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PREFACE

This monograph consists of the proceedings of the Fifth International
Symposium on the Activation of Dioxygen and Homogeneous Catalytic Oxidation, held
in College Station, Texas, March 14-19, 1993. It contains an introductory chapter
authored by Professors D. H. R. Barton and D. T. Sawyer, and twenty-nine chapters
describing presentations by the plenary lecturers and invited speakers. One of the
invited speakers, who could not submit a manuscript for reasons beyond his control, is
represented by an abstract of his lecture. Also included are abstracts of forty-seven
posters contributed by participants in the symposium. Readers who may wish to know
more about the subjects presented in abstract form are invited to communicate
directly with the authors of the abstracts.

This is the fifth international symposium that has been held on this subject.
The first was hosted by the CNRS, May 21-29, 1979, in Bendor, France (on the Island
of Bandol). The second meeting was organized as a NATO workshop in Padova, Italy,
June 24-27, 1984. This was followed by a meeting in Tsukuba, Japan, July 12-16, 1987.
The fourth symposium was held at Balatonfured, Hungary, September 10-14, 1990.
The sixth meeting is scheduled to take place in Delft, The Netherlands (late Spring,
1996); the organizer and host will be Professor R. A. Sheldon.

This symposium, as was true of the previous symposium in Hungary, involved a
large component of industrial applications of oxidation/oxygenation reactions,
particularly with dioxygen and hydrogen peroxide as starting materials. These
inexpensive, non-polluting reagents are prime candidates to replace halogen oxidants,
and thereby reduce industrial wastes. Papers given at this symposium also reflect the
considerable advances that have occurred in the oxygenation of alkanes with both
heme and non-heme complexes as catalysts. Important advances have been made
with non-heme iron and copper complexes to promote dehydrogenation/oxygenation
reactions. Insights into the nature of such processes have developed from the study of
oxidase, peroxidase, monooxygenase, and dioxygenase enzymes and their models. To
summarize, the chapters and poster abstracts are characterized by both their large
number and wide variety of topics, illustrating the rapid acceleration of the field of
oxygen transport, activation, and catalysis.

Financial support for this symposium was provided by Texas A&M University
and sixteen industrial sponsors. The organizers express their sincere thanks for this
assistance. Without it the Symposium, and its publication, would not have been
possible.
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Our thanks go to Mary Martell for invaluable assistance with the organization,
logistics, and registration for this symposium, and for handling the large amount of
correspondence that a meeting like this requires.

D.H.R. Barton, A. E. Martell, D. T. Sawyer

College Station, Texas
May 14, 1993
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INTRODUCTION: THE DILEMMAS OF O, AND HOOH ACTIVATION

Derek H. R. Barton and Donald T. Sawyer

Department of Chemistry
Texas A&M University
College Station, Texas 77843

More than a billion years of life on earth under reducing conditions produced
metal sulfides, iron(II), iron, and residual saturated hydrocarbons that could not be
oxidized in the absence of dioxygen. This anaerobic form of life can still be found on
earth under conditions such as the bottom of the Black Sea and in deep sea vents in the
Oceans. It has not produced any organism with a complex central nervous system.1

The mutation that gave rise to the blue-green algae about three billion years ago
permitted photosynthesis, which produced dioxygen as a by-product.23 This changed
the world forever. The iron, iron(Il), and the hydrocarbons were oxidized as was the
hydrogen sulfide. Life developed enzymes to activate dioxygen, and thereby achieve
far more complicated compounds. Under reducing conditions, membranes used
triterpenoids derived from squalene. With dioxygen squalene epoxide could be
formed and cyclized to oxygenated triterpenoids, like lanosterol--from which by many
specific oxidation processes cholesterol, the hormones of the adrenal cortex, the sex
hormones and vitamin D could all be produced.

Dioxygen also permitted respiration (controlled combustion of carbohydrates),
which produced more energy to be expended per unit of weight and of time.
Evolution onto land and the development of warm-blooded animals soon produced
much more complicated nervous systems until we eventually arrived at Mankind.
Although modern man is a very late arrival on the scene, he has an extraordinary
nervous system that has an absolute dependence on dioxygen for function and for
survival. Dioxygen is perhaps the most important of all the reagents of life. How
fortunate that it is a triplet molecule and not a singlet. How fortunate also that copper
and especially iron complexes permit oxygen to be domesticated so that our bodies are
oxidized--but only in just the right places.

The Activation of Dioxygen and Homogeneous Catalytic Oxidation,
Edited by D.HR. Barton et al., Plenum Press, New York, 1993 1



How fitting it is then that much work is done on the Chemistry and Biochemistry
of dioxygen activation and reactivity. A vast interdisciplinary effort is being mounted
to understand oxygenase enzymes of all kinds by isolating and studying the pure
enzymes, and by developing model systems.

Industrial interest in oxygen chemistry has always been great. Here economics
takes the dominant role. At least dioxygen (as air) is free and, in principle, could be
used to convert a saturated hydrocarbon directly to ketone and water. Also industrial
processes are not confined to copper and iron; and any element or combination of
elements can be called into the service of man.

This book shows how all the elements of this complex multidisciplinary subject
interact together to give a science well-suited to the end of the Century and the
beginning of the next. The following chapter by Professor Roger Sheldon provides a
concise history of these Symposia and the progress that has been mode during the past
two decades to understand the metal-induced activation of dioxygen, and, in turn, to
make use of this understanding in the design of catalysts and processes for the
utilization of O2. Several chapters follow that illustrate catalyst development for
various industrial processes and focused chemical synthesis. Professors P. R. Ortiz de
Montellano and Daniel Mansuy provide important summaries and a reminder that
Nature is the supreme catalyst engineer for (a) the oxygenation of saturated
hydrocarbons via cytochrome P-450 monooxygenases (cyt P-450)/O3 and (b) the
epoxidation of olefins via peroxidases (e.g., horseradish peroxidase (HRP)/HOOH

— Compound I) or cyt P-450 Compound I. The latest insights into the
structure and mechanism for the activation of O3 by the methane monooxygenase (MMO)
proteins are presented in the chapters by Professor S. J. Lippard and Professor L. Que,
Jr. and co-workers.

Nature, in its ever present need for carbonaceous nutrients (food, fuel) for
oxidative metabolism and respiration has developed these O»-activation catalysts (cyt
P-450 and MMO) for the controlled combustion of saturated hydrocarbons (initially to
alcohols), e.g.,

CHy + Oy + RedHy —MMO o CH,0H + HyO + Red Q)

(reductase)

Likewise, HRP [an iron(IlT)-heme protein with an axial histidine] activates HOOH for
the epoxidation of olefins(as does the cyt P-450/O2/RedH3 system, but notMMO) via a
porphyrin-cation-radical-ferryl intermediate [(por*-)FelV=0, Compound I},4
HRP .
c-CgHyg + HOOH —=— c-CgHjgp-epoxide + H,O 2

Much of the Oz-activation research during the past 20 years has focused on the viable
reactive intermediates for the oxygenation of alkanes and the epoxidation of olefins.



Table I summarizes (a) several systems and their reactive intermediates for
reaction with alkanes, (b) the initial product(s), and (c) the kinetic isotope effects [KIE,
ke-CgHyp/ kc£6D12].5'10 Although many have suggested that hypervalent iron, ferryl
(LxFelV=0), or perferryl (LxFeV=0) are reactive with alkanes (and are reasonable
reactive intermediates for MMO and cyt P-450), Compound I of HRP is unreactive
(Professor Daniel Mansuy, this Symposium). The large dissociative bond energies
(AHpBE) for the C-H bonds of alkanes [e.g., H3C-H (AHpgE, 105 kcal mol-1), Table II]
require reactive intermediates (YO:) with sufficiently large bond-formation energies

Table I. Established and Proposed Reactive Intermediates for the Oxygenation of
Alkanes (RH, c-CgH12).

KIE

System Reactive Intermediate  Initial Product kc—C6H1 2 / kC'C6D12
pulse radiolysis? HO- R 1.0
pulse radiolysis/O2b HO- ROO- 1.0
FelllCl3/HOOHE¢ Cl3FeV(OH); (proposed) ROH, RC1 2.9
Gif systems/O24 LxFeV=0, O3 (pr) ketone, ROH 2.5
Fenton reagent¢ [LyFellOOH, BH] (pr) ROH [or (R)py) 11517
Fenton reagent/Oyf [LxFelllOOH(Oy, BH*] (pr)  ketone, ROH 2110
HRP CompoundI  Por+-FelV=0 NR

I
cyt P-450 (R'S)FeV=0 (pr) ROH

|
MMO ROH

aRef. 5. PRef. 6. cRef. 7. dRef. 8. €Ref. 9. fRef. 10.

(-AGgp) for YO-H to cleave the C-H bond. On the basis of the data in Table IT only HO-
has sufficient radical strength to be reactive with CHy. Although Fenton reagents9 and
Gif systems8 react with 1°/2°/3° C-H bonds, they are unreactive with CHy. Because
methane is the primary substrate for MMO, the C-H bond breaking process must be
other than an oxy-radical outersphere cleavage. Reactivity and product formation for
Gif systems,8 Fenton reagents,? and oxygenated Fenton systems10 are facilitated via
iron—carbon and iron-OO-carbon intermediates. Hence, the monooxygenation of
alkanes by MMO and cyt P-450 must involve stabilization of the carbon radical (R:) via
an iron—carbon bond (-AGgF, 20-30 kcal mol-1; A. Qiu and D. T. Sawyer, unpublished
results). The electron-rich Nature of the iron centers of MMO and cyt P-450 and of the



Table II. Radical Strength of Oxygen Radicals (YO-) in Terms of Their YO-H Bond-
Formation Free Energies (-AGgp), and Dissociative Bond Energies (AHpgg) for H-R
Molecules

Oxy radical Bond (-AGpp(ag),# Bond (AHpBE)(g),b
(YO") (YO-H) (kcal mol-1) (H-R) (kcal mol-1)
HO. HO-H 111 H-CHj3 105
O -O-H 109 H-(n-C3Hy) 100
-O- -O-H 98 H—-(c-CgH11) 95
t-BuO- t-BuO-H 97 H-(t-C4Ho) 93
MeO- MeO-H 96 H-CH,Ph 88
PhO- PhO-H 79 H—(c-C¢H7)(CHD) 73
HOO- HOO-H 82 H-C(O)Ph 87
Oy -OO-H 72 H-Ph 111
-Op- -OO-H 51 H-SH 91
t-BuOO- t+-BuOO-H 83 H-SMe 89
MeOO- MeOO-H 82 H-SPh 83
MeC(O)O- MeC(O)O-H 98 H-OPh 86
(por+)FelV=0 (por+-)FelllO-H 85 (est)

(por)FelV=0O (por)FelllO-H 78 (est)
Cl3FeV=0 ClsFelV-OH 88 (est)

Cl3FeV(OH), Cl3FelVOH(HO-H) 96 (est)

aRef. 11. bRef. 12.

-CHj3 radical apparently leads to a -AGpF value of 35-45 kcal mol-1, which would
overcome the outersphere limits of Table II

The second question concerns the reactive intermediate for the epoxidation of
olefins. Although there is general agreement on the formulation of Compound I of
HRP4 and its ability to epoxidize olefins stereospecifically13 (see Arasasingham and
Bruice, this volume), the possibility of alternative reactive intermediates remains (see
Valentine, this volume). Table IIl summarizes (a) several HOOH/ O3 activating
systems, (b) the proposed reactive intermediates for reaction with cyclohexene
(c-CgHj1g) and cis-stilbene (cis-PhCH=CHPh), and (c) the observed products. Epoxide
production appears to be limited to ferryl-like intermediates (LxFe=0), while Gif and
Fenton systems yield alcohols and ketones. These two substrates appear to be effective
diagnostic probes to characterize the reactive intermediate of epoxidation reagents.



A final concern in our quest for an understanding of oxygen activation and
reactive intermediates is the tendency for many to formulate oxy anions (XO-) in
aqueous solutions at pH 7.0. Table IV summarizes the aqueous acidities for various
XO-H species,16 and confirms that free superoxide ion (O2™) and bicarbonate ion
[HOC(O)O] are the only dominant oxy anions at pH 7. Even hydrated electrons (eaq”)
are as their conjuate acid (H-).

Table III. Cyclohexene (c-CgHjp) and cis-Stilbene (cis-PhCH=CHPh) as Diagnostic
Substrates for Reactive Intermediates for Epoxidation.

A. -CgHyo
System Proposed Intermediate =~ Product
HRP-Compound I# (por+)FelV=0O epoxide
FelllCl3/HOOH/MeCN (dry)? ClzFeV=0 epoxide
(wet) ClzFeV(OH), c-C¢H9OH, ketone
Gif systems¢ LxFeV=0/0, ketone, allylic
c-CcHoOH
Oxygenated Fenton Systemsd L FellOOH(BH+)(OH) ketone, c-CeHgOH
B. cis-PhCH=CHPh
FellICl3/HOOH/MeCN (dry)? ClgFelV=0 epoxide
Oxygenated Fenton Systemsd. LyFellOOH(BH*)(O2) PhCH(O) (75%)
L,FelV=0 epoxide (25%)

aRef 4,13. bRef 7. cRef 8. dRef 10. €Ref 14, 15.

Many of the contributions in this Symposium volume discuss important
advances in metal-catalyzed activation of dioxygen and hydroperoxides. Several are
concerned with proposed mechanisms and reactive intermediates for the oxygenation of
alkanes, and alkenes. We hope that the preceding discussion will be helpful in the
consideration of the latest results and mechanistic proposals.



Table IV. Acid-Base Character of XOH/XO- Species in Aqueous Solutions.

XO-H (pH7) XO- pKa
HyO HO- 457
ROH RO- 18
PhOH PhO- 10
FeOH FeO- ~14
HO. O 119
HOOH HOO- 11.8
ROOCH ROO- 12
FeOOH FeOO- ~11
HOO: (1%) -Op” 49
HOC(O)OH (20%) HOC(O)O- 6.4
HOO-(0.001%) -00- >30
H- €aq” 9.3
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A HISTORY OF OXYGEN ACTIVATION: 1773-1993

R.A. Sheldon

Delft University of Technology
The Netherlands

INTRODUCTION

Controlled partial oxidation of hydrocarbons (alkanes, alkenes and aromatics)
is the single most important technology for converting petrochemical feedstocks to
industrial organic chemicals [1]. For economic reasons, these processes
predominantly involve the use of molecular oxygen (dioxygen) as the primary
oxidant. The success of these processes depends largely on the use of metal
catalysts to promote both the rate of reaction and the selectivity to partial
oxidation products. Both gas phase and liquid phase oxidations, employing
heterogeneous and homogeneous catalysts, respectively, are practiced industrially.
In biological systems a broad range of selective oxidations of hydrocarbon
substrates by dioxygen are catalyzed by metalloenzymes, appropriately known as
oxygenases [2,3]. A common feature of most of these processes is the involvement
of a multivalent transition metal ion.

Structure and Reactivity of Dioxygen

The ground state of dioxygen is a triplet with two unpaired electrons with
parallel spins. The first two electronically excited states are both singlets, formed
by relocation and/or pairing of the unpaired electrons m the 2pn antibonding
orbitals. The half-filled antibonding molecular orbitals of 02 can accommodate
two additional electrons. The addition of one electron affords the superoxide
anion (O, ) and two-electron reduction gives the peroxide ion (02 ).

The complete oxidation of organic materials by dioxygen, to give carbon
dioxide and water, is thermodynamically very favorable. Fortunately, unfavorable
kinetics preclude the spontaneous combustlon of living matter into a puff of
smoke. Thus, the direct reaction of O2 with singlet organic molecules to give
singlet products is a spm-forbldden process with a very low rate. One way of
circumventing this energy barrier is via a free radical pathway. The reaction of a
singlet molecule with 3O2 (reaction 1) forming two doublets (free radicals) is a
spm-allowed process. Reaction 1 is, however, highly endothermic (up to 50
kcal.mol'l) and is observed at moderate temperatures only with very reactive
substrates that form resonance stablhzed radicals, e.g. reduced flavins (reaction 2).
This is a key step in the activation of 02 by flavin-dependent oxygenases.

The Activation of Dioxygen and Homogeneous Catalytic Oxidation,
Edited by D.H.R. Barton et al., Plenum Press, New York, 1993



RH + 30, —=— R- + HOp (1)

h |
|
N N OH N N OH
=
@ I Y * aog T @ \lrL/ ' Hoz.
. _N N )
H oy H
n+1
(o 3
M+ 30, _— M\o/ ®)

A second way to overcome the spin conservation obstacle is for 302 to
combine with a paramagnetic transition metal ion (reaction 3). The expectation
that the resulting metal-dioxygen complex may react selectively with organic
molecules at moderate temperatures forms the basis for the extensive studies of
oxygen activation by metal complexes during the last three decades [4-6]. The
various oxygenated species that may play a role in metal-catalyzed oxidations with
dioxygen are depicted in Figure 1.

