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Abstract

Ž . Ž III . Ž .Several manganese III complexes Mn L in combination with tert-butyl hydroperoxide t-BuOOH activatex
Ž . Ž .dioxygen O to oxygenate cyclohexene c-C H to its ketone, alcohol, and epoxide. The product profiles depend on the2 6 10

Ž . Ž . Ž .ligand and solvent matrix. With picolinate PA , bipyridine bpy , or triphenylphosphine oxide OPPh as the ligand in3
Ž . w Ž .xpyrHOAc 2:1 molar ratio dominant product is the ketone c-C H O whereas Schiff–base complexes produce6 8

Ž . Ž . Ž .c-C H O , c-C H OH and the epoxide in almost equal yields. However, in MeCN c-C H O is the dominant product6 8 6 9 6 8

for all of the complexes. q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The chemistry of manganese complexes is of
fundamental interest because of their important
role as catalysts in industrial processes and bio-
logical systems. Several reviews have summa-
rized these aspects of manganese chemistry; the

w xbiochemistry of manganese 1–6 the catalytic
oxidationroxygenation of organic substrates
w x Ž . w x7–11 including epoxidation 12–14 , selec-

w xtive DNA cleavage 15–17 , models of the pho-
w xtosystem-II oxidation of water 18–22 , interac-

w xtion with dioxygen 23 , and binuclear man-
w xganese complexes as bleaching agents 24 .

) Corresponding author.

w xPrevious work 25 has demonstrated that in a
pyridineracetonitrile solvent matrix the
w IŽ .qxCu bpy complex activates hydrogen perox-2

w x wide HOOH and tert-butyl hydroperoxide t-
xBuOOH for the selective ketonization of the

methylenic carbons in hydrocarbon substrates.
IŽ .qWith 5 mM Cu bpy and 10 mM t-BuOOH2

wunder argon the conversion efficiency 100%
Ž .represents one ketone per two HOOH Bu-t

molecules andror one alcohol per one HOOH
x Ž .or t-BuOOH for cyclohexane c-C H is 10%6 12

Ž .and for ethylbenzene PhCH CH is 140%.2 3

However, in the presence of O the conversion2

efficiency for c-C H increases to 67% and for6 12

PhCH CH to 440%, respectively. This repre-2 3
IŽ .qsents a Cu bpy rt-BuOOH-induced autoxy-2

genation with at least 2.2-O rcatalyst turnovers.2
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w xA series of subsequent papers 26–29 con-
Ž .firmed that when excess HOOH or t-BuOOH

is combined with several transition metal com-
plexes, it becomes the dominant substrate for

Ž .the initially formed Fenton intermediate 1
w x30,31

py
y qL MqHOOH ™ L MOOH pyH 1Ž . Ž .x x

1Ž .
to produce dioxygen

1qHOOH™L MqO qH O 2Ž .x 2 2

with the subsequent formation of the reactive
intermediate for oxygenated Fenton chemistry.

1qO °1 O 3Ž . Ž .2 2

To our surprise, coordinately unsaturated
Ž . w IIŽ .2q IIiron II complexes e.g., Fe bpy and Fe -2

Ž .2qxOPPh in acetonitrile catalytically activate3 4

dioxygen for the direct oxygenation of cyclo-
w Ž .hexene and methyl linoleate CH CH -3 2 4

Ž . Ž . x w xCH5CHCH CH5CH CH C O OCH 32 .2 2 7 3

With 4 M c-C H as a substrate the combina-6 10
IIŽ .2qtion of 1 mM Fe bpy and 1 mM O under-2 2

goes 230 turnovers within 1 h to yield 2-
w Ž .xcyclohexen-1-one c-C H O , 2-cyclohexen-6 8

w x w1-ol c-C H OH , and the epoxide cyclohe-6 9
xxane oxide, c-C H O in an approximate6 10

IIŽ .2q20:20:1 ratio. However, the Fe bpy r2
Žt-BuOOHrO system oxygenated Fenton2

.chemistry does not yield any epoxide with
c-C H as a substrate. The effectiveness of the6 10

iron systems has prompted a systematic investi-
gation to characterize the L Mnrt-BuOOHrOx 2

system and its reactivity toward organic sub-
strates.

