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PREFACE 

This monograph consists of manuscripts, summary statements, and poster 
abstracts submitted by invited speakers and poster contributors who 
participated in the symposium "Oxygen Complexes and Oxygen Activation by 
Transition Metals," held March 23-26, 1987, at Texas A&M University. This 
meeting was the fifth annual international symposium sponsored by the Texas 
A&M Industry-University Cooperative Chemistry Program (IUCCP). The co
chairmen of the conference were Professors Arthur E. Martell and Donald 
T. Sawyer of the Texas A&M University Chemistry Department. The program 
was developed by an academic-industrial steering committee consisting of 
the co-chairmen and members appointed by the sponsoring chemical companies 
Dr. James F. Bradzil, The Standard Oil Company, Ohio; Dr. Jerry R. Ebner, 
Monsanto Company; Dr. Craig Murchison, Dow Chemical Company; Dr. Donald 
C. Olsen, Shell Development Company; Dr. Tim R. Ryan, Celanese Chemical 
Company; and Dr. Ron Sanderson, Texaco Chemical Company. 

The subject of this conference reflects the intense interest that has 
developed in academic institutions and industry on several aspects of 
dioxygen chemistry. These include the formation of dioxygen complexes and 
their applications in facilitated transport and oxygen separation; homo
geneous and heterogeneous catalysis of oxidation; and oxygenation of 
organic substrates by molecular oxygen. 

The conference differs in two respects from several other symposia on 
dioxygen chemistry held during the past few years. First, there is 
extensive industrial participation, especially with respect to oxygen 
activation. Secondly, the conference purview involves the broadest possible 
scope of the general subject, from oxygen complex formation and degradation 
to oxygen transport and activation of dioxygen in catalytic processes. 

Eighteen invited papers were presented in seven sessions, in 
addition to the presentation and discussion of twenty contributed poster 
papers. 

A highlight of the meeting was a lecture entitled "The Nature of the 
Reactivity of Activated Oxygen Species" by Sir Derek Barton at the 
symposium banquet. 

We thank Liz Porter for assistance with logistics of the symposium and 
Mary Martell for help with the organization and preparation of the final 
manuscript. 

Arthur E. Martell 
Donald T. Sawyer 
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OPENING REMARKS BY F. BASOLO AT THE SYMPOSIUM HONORING A. E. MARTELL 

I've been around a long time dOing coordination chemistry, as you people 
know, and for about. twenty years we did synthetic oxygen carrier type work. 
This was started in 1964 by a graduate student by the the name of Al 
Crumbliss who is now a professor at Duke University. Crumbliss and I 
decided we would study solution chemistry of some of the cobalt chelates 
that Martell and Calvin and others had looked at primarily in solid-state 
gas-phase interactions. Fortunately Al chose a system that gave for the 
first time monomeric dioxygen complexes of a series of cobalt compounds. 
We were never able to get a good suitable single crystal to give Jim 
Ibers to do the X-ray structure, but we were able to wave our hands and 
speculate about the structure on the basis of IR and of EPR spectra with 
the help of Brian Hoffman. We suggested that the dioxygen cobalt chelates 
have an end-on bent structure which later Ward Robinson showed by X-ray 
structure to be correct. As you know several of these structures have 
been found not only for cobalt, but also for iron. 

Perhaps the most exciting thing at Northwestern University was the 
work of one of my postdoctorals and Hoffman. Dave Pettering and Hoffman 
decided to make what they called cobaglobin which they showed to be an 
excellent model for the natural protein. The only difference being that 
the iron in hemoglobin is replaced with cobalt, everything else is pretty 
much the same. Cobaglobin is similar to hemoglobin in its cooperative 
uptake of dioxygen, and in its pH effect on the uptake of dioxygen, but 
the cobalt system has one thing the iron system natural protein does not 
have and that is the cobalt dioxygen adduct is EPR active. Since oxyhemo
globin is EPR silent one can not probe it with EPR, but Hoffman was able 
to get valuable information from EPR studies of cobaglobin. 

We then went on to study iron complexes and we were not clever enough 
- we are not good enough organic chemists - to put big bulky groups on 
Schiff bases, which is what we were using at the time, to prevent the 
irreversible formation of the ~-oxo bridge (Fe(III)-O-Fe(III». My graduate 
student, Dave Anderson, was attempting this when we began to read where 
Jim Collman had made the "picket-fence" porphyrin and a little later I ran 
into Jack Baldwin who had made the "capped porphyrin". We then abandoned 
this steric approach and along with others showed that at low temperature 
one gets reversible dioxygen uptake in synthetic iron complexes. We 
studied the kinetics and mechanism of oxygen uptake and release at low 
temperature. We also attached iron porphyrin onto an imidazole modified 
silica gel and showed that this works as an oxygen carrier at room 
temperature, because the irons can not come together to form the stable 
~-oxo bridge. 

Charlie Weschler, my postdoctorate, studied manganese porphyrin and 
he discovered the first example of such a compound that reversibly adds 
dioxygen. During all this work we got letters from theoreticians in 



Strasbourg who do ab initio calculations. They were very happy when we 
published our cobalt dioxygen paper suggesting the end-on bent structure, 
saying their ab initio calculations agreed very nicely with this. Although 
I know nothing about ab initio calculations, I too was happy that they were 
happy and everything went along smoothly until we published our work on the 
manganese-dioxygen complex. The situation there is quite different, instead 
of an end-one bent structure we think the Mn-O is a T shape peroxy type 
manganese(IV) structure. The structure was base~ on our IR and EPR spectral 
results, as was also used to assign the Co-02 structure. This time the 
letter from Strasbourg said they were very unhappy with our structure, 
because their calculations favored a Mn(II)-02 end-on bent structure. I 
guess that they wanted me to be very unhappy, but since I do not under
stand ab initio calculations I could not be too troubled by their calcula
tions. Thanks to one of our hosts and speakers here, Professor Michael 
Hall, we now have calculations which agree with our proposed structure. 

In 1983, as you know, I was president of the American Chemical Society, 
and during that same year a renewal was necessary for my NIH grant. I must 
not have given my renewal request the loving care that I had always given 
my proposals previously, because it got bounced and did not get funded. I 
was too busy to try and put it back together again, so I have not done any 
of this kind of work since 1983, but we did have a lot of fun during those 
twenty years of working on these kinds of systems. 

I appreciate being asked to participate in this symposium honoring my 
friend Art Martell. I am particularly looking forward to hearing all of 
these fine talks which will bring me up to date on what has been happening 
in the field the past few years. 
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BONDING OF DIOXYGEN TO TRANSITION METALS 

INTRODUCTION 

Michael B. Hall 

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

In this chapter I would like to provide the reader with an intro

duction to the nature of the bond between molecular oxygen and transi

tion metals. As examples of these systems, I will focus on models for 

cobalt, iron and manganese porphyrins. 1 ,2 Before discussing these 

fairly complicated metal systems, I would like to briefly review some 

basic bonding models for small molecules. 

HYDROGEN 

Dihydrogen is a deceptively simple molecule. If one thinks about 

the usual molecular orbital (MO) representation, one begins with an 

orbital on each hydrogen, let us call them orbital a and orbital b, then 

one makes linear combinations of these two orbitals, 

~+ - (a+b) , ~_ - (a-b) (1) 

One finds the in-phase combination, ~+, is lower in energy than the out

of-phase combination, ~_, and that the electron density of ~+ is larger 

between the nuclei than the atomic density while that of ~_ is smaller. 

Thus, we identify ~+ as the bonding molecular orbital and ~ as the 

antibonding molecular orbital. The ground state of H2 is described as 

~+2, two electrons in the bonding molecular orbital. In order to 

satisfy the Pauli Exclusion principle these must have opposite spin, one 

with ms - +~ or Q spin, the other with ms - -~ or p spin. 

In the usual valence bond (VB) description of molecules one draws 

the primary resonance structures as Lewis dot diagrams. For dihydrogen 

the primary structure is, of course, H:H or H-H where the two dots or 
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the straight line indicates a pairing of the two 1s H electrons one with 

a spin the other with p spin. In a qualitative sense we are describing 

the same bond here as in molecular orbital theory. However, when one 

develops the mathematical expressions for the wave functions one finds 

that the expressions are quite different. 

In molecular orbital theory the total wavefunction, ~O' is a 

Slater determinent (to satisfy Pauli Exclusion Principle) of the molecu

lar orbitals ;+a and ;~. 

~O 
(1) 

(1) 
(2) 

where the numbers (1) and (2) label the electrons. In the remaining 

equations we will not write these electron labels, but will always 

assume that functions are in the order electron (1) then electron (2). 

If one expands this determinant, ignoring any normalization constants, 

one find that 

where the spin component represents a singlet state. Now we substitute 

equation (1) for ;+ and we find that 

~O - (aa + ab + ba + bb) (ap - pa) (4) 

This wavefunction implies that the two electrons are equally likely to 

be found on the same atom (aa) or (bb) as they are to be found on dif

ferent atoms (ab + ba). When the nuclei are very close together this is 

a good approximation, but as the nuclei move further apart it becomes an 

increasingly poor approximation. The overall behavior of the potential 

energy curve is illustrated in Figure 1, where one can see that the (MO) 

result parallels the experimental (exp) curve at short distances but 

fails at large distances. The failure to properly dissociate is a 

common feature of simple molecular orbital wavefunctions. 

The VB function typically has the opposite problem. Ignoring nor

malization constants, one can write the VB wavefunction as 

'vB - (ab + ba) (ap - pa) (5) 

Here again one finds the singlet spin function multiplying a spacial 

function, but now the terms with both electrons on the same atom are 

missing. Thus, the VB wavefunction dissociates properly, but is missing 

some components which are important at short distances. The typical VB 

behavior is illustrated in Figure 1. One can see that a more accurate 

4 



Figure 1. Qualitative potential energy curves for molecular orbital 
(MO) and valence bond (VB) wavefunction. 

description of the potential energies curve could be made by joining the 

MO and VB curves. 

One can do this mathematically by considering the wavefunction 

formed by putting both electrons into the antibonding MO, ~_, and 

expanding the determinant. The result is shown in equation (6). 

~'MO - (aa - ab - ba + bb)(ap - pa) (6) 

If one compares this to ¢Mo in equation (4), one sees that the terms 

(ab) and (ba) enter with the opposite sign. Thus, if one forms a new 

wavefunction by subtracting some fraction of ~'MO from ~MO' 

one can produce a wavefunction ~ which at short internuclear distances 

resembles ¢Mo (A - 0) but at large internuclear distances resembles ~B 

(A - 1). One can use A as a variational parameter to obtain a wavefunc

tion which is more accurate over the entire potential energy curve than 

either the MO or the VB treatment. The process of adding a variable 

amount of a wavefunction which is doubly excited with the respect to the 

usual MO function is called configuration interaction (CI). Although CI 

may not be necessary for a qualitative description all molecules espe

cially when they are near their equilibrium geometry, it appears to be 

important in the correct description of metal-dioxygen bonds. 

OXYGEN 
In O2 the two oxygen atoms, whose atomic configuration is 

ls22s22p4, interact with each other to produce a molecular orbital con

figuration lu 2lu 22u 22u 23u 2l~ 4l~ 2 where the lu orbitals and the g u g u g u g' 

5 



2r orbitals are linear combinations of the 1s and 2s atomic orbitals, 

respectively. The primary 02 bond is manifest in the remaining MO's. 

The 3ug is the in-phase combination of the 2p atomic orbitals in the U 

direction, while the l~u and l~g are the in-phase and out-of-phase com

binations, respectively, of the 2p atomic orbitals with ~ symmetry. 

This ground state electronic configuration gives rise to three states of 

different energy which are given in Table I. By applying Hund's Rule, 

one easily sees that the ground state is the 3~g+ state. 

Table I. Relative Energy and Valence Bond Structures for 02 States 

State 

1~ + 
g 

~l 

13,195 

7,918 

o 

Q-Q 
t t 

IQ-OI"IO-Ol 
t t 

However, when students are asked to draw the VB structure or 

Lewis-dot diagram for °2 , they often draw Q-Q, which is correct for 

the first excited state but not for the ground state. Although this is 

often cited as a failure of VB theory, it is not. It is simply a fail

ure of the practitioner to write the correct VB structures. The correct 

one (see Table I) is a resonance hybrid between singly and triply bonded 

structures both of which have two unpaired electrons. Thus with the 

correct resonance structures VB theory also produces a 02 molecule with 

a double bond and two unpaired electrons. 

The bond order and bond distances for the molecule and negative 

ions are given in Table II. 

Table II. Bond Order and Bond Distance for °2 , 02- and ° 2-2 

Species !L..Q... B~-'.Al 

°2 2 1.21 

° -2 1~ 1.34 

° 2-2 1 1.49 

6 



As electrons are added to the l~g orbital, the bond lengths increases to 

1.34 A for the superoxide ion and to 1.49 A for the peroxide ion. Some 

earlier workers reported 1.28 A as the bond length for superoxide and 

this has caused some confusion in making comparisons with the dioxygen 

in transition metal complexes. 

Another "simple" system that is sometimes used as a standard of 

comparison to describe the meta1-dioxygen bond is the ozone molecule. 

The molecule is not well described by the standard valence bond struc

tures, 1, but is well deserted as a biradica1, 2. 3 

'0\ 

/\ 
~. .g) 

1 2 

The correct description in MO theory requires the use of a configuration 

interaction wavefunction for the four ~ electrons. The three orbitals 

involved are shown in Figure 2. The usual MO description would be 1b12 
2 0 1 1a2 2b1 . However, this A1 state is predicted to be higher in energy 

than the 3B2 state described by the configuration 1b12 1a21 2b11 . 

Experimentally the ground state is 1A1 but only by including the doubly

excited configuration 1b12 1a20 2b12 in a configuration interaction 

wavefunction can one achieve the correct description and energy. Thus, 

when one refers 

6b ~ cfb 
1b1 1a2 2b1 

Figure 2. Qualitative 7\" MO's of ozone. 

to a M02 system as having ozone like character4 one is referring to a 

system where the M and 0 atomic orbitals have similar energies and small 

overlaps such that CI is necessary for a correct description. 

METAL-DIOXYGEN BONDINGS 

Among the most interesting metal complexes which show the binding 

of dioxygen are the porphyrin complexes. Shown below is the porphyrin 
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ring, 3, and the model ligand, 4, used in our calculations. l ,2 The 

accuracy of this model ligand has been discussed previously and will not 

be repeated here. A simple ligand system is necessary in order to 

reduce the computational time to manageable levels. 

3 

H 
C 

H-N/"""\N-fl 
2-

tt-N~ .. /N-H 
~ 

4 

The two prevalent geometries for the metal dioxygen bond are shown in 5, 

the end-on or Pauling geometry, and 6, the side-on or Griffith geometry. 

One area which often generates considerable argument, some 

semantic, is the question of the dioxygen oxidation state, i.e. 

o 
I 
M 

5 

o 
/ 

0--0 

\ / 
M 

6 

dioxygen, superoxo or peroxo. One can take a very formal view and 

insist that all electron transfer is from ligand to metal and all bonds 

to the metal should be viewed as dative. 6 This view usually results in 

a high oxidation state metal. One can also take a purely structural 

view; naming all end-on systems as superoxo and side-on systems as 

peroxo. 7 In this paper, I will try to clarify the nature of the 

argument about the electron distribution, and to offer a complete 

theoretical description of the bonding. I will emphasize the actual 

electron distribution as opposed to the formal oxidation state. 

In all cobalt porphyrin and related complexes the dioxygen is 

found to be end-on as in 5. Figure 3 shows a qualitative molecular 

orbital diagram for the interaction of the upper O2 valence orbitals 

with the metal 3d orbitals. The primary interactions are between the 

l~gS, the in-plane ~* O2 orbitals, and the 3dz2 or a hybrid containing 

substantial d character, and the l~ga, the out-of-plane ~* O2 orbital, 

8 



---~ 

---~ 

MPL 

Figure 3. MO diagram for end-on dioxygen system. The left side 
shows the qualitative energy ordering of the metal d 
for the M(porphyrin model) (terminal ligand) system. 
while the right side shows the order of the 02 orbitals. 

and the 3~z. The former interaction produces the Uz and uz*. the bond

ing and antibonding M-02 u orbital. the latter interaction produces the 

wyand wy*. the bonding and antibonding M-02 W orbitals. For Co02(P)L 

system there are a total of 15 electrons to place in orbitals shown in 

Figure 3. Thus. this molecule has 1 electron in the Wy* and 2 electrons 

in the orbitals below the wy*. 

The main arguments about the charge distribution in these com

plexes involves the distribution of metal and ligand in the uz • wy ' and 

wy*. the question of whether the molecular orbital representation is 

accurate or CI is needed. and whether the lower energy u and w orbitals 

become involved to a significant extent. In the case of the Co02 
systems ESR spectroscopy has shown that the unpaired electron is almost 

entirely on the 02 ligand. Thus. the wy* orbital must be almost pure 

Wga. and therefore. the Wy must be nearly pure 3~z. With that 

potential problem solved the main argument in the Co02 systems resides 

in the nature of the Uz molecular orbital. If the Uz is mainly wgS with 

only a small amount of metal character than the system should be viewed 

as co3+~2- with a dative u bond. This electron distribution could 

9 



occur with or without the involvement of the lower energy ~u and ug 
orbitals . If these lower energy orbitals become involved that would 

indicate a strong enough Co-02 interaction to cause rehybridization of 

the 02 orbitals. If the Uz is nearly an equal mixture of metal and ~ s 

the system should be viewed as c02+-020 with a covalent U bond betwee! 

Co and 02. For the latter electron distribution there are two bond 

types. If the Co-02 U interaction were so weak that CI was needed to 

properly describe it then the spin-coupling model of C02+-020 would the 

best view, but if the interaction was strong such that rehydridization 

of the in-plane orbitals of 02 occurs then the spin-coupling model would 

be inappropriate. Thus, for the Co02 system we have four possibilities 

simple dative bond 
or 

rehybridized dative bond 

spin coupled 
or 

rehybridized covalent bond 

The results of our calculations strongly support a c03+~2- elec

tron distribution with rehybridized 02 orbitals. The key molecular 

orbitals are shown in Figure 4. The calculations confirm the interpre

tation of the ESR;8,9 the doubly occupied ~y orbital is pure 3~z and 

the ~y* is pure ~ga. As can be seen from the number of contours in 

Figure 4. The calculations even predict the fact that more of the 

unpaired electron resides on the distal oxygen. 

The U bond is comprised of two important interactions displayed on 

the right of Figure 4, donation from the doubly occupied ~gS and 

donation from the doubly occupied ~us. Because both the ~g and ~u 

become involved in this bond, it is best viewed as involving a rehy

bridization of the 02. The distortion in the ~ orbitals are due to the 

mixing of some 3ug character into them. 

10 
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system, while those on the right are for the U system. 



An isolated Co-02 q bond and an ° lone pair can be formed from a 

linear combinations of the two q orbitals in Figure 4. The sum of these 

two orbitals would be an isolated Co-O bond, while the difference would 

represent a lone pair on the distal oxygen. Examination of the cr 
results suggests that the MO representation described above is accurate 

and that CI makes no important qualitative changes in this description. 

The electron distribution in this complex closely resembles a rehy

bridized superoxide ion forming a dative bond to a cobalt (+3) ion. 

Figure 3 can again be used to describe qualitatively the problems 

inherent in resolving the argument about the electron distribution in 

the iron-porphyrin-dioxygen system. The Fe02 system has one less elec

tron than the Co02 system, and, hence, the wy* is the lowest unoccupied 

molecular orbital. Since the iron system is a closed-shell system we do 

not have a convenient probe such as ESR that allows us to determine 

unequivocally the distribution of charge in the W system. Hence, the 

description of Fe02 system is complicated because one may argue about 

the distribution in both the q and w system. 

For the w system the key is the nature of the interaction and 

charge distribution in the Wy molecular orbital. The two likely 

extremes for this orbital are either a dyz orbital with some small 

amount of donation into the wga 02 orbital (back-bonding), or a strong 

mixture of dyz and wga which would best be described as one electron in 

each orbital spin-coupled to form a covalent bond. The w system could 

also be complicated somewhat by some mixing of the Wy with the wua . The 

q system has the same four choices that the q system of cobalt had. 

Even if we leave out any wua involvement in the wyand any complica

tions due to cr, we already have 8 possible descriptions. Two of these 

correspond to Fel +-02+ descriptions and need not be considered further. 

The remaining six are: 

simple dative 
or 

rehybridized dative 

spin-coupled 
or 

rehybridized covalent 

spin-coupled 
or 

rehybridized 
covalent 

Our results support Fe2+(S-O}-020(S-O} with a rehybridized dative 

bond as the major contributor to the Fe-02 bond. The key molecular 

orbitals are shown in Figure 5. The w system consists of a Wu orbital 
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Figure 5. MO of iron-dioxygen system. The ~ orbitals are on the 
left and the a orbital is on the right. 

with a small amount of metal character and an unequal distribution of ° 
character with more density on the distal ° and of a Fe 3dyz orbital 

delocalized on to the 02' but with substantially more character on the 

bonded 0. This orbital picture seems to correspond closely to a local

ized versions of the typical 3-orbital, 4-electron interaction such as 

found in ozone. If we have 3 equal energy atomic orbitals (a, b, and c) 

the delocalized MOs will be 

~l - a+b+c, ~3 - a-b+c. (8) 

In ozone and Fe02 both ~l and ~2 are filled. The orbitals in Figure 4 

roughly correspond to the linear combinations 

(9) 

Thus, the first has most of the Fe character (a) while the second has 

most of the distal ° character (c). What makes ozone different from 

other 3-orbital, 4-electron systems is that the energy of the triplet 

state ~12~21~31 is lower in energy than the singlet ~12~22, unless CI is 

included by subtracting a small amount of ~12~32 from ~l2~22. It turns 

out that the Fe02 system has the same behavior. From this behavior one 

might be tempted to say that the Fe02 has substantial Fe2+(S-I)-020(S=I) 

or ozone-like character. However, an examination of ~3 (Figure 5) which 

in ozone would have slightly more central atom (b) character and equal 

terminal atom (a and c) character, shows that in Fe02 ~3 has substan

tially more ~ a character than Fe character and that the distribution is g 
nearly equal between the two oxygen (b and c). Thus, in spite of some 

resemblance to ozone a better description is a Fe 3dyz orbital strongly 

nearly equal between the two oxygen (b and c). Thus, in spite of some 
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resemblance to ozone a better description is a Fe 3dyz orbital strongly 

de10ca1ized into the Wga. This view returns us to thinking of 02 as a 

neutral ligand with strong W acceptor properties in the plane perpendic

ular to the molecular plane of Fe02' 

The Fe-02 u bond, right side of Figure 5, shows rehybridization in 

the molecular plane to produce an 02 lone pair which then donates elec

tron density to the metal. The final Fe-02 bonding MO appears to 

contain more 02 than Fe character, but doesn't preclude some contribu

tions from a covalent Fe-O bond used in the ozone-like model. Still, 

Fe2+(S-0) ~ 020 (S-0) is the major contributor to the bonding. In this 

model there is donation from an 02 lone pair to the metal to form the u 

bond and back-donation from the metal to the 02 wga orbital to add 

partial double bond character to the Fe-O bond and reduce the bond order 

of the 0-0 bond. This description does not preclude some contribution 

to the bonding from the other two models nor does it preclude discussing 

the bonding starting with one of these models and then modifying the 

description of the electron flow. 

All of the experimental results on Fe02 porphyrin can be accommo

dated within this model. Beginning with the system as 

Fe2+(S-0)~20(S-0) one has sufficient back-donation from the dyz to the 

wga to reduce the 0-0 bond order and explain the reduction in the 0-0 

stretching frequency and the increase in the 0-0 bond length. Although 

the stretching frequency approachs that of the superoxide ion so does 

the 0-0 stretch in ozone and H02 . 9 Furthermore, where the 0-0 bond 

distance is accurately known it is significantly shorter than that found 

for the superoxide ion. 9 The Mossbauer spectrum of these system is 

often interpreted to favor Fe3+ with a configuration dyz1 ~z2.10 How

ever, our calculations suggest that the dyz occupation is larger. The 

remaining orbital asymmetry observed in the Mossbauer spectrum arises 

from an expansion of the dyz toward the 02 ligand and a contraction of 

the ~z away from the 02 ligand. 

Manganese 

Although earlier ab-initio calculations without CI suggested that 

the Mn02 porphyrin geometry was also end-on,ll our CI results support a 

side-on structure, 7 as do the ESR and IR results. The ESR results sug-

gest three 

electrons: 

addition to 

possible electronic configurations for the three unpaired 
111 111 111 

~2_y2 dyz dxz ' ~2_y2 dyz dz2 , or ~2_y2 dyz ~y' In 

the question of the distribution of the unpaired electrons 

13 



7 

the Mn-02 bonding electrons could be accommodated by several electron 

distributions. Beginning with a Mn2+ high-spin dS system, the bonding 

could occur by a spin coupling mechanism which in structure 7 would 

involve the ~y and ~z orbitals. Thus, only the second configuration 

would be acceptable for this Mn2+(S-S/2)-020(S-1) model. A second 

alternative would be a Mn2+(S-3/2)-020(S-0) scheme. Here we would use 

the 18 state of 02 and use the empty d 2 as the acceptor orbital for g z 
the wus pair and the ~z as the donor orbital to the Wgs. This model 

would suggest the third configuration for the unpaired electrons; how

ever, if the donation to the dz2 were weak, the second configuration 

model would also be acceptable. These two configurations would also be 

invoked by a peroxide model Mn4+(S-3/2) - 022-(S-0). One could also 

postulate a superoxide model Mn3+(S-2)-02-(S-1/2). In this model the 

Wgs1 electron would spin couple with dxz1 to form one bond. In addition 

2 
there would be donation from the wus orbital into the dz2 orbital. 

Again either configuration two or three would be appropriate. 

We examined several geometries and a number of possible electronic 

configurations, and concluded that the second configuration was the 

lowest in energy.2 The three singly occupied orbitals are shown in 

Figure 6. Furthermore, the calculations totally eliminated the spin

coupling model M2+(S-S/2)-02(S-1) as a possible description. 

The doubly occupied orbitals in the Mn02 plan are shown in 

Figure 7; in addition to these the wga orbital, which is perpendicular 

to this plane, is also doubly occupied. The orbital on the left side 

represents a wus orbital donating some density to the metal. Most of 

the interaction must be with the sand p orbitals on the metal since the 

dz2 remains low enough in energy to be singly occupied. The orbital on 

right side represents a strong covalent bond between the wgS and the ~z 

orbital. Notice that it is almost an equal mixture of the two 

components. Configuration interaction also plays an important role in 

this interaction, such that a reasonable representation would be to 
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Figure 6. Singly occupied MO of manganese-dioxygen system: the 
dz2, the dx2_y2 and the dyz , 

think of a valence bond description where one electron in the dxz 
orbital formed a covalent bond with one electron in the ~ s. Thus, the 

dioxygen configuration corresponds to 02 - 30'g 2~ua2~us ~g a ~gS l, and the 

3+ 1 1 1 1 0 manganese corresponds to Mn dx2_y2 dyz dz2 dxz dxy 

Figure 7. 

Summary 

.......... ", . 
.•...•. ,. . \ ~ ,i 

Doubly occupied MO of manganese-dioxygen system: 
to metal donation and the ~gS_~z interaction. 

In this paper we have attempted to summarize our work on M02 por

phyrin systems and provide enough background to allow the reader to 

appreciate some of the difficulties in arriving at a simple description 

of the charge distribution. Our calculations and analysis suggest that 

the final charge distribution in both the cobalt and manganese 

porphyrine is closest to M3+-02-, while that in the iron system is 

One may start with a variety of formal oxidation 

states and arrive at this final charge distribution. 
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INTRODUCTION 

Respiring organisms have evolved three principal oxygen transport 

proteins, hemoglobins, hemerythrins, and hemocyanins, that possess radically 

different polypeptide structures, subunit aggregates, and active site 

structures. Hemoglobins are by far the most widespread, occurring in all 

mammals and vertebrates, many invertebrates, selected eukaryotic micro

organisms, and even some leguminous plants. Hemoglobins are largely tetra

meric proteins consisting of Q 2B2 subunits each of molecular weight =16,000; 

however, some invertebrate hemoglobins consist of huge aggregates with 

molecular weights into the millions. Vertebrate muscle tissue also contains 

a monomeric oxygen storage/transport protein, myoglobin, that is very 

similar to a hemoglobin monomer •. Hemoglobin and myoglobin contain a "heme" 

prosthetic group: an iron complex of a macrocyclic tetrapyrrole, such as 

protoporphyrin IX. Crystal structures of these proteins in various states 

of ligation have been reported and form a thorough basis for the elucidation 

of oxygen coordination, protein allosteric control, cooperativity of oxygen 

binding, and macromolecular assembly [1]. 

Hemerythrin (the red blood pigment) is a nonheme, binuclear iron 

protein that occurs among several phyla of marine invertebrates. The protein 

lacks a distinct prosthetic group, but has a solvent derived oxo bridge 

between the two iron atoms in oxidized forms of the protein. The dominant 

form of hemerythrin contains eight polypeptides of identical 13,SOO-dalton 

subunits, and in general, shows no cooperativity in 02 binding. As with 

hemoglobin, muscle tissues contain a myohemerythrin. Crystallographic 

studies of both structures have been reported for various physiological 

and non-physiological forms of these metalloproteins [2, 3]. 
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Hemocyanin (the blue blood pigment) is the respiratory protein of 

molluscs and arthropods. It also contains a nonheme, binuclear metal 

center, but has copper rather than iron atoms at its active site. Until 

recently, least was known about the structures of the highly aggregated 
6 hemocyanins (MW >10 ), however, the publication of the crystal structure of 

a deoxy or met hemocyanin hexamer from the spiny lobster finally provides 

considerable insight into an area of longstanding speculation and contro

versy [4-6]. The minimal functional subunit molecular weights of molluscan 

hemocyanins are ~50 kD and those of arthropodan species ~75 kD. 

In each instance, oxygen binding by these diverse proteins appears to 

be describable as an oxidative addition reaction (Table I), whereby a 

reduced metal center in the deoxy protein becomes oxidized with the conco

mitant reduction of the incoming dioxygen molecule. (For an extensive 

discussion on the description of oxidation states of M and 02 in dioxygen 

complexes see Niederhoffer, Timmons, and Martell [7]). 

TABLE I. ACTIVE SITES AND OXYGENATION REACTIONS OF 02-TRANSPORT PROTEINS 

Protein Active Site Reaction 

Hemoglobin Iron Porphyrin FeII + °2 
FeIII_O -

2 

Hemerythrin Binuclear Iron (Fe II)2 + °2 (FeIII)2-022-

Hemocyanin Binuclear Copper I 
(Cu )2 + °2 (CuII) 2-022-

Structural studies have shown that the oxygen binding sites are gener

ally hydrophobic, devoid of polar side chains from the protein. The princi

pal exception is the conspicuous presence of the distal histidine group on 

the 02-binding side of the heme pocket in hemoglobin and myoglobin that is 

strongly implicated in hydrogen-bonding interactions with the bound dioxygen. 

(Traylor refers to these sites as "polar pockets" [8]). There is currently 

much support for the importance of hydrogen bonding in the stabilization 

of the oxygenated protein and model porphyrin dioxygen adducts [8-13]. 

One may think of the oxygenated species as an intermediate that can disso

ciate via two competing processes, i.e., the release of the dioxygen molecule 

from the carrier or oxidative dissociation leading to an oxidized metal 

center and reduced oxygen species: 
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For reversible oxygen binding to be favored over the oxidation pathway, 

a hydrophobic binding site will facilitate the release of the neutral 

dioxygen molecule, thus enhancing the off-rate over the oxidative rate. 

Additionally, interactions such as hydrogen bonding (X ~ H) or coordi

nation to a second metal ion (X = M') that "secure" both ends of the bound 

dioxygen, will serve to stabilize the oxygenated intermediate by lowering 

the off-rate relative to the on-rate. 

This review will focus on the known structural details of the active 

sites of these three protein classes and discuss the evidence that has 

been presented, largely from vibrational spectroscopy, for the molecular 

and electronic structures of the coordinated dioxygen in the oxygenated 

forms of these proteins. 

VIBRATIONAL SPECTROSCOPY OF DIOXYGEN COMPLEXES IN PROTEINS AND MODELS 

The vibrational frequency of the dioxygen moiety is an excellent 

reporter for its electronic structure by reflecting its bond strength. 

Table II lists frequencies typical of the four dioxygen species that span 

)1000 cm-1 as the bond order changes from 2.5 for the oxygeny1 cation to 

1.0 for peroxide. Reference to these characteristic frequencies aids in 

the identification of the nature of the bound oxygen in meta1-dioxygen 

complexes. A representative list of such complexes, including the spectros

copic data for the three respiratory proteins, is given in Figure 1 (pat

terned after Suzuki et a1. [14]). The 0-0 vibrational frequencies are 

observed to fall into three ranges: a high (1160-1100 cm-1), analogous to 
-1 superoxides; a low (740-880 cm ), analogous to peroxides; and a middle 

range (940-1010 cm- 1) that straddles these descriptive boundaries. Oxyhemo

globin and oxymyoglobin exhibit vibrational frequencies among the superoxo 

TABLE II. BOND PROPERTIES, ~-ELECTRONS, AND FREQUENCIES OF O2 SPECIES 

Species 0-0 Distance Bond Order ~* e '01(0-0) 

+. 
1.12 A 2.5 1860 -1 O2 L_ cm 

O2 1.21 2.0 t t 1550 

O2 
-. 1.33 1.5 HL 1130 

O2 
2- 1.49 1.0 Hi±. 815 
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[Co(NH3)s]202 
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End-on [15] 

End-on [16] 

End-on [ 17] 

End-on [18] 

End-on [ 19] 
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Side-on [20] 

Side-on [21] 

Bridging [22] 

End-on [23] 

Side-on [24] 

Bridging [25] 

Side-on [26] 

Bridging [27] 

Bridging [28] 

Figure 1. 0-0 vibrational frequencies of selected dioxygen complexes. 

group, and have end-on coordination as is typical of mononuclear superoxo 

complexes [7]. This distinct classification from vibrational spectroscopy 

is one of the reasons that these oxyhemeproteins may be described as 

Fe(III)--02- complexes [7]. Dioxygen adducts of picket-fence porphyrin 

[15], Co(TPP) [17], as well as Co-substituted hemoglobin and myoglobin 

[29] fall within this range. 

For the peroxo (low range) and peroxo-like (intermediate range) com

plexes (Figure 1), the coordination geometry of the dioxygen in mononuclear 

species switches from end-on to side-on binding. The only known example 

of end-on peroxo coordination to a single metal occurs with oxyhemerythrin. 

However, in this instance, the peroxo ligand approaches a bridging configu

ration by virtue of being protonated (see below). In binuclear model 

complexes, a bridging disposition of the peroxide predominates. This 

appears to be the structure in oxyhemocyanin. 
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Aqueous hydrogen peroxide has a v(O-O) frequency at 878 cm-1 [22], 

whereas metal-peroxo complexes exhibit lower values (Figure 1). For example, 

the binuclear, peroxo-bridged pentaamminecobalt(III) complex [25] and the 

side-on bonded Fe(octaethylporphyrin) peroxo complex [26] have nearly 
-1 identical frequencies at =807 cm • A similar side-on bonded complex is 

-1 the peroxo Fe(edta) species with a value of 824 cm [24]. Both oxyhem-

erythrin and oxyhemocyanin have v(O-O) within the peroxo complex range, 
-1 even though their absolute values differ by 100 cm • 

USE OF OXYGEN AND HYDROGEN ISOTOPES IN THE STUDY OF DIOXYGEN COMPLEXES 

The positive identification of v(O-O) and v(Fe-02) in infrared or 

Raman spectra rests on the observation of the shift of the respective 

bands upon isotopic substitution. For most of the examples cited in Figure 

1, 0-18 was used to verify v(O-O) from its substantial isotope shift. 
-1 -1 Typical values are 50-70 cm in superoxide complexes and 40-50 cm in 

peroxo complexes. 

Considerable information on the coordination geometry of the dioxygen 

ligand has been derived from the use of mixed isotopes of oxygen, since 

the number of vibrational bands and their intensities contain information 

on the symmetry of the coordinated ligand. The interpretation of the 

experimental results are illustrated in Figure 2. When the mixed isotope 

Binuclear Site: 

Mononuclear Site: 

V(M-O) 

v(O-O) 

500 
-1 cm 

800 cm-1 or 1100 
-1 

cm 

M, /M 
0-0 

* 

1 

1 

~O-O* 
M/ 

2 

( 2) 

* Figure 2. Expected Bands for v(O-O) and v(M-O) using Mixed Isotope 0-0 

binds symmetrically with respect to the metal center, either in a bridging 

fashion across a binuclear site or side-on to a single metal ion, then the 

two oxygens of the molecular ligand are equivalent and only single (0-0) 

and v(M-O) bands would be expected. However, if the coordinated dioxygen 

binds through a single oxygen, either to one metal of a binuclear pair or 
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to the metal of a mononuclear complex, then the oxygen atoms are inequi

valent and should give rise to two 0-0 and M-O bands of equal intensity 

representing the statistically equal populations of the two forms. In 

practice, such experiments have provided much insight into the bonding in 

the respiratory proteins. However, for some model complexes with end-on 

coordination, the v(o-O) has sometimes failed to show the expected two 

bands; the reason for this is not well understood [30]. 

If the bound dioxygen ligands are protonated or involved in hydrogen

bonding interactions, then deuterium exchange experiments may reveal sensi

tivity of vibrational modes to the replacement of exchangeable protons 

with deuterium. For M-O-O-H and M-O-O"'H, the protons may exert sufficient 

influence on the 0-0 and even M-O vibrations to yield isotope shifts as 
-1 large as 2 to 5 cm in D20. Again, such experiments have shed considera-

ble light on the effects of hydrogen bonding of the coordinated dioxygen 

ligands in model complexes as well as the respiratory proteins. 

OXYHEMOGLOBIN 

The resonance Raman spectrum of hemoglobin oxygenated with mixed

isotope oxygen (>88% 0-18) obtained by Duff et al. [31] is shown in Figure 

3. The result of this experiment, showing two distinct Fe-02 vibrations 

at 567 and 540 cm-1 , indicates the presence of two inequivalent oxygen 

atoms in oxyhemoglobin, and is only consistent with end-on binding of the 

superoxo ligand to the heme iron. The two Fe-O vibrations from the mixed 

OXYHEMOGLOBIN 
,,(~) 

16-18 

S7S. • ss.. • ses.. see.' 
WftYtNUnItR (t/Cft' 

Figure 3. Raman spectrum of 
. 16 18 hemoglob1n + 89% 0- ° [31]. 
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isotope experiment (assigned to Fe_160 and Fe_180, respectively) are in 

identical positions to those observed when hemoglobin is reacted with pure 
16 . 18 

O2 and O2, respectively [32]. Hence, the isotopic identity of the 

terminal oxygen has little or no influence on the Fe-O vibrational fre

quencies of the mixed isotopes. A summary of the frequencies and isotopic 

behavior for both V(M-O) and v(O-O) is given in Table III. 

TABLE III. FREQUENCIES OF 0-0 AND M-02 VIBRATIONS AND THEIR 180 AND 

D-ISOTOPE EFFECTS IN OXY FORMS OF RESPIRATORY PROTEINS. 

V(O-O) 

Species 16/16 16/18 18/18 16/16 16/18 18/18 

* FeHb02 1132 1066 567 567,540 540 

* CoHb02 1122 1063 +5 537 514 

Hr02 844 825,819 796 +4 503 501,485 482 

Hc02 749 728 708 n.o. 

* centroid of Fermi resonance pair; n.o. = not observed 

Although the metal-dioxygen vibrations of oxyhemoglobin have been 

investigated by resonance Raman spectroscopy, the corresponding 0-0 vibra

tions have never been clearly observed and this information is thus far 

only available for the iron protein from infrared spectroscopy [18, 19]. 

It must be presumed that the axially coordinated dioxygen ligands in FeHb 

and FeMb make smaller contributions to the electronic states, and conse

quently, their 0-0 vibrations are ineffectively resonance enhanced. How

ever, for cobalt-substituted hemoglobin and myoglobin, v(O-O) values have 

been reported [29, 33]. The resonance Raman spectrum of Co-oxymyoglobin 
18 (CoMb02) is shown in Figure 4 in both H20 and D20 solutions. The 0-

substitution studies of Tsubaki & Yu [29] have proven that the 0-0 vibra
-1 tion of the coordinated superoxo ligand occurs at 1122 cm but appears as 

-1 peaks at 1107 and 1137 cm due to Fermi resonance with a porphyrin mode. 

The data in Figure 4 demonstrate that this vibration is also sensitive to 

deuterium exchange. Although the upshift is small, the difference spectrum 

makes this point unambiguously. Similar data were obtained for CoHb02• 

The deuterium sensitivity of these 0-0 vibrations supports the view that 

the dioxo ligand is hydrogen bonded in Hb02 and Mb02• 

The spectroscopic data discussed above for the heme respiratory 

proteins are totally consistent with recent high-resolution crystal data 
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Figure 5. Hydrogen bonding of 02 in oxymyoglobin [9]. 

available for hemoglobin [34], myoglobin [9], and the insect hemoglobin, 

erythrocruorin [35]. In all cases, the 0-0 is bonded end-on in a non-

linear fashion. In erythrocruorin, an immobilized water molecule is hydrogen 

bonded to the terminal oxygen atom of the ligand. The hydrogen bond in 

Mb02 is revealed distinctly from the neutron diffraction study of 

Phillips and Schoenborn [9]., and the structural data are reproduced in 

Figure 5. This illustration shows the end-on bonded dioxygen with a 2.97 

hydrogen bond to the protonated Ng of the distal histidine E7. A final 

example of a terminal, end-on superoxo ligand that is intramo1ecu1ar1y 

hydrogen bonded is shown in Figure 6 for the oxygenated "basket-handle" 

iron porphyrin of Lavalette and coworkers [10]. The hydrogen bond extends 

to the amide proton of the meso substituent. When the amide is replaced 

by an ether group that is incapable of hydrogen bonding, the stability 

constant of the oxygenated complex drops by nearly an order of magnitude. 

Figure 6. Hydrogen bonding of 02 in basket-handle porphyrin [10]. 
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OXYHEMERYTHRIN 

Crystallographic studies [2, 3] of hemerythrin have shown that the 

active site of this protein consists of two octahedrally coordinated iron 

centers that are triply bridged by two bidentate, protein carboxylates 

(Asp 106 and Glu 58) and a solvent-derived ~-oxo group. Of the remaining 

six terminal coordination sites, five are occupied by histidines (His 73, 

His 77, and His 101 on the coordinatively saturated iron, and His 25 and 

His 54 on the ligand binding iron). Although the crystal structure of 

oxyhemerythrin is not yet available at high resolution, details regarding 

the coordination of dioxygen and its hydrogen-bonding interactions are 

available from resonance Raman spectroscopy. Oxyhemerythrin (Hr02) was 

the first respiratory protein to have its 0-0 vibrational frequency deter

mined [23]. The observation of the resonance-enhanced \1(0-0) at 844 cm-1 
-1 18 that shifted to 796 cm in O2 established that the dioxygen ligates as 

a peroxo group and that both metal atoms are involved in the oxidative 

addition of oxygen. 

The resonance Raman spectrum in the 0-0 stretching region of hemery

thrin oxygenated with mixed-isotope dioxygen (58% 0-18) is shown in Figure 

7 [36]. The spectrum is made up of three main components. The two flanking 

peaks arise from Hr02 made from pure isotopes (16-16 and 18-18, respec

tively) and appear in the same relative intensity ratio as in the Raman 

spectrum of the gas mixture. The middle component, however, is not only 

smaller in height than in the original gas mixture, but is broader 

OXYHEMERYTHRIN 
'11(0-0) 

16-18 

16-16 

18-16 

840 820 

18-18 

800 

Frequency, cm-1 

Figure 7. Raman spectrum of 

hemerythrin + 52% 160-180 [36]. 
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and shows clear evidence of splitting (Table III). The sum of the two 

computer-generated curves drawn under the spectral envelope faithfully 

reproduces the observed spectral component. This splitting indicates that 

the oxygen atoms of the ligated peroxo group are inequivalent, as would be 

consistent for a terminally bonded, end-on geometry. Such binding is 

expected from the crystallographic results with azidomethemerythrin [37] 

and from preliminary results with oxyhemerythrin [38]. 

End-on coordination of a peroxide ligand to a mononuclear metal is 

unknown from model complexes (Figure 1). Recent results from our labora-
3-tory [24] on the vibrational spectrum of the [Fe(edta)02] complex using 

mixed isotopes of oxygen in hydrogen peroxide are shown in Figure 8 for 

comparison with the Hr02 results. The peak shape of the mixed-isotope 

sample shows no evidence of broadening or splitting and is similar to that 

for the reference compound prepared from natural abundance H202• Further

more, the absence of any measurable deuterium isotope effect on the 0-0 

vibration in the Fe(edta)peroxo complex supports the expected symmetrical, 

side-on bonding of the peroxo group. 

The unusual coordination geometry observed for oxyhemerythrin was 

explored further by deuterium exchange experiments. As shown in Table 
-1 III, the 0-0 vibration shifts up by 4 cm in D20 solution. For aqueous 

hydrogen peroxide, v(O-O) shows a similar shift of +2 cm-1 in D20 [24], 

indicating that electronic effects associated with proton binding can 

outweigh mass effects. These observations support the description of 

oxyhemerythrin as a hydroperoxide species. Simple hydrogen bonding inter

actions of the peroxo group with a suitable protein donor group (similar 

to that shown in Figure 5 for oxyhemoglobin) are unlikely to account for 

the deuterium effect in this case. The oxygen binding pocket in hemerythrin 

is very hydrophobic and lacks any amino acid residues capable of acting as 

hydrogen bond donors in the vicinity of the bound peroxide. 

Extensive studies on the resonance Raman spectra of hemerythrins [39] 

have established assignments for other active-site vibrational modes. The 

dominant feature with near-uv excitation is the strongly enhanced sym

metric stretching mode of the Fe-O-Fe cluster (Figure 9). In oxyhemery-
-1 -1 thrin, v(Fe-O-Fe) is at 486 cm and shifts 14 cm to lower energy when 

the ~-oxo bridge is replaced by 0-18 [40]. The shoulder at 503 cm-l is 

only weakly enhanced in the near-uv, but is a strong band with visible 

excitation. As expected, it shows no shift upon exchange of the ~-oxo 

group. However, when oxyhemerythrin is prepared in D20, both of these 

vibrations are affected. The symmetric Fe-O-Fe vibrational mode increases 
-1 -1-1 by 4 cm ,whereas the Fe-02 mode at 503 cm decreases by 3 cm • 

26 



OXYHEMERYTHRIN 

>-... 
iii Solvent Bridoe z 
III "10 160 ... 
! 
III 
> 
~ c 
oJ 
III 
II: 

"aO 1·0 

Figure 9. Raman scattering from p-oxo bridge vibration with 

a) Fe-I6o-Fe, b) Fe-I80-Fe, and c) protein in D20 [40]. 

The isotopic replacement results in oxyhemerythrin may be explained 
-1 as follows. The decrease in the 503-cm band in D20 is primarily a mass 

effect arising from the Fe-OOH(D) exchange. The increase in v(Fe-O-Fe) is 

a result of hydrogen bonding of the p-oxo group. The only available proton 

in the very hydrophobic oxygen binding pocket is from the hydroperoxide 

itself. The effect of hydrogen bonding is actually more extensive than 
-1 the 4-cm increase illustrated by the data in Figure 9. Methemerythrins 

with a variety of aprotic ligands exhibit v(Fe-O-Fe) within the narrow 
-1 range 510 ± 4 cm [39, 40]. However, hydroxomet- and oxyhemerythrin both 

-1 -1 exhibit their symmetric Fe-O-Fe stretches at =490 cm • This 20-cm 

decrease is attributed to hydrogen-bonding interactions of these protic 

ligands with the p-oxo bridge. In the case of deuterium substitution, 

these data indicate that the hydrogen bond is actually weaker in D20 (by 

'F~/ ........ 1........- ,1........-
Fe O,z\ 0/1 \ +°2 0/1 \ 

I 0 -i_qO ~ !, -e O.,,~ -C-e O-H -"-+ -\ b / \O~! /0 O'~e 'b-?~/ / 
/ \ / ,\,,0 /e,-o 

deoxyhemerylhrin oxyhemerylhrin 

Figure 10. Proposed mechanism for reversible oxygenation [38] 
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an effective 4 cm-1 toward the value of the methemerythrins). We have 

interpreted these results with the proposal [40] that the hydroperoxide 

ligand in oxyhemerythrin is hydrogen bonded to the ~-oxo bridge as shown 

in Figure 10. Such a model is also in agreement with preliminary x-ray 

structural data on oxyhemerythrin [38]. 

A reaction sequence for the reversible oxygenation of deoxyhemery

thrin is also presented in Figure 10. Although no high resolution x-ray 

structural data are yet available for the deoxy protein, the spectroscopic 

and magnetic properties of deoxyhemerythrin favor a hydroxo-bridged binuclear 

iron site. Such a structure is consistent with the weak antiferromagnetic 
-1 coupling (-J = 10 cm ) observed in this form of the protein [41, 42], as 

well as the loss of a short (1.8 A) Fe-O distance characteristic of the 

oxo-bridged oxy and met forms [43]. The proposed pathway is in agreement 

with the rapid kinetics and the known pH-independence of the oxygenation 

reaction. Thus, as the weakly coupled ferrous protein reacts with dioxygen, 

the developing charge on the peroxo ligand is neutralized by proton transfer. 

The resulting oxo-bridged binuclear ferric site exhibits strong anti ferro-
-1 magnetic coupling (-J = 100 cm ) characteristic of an Fe-O-Fe cluster 

[42]. As in the case of dioxygen addition to hemoglobin and porphyrin 

model compounds, the charge de10ca1ization and hydrogen bonding in oxyhem

erythrin must help to stabilize the oxygenated product and thereby promote 

high oxygen affinity. 

OXYHEMOCYANIN 

The recent crystal structure of Panu1irus interruptus (spiny lobster) 

hemocyanin shows that each copper atom of the binuclear site is coordi

nated to three histidines, and these are the only amino acid residues 

sufficiently close to act as protein ligands [4, 5]. The Cu···Cu sepa

ration is estimated at 3.7 ± 0.25 X which is in reasonable agreement with 

results derived from x-ray absorption spectroscopy [39]. The present 

crystal structure at a resolution of 3.2 X is insufficiently clear to 

identify the bridging 1igand(s) for this antiferromagnetica11y coupled 

copper pair. However, since the crystals used for structure determination 

were colorless, and lacked the intense 345-nm absorption band character

istic of oxyhemocyanin (Hc02), they may well have been in the 2Cu(I)

(deoxy), 2Cu(II)- (met), or mixed valence Cu(II)Cu(I)- (ha1fmet) forms. 

A likely possibility for a bridging ligand would be a solvent-derived oxo 

or hydroxo group [39]. 
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Figure 11. 

16-18 OXYHEIUYANIN 

Cu-o-O-Cu 

16 18 Raman spectrum of hemocyanin + 49% 0- 0 [45]. 

Vibrational spectroscopic data for oxyhemocyanin have been restricted 

to observations of the 0-0 vibration by visible excitation or to low frequen

cy modes associated with Cu-imidazole ligation that are especially enhanced 

in the near uv [39, 44]. Metal-dioxygen vibrations have not been unam

biguously detected. Early results from our laboratory defined the nature 

of the dioxygen ligand in oxyhemocyanin as a peroxo adduct from the obser-
-1 vat ion of a resonance-enhanced mode at 749 cm from Busycon canaliculatum 

(channeled whelk) hemocyanin that shifted to 708 cm-1 with 0-18 gas [28]. 

The disposition of the peroxo ligand vis-a-vis the binuclear copper 

site was explored by the experiment using mixed-isotope dioxygen. The 

resonance Raman spectral data we obtained with 55 atom-% 0-18 are illus

trated in Figure 11 [45]. The three principal components are again due to 

the three types of isotopically labeled Hc02 generated from the gas mixture 

as was seen for oxyhemerythrin (Figure 7). In this case, however, as 

distinct from the results for hemerythrin, the overall peak intensities 

and shapes repeat those of the spectrum of the free gas mixture. The 

central component remains intense and shows no sign of splitting. These 

results were interpreted as showing that the two oxygen atoms of the peroxo 

ligand are spectroscopically indistinguishable and led to the proposal 

that the dioxygen ligand is symmetrically bridged across the binuclear 

copper pair [45]. Based on these data alone it is actually not possible 

to distinguish between a l,2-bridging geometry or a side-on peroxo group 

coordinated to a single metal ion. However, the symmetric distribution of 
o 

three histidine ligands per copper as well as the ~3.7 A copper-copper 

distance that have been observed by x-ray crystallography [4, 5] greatly 

weigh in favor of a l,2-bound peroxide. 

A proposed structure of the active site in oxyhemocyanin which fits 

most of the available data [46] is shown in Figure 12. Further refine

ments of the crystal structure are of considerable interest to help to 
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Figure 12. Model for dioxygen coordination in hemocyanin [46]. 

define the active sites in both the deoxy and oxy forms. With the absence 

of a protein bridge, the only likely pathway for magnetic coupling of the 

two copper ions is via a solvent-derived bridge. Although precise structural 

details of the identity and orientation of amino acid side chains in the 

vicinity of the dioxygen binding site are not yet clear, the site does 

contain a large number of aromatic amino acids with several fully conserved 

tryptophans [5]. Thus it appears very likely that hemocyanin also has a 

hydrophobic pocket as in hemoglobin and hemerythrin that would favor rever

sible oxygenation over oxidation. 
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METAL OXO COMPLEXES AND OXYGEN ACTIVATION 
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Dioxygen is at the same time both readily abundant and a powerful 
oxidizing agent in the thermodynamic sense. The utilization of its 
oxidizing equivalents in an efficient and controlled way is a matter of 
considerable interest in biology and in a number of technologically 
important issues including the oxidative activation of hydrocarbons, 
reactions 1 and 2, and in potential fuel cell applications. 

° 2 + 2 )E=:::l( 
I 

02 + 2 R-1-H 

---+ 2 ~ 
I 

~ 2 R-C-OH 
I 

(1) 

Although the epoxidation of olefins or the oxidation of hydrocarbons by 
02 in reactions 1 and 2 are highly spontaneous thermodynamically, if 
uncatalyzed they are immeasurably slow under mild conditions. The basis 
for the kinetic inertia lies both in the mechanistic limitations of 
dioxygen as an oxidant and in the mechanistic requirements of the 
hydrocarbons. In order to carry out such reactions at reasonable rates 
they must be catalyzed and as illustrated in Scheme 1 the catalyst or 
catalysts must both activate 02 and have the mechanistic capability of 
transferring the oxidative equivalents to the organic reductant. 

SCHEME I 
0 

Cat + °2 ~ 
Cat# 

~O 
0 I I call + 2 R-C-H ~ Cat + 2 R-C-OH 

~O I I 
There is another, indirect route for the oxidation of hydrocarbons 

by dioxygen which takes recognition of the fact that reactions like 1 and 
2 are net oxidation-reduction reactions, e.g., 

+ 
02 + 4 H + 4 e (3) 

I + 
R-C-OH + 2H + 2 e 

I 

I 
R-C-H + H ° 

I 2 
(4) 

In principle, reactions I or 2 could be carried out in an electrochemical 
cell with the reduction of dioxygen (reaction 3) and the oxidation of the 
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hydrocarbon (reaction 4) occuring at separate electrodes. The resulting 
electrochemical cell would be a fuel cell or an "electrochemical 
synthesis cell" in which the potential and current flow characteristics 
would be dictated by the differences in redox potentials between the 
half-cell reactions for reactions 3 and 4 and the kinetics of the redox 
interconversions at the two electrodes. To date, the problem of 
developing inexpensive high current density electrodes which operate near 
the potentials for the 02/H20 couple or oxidized hydrocarbon/reduced 
hydrocarbon couple remains unsolved. 

One of the virtues of the indirect, electrochemical activation of 
dioxygen is that it simplifies the demands on the catalytic system. 

OH2 
Cat'" 

'OH 
2 

SCHEME 2 

-4e-
> 

I 
+ 2 R-C-H + 4H+ + 4e

I 

o 
~ 

Cat~ 
o 

I 
+ 2 R-C-OH 

I 

As shown in Scheme 2 the only requirement of the catalyst is that it 
undergo oxidation at an electrode to give an intermediate oxo reagent 
having the intrinsic chemical reactivity properties required to carry out 
the oxidation of the hydrocarbon. 

Common electrode materials are no more skilled at reducing O~ than 
they are at oxidizing organic compounds and it is necessary that the 
02/HZO reaction be catalyzed if it is to occur at reasonable current 
denslties close to the thermodynamic potential of the couple. 

SCHEME 3 

",OH2 0 

°2 + Cat, ~ Cat-? + 2H2O 
OH2 ~O 

0 OH2 
(Eo '~l. 23V) 4H+ + Cat' -+ 4e ~ Cat" 

~O 'OH 2 

°2 
+ 4H+ + 4e - ~ 2H2O 

As suggested in Scheme 3, in a catalyzed reaction the potential available 
from the oxygen cathode becomes that of the catalyst couple and not that 
of the 02/H20 couple. 

The reverse of dioxygen reduction, the oxidation of water to 
dioxygen is also a process of interest both as a mimic for photosynthesis 
and as a potentially important component in many artifical photosynthetic 
schemes. As shown in Scheme 4, 

SCHEME 4 

-4e-
> 

2H20 ~ 02 + 4H+ + 4e-

0' 
(E ~1.23V at pH=O) 

the mechanistic issues are the same as for the reduction of 02 but in 
microscopic reverse. 

The critical issue in either the direct or indirect activation of 
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dioxygen lies in devising successful catalysts for the various steps in 
Schemes 1-4. The energetics involved in the redution of dioxygen in 
acidic solution are summarized in the Latimer diagram in Scheme 5, 

SCHEME 5 
(potentials vs. NHEj aHt =1) 

-0.10 +1.50 +0.71 

Just a listing of the redox potentials is revealing in a mechanistic 
sense. For example, any mechanism which proceeds by stepwise one
electron transfer steps must necessarily involve the perhydroxyl radical 
(H02) which demands a reasonably good reducing agent if the reaction is 
to proceed at a reasonable rate. The situation is equally bad in the 
reverse direction where l-electron oxidation would necessarily involve 
the intermediate hydroxyl radical which is a powerful oxidizing agent. 

Similar problems exist in the l-electron oxidation of organics 
because of the thermodynamic instability of the intermediate radicals. 
Seemingly, a successful catalyst for either O2 reduction or hydrocarbon 
oxidation must incorporate a multiple electron capability so as to avoid 
high energy l-electron intermediates. The point is further illustrated 
in Scheme 6 where the energetic consequences of l-electron and 
multielectronic pathways are compared schematically for hydrocarbon and 
water oxidations. 

- + .? -e ,-H/ 
Ar-CH3 

SCHEME 6 

ArCH2• _ + 
""-.. -e +H 0 -H 
~ , 2' 

[0] ) Ar-CH OH 
2 

_ ;/ -OH + H20"", _ _ + 

-e ,-H _ + ~3e ,-3H 

2H 0 -4e ,-4H ) 0-0 
2 

The direct pathway for hydrocarbon oxidation involving O-atom insertion 
into the C-H bond would avoid high energy intermediate radical formation 
but it places a significant demand on the catalyst and requires a two 
electron change coupled with the transfer of oxygen. For H20 oxidation, 
the mechanistic cost of avoiding unstable intermediates is even higher 
with a requirement for the loss of 4H+ and 4e- from two H20 molecules 
with concomitant formation of an 0-0 bond. 

The goal of this account is to describe the higher oxidation state 
chemistry of ruthenium and osmium based on oxo complexes and how their 
chemical properties encompass some of the mechanistic demands implied in 
Schemes 1-4. 

HIGHER OXIDATION STATES. METAL OXO COMPLEXES 

There is an extensive coordination chemistry of six-coordinate 
polypyridyl complexes of M(II) and M(III) (M=Os,Ru) based on ligands like 
2,2'-bipyridine (bpy),l,lO-phenanthroline (phen), or 2,2'(6,6'),2"
terpyridine (trpy). 
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(l>py) (phen) (trpy) 

Polypyridyl complexes of ruthenium have proven to be remarkably versatile 
chemically and their properties have provided bases for reactions which 
extend from the catalytic reduction of carbon dioxide, 1 to an elaborate 
nitrosyl chemistry, 2-4 to the remarkably adaptable ph~tochemica1 and 
photophysical properties of complexes like [Ru(bpY)3] +.5-7 An equally 
versatile chemistry exists for aqua containing polypyridyl complexes 
where the higher oxidation states M(IV), M(V) and M(VI) are accessible 
based on oxidatively induced proton loss and formation of metal oxo 
complexes, a-15 e •g., 

II 2+ _e- III 2+ -e- IV 2+ 8 
(bpY)2(Py)Ru -OH2 -H+ ~(bpY)2(PY)Ru -OH _H+)(bpY)2(Py)RU =0 (5) 

In many cases the higher oxidation state complexes have been isolated and 
characterized by spectroscopic techniques or by x-ray diffraction while 
in others they have only been characterized in solution. 

For the Ru(IV/III) and Ru(III/II) couples based on [(bpY)2(Py)Ru
(OH2)]2+, reduction potentials at pH=7 are shown in the Latimer diagram 
in Scheme 7. 

SCHEME 7 
(at pH=7 vs. SCE) 

(b ) ( ) IV 02+ 0.53 (b ) ( ) III ° 2+ 0.42 py 2 py Ru = -- py 2 py Ru - H 

~ 0.48 

Oxidation of Ru(II) to Ru(III) at pH 7 results in proton loss because of 
the enhanced acidity of bound water in the higher oxidation state. The 
key to the accessibility of Ru(IV) at such a relatively low potential 
lies with the oxo group and its role as an electronic donor to the metal. 
Oxidation from (d")6 Ru(II) to (d")4 Ru(IV) leaves electronic vacancies 
in the d" levels (t2g levels in 0h symmetry). The loss of protons from 

- 2-bound H20 and then from bound OH to give ° , frees p-based electron 
density for donation into the vacancies in the d" orbitals. 2 The same 
phenomeon occurs in the 5-electron oxidation of [Mn(H20)6] + to Mn04-. 

An advantage to ruthenium in its multiple oxidation state chemistry 
is apparent in the existence of the same basic, stable coordination 
environment in oxidation states 111111, and IV. B~ contrast, for a 
multiple electron couple like Cr04~- ~ Cr(H20)6 +, the changes in 
coordination number between oxidation states often lead to significant 
activation barriers to redox reactions and to great difficulties in 
regenerating the higher oxidation states in a catalytic cycle. The 
reversible interconversion between Ru(II) and Ru(IV) also imparts a 
catalytic capability since Ru(II) can be reoxidized to Ru(IV) either at 
an electrode or by using a chemical oxidant. 

The microscopic makeup of the Ru(IV)-oxo complex imparts some 
impressive reactivity characteristics in an implied sense. There is the 
two-electron acceptor capability of the Ru(IV/II) couple which, when 
combined with the oxo group as a lead-in atom, offer several mechanistic 
possibilities including O-atom transfer, hydride transfer, H-atom 
transfer or O-atom insertion into C-H bonds all of which have been 
observed mechanistically.~6-22 

It is not the goal of this account to describe in detail the metal 
oxo based chemistry of osmium and ruthenium, but it is important to 
realize that it is extensive. An additional example is shown in 
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SCHEME 8 
(at pH=7 vs. SCE) 

OR 2+ + - 2+ + - 02+ + _ 02+ + - 02+ 
II... 2 -R -e \ III OH -H ,-e) b RuIV., -H -e " b VII -H ,-e .. b R Vl~ 

b 2Ru .. OR ' + _ b2Ru :::: .. + _ 2 , '+ _ Ru '" + _ 2 u ~ 
2 +H ,+e OH2 +H ,+e OH2 +R ,+e 'OR +H ,+~ 0 

Scheme 8 where by replacing the pyridine ligand in the coordination 
sphere of [(bpY)2(PY)RuII (H20)]2+ with a second water molecule, both 
Ru(V) and Ru(VI) appear because of the stabilization provided by the 
additional oxo group. In contrast to chemical oxidants like Mn04- or 
Cr042-, a systematic basis exists in the underlying chemistry for 
preparing a family of closely related metal oxidants whose properties can 
be varied in a systematic way by changing the surrounding ligands. The 
implications for the control of chemical reactivity both in terms of rate 
and product specificity are profound. 

THE EFFECTS OF PROTON COMPOSITION ON ENERGETICS AND MECHANISM 

Because of the increased acidities in higher oxidation states, the 
redox potentials for the Ru(IV)/(III) and Ru(III)/(II) couples are pH 
dependent. An example is shown in Figure 1. 

1.2 

~ 0.6 -W 

0.4 
RU!oH2• 

2 

0.2 

RJ!.oH+ 

0.0 
0 2 4 6 8 10 12 

pH 

Figure 1. El/2 vs. pH diagram for the Ru(IV/III) and Ru(III/II) couples 
based on [(bpY)2(Py)Ru(H20)]2+ at room temperature, 1=0.1 ~ except below 
pH = 1. The reference electrode is the saturated sodium chloride calomel 
electrode (SSCE). The forms of the couples which are dominant in the 
various potential-pH regions are indicated with regard to oxidation state 
and proton composition. The vertical dashed lines are pK values for the 
oxidation state indicated. a 

The characteristic breaks that appear in such diagrams show where a pK 
occurs for one of the oxidation states of the couple. The general a 
decrease in potentials as the pH is increased is a simple consequence of 
the fact that the higher oxidation states tend to be more acidic and the 
couples pH dependent, e.g., 

III 2+ + - ---'" II 2+ (bpY)2(PY)Ru -OH + H + e --r (bpY)2(Py)Ru -OH2 
+ -As predicted by the Nernst equation for a I-H ,l-e change, El/2 for the 

37 



Ru(III/II) couple decreases by 59 mV/pH decade. For the Ru(IV/III) 
couple in acidic solution (pH<1) , El / 2 varies with a slope of 118 mV per 
pH decade because 2-H+ are gained upon reduction to Ru(III), 

IV 2+ + -(bpY)2(Py)Ru =0 + 2H + Ie ~ 

Because of the differences in pH dependences above pH=12, where the 
Ru(III/II) couple is independent of pH, the potential-pH curve for the 
Ru(III/II) couple crosses the Ru(IV/III) couple, Ru(III) becomes a more 
powerful oxidizing agent than Ru(IV), and Ru(III) is unstable with 
respect to disproportionation into Ru(II) and Ru(IV), 

- III 2+ IV 2+ II + OH + 2(bpY)2(Py)Ru (OH) --> (bPY)2(Py)Ru -0 + (bPY)2(PY)Ru (OH) + H20 

The role of pH and proton composition also plays a role in mechanism 
and reactivity as illustrated in Scheme 9 for the Ru(IV/III) couple. The 

SCHEME 9 
(at pH=7, ~=O.l;vs. SSCE) 

IV 3+ >I.lV 
(bpy) 2 (py) Ru =OH -----"~.!:...!...-------,I 

-H+1l-:: 2+ III 2+ 

(bpy) 2 (PY1)RU -0 \ 0.53' , (bPY)~::lr-H+ -ON 

_ III + 
(bpY)2(Py)Ru -0 

<0.17V 

Ru(IV)/(III) couple has problems with simple electron transfer. If 
Ru(IV) is reduced by initial electron transfer to give [(bpY)2(PY)RuIII 
(0)]+, the absence of a proton in the lower oxidation state greatly 
decreases the available oxidative driving force. If initial protonation 
of the oxo group occurs followed by a I-electron transfer, the low 
equilibrium concentration of the protonated form of the oxo complex also 
necessarily decreases the oxidative driving force. If the full oxidative 
capabilities of the Ru(IV)-oxo group are to be fully realized, the redox 
site must at the same time acquire both a proton and an el~ct!on in a 
single concerted step. As a consequence of the combined H /e demand of 
the couple, it should not be too suprising to discover that the 
mechanistic chemistry of the Ru(IV)-oxo group is both rich and diverse 
and that complex mechanistic pathways are often chosen over simple 1-
electron steps. 

A straightforward example appears in the comproportionation reaction 
between Ru(II) and Ru(IV) ,17 

II 2+ IV 2+ III 2+ 
(bpY)2(Py)Ru -OH2 + (bpY)2(PY)RU =0 ~ 2 (bpY)2(Py)Ru -OH (2) 

Over a broad pH range, the rate law for the reaction is first order in 
both Ru(II) and Ru(IV) with k(25 0 ;I=0.1 M) = 2.lxlOSM-1s-l as measured by 
stopped-flow methods. The most striking-feature abo~t the reaction is 
the existence of a large solvent kinetic isotope effect, [k(H20)/k(D20)] 
= 16.1 at 25 0 , which, from a mole fraction study, arises from 
participation by a single proton. As shown in Scheme 10 the mechanism of 
the reaction appears to involve simultaneous proton/electron (H-atom) 
transfer from Ru(II) to Ru(IV) following initial preassociation between 
the reactants. 
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SCHEME 10 

IV 2+ II 2+ ~ IV 2+ II 2+ b2 (py)Ru =0 + b2 (py)Ru -OH2 ~b2(Py)Ru =0 ,H-Q-~u b2 
Ii py 

b2(PY)RUIV=02+,H-~-RUII(pY)b22+ ~ b2(PY)RUIII_OH2+'h-RUIII(pY)b22+ 

(b is 2,2'-bipyridine) 

OXIDATION MECHANISMS. ELECTROCHEMICAL CATALYSIS 

The results of kinetic and mechanistic studies based on kinetics in 
aqueous and nonaqueous solvents, 18 0 labelling, H-D kinetic isotope 
effects, and the observation of intermediates have revealed a rich and 
diverse oxidative mechanistic chemistry for Ru(IV)-oxo complexes. 
Several distinct classes of mechanisms have been identified. An example 
is oxygen atom transfer which occurs in the oxidation of some olefins,18 

IV 2+ II 2+ .IJ ... CH3CN + (bPY)2(Py)Ru =0 + PhCH=CH2 --> (bpY)2(Py)Ru -NCCH3 + PhC CH2 

and in thi9stepwise oxidation of dimethyl sulfide first to dimethyl 
sulfoxide 

IV 2+ II 2+ b2 (py)Ru =0 + Me2S ~ b2(py)Ru -0=SMe2 

and subsequently to dimethyl sulfone. 

