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1. INTRODUCTION

The oxidation of alkenes yields reactive chemical intermedi-
ates such as epoxides and vicinal diols, which are subsequently
used in end products such as pharmaceuticals and fine chemicals,
polycarbonates, and ethers and glycols.1 While there are many
known routes to these intermediates, there is an increasing
demand for environmentally friendly processes using atom-
efficient oxidants such as H2O2, which in turn require highly
active and selective catalysts. Ideally, the catalysts themselves are
synthesized from abundant and relatively benign atoms.2 Mn is a
good candidate, as it is the second most abundant transition
metal found in the Earth’s crust and is utilized in natural enzymes.
In general, its accessible oxidation states from +2 to +7 make it
ideal for redox catalysis.

Diverse ligands have been developed for use in Mn oxidation
catalysis, including salen and porphyrin-type ligands.3 Equally
important are the non-heme-type ligands such as 1,4,7-trimethyl-
1,4,7-triazacyclononane (tmtacn)—its Mn complex 1 has been
shown to be an active, homogeneous catalyst or precatalyst for
low-temperature, selective oxidation with aqueous H2O2 on a
wide range of substrates.4 Mn complexes of this ligand first

attracted attention as potential models of non-heme metal
oxide enzyme active sites, such as in catalase5 or the water-
oxidizing center in photosystem II.6 Further investigation into
the oxidation reactivity of 1 led to a number of reports of activity
toward alcohol oxidation,7 epoxidation and cis-dihydroxylation of
alkenes,4 alkane activation,8 and sulfoxidation.9 The complex has
also been used industrially as a bleaching agent10 and washing
detergent additive4b due to its ability to oxidize a wide range of
substrates at ambient and below in aqueous and nonaqueous
media,4b,10a but low selectivity led to its removal from the
market.11

Alone, complex 1 gives low oxidation yields but consumes
H2O2, likely via catalysis by a decomposition product of the
complex. This so-called catalase activity was found to be greatly
reduced by lowering the reaction temperature, maintaining low
H2O2 concentrations by slow oxidant addition,4c,10,12 and parti-
cularly through the use of carboxylic acid additives, which were
also found to control productivity and selectivity in alkene
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ABSTRACT: Manganese complexes of 1,4,7-trimethyl-1,4,7-
triazacyclononane (tmtacn) are highly active and selective
alkene oxidation catalysts with aqueous H2O2. Here, carboxylic
acid-functionalized SiO2 simultaneously immobilizes and acti-
vates these complexes under oxidation reaction conditions.
H2O2 and the functionalized support are both necessary to
transform the inactive [(tmtacn)MnIV(μ-O)3MnIV(tmtacn)]2+

into the active, dicarboxylate-bridged [(tmtacn)MnIII(μ-O)(μ-RCOO)2MnIII(tmtacn)]2+. This transformation is assigned on the
basis of comparison of diffuse reflectance UV�visible spectra to known soluble models, assignment of oxidation state byMnK-edge
X-ray absorption near-edge spectroscopy, the dependence of rates on the acid/Mn ratios, and comparison of the surface structures
derived from density functional theory with extended X-ray absorption fine structure. Productivity in cis-cyclooctene oxidation to
epoxide and cis-diol with 2�10 equiv of solid cocatalytic supports is superior to that obtained with analogous soluble valeric acid
cocatalysts, which require 1000-fold excess to reach similar levels at comparable times. Cyclooctene oxidation rates are near first
order in H2O2 and near zero order in all other species, including H2O. These observations are consistent with a mechanism of
substrate oxidation following rate-limiting H2O2 activation on the hydrated, supported complex. This general mechanism and the
observed alkene oxidation activation energy of 38 ( 6 kJ/mol are comparable to H2O2 activation by related soluble catalysts.
Undesired decomposition of H2O2 is not a limiting factor for these solid catalysts, and as such, productivity remains high up to 25 �C
and initial H2O2 concentration of 0.5M, increasing reactor throughput. These results show that immobilized carboxylic acids can be
utilized and understood like traditional carboxylic acids to activate non-heme oxidation catalysts while enabling higher throughput
and providing the separation and handling benefits of a solid catalyst.
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oxidation.7b,13 Subsequent investigations combining complex 1
with carboxylic acids implicated species 2b, with two bridging
carboxylates, as a catalyst resting state or an immediate precursor
to the active catalyst. This species formed during induction
periods, which could be minimized by combining H2O2, 1, and
the carboxylic acid prior to substrate addition, by deliberately
synthesizing 2b, or by using a reducing agent.14 Mechanistic
investigations into epoxidation and cis-dihydroxylation over 1
have further implicated activated Mn-hydroperoxides as the
active oxidant, although the precise nuclearity and structure of
the active intermediate remain subjects of debate.14,15 The use of
this class of catalyst in cis-diol synthesis is of particular interest, as
catalysts for this transformation are relatively uncommon and can
require less-desired species such as OsO4.

16 In general, there is a
need for kinetic investigations into this class of catalyst, in order
to determine reaction orders, rate constants, and activation
energies that will allow for rational catalyst optimization and
would support claims of H2O- and H2O2-dependent pathways
involving rate-limiting activation of H2O2 at the active site.

14,15

Recently, we reported that complex 1 can be attached to oxide
surfaces, e.g., “heterogenized”, under the same conditions in
which alkenes are typically oxidized, leading to a simple and
effective method for creating an active solid catalyst. The crucial
requirement is for the support surface to have been previously
functionalized with carboxylic acids.17 No modification to the
triazacyclononane ligand itself is required, in contrast with typical
grafting routes, and the stable, easily synthesized complex 1 is
used exactly as it would be employed with traditional, soluble
carboxylate cocatalysts. Product selectivities are similar to those
of the homogeneous catalyst, likely because well-defined surface
structures form. In contrast, metalation of previously grafted
ligands can lead to unpredictable selectivities and unpredictable
or unknown interactions between metal, ligand, surface, and
neighboring species.18 Unusual for heterogenized systems, we
also reported productivity increases of up to 9 times for a given
quantity of surface-attached carboxylic acids vs the same amount
of soluble valeric acid (C4H9COOH).

17

Here we report fully on the synthesis and the alkene
oxidation activity/selectivity of 1 heterogenized on carboxylic
acid-functionalized SiO2. We propose the formation of surface
complex 2b0, directly analogous to the proposed active inter-
mediate in soluble systems, based on diffuse reflectance UV�
visible spectroscopy, oxidation reactivity as a function of
stoichiometry, density functional theory (DFT) models,
X-ray absorption near-edge spectroscopy (XANES), and ex-
tended X-ray absorption fine structure (EXAFS) data. Reaction
orders and apparent activation energies in cyclooctene epox-
idation/dihydroxylation by the solid catalyst were determined,
allowing the mechanisms of this catalyst to be compared to
those of soluble analogues.

