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Abstract

Modeling studies support a radical-chain autoxidation mechanism for the aerobic oxidation of isobutane catalyzed by
halogenated porphyrin iron complexes. A key role of the electronegative halogen substituents is to increase the Fe'™ /!
redox potential and thereby accelerate oxidation of the intermediate r-butyl hydroperoxide by (porph)Fe!™l. The electronic
structures of electronegatively substituted salen iron complexes have been characterized by several techniques, and related to
changes in catalytic activity for oxidation of cyclohexene. The crystal and molecular structure of [Fe((NO,),salen)(H,0)Cl]
is reported.
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1. Introduction

With cytochrome P-450 as the exemplar, great
efforts have been devoted to the study of metal-
loporphyrin complexes as catalysts for hydro-
carbon oxidation [1], with particular recent em-
phasis on porphyrins containing some number
of halogens or other electronegative sub-
stituents. Rationales include retarding oxidative
degradation of the porphyrin, sterically blocking
deactivating formation of p-oxo dimers, and
activating potentially reactive metal-oxo inter-
mediates by effectively destabilizing higher oxi-
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dation states relative to lower ones. The culmi-
nation of this approach in the fully halogenated
porphyrins introduced by Lyons and Ellis [2,3]
has produced remarkably efficient catalysts for
oxidation of isobutane to t-butanol by O,, in
contrast to the vast majority of metalloporphyrin
catalysts which require expensive oxo atom
transfer oxidants, and afford lower activity, se-
lectivity and stability.

We are examining the mechanisms of these
and related catalytic reactions, the effects of
electronegative substitution on structural, elec-
tronic, chemical and electrochemical properties
of the complexes, the key factors that govern
catalytic performance, and possibilities for de-
veloping later-generation catalysts for practical
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hydrocarbon oxidations. Previously we have re-
ported molecular structures of a number of per-
halogenated metalloporphyrin complexes [4], as
well as spectroscopic and catalytic properties
[4,5]. Experimental work along with a computer
modeling study led to the conclusion that isobu-
tane oxidation proceeds via a radical chain au-
toxidation mechanism, as presented in a prelim-
inary communication [6]. We also introduced a
new class of electronegatively substituted com-
plexes, based on the salen ligand, and demon-
strated that some members of that class exhibit
apparently similar catalytic behavior, although
certain anomalies raise questions about the de-
gree of similarity [7].

In the present paper we report on our model-
ing work in fuller detail, extending its use for
extrapolation and prediction; on characterization
of the electronic structures of the salen-based
catalysts, including the X-ray crystallographic
structure of one example; and on the implica-
tions of these findings for mechanistic under-
standing and future prospects.

2. Results and discussion

2.1. Modeling metalloporphyrin-catalyzed
isobutane oxidation

Mechanistic proposals for hydrocarbon oxi-
dation catalyzed by metal complexes may be
divided into two classes: (1) mechanisms in-
volving metal-centered oxidants (M=0, MOOR,
M(HOOR), etc.) that are directly responsible for
C-H bond cleavage, and (2) mechanisms in
which C-H bond cleavage is effected by
metal-free species (HO', RO, ROO", etc.) and
the role of the catalyst is limited to promoting
generation of the latter active species. Even this
rather coarse-grained question is not so easy to
answer for any given case (see, for example,
Ref. [8]). A class (1) mechanism was originally
proposed for oxidation of isobutane by
Fe(TFPP)Cl and Fe(TFPPBrg)Cl (Scheme 1)
[2,3]. In this scheme (porph)Fe!Y =0 is the ac-

Fell + Op — FellO-0
FelLO-O + Fell ——— FelllLO-O-Felll
FelllLO-O-Felll ——» 3 FelV=0
FelV=0 + RH FellLOH + R- ——= Fell + ROH

FelV=0 + Fell < FellL.O-Felll

tive species. However, several experimental ob-
servations, most notably that the reduced
(porph)Fe" reacts with O, only very slowly
under conditions where catalysis is rapid [9],
appear to make this proposal untenable.

For a class (2) mechanism to account for
high activity even at ambient temperatures, the
catalytic steps (Egs. (7) and (7a) in Scheme 2)
would have to be unusually rapid. In fact,
Fe(TFPPBrg)Cl is an extraordinarily active cat-
alyst for decomposition of #-butyl hydro-
peroxide [4,10]. According to this view, halo-
genation of the porphyrin ring indeed stabilizes
lower oxidation states, but the consequence in
terms of catalytic activity is not to make an
Fe=0 species more oxidizing towards a C-H
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fast
ROOH + M RO- + OH- + MII (7a)
Scheme 2.
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bond, as in Scheme 1, but rather to accelerate
the slower of the two catalytic steps, the oxida-
tion of ROOH by (porph)Fe™. In accord with
this picture, the activity for peroxide decompo-
sition correlates directly with redox potential
[10].

