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Nature has evolved a number of nonheme iron oxygenases
capable of the stereoselective oxidation of C�H and C�C
bonds.[1, 2] Still far from being understood are the factors that
control the ability of iron centers to catalyze a range of
reactions such as alkane hydroxylation, olefin epoxidation,
and olefin cis-dihydroxylation. In our effort to develop bio-
inspired nonheme iron catalysts, we have discovered a family
of iron complexes with tetradentate pyridine/amine ligands
that, in combination with H2O2, are capable of carrying out
the above transformations with high stereoselectivity.[3±7]

Enantioselectivity has also been obtained with the chiral
ligand N,N�-bis(2-pyridylmethyl)-N,N�-dimethyl-trans-1,2-di-

aminocyclohexane (bpmcn).[8] A priori, tetradentate ligands
with this type of architecture can adopt three different
topologies (Scheme 1).[9±11] While Schiff×s base ligands (e.g.
salen) often afford complexes with the trans or planar

Scheme 1. Three different topologies that can be adopted by tetradentate
ligands such as N,N�-bis(2-pyridylmethyl)-N,N�-dimethyl-trans-1,2-diami-
nocyclohexane (bpmcn).

topology, ligands such as bpmcn in which the imine function-
alities have been reduced give rise to complexes with cis-�
and/or cis-� topologies. We have undertaken a series of
systematic studies to uncover the factors that control the
catalytic reactivity of the nonheme iron center in this family of
complexes.[5±7] Herein we report the unexpectedly distinct
oxidation behavior of two [FeII(bpmcn)] catalysts, whose
structures differ only by their ligand topologies.

[FeII(bpmcn)(OTf)2] (1, OTf� trifluoromethanesulfonate)
complexes in both cis-� and cis-� ligand topologies can be
synthesized by independent routes, and the structures of �-1
and the related �-[FeII(5-Me2-bpmcn)(OTf)2] have recently
been established by crystallography.[8, 12] The NMR spectra of
the two complexes strongly suggest that they each retain their
respective ligand topologies in solution (Figure 1). Complex

Figure 1. 1H NMR spectra of �-[FeII(bpmcn)(CD3CN)2]2� (a) and �-
[FeII(bpmcn)(CD3CN)2]2� (b) in CD3CN solution at ambient temperature.

�-1 exhibits 12 paramagnetically shifted signals, as expected
for a C2-symmetric high-spin FeII complex, while the � isomer
shows 24 resonances. These isomers do not interconvert even
after heating solutions of either isomer in acetonitrile at 50 �C
for one day. The high barrier to interconversion arises from
the fact that the N-methyl groups of the ligand have distinct
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configurations in the two topologies, anti relative to each
other in the � isomer and syn in the � isomer. Interconversion
between the two isomers thus requires breaking of one
Fe�Npy bond and the adjacent Fe�Namine bond to allow one
N-methyl group to epimerize. The inertness of the two
isomers to interconversion provides us a unique opportunity
to explore ligand topology effects on catalysis, and Tables 1
and 2 summarize our surprising results.

The data demonstrate that �-1 is an effective catalyst for
hydrocarbon oxidation, converting as much as 70% of the
H2O2 introduced into oxidized products. Its high catalytic
reactivity thus resembles that displayed by the isostructural
[FeII(bpmen)(CH3CN)2]2� (bpmen�N,N�-bis(2-pyridylmeth-
yl)-N,N�-dimethyl-1,2-diaminoethane).[13, 14] Furthermore the
oxidations can be highly stereoselective. For example, the
hydroxylation of cis-1,2-dimethylcyclohexane to the corre-
sponding tertiary alcohol affords only the epimer with cis-
dimethyl groups. Similarly, the oxidation of cis- and trans-2-
heptene affords the corresponding epoxides and cis-diols
with no detectable loss of stereochemistry. These stereo-
specific transformations, together with the high alcohol/
ketone ratio obtained for cyclohexane hydroxylation, dem-
onstrate that substrate radicals, if formed in the course of
oxidation, must be quite short-lived. Thus the catalytic
reactivity of �-1 strongly parallels that of [FeII(tpa)-
(CH3CN)2]2� (2, tpa� tris(2-pyridylmethylamine)).[5±7]