M® + 0,

Mn+l OH H+ Mn-ﬂ o Mn Mn+1 0

N/ = N/ N N\
0 0 0 Mo+t
hydroperoxo superoxo JL—PpETOX0
Mn+_3 OH Mn+2 2 Mn+2
l oo
o] (o]
oxo peroxo oxo
/}y ‘
Mn+2 OH Mg Mn+1 Mn+1
_ N/
NS B 0
o]
dioxo M —ox0

Figure 1. Metal-oxygen species.
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Why oxygen activation? The widespread interest in oxygen activation, as is
evidenced by the more than 200 publications a year devoted to the subject, stems
from the enormous commercial potential that exists for selective catalysts for the
‘dream reactions’ shown below (reactions 4-6).

& /A

RCH=CH, + '/,0, ——> RC—CH, “)
H

RH + '/,0, ——>  ROH (%)

ArH + '7,0, — > ArOH (6)

HISTORICAL DEVELOPMENT - THE FIRST 200 YEARS

Lavoisier’s explanation of the phenomenon of combustion in 1774 signaled the
demise of the phlogiston theory and the beginning of the modern era of chemistry.
Following the rationalization of the phenomenon of catalysis by Berzelius in 1835,
several gas-phase catalytic oxidation processes were developed, in the late 19th
and early 20th century, for the production of inorganic bulk chemicals. Examples
include the Winkler process (1875) for Pt-catalyzed oxidation of SO, to SO5 and
the Ostwald process (1902) for Pt-catalyzed oxidation of NH; to HNO;. The
Winkler process was later replaced by the BASF process (1915) which employed
the cheaper V,0Os5 as the catalyst. One of the first industrial processes to involve
controlled, catalytic oxidation of a hydrocarbon was the gas-phase oxidation of
ethylene to ethylene oxide over a supported silver catalyst, discovered by Lefort in
1935.

Parallel to these developments, observations made in the 19th century linked
the deterioration of many organic materials, such as natural oils and fats, to the
absorption of dioxygen. Around the turn of the century it was recognized that
these processes involved organic peroxide intermediates. Subsequently, detailed
mechanistic studies with simple hydrocarbons led to the free radical chain theory
of autoxidation [7]. Following close on the heels of these mechanistic
developments several important catalytic oxidation processes, in both the gas and
liquid phase, were developed in the period 1945-1960. Some examples are shown
in Table 1.

1



Table 1. Catalytic oxidation processes with O,.

Substrate Product Catalyst
Gas phase, heterogeneous catalyst
Ethylene Ethylene oxide Ag/AlO4
Propylene Acrolein Bi,MoOy
Propylene/NH; Acrylonitrile Bi,MoOy
0-Xylene Phthalic anhydride V,04/TiO,

Liquid phase, homogeneous catalyst

Acetaldehyde Acetic acid Co!l or Mnl!
p-Xylene Terephthalic acid Co'l/Br in HOAc
n-Butane Acetic acid Co'l'in HOAc
Ethylene Acetaldehyde pdll/Cull

The evolution of enzymatic oxidations [2,3] proceeded parallel with
developments in liquid phase oxidations. The intermediacy of iron-dioxygen
complexes in many enzymatic oxidations was first proposed by Warburg around
1920. Further development of these ideas was seriously hampered by Wieland’s
dehydrogenation theory of enzymatic oxidations, proposed in 1932. This theory,
widely accepted for more than two decades, held that the sole function of
dioxygen in enzymatic oxidations is as an electron acceptor, forming water or
hydrogen peroxide. This situation changed dramatically in 1955 when Hayaishi [8]
and Mason [9] independently demonstrated the direct incorporation of dioxygen
into the substrate in reactions (7) and (8).

OH
‘pyrocatechase’ Z ™ COoH
+ B 7
@OH o (EC.1.13.1.1) Qcoan )

oH 0
0!8
+ H0®  (8)

‘phenolase’
+ “03 B—
(E.C.1.10.3.1)
HoC HyC

CHy Cey

An interesting historical quirk is the fact that the first oxygenase model
system, the Udenfriend reagent (Figure 2), was reported in 1954 [10], one year
prior to the discovery of the enzymes it emulates. Udenfriend and coworkers
found that a mixture of Fe(Il), EDTA, ascorbic acid and dioxygen is able to
hydroxylate aromatic rings at neutral pH and under mild conditions. It was later
found that the ascorbic acid can be replaced by a variety of hydrogen donors

12



Fel /EDTA
ArH + 0, ——————==— ArOH + H,0

ascorbate

OH 0
0 | —— o

OH 0

OH OH
OH OH

Figure 2. Biomimetic oxygenation - Udenfriend’s reagent.

[1,11]. Indeed, one may conclude that in addition to Fe(II) and dioxygen all that is
needed is a source of electrons and protons.

MECHANISMS OF OXIDATIONS WITH 302

Abiological catalysis of oxidations with 3O2 can be conveniently divided into
three mechanistic types as illustrated in Figure 3. Liquid phase oxidations
generally involve the free radical autoxidation mechanism with the exception of a
minority of processes, e.g. the Wacker process for ethylene oxidation, that involve
direct oxidation of the substrate followed by reoxidation of the reduced metal
catalyst with dioxygen. Gas phase oxidations, in contrast, generally involve the
so-called Mars-van Krevelen mechanism [12], ie. direct oxidation of the
hydrocarbon by an oxometal species (Mo¥Yl=O or VV=0) followed by
regeneration with dioxygen. How can we account for this marked difference
between the gas and liquid phase? In the liquid phase the facile free radical
autoxidation is ubiquitous and difficult to compete with. In the gas phase, on the
other hand, the concentrations of RH in the vicinity of the catalyst are much lower
making radical chain processes less favorable. In practice, both types of process
afford selective oxidations only with a limited number of relatively simple
substrates. Thus, free radical autoxidation is a largely indiscriminate process and
gives high selectivities only with molecules containing one reactive position, e.g.
toluene. There is a great need, therefore, for catalytic methods that are able to
compete with free radical autoxidation in liquid phase oxidations, i.e. to create gas
phase conditions in the liquid phase. As we shall see later many biological
oxygenations bear a marked resemblance to gas phase oxidations.

What do we mean by oxygen activation? A reasonable working definition is:
catalysis of the oxidation of a hydrocarbon substrate by 3O2 not involving a
classical free radical autoxidation mechanism or direct oxidation by a metal salt.
The latter stipulation is needed to exclude Wacker-type oxidation processes in
which the oxygen in the product is, initially at least, derived from water. On the
other hand, it should not matter whether dioxygen complex formation precedes or
follows the oxidation of the substrate by an oxometal complex (see Figure 4). The
former pertains to liquid and the latter to gas phase processes.

13
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LIQUID PHASE
1. FREE RADICAL AUTOXIDATION

M+ ROH — = ¥ 4RO +HO-
V' +ROGH —e— M 4RO, +HY
ROp +RH —=— R+ ROH

R + O — = RO,

2. METAL ION OXIDATION

o
a) HC=—CHy + Pd" + He0 —w— CHyCHO + Pd~ 4 zH*

o
c
pa® + 140 +2mt 2l g L mo
~,. 8 ~ ° +
b) c + pal —=— C=—0+Pd +2H
_r e

GAS PHASE (Mars—van Krevelen mechanism)

M—=0+S —u ¥ +50

21{1—’ + 0 —e= 2]ln=0

lf =V or MoV (exception: Ag)

Figure 3. Mechanisms of metal-catalyzed oxidations.

o m v

2Fe + 0 ——=— Fe o ——— 2Fe =0

N N\, I
0 Fe

v m
2Fe =0 + § ——== Fe + SO
v m
V=—0 + S —_—— VvV + SO
2Vm o) —— VIV 0 —— ;

+ =
> ~ . AN VIV 2V 0

(MARS—VAN KREVELEN MECHANISM)

Figure 4. What is oxygen activation?



REACTION OF DIOXYGEN WITH METAL COMPLEXES

In the late sixties a wide variety of low-valent transition metal complexes were
shown to combine reversibly with dioxygen [13]. Some examples are shown in
Figure S.

4+
(NHg)sCom O 0 Col(Salen)L
’ N W/ N\
0 ColI(NH;)s L(Salen)Co 0
A. Werner (1898) T. Tsumaki (1938)
1st reversible O, complex
0]
PheP. | ~ PhyP 0
~ Ir P M\
aa” | “ppy, PhgP 0
co M=Ni,Pd,Pt
L. Vaska (1963) Wilke, Wilkinson, Cook

(1967-1970)
Figure 5. Metal-oxygen complexes.

Interest in the utilization of such complexes for the selective oxygenation of
hydrocarbons was aroused by two publications. Collman and coworkers [14]
reported in 1967 that the oxidation of cyclohexene in the presence of low-valent
complexes of Ir, Rh and Pd afforded a mixture of cyclohexen-2-one and
cyclohexene oxide (reaction 9). It was proposed that the reaction involved an
‘oxygen activation’ mechanism.

Ir! ,Rh!
fo, TFE ©9)
or Pd

+ M—0p ——=— +MOH (10)

M-O, = (Ph4P),PdO, or CuPcO,

In 1970 Stern [15] proposed that the key step in the (Ph;P),Pd-catalyzed
autoxidation of cumene at 35° involved hydrogen abstraction by the
metal-dioxygen complex as shown in reaction 10. The same step had been
proposed by Kropf [16] to account for catalysis of cumene autoxidation by metal
phthalocyanines. However, careful kinetic studies [17-19] subsequently showed that
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these reactions all proceed via classical redox decomposition of trace amounts of
hydroperoxides present in the cyclohexene or cumene. In the early seventies we
carried out extensive studies of the oxidation of cyclohexene and 1-octene in the
presence of low-valent complexes of Pd, Pt, Ir, Rh and Ru. In no instance did we
observe results which were not consistent with a classical free radical chain
autoxidation mechanism involving initiation via redox decomposition of
hydroperoxides. One lesson we learned from this work is that cumene and
cyclohexene are about the worst substrates that one could have chosen for these
studies. Both compounds undergo facile autoxidation and, hence, are always
contaminated by trace amounts of hydroperoxide (which can be removed by
passing over a column of basic alumina prior to use).

We concluded that dioxygen complexes of low-valent group VIII metals are
nucleophilic in character. Thus, they undergo a 3 + 2 cycloaddition reaction with
electrophilic olefins [20] as shown below.

N A
LM 0 LGln N Q')
® 25° NC CH4
NC N (/CH3 — ¢/ __A__, 11
N / N
Je=c{ NC CH;
NC CHj

M= Pd, Pt; L =PhgP

Hs A9
~Cc=0 + L2M
CH3” >c\
NC CN

Similarly, these low valent complexes undergo cycloaddition reactions with a
variety of inorganic molecules such as SO, and CO, [11]. They are obviously good
models for the Winkler and Ostwald processes (see earlier) but not for
hydrocarbon oxidation.

One problem associated with the transfer of an oxygen atom from the
peroxometal species to the double bond of an olefin is that the second oxygen
atom remains bonded to the metal. In order to complete a catalytic cycle this
oxometal species (M=0) must be reduced back to the original oxidation state
(M). Read and coworkers achieved this by employing triphenylphosphine as a
coreductant [21]:

Oz, RhClL,

RCH = CH 4

Mimoun and coworkers [22] subsequently showed that no added reducing
agent was necessary when Rh(III) perchlorate was used as the catalyst in alcoholic
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solution at room temperature. It was suggested that the reaction proceeded via a
peroxymetallocycle intermediate which decomposes to give the methylketone and
oxorhodium(III). The latter is converted to hydroxorhodium(III) which reacts with
a second molecule of olefin in a Wacker type process to afford a second molecule
of ketone (Figure 6).

0, EtOH
RCH ==CH, ———=— RCOCHs

Rh' (C10,)s
250

;G \/

Rh
RCH==CH,

m RCH = CH,
RCOCH; + Rh ==0 — RCOCHj,
"Wacker"

Figure 6. Rh-catalyzed oxygenation of an olefin.

More recently, Drago and coworkers [23] have shown that the alcohol solvent
takes part in the reaction by reducing the Rh(III) to Rh(I). This is followed by
reaction of Rh(I) with O, and a proton to give a Rh(III) hydroperoxide complex
which oxidizes the olefin. Similarly, Drago [24] and Nishinaga [25] found that
cobalt(IT) Schiff base complexes catalyze the co-oxidation of olefins and primary
alcohols (reaction 13).

RCH RCHOH RCOCH; + RCH(OH)CH,
=CH, + 0 ————— +
e * O SmPT

i
N

s
00 =

(13)
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In addition to the methylketone the corresponding secondary alcohol,
RCH(OH)CHy, is also formed from the olefin. Nishinaga proposed [25] a cobalt
hydride intermediate (see Figure 7) to explain the formation of RCOCH,D when
PhCD,0OH was used as the primary alcohol. Dra%o [24], in contrast, favors the
add1t1on of LCoMOOH, formed by reaction of Co! with O2 and a proton, to the
olefin. Whichever mechanism [27] is correct, one thing is clear: non-classical
oxidation of olefins is observed only in the presence of a coreductant.

Nishinaga H
Oze + PhCH,OH ———m=— LCo +~ 0 — CPh
1Co 0, 2 “HO,* J
H
—PhCHO ; PhCH=CH,
———s— JCOH —m LCo H— CHPh
|
CH3
0z m
———— s [Co — 0 — 0 — CHPh ——=== products
|
CHyg
Drago +
- RCH=CH, H
LCo —O00H — == RCHCHg —_—
| m
0\ /CoL
0
Co
RCH(0,H)CHg RCOCH; + RCH(OH)CHg

Figure 7. Mechanism of cobalt Schiff base catalyzed co-oxidation of alcohols and terminal olefins.

CATALYTIC OXYGENATION OF PROTIC SUBSTRATES

Although metal dioxygen complexes do not react with hydrocarbons they do
react readily with protic substrates, such as alcohols (see above), phenols and
amines, with displacement of hydrogen peroxide [27]. In the presence of dioxygen
this can lead to selective oxidation of the substrate. A typical example is the
Co(Il) Salen-catalyzed oxygenation of phenols (Figure 8) first described by van
Dort and Geursen in 1967 [28] and subsequently extensively studied by Nishinaga
[29].

We and others [30] found that the best results are obtained in DMF as
solvent. Nishinaga [29] and Drago [31] proposed hydrogen abstraction from the
phenol by the superoxocobalt(II) complex (reaction 14) as the initial step.
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R R I R R’
Co Salen
—_—
0,/CHClg
or CH30H
o]
— N\ II/N —_
Co L0, -
o/ \0 ﬁ L-—Co\ /0\\/m
/\ o Co—L

Co’1 Salen L —peroxo complex

Figure 8. Co(II)Salen-catalyzed oxygenation of phenols.

m o
LCo 0y + ArOH —=— LCo 0,H + Ar0- (14

We, on the other hand, proposed [1] a mechanism involving initial Sp2
displacement of peroxide by phenol on the p-peroxo or superoxocobalt(III)
complex, by analogy with other systems [27]. This is followed by oxygen insertion
into the aryloxycobalt(IIl) intermediate and subsequent decomposition of the
resulting alkylperoxycobalt(IIl) intermediate into the quinone (see Figure 9).
Similarly, other protic substrates, that form ambident nucleophiles on
deprotonation, also undergo catalytic oxygenation in the presence of cobalt and
manganese Schiff base complexes. Some examples are shown below (reactions
15-17).

We suggest that a common mechanistic feature of all these reactions is Sy2
displacement of peroxide or superoxide at the metal center by the ambident
nucleophile, followed by oxygen insertion into what is formally an organometal
intermediate. It is interesting to note that reaction (17) proceeds only in the
presence of the base triethylamine, i.e. under conditions in which the ambident
nucleophile is generated.

ENZYMATIC OXYGENATIONS OF PROTIC SUBSTRATES

The transformations described above constitute models for several oxidations
(see Figure 10) catalyzed by copper-dependent mono- and dioxygenases [2,3].
Reactions (18) and (19), for example, are models for trypophan dioxygenase (EC
1.13.11.11) and quercetin dioxygenase (EC 1.13.11.24), respectively. Other
examples include dopamine monooxygenase (EC 1.14.17.1) and tyrosinase (EC
1.14.18.1).
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LColl-0~-0~-CoM + ArOH ——=— LCoTOAr + LCoMO,H

or

LCo™-0—-0+ + ArOH ~————s=— LCoMOAr + HOp
R
0z
LCoMOAr —T_—_A LCo™ + 0 ——
Rl
R R
H
—— 0 LColOH
0Lo.
~N
R’ COmL R:
LColIOH + ArOH —_— LComOAr + H,0

Figure 9. Mechanism of Co(II) Salen-catalyzed oxygenation of phenols.

o] 0
MnISalen,O,
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0

0
R
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—_——————
CH,Cl, (16)
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CH,Cl, 0 + Co
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By analogy with the model systems we suggest that a common feature of all
these enzymatic oxygenations is Sy2 displacement by the ambident nucleophile
followed by oxygen insertion into a (formally) organocopper(II) species (reactions
18 and 19). In enzymatic systems the superoxometal complex (MO,e) is a more
likely intermediate than the p-peroxometal species (MOOM) due to steric
constraints imposed by the protein ligand. Hence, we conclude that the distinction
between a mono- and a dioxygenase is quite arbitrary and is determined by the
fate of the organoperoxymetal (RO,M) intermediate. Viewed from a mechanistic
standpoint they may belong to the same class of reaction.

