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GENERAL INTRODUCTION

Chapter I describes the kinetics and mechanism of the decomposition of
Cr022+. Two decomposition pathways are proposed. The first consists of a
bond homolysis, Cr022+ —> Cri+ 4 09, and the second pathway a bimolecular
reaction between two Cr022+ ions to form HCrO4 .

Chapter II describes the oxidation-reduction reactions of Cr022+ with
various outer- and inner-sphere reductants.

Chapter III describes the characterization of (Hp0),Co(dmgBFy)9 by
various instrumental and chemical techniques. The kinetics and mechanism
for the reaction of (Hp0)9Co(dmgBFy)9 with (H20)5Fe(0H)2+ are also
discussed.

The Appendix describes the characterization, kinetics, and mechanisms

of the reactions of (Hy0)Co(dmgBFy)y with H909 and t-BuOOH.



CHAPTER I. EVIDENCE FOR A BOND HOMOLYSIS PATHWAY FOR 0y RELEASE IN THE

DECOMPOSITION OF THE SUPEROXOCHROMIUM(III) ION Cr022+



INTRODUCTION

The investigation of transition metal dioxygen complexes (the
structural definition of these complexes requires only the continued
existence of 0-0 bonding in the complex molecule) is generally accepted to
have begun in 1852 with Fremy's report of the oxygenated ammoniacal salts
of cobalt.l & satisfactory explanation of his results, however, first
came when a general theory of coordination compounds was developed by
Verner in the early twentieth century. Among the many complexes studied
by Werner during his pioneering work with inorganic coordination complexes
were the dioxygen bridged complexes of Co(III).2 Twenty years later, work
on the mechanism of the auto-oxidation of metal ions was reported and the
first synthetic oxygen carriers discovered. The early research focused on
three essentially different areas:

(1) Complexes of cobalt with Schiff bases and nitrogen containing
ligands.

(2) Complexes of group VIIIB in low oxidation states.

(3) Complexes of biological interest such as dioxygen carriers and
related model systems.

Although these three areas represent the majority of the investigated
systems, interest outside these areas coupled with a greater understanding
of the electronic and reaction properties of molecular oxygen has led to
the investigafion of other transition metal dioxygen complexes. These
investigations have provided a better understanding of the reaction

chemistry of transition metal dioxygen complexes.
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Properties of molecular oxygen and dioxygen complexes

The molecular orbital description for dioxygen shows a vacancy for the
addition of a single electron in both of the antibonding 2png* orbitals.
Therefore, it has an electronic structure in the ground state of 3Eg'.3
This triplet ground state provides a considerable kinetic barrier to the
auto-oxidation of normally diamagnetic organic molecules. This barrier is
associated with generally very slow reactions involving a change of spin
or unstable triplet state products. This problem can be avoided by the
reaction of dioxygen with a heavy transition metal where greater spin-
orbit coupling considerably reduces the kinetic barrier to a change of
spin. In addition, the formation of a metal dioxygen complex may provide
sufficient energy to pair the spins, also reducing this kinetic barrier.4

The manner by which dioxygen is bound in metal complexes is a
controversial problem because the ligation of molecular oxygen to a metal
complex can involve metal to ligand electron transfer unlike the ligation
of simple neutral or anionic species, e.g., NH3, C1~. When molecular
oxygen reacts with transition metals, various structural arrangements can
occur. The addition of ome or two electrons to a neutral dioxygen complex
results in the formation of superoxide (02~) and peroxide (022') anions,
respectively. Examples of the known structural arrangements for trans-
ition metal dioxygen complexes are shown in Table I-1. These structural
classifications were suggested by Vaska® to aid in the discussion of the
properties of dioxygen complexes. The structural arrangements appear to
be controlled principally by the electronic structure of the dioxygen
complex. Hoffmann, Chen and Thorn® have developed a generalized Walsh
diagram to predict the geometry of the dioxygen ligand, given a specific

transition metal electronic configuration.



Table I-1. Structural Classification of Dioxygen Complexes

Type Designation Vaska Class Example
1.. 3-
M-0-0 n dioxygen Ia(superoxo) [Co(CN)502]
M<j nzdioxygen IIa(peroxo) (Ph3P)2PtO2
1 .1.. 5+
M-0-0-M N :n dioxygen Ib(superoxo) [(H3N)50002C0(H3N)5]
1..1.. b4y
M-0-0-M N :h dioxygen IIb(peroxo) [(H3N)5000200(NH3)5]
2.2 4~
M<3>M h :n dioxygen - [(U02013)202]
(i s nidioxygen - [ (Ph,P).CIRh],0
40 : e 3772 2”2

Reactivity of n' and n? dioxygen transition metal complexes

The importance of the spatial and electronic structure is seen in the
reactivity of these complexes. Although there is considerable variation
in the reactivity between and even within different structural types, one
general feature of reactivity is seen. The binding of dioxygen to a
transition metal is accompanied by 1) a reduction of the number of
unpaired electrons on the oxygen (to one or zero) and 2) the transfer of
charge density to the dioxygen. The first effect results in the
elimination of the kinetic barrier to spin changes in the reaction of the
dioxygen and the second effect causes the dioxygen ligand to acquire basic
or nucleophilic character.

Within the category of nl transition metal dioxygen complexes, most of

the published work is concerned with cobalt complexes, with a small amount



of literature dedicated to iron and rhodium complexes. Electron transfer
reactions are an important feature of hl dioxygen transition metal
reactivity. The reactions of nt dioxygen complexes can be grouped into

three general types: 1) inner-sphere reactions, 2) outer-sphere

reactions, and 3) H-atom abstraction reactions.

Outer-sphere mechanisms are proposed by Endicott and Kumar’/ for the
reaction of [Co[14]aneN4(OH2)02]2+ with various reducing agents, equation
1.

[Co[14]aneN4(OH2)02]2+ + D - [Co[l4]aneN4(OHp)09]* + D* (L)

(D = Ru(NH3)62+, Co(sep)2+, and V2+)

Inner-sphere reduction of nl cobalt complexes by a second cobalt(II)
is also a commonly accepted mechanism of transition metal dioxygen

chemistry,8 equations 2 and 3.

Co(II) + 09 = Co09 (2)
Co09g + Co(II) - Co07Co 3)

H-atom abstraction electron transfer reactions have recently been
suggested for nl cobalt dioxygen complexes. Since these nt complexes are
radicals, they can abstract hydrogen from N,N'—tetramethyl-p—

phenylenediamine and phenols,9 equations 4 and 5.

Co0g + RN(CH3)9 > CoOH +  RN(CH3)CH- (4)

Co0g + ROH - CoOpH + RO (5)
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The reactions of n2 complexes can be grouped into three general types:
(1) protonation reactions, (2) reactions with nucleophilic attack on polar
bonds, and (3) carbon-carbon multiple bond reactions.

Protonation reactions can be represented by equation 6.

M<j + 2HX > M<§ + H202 (6)

These reactions have been known for many years and can even occur for
fairly weak acids.10 This scheme can be useful in the preparation of the
cis-disubstituted products.

Nucleophilic attack on polar bonds is represented by equations 7 and
8. Examples of these reaction types are primarily restricted to group
VIIIB (i.e., Pt, Ni and Ir). Reactions with carbon-carbon multiple bonds
can be represented by equations 9 and 10. Several examples of equation 8
have been seen for group VIIIB metals (i.e., Pt and Pd)11 and examples of

equation 9 and 10 have been seen for groups VIB and IvB.12

8+8-
M<j ) A:X 2 M<z\0/A (7)

&+ 8-
MQ + AX - M<EX (8)

—/
MG + R-CXC—R =~ M<)) Il (9

+

P

R\ /R
R,C=C 3> C + M2 (10)
2&C Ry AN 7‘7\R



Dioxygen chromium chemistry

Chromium dioxygen complexes are among the many dioxygen transition
metal complexes studied. Picardl3 reported an early study of the reaction
of chromium(II) in acidic aqueous solution with molecular oxygen. He
reported the formation of two intermediates that are capable of oxidizing
aqueous arsenious solutions to arsenate, a reaction not observed for
molecular oxygen. Further investigations of the reaction of Cr(II) and
molecular oxygen were reported many years later. A study by Ardon and
Steinl4 focused on the identification of the intermediates and products of
the reaction. They observed that the oxidation of Cr(II) solutions by
molecular oxygen and hydrogen peroxide produced different species (Cr(II)
was in excess with respect to the oxidant). The reactions were postulated

to proceed by the net reactions, equations 11 and 12.

4cr?*  + 0y o 2[Cr-0-Cr]4* (11)

2Cr2+ 4+ Hyg0y + 2H* o  20r3* 4+ 2Hy0 (12)

The mechanism for equation 11, suggested by Ardon and Stein, involves
the formation of an hl chromium dioxygen intermediate, [Cr-O-O]2+,
followed rapidly by the formation of a labile metal-peroxy intermediate
([Cr—O-O—Cr]4+) which would also react with the excess Cr(II) to form the
polynuclear product [Cr—O—Cr]4+ or [Cr(0H2)40H]24+. The mechanism
suggested for the reaction of Cr(II) with H909 would be a Fenton-type

mechanism, equations 13 and 14.
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cr* 4+ Hy0p > [CrOH]2* + -OH (13)
cr2*  + -0H > [CrOH]2+ (14)

Several years later, Kolaczkowski and Planel? reported the oxidation
of Cr(II) with molecular oxygen having a natural isotopic ratio in 18¢
labeled Hy0. They found the product to be [(H20)4Cr(u-OH)ZCr(OH2)4]4+,
with the unlabeled oxygen exclusively in the hydroxide bridges. They
explained this result in terms of a mechanism which involves a peroxide-
bridged intermediate since there was no indication that Cr(IV) was
involved in the reaction mechanism. Other investigators, however, have
suggested the involvement of Cr(IV).16

Ilan, Czapski and Ardon have investigated the reaction of Cr2+ and 09
by the use of pulse radiolysis.16 This study measured the rate of the
reaction of Cr(II) with molecular oxygen, k = 1.6 X 108 M-1s-1, 1t also
confirmed that the dioxygen complex formed using the pulse radiolysis
method had the same UV-VIS spectrum as the dioxygen complex formed by
mixing Cr(II) with excess ‘dissolved molecular oxygen. The reaction is

thus written as shown in equation 15,
Crag?t + 0y - Cr0p2* (15)

These results showed a slov decay of Croz2+ with concurrent formation
of HCr04~, a product probably observed but not identified in Picard’s
study. Sellers and Simicl7 have also reported a pulse radiolysis study of
this reaction. They have reported the same rate constant for the reaction

of Cr2+ and 0y (k = 1.6 X 108 M-15-1),
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Another closely related chromium dioxygen complex is
[(H3N)5Cr020r(NH3)5]4+.18 Joyner and Wilmarth postulate this complex to
be a chromium-peroxy species which at low Cr(II) concentrations is thought
to result in a transient Cr(IV) species, [(H3N)50r(OH)]3+.