Though high peroxide decomposition activity
is necessary to account for a class (2) radical
chain autoxidation mechanism for isobutane ox-
idation, is it also sufficient? That question may
be addressed by computer modeling, as rate
constants for steps not involving catalytic
species are available from the literature, and k_
should be obtainable from the peroxide decom-
position data. Although Scheme 2 is oversimpli-
fied, neglecting a number of alternate reactions
(e.g., abstraction by radicals of primary C—H
bonds), only traces of products from such reac-
tions are typically detected, and this limited set
should be adequate for our purposes. With only
one additional simplifying assumption — that
the sole fate of the methylperoxy radical pro-
duced in Eq. (6) is termination according to Eq.
(6a) — we gain a major advantage of conve-
nience. The set of differential equations derived
from the reaction set of Scheme 2, which with-
out these assumptions would constitute stiffly
coupled equations requiring a relatively elabo-
rate computer program for solution, can be alge-
braically transformed into a non-stiffly coupled
set that can be solved by a simple desktop
computer-BASIC level program using the Euler
method. (The algebra, the final differential
equations, and the literature-derived rate con-
stants were all presented in the preliminary
communication [6] and are not reproduced here.)

Table 1 shows the results of modeling just
the peroxide decomposition, using k. as an
adjustable variable to fit the experimental data
[10]. Tt may be noted that it was also necessary
to treat k., the rate constant for dissociation of
-BuO’ into Me" plus acetone, as adjustable,
since the literature value (8 X 10? to 3 X 10°
s~ ') consistently gave predictions of acetone
yield far below the observed values, no matter
how the remaining parameters were varied.

Table 1
Calculated and observed decomposition of t-butyl hydroperoxide
by three (porph)Fe" complexes

(TPP)FeCl (TFPP)FeCl  (TFPPBrg)FeCl

expt. model  expt. model  expt. model
k.M sh 0.6 1.1 47
ko 71 1x10° 2% 10° gx 10*
Time (h) 1.9 1.9 33 33 19 1.9
Conversion (%) 27 25 72 7295 95
ROH (%) 82 85 87 89 90 90
Me,C=0(%) 11 7 3 32 2
ROOR (%) 7 8 10 8§ 8 8

There is in fact precedent for the fact that that
reaction can be catalyzed by metal complexes
[11]; whether an overall acceleration of 2-3
orders of magnitude, or a range among the three
catalysts tested of more than an order of magni-
tude, are reasonable expectations may be open
to some question. However, the values used do
give good agreement for selectivities to various
products, as shown in Table 1, while the derived
values for k. show the same (logarithmic) cor-
relation with redox potential (Fig. 1) that was
found for the raw activity data.

The next step is to model the actual isobutane
oxidation data, keeping the values for k, and &,
now fixed and not adjustable. An additional
adjustable parameter, the initiation rate k,, must
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Fig. 1. Correlation of r-butyl hydroperoxide decomposition activ-
ity (as measured by k_ value calculated from model) with Fe!lt/!!
redox potential.
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be introduced; intuitively one might expect that
its value would be crucial. However, that turns
out not to be the case, at least within the
framework of the approximate model used: the
calculated degree of conversion is insensitive to
the value of k; over a wide range. Qualitatively,
this is because Egs. (7) and (7a) now become by
far the major source of radicals, and there is no
very efficient chain-termination step. The value
selected for k; begins to have an impact on
calculated results only when it is set sufficiently
high that the model predicts significant conver-
sion in the absence of any catalyst (k.= 0). A
value of k,=107'" s™! was used, based on
extrapolations from high-temperature uncat-
alyzed autoxidation; this value predicts < 0.2%
conversion without catalyst at 25°.

The results of calculations under the above
constraints are shown in Table 2, along with
comparative experimental data [3]. The agree-
ment between predicted and observed activity
for the two active catalysts is striking. For
(TFPPBr,)FeCl the model predicts a significant
yield of di-#-butyl peroxide, which was not de-
tected in the original experimental report. How-
ever, a more recent reexamination of this sys-
tem reported that the latter product is indeed
formed, in approximately the amounts predicted
(conditions of those experiments were not com-
pletely identical to those modeled) [12]. Thus,
for the most active catalyst, the model accu-
rately predicts both activity and selectivity, and
hence the autoxidation mechanism of Scheme 2
accounts fully for the isobutane oxidation activ-
ity.