2. EXPERIMENTAL METHODS

2.1. Physical Measurements. Solution-phase 1H NMR spectra
were recorded on an Inova 500 MHz NMR or an Oxford NMR AS400
spectrometer. Solid-state 13C CP/MAS NMR (adamantane external
standard) spectra were recorded on a Varian 400 MHz NMR spectro-
meter after drying of solid samples at 120 �C under dynamic vacuum.
Electrospray ionization mass spectrometry (ESI-MS) was performed
on an Agilent 6210 TOF liquid chromatograph/mass spectrometer
(LCMS) after dissolving samples in acetonitrile (MeCN). CHN andMn
analyses were performed by Galbraith Laboratories. Thermogravimetric

analysis (TGA) was recorded under N2/O2 atmosphere using a TA
Instruments TGA Q500 instrument in high-resolution mode with a
10 �C/min ramp rate from room temperature to 800 �C. Solution-
phase UV�visible spectra were recorded with a Shimadzu UV-3600
UV�vis�NIR spectrophotometer. Diffuse reflectance UV�visible
(DRUV) spectra were recorded using a Harrick Praying Mantis
attachment. Prior to analysis, supported catalysts were extensively
washed with MeCN and vacuum-dried. No attempt at air/moisture-
free isolation was made. Pressed poly(tetrafluoroethylene) powders
were used as perfect reflector standards in calculating Kubelka�Munk
pseudoabsorbances. N2 physisorption adsorption and desorption
isotherms, BET surface areas, and BJH pore size distributions were
recorded at the boiling point of liquid N2 in a Micromeritics ASAP
2010 instrument with prior 8 h degassing at 120 �C. A Shimadzu GC-
2010 gas chromatograph (GC) was used with a flame ionization
detector (FID), a Thermo Scientific TR-1 column (30 m � 0.25
mm i.d. � 0.25 μm), He carrier at constant linear velocity of 60 cm/s,
and a program of 3 min at 50 �C, 50 �C/min to 270 �C, 2 min hold.
Products were identified by comparison to authentic standards and by
gas chromatography/mass spectroscopy (GCMS) with a Hewlett-
Packard HP 6890 series GC system equipped with a HP 5792 series
mass-selective detector.
2.2. Synthesis of Mn Complexes. All reagents were used as

received from Sigma-Aldrich unless otherwise noted. Although 1,4,7-
trimethyl-1,4,7-triazacyclononane (tmtacn) can be obtained commer-
cially (e.g., TCI America), a high-yield synthesis is given in the
Supporting Information, modified from the literature.19

Mn-tmtacn dimer 1, [Mn2(tmtacn)2(μ-O)3](PF6)2 3H2O,was synthe-
sized following literature protocol19,20 from tmtacn (0.68 g, 4.0 mmol) in
8 mL of 2/1 EtOH/H2O, MnCl2 3 4H2O (0.8 g, 4.0 mmol), KPF6 (1.1 g,
6.0 mmol), and 1/1 H2O2 (1.5 M)/NaOH (1.0 M). Large red crystals
were obtained following crystallization from MeCN/EtOH and
washing. Yield: 0.65 g (42%). MS (ESI+, MeCN): m/z 645.17
([M � PF6]

+), 501.21 ([M � 2PF6]
+). Elemental analysis: found (calcd

Mn2C18H44N6O4P2F12) C 26.9 (26.7), N 10.3 (10.4), Mn 13.0 (13.6).
For the purposes of empirical spectral comparison, known acetate-

bridged Mn-tmtacn dimer 2b, [Mn2(tmtacn)2(μ-O)(μ-OOCCH3)2]-
(PF6)2, was synthesized from tmtacn (202.5 mg, 1.2 mmol), p-toluene-
sulfonic acid monohydrate (199.0 mg, 1.0 mmol) in 10.0 mL of MeCN,
Mn(OAc)3 3 2H2O (269.5 mg, 1.0 mmol), KPF6 (234.3 mg, 1.3 mmol),
CH3COONa (205.1 mg, 2.5mmol), andNaHCO3 (84.7 mg, 1.0 mmol)
following literature protocols.19,20 A dark purple solid was obtained after
washing and recrystallization from MeCN/EtOH. Yield: 207.2 mg,
0.236 mmol (47%). MS (ESI+, MeCN): m/z 731.21 ([M � PF6]

+),
586.25 ([M � 2PF6]

+), 543.23 ([M � CH3CO �2PF6]
+). Elemental

analysis: found (calcd Mn2C22H48N6O5P2F12) C 30.1 (30.2), N 9.4
(9.6), Mn 12.5 (12.5).
2.3. Solid Cocatalyst Synthesis. Mesoporous silica gel (Selecto

Scientific, 32�63 μm particle size, BET surface area 500 m2/g) was
treated at 120 �C under dynamic vacuum for 12�15 h prior to grafting.
2-(Carbomethoxy)ethyltrimethoxysilane was used as obtained from
Gelest, Inc. The dried support (1�2 g) was suspended in 50 mL of
anhydrous pyridine under an inert atmosphere, and 0.2�4.0 mmol of
2-(carbomethoxy)ethyltrimethoxysilane was added per gram of SiO2,
heated to 125 �C, and heated at reflux with stirring for 18�24 h. The
solids were filtered on a glass frit, washed with toluene (200 mL) and
ether (50 mL), Soxhlet extracted for 24 h in benzene to remove
ungrafted ester, and dried under a vacuum. The surface esters were
subsequently heated at reflux in 1.0 M HCl for 18�24 h, Soxhlet
extracted with water for 18�24 h, dried under a vacuum, and then stored
in a desiccator until use.21 Where applicable, support particles were
separated by size after hand-grinding with mortar and pestle using USA
Standard Testing Sieves. The final product is referred to simply as
“cocatalyst”.
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2.4. Surface Structure by X-ray Absorption Spectroscopy
and DFT. For X-ray absorption spectroscopy (XAS) of surface
structures formed under reaction conditions, 1 (14�40 mg) was
dissolved in 20 mL of MeCN, and then ∼250 mg of support (SiO2 or
solid cocatalyst with acid/Mn = 2�3, resulting in 0.5�1.4 wt %Mn) and
2.0mL ofH2O or 30wt% ofH2O2was added. Themixture was stirred at
25 �C for 3 h. The solids were then filtered on glass fiber filter paper and
washed with 100�200 mL of MeCN and 50 mL of Et2O. XANES and
EXAFS data were collected on the DuPont�Northwestern�Dow
Collaborative Access Team (DND-CAT) beamline at bending magnet
station 5-BMD at the Advanced Photon Source, Argonne National
Laboratory. This X-ray source provides a dedicated 7 GeV, 100 mA
source over an energy range of 4.5�80 keV, controlled by a Si(111)
monochromator and resolution of 10�4. The monochromator was
calibrated with Mn foil to the first inflection point of the edge, an
energy of 6539.0 eV.22 Known standards (MnO, MnO2, Mn2O3) were
brushed onto adhesive tape and analyzed in transmission mode by
spectroscopy-grade ionization chambers.23 Solid catalyst samples
(25�30 mg) were vacuum-dried, finely ground, pressed into self-
supporting wafers, and attached to a stainless steel rack with Kapton
tape.24 Sample fluorescence was acquired with a 13-element solid-state
detector, which has proven to be a useful method for characterizing
dimanganese and manganese-μ-oxo structures.25 Data from each detec-
tor were normalized using a cubic polynomial and averaged in Athena.
The atomic background was removed using a spline.26 Edge energies are
reported as the first inflection point along the edge. Fourier transforms
were calculated over 2.3�9.0 Å�1, isolating the region with a Hanning
window function (dk = 1).