It is also of interest to note two other chromium species.
Cr(TPP)(py)03, in nonaqueous solvents, is an nt chromium dioxygen complex
for which dimerization is prevented due to steric hindrance,19 and
anhydrous Cr(II) bound in a zeolite matrix was observed to reversibly bind
molecular oxygen.20

The complexation of molecular oxygen is not only a relevant topic in
biological systems, but it is also a promising research area due to the
possibility that the proper use of transition metals might be a key to the
efficient catalysis of auto-oxidation reactions. In view of the
versatility and importance of molecular oxygen as an oxidant, a greater
understanding of transition metal dioxygen chemistry, specifically

chromium dioxygen chemistry, is of considerable interest.
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STATEMENT OF PROBLEM

Within the initial reported investigation of the reaction between
Cr(II) and molecular oxygen, a chromium dioxygen complex, Cr022+, was
postulated.13 This complex was thought to be the key intermediate in
the first step of the activation of molecular oxygen as an oxidant.
Subsequent investigations have shed light on the nature of Cr022+, but
much is left to be determined concerning its properties, reactions,
and decomposition mechanism. A decomposition mechanism has been
outlined in several reports; however, a detailed kinetic evaluation of
the decomposition of Cr022+ has not been reported. By determining the
decomposition process for Cr022+, a greater understanding of the
process by which transition metals activate molecular oxygen can be
achieved. This understanding would certainly be an important stride
towards the ultimate goal: to take advantage of the high oxidizing
power of dioxygen in a controlled and selective manner.

In summary, the major objectives of this research are to: 1) gain
a better understanding of -the reaction of Cr(II) with molecular
oxygen, 2) investigate the chemistry of the proposed intermediate

complex, Cr022+ and 3) propose a decomposition mechanism for Cr022+.
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EXPERIMENTAL SECTION

Solvents and reagents

All water used throughout this investigation was first distilled, then
passed through an Oilex filter and finally purified by passage through in-
house anion and cation exchange columns. Additional purification for some
experiments was obtained by passage of the purified water through a
Millipore-Q purification system.

The chromium(III) perchlorate was prepared by the reduction of CrOj in
an aqueous perchloric acid medium using H9p09. The crude Cr(Cl04)3 vas
recrystallized three times from water and the purity checked by UV-VIS
spectroscopy. The concentration of the Cr(Cl0,)3 was determined by UV-VIS
spectroscopic methods (M;gx = 406 nm, € = 15.85 M‘lcm“l; A=574 nm, €=

13.3 M‘lcm‘l; A= 260 nm, € = 5.0 M‘lcm"l). The Cr(II) perchlorate was

prepared by reducing acidic Cr(III) perchlorate solutions on Zn amalgam.

A complete reduction of Cr(III) to Cr(II) was assumed, therefore, the
concentration of the Cr(Cl04); solutions was equal to the concentration of
the initial Cr(Cl04)3 solutions. The lithium perchlorate used for ionic
strength control was prepared from the carbonate and recrystallized twice.
Co(NH3)5F(Cl104)9 and Co(NH3)gBr(Cl04)y were prepared from their halide
salts.2l These compounds were recrystallized twice from perchloric acid.
Co(NH3)5Br3 was synthesized by a modification of the literature method in
vhich CoBry was used instead of CoCO3. The products were characterized by
UV-visible spectroscopy. The perchloric acid (Fisher), cerium(IV)
perchlorate (G. Frederick Smith), potassium chromate (Baker), molecular
oxygen (99.5% pure, Air Products Corp.) and argon (99.99% pure, Air

Products Corp.) were used as purchased.
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Ultraviolet-visible spectroscopy

UV-VIS spectra and single wavelength absorbance vs. time data were
acquired using a Cary model 219 recording spectrophotometer, a Perkin
Elmer Lambda Array 3840 rapid scan diode array UV-VIS spectrophotometer,
or a Cary model 14 recording spectrophotometer interfaced with an OLIS
3820 data system. Temperature control of + 0.1 °C was maintained by
circulating water from a constant-temperature bath through the jacket of a
wvater-filled cell holder within the spectrophotometer. The fitting of the
data to linear and nonlinear equations was accomplished using an APPLE II+

computer with the appropriate software for the analysis of kinetic data.

Kinetic simulation

The kinetic simulation was performed using the "Chemical Kinetic
Simulation System, ‘KINSIM’, version 3.2" Barshop et al.22 fThe program
wvas obtained from Dr. B. A. Barshop and Professor C. J. Frieden,
Department of Biological Chemistry, Washington University, St. Louis,
Missouri. This program performs chemical simulations using powerful
numerical integration techniques. It is written in FORTRAN 77 and
implemented on a Digital Equipment Corporation VAX 11/780 computer system

at the Ames Laboratory, Iowa State University.

Preparation of Cr0y2+

The reaction between Cr2+ and 0, results in a metastable Cr0y2+*
adduct.13,16,17 ypder optimum conditions, the preparation yields only <1
X 10~4 ¥ Cr022+. Cr022+ was prepared by a rapid injection of a dilute
cr2+ solution (0.010 L, [Cr2+] = 2 - 10 X 10-% M, HC10,; = 0.100 M) into an
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oxygen-saturated perchloric acid solution (0.030 L, HCl0, = 0.100 M).
Sufficient lithium perchlorate was added to obtain the 1.00 M ionic
strength used throughout this investigation. A fresh solution was
prepared for nearly every experiment. In each case the UV spectrum was
recorded, and samples containing appreciable concentrations of HCr0,~ were
discarded.

The experimental conditions for the preparation of Croz2+ vere varied
in an effort to optimize the yield and increase the concentration of
Cr0y2*. Cr0,2+ was observed to be semi-stable in acidic media (pH < 2).
WVhen the acid concentration was lowered below 0.010 M HC1l0, by the
addition of aqueous NaOH, the Croz2+ rapidly decomposed to yield a species
identified by its UV-VIS spectrum as Cr042‘. High acid concentrations
([HC104] > 3 M) suppressed, but did not prevent, the formation of HCro0,~.
When Cr022+ was prepared with higher concentrations of dilute Cr2+, the
solution rapidly turned the pale yellow color of HCr0,~ immediately upon
injection (about 3-4 seconds). The HCr0,~ was identified by its
characteristic UV-VIS spectrum. Attempts to increase the concentration
and overall yield of Cr022+ by reacting Cr?* in an acidic solution with
higher dissolved oxygen concentrations ([02] = 0.05 M, 50 atm of 09 in a

pressure bomb) also showed excessive HCr0,~ formation.

Spectrum of Cr0,2+

The UV-VIS spectrum of Cr022+ has been reported in the literature in
association with two pulse radiolysis studies on Cr022+. Sellers and
simicl? have determined the molar absorptivities to be €90 = 3200 M-lem-1

and €945 = 7800 M-lem=1 while Ilan, Czapski, and Ardonl® report €90 =
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3000 M-lem~1 and €248 = 6900 M-lem-1. Although this minbr discrepancy was
not addressed in this study, the UV-VIS spectra of the CrOZ2+ solutions
prepared by the method previously described were in good agreement with
the reported spectrum of Cr022+. The molar absorptivities used in this
study were €999 = 3000 M-lem=1 and €945 = 6900 M-lem-1. The spectrum of

Cr0y92+* is shown in Figure I-1.

Cr2+ trapping experiment

The concentration of Cr2+ formed by the homolysis of Cr022+ was
determined by trapping Cr2+ yith the oxidant Co(NH3)5Br2+. This reaction
is known to yield CrBr2+, NH,* and Co2* in acidic aqueous solution. The
concentration of the C02+, wvhich is equal to the concentration of trapped
Crz*, can be quantified by spectrophotometrically determining the Col+
concentration as the thiocyanate complex in acetone/water.

The procedure for the cr2+ trapping experiment is as follows. A 20 mL
aliquot of a freshly prepared air-free Cr022+ solution was allowed to
decompose at 25 °C in the presence of Co(NH3)sBr2+, 0.05 M, for a total
reaction time was 250 minutes (HC104 = 0.100 M). An experimental blank
was simultaneously run as a part of this procedure, with a perchloric acid
solution substituted for the Croz2+ solution. After the reaction was
complete, 8 mL of the reacted solution was added to a solution of 12.5 mL
of acetone, 0.5 mL of concentrated HCl04, and 2 mL of saturated NH,SCN.
The visible absorbance of this solution with respect to the blank at A =
623 nm, indicated Co2* was formed in the decomposition of Cr022+. The
presence of Co2* indicates Cr2+* was trapped by Co(NH3)4Br2+ in the

experiment.
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Kinetics

The decomposition reactions of Cr022+ were monitored
spectrophotometrically, usually at the 290 absorption maximum. The
concentration range of dissolved dioxygen was 0 - 3.7 X 10-3 M. The
concentration of 0y was obtained in solution by bubbling a vigorous stream
of a calibrated 09 - Ar gas mixture through the Cr022+ solution in a flask
equipped with a gas dispersion tube. To maintain constant the 0p
concentration in a kinetic run, the gas mixture was passed continuously
through the reaction cell. To obtain an 0y concentration of 3.7 X 10-3 M,
an 09 pressure of 3.5 atm was applied to a specially designed quartz

spectrophotometer cell during the kinetic experiment.
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Figure I-1.

UV-VIS spectrum of Cr0y2* in 0.100 M HC10,
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RESULTS

Stoichiometry

The stoichiometry of the reaction of cr2+ with 09 has been reported to
be 4Cr2+:102 in experiments where Cr2* was in excess, equation 16.1° The
species Cr022+ persists in solution only in the absence of excess Crl+,
Attempts to determine the rate constant for the reaction of cr2+ and
Cr022+ vere thwarted, however, because the reaction occurs too rapidly for

the stopped-flow technique.
4Cr2* + 09 + 4H* 5 4Cr(III) + 2Hy0 (16)
Cr092+ + 3Cr2+ + 2Hy0 = 2Cry(OH)y4+ (17)

Assuming a multi-step reaction scheme, the stoichiometry of the
reaction of Cr022+ with Cr2+ would be expected as ICr022+:3Cr2+ consistent
with equation 17. This stoichiometry was confirme@ by monitoring the loss
of absorbance of the Cr022+ complex (200 - 450 nm) following repeated
microliter injections of CrZ*. The reaction between CrZ+ and Cr0,2+ is
complete in the mixing time suggesting a very rapid reaction. This
experiment is illustrated in Figure I-2. Table I-2 contains the data used
for the determination of the reaction stoichiometry. The stoichiometry
was determined by constructing the titration plot, [Cr022+] vS.
[Cr2+]/[Cr022+]o, shown in Figure I-3. The slope of the line determined
by the first eight titration points is -1.48 + 0.03 M; the Y-intercept is
4,73 + 0.04 M and the X-intercept is 3.2. This represents a reaction

stoichiometry of 1Cr022+:3.2Cr2+. Thus, Croz2+ has three oxidizing
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equivalents with respect to the one electron reductant Cr2+,

The products of this experiment had a nearly featureless UV-VIS
spectrum, [Cr]p ~ 10‘4, similar to that of Cr3+. Figure I-2 also
indicates that the low concentration of HCr0,~ present in this experiment
vas consumed, since the initial HCrO4;~ absorbance, A\ ~ 345 nm, decreased

as Cr2+ was introduced.