RH + MOz- ————» RM + HOZ' (18)
RM + O, —— RO,M — Products (19)
OH OH
OH
+ 0 —————— + H0
tyrosinase
R R
OH
NH, NH,
ascorbate
+ Og -
dopamine
HO monooxygenase HO
OH OH

quercetinase
OH
HO 0.
OH co
+
*o 18
C=0
|
OH OH
0 N}iz
COgH Tryptophane &
dioxygenase CO:H
o
I NHe 0;
N NHCHO
H

Figure 10. Oxygenation of protic substratcs mediated by Cu-dependent oxygenases.
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ENZYMATIC OXYGENATIONS OF HYDROCARBONS

In the case of unactivated, aprotic substrates (alkanes, alkenes and arenes)
nucleophilic displacement at the metal is unfavorable and nature has had to find a
different pathway for catalytic oxidation with dioxygen. A common feature of
(almost) all of these systems is the intermediacy of a high-valent oxoiron species
as the active oxidant. Both nonheme- and heme-dependent oxygenases are known.
Examples of the former include methane monooxygenase [35], which mediates the
selective oxygenation of methane to methanol and isopenicillin synthase which
catalyzes a key step in the biosynthesis of penicillins [36]. The most well-known
examples of the latter are the cytochrome P450-dependent monooxygenases [37-
39] that mediate an amazing variety of oxidative in vivo transformations including
olefin epoxidation and the hydroxylation of alkanes and arenes. Many of these
processes are important steps in biosynthetic pathways, e.g. steroid hormone and
prostaglandin biosynthesis, and the catabolism of foreign substances in the body.

OH 0
OH

OH

]
0
m
—_— + Fe =0 + SO
[¢]

Figure 11. The ‘oxenoid’ mechanism.

In 1964 Hamilton [40] proposed an ‘oxenoid’ mechanism (Figure 11) for the
hydroxylation of aromatics with Udenfriend’s reagent (see earlier) which was
considered a model for iron-dependent monooxygenases. In hindsight it was a
small step from the ‘oxenoid’ to the oxometal mechanism that is now widely
accepted for cyt-P450 dependent monooxygenases. To our knowledge Ullrich and
Staudinger [41] were the first to propose a formally oxoiron(V) heme
(protoporphyrin IX) as the active oxidant. The widely accepted mechanism of
oxygen transfer is illustrated in Figure 12.

In the 1970’s several groups, e.g. those of Collman, Baldwin, Traylor and
Momenteau [42] carried out elegant studies on model systems for the oxygen
transport hemeproteins, hemoglobin and myoglobin. A primary aim of these
studies was to prevent further reaction of the iron-dioxygen complex. As can be
seen in Figure 12 a source of protons and electrons is needed in order to generate
the active oxoiron(V) oxidant from the iron(II) dioxygen complex. In vivo they are
provided by the cofactor NADPH.
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METAL-CATALYZED OXYGEN TRANSFER

At about the same time that the model oxygen transport studies were being
carried out other authors [43,44], notably Hrycay and coworkers [43],
demonstrated that liver microsomal cytochrome P450 can catalyze the
hydroxylation of hydrocarbon substrates using a variety of single oxygen donors,
e.g. H,0,, RO,H, chlorite, periodate and iodosylbenzene [44] as the primary
oxidant.

This pathway, which later became known as the ‘peroxide shunt’, provided a
means for circumventing the need for a coreductant (cofactor) in such systems. In

S+ 0, + DHL ——> SO + D + H,0

S= Substrate; DH,= NAD(PH

PFe"
/ )
s j PEROXIDE

SHUNT

PFe*

e/2H’ PFe"-0-0O+

Figure 12. Mechanism of cyt-P450 catalyzed oxidations.

1979 Groves and coworkers [45] were the first to translate these results to a model
system. They described the use of iron(III) meso-tetraphenylporphyrin (TPP)
chloride in combination with iodosylbenzene for the epoxidation of olefins and
hydroxylation of alkanes. Subsequently, chromium [46] and manganese [47] TPP
complexes were shown to catalyze oxygen atom transfer from PhIO to an olefin or
an alkane.

Following these seminal studies extensive investigations were carried out in
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the last decade on metalloporphyrin-catalyzed oxidations of olefins and alkanes
(Figure 13) with a variety of single oxygen donors [48]. Manganese porphyrins
which had been shown [47] to be superior to iron and chromium were generally
the catalyst of choice. For example, several groups [49] developed the use of
NaOCl in a biphasic (dichloromethane/water) system in the presence of a phase
transfer catalyst. Cumyl hydroperoxide [SO] and hydrogen peroxide [51] were
introduced by Mansuy in 1984 and 1985, respectively. The presence of imidazole
as an axial ligand was shown [50-52] to be essential for good performance. This
was attributed [52] to its dual functlon as a stabilizing ligand and as a base in
promoting the heterolysis of the MIO-OH bond to form the putative MV=0
intermediate.

o)
it

M = Fe,Cr,Mn P = porphyrin

XO = PhIO, NaOCI, RO,H, H,0,, KHSO,, R;NO

Figure 13. Ma porphyrin catalyzed oxygen transfer.

Similarly, p-cyano-N,N-dimethylaniline N-oxide was introduced by Bruice in
1982 [53] and KHSO5 by Meunier [54] in 1985. More recently, Querci and Ricci
[55] introduced the water-soluble magnesium monoperoxyphthalate as an oxygen
donor. Various systems were also developed for the direct utilization of dioxygen
in these systems by employing a coreductant such as NaBH,, H, and colloidal
platinum, ascorbate and zinc and acetic acid [56].

A fundamental problem associated with metalloporphyrin-catalyzed oxidations,
inherent in all hemeprotein-mediated oxidations, is the sensitivity of the porphyrin
ligand to destructive oxidation. Hence, parallel with the development of suitable
oxygen donors considerable effort has also been devoted to improving the stability
of the porphyrin ligand. If tetraphenylporphyrin (TPP) is regarded as the first
generation then the more robust meso-tetrakis(pentafluorophenyl)porphyrin
(TPFPP), meso-tetramesitylporphyrin (TMP) and meso-tetrakis(2,6-dichloro-
phenyl)porphyrin (TDCPP) represent the second generation [48]. In the third
generation ligands the stability is increased even further by replacing the
hydrogens in the pyrrole rings by halogen, the ultimate example being the ‘Teflon’
ligand meso-tetrakis(pentafluorophenyl)-g-octafluoroporphyrin  (FgTPFPP) and
related perhaloporphyrins [57].

Related epoxidations of olefins with PhIO in the presence of Salen and
related complexes of chromium(III), manganese(Ill) and cobalt(IIl) have been
reported by Kochi and coworkers {58]. The use of nickel(II) Salen in conjunction
with NaOCl was also described [59]. More recently, these systems formed the basis
for the development, by Jacobsen and coworkers [60], of chiral manganese(III)
Salen complexes for the enantioselective epoxidation of prochiral olefins by ArIO
or NaOCl Similarly, asymmetric epoxidations with moderate to good
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enantioselectivities have also been described using chiral porphyrin ligands [61].
FROM GIF! TO GOAGG'! AND BEYOND

Parallel with the frenetic activity in studies of model metalloporphyrins Barton
and coworkers were busily developing model systems for nonheme iron-dependent
monooxygenases [62]. The initial system reported in 1983 [63] consisted of iron(II)
and dioxygen in pyridine solvent in combination with iron powder and acetic acid
as a source of electrons and protons, respectively. This Gif! system was shown to
selectively oxidize alkanes, showing an unexpected marked preference for
oxidation of secondary C-H bonds to the corresponding ketones without the
1ntermed1acy of the correspondmg alcohol. Further evolution culminated in the
GoAGG!! system comprising dipicolinic acid as a ligand for iron [62,64] and
replacement of the dioxygen/coreductant with hydrogen peroxide as a single
oxygen donor. The corresponding secondary alkyl hydroperoxide was shown to be
a reaction intermediate. Quite surprisingly, it was shown that the oxygen in the
hydroperoxide was derived from dioxygen formed by decomposition of H,O, at
some stage in the reaction. Barton [62] favors a mechanism involving insertion of
an oxoiron(V) species into the secondary C-H bond followed by reaction of the
alkyliron(V) intermediate with H,O, to produce O, and an alkyliron(III) species.
Insertion of O, into the latter affords an alkylperoxyiron(Ill) intermediate which
decomposes to the ketone product (Figure 14). The preference for secondary vs
tertiary C-H bonds was assumed to be due to steric control in the reaction of a
bulky oxoiron(V) complex with the hydrocarbon substrate.

Fe"-OH Fe'-OH

H H)v

o H,0,

2

Figure 14. Mechanism of GoAGG!L
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DIRECT OXIDATION WITH DIOXYGEN IN MODEL SYSTEMS

The numerous model systems described in the preceding sections all involve,
as do the in vivo systems, either dioxygen in conjunction with a coreductant as a
source of electrons and protons, or a single oxygen donor. There still remains a
definite need for direct oxygenation without the need for a coreductant. Two
examples have been described in the literature which appear to fit this
requirement. The first is the ruthenium tetramesitylporphyrin (Ru ITMP)-ca’[alyzed
epoxidation of olefins (Figure 15) reported by Groves and Quinn [65]. The second
example is the selective hydroxylation of light alkanes (isobutane and propane)
catalyzed by iron(III) perhalogenated porphyrins reported by Ellis and Lyons [66].
The suggested mechanism (Figure 16) is an example of a Mars-van Krevelen type
mechanism operating in the liquid phase.

CONCLUDING REMARKS - FUTURE PROSPECTS

The quest for selective catalysts for the ‘dream reactions’ discussed at the
beginning of this article continues unabated. There is still a great need for systems
that create gas-phase conditions in the liquid phase. One approach is maybe to
isolate redox metal ions, by isomorphous substitution, in the lattice of molecular
sieves [67]. Such ‘redox molecular sieves’ may be viewed as ‘inorganic enzymes’
containing an active site in which there is no room for solvent molecules in
addition to the substrate, i.e. gas phase conditions in the liquid phase.

o
N\ Ru(TMP \/____\
/c_c\ + O —# /C \

cis— —methylstyrene — 33% (cis epoxide)
norbornene — 43%
cyclooctene — 26X

TMP = meso—tetramesitylporphyrin

LRu LRu==0 u=0
ll
0
(]
0 /7 N\
c—c¢C c=c¢C

Figure 15. Ru(TMP)-catalyzed epoxidation with O,.

26



[LFeIX]
(CH3);CH + O =———————~ (CH,),COH

80°%3h
L X CONV. (%) SEL. % TON
TPPF,, OH 17 87 11300
TPPF,,-4-Brg a 28 83 17150
TON = Turnover number
m
LFe
ROH '
V LFe” 02
v
{:p.-+ LFe OH
I\ LFem- 0-0 .

RH v 1se” m m
2 LIFe = 0 === LFe OFel
¢
U —oxo LFe
om m
IFe — 0 - O — FelL

Figure 16. Fe(TPPF,)-catalyzed hydroxylation of alkanes by O,.
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Another approach is to improve the performance of heme-dependent

oxidoreductases which could then provide practical methods for asymmetric
oxidations. Thus, one should not forget that the protein component of a redox
enzyme is a relatively inexpensive, complex chiral ligand.
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INDUSTRIAL PERSPECTIVES ON THE USE OF DIOXYGEN:

NEW TECHNOLOGY TO SOLVE OLD PROBLEMS

Dennis Riley, Michael Stern, and Jerry Ebner

The Monsanto Company
800 N. Lindbergh Blvd.
St. Louis, MO 63167

INTRODUCTION

The selective catalytic oxidation of organic molecules continues as a very important reaction
pathway for the synthesis of primary and specialty chemicals in the chemical industry worldwide.
Catalytic utilization of molecular oxygen using both soluble metal compounds in liquid reaction
media (homogeneous catalysis) and the surfaces of metals or metal oxide compounds in gas or
liquid reaction media (heterogeneous catalysis) is very important today, and will become even more
important in the future as worldwide environmental policies become more stringent. This will
necessitate the development of new ‘“no-waste” technologies which will provide economically
viable syntheses of molecules of commercial importance. Clearly, selective catalytic oxidation
with O, represents critical technology and will be an area in which continued research and technical
breakthroughs will be required.

The economic driving forces for catalytic O, oxygenation chemistry have historically been
raw material costs, reaction efficiency and reaction simplicity; i.e., the fewest number of synthesis
steps. For example, the emergence of butane as a lower cost feedstock than benzene in the United
States in the late 1970’s resulted in the development and commercialization of a butane based route
to maleic anhydride and not until the 1990’s did similar events occur in Europe. For similar
reasons, propene based chemistry replaced acetylene based chemistry in the 1960’s for
acrylonitrile, and o-xylene replaced naphthalene for phthalic anhydride synthesis. Such economic
factors will continue to be primary forces, but an additional factor has emerged in the 1990’s - the
environmental compatibility of the process. The environmentally responsible chemical industry
wants to reduce the pounds of by-products produced per pound of product. For example, the
stoichiometric inorganic oxidants, such as dichromate, permanganate, chlorite, and chlorate,
employed primarily in the production of fine chemicals, produce aqueous waste streams
contaminated with high levels of high molecular weight inorganic salts. These salt containing by-
product streams often contain low levels of organics and are not suitable for direct biotreatment;
thus, they represent a significant cost to clean up.

The selective oxidation of organic compounds utilizing molecular oxygen will continue to be
an area of great potential for the chemical process industry. Not only are there many commercial
processes which utilize oxygen, but there is a continuing development of new and improved
processes using oxygen which are driven both by its abundance and low cost and by its potential to
be an environmentally friendlier oxidant than other oxidants such as chlorine. It should be noted
that O, is an oxidant that, depending upon the mechanism of its action, can function as a one-
electron, two-electron, or even as a four-electron oxidant. In contrast, hydrogen peroxide
functions as a two-electron oxidant and chlorine as a one-electron oxidant. Currently pure oxygen
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is the least expensive source of oxidizing equivalents available: ~0.05¢/mole of oxidation
equivalents as a four-electron oxidant. Oxidations involving oxygen will ultimately generate non-
salt by-products (e. g., water). Traditionally, chlorine has been used extensively in the chemical
process industry, and while it is also relatively inexpensive 0.90¢/mole of oxidation equivalents,
its use generates chloride salt streams which are very difficult to clean up before releasing back into
the environment. In this era of increasing environmental awareness such considerations have
increased the cost of doing business with many old style chemical oxidations. The incentives to
use oxygen to replace such chemistries is increasing and this has sparked a resurgence in research
in catalytic oxygen oxidations in the chemical precess industry worldwide.

It should be noted that the use of hydrogen peroxide (commercially generated from O3),
while more expensive than O, or Cl; (~4.5¢/mole of oxidation equivalents), is continuing
tobecome a more competitive source of clean oxygen for oxidations, especially for high value-
added chemicals. With the increased useage of hydrogen peroxide as a replacement for
hypochlorite in the bleaching of pulp in the paper industry (for environmental reasons), hydrogen
peroxide cost will continue to drop relative to other oxidants. As a consequence, we anticipate that
research into selective uses of hydrogen peroxide, while not discussed here, will also be important.

At Monsanto, there have been developed several processes utilizing O, and there exists a
continuing interest into new ways to utilize O, as a selective oxidant in a number of areas of critical
interest to Monsanto. This report will summarize some chemical processes practiced at Monsanto
which utilize O, (including recent developments in the conversion of butane to maleic anhydride,
production of sulfuric acid, production of acrylonitrile, production of cyclohexanol, and the
synthesis of N-phosphonomethylglycine-the active ingredient in the herbicide Roundup®). In
addition, several recent areas of technical activity will be described which show new ways to utilize
O3 to solve an important process issue. The reactions to be described include new oxidative O,-
driven coupling technology in which substituted aromatic amines can be synthesized from
nitrobenzene without the need for prior chlorination of nitrobenzene. This new technology is
applicable to the synthesis of p-phenylendiamines without the generation of salt wastes. Similarly,
new O,-driven oxidative coupling technology will be described which makes it possible to directly
form sulfur-nitogen bonds without the need for chlorine. New homogeneous catalyst technology
for the highly selective synthesis of 4,4’-dicarboxybiphenyl from the 4,4*-di-t-butylbiphenyl is
also described. Finally, the development of new catalyst technology for the homogeneously
catalyzed O, oxidation of N-substituted amino acids is described. This last reaction features the
novel use of electron-transfer additives to control in a highly selective fashion the O-driven
oxidative conversion of N-phosphonoiminodiacetic acid to N-phosphonomethylglycine.

