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Abstract

The oxidation of a variety of substrates (thioethers, hydrocarbons, alkenes, benyzl alcohol and benzaldéBydxpbly
catalyzed by MpO4(O2PPh)s (1) and MmO4(O2P(p-MePh))s (2) is reported. These reactions illustrate the first examples of
oxidative catalysis using a manganese-oxo complex with gieubane core. These uncharged complexes contain Mn ions
in a mixed valence oxidation state, formally Malll, 21V), and are bridged by bulky diphenylphosphinate chelates across
each of the six faces of the cube. Using this system, methyl phenyl sulfide is selectively mono-oxygenated to methyl phenyl
sulfoxide with high catalytic efficiency, and no evidence for further oxidation to the thermodynamically preferred sulfone.
Toluene is oxidized to a mixture of benzyl alcohol, benzaldehyde, and benzoic acid with high catalytic efficiencies. Lower
catalytic efficiencies are observed in the oxidation of styrene to a mixture of styrene oxide and benzaldehyde, of cyclohexene to
a mixture of cyclohexene oxide, 2-cyclohexen-1-ol, and 2-cyclohexen-1-one, and of cyclohexane to a mixture of cyclohexanol
and cyclohexanone. The observed product distribution from the oxidation of hydrocarbons has the characteristics of a free
radical-based oxidation mechanism. However, the sulfoxidation and epoxidation activitylgfBiedOH system, as well as
the observed steric preferences for less congested substrates, suggest that a metal-oxo centered oxidation mechanism is acti
in the reactions studied here. An intermediate species, characterized by a UV-VIS band centered at 610 nm is observed in all
reaction mixtures, and forms upon reactioriafr 2 with ’BuOOH. Preliminary evidence suggests this reactive intermediate
may correspond to a Mn(¥ species. Kinetic studies suggest two pathways for oxidation: one involving an oxygen atom
transfer (two-electron branch), and the other involving a hydrogen atom abstraction (one-electron branch).
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction one of the general goals of industrial, inorganic, and
organometallic chemistrjd—3].

The functionalization of inexpensive hydrocarbons ~ Manganese complexes have a long history in the
to produce more valuable organic compounds such asoxidation of organic compounds. Potassium perman-
alcohols, aldehydes, and ketones, requires the selec-ganate is widely used in the stoichiometric oxidation
tive oxidation of strong C—H bonds. The development of a wide variety of compounds, including alkylben-
of catalysts that can perform these oxidations with zenes, alkenes, alcohols, and ketoj#gés Manganese
adequate control of selectivity in an economically porphyrin and Schiff base complexes are capable of
viable and environmentally friendly way represents performing a number of oxidations catalytical-7],

sometimes even with high stereochemical selectivity
"+ Corresponding author. Teks 1-609-258-3949; _[8—10_], using a suitable oxidizing agent such as perox-
fax: +1-609-258-1980. ides, iodosylbenzene, or even.lono- and polynu-
E-mail address: dismukes@princeton.edu (G.C. Dismukes). clear manganese complexes with non-macrocyclic
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ligands have also been effectively used as oxidation

catalystg11-15] m
The relative energies of the manganese interme- NV "‘y/

diates formed during the catalytic reaction cycle are \I\MO |

a major determinant of the pathway of the oxida- &';

-~
O
’
tion reaction. When peroxides, such as hydrogen Mn\
peroxide (HO) or alkyl hydroperoxides (ROOH),

are used as the terminal oxidant, the manganese ion = 7 _
can cleave the peroxide O-O bond either heterolyt- gz Q \Cz Q/
ically or homolytically. Heterolytic cleavage by a m = " p = o N b =

o o

Mn(lll) complex usually results in the formation of oo o’

a hlgh—valent Mn(V3=O complgx, _wh|ch occurs with “0,PPh, “0,P(p-MePh),

certain strong-field macrocyclic liganfs6—20] The (in1) (in2)
manganese-oxo group is a very strong oxidant, yet

can perform highly selective oxidations that depend Fig. 1. Molecular .representation of the catalysts used in thi.s study.
on the choice of substrate and its accessibility to the C2talystsl and2 differ only by a methyl group in thpara-position
Mn=0 moiety. Applications to selective oxidations of the phenyl moiety in the diphenylphosphinate ligand.

have been reportel,8—10,17,21] Alternatively, ho-
molytic cleavage of the peroxide O—O bond leads to
the generation of free radicals (either HOr RC").
These radicals, also being very strong oxidants, react
with organic substrates with little or no selectivity
[1]. The choice of which of these pathways and cata-
lyst systems to choose obviously depends on the task ]
at hand. The determination of the mechanism that 2-1- Materials

occurs in a catalytic oxidation reaction is not always

straightforward. The Gif22—24]and Fentorj25-27] All solvents and reagents purchased from commer-
oxidation systems are two examples of well-studied Cial sources, were of the highest available purity, and
Systems in Wh|Ch the mechanism Of Substrate Oxida_ were used without further purification. De'oxygenated

Initial evidence for a mechanism of substrate oxida-
tion in these reactions is presented.