Product analysis

The kinetic trapping of reactive intermediates was attempted using
various detection reagents. The analysis was based on a scheme in which
Cr022+ decomposes via a homolytic cleavage, equation 18, followed by a
step in which a second molecule of Cr022+ is consumed by Cr2+, equation
19. To confirm this scheme, one needs chemical trapping agent for cr+
that is able to compete with this second reaction, thereby preventing the
consumption of a second molecule of Cr0y2+. If successful, the
decomposition rate of Cr022+ would be reduced by a factor of two. Several
Cr2* traps vere tried (Ce(IV), KyCr04,23 (NH3)s5CoF2+, and (NH3)5CoBr2+);
however, only the (NH3)5Co'Br2+ trap experiment gave conclusive evidence
for Cr2+ as an intermediate. Excessive UV absorption, low solubility or
low reaction rates were experimental problems associated with the use of
these kinetic trapping agents.

Evidence for Cr2+ as an intermediate comes from an experiment which
trapped the cr2+ by reacting high concentrations of (NH3)SCoBr2+, under
air-free conditions, with low concentrations of decomposing Cr022+. These
reaction conditions favored the detection of Cré+ as much as possible;
howvever, only 4.1 X 10-7 moles of Cr2+ was detected in a solution which

initially contained 9.7 X 10~/ moles of Cr022+. To calculate the expected
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Table I-2. Stoichiometric Titration Data

[Cr02+]  Volume of Cr2+ added® (uL) [Cr+]p

4.8 X 1072 0 0.0 X 10~
4.4 X 1073 2 1.2 X 107
3.9 X 1072 2 2.4 X 1073
3.2 X 1072 4 4.8 X 10-°
2.9 X 1072 3 5.9 X 103
2.3 X 10-3 3 7.7 X 1073
1.8 X 103 3 9.5 X 10-3
1.4 X 1073 3 1.1 X 10-4
8.8 X 10-6 3 1.3 X 10-4
4.1 X 10-6 3 1.5 X 104
1.2 X 10-6 3 1.7 X 10-4
0 3 1.8 X 10-4
0 3 2.0 X 10-4

a[cr2+] = 0.095 M, HC104 = 0.100 M, 5.00 cm cell,
15.5 mL cell volume. The concentration of Croz2+ is based
on absorbance measurements taken at X = 290 nm.
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(A)
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The UV-VIS spectra for the stoichiometric titration
experiment between Cr022+ and Cr2+ (A). The loss in
absorbance for Cr022+ corresponds to the consumption
of Cr022+ by repeated injections of Cr2+*. The
initial spectrum is of an air-free aqueous solution
of Cr0y2+ ([Cr0y2*] = 4.8 X 1073 M, HC10, = 0.100 M,

5.00 cm cell, 15.5 mL cell volume)
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Figure I-3. The spectrophotometric titration plot at 290 nm (B).
The endpoint corresponds to a.reactant ratio

1 Croz2+ : 3.20r2+ (equation 17)
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trapping yield for Cr2+, the trapping experiment was simulated using the
computer program KINSIM. The reaction equations and rate constants used
in the simulation are shown in equations 18 - 21. These equations
illustrate the competition between Cr0y2+ and Co(NH3)5Br?* for Cr2+. The
bimolecular reaction between two Cr022+ molecules also plays a part in
reducing the Cr022+ available to homolyze and needs to be accounted for in
the cr2+ trapping experiment. The computer simulation indicates out of
the 9.7 X 10~/ moles of chromium in the experiment, 4.1 X 107 moles
should have been trapped by Co(NH3)5Br2*. The number of moles of Co2* (or
Cr2+ trapped) observed at the end of the trapping experiment was

4.1 X 10~7 mol which represents a trapping yield of ~ 100%.

cro,* » o’ 4 0, (k=2.5%107" s (18)
or™ 4 cro,®* 5 crojor (k = 8 x 108 Mls7h (19)
20r0,%* > > 2HCro,” (k= 6.0 H's7) (20)
cr?ts (N33)5603r2+ B crnrZts codt 4 s, * (21)
(kyy ~2 % 10° ws7h, 12 25 °¢, = 0.25 W)

(NH3)5CoBr2+ can compete with Croz2+ for Cr2+, but only when Cr022+
concentrations are low and (NH3)500Br2+ concentrations are as high as the
solubility limit will allow, ~ 0.05 M in acidic aqueous solution.24,25
Since the Cr2+ trapping percent yield is based in part on data obtained by
the simulation, errors in the estimated rate constants would result in a

different percent yield.
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A series of experiments was also designed to identify the products of
the decomposition of Cr022+. Two distinct features of the UV-VIS spectrum
of decayed Cr022+ were the slow growth of a peak at 320 nm observed over a
time period of days and also a sharp peak (actually twin peaks separated
by 2 nm) observed at 240 nm. The peak at 240 nm was usually present in
solutions of higher Cr022+ concentration, before Cr022+ had time to decay,
and it did not appear to grow during or after the Cr022+ decomposition.
The 320 nm peak was not seen until after the Cr022+ decayed. Although the
species responsible for this peak has not been identified, since it occurs
after the Cr022+ decomposition, it is incidental to it.

Cyclopentane was introduced into solutions of decomposing Cr022+ in an
effort to detect the presence of H-atom abstracting radical species. In
air-free solutions of decomposing Cr022+ and cyclopentane (0.02 M), the
240 nm peak grew for hours after CrOz2+ had decayed. The 320 peak also
initially appeared as the Cr022+ decayed, but it was observed to decay on
the time scale of the decomposing Cr022+. Following the decomposition of
the Cr022+ in this experiment, the 320 nm peak grew slowly for several
hours, but with a rate much faster than in solutions which contained no
cyclopentane. Injections of Cr2+ arrested the absorbance change. The 240
and 320 nm peaks appear to be due to different species; however, a
literature search for the identification of these species did not reveal
any useful information. From the experimental evidence cited, the species
are probably Cr(III) products with unknown structures.

In the section of this report dealing with the preparation of Cr022+,
HCr04~ was mentioned as a product of the preparation and decomposition of

Cr022+. The product HCr0,~ has also been reported by Ilan, Czapski, and
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Ardon;16 however, the details of the experimental conditions which promote
the formation of HCrO,~ have not been described.

HCr04~ is the only identified product of the decomposition of Cr022+
(the other observed products are presumably Cr(III) products). In the
Croz2+ decomposition experiments where the initial Cr022+ concentration is
lov and [09] = O M, very little HCrO;~ is observed. In the decomposition
experiments with higher Cr022+ concentrations and [0y] = O M, more HCrO,"~
is detected at the end of the experiment. As the dioxygen concentration
is increased, increasing yields of HCr0,~ are observed, Table I-3.

Other than the identification of HCr04~, no product identification was
possible in decomposed Cr022+ solutions. This was primarily due to the
extremely low concentrations of the chromium species in the acidic aqueous
solutions ([Crligtal = 2 X 10~4 M) and the relatively featureless UV-VIS

spectra obtained after Cr022+ solutions decay.

The kinetics of the decomposition of Cr072+

The decomposition of Cr022+ vas studied in 0.100 M HC10, with the
ionic strength being controlled at 1.00 M by LiCl04. The decomposition
was monitored spectrophotometrically (A = 290 nm) with the decomposition
rate clearly dependent on the concentration of dissolved dioxygen. CrOz2+
wvas observed to decay in a first-order manner in air-free solutions and
the final solutions were essentially nonabsorbing in the UV. The lack of
a strong UV absorption suggests that only Cr(III) species are formed by
this pathway. In particular, HCrO,;~ is not formed in appreciable
concentrations.

In experiments with increasing dioxygen concentrations, the
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decomposition rate slowed and took on a mixed first-order and second-order
character. Appreciable concentrations of HCr0,;~ were observed in the
final solutions.

In the experiment with the highest dioxygen concentration, the decay
became second-order and the highest concentration of HCr04~ was observed.
This implies a limiting effect of increasing dissolved oxygen
concentrations, Table I-3 and Figure I-4. The decay traces in Figures I-5
and I-6 represent the observed absorbance-time profiles accompanying the
decomposition of Cr022+. These traces have to be normalized to an
absorbance change of unity (4D = 1) to aid in the comparison between

different experimental data with the simulated curves.

Observed rate law

In the limiting case where [03] = O M, the observed traces for the
decomposition of Cr022+ fit first-order kinetics, consistent with equation
22. This is a limiting form of the more complete rate lawv in equation 30.

-d[cr0,%"] 2
—— = k__[Cr0,""] (22)
dt app 2

The calculated values for the rate constant, k’, exhibited a slight
dependence on [Cr022+]o, with the apparent first-order rate constants
increasing with increasing initial Croz2+ concentrations. The dependence
of the calculated first-order rate constant, kapp! on the initial CrOp_2+
concentration is consistent with equation 23, where higher initial Croz2+

concentrations result in an increasingly important parallel kinetic term

k" with a second-order dependence on [Cr022+]. The slight deviation from



27

Table I-3. Observed Data for the Decomposition of Cr072"a

109Cr092*], 109[05] 15t Half-Time (min) [HCXO04~Jops [HCr04 a1

2.07 0.0 17 4.2 X 10-6 3.9 x 10-6
1.96 5.25 29 6.1 X 10-6 6.2 x 10-6
2.19 10.5 32 8.0 X 106 9.0 x 10-6
2.20 21.0 41 9.1 X 106 11. x 106
2.24 31.5 42 10. X 10-6 13. x 10-6
2.40 68.3 43 13. X 10-6 16. X 10-6
2.15 105. 49 13. X 106 15. x 10-6
1.74 370. 81 13. X 10-6 13. x 10-6
aT = 25.0 °C, p = 1.00 M, and HCl0; = 0.100 M. The

[HCr04~ lyps was determined spectrophotometrically (A = 345 nm).

The [HCr04~].51 vwas determined using computer simulations.