Two other anomalies appear in Table 2. For
the (TFPP)Fe'™ catalyst (the role, or lack thereof,
of the axial ligand is discussed below), the
model predicts lower overall ROH selectivity
and higher acetone yield than observed. This is
presumably due to one or both of the following:
the failure to detect ROOR which may actually
have been present, as found for the perhalo-
genated catalyst, and the difficulty of choosing
a reliable rate constant for the acetone-produc-
ing step, as discussed earlier. The other is the

Table 2
Calculated and observed oxidation of isobutane by three
(porph)Fe™ complexes
(TPP)FeCl (TFPP)FeOH  (TFPPBry)FeCl
expt. model expt. model expt. model
Time (h) any 143 143 143 715 715
Conversion (%) — 35 18 18 22 23
ROH (%) — 62 95 77 915 85
Me,C=0(%) — 35 5 16 85 85
ROOH (%) — 1 - - = =
ROOR (%) — 2 — 6 — 7

prediction of small but significant activity for
the baseline (TPP)Fe'™ catalyst, whereas none at
all is observed.

To interpret the latter, let us first look at Fig.
2. Since we have a correlation between the
value of k. and the redox potential, and since
we can use k. to calculate overall isobutane
oxidation activity for a hypothetical catalyst, we
can combine these to predict a correlation be-
tween isobutane oxidation and redox potential;
that is shown in Fig. 2. (For the purpose of this
calculation the value of k is held constant at
that for (TFPPBr,)FeCl in Table 1.) Again, it is
evident that the two active catalysts give good
agreement, but (TPP)Fe does not. However,
note the potentials for the wp-oxo dimers
((TPP)Fe),O and ((TFPP)Fe),0, and the corre-
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Fig. 2. Calculated isobutane oxidation activity as a function of
Fe''/! redox potential (curve), experimental data (triangles), and
redox potentials for u-oxo dimers (open arrows),



A. Bottcher et al. / Journal of Molecular Catalysis A: Chemical 117 (1997) 229-242 233

Felll.O-Felll + ROOH FelllOH + ROO- + Fell
Fell + ROOH —— FellLOH + RO-

Scheme 3.

sponding predicted activities. The former should
be essentially inactive, while the latter should
have some activity, albeit less than the corre-
sponding monomer.

This observation suggests an interpretation of
the experimental inertness of (TPP)Fe'.
((TPP)Fe),0 is well-known to form readily un-
der oxidizing conditions, so even if the
monomeric complex with this unhalogenated
ligand had the catalytic activity predicted by the
model, it would rapidly convert to the inactive
form. Then why doesn’t the (TFPP)Fe' com-
plex also give the activity predicted for the
dimer? Because the catalytic cycle will recon-
vert any dimer back to monomer, according to
Scheme 3; and as long as that monomer turns
over more rapidly than it dimerizes, the predom-
inant form participating in catalysis will be the
monomer. Spectroscopic studies have in fact
shown that the monomer predominates in solu-
tion under catalytic conditions, although some
dimer is also detectable [12]. (For the more
sterically hindered (TFPPBry)Fe'' system, we
have not been able to see any evidence for
dimerization.) Scheme 3 also explains why there
is little dependence on axial ligand [2,3], since
by passing through the (presumably) axial lig-
and-free Fe' state each time around the cycle,
the active catalyst will rapidly be converted to a
common form, probably the hydroxide as shown,
no matter what is present at the outset of the
reaction.

2.2. Extrapolation of modeling results

Let's consider two issues: improving cat-
alytic activity for isobutane oxidation, and ex-
tending oxidation by this mechanism to other
hydrocarbons. According to Fig. 1 we should be
able to increase the peroxide decomposition ac-
tivity at will by just making the complex more
oxidizing. Presumably we can achieve that by
adding more and/or better electron-withdraw-

ing substituents. That assumes of course that
redox potential is the only parameter of impor-
tance, which almost surely is not the case (see
below). Also, we would expect to reach a point
where the redox potential is so high that ROOH
reduction (7a) would become slower than ROOH
oxidation (7) and hence rate-determining. That
should give us a maximum. However, Fig. 2
shows that we have relatively little to gain
thereby. The increased peroxide decomposition
rate translates into only a modest increase in
isobutane oxidation, and the catalysts already
examined are nearly at the plateau level already.
Hence the model predicts there is in fact little
room for improvement.