In the oxidation of alcohols, a net two electron change occurs 
either by a direct 2e-/2H+ (hydride) transfer to Ru(IV)=02+ or via 
initial H-atom transfer followed by a second redox step before the one 
electron products can separate,20 

SCHEME 11 

1 
II 2+ , {

b2(PY)RUIII-OH2+.Ri~OH rapid 

b2(PY)Ru -OH2 + RRC=O 

II + , + i b2(PY)Ru -OH + RRC-OH 
rapid 

A striking feature in the oxidation of alcohols is the appearance of 
extraordinarily high C-H/C-D kinetic isotope effects. For example, i2 
the oxidation of benzyl alcohol to benzaldehyde by [(bpY)2(Py)RurV=O] + 
the rate of oxidat~020~f C6HSCH20H compared to C6HSCD20H is greater by a 
factor of 50 at 25 • 

Several organic oxidations are known to occur by net C-H insertion 
although the individual mechanistic details for different substrates may 
be quite different. As shown by 18 0 isotopic labelling studies, C2¥ 
insertion occurs in the allylic oxidation of olefins, for example, 
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II 2+ 18 18 0 2 b2(py)RU -NCCH3 + H2 ° + 0= 

in the oxidation of a series of phenols,2l 

which occur through detectable Ru(II) quinone intermediates, and in the 
oxidation of aldehydes, 

+ 
II 2+ 18 b2(py)Ru -NCCH3 + PhC OOH 

Detailed mechanistic information is available about how Ru(IV)=02+ 
carries out such extensive series of sequential oxidations as the 
conversion of aromatic hydrocarbons to the corresponding acids, PhCH3 ~ 
PhCH20H ~PhCHO ~ PhC02H, or the oxidations of an~~ines to aromatic 
nitro compounds, ArNH2 ~ ArNHOH ~ ArNO ~ ArN02 • Competing 
pathways can exist for a given substrate, e.g., allylic oxidation vs. 
epoxidation for olefins, and in a multiple step sequence, ArCH3 ~ 
ArCH20H --> "" the sequential steps may be competitive ratewise leading 
to more 2han one product. However, in general, oxidations based on 
Ru(IV)=O + are stoichiometrically clean and quantitative. The controlled 
nature of the oxidations appears to be a consequence of the mild nature 
of the oxidant and the fact that, in many cases, the key redox steps 
involve net two-electron changes such as C-H insertion or hydride 
abstraction and, therefore, avoid the one electron intermediates that 
often lead to mUltiple products. 

The ruthenium complexes have provided a catalytic basis for the net 
electrochemical oxidation of a variety of organic functional groups. 23 
As illustrated in Scheme 12 

SCHEME 12 

anode: 

cathode: 

NET: 

the catalysis is based on electrochemical regeneration via a "shuttle" 
mechanism where, following the redox step, the reduced form of the 
catalyst diffuses to the electrode surface and is reoxidized. For the 
case shown, the oxidation of isopropanol, the net reaction, which is 
nonspontaneous, involves dehydrogenation to give acetone and hydrogen 
with the required energy input coming from the applied potential 
difference across the electrodes. Any scheme like that in 12 could be 
operated spontaneously with the production of a current and a fuel cell 
like operation if the oxidative equivalents had their origin in a high 
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current density oxygen electrode by combining reactions like 3 and 4. 
In a more sophisticated version of Scheme 12 the catalytic sites 

would be directly attached to the electrode surface in order to: 1) 
enhance the local concentration of catalytic sites, 2) localize the 
catalyst in fixed sites, and 3) to allow for a flow through design. A 
number of different approaches have been developed for the incorporation 
of polypyrid4l complexes of ruthenium within polymeric films on 
electrodes. 2 In one example, the Ru(III/II) aqua complex was 
incorporated into poly-4-vinylpyridine by binding to a fraction of the 
available pyridyl sites, 

&-CR2i X_ y ;-CH21; 

~) N 2+ 
b2RU(H20) 

+ 

and the resulting soluble polymer subsequently evaporatively deposited 
onto carbon or platinum electrodes. 25 Electrochemical experiments on the 
resulting electrodes show that the redox chemistry of the Ru(II~iII) and 
Ru(IV/III) couples is maintained in the films and that Ru(IV)=O 
maintains its oxidative catalytic capabilities as well although perhaps 
only in certain regions of the films. 

CATALYTIC OXIDATION OF WATER TO DIOXYGEN 

The mechanistic demands of a catalyst for the oxidation of water to 
dioxygen by a pathway which avoids high energy intermediates are severe. 
As shown in Scheme 6, the requirements of such a pathway include the loss 
of four electrons and four protons and 0-0 bond formation. 
Interestingly, in the stepwise oxidation of Ru(II) to Ru(IV) in reaction 
5, two electrons are lost from orbitals largely metal drr in character 
with the concomittant loss of two protons from bound water. If such a 
behavior could be combined with 0-0 coupling in a dimer, all of the 
ingredients implied by Scheme 6 would be present in the same molecule. 

Figure 2. Structure of the p-oxo cation in the salt [(bpY)2(H20)RuI1I 
ORuIII (H 20)(bpy) 2](C10 4) 4. 2H 20 with the O-atoms of the bouna water 
molecules labelled as OlW, from ref. lOb 
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This strategy has proven to be successful. In Figure 2 is shown the 
structure of4the deep blue, ~-oxo complex [{bpY)2{H20)RulII ORU III 
(H20){bpY)2] + in which the formal oxidation state at Ru is III but 
where strong electronic cp8,pling is known to exist between the metal ions 
across the oxide bridge. 0 Electrochemical studies in aqueous solution 
as a function of pH have revealed an extensive multiple oxidation state 
chemistry for the ~-oxo ion as might have been expected given the 
properties of related monomers. In strongly acidic solution at pH=l, the 
pattern of redox events is the appearance first of a l-electron l-proton 
oxidation at El / 2 = O.79V, _ 

b ~ III_o-R Illb 4+ -e ) 
2 u TU 2 -H+ 

H2 OH2 
(b is bpy) 

followed by a 3 electron-3 proton oxidative step at El / 2 
SeE) , 

-3e- V V 4+ 
+) b ~u -o-~u b 

-3H 20 ~ 2 

1.22V (vs. 

The product of the first oxidatio~ is the isolable mixed-valence ion 
[(bpY)Z{OH)RuIVORuIII{HZO){bpY)2] +. The4second oxidation gives the 
Ru{V)-Ru{V) ion [{bpY)2{O)RuORu{O){bpY)2] + which has only a transient 
existence in water and returns to the mixed-valence ion with a halftime 
of less than 1 min at room temperature. Electrochemical studies over a 
broad pH range show the existence of three pH dependent couples which 
interconnect ~-oxo ions in formal oxidation states 111,111, III,IV, IV,V, 
and V, V. 

1.0 

w 
~ 
~ 0.5 

> 
w 

0.0 

Figure 3. E1/ 2-pH diagram for the V,V/IV,V, IV,V/III,IV, III,IV/III,III 
and 111,111/11,11 couples based on the ~-oxo ion [(bpY)2(H20)RuI1IORull1 
(H20)(bpY)2] +. The oxidation state and proton compositions of the 
various oxidation states in their potential-pH regions of dominant 
stability are indicated on the plot using abbreviations like III,IV 
(OH2){OH) for [(bpy) 2(OH)RuIVORuIII(H20)(bpY)2]4+ The vertical lines 
show pK values for the oxidation states. 

Th~ E1 / 2-pH dependences of the various couples are shown in Figure 
3. As for the monomeric couples in Figure 1, the complexities arise 
because of differences in proton content between different oxidation 
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states at a given pH. Over the whole pH range, oxidation state IV,IV 
fails to appear showing that it is thermodynamically unstable with 
respect to disproportionation although it could be important 
mechanistically as a kinetic intermediate. Above pH-2 the most strongly 
oxidizing couple is the pH independent V,V/IV,V couple. Because of the 
differences in pH dependence between the V,V/IV,V and IV,V/III,IV 
couples, past pH = 2 the IV,V/III,IV couple becomes more strongly 
oxidizing than the V,V/IV,V couple, the IV,V ion becomes unstable with 
respect to disproportionation and only the 3e- V,V/III,IV couple is 
observed electrochemically. 

The V,V dimer is unstable in water because it oxidizes water to 
dioxygen and does so catalytically, Scheme 13 

The catalytic capability is somewhat restricted since after 10-25 
turnovers of dioxygen production, the catalytic behavior ceases, in part 
because of oxidatively induced anation,lOb 

Table 1. 6GO' Values for the Oxidation of Water at 22 + 20 

{b2 (O)auVORuV(O)b2 ]4+ + 2820 --} [b2CH2o)RullIoauIlI(R20)b2]4+ + 02 1 -0.72 

+ 2820 --> [b2COH)RUIIIORuIII(H20)b2]3+ + 02 + a+ 7 -0.80 

+ 2820 --} [b2CB20)auIIloauIVCOH)b2)3+ + H02 1.23 

+ 820 --) [b2(O)RulVoauVCO)b213+ + DB + .8+ 1.2 

lu(IV)-Ru(Y) 

2 [b2 (O)RuIVORuVCO)b2 ]3+ + 2 H20 --} 2 [b2COH)RUlllORuIV(OH)b213+ + 02 7 -1.00 

[b2(O)RuIVoauVCO)b2]3+ + 2 820 --} [b2COH)RuIIIORuIV(OB)b2]3+ + 82°2 0.58 

(b is 2.2'-bipyridine) 

From available reduction potential data, free energy changes for 
various possible net reactions in which water is oxidized to dioxygen are 
collected in Table 1. From the AG values: 1) It is only in oxidation 
state V,V that the full 4-electron requirement of the reaction can be met 
with a single ~-oxo ion. 2) Replacing Ru in the ~-oxo structure by less 
strongly oxidizing Os dropslihe oxidizing ability below the potential 
needed for water oxidation. a 3) Both the one-electron oxidation of 
water to hydroxyl radicals by the Ru-based V,V ion and the 3-electron 
oxidation to perhydroxyl radical are considerably nonspontaneous 
thermodynamically. 4) The lower oxidation state IV,V ion is also 
thermodynamically capable of oxidizing water to oxygen, even up to pH 7, 
but the net reaction necessarily has a requirement of two equivalents of 
the IV,V ion. 

The ability of both the V,V and IV,V ions as oxidants extends well 
beyond water oxidation. The V,V ion has been investigated as a catalyst 
for the oxidation of a variety of organics including a series of sugars 
and amino acids and it has been suggested that if properly attached to an 
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electrode surface, it might serve a useful role as an electrochemical 
detector. 26 Oxidation of chloride7io~lto chlorine by the V,V ion in 
acidic solution occurs with k > 10 M s-1 and the ability to oxidize 
chloride to chlorine extends to the dimer ion-exchanged into a polymeric 
film of polystyrene sulfonate on carbon electrodes.27 The ability of the 
film coated electrodes to carry out the electrocatalyzed oxidation of 
chloride is impressive indeed. Even under conditions where 
electrochemical studies show that only a fraction of the p-oxo ion~ are 
electrochemically active, current densities in excess of 100 mA/cm are 
reached but only for short periods. The electrochemical activity ceases 
with 0.1 Madded Cl- after -26,000 turnovers because, interesting enough, 
binding of the substrate, Cl-, inhibits its oxidation to C12 • 

The IV,V ion can be generated stoichiometrically in aqueous 
solutions by HOCI oxidation. 28 In water the ion is unstable with regard 
to water oxidation. It returns 'to the III,IV ion with the production of 
02 on a timescale ~f a few hours by parallel pathways zero order and 
f1rst order in [OH]. The IV,V ion also typically undergoes rapid 
reactions with a variety of organic2functional groups at considerably 
enhanced rates compared to Ru(IV)=O +, for example, with rate 
enhancements of >30, >42, and >6,000 for the oxidations of isopropanol, 
acetaldehyde and a water soluble olefin in water at 25°.28 

Another interesting reaction occurs in the present of excess 
hypochlorite where the IV,vIIII,IV couple acts as a very effective 
catalyst for the decomposition of hypochlorite 

HOC 1 --> + -1/2 O2 + H + Cl 

The reaction proceeds very rapidly for a short period but, ultimately, 
the catalJsis ceases as the p-oxo-dichloro ion [(bpY)2ClRuIIIORuIV
Cl(bpY)2] + appears via anation of the catalyst. 

MECHANISMS OF WATER AND CHLORIDE OXIDATION 

The mechanism or mechanisms by which water is oxidized by the p-oxo 
ion are unknown but a number of observations have been made and it is of 
value to consider some of the mechanistic alternatives. One result based 
on an 18 0 labellin~ study by D. Geselowitz at pH = 1, showed that 
oxidation of the H2 8 0 labelled III,IV dimer by three equivalents of 
Ce(IV) in normal , water leads to the isotopic distribution 180_180(6%), 
180-160(63%), and 160-160(33%) in the dioxygen product. 29 Although in 
small amount, the appearance of 180_180 seemingly demands an 
intracoordination sphere coupling pathway. The amount of double labelled 
O2 product becomes even more significant when it is realized that a 
number of exchange pathways exist by which the initial 180 label could be 
lost from the complex. 

Based on the labelling studies, there are a number of mechanistic 
possiblities by which the dimer could oxidize water to dioxygen and a 
tantalizing possibility is that more than one mechanism may be operating 
simultaneously, note Scheme 14. 
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1------_+..:;2:::;Hl~0~ __ ~~[b2(H20)RUIII]204+ + 180-180 

+2H20 T 
SCHEME 14 

+H2!4 {b2Ru-o-Rub2 4+} ~[b (H O)RuIII ] 04+ + 160-160 
18 18 2 2 2 

o 0 
H '0 ..... H 

In Scheme 14 there are two possible routes shown to account for the 
appearance of 18 OJ8 O. One of them involves an intermediate peroxo 
structure and oxidation states IV,IV at the metals. In the second a 
synchronous 4-electron process occurs triggered by the attack of external 
water at the metals ,0-0 bond formation, and electron release to the two 
Ru(V) sites. 16 18 . 

The pathway proposed to account for the appearance of 0- 0 1S 

equally interesting. In that pathway, water attack occurs at the oxygen 
of an electron deficient Ru(V)-oxo site to give bound peroxide. 

!~:~~~~ns~!pt~~ :~~:dt~:r~:!:~v!: !~~~fr~dp~~d~C~~cond intramolecular 2-

Intramolecular mechanistic possiblities can also be written to 
account for the appearance of 16 0 _16 0 as a product. In the case shown 
the key is the attack of a water molecule on the oxygen of the electron 
deficient Ru(V)=O sites to give either a symmetrical or an unsymmetrical 
bridging structure in which the central oxygen atom becomes electron 
defficient. Following attack by a second molecule of water, dioxygen 
would be released. Pathways of this kind are especially interesting 
since they become "template" mechanisms where there is no necessity to 
make or break metal ligand bonds. Because of the absence of a 
requirement for a substitutional step, such mechanisms can be unusually 
facile. 

The question of chloride oxidation to C12 or HOCl is almost as 
interesting in a mechanistic sense as the oxidation of water. As 
mentioned above, the reaction is extraordinarily rapid. As shown in 
Scheme 15, 

b2RZIII_o-guVb24+ + Cl- + H+ 

/\ 
H Cl 

SCHEME 15 

~ b RuIII_O_iuVb 4+ 
26 (J 2 

H ...... 'Cl 
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an appealing possibility is that chloride attack occurs initially on the 
oxo group to give bound hypochlorite. Given the high rate at which the 
reaction proceeds, the second step ~y involve Cl- attack on bound 
hypochlorite to give C12 which aboye pH-4 is unstable with respect to 
disproportionation into C12 and Cl. Although only a suggestion, the 
mechanism shown is especially appealing since it is another example of a 
template mechanism which might help to explain the rapid rate of the 
reaction. 

Although some insight has been gained and will continue to be gained 
concerning the nature of the oxidation of H 0 and of Cl-, much remains to 
be done in a mechanistic sense. However, t~e little that is known does 
allow a return to the question of the microscopic reverse of water 
oxidation, the activation of 62 as in Scheme 3. Our hope is that by 
continued studies based on a family of related complexes, we may be able 
to understand in detail what mechanisms are involved. By making 
synthetic changes to lower the redox potentials of such systems, e.g., by 
replacing Ru by Os it may be possible to utilize the 02-H20 
interconversion pathway or pathways for the activation of dioxygen. 
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KINETICS OF FORMATION OF 
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At this point in time, there are only three known types of 
resy!~atory proteins involving only two transition elements (Chart 
I). These function to transport and store oxygen and therefore play 
a key role in biochemical processes. They can increase by up to one 
hundred fold the amount of oxygen delivered to tissues. The types 
include, w!!~ reference to recentsr§views (a) the hemoglobins and 
myoglobins (biotff hemocyanins' and (c) the hemerythrins and 
myohemerythrins.' In spite of their name, (b) and (c) do not 
contain the heme center. 

Chart I. Naturally-Occurring Carriers of Oxygen 

Hemoglobin and Myoglobin 
Iron porphyrin-containing proteins found extensively in the animal 
kingdom and in some plants. They are present in erythrocytes or 
free in ~olution. Hemoglobin is very familiar as the tetramer (M.W. 
~ 6.4xl0 ) bgt the monomeric myoglobin and extracellular hemoglobins 
(M.W. ~ 4xl0 ) are also widespread. 

Hemocyanin 5 7 
Large copper-containing proteins (M.W. 5xl0 - 10 ) which occur in 
hemolymphs of many invertebrate species. Hemocyanins from molluscs 
(octopus, snail) and arthropods (lobster, crab) have been especially 
studied. Molluscan h~mocyanins are cylindrical oligomers with 
subunit M.W. ~ 4 x 10. Arthropod hemocyan!ns consist of hexamers 
or multihexamers with subunit M.W. ~ 7.5xlO. There is no evidence 
for a function (oxygen storage) for monomeric protein. 

Hemerythrin and Myohemerythrin 
Iron-containing proteins found widely but only in brachiopods, 
sipunculids, priapulids and a few species of annelids. Hemerythrins 
from the sipunculids, Phascolopsis gouldii and Themiste zostericola 
have been mostly studied. Hemerythrin occurs in the coelomic fluid 
usually as octamer but in some species it occurs in lower polymeric 
form. It is present in the muscle of T. zoster1cola as the monomer 
(myohemerythrin). The subunit M.W. is ~1.35xlO 
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Chart II. Schematic Representation of Active Site for Oxy-Forms of 
the Naturally-Occurring Carriers 

Oxyhemoglobin (scarlet) 
His (Proximal) 
I 

------------Fee----------~Protoporphyrin-IX 

I 
°z His (Distal) 

In deoxyhemoglobin the iron atom is ~O.6A out of the heme plane. On 
oxygenation, (possibly producing a Fe(III)-O; moiety) 12el~ron moves 
into the plane, this pulling the proximal His with it.' This, 
in turn, transmits an effect to the chain resulting in rupturing the 
chain salt links and transforming! into! state. 

Oxyhemocyanin (blue) 

HiS~ /?~ /HiS 

His Cu /CU His 

HiS/ "'0---0 ~HiS 
X-ray crystallography, EXA~~ and vibrational spectroscopy are 
consistent with a Cu(II)-014-r~(II) site. Another bridging group 
(OH?) is probably present. ' 

Oyhemerythrin (wine red) 

HiS~ Glu 

His Fe ~O~ Fe 

. / '-..... / His Asp 

/HiS 

~HiS 

°z 
X-ray crystallography and multi-spectroscopic investi~~tions are + 
consistent with binuclear iIgn, and Fe(III)-Fe(III)-OZ probably H 
bonded to bridged-O-moiety. 

The molecular structure and the actt~~,r~!r6of all three types are 
known with varying degrees of exactness. The elucidation of 
the three dimensional structures of myoglobin and hemoglobin is a 
landmark in molecular biology. The active site in hemoglobin and 
hemerythrin has been well characterized and the r6rY7turai changes on 
oxygenation of the proteins are well understood.' One knows, at 
present, much less about hemocyanin. The structural aspects of the 
oxygen carriers are dealt with elsewhere. We show the active 
site characteristics in Chart II. 

It is not possible in the limited space to give a detailed account 
of the kinetics and mechanism of oxygen interaction with the respiratory 
proteins. Full surveys are available in References Z-7, 11 and 18. 
However, a short appraisal of the present state of this topic will be 
attempted emphasizing comparative behavior and the techniques and 
approaches used. With the respiratory proteins, the equilibria and 
structural aspects tend to be emphasized in standard texts and 
monographs. Certainly the equilibria data are vital in setting up the 
appropriate conditions for the kinetics experiments. In general 
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however, kinetics provide at least twice the information obtained from 
equilibria studies (i.e. forward and reverse reaction rates and 
sometimes transient conformational changes). If the kinetics are not 
well understood, then it is likely that a true understanding of the 
equilibria is missing also, whether this is realized or not. 

Techniques 

High 02-binding rates are invariably encountered for respiratory 
proteins of all types and therefore specialized techniques have been 
required and developed for their measurements. The invention of the 
flow method for the study of rapid reactions in solution stems, in19act, 
from its need to study the hemoglobin interactions with 02 and CO. 
The method has been continually developed since 1923 and nowadays 
stopped-flow equipment, interfaced with computers, are available for the 
accurate determination of ligand binding rate constants. Fascinating 
accounts of the early history of these mixing met2Bd~land their 
application to hemoglobin kinetics are available. ' 

Since however some of the reaction steps in the oxygenation process 
are in the submillisecond time frame, it has been necessary to 
circumvent the mixing limitation of the flow techniques. The 
development in the 40-50's of the relaxation techniques by Eigen and of 
the flash photolysis method pioneered by Norrish and Porter was 
therefore timely and fortunate. It was known in the last ce2iury that 
the 02 and CO adducts of hemoglobin can be photodissociated. The 
first application of flash photolysis to the CO adduct (because its 
quantum efficiency of photolysis is much higher than for the O~ adduct) 
showed, dramatically, different conformations of the unliga2~e~4and 
liganded hemoglobin and detected interconversion processes.' More 
recent2g~~,lopments using nano-, pico- and subpico-second imposed laser 
pulses28 29 as well as Raman and infrared spectroscopy for monitoring 
events ' have allowed a glimpse of happenings at or near the heme 
site when 02 adds to, or is removed from, the iron and long before it 
reaches the solvent outside the protein. Obviously very sophisticated 
(and expensive!) equipment is needed for this type of study. The data 
obtained, particularly for the very short times, tend to be equivocal 
and give information on structural, rather than detailed kinetic 
aspects. The results have not been correlated yet with those from 
nanosecond laser photolysis nor with the "overall" parameters for ligand 
binding. In contrast, photolytic perturbation methods have hardly been 
applied to hemocyanin and hemerythrin systems, in part perhaps because 
of the severe problem in monitoring events with these weaker absorbing 
proteins, but also because of the inherently greater interest in 
mammalian respiratory proteins. 

With the monomeric proteins (only one binding site per molecule) or 
with any hemerythrin, the binding of 02 to the protein P can be simply 
represented as (1) 

P + 02 ~P02 
....:::;-- k ,k ff' K on 0 

(1) 

Stopped-flow or temperature-jump studies of the equilibrium (1) yields 
accurate values of k and usually approximate values of k ff. Accurate 

~ 0 values of koff are2~est obtained by a scavenging method, i.e. by adding 
to P02 either 52°4 which reacts with 02 or CO which adds to P. When 
successive binding steps are involved, as with the multisited proteins, 
the solution is ex~remely tedious, and possibly unsolvable, and 
approximate approaches are used (next section). A full discussion of 
the methods and the analysis of results for the reaction of hemoglobin 
with ligands is contained in References 5, 18 and 30. 
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Table I. Kinetic Data for Oxygen-Binding to Myoglobin and 
Hemoglobin.i .Most Conditions: 20 0 • pH '" 7.0 

Species 

MONOMERIC 
Myoglobin 
sperm whale 
horse heart 
Asian elephant 
Leghemoglobin a 
Glycera 
dibranchiata Hb-I 

POLYMERIC 

Human HbA 
T-state (el) 
R-state (el) 
T-state (B) 
R-state (B) 
Isolated el-chains 
Isolated B-chains 

HEMOGLOBIN AND MYOGLOBIN 

k on 
-1 -1 

1JM s 

15 
14a 
lS 

l1S 

190c 

2.9 
59 
11.S 
59 
50 
60 

koff 
-1 

s 

lOb 
11 
lS 
5.5 

2.Sx103d 

lS0 
12 3 
2.5x10 
21 
2S 
16 

Ref. 

5. 31 
5 

32 
33 

34 

35. 36 

5 
5 

Kin5t!f_~,ta for the binding of 02 to the glob ins are shown in 
Table I. • Binding of ligands to the monomeric proteins is. as 
expected. a uniphasic process and interpreted in terms of a single 
second-order. first order reversible reaction (1). The forward and 
reverse rate constants for 02 binding to the different myoglobins shown 
in Table I do not v~2Y much even although Gin replaced distal His in 
elephant myoglobin. The much higher stability (K=k /k ff) of the 
(monomeric) leghemoglobin-02 adduct arises mainly frogna ~arge value for 
k • This in turn is believed to result from the distal histidine 
(eRart II) being much further away from the active3~ite than this same 
residue in sperm whale myoglobin (and hemoglobin). Replacement of 
distal histidine by leucine in Glycera dibranchiata hemoglobin maY3~lso 
lead to the easier access by 02 and the large kon value (Table37). 
Distal effects on rates have been recently thoroughly studied. 

Many hemoglobins consist of four polypeptide chains. each 
containing the iron center. held together by noncovalent interactions. 
Hemoglobin A (the principal human hemoglobin and much studied) consists 
of two el- and two B-chains. The three dimensional structures of 
myoglobin and the subunits of hemoglobin are very similar. In contrast 
to the monomeric proteins however. hemoglobin shows cooperativity. in 
which the binding of 02 to one site affects the binding of subsequent 02 
to another binding site on the tetramer. This phenomenon has been 
thoroughly studied. About the best model (and not a bad one) which we 
have to describe the bind!gg of 02 to hemoglobin is that of Monod. Wyman 
and Chang~~x (MWC model). supported by the equilibria studies of 
Edelst~bn and the kinetic application of Hopfield. Shulman and 
Ogawa. It may be regarded as two non-cy~perat:l.ve Adair schemes linked 
by conformational equilibria (Chart III). For normal human hemoglobin 
in the absence of ligands. the protein is present as a special state 
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Chart III. MWC Model for Ligand Binding to Four Iron Centers in 
Hemoglobin 

R - state 

Hb* ... Hb*X _ e Hb*X ... .... Hb*X3< .... Hb*X ... 
1l 1l 1l 2 1l H 4 

Hb HbX HbX2 ..... HbX .. HbX4 3 

T - state 

termed T (tense) state and symbolised Hb in Chart III. This is the low 
affinity form. This is in equilibrium with a high affinity form R 
(relaxed), Hb*, which is the predominant form at high ligand saturation 
(i.e. at Hb*X4). The binding of 02 to each subunit is both 
thermodynamically and kinetically assumed to be independent of the 
extent of binding of other subunits, within the R or T states. Thus 
"intrinsic" rate constants for the "on" and "off" processes in the Rand 
T states can be assessed. The kinetics of the T and R states may best 
be determined separately by working at very loW-02 fractional saturation 
(for ! state) or at very low fractional photolysis with high 02 
saturatiygs36for ! state). In this way study of Hb and Hb*(02 J4 is 
assured.' The model has been modified to include possible 
differences in the a-3gnd B-chains and the latest results on this basis 
are shown in Table I. The two-state model shown in Cf~rt III does not 
appear completely adequate to explfin all kinetic data, particularly 
some irritating slow relaxations. Neverth,lesft ~ym~lconclusions 
appear warranted. Binding constants are ~10 -10 M s and independent 
of the allosteric (T or R) states and oxygen-dissociation rates 
represent the major-source of difference between the two states. The 
conformational transitions in human hemoglobin are usually assumed to be 
rapid compared with the ligational rates. 

Apart from the intrinsic problems outlined above, the study of the 
binding o!lligands including oxygen has been beset with periodic 
setbacks. These include the discovery of 2,3-diphos~2oglycerate 
(which r~~uces the 02 affinity of cellular hemoglobin) and a- and 
B-chains (and their possible kinetic inequivalences) to mention two. 

By using the simpler monomeric proteins, it has been possible to 
understand in a more intimate manner the oxygen binding (and 
dissociation) process. Application to oxymyoglobin or ·oxyleghemoglobin 
of either short, very intense, laser pulses or alternatively a 
combination of laser flash photolysis and lowered temperatures (down to 
lOOK in water/glycerol to slow the processes)4!~4~elieved to produce 
transients such as Band C shown in Chart IV. Rapid absorbance 
changes following the pulse are ascribed to the decay of Band C and 
rate parameters can be estimated for these changes. It should be 
emphasized that the mechanism as shown is almost certainly a simplified 
one with further states2~x~gt!ftg between A and B and between Band D 
distinct possibilities. ' 47 A very recent study yields the rate 
constants shown in Chart IV. If these data hold up to the test of 
time and other investigators efforts (!) they show: 

a) the rate limiting step for the overall association of 02 with 
myoglobin is the formation of B; the overall rate of 02 dissociation is 
limited by the A +B step as well as competition between geminate 
recombination and migration from the distal pocket, i.e. k3/(k3 + k2). 

b) the values of k3 are almost invariant for the Mb - 02' NO and CO 
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Chart IV. 

kl+~v 
PFe02 < 

k2 
A 

02 bound to 
heme iron 

Distinctive 
Spectrum 

kl 92s-1 

-1 
k2 = 490us 

Kinetic Parameters for 02 
Myoglobin (20°C, pH 7.0) 

Binding to 

i> 
k3 

PFe ••• 02 < 
k4 

B 

"Geminate" state 
02 embedded in 
protein near heme 
and not Fe bound 

Spectrum like 
PFe 

-1 
k3 = 120us 

-1 8.Sus 

> 
kS 

PFe ••••• 02 < 

C 
k6 

02 still embedded 
in protein but 
further from Fe 

Spectrum like 
PFe 

kS 14us-1 

-1 -1 
k6 = 43uM s 

Sperm Whale 

i> 
PFe + ° 2 (solv) 

D 

Separated 
reactants 
in solution 

Spectrum of 
PFe 

k (D .. B) 

-1 -1 16.6uM s 

systems whereas k1 varies over three orders of magnitude for the same 
ligands. Since tfie overall quantum yield Q is determined primarily by 
k2/k3' then Q also varies widely with the Mb-02, Mb-NO and Mb-CO 
aCiducts. 

It is hoped that by experiments such as these one may also 
understand the causes of the variable rate constants shown in Table I. 
For instance, the larger values of k (Table I) for 1eghemog10bin and on Hb-I from the blood worm G1ycera dibranchiata may arise, at least 
part1Y'3!r~w faster migration of 02 from solvent to the heme 
pocket. ' 

HEMOCYANIN 

There have been relatively few equilibria or kinetic studies of the 
oxygenation of hew~c~6nin and these mainly by Antonini and Brunori and 
their colleagues.' The most extensive data comes from hemocyanins 
from the (mollusc) Roman snail Helix pomatia and the (arthro~~~~lspiny 
lobster Panu1irus interruptus and are collected in Table II. The 
ligand-binding equilibria and kinetics data have been rationalized 
(fairly well) in terms of the two-state MWC model. The 02-binding 
behavior of the monomer or of the oligomer at low 02 saturation gives 
information on the low 02-affinity (1) state of the protein. 
Experiments on the oligomer at high (>90%) fractional saturation of 02 
give data for binding to the !-~tate. Binding to the !-state appears to 
be simpler than to the T-state. In addition, with the high M.W. 
hemocyanin from Helix pomatia, slower relaxations may be interpretable 
in te~s40f a slow! ++ 1 interconversion in the millisecond time 
frame. ' 

It can be seen from Table II that hemocyanin from P.interruptus 
differs from hemoglobin in that isolated subunits behave similarly to 
the T- and not the R-state. Like hemoglobin however, the oxygen 
association rate constants of the T- and R-states are similar, whereas 
the dissociation constants differ substantially. This means that with 
both hemoglobin and hemocyanin the lower 02-affinity of the 1 states 
(k /k ff) resides in a higher dissociation rate constant. This appears on 0 
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Table II. Kinetic Data for Oxygen-Binding to Hemocyanin 
Most Conditions: 25 0 • pH"'8.5-9.5 

Species k koff on 
-1 -1 -1 1JM s s 

Helix pomatia 
T-state 5.0 700 
i-state 5.0 5.0 
Panulirus 
interruptus 

37a "'103b T-state (monomer) 
57 102 

R-state (hexamer) 31c 60d 

2 4 to be true generally for a number of hemocyanins. • 

Ref. 

49 
49 

50 
51 
50 

The question of the (potentially) biphasic binding of 02 at the 
dinuclear copper site (Chart II) arising simply from its attachment to 
two coppers appears not to have been addressed. 

HEMERYTHRIN 

The folding of the polypeptide chain in a subunit of the octamer or 
of the trimer is virtually identical with that of the monomer. This 
hemerythrin fold has been observed i~ other proteins with different 
amino acid sequences and functions. There is rarely evidence for 
cooperativity or for the operation of a Bohr effect (decrease in 02 
affinity with pH decrease) when deoxyhemerythrin reacts with g~ygen. 
Hemerythrin from some brachiopods binds oxygen cooperatively. Thus. 
so far. the kinetics of reaction even of the octameric forms lack the 
complexity shown by the hemoglobins and hemocyanins. Stopped-flow and 
temp~~a5~re-jump methods have been used to obtain the data of Table 
III.' The larg~4rate constant for binding of O2 to 
deoxymyohemerythrin suggested addition of 02 directly to the iron. 
rather than substitution of coordinated water. This is a similar 
behavior to that shown by the other respiratory proteins. and it was 

Table III. 

Species 

Themiste 
zostericola 
monomer 
octamer 
Phascolopsis 
gouldii 
octamer 

Kinetic Data for Oxygen-Binding to Hemerythrin 
Most Conditions: 25 0 • pH 7-8 

k on 
-1 -1 1JM s 

78a 
7.5 

7.4c 

koff 
-1 s 

315b 
82 

51d 

Ref. 

54 
54 

53 
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Table IV. Kinetic Data for Binding of Deoxyhemerythrin (P. gou1dii) 
with Protonated Ligands 
Conditions: 2SoC and I=0.5M 

Ligand HN3 HCNO HF 

k1 (M-1s -1) 3.0xlO 4 5.8x10 4 5x103 

+ -1 6H1(kca1. mol ) 6.1 7.9 4.9 

+ -1-1 6S1(ca1.mo1 deg ) -17 -6.9 -24 

-1 k_1(s ) 0.10 0.012 0.010 

+ -1 6H_1 (kca1.mo1 ) 12.2 13.9 12.5 

6,5+ -1 -1 -22.3 -20.3 -25 -1 (calomo1 deg ) 

gratifying when subsequent structural studies f~rong1y suggested one 
five-coordinated iron(II) in deoxyhemerythrin. A few 55 
photodissociation experiments on oxyhemerythrin have been performed. 
The second-order rate constants for binding O2 from such experiments 
agree well with those obtained by temperature-jump. There appears to be 
no "unusual" form of deoxyhenerythrin produced by photodissociation but 
further experiments using short, very intense, laser pulses would be 
worthwhile. 

In addition to binding O2, de~xyhem!rythri~ has the remarkable 
ability to bind, quite strongly, N3, CNO and F. This binding is 
assisted by ·one proton per anion and on the basis that the undissociated 
acids HN3 , RCNO and HF attack (~%n (2», the equilibria and kinetic data 
shown in Table IV are obtained. 

(2) 

Protonation of the anion allows entry of a neutral entity into the 
hydrophobic core and the undissociated acids HX are thus simulating the 
behavior of O2, The proton remains associated with the protein even at 
a pH as high as 9.0 and possibly associates with'lgr even breaks, the 
u-OH bridge believed present in deoxyhemerythrin. 

SUMMARY 

The rate constants for binding oxygen to all respiratory proteins 
are large and near the diffusion-controlled limit. The rate constants 
for oxygen dissociation are by contrast more variable. Apparently only 
three radically different reaction sites are needed in nature to fulfill 
the oxygen binding function (Chart II). All appear to have one 
unoccupied position in the deoxygenated form of the protein and at this 
site oxygen can add. In the product the oxygen moiety is transformed-to 
peroxide ion in hemerythrin and hemocyanin and possibly (still 
unsettled) superoxide ion in the globins. 

Oxygen reacts in a straightforward fashion with monomeric forms of 
the proteins but with the oligomeric forms of hemoglobin and hemocyanin, 
oxygen-binding is a complicated process. This behavior can be fairly 
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well understood in terms of the MWC two-state model. in which the 
protein can exist in a low affinity (T) or high affinity (R) state. The 
binding rate constant is almost independent of the allosteric state but 
the dissociation rate constant depends strongly on the quaternary 
structure and therefore the process of oxygen removal controls 
differences in the T and R states. The transformation of these states 
is very fast compared with the 0 binding for hemoglobin and low 
molecular weight hemocyanins. It may however be rate limiting for some 
hemocyanins from arthropods. 

For all respiratory proteins. th~lenthalpies of activation for the 
dissociative process (14:rO kcal. mol ) are always larger than for the 
formation (3-8 kcal. mol ) meaning that oxygenation is always 
exothermic. The entropies of activation are always more positive for 
oxygen dissociation than oxygenation by 12-18 entropy units. which can 
be understood from simple considerations. 

These three respiratory proteins have been known since the early 
1800's. It is clear however that we still do not understand by any 
means the mechanisms of oxygen binding to them and the multivarious 
nuances encountered. Aid in this will undoubtedly come from the study 
of model complexes. Cleverly constructed models simulate both the 
structural ~~d the ! and! state oxygen-binding behavior of 
hemoglobin. Models which resemg~e5~he hemocyanin and hemerythrin 
sites have also been synthesized.' These have structural but not 
functional similarities. 
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Syntbetic DiolllgeD Carriers I a Kef Area fer tbe 1990& 

The promising application areas for synthetio dioX¥gen carriers 
range from internal medioine and small devioes to the oommodity gas 
market and basio fuel produotion and there seems little doubt this area 
will impaot the lives of most people in the developed nations during the 
ooming decades. Government and sooietal leaders, both Nationally and 
internationally, 1,2,3 continue to look to synthetios as possi ble 
eventual sources of dioX¥gen transport materials for temporary whole 
blood substitutes, envisioning suoh soenarios as those associated with 
major disasters and militar~ engagements. Existing research has been 
focused on portable devioes to provide dioxygen enriohed atmospheres 
for those suffering suoh maladies as emphys~a and for the very 
different area of underwater dioxygen supply. 5, Dioxygen eleotrode 
systems for batteries are attraotive targets on the full range of scales 
fran tiny hearing aid oells through eleotrio automobiles to fuel oells 
for the storage of off-peak energy by eleotrio utility oompanies. For 
many large soale uses, for example foundry operation, a moderate 
enrichment of the dioX¥gen level is adequate and this is an espeoially 
attraotive target area for separatio~ teohniques based on the use of 
transi tion metal dioX¥gen carriers. 7, The oleansing of contaminated 
atmospheres is a less than obvious but related area for applioation. 
Using the same basio science and teohnology, oontrol of very low levels 
of 02 is possible with suoh materials sinoe the variability of O2 
aCtini ties of carriers spans many orders of magnitude (at least 6 and 
possibly 10 or 12). Commodity level applioations are most dramatioally 
shown by the potential demands of the synfuel industry as revealed by 
industrial res~nse to the synfuel goals set by the Carter 
administration. ,10,11 It was conoluded by American dioX¥gen-supplying 
industry that the existing cryogenio teohnology could not be expanded 
fast enough to meet the needs of the then projeoted synfuel industry and 
that at least one new major teohnology would have to be exploited. The 
first at~~~~s to exploit transition metal dioX¥gen carriers were 
military. ' 

The most promising undeveloped resource for the separation of 
dioxygen fran the air, or other fluids, is the ohemistry of synthetio 
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transi tion metal dioxygen carriers. The event ual success of such 
technologies depends on the deSign, synthesis and availability of 
molecular species with the critical chemical and physical properties 
that are dictated by the practical and economic demands of the specific 
applications. The requirements vary with the applications and some of 
them relate to such fundamental perfonnance parameters of dioxygen 
carriers as their equilibrillD constants for dioxygen binding and their 
rates of association with and dissociation from 02. Others depend more 
critically on such practical matters as, specific operating conditions, 
the cost of the carrier and its lifetime in the operating envirorunent. 
In view of the enormous range of dioxygen affinities and, presumably, 
kinetic parameters exhi bi ted by known dioxygen carriers, perfonnance 
parameters should not limit the use of the science. 

AutoxidatiOD--tbe Bane of All Diox,ygen Carriers 

The bane of all mown dioxygen carriers is autoxidation by the very 
molecular entity they are designed to manage, 02. Even the most 
marvelous 02 carrier of nature, hemoglobin, autoxidizes and some of the 
most exciting demonstrations of 02 binding in the laboratory have 
involved s~cies that autoxidize very quiclcly under extremely moderate 
condi tions. 1 q, 15 While expensive specialty uses may emerge even when 
limi ted to costly short-lived 02 carriers, the widespread application of 
this chemistry can be expected to blossom only when the problem of 
autoxidation is solved. From the standpoint of scientific research, 
this problem is very attractive since there is little prospect of 
controlling the autoxidation of dioxygen carriers unless the mechanisms 
of the deleterious processes are thoroughly understood as the result of 
the inevitable fundamental research. Combined with the need for 
fundamental understanding of autoxidation mechanisms is the attendant 
requirement for the design of molecules that will resist those harmful 
mechanisms. This implies basic studies in molecular design, an equally 
exei ting area of fundamental chemistry. 

Three very general mechanistic areas operative in the autoxidation 
of cobalt(II) dioxygen carriers are (1) irreversible formation of 2:1 
peroxo-bridged dimers by carriers that function reversibly as 1: 1 
carriers; (2) irreversible lisand oxidation and (3) central atom 
oxidation. These three general processes may occur in concert as 
simultaneous and/or consecutive reactions and other entirely independent 
autoxidation mechanisms may well take place in some systems. a For many 
cases, lisand oxidation is the most harmful since additional chemistry 
may be applied more easily to reverse the effects of the other two 
general mechanisms; i.e., reduce the oxidized central atom. 

Instructive examples of ligand oxidation have been reported. 16-21 
When solutions of diaquo (5, 7-dimethyl-1, 4, 8, 11-tetraazacyclotetradeca-
4,7-diene)CObalt(II) (structure I) are exposed to dioxygen, the ligand 
is Oxidized forming the conjugated ketone shown in structure II. 10 A 
similar reaction was reported by Weiss and Goedken with complex III 
being Oxidized to IV. 178 Lisand autoxidations have also been observed 
for iron(II) complexes. 1 -20 

The most notable lisand that has been reported to undergo 
autoxidation, from the standpoint of its well known dioxygen carrier 
chemistry, is the Schiff base formed between ethylenediamine and 2, 4,
pentanedione. Even the nickel(II) complex is autoxidized and two 
especially interesting products have been reported (structures V and 
VI).21 It is also significant that the tetradentate ligand in the 
nickel complex is cleaved by hydrogen peroxide at the saturated 
dimethylene linkage. 21 However, in the presence of sui ta ble axial 
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ligands, the cobalt complex can be oxidized to stable cobal t(III) 
deri vati ves. While the cobalt deri vati ves appear to be oxidized without 
ligand alteration, there is no guarantee such reactions would not be 
observed if recurrent oxidations and reductions of the system were 
carried out. In a molecular design aimed at producing outs tanding 02 
carriers, this suspected weakness would need to be confronted. 

The Design of Optimal Diox;ygen Carriers 

The studies to be summarized here have emphasi zed ligand design to 
produce optimal dioxygen carriers and, in addition to the usual concern 
about electron;j.c relationships,22-27 three broad concepts have been 
heavily used. 21:1 The first and most general is inclusion chemistry 
which entails the principles relating to the chemistry of molecules 
containing permanent voids.b The molecules in question are either 
macrocycles or macrobicycles and the cyclic components of the structures 
are incorporated to (a) provide the advantages attributable to 
macrocyclic ligands in the binding of the metal ion and/or (b) produce a 
distinct moleqular chamber within which the binding of molecular 
dioxygen will be controlled. 

The second principle guiding the design and synthesis of the 
cobalt(II) dioxygen carriers discussed here is that of ligand 
superstructure.29 The traditional role of the ligand is to bind to the 
metal {Orland determine its chemical and physical properties by 
electronic and topological relationships Ligand superstructure 
composes additional structural components appended to the parent ligand 
for the purpose of performing additional functions. The fusion of a 
ring that is perpendicular to the coordination plane of a tetradentate 
ligand bound to a planar metal ion produces an enclosure of variable 
volume and surface area in the vicinity of the coordination site 
(structure VII). Such a ring might be designed to produce complete 
inaccessability to the coordination site within it or it might be 
designed to admit small ligand molecules and exclude larger ones, or it 
might be designed to harbor an uncoordinated nucleophile, or a proton 
source, in the vicinity of the coordination si te, etc. The fused 
perpendicular ring is superstructure on the parent macrocycle and the 
chemistry that this structural feature controls is inclusion 
chemistry. 
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The addition of superstructures to ligands of some complexity may 
require special synthetic strategies and these may profit from the 
presence of the metal ion during reactions that involve the building of 
the superstructure. This is especially evident in cases where the prior 
coordination of the metal ion produces conformations of the ligand that 
are favorable for fonnation of the superstructure. These reactions are 
correctly identified as examples of ~~rdination _ template reactions, 
procelises that were first produced in these laboratories many years 
ago. 2ts, 30, 31 

In the discussion that follows, two general families of dioxygen 
carriers are described. The synthetic strategies leading to their 
preparations and significant features displayed during their 
characterization will be presented. The efficacies of these compounds 
as dioxygen carriers is then reviewed in detail. The first are the 
cyclidene complexes a class of dioxygen carrier developed at Ohio State 
which show the power of inclusion chemistry in the design of good 02 
carriers. Remarkable control over the perfonnance parameters of these 
carriers is afforded by the lacuna, or permanent void, within which the 
02 is bound. In addition, the lacuna inhibits autoxidation of the 02 
adducts under a variety of conditions. The prinCiples applied or 
learned during the study of the cyclidene complexes are then applied to 
the lacunization of the familar Schiff base complexes of the acacen 
typec,32 (structure VIII) and an optimal dioxygen carrier is designed 
and characterized. Finally, promising new directions for dioxygen 
carriers are considered. 

During the earliest stages of the evolution of the idea of 
superstructure for expansion of ligand function, explorations were 
underway for families of tetradentate and/or pentadentate ligands that 
would facilitate the appending of such groups in advantageous ways. A 
first such developnent occurred with the copper(II) and nickel (II) 
complexes of the tetradentate tetraaza macrocycle called TAAB (Structure 
IX) .33 The electrophilic nature of the carbon atoms of the C=N groups 
facilitated the addition of nucleophiles at this point and alkoxides, 
amines, and enolate carbons were added to give bis(nucleophile) 
adducts. 31l Further, these reactions were used to produce bridges 
between trans methine groups (structure X). As prOmising as this work 
was, it was abandoned when the cyclidenes were discovered. 
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IX x 

TBB LlCUII.lR COBALT(II) CYCLIDEIIE DIOXIGEN CARRIERS 

Hipp and Mokren35 discovered that very strong methylating agents 
react With Jager's macrocyclic complex of structure XI ~ adding at the 
oxygen atan of the acyl substituent (structure XII). Even more 
interesting, the resulting methoxo group is readily replaced by other 
nucleophiles according to what appeared to be an addition-elimination 
reaction. These new reactions converged with x-ray structural resul ts 
to produce the essential information making possible the facile 
synthesis of an extremely broad range of lacunar complexes that we call 
cyclidenes.~9,36,37 The x-ray structural determination on the methoxo 
compound (XII) showed that the new functional groups enjoy relative 
orientations that are extremely pro pi tious for the closing of a ring 
between them. 29 This is evident in the deeply clef ted saddle shape 
shown in the 3-dimensional view (structure XIII). The jlubsequent 
synthesis of the lacunar cyclidenes followed Scheme 1. 30 ,37 The 
canplete synthesis of the lacunar cyclidenes from simple diamines, 
diketones, and triethylorthoformate makes use of two template 
reactions. The formation of the Jager macrocycle from the linear 
tetradentate precursor (see Scheme 2) provides the first template 
reaction. The second template reaction takes advantage of the fact that 
the nickel(II) produces a deeply clef ted conformation of the methylated 
precursor canplex that facilitates the second ring closure • 

.. 

(2 eq.) 

X_R1_X, NaOMe (2 eq.) 

• 

Scheme 1. Preparation of nickel(II) cycl1dene complexes. 
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Scheme 2. Preparation of the nickel(II) 15-membered· Jager macrocycle. 

Flat and 3-dimensional representations of the general lacunar 
cyclidene structure jil'e show,p in structures XIV and XV. Many variations 
of the structured ,3b,37,41, .. 2 have been produced; e.g., Rl and/or R2 = 
Me, Et, Pr,· Bu, t-Bu, Ph, substituted Ph, PhCH2, PhCH2CH2, 
-N(CH2CH2)2NH, -N(CH2CH2)2CH2 (and similar rings), and the bridging 
groups have included polymethylene groups continuously from tri- through 
octa- plus dodeca-, m- and p-xylylene, 5-substi tuted-m-xylylenes, 
-CH2CH20CH2CH2-' -CH2CH2CH2SCH2CH2CH2-' -CH2-m-Ph-CH2-m-Ph-CH2' and 
others. Further, whereas the initial discoveries were made using the 
15-membered ring Jager complex,35 almost al1 of the studies on 02 
carriers have been performed on derivatives having a 16-membered parent 
macrocycle. 

Structural analysis shows that the cleft is most pronounced with 
the larger parent macrocycle. In contrast, the 14-membered macrocycle 
is expected to exhibit a Z-shape with one unsaturated chelate ring on 
each side of the coordination plane rather than the deep cleft produced 
when the two unst~urated rings rise from the same side of the 
coordination plane. 

While most of the available physical methods have been applied to 
the characterization of the lacunar cyclidene complexes of 
nickel(II)29,36,37,ijl, NMR, electrochemistry and x-ray stwies have been 
most revealing. Eight x-ray crystal structure determinations have been 
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reported on lacunar cyclidene complexes .29, 41,44-47 Further, a recent 
publication has analyzed the detailed stereochemical relationships 
associated with Jager's complexes and the precursors and unbridged 
cyclidenes on the basis of the results of 7 crystal structure 
determinations. 43 Because the nickel (II) complexes are invariably 
diamagnetic and, we believe, square planar, NMR techniques have provided 
both structure proof and a congeni~t control technique for purity and 
for the progress of 4~yntheses.3 ,37, 1 Carbon-13 enricanent was used to 
confirm assignments and, most recently, the powerful new 2D techniques 
have been used to assign all proton and carbon resonances for a number 
of the compounds. 49 Electrochemical studies revealed quasi-reversi ble 
formation of nickel(III) species at potentials independent of the nature 
and length of the bridging group R 1, a most significant fact that will 
arise in later discussions (see Table 1).37,41 One may conclude at this 
point that the lacunae of the nickel (II) complexes are unoccupp~ed 11) 
solvents such as acetonitrile and water. The potential of the NilII/ll 
couple is sensi ti ve to electronic effects, however (Table 1). 

The COba\t(tl) com~lexes were prepared from the previously isolated 
ligand salts. 2, ,50-5 Scheme 3 shows the removal of the ligand from 
the templating nickel (II) ion and its coordination to cobalt (II) • The 
procedure is essentially the same for all cobalt(II) complexes. Under 
the usual conditions, the cobalt(II) complexes crystallize as the 4-
coordinate square planar species (Fig. 1); however, the 5-coordinated 
complexes containing a mole of axial ligand are readily cr~stallized in 
the presence of an excess of the appropriate Lewis base. 50- 3 

In the presence of axial bases, the cobalt(II) cyclidene complexes 
are invariably low spin and 5-coordinate. ESR spectra show the typical 

Figure 1. Stereo representations of [Co(MeMeC6cYClidene)]2+ 
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Table 1. Potentials for the First Oxidation Process for the Lecunar 
Cyc1idene Complexes of Nicke1(II)a 

----------------------------------------------------------------------------------------------
HI H2 H3 El/2,V Ep(OX),V Ep(red),V E3/4_1I4.mV ref. 

----------------------------------------------------------------------------------------------
m-xylylene CH3 H 0.94 1.00 0.87 80 b 

m-xylylene CH 3 C6H5 0.94 0.99 0.89 70 b 

m-xylylene CH3 CH3 0.78 0.83 0.74 70 0 

m-xylylene H CH 3 0.93 0.97 0.89 67 0 

m-xylylene CH2C6H5 CH3 0.82 0.85 0.77 70 0 

m-xylylene CH2C6H5 C6H5 0.99 1.05 0.94 80 b 

(CH2)4 CH3 CGH5 0.91 0.94 0.87 60 b 

(CH2)5 CH3 C6H5 0.91 0.94 0.86 70 b 

(CH2)6 CH3 H 0.97 1.00 0.93 60 b 

(CH2)6 CH3 C6H5 0.92 0.95 0.88 70 b 

(CH2)6 H n-C7H15 0.92 0.96 0.87 85 b 

(CH2)6 H C6H5 0.94 0.98 0.91 75 b 

(CH2)6 H t-C4H9 0.78 0.81 0.74 60 b 

(CH2)7 CH3 C6H5 0.90 0.94 0.87 70 b 

(CH2)8 CH3 C6H5 -0.90 broad b 

CH3 H (CH2)6 0.89 0.92 90 d 

CH3 H (CH2)7 0.89 0.92 70 d 

CH 3 H (CH2)8 0.92 0.95 60 d 

CH3 CH3 (CH2)7 0.68 0.72 d 

CH 3 CH 3 (CH2)6 0.60 0.63 70 d 

CH3 CH3 (CH2)5 0.67 0.70 70 d 

a Condi ti ons : in CH 3CN solution, 0.1 M (n-Bu)4NBF4 supporting eleotrolyte, Ago/AgN03 (0.1 M) 
reference eleotrode. 

b B. Korybut-Daszkiewoz, M. KOjima, J. H. Cameron, N. Herron, M. Chavan, A. J. Jiroitano, 
B. K. Coltrain, G. L. Neer, N. W. Aloook, and D. H. Busch, Inorg. Chem., 23, 903 (1984). 

o D. H. Busoh, S. C. Jaokals, H. C. Callahan, J. J. Gr~bowski, L. L. Zimmer, M. Kojima, 
D. J. Olszanski, W. P. Sohemmel, J. C. Stevens, K. A. Holter, and J. Mocak, Inorg. Chem., 
20, 2834 (1981). 

d J. H. Cameron, M. Kojima, B. Korybut-Daszkiewioz, B. K. Coltrain, T. J. Meade, N. W. Alcook, 
and D. H. Busch, Inorg. Chem., 26, 427 (1987). 
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axial ~tterns of tetragonal pyramidal, low spin d 7 (Fig. 2, Table 
2) • 50- 2 While the crystal structure of the square planar co balt (II) 
complex shows the presence of the vacant cavity, the ability of the 
cavity to accept small ligands has been proven by x-ray crystal 
structure determinations on a variety of lacunar cyclidene COIJl~l~~es, 
including two bis(thiocyanato)cyclidenecobalt(III) complexes,' a 
carbon monoxide adduct of iron (II) 45 and a dioxygen adduct of 
cobalt. 53 Figure 3a shows the presence of NCS in a pentamethylene 
bridged cavity as viewed by looking directly into the opening while Fig. 
3b displays the bending enforced on the Co-N-C group by interaction 
between the small ligand and the atoms of the bridge. Thus the cavity 
both provides a sheltered chamber for the small ligand and interacts 
with that ligand in a manner that may modify the thermodynamics and 
kinetics of its binding. 

The l:ldioxygen adducts of cobalt(II) are ~ery simply identified 
by their highly characteristic ESR spectra. 22,2 These are usually 
recorded on frozen solutions at the boiling point of liquid nitrogen. 
Fig. 2b shows a typical spectrum for the cobalt(II) cyclidene complexes 
wi th gl :: g2 :: 2 and g3 :: 2.1 and with hyperfine splitting due 59Co 
appearing in all brancbes (Table 3). The x-ray crystal structure has 

Table 2. Electron Spin Resonance Spectroscopic Parameters 
Lacunar Cobalt(II) Dioxygen Carriresa 

for the 

-----------------.-------------------------------------------------
Cyclidene Compound gl gil All Ai 

a1 a2 a3 (G) (G) 

-------------------------.-----------------------------------------
(CH2)4 CH3 CH3 2.292 2.003 99 15 

(CH2)5 CH3 CH3 2.303 2.007 100 13 

(CH 2)6 CH3 CH3 2.303 2.003 99 13 

(CH2)7 CH3 CH3 2.312 2.011 

(CH2) 12 CH3 CH3 2.310 2.014 100 13 

(CH 3)2 CH3 CH3 2.300 2.009 102 15 

(CH 2)6 H t-C4H9 2.313 2.016 

(CH 3)2 CH3 t-C4H9 2.290 2.009 97 13 

(CH2)6 CH3 H 2.313 2.016 

(CH2)7 H CH3 2.309 2.010 

(CH2)6 H C6H5 2.319 2.018 

(CH2)6 CH3 C6H5 2.305 2.007 

(CH 3)2 CH3 (CH 2)5 2.311 2.015 

(CH 3)2 CH3 (CH 2)6 2.316 2.014 

(CH 3)2 CH3 (CH2h 2.319 2.009 104 15 

(CH 3)2 CH3 (CH 2)a 2.286 2.007 100 13 

(CH 3)2 H (CH 2)7 2.286 2.006 102 13 

m-xylyl H C6H5 2.312 2.015 

m-xylyl CH 3 C6H5 2.306 2.009 100 15 

aSpectra recorded on frozen CH3CN glass at -196°C; l-methylimidazole axial 

ligand; estimated standard deviations: gl I. gl ~0.002; AI I' Ai ~O.5. 
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Figure 2. ESR spectra of a cobalt(II) cycl1dene complex in frozen water 
containing excess N-methylimidazole (2.5M) at -196°C: 
a) [Co (MeMeC6cycl1dene) ) b) The dioxygen adduct of a). 
(Reproduced with permission). 

Figure 3. Stereo representations of [Co(MeMeCScyCl1dene)(NCS)2J+ 

been determined for the dioxygen adduct of LCo{Me,Me,(CH2)6cSclideneJN
MeIm](PF6)2' Figur~ 4 shows details of the structure. 3. The 
0-0 distance, 1.32(2)A, is tY~Jcal of superoxide, as is usually the case 
for such diO~gen adducts. The bond angle of 121( 1)0 is also 
unexceptional. The drawings show the disordering of the N-methyl 
imidazole axial ligands. 

The novel structure of the lacunar cyclidene ligands has produced 
dioxygen carriers of unusually favorable capabilities. 50-53 They 
invariable show evidence only for the formation of 1: 1 complexes with no 
indication of the complications that would be associated with an 
accompany 2: 1 equilibril.m. This is a direct consequence of the ligand 
design. Because of the character of the lacuna, it successfully selects 
between the intra-lacunar and extra-lacunar axial sites on the basis of 
ligand size. The usual axial ligands, such aromatic bases as pyridine 
and substituted imidazoles, are too large to enter the lacunae. 
Consequently, the propensity of the cobalt(II) to accept a fifth ligand 
is satisfied by axial ligation at the extra-lacunar site.e This 

70 



Figure 4. Stereo representations of the d10xygen adduct of 
lCo(MeMeC6cYClidene)N-Melm]2+ 

Table 3. Electron Spin Resonance Spectroscopic Parameters for the 
Dioxygen Adducts of the Lacunar Cobalt(II) Complexesa 

Cyclidene Compound Al All 
R1 R2 R3 gl gil (gauss) (gauss) 

(CH 2 )4 CH3 CH3a 1.999 2.098 15 20 

(CH2)5 CH3 CH3a 1.999 2.091 15 20 

(CH 2 )6 CH3 CH3a 1.999 2.088 14 20 

(CH2)7 CH3 CH3 2.019 2.091 11 26 

(CH 2 )12 CH3 CH3 2.016 20.91 10 20 

(CH 3)2 CH3 CH3 2.018 2.076 10 18 

(CH 2 ) 6 H t-C4H9 2.020 2.094 

(CH 3)2 CH3 t-C4H9 2.016 2.093 9 20 

(CH 2 )6 CH3 H 2.008 2.081 10 18 

(CH 2)6 H C6H5 2.016 2.086 9 16 

(CH 2 )6 CH3 C6H5 2.008 2.088 10 17 

(CH 3)2 CH3 (CH2)7 2.014 2.081 8 18 

(CH 3 )2 CH3 (CH 2) 8 2.010 2.086 10 18 

m-xylyl CH3 C6H5 2.012 2.088 8 16 

Schiff Base Compound 

lCo{Me2(anisoyl)MezmalMeDPTI]·02 2.100 2.004 20.5 15.0 

[Co{Me 2("C6" )MezmalMeDPTI ).02 2.096 1.997 20.5 15.0 

LCo {Me2" p-xylylene"]MezmalMeDPTI ]·02 2.092 1.999 20.7 15.4 

aSpectra recorded on frozen glass at -196oc; 1-methylimidazole axial ligand; 

estimated standard deviations: gil' gJ.:1:0.002; All' Al ;to.5 
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restricts 02 binding to the interior position which, in turn, prevents a 
single 02 moiety fran simultaneously binding to two cobalt (II) atoms. 
In the case of such small axial ligands as the sol vent acetonitrile and 
thiocyanate, doubt remains as to which site (extra-lacunar or intra
lacunar) dominates as the metal ion achieves its axial ligation. It 
follows that one might anticipate considerably more sensitivity to 
peroxo-bridged dimer formation in the absence of large axial base 
molecules. Axial ligand binding studies have shown that the equilibrium 
can be saturated (>99%) in -1. 5M N-methY~daZ01e in acetonitrile 
solution and -2.5M N-MIm in aqueous solution. 

The dioxygen affinities of many of the lacunar coba1t(II) cyclidene 
canB1exes have been determined and selected data are summarized in Table 
4. 5 -53 It should be noted that a large mmber of these measurements 
have been made in the vicinity of roan temperature and even above. This 
attests to both unusually large dioxygen affinities for these 1: 1 
adducts and to the dilatory nature of their autoxidation processes. The 
magni tudes of the larger of the dioxygen affinities can be realized by 
can paring them with values for other dioxygen carriers. In aqueous 
solution, the dioxygen affinity of lCo{Me,Me,(CH2)6cYC1idene}N-MIm]2+ is 
essentially the same as that of iron-containing myoglobin, despite the 
fact that the values for iron-02 adducts usually exceed toose of the 
corresponding cobalt-02 adducts by a factor approaching 100. 27,55 Thus, 
the cyclidene ligand confers on coba1t(II) an exceptionally great 
affinity for the 02 molecule. 

Equally striking50 is the fact that the 02 affinity depends very 
greatly on the detailed nature of the bridging group R 1• Consider the 
variation of Ko wi th 1engJ(h of the po1ymethy1ene chain for 
[Co{Me,Me,(CH2)ncy6lidene}N-MIm]2+ (Table 4). At a given temperature, 
the values are about constant for n = 7 and above; however, KO 
decreases regularly as the chain becanes shorter, until at (CH2) 4 th~ 
mlllber is so small it could be measured with the available technique 
only at relatively low temperatures. There is no evidence that a small 
ligand can enter the cavity for the still more restricted trimethylene 
bridged case. The xyly1ene bridges also produce very low dioxygen 
affini ties and, in fact, seem to approximate those of the tetramethylene 
case. Both the magnitude and the origin of this effect are 
surprising. The overall change in dioxygen affinity that can be applied 
by this structural variation easily exceeds 5 orders of magnitude in the 
equilibrhlll constant and may be much larger since it is difficult to 
place a mlllerical value on the vanishingly small 02 affinity of the 
limiting trimethylene bridged case. A principal contribution to this 
effect almost certainly must cane fran steric interactions relating to 
the diminishing of the cavity size to the point where, eventually, no 
small ligand can enter. Studies on capped and strapped porphyrins have 
also revealed large decreases in ligand affinity because of the 
restraint of crowded binding sites. 56-56" The contras t in the si zes of 
the cavities that are produced by different bridges is dramatized by 
Fig. 5 which represents structures that will be reported elsewhere. 

Substituent effects are also reasonably clear (Table 4). Replacing 
the remaining protons on the bridge nitrogen atans with methyl groups 
increases the 02 affinity by a small factor (2 - 4) while replacing the 
methyl group on the vinyl carbon atom by a phenyl group decreases the 
dioxygen affinity by a factor of about 5 to 10. The effects of the 
substituents and of the bridging group on the equilibrium constant for 
02 binding appear to be approximately independent of each other. The 
overall result is a rather great ability to control the dioxygen 
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Table 4. Equlibrium Constants for Dioxygen Binding by Lacunar Cobalt(II) 
Complexes 

II 
Cyclidene Complex 

Rl R2 R3 T(OC) KO (torr- l ) 
2 

(CH2)4 CH3 CH3 -40 .0020 

(CH2)5 CH3 CH3 20 .0094 

(CH2)6 CH3 CH3 20 .155 

(CH2)7 CH3 CH3 19.4 .62 

(CH2)8 CH3 CH3 20 .65 

(CH2)6 CH3 H 0 .010 

(CH2)6 H CH 3 0 .138 

(CH2)6 H C6H5 1.0 .41 

(CH 2)6 CH 3 C6H5 0 .085 

(CH2)6 H C4H9 -0.4 -200 

H CH 3 (CH 2)7 0 .0020 

CH3 CH 3 (CH2)8 -37.6 .020 

(CH2)6 CH3 CH 3 -10 4.6 

(CH2)6 CH3 CH3 1.0 1.3 

(CH2)6 CH 3 CH3 2.1 .98 

(CH2)6 CH3 CH3 15 .25 

Schiff Base Complex 

[Co(Me2(anisoYl)MezmalMeDPT}]b 25 0.15 .. 0.02 

25 0.15 .. 0.02 

[Co(Me2(np-XYlylenen)MezmalMeDPT}]b -20 5.9 .. 0.3 x 10-2 

-10 2.71 .. 0.04 x 10-2 

0 9.3 .. 0.2 x 10-3 

5 6.7 .. 0.3 x 10-3 

10 4.7 .. 0.3 x 10-3 

25 1.1 .. 0.1 x 10-3 

[Co(Me 2(anisoyl )Mezmalen}]C -15 2.9 .. 0.4 

[Co(Me2(nC8n )Mezmalen}]d 21 0.37 .. 0.05 

aIn 1.5M N-methylimidozole in CH3CN. bIn toluene. cIn 2J pyridine in toluene. 

dIn 2J 4-(t-butyl)pyrid1ne in toluene. 
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a 

b 

Figure 5. Stereo representations of cyclidene complexes: 
a) (Cu(MeHeC3cyCl1dene) ]2+ 
b) (Ni(MeHeCl~YClidene)]2+ 

affin! ty by varying these structural parameters. In effect, it is 
possible to produce a structure that will exhibit any desired value of 
KO ' within a wide span of possible values. 

2, 

The values of KO also show a s~on~ dependence of the binding 
constant on solvent aria on axial base. 2, Values measured in water 
exceed those fran acetonitrile by a factor of fran 5 to 1 O.,~ as expected 
on the basis of the increased polarity of the sol vent. 59, ov The axial 
ligand, N-methylimidazole, produces dioxygen affinities sane 3-10 
greater than those due to pyridine while those obtained with 
acetonitrile as the axial ligand are much smaller. Among the more 
noteable properties of the cobalt(II) cyclidene complexes is their 
ability to function smoothly as 1: 1 dioxygen carriers in aqueous 
solvent .50 

The thermal parameters for O2 binding, s\ll1lllarized in Table 5, 
display entropy changes of 64z2, for 14 cases, which is within 
experimental error of t~ value for gaseous molecular dioxygen (62eu, 
standard state of 1 torr 1). This is consistent with the cessation of 
rotations as well as translation upon binding and with the shielding of 
the bound dioxygen fran strong interaction with solvent. The values of 
.dS of O2 binding observed by other investigators for non-lacunar Schiff 
base cobalt(II) adducts are substantially larger, possibly reflecting 
stron~r solvational effects. 22,23 
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Table 5. Thermodynamic Parameters for Dioxygen Adducts Formation by 
Lacunar Cobalt(II) Complexes 

Cyolidene COOIpound 
R3 R2 R1 

H Me (CH2)6a 

Me H (CH2)6a 

Me Me (CH2)5a 

Me Me (CH2)6a 

Me Me (CH2)7b 

Me Me (CH2)8b 

C6H5 H (CH2)6b 

C~5 Me (CH2)6b 

(CH2)7 H Cil3a 

Schiff Base COOIpounds 

[Co{Me2("C6" )MeZ"alMeDPT1] 

[Co{Me2("p-xylylene")Me2MalMeDPT1] 

.I1H 

(koal/mole) 

-14.8(8) 

-16.6(3) 

-16.2(6) 

-17.2(4) 

-18.6(9) 

-17.3(3) 

-17.2(6) 

-17.5(4) 

-13.8(6) 

-16( 1) 

-13( 1) 

aJ • C. Stevens, thesis, The Ohio State UniverSity, 1979. 

i:M. Kojima, unpublished results. 

.I1s 

(eu/mole) 

-63.3 
-64(1) 

-65(2) 

-62( 1) 

-65(3) 

-60(1) 

-65(2) 

-64(2) 

-62(2) 

-58(2) 

-57(3) 

oJ. H. Cameron, M. Kojima, B. Korybut-Daszkiewioz, B. K. Coltrain, T. J. Meade, 

N. W. Alcook, and D. H. Busch, Inorg. Chem., 26, 427 (1987). 

A family of closely related dioxygen carriers formed by attaching 
the bridging group to the vinyl carbons rather than the nitrogen atoms 
has been labeled the retro-bridged cycl1denes (structilreXVI). 62 While 
generally showing similar dependences and parameters, the dioxygen 
affini ties of these complexes are lower than those of corresponding 
members of the previously discussed bridged cycl1dene complexes. For 
example (Table 4), the octamethylene retro-bridged species has as many 
atoms in its bridge as the hexamethylene bridged cycl1dene complex and 
the value of Ko for the former in 1.5M ImlCH3CN at _25°C is 0.0037 
torr- 1 while thA for the latter in the same med! um at the somewhat 
higher temperature of -l00C is orders of magnitude greater at 4.6 
torr- 1• A complicated steric effect, has been observed with the retro
bridged species which causes the shorter chain deri vati ve with a NHCH3 

XVI 
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group to have a much greater dioxygen af'finity than the N(CH3) 2 
derivative having a longer chain. In the case of the usual cyclidene 
complexes, both replacement of the NH by NCH 3 and the increase in bridge 
length would contribute to increases in dioxygen affinity. For the 
retro-bridged complexes, the second amino methyl group displaces the 
bridging group fran the position in which it can best accommodate the 02 
molecule. 