28

20
16+ K
= //
™~ o oo
g 12" ///
= e
Q 8t e
S e
I o
4+ [
O : 1 L ! 2 ] ) | '
0 4 8 12 16 20

[Hcrod-]culcd /M

Figure I-4. A comparison between the observed and calculated
yields of HCrO;~. The calculated yield is based on
the proportion of the reaction proceeding by the
kinetic term k"[Cr092+]2, in which the best fit
values of the four rate constants in equation 33
vere used for numerical simulation in the program

KINSIM



29

1.0 1.0
(4) (8)

0.8 0.8
w
g
< 06} 0.6}
@
S
»n 0.4t 0.4}
@
«

0.2¢ 0.2¢ ®

® .
L e
0.0 L — L 0.0 2 1 . : N
0 50 100 150 200 250 300 0 50 100 1S0 200 250 300
1.0 1.0
(©) (D)

0.8} 0.8
("]
(84
Z os} o8}
m
-4
8 0.4} 0.4}
© .
<«

0.2} M 0.2}

¢ e * a o ¢
L]
D.o k. i A Y T F— o'o i rt i . n
0 50 100 150 200 250 300 [} 50 00 150 200 250 300
TIME /Min TIME /Min

Figure I-5. Normalized Cr022+ absorbance-time decomposition
traces showing the kinetic inhibition by increased
0y concentrations, HC1l04 = 0.100 M, u = 1.00 M. The
concentration of dissolved dioxygen in these four
experiments is: (A) [03] = O M, (B) [05] = 5.25 X 10~ M,
(€) [0g] = 1.05 X 10~4 M, and (D) [07] = 2.10 X 10~% M.
The solid circles represent the observed data and the
curves drawn through the experimental data are the final
best fits (calculated with the numerical integration
program KINSIM) using the full rate law, equation 33, and

the best values of all four rate constants

a8



30

1.0 1.0
(€) (F)
0.8 0.8
[
£ o6 06}
z o .
-]
&
a 0.4 0.4t
L]
«
0.2 0.2}
0.0 . . 0.0 . . . . ’
0 50 100 150 200 250 300 © 50 100 150 200 250 300
1.0 1.0
(¢) (H)
0.8 o8l
[
Q
Z o6t 0.6
® D
=
204 0.4}
o
<
0.2} 0.2}
0.0 s 0.0 N N N
0 S0 100 150 200 250 300 © S0 100 150 200 250 300
TIME /Min TIME /Min
Figure I-6. Normalized Cr022+ absorbance-time decomposition

traces showing the kinetic inhibition by increased

0y concentrations, HCl0; = 0.100 M, u = 1.00 M. The
concentration of dissolved dioxygen in these four
experiments is: (E) [0g9] = 3.15 X 10-4 M, (F) [0p] = 6.83
X 10-% M, (G) [09] = 1.05 X 10-3 M, and (H) [05] = 3.70 X
10-3 M. The solid circles represent the observed data

and the curves drawn through the experimental data are the
final best fit (calculated with the numerical integration
program KINSIM) using the full rate law, equation 33, and
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a first-order fit observed in the oxygen-free Croz2+ decomposition traces
suggest the contribution from the k" term is small compared to the k’
under anerobic conditions. Equation 23 suggests that a plot of kapp vs.
[Cr022+]o will yield an estimate of k'’ as the Y-intercept and an estimate
of k" as the slope of the line, equation 24. This graph is shown in
Figure I-7, k’ = (5.0 + 0.1) X 10~4 s-1 and k" = (12 : 4) M-1s-1,

The estimate for the second-order rate constant, k", can be improved
by numerically fitting the air-free Cr022+ decomposition traces to the
integrated form of the rate law in equation 23. The integrated equation

adapted to analyze the data is shown in equation 25.

2+
-d[CrO0 1
2= - k1o, + Kk rero, ) (23)
dt
Kypp = K ov K [Cr022+]o (24)
! 2+
) k [Cr0,” "]
[cr0,>], = — 2_o (25)

k t, ' " 2+ " 24+
e {k +k [CrO2 ]o} -k [CrO2 ]o

In the data analysis, the rate constant k'’ was fixed at the previously
determined value of 5.0 X 104 s~1. The rest of the parameters were
floated in the fitting routine to determine the best fit. In all cases
the calculated absorbance infinity and calculated initial Cr022+

concentration agreed well with the experimentally observed data. The

thirteen experiments used in this analysis are listed in Table I-4. The
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average value for k" based on these thirteen experiments is 11.7 + 3.4
M-1s-1, 1In experiments which have higher initial concentrations of Cr022+,
but the same dioxygen concentration, the bimolecular decomposition path
(k") contributes more to the overall decomposition than the unimolecular
decomposition path. As a consequence of this, the experiments with higher
initial Cr022+ concentrations will reflect a more accurate value for k".

A weighted average for the data in proportion to the extent to which it
contributes to the whole is based on the percent of the reaction by the
bimolecular path. This results in a greater emphasis of the higher Cr022+
concentration decomposition experiments and an improved value for k". The

formula used for the weighted average is shown in equation 26.

L] 1] 1
. %)k, + Bk, + oo + (X)) 5k
E’ - 171 272 13713 (26)
(%)1 + (%)2 + eee + (%)13

(%) = the percent of reaction by the bimolecular path

The value of the weighted bimolecular path rate constant is k" = 12.0
£ 1.7 M-1s-1, '

In the intermediate dissolved oxygen concentration experiments, the
decay traces display mixed first- and second-order character. Three
different but interrelated phenomena occurred when oxygen was added. (a)
The reaction slowed substantially owing to an inverse dependence of the
first term of equation 33 on the 0y concentration; (b) the second-order
dependence on [Cr022+] became more prominent; and (c) increasing
proportions of HCr0,~ were observed in the UV spectra of the product

solutions. These runs illustrate both the rate-inhibiting effect of
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increased 09 concentrations and a reaction order with respect to [Cr022+]
that increases above unity at higher 0y concentrations. These decay
CrOz2+ traces were not analyzed by a nonlinear least-squares analysis
oving to the complexity of the integrated form of the rate law.

In the other limiting case, where [07] = 3.7 X 10-3 M, the decay trace
fit second-order kinetics, consistent with equation 27. A second-order
analysis of this Cr022+ decomposition trace yielded a value for the
second-order rate constant, k" = 11.9 + 0.1 M-1s-1 ([Cr022+] =1.74 X

102 M, T = 25 °C).

2+
~d[Cr0,""] 24.2

- Kk [cro,**] (27)
dt

Activation parameters

The observed rate law under the two limiting conditions indicates that
the decomposition of Cr022+ can be attributed to a parallel reaction
sequence, one first-order in [Cr022+] and the other second-order in
[Cr022+]. The activation parameters for the first-order path
corresponding to the homolysis of Cr022+ vere determined under reaction
conditions which favored this reaction (air-free, low concentrations of
[Cr022+], u =1.00 M, HCl04 = 0.100 M). The variation of the observed
first-order rate constants due to the variation of the temperature vas
evaluated in a manner suggested by activated complex theory. Rearranging
and taking the logarithm of the Eyring equation gives equation 28. This
equation suggests that a plot of ln(k/T) vs. 1/T will be linear with

MH¥ determined by the slope and as¥ by the Y-intercept of Figure I-8.
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Table I-4. The Percent of Reaction by the Bimolecular Path

[Cr092+]n k" M-1lg-1 % by bimolecular path?
1.46 X 10~ 8.0 15.1
1.55 X 102 10.8 15.9
1.71 X 10-° 12.8 17.2
1.80 X 1072 13.0 17.8
1.89 X 107 10.6 | 18.5
1.95 X 10~ 6.5 19.0
2.03 X 103 16.9 19.6
2.07 X 1072 12.9 19.9
2.32 X 1073 6.7 21.6
2.33 X 107 16.1 21.7
2.41 X 1072 14.4 22.2
2.76 X 105 8.6 24.5
3.71 X 107 15.4 29.8

8Calculated by computer simulation techniques; average
k" = 11.7 + 3.4, vweighted average (see text), k" =
12.0 & 1.7. ‘
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k N K as#
In (—T——) = RT + 1In [T) + —R— (28)
= reaction rate constant R = gas constant
T = absolute temperature = Boltzmann’s constant
HF - enthalpy of activation h = Planck’s constant

os¥ = entropy of activation

The activation parameters for the first-order path are MHF = 25.1 &
1.1 keal mol-l and as¥ = 9.7 + 3.6 cal mol-l K-1. The data are listed in
Table II-5.

The activation parameters of the second-order path were determined
under reaction conditions which favored this path (that is, the same
experimental conditions as above were used, except high concentrations of
Cr022+ and of 09 were used). The observed rate constants corresponding to
this path were determined by computer-fitting the decomposition trace data
to equation 23 which separated the contributions of the two paths. The
first-order path rate constant was fixed in the nonlinear least-squares
computer fitting routine using the rate constants determined in the
activation parameter analysis for the first-order path. The activation
parameters for the second-order path were then determined by plotting the
observed second-order rate constants vs. the temperature again in the
manner suggested by activated complex theory (1n(k/T) vs. 1/T),

Figure I-8. The activation parameters are ¥ = 12.0 + 1.7 kecal mol-1

and 8S¥ = -14.4 + 5.8 cal mol-l K~1. The data are listed in Table I-6.
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Table I-5. The Variation of k’/2 with Temperature

Temperature (°C) kr/2 (s—1)
2.3 1.05 X 10~
14.8 6.08 X 10~
25.0 3.36 X 10~4
34.9 1.45 X 10-3

Table I-6. The Variation of k"/2 with Temperature

Temperature (°C) k"2 (M-1s-1)
2.3 1.1
5.5 1.7
15.3 4.9
25.0 5.4

34.7 15.
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Numerical modeling of kinetic data

The decomposition data for Cr022+ suggest a kinetic scheme consisting
of a parallel set of reactions, one path with a unimolecular rate limiting
step and the other with a bimolecular rate limiting step. Two variations
of the following scheme were tested to see if they adequately reproduced
the experimental absorbance vs. time profiles depicted in Figures I-5 and
I-6. Equations 29 - 31 are referred to as the "simplified model"”, and

equations 29 - 33 as the "full model".

2+ 2+
Cro0, 2 Cr + 0, (29)
2+ 2+ bs
Cr™ + CrO2 - CrOZCr 2 - Cr(III) products (30)
_d[cro, 2*] 2k, [Cr0,2*]
2 ~ 29' -1 (31)
- o~ 2+
dt 1+ {k_29[02]/k30[C102 1}
2+ 2+
CrO2 + CrO2 -+ [INT] - - 2Cr(VI) (32)
24+ 2+
-d[Cr0 ] 2k, ,[Cr0," "]
2 . 29" 2 57—+ 2ky,[Cro, 24 (33)
dt 1+ (k_pql0,1/ke[Cr0," 1)

The data analysis based on the closed-form solution of the
differential rate equations was not feasible; therefore, a program for
their numerical solution, KINSIM, was applied to the proposed reaction
schemes.