2. Experimental section

2.1. Equipment

The reaction products were separated and
identified with a Hewlett-Packard 5880A Series
gas chromatograph with a FID detector or by a
Hewlett-Packard 5790A series gas chromato-

graph with a mass-selective detector. Both were
Žequipped with a HP-1 capillary column cross-

linked methyl silicone gum phase 12 m=0.2
.mm i.d. .

2.2. Chemicals and reagents

The reagents for the investigations and syn-
theses were commercially available of the high-
est purity and used without further purification.
Burdick and Jackson ‘distilled in glass’ grade

Ž . Žacetonitrile MeCN, 0.004% H O , pyridine py,2
. Ž0.014% H O and glacial acetic acid HOAc,2

.ACS grade, Fisher were used as solvents. All
solid compounds were dried in vacuo over

w IICaSO for 24 h prior to use. The Mn -4
Ž . xŽ .MeCN ClO complex was prepared by4 4 2

w IIm u ltip le recrysta lliza tion of M n -
Ž . xŽ .H O ClO from MeCN. The tetradentate2 6 4 2

Schiff bases: N , N X-disalicylidene-1,2-di-
Ž . Xaminoethane H salen , N, N -disalicylidene-2

Ž . X1,3-diaminopropane H salpn , and N, N -dis-2
Ž .alicylidene 1,2-diaminobenzene H salphen2

Žwere synthesized by standard methods Schiff
base condensation of 2 moles of the salicylalde-

.hyde with 1 mole of appropriate diamine .
IIIŽ . IIIŽ . Ž .Mn salen Cl, Mn salpn Cl H O , and2
IIIŽ .Mn salphen Cl complexes were obtained by

Ž .reacting the respective ligand with Mn OAc P3
w xH O and LiCl in alcoholic solution 33,34 .2

Other complexes were prepared in situ by mix-
w IIŽ . xŽ . Ž .ing Mn MeCN ClO , Mn OAc , or4 4 2 2

Ž .Mn OAc P2H O with stoichiometric ratios of3 2
Ž .the ligands; picolinic acid PAH , 2,6-

Ž . Xpyridinedicarboxylic acid DPAH , 2,2 -bi-2
Ž .pyridine bpy , triphenylphosphine oxide

Ž .OPPh , and a tetradentate Schiff base.3

2.3. Methods

Ž .The substrate 1 M and the appropriate com-
Ž .plex either pre-synthesized or prepared in situ

Žwere combined with the solvent total volume
.s5 ml followed by the addition of dioxygen
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Table 1
Ž . Ž . Ž . aMn II , Mn III rt-BuOOH-induced activation of O for the oxygenation of cyclohexene c-C H in MeCN2 6 10