The m~de of autoxidation of these complexes is not well 
understood. 3 At 640 torr of 02 and 300 C in 1.5M N-MImlCH3CN, the half
lives of the different lacunar cyclidene complexes of coDal t(II) vary 
fran a few hours to a few days. There is evidence that the ligand may 
be susceptible to destructive autoxidation since pure cobalt(III) 
canpounds could be isolated only when certain axial ligands were added, 
such as thiocyanate or cyanate. This suggests that it may be necessary 
to accommodate a ligand in the lacuna when the metal ion is oxidized in 
order to stabilize its higher state and prevent an accompanying or 
SUbs~qUe~~ ligand oxidation. Electrochemical studies support this point 
of v~ew. 

As the polymethylene chain forming the bridge in lacunar cyclidene 
cobalt (II) canplexes increases fran trimethylene, regularly to 
octamethylene, and then junps first to do de camet hyl ene and then, 
effectively, to an infinite length (open structure), the potential of 
the first electrochemical oxidation process shifts regularly to more 
neg~~i ve potentials, spanning a range of approximately 500 mY (Table 
6) • In contrast, the same change in structure for the corresponding 
nickel(II) canplexes is accanpanied by a change in potential of only 50 
mY. _ Studies on the nature of the oxidation products ([NiL]3+ and 
[CoL]3+) revealed that (1) small lacunae inhibit the formation of 6-
coordinate Oxidized complexes and favor the formation of species in 
which the ligand has been Oxidized, [NiII (Lt)]3+ and [COII(Lt) ]3+, and 
large lacunae permit the binding of two axial ligands, which stabilizes 
canplexes containing the trivalent metal ions, [NiIII(L)An2]3+ and 

Table 6. 
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Variation of Potential with Chain Length for the Lacunar 
Complexes of Cobalt(II) and Nickel(II)a 

Rl M El/2,V M El/2'V 

(CH3)2 Co -0.15 Ni 0.74 

(CH2)12 0.74 

(CH2)8 0.05 0.77 

(CH2)7 0.08 0.78 

(CH2)6 0.20 0.76 

(CH2)4 0.34 0.79 

(CH2)3 0.34 0.79 

aR3 = R2 = CH3 and Rl is varied. Data from M. Y. Chavan, T. J. Meade, 

D. H. Busch and T. Kuwana, lnorg. Cham., 25, 314 (1986). Determined 

from rotating platinum-disk electrode (~Ag/AgN03' 0.1 M) results 

in acetonitrile with 0.1 M tetra-n-butYlammonium fluoroborate as 

supporting electrolyte. 



[CoIII (L) An2]3+ (An is acetonitrile). (2) Strong axial ligands favor 
the trivalent deri vati ve; i.e., in the case of the hexameth'ylene bridge, 
[CoIII(L}AnAn' ]3+ exists in acetonitrile but [CoII(Lt} ]':s+ exists in 
acetone. (3) Higher temperatures favor ligand oxidized species, 
possi bly by labiliz1ng axial ligands. The difference in the potential s 
for the first oxidation processes of the tetramethylene bridged canplex 
and for the unbridged cobalt cyclidene complex is clearly due to the 
stabilization of the cobalt(III} state in the latter case. 

It is a fascinating and somewhat ironic fact that the lacuna is at 
once a principal advantage of these dioxygen carriers and also the 
source of a major limitation. When the cavity is fairly restricted but 
large enough to permit 02 binding, autoxidation is favored by a pathway 
involving oxidation of the cyclidene ligand. In contrast, when the 
cavity is removed, or so large as to be effectively· removed, the 
cyclidene ligand may be safe from oxidation but this is only because the 
metal ion is stabilized in its oxidized state. In this case, the 02 
binding capability is impaired just as it was in the first case; 
however, the 1mpainnent may not be pennanent since the metal ion might 
be reduced again and the ability to bind 02 restored. Clearly improved 
design would involve reducing the susceptibility of the cyclidene ligand 
toward oxidation. 

In slJDlDary, the cobalt(II} cyclidene dioxygen carriers exhibit 
exceptional dioxygen affinities, having values approaching those of sane 
of the stronger natural iron (II) dioxygen binders. The complexes enjoy 
exceptional stability toward the usual pathways of autOxidation, 
especially that involving the formation of peroxo bridged dinuclear 
species. The structure is particularly well suited to the control of 
such performance parameters as dioxygen affinity since extensive 
variations in structural components are easily achieved. Further, 
dioxygen affinity can be controlled over many orders of magni tooe by 
varying the length and/or nature of the bridge and the substituents on 
the parent ligand. The complexes have been a useful resource for the 
study of the fundamental relationships that control dioxygen affinity 
and autoxidation of dioxygen carriers. Despi te the vastly improved 
behavior of the cyclidene 02 carriers, they still suffer from the 
principal limiting factor of all dioxygen carriers -- autoxidation. 

THE IlEV LAaJR.lR OOBALT(II) sanFF BASE OO..,IEXES 

Especially efficacious new cobalt (II) dioxygen carriers have been 
designed and prepared by incorporating several molecular design features 
into a familar class of Schiff base canplexes. The design profits fran 
the relationships disclosed during the extensi ve stooies on the lacunar 
cyclidene canplexes but it profi ts fran the incorporation of additional 
features that favor reversi ble dioxygen binding. The dioxygen complexes 
of the Schiff base 4,4'-ethanediyldinitrilo)bis(2-pentanonato)cobalt(II) 
(see structure XVII), which is commonly called ethylenediaminebis
(acetylacetonato)cobalt(II) and abbreviated [Co (acacen) ],c and the 
family of 02 carriers it represents were the second major group of 

R2 R3WR I 

C~ P 
Co 

R¥R1 

R2 
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cobalt(II) species to display this property. The first was 
bis (salicyl1dene )ethylened11mine (sal en) whose co bal t (II) complex was 
identified as a dioxygen carrier in 1938. b5 Early stwies with the 
substituted malen complexes (i.e., acacen and its congenors)c covered a 
wide range of structural variations and helped reveal many of the 
relationships between structure and dioxygen affinity, includin&. the 
correlation with electrode potentials and with pi{ values. 59,60 
Reversible binding was generally limited to relatively low temperatures 
wi th autoxidation occurring as the temperature was . raised • Further, 
recent studies suggest that the peroxo-~tfigfed dinuclear complex fonus 
in addition to the expected 1: 1 complex. , 

Our first experiments in this area simply involved the appending of 
a bridge to the familar complex [Co(acacen)] (structure XVIII). The 
preparation of this ligand made use of an interesting polymethylenebis 
(Il -diketone) that was first developed 6for the stwy of polymeric 
coordination compounds (structure XIX). ,8 Unfortunately this new 
lacunar Schiff base complex proved to be very sensi ti ve to autoxidation 
even at -100 C. The rapid oxidation was attributed to donation of 
electron density by the alkyl substi tuents. This was confinued by 
synthesiS and study of the non-lacunar bis(n-butyl) derivative. The 
cobalt(II) complex of that species autoxidized still more rapidly. 
Clearly the presence of lacunae alone is no panacea to the failings of 
cobalt(II) dioxygen carriers. 

The report by Kida et al. 69 that the presence of acetyl groups in 
the R2 position leads to dioxygen complexes that are stable in solution 
at room temperature offered great promise. That stwy also revealed 

Figure 6. Stereo representation of Schiff base complexes: 
a) (N1(Me2Acttezaalen)] 
b) (Ni(Me2Ac2Hznalen)] 
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that the 2: 1 equllibriun accompanies the desired 1: 1 process suggesting 
that the lacunization of such s~cies might produce good 1: 1 dioxygen' 
carriers. Our subsequent studies 32 showed a useful relationship between 
substituents at the R 1 and R3 positions and an acyl group at the R2 
position (Fig. 6). When methyl groups are present at both positions, 
the acyl group is forced to orient itself essentially perpendicular to 
the coordination plane. In contrast, if a methyl group is replaced by a 
hydrogen atom, the acyl group lies almost coplanar with the coordination 
plane. This provides guidance with respect to the subsequent design ~5 
lacunar species. In addition, Goldsby's electrochemical studies 
showed that the bis (acetylated) complexes auto xi di ze at potentials 
substantially more positive than those for the species that are 
unsubstituted at the R2 position, but still more important, in the 

Figure 7. Stereo representations of [NiCHe2"Ca"He2'llalen)] 

Figure a. Stereo representations of [Ni(He2"Ca"HZDalen}] 
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former cases the oxidations are reversi ble while toose for the latter 
are canpletely irreversible. This is consistent with the expectation 
that the limitations of R2 unsubstituted and alkyl substituted cobalt 
malena are due to ligand oxidation. 

Initial attempts to produce lacunization with long chain 
polymethylenebis (acylchloride) reagents were frustrated by canpeting 
reactions leading to ketenes and their dimers. This inspired the 
design 70 of the bridging group shown in structure XX. Replacement of 
the alkyl group with the benzene ring removed the competing elimination 
reaction and enhanced both the reactivity of the reagent (XX) and the 
oxidation stability of the ligand. The ether oxygen at the meta 
position provides a desirable flexibility to the bridge while minimizing 
electron donation to the benzene ring. Various group~o~ be placed at 
the R' position, including polymethylene and xylylene. ' 

The results of x-ray crystal structure determinations 70 on two of 
the new lacunar tetradentate canplexes of this class are shown in Figs. 
7 and 8. The species in Fig. 7 soows the upright orientation of the 
bridge expected 32 for a canplex having bulky groups at the R1 and R2 
posi tions, while that shown in Fig. 8 indicates how the bridge can be 
displaced fran the vertical in the absence of the steric restraint. The 
ESR spectra of these complexes are typical of low spin tetragonal 
cobalt (II) , showing both hyperfine splittings due to 59Co and 
superhyperfine couplings from the single axial nitrosen bases. 71 
Further, exposure of these canplexes to dioxygen in the presence of 
axial ligands produces ESR spectra typical of the 1: 1 02 adducts. 
However, at 02 partial pressures <0.2 torr the intensities of the ESR 
spectra are much diminished as would be expected if the dinuclear peroxo 
canplex were fonned. Similar observatiOns were made with both lacunar 
complexes and with related nonlacunar complexes ha ving two anisoyl 
substituents at the R2 positions. As would be expected, this 
complicates the calculation of equilibrium constants for dioxygen 
binding. It should be pointed out that these new lacunar canplexes 
exhibited greater resistance to autoxidation at temperatures as high as 
roan temperature than the bis(anisoyl) derivative. 

The complexities associated with saturating the axial ligand 
equilibrium, the possibility of coordinating the axial ligand on the 
alternate lacunar side of the coordination plane, and the possible 
fonnation of the peroxo-bridged dinuclear dioxygen complex are all 
intertwined. Deconvolution accompanies elimination of the need for a 
separate axial ligand by incorporation of a fifth donor atom into the 
structure of the principal ligand in the dioxygen carrier. 71 In early 
studies, Cummings et al, showed that this could be done with the parent 
complexes (structure XXI) and the resulting cobalt(II) complexes include 
sane of the best 02 carriers known prior to the developoent of lacunar 
complexes,72 as revealed, for example, by interests in their 
exploitation. 

Incorporation of a fifth donor in the evolving design of lacunar 
Schiff bases of the malen class has produced optimal cobalt(II) dioxygen 
carriers. 71 The complex shown in structures XXII (flat) and XXIII 
(projection) was prepared as shown in Scheme 4, using the reactions 
developed in conjunction with the synthesis of the corresponding 
tetradentate canplexes. However, it was necessary to use the copper(II) 
complex in this synthesis in order to obtain good yields. The complex 
has been characterized by elemental analyses, infrared and mass 
spectroscopy and, as this is written, single' crystals have just been 
mounted for x-ray study. The free ligand has been identified by NMR 
spectroscopy as well. 
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Stereochemical considerations led to the choice of the 
hexamethylene group as R', the link in the bridge, and a more 
restricti ve ~-xylylene bridge has also been used to provide examples 
having different cavity sizes for comparative purposes. The 1: 1 
dioxygen adducts were identified by ESR spectroscopy and the 
equilibrium constants were measured by the usual electronic 
spectroscopy. 50,51 The 1: 1 complexes are clearly the only dioxygen 
adducts formed by these species and they are stable enough to study even 
at temperatures as high as 50oC. 71 The ESR hyper fine splitting 
constants suggest that the dioxygen affinity of the hexamethylene 
deri vati ve is large and this is confirmed by the values of Ko given in 
Table 4. Remarkably, the binding constants are still quite farge even 
at room temperat ure. From the thermal parameters, (Table 5) it is 
evident that a favorable entropy change upon 02 adduct formation is 
responsi ble for the high dioxygen affinity. This may arise from 
decreased solvation of the oxygen complex in the lacunar case. Also, 
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Scheme 4. Preparation of bridged pentadentate cobalt(!!) complexes. 
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complete reversibility is found when the 02 is removed from the adduct, 
even at 250 C. In contrast, the corresponding bis(anisoyl) derivative 
shows both incomplete reversibility and evidence for peroxo bridged 2: 1 
complex formation. 

Replacing the hexamethylene group by the ~-xylylene bridge leads to 
a decrease in dioxygen affinity by 2 to 3 orders of magnitude. This 
establishes the opportunity for control of dioxygen afUni ty in this 
optimal family of dioxygen carriers. Both the ,E:-xylylene and 
he xamethylene deri vati ves show slow rates of autoxidation at high 
temperatures and 02 pressures. 

The conclusion is offered that the application of the various 
lessons learned in the study of lacunar cobalt(II) dioxygen carriers has 
led to the design of an optimal family of dioxygen carriers. The 
complexes of the general structure exemplified by XXII and XXIII enjoy 
the advantages of having all of the donor groups already present in the 
molecule while also having 02 coordination site protected by its 
presence within a special molecular chamber whose volllDe and extent of 
wall area can be controlled. This facilitates the control of dioxygen 
affini ty and, possi bly, other performance parameters for the 02 
adduct. The species is further favored by incorporation of the electron 
withdrawing acyl substituents that provide some electronic inhibition of 
ligand oxidation. While autoxidation does occur it is quite slow at 
room temperature and is presently under stooy at 500 C using ordinary 
spectrophotometric techniques. 

The successful application of the principles learned during stooy 
of lacunar cyclidene dioxygen carriers to the design of optimal Schiff 
base carriers of the lacunar malX Schiff base class confirms their 
generality. Further, the enhanced good properties of the new class of 
02 carriers suggests that still more autoxidation resistant cobal t(II) 
dioxygen carriers should be possible. The nature of the autoxidation 
process acting on the new Schiff base compounds must be learned. Other 
families of ligands are under investigation to continue the 
optimization of cobalt(II) dioxygen carriers. It is expected 'that the 
bugaboo of autoxidation will eventually be overcome as the destructive 
mechanisms become well understood and then inhibited by appropriate 
molecular designs. 

The research summarized here is the work of my fine collaborators, 
including graduate and undergraduate students, visiting scholars from 
about the world and senior colleagues who have chosen to share in this 
endeavor. These efforts have been made possible by the following 
sponsors: The National Institutes of Health, National Science 
Foundation, and NATO. We are truly grateful. 

FOOTNOTES 

a. Precedent exists for unexpected mechanisms in 02 carrier 
autoxidation. 73,75 In the parallel area of autoxidation of iron(II) 
dioxygen carriers, a peroxo-bridged pathway has long been known and 
is strongly doclIDented. This mechanism cannot be involved in 
autoxidation of such natural species as hemoglobin or myoglobin 
because the globular protein isolates each metal ion. Whereas it 
has commonly been assllDed that the natural carriers autoxidize by 
dissociation of 02- from the 02 adducts, extensive studies in these 
laboratories provide compelling support for electron transfer 
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between O2 and Fell without adduct formation as the competing 
mechanism. 

b. The definition given is restricted to the inclusion chemistry of 
discrete molecular entities. There is a complementary field that 
deals with continuous solid structures containing voids of molecular 
dimensions. For those unfamilar with the subject reference might be 
made to the Journal of Inclusion Chemistry or the biennial 
international meetings on this exciting young research subject (4th 
Internl. Symp. on Inclusion Phenomena, Univ. Lancaster, 20-15 July, 
1986) • 

c. A more useful set of abbreviations than the older acacen sort has 
been devised to provide easy recognition of the particular 
substitution pattern that applies to any given example of a Schiff 
base ligand of this class. The root is mal from malonaldehyde, the 
unsubsti tuted parent dialdehyde, and the form is R 12R22R3~alX, 
where R1, R2, and R3 are the successive substituents on the 
fJ -diketone mOieties, starting with the position nearest the 
remaining ketone moiety. X represents the di- or triamine residue 
and is en for an ethylenediamine deri vati ve. Thus acacen becomes 
Me2H:;.Me znalen and the ethylenediamine deri vati ve of benzoylacetone 
is Ph2H~eznalen. The derivative from acetylacetone and 3,3'
diaminodipropylamine is Me2H:;.MettalDPT since DPT is the usual 
abbreviation for the triamine. 

d. In addition to the lacunar dioxygen carriers produced from these 
cyclidene ligands three other noteable families of superstructured 
ligands have been characterized: (1) The so-called vaulted 
cylcidenes which contain much enlarged cavities that are adequate to 
accommodate various organic host molecules along with such small 
ligand molecules as O2 (see reference 38 and literature cited 
therein); novel dimeric derivatives having two face-to-face 
cyclidene complexes separated by a persistent void (see reference 39 
and literature cited therein); and a family of clathrochelate 
complexes fonned by rearrangement reactions (see reference 40). 

e. This propensity of low spin cobalt(II) to exist in 5-coordinate 
structures has recently been dramatically illustrated in the 
rearrangements of certain of the cyclidene deri vati ves. Whereas the 
iron(II) complex which tends to fonn 6-coordinate low spin 
structures rearranges a lacunar cyclidene to a sexadentate 
clathrochelate, the cobalt only rearranges one side of the complex 
and produces a pentadentate half-clathro complex. 76 
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FORMATION AND DEGRADATION OF COBALT DIOXYGEN COMPLEXES 

INTRODUCTION 

Arthur E. Martell 

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

The extensive literature dealing with cobalt dioxygen complexes has 

been summarized in several reviews 1- 6 . The earliest known synthetic dioxy

gen complex is probably the decamminedicobalt dioxygen adduct described by 

Werner and Myelius7 in 1889. Forty years later Tsumaki8 discovered theoxy

gen complexing properties of cobalt Schiff bases. This work was followed up 

through extensive investigations by Calvin and coworkers9- 14 and Diehl et 

al. 15 These studies established the fact that oxygen may be reversibly 

bound by the cobalt(II) complexes of tetradentate and pentad en tate Schiff 

bases formed by diamines and triamines with salicylaldehyde and its deriva

tives. Later work by Basolo and coworkers, and others, extended the Schiff 

bases to include those of acetylacetone and analogous compounds. 3 These 

complexes form in solution, sometimes with an appropriate axial base as an 

auxiliary ligand, or in the solid state. A typical binuclear cobalt complex 

is illustrated by formula 1 for the Schiff base ligand "fluomine". For this 

complex, and for all the dioxygen complexes described in this paper, the 

co3+-0; or Co3+-5-5-Co3+ formalism is employed for convenience, although it 

realized that dioxygen complexes involve more or less stable intermediate 

states between Co2+-dioxygen, and Co3+-superoxide or 2Co3+-peroxide systems. 

At about the same time as that of the investigation of Calvin and Diehl 
16-19 and coworkers, Burk, Hearon, et al. reported that the bishistidinato-

cobalt complex is capable of reversibly binding oxygen, in aqueous solution, 

to form an adduct illustrated by formula 2. The coordinate bonding indicated 

in 2 is based on the current formalism, described above. With the observa

tion that these two fundamentally different types of dioxygen complexes 

(cobalt(II)-Schiff base and amino acid complexes) combine reversibly with 
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B 

Binuclear cobalt dioxygen complex with fluomine 

and axial base B as ligands 

2 Bish1stidinatocobalt(II)-dioxygen complex 

o 

dioxygen should have been sufficient to indicate that oxygenation of 

cobalt complexes is a general reaction which takes place with a wide 

variety of complexes varying considerably in chemical properties. At 

that time, however, dioxygen complex formation with synthetic complexes 

was considered an unusual rather than a general phenomenon and interest 

in such compounds slackened for about fifteen years. A renaissance of 

interest and activity in the field occurred in the mid to late 60's, and 
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since then research on synthetic dioxygen complexes has continued to grow 

rapidly, mainly for the purpose of modeling biological oxygen carriers, and 

oxidase and oxygenase enzymes. Recently, interest has developed in the 

possible applications of dioxygen carriers as intermediates in catalysis, 

and for the purpose of oxygen separation and transport. 

STABILITIES OF COBALT DIOXYGEN COMPLEXES IN AQUEOUS SOLUTION 

Investigation of cobalt dioxygen complexes by the author's research 

group began with the work of Nakon20- 22 when it became apparent that the 

potentiometric techniques developed in this laboratory provides one of the 

most accurate and powerful methods for determining the dioxygen affinities 

of cobalt(II) complexes of polyamines, amino acids, peptides, etc., in 

aqueous solution. Since that time a large number of such complexes have been 

reported, along with the corresponding oxygenation equilibrium constants. 

The equilibria involved in the formation of such dioxygen complexes in 

aqueous solution are represented by equations (1)-(7). 

Co2+ + Ln- __ CoL (2-n)+ 
-.:--

Kf = [COL(2-n)+]/[Co2+][Ln-] 

for n = 0 

K a 

(1) 

(2) 

H 

(5) 

(6) 
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Equation (1) represents the last of what is usually many acid dissocia

tion steps of the multidentate ligand HnL, with n protonation sites. Reac

tion (2) is usually strongly pH-dependent because it depends on the concen

tration of the ligand free ~ase L, which is generally strongly protonated 

in aqueous solution. Similarly the oxygenation reactions (3) and (4), 

which do not involve hydrogen ions, are also usually very pH dependent 

because they depend on the pH-dependent concentration of the cobalt complex, 

CoL. Nearly all of the cobalt dioxygen complexes formed in aqueous solution 

are of the peroxo-bridged binuclear type, so that the mononuclear form 

indicated by equation (3) is generally an intermediate present at suffi

ciently low concentration as to be not detectable by potentiometric or 

spectrophotometric techniques. Exceptions are the cobalt(II) complexes of 

N-alkylated polyamines, which partially form mononuclear (superoxo) 

complexes in aquoeus systems, and produce higher yields of mononuclear 

dioxygen complexes in non aqueous solvents of moderate to low dielectric 

constant. 

In cases were the peroxo-bridged dioxygen complex illustrated in 

equation (4) has one (or more) aquo donors on each metal ion, hydrolysis 

and olation occur (equation 5) ,to give a dibridged (~-peroxo-~-hydroxo) 

dioxygen complex. In most cases reactions (4) and (5) occur simultaneously 

with little build-up of the intermediate monobridged complexes, but 
4 exceptions have been noted. Thus the two types of oxygenation constants 

generally reported for cobalt complexes in aqueous solution are represented 

by equations (6) and (7). 

The overlap of the chemical reactions corresponding to equations 

(1)-(5) makes possible the determination of the oxygenation constants (6) 

and (7) through measurement of hydrogen ion concentrations, because of the 

fact that oxygen complex formation shifts all equilibria to the right and 

increases the compet~tion between metal ion and hydrogen ion for the 

ligand in favor of the metal ion. An example of the type of experimental 

data obtained for such systems is illustrated by the p[H] profiles5 in 

Figure 1. The depression of the buffer region of the TREN-C02+ solution 

under nitrogen provides a qualitative measure of the affinity of the metal 

ion for the ligand (through hydrogen ion displacement). It is seen that the 

buffer region is further depressed in the presence of oxygen, and that the 

depression is a function of the oxygen concentration, thus demonstrating 

the sensitivity of hydrogen ion concentration to the concentration of dioxy

gen. The increased affinity of the metal ion for the ligand in the presence 

of dioxygen is good evidence for the increase in charge of the metal ion, 

thus making the C03+_02- formalism attractive. This effect led to the early 2 
use of this formalism by the author's research group. 
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TRIAMINOTRIETHYLAMINE -COBALT(lI)-DIOXYGEN 

12~------------------------------~ 

II 
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+ 
2:-
8 7 
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40 I 2 3 4 
MOLES BASE/MOLE LIGAND 

Figure 1. Potentiometric equilibrium curves for the system 

triaminotriethylamine (TREN) trihydrochloride-cobalt(II)-di

oxygen. L = ligand under nitrogen in absence of metal ion; 

L+C02+(N2) = equimolar ratio of Co(II) and TREN under nitrogen; 

L+Co2+(air) = equimolar ratio of Co(II) and TREN under air at 

1.00 atm; L+co2+(02) = equimolar ratio of Co(II) and TREN 
-3 under oxygen at 1.00 atm; TM = TL = 1.000 x 10 M; t = 25°C; 

~ = 0.100 M (KN03). 

A large number of equilibrium constants of dibridged dioxygen complexes 

have now been determined4 ,20-28 and those published through 1983 are listed 

in reference 4. Figure 2 illustrates the type of correlation reported for 

the magnitudes of the oxygenation constants as a function of ligand basicity 

It is noted that the linear correlation observed is not with the stability 

constants of the cobalt(II) complexes, but with the total basicities of the 

ligand donor groups as measured by the sum of the corresponding pKa's. Thus 

the strength of sigma coordinate bonding between the ligand donor groups 

and the cobalt(II) ion seems to be the major factor influencing the 

extent of charge transfer from the metal ion to dioxygen, which similarly 

influences the strength of metal-dioxygen coordinate bonding. 

Analogous studies of the stabilities of monobridged cobalt dioxygen 
. 25 26 27 28 complexes have been reported by Harrls et al. ' and Timmons et al. ' 
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Figure 2. Correlation of log KO of dibridged dioxygen complexes 

with the sum of the log protona€ion constants of the ligands. 

Because of a shortage of the appropriate pentadentate ligands a number of 

polyamines varying in basicities of their donor groups, formulas 3-6, 
were synthesized for comparison with the parent compound, TETREN, 7, the 

most basic of the series. The correlation obtained for these and some 

additional cobalt(II) complexes is illustrated by Figure 3. Here also 

it was found that the oxygenation constants seem to be linear functions 

of the sums of the ligand pKa's rather than the stability constants of the 

cobalt(II) complexes. The oxygenation constant data are separated into two 

groups, one series involving complexes containing only five membered chelate 

rings, with a separate correlation at lower stability for ligands which 

form two 5- and two 6-membered chelate ring~. The separation into two groups 

shows that ligand conformation and steric factors may have measurable effects 

on the strength of metal-dioxygen binding. 

The equilibrium constants4 for the formation of a wide variety of dioxy

gen complexes are listed in Table 1. In order to make possible comparisons 

of dioxygen complexes under widely differing conditions, the constants in 

Table 1 are expressed as the equilibrium oxygen pressure required for half 

conversion of the metal complex in its lower valent state to the correspond

ing dioxygen complex. For dibridged dioxygen complexes P1/2 is pH dependent, 

so that the p[H] is specified in such cases. The most striking aspect of 
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Figure 3. Correlation of log KO of monobridged dioxygen complexes 

with the sums of log protonatio~ constants of the ligands: 

(a) complexes with five-membered chelate rings, (0)complexes 

with five- and six-membered chelate rings. 
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Table 1. Comparison of Stabilities of Various Types of Dioxygen Complexes 

No. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Oxygen-free complex Dioxygen Complex 

human hemoglobin A, Hb Hb02 

FeTPivPP(Me2Im), MLL' 

COTPivPP(Me2Im), MLL' 

Co(SALEN), ML 

Co(ACACEN)PY, MLL' 

Co(TEP)2+, ML 

Co(TREN)2+, ML 

MLL'02 

MLL'02 

(ML)202 

MLL'02 

(ML)202 

(ML)2(02)(OH) 

Co(BPY) (TERPy)2+, MLL' (MLL')02 

CO 2(BISTREN)OH3+, M2LL' (M2LL')02 

(M2LL2)02 

(M2L) (02) (OH) 

4.0 x 102 

2.0 x 10 1 

8.4 x 10- 1 

2.3 

4.0 x 102 

3.4 x 10 13 

1.4 x 109 

1.4 x 103 

3 5 101 . x 

Conditions 

25°C, pH 7.4 
(tris buffer) 

25°C, toluene 

25°C, toluene 

25°C, Me 2S0 

-31°C, ~= 0.10 M 

25°C, j.l= 0.10 M 

25°C, j.l= 0.10 M 
pH 7 

25°C, j.l= 0.10 M 

25°C, j.l= 0.10 M 
pH 7 

25°C, j.l= 0.10 M 

25°C, j.l= 0.10 M 
pH 7 

the data in Table 1 is the wide variation of the oxygenation constants, 

involving a span of nearly fourteen orders of magnitude. It seems that 

hemoglobin and a number of synthetic cobalt(II) and iron(II) complexes 

form dioxygen adducts having relatively low stability constants. Such 

complexes can be readily decomposed into their components by small changes 

in pressure or temperature, or both. Such systems would be good candidates 

for oxygen separation or transport. While the polyamine and amino acid 

ligands produce cobalt complexes having very high dioxygen affinities, 

which under most conditions would dissociate with difficulty, they would 

probably serve as interesting models for oxygen activation and as cata

lysts for oxidation of organic substrates. In addition, their apparent 

very high stabilities may be reversed in aqueous solution by lowering 

the pH. This requirement would be rather cumbersome, however, for the 

development of systems for oxygen production or facilitated transport 

through membranes. 

Two of the dioxygen complexes listed in Table 1, which are of special 

interest to this investigator, are BISDIEN29 and BISTREN30 , which form 

macrocyclic and cryptate dicobalt complexes respectively. The dioxygen 

complex of dicobalt BISTREN, 8, involves four basic nitrogen donors 

for each metal ion and should have a much higher oxygenation constant 

than the corresponding dixoygen complex formed from dicobalt BISDIEN, 9, 

which has three basic nitrogen donors per metal ion. The fact that the 
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8 Dicobalt dioxygen complex 
of BISTREN 

9 Dicobalt dioxygen complex 
of BISDIEN 

latter is over three orders of magnitude more stable indicates that 

dioxygen complex formation must be severely restricted in the BISTREN 

cryptate complex, probably because of the less flexible nature of the 

cage (i.e., for steric reasons). 

Of considerable interest with respect to the reactivities of cobalt 

dioxygen complexes to be discussed below is the fact that each metal ion 

in 9 has an additional coordination site which is not indicated in the 

formula, and may be occupied by a coordinated water molecule. That 

this is probably the case is indicated by the fact that 9 was reported30 

to undergo two additional dissociation reactions to form the complex 
1+ BISDIEN-C02(OH)302 . 

DEGRADATION REACTIONS OF COBALT DIOXYGEN COMPLEXES 

All dioxygen complexes undergo irreversible degradation reactions to 

form inert complexes that have no affinity for dioxygen. This type of 

reaction has been found to follow one of the several pathways indicated 

in Table 2 at rates which may be very slow, or so rapid that it is 

difficult to isolate or work with the dioxygen complex. The factors that 

control the tendencies of oxygen complexes to undergo such reactions are 

not well understood, and it is still not possible to predict whether a 

proposed dioxygen complex would be stable or labile toward degradation. 

In any case the rates of such reactions must be controlled and be 

sufficiently slow if the dioxygen complex is to be employed as a reactant 

(i.e., an oxidizing agent) or as a carrier for separation processes. The 

ability to predict or suppress such reactions would be invaluable for the 

design of dioxygen complexes for these applications, or for study as 

enzyme models. The remainder of this paper is concerned with the results 

of a series of investigations of the mechanisms of the irreversible 

degradation reactions of cobalt dioxygen complexes. As examples of the 

patterns of the oxidative degradation reactions that may take place, the 
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Table 2. Reactions of Binuclear Cobalt Dioxygen Complexes (LCo3+-5-5-Co3+L) 

1. Spontaneous irreversible conversion to inert complexes 

a. Metal-centered oxidation 

Conversion to the inert Co(III) complexes of the original ligand 

with release of H202 

LCo3+-5-5-Co3+L + 2H+ ~ 2COL3+ + H202 

b. Oxidative dehydrogenation of the coordinated ligand 

3+-- 3+ LCo -O-O-Co L 2H20 + 2COH_2L2+ 

c. Oxygen insertion into coordinated ligand 

3+-- 3+ LCo -O-O-Co L 

COLOCoOH5+ 

reaction pathways for the dioxygen complexes of 3, 5, and 10 are described 

in detail. 

PYEN, 10 

Degradation of the Cobalt(II)-PYDIEN-Dioxygen Complex 

The binuclear cobalt dioxygen complex derived from PYDIEN, 3, is 

rapidly converted to the Co(II) complex of the dehydrogenated polyamine 

containing the imine double bond conjugated with a pyridine ring.3l,32 

Experimentally, kinetics of reaction were measured by preparing the dioxy

gen complex in solution at pH values where it has high thermodynamic 

stability, removing excess oxygen, and raising the temperature to 35°C. The 

monoimine formed was isolated and identified by its IR spectrum, and by 

quantitative hydrolysis to 2-pyridinecarboxaldehyde. The evidence obtained 

in determining the nature of the reaction pathway and the stoichiometry 

of the oxidative dehydrogenation reaction is summarized in Table 3 and the 

reaction sequence is shown in Table 4. The cobalt(II) complex of the mono

imine formed in the first oxidative dehydrogenation step forms a dioxygen 

complex which is thermodynamically somewhat less stable than the original 

complex, but is sufficiently stable to work with in the same manner. This 

complex in turn undergoes a second oxidative dehydrogenation to form a 

Co(II) complex of a coordinated diimine, which hydrolyzes spontaneously 

to a complex of diethylenetriamine and 2-pyridinecarboxaldehyde. When 

the reaction is carried out in the presence of excess oxygen the sequential 
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Table 3. Evidence for Formation of Co(II) Complex of Oxidatively 

Dehydrogenated Ligand 

1. DC sampled polarograms indicate Co(II) complex formed. 

2. Monoimine determined by hydrolysis to aldehyde and by TLC separation. 

3. ~Uv-visible and IR spectra similar to those of synthetic imine complex. 

4. No H202 formed in reaction mixture. 

5. Product formed after anaerobic dehydrogenation forms a new dioxygen 

complex with 02. 

Table 4. Reaction Pathways for the Autoxidation of PYDIEN through Cobalt 

Dioxygen Complex Formation 

2CoL2+ + 4+ 
°2 

. (CoL)202 
4+ 2(CoL' )2+ + 2H2O 

L = ~1\1\c-@ (COL)202 N NHNHNHN 

2(CoL' )2+ + 
°2 

. (CoL' )20~+ 

(CoL' )20~+ 2(COLII)2+ + 2H2O L' = ~1\1\r@ 
N N NHNHN 

2(COLII)2+ + 
°2 • (COLII)20~+ @h.1\r\!I© L" = 

(COLII)20~+ of' 2H+ • 2 ( CoL II ) 3+ + H202 
N N NH N N 

dehydrogenation reactions overlap and only the final products can be 

isolated from the reaction mixture. These reactions are second order, first 

order in dioxygen complex and first order in hydroxide ion. Deprotonation 

of the aliphatic amino group undergoing dehydrogenation is therefore 

considered to be an essential part of the reaction mechanism. 

Degradation of the Cobalt(II)-EPYDEN-Dioxygen Complex 

The fact tht the cobalt dioxygen complex involving the coordinated 

pentamine EPYDEN, 5, does not undergo oxidative dehydrogenation throws 

considerable light on the constitutional requirements of this reaction. 

In this case a so-called metal-centered oxidative degradation takes 

place, for which the products are the inert Co(III) complex of the 

original polyamine, and hydrogen peroxide. The evidence obtained for 

the nature of this reaction is summarized in Table 5. 

The change in reaction pathway for the cobalt dioxygen complex 

containing 5, relative to that of the dioxygen complex containing 3, 
was interpreted in terms of the probable conformation of the EPYDEN 

ligand in the cobalt dioxygen complex formed 33 . The folded arrangement 

of the ethylenediamine moieties in 11 prevents the formation of an 
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Table 5. Evidence for Metal Centered Oxidation of the Cobalt EFYDEN 

Dioxygen Complex 

1. H202 formed 

a. Detected polarographically 

b. Determined semiquantitatively by iodide titration 

2. Co(III) complex of unchanged ligand formed 

a. Identified by measurement of electronic absorption spectrum 

b. Polarographic reduction of reaction product gives the same 

half-wave potential as that of the initial Co(II) EPYDEN complex 

c. The complex formed does not combine with dioxygen 

imine double bond conjugated to the pyridine ring. This interpretation 

has more recently been supported by the crystal structure determination 

of the iodide obtained from a concentrated solution of 11 in the presence 

of excess iodide ion34 , as indicated by Figure 4. 

~N 

( 
--~H ..... t ........ ~) 
. ::.:z 3+ ............ . 

: .............. Co : 
:~ ,: 

IiH··· ..... j ..... NH2 
0-

" 11 Cobalt dioxygen complex of EPYDEN 

This new evidence led to a re-inspection of the crystal structure of 

the dioxygen complex containinS coordinated ligand 3, which had been 

reported earlier. 35 This structure clearly showed that the coordinated 

ligand in this dioxygen complex has a conformation of the aliphatic 

triamine bridge that is fairly close to the conformation required for the 

imine formed as the result of oxidative dehydrogenation. 

The experimental work described above on the oxidative degradation 

of the cobalt dioxygen complexes containing pentamine ligands establish

es the sensitivity of the dehydrogenation reaction to the conformation 

of the coordinated ligand. The kinetic studies described below on the 

cobalt dioxygen complex of 10 reveal still another requirement for 

oxidative dehydrogenation - that the amino group undergoing oxidative 

dehydrogenation must be proximal to the coordinated dioxygen. 
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Figure 4 . An ORTEP projection of the Co(III) complex obtained 

from 11 . Probability ellipsoids are at the 20% level. 

Degradation of the Dibridged Dioxygen Complex of 1,6-Bis(2-pyridyl-2,5-

diazahexanecobalt(II) 

The dibridged (~-hydroxo-~-peroxo) complex, 12, of the tetradentate 

polyamine (PYEN), 10, analogous to PYDIEN was selected for oxidative degra

dation study . Apparently because of the stabilizing effect of the second 

~-hydroxo bridge, the corresponding dioxygen complex was found to be 

more resistant to degradation than the corresponding monobridged complexes 

formed with the pentadentate ligands PYDIEN, 3, and EPYDEN, 5, described 

above . However, the reaction progressed smoothly with conveniently 

measurable kinetics between 45 and 60o c. 36 

The chelate formation constants of Co(II)-PYEN and its oxygenation 

constant were determined potentiometrically, and the dibridged dioxygen 

complex 12 was found to be the only complex species in solution between 

p[H] 4 and 11 . Degradation of the dioxygen complex at elevated tempera

ture resulted in dehydrogenation of the ligand to form a single reaction 

product, the Schiff base complex of pyridine-2-aldehyde and N-(2-pyridyl

methyl)ethylenediamine . The reaction kinetics, on the other hand, were 

found to be complex, with two distinct second order rate constants 

leading to the same reaction product, which hydrolyzed in solution to 

the aldehyde and the diamine . These rate constants, 3.4 x 10-4 M- 1 s-1 
-4 -1 -1 and 9 . 3 x 10 M s , were found to be first order in dioxygen complex 

concentration and in hydroxide ion concentration. Because only a single 
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product was obtained, it was concluded that the original dioxygen complex 

undergoing degradation exists in more than one form in solution. 

Consideration of the possible conformations of the dibridged dioxygen 

complex 12 in solution led to the possibility of several complexes 

differing in the arrangement of the coordinated ligand. Three such 

substances are illustrated by formulas 13, 14, and 15. The three conform

ations illustrated by formulas 13-15 show the ligands within each complex 

in equivalent positions. Other conformations are possible with ligands in 

different orientations. Thus there is ample opportunity for the existence 

of dioxygen complex species with differing rates of dehydrogenation. 

Such differences may be due to differences in proximity of the ligand 

groups undergoing oxidation to the coordinated dioxygen, as is apparent 

in formulas 13-15, or may be due to the slow change in conformation of one 

(or more) species to a more reactive conformation. 

The dehydrogenation reactions for which rate constants are indicated 

above were both found to have large deuterium isotope effects (6.4 for 

the slower reaction and 8.5 for the faster reaction). Consequently both 

the slow and fast reactions must involve direct transfer of a proton 

from the alpha carbon atom to the coordinated dioxygen. Because of the 

fact that conformation 13 provides the closest approach of the groups 

involved in such a proton transfer, it is suggested that it is the con

former responsible for the more rapid dehydrogenation reaction illustrated 

POSSIBLE TOPOLOGIES OF DIOXYGEN COMPLEX OF 

1.6-BIS(2-PYRIDYL)-2.5-DIAZAHEXANE (PYEN. L) [C02L2(OH)(02)]3+ 

r~ N~ ON ....... I .•••.••... O I 
.' I /'.'-.-

: " I // : .0, .. ··I ........ ·· .. ·N 
.... ::: H~ ......... ',~ __ - - ~ ... 

... ".,,"""" ' .... . : ... ~---- " ..... •. ·.· ......... ,.····lI'~ ............ ; ....•. u 
~~ 14 ~....J 
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SCHEME I 

18 

by Scheme I. The first order dependence on hydroxide ion concentration 

suggests an intermediate such as 16, which then goes through a transition 

state 17 to form the reaction product 18, which was identified as described 

above. The suggested transition state 17 illustrates the essential features 

of the proposed reaction mechanism: 1, direct proton transfer from the 

alpha carbon to the coordinated dioxygen; 2, homolytic 0-0 bond fission; 

3, pre-equilibrium dissociation of coordinated amino nitrogen; and 

4, electron transfer from the deprotonated amino group through the metal 

ion to the coordinated dioxygen. Although the kinetics indicates that 

more than one dioxygen complex species is involved in this dehydrogena

tion reaction, conformer 13 is selected as the most reactive form because 

it involves the shortest distance between the alpha carbon atoms and the 

coordinated dioxygen, and is therefore assigned as the species associated 

with the larger rate constant. One or more of the conformers with longer 

alpha carbon-dioxygen distances may account for the observed slower rate 

of dehydrogenation. Although the reaction mechanism indicated in the 

Scheme applies to the more rapidly-reactive species, a similar mechanism 

is suggested for the slow degradtion reaction because here also direct 

hydrogen ion transfer is considered to occur. 

To summarize, the factors involved in ligand dehdyrogenation of 

cobalt dioxygen complexes are the following: 1, all dehydrogenation 

reactions are based catalyzed; 2, the imine double bond formed is conjug-
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ated with an aromatic ring (no dehydrogenation with purely aliphatic poly

amines); 3, conformation of polyamine in dioxygen complex must be compat

ible with formation of trigonal R-C=N-R' (R = aromatic); 4, when isomers 

possible only configurations with a -CH- adjacent to the coordinated 

dioxygen undergo dehydrogenation; 5, large deuterium isotope effect; 

6, concerted 0-0 bond scission, imine double bond formation, and proton 

transfer to coordinated peroxo oxygen. 

DIOXYGEN COMPLEX REACTIONS IN PROGRESS 

Although the studies of kinetics and mechanisms of the degradation 

reactions of the cobalt dioxygen complexes containing the ligands 3, 5 

and 10 have provided interesting guidelines for oxidative dehydrogena

tion of the ligand, and metal-centered oxidation with the formation of 

hydrogen peroxide, there are still many unanswered questions regarding 

the reaction pathways that require further investigation. One of the 

main complications has been the number of possible conformers of the 

dioxygen complexes, which complicates the interpretation of the degrada

tion reactions. 

In order to restrict the number of dioxygen complex conformers 

while maintaining proximity of the oxidation-sensitive positions to the 

coordinated dioxygen, it has been decided to study the cobalt dioxygen 

complexes containing macrocyclic ligands, as in 19, 20, and 21. One of 

these ligands, the dipyridyl [30]N604 macrocycle in 19 has been reported 

by Nelson37 . The three macrocyclic ligands 19-21 have been synthesized 

and studies of their cobalt dioxygen complexes are now underway. A 

predicted reaction sequence for the oxidative dehydrogenation for the 

[24]N602 analog of 19 is illustrated in Scheme II. The successive dehydro

genations 22 ~ 23 and 24 ~ 25 are similar to those postulated by Nelson37 

for the degradation of the Cu(I) complex of 19, with the exception that 

the dioxygen complex intermediates may be isolated and identified for the 

cobalt complexes, whereas they were not stable enough to be detected in 

the Cu(I)/Cu(II) systems. 

The binuclear dibridged dioxygen complex 26 (R = H) has been synthe

sized and characterized by R. Menif in this laboratory. Its oxidative 

degradation reactions (Scheme III) now under investigation may take one 

or more of three possible pathways: 1, reaction A resulting in oxidative 

dehydrogenation; 2, metal-centered oxidation B to give an inert binuclear 

cobalt(III) complex, 29, and hydrogen peroxide; or oxygen insertion, 

C, into the aromatic ring to give a phenolate-bridged binuclear cobalt(III) 

complex. Evidence suggesting the elimination of pathways A and B have now 

been obtained, and further experimental work is underway to identify a 

possible oxygen insertion reaction product such as 28. 
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SCHEME II 

PREDICTED REDOX CYCLE IN THE OXYGENATION AND OXIDATIVE 

DEHYDROGENATION OF A BINUCLEAR HACROCYCLIC COBALT COMPLEX 

19 20 

21 

/,0",\ 

~~ ~30> \ I 

\ ;0-0: " 
3+'"" , '3+ O ---- Co ·CO----N 0 ,', .. ", 
" ""0'''' " , I \ 

U~ 

/,o~ 

~N Njo> \ , , , , , 
2+' , 2+ o N---if"(1I!2 lC¥I\---N 0 

-' , 
~O~ 

22 I 23 

O2 

/,O~ 

<Of~ ~30> \ - -,' \ .0-0, ' 
3+ " --.. I 3+ O ---- Co .. CO----N 0 

' '...... ' \ 
" '0..... \ 
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SCHmm III 

POSSIBLE PATHWAYS OF THE IRREVERSIBLE DEGRATION OF DIBRIDGED DICOBALT 
DIOXYGEN COMPLEXES OF a,a'-~-XYLYLBIS(TRIETHYLENETETRAAMINE) 

R = H, CH3, OCH3, OH 

A 

26 

R 

29 28 

It has been noted above that the dicobalt BISDIEN dibridged dioxygen 

complex 9 has an additional coordination site on each metal ion that may 

bind an additional ligand. It is therefore planned to use these coordina

tion postions to bind a bridging reducting ligand such as oxalate or 

catechol. Scheme IV illustrates a possible reaction pathway for the 

oxidation of a bridging oxalate ligand by a coordinated ~-peroxo group. 

Synthetic work leading to the formation of dibridged macrocyclic dicobalt 

complexes of this type is now in progress. 
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SCHEME IV 

PROPOSED REDOX CATALYSIS IN BINUCLEAR HACROCYCLIC COBALT DIOXYGEN COMPLEXES. 
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REVERSIBLE COMPLEXES FOR THE RECOVERY 

OF DIOXYGEN 

ABSTRACT 

John A. T. Norman, Gu1do P. Pez,* and Dav1d A. Roberts 

Corporate Science and Technology Center 
Air Products and Chem1cals, Inc. 
P.O. Box 538, Allentown, Pennsylvan1a 18105 

D10xygen 1s produced in tonnage quantities by the d1st111at1on of a1r 
at cryogen1c temperatures. In recent years, alternative technologies have 
emerged that employ 02- or N2-select1ve sorbents or 02-permselective 
polymer membranes. New transition metal complexes that can bind 02 
revers1bly and with h1gh spec1f1city may provide the basis for even better 
processes for d10xygen recovery. One of the more promising approaches 1s 
the use of such complexes as 02 carriers 1n fac1l1tated transport 
immobilized liquid membranes. The performance of the cyclidene lacunar 
"protected site" d10xygen complexes developed by D. Busch et al. has been 
evaluated in such membranes operat1ng at ca. OOC. The complexes 
faci11tate the transport of d10xygen and result 1n 02 permeabi11ties and 
02/N2 selectivities that have been related 1n a prel1m1nary manner to 
the complex concentration, equilibrium 02 binding, react10n kinetics, 
and carrier and 02 diffusivities. While the cyclidene complexes proved 
to be useful in these experimental studies, for practical membranes new 
carr1ers would have to be devised that are much more stable toward 
oxidative degradation. The synthesis and structure of a new "protected
s1te U reversible cobalt dioxygen complex are described. 

INTRODUCTION 

Dioxygen is a large-volume commodity chemical, with product1on in the 
United.States currently exceeding 18 million tons per year. Most pure 
dioxygen is produced in large-scale cryogen1c plants, 1n which 1ncoming 
a1r is compressed, l1qu1fied, and separated into 1ts components by 
distillation. Even the most modern cryogenic plants, however, operate at 
only -20% thermodynamic effic1ency, and foreseeable engineering 
innovat1ons are unlikely to greatly 1mprove the1r performance. 

*Presenter 
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Although cryogen1c methods cont1nue to dom1nate, espec1ally for 
h1gher pur1ty, large-tonnage oxygen and n1trogen product10n, several 
separat10n technolog1es based on carbon molecular s1evel and zeo11te2 
adsorbents and polymer membranes have recently emerged as cost-compet1t1ve 
alternat1ves for certa1n lower volume app11cat10ns. Other methods that, 
1n pr1nc1ple, have the potent1al to separate d10xygen from a1r more 
eff1c1ently than any of these techn1ques are based on the h1ghly spec1f1c 
but revers1ble b1nd1ng of d10xygen by certa1n metal coord1nat10n complexes. 

Our1ng the past forty years, cons1derable research has been devoted 
to d10xygen b1nd1ng by trans1t10n metal complexes. 010xygen complexes 
represent1ng a w1de var1ety of structural types are now known for many of 
the trans1t10n metals A and the1r synthes1s and chem1stry have been 
extenslvely rev1ewed.~ Most work has been st1mulated by attempts to 
model 1mportant b10log1cal d10xygen carr1ers such as hemoglob1n, 
myoglob1n, hemerythr1n, and hemocyan1n,4 as well as the enzymes and 
components of b10log1cal energy transduct10n systems be11eved to 1nvolve 
d10xygen. 5 However, unt1l recently only a relat1vely modest effort has 
been d1rected toward the development of a1r separat10n and oxygen storage 
technolog1es based upon coord1nat10n compounds that revers1bly b1nd 
d10xygen. 

Absorpt10n Processes 

In pr1nc1ple, the separat10n of a1r can be effected by ut1l1z1ng 
revers1ble d10xygen complexes 1n e1ther absorpt10n or membrane processes. 
In an absorpt10n process, d10xygen 1s taken up by e1ther a porous so11d 
complex or a solut10n. After saturat10n 1s ach1eved, the so11d or 
solut10n carr1er 1s 1solated from the a1r feed stream, and the d10xygen 1s 
recovered by reduc1ng the 02 pressure or by thermal desorpt10n. Because 
the system 1s select1ve for d10xygen, 1t av01ds the need for compress10n 
of the accompany1ng d1n1trogen as 1s pract1ced 1n the cryogen1c process. 
An absorpt10n process can also be scaled down to lower product10n levels, 
where a1r l1quefact10n plants become less eff1c1ent. 

for a metal complex to funct10n as a useful 02 sorbent 1n an a1r 
separat10n process, 1t must have h1gh capac1ty, adequate d10xygen blndlng 
thermodynam1cs and k1net1cs, acceptable cost, and chem1cal stab1l1ty. A 
number of potent1al so11d and solut10n revers1ble 02 absorbents have 
been exam1ned. The most notable 1s the fam1ly of cobalt(II) 
b1s(sa11cylal)ethylened1am1ne, "salcom1ne," and s1m1lar 02-react1ve 
so11ds p10neered by Calv1n6 and 01ehl,7 wh1ch were later developed for 
on-board oxygen support systems for the U.S. A1r force. 8 Some more 
recent examples 1nclude the ster1cally protected porphyr1ns,9 complexes 
anchored to so11d supports such as organ1c polymers,lO s1l1ca,11 and 
zeo11tes. 12 Solut10ns of trad1t10nal salcom1ne and other known 02 
complexes have been cla1med to be useful absorbents 1n d10xygen 
separat10ns. 13 

Oesp1te the w1de var1ety of complexes stud1ed, no synthet1c carr1ers 
have all the propert1es requ1red for d10xygen separat10n. The1r most 
ser10us drawback 1s chem1cal 1nstab1l1ty caused by auto-ox1dat10n 
react10ns. 

Membrane Processes 

Several emerg1ng technolog1es for a1r separat10n employ sem1permeable 
organlc polymer membranes, cons1st1ng essent1ally of a very th1n f1lm of 
an organ1c polymer on a su1table hollow f1ber or flat sheet support. 
Separat10ns are ach1eved on the bas1s of d1fferent1al solub1l1ty and 
d1ffus1v1ty of the gases 1n the organ1c polymer f1lm.14 
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Because of the1r phys1ca1 similarities, however, only limited 
resolution can be expected for gaseous dioxygen and din1trogen using such 
polymer membranes. In addition, because of the generally relatively low 
diffusion rates of gases in polymers, the membranes must be exceptionally 
thin «0.1 ~m) in order to achieve high gas permeat10n rates. However, 
despite these 11m1tat1ons, silicone rubber and other u1tra-th1n-f11m 
polymer membranes having 02:N2 permeabi11ty rat10s or se1ect1v1ties of 
2-3:1 are f1nding uses for the separation of air. 15 

Facilitated Transport Membranes 

A recent approach to a potentially much more effective separat10n of 
air and of other gas mixtures uses, as the membrane, a thin film of a 
1iqu1d in which a chemically reactive, reversible gas carrier is 
dissolved. The carrier facilitates transport of the gas across the 
membrane, resulting in a higher flux and selectivity of the desired 
reactive gas than would be achlevable w,th the liquid alone. 

The mechan'sm or transport is illustrated in FIgure 1, which shows a 
membrane cross-sect1on. At the feed side (h1gher pressure) of the 
membrane, gas A reacts selectively w1th carrier B, forming the gas/carr1er 
complex AB (Equation 1), which diffuses in the direction of the 
concentration gradient, toward the permeate side. Here the reaction 
described by Equation 1 is reversed; gas A is liberated and the carr1er 
returns to the feed side of the membr~ne. 

k1 
A (gas) + B (carrier) <~ AB (complex) 

k -1 
( 1 ) 

A is also transported by a conventional solution/diffusion mechanism 
through the solvent. 

An actual membrane usually consists of a solution, containing the 
carrier, immob11ized in the pores of a thin porous polymer. The liquid is 
held within the relatively small pores «0.4 ~m) by capillary fortes. 
Way et al. 1& have published an excellent review of such faci11tated 
transport liquid membranes. 

FEED PERMEATE 

~ 
A -+ B B +At-",~A 

II II 
AB AB 
'---' 

Fig. 1. Schematic representation of processes 
occurring 1n a carr1er-med1ated faci11tated 
transport membrane. 
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The facilitated transport of d10xygen through an aqueous membrane 
containing hemoglobin as the carrier was first demonstrated by 
Scholander .. 17 He reported increases in d10xygen flux up to eight times 
those observed for simple diffusion. This phenomenon was confirmed by 
later workers who modeled the transport process on the basis of a 
reversible, chemically reactive diffusing carrier, as outlined above. 

The most comprehensive study on facilitated dioxygen transport was 
carried out by Bassett and Schultz,18 who used b1s(histid1nato)
cobalt(II) as the reversible d10xygen carrier. Oxygen fluxes were 
enhanced over those arising from simple diffusion and their values were 
related to critical fundamental parameters of the system, namely, membrane 
thickness, the concentration and rate of diffusion of the carrier, and its 
oxygenation and deoxygenation kinetics. Unfortu,nately, their studies were 
limited by the low solubility (-0.05 M) and chemical instability of the 
b1s(h1stidinato)cobalt(II) complex. A relatively recent report by Bend 
Research Inc. to the U.S. Department of Energy19 describes research 
wherein relatively h1gh dioxygen fluxes were obtained with 1mmob111zed 
liquid membranes containing cobalt(II) complexes with Schiff base ligands 
of the bis(sal1cylal)ethylenediam1ne (salen) type and also with examples 
of the cycl1dene lacunar ligands described below. 

From even the above qua11tat1ve mechanism of facilitated dioxygen 
transport through liquid membranes, one can project the propert1es of a 
reversible d10xygen carrier needed to yield an effective 02-separat1on 
membrane. The carrier (B) should be present at a h1gh concentration in the 
liquid medium; both clearly need to be relatively involat11e. The 
dioxygen affin1ty, as measured by Keq = kl/k_l of Equation 1, should 
be chosen to yield the maximum 02 loading on the feed side, with a 
concomitant m1n1mum 02 loading on the permeate side, for the specific 
membrane operating conditions. For thin membranes, the kinetics of 
dioxygen binding and desorption will also determine the 02 10ad1ng at 
points within the membrane and, hence, the oxygen flux. To be effective, 
the d10xygen carrier also must be relatively moblle in the 11qu1d medium. 
Finally, transport propert1es of the carrier solutions must remain 
essent1ally unaltered in the presence of d10xygen for long periods--most 
likely several years in a commercial operation. 

This set of properties is very demanding and not even approached by 
the behavior of any known d10xygen carriers. The most dHficult 
requirement to meet is that of long-term chemical stability, because all 
such carriers, even hemoglobin, degrade by auto-ox1dat10n. Thus, although 
fac111tated transport membranes could theoret1cally provide an elegant 
method for separating d10xygen from a1r, the synthesis of a truly 
effective carrier remains a very challenging problem for inorganic 
coordination chemists. 

In this paper, we describe our prel1m1nary studies of 02-
faci11tated transport membranes using as reversible carriers the class of 
"protected site" or "lacunar ,II 1 :1-b1nd1ng cobalt( II) dioxygen complexes 
developed by Busch and co-workers at Ohio State Un1versity.20 Also 
described is a new reversible oxygen complex wh1ch was prepared as part of 
a cont1nu1ng effort to arrive at opt1mum carrier species for transporting 
d10xygen 1n liquid membranes. 

MEMBRANE STUDIES 

Background and Mathematical Models 

As discussed above, the simplest mechanism for facilitated transport 
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involves a reversible reaction between a gas A at the feed s1de of a 
membrane and a carr1er solute B to yield the gas/carrier complex AB, which 
dissoc1ates at the permeate s1de (Equation 1). 

figure 2 shows the idealized concentration profiles for each of these 
species along the cross-sect1on of a liquid membrane, operating in 
essentially a "diffusion-controlled" mode (vide infra). In an analys1s of 
the system, both diffus10n of the species and characteristics of the 
chem1cal reactions between them must be considered. The following 
fundamental parameters determ1ne the flux of gas A through the membrane: 

• Concentration of A (CA) at the feed (CAD) and permeate sides (CAL). 
• Total concentrat1on of carr1er 1n the membrane (CT = CA + CAB)' 
• forward (kl) and reverse (k_l) react10n rate constants. 
• Diffusiv1t1es of components (OA, DB, DAB)' 

Kemena et al. 21 have rev1ewed the var10us models used to descr1be 
fac1l1tated transport and present a mathemat1cal method for calculating 
the gas flux for a flat plate membrane 1n terms of the above parameters. 
The sa11ent feature of the model 1s that d1ffus1on is assumed to be 
governed by f1ck's law (Equation 2) and the steady-state mass balance of 
each reacting component (Equation 3): 

flux (J) = -DidC,/dx 

-dJ/dx = D1d 2C1/dx2 = r, 

( 2) 

( 3) 

Di is the d1ffus1on coeff1c1ent of spec1es " dC,/dx represents the 
concentrat1on grad1ent or dr1v1ng force for d1ffus1on, and ri 1s the 
rate of d1sappearance of spec1es ,. 

-L-
FEED PERMEATE 

-x 

f1g. 2. Concentrat1on prof1les for the species 1n a 
l1qu1d membrane. A represents the d1ssolved 
gas, B the unbound carr1er, and AB the gas/ 
carrier complex. 
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For one-d1mens10na1 flow 1n a flat membrane system, a mass balance 
for each spec1es y1e1ds the d1fferent1a1 Equat1~ns 4, 5, and 6: 

2 o d CA 
A dx2 = k1CACB - k_1CAB ( 4) 

2 o d CB 
B ~ = k1CACB - k_1CAB (5) 

2 o d CAB 
AB ~ = k_1CAB - k1CACB ( 6) 

The boundary cond1t10ns are as follows: at x = 0 and x = L, 
dCB/dx = 0, s1nce the carr1er cannot leave the conf1nes of the membrane; 

o L at x = 0, CA = CA ; at x = L, CA = CA 

S1nce carr1er B 1s usually a much larger molecule than the gas to be 
transported, 1t 1s assumed that DB = DAB. The flux of A 1s obta1ned 
by solv1ng the equat10ns for dCA/dx, dCB/dx, etc., and express1ng the 
total flux of A as follows: 

(7) 

It 1s only poss1b1e to solve these d1fferent1a1 equat10ns by 
numer1ca1 methods. For the spec1a1 case where the system 1s at 
equ111br1um throughout the membrane, and transport 1s thereby d1ffus10n-
11mited, the flux can be calculated from Equat10n 8, where Keq = 
k1/k_1 1s the equ111br1um constant for the react10n. 

(8) 

A useful quant1ty for descr1b1ng the effect1veness of the carr1er 1s 
the fac111tat10n factor (F): 

F = total flux of A w1th carr1er-med1ated fac111tat10n (9) 
unfac111tated flux of A 

S1nce the unfac111tated flux 1s g1ven by the f1rst term of Equat10n 8, the 
fac111tat10n factor for the d1ffus10n-11m1ted case 1s g1ven by the 
express10n: 

°ABKegCT F = 1 + ---....!.!.=.....:=~.!.----,--
0A(l + KeqCAO)(l + KeqCAL) 

(10) 

The opt1mum Keq for d1ffus10n-11m1ted fac111tat10n depends on the feed CAO 

and permeate CAL gas concentrat10ns and 1s g1ven by Equat10n 11. 

(11 ) 

At each membrane 1nterface, the concentrat10n of A 1s related to the part1a1 
pressure of the gas (p) 1n contact w1th the membrane and 1s g1ven by: 
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o 0 L L CA = HPA and CA = HPA ( 12) 

where H is Henry's law constant. 

Kemena et al. 21 have also mathematically explored the extent of 
facilitated transport for various useful regimes of the fundamental 
parameters CT, k_l' Keq , DA, and DAB, and the membrane 
thickness L. In many cases, especially with thin membranes and low 
reverse reaction rates, the flux is determined by both the reaction 
kinetics and rates of diffusion. This is nicely illustrated in the recent 
studies of Koval et al. 22 on the facilitated transport of CO in a liquid 
membrane mediated by an iron complex carrier. 

Experimental Membrane Design and Evaluation 

We prepared and evaluated several experimental carrier-mediated 
facilitated transport membranes for the separation of 02 from air. 
Immobilized liquid membranes were prepared by impregnating a disc of a 
porous polymer, generally poly(vinylidene fluoride) (PVDF), ca. 5 cm in 
diameter and 25 to 130 pm in thickness, with a filtered solution of the 
metal complex at a known concentration under dinitrogen. The membrane 
disc was then loaded into a cell holder (see Figure 3), which was 
subsequently mounted in a membrane testing apparatus (Figure 4). 

The entire system was flushed with solvent-saturated helium. When 
constant temperature was reached, the upstream side was switched to a 
solvent-saturated feed of dry air at slightly above ambient pressure. The 
downstream or permeate side of the membrane was swept with a similarly 
saturated helium stream leading to a gas chromatograph used for 02 and 
N2 analyses. The permeate 02 and N2 levels were monitored at 
10-20-min intervals; data gathered over several hours of steady-state 
operation were used to calculate the permeability of the respective 
gases. Experimental rates for permeation of the gases are expressed in 
terms of Barrer units, where 1 Barrer = (10-10 sccm·cm/cm2·sec·cmHg). 

FEED 
OUTLET FEED 

INLET 

~ 
. 

. @ . _MEMBRANE 
• 0 

• 0 

PERMEATE HELIUM 

SWEEP 

Fig. 3. Schematic of membrane cell holder for membrane 
testing apparatus. 
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P.I. P.I. 

THERMOSTATED VENT 
BATH ___ 

BUBBLER MEMBRANE 
CELL 

F1g. 4. Membrane test1ng apparatus 

Equ111br1um constants for d10xygen b1nd1ng (Keq) and for ax1al base 
coord1nat10n (KB) of the metal complex were determ1ned spectrophoto
metr1cally at typ1cal concentrat10ns of 10-4 M. Deta11s of th1s 
techn1que are descr1bed elsewhere. 20c 

As expla1ned ear11er, the major challenge 1n arr1v1ng at an effect1ve 
a1r-separat10n membrane 1s that of f1nd1ng a su1table metal complex 
d10xygen carr1er. For the most favorable case of a d1ffus10n-controlled 
membrane, accord1ng to Equat10n 10 the max1mum fac111tat10n factor (and 
hence the h1ghest 02 flux and 02/N2 select1v1ty) w111 be obta1ned 
w1th carr1ers wh1ch can be used at a h1gh concentrat10n (CT), are h1ghly 
mob11e (DAB), and have a favorable Keq. The opt1mum Keq depends on 
the feed (CAO) and permeate (CAL) d10xygen concentrat10ns and hence the 
part1al 02 pressure at these 1nterfaces (Equat10ns 11 and 12). 

Wh11e there 1s no known carr1er hav1ng th1s comb1nat10n of 
propert1es, the cyc11dene lacunar complexes20 c1ted ear11er have a 
number of attract1ve character1st1cs and thus seemed to be part1cularly 
appropr1ate for use 1n these membrane stud1es. The complexes cons1st of a 
cobalt(II) 10n that 1s coord1nated by a macrocycle conta1n1ng four n1trogen 
atoms (N). Th1s N4-Co system 1s 1n an approx1mately planar env1ronment, 
but the superstructure "folds" out of th1s plane by the effect of the 
br1dg1ng polymethylene cha1n Rl, as shown 1n the follow1ng structure. 
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Table 1. Equilibrium 02 Binding Data for C6 and Ca 
Cycl1dene Lacunar Cobalt(II) Complexes at O°C in DCB 

Complex Axial Base P1/2(02) ( Torr) 

C6(Co) NMeIm. 1.5 M 2.7 
in DCB 

C6(Co) DCB only 241 

Ca(Co) NMeIm. 1.5 M 0.2 
in DCB 

CB(Co) DCB only 147 

This molecular configuration results in the formation of a "protected 
pocket" or lacuna for coordination of the dioxygen. which precludes the 
formatlon of peroxy-br1dged d1mers. A bas ic l1gand (B). usua 11 y 
N-methylim1dazole (NMeIm). occupies the ax1al coord1nat10n s1te as shown. 

The complexes are quite soluble 1n organic solvents. In fact. they 
show a 1:1 cobalt-to-dioxygen binding stoichiometry and their Keq can be 
easl1y tuned to useful ranges of oxygen half-saturation pressure 
[Pl/2(02) = 1/Keg of ca. 50 to 200 Torr]. by altering the length of 
the Rl polymethyTene chain and by adjusting the basicity of the axial 
base. B. Samples of the complexes with R2 = R3 = CH3 and R1 = 
-(CH2)6- were initially made in our laboratory according to ref. 20b. 
Subsequently. this material and compounds with R3 = -(CH2)6- and 
-(CH2)a- (hereinafter referred to as the C6, Ca, etc. metal 
cyclidene lacunar complexes) were provided for these studies by Busch. 

Our initial attempts at using solutions of the C6(Co) complex 
containing (as is customary) a large excess of the NMeIm axial base as 
liquid membranes were not successful because of poor stability of the 
systems toward auto-oxidation. Work by Busch et al. had shown that there 
is a strong dependence of the decomposition rate on the concentration of 
the axial base. Since the affinity of the complexes for even the 
relatively strong axial base NMeIm is quite low (KB for the C6 
cobalt( II) complex in CH3CN = [C6.NMeIm]/[NMeIm][C6] = 79.4 .:!:. 0.9 
M-1), high concentrations are needed for maximum 02 binding. We 
reasoned. however. that an adequate 02 coordination could be achieved by 
using polar organic solvents, in the absence of an additional axial base. 
Equilibrium oxygen binding data [expressed in terms of Pl/2(02)] are 
listed in Table 1 for the C6- and Ca-bridged complexes in 
l,4-dicyanobutane (DCB) in the presence and absence of NMeIm, respectively. 

In a liquid membrane containing the C6(Co) complex in DCB. ca. 40% 
dioxygen loading would be expected at the feed interface for an 02 
pressure of 160 Torr. While this loading level is not ideal, we 
considered it at least adequate. Hence, the first membrane studies were 
performed using the system of cyclidene lacunar complexes in DCB. 

Results and Discussion 

Initial Studies. Performance data for membranes cons1st'ng of DCB 
solutions of the cyclidene complexes immobilized in porous poly(vinylidene 
fluoride) (PVDF) and operating at ca. O°C are shown in Table 2. The first 
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# 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

Table 2. Fac111tated Transport of D10xygen 1n L1qu1d Membranesa 
Conta1n1ng C6- and C8-Br1dged Cyc11dene Lacunar Complexes 
1n DCB 

Temp Concn P( Oz ) ~l Permeate Oz 
( 0c) Complex ( M) (Barrers) P(N2) F ( %) 

-0.5 Neat DCB 0 36.2 2.22 37 
-1.0 C6(N1) 0.088 31.4 2.21 
-0.6 C6(N1) 0.143 26.7 2.21 
-0.2 C6(Co) 0.090 45 3.5 1.6 48 
-0.2 C6(Co) 0.143 48 3.6 1.7 49 
-0.8 C6(Co) 0.192 76b 5.3 2.4 59 
-0.5 C6(Co) 0.324 43c 5.0 2.2 57 
-0.4 C8(Co) 0.185 68 5.3 2.4 58 

aL1qu1d membrane solut10ns supported 1n porous PVDF (M1111pore 
Corp.); th1ckness, 125 pm; poros1ty, 0.75; tortuos1ty, 1.25; area 
10.7 cm2• Cond1t10ns: solvent-saturated dry a1r feed w1th 
P(02) rang1ng from 164 to 168 torr; 11kew1se, solvent-saturated 
permeate He sweep, each at ca. 15 scc/m1n, w1th <30 Torr 
transmembrane pressure d1fferent1al. Values were corrected for the 
poros1ty and tortuos1ty of the support. Note that the data are for 
the membrane operat1ng under cond1t10ns of essent1ally "zero 
recovery," 1.e., where the feed stream compos1t10n as 1t passes 
across the membrane 1s not s1gn1f1cantly changed by the permeat1ng 
gas. 

bMean P(02), a = 0.1, for per10d of 8-30 hr on stream. 
cMean P(02), a = 0.3, for per10d of 1.5-5 hr; decreased by 20% 
after 20 hr (see text). 

entry g1ves the oxygen permeab111ty [P(02)] and the 02/N2 
permeab111ty rat10 or select1v1ty for the passage of a1r through the 
membrane, when 110 complex 1s present. Enr1ched a1r (37% 02) 15 seen 1n 
the he11um-swept permeate stream because of the apparently greater 
permeab111ty of 02 than N2 1n OCB. Th1s 1s probably because 02 1s 
more soluble than N2 1n this 11qu1d. 