The first reaction scheme is derived from the supposition that the



40

observed rate data can simply be explained by equations 29 and 30. The
rate law derived from these equations is shown in equation 31 and is
consistent with observed oxygen dependent rate and reaction order (the
second-order dependence on [Cr022+] arises from one limit of the term in
equation 31, which applies when k_s9[09] >> k30[Cr022+]). A test of this
supposition includes the use of computer simulation techniques to
determine whether a single set of rate constants can be found that are
consistent with the observed Cr022+ decomposition data.

Three sets of observed Cr022+ decomposition data were used to test
this simplified kinetic scheme. Two of these data sets represent the
experimental limits of the oxygen concentration, [0g9] = 0 M and [09] = 3.7
X 10-3 M. An intermediate oxygen concentration experiment was also chosen
[02] = 1.05 X 10-%4 M. The value for kog used in these test simulations
can be determined by adjusting the kg rate constant in the computer
simulation to best fit the observed data at [0p] = O M. The best fit
value for kjpg is 3.17 X 10-4 M-1s-1, The fit is illustrated in Figure I-9
and the parameters for the test simulations are shown in Table I-7. To
estimate the value for kjg, the parameter described in the rate law as
k_99/k3p can be adjusted to fit the data for the decomposition of Cr022+
at [09] = 1.05 X 10~4 M. The best fit is illustrated in Figure I-9, with
k_ng/k3p = 0.0107. Using the literature value for k_jg9 (1.6 X 108
M"ls‘l),l(”17 the value for k3g = 1.5 X 102 M-1s-1, This set of rate
constants was applied to the data for the decomposition of Cr022+ at [09]
= 3.7 X 10-3 M, and the results are illustrated in Figure I-11. The fit
between the simulated and observed data is very poor, with the simulated
data having a much lower reaction rate than the observed data.

A different set of rate constants can be estimated from the [0p] = 3.7
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X 10-3 ¥ Cr022+ decomposition data. The best fit is illustrated in Figure
I-10. The value for k3g is 1.5 X 1010 M-15-1, yhen this set of rate
constants is applied to the [09] = 1.05 X 10-4 M Cr022+ decomposition rate
data, a very poor fit results as shown in Figure I-10.

It should be noted that the poor fit between the simulated and
observed data for the simplified model cannot arise from an incorrect
value for the rate constant k_jg. Regardless of the value of k_gg, the
ratio of k_gg/k3g actually represents only one adjustable parameter. A
single value for this parameter can not be found such that the observed
data and these simulated for the simplified model agree. In view of that,
the simplified mechanistic scheme can be discarded.

If equation 32 is included in the mechanistic scheme, the rate law
consistent with this scheme is shown in equation 33. To conduct the
simulations on this mechanism, the literature valuel®)17 for k30 =1.6X

6.0

108 M-15-1 yas used. The values for kog = 2.5 X 10~4 s~1 and k3o
M-1g-1 (k"/2) were set at values reported herein. The only unknown rate
constant was k3g. That equation 30 represents a very fast reaction is
suggested by the failure of direct attempts to measure the rate. The
reaction is complete in the mixing time when Cr2+ is injected in an air-
free Cr022+ solution and the ranges of oxygen concentration over which the
rate-inhibitory effect of increasing [0] is observed suggest a very fast
reaction. The value of k3g used in the simulation was, therefore,
determined by adjusting the value until the absorbance vs. time profiles
for all runs matched satisfactorily, as shown in Figures I-5 and I-6.

This method gives kjg = 8 X 108 M-1s-1. The precision of this value of
k3p is judged to be no better than about + 50% based on the variations of

this parameter made without the deviations becoming large.
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Table I-7. Numerical Modeling Test Parameters

Parameter Set?@ 10'9k10 M-1s-1 103[07] Quality of Fit Figure %

I 1.5 0 GOOD I-9
IT 15. 0 GOOD I-9
I 1.5 0.105 GOOD I-10
II 15. 0.105 VERY POOR I-10
I 1.5 3.7 VERY POOR I-11
II 15. 3.7 GOOD I-11

dParameter set I: kgg = 3.17 X 1074 -1, k_9g9 = 1.6 X 108
M“ls'l, and k3g = 1.5 X 109 M-1s-1, Parameter set II: kgg =

3.17 X 1074 s71, k_9g = 1.6 X 108 M-1s-1 and kyg = 1.5 X
1010 y-15-1
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DISCUSSION

Proposed structure of Cr0,2+

Two structures for the 1:1 Cr2+:02 adduct, Cr022+, in aqueous solution

can be proposed:

(D) (HZO)SCrog+ = n1 dioxygen [Ia(superoxo)]
(H,0) 50r——0‘.702+
2+ 2 .
(11) (H20)40r02 = h dioxygen [ILIa(peroxo)]

/1T 2+
(H20)4Cr\I

Presently there is no direct structural evidence to support either the
nl or n2 structural assignment since Croz2+ has not been isolated for
characterization. Indirect evidence, however, implies the importance of
various resonance structures.

Structure (I) formally assigns the oxidation state of the chromium as
Cr(III), and the dioxygen ligand as 09(-I), the superoxo oxidation state
of dioxygen. The assignment of formal oxidation states is based on
literature precedents for nﬁ-dioxygen complexes.26 An alternative view of
the oxidation state assignment involves a resonance structure scheme. The
debate involving the degree of electron-transfer from the MP* to the
dioxygen ligand has been a subject discussed for several years and
continues to be controversial.2’:4,26

Since the two proposed structures, I and II, imply specific formal

oxidation states which cannot be supported by direct experimental evidence
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for the Cr022+ case, the formalism of oxidation states can be avoided by
discussing the possible resonance structures vwhich contribute to the
overall chemical nature of the complex.

Cr022+ in an n! bonding arrangement has the following primary

resonance forms.

Cr(II)09(0) <=> Cr(III)0y(-I) <> Cr(IV)0y(-II)

Ia Ib Ic
Cre++0==0:" Cr—0——0" Cr=—=0——-o0

Resonance structures which describe electron-transfer from the
dioxygen ligand to the chromium are not included here since thermodynamic
properties of these species strongly disfavor molecular oxygen acting as a
reductant towards Cr(II). These resonance forms include chromium in
oxidation states less than (II). The resonance contributions from
Cr(V)09(-III) and Cr(VI)09(-IV), the other extreme resonance structures,
should be very small sincg the Cr(V) and Cr(VI) oxidation states would be
thermodynamically unstable as pseudo-octahedral 2+ cations. The dioxygen
ligand in this case would also be thermodynamically unstable since the
09(-III) formalism would leave half a bond between the oxygen atoms and
the 09(-IV) formalism would leave no bond between the oxygen atoms.

Cr022+ in an nz bonding arrangement has these primary resonance forms:

Cr(II)OZ(O) <=> Cr(III)OZ(—I) <> Cr(IV)Oz(—II)

0 O [ /
Creee ” Clé_ I: Cr\

0
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The resonance contribution from formal oxidation states other than
those represented by these three structures are very unlikely in the n2
structural arrangement for reasons similar to those given in the nl case.
In the more positive chromium oxidation states, Cr(V) and Cr(VI), the 0-0
bond is broken in favor of Cr=0 bonds. The Cr(VI)O5(-IV) might at first
appear to be a favored resonance form since HCrO4~ has similar Cr=0 bonds.
However, an nz—Cr(VI)Oz(—IV) resonance structure would have a pseudo-
octahedral arrangement with a 2+ overall charge making it
thermodynamically unfavorable.

From the discussion of the primary resonance structures, it follows
that some predictions can be made as to what the actual structure of
Cr022+ is in aqueous solution. Discussion in the literature concerning
these two structures (nl and n2) has settled on the notion that the
primary resonance structure for an nl—MOZ complex corresponds to the
superoxo formulation and in the case of Cr022+, this is represented by the
Cr(III)Oz(-I)2+ resonance structure. An n?—MOz complex is formulated as a
peroxo-complex and thus Cr(IV)Oz(—II)2+ is the primary resonance
structure. Therefore, if -experimental evidence for either primary
resonance structure can be given, an important prediction concerning the
structure of Cr0y2* can be offered.

Evidence which supports structure (I) (nl-Cr022+) as an important
resonance form comes from the following sources. Thermodynamic arguments
clearly favor Cr(III) as the most stable chromium oxidation state. As a
direct consequence of this, Cr(II) is considered a one-electron reductant
towvards oxidants consistent with the nl—Cr(III)OZ(—I) assignment as a
predominant resonance structure.

Hoffmann, Chen, and Thorn® have studied M-L complexes of various
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electronic and structural formulations. They have developed an electronic
notation that ignores electron transfer and merely counts the metal d and
ligand n* and o electrons. According to this notation, Cr022+ would be
{Cr022+}6, (Cr(II) is d% and 07 has two electrons in n* and ¢* valence
orbitals for a total of 6 electrons). Hoffmann, Chen, and Thorn’s
theoretical molecular orbital calculations have indicated that, regardless
of the formal oxidation state of the transition metal or dioxygen ligand,
the most stable electronic structure for Cr0y2+ is an nt structure vith a
linear Cr-0-0 geometry.

The chromium complex Cr(TPP)(py)0;, prepared from Cr(II)(TPP)(py) and
09, has been assigned an nl structure on the basis of an IR study of the
0-0 stretching frequency of the dioxygen ligand.19 The study assigns the
stretching frequency due to a superoxide-like electronic structure,
Cr(III)(TPP)(py)(03~). Since the equatorial TPP structure blocks adjacent
coordination sites for the dioxygen ligand, an nl—superoxo structure is
expected.

The chemical evidence is also consistent with the n! structure,
particularly: a) the rapid reaction (k3g ~ 8 X 108 M-1s-1) pbetveen Cr022+
and Cr2+ is consistent with it, but not for an nz—peroxo or nl-peroxo
structure;# the reaction between CrZ+ and H909 has a second-order rate
constant of 7 X 104 M-1s-1 at 25 °¢;28 b) the initial step in the
decomposition reaction of Cr022+ (k3g) is not assisted by H*, contrary to
the expectation for the unimolecular dissociation of a peroxo complex; c)
the amine analogue, [(NH3)5Cr022+], reacts with Cr(NH3)62+ to yield
[(NH3)5CrOZCr(NH3)5]4+18; d) the UV spectrum of Cr0p2* has features
qualitatively similar to H03/07~ in both the magnitude of the molar

absorptivity and the wavelength of the maxima2? and quite unlike that of
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Hyp0y or V3+, the metal ion isoelectronic with Cr(IV). H909 has a
wvavelength maximum in the UV similar to HO3/02~ and Cr022+; hovever, the
molar absorptivity of H90y is two orders of magnitude smaller.