In EXAFS analysis, eq 1 was used for modeling and fitting. To
develop EXAFS simulations from DFT or published single-crystal
X-ray diffraction (XRD) structures, the coordination number, NS, and
half-path length, Ras, were fixed according to the model; the passive
electron reduction factor, S0

2, and the Debye�Waller factor or mean-
squared displacement, σas

2, were set to 1 and 0.003, respectively. Only
the threshold energy, E0, was allowed to vary along the measured
Mn K-edge jump to best align k. In all model fits, S0

2 and the edge
energy were varied independently. The Debye�Waller factor was
varied for each element (O, Mn, N, and C). Ras was also varied for
each element and, with the variation from the original model, set
proportional to the effective distance from theMn adsorbing atom.24,27

The k-weights, k1, k2, and k3, were fit simultaneously to reduce the
impact of data analysis on the quality of the fit.26 Theoretical scattering
amplitude, As(k), path degeneracy, Ns, and phases, jas(k), were
calculated by FEFF6 using the structure provided to ATOMS.28 By
applying a Hanning window function (dr = 0), structures were fit in
R-space over the range 1.0�3.6 Å.

χðkÞ ¼ ∑
s

NSS02AsðkÞ
kRas

2 expð � 2k2σas
2Þ sinð2kRas þ ϕasðkÞÞ ð1Þ

DFT calculations were performed using the Vienna Ab Initio
Simulation Package.29 A plane-wave basis set with a cutoff energy of
400 eV and ultrasoft Vanderbilt pseudopotentials30 was employed.
Calculations adopted the Perdew�Wang (PW-91) form of the gen-
eralized gradient approximation31 exchange and correlation functional.
The DFT calculated energies were subsequently adjusted by inclusion
of dispersion forces per the method of Grimme.48 The Bader analysis
method developed by Henkelman and co-workers32 was used for
charge analysis. The Brillouin zone for the supported catalyst was
sampled with a uniformly dense 2� 2� 1 k-point grid (Monkhorst
pack),33 and the Brillouin zone for the calculation of 1 was sampled
with a single k-point at the gamma point. The structures’ geometries
were optimized within a convergence tolerance of 10�3 eV. A model
for the β-cristobalite SiO2(111) surface has been previously developed
by Yang et al.,34 with isolated silanols separated by 5 Å. In our work, a

3� 3 unit cell was adopted, and two of the silanol groups were replaced
by two propionic acid groups. Complex 1 was attached to the surface
through one, two, or three carboxylic acid groups, forming 2a0, 2b0, and
2c0, respectively. Related structures with cleaved Mn�O�Mn bonds
were also modeled.
2.5. Cyclooctene Oxidation. cis-Cyclooctene (Sigma-Aldrich)

was distilled over powderedNaOH through a Vigreux column under N2,
passed through an activated neutral alumina column, and stored under
N2.

35 All other chemicals were used as received from Sigma-Aldrich,
unless otherwise noted.

Batch kinetic reactions were carried out in 100 mL round-bottom
flasks with magnetic stirring. As an example for determining the effect of
solid cocatalyst ratios, a desired amount of solid cocatalyst, HPLC-grade
MeCN (44.4mL), o-dichlorobenzene (2.0 mL) as internal standard, and
1 (5.4 mg, 6.8 μmol) were added to the reaction flask, and it was brought
to thermal equilibrium in an aluminum block on a Thermoelectrics
Unlimited, Inc. cold-plate stirrer.

In method A, 30 wt % aqueous H2O2 (often 2.6 mL) was added and
stirred at the reaction temperature for 40min to allow for catalyst assembly on
the solid. Iodometric titration36 was performed on aliquots of the reaction
mixture at the beginning and end of this pretreatment period to quantify
oxidant consumption prior to alkene introduction. Following pretreat-
ment, cis-cyclooctene (often 1.0 mL) was added and stirred for a
specified time (typically 5�6 h). This reaction mixture corresponds to
a molar ratio of 1:cis-cyclooctene:H2O2≈ 0.001:1.0:3.4. Aliquots of the
reaction solution were removed periodically and filtered through What-
man GF/F syringe filters. A small amount of Ag powder was then added
to the aliquots, which were subsequently analyzed by GC. The Ag
decomposed residual H2O2, terminating possible background reactions
prior to analysis, and, more importantly, prevented overoxidation of
reaction products during GC analysis. In control reactions, the Ag
powder was unreactive with the reaction products. The concentrations
of cis-cyclooctanediol, cis-cyclooctene oxide, and residual cis-cyclooctene
were monitored and their identities verified by GCMS and comparison
to commercial standards. The mass balance (produced cis-cyclooctane-
diol + cis-cyclooctene oxide per cis-cyclooctene consumed) was between
90% and 105% for all reactions.

In method B, once the reactor containing cocatalyst, MeCN, o-
dichlorobenzene, and 1 reached thermal equilibrium, cis-cyclooctene
was added and stirred for 10 min. Substrate oxidation was then initiated
by addition of 30 wt % aqueous H2O2. Product analysis was as for
method A. Screening reactions with analysis only at reaction completion
were carried out by scaling down by a factor of 20 and with near-
simultaneous addition of all species in 3 mL conical vials with Teflon-
lined caps.

Method C was carried out as in method B, except that 30 wt %
aqueous H2O2 was added slowly by syringe pump (polypropylene or
poly(tetrafluoroethylene) for all wetted parts) over a specified amount
of time. For all method C runs, a total of 2.6 mL of 30 wt % H2O2 (mol
ratio of 1:cis-cyclooctene:H2O2 ≈ 0.001:1.0:3.4) was added. Product
analysis was as for method A.

3. RESULTS AND DISCUSSION

3.1. Support Synthesis. We and others have described the
synthesis and characterization of ester- and carboxylic acid-
functionalized SiO2.