A solut10n of the cyc11dene lacunar n1ckel(II) complex (wh1ch 1s 
unreact1ve toward d1oxygen) 1n DCB gave lower 02 and N2 
permeabi11t1es, wh1ch was expected 1n v1ew of the greater v1scos1ty and 
consequently lower rates of gas d1ffus1on 1n compar1son to those 1n the 
neat solvent. The P(02)/P(N2) rat10 was found to be remarkably 
constant at 2.21 .:!:. 0.02 for these and other solut1ons of 02-1nert 
cyc11dene complexes 1n DCB at ca. O°C. 

Membranes conta1n1ng the C6 cobalt(II) complex had s1gn1f1cantly 
h1gher 02 fluxes than the above control C6(N1) systems. The 
fac1l1tat1on factor (F) for d10xygen permeat10n g1ven 1n Tables 2 and 3 1s 
the rat10 of P(02)/P(N2) for the Co(II)-conta1n1ng membrane to 
P(02)/P(N2) for the control. The latter 1s taken to be 2.21, as 
expla1ned above. Th1s method of calculat10n g1ves s11ghtly d1fferent F 
values than would be obtained us1ng the P(02) fac1l1tated and 
unfac1l1tated values alone, but 1s cons1dered to be a better 
representat10n of the system s1nce the d1n1trogen permeab111ty essent1ally 
acts as an 1nternal standard to correct for any small d1fferences 1n 
membrane poros1ty, th1ckness, etc. 
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The data 1n Table 2 clearly show that the cobalt(II) cyc11dene 
complexes fac111tate the transport of d10xygen across the membrane. In 
the best cases, enr1ched a1r conta1n1ng up to 51-59% 02 was obta1ned 1n 
the permeate stream. Mon1tor1ng the d10xygen permeab111ty of a membrane 
with time permitted an evaluation of the carrier lifetime (see footnotes, 
Tables 2 and 3). The C6 and Ca coba1t(II) complex carr1ers in DCB at 
ca. O°C proved to be suff1c1ent1y stable toward auto-ox1dat10n for 
record1ng mean1ngfu1 exper1menta1 membrane data. The most stable system 
stud1ed was the membrane conta1n1ng a 0.192 M solut10n of the C6(Co) 
complex 1n DCB where the dloxygen permeabl11ty was essentially constant 
for the per10d of a to 30 hr on stream at -o.aoc (#6, Table 2). Th1s is 
s1gn1f1cant1y longer than 11fet1mes observed 1n our pre1'm'nary 
exper1ments done 1n the presence of excess NMeIm. 

However, the oxygen permeab111ty for a membrane conta1n1ng a more 
concentrated solut10n of the same complex, although 1n1t1a11y constant for 
the f1rst 1.5 to 5 hr on stream, subsequently decreased steadily under 
otherw1se s1ml1ar cond1t10ns (#1, Table 2). The mechan1sm of 
auto-ox1dat10n of these cyc11dene complexes 1s poorly understood. In th1s 
s1tuatlon, the decomposlt10n rate may also depend on such extr1ns1c 
factors as trace 1mpur1t1es 1n the solvent or character1st1cs of the 
porous polymer support mater1a1. 

Fac111tated Transport Model. In the membrane exper1ments descr1bed 
above, the concentrat10n of dloxygen In the he11um-swept permeate stream 
was very low (100-300 ppm), so that the term CAL 1n Equat10n 10, wh1ch 
represents the concentrat10n of dissolved 02 at the permeate 1nterface, 
was essentially zero. Furthermore, by express1ng Keq 1n rec1proca1 02 
pressure un1ts (Torr-l ) and CAL, the O2 concentrat10n at the feed 1nterface 
1n terms of Henry's law constant (H) (moles of 02/11ter·Torr) for the 
solub111ty of oxygen, Equat10n 10 can be rewritten 1n the form: 

DCoO 
F = 1+ __ 2 

H·DO 
2 

where P(02) 1s the oxygen part1a1 pressure 1n the feed stream. 

(13) 

If th1s d1ffus10n-11m1ted equ111br1um transport model 1s applicable, 
the rat10 of d1ffus1v1t1es can be est1mated from the slope of a 11ne 
derived by plott1ng F - 1 versus the term 1n square brackets, for a range 
of CT, Keq and P(02) values. 

Based on the data In Table 2 for CT ranging from 0 to 0.192 M 
(IncludIng the point of F = 1 where CT = 0), a l1near correlation of the 
five points [correlation coefficient (R2) = 0.93] together with an 02 
solubility assumed to be equal to that in aceton1tr11e 
[B.l mM/(llter·atm) at 25°C23] g1ves a value of DC002/D02 
- 0.03. This estimate Is Instructive because It points to an important 
11mltat1on of 11quld membranes with this particular carrier system. Thus 
wh11e 1ncorporat1ng a d10xygen complex 1n the membrane greatly Increases 
the overall 02 concentrat1on, the transport of this gas Is only slightly 
enhanced (Fmax - 2.4 up to [Co] = 0.192 M), In part because of the 
re1at1ve1y low rate of d1ffus1on of the bulky complex carrler.* By using 

* Membrane performance depends strongly on the ratio of diffusion 
constants. For this example, an order of magnitude Improvement in 
DC002/D02 from 0.03 to 0.3 would increase the product stream 
concentration from 59 to 90% dloxygen. 
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a membrane conta1n1ng a solut10n that 1s 0.324 M 1n the cobalt C& 
complex, a lower 02 permeab111ty and a fac111tat10n factor of only 
-2.2 are rea11zed, probably 1nd1cat1ve of an even smaller relat1ve 
d1ffus1v1ty of the carr1er at th1s h1gher concentrat10n. 

S1nce low carr1er d1ffus1v1t1es 1n 1,4-d1cyanobutane appeared to be a 
problem, some exper1ments were performed us1ng a less v1scous solvent, 
aceton1tr11e. Membrane performance data for a 0.088 M solut10n of the 
Co(C6) complex and of the correspond1ng N1(II) control 1n CH3CN are 
11sted as the f1rst two entr1es 1n Table 3. Although the d10xygen 
permeab111ty 1s about one order of magn1tude greater than 1n DCB, the 
d10xygen enr1chment level and fac111tat10n factor are only s11ghtly 
enhanced, suggest1ng that the rat10 of carr1er-to-d10xygen d1ffus1v1t1es 
does not 1ncrease markedly. Wh11e the overall performance of the membrane 
1s 1mproved by us1ng less v1scous lower molecular we1ght solvents, the1r 
concom1tantly greater volat1l1ty makes 1t diff1cult to ma1nta1n the l1qu1d 
membrane. 

S1nce 1n the exper1ments us1ng the C&(Co) complex 1n DCB the 
carr1er 1s only about 40% oxygen-loaded at the feed 1nterface, we felt 
that the fac1l1tat10n factor could be 1mproved by add1ng small amounts of 
N-benzyllmldazolc (311m), whlch 1s a stronger base than the DC8 solvent. 
For a membrane where 2 equiv of th1~ base 1s added per mole of the 
C&(Co) complex, the fac1l1tat10n factor 1mproved s1gnif1cantly, from 2.4 
to 4.4 (cf. entr1es #& and #3 1n Tables 2 and 3, respect1vely). Also 
(Table 3, entr1es #4 and #5), for the C5-br1dged cobalt complex [wh1ch 
under s1m1lar cond1t10ns has a lower 02 aff1n1ty than the C&(Co) 
complex], F depends strongly on the amount of added base. The best 
performance 1n these exper1ments was ach1eved w1th a carr1er solut10n 
cons1st1ng of a C5(CO) complex 1n DCB to wh1ch 2 equ1v ofax1al base was 
added (#5, Table 3). The membrane funct10ned w1th a d10xygen fac1l1tat10n 
factor of 5.8 and afforded 78% 02-enr1ched air. However, the 
auto-ox1dat10n problem seemed to be exacerbated by the use of th1s level 
ofax1al base. 

The fac1l1tated transport data 1n Table 2 were d1scussed above 1n 
terms of the d1ffus10n controlled fac1l1tated transport model, Equat10n 
13. Wh1le th1s relat10n prov1ded an est1mate of the rat10 of 
carr1er-to-oxygen d1ffus10n coeff1c1ents, the data are unfortunately 
1nsuff1c1ent to prov1de an adequate test for the va11d1ty of this model. 
The model assumes that the react10ns of 02 with the complex proceed at 
rates that are much faster than the t1me of trans1t of the unbound 
d10xygen through the membrane. If this 1s not the case, the fac1l1tation 
factor w1l1 be a funct10n of the membrane th1ckness. To test th1s 
sens1t1v1ty to the membrane d1ffus10nal path length, exper1ments were 
conducted us1ng a solut10n of the C5(CO) carr1er 1n porous supports of 
d1fferent th1cknesses. Results are shown 1n Table 3, examples #5 to #7. 
There 1s an apparent decrease 1n F 1n g01ng from the standard 128-pm 
PVDF to th1nner membranes, wh1ch 1mp11es that, at least for the latter, 
there are k1net1c l1m1tat10ns to the fac1l1tated transport. 

DIOXYGEN METAL COMPLEX SYNTHESIS 

W1th a knowledge of the chem1stry, performance, and l1m1tat10ns of 
the Busch cyc11dene lacunar complexes 1n 1mmob1l1zed l1qu1d fac1l1tated
transport membranes, we sought to prepare new 02 carr1ers that would 
offer 1mproved res1stance toward auto-ox1dat10n. We felt th1s m1ght be 
ach1evad by synthes1z1ng cyc11dene lacunar complexes hav1ng add1t10nal 
ster1c protect10n about the cobalt center. A typ1cal cyc11dene complex 1 
(wh1ch ex1sts as a d1pos1t1ve cat10n) 1s shown 1n the follow1ng 
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structure. S1nce the polymethylene cha1n "strap· passes on one s1de of 
the molecule, we felt that a complex w1th a more effect1vely protected 
02 b1nd\ng site could be prepared, 1n pr1nc1ple, by joining carbons 1 
and l' to carbons 2 and 2', respect1vely, 1n the form of two cyclohexene 
r1ngs (structure £). 

. 
2X 

1 

Our 1nH1al synthes1s efforts toward the des1red "cyclohexyl" complex 
£ are shown \n Scheme 1. In this sequence, 1,3-cyclohexaned10ne was 
acylated at the 2 pos1t\on v1a treatment w1th acetyl chlor1de/pyr\d\ne and 
then A1C13, to form 2-acetyl-l,3-cyclohexaned\one (~). This tr\one was 
then refluxed with oxalyl chloride in 1,2-d1chloroethane to yield the 
previously reported 24 chlorov\nyld\one (!). React\on of this compound 

Scheme 1: Preparation of Macrocycl\c Intermed\ates I and ~ 

Ac.(r91 • c;<:. 
l."'CI 

CI"'- ! 
2~ 

o AICI:J HO 0 

~~ 
C~+C.rI+~) 
0- cc 

7' 7 
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1. 
(87%) 

c;C 
NH2-NH2 eN 0 • trt2 165°C 

~ 
.! 

(80%> 

• 
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.! 
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w1th 1,3-propaned1am1ne 1n the presence of trlethylam1ne afforded the 
l1gand ~.25 Its n1ckel(II) complex ~ was prepared as a br1ght red solld 
by deprotonat1on w1th sodlum ethoxlde, followed by add1tlon of 
bls(tetraethylammonlum)tetrabromon1ckel(II)ate. Refluxlng th1s complex 
wlth 1,3-dlamlnopropane at 165°C resulted ln rlng closure to yleld the 
macrocycl1c N4 complex, surprislngly ln both the cls and trans forms, 1 
and 7', respectlvely. Fractlonal crystalllzatlon of thls mlxture from 
methanol allowed the separatlon of pure ~, wh1ch was identified by its 
unique l3C NMR spectrum. The C2h symmetry of ~ dictates that there 
be only three chemically nonequivalent methylene carbons ln the amine 
bridglng unit, whereas there are four ln the cis lsomer 1. 

At thls polnt we reallzed that if thls lmprint of trans symmetry 
could be carrled through the last three synthesls steps, we would arrlve 
at a lacunar complex wlth a bridglng molety runnlng dlrectly across the 
center of the molecule. We felt that thls novel trans brldge could 
provide an unusually high degree of sterlc protectlon for the metal 
center, and our subsequent efforts were thus directed at preparlng such a 
trans brldged structure (Scheme 2). 

The trans dlketone complex ~ was dlalkylated vla reactlon wlth 
triethyloxonlum tetrafluoroborate ln CH2C12; then monomethylamine was 
added dlrectly to yleld the dlamlne complex ~ as a yellow crystalllne 
solid. Thls compound was then "brldged" by reactlon with 
1,7-ditosylheptane under condltlons of hlgh dllutlon followlng the general 
procedures developed by Busch et al. 20b Thls gave the lacunar 
nickel(II) complex ~, which we intended to convert to the dioxygen 
reactlve cobalt(II) form. However, all attempts to remove Ni+2 from ~ 
falled, and we were forced to prepare the deslred compound 1£ by bridglng 
the Co(II) complex 11. The latter was easily made by demetalation of ~ 
with HC1/NaPF6, followed by reactlon of the free protonated ligand 2-
with cobalt(II) acetate. The final product (1£) was obtalned after 
recrystallization from methanol as a yellow m1crocrystalline solid, whlch 
was characterized from a combination of elemental analyses and a 
slngle-crystal X-ray structure (vlde lnfra). 

Scheme 2: 

~ 
C:I+~=> 

~ 
7' 

Synthes1s of Trans-Bridged Co(II) "Cyclohexyl" 

I 

~'H 
+ 

2 Et30 BF; 

CN~2:=> 
HCI, NaPFa 

• ~ 2 ~NMe 

H~02BF4- "" M+2 

I 

T.O-(CH,l,-<>T' J 
.!. M = Ni (89%) 

l! M = Co 

!Q M = NI (40%) 

12 M := Co (30%) 

Complex 1£ 
H 

~r + .... H 
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'N o3PF6 

I 
H 
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Table 4. D10xygen Half-Saturat10n Pressure for Complex 1£ 

-16.5 
-23 
-35 

418 
151 

65 

The d10xygen b1nding at a concentrat10n of 5 x 10-4 M 1n 
aceton1tr11e conta1n1ng 1.5 M N-methy11m1dazole was determ1ned by the 
spectrophotometr1c method 20c c1ted ear11er. Exposure of the solut10ns 
to 02 at room temperature did not g1ve any s1gn1f1cant spectral changes; 
however, upon cooling, reversible dioxygen react1v1ty was seen. Table 4 
11sts pre11m1nary est1mates obta1ned for the equ111br1um 02 b1nd1ng. 

Surpr1s1ngly, the d10xygen aff1n1ty 1s much less than that of the 
analogous C6- and C8~br1dged lacunar cyc11dene complexes prepared by 
Busch et al. (cf. Table 1). An X-ray structural determinat10n (performed 
by C. Day of Crystal11t1cs Inc.) conf1rmed the expected structure of 
compound 1£ (see Scheme 2), w1th the polymethylene cha1n stradd11ng across 
the molecule from the two trans-pos1t10ned bridgehead n1trogen atoms. An 
ORTEP d1agram of a s1de v1ew of the molecule 1s shown 1n F1gure 5. 

A cavity or lacuna (1n the term1nology developed by Busch) 1s clearly 
seen above the Co(II) center, where 02 bind1ng occurs. However, a space 
f1111ng model using the van der Waals rad11 for the respect1ve atoms shows 
that there 1s 1ndeed a very tight fit for 02 1n th1s cav1ty, wh1ch 1s 
presumably the bas1s for the unexpectedly low d10xygen aff1n1ty 
(F1gure 6). Structural mod1f1cat10ns of the complex to 1ncrease the s1ze 
of the lacuna may be expected to enhance 02 b1nd1ng. 
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F1g. 5. ORTEP draw1ng of "cyclohexyl" cobalt 
complex 1£ (n = 7) 



CONCLUSION 

Fig. 6. Space filling model of the "cyclohexylH 
complex ~ showing a cobalt-coordinated 
dioxygen (as two dark spheres) contained 
within the lacuna.* 

In this work we have shown that cyclidene lacunar complexes can 
function as effective 02 carriers for transporting dioxygen in 
immobilized liquid membranes. The performance of the complexes has been 
related in only a preliminary manner to such factors as concentration, 
02 affinity, reaction kinetics, and the ratio of dioxygen and dioxygen 
carrier diffusivities. The complexes provide an excellent system for a 
fundamental study of facilitated transport where, by using the 
mathematical model described, the facilitation factor could be accurately 
predicted from a knowledge of the above independently determinable basic 
carrier properties. 

From a practical viewpoint, facilitated transport liquid membranes 
employing the cyclidene complex carriers have a number of inherent 
limitations. Although the P(02)/P(N2) permeability ratios of 3-13 we 
observed are higher than corresponding values of 2-4 for organic polymer 
membranes, the magnitude of our observed dioxygen permeabilities are such 
that very thin membranes of the order of 1-5 pm or less would be 
required to yield adequate dioxygen fluxes. However, as we have seen in 
these preliminary studies, when the membrane thickness is reduced, the 
dioxygen flux does not increase correspondingly, because at very short 
diffusional path lengths the facilitated transport becomes increasingly 
limited by the complex-02 reaction kinetics. It appears that complex 
carriers having an appropriate 02 binding constant with much faster 
dioxygen off-rates may be needed to be effective with very thin 
membranes. Also, maintaining carrier solutions of finite volatility in 
such thin films represents a considerable technical challenge. 

* Figure 6 was derived using Chem-X computational software (Chemical 
Design Ltd., Oxford, England) on the basis of the crystal structure 
parameters for ~ and assuming Co-02 bond distances and angles to be 
as found for Co(t-Bsalten)(bzlmid)(02).26 Standard van der Waals 
radii for C, N, and 0, and the covalent radius for Co(II) (1.16 A) 
were employed. Hydrogen atoms were not included. 
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To achieve high 02 permeabi1ities, the carrier must be present at a 
high concentration in the solution and still be quite mobile. We found, 
surpris1ng1y, that the ratio of carrier to d10xygen diffus1v1t1es for the 
cyc1idene complexes in DCB (DC002/D02) is only about 0.03, and 
appears to worsen upon increasing the concentration. To attain the best 
02 fluxes, an optimal combination of complex/solvent and temperature 
would have to be reached. 

The lifetime of the membrane is currently limited by the 
decomposition rate of the carrier complex, although we have shown that one 
can extend this lifetime significantly by varying the nature of the 
solvent and the concentration and strength of the axial base. This 
tendency of d10xygen complexes to decompose via auto-oxidation reactions 
is the major problem limiting their utility in separation processes. 
Useful metal complex 02 absorbents and facilitated transport carriers 
will need to be far more resistant to oxidative degradation. 

The design of dioxygen complexes that meet absorption process and 
membrane requirements presents a very cha11eng1ng goal for synthetic 
chem1sts. One of the most promising approaches seems to be the synthesis 
of 1:1 coba1t-to-dioxygen binding complexes, where the bound 02 is held 
in a sterica11y protected site, which in principle precludes d1merization 
and other unwanted reactions. We have prepared a new dioxygen complex 
that further illustrates this concept and also serves to emphasize the 
need for synthesis efforts to arrive at new d10xygen carriers that are 
ta110red for use in industrial applications. 
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SUMMARY - DIOXYGEN COMPLEXES WITH TRANSITION METAL - F. BASOLO 

I will give you my take-home message from each talk, and each of you 
will have your own take-home message, which does not necessarily have to 
be the same as mine. First, if you remember, Mike Hall did a beautiful job 
of telling us all about the virtues of molecular orbital theory. My take 
home message here is that molecular orbital theory is here to stay; it 
explains "everything" providing one uses the theory properly. The thing 
that I was personally interested in was the fact that apparently the 
people at Strasbourg who did the ab initio calculations on the manganese 
porphyrin dioxygen complex may have arrived at the wrong assignment 
of structure because of not having included some parameter in their 
calculations. The calculations done more recently by Mike support our 
structure, which was based on experiment. This is why as an experimental 
chemist I always tell students to do experiments and not be turned off 
by theory. 

The talks by Tom Loehr and Ralph Wilkins I have lumped together. They 
both talked about the three respiratory natural proteins. My take-home 
message from these two talks is that where natural proteins of this size 
are concerned one does not have a handle on them as far as definitive X-ray 
structure. However, one can get a lot of information by applying spectro
scopy judicially as did Tom, particularly as we saw in his dioxygen complexes 
where he used 160, 18 0 labeling of the dioxygenmoiety so effectively. Ralph 
showed us it is possible to do kinetic and mechanism studies on complica-
ted biological systems and obtain meaningful results. Ordinarily kinetic 
and mechanism studies are done on substrates of known structure in 
reactions of known stoichiometry. Apparently it is possible to focus on the 
active site of a complicated biological reaction and get useful information 
on the mechanism of reaction. 

I now come to Tom Meyer's talk and I have in my notes the comment 
"where, oh where would Tom Meyer be if it weren't for ruthenium?" Ruthenium 
has been very good to inorganic chemists; helping Henry Taube get the Nobel 
Prize and the basis of thousands of papers on [Ru(bipy) ]n+. I will further 
take home with me the presumption that this need not be 3just ruthenium but 
any oxo-platinum metal complex is potentially a better oxygen atom transfer 
agent than are oxo-metal complexes of oxophilic early transition metal 
complexes. I make this assumption in spite of knowing that oxo-Mo, -Fe, -Mn, 
and -Cr complexes do transfer the oxo group. 

The talks of Daryle Busch and Art Martell I lump together also because 
they both told us about the elegant ligands used in their attempt to 
generate synthetic oxygen carriers which did not degrade in solution over 
a period of time. My take-home message here is that very good coordination 
chemistry is being done that provides much more stable oxygen carriers, 
but it is doubtful that some of the more extreme demands being asked of 
these systems will be met. 
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Last but not least in my group, is the talk by Guido Pez. The take-home 
message on Guido's talk in my notes is that there is money to be made in 
some of these synthetic oxygen carriers. Unfortunately the solution 
stability demands placed on the complexes for membrane separation of oxygen 
from air seem a bit excessive. Perhaps in order to prevent degradation, 
one may have to avoid organic ligands. Two suggestions are the use of 
appropriate metal ions in iso or heteropolyacid systems, or in zeolites. 

It has been a pleasure and an educational experience for me to 
chair this opening session. I want to thank again all the speakers 
for their excellent talks, and I want now to turn the meeting over 
to Don Sawyer and to the speakers of the final session. Thank you. 
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SUMMARY - OXYGEN ACTIVATION BY TRANSITION METALS - D.T. SAWYER 

The chapters in the preceding section are concerned with binding 

dioxygen reversibly and unactivated. In contrast the contributions in this 

section discuss the activation of dioxygen to become an active oxidant and 

oxygenase via transition-metal catalysts. The biological catalysts 

(oxidases, oxygenases, peroxidases, and cytochromes p-450) represent 

highly selective systems for the activation of oxygen for reaction with 

substrate molecules via a single pathway. Nature's design is such that 02 

is made an effective oxidizing agent for specific substrates, but does not 

attack the host ligands. The chemical characteristics of biological oxygen

activation catalysts are discussed in the initial chapters, and are 

followed by descriptions of four industrial processes (based on homogeneous 

transition-metal complexes) that utilize oxygen to enhance the value of 

organic substrates and of hydrogen sulfide. The final chapters discuss the 

development of transition-metal heterogeneous catalysts for the selective 

incorporation of oxygen atoms from dioxygen into organic substrates. 

Several common "threads of thought" are present within this diverse 

group of biological and industrial activation systems for dioxygen: 

(a) Ground state triplet dioxygen (302) is unreactive because it is a 

weak electron-transfer oxidant, has a large activation barrier for 

singlet substrates, and its two oxygen-atoms are highly stabilized by 119 

kcal of bond energy. 

(b) Activation is accomplished by electron-transfer reduction of 02 to 

0;· and HOOH, atomization of 302 to 10, and spin-state conversion from 302 
1 

to 02. 

(c) Lipid peroxidation, autoxidation of unsaturated fats and oils, and 

rancidification of foodstuffs require an oxy-radical initiator (·OH, H02, 
RO·, or MO·). Reducing equivalents plus 02 and trace metals produce HOOH 

and reduced transition-metal ions [Fe(II), Mn(II), Cu(I), and V(II)], 

which in turn react to give ·OH and MO·. 
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(d) Catalyst geometry is critically important to the activation of 

substrate and dioxygen, to the selectivity of the chemistry, and to the 

stability of the catalyst against attack by activated oxygen. 

(e) Oxygenase chemistry requires the formation of an electrophilic 

metal-oxene reactive intermediate (weakly stabilized oxygen atom via 

covalent bond formation). The common feature of the transition metal 

catalysts is the presence of unpaired electrons that can couple with the 

unpaired p electrons of 302 and 30 to form d-p covalent bonds. Selectivity 

is achieved via the relative bond energies for the oxygen in the intermediate 

and the substrate product. 

In summary, this group of chapters provides insights to the common 

chemistry for the activition dioxygen by metalloproteins, organometallic 

catalysts, and transition-metal surfaces. The transformations are character

istic of electrophilic and biradical processes, rather than those associated 

with oxo or nucleophilic centers. 
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TBE CBEMISTRY AND ACTIVATION OF DIOXYGEN 

SPECIES (02, 02-·, AND BOOB) IN BIOLOGY 

ABSTRACT 

Donald T. Sawyer 

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

Biological systems activate dioxygen(02) for controlled energy 

transduction and chemical syntheses. This is accomplished via 

electron-transfer reduction of 02 to 02-· and HOOH, and its atomiza

tion with metalloproteins to accomplish atom-transfer chemistry. 

These reactive intermediates have been characterized by the use of 

(a) transition-metal complexes as models for metalloproteins and (b) 

model substrates. 

Because dioxygen is the natural product from the dehydrogenation 

of water via photosystem II of green-plant photosynthesis (a process 

that began about 2.7 billion years ago with the appearance of blue

green algae),1,2 

4hu 
2 H20 ~ 302 + (4H++ 4e-) 

[Mn] 
(1) 

nature has had ample time to develop effect catalysts to activate and 

control its reactivity with organic substrates. The presence of 

copious quantities of reduced iron in the oceans consumed all of the 

02 that was produced for another 0.7 billion years. After its 

"titration" the earth's atmosphere rapidly changed from 1 per cent 02 

to the present 21 per cent concentration. With dioxygen in the atmo

sphere solar radiation transformed a small fraction of it to ozone, 
which provided a protective shield against short wave-length UV light 

and thereby made possible the evolution of terrestial life from 

marine organisms. 
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(2) 

The redox thermodynamics of 02 are directly dependent upon 

proton activity, 

(3) 

which in turn depends upon the reaction matrix. Table 1 summarized 

the pKa' values for a series of Br0nsted acids in several aprotic 

solvents and water. 3 In acetonitrile the activity values for pKa' 

range from -8.8 for (H30)CI04 to 30.4 for H20. This means that the 

formal potential (EO,) for Reaction 3 in acetonitrile(MeCN) is +1.75 

V vs. NHE in the presence of 1M (H30)CI04 and -0.56 V in the presence 

of 1M (Bu4N)OH. Another limiting factor with respect to chemical

energy flux for oxidative metabolism and respiration is the solu
bility of 02. Because of its non-polar character dioxygen is much 

more soluble in organic solvents than in H20 (Table 2).4 The reduc

tion potentials for 02 and various intermediate species in H20 at pH 

0, 7, and 14 are summarized in Figure 1;5,7 similar data for 02 in 

MeCN at pH -8.7, 10.0, and 30.4 are presented in Figure 2. 4,8,9 

The reduction manifolds for 02 (Figures 1 and 2) indicate that 

the limiting step (in terms of reduction potential) is the first 

election transfer to 02, and that an electron source adequate for the 

reduction of 02 will produce all of the other reduced forms of di-

Table 1. Effective pKa' Vaues for Br~nsted Acids in Aprotic Solvents 
and Water. a 

I Solvent [0.5M (Et4N)CI041 
H201 Br0nsted Acid MeCN DMF Me2SO pyr 

(H30 )CI04 -8.8 0.7 2.6 4.6 0.0 

MePhS03H -3.8 

(pyrH) CI04 1.8 3.1 4.4 5.7 4.9 

2,4-(N02)2PhOH 4.3 4.5 4.9 5.5 

(NH4)CI04 5.9 9.6 11. 7 7.3 8.7 

(Et3NH)Cl 10.0 9.9 12.7 7.6 10.1 

PhC(O)OH 7.9 11.5 13.6 11.6 3.2 

2-pyr-C(0)OH 8.6 

PhOH 16.0 19.4 20.8 20.1 9.2 

R-EtOPhOH 19.3 21.5 23.8 21.8 9.6 

H2O 30.4 34.7 36.7 30.5 14.8 

a Ref. 3. 
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Table 2. Solubilities of 02 (1 atm) in various Solvents a 

Solvent [0211 atm, roM 

H20 1.0 

Me2SO 2.1 

DMF 4.8 

pyr 4.9 

MeCN 8.1 

hydrocarbons -10. 

fluorocarbons -25. 

a Ref. 4 

oxygen (02-', H02', H202, H02-, 'OH) via reduction, hydrolysis, and 

disproportionation steps (Scheme 1) .10,11 Thus, the most direct 

means to activate 02 is the addition of an electron (or hydrogen 

atom), which results in significant fluxes of several reactive oxygen 

species. 

Reactivity of 02-' and H02' The dominant characteristic of 02-' 

in any medium is its ability to act as a strong Br0nsted base via 

formation of H02·,12,13 which reacts with allylic hydrogens, itself, 

or a second 02-' (Scheme 1). Within water superoxide ion is rapidly 

+1.66 

I +1.13 
1 

<>2 -0.05(+0.12) H~' +1.44 H20 2-,+-,,0...,.8,.,,0,-- H20+ .OH 

I +0.695 (+0.78) I I +1. 763 

. +0.73 (+0.79) I 

+2.72 

pH 0 (lM H+) 

+1.229 (+1.27 

+1.20 

I +0.64 
'-1 ----'-=""-'----, 

<>2 -0.331-0.16) ~-. +0.89 H~~ +0.38 H20+ .OH +2.31 21i20 

I +0.281 (+0.36) 1L...-____ ....z.+*'1.~34~9~ ___ _I1 

. +031 1+03 ) I 
pH 7 

+0.815 (+0.86) 

+0.65 

L +0.09 

I -0.33(-0.16) +0.20 -003 +1.77 
D2 D2~ H02- HO-+'O- 40H-

I 
-0.065 1+0.021 I I +0.867 I pH 14 (1M OW) 

-0.03 (+0.01) I 
+0.401 +0.44 

Figure 1. Standard reduction potentials for dioxygen species in 
water (02 at 1 atm). Formal potentials for 02 at unit 
activity. 
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r 

r 

+2.17Vvs. NHE 

II +1.64 

2JO 
+0.64 

H~' 
+1.96 

H2~ 
+1.32 H20+ ·OH +3.24 

+1.30 II +2.28 

II pH -8.7(1M(H30)CI04) 
+1.31 I 

+1.79 

+1.06 

II +0.53 

I I 
-0.47 +0.85 +0.21 +2.13 

H~ Hi~ H20+ ·OH 2 H2O 
pH 1O.0(1:1(Et3NH)Cl/Et3N) +0.19 +1.17 

II 
I I 

I +0.20 

+0.68 

-0.50 

II -1.04 

I I 
-0.63 0-1.27 00-0.81 HO- + '0- 0"+0.59 O:I~ H02- 40H-

-0.95 II -0.11 

II 
pH 30.4(lM(BlJ.4N)OH) 

-0.90 I 
-0.53 

Figure 2. Formal reduction potentials for dioxygen species in 
acetonitrile (02 at unit activity). 

converted to dioxygen and peroxide 

K, 2.5xl0 8 M (4) 

Such a proton-driven disproportionation process means that 02-' can 

deprotonate acids much weaker than water (up to pKa Z 23) .14 

Under aprotic conditions 02-' is a strong nucleophile that 

reacts with esters, acid halides, and halogenated hydrocarbons12 ,l5 

Scheme 1 (Me~O) 
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.---....;R:..:;X~-i~~RooR + X-

r.- I 
"2 Roo- 0 kET > 108 M-1s-1 

11,4-OID : NR • 'k < "" M""" 

O2-. + RX __ ROO· + X- kN' 101-103 M"ls·1 

I ROO· 

Scheme 2. (RX = CC1.v F3CCCI3t PhCCl3t BuBr, BuCl) 

via displacement of alkoxide or halide ion, respectively, to give an 

organic peroxy radical (ROO', Scheme 2). With benzil the initial 

reaction by 02-' is a nucleo-philic addition to a carbonyl carbon, 

which is followed by 02-' reduction of the oxy radical. 16 

t 0-0' 0-0 j02-' 
I I I 

PhC(O)C(O)Ph + 02-' -+ PhCC(O)Ph -+ PhC-C-Ph -+ 2PhC(0)0- + 
I I I 
0- -0 O' 

02 (5) 

The data of Figures 1 and 2 indicate that 02-' is a moderate 

one-electron reducing agent [cytochrome c(FeIII ) is reduced in H2017 

and iron(III) porphyrins in dimethylformamide]. 

(6) 

Superoxide is an effective hydrogen-atom oxidant for substrates with 

coupled hetero-atom (0 or N) dihydrogroups such as catechols, ascor

bic acid, 1,2-disubstituted hydrazines, dihydrophenazine, and dihy

drolumiflavin. 18 ,19 The general mechanism involves the rapid sequen

tial transfer to 02-' of a proton and a hydrogen atom to form HOOH 

and the anion radical of the dehydrogenated substrate. With 1,2-

diphenylhydrazine the azobenezene anion radical product is rapidly 

oxidized by dioxygen. 

PhNHNHPh + 02-' -+ PhN-' NPh + HOOH 
10 2 
~PhN=NPh + 02-' 

(7) 

Hence, 02-' serves as the initiator for the autooxidation of such 
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dihydrosubstrates and the chemical generation of HOOH under bio

logical conditions. 

Superoxide ion reacts with proton sources to form H02·, which 

disproportionates via a second 02-· or itself (Scheme 1). However, 

with limiting fluxes of protons to control the rate of H02· formation 

from 02-·, the rate of decay of H02· is enhanced by reaction with the 

allylic hydrogens of excess 1,4-cyclohexadiene (1,4-CHD).20 Because 

H02· disproportionation is a second-order process, low concentrations 

favor hydrogen-atom abstraction from 1,4-CHD. This is especially so 

for Me2S0, in which the rate of disproportionation for H02· is the 

slowest (PhCl>MeCN>H20>DMF>Me2S0). 

The initial product from the reaction of RX(R=Cl3C, F3CCCl2, 

PhCCl2, and Bu) with 02-· in acetonitrile is ROO·, which (a) can be 

reduced by a second 02-· to form ROO- (a reactive nucleophile) or (b) 

dimerize to form ROOOOR (Scheme 2). The latter has a half life that 

ranges from -ls (R=Bu) to -10-3S(R=Cl3C), and homolytically disso

ciates to ROOR and 02. The longer-lived forms of ROOOOR react with 

(a) 1, 4-cyclohexadiene(1, 4-CHD) via dehydrogenation to give PhH, 

ROOR, and HOOH, (b) diphenylisobenzofuran(DPIBF) via dioxygenation to 

give dibenzoylbenzene(DBB) and ROOR, and (c) rubrene via dioxygena

tion to give its endoperoxide and ROOR. Thus, the reactivity of 

ROOOOR parallels that of singlet dioxygen (102). Because of its 

diffusion-controlled dimerization, the primary product from the 

CCl4/02-· reaction, Cl3COO·, does not exhibit any reactivity with 

1,4-CHD. Hence, at millimolar concentrations this peroxy radical 

(the suspected cytotoxin from the aerobic activation of CCl4) does 

not exist long enough to react with allylic hydrogens. The bio

logical hazard of CCl4 may be due to the transient formation of 

Cl3COOOOCCl3· 

Actiyation of HOOH by Lewis Acids. As with 02-·, the reactivity 

of HOOH is dependent upon the solution matrix. In aqueous media its 

interaction with Fe(II) produces ·OH and FellI (-OH) 2+. The subse

quent reactivity of ·OH with organic substrates via H-atom abstrac

tion yields carbon radicals, which propagate chain reactions and 

autooxidations in the presence of 02. 

However, the addition of HOOH in MeCN to a solution that 

contains [Fell (MeCN)4] (Cl04) in dry MeCN«O.005% H20) catalyzes a 

rapid disproportionation of HOOH via the initial formation of an 
adduct [Fell (HOOH) ~ Fe(O) (OH2)]2+, which oxidizes a second HOOH to 
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r 
/ 

Fe2+ + HOOH -+ ~eIl? 
"H I HOOH .. 

-

PhCH(O) + FeU(O~); 

Ph 5 
~ Ph2SO + FelI(OHi+ 

Fe(O)(OH~2f. 

/H /H 

[?FelI ? -

"H "H rubrene 

cis-PhCH=CHPh 

Scheme 3 

02 (the iron catalyst remains as Fe(II) because its oxidation poten

tial is +1.8 V vs. NHE in this base-free medium) .22 This same inter

mediate cleanly oxidizes alcohols, aldehydes, thioethers, and substi

tuted hydrazines by a two-electron process (Scheme 3). The products 

for the FeII-HOOH oxidations are consistent with those that result 

from catalase- and some peroxidize-catalyzed processes. 

In the presence of excess HOOH the FeII (MeCN)42+ catalyst forms 

a reactive adduct, Fell (102) (OH2),2+ that reacts with diphenylbenzo

furan, 9,10-diphenylanthracene, or rubrene to form exclusively 

dioxygenated products. 23 Such reactivities parallel those of 102 

with this group of substrates. 

In the same base-free medium(dry MeCN) FeIIIC13 activates HOOH 

to form a reactive intermediate that oxygenates alkanes, alkenes and 

thioethers, and dehydrogenates alcohols and aldehydes. 24 Such reac

tivity indicates that the intermediate is a highly electrophilic 
FeIII_(O) species (formed by the strong Lewis acidity of FeIIIC13 in 

MeCN relative to HOOH). Anhydrous FeIIIC13 catalyzes the stereo

specific epoxidation of norbornene, the demethylation of N,N

dimethylaniline, and the oxidative cleavage of PhCMe(OH)CMe(OH)Ph 
(and other a-diols) by hydrogen peroxide (Table 3 and Scheme 4) .25 

For each class of substrate the products parallel those that result 

from their enzymatic oxidation by cytochrome P-450. The close con

gruence of the products indicates that the reactive oxygen in the 

FeIIIC13/HOOH model system and the active form of cytochrome P-450 is 

essentially the same, with strong electrophilic oxene character 

(stabilized singlet atomic oxygen). 
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"H 
FeD~ + HOOH -t [03FJII ~ -t o~JII(O)(O~)l HOOH.. Cl~JII(O~)2 + ~ 

H 
norbornene exo-norbomene-oxide (99%) + 03Felll(OH~ 

PhCMe(OH)CMe(OH)Ph 
2 PhC(O)Me + ~FJII(O~)2 

Scheme 4 

Formation and Reactiyity of Atomic Oxygen rOJ. The function of 

peroxidase enzymes is the activation of HOOH to provide two oxidizing 

equivalents for the subsequent oxidation of a variety of substrates. 

The interaction of horseradish peroxidase (an iron(III) heme that has 

a proximal imidazole) with HOOH results in the formation of a green 

reactive intermediate known as Compound I. The latter is reduced by 

one electron to give a red reactive intermediate, Compound II.26 

Both of these intermediates contain a single oxygen atom from HOOH, 

and Compound I is two oxidizing equivalents above the iron(III)-heme 

state with a magnetic moment equivalent to three unpaired electrons 

(5=3/2). A recent EXAF5 study27 summarizes the physical data in 

support of formulations of [(Por-')FeIV (02-)]+ for Compound I, and 

[(Por2-)FeIV (02-)] for Compound II; and concludes that both species 

contain an oxo-ferryl group (Fe=O) with a bond length of 1.64A. 

A recent summary28 of the activation of 02 by cytochrome P-450 

(an iron(III)-heme protein with a.proximal cysteine thiol) concludes 

that the reactive form of this monooxygenase also contains an oxo

ferryl group [(RS-) (Por-·)FeIV (02-)]. The monooxygenase chemistry of 

cytochrome P-450 has been modeled via the use of (TPP)FeIIICI 

(TPP-tetraphenylporphyrin dianion) and (OEP)FeIIICI (OEP=octaethyl

porphyrin dianion) with peracids,29,30 iodosobenzene,29,30 4-cyano

N,N-dimethyl aniline-N-oxide,31 and hypochlorite32 to oxygenate model 

substrates. On the basis of the close parallel with the products 

from the cytochrome P-450-catalyzed reactions and the net two

oxidizing equivalents of the catalytic cycles for cyt P-450/(02 + 2H+ 

+ 2e) and HRP/H202, a general consensus has developed that the reac

tive intermediate of cytochrome P-450 is analogous to Compound I with 

a FeIV (02-) group. 
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All contemporary work indicates that the reactive intermediate 

for HRP-I and cytochrome P-450 is an oxygen-atom adduct of (imid)

(Por2-)FeIII and (RS-) (Por2-)FeIII.27,33 The common belief is that 

atomic oxygen invariably removes two electrons from iron(III) and/or 

(Por2-) to achieve an oxo(02-) state. Although this misconception is 

general for the oxygen compounds of transition metals, there is no 

thermodynamic, electronegativity, or theoretical basis to exclude 

stable M(O-') and M(O) species. 34 Thus, the atomic-oxygen adduct of 

(Por2-)FeIII (B)+ should be viewed as the resonance hybrid of several 

valence-bond formulations. 

[Por2-)Fev(02-)+ ~ (Por-')FeIV (02-) ~ (PorO) Fe III (02-) + ~ 
(Por2-)FeIV (0-')+ ~ (Por-')FeIII(O-')+ ~ (PorO)FeII(O-')+ ~ 

(Por2-)FeIII (0)+ ~ (Por-')FeII(O)+] 

The last two of these are simple O-atom adducts without intramole

cular electron transfer to oxygen, but stabilized by d-p orbital 

overlap [similar to the addition of [0] to CO to give O=C=O or 02 to 

heme-Fe (II) or give heme-Fe (II) (02)] .35 

In recent discussion34 I have argued that high-valent transition 

metal ions such as iron(IV) are thermodynamically incompatible with 

the strongly electronegative oxo dianion, particularly when electron 

transfer results in unpaired valence electrons that can stabilize 

each other via covalent bond formation. Such stabilization of the 

two unpaired electrons of ground-state atomic oxygen attenuate its 

redox potential and its reactivity to an extent proportional to the 

energy of the metal-oxygen covalent bond. Tables 4 and 5 summarize 

the reduction potentials for atomic oxygen (as the free atom and in 

various compounds) in aqueous solution and in MeCN.5,6,36 

The results of a recent investigation37 of model systems provide 

compelling evidence that stabilized atomic oxygen is present in 

Compound I and Compound II of horseradish peroxidase and the reactive 

form of cytochrome P-450. Thus, the combination of tetrakis(2,6-

dichlorophenyl)-porphinato iron(III) perchlorate (1, Scheme 5) with 

pentafluoro-iodosobenzene, m-chloroperbenzoic acid, or ozone in ace

tonitrile at -35°C yields a green porphyrin-oxene adduct (2). This 

species, which has been characterized by spectroscopic, magnetic and 

electrochemical methods, cleanly and stereo-specifically epoxidizes 

olefins (>99% exo-norbornene-oxide). 
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Table 4. Redox Potentials for Oxygen Species in Aqueous Media 

pH 0: EO, V ys. NHE 

O(q) + 2H+ + 2e- -+ H2O 

O(q) + H+ + e- -+ ·OH 

·OH + H+ + e- -+ H2O 

03(q) + 2H+ + 2e- -+ 02(q) + H2O 

03 + e- -+ 03-· 

HOOH + 2H+ + 2e- -+ 2H20 
HOI03 + H+ + 2e- -+ I03- + H2O 

HOCl + 2H+ + 2e- -+ HCl + H2O 

pH 7: 

O(q) + 2H+ + 2e- -+ H2O 

O(q) + H+ + e- -+ ·OH 

·OH + H+ + e- -+ H2O 

03 (q) + 2H+ + 2e- -+ 02(q) + H2O 

03 (q) + e- -+ 03-· 

HOOH + 2H+ + 2e- -+ 2H20 

I04- + 2H+ + 2e- -+ I03- + H20 

pH 14: 

O(q) + H2O + 2e- -+ 2 -OH 

O(q) + H2O + e- -+ ·OH + -OH 

O(q) + e- -+ 0-' 

'OH + e- -+ -OH 

0-· + H20 + e - -+ 2 -OH 

03 (q) + H20 + 2e- -+ 02 (q) + 2 -OH 

03 (q) + e - -+ 03-· 

03-· + H20 + e- -+ 02 (q) + 2 -OR 

HOO- + R20 + 2e- -+ 3 -OH 

I04- + H20 + 2e- -+ I03- + 2 -OR 

ClO- + H20 + 2e- -+ Cl- + 2 -OH 

ClO- + e- -+ Cl- + 0-· 

+2.42 

+2.12 

+2.72 

+2.07 

+0.95 

+1. 76 

+1.6 

+1.49 

+2.01 

+1. 71 

+2.31 

+1.66 

+0.95 

+1.35 

+1.2 

+1.60 

+1.31 

+1.43 

+1.89 

+1. 77 

+1.25 

+0.95 

+1.55 

+0.87 

+0.8 

+0.89 

+0.02 

The reaction chemistry and electronic characterization of the 

green adduct (2) are consistent with an oxygen atom covalently bound 

to an iron(II)-porphyrin radical center [(P-·)FeII(O)+]. The latter 

has the spectral, magnetic, and redox characteristics of Compound I 

of horseradish peroxidase (HRP), and the selective stereospecific 

141 



Table 5. Redox Potentials for Oxygen Species in MeCN [H+ = 1M 
(H30) CI04;-OH = 1M (Bu4N)OH(MeOH)]. 

Acid, pH(-S.S): EO. V vs. NHE 

o (g) + 8+ + e- ~ 'OH 

'08 + H+ + e- ~ H20 

O(g) + 2H+ + 2e-

03(g) + 2H+ + 2e

HOOH + 2H+ + 2e

HOCI + 2H+ + 2e-

~ H20 

~ 02 (g) + H20 

~ 2H20 

~ HCI + 820 

F5PhIO + 2H+ + 2e- ~ F5PhI + H20 

(ClSTPP-')FeII(O)+ + 2H+ + 2e- ~ (ClSTPp2-) FellI (OH2) + 

(ClSTPp2-) Fell (0) + 2H+ + 2e- ~ (ClSTPp2-)FeII + H20 

Neutral, pH 9: 

O(g) + H20 + e- ~ 0-' (H20) 

03(g) + e- ~ 03-' 

(ClSTPp-')FeIII (0)2+ + e- ~ (ClSTPP-')FeII(O)+ 

(ClSTPP-')FeII(O)+ + e- ~ (ClSTPp2-) Fell (0) 

(ClSTPp2-) Fell (0) + m-ClPhC(O)OH + e- ~ 

(ClSTPp2-) FellI (-OH) + m-ClPhC(O)O

(ClSTPp2-) Fell (0) + e- ~ (ClSTPp2-)FeII(0-') 

Base, pH 30.4: 

O(g) + H20 + e- ~ 'OH + -OH ~ 0-' (H20) 

0-' + H20 + e- ~ 2 -OH 

'OH + e- ~ -OH 

O(g) + H20 + 2e- ~ 2 -OH 

03 + H20 + 2e- ~ 02 + 2 -08 

ClO- + H20 + 2e- ~ Cl- + 2 -OH 

800- + 820 + 2e- ~ 3 -08 

+2.64 

+3.24 

+2.94 

+2.59 

+2.2-8 

+2.0 

+1.02 

+1.94 

+1.50 

+0.67 

+0.35 

+1.S3 

+1.51 

+0.16 

-0.30 

+0.34 

+0.59 

+0.92 

+0.63 

+0.2S 

-O.OS 

-0.10 

oxygenase character of the reactive intermediate for cytochrome P-

450. Reduction of the green species by one-electron equivalent 

yields a red species (3, Scheme 5), which has the spectral character

istics and reactivity of Compound II of HRP. The iron(III) por

phyrin(l) is an efficient catalyst for (a) the stereospecific epoxi

dation of olefins, (b) the dehydrogenation of alcohols, (c) the 
oxidative cleavage of a-diols and (d) the demethylation of dimethyl-

aniline by F5PhIO and m-ClPhC(O)OOH (Scheme 5). When HOOH is used as 

the source of oxygen extensive attack of the porphyrin ring occurs 
and there is no significant reaction with olefins or a-diols. 
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(CIsTPP'")Fem(OH)/+ .. 2W (OSTPp2-)FeII(O) + 1/2 HOOH 

4 t 3 (red) 
-OH 

[(ClsTPp2-)Fem](CIO~ + m-CIPhC(O)OOH ~ (CIsTPP'"o)FeII(O)+ + CIPhC(O)OH 

1 (orange-brown) 2 (green) + 004-

"'+ (CIs TPPO)Fem(0lI:!)3+ 

norbornene 

PhC OH 

PhCMe(OH)CMe(OH)Ph 

clohexane 

SchemeS 

5 (blue) 

exo-norbomene-oxide (99%) 

+1 

PhCH(O) + 1 (0lI:!) 

2 PhC(O)Me + 1 (0lI:!) 

(",(OH 
V +1 

Table 5 summarizes the redox thermodynamics for the various 

iron-oxene species of this model system in MeCN. The shift in the 

two-electron reduction potential for O(g) (from +0.63 V vs. NHE in a 

neutral unbuffed solution to +2.94 V in acidic media) is analogous to 

that obs.erved when protons are added to the green iron oxene species 

(2, Scheme 5). Because the addition of an equivalent of -OH to 2 

produces the same red species (3) as the addition of an electron to 

2, species 3 is formulated as an iron(II)-oxene. Production of this 

species by the combination (ClsTPP)FeIII(Cl04), Me3PY, and HOOH; and 

its limited epoxidation of olefins are consistent with an iron(II)

oxene (versus iron(III)-O-') formulation. Addition of protons to 3 

promotes an intramolecular two-electron transfer to the oxene oxygen 

[one from the porphyrin ring and one from iron(II)] to give 

(ClSTPP-')FeIII(OH2)2+ (4, Scheme 5). If species 3 contained hyper

valent iron or oxidized porphyrin, such a transformation with proton 

addition would not be expected. 
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The formation of 3 rather than 2 from the combination of 
(C1STPP) FeIII (C104, 2,4,6-Me3PY, and BOOB indicates that the latter 

is unable to transfer an O-atom to the iron(III) center. With BOOB 

alone there is rapid degradation of the porphyrin ring. Thus, the 

formation process for 3 requires a base and reducing agent (2,4,6-

Me3PY) to cause BOOB to act as an (0-·) transfer agent to iron(III) 

with subsequent intramolecular electron transfer. 

(C1STPp2-) FeIII (C104) + 2 Me3PY + BOOB -+ (C1STPp2-)FeII(O) + 
3 

Me3PyH+ + [Me3PY ( ·OB) 1 (S) 

Olefins are epoxidized by 3 to give the iron(II)-porphyrin, 

(C1STPp2-) FeII (0) + norbornene -+ exo-norbornene oxide + 
(C1STPp2-) Fell (9) 

which reacts with BOOB to give inactive catalyst 

(C1STpp2-)FeII + BOOB + Me3PY -+ (C1STPp2-) FeIII (-OB) + 
[Me3PY ( . OB) 1 

(10) 

The reaction chemistry of Scheme 5 confirms that 2 acts as an 

oxygen-atom transfer agent towards olefins. The stereospecificity 

for the epoxidation of norbornene is consistent with the concerted 

insertion3S of a singlet oxygen atom into the pi bond (analogous to 

the stereospecific transfer of a singlet oxygen atom from uncatalyzed 

m-C1PhC(O)00H to norbornene). If 2 contained hypervalent iron, an 

electron-transfer mechanism would be favored, which results in a 

mixture of exo and endo epoxides. 30 ,39 

The magnetic moments for 2 (S-3/2) and for 3 (S-O) indicate 

extensive coupling between the ground state triplet p-orbitals of 

atomic oxygen and the half filled d-orbita1s of iron(II). In terms 

of valence-bond considerations overlap by the metal-d and oxygen-p 

orbitals will result in the formation of a metal-oxygen s-bond and a 

metal-oxygen p-bond. The two-electron reduction potentials under 

acidic conditions (Table 5) for 2 (+1.94 V vs. NHE) and O(g) (+2.94 V) 

provide an approximate measure of the bond energy for the (P-·)FeII-o 
covalent double bond; B.E. - AExnx23.1 kcal ~ 46.2 kcal (Table 5) . 

Likewise, the two-electron reduction potential for 3 (+1.50 V vs. 

NBE) relative to that for O(g) (+2.94 V) provides an indication of 

the bond energy for the (p2-) FeII=O covalent double bond; B.E. -

+1.44 x 2 x 23.1 = 67 kcal. Thus, the much lower reactivity of 3 

with olefins is consistent with the greater stabilization of (0) by 

the iron(II) center. Also, for F5PhIO the two-electron reduction 
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potential under acidic conditions is +1.02 V vs. NHE (Table 3), which 

indicates an 1-0 bond energy of 89 kcal and accounts for its unreac

tive nature with olefins. 

The spectroscopy, electrochemistry, and magnetic properties of 

2 indicate that its iron center is equivalent to that of Compound I 

of HRP. Recent EXAFS studies27 ,38 of Compound I confirm that it con

tains an Fe=O double bond (bond distance, 1.64A), and that its con

version to Compound II (via one-electron reduction) gives a species 

with an Fe=O group that has the same iron-oxygen bond distance. 

Again, the spectroscopic and electrochemical properties of 3, and its 

reduced reactivity with olefins, indicate that the electronic struc

ture of its iron-oxygen center is analogous to that of Compound II of 

HRP. 

Catalase Redox Cycle: 

(PhO-)PFeIII (H20) + H202 ~ (PhO·)PFeII(O) + H20 
Compound I (catalase) 

S = 1/2 

Peroxidase Redox Cycle: 

(Imid) (p2-)FeIII(H20)+ + H202 ~ 
S = 5/2 

(Imid) (P-·)FeII(O)+ + 2H20 
Compound I (peroxidase) 

S = 3/2 

(Imid) (P-·)FeII(O)+ + RH ~ [(ImidH) (p2-)FeII (O)]+ + R· 
Compound II 

1 RH 

[(Imid) (p2-)FeIII (OH2)] + R· 

Scheme 6 

The present results indicate that 2 contains a stabilized oxygen 

atom, and the parallel chemistry with the active form of cytochrome 

P-450 prompts the conclusion that it also contains a stabilized 

atomic oxygen. We have argued elsewhere25 ,34 that the most reason

able electronic formulation for the active form of cytochrome P-450 

is (RS·) (Por2-)FeII (0) with an (RS-·)-Fe(II) covalent bond and an 

Fe(II)=O covalent double bond. The inability to form 2 with HOOH as 

the oxidant and the inefficient formation of the active form of 

cytochrome P-450 via the peroxide shunt33 ,40 may mean that HOOH is 

not formed as an intermediate during the cytochrome P-450 activation 
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Cytochrome P-450 Redox Cycle: 

(RS')PFeIl (OH2 )LS + R'H ~ (RSH) PFeIII (OH2 ) (R'H)as+ 

S=1/2 S=5/2 

(RSH)PFeII (OH2) (R'H) 

S=4/2 

o 
~ (RSH) PFeII (02) (R' H) 

;7 S=O 

(RS')PFeII(O) (OH2 ) (R'H) ~ (RS') PFeIl (OH2 ) + R'OH 

S=1/2 S=1/2 

Scheme 7 

cycle. A direct reduction cycle to give the active species seems 

likely 

e-, 02 e-, H+ 
(RSH) (Por) FeII (RSH) (Por)FeII (02) ---0+ 

[ (RS') (Por) FeII (0) + H20] (11) 

Experiments with (C18TPP)FeIII(Cl04) and thiol ligands are in pro

gress to test this proposition, and to achieve the formation and 

characterization of the reactive intermediate of cytochrome P-4S0. 

On the basis of the preceding results and arguments reasonable 

reaction cycles are proposed for the activation of HOOH by the 

catalase and peroxidase proteins (Scheme 6), and for the activation 

of 02 by the cytochrome P-450 protein (Scheme 7). 
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OXYGEN ACTIVATION BY NEUTROPHILS 

INTRODUCTION 

James K. Hurst 

Department of Chemical and Biological Sciences 
Oregon Graduate Center 
Beaverton, Oregon 

Mobile, phagocytosing cells were first observed in starfish larvae in 

1882 by E1ie Metchnikoff, who was subsequently able to demonstrate their 

central role in host defense against infection in animals. In recognition 

of the significance of his discoveries, Metchnikoff was awarded the Nobel 

Prize in Physiology or Medicine in 1908. Since that time our understanding 

of the physiology and biochemistry of leukocytic cells has increased enor

mously; however, the microbicidal toxins produced by leukocytes and their 

disinfection mechanisms have remained poorly characterized, and are corres

pondingly the subject of increasing attention of medical researchers and 

biochemists. 

This review is intended as an introduction to the field. As with many 

rapidly moving areas of science, there is considerable debate and 

conflicting viewpoints concerning central issues. I have attempted to 

present as much as possible the current consensus within a framework of 

unifying concepts, although this treatment is often speculative and 

incomplete, and the,origina1 literature should be consulted for details. 

The subject matter is restricted to the neutrophil (also frequently called 

polymorphonuclear leukocyte or granulocyte), which is the predominant white 

blood cell in our bodies, and whose primary function appears to be 

combating bacterial infection. Nonetheless, the underlying general 

biochemical principles should be applicable to other phagocytic cells in 

the peripheral circulation. 
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PHAGOCYTOSIS BY NEUTROPHILS [1) 

Neutrophils migrate to sites of infection by responding to chemotactic 

factors, i.e., chemical signals , generated by reactions at these sites. 

Particles encountered that are recognized as foreign are bound tightly to 

the outer plasma membrane, eliciting a complex series of physiological and 

metabolic changes within the neutrophil leading to their encapsulation by 

phagocytosis. Once compartmented within the neutrophil, bacteria are 

rapidly killed and subsequently extensively digested. Neutrophilic recog

ni tion of foreign bodies is often aided by adsorption of glycoproteins 

derived from the host antibody and complement systems, a process termed 

opsoniza tion. 

The sequence of events comprising phagocytosis is illustrated 

stylistically in Figure 1. The process is initiated by binding of an 

opsonized microbe at specific cell surface receptor sites, stimulating 

oxygen consumption by activating a pyridine nucleotide-dependent oxidase 

located in the plasma membrane [2,3). The triggering mechanism is not com

pletely understood, but is thought to be indirect, involving activation of 

an intracellular phospholipase that generates "secondary messengers" which, 

in turn, activate a protein kinase, leading ultimately to kinase-catalyzed 

phosphorylation of a component of the oxidase enzyme complex [4). The 

respiratory "burst," once ini tiated, lasts for 15-20 minutes and generates 

the one- and two-electron reduced products, 02- and H202, respectively. 

Coincidentally, the neutrophil plasma membrane invaginates in the region of 

binding, ultimately surrounding the particle and pinching off, isolating 

the particle within the neutrophil in a special lysosome called the 

phagosome. Granular lysosomes containing encapsulated biopolymers then 

migrate to the phagosome. Upon subsequent fusion of the lysosomal cell 

membranes, the granule contents are discharged into the phagosome. The 
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Fig . 1. Sequential steps of phagocytosis by neutrophils. 



composition of the granules is diverse, including numerous digestive 

enzymes, cationic proteins and mucopolysaccharides, but they contain only 

two biopolymers that might be involved in oxidative microbicidal reactions, 

an unusual chlorin-containing [5] peroxidase called myeloperoxidase (MPO) 

and lactoferrin, which, however, appears to be predominantly demetalated. 

The amount of myeloperoxidase contained within the neutrophil is truly 

staggering, comprising 2-5% of the dry weight of the cell [6]. 

Phagocytosis is further illustrated in Figure 2, which is a tracing of 

an electron micrograph of a single neutrophil containing two bacteria 

within its phagosome. The cell was cytochemically stained for peroxidase 

activity and only those regions where positive response was observed have 

been indicated. These include the MPO-containing granules which have not 

yet fused with the phagosome, one granule which appears to be fusing 

(arrow), and the region immediately surrounding the bacterial cell walls. 

Since MPO is a cationic protein and the bacterial cell wall is negatively 

charged, electrostatic forces favor their association. 

The entire process from recognition to degranulation requires at most 

a few minutes and leaves the microbe isolated in a highly inimical environ

ment. Killing is quite rapid [7,8] and occurs on the same timescale as 

phagocytosis, although cellular disruption and depolymerization of 

microbial cellular [9,10] components continues for several hours 

afterwards. For Gram-negative bacteria, at least, completely inactivated 

cells can be recovered from the phagosome that are morphologically 

Fig. 2. Tracing of an electron micrograph of a human 
neutrophil containing two Lactobacillus acidophilus 
within a phagocytic vacuole. Only the plasma and 
phagosomal membranes and regions of the cell 
staining for peroxidase are shown (Adapted from 
reference 1, p. 219). 
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indistinguishable from their viable counterparts [11]. Two observations 

underscore the importance of oxidative reactions to phagocytic dis

infection. First, many organisms are killed much more effectively in the 

presence of oxygen than in anaerobic environments [12]. Second, this oxygen 

dependence is manifested in the congenital defect known as chronic 

granulomatous disease (OGD), which is characterized by an inability of 

one's neutrophils to mount a respiratory burst, although other aspects of 

phagocytosis appear normal. The consequences to the individual, which are 

often lethal, are the inabUi ty to comba t certain types of infection, 

particularly involving pathogens that are catalase-positive and/or do not 

possess endogenous 82°2' These points are illustrated in Figure 3, where 

neutrophi1s from OGD patients are totally ineffective against~. aureus 

within a period of time that allows greater than 99% inactivation by normal 

neutrophils. 

The respiratory burst can also be elicited by soluble stimuli, which 

bind at surface receptor sites without inducing extensive formation of 

phagosomes. Degranulation occurs in this instance at the plasma membrane, 

with attendant release of lysosomal components into the extracellular 

medium. This phenomenon is of considerable practical utility, since it 

provides a means for studying neutrophilic reactions without requiring 

isolation of or recovery from subcellular organelles. Stimuli often used 

to induce this cellular response include chemotactic pep tides and tumor

forming surface-active agents, e.g., phorbo1 myristate acetate (PMA). 
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Fig. 3. Bactericidal activity of normal and deficient 
neutrophi1s. The test microorganism was 
Staphylococcus aureus (from reference 66; 
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THE NADPH-oXIDASE 

The respiratory oxidase found in neutrophils and other phago~ytic 

cells bears no resemblance to mitochondrial respiration. Oxygen reduction 

is tightly coupled to glucose oxidation via the hexose monophosphate 

pathway and is not inhibited by respiratory poisons such as N3- and eN-. 

Both NADH and NADPH can act as immediate electron donors to the oxidase, 

although NADPH is thought to be the physiological electron donor, based 

upon its favorable binding constant. The major, if not sole [13-15J, 

oxygen product is superoxide anion. Because oxidase-generated 02- and H202 
react nearly quantitatively with membrane-impermeable scavengers added to 

the external medium, the site of oxygen reduction is thought to be the 

external surface of the plasma membrane [13J. The membrane everts during 

phagocytosis, so oxygen r~duction should correspondingly occur within the 

phagosome. This interpretation is supported by cytochemical studies 

[16,17J which show 02- and H202 accumulation at the outer plasma and inner 

phagosomal membrane surfaces of stimulated neutrophils (Figure 4). In 
+ contrast, experiments comparing the effects of added NADPH and NADP upon 

respiratory rates in intact and broken neutrophils [18J or plasma membrane 

vesicles [19J support the notion that the NADPH reduction site is located 

on the cytoplasmic side of the membrane • 
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•.. lAl-_~ .••• ~ ...... <,,- .•. ~_._~· a 
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b. 
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Fig. 4. Tracing of electron micrographs of neutrophils stimulated with 

polystyrene spheres. Only membranes and regions staining 

positively for H202 are shown. Panel a: phagocytic vacuoles (PV) 

and a portion of the plasma membrane; panel b: a single PV at 

higher magnification showing H202 accumulation is confined to the 

intraphagosoma1 space (Adapted from reference 16). 
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+ respiration by NADPH and its inhibition by NADP is observed or enhanced 

only when access is provided to the inner membrane surface. 

These results imply that the oxidase is transversely oriented across 

the membrane, which is conceptually appealing from the perspective of 

isolating the lethal reactions from the cytosolically-Iocalized enzymatic 

processes that are driving them. The neutrophilic cytosol contains enzymes 

and metabolites, e.g., superoxide dismutase (02-)' catalase (H202) and a 

glutathione-glutathione peroxidase-glutathione reductase cycle (H202), that 

protect it from respiratory burst products that might escape the phagosome, 

whereas the phagosomal medium, being extracellularly derived, is devoid of 

these components. This topographic organization is depicted in Figure 5. 

Also included is a potentially protective sequence involving conversion of 

HOCI, a secondary oxidant formed by MPO-catalyzed [20] peroxidation of CI-, 

into a less-reactive [21] hydrophilic chloramine by reaction with taurine, 

a sulfonated amine present in high concentration in the cytosol. 

If the description of the NADPH oxidase as a vectorial transmembrane 

redox enzyme is correct, it is likely by analogy with other membrane-bound 

electron-translocating systems to be a multicomponent particle. As with 

many membrane-localized redox systems, attempts to characterize the oxidase 

have been frustrated by difficulties in obtaining membrane-free soluble 

preparations that retain high 02--forming activity. Additionally, neutro

phil stimulation prior to isolation is necessary to obtain oxidase 

glucoae- gluco •• ·8·PO" *-NADP+ 

(HMP) 1 

rlbulo •• ·5·PO" NADPH 

H20 

H03S(CH2)2NHCIXH20 

H03S(CHa)aNHa HOCI 

Fig. 5. Probable topographic arrangement of the NADPH oxidase in the 
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neutrophil and cytosolic protection mechanisms. 1, dehydrogenases 
of the hexosemonophosphate shunt (HMP); 2, NADPH oxidase; 3, 
glutathione peroxidase; 4, glutathione reductase; 5, myelo
peroxidase; 6, superoxide dismutase; 7, catalase. 



activity. Consequently, many of the studies have been made on oxidase

containing plasma membrane fragments and other partially purified frac

tions, with widely differing results. There is now strong circumstantial 

evidence that one component of the oxidase is a low-potential heme

containing glycoprotein [22], however, which has alternately been 

~esignated as cytochrome b559 or cytochrome b-245 , based upon its ferroheme 

absorption spectrum [23] (Aa = 559 nm) or midpoint reduction potential [24] 

«Em)pH7 = -245 mY), respectively. This cytochrome is reduced by NADPH in 

plasma membranes from stimulated neutrophils [24] and oxidized by 02 at 

rates which are kinetically competent [25] to account for the overall 

catalytic activity of the oxidase. It is usually found to copurify with 

the oxidase, is incorporated into the phagosomes of stimulated neutrophils 

[26], and appears to be absent or functionally abnormal in CGD neutrophils 

[27]. An FAD-containing flavoprotein is also usually found in partially 

purified NADPH oxidase preparations. The stimulated NADPH-dependent 02-

production of solubilized extracts was also enhanced by FAD addition and 

inhibited by FAD analogues that are incapable of one-electron transfer to 

electron acceptors [28]. NADPH-dependent flavin semiquinone formation has 

been detected in stimulated plasma membrane fragments by EPR spectroscopy; 

the radical signal could not be elicited in membranes from unstimulated 

cells [29]. The measured midpoint reduction potential of the flavin was 

(Em)pH7 = -280 mY. Finally, separation of FAD and cytochrome b components 

of the oxidase appears to recently have been accomplished by cholate 

extraction of stimulated neutrophil plasma membranes [30]. 

Ubiquinone-10 (QH2) has been proposed as a component of the oxidase 

respiratory chain [31-33], although this claim is highly controversial. 

Most recent studies failed to detect quinones in purified plasma membranes 

[34-36] and, assuming a normal midpoint potential [37] of (Em)pH7 = +65 mY, 

it is difficult to imagine a functional role for quinone in an electron 

transport chain poised at -160 to -320 mY. Specifically, thermodynamic 

potentials favor only two-electron transfer from QH2 to 02 (Figure 6), but 

the trapping experiments previously mentioned indicate that nearly all H202 
formed arises from 02- dismutation. Other plausible redox components such 

as ferredoxin-type iron-sulfur centers (FeS) have not been detected. 

A minimal electron transport chain consistent with most observations 

is given in Figure 6. FAD is suggested as a secondary site of 02 reduction 

by recent reports that a soluble NADPH oxidase preparation depleted in 

cyt b-245 retains 02- reductase activity [36] and direct two-equivalent 

reduction of 02 occurs as a minor redox pathway [14,15], a reaction that is 

non-complementary for cyt b-245 • The scheme is not consistent with one 

recently described NADPH oxidase preparation which reputedly contained 
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Fig. 6. Minimal composition and probable organization of the NADPH oxidase 
respiratory chain. Relevant thermodynamic properties are given in 
parentheses. 

negligible FAD, yet retained strong 02--forming activity [38]. It is 

difficult to understand how noncomplementarity between the two-electron 

donor NADPH and one-electron acceptor cyt b-24S might be overcome in this 

case. 

Activation of the NADPH oxidase appears to involve phosphorylation of 

a 47 kDa protein [39-41]. Recent studies have shown that this reaction 

correlates with the onset of the respiratory burst, that inhibition of 

protein kinase both blocks phosphorylation and abolishes the respiratory 

increase, and that phosphorylation of the protein does not occur in the 

autosomal recessive form of CGD, which is characterized by an apparently 

normal complement of cyt b-24S • The protein may therefore be the immediate 

trigger for activation of the burst in normal neutrophils. 

is unknown, but apparently is not cyt b-24S ' the molecular 

exceeds 50 kDA [22]. The extreme lability of the isolated 

consequence of dephosphorylation or loss of this component. 

OXIDATIVE TOXINS FROM THE RESPIRATORY BURST 

Its identity 

weight for which 

oxidase may be a 

Various oxidants that have been proposed as the ultimate microbicidal 

agents derived from the respiratory burst are presented schematically in 

Figure 7. For purposes of discussion they can conveniently be divided into 

MPO-dependent and MPO-independent subgroups. 