As for other (non-tertiary) C—H bond oxida-
tions, there are two problems. First, the C-H
bond will be stronger, so propagation steps (Eqgs.
(1) and (4) in Scheme 2) will be somewhat
slower. Second, and more serious, termination
is much faster, as the equivalent of Eq. (3) for a
tertiary alkylhydroperoxide becomes instead Eq.
(8) (illustrated for i-propyl hydroperoxide), with
rate constants typically two or more orders of
magnitude higher than k;. As a consequence,
the autoxidation mechanism cannot give effi-
cient oxidation; chain lengths are very short,
and selectivities are low. Calculations for oxida-
tion of propane (necessarily highly approximate,
as rate constants need to be corrected for tem-
perature differences and other changes) suggest
that conversions will only be on the order of
< 1% at around 125°, no matter how high we
make the value of k.. This is pretty much in
agreement with observations [2.,3].

2(CH,),CHOO — (CH,),CHOH
+(CH;),C=0+0, (8)

2.3. Electronic structural characterization of
electronegatively substituted salen complexes

In spite of their good activity for aerobic
isobutane oxidation, the metalloporphyrin cata-
lysts have limited practical applicability because
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Fig. 3. Iron salen derivatives 1-5.

of the difficulty and cost of their preparation.
Since modeling, as discussed above, indicates
that increases in activity sufficient to overcome
these drawbacks are unlikely, a more promising
approach would be to make an equally active
but much cheaper catalyst. The non-macrocyclic
tetradentate ligand salen (1) is often used as a
porphyrin surrogate; but modified salen com-
plexes are much more readily accessible than
most porphyrins.

We have previously reported the synthesis of
a series of electronegatively substituted iron

300
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Fig. 4. Cyclohexene oxidation activity as a function of Fell/Il

redox potential for iron porphyrin (circles) and salen (triangles)
complexes.

salen complexes, along with their activity for
catalytic aerobic oxidation of cyclohexene at
room temperature [7]. Some of the complexes
studied are depicted in Fig. 3, and their oxida-
tion activities (along with comparison data for
the porphyrin complexes studied in the previous
section) are summarized in Fig. 4. The product
selectivities, and sensitivity to the addition of
radical chain initiators or inhibitors, are very
similar for the porphyrin and salen catalysts [7].

It can be seen that redox potential for the
salen derivatives can be systematically varied
by substitution, and the activity—potential rela-
tionship is qualitatively similar to that found for
porphyrin complexes. In fact, some of the more
strongly oxidizing complexes catalyze aerobic
oxidation with activity approaching that of the
better porphyrin catalysts. However, the activ-
ity—potential relationship is not quantitatively
the same for the two classes of complex: a
salen-based catalyst needs a redox potential
around 300 mV higher than the porphyrin cata-
lyst of comparable activity. Also, there is a
striking reversal in the salen data: the most
oxidizing complex, 5, is completely inactive,
while the next most oxidizing, 4, is the most
active.

How are these anomalies to be interpreted?
Assuming that the mechanism is fundamentally
the same as that established above, the only role



A. Bottcher et al. / Journal of Molecular Catalysis A: Chemical 117 (1997) 229-242

of the catalyst is to decompose alkyl hydro-
peroxide intermediates. If those reactions do not
correlate simply with potential, then they must
involve inner-sphere oxidation/reduction of
peroxide by catalyst, wherein the activity de-
pends not only on the redox potential but also
on the specific interaction between the peroxide
and the metal center and the energetics of struc-
tural reorganization during reaction. Accord-
ingly, detailed investigations of molecular and
electronic structure are needed to resolve these
issues.

The electronic structure of the parent salen
complex [Fe(salen)C1] (1) is typical of high-spin
Fe'". Most characteristic is the solution 'H NMR
spectrum, which reveals (among other features)
two signals, paramagnetically shifted to low
field at around 6 40 and 70, corresponding to
the 4- and 6-protons of the phenyl rings [13].

235

These positions remain unsubstituted in all the
derivatives we have prepared. All of them, with
the exception of inactive complex 5, show the
same pattern; in contrast 5 has no peaks with
such large paramagnetic shifts, but does exhibit
sharp peaks in the normal region for aromatic
protons (Fig. 5). UV-visible spectra behave
analogously: the spectra for 1-4 are very simi-
lar to one another, but that for 5 is quite differ-
ent (Fig. 6).

