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The emergence of a large family of mononuclear non-heme iron
oxygenases has prompted the design and development of non-heme
iron complexes that can catalyze alkane hydroxylation as well as
olefin epoxidation and cis-dihydroxylation using H2O2 as an
oxidant.1 In many cases, high stereoselectivity is achieved. These
bioinspired catalysts typically consist of a mononuclear iron(II)
center coordinated to tetradentate N4 ligands, such as TPA [tris-
(2-pyridylmethyl)amine] and BPMEN [N,N′-dimethyl-N,N′bis(2-
pyridylmethyl)-1,2-diaminoethane].1b-e The more thoroughly stud-
ied TPA catalyst oxidizes cyclooctene to approximately equimolar
amounts of epoxide andcis-diol and has been proposed to operate
via an initial FeIII -OOH intermediate that is converted to acis-
HO-FeVdO oxidant in a water-assisted mechanism. This hypoth-
esis is best supported by the observation that one oxygen atom of
thecis-diol product is derived from H2O2 and the other from added
H2

18O.1c Subsequent DFT calculations show that the unprecedented
HO-FeVdO oxidant is energetically plausible.2 Extending these
notions to the BPMEN catalyst may require some adjustments to
the mechanism since this catalyst oxidizes cyclooctene mainly to
epoxide (cis-diol/epoxide∼ 1:8).1c In line with ongoing literature
discussion on heme-catalyzed oxidations regarding the viability of
an iron(III)-peroxo oxidant versus the more commonly accepted
high-valent oxoiron species,3 we have compared by DFT calcula-
tions two alternative scenarios for olefin oxidation by Fe(BPMEN),
one water-assisted (wa) and the other non-water-assisted (nwa)
(Figure 1), which invoke the participation of either acis-OH-FeVd

O or an FeIII -OOH oxidant. On the basis of these DFT results, we
suggest that both pathways are energetically plausible and that the
presence of water can alter the course of the olefin oxidation, and
we have subsequently corroborated these conclusions by experi-
ment.

Figure 1 summarizes our DFT results.4 Let us first focus on
(BPMEN)FeIII-OOH, the common intermediate in thewaandnwa
pathways. This intermediate may adopt two distinct structures,
FeIII -η1-OOH (1) and FeIII -η2-OOH (2). Isomer1 has a6A
ground state with4A and 2A spin states located 4.0 and 8.5 kcal/
mol higher in energy, respectively, while isomer2 exists only in
6A and2A states (with the former slightly lower in energy than the
latter). Optimization of2 in the 4A state converges to1 without
any energy barrier. The ground state of1 is 6.7 kcal/mol lower in
energy than that for2. Interconversion of the two isomers occurs
with a very small energy barrier.

When water is absent (nwamechanism), the reaction starts from
either 1 or 2 and may proceed through two different pathways.
One path involves initial cleavage of the O-OH bond followed by
attack of the olefin, while the other proceeds by direct attack of

the olefin. The cleavage of the O-OH bond has an activation energy
of 25.0 kcal/mol (below, we will discuss only the ground state
energetics along the potential energy surfaces of the reactions
studied) at the2A transition state (TS)3. This is in agreement with
the experiments indicating that a low-spin FeIII center activates the
O-O bond more easily than its high-spin counterpart.12 The product
of the reaction is HO-FeVdO (4), which in its 4A ground state,
lies 2.9 kcal/mol lower than the reactant1. Epoxidation from4
starts by formation of the4(C2H4) adduct,5, and occurs through
multiple TSs and intermediates. The energy barrier at the first TS,
6, is calculated to be 7.1 kcal/mol. Overcoming this barrier leads
to intermediate7, which converts to the final epoxide and/orcis-
diol products with an extremely small activation barrier. Since all
barriers for epoxidation/cis-dihydroxylation starting from4 are much
smaller than the initial O-OH bond cleavage barrier of 25.0 kcal/
mol, O-O bond cleavage is the rate-determining step.

An alternative route in thenwa pathway involves direct attack
of FeIII -OOH on olefin starting from1 (or 2). This step occurs
via the concerted transition state9 (with a 6A ground state) and
can only lead to olefin epoxidation. The activation barrier is 13.2
kcal/mol, which is 11.8 kcal/mol lower than that for the O-OH
cleavage. Inclusion of the entropy effect reduces the∆(TS-9-TS-
3) from 11.8 to 6.2 kcal/mol. However, since the actual experiments
are carried out in MeCN solvent, we also considered the effect of
binding MeCN to (BPMEN)FeIII (OOH) prior to its reaction with
olefin. The calculations show that the coordination of MeCN
increases the barrier for direct epoxidation by almost 8 kcal/mol,

Figure 1. Schematic representation of the non-water-assisted (nwa) and
water-assisted (wa) mechanisms of the (BPMEN)FeOOH-catalyzed epoxi-
dation. Energies are given in kcal/mol and calculated relative to FeIII -η1-
OOH + H2O + NCCH3 + C2H4 dissociation limit.
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but this barrier is still lower than that for O-O bond cleavage.
Thus, in the absence of water, the calculations overwhelmingly favor
the direct attack pathway for the Fe(BPMEN)OOH oxidant leading
exclusively to epoxidation.