MPO-Dependent Toxins 

Myeloperoxidase catalyzes the two-electron oxidation of Cl-, Br- and 

I- by H202 in neutral and weakly acidic solutions; chloride ion is thought 

to be the physiological reductant because it is predominant in biological 
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RCH(NH 2)C0 2H 

Fig. 7. Proposed neutrophil-generated toxins and their path
ways for formation. Most likely ultimate toxins are 
indicated by the use of larger chemical formulae. 

fluids. Hypochlorous acid, the immediate reaction product, is freely 

diffusible from the enzyme active site [20] and is potently microbicidal to 

virtually every cell type [1]. To determine if CI peroxidation occurs in 

the phagosome, we probed the reaction environment using yeast cell wall 

fragments (zymosan) that had been covalently labeled with the fluorescent 

dye, fluorescein [42]. The dye is chlorinated progressively by HOCI in the 

4'- and 5'-positions to form the corresponding mono- and dichlorofluores

cein products (Eq. 1): 

HO~CI 0 Ho~CI CI ° 
~ [) '" "'_ ~ [) ",7",_ 

[) C02 [) C02 

(1) 

The same compounds are the predominant products of MPO-catalyzed CI

peroxidation. Increasing chlorination causes progressive red-shifting of 

the excitation and emission bands of the strongly fluorescing dianionic 

form of the dye as well as diminution of fluorescence quantum yields, 

presumably a consequence of heavy atom quenching. Fluorescence changes 

attributable to chlorination by neutrophils are shown in Figure 8. In this 

instance, the fluorescein-zymosan probe was unopsonized to minimize phago

cytosis and the soluble stimulus PMA was used to activate the neutrophils. 

Under these conditions, the reaction occurs in the external medium, which 

was buffered at pH 7.4. The time course of fluorescence changes following 

stimulation was measured under conditions where chlorination would cause 

maximal reduction in intensity. The first four traces (a-d) in Figure 8 
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Fig. 8. Fluorescence changes with unopsonized fluoresceinated zymosan 
(FITC-Z) as an external probe of neutrophil (PMN) activation. 
Phorbol myristate acetate (PMA) was added as stimulus at the 
points indicated by the arrows. ~F is the relative fluorescence 
intensity where 70 ~F corresponds to total fluorescence from the 
particles; normal neutrophils (nPMN); chronic granulomatous 
disease (CGO) (from reference 42). 

establish that the fluorescence losses observed in traces e and fare 

peroxidase-dependent. Specifically, the rapid changes following stimu

lation are not observed if H202 is removed by catalyzed disproportionation 

(a), if MPO is poisoned (b), or if the neutrophils are deficient in either 

H202-generating capability (c) or peroxidase activity (d). Monochlorina

tion of the dye was confirmed by its recovery and HPLC analysis. Fluores

cence changes observed with opsonized fluoresceinated zymosan are shown in 

Figure 9. In this instance, the particle was the stimulus and reaction was 

primarily intraphagosomal. Normal neutrophils exhibited marked fluores

cence quenching (a) which was not observed with either MPO-deficient (b) or 

CGO neutrophils (c). The reaction could be prevented in normal neutrophils 

by adding N3- to inhibit MPO and could be elicited by addition of MPO to 

the medium containing MPO-deficient cells or a source of H202 to the CGO 

neutrophils. The results therefore strongly support MPO-catalyzed fluores

cein chlorination as the explanation for fluorescence losses in phago

cytosed fluoresceinated zymosan. Similar conclusions have been drawn in 

other laboratories from studies using a variety of HOCI-sensitive probes 

[43-46]. 
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Fig. 9. Fluorescence changes upon ingestion of opsonized 
fluoresceinated zymosan by normal and deficient neutrophils. 
Abbreviations as in Fig. 8; fluorescence intensity changes are 
expressed as percent of initial values (from reference 42). 

1 
~02 as a Neutrophil-Generated Toxin. Oxygenated solutions of many 

chromophoric dyes are microbicidal when exposed to light. At least part of 

this "photodynamic effect" is a ttributable to the maintenance of low 
1 steady-state concentration levels of ~02 formed by energy transfer from 

the dye triplet excited state [47]. A similar circumstance was suggested 
1 to occur in neutrophils, with ~02 arising from reaction of MPO-generated 

HOCl with excess H202 formed in the respiratory burst (Figure 7, reactions 

1 ? 4 ? 5). Evidence cited in support of this proposal included 

observations that stimulated neutrophils exhibit weak chemiluminescence 
1 [48], possibly attributable to ~02 dimol emission, and reagents which 

1 . 
physically quench or react chemically with ~02 inhibited the reaction of 

2,5-diphenylfuran, a 1~02 trapping agent, with the HOCl or MPO-H202-CI

system in the expected manner. Although reaction of HOCl with the 

hydroperoxide anion H02- does give 1~02 in 100% yield [50], these 

suggestions are not in accord with expectations based upon general 

reactivity principles of HOCI. The relative rates of chlorination of a 

wide variety of organic and inorganic compounds can be ra tional1zed in 

terms of electrophile-nucleophile interactions between the electrophilic 

chlorine atom and nucleophilic centers on the other reactant [21,50]. An 

appropriate transition-state for H02- reacting with unipositive chlorine 

compounds (X-Cl) is given in Figure 10. The reaction rate increases with 

elec tron-withdrawing charac ter of the subs ti tuen t X and reac tion with the 

powerful nucleophile, H02-, is effectively quenched by protonation to form 
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Fig. 10. Hypothetical transition state structure and kinetic data for 
reaction of the hydroperoxide anion with monovalent chlorine 
compounds. All reactions obey the rate law, R = k[X-CI] [H02-]. 

its very weakly nucleophilic [51] conjugate acid, H202• Under physiologi

cal conditions, hydrogen peroxide is nearly completely protonated and its 

rate of oxidation by HOCI is correspondingly low. The biological milieu 

provides many alternative nucleophilic sites for reaction with HOCI [52], 
1 so the question of ~02 toxicity will not arise simply because the 

opportunity for its formation is extremely limited. Consistent with this 

viewpoint, the inhibitory effects of various reagents upon reaction of 

diphenylfuran with MPO-H202-CI- are now recognized to be due to their 

direct competitive reaction with HOCI [53] and chemiluminescence is not 

attributable to emission 
1 from ~02 [54]. There is presently no compelling 

1 evidence that ~02 plays a primary role in neutrophilic disinfection. 

Chloramines and Aldehydes. Hypochlorous acid reacts rapidly with 

amines and amino acids to form the corresponding chloramine and N

chloramino acids (Figure 7, reactions 6,7). Consistent with the 

electrophile-nucleophile character of HOCI reactions, rate constants vary 

proportionately with nitrogen basicity [55]. However, because biological 

amines and amino groups exist predominantly in their unreactive protonated 

forms at neutral pH, their overall reaction rates are considerably 

attenuated under physiological conditions, permitting competitive reaction 

with other biological nucleophilic sites [52]. N-chloramino acids are 

unstable, and have been proposed to undergo decarboxylation-deamination to 

form the corresponding aldehydes [10,56] (Figure 7, reaction 8). 

Chloramine (NH2CI) and lipophilic chloramines have been shown to be 

potently bactericidal [57] and, in titrimetric assay, are lethal to 

Escherichia coli at lower dose levels than HOCI [57-59]. Hydrophilic 

amines, however, protect bacterial cultures against disinfection by HOCI or 

the MPO-H202-CI- system, presumably because the chloramine product is 
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unable to penetrate the hydrocarbon barrier imposed by the bacterial plasma 

membrane [57]. Toxic chloramines formed by reaction of endogenous NH3 or 

functional amino groups may act as intermediates in the lethal neutrophilic 

reactions [60] (Figure 7, reactions 1 + 4 + 6), but this role can be 

questioned on the grounds of kinetic competency. We have found by quench

flow kinetics that!. coli are inactivated upon exposure to bactericidal 

concentration levels of HOCI for periods shorter than 100 ms [61], whereas 

addition of NH2Cl-reactive agents even several minutes after exposure to 

chloramine protects the cultures from inactivation [58,59]. These 

reactivity differences presumably reflect the slower chlorination and/or 

oxidation reactions of the less electrophilic NH2Cl chlorine atom (Figure 

10). Killing may occur more rapidly within the phagosome than is 

achievable with NH2Cl, although identification of HOCI or chloramines as 

the ultimate intraphagosomal Mpo-generated toxin is probably not crucial to 

understanding microbicidal mechanisms since their chemistries are 

undoubtedly quite similar. Participation of endogenous aldehydes in the 

set of toxic reactions is excluded by these experiments, however, since 

their formation rates are considerably slower [10,56]. 

Hypochlorous Acid. The quench-flow experiments [61] also establish 

that the lethal reactions in!. coli must involve biological compounds that 

are highly susceptible to oxidation by HOCI (or chloramines). HOCI 

displays a wide range of biochemical reactivity, rapidly oxidizing or 

chlorinating electron-rich biomolecules, but being virtually unreactive 

towards compounds not possessing nucleophilic sites [52]. Reactive 

molecules include ferredoxin-like FeS centers, purine and pyrimidine bases, 

conjugated polyenes and sulfhydryl groups in proteins (Figure 11). This 

high selectivity extends as well to bacterial cells [52], as illustrated in 

Figure 12 for HOCI bleaching of carotene in the bacterium, Sarcina lutea. 

Similar irreversible loss of chromophore has been demonstrated [52] in!. 

coli for b-type cytochromes, as well as destruction of FeS centers in 

membrane-localized respiratory dehydrogenases measured by ESR spectroscopy 

[62]. 
Microbicidal Mechanisms of HOCI. To discriminate among the various 

possible microbicidal mechanisms represented by these reactions, we have 

developed methods to correlate the extent of their occurrence with cellular 

death. Incremental addition of oxidant is made to bacterial cultures and 

viability, as measured by the ability of the organism to sustain colonial 

growth, is compared to metabolic capabilities and/or reaction at specific 

sites [58,59]. A typical titrimetric curve is given in Figure 13, where 

viability and respiratory rates of !. coli, as well as succinate 
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Fig. 11. Representative members of classes of biological compounds 
reactive towards HOCI. 
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Fig. 12. Difference spectral titration of Sarcina lutea with HOCI. The 
difference curves obtained are identical ~rotene absorption 
spectra. The inset gives the titrimetric change in absorbance at 
447 nm corrected for dilution by titrant (from reference 52). 
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Fig. 13. Comparison of HOCI-promoted titrimetric loss of viability with 
respiratory function in E. coli. Closed circles: cell viability 
measured by quantitative-pour-plate analysis; closed squares, O2 
respiratory rate; triangles, succinate dehydrogenase activity in 
membrane vesicles; open circles and squares, relative amplitudes 
of SI and S3 FeS centers in succinate dehydrogenase in the 
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C-labeled metabolite uptake by HOCl-treated E. coli. Solid 
line, cell viability; circles, thiomethylgalactoside uptake; 
squares, leucine uptake; diamonds, glutamine uptake; triangles, 
proline uptake (from reference 58). 
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dehydrogenase activity and relative intensity of FeS EPR signals in sub

cellular plasma membrane particles prepared from the cells, are plotted as 
• a function of concentration of added HOCI. From the data, one infers that 

destruction of the microbial respiratory chain is an early oxidative event 

and might be associated with dehydrogenase inhibition, but probably not as 

a consequence of reaction at the FeS redox centers. Because respiratory 

loss lags behind viability loss on the titrimetric scale, there are ap

parently other reactions that are the primary contributors to cellular 

inactivation. In pursuing a number of correlations of this type, we have 

found that HOCI-sensitive biomolecules within the bacterial cytosol, e.g., 

adenine nucleotides [59] and the sulfhydryl-dependent enzymes aldolase [52] 

and 6-galactosidase [58], are not oxidatively damaged until HOCI addition 

exceeds by 3- to 4-fold the amount required for sterilization. These 

results implicate the plasma membrane as the locale of the lethal 

lesion(s). Furthermore, metabolite transport across the membrane is inhi

bited in a manner that parallels or precedes viability loss (Figure 14) 

[58,62]. Several distinct mechanisms for active transport of nutrients and 

ions exist in bacteria, involving either cotransport of protons or coupled 

hydrolysis of ATP or phosphate ester bonds (Figure 15) [63]. Transport 

loss might arise from direct oxidative inactivation of the transport 

proteins, loss of driving force for their accumulation by membrane 

depolarization and/or ATP hydrolysis, or loss of the ability to maintain 

any chemical gradients across the membrane as a consequence of nonspecific 

destruction of membrane integrity. The last possibility has been excluded 

by other experiments which have shown that heavily oxidized cells retain 

unimpaired proton conductances and glycerol impermeabilities [58], and 

normal chemiosmotic potentials [59]. Because the membrane remains 

polarized, the mechanism of inhibition of transport systems coupled to 

proton symport must involve direct oxidative inactivation of the membrane

localized transport proteins. Furthermore, massive hydrolysis of intra

cellular ATP attends exposure of!. coli to lethal amounts of HOCl, so that 

the alternative possibility that the driving force for active transport is 

lost is sufficient to account for inactivation of ATP-dependent systems 

[59]. Inhibition of phosphoenolpyruvate-dependent glucose uptake (Figure 

IS, mechanism 3) also precedes titrimetrically cellular inactivation, 

although the molecular basis for this inhibition has not yet been 

ascertained. 

The observation that HOCl-in~ctivated!. coli are unable to maintain 

proper ATP levels has provided the first real clue to the microbicidal 

mechanism, since cells that are unable to store metabolic energy cannot 
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Fig. 15 . Bacterial transport mechanisms (panel a) and plausible mechanisms 

for BOCI-induced phosphoanhydride bond hydrolysis (panel b). 

Panel a: substrate (S) uptake coupled to proton translocation 

(1); substrate uptake coupled to hydrolysis of a phosphoryl donor 

metabolically derived from ATP (2), Pr is a substrate-specific 

periplasmic binding protein; substrate uptake by group 

translocation driven by hydrolysis of phosphoenolpyruvate (3) . 
Panel b: BOCI inhibition of the ATP-hydrolyzing Fl subunit of 

ATP synthase blocks chemiosmotically-coupled ATP synthesis (4); 
+ futile cycle caused by BOCI-induced leak in a K -specific proton 

+ symporter with attempted compensation by a K -translocating 

ATPase (5). 

undertake biosynthetic functions essential to repair and growth [641. Net 

loss of ATP might be a consequence of impaired synthetic capabilities or 

enhanced utilization. An example of the first type is modification of the 

proton-translocating ATP synthase [63]. We have now determined that the 

hydrolytic capabilities of this enzyme decrease in parallel with loss of 

viability in!. coli [62]. The ATP-synthesizing capabilities are almost 

certainly also lost, although this remains to be established. A 

hypothetical example of the second type Is loss of the gating mechanism in 
+ 3-an ATP-independent ion transport system, e . g., K· (or P04 ) 

+ Other ATP-dependent, K uncontrolled efflux of ions occurs. 

such that 
3-(or P04 ) 
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transport systems could become engaged in a "futile cycle" to attempt to 

compensate for the leak [65] (Figure 15). Futile cycles appear to be less 

important mechanisms for net ATP hydrolysis in HOCl-oxidized E. coli than 

ATP synthetase inactivation because hydrolysis rates following inactivation 

are not markedly dependent upon oxidant dose levels [62]. The notion that 

inhibition of ATP synthesis and metabolite transport constitutes the 

microbicidal reaction mechanism is particularly appealing because loss of 

these metabolic capabilities is certainly lethal to all cells and therefore 

is capable of accounting for the universal character of HOCI toxicity. 

MPO-Independent Mechanisms 

Although there exists a considerable body of evidence supporting 

the primary role of MPO catalysis in cellular disinfection, it is clear 

that the neutrophil possesses other effective means of inactivating cells. 

Individuals with hereditary MPD-deficiency, characterized by neutrophils 

which lack peroxidase activity but exhibit normal phagocytosis and a stimu

lated respiratory response, generally do not suffer the life-threatening 

infections common to CGD patients [1]. Comparison of the response of MPO

deficient and CGD neutrophils to~. aureus, illustrated in Figure 3, sug

gests that at least part [67] of the remaining bactericidal activity is 

oxidative in character. This remaining oxygen-dependent toxicity has 

generally been described in terms of reactions involving the immediate 

products of the respiratory burst, 02- and H202, or secondary reactions 

which are best described as metal-catalyzed Fenton reactions, producing 

either hydroxyl radical or compounds capable of reacting similarly. The 

use of chemical and enzymatic probes has figured prominently in attempts to 

identify the actual toxins produced. The premises of this approach are 

that the reactive compounds are accessible to the trapping agents and that 

the ensuing chemistry is well understood. In hindsight, it appears that 

these conditions are seldom met in phagocytic systems. 

Superoxide Ion and Hydrogen Peroxide. Although the putative role 

of superoxide in oxygen toxicity in general remains controversial [68], 02-

is probably not directly involved in intraphagosomal bactericidal 

reactions. Stoichiometric studies [13-15] of the respiratory burst have 

shown that nearly all of the O2 consumed is converted to 02-. Because 

these measurements rely upon reaction with chemical trapping agents located 

in the extracellular medium, the 02- formed by the NADPH oxidase must be 

efficiently released into the aqueous phase. Disproportionation to H202 
and O2 is also nearly quantitative, so there is no indication throughout 

the primary respiratory sequence of appreciable reaction of 02- with the 
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neutrophil plasma membranes. These observations are consistent with 

expectations, since 02- exhibits very limited redox chemistry in water 

[69]. Similarly, H202 alone appears to be generally ineffective as an 

antimicrobial agent at low to moderate concentrations, which may not be 

surprising since H202 is a respiratory end product of many aerobic 

organisms. 

Hydroxyl Radical. The action of various chemical and enzymatic probes 

in the presence of stimulated neutrophi1s has been taken to indicate that 

the toxic compound produced is OH radical or a chemically similar species. 

Typical results from an early, and relatively self-consistent, study [70], 

are given in Figure 16. Cophagocytosis of enzymes adsorbed onto latex 

spheres with bacteria provided a means to introduce the enzymes into the 

phagosoma1 reaction environment. Either active catalase or superoxide 

dismutase (SOD) partially protected bacteria from the phagosoma1 toxins, 

but the denatured enzymes did not. The results were interpreted to 

indicate that neither 02- nor H202 alone was the bactericidal agent, but 

that it was a product of their reaction, presumably hydroxyl radical. 
-

Consistent with this interpretation, hydrophilic compounds capable of 

scavenging -OH also afforded some protection. One disturbing feature of 

these results is the protection by SOD since, if Mpo-mediated reactions are 

dominant, enhancing H202 formation is expected to potentiate, not inhibit, 

killing. 
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Fig. 16. Phagocytic killing of Staphylococcus aureus by human neutrophi1s 
The effect of cophagocytosis of latex particles containing bound 
enzymes is shown (Adapted from reference 70). SOD, superoxide 
dismutase; BSA, bovine serum albumin. 
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Other probe studies have not proven so unambiguous. Hydroxyl spin

trapped adducts have been observed [71-73] by EPR in solutions of 

stimulated neutrophils containing 5,5-dimethyl-1-pyrroline-1-oxide (DMPO), 

but they may be formed [72,73] by reduction of the DMPO-OOH perhydroxy 

adduct, rather than direct trapping of -OH. Ethylene was produced from 2-

keto-4-thiomethylbutyric acid in the presence of stimulated neutrophils 

[74,75], a reaction originally thought to be diagnostic for the -OH 

radical. However, the reactions appeared to be predominantly MPO

catalyzed, a conclusion supported by demonstration of reaction of the probe 

with the cell-free MPO-H202-Cl- model system [76]. Comparison of probe 

studies of other diverse reaction systems does not give recognizable 

patterns of behavior. Some reactions are preferentially inhibited by SOD 

or catalase, whereas others appear to be inhibited equally well by either 

enzyme, but show little response to addition of OH-trapping agents. 

The notion that OH is a primary phagosomal toxin also presents a 

conceptual problem. Hydroxyl radical is a powerful oxidant with the 

capacity to react with virtually all organic molecules. To be effective, 

endogenous antimicrobial agents should be able to select for vulnerable 

cellular sites, thereby minimizing expenditure of leukocytic metabolic 
1 energy. This property is found, for example, in HOCl, but not in 602, 

which is rapidly physically deactivated in aqueous solution [47]. Uncon

trolled OH formation in the phagosomal milieu would likewise be expected to 

give inefficient killing because indiscriminant oxidation of cellular wall 

and membrane components should occur with little consequence to cell via

bility. However, the very appealing suggestion has been made that in cells 

OH formation is site-specific [77-80] (Figure 17). The reasoning is that, 

since the uncatalyzed Fenton reaction is too slow to be biologically sig

nificant [81], only metal-catalyzed reactions [82] will occur. The 

In c on 18 alltn1llJ 
oxidation 

bacterium 

12m 
reactions 

Fig. 17. Schematic diagram depicting the site-specific Fenton mechanism of 
H202 antimicrobial action. 
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reactants are therefore H202 and endogenous one-electron reducing agents, 

rather than free OH. Hydroxyl radical is then generated in situ at the 

biological metal binding site, which is likely to be involved in essential 

cellular function. The site is correspondingly lost because OH immediately 

attacks the surrounding biological material. Thus, it is envisioned that 

selectivity is conferred upon the system by the location of the catalyst. 

In support of this concept, redox metal ions (Fe(III), Cu(II» are found to 

dramatically enhance the toxicity of reducing agents towards viruses [79] 

and possibly animals, as well as enhancing their ability to inactivate 

enzymes [77,78,80], in a manner consistent with the site-specific 

mechanism. The model is also consistent with observations that the 

toxicity of H202 towards bacteria increases with Fe(III) uptake but that 

exogenously added Fe(I!I) is protective [83]. Sequestration of OH 

generating sites also provides a rationalization for the varying response 

to exogenous chemical probes found in diverse reaction systems. 

CONCLUDING COMMENTS 

Major advances are presently being made in our understanding of 

leukocyte biochemistry, particularly aspects dealing with respiratory 

activation, the components of the respiratory chain, the ultimate oxidative 

toxins responsible for antimicrobial activity and their mechanisms of 

action. Inactivation by hypochlorous acid appears to involve disruption of 

energy-transducing cellular elements, whereas other oxidative" microbicidal 

reactions may involve "si te-spec1fic" Fenton chemistry. Studies to 

identify the metabolic dysfunctions attending cellular death should allow 

better definition of the mechanisms of toxicity in the latter case. Other 

aspects of leukocyte biochemistry not addressed in this reView, including 

nonoxidative antimicrobial mechanisms and reactions involving other 

phagocytic cells, are also developing rapidly. 
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MECHANISMS OF DIOXYGEN ACTIVATION IN METAL-CONTAINING 

MONOOXYGENASES: ENZYMES AND MODEL SYSTEMS 

INTRODUCTION 

Joan Se1verstone Valentine, Judith N. Burstyn, 
and La wrence D. Margerum 

Department of Chemistry and Biochemistry 
University of California, Los Angeles 
Los Angeles, California 90024 

Monooxygenase enzymes catalyze reactions in which one atom of oxygen, 
derived from dioxygen, is incorporated into an organic substrat1 ~hi1e the 
other atom of oxygen is reduced by two electrons to form water. ' 

R-H + O2 + 2e- + 2W---". R-O-H + H20 

The enzymes of this type that have been fharacterized contain some4t5pe of 
redox-active cofactor, such as a flavin, or a metal ion, or both.' The 
meta110enzymes, to which we are restricting our present discussion, ha~e been 
found to contain heme, non-heme iron, or copper at their active sites. -8 

The reaction mechanisms of these enzymes have not been fully elucidated. 
Our knowledge is most advanced in the case of cytochrome P450, but even in 
this ca~e, where we have available a crystal structure of an enzyme-substrate 
complex and extensive informati~~ about related reactions of low molecular 
weight analogues of the enzymes, the details of the process by which di
oxygen is activated continue to elude us. Some of the fundamental questions 
regarding the reaction mechanisms of this class of enzymes that remain to be 
answered are: (a) how are O2 and substrate bound in each active site, (b) 
what is the nature of the "active" oxidant, and (c) what is the mechanism of 
reaction of the "active" oxidant with the substrate? 

Studies of meta1-dioxygen complexes (including metal-superoxide and 
metal-peroxide complexes) ar~ the reactions of dioxygen, superoxide and per
oxides with metal complexes suggest possibilities for the mode in which 
dioxygen may be reacting with the metal center in monooxygenase enzymes. If 
we consider the reaction of a single metal ion or complex with dioxygen, the 
likely intermediates in this reaction are those shown in Scheme I. Among 
the species depicted, it is unknown which one represents the active oxidant 
that transfers an oxygen atom to substrate in the enzyme systems. Moreover, 
it is not known if there is one type of reaction mechanism that operates in 
all or most of the monooxygenase enzymes or if each type of enzyme follows a 
different mechanism. 

The purpose of this paper is to describe briefly the properties of some 
of the better characterized metal-containing monooxygenase enzymes, to com-
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pare and contrast theories concerning the detailed steps in the dioxygen 
activation process for each enzyme, and to describe our recent findings 
concerning the reactivity of dioxygen complexes of metalloporphyrin complexes 
that may be analogous to intermediates formed in reactions of monooxygenases. 
We have limited ourselves to discussing systems in which the process of 
dioxygen activation appears to involve only one metal ion coordinated to the 
dioxygen moiety. Thus we do not discuss her~2 ~1r example, tyrosinase, which 
contains a two-copper dioxygen binding site, - and phenylalanine hydroxyl
ase, w~ic§b~ftains a re~~ced pterin as a bound cofactor in addition to 
iron4, -, or copper. These latter systems will be discussed in a 
subsequent paper. 

MONOOXYGENASE ENZYMES 

Cytochrome P4S0 

The mechanism of reaction of cytochrome P4S0 has been extensively 
studied in many laboratories using either the enzyme itself or synthetic 
analogues, and a relatively detai;ed understanding of the steps of the reac
tion mechanism has been achieved. These are summarized in Figure 1. The 
reaction appears to proceed in the following sequence: 1) the substrate 
binds to the ferric form of the enzyme and the enzyme is subsequently reduced 
to the ferrous state, 2) the ferrous state binds dioxygen to form an oxy 
complex similar to that in oxymyoglobin, 3) the oxy complex is then reduced 
leading to the formation of the active oxidant bound to the iron center, and 
4) oxygen is transferred to the bound substrate regenerating the ferric 
enzyme. 

The X-ray crystal structure of cytochrome P4S0cam provides valuable 
information concerning the mode of substrate binding to the enzyme, but, at 
the same time, gives us few clues to the nature of the dioxygen activation 
steps subsequent to dioxygen binding.9 The substrate, camphor, binds 4 A 
above a pyrrole ring directly adjacent to the iron atom, which is the di-
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oxygen binding site. Camphor is hydrogen bonded to a tyrosine residue and 
its binding seems to be designed to direct the 5-exo position toward the iron 
atom, where the active oxidant is undoubtedly generated. It is clear from 
analysis of this crystal .structure that the specificity of this enzyme comes 
not from selectivity of the active oxidant but from the enzyme-substrate 
interaction. 

H20 

2H+ 

I • 
-S-Fe 

I 

Figure 1. The enzymatic cycle of Cytochrome P450. 

A hypothetical model for the mechanism of generation and the nature of 
the active oxidant in cytochrome P450 reactions has been proposed by q50~zs 
on the basis of studies of the reactions of iron porphyrin complexes. ' 
In this model (Scheme II), it is proposed that an iron hydroperoxo complex 
undergoes heterolytic 0-0 bond cleavage to form an Fe(IV)-oxo complex of a 
one-electron oxidized porphyrin and that this latter species, 1, is the 
active oxidant. Species 1 then reacts with substrate, abstracting a hydrogen 
atom to form an Fe(IV)-hydroxo complex (2). The resulting radical center on 
the substrate then recombines with OH fro1nthe iron center to form hydrox
ylated substrate regenerating the ferric form of the enzyme. 

Scheme J[ 
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I 
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Hydrocarbon Monooxygenase 

Specific substrate binding plays an important role in ,hg s~5cificity of 
several non-heme monooxygenase systems. Coon and coworkers ,4, were the 
first to show that the monooxygenase system from Pseudonomas oleovorans 
(POM), which catalyzes terminal methyl group w-hydroxy1ation, consists of 
three protein components: rubredoxin, a flavoprotein reductase, and a non
heme iron monooxygenase. The physiological substrate of POM is n-octane, 
generating 1-octano1 as product. 

CH3CH2CH2CH2CH2CH2CH2CH3 + 02 + 2e - + 2W ----..~ 

CH3CH2CH2CH2CH2CH2CH2CH20H + H20 

May and coworkers have shown that this monooxygenase s3gt~f can also be used 
in vitro to catalyze stereospecif\~ ~~efin epoxidation - and aldehyde 
form~jion from terminal a1~~hols; , plus, sulphoxidation and S-dealky1a-
tion and O-demethy1ation. The propensity of this enzyme system to cata-
lyze reactions at the methyl termini of linear alkanes suggests strongly 
that, as in the case of cytochrome P450, the specificity of these reactions 
is due to binding of substrate to the enzyme in a specific orientation rather 
than to selectivity of the activated metal-oxygen species. 

Information regarding the chemical or electronic nature of the Fe-active 
site of POM is unknown, so that little can be said about the composition of 
the "activated Fe-oxygen" species. Information gleaned about the mechanism 
comes tfom substrate inhibition studies and has lead to the following postu
lates: (1) Initial oxygen attack (by the "activated Fe-oxygen") occurs 
exclusively at the terminal carbon resulting in the formation of terminal 
epoxides and alcohols, but not ketones, from terminal olefins. (2) Stereo
chemical and configurational studies suggest that both epoxidation and hy
droxylation occur through reaction of enzyme with the substrate to generate 
intermediates with cationic or radical character. (3) The "activated Fe
oxygen" species can attack either face of the olefin leading to loss of 
configuration during epoxidation, a process not seen in P450 chemistry. 
Hydrophobic binding of substrate apparently forces the closure to epoxide to 
occur preferentially giving R-( +) epoxides. 

Dopamine p':monooxygenase 

Dopamine ~-monooxygenase (DBM) catalyzes tge hydroxylation of dopamine 
to the neurotransmitter norepinephrine in vivo. It is a tetrameric enzyme 
containing four active sites per tetramer with two copper atoms per active 
site. There is no evidence t%at the copper atoms are bridged and both are 
classified as Type II copper; the proc~Es of dioxygen binding and activation 
appears to involve single copper atoms. In vitro, the enzyme is not 
limited to hydroxylation and can be used to catalyze the oxygenal~og70f a 
variety of substrates such as ary1-substitu~~i phenyle~~~mines - and 5~ 
catalyze benzylic oxidations of sulfides, 4. , ole fins - and aldehydes. 

Oxid~§igg by dopamine ~-monooxygenase has been proposed by Klinman and 
coworkers' to proceed through the following steps (Figure 2). First, the 
catalytic Cu(II) center is reduced by ascorbate, which is followed by binding 
of dopamine and dioxygen. General acid catalysis of dioxygen reduction is 
required and may be provided by the presence of a protonated base. Partial 
0-0 bond homolysis generates e1ectrophi1ic character on an oxygen atom which, 
in turn, initiates C-H bond homolysis. This process leads to a transition 
state, in which both C-H bond breaking (H atom abstraction) and O-H bond 
making are important, consistegj ~~th the observation of significant primary 
and secondary isotope effects.' Finally, the transition state yields a 
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radical dopamine intermediate which rapidly recombines with an oxygen atom 
bound to copper [Cu( II)...o- .. ~ Cu( III) ...02-]. The proposed a1koxide-Cu( II) 
complex then undergoes slow dissociation to yield the hydroxy1ated product. 

ECun-O 

"-O-H 

H 
I 
C 

/1" 

_[Ecum_02--ECun-O~] - ECuu-o-cE 

/O-H 
H 

c 
/1\ 

Figure 2. Hydroperoxide Mechanism proposed for Dopamine ~-monooxygenase 
by Klinman and coworkers. Homolytic 0-0 bond cleavage is 
concerted with H atom abstraction, followed by oxygen 
rebound. E=Enzyme. 

Mechanisms of Dioxygen Activation in Monooxygenase Enzymes 

A key unanswered question in our current picture of the mechanism of 
dioxygen activation in monooxygenase enzymes has to do with the sequence of 
events involved in 0...0 bond cleavage and attack on the enzyme-bound sub
strate. There is very strong evidence indicating that the catalytic sequence 
of dioxygen alli~gtion commences with binding of dioxygen to the reduced 
metal center, ' presumably forming a peroxide or, more likely, a hydro
peroxide complex. In each case where selectivity of attack on the substrate 
is observed, it is believed that the site to be oxygenated is directed toward 
the metal center by specific substrate binding to the enzyme. At issue is 
the nature of the oxygen-containing species that reacts with the enzyme-bound 
substrate. 

In the case of cytochrome P450, i5 has been proposed that 0-0 bond 
cleavage precedes attack on substrate. 7 It is generally believed that this 
cleavage is heterolytic, although homo1yti~ cleavage of peroxide derivatives 
by cytochrome P450 has also been observed. 8 The th~odynamic barrier for 
homolytic bond cleavage of free H202 is 51 kca1/mo1, whereas that for 
hetero1yt~§ 3~ductive cleavage of H202 has been estimated to be 20-34 
kca1/mol. ' 

In the case of heme-containing systems, it is believed that the activation 
barrier for 0-0 bond cleavage can be lowered by the comR1exation of the 
resulting oxygen atom by the iron porphyrin center [Fe +(P)], i.e.: 

Homolytic: FeIII(P)_OOH ---.. Fe(IV)(P)=O + ·OH 

Heterolytic: FeIII(P)-OOH • [Fe(IV)(P+)=O]+ + or 

The estimated activation barrier for homolytic 5~eavage in DBM is lowered to 
30 kca1/mol due to eu binding of hydroperoxide. The aC6bvation barrier for 
heterolytic cleavage is apparently lowered in peroxidases by interaction of 
the hydroperoxide ligand with conserved residues in the active site which 
help to stabilize the charge-separated transition state. The crystal 
structure of cytochrome P450cam provides no comparable clues to the mechanism 
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of 0-0 bond cleavage; there are no amino acid residues situated in such a way 
that they might protonate the dioxygen ligand, or stabilize hydroxide or 
water as it is formed by heterolytic cleavage of the hydroperoxide ligand.9 

The role of the metal center in either heterolytic or homolytic 0-0 bond 
cleavage is that of a reducing agent. 

In the case of the heme systems, the accessibility of high oxidation srates 
of the iron plus porphyrin ligand is well-documented by model studies. In 
the case of the non-heme systems, however, comparable high-valent metal oxo 
species have not been characterized and therefore the analogous mechanism in 
such systems is not as appealing. While high oxidation states of iron and 
copper are known to exist in certain complexes, they generally are supported 
by ligande such as oxide and fluoride that are particularly resistant to 
oxidationbl and not by ligands typically found in metalloenzyme active sites, 
such as imidazole or phenol. One possible explanation ~ that in the non
heme systems (and possibly in the heme systems as well ), the oxygen is not 
present as an oxide ligand but has been inserted in a nitrogen metal bond, 
forming an N-oxide complex, i.e., 

HOO-Mn+-N(ligand)----1.~ HO-Mn+-O-N(ligand) 

HO-Mn+ -O-N(ligand) + substrate--•• HO-Mn+ -N(ligand) + substrate(O) 

Such a species cannot be ruled out in reactions of iron-ED~ complexes with 
hydroperoxides recently described by Bruice and coworkers. Another pos
sibility is that it is the hydroperoxide complex that reacts with the sub
strate and that bond formation from 0 to substrate is concerted5~ith 0-0 bond 
breaking, as proposed by Klinman for dopamine ~-monooxygenase, thus pro
viding compensation for the cost of 0-0 bond cleavage in the transition state 
(Figure 3). In fact, it is interesting to speculate that for each of these 
enzymes the mechanism by which the substrate is oxidized could be dependent 
on the reactivity of the substrate. One could envision certain substrates 
that could react with the metal-bound hydroperoxide ligand prior to or 
concerted with 0-0 bond cleavage. This is a possibility that is difficult to 
assess because we have so little information concerning the reactivity of 
H02- when complexed to different metals. 

:O-H 
H 

"c~ ...... 

Figure 3. Hypothetical transition state in the hydro
peroxide mechanism of Klinman and coworkers. 
Coupling of 0-0 bond breaking with formation 
of O-H gives a lower energy pathway. 

REACTIONS OF METALLOPORPHYRIN PEROXO COMPLEXES 

In order to probe the mechanism of 0-0 bond cleavage and dioxygen acti
vation, we have studied the reactivity of two metalloporphyrin peroxide 
complexes, (MnTPP02)- and (FeTPP02)- under a variety of reaction conditions. 
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These complexes are at the same oxidation level as the ferric peroxide or 
hydroperoxide intermediate in the proposed mechanism for the reaction of 
cytochrome P450 (Figure 1). These complexes contain an intact oxygen-oxygen 
bond and therefore offer an opportunity to examine the conditions, if any, 
under which this bond may be cleaved to generate a high valent oxo species. 
We had P64vious1y isolated and charactg§ized the anionic manganese porphyrin 
peroxide and iron porphyrin peroxide complexes, (MnTPP02)- and 
(FeTPP02)-. The iron complex was originally characterized by observation gs 
its oxygen-oxygen stretching frequency by IR and its rhombic EPR spectrum. 
The elemental analysis of the crystalline solid, prepared as the tetramethyl
ammonium salt using octaethy1porphyrin as the ligand, was consistent with the 
formulation [Me4N][FeOEP02]. This solid was further studied by Mossb~ger and 
ESR spectroscopy and by determination of its magnetic susceptibility. The 
iron in this complex is clearly high spin and highly rhombic, which is 
unusual for a ferr~ heme. A crystal structure of the manganese complex, 
[K(K222) ][MnTPP02] , 4 as the potassium-cryptate salt using tetrapheny1-
porphyrin as the ligand, revealed a triangularly bound peroxide ligand with 
a 0-0 bond distance of 1.45 A (Figure 4). The manganese was displaced from 
the plane of the porphyrin by 0.76 A, an unusually large out-of-p1ane 
displacement. This geometry results in a reordering of tge d orbital energy 
levels so that the complex is predicted to be high spin d with the energy of 
the dyz orbital exceeding that of the dx2_y2 orbital. A similar geometry 
could account for the rhombic symmetry observed for the iron complex. 

We wished to study these complexes in order to determine the conditions 
under which the oxygen-oxygen bond could be activated to promote oxygenation 
of substrates. The first type of study was a comparison of the reactivity of 
the peroxide ligand comp1exed to a metalloporphyrin as compared with that of 
other meta110peroxide complexes. It had been previously observed that the 
meta110peroxides ~ch epoxidized ole fins were also able to oxidize butyl 
anion to butoxide. These meta110peroxides were classified as 
"e1ectrophilic" while those that did not react with butyl anion were classed 

C3 

Figure 4. ORTEP plot of [K(K222)][MnTPP02] showing both the porphy
rin anion and potassium cryptate cation. The hydrogen 
atoms have been omitted for clarity. 
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as "nucleophilic" peroxides.67 In general, the electrophilic peroxides are 
those containi~hi~ va~t meffl atoms from the left side of the periodic 
ta£le, i!l" T~Il V 'Iff ':l10 • The group VIn metalloperoxides, i.e., 
Pt ,Pd ,Ir ,Rh ,Ru , are generally nucleophilic. The iron and 
manganese porphyrin peroxo complexes were found not to react with butyl anion 
and therefore appear to be of the nucleophilic type. 

Two other characteristic reactions of metalloperoxides were studied: 
the reaction with S02 to form sul~te and the oxidation of triphenylphosphine 
to form triphenylphosphine oxide. The iron complex, (FeTt~02)- was ob-
served to react with S02 in THF to give free sulfate anion. The same 
complex gave relatively low yields of phosphine oxide (16%). The manganese 
complex gave similarly low yields of phosphine oxide. Both of these reac
tions with triphenylphosphine occurred quite slowly, at rates comparable to 
the rate of decomposition of the peroxo complex itself, suggesting that the 
small amount of oxygenation is occurring through reaction with a decomposi
tion product of the peroxo complex. These results indicate that the metallo
porphyrin peroxides are not themselves highly reactive oxygenating species. 

We concluded from the reactions described above that releasing the 
reactivity of the peroxide ligand in the metalloporphyrin peroxide complexes 
would require that the ligand be converted to a different peroxide species 
and/or that the 0-0 bond be cleaved. This problem was addressed by studying 
the effect of potential activating agents on the ability of these peroxide 
complexes to oxidize triphenylphosphine or ole fins. In particular, we began 
by examining the possibility that the metalloperoxides might be activated b70 
Lewis acids. This type of mechanism has been proposed for cytochrome P450, 
in which addition of either protons or an acylating group promotes the cleav
age of the oxygen-oxygen bond to generate the high valent oxo species by 
heterolytic cleavage (Figure 5). 

The absence of potential acylating groups in t~e crystal structure of 
the soluble cytochrome P450 from Pseudomonas putida has reduced the proba
bility of a facilitating acyl group, but the potential role for protons 
remains. Groves and coworkers have previously demonstrated that the addition 
of acyl halide to the manganese porphyrin peroxide in the presence of an 
olefin results in the production of epoxides. As shown in Figure 6, he 
proposed that a acyl peroxide complex was formed which spontaneously decom
pose~f07Tive the Mn(V)oxo species which was responsible for the oxida-
tion. - We repeated the same type of reactivity experiments with the 
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Figure 5. Activation of Cytochrome P450 by addition of 
protons or acylating groups to promote 
heterolytic 0-0 bond cleavage. 
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Figure 6. The mechanism of reaction of a metalloporphyrin with acyl 
ch10ri de (M=]vjn). 

analogous iron-peroxide complex. We observed that when the iron porphyrin 
peroxide was reacted with olefin and acyl halide, in the manner described by 
Groves, oxidation did occur but the products were more characteristic of a 
radical reaction than of the oxygen insertion seen in the iron and iodosy1-
benzene system. Table I compares the product distributions for these two 
reactions and for the Fenton reaction, an iron-catalyzed radical reaction. 73 
The predominance of the a11y1ic oxidation products in the reaction of the 
iron peroxo complex with the acyl halide suggest that a radical mechanism is 
involved. This argues against the spontaneous heterolytic cleavage of the 
oxygen-oxygen bond since such a reaction pathway would have generated the 
same species as was generated in the iodosy1benzene reaction. Table I also 
shows a similar comparison for the manganese complex. The high yield of 
epoxide i~ t~s latter case is consistent with the conclusion of Groves and 
coworkers 1- that the manganese reaction does proceed via the Mn(V)-oxo 
species, although the presence of a fair amount of the ketone suggests that 
other pathways may also be occurring. When either of the metalloporphyrin 
peroxides were reacted with protons under similar conditions, it was not 
possible to trap any reactive intermediates with either olefin or triphenyl
phosphine. Spectroscopic evidence suggests that the protons do react but 
that the resulting species are highly unstable. 

Since the peroxide ligand in the iron and manganese porphyrin peroxo 
complexes was not activated to give P450-type products by these Lewis acids, 
other activation mechanisms were considered. One possibility that has been 
suggested is that the axial cysteine ligand bound to iron in the enzyme may 
playa critical role in facilitating 0-0 bond cleavage (Figure 7). 

In order to explore the possible effects that thio1s or thio1ates might 
have on the reactivity of this system, we investigated the effect of the 
addition of benzenethio1 to the iron peroxide complex in the presence of 
triphenylphosphine. We found that addition of this reducing agent to this 
system resulted in a rapid reaction which yielded a 50-80% conversion to the 
phosphine oxide. When thio1 was used instead of acyl halide in the reactions 
with cyc10hexene as added substrate, oxidation was observed although, again, 
the products appeared to be the result of a radical process. The observation 
of any oxidation promoted by the addition of a thio1 reducing agent is novel 
and may be important in understanding the role of the unique thio1ate ligand 
in the cytochromes P450. The radical paths observed in the model system may 
be promoted by the loss of RS radical, forming the dipheny1disu1fide. This 
cannot happen in the enzyme due to the constraints of the protein backbone. 
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Figure 7. Possible role of axial cysteine (RS) ligand 
bound to iron in Cytochrome P4S0. 

Table I. Comparison of the cyc10hexene oxidation 
product ratios formed with various oxidants. 

Reactants Products 

Ma + Oxidant 
+ cyc10hexene 

cyc10hexene 
-oxide 

cyc10hexene 
-1-01 

cyc10hexene 
-I-one 

(MnTMP02)- + m-C1-C6HSCOC1 1.0 0 0.79 

MnTMPC1 + C6HSIO 1.0 0.33 0.01 

(FeTMP02)- + m-C1-C6HSCOC1 1.0 2.79 5.21 

FeTMPC1 + C6HSIO 1.0 0.09 0.01 

Fe 2+ + H 0 2 2 1.0 5 3 

aThe peroxo complexes were prepared in situ by the reaction of 
the MTMPC1 (TMP is tetramesity1porphyrin), 1.5 mM in CH3CN, with 
two equivalents of 18-crown-6 and five equivalents of K02• After 
removal of excess K02 this solution was combined under inert 
atmosphere with a solution of 1.5 equivalents of the activating 
agent under study and a hundred-fold excess of cyc10hexene, also 
in CH3CN. The formation of cyc10hexene oxidation products was 
assayed by GC/MS. 

CONCLUSIONS 

While the model systems have been successful in mimicking the product 
distribution in cytochrome P4S0, the involvement of the "iron(V)oxo" species 
in the enzyme systems has yet to be conclusively demonstrated. It seems un
likely that non-heme monooxygenases react via a high-valent oxo species in 
the absence of the stabilizing porphyrin ligand. There exists the distinct 
possibility that multiple reaction pathways exist, some of which may not 
involve prior cleavage of the 0-0 bond, and that the course of the reaction 
may be dictated by the substrate. The presence of the cysteine ligand in 
cytochrome P4S0 may play an important role in the oxygen activation process 
in this enzyme, serving either to facilitate 0-0 bond cleavage or oxygen atom 
transfer. As more becomes known about the non-heme monooxygenases, we will 
be able to get a clearer idea of. the requirements for oxygen activation and 
gain an appreciation for the variety of potential mechanisms involved. 
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RADICAL CATION PATHWAYS FOR SELECTIVE CATALYTIC OXIDATION BY MOLECULAR 

OXYGEN 

INTRODUCTION 

Dennis P. Riley and Milton R. Smith 

Monsanto Company 

800 N. Lindbergh Boulevard 
St. Louis, Missouri 63167 

The selective oxidative conversion of a particular molecule to a 
desired product utilizing the abundant and inexpensive oxidant oxygen often 
represents a desirable method for upgrading the value of a raw material. 
All too often, of course, this type of selective chemistry does not exist. 
It has been a goal of our research to discover new catalytic pathways which 
will permit us to utilize oxygen as a selective oxidant. During our re~ 
search into better methods of oxidizing waste thioethers and in converting 
tertiary amines to their amine oxides, we discovered that these substrates 
are subject to a novel autoxidation process which under high oxygen con
centrations, elevated temperatures, and polar solvents yields almost exclu
sively the sulfoxide product. 1 The mechanism of this unusual autoxidation 
appears to involve an initial unfavorable electron transfer step (eq. 1), 
followed by triplet oxygen (in high concentration) trapping the resultant 
radical cation (eq. 2).2 

+ 
(1) R2S + 302 ~ R2S· + O2" 

+ + 
(2) R2S· + 302~ R2SO-O· 

Back donation of an electron from superoxide to the oxygenated radical 
cation yields a zwitterionic species (eq. 3) whose chemistry is known to 
yield sulfoxide upon exposure to additional thioether (eq. 4).3 

+ + 
(3) R2SO-O· + O2" ----> R2S-OO- + 02 

(4) R2;0-0- + R2S ~> 2 R2S~ 

We also extended these high pressure autoxidation studies to other 
substrates, such as olefins and alkynes. 2 In these systems we also observe 
products whose appearance are not predicted based on known autoxidation path
ways under ambient conditions where allylic hydroperoxides and their decompo
sition products, ketones and alcohols, are the major products of olefin 
oxidation,4-6 and propargylic hydroperoxides and their corresponding a
alcohol and a-ketone decomposition products are the major products of 
alkyne oxidations. 4 ,7 

Since the initial electron-transfer step is unfavorable and is rate
determining in this slow autoxidation reaction, we believed that with the 
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use of a suitable one-electron oxidants it should be possible to catalyze or 
initiate a selective oxygen oxidation of an electron-rich substrate. In 
this report we document our success in catalyzing the selective oxygen 
oxidation of thioethers to sulfoxidess and alkynes to yield carboxylic acids 
derived from site specific cleavage of the triple bond. After extensive 
screening of oxidants only one system has been found which catalyzes this 
chemistry and that utilizes Ce(IV) salts as the catalyst. 

EXPERIMENTAL 

All of the thioethers and alkynes used in these studies were purchased 
from Aldrich Chemical Co. and distilled before use. Sulfoxide standards 
were prepared by standard procedures using H202 ,9, and (NH4)2Ce(NOs)6 and 
Ce(NOs)a'6H20 were purchased from Alfa-Ventron. HPLC grade acetonitrile was 
distilled before use and distilled, de-ionized water was used in all cases. 

Electronic spectra were monitored using matched quartz cells in a 
Hitachi 110A UV-VIS spectrophotometer over the range of 200-500 nm. All 
high-pressure catalytic runs used an apparatus analogous to that reported 
previously.l0 Gas uptake measurements were made by utilizing a pressurized 
external calibrated stell tube connected directly to the reactor. Pressure 
drop in this calibrated external tube could be correlated to moles of O2 
consumed during the reaction. Reactions were also monitored by gas chroma
tography using a Varian Model 3400 GC with a flame ionization detector and 
analyzed using a 15m OV101 capillary column. Yields were determined by 
utilizing dodecane as an internal standard and by comparison to calibrated 
solutions. Electrochemical studies were performed using a Bioanalytical 
Systems CV-1B cyclic voltammograph and voltammograms were recorded on a 
Houston Instruments 100 XY recorder. All cyclics were recorded in dry 
methylene chloride using O.sM tetra-n-butylammonium tetrafluoroborate as a 
supporting electrolyte. A single two-electrode cell was used which con
tained a glassy-carbon working electrode and a Pt reference utilizing the 
Fe(II,III) couple of ferrocene as an internal standard (all potentials are 
corrected to SHE). 

RESULTS AND DISCUSSION 

Sulfoxide Oxidations 

In our attempts to catalyze the oxygen oxidation of thioethers to sulf
oxides via a one-electron scheme described in eq. 1-4, a variety of one
electron oxidants were utilized including, NO+, Fe(bipy)ss+, Ru(bipy)sa+, 
Ag+/K2S20S, Mo(CN)sS-, KBrOa, electrochemical cell, etc. In no case was any 
catalytic (non-stoichiometric) chemistry observed. In contrast we observe 
that Ce(IV) salts in catalytic amounts, especially (NH4)2Ce(NOa)6, give a 
very large rate enhancement to the selective 02 oxidation of thioethers. In 
Table 1 are listed several examples of unoptimized Ce(IV) promoted oxygen 
oxidations. For comparison under similar conditions (100 0 C, 1000 psi O2 
pressure) thioethers require several days to autoxidize completely to sulf
oxides. Cerium(IV) has a profound effect on the rates of 02 oxidation and 
Ce(IV) is to date unique in promoting this chemistry. 

In general with all the thioethers which we have investigated in detail 
(thioanisole, decylmethyl sulfide, tetrahydrothiophene, pentamethylene 
sulfide, and hexamethylene sulfide), we observe first-order thioether sub
strate kinetics at O2 pressures above 30 psi (the lowest 02 pressures we 
have studied). In Figure 1 is shown a typical reaction profile in which the 
uptake of oxygen is monitored as a function of time. The reaction proceeds 
rapidly to completion with a \-life of 7 min. under the conditions noted. 
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Fig. 1. The (NH4)2Ce(NOa)s catalyzed molecular oxygen oxidation of tetra
hydrothiophene at 75°C, 125 psi O2 pressure, in 9:1 CHaCN/H20 with 
[SR2J = 1.0 ~ and sub/cat = 60. 

Table 1. Examples of Both Catalyzed and Uncatalyzed High 02 
Pressure Autoxidation of Thioethers 

Substrate 

Thioanisolea 

Thioanisoleb 

Diphenyl Sulfide a 

Diphenyl Sulfideb 

Tetrahydrothiophene a 

Tetrahydrothiophene b 

Pentamethylene Sulfidea 

Pentamethylene Sulfideb 

Temp 

(OC) 

100 

100 

100 

100 

60 

100 

60 

100 

Time Sulfoxide Product 

(hr) % Conv., % Selectivity 

1 97, 95 

60 84, 88 

3.5 37, 90 

60 5, 85 

0.5 89, 95 

24 90, 90 

5.0 98, 95 

24 76, 91 

a Reactions run in CHaCN containing Ce(NH4)2(NOa)6 at a substrate/cat. 
ratio of 20, all runs unoptiwized and performed under 14 bar O2 
pressure, [SR2J = 0.16 M. Reactions are run without catalyst in CHaCN 
under 60 bar O2 pressure, [SR2J = 0.16 ~. 

Analyses of reaction samples demonstrate two important points: i) the stoi
chiometry is such that for each mole of 02 consumed two moles of sulfoxide 

191 



are generated, and ii) the reaction is very clean; i.e., the reaction pro
ceeds to > 90% thioether conversion with> 95% selectivity to the sulfoxide. 
The dependence of this reaction on the [02] (or pressure) has been investi
gated over the range 30-1000 psi and found to be zero-order. The cerium de
pendence on the reaction rates (both the initial rates and the observed rate 
constants for thioether loss) is first-order in [Ce(IV)] added. In Figure 2 
is shown a plot of one such study for thioanisole. Not only are the reac
tions first-order in total [Ce], but we observe a non-zero intercept consis
tent with the presence of the slow catalyst-free autoxidation reaction dis
cussed above. Added counterion such as nitrate also inhibits the reaction. 

The kinetic results in the Ce(IV) system are consistent with a rate
determining step in which the thioether is oxidized to its radical cation 
by Ce(IV) (eq. 5). 

The reaction of Ce(IV) with 100-fold excesses of various thioethers was 
monitored at 25°C under N2 and this oxidation was found to be slow, with 
~-lives on the order of 1-2 hrs typically. Thus, at elevated temperatures 
the observed rates are consistent with this assignment of the rate-determin
ing step. 

In order to gain additional mechanistic insight, a number of other 
studies were carried out. For example, it is known that Ce(IV) will promote 
the stoichiometric oxidation of thioethers to sulfoxides by a hydration 
mechanism. 11 

Ce(IV) 

Labeling studies in our system were attempted using 99.9% 0-18 labeled H20. 
Unfortunately, in the Ce(IV) promoted system no conclusive incorporation in
formation could be obtained by GC-mass spectra. This resulted from the fact 

Fig. 2. 
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that Ce(IV) and Ce(lll) were shown to rapidly promote the sulfoxide oxygen/ 
water oxygen exchange reaction at 70°C. To circumvent this problem and to 
demonstrate that 02 is a suitable trapping agent of a thioether radical 
cation reactions were carried out under 200 psi 02 pressure using thioani
sole and tetrahydrothiophene at 70°C in an acetonitrile solvent mixture 
containing 10% 180H2 and a stoichiometric amount of S208=/Ag+ to generate 
the radical cation, R2St.12 The reaction proceeds rapidly to yield the 
desired sulfoxide, which by GC-mass spectroscopy contains less than 1% 
180 incorporation for tetrahydrothiophene sulfoxide and 18% 180 incorpora
tion for thioanisole. Thus, a02 can be a competent trapping agent for the 
proposed sulfur radical cation intermediate (eq. 2). 

In separate studies using other oxidants, including constant current 
coulometry under 02 pressures (up to 1000 psi), we have never observed any 
indication of radical cation chain chemistry,la only stoichiometric thio
ether oxidation. Clearly the Ce(IV,III) system is unique, but Ce(IV) must 
provide more than an initial potent oxidant to generate the sulfur radical 
cation. In fact, these reactions are truly catalytic in Ceo To regenerate 
Ce(IV) in these systems a potent oxidizing intermediate must be generated. 
Indeed, we believe that the oxygenated sulfur radical cation is likely to 
be very strongly oxidizing, in analogy to carbon systems. 1a Thus the 
catalytic cycle could be completed with the reoxidation of Ce(lll) by the 
oxygenated sulfur radical cation (eq. 7): 

+ ka + 
(7) R2SOO- + Ce(III) c .. R2S00- + Ce(IV) 

The generation of sulfoxide is then completed by the known rapid reaction of 
thioether with the zwitterionic (of eq. 7), as described above (eq. 4). 

The temperature dependence of this reaction (60-1000 C) was studied for 
decyl methyl sulfide oxidations in 9:1 CHaCN/H20 under 200 psi 02. The 
activation energy for this Ce catalyzed reaction was 10.6 kcal. The un
catalyzed autoxidation under the same conditions exhibits a much larger 
activation energy, 24 kcal. 

An integrated rate expression based on the mechanistic scheme contained 
in equations 5,6,7, and 4 has b£en deIived assumi~g a steady-state treatment 
for the concentration of the R2S-, R2S00-, and R2S00- intermediates (eq. 8): 

(8) V = 

If the term k2ka[02] » k-lk_2 + k_1ka[Ce(III)], then equation 8 reduces to 
equation (9): 

(9) V = 2k2 [SR2] [Ce(IV)] , where [Ce(IV)] ~ [Celt 

The assumption that k2ka [02] is larger than the other terms of the denomina
tor of eq. 8 is realistic since these reactions are carried out at [02] ~ 
0.1 ~ and [Ce]t ~ 0.02 ~ and 02 trapping of radical cations could be fast. 14 
This mechanist~c picture is also consistent with the 02 uptake data which 
confirms the overall stoichiometry. 

To further test the validity of equation (9) to this catalytic system, 
aliquots of reaction samples were taken from the reactor and diluted into 
cold acetonitrile and their electronic spectra were run over the region 
200-500 nm. In Figure 3 are shown examples of Ce(IV) , Ce(III), and an 
actual experimental run aliquot diluted to 1.0 x 10-a M in Ceo The spectrum 
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of the experimental sample clearly appears to be dominated by the lower 
energy extinction absorbance with the extinction coefficient ~ 2500 charac
teristic of Ce(IV). In separate additions spectra of both Ce(III) and 
Ce(IV) (in short times) were found to be relatively insensitive to the 
presence of other donors, such as SR2 or R2S-->0. Thus, in these systems 
the spectral fingerprint is consistent with [Ce(IV)] ~ [Celt. 

Another important prediction that the mechanistic scheme proposed here 
allows us to make is that owing to the background radical cation autoxida
tion these reactions should be autocatalytic in Ce(III) ~ith no added Ce(IV). 
Since the same oxygenated radical cation intermediate R2S-0-0- is present 
in both the non-catalytic and Ce catalyzed regimes, this intermediate should 
be formed in the absence of Ce(IV) and slowly convert Ce(III) to Ce(IV), 
leading to autocatalysis. In Figure 4 is shown an example of such an experi
ment. We observe the slow conversion of thioether to sulfoxide. As the 
reaction approaches completion (monitored by 02 uptake) an additional 10 
mmol of thioether was added to the reactor. At this point the reaction pro
ceeded rapidly at the same rate as if Ce(IV) had initially been used. These 
results demonstrate a principle we have shown in separate experiments; 
namely, the active catalyst species is generated and maintained in these 
systems allowing recycle of the active catalyst. 

One intriguing aspect of these Ce(IV) catalyzed oxidations was the ob
served effect of ring size in a series of cyclic thioethers on the observed 
rates of reaction. In Table 2 are listed some examples of cyclic thioether 
oxidations. The five-membered ring thioether oxidizes in these systems much 
more rapidly than the 6- or 7-membered ring system. While this may be due 
at least in part to the fact that tetrahydrothiophene is easier to oxidize 
than the other thioethers, it is not clear at this point if other factors 
(e.g., steric) affecting the binding to Ce(IV) may be operative. Neverthe
less, the~e results suggest that if a high energy intermediate, the persulf
oxide, R2S00-, is present, it would not be able to discriminate between 
different ring size thioethers when it reacts with thioether to generate 
two molecules of sulfoxide (eq. 4). Thus, a mixed thioether reaction should 
reveal the validity of this step in the reaction sequence. In Figure 5 we 
show an example of such a Ce(IV) catalyzed mixed thioether oxygen oxidation. 
Using a 1:1 ratio of tetrahydrothiophene and pentamethylene sulfide, we find 
that the initial rate is very fast (comparable to tetrahydrothiophene alone, 
but that the rate decreases faster than a first-order decay). In addition 
at the ~ 25% conversion point an aliquot of the reaction revealed by GC 
that a significant amount of pentamethylene sulfoxide is present. The ratio 
of 'tCH2n-- -->0 to 'iCH2Ts S-->O equaled 2.8. This number is actually 
very close to the value of three which the mechanism proposed here predicts 
for early in the reaction. In the early stages of the reaction most of the 
R2S· generated will arise from the 5-membered ring thioether, assuming oxi
dation of thioether by Ce(IV) is rate-determining. The sequence of reactions 
is shown here and this sequence predicts three moles of 5-membered ring sul
foxide and one 6-membered ring sulfoxide per every initiation by Ce(IV) (eqs. 
10-13, where m.r. = membered ring): 

+. 
(10) R2S (5-m.r.) + Ce(IV) -> R2S (5-m.r.) + Ce(III) 

+. + 
(11) R2S (5-m.r.) + 302 -> R2SOO· (5-m.r.) 

+ + 
(12) R2SOO· (5-m.r.) + Ce(III) --> R2S00- (5-m.r.) + Ce(IV) 

+ 
(13a) \ R2SOO- (5-m.r.) + \ R2S -> R2S-->0 (5-m.r.) 

+ 
(13b) \ R2S00- (5-m.r.) + \ R2S (6-m.r.) -> \ R2S-->0 (5-m.r.) 

+ \ R2S-->0 (6-m.r.) 
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Since equations 13a and 13b are equally probable, the ratio of 5-membered 
ring to 6-membered ring sulfoxides produced is 3. Our observation of a 
2.8 to 1 ratio is in excellent agreement with this and supports the inter
mediacy of such a high-energy intermediate as R2S00-. 

Table 2. The Ce(IV) Catalyzed Oxygen Oxidation of Cyclic Thioethers 
at 60°C in CH3CN under 200 psi 02 Pressure. 

4 

5 

6 

k b (cat.) o s 

(hr.-I) 

8.9 

0.11 

0.12 

Selectivity 

at 90% conv. 

1.68 93 

1. 76 89 

1.80 88 

d 
k b (uncatalyzed) o s 

0.27 

0.11 

0.18 

a[SR21 = 0.2 M. b[(NH4)2Ce(N03)6] = 1.0 x 10-3 M. cIrreversible. 

dT = 115°C and P02 = 1000 psi. 

Alkyne Autoxidations 

The autoxidation of alkynes under high 02 pressures, in polar solvents 
and at elevated temperatures proceeds slowly in the absence of any catalyst 
but yields some unexpected products (Table 3). For example a symmetrical 

Fig. 5. 
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The Ce catalyzed molecular oxygen oxidation of tetrahydrothiophene 
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internal alkyne yields cleavage products; e.g., carboxylic acids as in 6-
dodecyne yields the hexanoic acid and shorter chain congeners, but no longer 
chain acids. This is inconsistent with the normal propargylic autoxidation 
pathway since if acids were derived by the a-CH activation, longer chain 
acids, heptanoic acid for example, should be present. Phenyl substituted 
alkynes are much less reactive, but do autoxidize. The major product ob
served for 1-phenyl-1-octyne is the 1-phenyl-1,2-octanedione. Again this 
indicates that under these conditions an a-CH autoxidation pathway is not 
operative. In analogy to the thioether case and to olefin systems which are 
known to exhibit radical cation chain autoxidation pathways,13 we propose 
that a similar pathway exists for alkynes in polar media, at elevated 
temperatures, and high O2 concentrations (eqs. 14-16). 

+ -

(14) R1C=CR2 + 02 ;::==" RF'R2 + 02!. 

0-0-
+ M (15) R( \R2 O2 < :. + Rl R2 

0-0- 0-0 ;tJ\ 
R( \R2 

+ e -~ RK. --> 
(16) Rl R2 

Table 3. Alkyne Autoxidations in CH3CN 

Alkyne P02 Temp. Sub/cat kobs % Conv. Yields as % Conversion 

(bar) (OC) (hr- 1) (time,hrs.) 

6-dodecyne 15 110 No Cat. 0.42 66 Acids: 18% Cs , 7.5% Cs 
(6) 3% C4 ; Cs/Cs = 2.4 

6-dodecyne 15 110 20 0.68 93 Acids: 84% Cs , 4% Cs 
(3) Cs/C s > 20 

PhC=CH 70 115 No Cat. No Rxn 

PhC=CH 70 115 20 fast 100 65% Benzoic Acid 
(0.1) 

PhC=CPh 70 115 No Cat. No Rxn 

PhC=CPh 70 115 20 0.6 90 61% Benzoic acid, 
(3) 23% benzil 

PhC=CCsH13 70 90 No Cat. slow 15 85% 1-phenyl-l,2-
(24) octanedione 

PhC=CCsH13 70 90 20 0.8 95 65% benzoic acid 
(3) 34% heptanoic 

3% hexanoic 
12% I-phenyl-1,2-
octanedione 
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The dioxatene structure produced as in eq. 16 would be expected to rearrange 
to the a-diketone, as observed in these systems and in other alkyne sys
tems. 1S Control reactions reveal under the reaction conditions the a-dike
tone will undergo oxidative site-specific cleavage yielding two moles of 
acid at rates comparable to the overall observed alkyne autoxidation rates 
demonstrating the chemical competence. of the diketone intermediate. 

In the thioether system it was noted that the high pressure constant 
current coulometry (HPCPC) oxidation of thioether in the presence of a 
high concentration of Oz does not yield any evidence of chain chemistry, 
only stoichiometric oxidation. Even though electrochemical initiation 
studies with alkynes were inconclusive with regard to chain chemistry, due 
to the severe problems with filming of the electrodes in these systems an 
important discovery, especially in view of the endoenergic nature of the 
initial electron-transfer step (eq. 4), is that certain alkynic substrates 
exhibit unusual electrochemical behavior at higher oxygen pressures. In
deed we observe an oxygen concentration dependence on the formation of a 
new easier-to-oxidize species in the HPCV (Figure 6). That this is a new 
species and not due to surface absorption phenomena was confirmed by the 
linear nature of the plots of Poz ver~us integrated current and the 
integrated current versus (scan rate) which intercepts the current axis 
at the origin. These preliminary studies and results suggest that we are 
actually observing the oxidation of an oxygen adduct, the nature of which 
has been the subject of much discussions. 16 19 If we are indeed observing 
the direct oxidation of an oxygen adduct, the implications for oxidation 
catalysis are significant. The apparent reduction in the alkyne oxidation 
potential when these substrates are complexed to Oz is striking and may 
account for the type of chemistry we observe; i.e., initial electron trans
fer occurs because the oxidation potential is nearly one volt lower at high 
Oz pressure. A number of electron-rich compounds are known to form such Oz 
adducts, including olefins and alkynes, with measured equilibrium formation 
constants on the order 5-15 M-l.17 19 In our own system the linear Oz 
dependence on the increase in current in the Oz-dependent oxidation wave or 
the decrease in current with the Oz (free) substrate oxidation wave allows 
us to calculate equilibrium constants in this range, 5-15 M-l. These corre
lations support the view that an alkyne oxygen adduct is oxidized by oxygen. 

Fig. 6. 
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W4en various one-electron oxidants were tried as catalysts for this 
chemistry under high O2 pressures (> 100 psi), only the Ce(NH4 )2(NOs )6 salt 
gave any catalysis, as in analogy to the thioether system. As can be noted 
in Table 3, not only does Ce(IV) have a profound catalytic rate-enhancing 
effect, it also dramatically increases the selectivity for site specific 
cleavage. In the 1-phenyl-1-octyne system the diketone is an observed 
product, which appears to be a competent intermediate. In separate studies 
using added 1-phenyl-1,2-octanedione in the autoxidation, we found that it 
is oxidized further to yield selectively benzoic and heptanoic acids at 
rates comparable to the observed overall rates of alkyne oxidation. Further 
l80-labeling studies in CHsCN at 90° under 200 psi 02 with 1% l80H2 present 
in the solvent reveal by GC-mass spectra analyses that the product diketone 
contains only l60-labeled oxygens. This indicates that the O2 and not water 
is the source of oxygen in this reaction. 

Preliminary kinetic studies in the 6-dodecyne system have revealed that 
the reactions are first-order both in substrate (both initial rate and log 
[alkyne] versus time slots are linear), and on [Ce(IV)] dd d (Figure 7) with 
a non-zero intercept corresponding to the background cataI~st-free autoxida
tion. The rate dependence on the oxygen pressure is more complex in that 
saturation kinetics are observed (Figure 8). Finally the Ce(IV) catalyzed 
6-dodecyne autoxidation exhibits a linear arrhenius plot with an activation 
energy of 16.0 kcal/mole over the temperature range 60-120 0 C. 

A radical cation mechanistic picture again best fits our experimental 
results. The strong oxidant Ce(IV) is involved in the rate-determining 
step, as is apparently the alkyne. The HPCV reveals that a new species, 
which we believe is the spin-orbit coupled oxygen adduct of 6-dodecyne is 
much easier to oxidize and it is this species which Ce(IV) oxidizes. From 
a thermodynamic standpoint this is much more satisfactory since Ce(IV) 
reduces at '" +1.3V in our system, the "bare" alkyne oxidation at +2.4V 

suggests a high endoenergic barrier. The 02-adduct oxidizes at about 
+ 1.4V, very near the Ce(IV) potential. We propose that Ce(IV) oxidizes 
the alkyne-02 adduct formed in a rapid pre-equilibrium (eq. 17 and 18). 

(17) alkyne + O2 , [alkyne-02] 

k2 
(18) [alkyne-02] + Ce(IV) ----+ [alkyne-02]T + Ce(lll) 

The alkyne-02 radical cation could then rearrange to the dioxatene radical 
cation (eq. 19), a potent oxidant in analogy to olefin radical cations. lS ,16 
The dioxatene radical cation could then reoxidize Ce(lll) to Ce(IV) and 
produce the dioxatene which thermally rearranges rapidly to the a-diketone. 

ks 
(19) [alkyne-02]T 

(20) + Ce(I1I) 
fast r=-1 )F\ -~ 

By noting that [alkyne]t = [alkyne] + [alkyne-02] an integrated rate expres
sion can be derived (eq. 21): 

(21) V = -d[alkyne)t 
dt = 

k2K1[alkyne) [02) [Ce(IV)) 

1 + Kl[o21 
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This rate expression is consistent both with the observed 1st-order 
[alkyne]t and [Ce(IV)]t dependences (where [Ce(IV)] ~ [Ce]t) and the 
observed 02 saturation kinetics. 