Ž . Ž .Complex, 5 mM O atm Products mM"5%2

cŽ . Ž . Ž .c-C H O c-C H OH c-C H O epoxide Efficiency %6 8 6 9 6 10

IIIŽ . Ž .Mn PA OAc 0 3 6 0.8 492
IIIŽ . Ž .Mn PA OAc 1.0 103 37 7 7352
IIIŽ . Ž .Mn OPPh OAc 0 4 3 0 353 4 3
IIIŽ . Ž .Mn OPPh OAc 1.0 48 28 0 3803 4 3
IIŽ . Ž .Mn bpy OAc 0 2 0 1 152 2
IIŽ . Ž .Mn bpy OAc 1.0 62 22 8 4602 2
IIIŽ . Ž .Mn bpy OAc 0 12 6 0 902 3
IIIŽ . Ž .Mn bpy OAc 0.2 26 14 0.5 2022 3
IIIŽ . Ž .Mn bpy OAc 1.0 139 41 5 9252 3
IIIŽ .Ž .Mn salen OAc 0 5 1 0 30
IIIŽ .Ž .Mn salen OAc 0.2 29 12 1 210
III b b b bŽ .Ž . Ž . Ž . Ž . Ž .Mn salen OAc 1.0 159 275 48 57 6 15 1065 1735
IIIŽ .Ž .Mn salphen OAc 0 8 4 0 60
III b b b bŽ .Ž . Ž . Ž . Ž . Ž .Mn salphen OAc 1.0 41 154 16 45 1 8 290 1035
IIIŽ .Mn salen Cl, 1 mM 1.0 12 5 0 85
III b a b bŽ . Ž . Ž . Ž . Ž .Mn salphen Cl, 1 mM 1.0 32 67 9 17 0.4 0.7 207 423
III b b b bŽ . Ž . Ž . Ž . Ž .Mn salpn Cl, 1 mM 1.0 5 60 3 39 0 1 40 500

a Ž .Concentrations of t-BuOOH and the substrate c-C H were in all cases equal to 20 mM and 1 M, respectively. Yields of the products6 10

were measured after 3 h.
b Yields of the products after 24 h.
c Ž .Efficiency for product formation, mM of products per mM of t-BuOOH 100% represents one product species per t-BuOOH .

Table 2
Ž . Ž . aMn II , Mn III rt-BuOOH-induced activation of O for the oxygenation of cyclohexene in 2:1 pyrHOAc2

Ž . Ž .Complex, 10 mM O atm Products mM"5%2

bŽ . Ž . Ž .c-C H O c-C H OH c-C H O epoxide Efficiency %6 8 6 9 6 10

IIŽ .Mn PA 0 4 2 1 352
IIŽ .Mn PA 1.0 27 8 3 1902
IIIŽ . Ž .Mn PA OAc 0 10 2 0.5 622
IIIŽ . Ž .Mn PA OAc 1.0 32 4 1 1852
IIŽ .Mn DPAH 0 0 0 0 02
IIŽ .Mn DPAH 1.0 2 0.5 0 122
IIIŽ . Ž .Mn DPAH OAc 0 1 -0.5 0 72
IIIŽ . Ž .Mn PA OAc 1.0 21 5 0 1352
IIŽ . Ž .Mn OPPh OAc 0 0 0 0 03 4 2
IIŽ . Ž .Mn OPPh OAc 1.0 7 2 0.6 483 4 2
IIIŽ . Ž .Mn OPPh OAc 0 9 3 0 603 4 3
IIIŽ . Ž .Mn OPPh OAc 1.0 111 12 3 6303 4 3
IIŽ . Ž .Mn bpy OAc 0 -0.5 0 0 22 2
IIŽ . Ž .Mn bpy OAc 1.0 14 2 0 802 2
IIIŽ . Ž .Mn bpy OAc 0 9 3 0 602 3
IIIŽ . Ž .Mn bpy OAc 1.0 96 10 2 1082 3
IIIŽ .Ž .Mn salen OAc , 5 mM 1.0 22 19 18 295
IIIŽ .Ž .Mn salen OAc , 20 mM 1.0 24 25 30 395
IIIŽ .Mn salen Cl 1.0 21 26 24 355
IIIŽ .Mn salphen Cl 1.0 15 23 18 280
IIIŽ .Mn salpn Cl 1.0 2 3 1 30

a Ž .Concentrations of t-BuOOH and the substrate c-C H were in all cases equal to 20 mM and 1 M, respectively. Yields of the products6 10

were measured after 3 h.
b Ž .Efficiency for product formation; mM of products per mM of t-BuOOH 100% represents one product species per t-BuOOH .
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Ž . w Ž .x Ž . w x Ž .Fig. 1. Product yields from c-C H : a 2-cyclohexen-1-one c-C H O , b 2-cyclohexen-1-ol c-C H OH ; and c cyclohexane oxide6 10 6 8 6 9
w x IIIŽ .Ž .Ž . Ž . Ž .c-C H O in the Mn salen OAc 5 mM or 20 mM rt-BuOOH 20 mM rO 1 atm system in 2:1 pyrHOAc.6 10 2
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Ž . Ž .O , 1 atm , air 0.2 atm, O , or high-purity2 2
Ž . Žargon gas 0 atm, O . The reaction cell 25-ml2