Magnetic moments, measured by SQUID in
the solid state, are complicated by the possibil-
ity of partial aggregation. The parent complex
[Fe(salen)Cl] is known to exist both in a dimeric,
hexacoordinate as well as in a monomeric, pen-
tacoordinate structure in the solid state, depend-
ing on the solvent system and the conditions
used for crystallization, whereas it is monomeric
in solution [14-16]. In the dinuclear complex

N
o
w4
@

T T T T
ao 80 70 60

PPM

T T T T
50 40 3o 20

Fig. 5. NMR spectra of complexes 2 (upper traces) and 5 (lower traces).
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Fig. 6. UV-visible spectra of complexes 2 (dotted line; the spectra
of 1, 3 and 4 are very similar) and § (solid line).

[Fe(salen)Cl], dimerization is achieved by shar-
ing of one oxygen atom from each salen ligand
by two iron atoms. This bridging interaction
results in some magnetic coupling; thus the
parent [Fe(salen)Cl] has a magnetic moment of
5.4 [17], considerably reduced from the spin-
only value of 5.9. Table 3 shows magnetic
moments as well as other data for the com-
plexes; the magnetic moment for 5 is signifi-
cantly lower than that for any of the others.
Combining this with the NMR and UV-visible
spectral data, it seems clear that § has a differ-
ent electronic structure, probably an intermedi-
ate spin state, whereas 1-4 are all apparently
normal high-spin Fe™ in solution.

Table 3
Parameters for [Fe(salen)Cl] derivatives

Complex E° (V)

Activity Magnetic Hi-spin

(versus AgCl/Ag) moment ® NMR®
1 -0.36 0 54 yes
2 0.07 0 59 yes
3 0.13 medium 5.3 yes
4 0.195 high 4.7 yes
5 023 0 38 no

* Solid-state, 300 K.
® Exhibits characteristic peaks at & ~ 40, ~ 70.

2.4. Molecular structure of
[Fe((NO, ), salen)(H,0)Cl] (2)

We have tried to obtain crystals suitable for
X-ray analysis for these new complexes, espe-
cially 4 and §, but so far have succeeded only
for 2. Fig. 7 shows a view of the molecular
structure of [Fe((NO,),salen)(H,0)C1] with the
atomic labeling scheme. The complex is
monomeric in the solid state, with distorted
octahedral geometry around the iron center. The
tetradentate Schiff base ligand (N, 0, donor set)
coordinates the iron atom in the equatorial plane
with aquo and chloro ligands occupying the
axial positions of the complex. (The compound
also crystallizes with one nitromethane
molecule, which is not coordinated.) Presum-
ably the electron-withdrawing nitro substituents
make the iron center in 2 more Lewis acidic,
stabilizing the six-coordinate form relative to 1,

Fig. 7. X-ray crystal structure (plot with 50% probability ellipsoids) of [Fe((NO, ), salen}(H ,0)CI] showing the atomic labeling scheme.
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Table 4 .
Selected bond distances (A) and bond angles (°) in
[Fe((NO, ), salenXH ,0)Cl]

Bond *

Fe-N(1) 2.101(2)
Fe—N(2) 2.087(2)
Fe-Cl 2.2638(7)
Fe-O(1) 1.976(2)
Fe-0(2) 1.9571(14)
Fe-0O(10) 2.137(2)
Angle *

N(1)-Fe-N(2) 79.41(7)
O(1)-Fe-N(1) 85.87(6)
0O(1)-Fe-0(2) 103.52(6)
0(2)-Fe-N(2) $8.62(6)
N(1)-Fe—Cl 93.49(5)
N(2)-Fe-Cli 96.25(5)
0(2)-Fe-0(10) 86.20(7)
O(1)-Fe-0(10) 84.71(6)
0(10)-Fe—Cl 175.13(5)
0(2)-Fe-N(1) 163.92(6)
O(1)-Fe-N(2) 161.71(6)

“ See Fig. 7 for atomic numbering.

which as noted above is either monomeric five-
coordinate or dimeric in the solid state.
Selected bond lengths and angles are listed in
Table 4. The structural details are similar to
those previously found for related complexes.
The octahedral coordination about the iron is
significantly distorted: the O—Fe—N angles in
the equatorial plane (85.87(6)° and 88.62(6)°)
are close to 90°, whereas the N-Fe—-N angle
(79.41(7)°) is relatively small, and the O-Fe-O
angle (103.52°) is much larger. This pattern is
typical for octahedral iron salen complexes: O—
Fe—-O angles between 100.5 and 108.7° have
been observed [16,18,19], whereas only the pen-
tacoordinate iron salen complex [Fe(salen)Cl]
shows a much smaller O-Fe—O angle (93.9°)
[14]. The distance between the iron atom and
the chloro axial ligand is 2.2638(7) A and lies
within the range found for the Fe—Cl distances
in related complexes, e.g. [Fe(salen)Cl] (2.238(4)
A) [14] and [Fe(salen)Cl], (2.294(3) A) [16].
The Fe—O and Fe-N bond lengths in the
equatorial ligand plane of 2 are 1.976(2) A and
1.9571 (14) A (Fe-0), and 2.101(2) A and
2.087(2) A (Fe—N), respectively. These Fe—-N