17,21 Many routes are available to synthesize
solid supports possessing such groups,21,37 and most could likely
be used here. Surface esters and carboxylic acids were confirmed
by 13C CP/MAS NMR spectroscopy (Figure S1).21 Loadings
and corresponding average surface densities of the ester and final
carboxylic acid groups (Figure S2) were calculated from TGA
mass loss relative to unfunctionalized supports and were found to
range from 0.2 to 1.3 ester nm�2 SiO2 (0.16�1.07 mmol of ester
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(g SiO2)
�1) or from 0.06 to 0.75 acid nm�2 SiO2 (0.06�0.63

mmol of acid (g SiO2)
�1), depending on the concentration of

silane used in the initial grafting step. The acid treatment used to
generate the free carboxylic acid also appeared to remove the
more weakly bound silanes. Unless otherwise stated, all experi-
ments in this study used solid cocatalyst possessing acid site
density ranging from 0.51 to 0.75 acid nm�2 SiO2 (0.41�0.63
mmol of acid (g SiO2)

�1); our previous studies indicated that,
for this method of cocatalyst synthesis, carboxylate loading
had negligible effect on catalyst productivity within this range.17

N2 physisorption BET surface areas decreased from 576 m2 g�1

for SiO2 to 508 m
2 g�1 for the cocatalyst to 489 m2 g�1 for the

Mn-containing catalyst. BJH desorption pore size distributions
showed a corresponding decrease in the median pore diameter
from 5.2 to 5.1 to 5.0 nm (see Supporting Information). These
systematic and relatively minor changes are consistent with even
dispersion of the grafted groups andMn onto the SiO2 surface, as
opposed to grafting at the pore mouth or formation of large
crystallites.
3.2. Assignment of the Supported Complex 20. Transmis-

sion UV�visible (UV), DRUV, and XAS were used to char-
acterize the supported and soluble Mn complexes and were
compared to predictions from DFT. First, depletion of 1 from
solution and concomitant adsorption of 1 onto supports is
demonstrated by UV of MeCN solutions (with or without
H2O2) of 1, regardless of whether contacted with solid cocatalyst
or with unfunctionalized SiO2 (Figure 1). By qualitative compar-
ison of DRUV (Figure 2) and XANES and the quantitative values
of the extrapolated XANES edge energies (Figure 3), theMnIV,IV

complex 1 deposits on bare SiO2 unchanged in structure or
oxidation state. Complex 1 is likewise unchanged by adsorption
on the solid cocatalyst in the absence of H2O2. In all cases, the
observed Mn oxidation state is assigned as 4+ by comparison to
MnO2.
In contrast, when 1 is deposited on the solid cocatalyst from

MeCN/H2O2 solutions, XANES and DRUV spectra show
significant changes, indicating the formation of a new surface
complex 20, which in principle could be any of three surface
structures 2a0, 2b0, or 2c0 (Scheme 1) with one, two, or three
bridging carboxylates, respectively. In addition to compound 2b
described in the Experimental Methods, solution complexes with
one and three bridging carboxylates are known and have
published single-crystal XRD structures.4a,38 Throughout this
article, the notation 20 will be used when referring to the assembly
of 1 on the solid cocatalyst in the presence of H2O2, without
assigning a particular surface structure. Three distinct catalyst

Figure 1. Solution UV�visible spectra of 1 (black) in (A) MeCN/
H2O2 and (B) MeCN/H2O in contact with the solid cocatalyst,
demonstrating loss of solution species with time as they either (A)
assemble to form 20 or (B) physically adsorb unchanged on the
cocatalyst surface over 120 min. Background absorption below
275 nm in panel A is due to H2O2. Conditions: 0 �C, 0.05 mM 1,
acid/Mn = 2, 0.05MH2O2 with 0.19MH2O from 30wt %H2O2(aq) or
0.27 M H2O. Solution depletion is much more rapid at typical H2O2

concentrations, but clean spectra could not be so obtained.

Figure 2. (Left) Normalized solution UV�visible spectrum of 2b in
MeCN and diffuse reflectance spectrum of 20 via in situ heterogenization
of 1 on solid cocatalyst from MeCN/H2O2. (Right) Normalized
solution UV�visible spectra of 1 in MeCN, and diffuse reflectance
spectrum of 1 physisorbed on the solid cocatalyst from MeCN/H2O
showing no change in structure.

Figure 3. X-ray absorption near-edge spectra and their extrapolated
edge energies indicating a change in metal oxidation state as the μ-oxo
bridges of 1 (solid black) are replaced with μ-carboxylate bridges from
the cocatalytic support upon formation of surface-bound complex 20
(blue) from MeCN/H2O2 solutions. Three different catalyst prep-
arations yield the same apparent surface structure. Physisorption of 1
on either SiO2 (red) or the carboxylic acid-modified SiO2 (green) from
MeCN solutions with no H2O2 present produced no oxidation state
changes. The experimentally determined edge energies of Mn standards
(open black; Mn, MnO, Mn2O3, and MnO2, as labeled) are given as
reference.
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preparations (0.7 wt % Mn at acid/Mn = 2, 0.5 wt % Mn and 1.4
wt % Mn at acid/Mn = 3) using cocatalysts with an acid site
density of 0.2�0.6 mmol g�1 show similar spectra and edge
energies.
Optimal structures were calculated for 1, 2a0, 2b0, and 2c0

(Scheme 1). The enthalpies of the formation reactions were
calculated as

1 þ 1=2H2O2 þ supported carboxylate

¼ 2a0 þ H2O þ 1=2O2 � 1:55 eV

1 þ H2O2 þ 2ðsupported carboxylateÞ
¼ 2b0 þ 2H2O þ O2 � 2:21 eV

1 þ 3=2H2O2 þ 3ðsupported carboxylateÞ
¼ 2c0 þ 3H2O þ 3=2O2 � 1:10 eV

These results show that the formation of 2b0 is more favorable
than the formation of 2a0 by 0.66 eV and of 2c0 by 1.1 eV. Surface
structure 2b0 is also expected to have a more favorable entropy of
formation. Adjacent dissociated monomers or alternate coordi-
nation geometries that share the same overall stoichiometry of
2b0 were much less stable in these simulations.
Replacement of each μ-oxo bridge in 1 with a bridging

carboxylate decreases the average formal oxidation state of Mn
by 0.5. Here, the reduction in the intensity of the XANES pre-
edge feature and a shift of the edge to lower energy are both
consistent with a decrease in the average formal oxidation state
from 4+ to 3+, as calibrated by spectra of MnO2, Mn2O3, and
MnO. This corresponds to a change from MnIV,IV complex 1 to
MnIII,III surface complex 2b0 with two bridging carboxylates
(Figure 3). While a mixture of 2a0 and 2c0 is also consistent with
the observed average oxidation state, triply bridged MnIII,II

structure 2c0 would require high-concavity regions on the SiO2

particle surface to form and would have a less-favorable enthalpy
of formation, and the low formal Mn oxidation state of 2+ is
unlikely to be stable under experimental conditions. Thus, the

observed average oxidation state is considered to be most
consistent with MnIII,III 2b0 as the dominant surface species.
Bader charge analysis of the modeled surface species shows the

calculated oxidation state of Mn in 1 shifting from +3.20 to +3.18
for 2a0, to +3.03 for 2b0, and to +2.48 for 2c0. This is compared to
the calculated partial charges on Mn in bulk MnO2 (+3.88),
Mn2O3 (+3.44), and MnO (+2.68).
Although this analysis does not match quantitatively with

formal oxidation states of the complexes inferred from XANES
due to varying levels of covalency in the complexes, it confirms
that the observed reduction upon attachment is most consistent
with the formation of surface species 2b0.
Beyond comparison of oxidation state, the structure of 20 is

also assigned as 2b0 on the basis of a qualitative match of the
DRUV experimental spectrum of 20 with the UV spectrum of 2b
in MeCN (see Experimental Methods). The slightly higher peak
energy for 20 vs 2b is attributed to the low dielectric air
environment for 20; charge separation in the excited state is less
favorable in low dielectric environments.39