2. Experimental

tion has been difficult to discern. CH,ClI; for anaerobic trials was prepared by distilla-
Previously, we described the syntheses of the tion from Cat under an Ar atmosphere. De-oxygena-

manganese-0xo complex M@4(O-PPh)s (1) [28] ted toluene and cyclohexane for anaerobic trials was

and the isostructural derivative M®(O2P(p- prepared by vigorous bubbling with Ar for at least 3h

MePh))s (2) [29]. Both contain the MgO46+ cubane prior to use. Catalys2 [29] was prepared as described
core with an average manganese oxidation state of€lsewhere. Purity was assessed by FT-IR and NMR.
+3.5 (Fig. 1). These complexes react stoichiometri-
cally with secondary organoamines (fRR{) to form 2.2. Synthesis of 1
4 equiv. of the amino radical, the “pinned-butterfly”
complex, MnO2(O,PPh)s, and release two core HO,PPh (3.0 mmol, 0.66 g) and NaOH (3.0 mmol,
oxos as HO molecules[30]. The cubaned and 2 0.12g) are dissolved in 35ml of DMF. Mn(CKp-
also undergo efficient photo-rearrangement in the gas 6H,O (1.4 mmol, 0.51 g) is dissolved in 15 ml of DMF
phase to produce £by intramolecular elimination of  and is added with stirring to the Na®Ph solution. A
two corner oxo atoms in a reaction that requires the light-brown solution forms in a few minutes. KMnQO
release of one phosphinate ligand, forming the “open- (0.6 mmol, 0.10g) is dissolved in 35 ml of DMF, and
butterfly” complex [MmO2(O2PPh)s]* [29,31] is added dropwise with stirring to the reaction mixture
Herein, we extend the range of chemistries of these with stirring, immediately forming a maroon solution.
cubane clusters by examining their utility as oxida- The reaction mixture is stirred for 3 h, producing a red
tion catalysts, usingBuOOH as the terminal oxidant.  precipitate ofl, which is washed using three 25 ml
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portions of CHOH followed by three 25 ml portions
of Et,O. The precipitate is then dried in air to produce
analytically purel. Yield: 0.56 g (71%).

2.3. Instrumentation

IH NMR spectra were collected as CRGéolu-

of 2 was complete. The reaction mixture was then
subjected to the work-up described above. Reactions
involving cyclohexane were performed in a similar
fashion using cyclohexane as the solvent, except a
small amount of CHICI, (0.5 ml) was added to the re-
action mixture to ensure the complete dissolutiog.of

tions on either a JEOL 270 MHz spectrometer or a 2.6. General considerations

GE-300 MHz spectrometer. UV-VIS spectra were

measured on an HP-8452A spectrophotometer using All of the reported data represent an average from

quartz cuvettes with a 1.0cm path length. FT-IR

a minimum of three trials. In all cases, the standard

spectra were measured on a Nicolet 730 FT-IR spec- deviation from the mean was10% of the reported

trometer as KBr pellets.
2.4. General catalytic reaction conditions

An aliquot of the substrate (methyl phenyl sulfide:
2.6 x 103mol, 0.30ml, 1040equiv.; styrene:&
x 103mol, 0.30ml, 1040equiv.; cyclohexene:
3.0 x 103 mol, 0.20 ml, 1200 equiv.; benzyl alcohol:
2.4 x 10~3mol, 0.25ml, 960 equiv.; benzaldehyde:
2.5 x 103 mol, 0.25ml, 1000 equiv.) was dissolved
in 10 ml of a 0.25 mM solution ol (2.5 x 108 mol)
in CH,Clo. The catalytic oxidation reaction was then
initiated by the addition of an aliquot BBUOOH. The
reaction mixtures were stirred until bleaching of the
red-orange color fronl was complete. The solution

value. Identical control experiments in which either
the catalyst1 or 2) or 'BuOOH was omitted from the
reaction mixture resulted in no reaction in all cases.