CONCLUSIONS 

We have reported that the Ce(IV) ion, a potent oxidant, is a very effec
tive catalyst for the selective molecular oxygen oxidation of thioethers and 
alkynes, promoting the formation of sulfoxides and site selective cleavage, 
respectively. In these systems Ce(IV) promotes 02 dioxygenase-like reacti
vity in analogy to biological systems. This means that both atoms of the 02 
molecule are utilized in the product and expensive and cumbersome co-reduc
tant systems are not required to activate oxygen. This reaction also is 
important because it appears to proceed via a radical cation pathway. 

REFERENCES 

1. P. E. Correa and D. P. Riley, J. Org. Chem., 50 (10), 1787 (1985). 
2. a) D. P. Riley, P. E. Correa, and G. Hardy, submitted to J. Am. 

Chem. Soc.; b) Portions of this work were described at~ 
California Institute of Technology Industrial Affiliates 
Oxidation Symposium, Feb. (1986). 

3. C. S. Foote and J. W. Peters, J. Am. Chem. Soc., 93, 3795 (1971). 
4. M. G. Simic, J. Chem. Educ., 58(2), 125 (1981). 
5. K. U. Ingold, Ace. Chem. Res.:-~, 1 (1969). 
6. a) D. E. Van Sickle, F. R. Mayo, R. M. Arluck, and M. G. Zyz, 

J. Am. Chem. Soc., 89(4), 967 (1967); b) D. F. Van Sickle, 
F. R. Mayo, F. S. G~ld, and R. M. Arluck, J. Am. Chem. Soc., 

7. a) 

8. D. 

9. L. 

10. D. 
11. a) 

12. F. 

13. a) 

14. M. 
15. N. 

16. S. 

17. A. 
18. H. 
19. D. 

89(4), 977 (1967). 
W. Pritzkow, T. S. S. Rao, J. Prakt. Chem., 327 (6), 887 (1985); 
b) L. T. Dao, B. Karla, W. Pritzkow, W. Schmidt-Renner, V. 
Voerckel, and L. Willecke, J. Prakt. Chem., 326 (1), 73 (1984). 
P. Riley and P. E. Correa, J. Chem. Soc., Ch~ Commun., 1097 
(1986). 
Fieser and M. Fieser, Reagents for Organic Synthesis, Wiley, 
New York, Vol 1, p. 471 (1967). 
P. Riley and R. E. Shumate, J. Chem. Educ., 61, 923 (1984). 
T. -L. Ho, Syn. Commun., ~(4), 237 (1979); and b) T. -L. Ho, 
Synthesis, 561 (1972). 
Minisci, A. Atterio, and C. Giordano, Ace. Chem. Res., 16, 27 
(1983). 
S. F. Nelsen and M. F. Teasley, J. Org. Chem., 51, 3221 (1986); 
b) S. F. Nelsen and K. J. Akaba, J. Am. Chem. Soc., 103, 2096 
(1981); c) S. F. Nelsen, M. F. Teasley, and D. L. Kapp, J. Am. 
Chem. Soc., 108,5503 (1986). 
Simic and E. Hayon, J. Phys. Chem., 15, 1677 (1971). 
J. Turro, V. Ramamurthy, K. -C. Liu, A. Krebs, and R. Kemper, 
J. Am. Chem. Soc., 98(21), 6758 (1976). 
F. Nelsen, D. L. Kapp, F. Gerson, and J. Lopez, J. Am. Chem. 
Soc., 108, 1027 (1986). 
L. Buchachenko, Russ. Chem. Rev., 54(2), 117 (1985). 
Tsubomura and R. S. Mulliken, J. Am. Chem. Soc., 82, 5966 (1960). 
F. Evans, J. Chem. Soc., 1981 (1961). 

201 





VANADIUM CATALYZED AUTOXIDATION OF HYDROGEN SULFIDE 

ABSTRACT 

H. W. Gowdy, D. D. Delaney, and D. M. Fenton 

UNOCAL Science & Technology Division 
376 South Valencia Ave. 
Brea, California 92621, USA 

The Unisulf process utilizes a vanadium-based solution for 
absorbing H2S from gas streams and oxidizing it to elemental sulfur. 
Unisulf solution offers the same high H S absorption efficiency as 
Stretford solution, with better recovery ~uring overloading episodes. 
In addition, the vanadium complexing agents used in Unisulf suppress 
the formation of thiosulfate and sulfate. Consequently, Unisulf does 
not have the severe solution disposal problems associated with the 
operation of Stretford plants. 

In December 1985, a Stretford plant in the United States was 
converted to Unisulf. Unisulf chemicals were added to the existing 
Stretford solution while the plant remained onstream. No operating 
problems occurred during this transition. Since that time the plant 
has continued to run smoothly and the H2S emissions have remained nil. 
The thiosulfate initially present in the Stretford solution decomposed 
to sulfate and elemental sulfur. After this thiosulfate had disappear
ed, no further increase in sulfate has been observed. Furthermore, no 
thiosulfate has been detected since the conversion to Unisulf. 

Another Unisulf plant was started up in December 1986, at Unocal's 
Santa Maria Refinery in California. The design sulfur production of 
the plant is 5.6 tonnes per day. This is a BSR/Unisulf application 
treating Claus tail gas. In the front end of the plant the sulfur 
species are catalytically converted to H2S in a BSR reactor. In the 
tail end of the plant the H2S is converted to sulfur in the Unisulf 
solution. 

The Unisulf Process was developed at the Unocal Science & Technol
ogy Division in Brea, California. 

BACKGROUND 

The Unisulf Process is one of several processes jointly licensed 
by the Unocal Science & Technology Division and the Ralph M. Parsons 
Company in the field of sulfur technology. The others inClude the 
Selectox Process and the Beavon Sulfur Removal Process (BSRP) • This 
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latter process consists of two main operating sections: I. the hydro
genation/hydrolysis reactor where all forms of sulfur in the Claus tail 
gas are converted to hydrogen sulfide by reaction with hydrogen or 
water; and II. the Stretford section, where the hydrogen sulfide is 
oxidized to sulfur. The Stretford process was developed by the No~th
west Gas Board in England (now part of the British Gas Corporation) • 

There are over 50 BSRP plants operating, under construction or in 
design in the United States, Europe and Japan. The process has been a 
success with respect to the removal of sulfur compounds in Claus tail 
gas. However, in the Stretford process, vanadium is chelated by 
anthraquinone disulfonic acid (ADA) isomers and by carbonate and 
bicarbonate. The resulting homogeneous complex permits thiosulfate and 
sulfate to be continuously formed. 

With fresh Stretford solution which contains no thiosulfate and 
which operates below 38°C (100°F), the initial thiosulfate production 
rate can be as low as 0.3 to 0.5 gil/day. (All thiosulfate values in 
this paper are calculated as Na2S20305H20.) As the thiosulfate concen
tration increases, so does its rate or production, reaching about 1 
gil/day at 75 gil and 2 gil/day at 250 g/l, at which point the solution 
disposal is usually begun. At one BSRP unit, the thiosulfate level was 
allowed to increase to 400 g/l. Before this time the thiosulfate rate 
had been 1 g/l/day. However, at 400 g/l, it increased to over 10 
gil/day, meaning that over 70 percent of all the H2S in the feed gas 
was being converted to thiosulfate rather than to sulfur. 

Stretford solution is very temperature sensitive. At a gas 
treating plant the thiosulfate production rate increased from 1 to 3 
gil/day when the solution temperature increased from 38 to 52°C (100 to 
125°F). Consequently, plants using direct autoclaves (which operate at 
130-145°C [260-290°F]) produce considerably more thiosulfate than those 
using filters or centrifuges. 

In general then, in the Stretford Process, substantial quantities 
of hydrogen sulfide are continuously oxidized to thiosulfate and 
sulfate. As these by-products build up in solution, the corrosion rate 
increases. Also, the thiosulfate production rate increases markedly as 
the thiosulfate concentration increases. Base is consumed in the 
formation of thiosulfate and sulfate. In order to limit corrosion and 
thiosulfate production, and ultimately to prevent component precipita
tion, solution must be purged. The effective life of the solution can 
be anywhere from six to eighteen months, depending on the operating 
conditions. Thus, there is chemical consumption due to direct decom
position, as in the case of base and ADA, and due to replacement of 
purged solution. 

Other operating problems encountered in Stretford plants include 
foaming due to bacteria buildup, and maintenance and operating problems 
with the autoclave system. 

It was expected that the disposal of used Stretford solution would 
become more difficult in the future due to increasingly strict envi
ronmental regulations. Therefore work was begun at the Unocal Science 
& Technology Division (Brea, California) to develop a solution in which 
thiosulfate and sulfate production is reduced sufficiently to permit a 
solution life of 7 to 10 years without the need for solution disposal. 
The Unisulf process has met this objective. 
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THE UNISULF PROCESS 

General 

The Unisulf process utilizes a family of vanadium-based solutions 
with the following general constituents: 

1. Vanadium 
2. Sodium carbonate/bicarbonate buffer 
3. Thiocyanate 
4. Carboxylate (citrate is usually used) 
5. Aromatic sulfonate complexing agent 

In the absorber section of the process, hydrogen sulfide is 
oxidized to sulfur as the vanadium (V) is reduced to vanadium (IV). 

+ HS- = +4 
+ C03 ----> (2V )n + S (1) 

In the oxidizer section of the process, vanadium (IV) is reoxi
dized to vanadium (V). 

(2V+4)n + 2HC03- + 1/2 02 ----> (2V+5)n + 2C03= + H20 (2) 

The chelating agents used to complex vanadium determine whether or 
not by-product thiosulfate or sulfate is formed. The chelaliig5agents 
used in Unisulf solution minimize by-product salt formation ' '. The 
actual components and their concentrations depend on the specific 
processing application. 

Two experimental units have been used in the Unisulf development 
work. A bench-scale unit was used to screen new solutions. It was 
operated for over 4 years. A pilot plant has been operated almost 
continuously for several years. In addition data are now being col
lected from several commercial plants. This work has shown that no 
measurable sulfur solubilization occurs over a wide range of component 
concentrations. 

Characteristics of Unisulf Solution 

In Unisulf solution, no measurable thiosulfate is produced. With 
a Unisulf solution containing no added thiosulfate, the thiosulfate 
concentration remains below the analytical detection limit. Further
more, when thiosulfate is added to these solutions it is decomposed to 
sulfur and sulfate, ultimately decreasing below the minimum analytical 
detection limit. Consequently any thiosulfate added to a commercial 
plant because of Claus plant upsets resulting in S02 breakthrough would 
not remain. Likewise, the thiosulfate present in the commercial 
Stretford solution when the Unisulf chemicals were added in December 
1985 decomposed to sulfur and sulfate within two months. 

In a new solution there is an initial sodium sulfate production of 
about 0.03 gil/day. At this rate, 120 gil sodium sulfate would be 
reached in 11 years. Additional experiments have been done with sodium 
sulfate added to the Unisulf solutions. This work showed that the 
measured rate of sulfate production decreases to zero as the sulfate 
concentration increases. At the converted Stretford plant, no change 
in the sulfate concentration has been observed following the decomposi
tion of existing thiosulfate. 
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Except for citrate, there is no measurable decomposition of 
Unisu1f chemicals. The required citric acid makeup rate is about 0.3 
g/l/day. 

Absence of Bacterial Growth 

No bacterial growth has been detected in the pilot plant or 
cOIml\ercia1 Unisu1f solutions. This is due mainly to the substantial 
concentrations of thiocyanate present. 

Many of the Stretford plants processing non-coke oven gas have 
been found to contain substantial quantities of bacteria. Large 
bacterial populations cause several problems, including conversion of 
thiosulfate to sulfate (leading to higher ADA losses), higher base 
demand and severe foaming. Biocides have recently been used to control 
bacteria in Stretford p1ants~ but the biocides decompose, thus adding 
to the plant operating costs. Furthermore, there is some indication 
that their effectiveness is not sustained. 

Coke-oven gas contains cyanide, which is converted to thiocyanate 
in Stretford solution. Some coke-oven gas Stretford plants have been 
in operation for over 20 years, and no bacteria has been found as logg 
as the solution contains around 50 g/l or more of sodium thiocyanate • 
Therefore, it is the demonstrated capability of thiocyanate which gives 
the Unisu1f solution its strong resistance to bacterial growth. 

UNISULF PROCESS COMMERCIALIZATION 

General 

Several Unisu1f plants are now operating. This paper will des
cribe the first one, a Stretford plant (part of a BSRP plant) converted 
to Unisu1f in December 1985; and the most recent one, a newly con
structed BSR/Unisu1f plant at Unoca1's Santa Maria Refinery. 

First COIml\ercia1 BSR/Unisu1f Plant 

The design sulfur production rate of this plant is 2.5 LT/D. It 
was designed to use Stretford solution. A rotary drum filter is used 
to recover the sulfur from the froth. The first Stretford solution 
lasted about 15 months. In December 1985, the plant had run with the 
second charge of Stretford solution for about 2 months. The solution 
contained about 10 g/l sodium thiosulfate pentahydrate and 22 g/l 
sodium sulfate. 

Unisu1f chemicals were added in mid-December to convert the plant 
to the Unisu1f Process. These chemicals were added while the plant was 
onstream. No operating problems occurred during this transition. 
Since that time the plant has continued to run smoothly and the H2S 
emissions have remained nil. The thiosulfate present at the changeover 
has since been decomposed to sulfur and sulfate. No increase in 
sulfate has been observed since the thiosulfate disappeared. 

The thiosulfate and sulfate concentrations for January through 
March of 1986 are shown in Figures 1 and 2*. These figures show that 

* These thiosulfate concentrations have been obtained by a polaro
graphic method. The test loses accuracy below 1 g/l due to inter
ference from the thiocyanate present in the solution. All of these 
thiosulfate values were confirmed by HPLC. 
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during January, the thiosulfate decomposed at a rate of 0.22 gil/day. 
During this same period, the sulfate increased at a rate of 0.15 
gil/day. Since a rate of 0.03 gil/day sulfate is normal initially, the 
net sulfate production resulting from the thiosulfate conversion is 
approximately 0.12 gil/day. 

Oxidation of all the sulfur in the decomposing thiosulfate would 
have produced 0.25 gil/day sulfate by the following stoichiometry: 

Thus this reaction would have produced about twice the sulfate 
actually seen. 

One of the sulfur atoms in thiosulfate is in the zero valence 
state. If this atom was converted to elemental sulfur and the remain
ing sulfite oxidized to sulfate, then the stoichiometry would be: 

~02 + Na2S203o5H20 ----> Na2so4 + S + 5H20 (4) 

This reaction would produce 0.13 gil/day sulfate from a loss of 
0.22 gil/day thiosulfate, and thus represents the actual data. An 8% 
drop in the calculated total soluble sulfur during this period confirms 
that some of the sulfur in the thiosulfate ended up as elemental 
sulfur, as predicted from equation 4. 

Once the thiosulfate concentration had decreased below 3 gil, its 
decomposition rate slowed appreciably and it took almost another month 
before its concentration dropped below 1 gil. Since this time, no 
sulfate production has been measured. 

Thiosulfate Decomposition 

No thiosulfate is formed in Unisulf solution. Furthermore, any 
thiosulfate added to the solution due to sulfur dioxide dissolving in 
Unisulf solution during Claus plant upsets is unstable throughout the 
entire operating pH range of Unisulf plants. The thiosulfate decom
poses to sulfur and sulfate regardless of solution pH. However, the 
split between sulfur and sulfate does depend on pH range. The thio
sulfate decomposition rate is also dependent on solution pH. In the 
usual pH range of 8.5 to 9.0 this rate is 3 times as fast as that 
measured in the commercial plant discussed in the previous section. 

BSR/Unisulf Plant at Unocal's Santa Maria Refinery, Arroyo Grande, 
California 

General. This new BSR/Unisulf plant was started up in October 1986. 
Its design sulfur production rate is 5.6 tonnes per day. It processes 
tail gas from two Claus units. 

BSR Section. This is of standard design with the gas flowing sequen
tially to the following equipment: 

1. Reducing gas generator. 
2. Hydrogenation/hydrolysis reactor. 
3. Process gas cooler. 
4. Contact condenser/desuperheater. 

The reactor contains a cobalt-molybdenum catalyst. 
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Unisulf sec~on (Figure 3). The design feed gas to the Unisulf section 
is 7,854 Nm /h (7.05 MM scfd), containing 2.0 mol% H2S. This H S is 
removed in an absorber conta~ning a bottom spray section and 3 sections 
of splash plate packing above. This absorber was designed to reduce 
the H2S to below 10 ppmw. All actual measurements have been below 1 
ppmw. 

The combustor on top of the absorber will automatically oxidize 
the H2S to S02 should an upset occur which results in H2S levels above 
10 ppmw in the gas leaving the absorber. 

The reaction tank is provided by retaining the Unisulf solution 
for a few minutes in the bottom of the absorber. The reaction tank 
liquid level is controlled by an external weir box with removable 
dividers. 

The 3-stage oxidizer consists of one cylindrical tank divided into 
three equal 120 0 sectors. Solution and sulfur enters the first stage 
through a standpipe near the tank bottom. The solution then overflows 
into the second stage and underflows into the third stage. The sulfur 
froth overflows from each stage to the next, ultimately flowing down a 
chute to the froth tank. The oxidized solution leaves the third stage 
by passing beneath an underflow weir and then flows by gravity back to 
the balance tank. 

Oxidation air is provided to each oxidizer stage by means of 
turbine aerators. 

Sulphur Recovery Section (Figure 4). The froth contains about 8 wt% 
sulfur. The froth is first processed in a rotary drum filter in order 
to remove most of the Unisulf solution, and to concentrate the sulfur 
slurry in order to increase the capacity of the vertical-basket centri
fuge which follows. 

The final cake contains just 20 wt% moisture and is powdery rather 
than paste-like. Consequently the cake can be dropped through a chute 
without plugging and readily conveyed using a double-screw conveyor 
directly to the liquified sulfur pit where it is dropped through a 
chute onto the top of the liquid sulfur. Maintaining sufficient 
agitation on the surface of the liquid sulfur allows the cake to be 
quickly melted. Due to the low moisture content, little steam is 
evolved. 

Analyses of the final sulfur cake yield about 200 ppmw ash and 
less than 5 ppmw vanadium. Hence it is more pure than sulfur typically 
produced in autoclaves. The final liquid sulfur product is used by 
Unocal for sulfuric acid manufacture. 

Initial Plant Performance. This plant has now been onstream for several 
months and has operated without significant problems. 

The gas leaving the absorber contains nil H2S. No thiosulfate has 
been produced. As discussed in a previous section, in Unisulf solution 
the sulfate concentration builds up slowly and then levels out. It is 
still well below the 30 gil maximum at which the first Unisulf plant 
has remained for over one year. 
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BIRD/YOUNG ROTARY 
DRUM FILTER 

WASH 
SPRAYS 

OVERFLOW TO -----' 
FROTH TANK 

FROTH FROM 
FROTH TANK 

CONDENSATE 

CAKE 
RESLURRY 

RESLURRY TANK 

SHARPLES VERTICAL 
BASKET CENTRIFUGE 
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BALANCE TANK 

TO LIQUID SULFUR 
STORAGE PIT 

SCREW CONVEYOR 

Fig. 4. SANTA MARIA REFINERY UNISULF PLANT SULFUR RECOVERY SECTION 

Corrosion probes have been placed in the weir box to measure the 
rate for reduced solution (which typically has a higher corrosion rate 
than oxidized solution) and in the discharge of the circulation pump, a 
highly turbulent area where any erosion/corrosion will be detected. 
The corrosion rates at both locations are continually less than 0.025 
mm/yr (less than 1 mil/yr). 

CONCLUSION 

The Unisulf Process presents a significant benefit to users of the 
Stretford Process. Unisulf solution is very stable. In over one year 
of operation of the first commercial Unisulf plant, no thiosulfate or 
sulfate has been produced. Operating problems historically associated 
with the Stretford Process have been resolved. 
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COPPER CATALYZED OXIDATIVE CARBONYLATION OF METHANOL TO DIMETHYL CARBONATE 

G. Lee Curnutt and A. Dale Harley 
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Laboratory, The Dow Chemical Company, Midland, MI 48641 

ABSTRACT 

The vapor-phase oxidative carbonylation of methanol to produce 
dimethyl carbonate (DMC) over heterogeneous supported copper catalysts is 
reported. The products are DMC, carbon dioxide, methyl formate, and 
methyl acetate. Under acidic conditions, dimethyl ether is also produced. 
The effects of the support, reaction conditions, and various promoters. on 
the rate, selectivity, and deactivation profile are discussed. 

The deactivation process has been found to proceed via sintering and 
the replacement of chloride ligands by hydroxide. Regeneration may be 
accomplished by treatment with hydrochloric acid which restores the 
chloride content of the copper. 

INTRODUCTION 

The control.led oxidation of carbon monoxide in the presence of an 

alcohol is a well known route to the dialkyl esters of carbonic acid. The 

oxidative carbonylation of methanol to dimethyl carbonate (DMC) has been 

thoroughly investigated using homogeneous catalysts and was commercialized 
1 in Italy in 1983 by EniChem Sintesi SPA. Mauri et al. have recently 

reviewed the uses for DMC in the production of a wide variety of organic 

chemicals. The commercial process is run in a CSTR as a slurry 
2 3 4-10 reaction' catalyzed by cuprous chloride. Numerous patents have been 

issued claiming improved catalytic systems for the production of DMC. 

These processes are carried out in the liquid phase and suffer from 

problems associated with halide corrosion. More recent studies11 have 

focused attention on homogeneous copper catalysts which form non-corrosive 

solutions with methanol and on nitrogen-containing promoters. 
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In contrast, methanol oxidative carbonylation over heterogeneous 

catalysts has received very little attention. Cipriani and Perrotti12 

prepared a heterogeneous catalyst by complexing cuprous chloride with 

poly-4-vinylpyridine and produced DMC by passing a mixture of liquid 

methanol, CO, and 02 through a reactor charged with this catalyst. 

However, the rate at which DMC was produced was low and the leachable 

chloride produced corrosive solutions. 

The literature contains no reports of the oxidative carbonylation of 

methanol having been carried out in the vapor phase. This paper describes 

copper-containing heterogeneous catalysts which were developed to produce 

DMC via a vapor-phase oxidative carbonylation. The best results have been 

obtained with an activated carbon supported cupric chloride catalyst 

promoted with potassium chloride. The pathway by which the heterogeneous 

catalyst deactivates has been established, and 'a regeneration procedure 

has been developed. 

EXPERIMENTAL SECTION 

Catalyst Synthesis 

Preparation of the pyridine complex of copper methoxychloride, 

f5li5NCu(OCH3~. Complex! was prepared by the method of Finkbeiner 
13 et al. The composition of the green precipitate was confirmed by 

elemental analysis and infrared spectroscopy. 
14 Catalyst preparation. Catalysts derived from complex 1 were 

prepared by dissolving ! in pyridine and using the solution to impregnate 

various types of supports by the incipient wetness technique. All 

supports used in catalyst preparation were commercially available 

products. A typical catalyst preparation consisted of dissolving 0.8 g of 

1 in 20.0 ml of pyridine and impregnating 12.0 g of activated carbon 

(12-20 mesh). The pyridine was removed from the catalyst in a stream of 

dry helium. The dried catalyst analyzed as 1.47 wt % copper. A typical 

oxidative carbonylation experiment employed 1.0-2.0 g of catalyst. 

A representative procedure for the preparation of catalysts 

containing cupric chloride is as follows. Anhydrous CuCl2 (5.5 g) was 

dissolved in 40.0 ml of anhydrous ethanol and the solution used to 

impregnate 10.0 g of activated carbon. The catalyst was allowed to air 

dry overnight at ambient temperature. The partially dried catalyst was 

loaded into a Pyrex tube and heated to 1400 C for two hours under a N2 

purge of 125 cc(STP)/min. A mixture of HCI (12 cc(STP)/min) diluted in 

air to a total flow rate of 138 cc(STP)/min was passed over the catalyst 

for one hour to replenish any chloride hydrolyzed during drying. 
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Adsorbed HCl was removed from the carbon support by purging with N2 

(125 cc(STP)/min) for three hours at 140oC. The dried catalysts contained 

copper at concentrations ranging from 4.9 to 21.3 wt %. Carbon-supported 

cupric chloride catalysts promoted with KCl, MgCl2, or LaCl3 were prepared 

by co-impregnation from aqueous solutions. The catalyst was then air 

dried and treated with HCl as described above. All salts and solvents 

were commercial products having the highest purity that was available. 

These products were used as received. 

Oxidative Carbonylation Studies 

Vapor-phase experiments. Oxidative carbonylation studies were 

carried out in a 1.3 cm o.d. x 30.5 cm plugged-flow, tubular reactor 

constructed of Hastelloy C276 and fitted with a concentric thermal well. 

The reactor was mounted inside a high temperature oven (Blue M, Model No. 

POM-206F-l). Temperatures were measured with a Hastelloy clad Type J 

thermocouple which extended axially into the catalyst bed. The middle 

section of the reactor was packed with 4 cc (ca. 1.0-2.0 g) of catalyst 

diluted with 8 cc of high purity SiC (8-12 mesh). Glass wool and SiC were 

used above and below the catalyst bed. 

Methanol was contained in a N2 padded feed cylinder attached to a 

weigh cell (Interface, Model MB-5). Liquid methanol was fed with a LC 

pump (Gilson Medical Electronics, Model 302) at a flow rate of ca. 

0.06 ml/min to a vaporizer operated at 1850 C. The vaporizer produced a 

steady flow (30 cc(STP)/min) of methanol vapor which was introduced into 

the CO/02 feed stream prior to flowing upwards through the reactor. The 

CO and 02 were metered through a preheater prior to entering the reactor 

with thermal mass flow controllers (Brooks Instruments, Model 5810/5835) 

which had been calibrated at the pressure used in the experiments. 

Pressure was maintained in the system by a research control valve, 

constructed of Hastelloy C276 and fitted with a P-12 Stellite trim, which 

was connected to a Taylor 440D pneumatic controller. The feed stream 

consisting of 80.0 cc(STP)/min of CO, 30.0 cc(STP)/min of methanol, and 

13.0 cc(STP)/min of 02 was allowed to flow through the reactor under a 

pressure of 20.68 bars. Feed gases were of high purity grade (99.99%). 

Iron pentacarbonyl was removed from the CO by adsorption in a 13X 

molecular sieve trap. The 02 contained 2~0-3.0% N2 which served as the 

internal standard for the on-line gas chromatographic analyses. 

The offgas was analyzed at 3-4 hour intervals for run times that 

typically lasted 100-200 hours. The offgas was sampled through a Valco GC 

valve and a microliter sampling loop. The valve and all product lines up 

to a cold trap were heat traced at 1250 C. Analyses were carried out using 
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a Hewlett-Packard HP5710-A gas chromatograph with thermal conductivity 

detectors. A temperature program of 60 0 C to 1400 C at BOC per minute with 

a 15 min hold at 600 C and a 30 min hold at 1400 C was employed. The light 

gases (OZ' NZ' and CO) were separated on a 1.B m 5A molecular sieve 

column. COZ' HZO, and the organics (methanol, methyl acetate, methyl 

formate, dimethyl ether, and DMC) were separated on a 1.B m Poropak N 

column. These two columns were connected in series through a switching 

valve which prevented COZ contamination of the molecular sieve column. 

Standard mixtures were made up of the components found in the offgas in 

order to determine response factors. Integrations were performed using a 

Hewlett-Packard 3353 computer. The various parameters of the reactor were 

continuously monitored during an experiment with a microcomputer. 

Condensable products were removed from the offgas in a dry ice cooled 

trap and a scrubber containing propylene glycol. These product solutions 

were analyzed on a Tenex column. The flow rate of the noncondensable 

products in the offgas was monitored with a wet test meter. Mass balance 

calculations were performed for a few of the experiments. The mass 

balances were found to range from 97 to 11Z%. 

Catalyst regeneration. Catalysts were regenerated in the reactor by 

the following sequence of steps: 1) discontinuing the feed stream and 

purging the reactor with NZ while cooling to room temperature; Z) drying 

in a nitrogen purge, 1Z5 cc(STP)/min for two hours; and, 3) chlorination 

in a 10% HCI/90% NZ stream for three hours and cooling to ambient 

temperature while maintaining the HCI/NZ flow. 

The reactivated catalysts were subjected to the same activity tests 

as described for the oxidative carbonylation reaction. The presence of 

oxygen during the regeneration had no adverse effect on the activity. 

Regenerated catalysts freed of adsorbed HCI by purging with an inert gas 

showed initially higher activity for a few hours but otherwise 

demonstrated comparable performance. 

Catalyst characterization. The copper and chloride contents of the 

fresh and used catalysts were analyzed by neutron activation. Copper 

contents were also measured on selected catalysts by plasma emission 

spectroscopy (Spectrametrics, Model IV). Transmission electron microscopy 

(TEM) was performed using a modified JOEL 100C with a Kevex energy 

dispersive x-ray (EDX) detector. The samples were dispersed in n-hexane 

with an ultrasonicator and applied to a gold grid. Beam intensities were 

reduced to minimize the degradation of the sample. X-ray diffraction 

powder patterns were recorded on a Phillips Diffractometer with CuKD( 

radiation as the source. BET surface areas were measured on selected 
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catalysts using a Micromeritics DigiSorb 2500 with nitrogen as the 

adsorbate. The ash contents of the activated-carbon supports were 

determined from the results of weight measurements which were made on 

samples before and after they had been oxidized in air at 500oC. 

RESULTS 

Temperature 

The non-catalytic thermal oxidation of CO was studied to establish 

the temperature at which CO2 formation from this side reaction became 

important. The reactor was charged with SiC and purged with the CO/02 
feed gas. GC analysis of the offgas showed that thermal oxidation was 

significant above 130oC. Experiments were carried out on a DARCO 

carbon-supported CuC12 catalyst to establish the lower temperature limit 

for the process. Below 1000 C the reaction rate was insignificant. The 

oxidative carbonylation rate was found to increase over the initial 24 

hours of operation and then began to decrease slowly with time. The 

oxidative carbonylation rates were measured in the temperature range of 

110-130oC after at least 24 hours of continuous operation. 

Pressure and Space Velocity 

The effect of pressure on the rate of oxidative carbonylation was 

studied for CuC12 supported on carbon. The best results were obtained at 

20.68 bars. Decreasing the pressure to 11.72 bars resulted in a 50% 

decrease in the rate. At a pressure of 41.36 bars, (T = 160oC), total 

oxygen consumption to deep oxidation of CO and methanol to form CO2 was 

observed. 

The gas hourly space velocity (GHSV) was varied over the catalyst 

derived from the pyridine complex of copper methoxychloride. At GHSV of 
-1 1800 and 726 h ,essentially the same reaction rates were observed. 

However, the selectivity to DMC based on CO consumption was substantially 

higher, (74% vs. 53%), at the higher GHSV. The oxidative carbonylation 

rates were measured at 20.68 bars, with a GHSV in the range of 1800-

2000 h- 1• 

Support Effects 

Table I contains performance data on catalysts derived from complex! 

supported on various types of carbons and inorganic oxides. The feed was 

converted to DMC at rates ranging from 1.8 to 4.8 lb DMC cu-1 ft- 1 cat-1 

-1 h for the activated-carbon-supported catalysts. The selectivity based 

on the amount of CO consumed varied from 41 to 76%. The major byproduct 
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Table 1. PERFORMANCE DATA ON PYRIDINE COPPER METHOXYCHLORINE SUPPORTED 
ON VARIOUS TYPES OF CARBONS AND IRNOGANIC OXIDES 

Rate 01 

SBET 
Oxidative DMC 

Support Ash Content CarbonylationB Selectivity 
Support Precursor wt % m2g-' % on CO 

Darco" 12 x 20 Lignite 14.2 502 3.0 65 
Nuchar HG-40 Bituminous Coal 6.8 902 2.7 76 
Strem 06-0050 Bituminous Coal 5.3 724 4.8 45 
·Norit 8 x 20 Peat 5.0 1.8 41 
AlIa 88765 Petroleum Coke 1.8 74 
Witcarb" Lck Petroleum Coke 1.9 2.0 63 
Witcarb 965 Petroleum Coke 0.6 1037 3.5 48 

SN-5701 Carbon Black 219 1.1 42 
Composite 

MgO 23.8 0.4 61 
ZnO 6.3 0.4 41 
Si02 (Cabosil" M-5) 198 0.3 37 
Ti02 (Anatase) 11.9 0.1 34 
AI20 3 (SA3232) 139 0.2 60 

ATemp = 100·C; Press = 20.68 bars; gas hourly space velocity = 1800 h-'; copper loading = 2.0 wi % 
'Registered Trademark 

BUnits: Ib DMC cu-'ff'caf'h-' 

was CO2 in all cases. The best overall performance was exhibited by the 

lignite based activated carbon DARCO 12 x 20. With this catalyst, the 

yields of methyl formate and methyl acetate were small. The catalytic 

activities and selectivities showed no correlation with neither the ash 

content of the carbon nor the total surface area of the catalyst. 

Carbon black or the inorganic oxides were poorer supports for the 

copper complex than the activated carbons. Although the range of the 

selectivities were similar for the various types of supports, the 

carbony1ation activity was markedly lower for the inorganic oxide carriers 

than the activated carbons. 

Cupric Chloride Catalysts 

Screening showed that DMC could be prepared on a commercial catalyst 

consisting of CuC12 intercalated into the layered structure of graphite. 
6 Furthermore, Hallgren showed that CuC12 catalyzed the oxidative 

carbony1ation of methanol to DMC in the liquid phase at temperatures above 

170oC. Preliminary experiments showed that CuC12 impregnated onto DARCO 

12 x 20 carbon was active, and studies were initiated to optimize the 
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Figure 1. Activity-Time Curves for DARCO-Supported CUCL2 Catalysts. 

results. Figure 1 shows the effect of loading on the productivity of 

CuC12/DARCO 12 x 20. The productivity increased with loading up to 20 -

30 wt %; higher loadings resulted in a decline in activity. Catalyst 

deactivation was somewhat dependent on loading. Figure 1 shows that the 

loss of activity with time was slightly lower as the concentration of 

CuC12 was increased. 

Figure 2 shows how the selectivity was affected by loading. The 

products consisted mainly of DMC and CO2 at each loading. The DMC 

selectivity based on CO consumption decreased linearly as the weight 

percent of CuC12 increased from 10 to 45. Other oxidation products formed 

on CuC12 besides DMC were methyl formate and methyl acetate. The amounts 

of these low molecular weight esters were nearly independent of the CuC12 
loading, and their yields also varied little with run time. These 

catalysts exhibit optimum performance when CuC12 is supported on the DARCO 

12 x 20 carbon at a loading of approximately 20 wt %. 

Several metal chlorides and oxides were investigated as promoters for 

the reaction utilizing DARCO-supported catalysts containing either the 

pyridine complex of Cu(OCH3)C1, !, or CuC12 as the active component. The 

addition of Ag20 or the rare earth chlorides, CeC13 or LaC13 , resulted in 

catalysts with lower activity. These additives were tested on catalysts 

derived from complex! and were added in a second impregnation step. 
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Figure 2. The Effect of CUCL2 Loading on DMC Selectivity. 
(A) Selectivity Based on CH30H 
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The KCl/CuCl2 and MgCl2/CuCl2 combinations offered increased catalyst 

stability relative to unpromoted CuCl2• A comparison of the activities is 

shown in Figure 3. These catalysts were prepared by co-impregnation from 

aqueous solutions of salts and contained the optimum amount (20%) of CuCl2 
and 5 wt % additive. While LaCl3 was found to be harmful, MgCl2 and 

particularly KCl were effective in retarding deactivation. A 22% increase 

in catalyst productivity was noted for the KCl/CuCl2 catalyst at 60 hours 

on stream. Beyond this point, the catalyst productivity gradually 
-1 -1 -1-1 declines and reaches a steady-state value of 4 lb DMC cu ft cat h 

after 100 hours. We made no attempt to optimize the loading of these 

promoters. 

Catalyst Deactivation 

The activity-time curves presented in Figure 1 show the gradual 

deactivation of the CuCl2 catalysts with time on stream at 1150 C. In a 

200 hour test with a 45 wt % CuCl2/DARCO catalyst at this temperature, the 

DMC productivity dropped from 5.0 to 3.5 lb DMC cu-1 ft-1 cat-1 h- l in the 

initial 100 hours, but thereafter remained nearly constant. XRD was used 

to identify the copper phases present on fresh and used catalysts. 
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Figure 3. The Effect of Metal Chloride Additives on Activity. 
Catalyst Loading: 20 wt% Additive 

Figure 4 shows x-ray diffraction patterns on a fresh DARCO-supported 

cupric chloride catalyst containing 32.3 wt % CuC12 and on the deactivated 

catalyst which had been used for 90 hours. The fresh catalyst showed only 

crystallineK-quartz which is present in the support and trace amounts of 

CuC12 '" 2H20. No crystalliue CuC12 phase was detected by XRD on the fresh 

catalyst containing less than 45 wt % CuC12• 

The used catalyst showed paratacamite, Cu2(OH)3Cl, as the only 

crystalline copper phase. The XRD results indicate that during 

deactivation the chloride ligand is replaced by hydroxide. Table II shows 

the results of XRD measurements on samples of fresh and used catalysts at 

10.3 wt % CuC12 • After using this catalyst for 90 hours, the XRD showed 

that the crystalline copper phases present were Cu(OH)Cl and Cu2(OH)3Cl. 

Elemental analysis indicated that copper was not lost from the catalyst 

during use. The results in Table II show that the weight ratio of 

chloride to copper agrees quite well with the theoretical value (CuC12 s 

1.2) for the fresh catalyst, but this ratio decreases nearly five fold for 

the deactivated catalyst. This observation agrees with the XRD data 

identifying the phases of lower degrees of chlorination, Cu(OH)Cl and 

CU2 (OH) 3Cl, as major components in the deactivated catalyst. The chloride 
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Figure 4. X-ray Diffraction Patterns on DARCO-Supported Cupric Chloride 
Catalysts. 

abstracted from the copper formed methyl chloride as evidenced from the 

results of headspace analyses performed on the product solutions. 

Crystalline CuC12 was not observed by XRD on fresh catalysts 

containing less than 45 wt % CuC12• This suggests that the CuC12 phase is 

present as an amorphous film or monolayer or as particles less than 5 nm 

in diameter. TEM analyses were used to further characterize the copper 

dispersion and particle sizes before and after use to determine if 

sintering had occurred. The micrograph in Figure 5 for the fresh catalyst 

shows one region above center which was high in copper (EDX). but most 

regions do not show discernible particles. Prolonged exposure of the 

specimen to the electron beam caused the copper species to agglomerate and 

to form spherical particles. These spheres exhibited only copper X-rays 
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Table 2. Chemical Analysis by Neutron Activation and X-Ray Dif

fraction Measurement on Selected Darco-Supported CUC12 
Catalysts 

Copper Copper wt % Ratio 
Crystalline Loading Chloride 

Catalyst Sample Phases wt% Copper 
Fresh 
(10.3 wt % CuCI2) 5.1 ± 0.2 1.10 (1.12)A 

Used Cu(OH)CI 5.1 ± 0.2 0.24 
(90 Hours) CU2(OH)3CI 

HCI CU2(OHhCI 5.2 ± 0.3 1.12 
TreatedB (trace) 

ATheory 

Brreatment: One hour In flowing 10% HelIN, at 1250C followed by three hour N, purge 

which suggests that the chloride was removed as a result of copper 

reduction by the electron beam. The nature and size of the particles 

prior to exposure to the beam can only be extrapolated from the micrograph 

to be an amorphous film or discrete particles less than 2 nm in diameter. 

The micrograph in Figure 6 for the used catalyst shows very large 

agglomerates ranging in size from 200-1000 nm as indicated by the dark 

irregularly shaped regions. These agglomerates exhibited a strong copper 

signal (EDX) and contained only minor amounts of chloride. The used 

catalyst was not as sensitive to beam damage as the fresh catalyst. These 

agglomerates were not present in the fresh catalyst. 

We summarize the main points regarding the deactivation data below: 

1) The copper species on the fresh catalyst below loadings of 

45 wt % CuC12 is highly dispersed. 

2) The presence of large agglomerates of reduced copper species on 

the used catalyst suggests that migration and sintering occurs during use. 

3) CuC12 is unstable under the reaction conditions and reacts with 

water and methanol resulting in chloride loss and incorporation of 

hydroxyl groups. The abstracted chloride is ultimately incorporated into 

methyl chloride. 

Regeneration Procedure 

A number of chloride-containing compounds were tested as feed 

additives which might decompose under reaction conditions and prevent 

catalyst deactivation through replenishment of abstracted chloride. 
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Fig. 5. Electron Micrograph of CuC12/DARCO 12 x 20. Fresh Catalyst 
containing 19.5 wt% CuC12. The scale bar represents 200 rum. 
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Fig. 6. Electron Micrograph of CuCI2/DARCO 12 x 20. Used catalyst 
containing 19.5% CuCI2' The scale bar represents 200nm. 
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Fig. 7. Activity-Time Curves for DARCO-Supported CUCL2 Regenerated with HCL. 
Conditions: Temperature = 11SoC; Pressure = 208.68 bars; Wt% CUCL2 -

Incorporation of 100-200 ppm of methyl chloride, ethylene dichloride, or 

hydrochloric acid into the feed stream resulted in a partial loss of 

activity and failed to prevent catalyst deactivation. Substantial amounts 

of dimethyl ether were produced upon addition of hydrochloric acid to the 

feed. Table II shows the analysis of an aged 10.3 wt % CuC12/DARCO 

catalyst that had been regenerated by treatment with 10% HC1/N2 for one 

hour at 12SoC. The weight ratio of chloride to copper increased from 0.24 

for the used catalyst to the theoretical value of 1.12 after treatment 

with HC1. The XRD data presented in Table II indicate that the 

regeneration procedure converted most of the copper hydroxych1oride phases 

to dichloride. 

Activity data for mUltiple regenerations obtained during a 400 hour 

test are plotted in Figure 7. The activity profile of the regenerated 

catalyst was similar to that of the fresh catalyst over the four cycles. 

The regenerated catalyst displayed DMC/C02 selectivities and trace 

byproduct levels comparable to that of the fresh catalyst. The rate of 

deactivation was found to be somewhat dependent on the number of 

regenerations. Figure 7 shows that the loss of activity with time was 

slightly lower after each of the four regenerations. The HC1 treatment 

might lower the rate of deactivation by redispersing the copper. TEM 

analyses of regenerated catalysts are recommended for further study to 

establish if HC1 affects the redispersion of the copper. 

DISCUSSION 

Reaction Pathway 

The initial step in the proposed mechanism for the vapor-phase 
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methanol oxidative carbonylation is coordination of methoxy groups to 

divalent copper atoms. This proceeds under process con4itions via a 

reaction between methanol and cupric chloride according to equation (1). 

(1) 

Methoxylation of the divalent copper atoms is followed by CO 

insertion into a Cu-O bond to form a labile carbomethoxide species which 

couples with a neighboring methoxy group to form DMC according to 

equation (2). 

Cu(COOCH3)Cl + Cu(OCH3)Cl ----------> (OCH3)2CO + 2 CuCl (2) 

This reductive elimination step produces two Cu(I)Cl species which 

are reoxidized to Cu(II) by molecular oxygen. The Cu(II) atoms are 

remethoxylated with methanol. The two protons lost from the two methanol 

molecules combine with atomic oxygen to form the byproduct water as shown 

in equation (3). 

2 Cu(I)Cl + 1/2 O2 + 2 CH30H ---------> 2 Cu(OCH3)Cl + H20 (3) 

The CO insertion mechanism is analogous to that proposed by Koch 

et al. 1S and Romano et al. 2 for the cuprous chloride catalyzed formation 

of DMC in a liquid phase oxidative carbonylation. The insertion of CO 

into copper-oxygen bonds has also been proposed by Saegusa et al. 16 to 

account for the DMC formed during the carbonylation of cupric alkoxide 

compounds. Although the copper carbomethoxide intermediate is unknown, 

the insertion of CO into Pt-OCH317 and Hg-OCH318 bonds to form the 

corresponding metal carbomethoxides is well documented. Furthermore, DMC 

has been recently observed as one of the products formed in the 

carbonylation of methanol using a catalyst derived from PtC12•17 Further 

support for the proposed mechanism is provided by the fact that the copper 

catalysts which show significant activity are ones which have linear 

chainlike structures. Willett and Breneman19 showed that the structure of 

CSHSNCu(OCH3)Cl consisted of methoxy-bridged dimers connected to each 

other by asymmetric chlorine bridges, forming a one dimensional linear 
20 chain. Wells reported for cupric chloride that each copper atom was 

bonded to four neighboring chlorine atoms, forming planar CuC14 groups 

which share opposite edges. As in the case of CSHSNCu(OCH3)Cl, stacked, 

linear polynuclear copper chains are formed in the solid state. These 

polynuclear structures would be expected to be important in the coupling 
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step where two copper atoms are needed to accept the two electrons 

released during reductive elimination of DMC. 

The aforementioned byproducts observed on carbon-supported cupric 

chloride are methyl formate, methyl acetate, and CO2• Under acidic 

conditions, dimethyl ether is also formed from the dehydration of 

methanol. In the absence of oxygen, CO2 and neither ester were observed 

suggesting that these byproducts are formed from oxidative reactions 

rather than from the carbony1ation of methanol or from the decomposition 

of DMC. Scheme 1 accounts for all of the products observed during the 

vapor-phase reactions between CO, °2, and methanol on carbon-supported 

cupric chloride. 

The Role of Promoters and Activated Carbon 

The results shown in Figure 7 indicate that the addition of MgC12 , 

and particularly KC1, to CuC12 lowers the rate of deactivation. The 

reactions of KC1 and MgC12 with CuC12 to form the chlorocuprates, KCuC13 
21 and MgCuC14 * 6H20, respectively, are well known. These ch10rocuprates 

have a higher ratio of chloride to co~per than cupric chloride and might 

prevent deactivation by lowering the rate at which chloride is abstracted 

from the catalyst. Potassium chlorocuprate21 is known to exist as the 

dimer, K2Cu2C16 , which has a structure similar to that for cupric 

chloride. The bulky CU2C162- anion might lower the rate of deactivation 

by lowering the rate at which the copper chloride species sinters. It is 

noteworthy that potassium chlorocuprate is a chloride-bridged binuclear 

complex whose activity pattern for methanol oxidative carbonylation is 

similar to that for cupric chloride. These observations provide 

additional support for the mechanism proposed in the previous section. 
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The results presented in Table I show that activated carbon is the 

best support for complex 1. The ability of activated carbon to catalyze 
- 22 23 

the oxidation of metal cations and supported metals is well known. 

The same mechanism might be operating with Cu(I). Since carbon is an 

electrical conductor, it might enhance the rate of oxidation of Cu(I) by 

easily transferring the electron between the copper atom and atomic 

oxygen. 

Deactivation Pathway and Regeneration 

The results of catalyst characterization showed that cupric chloride 

is converted to copper hydroxychlorides during use. The formation of 

copper hydroxychlorides during methanol oxidative carbonylation has been 
2 previously reported by Romano et al. for the case of the slurry reaction 

catalyzed by cuprous chloride. The mechanism involved in their formation 

might be the same in both cases. The byproduct water may hydrolyze 

chloride to hydrochloric acid which is converted to methyl chloride by 

reaction with methanol. In the case of heterogeneous supported copper 

catalysts, activity can be restored by converting the copper 

CONCLUSIONS 

14 This work has shown that CSHSNCu(OCH3)Cl or CuC12 supported on 

activated carbon are effective catalysts for oxidative carbonylation of 

methanol. DMC is formed with high selectivity. While the addition of 

potassium chloride was found to retard catalyst deactivation, magnesium 

chloride was also effective to some extent. Electron transfer between a 

Cu(I) atom and atomic oxygen via the activated-carbon support is assumed 

to be essential for high activity. Under conditions of oxidative 

carbonylation, copper catalysts gradually deactivate with time due to 

sintering of the copper chloride species and to loss of chloride from the 

copper forming Cu(OH)Cl and CU2(OH)3Cl. Activity can be restored by 

treating the catalyst with hydrochloric acid. Multiple regenerations with 

HCl have been demonstra\ed. 
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DEPENDENCE OF REACTION PATHWAYS AND PRODUCT 
DISTRIBUTION ON THE OXIDATION STATE OF PALLADIUM 
CATALYSTS FOR THE REACTIONS OF OLEFINIC AND AROMATIC 
SUBSTRATES WITH MOLECULAR OXYGEN 

James E. Lyons 

Applied Research and Development Department 
Sun Refining & Marketing Company 
P.O. Box 1135 
Marcus Hook, P A 

ABSTRACT - Palladium chemistry dominates the catalytic 
liquid phase oxidation of unsaturated hydrocarbons both in the 
breadth of commercial processes and in the large number of 
synthetic applications. Recent work has shown the potential for 
new routes via oxygen activation chemistry. Control of the 
oxidation state of Pd catalysts can provide new routes to allylic 
oxidation products. Routes to industrially important a,/J
unsaturated alcohols, esters and acids occur via both Pd(IV) 
and Pd(O) intermediates. High oxidation state palladium 
complexes are implicated in selective catalytic aromatic ring 
oxidations, while Pd(II) intermediates give rise to oxidative 
coupling, and low oxidation state species are responsible for 
benzylic oxidations. 

INTRODUCTION 

Palladium(O) complexes react readily with molecular oxygen and activate it 
toward reaction with a number of unsaturated substrates(1,2). In the first 
section of this paper the activation and transfer of molecular oxygen by 
palladium complexes will be reviewed and the catalytic potential of this 
chemistry considered. 

Although the industrially important production of vinylic oxidation 
products via Wacker chemistry has long dominated the palladium-catalyzed 
oxidation or unsaturated substrates, the equally important family of allylic 
oxidation products can now be generated via palladium catalyzed reactions. 
The oxidation state of the metal during these catalytic reactions can be a 
major determinant of whether allylic or vinylic products will be produced. 
The second section of this paper will deal with those factors which control 
and promote allylic oxidations in the presence of palladium catalysts. 

Finally, in the third section the role of palladium complexes in aromatic 
oxidations will be discussed. Again, the oxidation state of the catalyst is 
critical. Regioselectivity in the oxidation of alkyl aromatics is a function 
of the oxidation state of the catalyst as is the pathway taken by 
palladium aryl intermediates in ring oxidation. 
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ACTIVATION AND TRANSFER OF OXYGEN VIA METALLACYCLIC 
INTERMEDIATES -

It has long been known that the addition of molecular oxygen to a 
coordinatively unsaturated palladium(O) complex can give a peroxo 
complex, eq. 1(3,5) which can react with an electron-deficient olefin to 
produce a metallacycle, eq. 2(6). Olefins without strongly electron
withdrawing groups on at least one of the unsaturated carbon atoms failed 
to react in this manner. Thermolysis of the metallacycle in an attempt to 
produce an epoxide resulted in products of oxidative cleavage of the C-C 
bond instead, eq. 3(6). 

Thus, the direct epoxidation of an olefin by molecular oxygen activated 
solely by a palladium center was not demonstrated. Protonation of the 
metallacycle, however, did lead to an epoxide, eq. 4a(6). One may 
speculate that such a protonation could give an intermediate, I, of the 
type that is known to produce olefin oxidation products. In addition to 
the epoxide, a smaller amount of olefin was also released during 
protonation of the macrocycle, 4b. 

Protonation of a palladium peroxo complex can lead to an intermediate 
capable of converting an a-olefin to a methyl ketone, eq. 5 (7). 
Presumably, the reason for production of a methyl ketone rather than an 
epoxide as in eq. 4a, is the migration of the p-H which is present in the 
intermediate metallocycle in this case. 

(1) 

(2) 

(3) 
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CH2 =CHR 

;/"- -
Pd-OOR' 

] 
(5) 

(6) 

(7) 

The catalytic conversion of an a-olefin can be accomplished using hydrogen 
peroxide or alkyl hydroperoxides as the oxidant eq. 6(7,8) and many of 
the same metallacycles have been postulated as reaction intermediates, eq. 
7. Metallacyclic intermediates have been isolated in the catalytic oxidation 
of olefins catalyzed by palladium nitro complexes(9), eq. 8, 9. Principles 
similar to those outlined above appear to govern these reactions as well. 
If accessible p-hydrogens are available, migration will occur in the 
intermediate metallacycle and ketones will be the predominant product. 

[Pd (CH3CN)z CINOz ] 
RCH -CHR' + Oz • RCCHR' 

II 
o 

Pd(CH3CN)ZCINOZ RCH - CHR' 

02.CH3C~ 'Y 
~
(PdCINo)n 02N, /C).< 

R_C ..... ~Pd)('" 
RCCH R' \ 2 

II 2 / 'H 
o ~ 

ONO ...... /C:>< ) 
Rf. /Pd>..(' 0 

H l, 2 "'- II ~ H /N, ~ 
o Pd'/.:..x 
\ I X C-c 2 

R/I I~ 
H R 

(8) 

(9) 
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If, however, accessible p-hydrogens are not available, epoxides predominate 
as in the case of norbornene oxidation, eq. 10(9). In this case, the 
intermediate metallacycle was isolated at low temperature, characterized, 
and shown to decompose at room temperature to give the epoxide and a 
palladium nitrosyl complex, eq. 11(9). An important difference between 
the catalytic oxidations of olefins using palladium nitro complexes and the 
oxidations referred to previously is that the oxygen activation step occurs 
at the nitrogen atom and !!2! at the palladium center, eq. 12(9). 

In summary, therefore, it has been demonstrated that pathways involving 
oxygen transfer via metallacycles are important in both catalytic and 
stoichiometric oxidaTIons of olefins using palladium complexes and that the 
structure of the olefin is critical in determining whether epoxides or 
carbonyl compounds are produced, eq. 13a, b. 

Another strategy for catalytic oxidation of olefins which is related to that 
described in eq. 8-12, uses the palladium complex to bind only the olefin, 
and a cobalt center is used to carry the nucleophilic nitro group to the 
activated olefin,(lO) eq. 14a-d. Interestingly, when the metal center that 
activates the olefin is changed from palladium(II) to thallium(III)--a metal 
center which does not readily participate in p-H migration--epoxides are 
formed even from olefins having accessible p-hydrogens.(lO) This approach 
adds a new measure of control of oxidation reactions. Because of facile p
H migration, palladium catalyzed reactions are subject only to substrate 
control. By varying the metal center in the appr6ach shown in equation 
14a-d a measure of metal control over reaction pathway is achieved. 
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O_NO • £!----pO 
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CH2 CH2 ~JCH2 
M- N02 + 11--- M' - M

1
/" )CR - M'-"l" -RCH yC, 

0,,, 0 O~ R N~ 
"N=O 

CH2 I I 
1 II M 
~02 RCH M 

! 1 (14) 
/0, 0 

II 
M-NO + M' + CH2-CHR CH3-C-R 

M. py (TPP)Co M'· T1CI3 M'- (PhCN)2 PcIC~ 

VINYLIC OXIDATIONS OF OLEFINS 

The familiar Wacker reaction forms methyl ketones from 4-0Iefins(1,2). It 
produces vinylic oxidation products or their stable tautomers via direct 
nucleophilic attack on olefin coordinated to a palladium cente~eq. 15. 
The commercial utility of this reaction extends well beyond the production 
of acetaldehyde, eq. 15, to acetone, vinyl acetate and possibly a butane 
diol precurser as well, Table 1(11). The synthetic utility of Wacker 
Chemistry diminishes as the olefins become larger. While fairly good 
yields of methyl ketones are formed from I-butene and 1-pentene, yields 
fall off markedly as the chain length grows so that l-octene, 1-nonene and 
I-decene produce methyl ketones in quite low yields, Table 2.(12) Only 
fair yields of ketones are obtained from cyclic olefins as well. Perhaps it 
is in the area of the production of specialty ketones from more complex 
olefinic structures that the new and selective methods of oxygen activation 
described in the first section could gain prominence. 

TABLE 1. SOME INDUSTRIAL APPLICATIONS OF PALLADIUM 
CATALYZED OXIDATION OF OLEFINS 

CONDITIONS 
YIELD AND/OR 

CATALYSTS SELECTIVITY 

(I) ACETALDEHYDE FROM ETHYLENE too·c. 100 plia PdClz + CUClz >95% 

CzH4 + Oz ---. CH~CHO 
HZO SOLVENT :::::96"1. 

(2) VINYL ACETATE FROM ETHYLENE 10O-t30'C PdCI2 + tuCIZ =90% 
4!iO -600 plia 

CzH4 + Oz t HOAc - CHZ• CHOAc + HZO ACETIC ACID 
SOLVENT 

(~) ACETONE FROM PROPYLENE 5O-t20'C PdCt2 + CuCIZ =99% 

C3H6 + Oz - (CH~lzc. 0 
1I0-tOOATM 
HzO SOLVENT 

(4) DIACETOXYBUTENE FROM BUTADIENE 80-100'C Pd-Te/C; 90"10 

t ·2HOAc 
20 pIIg Pd(oAclz-

C4H6 + il2 Oz --- ACOCHZCH -CHCHZOAc Cu(OAc'2-
-H2O 

LiOAc 

a) Data from reference 11. 
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PdC142~C2H4 
(15) 

CI-

[Pd C2H4CI3]-

TABLE 2. OXIDATION OF HIGHER MONO-OLEFINS IN AQUEOUS 
SOLUTIONS OF THE PdCI2-CuCI2 CATALYST SYSTEM 

Olefin Temp. Time (min) Product Yield(~l 

I-Butene 20 10 2-Butanone 80 
I-Pentene 20 20 2-Pentanone 81 
I-Hexene 30 30 2-Hexanone 75 
I-Heptene 50 30 2-Heptanone 65 
1-0ctene 50 30 2-0ctanone 42 
I-Nonene 70 45 2-Nonanone 35 
I-Decene 70 60 2-Decanone 34 
Cyclopentene 30 30 Cyclopentanone 61 
Cyclohexene 30 30 Cyclohexanone 65 
Styrene 50 180 Acetophenone 57 

a) Data from reference 12. 
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ALL YLIC OXIDATIONS OF OLEFINS 

Other synthetically important pathways are available to palladium(II) a
olefin complexes which produce not vinylic but allylic oxidation 
products. (13) The pathway which predominates can be controlled by the 
nature and environment of the Pd(II) complex which is used as the 
catalyst. For example, palladium acetate or palladium chloride can 
catalyze predominant vinylic oxidation, eq. 16a(1,2) or predominantly allylic 
oxidation if a poorly coordinating weak base is added to assist proton 
removal, eq. 16b(14-17). On the other hand, palladium trifluoroacetate 
gives predominant allylic oxidation eq. 16c. It has been suggested that 
Pd(II) complexes with strongly electron withdrawing ligands are highly 
electrophilic and oxidatively add an allylic C-H bond, resulting ip. Pd(IV) 
lI'-allyl intermediates(18). Thus, although isopropenyl acetate is the 
predominant product of the palladium acetate-catalyzed oxidation of 
propylene in acetic acid, addition of excess sodium acetate increases the 
allyl acetate yield markedly(16). When palladium trifluoroacetate is used 
as the catalyst, high yields of allyl acetate are formed(19). 

Finally, another route from coordinated olefin to catalytically active lI'-allyl 
intermediates proceeds via oxidative addition to a coordinatively 
unsaturated palladium(O) center(20-23). Heterogeneous palladium catalysts 
are known to activate the C-H bond of a-olefins, and hence one can 
envision an efficient catalytic oxidation of a-olefins to produce allylic 
products, eq. 17, 18(13). 

OR OR 

(j - ~ 
/. /Pd H H 

Q. X 

'1 --"" \l 
b. 
~ ~R~ - ~ 

H ,...Pd (16) 
Pd x 
1\ RO 

~ ~~ X X ~ f I RO-
X-Pd-H ~ 

I -HX ~ 
x I 

X-Pd 

(17) 
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H H 
-1-..!-

~H 
\ -- (18) 

Reaction 17 (HY = HOAc, HOH) occurs over heterogeneous palladium 
catalysts under mild conditions in the liquid· phase to give high yields of 
allylic oxidation products(13). An efficient catalyst for these reactions is 
10% palladium on carbon, Table 3. When HY is acetic acid, allyl acetate 
is the major product, Table 4, and when HY is water, acrylic acid is 
produced in high yields, Table 5. Presumably in the latter case allyl 
alcohol is the initial product which is rapidly converted to acrylic acid on 
the surface of the catalyst, eq. 19. 
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TABLE 3. PROPYLENE OXIDATIONS OVER SUPPORTED PALLADIUM 
CATALYSTS IN WATER aJ 

Gas Uptake Sei. to Acrylic Acid 
Catalyst MoiLg. atom PdLhr Wt. % in Liguid 

1% Pd-C 12.4 31 

5% Pd-C 10.8 72 

10% Pd-C 10.1 88 

20% Pd-C 7.5 91 

5% Pd-AI20 3 4.2 78 

5% Pd-Si02 0.8 

a) One gram of the catalyst and 30 ml of water were added to a Fisher
Porter aerosol tube, flushed 3 times with propylene and heated for 30 
minutes at 65°C under 50 psig of propyl~ne. The propylene was then 
replaced with 100 psi of a 60/40 02/C3 - gas mixture and stirred for 
"'5 hours. As gas was consumed, it was continually replaced with the 
60/40 mix. Liquid products were analyzed by standardized GLPC. 

b) Data from reference 13. 

TABLE 4. PALLADIUM CATALYZED OXID~TION OF PROPYLENE 
TO ALLYL ACET ATEa 

NaOAc Activation Acetate Wt. % in Product Allyl 
moles/I. Time, Min. Allyl i-Propenyl Acetate, % 

0.0 0 1.69 1.70 29.9 

0.167 0 1.89 1.75 39.1 

0.333 0 5.79 1.65 69.7 

0.0 15 4.94 0.83 85.6 

0.167 30 16.04 1.71 90.6 

0.333 30 17.57 0.98 94.7 

0.500 30 17.40 0.38 97.9 

0.667 30 18.57 TR >99.0 

a) Glacial acetic acid, 30 ml, and 10% Pd-C, 0.1 gram, were charged to a 
100 ml Fisher-Porter aerosol tube, flushed 3 times with propylentL and 
activated under propylene for the designated time. A 65/35 C3 - /02 
mixture was then added and the reaction allowed to proceed for I) 

hours at 65°C. 
b) Data from reference 13. 
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In order to achieve high reaction rates and selectivities the supported 
palladium catalyst is first treated with propylene in the absence of oxygen. 
A stoichiometric reaction ensues, likerating acetone (HY=H2,0) and 
presumably, creating an active Pd(O) center eq. 20 which can oXIdatively 
add propylene to form a lr-allyl complex, eq. 21(13). 

"Pd 0" + ~ .--. Pd 

~ 
I 

Pd + ~ --+ Pd 

+ 
o 

A 

H 
I 

Pd 

(20) 

(21) 

If the surface of the palladium catalyst.Js oxidized by contact either with 
a strong oxidant such as Mn04-, S °8-, NO -, or even molecular oxygen 
at high temperature, prior to reac~on, it is 1-ound that vinylic oxidation 
either competes or predominates over allylic oxidation. The presence of 
halide ion also promotes Wacker Chemistry to the virtual exclusion of 
allylic oxidation, Table 5. These observations suggest that the active 
catalyst for allylic oxidations may be low oxidation state palladium, and 
that conditions or reagents that cause higher oxidation state palladium to 
be formed on the catalyst surface lead to vinylic oxidations. 

Thus, by properly activating the catalyst in water, by propene exposure 
prior to oxidation and by conducting the reaction in the presence of the 
radical inhibitor BHT which suppresses radical oxidation or polymerization 
of the reaction' product, it is possible to smoothly oxidize propylene to 
acrylic acid in greater than 90% yield, eq. 22 (13). 

Turnover numbers exceed 4 moles acrylic acid produced per gram atom of 
palladium per hour under these conditions. No leaching of catalyst into 
the aqueous phase was detected and a clear water-white solution was 
obtained on filtration which exhibited no activity toward oxidation under 
reaction conditions in the absence of added catalyst. Thus, palladium on 
carbon is an efficient, long-lived catalyst for the selective generation of 
acrylic acid from propylene in aqueous solution under very mild conditions. 

to% Pd/C 

CH2 =CH- CH3 + 312 02 650C~~TBARS ~ CH2 =CH-C02H (22) 

>900/0 
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In a similar manner, propylene was converted to allyl acetate, Table 4, 
and either cis- or ~-2-butene gave a mixture of branched and linear 
allylic acetates(13). 

Butene-I, cis- and trans-butene-2 and isobutylene were oxidized over 
supported palladium catalysts, both in water as well as in acetic acid. 
Butenes gave crotonic acid in water but the a,p-unsaturated ketone and 
aldehyde were also major products, eq. 23. Isobutylene gave considerably 
more methacrolein than methacrylic acid, eq. 24. Perhaps the 2-methyl 
group causes desorption of the intermediate from the surface before it 
oxidizes further to the acid. 

(23) 

(24) 

In all cases it seems that although soluble palladium(II) complexes 
generally produce vinylic oxidation products, allylic oxidation products can 
be made to predominate under the following conditions: a) the presence 
of a weak base, b) highly electron withdrawing ligands on the palladium 
or c) the use of a supported metal catalyst capable of activating allylic C
H bonds, which is maintained in a low oxidation state. 

OXIDATION OF AROMATIC SUBSTRATES 

Just as the oxidation state of the palladium catalyst is important for 
alkene oxidations it is also a critical determinant of the reaction pathways 
of palladium-catalyzed oxidations of aromatic hydrocarbons. Palladium 
acetate catalyzes the oxidation of aromatics by strong oxidants in acetic 
acid to give aryl acetates and coupling products under mild conditions, eq. 
25(24,25). It has been suggested that this reaction proceeds via 
electrophilic attack by Pd(OAc) on the aromatic ring to give a 
palladium(II) aryl intermediate, eq. ~6, which can either oxidize to give 
phenyl acetate or couple to give biphenyl (26,27). This mechanism is 
supported by the observations that: a) partial rate factors for oxidation 
of substituted aromatics are consistent with electrophilic palladation of the 
ring, b) isotope effects for forming both phenyl acetate and biphenyl are 
the same suggesting a common intermediate, and c) the phenyl 
acetate/biphenyl ratio is proportional to the concentration of strong 
oxidant used. 
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[Ox] o Pd~:;'2. OOAc + 0-0 (25) 

[Ox] I C6H5Pd (Jll')(OAch ~ C6H!OAC 

Pd(OAc)2 

-HOAc 
C6H6 + Pd (OAc)2 .. C6H5Pd (D)OAc (26) 

~ F\F\ -HOAc (C6H5)2 Pd (D)--+ ~ 

It would be of practical synthetic interest to carry out these reactions 
using air or oxygen as the oxidant rather than requiring stoichiometric 
consumption of expensive strong oxidants. Oxygen was successfully used 
as the oxidant for reaction 22 at high temperature but selectivity was 
poor(28). In this case both Pd(OAc)2 and supported palladium catalysts 
were used. 

Heteropolyacids, especially those containing vanadium are known to be 
rather strong oxidizing agents(29). The oxidation potential rises as the 
vanadium content increases and thus heteropolyacids such as 
H PM06 V 60 and Hl PM04 V 0 40 are good candidates for promoting 
ps'ladium ca~!\yzed oXIdation 0' aromatics(29). Not only might they be 
able to oxidize Pd(II) aryls, but the reduced form can be re-oxidized with 
oxygen in aqueous solution eq. 27. Therefore they might provide a 
catalytic cycle for air oxidation of aromatics under mild conditions. 
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t (27) 

Table 6 sh~ws the Il;tten;tpt to use the ~eteropolyacid, Hn PMo4 V sO 0 as 
a strong oXIdant whIch IS regenerable wIth molecular oxygen for tHe ~lrect 
palladium catalyzed oxidation of benzene under mild conditions. It can be 
seen from this data that, although some ring oxidation occurs, selectivity 
is poor unless excess sodium acetate is added. Added acetate does not 
increase the yield of ring oxidation product, but rather inhibits the 
production of biphenyl. This may be due to increasing the coordinative 
saturation about the palladium which could have a far greater retarding 
effect on dimerization than oxidation eq. 2S-30. 

ArPdOAc + 2KOAc (2S) 

[Ox] 
) K2Pd(OAc)4 + ArOAc (29) 

ArH 
(30) 

In any case, in the absence of the heteropolyacid, only a small (sub
stoichiometric) amount of biphenyl was formed and no phenol or phenyl 
acetate was detected. Ring oxidation reguired the strong oxidant. Thus, 
it appears that in order for ring oxidation to occur, the palladium(II) aryl 
intermediate must be oxidized. Strong oxidants or forcing conditions are 
therefore necessary. 

Little work has been done on the acetoxylation of substituted aromatics 
using molecular oxygen as the oxidant. We have explored the palladium
catalyzed oxidation of phenyl acetate as a route to derivatives of the 
industrially important dihydroxyaromatics: catechol, resorcinol and 
hydroquinone. We were interested in finding conditions under which 02 
could be used as the oxidant and in determining those factors whicfi 
controlled acetoxylation and those which controlled dimerization. 

Palladium acetate was found to catalyze the oxidation of phenyl acetate at 
145°C using SOO psig of an oxygen-containing gas, eq. 31. Phenylene 
diacetates and diacetoxy biphenyls were formed as major reaction products. 
Although the three possible phenylene diacetates were formed, only two of 
the six possible diacetoxybiphenyls were produced in significant quantities: 
2,£!'-diacetoxybiphenyl and 2,2'-diacetoxybiphenyl. 
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TABLE 6. OXIDATION OF BENZENE USING PALLADIUM CATALYSTS 
PROMOTED WITH A HETEROPOLY ACID a 

Ring Oxidation 
NaOAc [PhOH+PhOAc] Biphenyl Ring Oxid'n 

CatalystCmmolesl mmoles mmoles mmoles Selec.,% 

Pd(02CCH3)2(0.44) 0 2.05 4.10 33 

12 1.98 1.37 59 

36 1.51 0.17 90 

Pd(02CCF 3)2(0.30) 36 1.58 0.23 87 

PdCl2 (0.56) 36 1.27 1.38 52 

Pd(HPA-8) (0.48)b 36 2.63 0.30 90 

a) 

b) 

Benzene, 50 mmoles, was added to a solution of the Pd complex and 
0.5 mmoles of Hn PMo 4 V 8040 in 3 ml water and 25 ml acetic acid. 
The solution was stirred at 120°C under oxygen, 100 psi, for 6 
hours. 

PdHgPM04V8040 was the catalyst; HnPM04V8040 was not added 
to tn1s run. 