Isotope-labeling experiments with H2
18O2 and H2

18O fur-
ther establish the mechanistic similarity between �-1 and 2
(Table 1 and Table 2). For cyclohexane hydroxylation and
cyclooctene epoxidation carried out in the presence of H2O,
the oxygen atoms of the alcohol and epoxide products derive
mainly from H2O2, with the balance from H2O; little or no
incorporation from O2 is observed. Even more striking is the
labeling pattern for the minor cis-dihydroxylation product of
cyclooctene; the diol obtained from �-1, like that from 2,
derives one oxygen atom from H2O2 and the other from H2O.
These observations support the mechanism shown in
Scheme 2 (left branch) invoking a low-spin FeIII�OOH
intermediate and a cis-HO�FeV�O oxidant derived there-
from; this mechanism previously proposed for 2 also accounts
for all the mechanistic evidence for �-1.[5±7]

The oxidation behavior of �-1 is significantly different from
that of �-1. For this catalyst, there is strong evidence for the
participation of longer lived radicals (Table 1 and Table 2):
the low alcohol/ketone ratio for cyclohexane hydroxylation,
the loss of stereochemistry in the oxidations of cis-1,2-

Scheme 2. Proposed mechanisms for the oxidations.

Table 1. Alkane oxidation reactivities of nonheme iron catalysts.[a]

Fe(tpa)[b] �-1 �-1 Fe(6-Me3-tpa)[b]

cyclohexane
A � K[c] (TN)[d] 3.2 5.9 1.9 1.4
[A]/[K] 5 9 0.9 1
KIE[e] 3.5 3.2 4.0 3.3
[H2

18O2/H2
18O] (%)[f] 70/27 82/15 34/10 22/1

adamantane 3�/2�[g] 17 15 17 15
cis-DMCH[h]%RC[i] � 99% � 99% 68% 54%

[a] Reaction conditions: 0.7 m� catalyst, 7 m� H2O2, and 0.7� substrate in
CH3CN at room temperature in air. H2O2 solution added by syringe pump
over a 30-min period. [b] Data from references [5] and [6]. [c] A � K�
alcohol � ketone. [d] TN�Turnover number. [e] KIE� Intermolecular
kinetic isotope effect obtained from the competitive oxidation of c-C6H12/c-
C6D12 to cyclohexanol. [f] 18O incorporated into cyclohexanol when H2

18O2

was used as a oxidant/when reaction was carried out in presence of
1000 equiv of H2

18O. Other conditions as stated in [a]. [g] 3� [1-adaman-
tanol]/([2-adamantanol] � [2-adamantanone]). [h] DMCH� 1,2-dimeth-
ylcyclohexane. [i] %RC� 100� (cis-trans)/(cis � trans).

Table 2. Olefin oxidation reactivities of nonheme iron catalysts.[a]

Fe(tpa)[b] �-1 �-1 Fe(6-Me3-tpa)[b]

cyclooctene
diol � epoxide (TN)[c] 7.4 6.5 7.7 5.6
[diol]/[epoxide] 1.2:1 0.1:1 1.8:1 7.0:1
epoxide%18O
[H2

18O2/H2
18O](%)[d]

90/9 90/11 66/15 54/3

diol%18O from
H2

18O2 [noO/1O/2O](%)[e] 0/97/3 3/89/7 2/4/93 4/96
H2

18O [noO/1O/2O](%)[f] 13/86/1 11/88/1 97/3/0 99/1/0

cis-2-heptene
diol � epoxide (TN)[c] 4.9 7.0 6.8 4.5
[diol]/[epoxide] 1.6:1 0.1:1 0.8:1 10:1
%RC[g] epoxide 80 � 99 67 35
%RC[g] diol 96 � 99 85 93

trans-2-heptene
diol � epoxide (TN)[c] 4.8 5.7 5.6 4.1
[diol]/[epoxide] 2.2:1 0.05:1 0.6:1 13:1
%RC[g] epoxide � 99 � 99 86 � 99
%RC[g] diol 96 � 99 81 96
1-octene
diol � epoxide (TN)[c] 7.5 6.4 4.7 5.8
[diol]/[epoxide] 2.0:1 0.2:1 2.1:1 18:1

[a] Reaction conditions: 0.7 m� catalyst, 7 m� H2O2, and 0.7� substrate in
CH3CN at room temperature in air. H2O2 solution added by syringe pump
over a 30-min period. [b] Data from references [5] and [6]. [c] TN�Turn-
over number [d] 18O incorporated into cyclooctene epoxide when H2

18O2

was used as a oxidant/when reaction was carried out in presence of
1000 equiv of H2

18O. Other conditions as stated in [a]. [e] Percentage of cis-
cyclooctane-1,2-diol that contains no 18O/1 18O atom/2 18O atom when
H2

18O2 was used as a oxidant. Other conditions as stated in [a].
[f] Percentage of cis-cyclooctane-1,2-diol that contains no 18O/1 18O atom/
2 18O atom when reaction was carried out in presence of 1000 equiv of
H2