2.7. Kinetic measurements

Reactions were monitored by UV-VIS spectropho-
tometry from 190 to 820nm at room temperature.
The catalyst concentratiori ©r 2) was 0.10mM in
all reactions. Three types of reactions were studied.
(1) Methyl phenyl sulfide (251, 0.10 M) was added
to 2.0ml of 0.10mM1 in CHCl,. An aliquot of
'BuOOH was added, and spectra were recorded in
15s intervals. (22 was prepared as a 0.10mM so-
lution in toluene. An aliquot of BUOOH was added

was then passed over a silica column to remove the to 2.0 ml of this solution, and spectra were recorded
Mn products. Characterization of the organic prod- in 5min intervals. (3) A control experiment was per-

ucts was performed usingH NMR in CDClz. An

formed in which an aliquot ofBuOOH was added to

aliquot of dioxane was added as an internal standard 2.0 ml of a 0.10 mM solution of in CH,Cl,. Spectra

for quantitative determination of yields. All reactions

were carried out without thermostating at ambient

temperature.

were recorded in 2 min intervals.

Anaerobic reactions were performed using common 3. Results

Schlenk techniques under an atmosphere of3®i.

All solvents and reagents were degassed immediately The ability of thel//BuOOH system to catalyze

prior to use as described und&ection 2.1Upon com-

pletion of the reaction, the work-up procedure was per-
formed aerobically using the method described above.

2.5. Reaction conditions for the
oxidation of hydrocarbons

An amount of 3.5mg of (2.0 x 10~®mol) was
dissolved in 10 ml of toluene. An aliquot 6BuOOH

the sulfoxidation of thioethers was examined using
methyl phenyl sulfide as a model substrate in large ex-
cess (>1000-fold with respect to the catalystOnly
methyl phenyl sulfoxide is observed as an oxidation
product in these reactions with no evidence for fur-
ther oxidation to methyl phenyl sulfon&¢heme },
even though the formation of the sulfone from the
sulfoxide is thermodynamically more favorable than
the formation of the sulfoxide from the thioetH&B].

was then added to initiate the reaction. The solution This result is comparable to other catalytic thioether
was stirred until the bleaching of the red-orange color oxidation systems[34,35] At low concentrations
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of ‘BUOOH (6.9 mM, 28equiv. with respect tb;
Table 1 Entry 1), catalytic efficiencies (defined as the
yield of oxidized products with respect to the termi-
nal oxidant’BuOOH) as high as 94% are observed.
At higher 'BUOOH concentrations, the catalytic ef-
ficiency decreases to approximately 60%alfle 1,
Entry 2). This corresponds to 56 catalytic turnovers
(defined as the ratio of the moles of product to the
moles of catalystl) at a’BuOOH concentration of
23 mM (98 equiv. with respect tt). When the same
reaction is performed under an Ar atmosphere using
degassed C4Cly, the yield of methyl phenyl sulfox-
ide is unchanged relative to the aerobic reaction in
the same period of timél&ble 1 Entry 3). Therefore,
we conclude that the oxygen atom of the sulfoxide
derives exclusively from the catalyst/oxidant system.
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1.

The oxidation of alkenes by tHg'’BUOOH system
was also examined using two model substrates in large
excess (>1000-fold ovel): styrene and cyclohexene.
The oxidation of styrene under these conditions pro-
duces a mixture of styrene oxide and benzaldehyde
(Scheme 2in an approximately 1:2 ratioTéble 1,
Entries 4 and 5). The reaction proceeds with a rela-
tively low catalytic efficiency of approximately 20%.
When G is excluded from the reaction mixture, the
product distribution changes dramatically and the
number of turnovers decreases by 1/3, so that styrene
oxide is formed as the major product (83% of the
total yield) with benzaldehyde making up the remain-
ing 17% of the yield Table 1 Entry 6). In addition,
the color from1 does not completely bleach in 5h of
reaction time when ®is excluded from the solution,

Table 1

Results from the oxidation of thioethers and alkenes ByOOH catalyzed byl

Entry? Substrate ['BUOOH] Product (yield, %) Catalytic TON® Time (h)

(mM) (equiv.) efficiency! (%)