.vial with cut-out cap and Teflon-faced septum
had a 20-ml head space, which provided a
reservoir to maintain a constant solution concen-
tration of dioxygen. For hydroperoxide activa-

Žtion, t-BuOOH 5-6 M solution in decane, its
analytical concentration was determined iodo-

w x.metrically 35 , was injected to give a 20-mM
concentration. The reactions were allowed to
proceed for 3 or 24 h with constant stirring at

Ž .room temperature 24"28C , after which sam-
Ž .ples from the reaction solutions 0.2 ml were

injected into a capillary-column gas chromato-
graph, with FID detector, for analysis. The
progress of the reaction was monitored by with-

Ž .drawal of an aliquot 0.2 ml of the reaction
mixture for injection into the GC. The charac-
terization of the products by GC–MS was done
after the reaction was quenched with water and
the products were extracted with diethyl ether.
Authentic samples were always used to confirm
product identifications and to produce standard
curves for quantitative assays of the product

Ž .species. Biphenyl 10 mM was used as an
internal standard.

3. Results

The reaction efficiencies and product profiles
for the activation of dioxygen, to oxygenate

Ž .cyclohexene c-C H via various man-6 10

ganesert-BuOOH combinations in MeCN and
2:1 pyrHOAc are summarized in Tables 1 and

Ž2. In the absence of dioxygen under an argon
.atmosphere , where t-BuOOH is the sole oxi-

dant, the reaction efficiencies usually are below
10%, and only occasionally, approach 60%.
However, in the presence of dioxygen or air the
efficiencies for product formation are greater
than 200%. This clearly indicates that dioxygen
is involved in the oxygenation process. More-
over, the time-dependent product profiles for

IIIŽ . Ž . IIIŽ .Ž .the Mn bpy OAc and Mn salen OAc2 3

complexes in MeCN indicate that the reactions
are first-order with respect to the concentration
of dioxygen. The latter complex in the most
remarkable example of the activation of dioxy-
gen for oxygenation of cyclohexene. In the sys-
tem, more than 10 product molecules are pro-
duced per t-BuOOH. When the solvent is
changed to 2:1 pyrHOAc the overall efficiency
is reduced by the factor of 3. However, whereas
the ketone is the dominant product in aceto-
nitrile, equal amounts of ketone, alcohol, and

Žepoxide are produced in pyrHOAc about 4
.product moleculesrt-BuOOH . The results pre-

Ž .sented in Tables 1 and 2 indicate that Mn II
complexes are less effective catalysts in com-

Ž .parison to their Mn III analogues. When HOOH
is used in place of t-BuOOH, all of the systems
fail to produce detectable amounts of product.
Fig. 1 illustrates the product yields versus time
for the oxygenation of cyclohexene that is cat-

IIIŽ .alyzed by the Mn salen rt-BuOOHrO sys-2

Table 3
Ž III. Ž .aMn L rt-BuOOH-induced activation of O for the oxygenation of ethylbenzene PhCH CHx 2 2 3

IIIŽ . Ž .Mn L Solvent Products mM"5%x

bŽ . Ž . Ž .PhC O CH PhCH OH CH Efficiency %3 3

IIIŽ . Ž .5 mM Mn bpy OAc MeCN 32 0 1602 3
IIIŽ .Ž .5 mM Mn salen OAc MeCN 40 0 200
IIIŽ .Ž .5 mM Mn salen OAc 2:1 pyrHOAc 14 7 105