Additional evidence for the importance of the resonance structure with
the nl—superoxo structural/electronic designation comes from the
investigation of M(II)-dioxygen, specifically Co(II)-dioxygen complexes.
The chemistry of Co(III)/Co(II) is known to be similar to the chemistry of
Cr(III)/Cr(II). Numerous studies of Co-0y complexes have indicated the
normal structure to be nl, with the Co(III)-superoxo electronic
configuration being the primary resonance form. The nz—Co(IV) peroxo
configuration is not seen for these complexes.

Thus, considering the indirect experimental evidence in support of the
nl structural assignment, it seems reasonable to suggest that an nl-Cr022+

electronic/structural configuration is the proper formulation of Cr022+.

Proposed mechanism—CrOg2+ decomposition

A mechanistic pathway for the decomposition of Cr022+ formed by the
reduction of molecular oxygen by Cr2+ has been suggested by several
researchers13:13,17,  The first step of the mechanism is thought to
involve the formation of the Cr022+ adduct by the reaction of Cr+ and 0.
This reaction has been studied in two independent pulse radiolysis
studies. In these studies, Cr2* vas formed by the very fast reaction of
Cr3+ with €aq- Since the solutions contained dissolved molecular oxygen,
the reaction of Cr2+ with 0y proceeded to form Cr0y2+. Sellers and Simic
report that no change in the conductivity of the solution was observed,
indicating that the reaction of cr2+ and 07 is not accompanied by the loss

or uptake of protons in the pH region of their study (pH = 2.6 - 4.3).
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They report no evidence for the reversibility of equation 34 and indicate
from their competition experiments with benzoquinone that if an

equilibrium did exist, it would lie well to the right, K3; > 2 X 107 M-1,

2+ 2+

e + 0, o cro, (34)
cr?t 4 CLH,0, » Crot 4+ C.H,0." (35)
61402 61402
(koo = 3.2 x 108 w1is71y

35

The reversibility of equation 34, albeit in a much slower time scale,
is perhaps the most important topic addressed in the present
investigation. Three lines of evidence have been obtained to support the
suggested bond-homolysis step. First, the form of the rate law indicates
two successive kinetic steps with activated complexes [Cr022+]* and
[Cr2024+]*. The inverse dependence of the rate on [09] implies that 0y is
released in the first step, as in equation 29. Depending on [02]/[Cr022+]
(relative to k_99/30) one or the other of the two steps is rate-limiting
in a given experiment.

Second, the large value of Aﬂzg* and especially the substantial and
positive value of ASzg* are consistent with unimolecular homolysis. The
related dissociations of organochromium(2+) ioné have been well-

characterized as bond-homolysis reactions, equation 36.30,31

CrR2+ - cr2+ 4 R- (36)
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Their activation parameters are similar to those found for kjg, although
0s¥ is less positive (10 as compared to ~ 27 cal mol-1 K‘l). This is
consistent with the nature of the released radical: 09 should disrupt the
solvent structure of water less than an aliphatic radical does.

Third, a reducing intermediate was detected. This is presumed to be
Cr2+, because it converts (NH3)5CoBr2+ to Coaq2+.

The first clear evidence which supports the reversible binding of
molecular oxygen by a chromium(II) ion was reported in a study which ion-
exchanged divalent chromium on zeolite A.20 Each chromium(II) ion
contained in the zeolite A matrix reversibly binds one molecule of oxygen.

Evidence for reversible binding of molecular oxygen in the present
study first became apparent when the decomposition rates of freshly
prepared solutions of Cr022+ appeared to be very erratic. This erratic
decomposition behavior was also apparent in the observed order of the
decomposition traces (the decay order varied from first- to mixed first-
and second-order), and in the variation in the amount of HCrO,~ produced
detected in the UV-VIS spectra of the decomposed CrOz2+ solutions.
Systematic variation of the dissolved oxygen concentration at a fixed acid
concentration (HC1l04 = 0.10 M, p = 1.00 M) clearly indicated that the
erratic behavior of the decomposition of CrOz2+ was due to the varying
concentrations of dissolved molecular oxygen in these experiments. Thus,
the primary kinetic evidence which supports the importance of the
homolytic cleavage of the Cr-0 bond is from the reversibility of equation
29. This is supported by the dependence of the decomposition rate, the
reaction order and the observed products on the varying dissolved

molecular oxygen concentration.
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The second step in the proposed decomposition mechanism of Cr022+
involves the Cr2+ formed in the homolysis of Cr022+. Since Cr2+* is a one-
electron reductant, it can react with the thréé observed oxidants present
in solution- 09, Cr022+, and HCrO4~. Since these three oxidants are
essentially in competition for the Cr2+, the predominant pathway will be
indicated by the magnitude of the rate constants and the relative
concentrations of the species. The rate constants are estimated to be of
a similar magnitude; therefore, the relative concentrations of these
oxidants define the major pathways by which Cr022+ decomposes.

The first oxidant, 0g, has already been discussed but this reaction
clearly does not represent a net decomposition pathway for Croz2+ since
the reaction of Cr2+ and 0y forms Cr022+. The reaction of Cr2+ with
HCr04~ can be considered to be a minor pathway. This is especially true
when the dissolved oxygen concentrations are low, since the concentrations
of HCr04~ produced in these experiments are very small. The decomposition
of Cr022+ in higher dissolved oxygen concentrations produces more HCr0,-,
but these concentrations are also small and only approach the CrOz2+
concentration after most of the Cr022+ has decomposed (Cr2+ trapping
experiments with added HCrO,;~ indicate the rate constant for the reaction
between Cr2+ and HCr04~ is less than k3g by at least an order of magnitude
k37 < k3g). Thus, the major pathway for the consumption of Cr2+ formed

2+

Cr + HCrO4— -+ Chromium Products (37)

from the homolysis of Cr0y2* is by the reaction of Cr2+ with another
molecule of Cr022+, equation 30. The initial step of this reaction is

shown in equation 30. The 3:1 stoichiometry for this reaction, expected
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vfrom ;he stoichiometry of the overall 02~Cr2+ reaction, was directly
confirmed by spectrophotometric titration of Cr022+ with Crl+, as cited
above. In combination with the kinetic scheme, with a 1:1 reaction
between Croz2+ and Cr2+, equation 30, the overall 3:1 reaction requires
additional step(s). Following equation 30, equations 38 and 39 can be

proposed to occur.
Croocr*+ + cCr2+ + Hy0 > Cr(OH)oCr% + cro2+ (38)
croZ* &+ cr2* 4+ Hy0 - Cr(OH)Cré+ (39)

These reactions, although proposed without direct evidence obtained in
the course of this work, appear reasonable. The first, equation 38, finds
analogy in the reactions of other metal ions with oxygen.32’33v34
Moreover, it can be viewed as the attack of chromium on the 0-0 bond of
the dinuclear chromium peroxide complex. As such, it is analogous to the
attack of Cr2* on the 0-0 bond of hydrogen peroxide and alkyl
hydroperoxides.35’36

The analogy between the chromium(IV) species, the chromyl ion Cr02+,
and hydroxyl (and alkoxy) radicals can be recognized; note their
similarity to the ferryl ion Fe02+.37 The second, equation 39, is simply
the reaction of this chromium(IV) species and chromium(II). These
reactions are formulated to yield directly the observed product, the
dinuclear complex containing two bridging OH groups.15 The distinction
between this and the authentic u-oxo species Cr-0-Cr4+ is now recognized.38

Although experiments were not done to explore these points further, we
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also note that further slow changes in UV spectra were seen in many of the
kinetic runs, after CrOp_2+ had completely reacted. These could be
arrested by addition of Cr2+, wvhich is consistent with the chemistry
suggested.

The decomposition mechanism proposed thus far includes the homolysis
of Cr022+, equation 29, and the capture of the homolytically produced cr2+
by an additional molecule of Cr022+, equation 30. The rate law derived

from this scheme is shown in equation 31.

24 2+

CrO2 2 Cr + 02 (29)
2+ 2+ 4+
Cr™ «+ CrO2 - CrOZCr 2 - Cr(III) products (30)
~d[cro,**] 2k,o[Cr0,%*]
— - (31)
2+
dt 1+ {k_29[02]/k30[Cr02 1}
-d[cro, "] %
~ 2k29[Cr02 ] (limit at 02 =0 M) (40)
dt .

In the limit where [09] = O M, the expression reduces to equation 40.
This result allows the assignment of the observed first-order rate
constant k,pg equal to 2kpg. Equation 31 qualitatively describes the
mixed first- and second-order character for the intermediate molecular
oxygen concentrations and predicts a Cr022+ decomposition second-order in
[Cr022+] at high concentrations of dissolved molecular oxygen. Equation
41 represents the other limiting case of high dissolved molecular oxygen

concentrations. The following calculations are based on the experiment
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vhere [07] = 3.52 X 1073 M and [Cr0y2*], = 1.74 X 107 M (kgpg ~ 12
M-1s-1). Since k_gg is known and 2kjpg can be assigned to k,,g when [09] =

0 M, the value for k3p can be estimated, equation 41.

2k
Kobs = 2 2+ (41)
1+ {k_ygl0,17kqq[Cr0,%*])
11 2¢2.5 x 107471
124 7s "= 811 3 5
1+ ((1.6 X 10%71s71)(3.70 X 107M)/ky 1Cr0, % 1)
10,-1 -1
kyg = 2 X 1000 s

Intuitively, the reaction of cr2+ and Cr022+ (k3p) will be a very fast
reaction; however, k3g ~ 2 X 1010 y-15-1 45 presumably too high én
estimate for several reasons. The rate of the substitution of Hy0 on cr2+
is only ~ 7 X 109 M"ls‘l, preventing any faster substitution at cr2+,39
The rate of the substitution of Cr0y2* on Cr2* should also be slower than
the aquo substitution rate due to the 2* charge of both cations. This
estimate for kj3p should also be viewed in light of the rate constant for
the analogous reaction of Cr2+ and 09 (k =1.6X 108 M‘ls‘l). It seems
unlikely that the rate constant for the reaction of Cr0y2* and Cr2* would
be two orders of magnitude greater than the rate constant for the reaction
of 09 and cr2+,

This mechanism was tested with computer modeling by a kinetic
simulation program using various values of k3p. The computer simulation
clearly indicated that the value of k3 had to be unreasonably large (kjqg

~ 1.5 X 1010 y-15-1) before the observed kinetic results ([0p] = 3.7 X
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10-3 M) resembled the simulation. An additional problem with this
mechanism is that it does not predict the formation of HCr0;~, a readily
observed product when the dissolved oxygen concentrations are moderate or
high.