Various models were fit to experimental EXAFS data of the
surface species. None of the surface species were adequately fit
with bulk MnO2 or Mn2O3. However, even with no adjust-
ment, the simulated k-space spectrum of 1 derived from the
DFT model overlays well with the experimental k-space
spectrum of 1 deposited on SiO2 or on cocatalyst in the
absence of H2O2 (Figure S4). Using the DFT model as a
starting point, Table 1 and Figure 4 show that the bond
distances from the optimized EXAFS structure of 1 physi-
sorbed on SiO2 differ only minimally from either the DFT or
the XRD structure,4a indicating that 1 adsorbs as an intact
dication under these conditions.
DFT models show Mn�Mn bond lengths systematically

increasing from 1 to 2a0 to 2b0. Consistent with the expected
reduced symmetry of 2a0 and 2b0, these structures show a range
of Mn�N and Mn�O distances all larger than those of 1. The
calculated bond lengths for 2b0 agree well with those derived
from published XRD structures of 2b.40 No XRD structure is
available for a direct molecular analogue of 2a0; instead the bond

Scheme 1. Coordination of 1 with Soluble Acids To Form Generic Structure 2, and Coordination with Solid Cocatalysts To
Forms Generic Structure 20 a

aTheMn complex may in actuality be coordinated to one, two, or conceivably three surface carboxylates, forming 2a0, 2b0, and 2c0, respectively. Known
soluble analogues for each of these structures (2a, 2b, and 2c) are also shown. Structures 1, 2a0, and 2b0 were modeled by DFT.
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lengths for the triazacyclononane analogue are given in
Table 1.38a This and structures with constrained, bridged triaza-
cyclonane ligands38b have much shorter Mn�O and Mn�N
distances than those calculated for 2a0 by DFT. In general, the
expanded bond lengths are expected from higher steric hindrance
and from π-electron donation from the carboxylate. The simu-
lated spectra of 2a0 or 2b0 derived from DFTmodels (Figure S4)
were used as starting points for fitting the EXAFS of 20. After
uniformly increasing or decreasing bond distances for a given
element shell, both starting structures produced an adequate fit
based on overall Rf (Figure 4, Table 1) and given the signal-to-
noise for these low-loaded Mn catalysts. Importantly, structure
2b0 required only small changes in the critical Mn�O and
Mn�Mn distances relative to those calculated by DFT: a 0.03
Å increase and a 0.19 Å decrease, respectively. Both changes were
within the standard error of the experimental EXAFS structure.

The optimized Mn�O distances also agree well with a published
XRD structure.40 Regardless of the model, Mn�N and Mn�C
bonds required larger increases in bond lengths from those of the
DFT structure for an adequate fit, but larger standard error was
also associated with thesemore distant and lowmass scatterers. It
is also likely that the steric effect of the surface displaces the
tmtacn ligand somewhat. In contrast, fitting the experimental
spectrum starting from structure 2a0 could not be done with high
precision for Mn�O andMn�Mn, and resulted in unreasonably
short Mn�O distances similar to those of 1 or the constrained
complexes for which XRD structures are given. Combined with
the observed 3+ average oxidation state, theMnIII,III structure 2b0
is most consistent with all observed spectra of the catalytic
surface species.
3.3. Catalytic Behavior. A series of screening reactions were

carried out at 0 �C in a sealed batch reactor to investigate the
effect of the cocatalyst loading, expressed here as the carboxylic
acid to Mn ratio (acid/Mn), on the total cyclooctene oxidation
productivity after 5 h (Table 2). High oxidation productivities
were achieved at acid/Mn g 1, consistent with doubly coordi-
nated Mn dimer 2b0 being a catalytically relevant species. The
empirical advantage of the surface-displayed carboxylic acids was
also seen, with 1 equiv of surface carboxylic acid giving produc-
tivities only matched by 1000 equiv of soluble valeric acid, a
quantity of cocatalyst more than the total amount of epoxide and
cis-diol products. From an applications standpoint, eliminating
soluble cocatalysts also simplifies downstream separation and
purification in preparative reactions. As some of us previously
reported, 20 demonstrates high productivity for a number of
diverse alkenes, with decreased productivity only for particularly
hindered or electron-deficient species.17 Neither control reaction
(SiO2 + 1 or SiO2 + 1 + valeric acid) produced significant
quantities of epoxide or cis-diol, eliminating the possibility of
catalysis by leached carboxylic acid groups or a role for bare SiO2

in activating 1. Filtrates of the solution in contact with the solids
were catalytically inactive, even upon addition of fresh portions of
solid cocatalyst and H2O2, ruling out catalytic activity of soluble
species leached from the surface of the active catalyst (Figure S5).

Table 1. EXAFS Fit Parameters at the Mn K-Edge for
Supported Complexes 20 and 1: Calculated, Fit, or Observed
Bond Distances (Å)a

bond DFT EXAFS XRDb EXAFS-DFT σf

2b0 (Rf = 0.012)

μO 1.93 1.96(3) 2.054(4)

cO 2.19 2.22(3) 2.132(6) 0.03 0.005(6)

cO 2.24 2.27(3) 2.201(6)

N1 2.34 2.6(2) 2.286(7)

N2 2.44 2.7(2) 2.329(7) 0.2 0.000(1)

N3 2.69 2.9(3) 2.343(8)

Mn�Mn 3.09 2.9(1) 3.353(3) �0.1 0.010(6)

C (avg) 3.16 3.6(1.2) 3.11(3) 0.4 0.02(1)

2a0 (Rf = 0.009)
μO 1.96 1.7(2) 1.809(3)

μO 1.97 1.8(2) 1.816(3) �0.2 0.006(4)

cO 2.25 2.0(2) 2.079(5)

N1 2.43 2.6(2) 2.105(3)

N2 2.43 2.6(2) 2.108(5) 0.2 0.000(1)

N3 2.53 2.8(2) 2.136(6)

Mn�Mn 2.66 2.45(20) 2.588(3) �0.2 0.009(9)

C (avg) 3.19 3.3(4) 2.97(2) 0.1 0.04(9)

1 (Rf = 0.009)

μO 1.82 1.81(3) 1.820(6)

μO 1.82 1.81(3) 1.820(6) 0.01 0.007(2)

μO 1.83 1.82(3) 1.833(7)

N1 2.11 2.08(6) 2.106(7)

N2 2.11 2.08(6) 2.106(7) 0.02 0.000(1)

N3 2.11 2.09(6) 2.109(9)

Mn�Mn 2.30 2.27(4) 2.297(3) �0.03 0.001(3)

C (avg) 2.91 2.8(1) 2.91(4) �0.1 0.005(6)
aOverall goodness of fit Rf, average atomic distances, and Debye�
Waller factors, σf, are given for the optimized structures derived from
experimental EXAFS data. Standard error is given in parentheses. Bond
distances as determined by DFT, and published XRD are also provided.
Bridging μ-oxo atoms (μO) are distinguished from carboxylate O atoms
(cO). b For 2b0, XRD data are from ref 40. For 2a0, the mixed-valent
MnIII�MnIV coordination complex crystal structure was determined
with 1,4,7-triazacyclononane ligands, not tmtacn; data are from ref 38.
For 1, XRD data are from ref 4a.