TECHNOLOGIES PRACTICED AT MONSANTO UTILIZING O

Oxidative transformations driven by oxygen and catalyzed by transition metal complexes play
a very important role in the control of selective oxidations. The role of the catalyst in oxidations is
to interrupt the pathway leading to the most favorable thermodynamic products, water and carbon
dioxide, and to provide a “low temperature” pathway for the controlled formation of the desired
product. Monsanto has commercialized several O,-driven oxidations which illustrate extremely
well the principle of providing a selective pathway to desired products.

Butane to Maleic Anhydride

No process better illustrates the role of a catalyst in promoting selectivity than the Monsanto
butane to maleic anhydride process.!l In 1966 the remarkable catalytic oxidation of

- + 4H,0 )

butane to maleic anhydride using a vanadium phosphorus oxide catalyst was reported by Bergman
and Frisch,2 and this topic has been the subject of numerous scientific publications and several
important reviews.3-6 The butane reaction represents a 14 electron oxidation reaction with the
removal of eight hydrogen atoms and the insertion of three oxygen atoms. The literature reveals
reaction selectivities in the 70% range with reaction conversions in the 80-87% range when

C4H 0 + 3.5 02
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reaction feeds are 2+ mole % butane in air and reaction temperatures are 673 - 7230K, and the
primary selectivity loss is to carbons monoxide and dioxide.

CiHypp + 65 O --> 4 CO + 5 H,O )
CiHypo + 45 O --> 4 CO + 5 HO 3)

Vanadium phosphorus oxide catalysts are the only catalyst systems successfully
commercialized for this reaction chemistry, akin in this respect to the uniqueness of silver for
epoxidation of ethylene. One common observation in a large number of published reports is good
catalytic activity/selectivity is observed when the crystalline phase vanadyl pyrophosphate,
(VO),P,07, is present. The catalytic performance of the vanadyl pyrophosphate, however, is
profoundly influenced by the method of preparation. Catalysts synthesized in organic media,
which tend to possess higher BET surface areas, are superior to those formed in aqueous media in
activity and selectivity to product. The catalysts are generally prepared from [VOHPO4], - H,0
precursors with approximately 5-20% excess phosphorus. There is general agreement that
precursors prepared with excess phosphorus lead to higher selectivity catalysts. The precursor
compound is transformed into vanadyl pyrophosphate by thermal treatment above 623¢K, often in
a butane containing atmosphere. These catalysts, after being run for several hundred hours,
equilibrate to the reaction environment and typically have a vanadium oxidation state of 4.01+.01,
a bulk phosphorus to vanadium ratio of 1.00+.025, XPS surface atomic P/V ratios > 1.0, and
BET surface areas of 15-20 m2/gm.

Although an exact molecular level description of the reactive oxygen presented by the active
surfaces of VPO catalysts remains to be described, Ebner and Gleaves? have conducted extensive
studies on various equilibrated VPO catalysts using 180, and the Temporal Analysis of Products
(TAP) microreactor and showed surface lattice oxygen is utilized in the dehydrogenation and
oxygen insertion reactions of unsaturated C4’s to form the furan ring. In addition to this oxygen
type, the TAP results suggested another form of activated oxygen is required for cleaving the sp3
C-H bond of butane. This species was suggested to arise from the irreversible dissociative
adsorption of oxygen producing a surface vanadium (+5) site. Pump/probe TAP experiments
detected an additional short lived oxygen species, and it was found to enhance the rate of
transformation of furan to maleic anhydride. This species could be an adsorbed, partially reduced
superoxo or peroxo dioxygen that reacts with ring intermediates to form maleic anhydride. It is
now generally accepted in the literature that the vanadium phosphorus oxide catalysts operate
according to the Mars - van Krevelen mechanism, but the role of partially reduced dioxygen
species remains to be shown experimentally.

Many authors in the field have suggested the active site region resides an the microcrystalline
(1,0,0) surfaces of vanadyl pyrophosphate, and increasing the exposure of this surface correlates
well with increases in activity; ie,, greater active site density. Ebner and Thompson8 have
described the active site region as an ensemble of up to four isolated vanadium centers in a surface
cleft formed by pendent surface pyrophosphate groups. The pendent pyrophosphate groups that
define and overhang the ensemble of vanadium sites in the surface cleft present a total of twelve
hydrogen atom binding sites as surface -P-O- in the unprotonated form. Models reveal the
proximity of the adjacent surface pyrophosphate oxygen anions to each other, and illustrate such a
configuration could provide hydrogen acceptor sites for transport of abstracted hydrogen atoms
from the surface cleft region to sites of water formation and desorption.

Propene to Acrylonitrile

Idol first reported in 1959 that bismuth molybdenum oxides, compounds found in the Sohio
patents for ammoxidation of propene to acrylonitrile, selectively oxidize propene to acrolein. Since
that original discovery, Monsanto has developed its own proprietary catalyst composition for
ammoxidation of propene to acrylonitrile.

2 CH;=CHCH3 + 3 O + 2 NH3 ——> 2 CH;=CHCN + 6 H,0 4)
In the patent literature, numerous catalyst formulations for propene ammoxidation can be found,

and the majority of these are formulated around molybdenum and/or antimony base oxides. The
most effective catalysts for these reactions are complex metal oxide mixtures containing three to six



metal components on a silica support, and result in propene based yields to acrylonitrile >80%.
Air is the source of dioxygen for these reactions, and fluid bed reactors are most commonly used.
The observation that selective ammoxidation of propene occurs in the presence or absence of
molecular oxygen implicated the oxide of the catalyst structure as the source of selective oxygen.
A redox mechanism accounting for this observation was first proposed by Mars-van Krevelen.9
Many experiments conducted in laboratories around the globe using isotopically labeled dioxygen,
180,, have unambiguously proven that in the ammoxidation reaction surface lattice oxide is the
primary player in removing hydrogens through C-H bond cleavage to produce water. The reduced
surface sites are rapicly reoxidized by lattice oxygen, not by O;. An electron-rich O vacancy
passes through the structure to a separate surface site where replenishment occurs by activation and
dissociation of Oj;. This process is very fast compared to the reduction step, and rapid
reconstitution of the s ibsurface and surface is believed critical to high selectivity catalysts. The
multicomponent oxide catalyst systems have resulted from fine tuning this important redox
property. In the ammoxidation reaction in which N insertion leads to formation of acrylonitrile,
reactive M-NH groups are formed by ammonolysis of M-O groups, and these are believed to be
the source of inserting N atoms.10

Sulfur Dioxide to Sulfur Trioxide (Sulfuric Acid)

Sulfuric acid, the largest volume commodity chemical produced, is synthesized by the
catalytic oxidation of sulfur dioxide, derived from combustion of sulfur or hydrogen sulfide.11
The sulfur trioxide product is hydrated to form sulfuric acid.

SO; + 0.5 0y —-- > SO; (&)
SO; + H,O ----- > HySO04 (6)

Since the 1920’s vanacium based catalysts have been used for this reaction chemistry, and after 70
years and over 1000 papers and patents, it seems reasonable to conclude that vanadium-based
systems are uniquely well suited for this reaction chemistry. Monsanto, currently through
Monsanto Enviro-Chem Systems, Inc., has been providing sulfuric acid catalysts and sulfuric acid
plant engineering services for this industry for over 40 years.

Because the reaction of SO; to SO3 is highly exothermic, the equilibrium becomes more
unfavorable as temperature rises. In fact, since the catalysts must run at temperatures above
4000C, the equilibrium becomes problematic. Thus, multistaged adiabatic fixed bed reactor units
are preferred to allow for interstage cooling, and oftentimes interstage SO3 adsorption (double
adsorption process). These engineering design features, which are incorporated to fight the
reaction equilibrium problem, allow plants to operate at conversions of 99+%, a conversion level
required to meet modern day worldwide air quality standards. Indeed, the need for plants to run at
high conversion has created a niche for more expensive, high activity catalyst formulations, such
as the Monsanto cesium promoted catalysts, which possess higher activities, and therefore reduce
bed inlet temperatures leading to higher reaction conversions and reduced SO, emissions. For
example, in a single adsorption sulfur burning plant, when beds four and five are replaced with a
cesium containing formulation, and the reactors are operated at 410 versus 430°C, the conversion
is raised from 98 to 99%, resulting in a 50% reduction in SO, emissions.

The typical catalyst for this reaction contains 6-9% V;0s, 6-12% M0 (M=Na, K, Cs, Rb
with M predominantly K), and 60-75% SiO,. Most commercial catalysts have a K:V ratios of
about 2 to 3.5. An important feature of this catalyst is that at reaction temperatures the actives
operate in a molten-salt mixture supported on a porous silica pellet. The molten salt mixture is
composed of vanadium oxides dissolved in alkali metal pyrosulfates. The physical parameters and
thickness of the melt, which depend on temperature and gas compositions, are important to
performance. It is important to maintain vanadium in the +5 oxidation state. The mechanism of
the chemical reactions on the surface are not completely and unambiguously understood, largely
because of the complexity of the liquid molten salt mixture under the wide range of conditions
encountered in commercial reactors. Boreskov12 proposes a binuclear complex of V(+5) binds
two SO, molecules in the coordination sphere and dioxygen reacts with these SO, molecules to
produce two SO3 molecules. An alternate pathway, which involves the oxygen bound to the V
(+5) oxidizing bound SO, to SO3 with formation of V(+4), may predominate at low SO
conversion.



Cyclohexane to Cyclohexanol

The oxidation of cyclohexane to a cyclohexanone/cyclohexanol mixture (K/A oil) represents
the first step in the two step process for the manufacture of adipic acid, a key monomer for the
production of nylon. There are two major variants in this chemistry depending upon whether the
autoxidation uses a metal catalyst such as Co or Mn or whether the direct autoxidation is carried out
in the absence of a metal catalyst. The technology practiced at Monsanto, developed by Scientific
Design (a division of Halcon International) utilizes boric acid as a stoichiometric reagent to trap
either cyclohexanol or cyclohexyl hydroperoxide as a stable borate ester (Figure 1),13 thereby
preventing overoxidation yielding chain cleavage products. This chemistry is generally run to a
few percent conversion (3-4%) in a continuous process (at 165-170°C and under 110-140 psig O,
pressure) in order to achieve high selectivity to cyclohexanol (e. g., the
cyclohexanol/cyclohexanone~12 to 1) with overall selectivity to CgHy;OH + C¢H190 ~ 94%.

30, + 4H,0
6 0, __Z»
X — 6 L~ oon 2180, %\o B

2H,0
j\ 6 H,0
2H;BO3 + 6 /77 \oH

Figure 1. Boric acid promoted oxidation of cyclohexane to cyclohexanol.

The metaboric acid is fed to the oxidation train continuously and the mole ratio of boron
added to O utilized is kept in the 0.65 to 1 range. The primary role of the metaboric acid is to
esterify the cyclohexanol, thereby preventing selectivity robbing overoxidation. The boric acid
also serves to catalyze the de-peroxidation of the cyclohexylhydroperoxide to cyclohexanol in high
yield (~95%) at the expense of other uncatalyzed decomposition products such as cyclohexanone.
This effect arises from the ability of the boron compound to reduce the intermediate hydroperoxide
to the corresponding cyclohexyl borate ester, dioxygen, and water (Scheme 1).14

Historically, Monsanto made cyclohexanol via reduction of phenol produced by the oxidation
of cumene. The cheaper feedstock is cyclohexane and this has clearly driven the technology to the
utilization of the low cost feed.

N-Phosphonomethylglycine from N-Phosphonomethyliminodiacetic Acid.

The utilization of oxygen as an oxidant for the synthesis of the commercially important amino
acid N-phosphonomethylglycine (PMG or glyphosate), the active agent in the herbicide
Roundup®, has been studied intensively at Monsanto. In the first few years of commercial
production of glyphosate the process utilized an oxidative decarboxylation of N-
phosphonomethyliminodiacetic acid which was driven by hydrogen peroxide.l5 As volumes
increased and the need for a more cost efficient process became evident, research into the use of O,
to drive the decarboxylation step was initiated. The catalytic route that has been successfully
commercialized uses an activated carbon as a heterogeneous catalyst and this technology has been
described in the patent literature.16

Water is the choice of solvent in this reaction, not only because it is oxidation resistant and
inexpensive, but also because both PMIDA and PMG are virtually insoluble in all organic solvents.
A key aspect of this technology is that the catalyst must give a high selectivity (>95%) at high
substrate conversion (>99%) under commercially relevant conditions (<1000C and less than 100



psig Oz pressure). This requirement arises because both PMG and PMIDA 'are so similar in their
solubility properties; consequently, purification of the product would be very difficult without a
very high conversion process. Another important consideration in the drive to reduce process
costs and to maximize efficiency of this conversion is the need to minimize the volume of solvent;
i. e., utilize as high a substrate payload as possible. Additionally, to minimize reagent costs and
process operations, it is desireable to run with the free acid form of the substrate at its natural
unbuffered pH (1-2). This presents the problem that both PMG and PMIDA are only sparingly
soluble under such

0,
H203PCH2N(CH2C02H)2 -------- > H203PCH2NH(CH2C02H) + HCOzH + H2CO @
Carbon

conditions, even at elevated temperatures. As a consequence, the heterogeneous catalyst scenario
presents a problem; namely, the catalyst must be separated from the product by filtration of a dilute
PMG solution. Also, to crystallize the product PMG requires subsequent removal of water-an
energy intensive step.

RECENT ADVANCES IN OXYGEN UTILIZATION AT MONSANTO
N-Phosphonomethylglycine from N-Phosphonomethyliminodiacetic Acid

An obvious way to simplify the process described above for the conversion of PMIDA to
PMG would be to use a homogeneous catalyst. This would, in principle, make it possible to carry
out this catalytic conversion with the use of a high payload of the substrate. In fact, slurries would
be doable in such a system since catalyst fouling due to precipitation or crystallization on and in the
catalyst would not be a problem with a homogeneous catalyst. For theses reasons we have
discovered and developed homogeneous catalysts to promote this selective oxidation in high
conversion. The obvious process advantage of a homogeneous system lies in the ability to oxidize
a high payload of substrate and simply filter off the solid product PMG. Recycle of the filtrate
containing the catalyst back to the oxidation reactor offers great process saving over the
heterogeneous catalyst process and would, in principle, be a much easier process to operate.

In our studies of homogeneous catalysts for the oxygen-driven conversion of PMIDA to
PMG, we have discovered that the reaction is catalyzed by V(IV,V)17 salts and by Co(ILIII)18
salts. The rate-determining steps in this catalytic chemistry is the oxidation of the reduced
metal(PMIDA) complex with O, to produce hydrogen peroxide and either the VV(PMIDA) or
Colll(PMIDA) complex. Both metals oxidize the bound carboxylate to yield an N-methylene
radical which is then trapped by oxygen to yield the product via the. formation of the N-
formylPMG followed by its subsequent hydrolysis to PMG. The chemistry is only selective to the
desired product if oxygen is present in high concentration (pressures >1500 psig) so as to trap the
N-methylene radical (Figure 2). Competing H-atom abstraction yields the undesired N-MePMG.

Oxygen in this system functions in the dual role of not only driving the redox chemistry of
the catalyst, but it also functions to intercept the N-methylene radical intermediate. This catalytic
chemistry is not commercially viable at the pressures required for good selectivity, but the use of a
co-catalyst which could be oxidized by O, rapidly and which could oxidize the radical offered the
possibility of affording a catalytic process capable of operating at low pressure. Such a co-catalyst
would eliminate the need for oxygen trapping of the intermediate N-methylene radical. Our study
of co-catalysis has shown that redox active metal ions either have no effect on this chemistry or
that they poison the reaction completely; e. g., iron or copper salts. We have discovered that
derivatives of anthraquinone or methylviologen which function effectively as organic electron-
transfer agents are very effective agents for increasing the selectivity to PMG in these systems
when the reactions are performed under low oxygen pressure. Electron-transfer agents such as
methylviologen and water soluble anthrquinones are able to oxidize the N-methylene radical to
yield the iminium cation which hydrolyzes to PMG plus formaldehyde ( Figure 3). The one-
electron reduction product of the electron-transfer agent is then oxidized rapidly by O, to regenerate
the oxidized form. This remarkable effect requires a catalytic amount of electron-transfer agent
approximately equal to the amount of metal salt catalyst to achieve very high selectivities (>94%) to
product PMG at modest pressures of O; (<200 psig). Since O, is a very efficient oxidant of of the
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Figure 2. Homogeneous catalyst mechanism for the oxidation PMIDA to PMG.
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Figure 3. Electron-transfer agent promoted catalytic oxidation of PMIDA.
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one-electron-reduction product of the methylviologen,20.21 O, remains as the ultimate oxidant in
these systems. In addition, such electron-transfer agents show excellent stability in these systems:
undergoing repeated recycles with no loss in integrity.

The use of electron-transfer agents as co-catalysts for the interception of an intermediate in an
oxygen-driven oxidation is an important concept and should have potential for lowering the
pressures necessary for molecular oxygen oxidations.

