian, E. L. Bominaar, X. Shan, E. Miinck, L. J.
Que, A. Bakac, Angew. Chem. 2005, 117, 7031; Angew. Chem.
Int. Ed. 2005, 44, 6871.

[8] Note that the fully characterized {FeV=0} aqua ion (S=2)"is
not considered to be a biomimetic ferryl complex.

[9] M. R. Bukowski, P. Comba, C. Limberg, M. Merz, L. Que, Jr., T.
Wistuba, Angew. Chem. 2004, 116, 1303; Angew. Chem. Int. Ed.
2004, 43, 1283.

[10] M. R. Bukowski, P. Comba, A. Lienke, C. Limberg, C. Lopez
de Laorden, R. Mas-Ballesté, M. Merz, L. Que,Jr., Angew.
Chem. 2006, 118, 3524; Angew. Chem. Int. Ed. 2006, 45, 3446.

[11] J. Bautz, M. Bukowski, M. Kerscher, A. Stubna, P. Comba, A.
Lienke, E. Miinck, L. Que, Jr., Angew. Chem. 2006, 118, 5810; .
Chem. Int. Ed. 2006, 45, 5681.

[12] A. Anastasi, A. Lienke, P. Comba, H. Rohwer, J. E. McGrady,
Eur. J. Inorg. Chem. 2007, 65.

[13] J. Bautz, P. Comba, L. Que, Jr., Inorg. Chem. 2006, 45, 7077.

[14] P. Comba, G. Rajaraman, H. Rohwer, Inorg. Chem. 2007, 46,
3826.

[15] Turnover number TON =10 x (umol product per umol catalyst).

[16] P. Comba, G. Rajaraman, unpublished results.

[17] Formation of [(L')FeY=O(OH)] is thermodynamically and
kinetically unfavorable with respect to the formation of
[(LYHFe'Y(OH),] and [(L))Fe'Y=O(OH,)], (all possible spin
states and water-assisted as well as non-water-assisted pathways
have been considered).'¥ Moreover, the first transition state of
the reaction of [(L')Fe"=0O(OH)] with ethylene has a relative
energy of 12 kJmol ™', which is slightly higher than the corre-
sponding transition state of the [(L"Fe"Y=0(OH,)]-based reac-
tion (see Supporting Information).

[18] The catalytically active species in the [Fe"(tpa)(NCCH;),]*"/
H,0, system leading to epoxide and diols has been proposed to
be [(tpa)Fe"O(OH) .1

[19] R. Mas-Ballesté, M. Fujita, C. Hemmila, L. Que, Jr., J. Mol
Catal. A 2006, 251, 49.

[20] This energy barrier has been calculated with Gaussian 03 (G03);
there is a small difference to the basis sets used (TZVP vs.
LACV3P**+ +), which is not expected to have a significant
influence on the computed energy barriers.

[21] A.Bassan, M. R. A. Blomberg, P. E. M. Siegbahn, L. Que, Jr., J.
Am. Chem. Soc. 2002, 124, 11056.

[22] A. Bassan, M. R. A. Blomberg, P. E. M. Siegbahn, L. Que, Jr.,
Angew. Chem. 2005, 117,2999; Angew. Chem. Int. Ed. 2005, 44,
2939.

[23] A. Bassan, T. Borowski, M. Lundberg, P. E. M. Siegbahn in
Concepts and Models in Bioinorganic Chemistry (Ed.: H.-B.
Kraatz, N. Metzler-Nolte), Wiley-VCH, Weinheim, 2006, p. 63.

[24] T. A. Jackson, L. Que, Jr. in Concepts and Models in Bioinor-
ganic Chemistry (Ed.: H.-B.Kraatz, N. Metzler-Nolte), Wiley-
VCH, Weinheim, 2006, p. 259.

[25] D. Quinonero, K. Morokuma, D. G. Musaev, R. Mas-Ballesté, L.
Que, Jr., J. Am. Chem. Soc. 2005, 127, 6548.

[26] Preliminary experiments on the dependence of water added to
the catalyst solutions lead to significant differences in the total
amount of products and product ratios; direct oxidation of the
{(LYFe"} precursor with fBuOOH or iodosylbenzene diacetate
only produces epoxide from cyclooctene. These preliminary
experiments support our mechanistic proposal and show how the
product selectivity can be tuned.

[27] M. S. Seo, T. Kamachi, T. Kuouno, K. Murata, M. J. Park, K.
Yoshizawa, W. Nam, Angew. Chem. 2007, 119, 2341; Angew.
Chem. Int. Ed. 2007, 46, 2291.

www.angewandte.de

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

Angew. Chem. 2007, 119, 8213-8216


http://dx.doi.org/10.1021/cr020443g
http://dx.doi.org/10.1021/cr020628n
http://dx.doi.org/10.1021/cr020628n
http://dx.doi.org/10.1126/science.1128506
http://dx.doi.org/10.1021/bi030011f
http://dx.doi.org/10.1002/ange.200502686
http://dx.doi.org/10.1002/anie.200502686
http://dx.doi.org/10.1002/anie.200502686
http://dx.doi.org/10.1002/ange.200352523
http://dx.doi.org/10.1002/anie.200352523
http://dx.doi.org/10.1002/anie.200352523
http://dx.doi.org/10.1002/ange.200504357
http://dx.doi.org/10.1002/ange.200504357
http://dx.doi.org/10.1002/anie.200504357
http://dx.doi.org/10.1002/ange.200601134
http://dx.doi.org/10.1002/anie.200601134
http://dx.doi.org/10.1002/anie.200601134
http://dx.doi.org/10.1002/ejic.200600786
http://dx.doi.org/10.1021/ic061129y
http://dx.doi.org/10.1021/ic061129y
http://dx.doi.org/10.1021/ja026488g
http://dx.doi.org/10.1021/ja026488g
http://dx.doi.org/10.1002/ange.200463072
http://dx.doi.org/10.1002/anie.200463072
http://dx.doi.org/10.1002/anie.200463072
http://dx.doi.org/10.1002/ange.200604219
http://dx.doi.org/10.1002/anie.200604219
http://dx.doi.org/10.1002/anie.200604219
http://www.angewandte.de