1 Me-S—Ph 6.9 (28) Me-S(O)-Ph (100) 94 26 f10

2 Me-S—Ph 23 (98) Me-S(0)-Ph (100) 60 56 f25

3 Me—-S—Ph (anaerobic) 23 (98) Me-S(O)-Ph (100) 59 52 f 30

4 Styrene 11 (44) Styrene oxide (37) 20 9 25
Benzaldehyde (63)

5 Styrene 22 (88) Styrene oxide (35) 13 12 25
Benzaldehyde (65)

6 Styrene (anaerobic) 11 (44) Styrene oxide (83) 14 6 5
Benzaldehyde (17)

7 Cyclohexene 11 (44) 2-Cyclohexen-1-ol (46) 46 20 15
2-Cyclohexen-1-one (51)
Cyclohexene oxide (3)

8 Cyclohexene 22 (88) 2-Cyclohexen-1-ol (44) 24 21 15
2-Cyclohexen-1-one (52)
Cyclohexene oxide (4)

9 Cyclohexene (anaerobic) 22 (88) No reaction 0 3

aReactions were performed with 0.25 mMin CH,Cl,.

b [Me-S—Ph]= 0.26 M; [styrene]= 0.25 M; [cyclohexene}= 0.30 M.
¢ Fraction of the yield of a given product compared to the total
d Total moles of product relative to the moles of add&iiOOH.
€Total moles of product relative to the moles of catalyst

f These values are in minutes.

yield of products.
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Scheme 2.

7
HO_ o H
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+ 'BUOOH ——=>»» +
o H o 0O
~C

NA” H
C
+ BUOOH ————» @

Scheme 4.

whereas aerobic reactions show complete bleachingform an allyl radical intermediate, rather than oxygen

of 1 in 2.5h. The catalytic efficiency remains low
in the absence of 9(14% efficiency with 11 mM
'BuOOH). These results suggest that two different

atom transfer, which would result in epoxidation at
the G=C bond. The low epoxidation yield suggests
that the decreased stereochemical accessibility of the

pathways for the oxidation of styrene are present. One cyclohexene €C bond relative to the styrene=C

pathway leads to the epoxidation of styrene to form
styrene oxide, and is not dependent gn Whereas the
second pathway leads to the formation of benzalde-
hyde and is dependent o, ONhen the reaction is
performed in air, both pathways are active, producing
the observed 1:2 ratio of styrene oxide to benzalde-
hyde. However, in the absence op,Gstyrene oxide
continues to form by the ©independent pathway
while the formation of benzaldehyde in inhibited.

The oxidation of cyclohexene by thkE/'BuOOH
system also produces a mixture of produdiashe 1,
Entries 7 and 8). The major products are 2-cyclohexen-
1-ol and 2-cyclohexen-1-on&s¢heme R which are
produced in almost equal yields. Cyclohexene oxide
is formed as a minor product (3% yield based on the
total yield of oxidized products). The catalytic effi-
ciency is higher for the oxidation of cyclohexene (46%
efficiency with 11 mM’BuOOH) than is observed
for the oxidation of styrene. Reactions performed
anaerobically show no evidence for the formation of
any oxidized products from cyclohexene, indicating
an absolute requirement foro(Table 1 Entry 9).
The product distribution is characteristic of hydrogen
atom abstraction at thg-position of cyclohexene to

g

H OH

o)
+1BUOOH ———2 3

bond may be responsible for the faster allylic oxida-
tion over epoxidation in cyclohexene.

The possibility of oxidizing primary alkyl sub-
stituents attached to an aromatic framework was
examined by studying the reaction »and’BuOOH
in toluene. The cubane derivatiZexhibits greater
solubility in toluene than doe4, so that reactions
could be performed directly in toluene without the
need for additional solvent (e.g. GHI2) to ensure
dissolution of the catalyst. The addition @uOOH
to a toluene solution o2 (0.20 mM) results in the
formation of benzyl alcohol and benzaldehyde as the
major products, representing approximately 80% of
the total yield, with benzoic acid making up the re-
mainder Scheme % Catalytic efficiencies of 165%
are observed with @BuOOH concentration of 11 mM
(Table 2 Entry 10). The efficiency decreases with
higher concentrations dBuOOH, resulting in 95%
catalytic efficiency and 101 turnovers with respect
to 2 with a’BuOOH concentration of 22 mM. When
these reactions are performed under anaerobic condi-
tions, the yield of oxidized products plummets, with
only 8 turnovers in 3h and a catalytic efficiency of
14% (Table 2 Entry 12).