Autoxidation of 4,4’-Di-t-butylbiphenyl to 4,4’-Biphenyldicarboxylic Acid

The autoxidation of substrates such as p-xylene to terephthalic acid finds commercial value
due to the fact that the major use of terephthalic acid is in the preparation of polyester (poly-
ethyleneterphthalate-PET) plastics for containers. There exists today a strong environmental
driving force to have recyclable packaging materials of all types, especially recyclable plastic
bottles. Since plastic soda bottles are made from PET, PET bottles which could be sterilizable ( for
recycle) could find a solid market. Unfortunately, terephthalic acid based PET plastic will deform
at sterilization temperatures; consequently, new bifunctional carboxylic acid monomers which will
give higher melting PET plastic are desireable. To meet this possible demand such diacids as 2,6-
dicarboxynaphthalene and 4,4’-biphenyldicarboxylic acid (BDA) have been proposed as possible
terephthalic acid replacements. Monsanto is one of the world’s largest producers of biphenyl and
an obvious high value-added use of biphenyl would be the conversion to BDA. Since the ultimate
use would be in a food grade material, a major consideration is that there must not be any possible
trace of halogenated biphenyls. For that reason use of traditional autoxidation catalysis using
halide promoters was deemed to be a problem. To gain the selectivity for 4,4’-disubstituted
biphenyls, a novel route was developed which relied upon the Friedel-Krafts alkylation of biphenyl
with isobutene to give exclusively the 4,4’-di-t-butylbiphenyl. This material was then used as the
substrate in a metal catalyzed autoxidation for the preparation of 4,4’-dicarboxybiphenyl.22 The
halide-free catalyst system was comprised of a mixture of Co(II) and Mn(Il) acetate salts in the
molar ratio ~20 to 1. When the reactions were run at 170°C for four hrs under 1000 psig air in
acetic acid/propionic acid, a 65% conversion was achieved with about a 70% selectivity to 4,4’-
dicarboxybiphenyl (Figure 4). This remarkably selective conversion of the t-butyl groups to
carboxyl groups is novel, and represents an important extension of catalytic oxidation chemistry.
Its utility stems from the need for a halide free product and the selective positional isomers which
can only be achieved by alkylation with the bulky t-butyl groups.
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Figure 4. 4,4’-Di-isobutylbiphcnyl route 1o biphenyl dicarboxylic acid (BDA).

Oxidative Coupling of Amines with Mercatobenzothiazoles

Currently, Monsanto’s Rubber Chemicals Division manufactures and sells a family
sulfenamide compounds (Santocures) which are used in the tire and rubber industry as anti-
scorching compounds. The route to this materials relies on chlorine based coupling chemistry and
is shown below in general terms in Figure 5. This chlorine based coupling affords the desired
sulfenamide in the yield range of 85-90%, but it generates an aqueous waste salt stream containing
trace levels of organics--a very difficult stream to cleanup.



We have developed a new patented catalytic oxygen based coupling route which not only
eliminates the salt by-products (the only by-product is water), but allows us to directly couple
mercaptobenzothiazole (MBT) directly with the desired primary or secondary amine in
a quantitative yield under very mild conditions: room temperature to 70°C under ambient to 50 psig
03, and the reaction times are short (< 1 hr). The activated carbon catalysts, described earlier for
the production of the herbicide active glyphosate, are extremely efficient catalysts for this
transformation. The only waste product in this reaction is water:

N . N
©:S‘>—SH + RNH, + O, o C[ Y—SNHR + H,0 (8)
S

Nucleophilic Aromatic Substitution For Hydrogen: Oxidation of o-Complex
Intermediates

One of the oldest practiced industrial chemical reactions is the activation of aromatic C-H
bonds by chlorine oxidation (Figure 6). The resulting chlorobenzenes can be further activated
towards nucleophilic aromatic substitution by nitration producing a mixture of ortho and para-
nitrochlorobenzene (PNCB). These intermediates are employed in a variety of commercial
processes for production of substituted aromatic amines. Since neither chlorine atom ultimately
resides in the final product, the ratio of pounds of by-products produced per pound of product
generated in these processes are highly unfavorable. In addition, these processes typically generate
aqueous waste stream which contain high levels of inorganic salts that are difficult and expensive
to treat.
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Figure 5. Current chlorine-based oxidative coupling route to sulfenamides.

By contrast, a more direct and atomically efficient route for the production of aromatic amines
would be to eliminate the need for halogen mediated oxidation of benzene. This can be achieved
by a class of reaction known as nucleophilic aromatic substitution for hydrogen (NASH-Figure 7).
While this type of reaction has been known for over 100 years, this chemistry generally proceeds
in low yields, give mixtures of ortho and para substitution products, and requires the use of
environmentally unfavorable external oxidants.23 This section will focus on two new examples of
NASH chemistry applicable to the production of commercially relevant aromatic amines. The

important step in these novel reactions is the facile oxidation of the 6-complex intermediate 1.

The reaction of aniline and aniline derivatives with p-chloronitrobenzene is the critical
coupling reaction practiced by Bayer and Monsanto for the manufacture of 4-nitrodiphenylamine,
2. Hydrogenation of 2 produces 4-aminodiphenylamine (4-ADPA), 3, which is a key
intermediate in the p-phenylenediamine class of antioxidant used in rubber products (Figure 8).
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This reaction suffers all the problems outlined above since these routes rely on chlorine to activate
the aromatic ring towards nucleophilic attack. It has recently been discovered at Monsanto that the
base catalyzed coupling of aniline and nitrobenzene via NASH chemistry is a superior route for the
production of intermediates like 2.24 Understanding the mechanism of the coupling reaction,25

and in particular, the oxidation of o-complex intermediate, 4, has allowed for the development of a
commercial process based on this chemistry.

Qur mechanistic studies revealed that oxidation of 4 can proceed by three separate pathways
generating mixtures of 4-nitrosodiphenylamine § and 2 (Figure 9): 1) an intramolecular redox
process with the nitro group of 4 functioning as the oxidizing agent generating 5, 2) an
intermolecular pathway with free nitrobenzene functioning as the oxidant producing nitrosobenzene
and 2, and 3) an oxygen driven pathway that also produces 2 and formally H,O;.
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Figure 9. Production of 4-ADPA intermediates via nucleophilic aromatic substitution.

Attempts to drive this chemistry exclusively by the dioxygen pathway were unsuccessful
since the aerobic oxidation of aniline to azobenzene by O; is extremely facile under the reaction

conditions.26 Thus, this chemistry was best suited to be run under anaerobic conditions utilizing
the potential oxidizing capabilities of the nitro groups. Using these reactions conditions,
selectivities to § and 2 in the 95% are routinely achieved. This reaction is unique in that it
proceeds in high yield and selectivity under mild conditions (80 °C) without the need for an
auxiliary leaving group. Accordingly, this process is halide free and extremely efficient with
respect to raw materials consumed per pound of product generated making it a very attractive
alternative for the commercial production of 3.

Another commercially important aromatic amine is p-nitroaniline (PNA) and its derivative p-
phenylenediamine (PPD). PNA is currently produced at Monsanto by the reaction of ammonia
with PNCB (Figure 10). Recently a new example of NASH chemistry directly applicable to the

HZNQNO2 H2NONH2

PNA PPD

Figure 10. Commercially relevant aromatic amines.
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production of PNA and PPD was discovered. We have found that the reaction of benzamide 6 and
nitrobenzene in the presence of base under anaerobic conditions generated 4-nitrobenzanilide 7 in
high yield under mild conditions. The only other observable product in this reaction was
azoxybenzene 8 Simple treatment of 7 with methanolic ammonia results in the aminolysis of the
amide bond generating PNA and benzamide. Thus, the overall stoichiometry for this series of
reactions illustrate the formal amination of nitrobenzene with ammonia.
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Figure 11. Amination of nitrobenzene via nucleophilic aromatic substitution for hydrogen.

That azoxybenzene is observed as a by-product of this reaction under anaerobic conditions
indicates that nitrobenzene is functioning as the oxidant. A mechanism which explains the
simultaneous formation of 7 and 8 is shown below (Figure 12). Intermolecular oxidation of the

o-complex 9 by nitrobenzene generates 7 and nitrosobenzene via disproportionation of the
intermediate nitrobenzene radical anions. The ultimate formation of azoxybenzene is then governed
by a cascade of electron transfer and nucleophilic reactions between the radical anions of
nitrobenzene, nitrosobenzene and N-hydroxyaniline.
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Figure 12. Aerobic oxidation mechanism for the production of 4-nitrobenzanilide
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In contrast to the case where aniline is used as the nucleophile, the benzamide reaction can be
improved by utilizing dioxygen in the reaction mixture since 6 is resistent to autoxidation. Under
aerobic conditions the nitrobenzene radical anion is readily trapped by O; generating superoxide
and nitrobenzene. This reaction pathway inhibits the formation of azoxybenzene by diverting the
electron transfer cascade and ultimately utilizing dioxygen as the terminal oxidant. Thus, under
aerobic reaction conditions 7 is the only observed reaction product. The formation of substituted
benzanilides from the reaction of amides with nitrobenzene is the first example of the direct
formation of aromatic amide bonds via nucleophilic aromatic substitution for hydrogen, and
represents a new route for the amination of nitrobenzene. This reaction proceeds in high yield and
regioselectivity, and does not require the use of halogenated intermediates, external oxidants or
auxiliary leaving groups. Our mechanistic studies of NASH reactions have revealed that the

controlled oxidation of G-complex intermediates results in highly selective and environmentally
favorable routes for the commercial production of aromatic amines.

CONCLUDING REMARKS

The more favorable environmental characteristics of catalytic oxidation reactions are
providing a strong driving force for the chemical industry to expand the use of this reaction type.
Minimizing non-selective reaction pathways will be important for reducing overall costs, which
now encompass raw material usage, energy efficiency and environmental clean up. Although we
have not discussed the production of hydrogen peroxide, commercially generated from oxygen, in
this chapter, we also anticipate that hydrogen peroxide will continue to become a more competitive
source of clean oxygen for catalysis, especially for higher value-added chemicals.
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INTRODUCTION

Crystalline zirconium phosphates are potentially interesting as catalysts, since certain
forms possess regular layer structures within which are strongly acidic sites which may
undergo ion exchange with a range of metal cations. The ion exchange properties of
zirconium phosphates were recognised in the 1950's!:23: however, the initial preparations
were amorphous gels of variable composition and it was not until 19644 that zirconium
phosphate was isolated in its crystalline form. Following on from this, other Group IV
phosphates were then made in their crystalline forms. The phosphates have the general
formula M (HPO4)2.H20 and possess a layer structure (Figure 1).

Figure 1 - Idealised Structure of o-Zirconium Phosphate
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These materials can be considered as strong inorganic solid acids and much of the
catalytic activity so far observed in the literature has been attributed to their acidic nature.
This acidity is attributed to the Brgnsted acidity of the hydroxyl groups in the interlayers
and to the Lewis acidity of the metal centre.

Hydrogen peroxide is particularly suitable to catalytic activation. Under neutral
conditions at ambient temperature it is not very reactive but it may be converted 'in-situ’ to a
wide range of active species which will perform specific oxidations. It may also be used to
re-oxidise other active oxidants within a process giving an overall catalytic effect. Other
peroxygen reagents such as percarboxylic acids are generally more reactive than hydrogen
peroxide. Some examples of how hydrogen peroxide is activated for use in chemical
synthesis are given in Figure 2.

{ } Not isolated

Figure 2 - Activation of H202

The simplest means of activation of H202 are by so-called direct methods. These
produce anionic, cationic and radical species which carry out the oxidation. In general
terms, these species are not particularly useful in synthetic reactions as they are often
relatively non-specific.

The main synthetically useful ways of activating H202 are by conversion to peracids or
by catalytic activation®. While peracids are good reagents with improved environmental
properties compared with many traditional oxidants, the direct use of H202 is much more
attractive. This can be achieved by the use of a catalyst to activate the oxidant. Many
metals, especially amongst the transition series, can be converted to peroxo or oxo metal
species, or take part in a redox couple. In general terms, catalytic systems have at least as
wide a scope of reactivity as peracids and are being increasingly used in industry. Most
systems are based on homogeneous catalysts, though recent research effort is focused
towards finding a good heterogeneous catalyst. This would provide a 'zero-effluent' option,
the only by-product of H202 oxidation being water. Tetravalent metal phosphates, being
highly insoluble and having strongly acidic sites, were therefore candidates for study as
H202 catalysts.
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HYDROXYLATION

The hydroxylation of phenol by H20z is known to be catalysed by strong acids. This is
a high capacity industrial process. Rhone Poulenc, Enichem and Ube produce catechol
(CAT) and hydroquinone (HQ) from phenol by catalytic hydrogen peroxide processes
(Figure 3).

HO

+ | -
@ HO @ [o] @
HO HO o

catechol hydroquinone

Figure 3 - Phenol Hydroxylation

Acid catalystsS, transition metal redox catalysts’, and titanium zeolites® are all known to
be effective for phenol hydroxylation. Acid catalysis proceeds by an ionic mechanism
involving an intermediate hydroxonium ion (H302*) whereas some transition metal ions
promote the formation of hydroxyl radicals to effect substitution. However the introduction
of a second hydroxyl substituent onto the aromatic nucleus tends to activate the molecule
towards further reaction and this leads to the formation of unwanted, tarry by-products. The
commercial solution is to use very low mole ratios of hydrogen peroxide to phenol and to
recycle the unreacted phenol, ie. operate at low conversion. Some typical commercial
methods are given in Table 1.

Table 1. Commercial Routes to Catechol and Hydroquinone

Catalyst % Phenol Selectivity Ratio
Conversion dihydroxy CAT:HQ

H3PO4/HClO4 5 90 1.5:1

(Rhone Poulenc)

TS-1 25 90 1:1

(Enichem)

Ketone/acid <5 90 1.5:1

(Ube)
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Early Experiments

Crystalline zirconium phosphate was prepared by the method described by Clearfield
and Thakur®. Thermal activation was carried out at 100, 200, 300, 400°C. A portion of the
amorphous material used to make the crystalline zirconium phosphates was retained for
evaluation. Catalysts were characterised using titrimetric methods to measure acidity and x-
ray diffraction to examine crystallinity. Thermogravimetric analysis (TGA) was used to
determine phase changes on heat treatment.

The titrimetric results were as follows: The amorphous material would not give an end
point, but the crystalline samples dried at 100°C were found to be the most acidic, acidity
decreasing with heat treatment (Table 2).

Table 2 - Acidity of Zirconium Phosphates

Activation temperature meq NaOH/g
Amorphous 100°C no end point
Crystalline 100°C 8.65

200°C 3.72

300°C 293

400°C 1.32

From our TGA experiments it appears that two moles of water, presumably of
crystallisation, are displaced up to 200°C. Between 200 and 500°C a gradual change is seen
with rapid loss of water seen between 500 and 600°C. There is a further gradual loss
between 600 and 900°C.

Segaura et all® have postulated the following scheme:

-2H20
0Zr(HPO#)22H:0 ——————— BZr (HPOs)2
300K
600 - 750 K
23 H.0
ZrP207 ¢ -1 H20 Zr3(HPO4)2 (P207)2
1300K

X-ray diffraction analysis of the catalyst samples would tend to show that a chemical
change takes place about 100°C. The crystalline sample has a very distinct diffraction
pattern (Figure 4). However the sample heated to 400°C is pure zirconium pyrophosphate
(Figure 5). At intermediate temperatures the samples are shown to be mixtures of
zirconium phosphate and pyrophosphate. This contradicts Segaura's findings.
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Figure 4 - XRD Analysis of Zirconium Phosphate Heated to 100°C
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Figure 5 - XRD analysis of zirconium phosphate heated to 400°C
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Five catalysts were assessed for activity in phenol hydroxylation. These were
amorphous zirconium phosphate and the four crystalline samples heated at 100, 200, 300
and 400°C. The best catalyst in terms of conversion of phenol to catechol and
hydroquinione was the crystalline sample heated at 100°C. This gave typically >90%
selectivity to dihyroxybenzenes at 12% conversion of phenol and 2:1 mole ratio of phenol to
H202"1. Reactivity decreased with high activation temperatures.

Other phenols and phenol ethers were examined to assess the breadth of activity of this
catalyst. Anisole was selected as an electron rich aromatic system though less so than
phenol. A cleaner reaction at lower conversion was expected. Under similar conditions
employed for phenol hydroxylation, a 20% conversion of anisole was measured with
selectivity to 4-methoxy phenol of 15% and to guiacol of 42%. 1-naphthol was also
assessed. No conversion was seen, presumably due to the bulky nature of the molecule.
These findings are consistent with a mechanism involving an electrophilic oxidant species.

Mechanistic Studies

Zirconium phosphate was examined for activity in a range of solvents. Initial
experiments were attempted in methanol, which may be used with the Enichem catalyst TS-
1, but no reaction was observed. Acetonitrile was also tried but without success. Acetic
acid was chosen as the next solvent for study, as a water miscible solvent, also the
possibility of generating in-situ peracetic acid was considered feasible. This proved to be
the best solvent.

Assuming a peracid to be the oxidising species, then propionic acid as solvent should
show some activity. This was found to be the case. (Table 3).