Figure 4. TransformedMnK-edge EXAFS giving the magnitudes of k2-
weighted Fourier-transformed spectra: (left) 1 contacted with cocatalyst
in the presence of H2O2; (right) 1 on bare SiO2. Gray region represents
the range of all experimental spectra collected from 13 fluorescence
detectors, averaged over all scans. Black curves are the averaged
experimental spectra of all detectors and scans. Overlaid in red are the
resulting fits starting from 2b0 (left) and 1 (right). Corresponding
structural parameters are given in Table 1.
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Initial cyclooctene oxidation rates were determined bymethod
A with varying initial concentration of 1 while holding constant
the amount of solid cocatalyst (Figure 5). At low amounts of
added 1 (large acid/Mn), most of theMn acts as an active surface
species, giving a high apparent initial turnover frequency (TOF0,
(moles epoxide + moles cis-diol) per mole 1 per time, extra-
polated to zero time). With increasing amounts of 1 (smaller
acid/Mn), the available surface sites become progressively
saturated, giving asymptotically higher total rates but lower
TOF0 because an increasing number of Mn centers may not be
coordinated to carboxylates and thus not participating in the
reaction. With the assumption that each coordinated surface
species has the same intrinsic reactivity, the rates follow a
Langmuir model requiring two adsorption sites (surface car-
boxylic acids) for each complex 1 (Figure 5, for raw data and
discussion see Figure S6); a one-site model was unable to capture
the curvature of the data. This fit is consistent with the active

species being structure 2b0, which requires two surface acid
groups as adsorption and activation sites for each 1. Practically
speaking, TOF0 was deemed to be adequate at acid/Mn = 2,
avoiding excessive amounts of cocatalyst in most investigations.
3.4. Oxidation Kinetics. 3.4.1. Oxidation Induction Period

and H2O2 Addition Rate. cis-Cyclooctanediol and cis-cyclooctene
oxide production was monitored as a function of time for three
different methods of H2O2 addition, as described in the Experi-
mental Methods. Batch H2O2 addition method B and slowH2O2

additionmethod C (Figure 6) each involved addition of substrate
before oxidant and exhibited induction periods prior to onset of
substrate oxidation. This induction period is well known in
studies with the homogeneous catalyst and is consistent with
the conversion of 1 into a new species that is part of the catalytic
cycle or a direct precursor. Complex 2b, with replacement of two
bridging O with bridging carboxylate ligands, has particularly
been proposed as the active species for 1 + acetate.14 Batch H2O2

Table 2. Cyclooctene Oxidation with 1 and Various Cocatalysts under Equivalent Conditionsa

catalyst acid/Mn t (h) T (�C) ox. addn. TOFmax (h
�1) t200 (min) total TON diol selectivity (%)

1 0 5 0 B 15 54

1 + SiO2 0 5 0 B <5

20 1 5 0 B 140 37

20 2 6 0 B 135 100 465 45

20 2 6 0 A 300 40 480 45

20 2 6 0 C 140 130�180b 465 40

20 2 3 25 A 600 20 530 45

20 2 10 �10 A 100 120 510 50

20 10 5 0 B 680 42

20 10 5 0 A 715 36

1 + valeric acid 1 5 0 B 15 63

1 + valeric acid + SiO2 10 5 0 B 5 50

1 + Valeric acid 10 5 0 B 65 75

1 + valeric acid 1000 5 0 B 150 64
aBatch reactor, 5 h reaction, 0 �C, MeCN, 0.13 mM 1, 0.15 M cis-cyclooctene, 0.51 M H2O2 (130 μL of 30 wt % H2O2), TON≈ 1000 for 100% yield.
b Semibatch oxidant addition at 0.7 or 1.4 mL of H2O2 h

�1.

Figure 5. Total cyclooctene oxidation initial rate (0) and initial turn-
over frequency (O) plotted against catalyst concentration for a constant
amount of solid cocatalytic support equivalent to 0.56 mM. Rates are
modeled assuming adsorption and activation of 1 on one carboxylate
(dashed line) or adsorption and activation of 1 on two carboxylates
(solid line). Model details are provided in the Supporting Information.
Conditions: 0 �C, 0.56 M H2O2, and 0.17 M cis-cyclooctene.

Figure 6. Total turnovers for cis-cyclooctene oxidation by H2O2 and 20
(acid/Mn = 2) at 0 �C. (Left) H2O2 pretreatment, method A (0), and
without H2O2 pretreatment, method B (<). (Right) Slow H2O2

addition, method C, at 1.4 mL of H2O2 h
�1 (O) and 0.7 mL of H2O2

h�1 (]) compared to H2O2 pretreatment method A (0). Conditions:
0.15 mM 1, 0.56 M H2O2, and 0.17 M cis-cyclooctene.



18691 dx.doi.org/10.1021/ja204761e |J. Am. Chem. Soc. 2011, 133, 18684–18695

Journal of the American Chemical Society ARTICLE

addition method A (Figure 6), with its 40 min H2O2 pretreat-
ment of the mixture of 1 and solid cocatalyst prior to substrate
addition, showed product formation within 30 s of alkene
addition. This is consistent with formation of a catalytically
relevant surface species 20 upon reaction with H2O2 before the
alkene is added. In homogeneous systems, it has likewise been
shown that the induction period could be minimized by directly
using previously synthesized 2b or by forming the carboxylate-
bridged complex in situ during H2O2 pretreatment of 1 in the
presence of carboxylic acid.14

Controlling H2O2 decomposition (catalase activity) by 1 and
related Mn species is a critical determinant in choosing the acid
cocatalyst and a potential limitation to industrial application in
synthetic chemistry.7b,13,14 In the majority of published homo-
geneous studies where the goal was chemical synthesis rather
than bleaching, temperatures of e0 �C and slow H2O2 addition
were utilized to boost yields by limiting radical reactions and
unproductive H2O2 decomposition. This implicitly assumes that
H2O2 decomposition (or the formation of a species catalytically
active for H2O2 decomposition) is higher order in H2O2 and has
a higher activation energy (Ea) than productive oxidation.
Therefore, it is important to note that, when reaction and analysis
conditions were identical, the total productivity of heterogenized
20 after 6 h was largely independent of the method of oxidant
addition (method A, B, or C, Figure 6). Que and co-workers
noted that proper choice of soluble acid cocatalyst enabled batch
addition of H2O2 with no loss in productivity in a related Fe
system,41 but no such tolerance has yet been exhibited for these
Mn complexes. For subsequent work, we therefore utilized H2O2

method A (H2O2 pretreatment), which simplified the kinetic
analysis by removing effects of the rate of formation of structure
20 and allowed substrate oxidation rates to not be limited by the
rate of H2O2 addition. Tolerance to higher initial H2O2 con-
centrations in batch addition of H2O2 also conferred significant
practical advantages: by method A, 200 turnovers (total TON,
(moles of epoxide + moles of cis-diol) per mole 1) were reached
40 min after substrate addition at 0 �C, but by method B, TON =
200 required 2�3 h at 0 �C for typical H2O2 addition rates
(Table 2). Maximum TOFs (Table 2) were not substantially
affected by method of oxidant addition, but they occurred at
earlier times for batch addition of H2O2.