Next, we consider thewa mechanism, centered on the six-
coordinate (BPMEN)(H2O)FeIII (OOH) 10 with a 2A ground state.
From this species, the reaction may proceed again via two different
pathways. The pathway starting with the O-OH bond cleavage
occurs with a 19.8 kcal/mol barrier (relative to complex10) at the
2A TS 11. From the resulting intermediate12, the process has to
follow a mechanism very similar to that ofnwa 4 and leads to
both epoxide andcis-diol products. As expected, complex12 and
its TPA analogue (TPA-12) reported previously2 have many
similarities. Indeed, the ground state for both compounds is4A with
similar FedO (1.672 and 1.665 Å for12and TPA-12, respectively)
and Fe-OH (1.757 and 1.765 Å for12 and TPA-12, respectively)
bond lengths. Moreover, they both have almost identical spin
densities on the Fe and O atoms. The barrier for O-OH bond
cleavage is almost one-half of the 38.3 kcal/mol barrier for direct
epoxidation by the same complex10 at the2A transition state13.
Therefore, one may expect that, when water is present, olefin
oxidation by Fe(BPMEN) occurs via the HO-FeVdO species12,
as opposed to the FeIII -OOH species when water is not present.
Furthermore, thewapathway proceeds via the low-spin state, while
in the nwa pathway, the high-spin process is kinetically and
thermodynamically more favorable.

We have sought to test the DFT-derived notions with experi-
ments, and the results obtained are fully consistent with these
theoretical findings (Figure 2). As previously reported, Fe(BPMEN)-
catalyzed cyclooctene oxidation under our typical conditions yields
8.4 turnovers of product (from 10 equiv of H2O2) with a diol/
epoxide ratio of 0.13. In the presence of 1000 equiv of added water,
the number of turnovers decreases to 5.5, but the diol/epoxide ratio
increases almost 7-fold, due to the diol more than doubling in yield
and epoxide decreasing by more than a factor of 2. The much larger
diol/epoxide ratio in the presence of water suggests that thewa
mechanism has become more dominant under these conditions.

18O-labeling experiments support this conclusion. In the presence
of 1000 equiv of H2

18O, the epoxide product shows 30% incorpora-
tion of labeled oxygen. Considering that sole operation of thewa
mechanisms should give 50% labeled epoxide due to facile oxo/
hydroxo tautomerization of the putative 2-fold-symmetric HO-
FeVdO oxidant12, this result indicates that, in the presence of
1000 equiv of water, 60% of the epoxide obtained must come from
thewapathway, and the remaining 40% should arise from thenwa
mechanism. A similar 60:40 partitioning can also be deduced for

diol formation, as 60% of the diol product shows incorporation of
one labeled oxygen, as expected for thewa pathway. Thus by
inference, thenwamechanism must be dominant under conditions
with much less water.

In summary, our computational and experimental studies show
that Fe(BPMEN)-catalyzed olefin oxidation has a complex reaction
mechanism that allows both FeIII -OOH and FeVdO species to act
as oxidants with comparable activation barriers. The presence of
water favors formation of an HO-FeVdO oxidant via water-assisted
O-OH bond cleavage and leads to both epoxide andcis-diol
products. In its absence, the oxidant is the FeIII-OOH (or (MeCN)-
FeIII-OOH), and oxidation mainly leads to epoxide. This conclusion
differs from that derived from DFT investigations of iron-
porphyrin-catalyzed olefin epoxidation, where the FeIII -OOH
pathway is deemed too high in energy to be plausible.3c,13 The
difference between these two systems may lie in the more flexible
coordination environment of the non-heme iron complex, which
has an available adjacent coordination site that contributes to the
activation of the peroxide in bothwa andnwa pathways.
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Figure 2. Yields (in moles diol or epoxide formed per mole catalyst) for
the oxidation of cyclooctene by 10 equiv of H2O2 in the presence of
[(BPMEN)Fe(OTf)2] in CH3CN (orange represents epoxide and bluecis-
diol products).
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