IIIŽ .Ž .20 mM Mn salen OAc 2:1 pyrHOAc 23 9 160
IIIŽ . Ž .5 mM Mn OPPh OAc 2:1 pyrHOAc 25 0 1253 4 3

a Ž .Concentrations of t-BuOOH and the substrate c-C H were in all cases equal to 20 M and 1 M, respectively. Yields of the products6 10

were measured after 3 h.
b Ž .Efficiency for product formation; mM of products per mM of t-BuOOH 100% represents one product species per t-BuOOH .
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tem in 2:1 pyrHOAc solvent. In a 3-h period
there is a constant increase in product yields,
which are almost independent of the complex
concentration. The deviation from linearity is
probably due to the depletion of dioxygen. The
investigated complexes do not react with cyclo-

Ž .hexane c-C H but exhibit catalytic activity6 12
Ž .towards PhCH CH Table 3 . The dominant2 3

product from the oxygenation of PhCH CH in2 3

the MnIIIL rt-BuOOHrO system is aceto-x 2
w Ž . xphenone PhC O CH , but small amounts of3

w Ž . xsec-phenethyl alcohol PhCH OH CH often3

are formed.

4. Discussion

The results indicate that in the absence of
Ž .dioxygen under an argon atmosphere neither

Ž . Ž .Mn II nor Mn III complexes show substantial
catalytic activity. The reaction efficiencies are

Ž II.small, and in some cases mainly with L Mnx

no product is detected. However, under a dioxy-
gen atmosphere, cyclohexene is effectively con-
verted to the corresponding ketone, alcohol, and
epoxide by L MnIIIrt-BuOOH systems. Thex

product profiles depend on the ligands and solu-
Ž .tion matrix. The Mn III complexes with PA,

Ž .bpy, and OPPh in pyrHOAc 2:1 molar ratio3
Ž .yield c-C H O as the dominant product,6 8

whereas those with Schiff bases yield c-
Ž .C H O , c-C H OH, and epoxide in almost6 8 6 9

Ž .equal yields. However, c-C H O in MeCN is6 8

the dominant product for all of the manganese
complexes. Excess t-BuOOH, when combined

Ž .with a Mn III complex, initially produces its
own O atmosphere. Usually, about 50% of the2

Žadded peroxide is decomposed slowly the case
.of t-BuOOH to O via reactive intermediate 12

Ž .Scheme 1 . The liberated dioxygen becomes
the oxygenate in the system and reacts with
species 1 and the substrate to yield the observed
products. Therefore, the yields of products un-
der an argon atmosphere are usually less than

Ž50%. With an excess of O under an O atmo-2 2
.sphere most of the species 1 react with sub-

strate to form species 6. For substrates with
weak C–H bonds in their methylenic groups
ŽPhCH CH and the allylic carbons of cyclo-2 3

.hexene intermediate 6 becomes a catalyst for
the activation dioxygen. Clearly, when the reac-
tion efficiency for such substrates is greater than

Ž .100% products per t-BuOOH the intermediate
must activate O for reaction with the substrate.2

Scheme 1 presents a reasonable proposed mech-
anism for the reactions in the system. Note that

Scheme 1. MnIIIL rt-BuOOH-induced activation of O for the oxygenation of olefins.x 2
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the reactive intermediates are within square
brackets because their formulations are hypo-
thetical, although chemically reasonable, and
are supported by electrochemical measurements
w x26 and consistent with the product profiles. In

w x Ž .contrast to iron systems 26 , the manganese III
complexes apparently do not form species 6 in
the presence of cyclohexane. This probably is
due to the relatively large of C–H bond energies

Ž y1.in c-C H ;96 kcal mol in comparison to6 12

the energy of the allylic C–H bonds in c-C H6 10
Ž y1.;85 kcal mol and of the methylenic C–H

Ž y1.bonds in PhCH CH ;85 kcal mol .2 3

The present results confirm that transition-
metal complexes undergo nucleophilic addition

w Ž q.xby hydroperoxides to form L MOOH BHx
Ž .1 , which in the presence of dioxygen oxy-
genates hydrocarbons. However, the product
profiles depend on the transition metal and its
valence state, ligand, and solution matrix.
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