3.4.2. Temperature Effects and Overall Yields. Product evolu-
tion for the H2O2-pretreated catalyst (method A) 20 was
analyzed at 25, 0, and�10 �C. Progressively lower temperatures
reduced initial turnover rates of oxidation, in accordance with
classical Arrhenius kinetics, from approximately 600 to 300 to
100 h�1 (Table 2). At 25 �C, the highest possible TOF was
calculated to be∼0.4 s�1 (over the first 30 s of reaction), which is
of the same order of magnitude expected for internal diffusion
rates. Therefore, the original solid cocatalyst was dry-sieved, and
product evolution was monitored for solid cocatalyst particles
>180 μm and for those <65 μm in diameter. No pronounced
effect was observed for initial rates of product formation, but the
larger particle size decreased ultimate productivity by 25%
relative to the smaller particles (Figure S7), suggesting that the
larger particle sizes are more prone to deactivation.
Using only the smaller particles for the 25 �C reaction, it was

seen that total productivities are also largely independent of
reaction temperature over this solid catalyst (Figure 7), as they
were similarly insensitive to oxidant addition method. The
practical effect is that this catalyst can be utilized at 25 �C with
no reduction in total productivity, but with much lower proces-
sing time. Bymethod A, TON= 500 was reached at 120, 360, and
800 min at 25, 0, and �10 �C, respectively.
The 2e� reduction of 1 into soluble bis(μ-carboxylato)

complex 2b occurs over 0.5�1.0 h, accompanied by stoichio-
metric oxidation of H2O2 to O2.

4c,5,14,37b H2O2 is consumed in
forming the epoxide and diol products, but also in undesired
decomposition to O2 and H2O. H2O2 concentrations were thus
monitored during pretreatment (no substrate) and during the
oxidation reaction for the supported catalyst at�10, 0, and 25 �C
(Figure S3). During the 40 min pretreatment of method A,∼400
equiv (per added 1) of H2O2 is decomposed at 0 �C,∼70 equiv at
�10 �C, and ∼1500 equiv at 25 �C. Excluding the pretreatment
period, H2O2 utilization ((molepoxide + molcis‑diol)/(molH2O2

)0)
was 32% at TON ≈ 500 at a reaction temperature of 25 �C, but
<15% for the longer times required to reach similar productivity
for 0 and �10 �C operation. The substantial consumption of
H2O2 in the absence of alkene at 25 �C may be catalyzed by
unobserved minority species like MnO2. Although not a goal of
this report, H2O2 decomposition in this period can presumably be
minimized by optimizing pretreatment conditions, as has been
accomplished for homogeneous catalysts.14

Under the conditions employed in this study, heterogenized
catalyst 20 reached a maximal productivity of TON = 715 with
acid/Mn = 10 (Table 2). This productivity is similar to data
reported in the open literature using soluble cocatalysts; how-
ever, varying conditions make direct comparisons difficult
(Table 3).13,14 It is also important to note that the vast majority
of the optimized homogeneous catalyst formulations utilized
strongly reducing (i.e., oxalic acid) or electron-withdrawing (i.e.,
trichloroacetic acid) cocatalysts in unison with subambient
temperatures and slow oxidant addition rates, which mandate
longer reaction times than our conditions. Moving to more
electron-withdrawing surface-grafted acids may allow further
increases in catalyst rate and productivity in this system.
3.4.3. Initial Rates and Rate Orders. Additional experiments

were carried out in the oxidation of cis-cyclooctene at 0 �Cwith 20
and aqueous H2O2 to determine apparent reaction orders of
the various species (see Supporting Information for detailed
experimental procedures). The effects on initial rates of cy-
clooctene conversion are compiled in Table 4 (raw data in
Table S1 and Figure S6). Epoxide and cis-diol products were

Figure 7. Total turnovers in cis-cyclooctene oxidation by H2O2 and 20
(acid/Mn = 2) at �10 (]), 0 (0), and 25 �C (O) with H2O2

pretreatment (method A). Initial rates increase with increasing tem-
perature, while total productivity is similar for all temperatures with
sufficiently long reaction times. Conditions: 0.15 mM 1, 0.56 M H2O2,
and 0.17 M cis-cyclooctene.
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found to minimally impact initial rates, indicating neither
strong product inhibition nor competitive overoxidation. De-
liberate addition of trans-cyclooctane diol, even though it is not
formed under these conditions, also had a negligible impact on
initial rates. The catalyst is first order in H2O2 concentration,
but H2O, which is necessarily produced during reaction, is only
weakly inhibitory. The cyclooctene substrate is only weakly
positive order.
Taken together, these results are consistent with a mechanism

where the cyclooctene oxidation rate is limited by H2O2 activa-
tion. Rate-limiting formation of a dicarboxylate-bridged, dinuc-
lear MnIII(OOH)MnIII(OH) species has been identified as a
critical intermediate step in alkene oxidation with soluble 1.14,15

This species forms by equilibrated coordination of H2O, fol-
lowed by rate-limiting formation of the Mn hydroperoxide.
Unlike in solution, the equilibrium for H2O coordination on
the supported catalyst appears to favor products at all tested H2O
concentrations. This saturation behavior is responsible for the
near-zero rate order for H2O. Our DFT calculations showed that
H2O coordination to form a dicarboxylate-bridged, dinuclear
MnIII(OH)MnIII(OH) species from 2b0 is moderately more
favorable by 0.05 eV. Higher order H2O2 decomposition reac-
tions do not appear to impact oxidation rates, consistent with the
observation of similar yields regardless of H2O2 concentration;
all reactions that limit productivity are of the same apparent first
order. The absence of a significant dependence on cyclooctene
concentration is also consistent with our previous observation of
high and similar turnovers at 3 h for a variety of alkene substrates
—only particularly bulky and/or electron-deficient reactants
showed notably decreased productivity, implying a shift in the
rate-limiting step.17

Although cis- and trans-diol and H2O were shown to only
weakly affect the initial oxidation rate, increased amounts of these
components decreased overall cyclooctene conversion at

extended time (Figure S8), suggesting that accumulation of
these species contributed to a slow deactivation of the active
site. These limitations are likewise consistent with ultimate
productivity being independent of H2O2 addition method or
reaction temperature. Isolation, washing, and reuse of the catalyst
or simple readdition of H2O2 after moderate conversion
(50�70%) resulted in few additional turnovers, indicating that
catalyst or cocatalyst stability is the primary limiting factor under
these conditions.
Following the observation of a first-order dependence on