5 o

|+

Scheme 3.
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Table 2

Results from the oxidation of hydrocarbons and related compound8U®OH catalyzed by (or 1)

Entry Substrate ['BUOOH] Product (yield, %) Catalytic TONd Time (h)

(mM) (equiv.) efficiency’ (%)

1° Toluene 11 (55) Benzyl alcohol (36) 165 91 3
Benzaldehyde (45)
Benzoic acid (19)

11° Toluene 22 (110) Benzyl alcohol (41) 95 101 3
Benzaldehyde (41)
Benzoic acid (18)

12¢ Toluene (anaerobic) 11 (55) Benzyl alcohol (47) 14 8 3
Benzaldehyde (53)

13 Benzyl alcohol 22 (88) Benzaldehyde (100) 11 9 2

14 Benzaldehyde 22 (88) Benzoic acid (100) 175 154 1

15° Cyclohexane 22 (110) Cyclohexanol (55) 6 7 2.5
Cyclohexanone (45)

16 Cyclohexane (anaerobic) 22 (110) No reaction 0 25

a[Benzyl alcohol]= 0.24 M; [benzaldehyde} 0.25 M.

b Fraction of the yield of a given product compared to the total yield of products.

¢ Total moles of product relative to the moles of adddOOH.
d Total moles of product relative to the moles of catalyst
€Reactions were performed witl2][= 0.20 mM.

f Reactions were performed with][= 0.25 mM.

The formation of benzyl alcohol and benzaldehyde
in approximately equal proportions from toluene is
consistent with an @dependent free radical reac-
tion pathway known as the Russell reactioRgy( 2)
[36]. This mechanism, when applied to the oxida-
tion of toluene, involves an initial hydrogen atom
abstraction from the methyl group to form the ben-
zyl radical, Ph—CH?*, which subsequently adds,;©

CHs CH,

. 00’

CH, H,C
O

00° HO_ O M
Hzc CH2

X
Fig. 2. The Russell reaction pathway, as applied to the oxidation
of toluene. This pathway involves the initial hydrogen atom ab-

straction from toluene followed by subsequent reactions involving
0O,.

followed by disproportionation of the peroxyl radical
to form equal amounts of the corresponding alcohol
and aldehyde. The nearly equivalent yields of ben-
zyl alcohol and benzaldehyde from ti2¢’BuOOH
oxidation system suggests the presence of this mech-
anism, which is further supported by the significant
reduction in the yield of oxidized products when the
reactions are performed in the absence of Ohe
observation of catalytic efficiencies that exceed 100%
at a’BuOOH concentration of 11 mM also suggests
an -dependent auto-oxidation pathway. We have
attempted to trap the proposed Ph—CHadical in-
termediate in this pathway using CBgCla known
alkyl radical trap[37], but were unsuccessful due to
a rapid reaction between CBrCand 2.

To further test the proposed Russell reaction path-
way in the oxidation of toluene b2//BuOOH, we
also examined the reactivity of th’BUOOH sys-
tem towards benzyl alcohol in Gi€l, (Table 2
Entry 13). Benzaldehyde is the only product formed
under these reaction conditions, however the vyield
is approximately five times lower than is observed
in the oxidation of toluene bg2/'BuOOH (11% cat-
alytic efficiency with respect to 22 mMBuUOOH).
The low yield supports the hypothesis that benzyl al-
cohol and benzaldehyde are formed concomitantly in
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pure toluene by the Russell reactions. However, the In each of the reactions described above, the cat-
Russell pathway only accounts for the formation of alyst (eitherl or 2) is completely bleached, forming
benzyl alcohol and benzaldehyde from the oxidation a cloudy white solution/suspension, indicative of re-
of toluene, and does not directly account for the for- duction to a Mn(ll) material. This reduction process
mation of benzoic acidT@able 2 Entries 10 and 11). occurs via reaction of the substrate with an oxidized
The oxidation of benzaldehyde by thi¢'BuOOH precursor that forms between thBuOOH and the
system in CHCIl, was therefore examined to de- catalyst. Initial attempts to identify this species are de-
termine if this reaction could be the source of the scribed next.
observed benzoic acid. Benzoic acid is the only ob-  Three representative reactions were monitored by
served product in the reaction df/’BuOOH with UV-VIS spectrophotometry: the reaction’@&uOOH
benzaldehyde, producing high yields over a short pe- with 1 in CHCl2 in the presence of a large excess
riod of time (175% catalytic efficiency, 154 turnovers of methyl phenyl sulfide Kig. 39, the reaction of
in 1 h; Table 2 Entry 14). Thus, the low catalytic effi-
ciency for formation of benzoic acid from toluene by
2/'BUOOH (Table 2 is consistent with formation by 20
subsequent oxidation of free benzaldehyde that is ini-
tially formed free in solution by the Russell pathway.
Although, benzaldehyde is oxidized quickly and in 154 F
high yield using CHCI, solvent, this reaction must '
compete with oxidation of toluene and thus is greatly
suppressed using toluene as solvent. This competi-
tion is presumed to account for the retention of the
approximately 1:1 product ratio of benzaldehyde to