bond distances (average value = 2.094 A) are
about the same as for [Fe(salen)Cl] (2.082 A
[14] or the corresponding dimer [Fe(salen)Cl],
(2.095 A) [16]. Two related monomeric com-
plexes with octahedral coordination,
[Fe(salen)(Im), JC1O, (Im = imidazole) [19] and
[Fe(3-MeO-salen)(5-Ph—Im)(H,0)IBPh, (Ph =
phenyl, MeO = methoxy) [18] have average
Fe-N distances of 2.118 and 2.071 A, respec-
tively. In contrast, the average Fe—O bond length
for six-coordinate 2 (1.967 A) is significantly
longer than that for five-coordinate [Fe(salen)Cl]
(1.882 A) but not for the dimer [Fe(salen)Cl],
(1.938 A). This suggests that the presence or
absence of a sixth axial ligand has the largest
effect on metal-salen bonding, and that the
effect is manifested much more significantly in
the Fe—O than the Fe—N bond lengths. (How-
ever, the average Fe-O distances for both
[Fe(salen)(Im), ]C1O, (1.917 A) and [Fe(3-
MeO-salen)(5-Ph—Im)(H,0)]BPh, (1.886 A)
are shorter than those of
[Fe((NO,),salen)(H,0)Cl1].) The distance be-
tween the Fe atom and the aquo ligand is signif-
icantly greater in [Fe(3-MeO-salen)(5-Ph—
Im)(H,0)IBPh, (2.205(4) A) than in
[Fe((NO, )4salen)(H 0)C1] (2.137(2) A).

From the point of view of catalysis, the most
interesting structural question may be the distor-
tion of the tetradentate ligand. Catalytically ac-
tive perhalogenated iron porphyrins are dis-
torted in two regards: the four nitrogen donor
atoms are displaced relative to their mean plane
to give some degree of tetrahedral distortion,
and the porphyrin ligand backbones exhibit con-
siderable distortion from planarity (‘saddling’
and ‘ruffling’) [4,20]. The chelate ligands in
iron salen complexes also typically exhibit
non-planar ligand conformations, usually either
‘umbrellza’ or ‘stepped’ (for a definition and
schematic structures, see Ref. [21]). The struc-
ture of 2 shows a ‘stepped’ conformation with
one of the benzene rings bent slightly upward
by 19.27° and the other bent slightly downward
by 17.96° with respect to the least squares plane
defined by the N,O, donor atoms (see the side
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Fig. 8. ‘Side view’ of [Fe((NO,),salenXH,0)C1].

view in Fig. 8). The dimeric complex
[Fe(salen)Cl], also has a ‘stepped’ arrangement,
whereas most other known iron salen com-
plexes, including the monomer [Fe(salen)Cl],
prefer an ‘umbrella’ conformation [22].

In [Fe((NO,),salen)(H,0)CI] the iron atom
is displaced by 0.213(1) A from the N,0, plane,
an intermediate value compared to related iron
salen complexes: typical displacements range
from 0.005 to 0.57 A. However, complex 2
shows almost no tetrahedral distortion of the
N,O, plane, as measured by the NOON dihe-
dral angle of 0.23(6)°. In other iron salen com-
plexes torsion angles of up to 15° have been
observed [22].

3. Conclusions

The modeling studies described here fully
support the proposal, that aerobic oxidation of
isobutane catalyzed by halogenated porphyrin
iron complexes follows a ‘traditional’ radical-
chain mechanism. We cannot rule out the possi-
bility that oxidation by metal-oxo species might
also participate to some degree, perhaps as an
initiation mechanism, but the experimental ob-
servations appear to be fully accounted for with-
out postulating any such additional processes.
The extraordinary catalytic activity even at room
temperature is a consequence of the electronega-
tive halogen substituents on the porphyrin ring,
which exert their effect in (at least) the follow-
ing three ways: replacing the C—H bonds which
make most metalloporphyrins susceptible to ox-
idative degradation (though it should be noted

that more recent studies [12] indicate that these
catalysts are not as stable as previously reported
[2,3]), providing steric hindrance to deactivation
by w-oxo dimer formation (see below for an-
other possible role for steric factors), and most
importantly by increasing the Fe/! redox po-
tential and thereby increasing the rate of oxida-
tion of #-butyl hydroperoxide, the rate-determin-
ing step of the catalytic part of the mechanism.