An important modification of the mechanism includes an additional path
for the decomposition of Cr022+. The observed data indicate that this
path is bimolecular and is only a dominant pathway for the decomposition
of Cr0y2+ vhen the Cr0y2+ concentrations are high or when the dissolved
oxygen concentration is moderate to high. This step is responsible for
the formation of HCr04~, and so proceeds by a mechanism quite different
from the Cr(III)-forming reactions along the path that begins with bond
homolysis. In a formal sense Cr022+ and HCr0,~ are equivalent, in that
these species are related not by oxidation-reduction, but by simple

hydrolysis:

Croy2+ + 2Hy0

HCr0,~ + 3H* (42)

2Cr092+ + 4Hp0

2HCr0,~ + 6H* (43)

The structures of the two are quite different, however, and one would
anticipate that a mechanism considerably more intricate than hydrolysis
would be needed for their interconversion. That contention is supported
by the second-order kinetics for the rate of the net transformation, as in
equation 43, This reaction step proceeds with a substantially lower
enthalpy of activation (compensation of bond-making and bond breaking) and
by the negative enthalpy of activation (consistent with the additional

organizational entropy of a bimolecular reaction).
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A plausible transition state for this reaction step is one in which
the pair of Cr022+ ions interact to create a new Cr-0 bond from the 0-0

bond of the other partner:

, 00, +
..‘;/) +
Cq\\ Cr
0o

If this is a reasonable representation of the transition state, then its
dissociation as shown will lead to a dioxo species, (HZO)nCr(O)22+. Loss
of protons from the dioxochromium(VI) ion, now much more acidic in the
higher oxidation state, will (according to the process depicted) occur
spontaneously, preceded or followed by dissociation of coordinated water,
ultimately yielding HCr0,~. It has been reported that early transition
metals, including chromium, show the tendency to break 0-0 single bonds
and undergo intramolecular electron-transfer in order to make M=0 double
bonds.# This is a reaction unknown for n1:n1 dioxygen complexes of
cobalt, but it has been proposed for nlznl'dioxygen complexes of
iron.40,41,42

Alternatively, bimolecular decomposition of Cr022+ might proceed

analogously to the disproportionation of HOj; for example:
2H0p - H909 + 09 (44)

2Cr092* = cCropcr + 09 (45)
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Here the intermediate product is a p-peroxo dichromium complex. The same
dimetallic species, however, is believed to be formed in the reaction
between CrOz2+ and Cr2+, equation 30, along the other pathway for Cr022+
decomposition. There it does not lead to HCr0,;~. Clearly, the same
species cannot react in different ways in similar circumstances, and thus

the path shown in equation 45 seems unlikely.

Scheme I-1. Proposed Decomposition Mechanism for Cr092+
2+ 2+

CrO2 2 Cr + O2 (29)

2+ 2+ 44
cr™ + CrO2 - CrOZCr < = Cr(III) products (30)

2+ 2+

CrO2 + CrO2 - [INT] = - 2Cr(VI) (32)

2+ 2+

-d[CrO ] 2k, ,[Cr0O ]
2 __ 29~ 2 7 + kg lcr0, %1 (33)

dt 1+ {'k_29[02]/k30[Cr02 1

The following calculations are based on the experiment where [0j] =
3.52 X 1073 M and [Cr0y2*], = 1.74 X 107> M. The observed Cr0,2*
decomposition absorbance vs. time profile was second-order with a kypg ~
12 M-1s-1. The rate constant kog can be estimated from the kinetic data

according to equation 35.
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2k29 .
k = + 2k (46)
obs 2+ 32
1+ {k_29[02]/k30[Cr02 1
1 2(2.5 X 107471
12 M s "= 51 1 5 * 2k32 (47)

1+ {(1.6 X 10°M s 7)(3.70 X 10_3M)/k30[Cr02 1}

kyy ~ 8 i lst

The value for kjg was estimated for this calculation to be 8 X 108
M-1s-1. This estimate for k3p appears to be reasonable based on the known
substitution properties of Cr2+. This rate constant is not empirically
determined, but represents an estimated rate constant consistent with the
chemistry of cr2+ and provides good agreement between observed and
simulated data. The term k30[Cr022+] in the denominator of equation 46 is
small with respect to k_og9[09], simplifying the calculation.

This proposed mechanism, shown in Scheme I-1, was tested with computer
modeling by the kinetic simulation program and good agreement between the
observed and simulated data was obtained at all the various dissolved
oxygen concentrations.

It has been suggested that HCrO4~ is formed in the decomposition of

Cr022+ by the following net reaction, equation 42,16
Cr0y2+ + 2Hy0 > HCr0,~ + 3H* (42)

This pathway would include intramolecular electron transfer to

formally oxidize the chromium to Cr(VI) and reduce the dioxygen to the
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oxidation state of water, 0(-II). Additional rearrangement is required
such as the loss of two Hy0 ligands (Croz2+ is thought to be six-
coordinate (H20)5Cr022+) and the deprotonation of the two remaining aquo
ligands. Any mechanistic scheme which would accommodate this net reaction
would not be a pathway second-order in [Cr022+] as indicated by the
observed kinetic data. Thus, the observed kinetics do not support the

scheme represented by equation 42.

Activation parameters and bond strengths

The activation parameters for the two rate determining steps in the
Cr022+ decomposition scheme were determined to additionally characterize
the system. Owing to the complicated nature of the parallel path
decomposition scheme, the activation parameters had to be extracted by a
detailed computer analysis of the absorbance vs. time traces at various
temperatures and various Cr022+ concentrations. The activation parameters
assigned to the homolysis of the Cr-0 bond are shown below (M, s,

thermochemical data):

Kinetic Parameters: k(298 K) AG*298 an¥ os¥
Forward (kgg): 2.5 X 1074 22.3(5) 25.1 9.7
Reverse (k_gg): 1.6 X 108 6.2(6)  2:2(est) -15:6
Equilibrium Parameters: K9q9(298 K) 4G°y9g  OH° 4s°

1.6 X 10-12  16.1 2342  25+10
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The enthalpy of activation is not very indicative of a specific
mechanism; however, in a dissociative scheme the 0H* is an indication of
the bond strength of the Cr-0 bond. The 4S* determined for this system is
indicative of a dissociative mechanism and clearly supports the proposed

homolytic-capture scheme.

The forward and reverse rate constants have been determined for the
homolytic dissociation/recombination reaction represented by equation 29.
The quotient of these rate constants is the equilibrium constant. Ochiai
estimates that irreversible oxygenation reactions will have an uptake or
release AG° that is more negative than -13 kecal mol-1.43 This estimate in
terms of M-09 homolytic reactions, the reverse of the oxygenation
reaction, would classify reactions in which the 4G® is more positive than
13 keal mol-l as irreversible. Technically Ochiai’s conclusion is invalid
since the equilibrium, while strongly shifted toward oxygenation, still
allows the formation of very low concentrations of dissolved species.44
It is interesting to note that Ochiai would characterize the oxygenation
of Cr2* as an irreversible reaction. Clearly Ochiai’s estimate is
somevhat arbitrary and can only be used as a guideline for the assignment
of the reversible/irreversible character of an oxygenation reaction.

The homolytic dissociation of organochromium complexes has been
studied in detail and provides a suitable set of reactions analogous

2*.30 The 8H¥’s for the homolysis

to the homolytic dissociation of Cr0p
of organochromium complexes fall in the range 21-33 kcal mol-l. The au¥
for the homolysis of CrOz2+ (25.1 kcal mol-1l) is well within this range.
The 45¥ for the homolysis of CrOz2+ (9.7 cal mol-1 K‘l), hovever, is

smaller than tﬁe 0S¥ for the organochromium complexes (20-37 cal mol-1
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K‘l). The difference in the entropy of activation for the two reactions,
equation 47 and 29, is apparently due to larger solvation requirements for

organic radicals as compared to molecular oxygen in aqueous solution.

2+ 2+ .
(8,0)CrR** 2 Cr(H0) >t + R (37)
(H,0).Cr0.%* » cr(u,0).%* + o (26)
27’8 2 <« 2776 2

The activation parameters assigned to the second rate determining
step, equation 29, (fHyg¥ = 12.0 & 1.7 kcal mol~! and 8Spq¥ = -14.4 x 5.8
cal mol-! K‘l) are consistent with this type of reaction. The MH* in this
case is also not very indicative of the mechanism but it is consistent
vith a bimolecular reaction of two Cr022+ molecules to form an
intermediate. The entropy of activation is negative, indicative of an
associative mechanism. A more negative value for the entropy of
activation might be expected considering the ordered nature of the
proposed cyclic intermediate. However, the dissociation of the two Hy0
molecules required by this scheme might account for the relatively

positive 85 value.

Heterolytic dissociation of Cr092+

From the kinetically derived value of Kyg and the standard reduction
potentials for the cr3+/cr2+ and 09(aq)/09~ couples (-0.41 and -0.16 V,
respectively), the value of K,g is calculated to be 3 X 108 M, which is
about 104:2 times more favorable than Kgg. Both the homolysis and

heterolysis reactions require energy to occur, with 4G° values of 15.9 and
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10.3 kcal mol'l, respectively. Therefore, if either reaction is the
initial step in a kinetic sequence, subsequent reactions which release
sufficient energy would be required to drive the overall dissociation
process. Even though homolysis is less favorable thermodynamically, the
kinetic data suggest it is the better initial step. It would then follow
that a severe disadvantage for heterolytic dissociation exists forcing the

reaction to proceed by a homolytic process.

2+
2

(H20)50r0 9

2 Cr(H20)63+ + 0 (48)

If k_4g is given a typical value for ligand substitution of
Cr(Hg0)g3*, ~ 1076 M-1s-1, then k;g ~ 1014 s-1. A better estimate for
k_4g does not need to be made since any reasonable value makes kg
negligibly small. The very slow ligand substitution rates of Cr(H20)63+
suggest k_sg is limited by ligand substitution resulting in a substantial
kinetic barrier for k,g.

The following data (formation constants, M'l) allowv comparison of the
bond strengths of a Cr(III)-09~ species and a Cr(III)-OH~ species with
those of analogous Co(III) species. A comparison of the formation
constants for Cr3+* and 09~ versus Cr3+ and X~ = OH- is presented since OH-

is usually one of the most strongly bound X~ ions.

0y~ OH~
Cr(Hy0)g3+ 107:5 1010
Co([14]aneN,) (Hy0)y3+ 1013.7 1011



65

The enhanced stability of the cobalt-superoxide species was proposed
by Taube4> in a treatment of 09~ coordination for cobalt macrocycles.46
This analysis indicates the presence of a charge-transfer interaction, as
in Co(IV)—Ozz". The reversal in ordering between the chromium and cobalt
systems implies that a metal(IV)-peroxide state is much less important for
chromium.