OAe 

6 Pd(OAe)2 

HOAe ~~ 
OAc 

+ Q-Q (31) 

OAc OAe 

As expected, ring oxidation increased both with temperature and oxygen 
partial pressure. It is interesting to compare this pressure effect with the 
increase in ring acetoxylation on increasing oxidant concentration in the 
Pd(OAc)2 catalyzed oxidation of benzene in acetic acid, Table 7. The 
fact that higher temperatures and greater oxygen partial pressures favor 
acetoxylation relative to oxidative dimerization is consistent with the 
requirement that palladium be in a higher oxidation state for acetoxylation 
than for oxidative dimerization in cases where molecular oxygen is the 
oxidant. 

Just as was found in the case of benzene oxidations, the presence of 
alkali acetate had little effect on the rate of acetoxylation at low partial 
pressure of oxygen, but had a pronounced inhibiting effect on oxidative 
dimerization. 
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Thus, those conditions which favor acetoxylation over oxidative 
dimerization are high temperature, high oxygen partial pressure, high 
acetate ion concentration, and low phenyl acetate concentration. Under 
these conditions, (175°C, 320 psi 02' 0.78M PhOAc) selective acetoxylation 
occurs. The molar ratio of the phenylene diacetates to biphenyl diacetates 
formed under these conditions was 94.5/1. Unfortunately, the low phenyl 
acetate concentration, coupled with high CsOAc concentration, depressed 
the overall rate to a rather low level. 

Supported Palladium Catalyst for Aromatic Oxidation 

Since benzene can be oxidized in acetic acid using both homogeneous and 
heterogeneous palladium catalysts (28) , we compared supported palladium 
catalysts to Pd(OAc)2 for oxidation of phenyl acetate. Supported catalysts 
required temperatures of >175°C for significant activity using 02 as the 
oxidant. At these temperatures carbon was not a suitable support. 
Palladium (5%) on alumina catalyzed oxidation at high temperature 
(175°C) and high oxygen partial pressure (320 psig) to give predominant 
ring acetoxylation. Even at high temperatures over three-hour reaction 
periods, phenyl acetate conversion was low (5%); however, regioselectivity 
was considerably different from the homogeneous system. The major 
reaction product over 5% Pdf Al20 3 was 2-phenylene diacetate, eq. 32, 
with very little 2- and only traces of!!!- isomer. 

i75°C.3hrs 
500 psi 

40% 02 in N2 

ACO-Q-OAC (32) 

It has long been known that Pd(OAc)2 catalyzes the oxidation of toluene 
in acetic acid to give benzylic oxidation products(30). The catalyst 
appears to be more active when reactions are run in the presence of 
activated carbon (30) . Low oxidation state palladium has been implicated 
in benzylic oxidations(31). We have found that palladium on carbon is 
effective for benzylic oxidations under mild conditions, eq. 32, under which 
little or no ring oxidation occurs. This encourages one to speculate, in 
close analogy with olefinic systems, that over supported metal catalysts, 
higher oxidation state palladium species lead to ring oxidation, whereas 
lower oxidation state species are responsible for benzylic oxidation. 

10% Pd-C 
fOO°C 
5ATM 

(33) 
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CONCLUSIONS 

Although Pd(O) complexes can react readily with molecular oxygen, the 
peroxo complexes which form are not reactive toward un-activated olefins. 
Although olefins which are activated by electron withdrawing substituents 
react with Pd(II) peroxo complexes, generation of products in a catalytic 
manner does not occur. Palladium(II) nitro complexes catalyze the 
oxidation of olefins but it is the nitrogen atom and not the palladium 
that actually activates oxygen. Synthetic utility of these reactions may lie 
in the oxidation of higher molecular weight olefins to ketones or epoxides. 

Nucleophilic attack on a Pd(II) w--complex gives an intermediate which can 
lead to a vinylic oxidation product or its stable isomer. If carried out in 
the presence of a suitable oxidant which is regenerable in air, the reaction 
is catalytic. Allylic oxidation products also arise via palladium catalyzed 
oxidation of olefins, but these catalytic reactions have not been extensively 
investigated. Several factors favor the allylic oxidation of olefins over 
vinylic oxidation. In homogeneous solutions of Pd(II) w--complexes, weak 
inorganic bases aid formation of w--allyl complexes which give rise to allylic 
oxidation products. Strongly electron withdrawing anionic ligands promote 
oxidative addition of C-H bonds of coordinated olefin to give w--allyl 
intermediates which can undergo nucleophilic attack to produce allylic, 
rather than vinylic oxidation products. Supported palladium catalysts 
which can be maintained in a low oxidation state appear to oxidatively 
add a-olefins to produce w--allyl surface species and give allylic oxidation 
products, whereas the addition of strong oxidants, chloride ion or use of 
forcing conditions promotes formation of vinylic oxidation products over 
these catalysts. 

Palladium catalyzed aromatic oxidations proceed in two distinct directions-
ring oxidation or oxidative coupling. In solution, oxidative coupling seems 
to be favored by low oxidation state [Pd(II) ~ Pd(O)] catalysis, whereas 
ring oxidation is favored by high oxidation state [Pd(IV) ~ Pd(II)] 
systems. Alkyl aromatic compounds may undergo competitive oxidation at 
the alkyl side chain. Benzylic oxidation is favorred by low oxidation state 
palladium. 

By applying oxidation state considerations it is possible to direct both the 
oxidation of olefins and aromatic hydrocarbons in synthetically useful 
directions. Although much more refinement is needed, it is becoming 
possible to direct olefins along new and interesting aHylic oxidation 
pathways and to promote selective aromatic oxidations using palladium 
catalysts. 
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OXYGEN ACTIVATION AND OXIDATION REACTIONS 

ON METAL SURFACES 

Robert J. Madix 

Department of Chemical Engineering 
Stanford University 
Stanford, CA 94305 

Over the years we have developed ways of dissecting the kinetics and 
mechanisms of increasingly complex reactions using metal single crystals in 
ultra high vacuum as model reaction systems, and I would like to discuss 
that work today, particularly with regard to oxidation processes. The 
strengths of this approach primarily lie in the ability to dissect mechan
istic processes and determine the activation energies, frequency factors, 
and rate-limiting steps for reactions of metastable intermediates. The 
major difficulties arise in attaching relationships between the structure 
of these intermediates to their reactivity; structure of surface species is 
currently very difficult to determine. We do not have the equivalent of 
NMR, so it is painstaking, as I think you will see, to begin to understand 
the relationship between the disposition of bonds with respect to the metal 
atoms on the surface and the reactions taking place. We are, however, 
beginning to make some progress there, as well, and I find that most 
exciting. 

Oxidation reactions on surfaces can, in principle, proceed via reac
tions with either adsorbed dioxygen or atomic oxygen. There is relatively 
little work that has been done with molecular oxygen on metal surfaces. On 
several metal surfaces, states of dioxygen have been identified at temper
atures near 100 K [1-8]. On silver at lower temperatures a very weakly 
perturbed form of dioxygen forms with very high collisional efficiencies 
[4]; it is effectively a physically absorbed species with a very weak 
binding energy, and the moment of inertia of the molecule as measured by 
rotational spectroscopy is essentially the same as the gas phase. This 
species is very weakly bound and probably has no chemical significance 
except that it may act as precursor for dissociation, in which a molecule 
colliding with the surface becomes trapped in this state and hops around 
the surface before ultimately dissociating. 

At approximately 100 K, it is possible to form a state of dioxygen on 
palladium, platinum and silver in which the 0-0 bond remains intact, as 
shown by oxygen isotope exchange experiments. This surface dioxygen com
plex has a very low 0-0 stretching frequency compared to the gas phase 
[2,3, 5,8]. Clearly electron charge transfer from the metal into the 
species occurs which strongly reduces the 0-0 bond strength. In fact, the 
frequencies correlate with a bond order of roughly one on Ag(llO) and 1.5 
on Pt(lll); the bond 0-0 order is thus substantially lowered in these 
surface complexes. 
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On the more reactive metals, e.g., palladium, in order to form this 
dioxygen state, one must first dissociate the dioxygen; in the presence of 
adsorbed atomic oxygen the dioxygen species is stable [8]. All of these 
species show a relatively low activation energy for conversion into the 
dissociated form or for desorption. This value is about 8 kilo calories, 
and the complexes are, therefore, unstable above 140 K in ultra high vacuum. 
It is notable that to date, although there have been very few reactions 
tried, no reactions of these species have been observed for a variety of 
molecules, including formic acid and ethylene [9]. They seem to be rela
tively unreactive species. There is an experimental problem with such 
studies, however, because the dioxygen species is only stable up to 140 K 
and these reactions must therefore be conducted at very low temperature. 
Apparently there is an activation barrier for the reaction of dioxygen so 
that reactivity cannot be accessed under normal laboratory conditions with 
room temperature gases and a cold surface in ultra high vacuum. One simple 
displacement reaction has been studied; namely, the displacement of O2 by 
carbon monoxide on Pd(lOO), which is more strongly held than the dioxygen 
[7]. This displacement occurs at 80 K, again reflective of the very weak 
surface bond energy of the dioxygen species. 

It is of interest to understand as much as possible about the structure 
of the species. Dioxygen has been proposed as the unique intermediate for 
the selective oxidation of ethylene to ethylene oxide on silver surfaces. 
The mechanism for this reaction is still not understood. This question has 
been discussed in the literature for years, and the issue is whether dioxy
gen or atomic oxygen, or both, is responsible for the selective oxidation. 
The answer is not yet known. Since adsorbed dioxygen may be an important 
reaction intermediate, I want to present the results of recent studies of 
the structure of dioxygen species on Ag(llO) and Pt(lll) utilizing synchro
tron radiation [10]. Synchrotron radiation is, of course, tuneable in 
energy; a soft X-ray photon beam can be tuned over a rather wide range. 
Further, the electric field vector of the light is fixed in space, since it 
is a linearly polarized source, and the relative orientation of the electric 
field vector and the surface can be varied at will. When the electric field 
vector points along the internuclear axis, electronic transitions from the 
oxygen Is core level to u* orbitals are produced at an energy which is char
acteristic of the bond length. Furthermore transitions from the carbon Is 
core level to the "* system occur when the electric field vector is perpen
dicular to the internuclear axis. These effects can be used to probe the 
orientation of the internuclear axis to obtain the bond length and to see 
whether or not the "* orbitals are fully occupied [11.12]. If the adsorbed 
dioxygen posesses an 0-0 single bond due to charge transfer from the metal 
to fill the "* orbitals, a transition to the "* orbitals would not be ob
served; only a u* resonance is expected. The feature in the spectrum would 
be due solely to a transition from the oxygen 1s to the u* along the inter
nuclear axis. This method is referred to as near edge X-ray absorption fine 
structure (NEXAFS). 

The si1ver(ll0) surface is a surface with close-packed rows of silver 
atoms in one direction separated by a space. The surface looks like a 
plowed field near Texas A&M with close-packed rows of atoms running in one 
direction with furrows between. This arrangement is shown schematically in 
figure 1, which gives the NEXAFS results for dioxygen on Ag(llO) for several 
orientations of the electric field vector of the light with respect to the 
surface [10]. When the electric field vector, E, is in the plane of the 
surface, 8 is 90°; when it is nearly perpendicular to the surface it is 10°. 
The transition observed is from O(ls) to u*. In the 10° spectra with E 
along the close-packed direction there is essentially no resonance, and, 
therefore, no transition occurs to the u* orbital along the internuclear 
axis. In some cases shown there is a small transition observed when the 
electric field vector is perpendicular to the surface (8 - 90°). However, 
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the largest transition intensity occurs with the electric field vector in 
the plane of the surface pointing along the close-packed direction. The 
small peaks shown at different orientations of the electric field vector are 
due to non-perfect polarization of the photon beam; that is, there is a 
small component of the field perpendicular to the primary component; there 
is not 100% polarization. The conclusion is that the dioxygen species lies 
in a plane parallel to the plane of the Ag(110) surface with its 

02/Ag(110) NEXAFS 

I I I I I I I 

* Uo-o ~ t-ey~ 
~[OOI1 

[1~ ~ 
[fio] 90 

10 

[001] 90 

10 

520 530 540 550 560 
Photon Energy (eV) 

Figure 1. Oxygen K-edge NEXAFS spectra for O2 on Ag(110) at 90 K 
as a function of polar and azimuthal E orientations. The 0-0 u* 
peak at 532.6 eV is strongest when E lies along the 0-0 bond direc
tion which occurs when E is along the [liO) asimuth and parallel to 
the surface (8 - 90°). The line at 529.3 eV marks the O(ls) bind
ing energy relative to the Fermi level for O2 on Ag(110). 

internuclear axis along the close-packed direction, most likely sitting in 
the furrows. The 0-0 bond distance can be obtained by correlating the 
transition energy with that observed for dioxygen and peroxy compounds in 
the gas phase (10). The transition energy clearly shows that this is an 0-0 
single bond, very much like peroxides. The absence of a transition to the 
w* system is consistent with the w* orbitals being full. For the dioxygen 
species on platinum, however, there is a sharp w* transition, and the 
position of the u resonance indicates a bond order of about 1.5 (10). 
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I would now like to turn my attention to the reactions of atomic oxygen 
on surfaces and to the general state of understanding of the mechanism of 
heterogeneous oxidation reactions. I will rely considerably on a tempera
ture programmed method that we have developed which determines the reaction 
energetics. The concept is really very straightforward [13]. Initially the 
surface is held at some initial temperature, To' and a reactant is adsorbed. 
T is intentionally lower than the temperature of the reaction to be 
s~udied. As the surface is then heated linearly in time, temperatures are 
reached at which certain reaction channels "ignite." Basically, the evolu
tion of products from the surface due to the reaction rates for different 
reactions is observable at different temperatures as the temperature is 
ramped, since they possess different rate constants, and the products 
resulting from different elementary reactions are separated in time by the 
programmed heating. With the crystal in the evacuated region, the products 
are observed directly in line of sight with a mass spectrometer. A quad
rupole mass spectrometer is driven and processed by a microcomputer to 
multiplex up to 200 masses simultaneously with a one second time resolution 
to record all the products during the temperature ramp. This multiplexing 
is essential for reactions of any complexity, because a cracking fraction 
analysis must be done to identify the separate products. The temperature at 
which products appear must then be compared to the desorption temperature 
expected for that molecular species itself in order to discern whether the 
rate of reaction 2n the surface or the simple detatchment of the product 
molecule itself fxQm the surface is being measured. Let us suppose, for 
example, that a reaction product being observed is carbon monoxide. The 
temperature at which it appears from the reaction must be compared to the 
temperature at which it desorbs if it itself is adsorbed alone. In the 
latter experiment, the binding energy of carbon monoxide to the surface is 
measured, whereas in the former experiment the activation for its appearance 
due to reaction is determined. If the carbon monoxide evolves at a temper
ature higher than expected from its characteristic binding energy with the 
surface, the rate of a surface reaction, and not simply the rate of its 
desorption, is being measured [14]. 

Obviously, isotopically labelled molecules can be employed to reveal 
mechanistic details. For example, with an oxygen-deuterated phenol (OD) , 
deuterium and hydrogen would be evolved at different temperatures, each of 
these being characteristic of a different reaction channel. For example, 
the rate of D2 evolution could be characteristic of the barrier to O-D bond 
breaking or of the D atom recombination on the surface to form D2 subsequent 
to that bond breaking. The temperature of H2 evolution could correspond to 
C-H bond breaking. By quantitatively determining the products in each chan
nel the surface species can be identified and then studied with a variety of 
electron spectroscopies to refine the understanding of their structure and 
bonding. 

An example that is now well understood is illustrated in figure 2. 
Deuterated formic acid was deposited on a copper(llO) surface at approxi
mately 150 K and heated, and the temperature programmed reaction spectrum is 
shown here [IS]. The first species to appear is the formic acid molecule 
which simply desorbs intact. This peak temperature can be used to calculate 
the binding energy of that species to the surface. The next product to 
appear is hydrogen (H2 ) which is the result of a desorption-limited step; in 
other words, the rate at which it evolves is determined by recombination of 
hydrogen atoms, not O-H bond cleavage. The rate of H2 evolution from DCOOH 
is identical to that obtained if H atoms alone are adsorbed on the surface. 
Knowing this step we can clearly deduce tha~ initially formic acid was acti
vated by O-H bond breaking to leave an intermediate on the surface. At 
higher temperatures (475 K) a reaction channel is apparent in which solely 
deuterium and CO2 are evolved. These two products have exactly the same 
peak shape and peak position, signifying they have precisely the same rate 
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vs. temperature behavior. They are precisely simultaneously evolved, and 
they must come from a common rate-limiting step. From that fact and by 
quantitatively determining the amount of these two products formed, it can 
be very straightforwardly deduced that the intermediate is a surface for
mate. For the spectroscopists who doubt the power of such techniques, other 
spectroscopies can be used to interrogate the nature of the intermediate. 
Also shown in the figure is the vibrational spectrum which was taken after 
annealing the surface to about 400 K [16]. The spectra clearly show the C-H 
stretch, the symmetric o-c-o stretch, the bending mode for the O-C-O linkage 
and the vibration of the surface bond between copper and oxygen. The asym
metric stretch is very small because in electron energy loss vibrational 
spectroscopy dipole moments parallel to the surface are screened, and 
consequently the asymmetric stretch parallels the surface. The general 
orientation of the formate intermediate on the surface can be deduced from 
such information; it is a bidentate rather than a monodentate form. A 
significant amount can be learned about the nature of surface reaction 
intermediates by combining these methods. It must be emphasized that the 
temperature of these peaks allows one to directly calculate the activation 
energy and frequency factors for all the reaction-limiting steps. 
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Figure 2. Temperature programmed reaction spectrum (TPRS) for formic 
acid reaction with Cu(110). Each step in the reaction DCOOH - H(a) + 
D + CO2 is revealed by product evolution into the evacuated gas 
p~~'e as the surface complex is heated. Simultaneous formation of CO2 
and D2 at 480 K is clear indication of the DCOO intermediate. The 
vibrational spectrum for the formate existing b~t~een 300 to 480 K is 
shown in the inset. The absence of the asymmetric O-C-O stretch 
indicates bidentate or che1ating bonding to the copper atoms on the 
surface. The combination of these spectroscopies makes it possible to 
determine both chemical and structural identity. 
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Considering oxidation reactions on metals at relatively modest tempera
tures, it is nearly obvious that metals which form strong bonds with oxygen 
are unlikely to be effective oxygen transfer agents, since in these cases 
the oxygen would prefer to bind to the metal to form an oxide. Rather, sur
faces which reversibly bind oxygen, in other words, that dissociate the 
molecule but give it up via recombination relatively easily, are preferable. 
For example, cobalt, nickel and copper all form very stable oxides. The 
oxides of rhodium, palladium, and silver become less stable in the direction 
from left to right in the periodic table, and similarly for iridium, plat
inum and gold from left to right the oxides are less stable. The oxygen 
atoms bound to single crystals of these materials in ultra high vacuum yield 
dioxygen by recombination and the respective temperatures for this reaction 
agree roughly with the temperatures at which the corresponding bulk oxides 
decompose. Thus, the bulk oxide stability can be used as a rough measure of 
the reversibility of oxygen adsorption on metals. The metals that exhibit 
significant reversibility are useful as oxidation catalysts; platinum and 
palladium are extremely useful for complete oxidation. Platinum is used in 
the auto exhaust emissions control muffler systems, because complete 
combustion is desired, whereas silver is commonly used for with partial and 
selective oxidation. Silver has the weakest oxygen-metal bond energy except 
for that of gold. 

It is possible to identify general chemical properties of adsorbed 
atomic oxygen on metals and to relate these properties to the mechanism of 
oxidation [13,17,18]. Basically, oxygen has three very important char
acteristics on silver. First of all it acts very much like a strong base. 
In general, consider a protypical hydrogen-containing molecule, BH, as a gas 
phase acid. Atomic oxygen on silver very readily accepts the proton from 
the acid to form hydroxyl groups and the adsorbed conjugate base. There is 
also definite charge transfer from the metal to the adsorbed conjugate base; 
they are not neutral. This generic class of reactions is an absolute 
predictor of activation of a variety of substrates. 

The second important property is that adsorbed atomic oxygen is a 
strong nuc1eophi1e; it attacks electron deficient centers in molecules to 
form the corresponding intermediate [19,20]. For example, aldehydes are 
attacked to form RCH0 2 • These intermediates are very metastable, and the C
H bond is very facilely broken. Through this mechanism surface carboxylates 
are formed from aldehydes; in fact, this reaction is partially responsible 
for degradation of selective oxidation processes on silver when the desired 
product is an aldehyde. 

The third property, which is somewhat more subtle but has a very im
portant effect in directing selective oxidations, is that oxygen imbues the 
neighboring metal atom with a Lewis acidity [21,22]. The adsorbed oxygen 
is, of course, electronegative, withdrawing electrons from its immediate 
vicinity. At the silver atoms neighboring the oxygen, the electron charge 
density is somewhat lower than it would be were the oxygen not there. This 
has the effect of increasing the bonding energy of electron donors to the 
metal in the vicinity of oxygen. Quite often the gas phase acids referred 
to earlier possesses an electron-rich center which helps direct the gas 
phase acid onto a binding site that is favorable for direct proton transfer 
to the surface oxygen. These two acidity properties work in a cooperative 
way to produce very selective proton transfer. In the absence of the 
oxygen, hydrogen is not be transferred to the surface; the oxygen is the 
activator for these reactions. 

The oxidation of acetonitrile on Ag(110) is an interesting example of 
the acid/base properties of oxygen [14]. This study was motivated by our 
desire to see whether or not we could abstract protons from methyl groups 
via adsorbed oxygen atoms. This reaction does not occur with ethane since 

258 



ethane is a very bad gas phase acid, whereas acetonitrile is a rather strong 
gas phase acid because of the presence of the nitrile group. The oxygen 
activity for activation of the methyl grous in ethane and acetonitrile thus 
should offer an interesting contrast if the gas phase acidity is the 
important correlating property for reactivity. 

CH3CN/AgliIOl-O 
Producl Distribution: t5L CH~N .. 0.1 MLC\al 

100 

510 
I 

HeN /\ .2 ~,,,,,t I\"'~~ ~ 27 

~250 

52 

.. , 

Figure 3. TPR spectrum for a 15 L dose of CH2 CN at 140 K to the 
Ag(110) surface covered with 0.1 ML oxygen atoms. Products were 
CHsCN (m/e = ~t), H20 (m/e - 18), and HCN (m/e = 27). A heating 
rate of 5 K s was used. 

An Ag(110) surface was covered with one tenth of a monolayer of oxygen 
and then enough acetonitrile was deposited at 100 K to actually build up two 
or three layers condensed on the surface. The evolution of different prod
ucts was then followed while heating (figure 3). There are clearly several 
channels for the evolution of acetonitrile from the surface. At low temper
ature molecular acetonitrile is evolved (the a and a 2 states) and no bonds 
have been broken, it simply desorbs when heated. This as state is a molec
ular state of acetonitrile which is stabilized by the presence of surface 
oxygen and is indicative of the Lewis acid inducing capacity of atomic oxy
gen. It produces a stronger binding state for the acetonitrile, presumably 
due to electron donation from the ~-system. At higher temperatures a number 
of products form. The water peaks are indicative of the extent of the ini
tial reaction between acetonitrile and the surface oxygen. The feature at 
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250 K is the result of desorption of molecular water and signifies that ini
tially acetonitrile reacts with surface oxygen to form molecular water on 
the surface. There is another water peak at 320 K which is due to hydroxyl 
disproportionation [23] indicative of direct proton transfer. Water is also 
evolved at 420 K with some acetonitrile due to reaction with oxygen left 
behind in hydroxyl disproportionation. HCN is formed at 510 K as follows. 
First partial dehydrogenation of the methyl group occurs to form a -CH2 CN 
which disproportionates to make HCN and CHaCN near 500 K. It is clearly 
easy to activate that methyl C-H bond by preabsorbed oxygen whereas that is 
not possible with ethane. In detail, the -CH2 CN dehydrogenates at 480 K to 
form -CHCN and adsorbed hydrogen atoms. The H atoms react with -CH2 CN to 
form CHaCN. The CHCN reacts to form HCN and adsorbed carbon atoms. This 
mechanism is verifiable with vibrational spectroscopy and acid displacement 
reactions. In the vibrational spectrum the methylene CH2 wag appears as a 
very strong vibrational loss in the spectrum. In fact it is so large that 
it suggests that the CN group is lying parallel to the surface with the two 
C-H bonds protruding at an oblique angle from the surface. 

The surface -CH2 CN group can be isolated by exposing the oxygen pre
dosed surface to acetonitrile and then heating to 350 K to drive off the 
molecular acetonitrile and all of the water. It can then be exposed to 
deuterated formic acid. The carboxylic acid is a stronger acid than is 
acetonitrile and deuteron transfer from the carboxylic acid to the surface 
intermediate occurs. Heating the surface then yields the singly deuterated 
molecular acetonitrile and the formate; the formate actually falls apart to 
give CO2 at 410 K, a well characterized reaction. It is clear that the 
intermediate is displaced by the stronger acid and that it is -CH2 CN. 

Table 1. Relative stabilities of surface intermediates as deter

mined by the displacement reaction B(a) + B'H(g) + B' (a) following 

formation of B(a) by quantitative titration of O(a) by 'BH(g); pK(a) 

negative logarithm of the acidity constant. 

QrdE!r of HO acid (gas phase) DOCB-H) Identifying products in TPRS 
St.ability of B(a) 8H(g) (keal/mol) pK. (keal/mol) (characteristic: temperature. K) 
D(a) on Ag(llO) 

I, 2 HCOO RCOOH 345.2 3.7 112 CO2 (420) 

C"3eOO C"JCODH 348.5 4.8 112 CO2 (650) 

C2"50 C2"50H 376.1 17 104 C"3eRD (275) 

C2H C2"Z 375.4 26 120 C2H2 (270) 

C"30 C"30H 379.2 15.5 104 "ZeO (300) 

6, 7 e3"S C3"6 390.8 35 89 

OH H2O 390.8 15.7 119 .20 (320) 

Titrations of this sort are stoichiometric displacements of a weaker 
acid by a stronger acid. Generally, one can utilize a wide variety of these 
gas phase acids, including amines, to make corresponding surface intermedi
ates by selective oxygen activation of that species. This intermediate can 
then be exposed to another acid, etc., to see whether forward and/or reverse 
reactions occur in order to assign a relative stability scale of the inter
mediates on the surface [13,24,25]. All of these species have their own 
characteristic sets of products when they are heated, and it is easy to 
discern whether or not one has displaced the other, When such a series of 
experiments is performed, the hierarchy of stability shown in table 1 is 
revealed. The carboxylic acids indeed are the strongest, propylene and 
water are two of the weakest. A number of species do not react at all; 
hydrogen, ethylene, and ethane are thus clearly weaker acids than even the 
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weakest of the group that react. The relative stabilities of the intermed
iates do not correlate very well with the overall rankings of their aqueous 
acidities; in fact, they correlate well with the gas phase acidities. 
Neither do they correlate with bond energies. The message here is that the 
formation of the surface species involves charge acceptance from the sur
face; they are anionic to some degree and thus their relative stabilities 
correlate well with gas phase acidities. Of course, a large contributing 
factor to the gas phase acidity is the electron affinity of the conjugate 
base in the gas phase. The electron affinities can run from 2 to almost 80 
kca1/mol, producing acidities compared to the relative bond energies, for 
example [26]. 

It is important to examine how these general chemical characteristics 
of adsorbed atomic oxygen carryover to other metals. The first question is 
how they carryover to the other group IB metals, copper and gold. The 
extension to these metals is really quite straightforward with some subtle 
differences. First of all, copper itself activates some bonds without 
oxygen. It activates O-H bonds in carboxylic acids and alcohols, so it 
already has an inherent reactivity which is higher than that of silver. On 
the other hand, the presence of oxygen on the surface facilitates direct 
proton transfer and enhances the reactivity. The reactivity of adsorbed 
oxygen has the same qualitative characteristics on copper, but competing 
reaction channels take place on the metal itself. However, in the absence 
of surface oxygen, N-H bonds are not activated on copper, whereas in its 
presence they are very facilely cleaved [27]. At the other end of this 
column in the periodic table is gold. Because it does not dissociate oxy
gen, gold is a poor oxidation catalyst. In fact, when exposed to dioxygen 
above one atmospheric pressure at 600 K, pristine gold does not dissociate 
oxygen [28]. Oxygen does dissociate if there is silicon at the surface, but 
it does not if the gold is clean [29]. For this reason obviously gold is a 
poor oxidation catalyst. If, however, oxygen atoms from the gas phase are 
adsorbed on the surface, they have all the same chemical properties as on 
silver. They act as a strong nucleophile, a Bronsted base, and so forth. 
Exactly the same kind of oxygen-activated chemistry is exhibited as far as 
we can tell from our observations to date. 

Little is yet known about oxygen activated processes on the group VIII 
metals, palladium and platinum. On these surfaces oxygen is very easily 
dissociated, and it is more difficult to determine whether it has these 
special chemical properties, because these metals are very reactive, and 
they all activate C-H bonds, O-H bonds and N-H bonds. Since, however, water 
is evolved from palladium at two distinct temperatures for OHdisproportion
ation and hydrogen-oxygen recombination [32], it is possible to detect 
direct proton transfer to adsorbed oxygen. Palladium does facilitate the 
proton transfer reactions. OH groups are formed by reaction of water or 
alcohols with surface oxygen [32]. There is therefore an indication that 
the oxygen on palladium has these same characteristics; it is a Bronsted 
base and strong nuc1eophi1e, but the surface itself shows competing 
reactivity. 

With these concepts in mind it is possible to formulate two rather 
general mechanisms for catalytic oxidation on metals. The first is a rather 
simple cycle. The metal itself activates substrates by bond cleavage to 
produce molecular fragments on the surface. It also dissociates oxygen 
facilely, so that various intermediates coexist on the surface with oxygen. 
The oxygen then reacts with these intermediates to form oxidation products. 
In the limit of complete oxidation, the oxidation products are CO2 and 
water. In fact it is very difficult to conduct selective oxidation over 
such a reactive metal surface. I call this particular catalytic cycle the 
scavenger mechanism, because oxygen is effectively scavenging intermediates 
from the surface. The other mechanism, which is not so obvious, I call 
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oxygen-activated. Examples of such reactions were discussed above. For 
example, substrates can be directly activated by proton transfer to adsorbed 
oxygen to form water and a surface partially covered with an intermediate 
which then reacts by some other route to form the partially oxidized 
products. In excess oxygen, some scavenging may also occur to yield 
secondary reaction products of these species as well, but in lean oxygen 
conditions scavenging reactions are minimized. 

With studies of the type described above in ultra high vacuum, it is 
possible to elucidate catalytic cycles. For example, in the oxidation of 
methanol on copper, methanol reacts with surface oxygen to form methoxide 
groups and hydroxy1s. A second molecule of methanol reacts away the hydrox
yl group to form water, leaving the methoxy1 species on the surface, which 
then dehydrogenate to make formaldehyde and hydrogen [33]. This mechanism 
was not understood for many years until these reaction steps could be iso
lated. When isolated, the steps are very clear. There are also side reac
tions. One is a simple equilibrium between water and surface oxygen to make 
hydroxyl groups [34], which gives a side loop; water affects the surface 
oxygen concentration and it introduces another time constant in the overall 
reaction process. An important side reaction which leads to degradation of 
the product and lowering of the selectivity is the direct oxidation of form
aldehyde [35]. This reaction proceeds by nucleophilic attack of the oxygen 
on the formaldehyde itself to form H2 C02 , which dehydrogenates to make the 
formate; the formate then decomposes to yield CO 2 and hydrogen. Overall 
this cycle produces CO2 , the di1atorious side product. By such studies 
these selective oxidation processes can be rather completely understood. 
Furthermore, in each case we can identify the rate limiting step and measure 
its rate constant. This rate constant can be used as a predictor of the 
overall kinetic behavior for these catalytic cycles. 

Recently we have begun to examine competitive oxidations that involve 
more than one functional group in a molecule. A simple example is the oxi
dation of ethylene glycol [36]. First, selective oxidation of the glycol 
occurs to form a surface dia1koxide. When this intermediate is heated, it 
dehydrogenates at one end to yield -OCH2 CHO, which subsequently dehydrogen
ates to give the dia1dehyde. The reactivity pattern is predictable on the 
basis described above. There is direct evidence for the formation of 
CHOCH2 0- in the reaction spectrum. The initial reaction of the dia1koxide 
is the dehydrogenation at one end of the intermediate; the second step is 
the dehydrogenation of the second functional group to give the dia1dehyde. 
These steps can be also traced spectroscopically. Vibrational spectra taken 
sequentially with annealing from low to medium to high temperature reveal 
first the characteristic features of the dio1 (125 K), including the O-H 
stretch. Heating to 175 K drives off water and the O-H bond is lost in the 
spectrum. Heating further to partially dehydrogenate the dia1koxide yields 
the carbonyl stretch and an additional C-H stretch characteristic of the 
lower C-H vibrational stretch in aldehydes. It is clear that we can iden
tify the -OCH2 CHO intermediate and that our postulated intermediate to the 
dia1dehyde is correct. 

A most interesting C-C bond cleavage reaction occurs in the presence of 
excess oxygen. The experiments described above were conducted by first 
adsorbing approximately 0.1 monolayer of oxygen and then adding an excess of 
alcohol. In this fashion secondary oxidation reactions are suppressed. 
Different behavior could be expected were oxygen in excess; scavenging reac
tions might be expected. In fact, the excess oxygen does abstract hydrogen 
from the dia1koxide intermediate initially formed. It is very clear from 
the magnitude of the kinetic isotope effect that the reaction is rate
limited by C-H bond breaking. The intermediate formed, presumably -OCH2 CHO, 
is then very rapidly attacked at the carbon by oxygen to cleave the C-C 
bond, simultaneously liberating formaldehyde and forming a surface formate. 
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These reactions can be tracked either with temperature programmed reaction 
spectroscopy or vibrational spectroscopy. In the presence of excess oxygen 
with the alcohol, the primary water peak at low temperature (in this case 
0 18 ), instead of originating from adsorbed molecular water, is due to 
hydroxyl recombination. At higher temperatures formaldehyde is evolved, 
followed by even higher temperature products which are characteristic of 
surface formate. The surface formate contains the labelled oxygen, whereas 
we find no labelled oxygen in the formaldehyde. In summary, the selective 
oxidation to the dia1dehyde dakes place particularly in an oxygen-lean 
situation. With excess oxygen the scavenging processes begin, leading to 
non-selective oxidation. 

SUMMARY 

Heterogeneous oxidation processes can be understood in terms of 
specific acidfbase properties of oxygen atoms adsorbed on metal surfaces. 
Oxygen-activated processes are responsible for selective oxidation on silver 
and gold and also playa role on copper, palladium and platinum. Two gen
eral mechanistic routes can be identified for these oxidation processes. 
The scavenger mechanism involves reactions of coadsorbed molecular fragments 
and oxygen and generally is very non-selective. The oxygen-activated 
mechanism leads to selective partial oxidation. 
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METAL OXIDE SURFACES 

INTRODUCTION 
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The presence of large reserves of natural gas, located mainly in remote 
regions, has prompted extensive research on the partial oxidation of 
methane. Research on catalytic oxidation has been directed mainly toward 
the development of processes which will produce either oxygenates (methanol 
and formaldehyde) or coupling products (ethane and ethylene). The latter 
approach has been somewhat more successful and will be the subject of this 
paper. 

The more promising catalysts for oxidative dimerization include certain 
members of the lanthanide oxide series,l,2 as well as a number of metal 
oxides promoted with Group IA ions. 3-8 Some of the highest steady-state 
yields of C2 products (ethane plus ethylene) have been achieved using 
lithium-promoted magnesium oxide (Li/MgO),9 and some typical results are 
shown in Table 1. Although pure MgO is neither active nor selective for 
formation of C2 products, the presence of Li results in C2 yields of approx
imately 15-20%. The ethylene/ethane ratio depends upon the severity of the 
conditions; however, as indicated in the table, ratios up to 2 can be easily 
achieved. The condition where the pressures of CH4 and 02 are 303 torr and 

Table 1. Conversion and Selectivity During Methane Oxidation 

Catalyst Partial Pressure, Torr 
(Mass, Reactants Prodycts Conv. ,% C2- Se1. ,% 
Temp. ) CH4 02 C2H4 C2H6 CO CO2 

MgO 72 39 0.0 0.3 1.2 1.4 4 10 
(4g, 720·C) 

3% Li/MgO 55 27 3.1 1.9 0.2 10.0 37 50 
(4g, 720·C) 303 157 20.2 9.7 3.9 75.2 38 43 

7% Li/MgO 59 29 3.5 2.2 0.0 11.3 38 50 
(4g, Z20·Cl 

Reactant flow rate - 0.83 mLs- 1 . 
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157 torr, respectively, were chosen to simulate a mixture of CH4 and air at 
a total pressure of 760 torr with a CH4:02 ratio of 2. The yields under 
these conditions were comparable to those obtained at much lower partial 
pressures of CH4. 

Other combinations of Group lA/Group IIA oxides yield similarly active 
and selective catalysts, provided there is a reasonable size match between 
the alkali metal ion and the alkaline earth ion. As shown in Table 2, 
Na/CaO is as effective as Li/MgO in forming C2 products, but Na/MgO is a 
considerably poorer catalyst under these conditions. At somewhat higher 
temperatures Aika and co-workers6 have demonstrated that Na/MgO also 
promotes good C2 yields. The origin for these phenomena will be discussed 
in a subsequent section. 

As reported initially by Otsuka et a1. 1 and more recently by our 
group,2 certain members of the lanthanide oxide series are effective cata
lysts for the oxidative dimerization of methane. Otsuka et a1. found that 
Sm203 was the best catalyst; however, we have observed recently that Nd203 
is superior. 2 Our results showed that the pretreatment of the catalyst has 
a marked effect on its behavior, which may explain the different results 
obtained by the two groups. The effective lanthanide oxides which fall into 
the activity sequence Nd203 > La203 > Sm203 are all considerably more active 
than Li/MgO for methane oxidation, as well as for the oxidation of the prod
ucts, ethane and ethylene. Thus, over the lanthanide oxides high selec
tivity can be achieved only at relatively low conversions «10%) and under 
oxygen-limiting conditions. The C2 selectivity can be improved considerably 
by adding a lithium salt to the cata1yst. 4 The least effect of the lantha
nide oxides is cerium oxide, which is characterized by multiple oxidation 
states. This observation suggests that metal oxides having multiple oxida
tion states are not necessary for selective methane oxidation, and, in fact, 
such materials may be poor catalysts. 

PROPOSED MECHANISM 

A matrix-isolation electron spin resonance (MIESR) system has been used 
to detect gas phase radicals which emanate from surfaces of catalytic inter
est. 10 This technique has been used to show that those catalysts which are 
effective in the oxidative dimerization reaction are also effective in the 

Table 2. Comparison of Different Group lA/Group IIA Catalysts 

Li/MgO Na/MgO Li/CaO Na/CaO 

Wt %a 7 20 5 15 

SA, m2g- 1 4.1 6.3 1.6 1.5 

Conv. , %b 22.6 11.9 10.8 22 
( CH4) 

C2 Sel., % 56.7 17.8 67.2 51.1 

-/- 1.0 0.5 0.7 0.9 

a Group lA/Group IIA atomic ratio - 0.33. 

b 1.0 g catalyst, 700·C, CH4/02 - 2, 55 mLmin- 1 , 1 atm, all 
catalysts pretreated at 700·C. 
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generation of gas phase methyl radicals. Conversely, materials such as 
cerium oxide do not give rise to any gas phase radica1s. 2 In fact, this 
oxide actually scavanges methyl radicals. Recent quantitative experiments 
have demonstrated that the flux of CH3' radicals emanating from a Li/MgO 
catalyst is approximately equal (within a factor of 2) to the formation of 
C2 products. 11 

We have concluded, therefore, that ethane is formed by a methyl radical 
coupling reaction which occurs primarily in the gas phase. Even so, up to 
half of the coupling reactions may occur within the void volume of the cata
lyst particle. Ethylene is formed by the subsequent homogeneous and hetero
geneous dehydration of ethane. 9 

Scheme I 

These reactions, as well as the nonselective oxidation reactions are 
graphically shown in Scheme I. At least two nonselective pathways are of 
importance: secondary reactions of methyl radicals with the surface and gas 
phase chain branching reactions which involve CH302' radicals. The 
selective coupling reaction and the nonselective oxidation reactions are 

2CH3' ~ C2H6 (1) 

CH3' + 02- ~ CH30- ~ CO, C02 (2) 

CH3' + 02 ~ CH302' (3) 

The rates of the selective and nonselective reactions are given by 

dC2/dt k1[ CH3·]2 (4) 

dC1/dt k2[ CH3·]{[S.A.] + P(02)} (5) 

where the amount of surface 02- is proportional to the surface area (S.A.). 
Upon taking the ratio of equations 4 to 5 the ratio of the selective to non
selective reactions is given as 

(6) 
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from which it can be seen that C2 selectivity may be improved by operatin~ 
at low 02 pressures with low surface area catalysts. Aika and co-workers 
have convincingly demonstrated the latter point. 

ACTIVE FORMS OF SURFACE OXYGEN 

Of the potentially active forms of surface oxygen one must seriously 
consider the ions 0-,02-,03- and ote, where the latter refers to oxide 
ions in a state of low coordination. Normal surface oxide ions are not very 
active, as demonstrated by the behavior of MgO reported in Table 1. In the 
pure oxides Ote ions may give rise to limited activity, but they would 
increase in concentration with increasing surface area. We have already 
seen, however, that high surface areas result in low selectivity. 

The 0-,02- and 03- ions are all paramagnetic and have been studied in 
detail using esr spectroscopy. The formation thermal stabilities and 
activity of these ions have been reviewed,12,i3 and the latter two proper
ties are briefly summarized in Table 3. The sequence of activity is 
0- »03- »02-. One should note that 0- on MgO reacts with CH4 at tem
peratures <-150°C, which is consistent with the high reactivity of 0- with 
alkanes in the gas phase as reported by Bohme and Fehsenfe1d. 14 Methane has 
been observed to react with 0- on supported MoVIO- at -196°C, and in this 
case the resulting CH3' radicals were observed on the surface. 

The formation of the oxygen species described in Table 3 required 
irradiation of the MgO at room temperature. For these ions to be involved 
in the activation of CH4 at elevated temperatures there must be another 
mechanism by which they are thermally generated. In fact, Abraham and co
workers15 have shown that 0- ions in the form of [~O-) centers exist in 
single crystals of Group IIA oxides doped with Group IA ions, provided the 
samples are heated in 02. These centers may be detected by esr after 
quenching the oxide which was at elevated temperatures (T > 1000°C~. 

Similar centers have been detected in the used Li/MgO catalysts, as 
well as in Li/CaO and Na/CaO (Table 2).9,16,17 The spectrum observed after 
quenching the used Li/MgO catalyst from 650°C is depicted in Fig. lb. An 
even larger signal is obtained upon irradiating the sample with ultraviolet 
light (Fig. 1c). In addition to the [Li+O-) spectrum one can also detect 
the spectra of 02- and 03- ions. It is unlikely that these two forms of 
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Table 3. Thermal Stability and Activity of Oxygen Ions on MgO 

Oxygen Ion Maximum Temp. 
for Stability 

T ~ 25°C 

T ~ 175°C 

T = 25°C 

Activity with 
Hydrocarbon 

Reacts with CH4 
at T < -150°C 

No reaction with 
C1 or C2 alkanes 
at T < 175°C; 
reacts with 
propylene 

Reacts with alkanes 
at T - 25°C 



a 

Figure 1. EPR spectra of 7 wt % Li/MgO after heating in 192 Torr of 
02 at 923 K for 1 h: (a) sample cooled slowly to 298 K, (b) 
sample quenched in liquid 02 at 77 K, and (c) sample (a) 
irradiated in 15 Torr of 02 for 30 min. 

oxygen are important in the activation of CH4 at 700°C since (a) they would 
be thermally unstable under these conditions (Table 3) and (b) we have shown 
that the catalyst retains its ability to generate CH3° radicals for several 
minutes after the 02 has been removed from the system. 10 

In addition to the results of Table 2 there is considerable evidence 
which suggests that centers of the type [~O-] are responsible for the acti
vation of CH4. The formation of CH3° radicals and the presence of [Li+O-] 
centers have a similar functional relationship with respect to the level of 
Li addition. Moreover, as shown in Fig.2 the overall CH4 conversion and the 
concentration of [Li+O-] have a similar response to the 02 partial pres
sure. 9 It is significant to note that most of the [Li+O-] centers observed 
by esr are in the MgO bulk, as determined by broadening experiments with 
molecular 02, yet at the elevated temperatures these centers are believed to 
be in communication with the surface oxide ions via the reaction 

(7) 

We have shown, for example, that CH4 at -60°C affects the rate of decay of 
the [Li+O-] centers, presumably through reacting with Os centers at the 
surface. 

The catalytic cycle for the activation of CH4 and the regeneration of 
[Li+O-] center is shown in Scheme II. As noted previously, the hydrogen 
atom abstraction must be quite rapid under the reaction conditions, thus the 
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Figure 2. 

8r-----r-----r-----~----~--__, 

.. .. 
~ 

6 

'a 
!4 .. 
~ c:: o 
u 

• c:: 
~2 -• ~ 

200 400 
P02 (Torr) 

12 -; 
= c:: 
:=I ,.. 
ti .. -:ii 

8 Ii 
,.. -.. 
c:: • -c:: 

4'::: o . 
.2 

o 

Changes in amount of CHi, converted and concentration of 
[Li+O-] centers with respect to an increase in 02 pressure. 
A reactant mixture containing 300 torr of CH4 was fed over 
1 g of 7% Li/MgO at 620·C and at a flow rate of 0.83 mLs- l : 
C, total; 0 , to C2H6 plus C2H4; ~ , to CO plus C02. 

loss of hydroxyls or the reincorporation of oxygen into the lattice must be 
the slow step. The rapid increase in activity at low pressures of 02, as 
described in Fig.2, may result from the slow incorporation of oxygen; 
whereas, at high 02 pressures the loss of hydroxyls may be rate limiting. 

Although [~O-] centers probably are responsible for the oxidative 
dimerization of CH4 over Li/MgO, Li/CaO and Na/CaO there is no positive 
evidence to suggest that 0- centers exist on the lanthanide oxides. Rather, 
a study of quenched La203 revealed the presence of 02-, bound such that the 
two oxygen atoms were not equivalent. 1S For this catalyst it was found that 
the ability to generate CH3. radicals decreased rapidly upon removal of gas 
phase 02, which is in contrast to the Li/MgO system.2,~0 The origin of the 
unpaired electron for the formation of 02- is not certain; Qowever, Loginov 
et al. 19 have suggested that the reaction 

(8) 

may occur on these oxides. The superoxide ion was not capable of attacking 
CH4 at l75·C (Table 3), but it may do so at 700·C. 

At sufficiently high temperatures (T ~ 750·C) it appears that the 
alkali metal oxides themselves may become effective for the activation of 
CH4. As noted above Na/MgO becomes a reasonably good catalyst at 750 C even 
though no [Na+O-] centers were detected. 6 ,17 Likewise K/CaO is effective 
for methane oxidation, although K+ ions are too large to substitute for Ca2+ 
ions and therefore no [K+O-] centers were observed by esr. 17 At elevated 
temperatures the most stable form of sodium oxide is Na202 and that of 

270 



Scheme II 

0'- 0'-

0'-0 0- + CH~~02-D or + CR,· 

0'- 0'-

or 

0'- 0'-

0'- u+ 0- + CR. __ 0'- u+ OR- + CR,· 

0'- 0'-

[ 
0'- ] 

+ !sO, --2 0'- u+ 0-

0'-

potassium oxide is K02. Thus, with K/CaO the superoxide ion would be 
expected in the supported phase. 20 In the presence of excess oxygen Na202 
is oxidized to Na02 which yields the superoxide ion. Both the potassium and 
sodium oxides are undoubtedly in equilibrium with the respective carbonates 
which would decrease the amount of the oxide available for catalysis. 

SUMMARY 

1. If the cation size match is favorable in Group lA/Group IIA oxides, cen
ters of the type [~O-l are involved in the activation of CH4 for the cata
lytic oxidative dimerization reaction. 

2. Other oxygen species such as 02- may be important for the activation of 
CH4 on the lanthanide oxides or on supported alkali metal oxides. 
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THE ACTIVATION OF OXYGEN BY METAL PHOSPHORUS OXIDES -

THE VANADIUM PHOSPHORUS OXIDE CATALYST 

Jerry R. Ebner* and John T. Gleaves 

Monsanto Chemical Company 

St. Louis, MO 63167 

ABSTRACT 

The oxidation of C4 hydrocarbons has been studied over the active 

phase for butane oxidation to maleic anhydride, (VO)2P207' The 

activation of oxygen by (VO)2P207 and the reactivity of the various 

oxygen surface species was examined by thermogravimetric techniques and 

transient reaction studies. A new transient reactor system, TAP for 

Temporal Analysis of Products, was utilized to identify the sources of 

active oxygen for selective and non-selective reaction pathways. Double 

pulsed TAP experiments provided unique information on product formation 

as a function of the surface lifetime of oxygen species. Spectroscopic 

studies were conducted to determine the nature of surface hydrocarbon 

species. The results from this study illustrate the multiple oxygen 

activation methods employed by this catalyst in selective alkane 

oxidation. 

INTRODUCTION 

Transition metal phosphorus oxide compounds have been identified as 

useful systems for selective oxidation of hydrocarbons, particularly for 

oxydehydrogenation reactions (1). Previously, we reported on a 

manganese phosphorus oxide system which selectively ammoxidizes methanol 

to hydrogen cyanide (2). The source of active oxygen in this catalyst 

system was shown to be chemisorbed oxygen, in contrast to the lattice 

oxygen commonly used by many selective oxidation/ammoxidation metal 

oxide catalysts (3,4). Certainly one of the most scientifically 
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fascinating selective oxidation systems in commercial use today is the 

vanadium phosphorus oxide system used for the oxidation of butane to 

maleic anhydride. This 14 electron oxidation reaction requires the 

abstraction of eight hydrogen atoms and the insertion of three oxygen 

atoms. It has been the subject of extensive study in the literature, in 

which questions of catalyst structure (5-13) and reaction mechanism 

(14-25) have been addressed. We have investigated this reaction as 

well, and have attempted to identify reaction pathways and the sources 

of selective and non-selective oxygen. 

In order to establish a framework for discussion of the types of 

active oxygen, it is useful to consider the possible forms of active 

oxygen known to be available with metal oxide systems. This subject has 

been recently reviewed (26,27). One general mechanism considered to be 

of minor importance at high temperatures involves the simultaneous 

activation of dioxygen and hydrocarbon on the surface of the metal 

oxide. The more prevalent mechanism involves a stepwise process in 

which the e1ectrophi1ic dioxygen molecule is first chemisorbed to form 

an activated species (hereafter symbolized as 0*). This species may 

then react with the hydrocarbon, or it may replenish the surface lattice 

oxygen [OsLl which in turn reacts with the hydrocarbon. The selective 

oxygen in the surface lattice is often a covalently bonded metal oxo 

species. The 0* species can be molecular surface species such as 02- 2 

or 02- 1 , or dissociative1y adsorbed monoatomic anions such as 0- or 0- 2 . 

In the Mars van Krevelen mechanism (28) the surface lattice oxygen 

provides the oxidizing equivalents to the hydrocarbon and replenishment 

occurs through the bulk. Determining the mode of oxygen activation and 

reaction of dioxygen in any particular system requires an understanding 

of the pertinent reactions between [0*1, [OsLl and subsurface lattice 

oxygen [OL1. 

Scheme 1, where R indicates hydrocarbon and Vsurf the surface oxide 

02 • [0*1 • 
[OsLl • [OLl • 

R + [OsLl • RO + vsurf • 
R + [0*1 • • RO 

Vsurf + [0*1 or [OLl • [OsLl • 
Scheme 1 
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vacancy, gives a simplified summary of these relationships. We will be 

discussing the activation of oxygen by vanadium phosphorus oxide within 

this framework. 

THE CATALYST 

The vanadium phosphorus oxide catalysts used in this study were 

samples prepared in organic solvent according to patent literature 

procedures (29, 30). The preparation steps include reduction of V20S by 

the isobutyl alcohol solvent in the presence of phosphoric acid and a 

solvent additive (eg. HI, oleum, Hel, lactic acid, benzyl alcohol, etc.) 

to form the vanadium hydrogen phosphate hemihydrate precursor 

(VOHP04)·0.SH20, calcination of the precursor in air to remove residual 

organics and dehydrate the precursor phase and an in situ treatment in 

air/butane to form active catalyst. In general, the stable active 

catalyst is not fully realized until the butane oxidation reaction has 

been carried out for a number of hours. In this study catalysts were 

on stream for at least 200 hours, and are designated equilibrated 

catalysts. Extensive analysis of equilibrated catalyst samples shows 

the PjV ratio is approximately 1.0 and the average vanadium oxidation 

state is +4 across the entire length of a fixed bed reactor tube (31). 

Single crystals of the catalyst were obtained by melting a finely ground 

powder of equilibrated catalyst in a Pt crucible and then cooling at 

about 6·C per hour from 97S·C to 600·C in a N2 purged oven. A range of 

crystals of varying color and phase composition were obtained. Figure 1 

compares the FTIR and laser Raman microprobe results for a green crystal 

and the active catalyst, and illustrates the similarity between the 

crystal and catalyst structure. The vibrational spectra match those 

reported for vanadyl pyrophosphate, (VO)2P207 (32). Single crystal 

x-ray studies are also in essential agreement with the structure 

reported in the literature (33) for (VO)2P207. However, accounting for 

a disordering in the vanadium positions results in normal vanadyl 

distances of 1.S8-l.63 angstroms and lowers the R values to 4% or 

better. These results will be reported in detail in a separate 

publication. In the structure of (VO)2P207 there are edge shared V06 

octahedra with the vanadyls of each dimer pair in an anti arrangement, 

and the edge shared vanadium octahedra are linked along the axial 

direction by V-O-V chains and layer bridging pyrophosphate groups. The 

V to V separation within a dimer ranges from 3.lS - 3.20 angstroms. In 

general, (VO)2P207 is the only crystalline phase found in equilibrated 

vanadium phosphorus oxide catalysts, and we consider it the active 

structure for selective oxidation of butane to maleic anhydride. 
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CATALYST 
SPECTRA 

GREEN CRYSTAL 
SPECTRA 

FTIR 
MICROPROBE 

LASER RAMAN 
MICROPROBE 

Fig. 1. FTIR and Raman microprobe spectra for active 
catalyst and green crystal formed from catalyst 
powder. 

BUTANE --- - MALEIC ANHYDRIDE 

" I ~l" 
CO CO2 

AUTHOR CATALYST(P/V) r1 EXPRESSION E. (Jccal/mole) 

Escardino, 1973 oxides,(.8) ki~P02 14 (400-480DC) 

Hoffman, 1980 aqueaus,(l ) 
28 

~KaPBP"~i'[l +KsPal 21 ( 446-504DC) 

Cresswell, 1984 commercial k1P;J[1 +KMPMl 22 (300-380DC) 

Trifiro, 1985 arganic,(1.01) .2~ 
k1KtfBfb2 [1+KtfB 1 (300-340DC) 

Sundareson, 1986 organic,(l ) ~PB/[l +KsPa /POa +KMPM/~l 30 (390-440DC) 

Larou, 1986 arganic,(l) k1KaPB PO/[1 +Ks% +KMPM+KwPvil 25 (330-450DC) 

Fig. 2. Summary of ~iterature kinetic studies on butane to maleic 
anhydride over vanadium phosphorous oxides. 



REVIEW OF KINETIC STUDIES 

The kinetics of the oxidation of butane to maleic anhydride have 

been studied by a number of research groups and there is substantial 

agreement in the literature that the kinetics best fit a triangular 

reaction network with reaction rates rl and r2 to maleic anhydride and 

COx, respectively, and a combustion rate r3 for burning of maleic 

anhydride to COx (20-25). 

As shown in Figure 2, there is considerable variance in the rate 

expressions for maleic anhydride formation developed from the kinetic 

data. We propose this reflects the differing surface states of the 

particular catalyst due to its method of preparation and its reaction 

history. Only the Cresswell rate expression contains less than a first 

order dependence on butane, and the oxygen order dependencies range from 

o to 1. Sundareson's expression is developed using a redox model 

(reduction of the catalyst with hydrocarbon and reoxidation with 

molecular oxygen), and the data can be fit equally well using a half or 

first order oxygen dependence. A maleic inhibition term appears in 

several of the rate expressions, and it only becomes important at high 

conversions on equilibrated catalyst. Lerou (23) has reported a 

suppression of oxidation rate due to water concentration, as well as an 

increase in maleic anhydride selectivity. Sundareson also mentions this 

effect, but lumps it into the maleic term. A butane inhibition term 

appears in several of the rate expressions. Finally, Pepera et al. (14) 

have demonstrated a kinetic isotope effect using deuterated butane, and 

conclude the rate determining step involves breaking of the methylene 

C-H bonds. Maleic anhydride reaction data from the catalyst of this 

study can be fit well using a rate expression like that of Lerou. 

The kinetics studies have led to a relatively simple reaction 

network in which maleic is formed directly from butane, and the rate of 

this reaction is clearly dependent on hydrocarbon and oxygen 

concentration. However, the exact order of the reaction in oxygen is 

uncertain, and the nature of the oxygen species important in the 

selective and non-selective pathways is unclear. Also, the question of 

whether or not intermediate unsaturated hydrocarbons and oxygenated 

hydrocarbons form and desorb in a stepwise path to maleic has also been 

the subject of much discussion in the literature. Pepera et al. (14) in 

pulse reactor studies report only maleic and COx formation, whereas 

intermediates have been detected by Trifiro (34) at high hydrocarbon 

concentrations. Pepera et al. (14) also point out the selectivity 

controlling steps occur after the rate determining step. In order to 
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study the very fast steps that occur after the rate determining step it 

is helpful to do transient experiments. These studies have been 

conducted in our lab using a new type of transient reactor system called 

Temporal Analysis of Products (TAP). Results from the TAP experiments 

shed light on the nature of the active oxygen species and the important 

reaction pathways. 

TRANSIENT AND IN-SITU REACTION STUDIES 

Transient TAP Reactor 

Temporal Analysis of Products (TAP) is a new device for study of 

reaction dynamics of solid-catalyzed vapor phase reactions (4,35). Only 

a brief description of the system will be given here. Key features of 

the TAP reactor are the following: i) the reactor is a micro-scale 

temperature controlled fixed bed holding 0.5 cc of 250-500 micron bulk 

form catalyst; ii) the reactor is connected to two high speed pulsed 

valves for introducing transients (pulse width 150 microseconds); iii) 

the entire reactor/pulse system is contained in a vacuum system which is 

linked through a differential pumping chamber to a QMS; iv) the QMS 

provides identification of products and reactants and allows analysis of 

their real time elution from the reactor with submillisecond time 

resolution; v) the number of molecules injected into the reactor through 

independently controlled pulsed valves ranges from 1014 to 1019 

molecules per pulse. (A 1015 molecule per pulse intensity will address 

only 1/10000 of the available surface area of a 10 m2/g catalyst.) An 

inert gas is used to characterize the flow through the reactor. The 

data can be collected in a number of modes. The scan mode measures mass 

intensity versus mass number and is used to identify products and 

estimate conversions and yields. The single pulse TAP mode measures 

mass intensity of a single mass peak characterizing a particular species 

versus time, and is used to evaluate adsorption/desorption properties 

and the real time elution of intermediates, end-products and reactants. 

The mUltipulse TAP mode measures mass intensity of a single mass 

component as a function of a fast multiple pulse train of reactant and 

is used to examine slower time processes, such as catalyst deactivation 

or depletion of surface species. A double pulse experiment yields 

another data format. In this experiment two separate pulses are 

admitted to the reactor at different and variable times, and an 

individual mass component is studied versus time and nature of the 

reactant injected. Importantly, through variations in the time between 
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the reactant pulses, it is possible to examine effects of surface 

lifetimes of adsorbed species on product formation. 

Detection of Reaction Intermediates 

The selective oxidation of butane to maleic anhydride may proceed 

via a single site mechanism with no desorption of reaction intermediates 

or a multisite mechanism in which partially oxidized species such as 

butene or butadiene desorb and then react at another site. TAP reactor 

experiments show that reaction intermediates can desorb from an 

equilibrated vanadyl pyrophosphate surface. Figure 3 shows a composite 

spectrum of the reaction products when a 4:1 oxygenfbutane mixture was 

pulsed through a sample of equilibriated vanadyl pyrophosphate heated to 

420·C. To facilitate a comparison of the time dependence of the 

different products the peak maxima are normalized. Actual butane 

conversion was approximately 1% so the product peaks were about 100 

times less intense then shown. The observed products are butene, 

butadiene, furan, carbon dioxide, and water. Maleic anhydride was not 

observed in this experiment. The water peak is not displayed since it 

is very broad and appears to be a straight line on the time scale of 

this experiment, and the carbon dioxide peak shape will be discussed 

later. 

In addition to showing that intermediates can desorb in an oxidizing 

atmosphere, the 4:1 oxygenfbutane data indicates the reaction sequence. 

The butane curve resembles an inert gas curve indicating that butane 

chemisorption is slow relative to the rate of escape from the reactor. 

The curve shape as well as the low butane conversion are consistent with 

butane chemisorption being an activated process. The peak maxima of the 

different intermediates are shifted to later times relative to the 

butane maximum. The order follows that for stepwise butane oxidation. 

Interestingly, the butene curve decays more rapidly than the butadiene 

curve, which decays more rapidly than butane. This is the result of the 

rapid conversion of butene and butadiene to other products. The shape 

of the furan decay indicates that very little fur an is converted to 

products. This is consistent with the fact that no maleic anhydride is 

observed. 

If the equilibrated catalyst is preoxidized prior to feeding the 4:1 

oxygenfbutane mixture intermediate products are initially not observed. 

In one preoxidation experiment 02 was pulsed over the equilibrated 

catalyst and C02 production was monitored. When the C02 production 

279 



I~~-~~'>-i-~-I-I---<--+->-+-j-t-o-o-o~t-I ~-~---I 

100 TIME (MILL/SEC.) 500 

Fig. 3. Normalized temporal curves of desorbing reaction intermediates 
from butane oxidation over equilibrated (VO)2P207 catalyst. 

ceased the feed was switched to the 4:1 oxygenfbutane mixture and the 

products were monitored as before. In this case maleic anhydride was 

the observed product. Further pulsing of the 4:1 feed led to diminished 

maleic anhydride yield and the eventual appearance of intermediate 

products. Reoxidizing the catalyst resulted in the production of more 

C02 and the re-establishment of the initial maleic yield upon further 

pulsing with the 4:1 feed mixture. 

If higher oxygen to butane ratios are employed, such as an 8:1 

mixture, then maleic anhydride is the only product observed during the 

course of a prolonged period of pulsing. If butane is pulsed without 

oxygen then products are formed for only a short period of time. In a 

typical anerobic experiment butane produces maleic anhydride for less 

than 50 pulses (pulse intensities - 1015 molecules/pulse). The amount 

of maleic produced depends on the initial oxidation state of the 

catalyst. For example, a preoxidized catalyst will produce maleic for 

40 - 50 pulses while an equilibrated catalyst will produce maleic from 0 

- 20 pulses. The latter result is due to the variability in the 

equilibrated catalysts surface oxidation state. 
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Fig. 4. Thermogravimetric study of oxygen chemisorption on 
equilibrated vanadium phosphorous oxide catalyst. 

Types of Active Oxygen 

Because of the importance of oxygen concentration in the activation 

of butane as indicated by kinetic studies, as well as its significance 

in the avoidance of intermediate desorption, we studied the 

chemisorption of oxygen and conducted TAP studies to ascertain the 

sources of selective and non-selective oxygen. We examined the 

chemisorption of oxygen as a function of temperature by thermal 

gravimetric analysis using an instrument previously described in the 

literature (4). The sample was 100 milligrams of equilibrated (VO)2P207 

catalyst (oxidation state 4.01) obtained from an operating catalytic 

reactor cooled down in a nitrogen stream. First, the sample was 

pretreated in the TGA system by purging with helium at soo·e for an hour 

to remove adsorbed water. A small weight loss of .04 mg was observed at 

the intermediate hold temperature of 2S0·e, and no further significant 

weight loss was seen upon heating the sample to SOO·C. The sample was 

cooled to room temperature and exposed to a dry 20% 02/He gas mixture. 

The results of the oxygen chemisorption experiment are depicted in 

Figure 4. An increase in weight of .07 mg was observed at room 

temperature in this experiment, but the amount of this type of weakly 

adsorbed oxygen was found to be somewhat variable from sample to sample. 

The oxygen adsorption at room temperature ranged from .01 - .OB mg. 
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Upon raising the temperature at l5·C/min from room temperature to 500·C, 

a significant chemisorption of oxygen was observed, and the onset of 

this chemisorption occurred at approximately 300·C and the maximum rate 

occurred at about 450·C. A total weight gain of .175 mg was measured, 

corresponding to the adsorption of 5.5 micromoles of 02. This is 

approximately 3.6 micromoles/m2 of surface area. Based on the crystal 

structure of (VO)2P207, an estimate of the surface vanadium 

concentration is 11 micromoles of vanadium per m2 of surface area. In 

this experiment, one oxygen molecule was adsorbed per three surface 

vanadium. This estimation suggests that much of the surface vanadium is 

available for oxygen chemisorption. After completing the adsorption 

experiment, the gas stream was switched back to helium and the weight 

loss monitored over time at 500·C. The weight loss observed was .04 mg 

over several hours. Cooling back to room temperature and repeating the 

oxygen adsorption as before replenished the .04 mg lost. Thus, roughly 

75% of the oxygen remained on the surface at 500·C. In these 

experiments, the oxygen chemisorption did not become significant until 

temperatures near butane reaction temperature were reached. Further, 

the adsorption was largely irreversible, which implies a strong bond to 

the surface vanadium. As would be expected, the amount of surface 

oxidation was insufficient to be detected by bulk vanadium oxidation 

state determinations. These results suggest to us that the activated 

chemisorption of oxygen on (VO)2P207 involves oxidation of surface v+4 

to surface v+5 . The exact chemical form of this adsorbed oxygen is 

undetermined, and we will designate it 0* for the remainder of the 

paper. However, it is tempting to suggest that the oxygen chemisorption 

occurs via a dissociative pathway on vanadium dimers (recall the V - V 

dimer distance is 3.15 - 3.20 angstroms in the bulk structure) leading 

to a v+5 oxo surface species capable of activating the alkane. 

In order to examine the chemistry of the surface activated oxygen 

species, TAP experiments were conducted using intermediates as molecular 

probes of the surface. The results of TAP studies on butane showed that 

partially oxidized products such as butene, butadiene and furan desorb 

when the (VO)2P207 surface is not fully oxidized. They also indicated 

that while butene and butadiene are readily oxidized to furan, furan is 

not readily converted to maleic anhydride on a partially oxidized 

surface. The difference between furan reactivity and butene or 

butadiene reactivity on a partially reduced surface suggests that there 

is more than one type of active oxygen involved. Multipulse TAP 

experiments (a train of pulses is admitted to the reactor and the 

intensities of the individual pulses in the train are monitored as a 
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function of time) with furan and butene clearly indicate that this is 

the case. First, the catalyst was pulsed extensively with oxygen to 

form the 0* species on the surface at 450·C. The oxygen pulse train 

gradually increased in intensity as less and less oxygen was adsorbed 

per pulse until each pulse was the same intensity. Then, fur an was 

pulsed under anaerobic conditions at 420·C and the maleic anhydride was 

monitored. The maleic anhydride yield in the furan reaction started at 

a maximum and decreased to zero within 80 pulses. When the same 

experiment was done on an oxidized surface with cis-2-butene, and the 

furan peak intensity monitored, the furan yield started at zero and rose 

to a maximum and remained there for more than 10000 pulses. The initial 

zero furan yield was observed because of its further conversion to 

maleic anhydride. Figure 5 depicts the results for these two 

experiments. Importantly, it was further observed a (VO)2P207 surface 

that had 0* removed by the reaction of furan to maleic anhydride was no 

longer able to activate butane. These experiments indicate two types of 

~---~~~~==--------------------~ 

Fig. 5. Multipulse data over equilibrated 
(VO)2P207 under anaerobic conditions 
showing (a) maleic anhydride 
production from furan and (b) furan 
production from cis-2-butene. 
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selective oxygen are present at the (VO)2P207 surface. One type is the 

0* species which is present in low concentration and is rapidly depleted 

in the conversion of furan to maleic anhydride. Experiments pulsing 

oxygen-18 and butene or butadiene and monitoring the furan-016 and 

furan-018 as a function of pulse number indicate the second type of 

oxygen is associated with surface lattice oxygen. At the start of the 

pulsing, the initial furan formed with both hydrocarbons contained only 

oxygen-16. With continued pulsing the furan-016 yield dropped and the 

furan-018 yield increased until after about 30000 pulses only furan-018 

was detected. An estimate of the amount of oxygen inserted from the 

catalyst in forming furan-016 indicates subsurface lattice oxygen does 

not participate. The lack of participation by bulk lattice oxide has 

also been observed in experiments by Sundareson et al. (24). Thus, a 

Mars van Krevelyn mechanism (28), in which the oxide of the surface 

lattice performs oxidation, is also operative with this catalyst system. 

The surface oxide layer of the (VO)2P207 can be used for 

oxydehydrogenation of olefins and oxygen insertion to form fur an. 

Results of double pulse experiments indicate that 0* may involve two 

chemisorbed species with different surface lifetimes. In double pulse 

experiments utilizing two pulsed valves connected to the microreactor, 

independent molecular injections of reactants separated by a 

controllable time interval from tenths of a millisecond to seconds are 

made to the microreactor. This type of experiment permits examination 

of the surface chemistry as a function of the surface lifetimes of 

adsorbed reactants. In these experiments the equilibrated (VO)2P207 was 

fed alternating pulses of oxygen and furan. The pulse intensities were 

adjusted so the relative oxygen to furan ratio was 8:1. The interval 

between the valve pulses was initially set at 600 milliseconds. The 

maleic anhydride product curve was recorded and two peaks were observed. 

The major peak corresponded to the point when furan was pulsed into the 

reactor. The other peak, which appeared at the time of the oxygen 

injection was approximately 50 times smaller then the major peak. The 

pulse separation was then set at 0.1 milliseconds and the maleic product 

curve was recorded again. When the maleic product peaks corresponding 

to the furan injection times for the two different intervals were 

compared (Figure 6), it was found that the maleic yield was 

significantly smaller when the interval between the pulses was 600 

milliseconds. This indicates that some of the chemisorbed oxygen had a 

relatively short surface lifetime and that other reaction channels were 

competing with the fur an for the activated oxygen. It is important to 

note that the maleic yield did not continuously decrease as the 
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from butane oxidation over equilibrated (VO)ZPZ07 catalyst. 
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interval between the pulses was extended beyond 600 milliseconds. This 

result is in agreement with the oxygen chemisorption experiments which 

demonstrated an appreciable lifetime for one form of 0*. However, these 

TAP results suggest that another form of chemisorbed oxygen may be 

important. As we were tempted to suggest the long lived 0* species 

resulted from dissociative chemisorption of oxygen, we speculate here 

that the short lived species is chemisorbed dioxygen. Molecular 

structure identification of these clearly observed oxygen types is a 

remaining experimental challenge. 