Extrapolation of the modeling results implies
two further predictions: that continuing to in-
crease the redox potential will not translate into
a large acceleration of isobutane catalytic activ-
ity, and that these catalysts will not be very
effective for selective aerobic hydroxylation of
non-tertiary C—H bonds by this mechanism.

The same approach — increasing electroneg-
ative substitution — succeeds in generating oxi-
dation catalysts from the more readily accessi-
ble salen class of complex. However, the corre-
lation of activity with redox potential is not so
smooth as with the porphyrins — the most
oxidizing complex so far studied is catalytically
inactive — and higher potentials are required
for comparable activity. We tentatively explain
both these anomalies in terms of the detailed,
inner-sphere electron-transfer mechanism for
ROOH oxidation. The inactive salen complex
has a different electronic structure from those
that are active. While neither the exact nature of
its electronic structure nor its cause has been
established, we expect that the spin-state change
will have a significant impact on the ability of
the complex to undergo ligand substitution and
coordination of ROOH, and consequently on the
oxidation rate.
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As for the differences in required potential
between the two classes of complex, we note
the substantial tetrahedral distortion in the ac-
tive porphyrin complexes (resulting at least in
part from the steric bulk of the halogen sub-
stituents), and the lack of any such distortion in
the one (inactive) salen complex we have thus
far been able to crystallize. We suggest that
distortions may be connected to catalytic activ-
ity as follows: if the crucial step for catalytic
activity is oxidation of ROOH by (ligand)Fe™",
as suggested by the mechanistic study of por-
phyrin complexes, then distortion of the
ground-state structure may lower the reorgani-
zation energy, and thus the overall activation
energy for the electron-transfer reaction. The
apparent shift to higher potentials required for
the salen complexes, compared to the metallo-
porphyrins, might thus reflect the ‘boost’ pro-
vided by the greater distortion of the latter.
Unfortunately no crystal structure of a catalyti-
cally active iron salen complex (3 or 4) has yet
been obtained.

Before closing, we should consider the possi-
bility that the mechanism of cyclohexene oxida-
tion by iron salen complexes is in fact nor the
same as that established for isobutane oxidation
by iron porphyrin complexes. As noted earlier,
all the hallmarks such as product distribution,
susceptibility to inhibition, etc., are similar.
However, the salen complexes are not very
active for r-butyl hydroperoxide decomposition.
That may indicate that the mechanism of Scheme
2 is not operating, or that catalytic decomposi-
tion of cyclohexenyl hydroperoxide is much
faster with these complexes. This issue, along
with the structural questions raised above, re-
main to be tested.

4. Experimental

All experimental details for synthesis and
catalytic testing of iron salen complexes have
been published previously [7]. NMR spectra
were recorded on a Bruker AM 500 instrument

(CH,CN solutions); UV-visible spectra, on a
HP 8452A spectrometer (CH,Cl, solutions).
Magnetic susceptibilities were determined using
a Quantum Design SQUID magnetometer.

Red crystals of [Fe((NO,),salen)(H,0)Cl]
suitable for X-ray crystallography were grown
at room temperature by slow evaporation from a
nitromethane /ethanol solution containing ca.
5% H,0. Cell dimensions and intensity data
were measured with an Enraf-Nonius CAD-4
diffractometer at 160 K using monochromated
Mo K a radiation. Cell dimensions were deter-
mined by least-squares refinement of 25 reflec-
tions with 26 angles from 11.5-12.1°. Three
control reflections measured every 60 min

Table 5

Crystallographic data for [Fe((NO, ),salenXH,0)CI}

Formula C;H,;ClFeN, 0,
Molecular weight 616.66

Color red

Shape irregular
Crystal system monoclinic
Space group P2, /c(# 14)
a(A) 11.483(2)
b(A) 17.831(4)

¢ (A) 11.678(2)

B (deg) 100.15(3)
V(AY 2353.7(8)

V4 4

D (gem™) 1.74
Radiation MoK a
Wavelength (A) 0.71073
wlem™") 8.38
Temperature (K) 160

Crystal size (mm) 0.33X0.3%0.3

Diffractometer
Collection method

Enraf-Nonius CAD-4
omega scans

6 range (deg) 2.01t025.0
hmln/mux _13/13
min/max 0/21
Tnin /max —-13/13
Reflections collected 8897
Independent reflections 4116
Reflections used 4116
F(000) 1252
Rin 0.019
R(F) 0.031
R (F%) 0.073
(A/0),, -0.07
Goodness of fit 2.34
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Fig. 9. Unit cell of [Fe((NO, ), salen)(H,0)Cl] (plot with 30% probability ellipsoids).