Absorbance
o
]

—7T1 1 T 1 " T T
400 450 500 550 600 650 700
Wavelength (nm)

benzyl alcohol required by the Russell pathway. 0.57
Finally, the activity of the2//BuOOH system to- T
wards secondary aliphatic C—H bonds was examined A
using cyclohexane as a substrate and the solvent. 0‘0300 " 40 500 800 700 800
Cyclohexane is oxidized to produce a mixture of cy- (a) Wavelength (nm)

clohexanol and cyclohexanone in nearly equal propor-
tions under aerobic reaction conditiorfScheme h
However, the catalytic efficiencies are much lower
(6% efficiency with respect to 22 mKMBuOOH) than
are observed for the oxidation of toluene under sim-
ilar conditions Table 2 Entry 15). The formation of
an equimolar amount of cyclohexanol and cyclohex-
anone from cyclohexane is commonly attributed to
the Russell reactions resulting from an initial hydro-
gen atom abstraction from cyclohexaf¥¥,38] The
requirement for Q@ that is an integral part of the Rus-

AAbs.

sell reactions is further supported by the absence of ‘ 400 450 500 550 600 650 700
any oxidized products when the reaction is performed 05l Wavelength (nm)

. MO T T T T T T T T T T
anaerobically Table 2 Entry 16). 300 400 500 600 700 800

(b) Wavelength (nm)
OH o : ) i
| Fig. 3. (a) Spectral changes during the reaction of methyl phenyl
4 + O, sulfide (0.10M) with1 (0.10mM) and’BuOOH (2.8 mM) in
+ 'BuOOH + CH,Cl, measured in 15s intervals. (b) Difference spectra, refer-

enced to the spectrum recordedsat O min. Inset (for both the
Scheme 5. parts): enlargement of the region between 400 and 700 nm.
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é i 7 g s 1 0.05
2 000 +———F———T 7T g’_ 000 F———F———T—T T T
400 450 500 550 600 650 700 400 450 500 550 600 650 700,
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(a) Wavelength (nm) (a) Wavelength (nm)
1.0
0.8
0.6
. 04 ;
8] 8
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. 400 450 500 550 600 650 700
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0.0
0.2 T 1 1 1 1 1
- 400 450 500 550 600 650 700
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(b) Wavelength (nm) () Wavelength (nm)

Fig. 4. (a) Spectral changes during the reaction’BHOOH Fig. 5. (a) Spectral changes during the reaction’BtiOOH
(2.8mM) with 2 (0.10mM) in toluene, measured in 5min inter- (2.8 MM) with 1 (0.10mM) in CHClz, measured in 2min inter-

vals. (b) Difference spectra, referenced to the spectrum recorded Vals. (b) Difference spectra, referenced to the spectrum recorded
at7 = Omin. Inset (for both the parts): enlargement of the region ats = 0min. Inset (for both the parts): enlargement of the region
between 400 and 700 nm. between 400 and 700 nm.

"BuOOH with 2 in toluene Fig. 49, and the reaction  as well as in the reaction dfand’BuOOH in the ab-

of 'BUOOH with1in CH,Cl; in the absence of an ox-  sence of a substrate in GBI>. These isosbestic points
idizable substrateHig. 59. Similar spectral features persist for 180 and 20 min, respectively, in these re-
are observed in these three reactions, which can beactions. The similarity of the spectral changes in all
seen more easily by plotting difference spectra relative three reactions suggests that a common reactive inter-
to the spectrum measured st 0 min (Figs. 3b, 4b mediate forms between the catalyst compl&x( 2)

and 50). All three reactions produce a negative peak and’BuOOH that does not require the substrate.

at approximately 300 nm in the difference spectra, as The UV-VIS spectral changes described above ex-
well as a positive peak at approximately 610 nm. An hibit three kinetically resolved phases. The solutions
isosbestic point is observed at 535 nm in the presenceare optically clear during the three resolved phases, but
of methyl phenyl sulfide for the first 5 min of the reac- the reactions typically end by turning cloudy due to the
tion. This isosbestic point is shifted to 560 nm when formation of a white precipitate, which masks the final
the reaction o2 and’BuOOH is performed in toluene, phase of the reaction. The rate and duration of these
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Fig. 6. Change in the absorbance at (a) 312nm and (b) 610 nm
during the reaction of methyl phenyl sulfide (0.10 M) with
(0.10mM) and'BuOOH (2.8 mM) in CHClI,.