Table 3 - Effect of Solvent

Solvent % Phenol Selectivity Ratio
conversion dihydroxy CAT:HQ

Acetic acid 26 59 1.4:1

Propionic acid 32 27 2.5:1

Conditions: Sn®) 35% H202, 5 hrs, 60°C, H20: : phenol 1:2

Phenol hydroxylation was then attempted with peracetic acid in the absence of a metal
phosphate catalyst. Overoxidation of the substrate was observed, the major product being
muconic acid. The phosphates were also found to be ineffective as catalysts for peracetic
acid formations (from acetic acid and H202 alone). It was concluded that the mechanism
was not a straight forward peracid oxidation.
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A characteristic of the phenol hydroxylation reaction was that there was a lag between
the disappearance of substrate and the appearance of products (Figure 6). No intermediates
were observed. This led us to believe that the substrate was being absorbed into the
interlayers and oxidation taking place there.

Phenol conversion
35

25

15

yield of cat and HQ

10

Time/hrs

Figure 6 - Relationship of Phenol Conversion to Catecol and Hydroguinone Formulation

A further experiment was done to look at oxidant concentration in the solid and in
solution (Table 4). It was found that, even after thorough washing, the peracetic acid
formed was very much concentrated in the solid. This would explain why zirconium
phosphate inhibits the formation of free peracetic acid, as it suggests that peracid is formed
but held in the interlayers. The selectivity to dihydroxy products may then be attributed to
adsorption selectivity. This is our current understanding of the mechanism.

Table 4 - Oxidant Concentration in the Solid and in Solution

Oxidant g/kg oxidant in g/kg oxidant Ratio
solid in solution

H202 35 340 ~1:100

PAA 15.5 99 ~1:6

Conditions: Zr@®amorphous, 6 hrs, 70% H202, nt, AcOH
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Catalyst Synthesis Improvement

The existing method for preparing crystalline zirconium phosphate is firstly to
precipitate the amorphous form from a mixture of phosphonic acid and zirconyl chloride
and secondly to reflux the amorphous form in 12M phosphoric acid for several days after
washing the amorphous form free of chloride. This gives the a-form. Not only is this a
time consuming process, but the amorphous form is difficult to filter. We aimed to develop
a one step process to the crystalline material by using crystal habit modifiers.

The rationale for this was as follows: Zirconium phosphate is able to exist in different
forms. Since each crystallises differently, the initial disposition on the surface of the Zr*+

surface
(1) energy

@

Figure 7 - Energy Diagram for Two Crystals

and HPO4?- ions is important. Kinetic control of the surface determines the form of the
crystal obtained. Crystallisation almost invariably occurs on surfaces (of vessels, dust etc).
If two crystals are considered in an energy diagram (Figure 7), the lattice L1 is more stable
than the lattice L2, therefore L1 is more insoluble than L2. However since L2 has a poorer
lattice structure, water can still hydrate the surface and hydration leads to a more stable
surface. Also (2) has a lower activation energy than (1) and a more stable nucleus, but as
the crystals grow (1) becomes more stable than (2).

The above observations obey the Gay-Lussac Law which states that a compound that
crystallises from a highly super-saturated solution first is the most soluble (from a saturated
solution first it is the least soluble). In the above case, amorphous (2) is more soluble than
(1). By choice of crystal habit modifier, it is possible to preferentially precipitate one form
of the phosphate.

The addition of crystal habit modifiers to the original phosphoric acid/zirconyl chloride
solution gave catalysts which were mainly crystallinein less than one hour but still had some
amorphous character (Figure 8).

Nonetheless these materials were found to be effective phenol hydroxylation catalysts
(Table 5) showing similar conversions and selectivities to a crystalline zirconium phosphate
heated at 100°C.
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Figure 8 - X-ray Diffraction Pattern of Zirconium Phosphate Seeded with Cetyl Pyridinium Chloride (Zr®
CPC)

Table 5 - Phenol Hydroxylation Using Zirconium Phosphates Made with Crystal Habit
Modifiers

Crystal Habit % Phenol Selectivity Ratio
Modifier Conversion Dihydroxy CAT:HQ
Cetyl pyridinium 38 64 1.9:1
chloride

ALIQUAT 336 39 53 1.7:1
ETHYLAN CD919 43 49 1.6:1
None* 48 48 1.6:1

* 5 hrs

Conditions: Zr(®) AcOH solvent, 90°C, 6hrs, H202::phenol 1:1
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Catalyst Recycle

An experiment was conducted to demonstrate that the zirconium phosphate catalyst was
indeed working in a heterogeneous manner. After one recycle using Zr ® cPC, no
significant reduction in catalytic activity was observed (Table 6).

Table 6 - Effect of Catalyst Recycle on Phenol Hydroxylation

Experiment No. % Phenol Selectivity Ratio
conversion dihydroxy CAT:HQ

1 32 53 1.5:1

2 35 47 1.5:1

Conditions: 50% H202, AcOH solvent, 80°C, 4 hrs

Selectivity to dihydroxy products and the ratio of catecol to hydroquinone formed was
also maintained.

ALTERNATIVE PHOSPHATES

Our studies extended to look at other tetravalent metal phosphates. The results for
those which were active phenol hydroxylation catalysts are given in Table 712,

Table 7 - Tetravalent Metal Phosphates as Phenol Hydroxylation Catalysts

Phosphate % Phenol Selectivity Ratio
conversion dihydroxy CAT:HQ

Zr 12 90 1.6:1

Sn 17 80 1.5:1

Ce 17 95 2.0:1

Ti 29 7 3.9:1

Conditions: H202 35-50%, AcOH solvent, 60-90°C, 6 hrs, H202:phenol 1:2

Other tetravalent metal species were examined and found to have no activity. These
were vanadyl (VOs*), molybdenum, and mixed zirconium tungsten phosphates.

A comparison of the amorphous and crystalline forms of zirconium and tin phosphates
was also made (Table 8). It is apparent that the crystalline forms show greater selectivity to
the dihydroxy products. This is consistent with the oxidation largely taking place in the
interlayers (which, of course, are not present to great extent in the amorphous form).



Table 8 - A Comparison of the Amporphous and Crystalline Forms of Zirconium and Tin
Phosphates

Phosphate % Phenol Selectivity Ratio
conversion dihydroxy CAT:HQ

Zr amorphous? 34 56 0.9:1

Zr crystalline® 33 97 1.4:1

Sn crystalline® 26 59 1.4:1

Sn amorphous® 34 25 2.3:1

Conditions: 35% H202 , AcOH solvent, 5 hrs

a:  90°C, H202:phenol 1:1, b:100°C, H202:phenol 1:2, c: 60°C, H202:phenol 1:2

CONCLUSIONS

1. Both amorphous and crystalline zirconium, tin and cerium phosphates are active
catalysts for phenol hydroxylation.

The activity shown is in line with the acidity of the metal centre.

Crystalline phosphates exhibit greater activity and selectivity than their amorphous
counterparts in phenol hydroxylation.

4. Interlayer peracetic acid is implicated as the oxidising species.
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INTRODUCTION

Improved environmental performance continues to grow in importance to
industry. We have been examining thermal and photochemical oxidation
processes for the treatment of dilute aqueous organic wastes that are either
generated in the course of chemical manufacturing or exist in contaminated
groundwaters. Most of our work has focused on advanced oxidation processes’
which employ oxidants and catalysts and depend to some degree on the in-situ
generation of hydroxyl radicals (‘OH). Our program has involved: a)
laboratory and treatability studies on model and actual wastewaters that
compare chemical oxidation technologies, explore oxidation mechanisms, and
utilize experimental designs aimed at delineating important parameters; b)
pilot-scale field demonstrations on industrial streams and ¢) economic and
engineering evaluations including comparisons with base technologies such as
carbon adsorption and air or stream stripping/abatement. We have examined
Fenton oxidation (Fe/H,0,), UV photochemical oxidation (UV/H,0,,
UV/Fe/H,0, and UV/ozone) and semiconductor (TiO,) photocatalytic
oxidation. Herein, we report on our investigations of the photochemically
driven oxidation of a number of model aromatic wastes using iron catalysts,
hydrogen peroxide, and oxygen. The goal of this work is to compare relative
efficiencies of destruction, delineate the important factors that control
destruction efficiencies and elucidate reaction mechanisms. We have chosen to
focus on aromatic compounds because they react rapidly with hydroxyl
radicals® and also have uv absorptions which allow one to follow the course of
their disappearance. In addition, they tend to interfere with biodegradation at
concentrations over 0.05% (500 ppm)’ and thus are likely to require some
alternative chemical treatment and/or pretreatment.

The Activation of Dioxygen and Homogeneous Catalytic Oxidation,
Edited by D.H.R. Barton et al., Plenum Press, New York, 1993 57



The oxidation of most organic compounds by Oz is highly favorable
thermodynamically, as indicated in Table 1, where n is the number of
gram-atoms of oxygen needed for complete combustion to carbon
dioxide and water, shown for phenol in equation (1).

Table 1. Heats of Combustion of Organic Compounds

Compound Formula na AHP AH/n
Oxalic acid (CO2H)2 1 60.2 60
Methanol CH30H 3 1709 57
Phenol CeHsOH 14 7322 52
n-Octane CgHig 25 1302.7 52
Nitrobenzene CeH5NO2 14.5 739.2 51
Picric acid CeH2(OH)(NO2)3 12.5 611.8 49
Methylene chloride CH2Clz 3 106.8 36
Carbon tetrachloride CCl4 2 37.3 19

a4 n = 2*nC + 0.5*nH - nO (for O not in NO3)
b In kcal/mol4

CeH50H + 702 =6 CO2 + 3 HO (D)

The last column in Table 1 shows that the result of dividing the heat of
combustion by n is a remarkably constant 50-60 kcal/mol of O atoms
for all but the highly chlorinated compounds.

While oxidation is very favorable thermodynamically, it can be
quite slow kinetically, requiring high temperatures or energy input,
strong oxidants, or efficient catalysts to get useful rates. Table 2 gives
a list of oxidation technologies for treating liquid wastes, divided
according to the temperature of reaction. Incineration takes place at
very high temperatures using air or oxygen as the oxidant and can be
very effective at destroying organics, but can run into strong public
opposition. Supercritical water oxidation (SCWO) takes place above the
critical temperature of water (374°C), where water, oxygen, and
organics are all miscible, avoiding mass-transfer limitations in the
oxidation rate. SCWO has an advantage over incineration by not
producing the nitrogen oxides (NOyx) which are inevitable in high
temperature combustions using air. Wet air oxidation (WAO) takes
place at lower temperatures and therefore lower pressures, but does
not afford high degrees of destruction in short times like the higher
temperature processes (times of the order of an hour are required).
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Table 2. Oxidation Technologies for Liquid Phase Waste Treatment

Technology Temperature (°C)  Oxidant Rxn Time
Incineration >1000 Air or 02 secs
SCWO 374-600 " "
WAO 160-320 " hrs
Chemical Oxidation 25-100 Various mins
Aerobic Biodegradation ~35 Air days
Anoxic Biodegradation ~35 NOs3- "

Biodegradation which relies on oxidation is generally categorized as
aerobic or anoxic depending on whether air or another oxidant, like
nitrate, provides the electron sink. By using highly effective enzyme
catalysts, these processes can operate near room temperature;
however, they typically tend to be rather slow, requiring days.
(Biological Oxygen Demand, or BOD, a common measure used to
characterize waters containing biodegradable waste, is usually
measured over a period of five days.)

Chemical oxidations operate anywhere from 25 to 100°C (or
higher) and use powerful oxidants and/or some kind of stimulus, such
as uv light, homogeneous or heterogeneous catalysts, sonication, a
combination of uv with a semiconductor like TiO2, or the ionizing

radiation of an electron beam or Y-ray source. Some examples are
shown in Table 3. Various combinations are possible, for example

Table 3. Components of Chemical Oxidation

Systems
Oxidant Stimulus
Clp, C1O uv
NaClO Fet+/Fet*++ Cut/Cutt
KMnO4 Pt©
K2Cr072 Temp
03 Sonication
H20p TiO2/uv
(0 E-Beam
HO Y -Radiation?

2 Commonly used for COD (Chemical Oxygen Demand) analysis
b60Co is a popular source.’
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Fet+/H702 (Fenton's reagent), uv/H202, H202/03, TiO2/uv/H203, etc.
Water can be used as the oxidant with ionizing radiation in the form of
high energy electrons or x-rays, or with ultraviolet light of sufficiently
short wavelength (e.g. 185 nm) to dissociate water. We have looked at
a number of possibilities, at both laboratory and pilot plant scales, but
have concentrated on systems that can be described as
Fet+/Hy02/uv/O3.

EXPERIMENTAL

Most runs were carried out in 1 liter ACE Glass photolysis reactor
with a concentric quartz immersion well containing a 450 watt
medium pressure Hg lamp. The reaction temperature was maintained
by circulating water from a constant temperature bath. The reactor
was stirred magnetically and sparged with gas at 100 mL/min through
a fritted tube. The clock was started (t=0) when 100 mL of solution
containing the H7O7 was added to give a total volume of 1 L; at that
point the purge gas was switched from N2 to air or Oy if these gases
were used. A minute was allowed for mixing, and the 450 watt uv
lamp switched on. Samples were taken at various times for the
measurement of pH, hydrogen peroxide concentration (determined by
iodometric titration), uv spectrum, and Non-Purgable Organic Carbon
analysis (NPOC), measured with a Rosemount Analytical (Dohrmann
Division) DC-190 TOC Analyzer with an Automatic Sampling Module.
Details were reported earlier.5

The concentrations of remaining aromatics were estimated from
the uv spectra, correcting for the broad tailing absorption attributed to
ferric oxalate complexes and other intermediates which were formed
and subsequently degraded. In the case of phenolic compounds (e.g.
p-nitrophenol), spectra of the pure compound were recorded over a
range of pH spanning the pKa,, and the extinction coefficient at the
isosbestic point between phenol and phenolate used to estimate the
aromatic remaining in the degradation runs.

RESULTS
Phenol

In earlier detailed studies on phenolé we reported on a statistically
designed experiments where we investigated eight major variables,
whose ranges are indicated in Table 4, for the oxidation and eventual
mineralization of 50 ppm phenol. Most of the variables had high, low,
and middle values; in the case of the uv lamp power, the lamp was
either on or off. Carbonate was either 0 or 10 mM, and was non-zero
only when the pH was high; at the lower pH's of 2 and 5 carbonate
would be converted to CO2, and purged from the solution by the gas



Table 4. The Eight Major Variable Factors in the
Oxidation of Phenol

Variable Low Med High
UV Lamp Power (Watts) 0 450
Temp (°C) 25 52.5 80
pH 2 5 8
[H202] (ppm) 20 110 200
Duration (Hrs) 0.5 1.5 2.5
%02 in Purge 0 21 100
[Fett] (ppm) 0 10 20
[Carbonate] (mM) 0 10

purge (N2, air or O2). When we use the term 'center point' (or C.P.)
conditions, we mean that the variables allowed to assume three values
were at their middle conditions; note that for %02 this was air (21%)
rather than 50%.

The measured responses included uv spectra (to measure the
concentration of remaining phenol), the carbon concentration
(measured as non-purgeable organic carbon, or NPOC), the peroxide
(by titration), and the pH; in a few cases HPLC was used to measure
the concentrations of oxidation intermediates.

Figure 1 shows the original design of thirty experiments used to
explore the 8-dimensional space, where each point represents a set of
experimental conditions. The no uv and uv conditions (each with a
C.P.) are indicated by the large cubes on left and right. Within each
large cube the major axes represent the variables: temperature, pH,

NO UV uv

200
N [ ]
o
N
x
20
25 TEMP 80 0.5 25

Figure 1. Initial experimental design showing center and
corner points
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and [H202]. For each high and low value of those variables, the small
cubes have axes representing: duration of the experiment (from 0.5 to
2.5 hours), the %03 in the purge gas, and the [Fet+] added. Each point
represents a set of experimental conditions - the solid corner points
for runs without added carbonate and the open ones those with 10
mM carbonate added (only at high pH). The center points are shown
larger because they were run in triplicate to get an estimate of the
experimental uncertainty.

The original design brought out a number of interesting facts,
listed in Table 5. The high reactivity at the C.P.'s gives what is called

Table 5. Key Findings from the First Experimental Design

e In the no uv (Fenton chemistry) runs at least half of the phenol was left
in all of the runs except the C.P., where it was gone when the solution was
analyzed after 1.5 hours.

e There was little or no loss of NPOC with no uv except for the C.P., where
about 30% mineralization occurred.

» The phenol was entirely gone in the uv runs, except for those at high
pH.

e With uv, at least 30% mineralization occurred in all cases, with the
greatest remaining carbon at high pH; the least remaining carbon, near
0%, was found at uv C.P. conditions.

e Added carbonate had a small effect - increasing remaining phenol and
NPOC - but all of the high pH runs were quite slow in any case.

» Temperature had no measurable effect.