showed no loss of intensity during data collec-
tion. Lorentz and polarization corrections, but
no absorption correction, were applied. Atom
scattering factors were taken from Cromer and
Waber [23] and Cromer [24]. CRYM [25],
SHELXS-86 [26], SHELXL-93 [27] and XP/PC
[28] programs were used. The structure was
solved by direct methods using SHELXS-86
and refined using full matrix least-squares tech-
niques. Hydrogen atoms were found by differ-
ence Fourier synthesis and freely refined. Final
difference Fourier maps showed largest residu-
als of +0.523 and —0.433 e A™3. A summary
of data collection and reﬁnement is given in

Table 5; unit cell parameters are given in Table
6.

Fig. 9 gives a view of the unit cell of
[Fe((NO,),salen)(H,O)Cl]. Shortest intermolec-
ular contacts (weak hydrogen bonds) are in-
volved between a hydrogen atom of the water
molecule coordinated to the iron center and an
oxygen atom of a nitro substituent of a neigh-
boring complex molecule (2.057 A) and be-
tween the other hydrogen atom of this water
molecule and one chelating oxygen atom of the
neighboring complex molecule (2.09 A). The
O-H-0 bond angles are close to 180° and are
thus in line with the assumption of weak inter-
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Table 6
Atomic coordinates (X 10%)* and equivalent isotropic displace-
ment parameters ® (X 10* A%) for [Fe((NO, ),salenXH,0)Cl]

x ¥ z Uleq)
5994(1)

Fe 5611(1) 1431(1) 12(1)
Cl 5721(1) 6313(1) 3323(1) 23(1)
o) 6240(1) 4969(1) 1746(1) 16(1)
0(2) 3899(1) 5841(1) 1033(1) 16(1)
0o(10) 5654(2) 5731(1) —347(1) 16(1)
020} 11403(1) 4475(1) 4458(2) 39(D)
o) 10604(2) 3415(1) 4792(2) 46(1)
0(30) 6697(2) 2840(1) 2927(1) 27(1)
o1 5401(1) 3735(1) 2639(1) 26(1)
0(50) 536(2) 7954(1) —2286(2) 57(1)
o(51) 744(2) 7158(1) —1878(2) 43(1)
0(60) 568(1) 5285(1) 1097(1) 24(1)
o61) 2174(1) 4743(1) 785(1) 24(1)
N(1) 7369(2) 6307(1) 1401(1) 14(1)
N(2) 5362(2) 7081(1) 769(1) 25(1)
N(20) 10561(2) 4041(1) 4342(2) 27(1)
N(30) 6426(2) 3509(1) 2808(1) 18(1)
N(50) 258(2) 7414(1) —1747(2) 32(D)
N(60) 1521(2) 5296(1) 753(1) 17(1)
c 8288(2) 5964(1) 1919(2) 16(1)
Cc(2) 8280(20 5234(1) 2495(2) 16(1)
Cc(3) 9352(2) 4992(1) 3137(2) 18(1)
C(4) 9436(2) 4292(1) 3654(2) 19(1)
Cc(s) 8478(2) 3811(1) 3530(2) 19(1)
C(6) 7408(2) 4048(1) 2899(2) 15(1)
(7 7247(2) 4764(1) 2365(2) 14(1)
cul) 4414(2) 7342(1) 163(2) 16(1)
C(12) 3264(2) 6959(1) —58(2) 16(1)
c(i3) 2336(2) 7337(1) —750(2) 20(1)
C(14) 1203(2) 7039(1) —940(2) 22(1)
Cc(15) 937(2) 6381(1) —425(2) 19(1)
C(i6) 1857(2) 5996(1) 239(2) 16(1)
cun 3057(2) 6241(1) 432(2) 14(1)
C(20) 7479(2) 7021(1) 789(2) 19(1)
c@n 6462(2) 7529(1) 979(2) 19(1)
0(90) 6466(2) 4188(1) 5129(1) 32(1)
o) 7541(2) 4185(1) 6843(2) 36(1)
N(90) 6810(2) 4474(1) 6086(2) 22(1)
C(90) 6277(2) 5199(1) 6336(2) 26(1)

* See Fig. 7 for atomic labeling scheme; atoms labeled (90) and
(91) refer to the nitromethane of crystallization.

" UHeq) is defined as one third of the trace of the orthogonalized
U;,; tensor.

molecular hydrogen bonds between different
complex molecules in the solid state.
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