phases depend on both tiBOOH concentration and
the identity of the substrate (or lack thereof). The pres-
ence of multiple phases differs from that expected for
a simple bimolecular reaction and suggests the forma-
tion of an intermediate prior to product formation.
The reaction of BUOOH andl in the presence of
methyl phenyl sulfide in CbCl, produces the most
rapid reaction measured-if. 6). The absorbance
change at 312nmFg. 69 exhibits an initial slow
or lag phase in which there is minimal bleaching,
followed by a faster phase of constant bleaching that
eventually slows in the third phase, signaling the end
of the reaction. Cloudiness appears due to a white col-
loidal material in the latter stages of the termination
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phase. The duration of the initial lag phase is extended
as the concentration @BuOOH is increased from 2.8
to 11 mM, but decreases from 19.3 to 28 mM. By con-
trast, the slope of the second phase remains constant
from 2.8 to 11 mM, but progressively slows down as
this concentration is increased above 11 mM, so that
the transition between the first two phases is blurred
at higher' BUOOH concentrations. The change in ab-
sorbance at 610 nni{g. 60 also reflects these three
phases in terms of rate and duration, although the
second and third phases are not well resolved at this
wavelength.

The reaction betweefBuOOH and1 in CH,Cl,
in the absence of an oxidizable substrate also exhibits
three kinetic phases, however the rates are approx-
imately five times slower than when methyl phenyl

0.0

-0.2+

0.4+

-0.6

AAbs.(294 nm)

60

(a) Time (min)
0.030
0.025 23 mM
— b —u69mM
€ 0.020 —+11 mM
c | 44193 mM
8 vv23 mM
© 0.015+
ui i h
Q
0.010
i v vy L
0.005 -
0.000 deg e e
T T T T T T T T T
0 10 20 30 40 50 60
Time (min)

Fig. 7. Change in the absorbance at (a) 294nm and (b) 620 nm
during the reaction of BUOOH (2.8 mM) with1 (0.10 mM) in
CHyCly.
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Fig. 8. Change in the absorbance at 310 nm during the reaction
of 'BUOOH (2.8 mM) with2 (0.10 mM) in toluene.

sulfide is present in solutioriF{g. 7). As the concen-
tration of’BUOOH is increased from 2.8 to 19.3 mM,

T.G. Carrell et al./Journal of Molecular Catalysis A: Chemical 187 (2002) 3-15

compounds usingBuOOH as a terminal oxidant. Both
oxygen atom transfer (sulfoxidation and epoxidation)
and hydrogen atom abstraction have been observed.

Any complete mechanistic interpretation of these
results requires consideration of the two main path-
ways in which the O-O bond of the terminal oxidant
'BuOOH can be cleaved upon reaction with the cat-
alyst (Fig. 9. ‘BuOOH typically reacts with a metal
complex to form an initial metal-alkylperoxo inter-
mediate (M'T—OOR; Fig. 9, reaction (a)). The O-O
bond of the coordinated peroxide can then cleave het-
erolytically to form a high-valent metal-oxo complex
(M®+2+=0) and ‘BuOH (Fig. 9, reaction (b)), or
homolytically to form’BuQ® radicals and a metal hy-
droxide complex (M*+D+_OH; Fig. 9, reaction (c)).

In the catalytic oxidation of hydrocarbons, the ob-
servation of the Russell reactionBiq. 2) leading to
the formation of approximately equal yields of alco-
hol and ketone is usually interpreted as evidence that

the duration of the lag phase shortens and the slope offreely diffusing radicals are formed in the initial ox-

the second phase accelerates!BaOOH concentra-
tions of 19.3-28 mM, the kinetics exhibit no depen-
dence on the initial concentration @uOOH.

On the other hand, the kinetic behavior is funda-
mentally different in the reaction & and’BuOOH
in toluene. This reaction exhibits four kinetic phases,
alternating between fast and slowid. 8). All four
phases speed up as the concentratidBoOOH is in-

idation step by hydrogen atom abstracti@7]. The
hydrogen atom abstractor in this pathway is usually
thought to be a free radical species (iBuO*), since
it is expected that hydrogen atom abstraction by a
metal-based species (either=Rd or M—OOR) wiill
result in almost exclusive alcohol formation due to
the rapid recombination of the oxidant and substrate
radical (“oxygen-rebound” mechanisff§7]. On this

creased from 2.8 to 19.3 mM, but become independent basis, the simplest interpretation of the product yields

of the initial’BuOOH concentration between 19.3 and
28 mM.