18O. Other conditions as stated in [a]. [g] %RC� 100� (cis-trans)/(cis �
trans).
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Since their discovery over 50 years ago,[1, 2] several hundreds
of urea inclusion compounds[3±11] have been prepared con-
taining different types of guest molecules (mainly based on n-
alkane chains, with only a limited degree of substitution
allowed). The vast majority of urea inclusion compounds are
based on a hexagonal host structure[3, 12] that comprises
continuous, parallel tunnels constructed from a hydrogen-
bonded arrangement of urea molecules. These ™conventional∫

dimethylcyclohexane and cis-2-heptene, and the significant
incorporation of O2 into the alcohol and epoxide products.
Such catalytic behavior strongly resembles that of [FeII(6-
Me3-tpa)(CH3CN)2]2� (3).[5±7] Perhaps even more compelling
is the catalysis of cis-dihydroxylation by �-1. Not only are the
cis-diol/epoxide ratios increased by six- to tenfold relative to
those observed for �-1, but the cyclooctene cis-dihydroxyla-
tion product also derives both oxygen atoms from H2O2, as
reported for 3.[4, 6]

Our results show that the small change in ligand topology
around the metal center between �-1 and �-1 elicits dramat-
ically distinct outcomes in the hydrocarbon oxidation reac-
tions observed for these two isomers, ones that parallel the
contrasting behavior of 2 and 3. The difference between 2 and
3 is less subtle; 3 has 6-Me substituents whose steric effects
affect the spin state of the FeIII�OOH intermediate,[15] which
in turn influences the course of the oxidations (Scheme 2,
right branch).[5±7] By analogy, we propose that the distinct
ligand topologies of �-1 and �-1 give rise to different spin
states for their respective FeIII�OOH intermediates. That the
�-ligand topology exerts a stronger crystal field is clearly
manifested in 1H NMR experiments on the FeII catalysts in
CD3CN. While both isomers exhibit large paramagnetic shifts
at 25 �C indicative of high-spin metal centers (Figure 1), the
� isomer undergoes a transition to a diamagnetic low-spin
form as it is cooled to �45 �C, indicated by a spectrum that
spans only 12 ppm. In contrast, the � isomer remains high spin
at �45 �C.

In summary, ligand effects appear to play a significant role
in determining the course of hydrocarbon oxidation by
nonheme iron catalysts in combination with H2O2. One
important factor is the availability of two cis-labile sites as
demonstrated by Chen et al.[5, 6] in a comparison of related
tetradentate and pentadentate ligands and by Mekmouche
et al.[16] in a comparison of [Fe(L)X2] (X�Cl or CH3CN)
catalysts. We have also shown the dramatic effect of introduc-
ing 6-methyl substituents on pyridine ligands.[5±7] Herein, we
show that the catalytic chemistry can be controlled by ligand
topology. This work demonstrates that exquisite tuning of the
reaction mechanisms can be accomplished by subtle control of
the coordination environment of the nonheme iron site. Such
fine tuning may also serve as a precedent to understand the
diversity on the reactions of hydrocarbon oxidation catalyzed
by nonheme iron enzymes.

Experimental Section

�-[FeII(bpmcn)(CF3SO3)2] (�-1) was prepared as previously described.[8]

�-[FeII(bpmcn)(CF3SO3)2] (�-1) was prepared from �-[FeII(bpmcn)Cl2].
Overnight reaction of bpmcn (1.63 g, 5 mmol) in CH3CN (7 mL) with a
vigorously stirred suspension of FeCl2 (0.64 g, 5 mmol) in CH3CN (3 mL)
afforded a yellow precipitate that was filtered, washed with CH3CN and
dried under vacuum to afford the product �-[FeII(bpmcn)Cl2] (1.97 g;
87%). Elemental analysis calcd (%) for C20H28Cl2FeN4 ¥H2O: C 51.19, H
6.44, N 11.94; found: C 51.38, H 6.20, N 12.21. A suspension of �-
[FeII(bpmcn)Cl2] (800 mg, 1.78 mmol) in CH3CN (5 mL) was then treated
with a solution of AgCF3SO3 (912 mg, 3.55 mmol) in CH3CN (4 mL),
resulting in the formation of a fine precipitate of AgCl, which was filtered
away after allowing the mixture to stir. The filtrate was then dried in vacuo,
yielding the desired complex as a pale yellow powder. Recrystallization

from CH2Cl2/diethyl ether afforded �-1 as large pale yellow blocks (1.19 g,
99%). Elemental analysis calcd (%) for C22H28F6FeN4O6S2: C 38.95, H 4.16,
N 8.26, S 9.45; found: C 38.97, H 4.37, N 8.30, S 9.41.
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