* %02 in the purge had little effect without uv, but significantly

increased the extent of mineralization with uv.

curvature in the response. That is, a Taylor series expansion of an
observed variable (like NPOC) in the experimental factors must contain
one or more quadratic terms. By doing additional experiments at
points in the space called star points, shown with the center points and
measured NPOC concentrations in Figure 3, it was possible to show that
the curvature comes primarily from the pH; runs starting at pH 5 are
faster than those starting at 2 or 8. (Pignatello? has reported an
optimum pH of 2.8 for the Fenton and photo-Fenton degradation of
2,4-D.) Addition of H202 to solutions containing Fe(II) and phenol in
our experiments caused an immediate (<1 min) drop in pH from 5 to
about 3.5, attributable to formation of Fe(III) and its hydrolysis,
shown in reactions (2) and (3).

Fe(I1)2+ + H202

Fe(II)OH2+ + HO- (2)

Fe(III)OH2+ + H20

Fe(III)(OH)2* + H* 3)

It can also be seen from the small cubes in Figure 2 that duration
is a factor in the mineralization with uv, but not without, and that
with uv, the extent of mineralization is substantially less under N2
than under either air or Oy in 1.5 hours. The reason that duration is
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not a factor in the absence of uv could be seen by following the
reactions with time. Fenton chemistry is fast under C.P. conditions,
with loss of all phenol by the time the uv spectrum of the first sample,
taken one minute after HpO», addition, could be recorded. The Hy02
was all gone by the t=10 minute sample. (Recall that duration in the
original design had values of 0.5, 1.5, and 2.5 hours.) With uv C.P.
conditions (air purge) 90% mineralization could be achieved in 45
minutes. This time could be decreased by a factor of five, to 9
minutes, by going to an O purge. (Air and Oz appear to be equally
effective (see the lower right hand cube in Figure 2) because the
carbon results shown along the y-axis (%03) are for 1.5 hours; 2-3 ppm
carbon is a typical background number with our instrument with pure
water, and indicates essentially complete mineralization.

NO UV uv
2000 ppm 26 300 ppm l 2
H202
40 9
~ |30 i 29 2 Vi 3
o >~ - *— —e
N 28.31 23
= 34 | 33 6 |3
! b I
42 5
TEMP 24 No H202
or Fe
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Fe 30
2
& 27 28 0¢ 9 2
35 38 20 10
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Figure 2. Center and star points: measured NPOC (ppm).

Other Organic Compounds

The oxygen effect was originally a surprise, because we thought
that organic radicals would be captured so rapidly by Oz that it would
not matter how much oxygen was present in solution, as long as the
solution was not oxygen-starved. We wanted to see how general the
effect was, so we have studied the mineralization of a variety of other
organic compounds at uv C.P. conditions and at star points using N2 or
O7 purges. Figure 3 shows the NPOC as a function of time for a series
of such experiments with p-nitrophenol. For runs with an air purge



(Runs p-NP #1, #3, and #4) note that mineralization is faster at an
initial pH of 5 than at 2, which is faster than 8. For runs at pH, 5 in
which the gas purge was varied (Runs #1, #2 and #5), the rate
decreased in the order Oy > air > N2. Note that the curves (except for
Run #4 at pH 8) are nearly superposed for the first five minutes, and
then diverge. Titrations showed that the peroxide was gone by the t=5
sample for all of the runs except #4; at the high pH the H2O2 lasted for
30 minutes.

25.0
20.0 —=— p-NP #1 pH 5, Air
——0— p-NP #2 pH 2, N2
E 15.0 + ——— p-NP #3 pH 2, Air
o
; —— p-NP #4 pH 8, Air
)
% 10.0 + —— p-NP #5 pH 5, 02
5.0 +
N °
0.0 ¥ ¥ il — } —

0 20 40 60 80 100 120 140 160
TIME (minutes)

Figure 3. Mineralization of p-nitrophenol. Star and C.P. conditions.

Table 6 summarizes the results of the organic degradation runs
starting at pH 5, arranged in order of increasing oxygen content in the
purge gas for each initial concentration or organic, with the organics
arranged in order of decreasing ease of mineralization, aromatic before
aliphatic. Runs with 50 ppm organic, 10 ppm Fet+, ca. 110 ppm H2032,
and an Oy purge are indicated in bold-faced type. Though most runs
started with 50 ppm of organic, some started with 100. Doubling the
concentration of nitrobenzene (compare Runs NB #1-3 with #4-6)
without increasing the iron or peroxide increased the times to 90%
mineralization by factors of three or more. The same sort of effect can
be seen in comparing Runs p-Cr #1-2 with #3-4 and BA #1-2 with #3-
4. In the case of aniline the slowing effect was much more marked;
the very dark solutions formed on adding peroxide to the 100 ppm
solutions may have effectively cut off uv. Doubling the concentrations
of iron and peroxide, along with benzoic acid, gave mineralization rates
which were actually faster (compare Runs BA #5 and 6 with #3 and 4).
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Table 6. Summary of Organic Degradation Runs2
Organic Run Conc. [fet+] [H202] O to.o? 0.9/
Compound No. (ppm) (ppm) (ppm) (%) (min) tp.9(02)
p-Nitrophenol®  , Np 49 50 10 101 0 90  15.0
p-NP #1 50 10 101 21 17 2.8
p-NP #5 50 10 101 100 6 1.0
Nitrobenzene NB #1 100 10 110 0 >150 >5
NB #2 100 10 110 21 60 2.1
NB #3 100 10 110 100 28 1.0
NB #4 50 10 110 0 150 16.7
NB #5 50 10 110 21 17 1.9
NB #6 50 10 110 100 9 1.0
Phenold Phen #54 50 10 110 0  >150 >15
Phen #31 50 10 110 21 45 5.0
Phen #52 50 10 110 100 9 1.0
p-Cresol p-Cr #1 100 10 110 21 140 ca. 5
p-Cr #2 100 10 110 100 ca. 30 1.0
p-Cr #3 50 10 110 21 32 2.1
p-Cr #4 50 10 110 100 15 1.0
Aniline An #1 100 10 110 21 >150
An #2 100 10 110 100 >150
An #3 50 10 110 21 40 2.2
An #4 50 10 110 100 18 1.0
Benzoic Acid BA #1 100 10 110 21 >150
BA #2 100 10 110 100 >150
BA #3 50 10 110 21 80 3.0
BA #4 50 10 110 100 217 1.0
BA #5 100 20 220 21 71 7.1
BA #6 100 20 220 100 10 1.0
1,4-Dioxane Diox #1 50 10 110 0 >150 >
Diox #3 50 10 110 21 25 1.5
Diox #2 50 10 110 100 17 1.0
Propionic Acid PA #1 50 10 110 0 140 7
PA #2 50 10 110 100 20 1.0
2-Butanone MEK #1 50 10 110 0 150 3.1
MEK #2 50 10 110 100 48 1.0

a At 52°C, initial pH 5, with 450 watt lamp on at t=1 min

b )9 is the time after addition of H202 at t=0 for 90% mineralization.
CRuns p-NP #3 and 4 at pH 2 and 8, are not included here.
d Results of earlier work.6

See Figure 3.



The last column in Table 6 shows tgg relative to the time for 90%
mineralization with 0O2. Using O2 decreases the time required by
factors of 2-5 relative to air in most cases, and by factors of at least 5
and sometimes greater than 15 relative to N2. A bar chart comparing
values of tg 9 for selected 50 ppm solutions is shown in Figure 4,
arranged in order of increasing tgp.9(0O2). It can be seen that though the
aromatics are usually more rapidly mineralized under these
conditions, the aliphatic and aromatic compounds overlap. We were
initially surprised by the slowness of mineralization of methylethyl
ketone (MEK), because of the possibility of ® -> w* electronic excitation
of the carbonyl to give Norrish Type I and II reactions,® but at these
low concentrations the absorbance was too small.

Figure 4. Effect of gas purge on the mineralization of various organics with
initial concentrations of 50 ppm.

Vis/uv spectra of samples taken from the reactor after the starting
compound was gone, but before complete mineralization, usually
showed broad tailing absorbtion going out to about 500 nm which we
attributed largely to ferric oxalate complexes; oxalate was identified
by HPLC as the penultimate oxidation product in our phenol studies.6
With phenol we found that Fenton chemistry (no uv) alone rapidly
converted about 30% of the carbon to CO2, and most of the rest to
oxalic acid, which resisted further reaction in the dark. Even additions
of high concentrations of HpO2 and Fet+ did not significantly increase
the degree of mineralization, as can be seen from the NPOC numbers
on the left side of Figure 2 above both large and small cubes, where
for these star points the concentrations of peroxide and iron were
increased to 10X the original design. We proposed that the oxygen
effect seen with uv was a consequence of the effect of Oz on oxalate
mineralization.



Oxalate Degradation

We investigated the degradation of oxalic acid at 52°C and pH 35,
with 10 ppm iron added as ferric perchlorate. We chose 100 ppm
oxalate because that gives 27 ppm C, about the same concentration
obtained in the dark using Fenton chemistry on initially 50 ppm
phenol (38 ppm C). Figure 5 shows uv spectra obtained with 100 ppm
oxalic acid (OA) or 10 ppm Fet++ at pH 5, by themselves and together.

2+ 0 -

ABSORBANCE

200 250 300 350 400
WAVELENGTH (nm)

Figure 5. Uv spectra of 100 ppm oxalic acid and 10 ppm Fet++ (added as the
perchlorate) in pH 5 solutions in a 1 cm cell. Top spectra and those at the lower
left are of samples at various times from Run OA #4: 0, 1, 5, 10, 15, 20, 30, 60, and
90 min. after starting an O purge at t=0 and uv at t=1.

The broad band of the dashed Fet++ spectrum at 300 nm is attributed
to Fe(III)OH2+,% while the top spectrum with a shoulder at 260 nm is
assigned to Fe(III)(C204)33-. The spectra in the lower left hand corner
are of samples taken at various times from the Oz purged solution
during uv radiation. The t=5 minute sample (4 minutes after turning
on the lamp) already shows the absorbance at 210 reduced by more
than 80% relative to what it was in the 100 ppm OA solution; by t=10
it is reduced about 90%. Rapid mineralization is confirmed by the
NPOC measurements seen in curve OA #4 in Figure 6.

A much slower rate of mineralization can be seen in Run OA #1
under N7, where tg. 9 is about 65 minutes. The curve for OA #2 which
is under N2 but had 110 ppm H20, added, falls right on top of the
curve with Oy (OA #4) up till t=10, when titration shows that the H,O9
was all consumed. Run OA #3 started off like #1, but the lamp was
turned off and the purge switched to Oz between t=5 and t=10; then
the uv and N2 were switched back on. Dark/O2 and uv/N2 periods
were alternated during the course of the run. It can be seen that
though no mineralization takes place during the dark/O2 periods, the
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Figure 6. Mineralization of initially 100 ppm oxalic acid at 52°C and an initial
pH of 5; uv lamp on at t=1 in all runs. OA #1: N2 purge. OA #2: N2 purge and
110 ppm H202 added at t=0. OA #3: alternate N2 purge with uv on , and O2 purge
with uv off (dark periods with O2 indicated by bold line). OA #4: O2 purge.

system is prepared by the O purge for rapid mineralization once the
lamp is turned back on.

DISCUSSION

We proposed previously® that the oxygen effect is caused by a
competition between O and ferric oxalate complexes for an oxalate
radical anion (C204":) produced by electron transfer from coordinated
oxalate to Fe(IlI) in a photoexcited ferrioxalate complex, Fe(III)Ox*, as
shown in Figure 7. The proposal was based on the work of Zepp and
coworkers,10 who showed that Fe(II) photogenerated from Fe(III)
oxalate is rapidly oxidized back to Fe(IIl) by H2O2, and that of Zuo and
Hoigne,!! who showed both that H2O2 is produced by reactions of Oz
with intermediates formed in the photoreactions of Fe(III) oxalate
complexes, and that the dark reaction of Oz with Fe(Il) in the presence
of oxalate is very slow. Very slow oxidation of ferrous iron by O3 in
the absence of organic ligands was reported earlier by Mathews and
Robbins.12 For this scheme to explain the results shown in Figure 6 it
would be necessary to have Oz in the solution at the same time that
the lamp was on. Though we did switch to N2 when we turned on the
lamp in Run OA #3, it could take a few minutes with the gentle purge
used to sparge all of the Oz from solution.

Whatever the origin of the oxygen effect, it has important practical
consequences for anyone wishing to mineralize toxic organic
compounds using HpOjy/Fe++/uv. Dg.g, the electrical energy dose (in
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kWH/1000 gallons) required to mineralize 90% of the carbon, is given
by equation (4). The dose increases in our system by about 28

Dog9 = 3875(L/kgal) x 0.45(kW/L) x (t0.9-1)(min)/60(min/hr) (4)

kWH/kgal for each minute of radiation, or about $1.40/kgal-min for
electricity costing $0.05/kWH. Irradiation of a waste stream for more
than 5-10 minutes becomes prohibitively expensive. (For comparison,
110 ppm of H202 is about 1 Ib/kgal - costing about $1/kgal for $1/lb
peroxide.)

2.
Fe(II1)0x Ox

2002 +0x% Fe(lll)ox  Fe(lINOX* Fe(I11)

Fe(Il)
Ho2.. . Fe(ll)

H202 HO2:
H202" ety ~HO: u*
02 2C02

Figure 7. The proposed photo-Fenton mechanism with
competition of O2 and Fe(IIN)Ox for C204--. Ox is oxalate.

We learned at a recent EPRI/NSF conferencel!3 that there are now
about 100 commercial uv/H202 systems in operation for water
treatment, with about half of them used for groundwater remediation.
Because of the relatively high cost of mineralizing organic compounds
using uv, we see the greatest opportunities for uv-based AOP
technologies in the treatment of relatively dilute (<50 ppm), low flow
(<100 GPM) streams which are not amenable to biodegradation
because of toxicity. Combined technologies, such as partial chemical
oxidation followed by biodegradation of the detoxified material, are
likely to be the most economical.
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INTRODUCTION

We present here results that impact our fundamental knowledge regarding
metal catalyzed O; based oxidations and systems that address the mechanism of
the Ishii/Venturello H2O, based catalytic epoxidation chemistry. Our efforts
continue to focus on fundamental energetic and mechanistic issues that define
and indeed limit further development in the burgeoning area of selective
catalytic oxidation. One particular application of a selective O, based oxidation
applied to an issue of practical and growing importance, the selective bleaching
of wood pulp for paper manufacture, is a collaborative venture between our
laboratories at Emory University and those of Dr. Weinstock and collaborators
at the U.S. Department of Agriculture Forest Products Laboratory.

The general goal is to develop catalytic systems that facilitate the selective,
rapid, and sustained oxidation of organic substrates, RH, with optimal (inex-
pensive and environmentally benign) oxidants and reaction conditions.!* In
addition, we seek systems that are versatile; that is, they have rationally

The Activation of Dioxygen and Homogeneous Catalytic Oxidation,
Edited by D.HR. Barton et al., Plenum Press, New York, 1993 7



tunable reactivities and are flexible in formulation. We have recently focused
our attention on some of the most difficult aspects of homogeneous catalytic
oxidation, namely, the oxidation of highly inert or sensitive and complex
organic or biological molecules using the two most desirable oxidants, O2 and
H70;,. Unfortunately, O and HpO;, are among the most difficult of terminal
oxidants to use. These oxidants have more modes of reaction, more
background (uncatalyzed) reactions with substrate, and have a tendency to
oxidize by mechanisms that are not readily or rationally controlled.!> Both
H303 and O3 can function as oxygen donors and in other oxidative capacities.

It is in context with the use of HyO3 and O, that we now enumerate six of
the most significant limitations or difficulties with respect to the development
of optimal, selective, metal-complex-based catalytic oxidation systems. Some of
the limitations are illustrated in generic equation form below (LyM = transition
metal center with x ligands L; OX and RED are the oxidizing agent and its
complementary reduced form).17 First, the catalyst must be very stable under
turnover conditions. Of particular concern is irreversible oxidative
degradation of organic ligands or matrices (equation 1). All organic materials
including many fluorocarbons are thermodynamically unstable with respect to

8 Second, the formation of dead-end intermediate oxidation

further oxidation.
states can be a problem. In catalytic aerobic oxygenation (no reducing agent),
intermediate oxidation state complexes, i.e. LyM(M+1+, can be a problem as such
complexes often do not react readily with O and are often reduced or oxidized
slowly if at all. Such species can be generated by direct reaction with Op
(equation 2) or peroxy species (equation 3), by reduction of metal oxo species
(equation 4) or by direct outer sphere oxidation (equation 5). Third, the catalyst
can inactivate by p-oxo dimer formation, for example, equation 6. Many such
dimers are inactive, less active, or still active but less selective in oxidant
activation and/or substrate oxidation than the starting monomer. Fourth,
there may be diffusional problems. This is particularly an issue when the
catalyst is an extended rigid matrix such as a zeolite. One subset of this problem
is that products can often be substantially larger than substrates and can be too
large to diffuse out of pores in such catalysts. Fifth, inhibition by one or more
species generated during catalysis can be a real problem (e.g. equation 7) where
the adduct complex, Ly(RO)Mn+, is either unreactive or reactive but less
selective. The sixth and final limitation, and the most significant one for
metal-facilitated oxidation by O3 in general, is the initiation of autoxidation if,
in fact, this process is not desired.