4. Discussion

The manganese-oxo cubarieend2 have the ability
to catalyze the oxidation of a wide variety of organic

observed for oxidation of toluene, cyclohexane, and
cyclohexene is that a free radical oxidant such as
'BuC* is active in thel (or 2)/'BuOOH system.
However, the complexity of the kinetics of the
spectral changes suggest that the reaction that leads to
substrate oxidation is more complex than just a simple
bimolecular reaction betweehand’BuOOH to pro-
duce’BuC* radicals. Additionally, the rate of product

o)

o'B / M2+ + 'BuOH
P u
HO (b)

M™ + 'BuO-OH @ |\'/|n+
a

\ OH )
© ™ ye+n+ + BuO

Fig. 9. Three possible pathways for the cleavage of the O-O bori@WDOH: (a) heterolytic cleavage, leading to the formation of a
high-valent MO moiety; (b) simple binding ofBUOOH to form a Mn—O®@Bu complex; (c) homolytic cleavage, leading to the formation

of 'BuC*® radicals.
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formation exhibits a marked dependence on the sub- tration and the rate of the second phase slows down
strate identity. The reaction in which methyl phenyl as the’BuOOH concentration is increased further
sulfide is oxidized to methyl phenyl sulfoxide is es- (Fig. 6). The kinetics are consistent with the for-
pecially curious, since the duration of the lag phase mation of an initial intermediate betweéBuOOH
increases initially with increasingBuOOH concen- and 1 (Fig. 10 reaction (a)), which then can either

Ph
Ph /
/ Ph—p_ - -t
Ph—p—q OH /OBu
/ o
o i BuOH I
NV LS
Ny ~*
O T
oM 4) ; j
O\M’
n
B
X
X0
Ph
Ph_  Ph Ph\/ f
N4 P—OH OBu
/P\o

o
<|3 O] 'BUOOH <‘3 o | 'BUOOH
- -~
< ( S g
¥ Q 1(BUOOH),

1 A
Y* + H2
YH
Ph Ph
Ph / Ph |
—P=0 “P-OH OBy
OH o

Fig. 10. Proposed reaction cycle for oxidation reactions involVBgOOH catalyzed by the manganese-oxo cubdnasd 2. For clarity,
only one chelating diphenylphosphinate ligand is shown in the cluster.



14

T.G. Carrell et al./Journal of Molecular Catalysis A: Chemical 187 (2002) 3-15

be reduced by reaction with the substrate (312nm The shift in the broad absorbance band at 500 nm

bleaching) or be blocked from reduction by reacting
with excess’BUOOH (Fig. 1Q reaction (§). The
latter reaction, if reversible, would retard the rate of
reaction with the substrate and extend the lifetime of
the initial intermediate (i.e. extend the lag phase).

A reaction scheme that is consistent with our exper-
imental observations is shown Fig. 10 The initial
binding of '/BUOOH to 1 (reaction (a)) would result
in the transfer of a proton to a phosphinate ligand,
forming a complex that could resemble intermediate
A in Fig. 10 Intramolecular hydrogen bonding be-
tween the coordinated phosphinic acid dBdiIOO™
is stereochemically permitted and thermodynami-
cally expected in the non-polar solvent (&E, or
toluene). This could involve either the distal or prox-
imal O atoms of BUOO™, as suggested by structures
A1 andA,, respectively. Heterolytic O—O bond cleav-
age would be facilitated by the hydrogen bonding by
proton transfer from the phosphinic acid to the distal
O atom (intermediaté?), resulting in the release
of ‘BUOH (reaction (b)). Considerations of electron

count would require that the intermediate correspond

to a formal oxidation state of Mn(¥)0O, and might

resemble the six-coordinate species shown as inter-

mediateB in Fig. 10 Mn(V)=0 species are known
to be active oxidants in many porphyrin catalyst sys-
tems [16-19] This “two-electron” pathway could
account for some of the observed substrate oxidation

(X 4+ B — XO). On the other hand, proton transfer to
the proximal O atom (intermediat®,) should result
in homolytic O-O bond cleavage, releasifiguC®
radicals and forming a Mn(IV)-OH species, interme-
diate C (reaction (c)). This “one-electron” pathway

to longer wavelengths upon reaction bfor 2 with
"BUOOCH is consistent with the formation of a M@
complex. The replacement of a phosphinate oxygen
donor ligand (O—-P"R3) to Mn by an oxide ligand
(O%) is expected to produce a substantial shift to
lower energies of the @> Mn charge transfer bands
involving the phosphinate ligands, which occur in
this region of the spectrum based on electronic as-
signmentgd39,40]. Similar bands have been observed
at around 550-650 nm in several high-valent=n
complexeq17,21,41,42]
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