Production of Carbon Oxides 

The TAP curve shape of the carbon dioxide product peak from the 

reaction of a 4:1 oxygenfbutane mixture at 420'C over equilibrated 

(VO)2P207 is presented in Figure 7. The shape is suggestive of more 

than one pathway to C02 because it appears to be the convolution of a 

fast peak and a broad slower process. A similar pulse profile is seen 

when furan and cis-2-butene are the hydrocarbon reactants, but the 

portion of the peak attributed to a slower process is more predominant 

with these reactants. In this section we will focus only on these 

latter two reactants. To help shed light on the nature of the reactions 

responsible for carbon dioxide formation, single and double pulsed TAP 

experiments were conducted using oxygen-16 or oxygen-1S, and adsorbed 

species were examined by in-situ FTIR. First, while conducting the 

furan/oxygen-16 double pulsed experiments described in the previous 

section, the production of carbon dioxide was monitored as well. When 

the two independent pulses of oxygen and furan separated by 400 

milliseconds in time were admitted to the microreactor, two C02 pulses 

were observed. Opposite to the maleic product formation previously 

described, the C02 peak coinciding with the oxygen injection was larger 

than the peak corresponding to the furan pulse by a factor of about 2.5. 

This result clearly points to a longer lived surfa~e hydrocarbon species 

which can produce a substantial amount of carbon dioxide. 

The formation of surface hydrocarbon species was investigated in our 

laboratory using in-situ FTIR (36). In this experiment, reactant gas 

mixtures are fed directly through a thin catalyst pellet contained in 

the cavity of the in-situ cell which was silicon windows for obtaining 

the FTIR spectra (37). Figure S shows the spectra of surface deposits 

formed in reactions of oxygen mixtures of cis-2-butene, l,3-butadiene 

and furan. The adsorbed species remained on the surface after 

evacuation and purging of the cell with argon at 450'C. They could only 
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be slowly removed from the surface by oxygen, and their oxidation 

produced primarily carbon oxides. The surface hydrocarbon species 

contains carbonyl groups and unsaturation as evidenced by the bands in 

the 1700-1870 cm- 1 and 1500-1600 cm- 1 regions, respectively. Studies of 

adsorbed maleic anhydride and lactone (buteno1ide) on this catalyst 

indicated the observed surface hydrocarbon species could not be 

attributed to either of these molecules. The olefins exhibited a much 

greater tendency to form the surface hydrocarbon species than did furan, 

especially l,3-butadiene. Further, the amount of surface hydrocarbon 

species increased with increasing oxygen concentration. 

The source of oxygen for the oxidation of the surface hydrocarbon 

species and the hydrocarbon reactant was investigated using oxygen-18 in 

a double pulsed experiment. The catalyst was first oxidized with 

oxygen-16 and then double pulsed with oxygen-18 and furan as before. 

Interestingly, the largest C02 peak corresponding to the oxygen-18 

injection was from C016016 and it was approximately 1.5 times larger 

than C018016 and an order of magnitude greater than the C018018 isotope. 

In order to better understand the time dependencies of this process, 

single pulse studies were conducted with cis-2-butene and furan. 

The cis-2-butene experiment was performed by pulsing a 4/1 mixture 

of 0218/butene through an equilibrated (VO)2P207 catalyst and monitoring 

the C02 temporal curves of the various isotopes. Figure 9 shows the 

normalized curve shapes of the three isotopes (C016016, C016018,C018018) 

collected during the first 100 pulses. The initial ratio of peak 

intensities of C016016:C016018:C018018 is 16:3:1. Further, each peak 

has a unique curve shape and the various peak maxima occur at different 

times. The fastest process was C018018 formation using gas phase or 

chemisorbed oxygen-18, and the slower and dominant process involved 

lattice oxygen. Monitoring the amounts of the various isotopes as a 

function of pulse number showed the expected gradual increase in the 

intensity of the C018018 peak at the expense of C016016 and C016018. 

Further, the peak shape of C018018 changed with continued pulsing, and 

eventually contained the slow broad peak as well. Qualitatively similar 

results were obtained using furan as the reactant. 

These results show that at least two types of oxygen are involved in 

the nonselective pathway to C02. A small amount of chemisorbed oxygen 

reacts with the hydrocarbon directly to form C02 by a fast process. The 

surface lattice oxygen plays a significant role in producing C02 by a 
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much slower process. In this latter slower mechanism, the oxygen from 

the gas phase is first dissociative1y adsorbed on the surface and 

incorporated into the surface lattice. Further, there must be high 

surface mobility of the surface lattice oxygen because the oxygen 

activation is accompanied by the oxidation of surface hydrocarbon 

deposits and the release of carbon dioxide with predominantly lattice 

oxygen. This mechanism is particularly important with the intermediate 

olefins and furan because of their propensity to form surface deposits 

as compared to butane. 

FINAL REMARKS 

Our results show the active catalyst for butane oxidation to maleic 

anhydride is (VO)2P207. Butane oxidation may involve either a single 

site (Figure lOA-D) or multiple sites depending on oxygen availability. 

If oxygen cannot be channeled to the reaction quickly enough, then an 

intermediate product may desorb which can react at a different site 

(Figure 10D-F). This latter stepwise process has lower selectivity. At 

least two, and possibly three, types of oxygen playa role in butane 

oxidation. Activated oxygen [0*], which we suggest is formed by the 

irreversible dissociative chemisorption of dioxygen via oxidation of v+4 

to surface v+5 , is responsible for oxidation of the CH bonds of butane 

(Figure lOA) and fur an. Surface lattice oxygen is responsible for allyl 

oxidation and ring insertion (Figure lOB-C). Our results showing a 

dependence of maleic product concentration on the surface residence time 

of oxygen suggests that a shorter lifetime [0*], perhaps a partially 

reduced dioxygen species (Figure 10C) , increases maleic yield from 

furan. Non-selective reactions lead to the formation of partially 

oxidized hydrocarbon surface species which can react with activated 

oxygen, primarily through the surface lattice to produce carbon oxides 

(Figure 10F-H). Since this latter process channels active oxygen away 

from the active site, it decreases selectivity. 
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THE OXIDATION OF ORGANIC COMPOUNDS BY METAL COMPLEXES IN ZEOLITES 

INTRODUCTION 

Chadwick A. Tolman and Norman Herron 

Central Research and Development Department 
E. I. DuPont de Nemours A Co., Experimental Station 
Wilmington, DE 19898 

The selective oxidation of organic compounds to desired products has 
long been a challenge to chemists. The industrial oxidation of hydro
carbons to useful oxygenated compounds is commercially important and is 
carried out on a very large scale - on the order of several billions of 
pounds per year. The reactions are usually carried out at high 
temperatures(>150°C) and pressures,l and often leave much to be desired 
in terms of selectivity. The difficulty lies in the fact that the 
desired products are often themselves easily oxidizable, so that a 
certain percentage of the carbon is inevitably lost to CO and C02, and 
other byproducts. 

Biological systems are well known for their ability to carry out 
chemical reactions with high selectivity under ambient conditions. The 
enzymes responsible for hydrocarbon oxidations are the cytochromes 
P-450. 2 Some of them, the omega-hydroxy lases , have the amazing abiliity 
to hydroxylate the terminal methyl groups of long chain hydrocarbons. 3 
In this paper we describe some of our work aimed at mimicking the P-450 
enzymes. We have studied reversible 02 binding to cobalt complexes in 
zeolites, but have emphasized oxidizing saturated hydrocarbons at 
ambient temperature using iron complexes in zeolites as catalysts. The 
idea here was to use the inorganic aluminosilicate framework of the 
zeolite to direct the approach of substrates to the oxidation site -
filling the role of the tertiary structure of the enzyme's protein. The 
molecular sieving action of the zeolites was also expected to give 
substrate selectivity based on molecular size. We were encouraged in 
this respect by earlier work on olefin hydrogenation by Rh in zeolites, 
where we were able to get a selectivity of over 40:1 favoring hydro
genation of cyclopentene over methylcyclohexene. 4 
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BACKGROUND 

Table I shows heats of combustion for a variety of organic 
compounds, along with the number of moles of 02 required for complete 
combustion. The quotient of the two, in the last column, is the heat 
evolved per mole of 02 consumed. The values are remarkably constant (an 
average of about lOS kcal/mol of 02 or S2 kcal/g atom of 0), even for 
the carbohydrate sucrose. Individual steps of partial oxidation are 
close: 47 kcal from cyclohexane to cyclohexanol and 50 from cyclohexanol 
to cyclohexanone. The high heat of combustion of hydrocarbons largely 
accounts for their use as engine fuels. This serves to point out the 
difficulty of stopping an oxidation at an intermediate point short of 
C02 and water. . 

In spite of the thermodynamic instability of hydrocarbons and other 
organic compounds in the presence of oxygen, the kinetics of the 
reactions are usually very slow, except at elevated temperatures. The 
bond dissociation energies in Table II help to explain why. The very 
weak O-H bond in ·OO-H means that hydrogen abstraction from an alkane 
by 02 as in equation (1) is endothermic by 40 to SO kcal/mol. 

(1) 

Since the Arrhenius activation energy is at least as large as the endo
thermicity, the rate constant.for (1) is extremely small below 
temperatures of about 300oC. The first step in the oxidation of a 
hydrocarbon instead usually involves hydrogen atom abstraction by an 
oxyradical that can form a stronger O-H bond. In the case of the 

Cy02' + CyH --) Cy02H + Cy. 

Cy· + 02 --) Cy02' 

(2) 

(3) 

industrial oxidation of cyclohexane, the oxyradicals are gener.ated by 
metal ion catalysed decomposition of cyclohexylhydroperoxide.S As seen 
in Table II, hydrogen abstractions from CyH by CyO· and Cy02' are 
exothermic by 8 or endothermic by 4 kca1/mol, respectively. The 
subsequent reaction of Cy' with 02 is extremely rapid and highly 
exothermic. Cycling through reactions (2) and (3) provides a radical 

Table I. Heats of Combustiona 

Compound -~H {kcal7moll n02ti -AH7n 

Methane 211 2.0 lOS 
Propane 526 S.O 105 
Cyclohexane g38 g.O 104 
Cyclohexanol 8g1 8.5 lOS 
Cyclohexanone 841c 8.0 lOS 
Adipic acid 66g 6.S 103 
Benzene 782 7.S 104 
Sucrose 13S0 12.0 112 

a To burn the compound to C02 and H20 (liq.), taken from the 
Handbook of Chemistry and Physics, 41st Edition, Chemical Rubber 
Publishing Co., Cleveland, 19S9-60, pp. 1913-1g20, unless noted 
otherwise. 

b n is the number of moles of 02 required per mole of compound. 
c Acta. Chem. Scand., 16, 46 (lg62). 
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Table II. Typical Bond Energiesa 

A-B --) A· + B· 

O-H C-H 0-0 D~kcal7mole~ 

HO-H 119 

0 
II 

CH3CH2CH2CO-H 108b 

C6H5-H 104 
CH3CH20-H; CyO-HC 102 

C2H5-H 98 
Cy-H 94 

(CH3)3C-H 91 
H02-H; CyOO-HC 90 

0 c HO HC 

0 &: 0 CH3M-H; 88 

C6H5CH2-H 85 
·OO-H 

47d 

CH30-0H 43 

CH30-0CH3 36 

a Taken from J. A. Kerr, Chem. Rev., 66, 465, (1966) except as noted 
otherwise. 

b Calculated from ~Hof for H·, CH3C02·, and CH3C02H from S. W. Benson 
·Thermochemical Kinetics·, John Wiley i Sons, New York, 1976. 

c Estimated by analogy with compounds of similar structure. 
d Calculated from ~Hof for H· and H02· from S. W. Benson. 

chain mechanism in which many molecules of substrate can be oxidized for 
each initiation event. Eventually the chains are terminated by radical
radical reactions like (4), where K and A represent the ketone and 
alcohol, respectively. 

(4) 

Because the propagation reaction (2) has an activation energy of about 
18 kcal/mol,6 whereas termiriation (4) has nearly zero,7 the oxidation is 
still very slow below temperatures of about 150°C. 

The P-450 enzymes work quite differently. Figure 1 shows the 
currently accepted catalytic cycle. Substrate binding is followed by a 
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ROH RH 

t ~Fe(m)~ r. L - (RH)Fe(m) 

H"~FoO" T· '1.... \ A-

..A H,O r 
... (OH', ~: 

1-"'-(RH)Feo22+ 

e-

Fig. 1 The cytochrome P-450 catalytic cycle. 
The porphyrin dianion is not shown. 

one-electron reduction of the Fe(III) to Fe (II) , which can bind 02 much 
like hemoglobin. A further one-electron reduction is followed by 
removal of one oxygen atom as water, leaving a reactive ferryl (FeO) 
which is capable of attacking the hydrocarbon. The ferryl can also be 
produced directly by what is known as the peroxide shunt, supplying the 
two electrons and two protons with the oxygen as B202. Model studies 
with model iron porphyrin complexes have often used iodosobenzene (PhIO) 
as an 0 atom transfer reagent, following Groves.8 While the FeO group 
is believed to have some oxyradical character, any alkyl radical 
intermediates formed by hydrogen abstraction must be extremely short 
lived, since hydroxylation of optically active I-B,D,T-octane gave 
I-D,T-octanol with retention of configuration. 9 

The P-450 enzymes are monooxygenases - that is they incorporate only 
one oxygen atom of 02 into the substrate, while the other is reduced to 
water. A number of nonbiological systems which can oxidize hydrocarbons 
with oX7fen at room temperature, including Barton's Gif and Gif-Orsay 
systems, 0 also ~mploy either reducing agents as cofactors or their 
electrochemical equivalent as electrons. It seemed very puzzling at 
first that oxygen could be made into a more active oxidizing agent by 
supplying a reducing agent. The reason can be understood, however, by 
reference to Table III. It takes 59 kcal to produce a g-atom of 0 atoms 
- powerful oxidizing agents which will react rapidly with hydrocarbons 
even below room temperature. 11 Ozone is also a powerful oxidant, though 
it is 25 kcal/mol less energetic than atomic oxygen; N20 is a still 
weaker oxidant. Entries with a positive AB are stronger oxidants than 
02 itself. OPPh3 is the weakest on the list, as PPh3 is the strongest 
reducing agent. Thermodynamically, the best reducing agents on the list 
are capable of reducing one atom of 02 to give a free 0 atom. For 
example (5) is exothermic by 9 kcal/mol. 

(5) 

We don't know where in the list to place the ferryl of P-450, or the 
iodosobenzene often used in model studies, but it is reasonable to put 
PhIO below BClO (+8) and a ferryl below that but above about -50, the 
value for partial oxidation of an organic substrate. 
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Table III. Heats of Oxidationa 

Reaction ~H (kcal/mol) 

1/2 02 --) ° 59 
02 + 1/2 02 --) 03 34 
CHaC02H + 1/2 02 --) CH3COaH 34 

H20 + 1/2 02 --) H202 24 
N2 + 1/2 02 --) N20 17 
HCI + 1/2 02 --) HCIO 8 

Me2S + 1/2 02 --) Me2S0 -32b 

H2 + 1/202 --) H20 -68 
CO + 1/2 02 --) C02 -68 
PPha + 1/2 02 --) OPPha -70b 

a For compounds in their standard state at 25°, taken from the 
Handbook of Chemistry and Physics, 41st Edition, Chemical Rubber 
Company, Cleveland, 1959-60, pp. 1800-1808, unless noted otherwise. 

b From D. R. Stully, 'The Chemical Thermydynamics of Organic 
Compounds,' John Wiley i Sons, New York, 1969. 

SBIP-IN-A-BOTTLE 02 COMPLEXES 

While many dioxygen complexes of transition metals are known which 
can be considered models for 02 binding in biological systems, most 
suffer from an instability in solution at room temperature resulting 
from dimer formation, with CoOOCo bridges in the case of cobalt, or 
ultimately FeOFe bridges in the case of iron. 12 The problem can be 
circumvented by enclosing the metal center with organic bulk, as in the 
case of Collman's picket fence Fe porphyrin. 13 The protein must prevent 
dimerization in the enzymes. We reasoned that a metal complex capable 
of binding 02, encapsulated inside a zeolite, would be prevented from 
dimerizing by the inorganic framework. 

Co(Salen) (Sal en = the diimine of salicylaldehyde with ethylene
diammine) was prepared in a l3X zeolite by metal ion exchange followed 
by heating in molten H2Salen.14 The initially blue [Co (II)] zeolite 
turned orange as expected. An initial washing gave a colored solution, 
but further washing or even extended Soxhlet extraction was unable to 
remove any further complex, indicating that the Co(Salen) was trapped 
inside, like a ship-in-a-bottle. The 13 1 diameter supercages of the 
zeolite can accommodate the 12 1 long complex, but it can't pass out 
through the 7 1 windows. A prep with the smaller 5 1 window zeolite 5A 
also gave an orange product, but washing gave back a blue zeolite. In 
this case the 6 K aromatic rings couldn't get in. Addition of pyridine 
to the 13X Co(Salen) gave the expected color change, but the material 
did not give a detectable esr signal for an 02 complex. A reversible 02 
complex could be prepared, however, by changing the order of synthesis -
adding the pyridine before the H2Salen. Apparently the preformed 
Co(Salen) so blocked the channels of the zeolite that the pyridine had 
access only to the 1 or 21 of the complexes near the surface. Measure
ments of the equilibrium constant for 02 binding to the Co(Salen)py show 
that binding is less favorable in the zeolite than in solution, possibly 
because of steric crowding in the supercage. Typical esr spectral 
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Fig. 2 Esr traces showing the effect of 02 pressure over 
Oo(Saldpt) at 25°, followed by evacuation. 

traces at various 02 pressures are shown in Figure 2*; the last shows 
that 02 can be removed under vacuum. The encapsulated 02 complex, 
unlike its solution analog, is indefinitely stable at room temperature 
under an 02 atmosphere. 

IRON PHTBALOCYANINE WITH IODOSOBENZENE 

The Fe phthalocyanine (FePc) in zeolite catalysts15 were prepared by 
ion exchanging Fe(II) into X or Y zeolites to various extents (201 
exchange corresponds to one Fe per supercage), followed by heating in 
molten o-dicyanobenzene for four hours. 16 The catalyst was then washed 
with acetone and Soxhlet extracted with pyridine and then chloro
naphthalene for seven days, followed by oven drying at 100°0. Pains 
were taken to remove all catalyst from the surface. The formation of 
FePc inside the zeolite is supported by the elemental analysis, the 
diffuse relectance spectrum, and by the fact that we could recover FePc 
by dissolving the zeolite in aqueous H2S04. Oxidations were carried out 
at room temperature for 20 hours, using ratios of substrate:PhIO:Fe of 
50:10:1. The reactions desired are (6) and (7). 

PhIO + FePc --) PhI + OFePc 

RB + OFePc --) ROH + FePc 

(6) 

(7) 

* The traces shown are actually those of the 02 complex of Oo(Saldpt) 
(the ligand from salicylaldehyde and dipropyltriamine), but those with 
Oo(Salen)py are similar. 
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Table IV. Products of Methylcyclohexane Oxidation Using PhIO and 
FePc Catalystsa 

Catalyst 

FePcb 
Fe(II)/13X 
FePc/Y20 
FePc/X 
FePc/X 

a From ref. 16 
b Turned brown 

Turnover 

1.1 
<0.01 
5.6 
4.1 
0.5 

c The percentage of cations exchanged by Fe(II). 

0.32 

0.33 
0.48 
0.56 

K/A 

Table IV shows some of the results with methylcyclohexane as the 
substrate. The unsupported FePc catalyst solution turned dark brown and 
lost activity, presumably because of attack upon itself •• The iron 
exchanged zeolite without the Pc ligand showed no signs of activity. 
About five cycles of oxidation were observed in the most favorable 
cases, with 1 or 21 Fe exchange. The encapsulated catalysts did not 
change color, but lost activity because of channel blockage by iodoso
or iodoxybenzene (as shown by gc after heating), but could be restored 
to their original activity by heating in a vacuum oven. The iodoxy
benzene can be formed in side-reaction (8). 

PhIO + OFePc -) PhI02 + FePc (8) 

The 201 exchanged catalyst, with one FePc per supercage, gave the lowest 
turnover, presumably because access to the interior of the particles was 
blocked and only the molecules of complex near the surface were active. 
The higher ketone/alcohol ratio found with the zeolite catalysts 
suggests that some of the molecules of alcohol were oxidized to ketone 
before they could escape into solution. 

Some stereochemical selectivity could be seen in the products, for 
example in the ratio of trans/cis-4-methylcyclohexanol, which was 
slightly larger in the zeolite. Similarly small selectivities were seen 
in the norborneols, with higher endo/exo ratios. The zeolite must have 
some orienting effect on the substrates. 

In our early work16 we saw only a small rate preference (factors of 
about 1.2) for cyclohexane in competitions with the larger cyclo
dodecane, when comparing the encapsulated and unencapsulated FePc 
catalysts, presumably because the channels of thefaujasite structure 
are relatively large, and the substrates are quite flexible. Sub
sequently, however, we found that selectivities of 10:1 could be 
achieved by ion exchanging various large cations into the zeolites. 18 
The effect was reminiscent of the large increases in hydrogenation 
sel_ctivity observed earlier4 by the addition of water . 

• A second order disappearance of Fe(TTP) (TTP = tetraphenylporphyrin)17 
in the presence of PhIO supports this idea. 
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Fe(III)/Pd(O) in 5A WITH 02/H2 AS OXIDANT 

While the catalysts with FePc in X or Y showed a small regio
selectivity (slightly increasing the ratio of 4-/2-octanol) with 
n-octane,16 it is clear that the windows to the supercages are too large 
to have much effect in orienting the substrate to the metal center. A 
5A zeolite with 5 A windows has the advantage of a nice tight fit, as 
shown in Figure 3. However, an aromatic compound like PhIO has a 6 A 
diameter and is too lar~e to get in, so that a smaller oxidant is 
required. Also the 11 A supercage limits the size of ligand one may 
use. We thought, however, that it might be possible to make a mixed 
function catalyst containing Fe(III) and Pd(O), and use a mixture of 02 
and H2 as the oxidizing agent. The idea was that the Pd(O) might use 
the H2 to reduce off one of the oxygen atoms, leaving the other on the 
iron as a ferryl. We were encouraged by reports that Pd(0)/H2 in an 
acidic environment could reduce 02 to H202 .19 It worked!20 All of the 
components of the system - Fe(III)*, Pd(O), 02, and H2 must be present 
in the zeolite for the system to work, as shown by control experiments. 
No selectivity is observed with the same system on amorphous 
aluminosilicate. 

Reactions were typically carried out for four hours at 25° under 45 
psig 02 and 15 psig H2, with 200 mg catalyst (about 5 mg Fe and 2 mg Pd) 
in 9 ml methylene chloride and 1 ml substrate. Figure 4 shows a gc 
trace of the products after a competition of a 1:1 mixture of n-octane 
and cyclohexane. The large peak in the center is the chlorobenzene 
internal standard. The peaks to the right, from right to left, are 1-, 
2-, 3-, and 4-octanol, respectively. A trace peak between these and the 
chlorobenzene is cyclohexanol. The selectivity for n-octane over 
cyclohexane is over 150:1! The ratio of 1-/2-octanol (0.7 on a per 
hydrogen basis) is the largest yet observed for an omega-hydroxylase 
mimic - including Suslick's tetra(o,o'-diphenyl)phenylporphyrin 
system. 21 One difference between our system and Suslik's is that our 
1-/2-alkanol ratio is quite insensitive to chain length, as shown in 
Figure 5, while his (and the natural enzyme's) become much less 
selective with shorter chains. 

Fig 3 . A computer drawn space-filling model of a normal 
alkane entering a channel of zeolite 5A. 

* The Fe(II) used for ion exchange is rapidly converted to Fe(III) in 
the zeolite in the presence of 02' 
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Fig. 4 A gc trace of the product mixture obtained by 
oxidizing a 1:1 mixture of cyclohexane and n-octane 
with 02/H2 over a Fe(III)Pd(O) in 5A catalyst at 25 D • 

The strong central peak is the chlorobenzene internal 
standard. 

1.0 

0.8 

0.6 

PENTANE 

1 2 3 

OCTANE OECA E 

1234 12345 

POSI TlON OF OXIOATION 

Fig. 5 Regioselectivity of oxidation of various normal 
alkanes over a Fe(III)/Pd(O) in 5A catalyst, on a per 
hydrogen basis, normalized to 1.0 for C2. From ref. 20. 

The trace shown in Figure 4 was run after washing the catalyst with 
water and dissolving the zeolite with aqueous sulfuric acid. 5A zeolite 
has such small channels that the oxidation products formed inside get 
stuck. We are currently exploring catalysts with channels which are 
large enough to allow the products to escape while still giving good 
selectivity. 

SUlIllARY 

Most commercial oxidations using 02 as the oxidant are operated at 
high temperatures, where selectivities are often not good, because of 
the need for high temperatures to get adequate rates. Biological 
enzymes of the P-450 type circumvent this difficulty by reducing one 
coxygen atom of 02 to water while using the other to produce a reactive 
ferryl iron porphyrin whose protected position in an envelope of protein 
prevents dimerization and restricts access of substrates, and in 
favorable cases permits selective hydroxylation of the terminal methyl 
groups of linear alkanes. We have been able to mimic a number of 
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features of the enzymes, including reversible 02 binding and omega
hydroxylation of linear alkanes, using the inorganic structure of the 
zeolite to replace the protein. The most selective catalysts we have 
found have both Fe(III) and Pd(O) in 5A and use an 02/H2 mixture as the 
oxidant .... 

The advantages of our metal-in-zeolite catalysts, compared with 
their soluble counterparts, include: ease of preparation, increased 
catalyst life, ease of separation of catalyst for reuse, selectivities 
based on substrate size and shape, and tunability. Disadvantages 
include: slow rates of catalyst turnover, size limitations on complexes 
that can be built inside a zeolite, and pore blockage in some cases by 
the catalyst complex or products of reaction. 
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KINETICS AND MECHANISMS OF DEGRADATION OF BINUCLEAR COBALT 

DIOXYGEN COMPLEXES 

Arup K. Basak and Arthur E. Martell* 

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

The stability constants and oxygenation constants of the cobalt(II) 
dioxygen complex, 1, of the polyamine 1,6-bis(2-pyridyl)-2,5-diazahexane, 
PYEN, have been determined by potentiometric methods. The degradation of 
the binuclear dibridged (~-peroxo-~-hydroxo)dioxygen complex formed by 
Co(II)-PYEN is compared with those of the monobridged cobalt(II)-dioxygen 
complexes, 2 and 3, formed by the cobalt(II) complexes of the pentadentate 
polyamines 1,9-bis(2-pyridYl)2,5,8~-triazanonane (PYDIEN)1 and 2,6-bis(2-
(3,6-diazahexyl)pyridine) (EPYDEN) , respectively. The equilibrium con
stants obtained determine the concentrations of the complexes formed by 
PYEN in aqueous solution and distribution curves are presented, which show 
the pH range in which the dioxygen complex 1 is the predominant species. 

All of the dioxygen complexes, 1, 2, and 3, are stable in aqueous 
solution at 250 C, but undergo degradation to inert complexes at moderately 
elevated temperatures (350 C for 2 and 3 and 500 C for 1). Dioxygen com
plexes 1 and 2 undergo base-catalyzed oxidative dehydrogenation of the 
ligands by coordinated dioxygen to give the Co(II) complexes of the corres
ponding monoimines. Dioxygen complex 3, on the other hand, undergoes base
catalyzed displacement of hydrogen peroxide to form the inert Co(III) com
plex of the unchanged polyamine. Rate laws are presented for these degrada
tion reactions and second-order rate constants for 1 are reported. The 
oxidative dehydrogenation reactions of 1 and 2 and the lack of such a 
reaction for 3 shows that oxidative dehydrogenation will not occur without 
a conformation of the coordinated ligand that allows the direct transfer of 
a proton from the a-CH2 group to coordinated dioxygen, the generation of a 
trigonal nitrogen, and the formation of an imine group conjugated with the 
aromatic ring. These factors and the existence of a large kinetic deuterium 
isotope effect (8.5) for the second order oxidative dehydrogenation of the 
PYEN ligands in 1 leads to the suggestion of a concerted reaction 
mechanism and a transition state is proposed in which direct proton 
transfer to coordinated dioxygen is accompanied by electron transfer from 
the ligand to the dioxygen through the coordinated metal ion. 
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METHANE ACTIVATION OVER LANTHANIDE OXIDES 

K. D. Campbell, H. Zhang, and J. H. Lunsford* 

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

In order to better understand the characteristics of catalysts which 
are capable of generating methyl radicals from methane and to gain insight 
into the reactions these radicals undergo once formed on the surface, the 
activities of the lanthanide oxides for gas-phase methyl radical production 
were examined using a matrix isolation electron spin resonance 
technique. l ,2 Oxides of the metals with stable multiple oxidation states 
(Cr, Pr, Tb) exhibited very low activities. Thus, for this series of 
oxides, the existence of an active metal center with multiple oxidation 
states is not a requirement. This agrees with the results reported by 
Otsuka et al. 3 However our results show that the greatest activities occur 
for La203, Sm203 and Nd203, whereas Otsuka reported Sm203 has much greater 
activity. 

Conventional flow reactor studies were also carried out on selected 
lanthanide oxides to determine if gas phase methyl radical production could 
be correlated to methane conversion or C2 selectivity. The results show 
qualitative agreement, except for Nd203, which supports the role of gas 
phase radical coupling in the catalytic conversion of CH4 to C2H6 and C2H4' 
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DIOXYGEN AFFINITIES OF SOME SYNTHETIC COBALT SCHIFF BASE COMPLEXES 

Dian Chen and A. E. Martell* 

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

The synthesis and dioxygen affinities of six cobalt(II) Schiff base 
complexes in diglyme solution in the presence of excess aromatic bases are 
reported. The cobalt(II) chelates investigated are bis-salicylaldehyde
tetramethylethylenediiminocobalt(II) (CoSALTMEN), bis-salicylaldehyde-o
phenylenediiminocobalt(II) (CoSALOPHEN), bis-(2-hydroxyacetophenone)-
ethylenediiminocobalt(II) (Co CH3SALEN), bis-(3,5-dichlorosalicylaldehyde)
o-phenylenediiminocobalt(II) (C035CISALOPHEN), bis-(3-methoxysalicylalde
hyde-)o-phenylenediiminocobalt(II) (C03MeOSALOPHEN), and the parent 
compound, bis-salicylaldehydeethylenediiminocobalt(II) (SALCOMINE). Axial 
bases employed are pyridine, 4-methylpyridine, 4-dimethylaminopyridine, and 
4-cyanopyridine. In the solvent medium employed the Schiff base chelates 
combine with only one axial base; no 2:1 adducts were observed. Electron
withdrawing substituents on the Schiff bases were found to decrease the 
affinity of the cobalt Schiff base for dioxygen. Equilibrium dioxygen 
uptake measurements over a range of temperatures provide values of 6Ho and 
6S o of oxygenation which fall in the range -6 to -13 kcal mole-1 for 6Ho 
and -30 to -52 cal degree-1 mole-1 for 6So , and are in line with values 
reported for analogous dioxygen complexes in the literature. 
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TEMPORAL ANALYSIS OF PRODUCTS (TAP): A UNIQUE CATALYST EVALUATION SYSTEM 

WITH SUB-MILLISECOND TIME RESOLUTION 

J. T. Gleaves, J. R. Ebner*, and P. L. Mills 

Monsanto Company 
St. Louis, Missouri 63167 

A new real-time/in-situ technique called TAP (Temporal Analysis of 
Products) used for investigation of gas-solid interactions is presented 
along with examples of its application to a variety of catalyst problems. 
Key features of TAP include: i) The reactor configuration is a micro-scale 
fixed bed that accepts a bulk form of the catalyst, ii) The reactants are 
introduced to the reactor using-a-pulse input so that the transient 
response of the catalyst is observed, iii) The time-scale of the experiment 
is minimally 10 microseconds so that the potential of observing reaction 
intermediates is increased when compared to previous methods, iv) The reac
tion products are sensed by mass spectroscopy for positive identification, 
v) The catalyst-bed temperature can be either isothermal or programmed for 
adsorption or desorption studies, vi) The number of molecules introduced to 
th catalyst bed can be varied over a wide range, and vii) Two separate gas 
pulses can be introduced to the reactor through independently controlled 
input pulse valves. Key applications of TAP include the determination of 
adsorption-desorption energies of activation, identification of reaction 
intermediates, and the deducement of reaction mechanisms and reaction net
works. TAP is a general technique and can be applied to the study of most 
gas/solid reaction systems including selective oxidation reactions, hydro
desulfurization, and zeolite catalysis. 
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DIOXYGEN INSERTION INTO METAL-CARBON BONDS OF METALLOPORPHYRINS: 

FORMATION AND CHARACTERIZATION OF ALKYLPEROXY METALLOPORPHYRINS 

Maureen K. Geno* and Walid Al-Akhdar 

Department of Chemistry 
University of Alabama 
Tuscaloosa, Alabama 35487-9671 

Under photolytic and/or thermal-reaction conditions in organic 
solvents, dioxygen inserts into the metal-carbon bond of a series of 
me tal loporphyrins, (P)M(R) and (P)M(R)(L), where P = octaethylporphyrin 
(OEP), tetraphenylporphyrin (TPP), or tetratolylporphyrin (TTP), M = 
Co(III), R = -CH3, -CH2CH3, -CH2C6H5, or -CH2C(CH3)3, and L = PR3' 
pyridine, or I-methylimidazole to form alkylperoxy metalloporphyrins, 
(P)M(OOR) and (P)M(OOR)(L). The alkylperoxy metalloporphyrns isolated have 
been characterized by IH NMR, FT-IR, UV-visible spectrophotometry, cyclic 
voltammetry, and elemental analysis. Activation parameters for dioxygen 
insertion into the Co-R bond have been determined from kinetic experiments. 
The insertion reaction proceeds via a Co(II) intermediate, which can be 
detected spectrophotometrically. The rate of formation of the 
(p)CoIII(OOR)(L) complexes is strongly dependent upon the Co-R bond 
dissociation energies of the parent (p)CoIII(R) complexes, which have been 
determined previouslyl. The generality of this reaction for other metallo
porphyrins and the utility of these complexes in understanding heterolytic 
and homolytic 0-0 bond cleavage reactions common in the biological 
manipulation of dioxygen by metalloporphyrins will be discussed. 
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IRON PORPHYRIN CATALYZED AIR OXIDATION OF ALDEHYDES AND ALKENES 

Isam M. Arafa, Kenton R. Rodgers, and Harold M. Goff* 

University of Iowa 
Iowa City, Iowa 52242 

Propionaldehyde undergoes autoxidation to propionic acid in benzene 
solution in the presence of millimolar quantitites of iron(III) tetra
phenylporphyrin complexes. The iron prophyrin catalyst promotes oxidation 
of some 200 equivalents of aldehyde prior to prophyrin ring destruction 
that takes place over a period of hours. Addition of cyclohexene to the 
initial reaction mixture serves to diminish the yield of propionic acid, 
and produce cyclohexene oxide, 2-cyclohexene-l-ol, and 2-cyclohexen-!-one 
as major oxidation products. Yields of the oxide approximate those of 
propionic acid, and are higher than the allylic cyclohexene oxidation 
products. A mechanism is suggested that involves significant metal-oxo 
group transfer, rather than total radical chain oxidation. The 
manganese(III) tetraphenylporphyrin analogue also serves as an efficient 
catalyst. 
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OXIDATIVE DIMERIZATION OF METHANE OVER SODIUM-PROMOTED CALCIUM OXIDES 

Chiu-Hsun Lin, Ji-Xiang, and Jack H. Lunsford. 

Department of Chemistry 
Texas A&M University 
College Station, Texas 77843-3255 

Sodium-promoted calcium oxides are active and selective catalysts for 
the partial oxidation of methane to ethane and ethylene using molecular 
oxygen as an oxidant. In a conventional fixed-bed flow reactor, operating 
at atmospheric pressure, a 45% C2 (sum of ethane and ethylene) selectivity 
was achieved to a 33% methane conversion over 2.0 g of the catalyst at 
7250 c with a gas mixture of CH4/02 = 2. The other products were CO and C02. 
EPR results indicate that [Na+O:] centers in Na/CaO are responsible for the 
catalytic production of CH) from methane through hydrogen-atom abstraction. 
These CH) radicals dimerize, primarily in the gas-phase, to form C2H6 which 
further oxidizes to C2H4. Increasing temperatures reverse the gas-phase 
equilibrium CHj + 02 ~ CH30i to produce more CHj and increase the C2 
selectivity. The CH30i eventually is converted to carbon oxides under the 
reaction conditions employed, therefore increasing 02 pressures decrease 
the C2 selectivity. There is evidence that CH30i in the presence of C2H6 
initiates a chain reaction which enhances the methane conversion. The 
addition of Na to CaO also reduces the surface area of the catalysts, thus 
minimizing a nonselective oxidation pathway via surface methoxide 
intermediates. 
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SYNTHESIS AND METAL ION AFFINITIES OF A BINUCLEATING POLYAMINE: 

REVERSIBLE FORMATION OF A COBALT DIOYXGEN COMPLEX 

Rached Menif and Arthur E. Martell* 

Department of Chemistry 
Texas A&M University 
College Station, Texas 77843-3255 

The synthesis of m-xylyltrien(l,3-bis(2,5,8,ll-tetraazaundecyl)
benzene) is described.-Potentiometric equilibrium studies of the stability 
constants of this binucleating ligand with Cu(II), Co(II) and Ni(II) are 
reported. 1 Equilibrium data are determined for the formation of mononuclear 
and dinuclear chelates of these metal ions, as well as several protonated 
and hydroxo chelates. The oxygenation constant of the binuclear Co(II) 
complex is reported. The cobalt dioxygen complex was found2,3 to undergo 
first order degradation at 500 c and 0.1 M ionic strength. Rate constants 
are reported as a function of p[R). 
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POTENTIOMETRIC DETERMINATION OF STABILITIES OF COBALT(II) COMPLEXES 

OF POLYAMINE SCHIFF BASES AND THEIR DIOXYGEN ADDUCTS 

Ramunas J. Motekaitis and Arthur E. Martell* 

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

SALCOMINE, ethylenebis(salicylideneiminato)cobalt(II) and 3FSALCOPHEN, 
o-phenylenebis(3-fluorosalicylideneiminato)cobalt(II) combine with dioxygen 
to form adducts in the presence of 4-methylpyridine 

2 CoL + 02 + 2 B LCo-02-CoL 
I I 
B B 

L: Schiff base 

B: 4-Methylpyridine 

In aqueous dioxane (30% water) solution SALCOMINE and 3-FSALCOPHEN are 
only partially formed. Depending on pH, under nitrogen the solution will 
contain various concentrations of Co2+, free neutral and deprotonated sali
cylaldehyde, uncomplexed neutral, protonated and deprotonated diamine, 
uncomplexed bis(salicylaldehyde) and mono(salicylaldehyde) Schiff bases 
together with their several deprotonated forms, and the various possible 
1:1 and 2:1 ligand to Co2+ complexes. The presence of dioxygen and 
4-methylpyridine serves to organize the various components and provide a 
considerable equilibrium concentration of the binuclear dioxygen-bridged 
bis-Schiff base complex possessing axial pyridines. 

These exceedingly complex solutions were first systematically analyzed 
anaerobically by equilibrium potentiometry in aqueous dioxane in order to 
obtain the requisite equilibrium constants relating the various above 
species before the final equilibrium measurements could be made under 
dioxygen. 
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CATALYSIS OF COBALT SCHIFF BASE COMPLEXES FOR THE OXYGENATION OF OLEFINS. 

MECHANISMS FOR THE KETONIZATION REACTION 

A. Nishinaga*+, T. Yamada, H. Fujisawa, K. Ishizaki, 
H. Ihara, and T. Matsuura 

Department of Synthetic Chemistry 
Kyoto University, Kyoto 606, Japan 

Cobalt Schiff base complexes are interesting because in aprotic 
solvents they exhibit dioxygenase-like activities as well as the reversible 
formation of dioxygen complexes. 1 Our recent findings on oxidation
reduction reactions of cobalt Schiff base complexes in alcohols2 prompted 
us to investigate oxygenations of organic molecules in protic solvents. 
Four coordinate cobalt(II) Schiff base complexes, Co(L1)-Co(L6), are now 
found to catalyze efficiently, in primary or secondary alcohols under an 
atmospheric pessure of 02 at 600 C, the oxygenations of olefin substrates 
I, 5, and 6, which result in ketonization without carbon-carbon bond 
cleavage (Table 1). In the Co(L1)-catalyzed oxygenation of la in PhCH20H, 
a mixture composed of 2a, 3a, and PhCHO was obtained. Time course of the 
reaction showed that the reaction proceeded as a co-oxidation of la and 
PhCH20H with a 1:1 stoichiometry (98% selectivity). The rate of the 

Table 1. Co(L1) Catalyzed Oxygenation of Olefinsa 

Olefin Solvent Reaction 
Time (h) 

Conversion 
(%) 

Product (%) 
234 

la MeOH 22 100 91 9 
la EtOH 12 100 83 17 
la i-PrOHb 8 100 85 15 
la t-BuOHb 48 0 
Ib MeOH 22 100 87 13 
Ie MeOH 14 100 89 11 
Id MeOH 12 100 17 70 
Ie MeOH 10 100 10 60 
If MeOH 24 97 100 0 
5 EtOH 24 40 90 
6 EtOH 40 60 65 

a Olefin (2 mmol), Co(L1) (0.2 mmol), ROH (10 ml) 
02 (1 atm), 60oC. b CH2CICH2CI (20 ml) was added 
to dissolve Co(L1). 

10 

7 
8 

+ Present address: Department of Applied Chemistry, Osaka Institute of 
Technology, Ohmiya 5, Asahi-ku, Osaka 535, Japan. 
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5 

a R1.Ph, R2_H 

d RI"Ph, R2=Me 

°2!Co(L) 
---."RICOMe + RIR2C(OH)Me 

2 3 

6 7 

b RI=4-MeOPh, R2=H 

e RI "R2=Ph 

8 

I 2 c R =4-ClPh, R =H 

f RI"'Me, R2 .. CN 

z=~ 

z-Q1J 
Me Me 

PhCH20H 

Co(L)(OH) • PhCH20co(,~PhCH20H 

PhCHY ~PhCH(Me)OOH _ PhCH(Me )0. 

HCo(L) PhCH(Me)OOCo(L) / ! 
PhCH-CH~ ~ ° Ph CoMe PhCH(Me)OH 

PhCH(Me)Co(L) 2 

reaction depended on concentrations of PhCH20H and Co(LI), whereas was 
independent of those of la and 02. The reaction was retarded entirely by 
the addition of l-methylimidazole but accelerated by PPh3 with increasing 
amount of 3a. These results suggest the above mechanistic diagram, where 
the rate determining step is the decomposition of PhCH20Co(L) to PhCHO and 
a hydridocobalt species. The addition of the hydrido complex to la was 
supported by the formation of PhCOCH2D in the oxygenation of la using 
PhCD20H. The effect of PPh3 may be reasonably understood by the reduction 
of PhCH(Me)OOCo(L) to PhCH(Me)OCo(L). Interestingly, nonplanar complexes l 
Co(L4)-Co(L6), were highly reactive compared to planar ones, Co(LI)-Co(L~), 
among which Co(L3) was less reactive than Co(LI). The reactivity of five 
coordinate complexes was quite low (Table 2). These results suggest that a 
twist of formula 9, is important for the transition state. Increase in the 
amount of 3a in cases with Co(L4)-Co(L6) (Table 2) may be due to 
prolongation of the life time of l-phenylethoxy radical (shown in the 
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diagram), which results from a paramagnetic interaction between the radical 
and the catalysts. 

The recently reported Drago conclusion: involvement of addition of a 
hydroperoxocobalt(III) species to la as a key reaction step,3 is in 
conflict with the present observations. 

Table 2. Influence of the Structure of Co(L) on the oxygenation of laa 

Co(Ll) Co(L2) Co(L3) Co(L4) Co(LS) Co(L6) Co(L7) Co(L8) 

k x 10SIs b 1.67 5.41 0.15 19.44 22.00 22.22 0.13 0.14 
2a/3a 4.2 5.0 2.8 0.3 1.0 1.3 0.9 0.8 

a la (43.6 mM), BzOH (0.48 M), Co(L) (0.5 mM), CH2Cl 2CCI (10 ml), 
02 (1 atm) at 600 C. b Initial rate constant. 
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SELECTIVE OXIDATION OF SATURATED HYDROCARBONS BY THE GIF AND 

GIF-ORSAY SYSTEMS 

Derek H. R. Barton*, Frank Halley, Nubar Ozbalik, and 
Esme Young 

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

The Gif system1,2 for the selective oxidation of saturated hydro
carbons consists of pyridine (as solvent), acetic acid (or other carboxylic 
acid), zinc powder (as source of electrons), oxygen and an iron salt as 
catalyst. The iron salt is rapidly complexed with ortho-dipyridyl (produced 
by reduction of pyridine). This system is interesting because it oxidizes 
hydrocarbons selectively at the secondary positions giving mainly ketones. 
Primary and tertiary positions give minor amounts of products. This 
substitution pattern excludes a radical attack (as in the Fenton reagent). 
However, adamantane shows exceptional behavior in tha~ tertiary oxidation 
products arise, at least in part, from carbon radical. This radical 
partitions itself between oxygen and pyridine. Reduction of oxygen pressure 
increases the apparent selectivity of the reaction and leads to increased 
formation of tertiary pyridine coupled products. No such behavior is seen 
at the secondary position which is, therefore, oxidized without involving 
carbon radicals. 

As normally run, the Gif system is inefficient in its use of 
electrons. More recent studies, in collaboration with the electrochemical 
group of Professor Balavoine (Orsay), has shown3 that the Gif system can be 
applied electrochemically to hydrocarbon oxidation and that in a uni
cellular mode it is possible to obtain high electronic yields (Gif-Orsay 
system). 
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THE FORMATION, CHARACTERIZATION, AND REACTIVITY OF THE OXENE ADDUCT OF TETRA

KIS(2,6-DICHLOROPHENYL)PORPHINATo-IRON(III) PERCHLORATE IN ACETONITRILE 

Hiroshi Sugimoto, Hui-Chan Tung and Donald T. Sawyer* 

Department of Chemistry 
Texas A&M University 
College Station, Texas 77843-3255 

Combination of tetrakis(2,6-dichlorophenyl)porphinato-iron(III) 
perchlorate with pentafluoroiodosobenzene or m-chloroperbenzoic acid in 
acetonitrile at -350 c yields a green porphyrin-oxene adduct. This species, 
which has been characterized by spectroscopic, magnetic and electrochemical 
methods, cleanly and directly epoxidizes olefins. The reaction chemistry 
and electronic characterization of the adduct are consistent with an oxygen 
atom covalently bound to an iron(II)-porphyrin radical center 
[(P:)FeII(O)+]. The latter has a reactivity and spectral characteristics 
that are closely similar to Compound I of horseradish peroxidase, and the 
selective stereospecific oxygenase character of the reactive intermediate 
for cytochrome P-450. The iron(III) porphyrin is an efficient catalyst for 
the stereospecific epoxidation of olefins by F5PhIO and ~ClPhC(O)OOH; with 
H202 the reaction is much less efficient and there is extensive attack of 
the porphyrin ring. 
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PREPARATION AND CHARACTERIZATION OF A BINUCLEAR IRON(III)-HYDROXO-~

HYDROXYPEROXY COMPLEX[(PH3PO)4(HO)FeIII(HOOH)FeIII(OH) (OPPh3)4] (Cl04) 4 

M. Steven McDowell, Lee Spencer, Paul K.-S. Tsang and 
Donald T. Sawyer* 

Department of Chemistry 
Texas A&M University 
College Station, Texas 77843-3255 

The combination of [FeII(OPPh3)4](Cl04)2 with H202, ~-ClC6H4C(0)00H, 
Me3COOH, PhIO, PhI(OAc)2, BU4N(I04), 03, or NaOCl in anhydrous acetonitrile 
results in the formation of the binuclear complex 
[(Ph3PO)4(HO)FeIII(HOOH)FeIII(OH)(OPPh3)4] (Cl04)4, 1. The same material is 
produced from the addition of H202 to [FeIII(Ph3PO)4](Cl04)3 in aceto
nitrile. The complex has been charactrized by elemental analysis; 
electronic, vibrational, and ESR spectroscopy; solid- and solution-phase 
magnetic susceptibility measurements; and electrochemistry. A mechanism is 
proposed for the formation of I, and for its reactivity with halide ions. 
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AUTOXIDATION OF FeII (DIHYDROXYPHENANTHROLlNE)3 

David M. Stanbury 

Department of Chemistry 
Rice University 
Houston, Texas 77251 

FeII(ORP)3 (ORP = 4,7-dihydroxy-1,10-phenanthro1ine) reacts with oxy
gen rapidly in alkaline aqueous solution. A major product of the reaction 
is HOi; 0i. is a feasible intermediate in the reaction. FeII(OHP)3 reacts 
with HOi to produce a 1:1 mixture of FeIII(ORP)3 and "FeIII(ORP>2(OH)"; 
this reaction has a rate law that is first order in [FeII(OHP)3] but zero 
order in [peroxide], with a rate constant of 1.8 x 10-2 s-l at 220C, pH 13. 
The substitution reaction of FeII(ORP)3 with ~ has the same rate law as 
the redox reaction with HOi and a rate constant of 8 x 10-3 s-l. Both the 
redox reaction of HOi and the substitution reaction of ~ are interpreted 
as having loss of the ligand OHP as the rate-limiting step. A sensitive and 
specific HPLC method has been developed for determination of HOi in complex 
mixtures. 
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PHOSPHINE-RUTHENIUM(II)-AQUO REDOX CHEMISTRY: THE AEROBIC CATALYTIC 

OXIDATION OF CYCLOHEXENE 

R. A. Leising+, M. E. Marmion+, J. J. Gryzbowski*, and 
K. J. Takeuchi+* 

Department of Chemistry 
+ SUNY at Buffalo, Buffalo, New York 14214 * Gettysburg College, Gettysburg, Pennsylvania 17325 

Recently, our laboratory synthesized ruthenium(IV)-oxo complexes con
taining tertiary phosphine ligands, which act as stoichiometric oxidation 
reagents toward a variety of organic and inorganic substrates (alcohols, 
olefins, aldehydes, phosphines, sulfides, and su1foxides). Currently, we 
are investigating the aerobic oxidation of cyc1ohexene, phosphine
ruthenium(II)-aquo complexes. The activation of molecular oxygen occurs at 
room pressure and temperature, without the need fo! a coreductant. The 
active oxidant in the catalytic cycle appears to be the phosphine
ruthenium(IV)-oxo species, for the product distribution from the catalytic 
oxidation of cyc10hexene is identical to the product distribution from the 
stoichiometric oxidation of cyc10hexene by a phosphine-ruthenium(IV)-oxo 
complex. The rate of product formation over a 24 hour period is constant, 
with the catalytic reaction sampled after 1, 2, 4, 8, and 24 hours. The 
initial catalyst was isolated intact at the end of the reaction. The 
oxidation of cyc10hexene produces 2-cyc1ohexene-l-one, 2-cyc1ohexene-l-ol, 
and cyc10hexene oxide in a product ratio of 16:8:1. After twenty-four 
hours, the oxidation of a 2.2 M solution of cyc10hexene using a 5.0 x 10-4 
M solution of catalyst yields a turnover number of 1560, where the 
production of 2-cyc10hexen-l-one from cyc10hexene requires two turnovers of 
catalyst per molecule. From experimental observations, a catalyti.c cycle 
can be suggested for the aerobic oxidati.on of cyc10hexene. Initially, a 
five-coordinate phosphine-ruthenium(II) complex is generated, by the the 
loss of an aquo ligand. The combination of a molecule of dioxygen with two 
of these five-coordinate complexes forms a dinuc1ear, oxygen-bridged inter
mediate. Homolytic cleavage of the 0-0 bond yields two phosphine
ruthenium(IV)-oxo molecules, the proposed active oxidant. The phosphine
ruthenium(IV)-oxo complex oxidizes the target organic substrate, forming a 
phosphine-ruthenium(II)-oxidized substrate complex. Dissociation of the 
oxidized organic substrate by this complex yields the five-coordinate phos
phine-ruthenium(II) complex, which continues in the catalytic cycle. 
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THE OXIDATION OF ORGANIC SUBSTRATES BY MOLECULAR OXYGEN; CATALYSIS BY 

Ru(III) AND Ru(III)-EDTA 

M. M. Taqui Khan 

Division of Coordination Chemistry & Homogeneous Catalysis 
Central Salt & Marine Chemicals Research Institute 
Bhavnagar 364 002 India 

Oxidation reactions of organic substrates by molecular oxygen that are 
catalyzed by Ru(III) ion and Ru(III)-EDTA are described. These reactions 
proceed either through an electron-transfer (oxidase) or oxygen-atom inser
tion (oxygenase) routes. 

In the pH range 1.5-2.5 Ru(III) ion primarily exists1 as RuCl2(H20)t 
and catalyzes the oxidation2,3 of ascorbic acid to dehydroascorbic acid. 
The oxidase type of reactions of RuCl2(H20)t also include the oxidation of 
allyl alcohol to acrolien4 and cyclohexanol to cyclohexanone. 5 

Ru(III)-EDTA is an effective catalyst in the homodioxygenation of 
organic substrates, where both oxygen atoms of molecular oxygen are 
inserted in two molecules of the substrate. The reaction proceeds through 
the formation of a ~-peroxo-Ru(IV)-EDTA complex. 6 Such reactions include 
the oxygenation of triphenylphosphine7 to phosphine oxide and cyclohexene 
and allyl alcohol to the epoxides. 8 For saturated substrates such as tri
ethylamine9 or diethylamine,10 the Ru(III)-EDTA catalyzed oxidation by 
molecular oxygen leads to N-dealkylation via N-H or C-H hydride abstrac
tion, respectively. The nature of the oxidized substrate depends on its 
thermodynamic stability. 

The system Ru(III)-EDTA-ascorbic acid-molecular oxygen, the Ru{III) 
analog of Udenfriend's system11 , is a much better oxidant than the 
Udenfriend's Fe(III)-EDTA-ascorbic acid-02 system. The system catalyzes the 
oxidation of saturated hydrocarbons such as cyclohexane to cyclohexanol and 
cyclohexanaone. Cyclohexanol is hydroxylated to cis-cyclohexane-l,3 diol. 
Cyclohexene and cyclooctene are oxidized to the pure epoxides. The reac
tions proceed by an ionic pathway and the system is an excellent model for 
cytochrome p-450. 
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OXYGENATION OF TRYPTOPHANE CATALYZED BY POLYAMINE COBALT DIOYXGEN 

COMPLEXES 

Kyte H. Terhune and Arthur E. Martell* 

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

The catalytic conversion of tryptophane to an oxygenated product has 
been accomplished with a polyamine cobalt dioxygen complex. 
[C02(TETREN)02]+4 (TETREN = tetraethylenepentaamine). as the catalyst. The 
apparent reaction rates measured by molecular oxygen consumption are the 
same in pure methanol and methanol that contains 1M tetramethylammonium 
chloride at 40 0 C reaction temperature. The reaction is first order in 
tryptophan. and the primary product has been tentatively identified as a 
dioxygenated substrate. 
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RESONANCE RAMAN SPECTROSCOPY OF THE Fe(IV)=O GROUP IN PEROXIDASE 

INTERMEDIATES 

J. Terner*, Catherine M. Reczek, and Andrew J. Sitter 

Department of Chemistry 
Virginia Commonwealth University 
Richmond, Virginia 23284 

The heme proteins known as peroxidases and catalases catalyze 
reactions of peroxides. The reaction sequences of peroxidases and catalases 
involve two colored intermediates, known as compounds I and II. Horseradish 
peroxidase is one of the most studied peroxidases because of its universal 
availability from commercial sources, and because its reactions are typical 
of a large number of peroxidases. Upon reaction with hydrogen peroxide, 
horseradish peroxidase forms a green colored intermediate known as compound 
I, which is two oxidation equivalents above the resting enzyme. A one 
electron reduction of compound I results in a red colored intermediate 
known as compound II. Compound II is an Fe(IV) heme, one oxidation equi
valent above the resting enzyme. While compound I is formally an Fe(V) 
heme, it is believed to contain an Fe(IV) with another electron removed 
from the highest occupied molecular orbital of the porphyrin group, 
resulting in a porphyrin n-radical cation. 

For many years the coordination of the heme iron in the oxidized forms 
was not understood. Several structures had been proposed, which included 
Fe(IV)-OH, Fe(IV)-OOH, and Fe(IV)=O among others. Through the use of iso
topic 180 substitution we were able to locate bands which we could assign 
to the heme resonance Raman Fe(IV)=O stretching vibrations of horseradish 
peroxidase compound III and several other peroxidases. 

We subsequently observed that the Fe(IV)=O frequencies were especially 
sensitive to the environmental effects in the heme pocket. 2 It was 
suggested that, in order for a peroxidase to have enzymatic activity, it 
was required that the Fe(IV)=O group be hydrogen bonded to a distal amino 
acid group. The low peroxidative activity of ferryl myoglobin could be 
rationalized by minimal hydrogen bonding. Our recent observations indicate 
that differing reactivities among the peroxidases and catalases are 
reflected in differences in Fe(IV)=O frequencies. 3 
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REACTION OF DIOXYGEN WITH SYNTHETIC COPPER(I) COMPOUNDS OF 

BIOLOGICAL RELEVANCE 

J. A. Goodwin+, D. M. Stanbury+, L. J. Wilson+*, 
G. A. Bodager+, and W. R. Scheidt* 

Department of Chemistry 
+ Rice University, Houston, Texas 77251 
* The University of Notre Dame, Notra Dame, Indiana 46556 

The copper(I) complex of the imidazole-bearing pentadentate Schiff 
base ligand, (bis [2 ,6-(2-imidazol-4-ylethylimino)ethyl] pyridine) , 
[CuI(imidH)2DAP]+ has been previously presented as a reversible dioxygen 
carrier at room temperature in nonaqueous media. Spectroscopic, electro
chemical, and manometric results were used to propose that dioxygen revers
ibly binds to Cu(I) in a fashion similar to hemocyanain, to form an anti
ferromagnetically-coupled binuclear Cu(II) species with a peroxo bridge 
between the metal centers by the reaction stoichiometry:l 

2[CuI(imidH)2DAP]+ + 02 -- [(0~-)(CuII(imidH)2DAP)2]2+ 

Prompt removal of 02 from the product solution apparently allows regenera
tion of the parent [CuI(imidH)2DAP]+ compound. 

The present work documents the pentacoordinate structure of the parent 
copper(I) compound and the nature of the reaction that regenerates a Cu(I) 
species from the proposed binuclear dixoygen adduct. 

The dioxygen adduct of the previously reported "reversible" dioxygen
carrier, [CuI(imidH)2DAP]+, has been shown to regenerate a Cu(I) species 
without release of 02 under the conditions of the Toepler-pump experiment. 
A new working hypotheses which accounts for this observation by way of a 
disproportionation pathway is now under consideration. Indications that the 
intermediate [CU202] adduct is stable only at low temperatures will prob
ably require low-temperature spectroscopic probes for its detection. 
Crystal structure determinations reveal that the parent copper(I) species 
can exist in both pentacoordinate and tetracoordinate geometries, with the 
latter produced from the pentacoordinate species upon prolonged standing in 
solution. The reactivity of 02 with the newly-discovered tetracoordinate 
Cu(I) species is, as of yet, completely unknown. 
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THOROUGH ELUCIDATION OF OXYGENATION- AND OXIDATION-MECHANISMS OF IRON(II) 

PORPHYRIN ON THE BASIS OF A NEW HYPOTHESIS FOR AN ELECTRON-TRANSFER PATHWAY 

Yasuo Yamamoto 

Department of Chemistry 
Shimane University 
Matsue 690 Japan 

It is widely believed that the hydrophobicity of the heme pocket and 
the protection against dimerization of oxymyoglobin stabilizes the heme
iron(II) from oxidation. However, a number of model compounds designed on 
the basis of this consideration have not always been stable. Recently, some 
investigators l - 4 have pointed out the significance of the polar inter
actions at the distal side. In this presentation, the discussion will be 
focused on the titled mechanisms and will be shown that these are thorough
ly elucidated by the hypothesis that has been proposed by the author5• 

The hypothesis is described as follows: "In an electron transfer 
reaction, each of the electron-donor and the electron-acceptor orbitals 
must have the nodal plane, both sides of which the lobes of the orbital 
must have reflection symmetry. An electron can be transferred only when 
these nodal planes are co-planar." An application of the hypothesis to the 
Fe-02 system is illustrated in the figure. 

The dioxo-iron complex has traditionally been formulated as 
Fe(III)-Oi. However, if the net charge of an electron were transferred from 
iron to dioxygen, it is quite unfavorable that the superoxide ion leave an 
electron behind in the deoxygenation. According to X~ray crystallo~raphY, 
Fe-070 angles of oxygenated picket fence and oxymyoglobin are 1290 and 
1160 , respectively. These results indicate that the atomic orbitals of 
both atoms of coordinated oxygen molecule must be those of sp2 hybridiza
tion. In this configuration there is no unpaired electron, all the 
electrons are paired in the bonding (0=0, uand ~) and nonbonding orbitals, 
being only one 2p* orbital (electron-acceptor orbital) empty. It should be 
noted that the charge transfer is a reversible movement of electron while 
the electron transfer (net charge is transferred) is irreversible. When the 
electron density in the ~*-orbital of the oxygen molecule is increased by 
such a reversible charge transfer from the dxz and/or dyz of iron(II), ~he 
0-0 bond strength must be weakened, and result in an elongation of the bond 
length and a lower-energy shift of its stretching vibration. Fe(II)+-02- is 
the suitable formulation. 

The X-ray crystallography also shows that the Fe-O-O conformation of 
oxygenated picket fence porphyrin is identical with the type (a) in the 
figure. This conformation is due to the hydrogen bonds with the four amide 
groups in the picket linkages. 2 The model compounds which are relatively 
stable to oxidation must have the same conformation. Oxymyoglobin is 
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stabilized by the type (c), being responsible to the distal histidine which 
imide proton electrophilically attacks in the ~-electrons of dioxygen. When 
the imide proton is replaced by -CN, it has been reported,8 myoglobin 
becomes quite unstable and is oxidized very rapidly. The electronic effect, 
such as lone pair3 ,4 electron, might exert on the empty 2p*-orlbtal to give 
distortion of the lobe from symmetry. 

, , , 
Fe 

. / 
Fe Fe 

"- . ~\ Q I . , :j , \ 

.' ,t } 

(a) (b) (c) 

The application of the hypothesis to Fe(II)-02 system 

(a) Irreversible electron transfer does not occur, because the nodal 
planes are not coplanar, i.e., stable oxygenation. Reversible charge 
transfer may occur. 

(b) Irreversible electron transfer occurs, i.e., oxidation. 
(c) Electron transfer does not occur, because lobes of electron-acceptor 

orbital are not reflection symmetry, i.e., stable oxygenation. 
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DESCRIPTION OF THE INDUSTRY-UNIVERSITY CHEMISTRY COOPERATIVE PROGRAM 

(IUCCP) 

ADMINISTRATIVE ORGANIZATION OF THE IUCCP 

Advisory Committee 

An advisory board has been established to serve as the governing board 
of the IUCCP. It controls the scope and functions of the organization and 
is responsible for future planning activities. 

Each member company has one seat on the advisory committee and the 
Texas A&M Chemistry Department has three seats. 

Industrial-Academic Liaison 

One of the three members appointed to the advisory committee by the 
Department functions as the Coordinator of the IUCCP. He is responsible for 
administering all IUCCP programs and for communicating with the member 
companies. He also supervises the publication of bulletins describing IUCCP 
activities, Departmental and company news items, research summaries, etc. 
In order to properly execute these functions, a half-time staff assistant 
is appointed to assist the Coordinator. 

Each member company also appoints an individual, not necessarily the 
advisory board member, to serve as a contact person. This individual is 
responsible for transmitting news items and activities for publication in 
the bulletin. In turn. he receives all communications from the Chemistry 
Department dealing with IUCCP business and is responsible for disseminating 
this information within the company. 

ACTIVITIES 

The activities of the IUCCP are intended to serve two basic purposes: 

1. Promote scientific interaction between the member companies 
and the Texas A&M Chemistry Department. 

2. Accelerate the rate of Departmental Development. 

Joint Symposium 

The department organizes and hosts an annual symposium focussing on 
scientific topics of current interest to IUCCP members. Topics and speakers 
are determined by the advisory committee. Speakers are drawn from both 
industry and university sources worldwide. The symposia are structured in 
such a way as to maximize communication among the participants. For this 
purpose. a Gordon Research Conference format has been employed as the most 
appropriate. The following is a list of the international symposia that 
have been held, and the title of the meeting being organized for 1988. 
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1. Organometallic Compounds: April 17-20, 1983 
Synthesis, Structure and Theory 

2. Heterogeneous Catalysis April 1- 4, 1984 

3. New Directions in Chemical Analysis March 31-April 3, 1985 

4. Design of New Materials March 24-26, 1986 

5. Oxygen Complexes and Oxygen Activation March 23-26, 1987 
by Transition Metals 

6. Functional Polymers March 21-24, 1988 

The proceedings of these symposia are published in book form, and 
three free copies are supplied to member companies. The first three volumes 
were published by the Texas A&M University Press, and also may be obtained 
by contacting the IUCCP Coordinator (A. E. Martell). Volumes 4-6 are being 
(or will be) published by Plenum Press. 

Information Exchange 

a. An information exchange is organized and maintained by the program 
coordinator. Member companies and the Department provide up-to-date 
information on their major areas of research emphasis and their more 
active current projects. In addition, the Department keeps members 
apprised of student thesis projects and progress toward graduation. 

b. News Bulletin. Departmental activities are reported to member 
companies on a regular basis. 

c. Research Bulletins. Bimonthly lists of papers and abstracts submitted 
for publication are distributed to the Liaison officet of each company 
as a means of supplying prepublication information on research 
activities. 

Colloquium Programs 

a. Speaker Exchange. A colloquium speaker exchange has been organized 
between the member companies and the department. Company scientists 
are invited to present both scientific talks and to discuss the 
industrial research environment with our students. 

b. Speaker Sharing. The sharing of outside colloquium speakers who visit 
the University is encouraged. Lists of desired speakers are exchanged. 
Joint invitations are issued where feasible and costs are shared. 

Fellowship Program 

a. A joint graduate fellowship program has been established. These 
fellowships consist of departmentally financed teaching assistantships 
combined with company sponsored research assistantships. Ideally, each 
member company sponsors one fellowship. These fellowships, named for 
the sponsoring company, are awarded to entering graduate students on a 
competitive basis. During the first year, such students would receive 
nine months of fellowship support at $1,000 per month, and an addi
tional $333 per month for a 1/3 teaching assignment during the 
academic year. He would then be supported under his IUCCP fellowship 
during the summer at $1,000 per month, making the one-year package 
$15,000. Support in subsequent years at $1,000 per month would come 
from research grants. 

b. Undergraduate scholarships are offered on a competitive basis to 
outstanding entering freshmen. These fellowships are designed to 
attract larger numbers of high quality undergraduate students into 
chemistry programs. 

332 



Program Extensions 

The advisory committee is charged with the responsibility for recom
mending additional mechanisms for cooperative activities. Such activities 
might include collaborative research, sponsored research, student co-op 
programs, short courses, instrument sharing programs, consulting 
arrangements, etc. The funds provided under IUCCP are for the purposes 
stated and do not impact on or restrict in any way the establishment of 
research grants and contracts by the member companies with individual 
research groups in the Department. 

ADVANTAGES OF MEMBERSHIP 

The program is designed to be one of mutual support and benefit. The 
success of such a program largely depends upon the attitude of the 
participants, and we want to assure you that our Department is whole
heartedly behind the program. If the member companies also approach this 
program with the same commitment, then we can envisage many benefits to be 
derived from membership. Those that readily come to mind are as follows: 

1. It provides close contact with resources of a truly major chemistry 
department. AdVance notice of new research developments are provided 
on a regular basis. Abstracts of papers and theses are provided to 
member companies long before publication, and preprints are available 
on request. 

2. It provides an opportunity to present the industrial point of view to 
a large faculty and student body. 

3. It provides access to a large body of high quality students, both 
graduate and undergraduate, for potential employment. 

4. It helps to attract a greater number of quality speakers to the yearly 
international symposia. 

5. It provides a means of developing educational programs of interest to 
member companies. 

6. Arrangements can be made to provide graduate educational opportunities 
for employees of member companies. 

7. It encourages and assists personnel of member companies in participat
ing in collaborative research projects with faculty members. 

8. It aids in the establishment of sponsored research projects of 
interest to member companies. 

9. It offers the satisfaction to be derived from participating in the 
development of this Department into one of the great Chemistry 
Departments in the Country. 

FINANCING OF THE IUCCP 

In our drive towards excellence, it is imperative that we continue to 
recruit the highest quality faculty and graduate students. However, this is 
increasingly difficult to do, given the current level of competition for 
such personnel and the constraints on our University budget. Most of our 
funds are earmarked for teaching functions, defined as classroom teaching 
and the advising of thesis research. Furthermore, the bulk of our operating 
budget is restricted to instructional support and non-academic staff. Thus, 
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funds are very limited for faculty and graduate student recruiting, 
fellowships, equipment maintenance, moving expenses, speakers programs, and 
other needs. This situation requires us to find other sources to supply the 
supplementary funds necessary to bring us into the front rank of chemistry 
departments. The operating costs of the IUCCP are supported by annual dues 
paid by the member companies, set at $15,000 per year. Because this amount 
is obviously not sufficient to support the activities described above, and 
provide one graduate fellowship per year per company at $15,000, each 
member company is invited to provide the graduate fellowship funds over and 
above the $15,000 base. 

Advisory Board 

Dr. R. J. H. Voorhoeve 
Technical Director 
Celanese Specialty Operations 
P.O. Box 9077 
Corpus Christi, Texas 78469-9077 

Dr. Doug Hunter 
Dow Chemical U.S.A. 
Urethanes Department B-4810 
Freeport, Texas 77541 

Dr. William M. Haynes, Director 
Physical Sciences Center 
Monsanto Company 
800 N Lindbergh Boulevard 
St. Louis, Missouri 63166 

Dr. Harvey Klein 
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Shell Development Company 
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Houston, Texas 77001 
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The Standard Oil Company 
Research Center 
4440 Warrensville Center Road 
Cleveland, Ohio 44128 
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