H2O2, initial rate constants were calculated for the formation
of oxidation products (epoxide and cis-diol) and the consump-
tion of H2O2 (Table 5). While the narrow temperature range
places large uncertainty on the calculations, the apparent activa-
tion energy (Ea) for oxidation product formation is 38 ( 6 kJ
mol�1, which falls within the range of activation energies
reported for Mn-based H2O2 decomposition catalysts.44 High
rates impose large uncertainty, but the Ea for H2O2 decomposi-
tion is 30 ( 10 kJ/mol. The similar Ea for the two reactions is
consistent with a common rate-limiting step of H2O2 activation,
and in contrast with analogous homogeneous catalysts, this
dictates that productivities are not limited by H2O2 consump-
tion, even at 25 �C.
3.4.4. Epoxide:Diol Selectivity. Compared to epoxidation,

relatively fewer catalysts are proficient at dihydroxylation, and
fewer still are solid dihydroxylation catalysts.42 cis-Diol selectivity
was thus evaluated as a function of conversion for the conditions
described above. Based on the ratio of initial rates, cis-diol
selectivity was 30�40%, with no systematic changes with
temperature (Table 5). Integrated selectivity reported at reaction
completion was∼45%, again relatively independent of tempera-
ture. Initial selectivities slightly underreport cis-diol content due
to strong cis-diol adsorption on the SiO2 carrier and nonlinear
GC response at <5% yield. Above these minimum conversion
levels, and for all temperatures investigated, differential selec-
tivity (defined as selectivity between two consecutive time
points) was constant at 40�50% (Figure S9), albeit with
substantial scatter. The selectivity is not seen to change system-
atically with concentration of H2O2 or H2O, the latter either
added at the reaction outset or generated with increasing
conversion. This insensitivity to reaction conditions is consistent
with both epoxide and cis-diol products being formed from the
same intermediate, and that product formation follows the rate-
limiting step. Likewise, the cis-diol selectivity of homogeneous
catalyst 2 was hypothesized to be dependent on the steric bulk of
the associated carboxylate ligands, rather than on changes in the
speciation of the active site.7b,13,14 We hypothesize that selec-
tivity can be controlled on surfaces by changing the nature of the
solid cocatalyst or by altering the local surface microenviron-
ment, which is currently under investigation.45

3.4.5. Side Reactions. The lack of trans-diol formation during
typical oxidation conditions is evidence against free radical
oxidation, which is expected to produce equivalent amounts of
cis- and trans-diol. The reaction of epoxide with 20 under condi-
tions equivalent to cyclooctene oxidation also produces no trans-
diol, further demonstrating the absence of significant acid-cata-
lyzed ring-opening of the epoxide products. Minimal overoxida-
tion of the cis-diol product is observed by GC-MS, primarily to α-
hydroxy ketones, as typically reported, especially at high
conversions.13d,43 These products typically account for <10% of
the total products, and it is difficult to ascertain whether oxidation
occurs during catalysis or duringGCworkup, as we have observed

Table 4. Apparent Reaction Order of Tested Speciesa

component apparent order

H2O2 1.00

cis-cyclooctene 0.18

H2O �0.13

epoxide �0.05

cis-diol �0.05
a See Supporting Information for reaction conditions, and Figure S4 and
Table S1 for raw data.

Table 3. Optimized Soluble Acid Cocatalysts for 1 in the
Oxidation of cis-Cyclooctenea

cocatalyst acid/Mn TON (yield, diol %) ref

oxalate 3 410 (52, 0) 13d

oxalic acidb 1 740 (94, 24) 14b

CCl3CO2H 1 685 (91, 64) 13e

CCl3CO2H 25 730 (96, 45) 13e

salicylic acid 1 755 (82, 8) 13e

2,6-Cl2PhCO2H 3 600 (67, 88) 13e

SiO2-carboxylate
c 10 715 (71, 36) this

aUnless otherwise given, conditions are 0 �C, slow addition of H2O2

over 6�7 h. b 25 �C. c 0�, single addition of H2O2, 5 h.
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transformation of standard cis-diol solutions containing trace
H2O2 to overoxidation products upon high-temperature GC
injection. For the purposes of this study, the overoxidation
products observed were included in the cis-diol totals.

4. CONCLUSIONS

Throughout this article, parallels have been demonstrated
between supported 20 and soluble catalyst 2. Therefore, the
improved utility of the heterogenized catalyst can be understood
in the context of the established mechanism of the homogeneous
catalyst. First, given that the proposed active oxidant is a
dicarboxylate-bridged, dinuclear MnIII(OOH)MnIII(OH) spe-
cies, the surface chelate effect will enhance coordination of
carboxylates at low total concentrations, the hydrophilicity of
the surface will encourage coordination of H2O, and the SiO2

surface may participate in H+ transfer essential for coordinating
and activating H2O2.

46 Stabilizing this active oxidant is proposed
to account for increased rates, increases in productivity by
slowing the formation of deactivated structures, and the relatively
constant cis-diol selectivities regardless of carboxylate loading. In
a key deviation from the homogeneous catalyst, similar total
productivities are achieved at temperatures up to 25 �C, with
H2O2 utilization at 25 �C at least as good as that at 0 �C. While
catalase activity (H2O2 decomposition) is significant, it does not
increase in rate with temperature any faster than for substrate
oxidation, and under these conditions it never appears to be a
limiting factor in overall productivity. In general, these mechan-
istic conclusions are expected to be a function of surface structure
(oxide support, other chemisorbed groups, surface OH density,
and pKa), which is under investigation.

In conclusion, we have presented the synthesis and character-
ization of an efficient and active oxidation catalyst from the
combination of Mn dimer 1 with carboxylates grafted on SiO2

that function as both cocatalyst and support, allowing for
assembly under reaction conditions. UV�visible and X-ray
absorption near edge spectroscopy, extended X-ray absorption
fine structure fitted to DFT models, observed dependence of
rates on the acid/Mn ratios, and a rate law analogous to solution
behavior all indicate the formation of an active catalyst precursor
or resting state similar to 2b0 with two bridging carboxylates
tethered to the surface. From an implementation point of view,
these solid cocatalysts can be used exactly analogous to a soluble
carboxylic acid cocatalyst but with total productivity, rates, and
cis-diol selectivity that are high at low equivalents of carboxylic
acid. Additional advantages of the heterogenized system are
higher rates and insensitivity to typical parameters such as
rate of H2O2 addition, temperature, and H2O concentration.
Empirically, this means that catalyst productivity can be boosted
substantially: TON = 200 achieved in 20 min with batch addition
of H2O2 at 25 �C as compared to 2�3 h for typical slow rates of
H2O2 addition at 0 �C.

Given the broad scope of reactions catalyzed by 1 and other
related non-heme complexes activated by carboxylic acids,47 this
one-pot synthetic and catalytic strategy may be useful for a
number of reactions and catalyst/cocatalyst systems and is being
tested as such. In comparison to typical soluble cocatalysts, this
method of catalyst synthesis introduces new areas of reactivity
control via modifications to the cocatalytic support. This pro-
mises to allow optimization of productivity and selectivity in
ways not possible for traditional homogeneous catalysts.
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