Many of the catalytic approaches and systems under investigation in our
laboratories are based on soluble early transition metal oxygen anion clusters.

72



LM + OX — (L)x1(LOOM + RED (¢

[LxMO;] LMm+D+ 4 Op- @
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These complexes, which we will refer to as polyoxometalates for convenience,
are unusually attractive for a number of reasons:>*!0 (1) Many of them are
readily prepared in quantity from inexpensive starting materials; (2) Most are
very low in toxicity; (3) They have a range of properties directly relevant to
catalytic oxidation that can be altered synthetically including ground state redox
potentials, shapes and molecular charges (of potential value in the selective
recognition of substrates, etc.), solubility, and other properties; (4) They can be
derivatized with organic groups and readily immobilized by adsorption or
covalent attachment.

Additional features of polyoxometalates impact some of the six limitations.
First, polyoxometalates are oxidatively resistant as a great majority of them are
composed of d° transition metal ions (most commonly W(VI), Mo(V), and/or
V(V)) and oxide ions. Second, the unusually high stability of polyoxometalates
coupled with the tunability of their catalytically relevant properties defines a
considerable ability to avoid problems associated with intermediate oxidation
states, p-oxo dimers, and product inhibition. Illustrations of two
representative polyoxometalates, W19O32%4-, an isopolyoxometalate (or
isopolyanion) and (TM)XW11039™", a transition metal (TM) substituted
heteropolyoxometalate (or heteropolyanion) in polyhedral notation are given
in Figure 1.
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NON-RADICAL-CHAIN SELECTIVE OXIDATIONS BY O; CATALYZED BY
POLYOXOMETALATES

Many highly oxidizing polyoxometalates, particularly those containing
vanadium(V), have long been known to directly oxidize a range of organic
substrates, R, (equation 8) and that reduced forms could be reoxidized by a
variety of oxidants, OX, and under some conditions, by dioxygen (OX = Op),
equation 9. The net reaction, equation 10, (the sum of equations 8 and 9) is

Figure 1. Representative polyoxometalates in polyhedral notation. A. the isopolyanion
decatungstate (W10032%) (Dgh point group symmetry) and B. the heteropolyanion family,
(TM)PW11039%", where TM is a first row divalent transition metal ion, P is the heteroatom (Cg
point group symmetry). In the latter class of complexes, which constitute functional oxidatively
resistant inorganic metalloporphyrin analogs,u P is one of many elements that can function as
the heteroatom. The darker octahedron on the surface and the very dark internal tetrahedron of
B represent the TM ion and the heteroatom, respectively. In polyhedral notation a
complementary notation to ball-and-stick or bond representations, the vertices of the polyhedra,
principally WOg octahedra, are the nuclei of the oxygen atoms. The metal atoms lie inside each
polyhedron.

highly attractive as it could form the basis of selective aerobic oxidations (vide
infra). Several years ago, the Novosibirsk group reported direct oxidations of
sulfur compounds and bromide by polyoxometalates (i.e. equation 8).12 In 1989
three groups reported the homogeneous oxidation of a variety of organic
substrates catalyzed by the representative and readily available
heteropolyanion, H5PV2Mo019O49 (equation 10 via equations 8 and 9). Our
group investigated the mechanism of oxidation of thioethers, RSR', with
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R + Pox - Rox + Pred 8)

Pred + OX = Pox + RED ©

Pox (Catalyst)
R + OX » R,x + RED (10)

extraordinarily high (>99%) selectivity, by the widely used commercial oxidant
t-butylhydroperoxide (OX = TBHP).!3 Brégeault and co-workers reported the
highly selective aerobic oxidative cleavage of some ketones with little or no

14,15 and Ronny Neumann and co-workers reported

mechanistic investigation
the aerobic oxidation of amines, some alcohols, some alkylaromatic
hydrocarbons and bromide by equations 8-10.16-19

In a recent collaborative venture between Emory and the U.S.D.A. Forest
Products Laboratory in Madison, Wisconsin, the chemistry in equations 8-10
was applied to a problem of considerable magnitude and environmental
importance, the bleaching of wood pulp in conjunction with the manufacture

20 wood is a highly organized composite of carbohydrate polymers

of paper.
(cellulose and hemicelluloses) and lignin. In the production of high quality
printing and writing paper, most of the lignin is removed via chemical
pulping. During this process, a variety of highly colored conjugated aromatic
structures are generated, principally from lignin. The purpose of bleaching is
to remove these colored materials along with any residual lignin not removed
during pulping. At the present time, wood pulp is bleached by chlorine or
chlorine-based oxidants and although these oxidants achieve the desired
chemistry - the selective oxidative bleaching of the lignin with minimal
damage to the cellulose - they have a serious problem. Varying quantities of
chlorinated organic by-products are produced and while some of these are
relatively benign, others, such as the dioxins, are among the most deleterious
of substances. Nearly all chlorinated materials are toxic or carcinogenic to a
measurable degree. When one considers the amount of wood pulp bleaching
that takes place in the developed countries, it is not hard to see that the
environmental impact of chlorine based bleaching is rapidly becoming socially,
politically, and economically unacceptable.

In preliminary work, we have demonstrated that polyoxometalates can
catalyze equations 8-10 where the substrate, R, is wood pulp and the oxidant,
OX, is either HyO7 or Op. This approach is effective as the lignin is selectively
oxidized and removed; the cellulose is minimally affected. Figure 2 gives
molecular representations of lignin and cellulose as well as the general
selective oxidation process (equation 8) for bleaching wood pulp by
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polyoxometalates. Currently, vanadium containing polyoxometalates ("V-
polyoxo" in Figure 2) have proven to be the most effective at combining both
high selectivity and reasonable rates for equation 8 with the ability to be
reoxidized with O, (slow at ambient temperature) or HyO, (rapid at ambient
temperature). One of the most pleasing aspects of this chemistry is that the
number and diversity of polyoxometalates that could, in principle, facilitate

Wood

cellulose:

almost no reaction

Hgin: N

+ O, (air) + V-polyoxo

ﬁﬁ fﬁu@ N

o o considerable reaction

HOCH~CH—CO
octy b

o™ 8
C‘Q»O‘—- CH
"W |
CH

t

'OCH, HIC

Figure 2. Basic scheme for environmentally friendly bleaching of wood - a new and catalytic
bleaching technology for paper manufacture. No chlorinating agents are used. Wood is composed
of two principal biopolymers cellulose and lignin whose structures (representative repeating
units) are illustrated.

equations 8-10 is so substantial that the oxidative reactivity and selectivity
(equation 8) can be fine tuned for a particular application (e.g. lignin versus
cellulose). A telling point here is that 30 or so new polyoxovanadate structures
have been synthesized and characterized in the last 4 years alone. During this
brief interval, the number of isopolyvanadates that contain only V(V) has
increased from 2 to 6.21"23 The molecular diversity and range of redox
characteristics among the vanadium-containing polyoxometalates alone
appears to be vast and it is still largely unexplored and undeveloped.
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A key in the use of dioxygen as a terminal oxidant in catalyzed oxidations
lies in equations 8-10, namely the separation of catalyst (polyoxometalate)
reduction - substrate oxidation, equation 8, from the reduced catalyst
reoxidation by O3, equation 9. In part, as the reduced forms of the
polyoxometalates are usually low in reactivity and very stable under turnover
conditions, equations 8 and 9 can be separated from one another in time
and/or in space. As radicals and other reactive species that can initiate radical
chain oxidation by O, (autoxidation), the dominant mode of organic oxidation
by this oxidant, are generated in equation 8, autoxidation can be avoided by
separating equations 8 and 9. This fact has been appreciated by other groups
working in this area. We turn now to another aspect of the chemistry in
equations 8-10 that is subtle but has considerable potential consequences for the
metal-catalyzed or facilitated O»-based oxidations and that is the nature of the
O, reoxidation step, equation 9.

The reoxidation of reduced polyoxometalates by O was first examined by
Matveev and co-workers who concluded that reduction proceeded by a multi-
electron transfer in a complex involving O; and the reduced polyoxometalate
(a "heteropoly blue").2*25 Within the last two years two other groups, those of
Papaconstantinou and Neumann, also addressed equation 9 where OX = O3 for
soluble reduced polyoxotungstates. Hiskia and Papaconstantinou investigated
the reoxidation of three one-electron-reduced heteropolytungstates in water
and reported interesting rate-pH profiles. Little hard mechanistic information
was inferred, however, including whether or not oxygen atoms from O, were
incorporated into the polyoxometalate or not.2® Neumann and co-workers
inferred a mechanism involving binding and then incorporation of oxygen
atoms into the polyoxometalate skeleton versus an "outer sphere” mechanism
not involving incorporation of oxygen atoms into the polyoxometalate
skeleton based on infrared 180-labeling experiments.!°

Two very curious but heretofore unexplained phenomena relate to the
interaction of reduced polyoxometalates with Oz and are addressed by our
experiments described right below. The first involves the lack of oxygenated
products seen in the photochemical functionalization of heptacyclotetradecane
(HCTD) in the presence of Oy by Christina Prosser-McCartha.?’"?® The second
involves two observations by Neumann and Levin,!9 namely, the suppression
of tetralin autoxidation and the clean conversion of a-terpinene to p-cymene
in the presence of Oy without formation of oxygenated products.

Shown in Fig. 3 is one of several preliminary results obtained recently in
our laboratory addressing the general mechanistic features of reduced
polyoxometalate reoxidations. Here, two distinct species29 of the two electron
reduced decatungstate [HyW1003216-%)-, where x = 0 or 2, were oxidized with
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170-labeled O3 in acetonitrile and the transformations studied by 170 NMR.
Fig. 3A shows the natural abundance 170 NMR spectrum of the oxidized
isopolyanion [W19O32]4- in CD3CN. Using peak integration®C to aid in
assignment, the peaks at 765 and 732 ppm correspond to the belt and cap
terminal oxygens respectively; the resonances at 434 and 420 ppm are assigned
to the three types of py bridging oxygens where the latter peak is unresolved;
and the signal at -1.6 ppm is due to the two interior pus bridging oxygens which
lie on the C4 axis. Further details concerning this spectrum will be published
elsewhere. Spectra B, C, and D show the oxidation of [HyW10032]6-X)- with
170,. Specifically, Fig. 3B exhibits no signal for an acetonitrile solution of
[HaW10032]4- after acquiring 50,000 transients. Following the addition of a 10-
fold excess of 20 atom % 1703 (Fig. 3C), the only signal observed both during
and after the oxidation was at -8.5 ppm due to H,O formation.3! In contrast,
the oxidation of [W19032]6- with 170, (Fig. 3D) resulted in the formation of
several oxygenated organic products (the main peaks are 697, 443, 425, 337, 313,
and 306 ppm) at the expense of water. No resonances attributable to oxygens of
the isopolyanion framework were detected. This evidence suggests the
dominant mechanism for O reoxidation of [HyW19032]¢6-¥)- does not involve
direct incorporation of oxygen from O into the polyoxometalate. More
interestingly, the presence of H* leads to suppression of oxygenated organic
products giving only HO as the product of O reduction. This result suggests
that equations 8 and 9 may not need to be separated; that is, in the presence of
both H* and O, Pox may selectively oxidize a substrate followed by O, reacting
exclusively with Preq to generate HpO thereby completing the catalytic cycle
without concomitant oxygenation of the substrate.

Similar results were obtained for H5[PV,Mo109049] and H3[PMo1204¢] in the
presence of the substrate 1,3-cyclohexadiene. In particular, during the
reoxidation of reduced Hs[PV2Mo019O40] (0.1817 g/2 mL degassed CD3CN + 1 eq
170, + 5 eq 1,3-cyclohexadiene), no increase in the polyoxometalate peak
intensities was observed within the first seven spectra taken (total reoxidation
time at this point is 245.6 min) whereas the water resonance had increased by a
factor of nine. Furthermore, the initial rates of three polyoxometalate peaks
(these could be clearly observed in the first spectrum, i. e. without 170O3) were
measured giving relative rates (Vy,170 formation/Vp_ 170 incorporation) of
5.4, 6.8, and 7.7 for 930, 925, and 544 ppm respectively. In a control experiment,
similar initial rates for 170 incorporation were obtained for H5[PV,Mo19O49] +
H>170 with respect to the reoxidation reaction. Consequently, both the
presence of a substantial induction period and the relative rate data strongly
suggest that the source of 170 in [PV,Mo019O40]5- is from H3170 and not 1705;
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therefore, an outer sphere mechanism is operable for O, reoxidation in this

system contrary to the recent report by Neumann and Levin.1?

INVESTIGATION OF THE MECHANISM OF THE VENTURELLO-ISHII
EPOXIDATION SYSTEM

The selective epoxidation of alkenes including terminal alkenes by
hydrogen peroxide catalyzed by mixtures of phosphate and tungstate under
phase transfer conditions was first reported by Venturello et al. in 198332 and
subsequently developed by this group.32-34 Five years later, the group of Ishii
in Japan began to develop catalysis for the same process but using PW120403- as
a catalyst precursor rather than a mixture of PO43- and WO42- used by
Venturello and co-workers. The Ishii group subsequently developed this
system extensively, a research effort that continues to this day.33-37 Both the
Venturello and Ishii systems involved two liquid phases, water and
chlorocarbon, with phase transfer cations.3237 The key point is that both these
systems gave remarkably selective epoxidation and this chemistry is now used
commercially. As promising as this selective homogeneous catalytic oxidation
chemistry appears at present, very little is known about what transpires at the
molecular level in this chemistry.

In 1985 the group of Venturello et al. reported the isolation from their
system and the X-ray crystal structure of {PO4[W(O)(O2)214}3-33 They proposed
that it was the active species based on some suggestive but not convincing
experimental evidence. Ishii later came to believe this was also the active
species in his system. Again, he offered some suggestive but not definitive
evidence on this point.3% Brégeault and co-workers then prepared and
spectroscopically characterized some peroxotungstates and concluded that the
{PO4[W(O)(O5)>]4)3- was indeed the active species.38 Unfortunately, no kinetics
or time resolved studies were done by any of these groups. As a consequence,
nothing was known with certainty regarding the active epoxidizing specie(s) in
the Venturello and Ishii systems. A point that can not be made too strongly is
that isolated and characterized metal complexes are rarely the true active
catalysts. They usually represent kinetic cul-de-sacs. The true catalytic species
are often present only in small concentrations and not amenable to
characterization as they are by definition, highly reactive. It was against this
backdrop that we decided to investigate the kinetics not only of formation of
{PO4[W(O)(O2)214}3- under the Venturello-Ishii epoxidation reaction conditions
but also of reaction of this and other peroxotungstates with the alkene
substrates. The details of this chemistry, including the experimental protocols,



results and discussion will be published elsewhere. Research to date has
clarified the following points, however, which we feel confident in reporting
here.

(1) The complex {PO4[W(0O)(O2)214}3-, can be isolated from a reaction of
H3PW 12040 and H>O3 after going through several higher nuclearity species
derived from sequential breakdown of the parent Keggin polyanion.

(2) {PO4[W(O)(O2)214)3- is a catalytically important species and perhaps the most
reactive epoxidizing agent in the system.

(3) {PO4[W(0)(O2)214)3 is unstable to degradation in the presence of HyO but is
more stable in the presence of HyO, (50 equivalents).

(4) Species formed after the reaction of {PO4[W(0)(O3)214}3- with alkene are also
active epoxidizing agents under the reaction conditions although collectively
less so than {PO4[W(O)(O2)714)3- itself.

(5) These subsequent epoxidizing species can reform {PO4[W(O)(O2)214}3- upon
reaction with as little as one equivalent of HyO».

(6) The Venturello-Ishii chemistry is extraordinarily complex. There may be a
multitude of weaker epoxidizing agents that are peroxotungstates of higher
nuclearity.

EXPERIMENTAL

Q4[W10032] was prepared by the method of Chemseddine et. al.3? Al
chemicals and solvents purchased were of the finest quality available and no
further purification was required. A solution of 0.005 M [W109032]6- was
prepared by controlled potential electrolysis at -2.10 V vs. 0.01 M Ag/AgNOj3 in
acetonitrile containing 0.5 M QPFg. Triflic acid was added as a 0.1 M
acetonitrile solution. 170 NMR parameters may be found in the Figure 3
caption. Increasing the delay time in the natural abundance 170 NMR
spectrum of Q4[W10032] (and several other polyoxometalates) led to no
increase in relative peak integrals; consequently, none of the resonances are
saturated under the experimental conditons as suggested from linewidth
measurements and assuming T»=T1.40 In the 170, reoxidation experiments,
the acquisition parameters were chosen to allow for complete relaxation of
H>0 (and therefore also [W19O32]4-) while still maximizing the signal-to-noise
for observing any 170 incorporation into [W19O32]4 (i. e. long delay time, short
acquisition time). Several of the oxygenated organic peaks in Fig. 3D, however,
are much narrower than HyO under these conditions and some saturation of
these resonances is evident. Further experimental details including the
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electrochemical synthesis and characterization of [W1003216- and its protonated
derivatives will be published elsewhere.
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