Now compare the Lewis acidity of Cr(H20)63+ towvard 09~ versus its
acidity toward acetate ions.47+48 These anions are comparable bases
towvard the hydrated proton as both HOy and HOAc have pK,’s of 4.8 & 0.1.
Croz2+ forms with a higher stability constant than CrOAc2+, with the log
k’s being 7.5 and < 4.7, respectively. Even though aqueous superoxide
anion is very strongly hydrogen-bonded, comparable to fluoride ions,49 the
larger value for the Cr022+ may signal a charge-transfer interaction in
the superoxo complex.

In fact, the binding of fluoride and other simple anions can be
considered in the same context as the superoxide interaction. (H20)5Crx2+
and (NH3)5C0X2+ complexes are similar and can be easily compared because
stability constant data are available for both series.’0,31 The close
analogy between pentaamine cobalt complexes and saturated tetraamine
cobalt macrocycles (to return to the Taube46_Endicot t4/ example), and the
electronic nature of the ground stated2 which appears to be M(III)-X~ for
the simple anions, except for possibly the superoxide, aids in the

comparison. The values of the K;./Kp, ratio are as follows:

Xt OH™ F~ Cl- Br~ NCS~

Kop/Keo: 65 850  0.088  0.006  0.39



66

The F~ ion shows a strong preference toward Cr(H20)63+, even with the
very hard base OH~ showing a smaller enhancement. Fluoride ions in the
aquochromium complex may partially retain the hydrogen-bonding
interactions characteristic of the free anion, utilizing cis water
molecules in the coordination sphere. If this is correct, the relative
stability of the aminecobalt bonding of fluoride ions would be
correspondingly lower. This would explain the large stability constant of
Cr022+ compared to those for other Crx2+ ions (107'5 vs. 1043 for
fluoride). This large stability constant is thought to arise because the
coordination of aqueous (i.e., hydrated) superoxide ions to the aquo
complex does not completely eliminate the hydrogen-bonded interactions of
the anion.

To relate this point to electronic structures, consider the values of
Koyr/Kgo for X~ = OH™ (13) vs. 0p~ (10’6'2), nov using Kg, for
(HZO)ZCO([14]aneN4)3+.53 It was pointed out that Kgp. for 09~ is
exceptionally large (relative to values for CrX2+); however, this very
small value of Kgp/Kg, for superoxide ions emphasizes the unusual
stability between 09~ and-(H20)2Co([14]aneN4)3+. This further strengthens
Taube’s case%® for charge-transfer stabilization of that complex.

However, this analysis does not provide sufficient evidence to support the

formulation of (H20)50r2+ as other than a superoxo chromium(III) complex.54
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SUMMARY

The cation (H20)5Cr022+ has a considerable lifetime in aqueous
solution in the absence of Cr?*. One pathwvay for decomposition consists
of bond homolysis, Cr0y2+ —> Cr2+ + 05. The resulting Cr2+ then reacts
very rapidly with Cr022+. A second pathway, which yields HCr04;~, proceeds
by a bimolecular reaction between two Cr022+ ions. The data do not

require a description of Cr022+ as other than a superoxochromium(III) ion.
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The available data for the latter are based on the [14]aneN,
macrocycle, and so this comparison entails use of the same complex
for 09~ and OH-. Little is sacrificed, however, since, where known,
stability cgnstants towards a given X~ are comparable for
Co(NH3)50Hg3* and (Hy0)oCo[14]aneN, )3+

An interesting possibility not addressed here, is whether the ground
state of this ion might be_formulated as the hydroxo-hydroperoxo
tautomer (H2004Cr(0H)(00H)2+.
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CHAPTER II. REACTIONS OF THE SUPEROXOCHROMIUM(III)

ION VITH TRANSITION METAL COMPLEXES
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INTRODUCTION

Oxidations that depend on dioxygen are of fundamental importance to
many chemical and biological processes.1 Although dioxygen is an integral
part of many redox systems, it is known to be sluggish in many of its
reactions, often utilizing a transition metal complex to activate it in
redox processes. The triplet ground state of dioxygen provides a
considerable kinetic barrier to the auto-oxidation of normally diamagnetic
organic molecules. This barrier is associated with generally very slow
reactions involving a change of spin or unstable triplet state products.
This problem can be avoided in reactions of dioxygen with a transition
metal where greater spin-orbit coupling considerably reduces the kinetic
barrier to a change of spin. In addition, the formation of a metal
dioxygen complex may provide sufficient energy to pair the spins.1b The
is coordination of dioxygen to reduced transition metals often yields
potent and efficient oxidants.

Little is known about the reactivity patterns of transition metal-
dioxygen adducts in aqueous solution since the lifetimes of these adducts
vary from moderately long to extremely short. One dioxygen adduct that
has been studied in some detail is Co([14]aneN4)(0H2)022+.2 The report of
the reactivity of this species represents much of what is known about the
chemistry of transition metal-dioxygen adducts.

The complex, which readily decomposes in aqueous solutions, is a
moderately strong oxidant (estimated E° ~ 0.3 + 0.1 V).2b The oxidations
of several transition metal complexes with the in situ generated

Co([14]aneN4)(0H2)022+ proceed with high rate constants and utilize all
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three oxidizing equivalents provided by the coordinated superoxide.

Another transition metal dioxygen adduct, (H20)50r022+, has been known
for over 75 years.3 The kinetics and mechanism of its decomposition under
aerobic and anaerobic conditions, however, were reported only recently.4
Cr092+ is a semi-stable species with a half-life of ~15 minutes under
anaerobic conditions (HCl0, = 0.10 M, T = 25.0 °C). Only very dilute
solutions of Cr022+ can be prepared, [Cr022+] $5 X 107 M, before HCr04~,
a product of the decomposition of Cr022+, becomes a significant
interference. Even with these limitations, the preparation and handling
of Cr022+ solutions is easier than the complex techniques required for
(HZO)Co([14]aneN4)022+ solutions.

Owing to its relative stability towards one reductant (Cr2+), it
appeared to be an interesting candidate for a kinetic and mechanistic

study of its reactions with a series of reducing complexes.
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STATEMENT OF PROBLEM

The reactions of (HZO)Co([14]aneN4)022+ with transition metal
complexes have been reported in the literature;2 hovever little else is
known about the reactivity patterns of transition metal-dioxygen adducts
in aqueous solution since these adducts exist with reactivity
characteristics ranging from semi-stable species to highly reactive
transients. '

The cation (H20)5Cr022+, a dioxygen adduct similar to
(HZO)Co([14]aneN4)022+, has been recently characterized making possible a
further investigation into the chemistry of transition-metal dioxygen
adducts.

In the present study we report on the reaction chemistry of Cr022+
with various transition metal complexes in an effort to further the
understanding of the process by which transition metals activate molecular
oxygen. This understanding would certainly be an important stride towards
the ultimate goal: to take advantage of the high oxidizing power of
dioxygen in a controlled and selective manner.

In summary, the major objective of this research is to gain a better
understanding of the chemistry of Cr022+ with various reductants to

further the understanding of transition metal-dioxygen adducts.
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EXPERIMENTAL SECTION

Materials

Dilute solutions of Cr022+ wvere prepared according to the literature
procedure.4 The ligands, [l4]aneN,, [15]aneN,, and meso-Meg[l4]aneN, vere
obtained from Strem Chemical Co. Samples of Co(meso-
Meg[14]aneN,)(0Hp)9(Cl04)9 and Co(tmc)(OHp)(Cl04)o were donated by S. Lee,5
the Co(sep)Cly was a gift from A. M. Sargeson, and a standardized
Fe(Cl04)3 solution was prepared by D. G. Kelley. The Ru(NH3)¢Cly was
obtained from Aldrich Chemical Co.

Solutions of Co([14]aneN4)(0H2)22+ were prepared by mixing a 10%
stoichiometric excess of the ligand with deaerated solutions of Co(Cl04);.
Sufficient HCl0, was added after the reaction was complete to make the
solution 0.10 M in acid. The concentration of the stock solution of
Co([14]aneN4)(0H2)22+ was determined from the absorbance at 465 nm (e = 22
M"lcm‘l).6

Solutions of Co([15]aneN4)(0H2)22+ were prepared similarly and used at
the natural pH since the cobalt(II) complex is demetallated by H30*. The
concentration of the stock solution of Co([lS]aneN4)(032)22+ vas
determined from the absorbance at 497 nm (e = 13.9 M‘lcm'l).7

The concentrations of the stock solutions of Co(meso-
Me6[14]aneN4)(0H2)22+ and Co(tmc)(0H2)2+ were determined by the mass of
the cobalt complexes dissolved in a given volume of Hj0.

Solutions of Co(sep)2+, Ru(NH3)62+, and Fe2* vyere prepared by a zinc-
amalgam reduction of Co(sep)(Cl04)3, Ru(NH3)gClz, and Fe(Cl04)3
respectively, in Hy0. The concentration of the reduced species was

considered to be equal to that of the parent species. The concentration
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of the Co(sep)3+ solution was determined from the measurement of the
visible spectrum of the Co(sep)3+ stock solution at 470 nm (e = 110
M"lcm"l).8

The stock solution of vanadium(IV) perchlorate was prepared by ion
exchange (Dowex 50V - X8) of the sulfate. Vanadium(IV) was eluted with 1
M perchloric acid and standardized spectrophotometrically (A = 760 nm, € =
17.2 M‘lcm'l).9 The V(H20)62+ used in the experiments was prepared by a
zinc-amalgam reduction of VO(Cl04)7 in 0.10 M HC1O4.

Instrumentation

Routine UV-visible spectra were recorded on a Perkin-Elmer Lambda
Array 3840 UV/VIS spectrophotometer. The kinetic measurements were made
on a Durrum stopped-flow spectrophotometer interfaced with an OLIS 3820
Data System. Multiwavelength stopped-flow experiments used a George V.
Gates Co. GID-25 rapid-scan monochromator which served as the light source
when interfaced to the Durrum stopped-flow spectrophotometer. Unless
stated otherwise, all the stopped-flow experiments were done under
anaerobic conditions at 25 °C and with a cell path length of 2 em. The
single-wavelength kinetic measurements for the outer-sphere electron
transfer reactions were monitored spectrophotometrically at the two maxima
of Cr0y2+, 247 nm (e = 7400 M-lem~1) and 290 nm (e = 3100 M-lem=1).10 The
concentrations of the outer-sphere reductants were in pseudo-first-order
excess relative to those of the Cr022+. The observed rate constants for
the reactions agree with each other; therefore, the calculated second-
order rate constants are based on data collected at both wavelengths.
Analysis of the kinetic traces was done using standard first-order,

second-order, and biexponential routines on the OLIS computer system.
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RESULTS

Quter-sphere electron transfer reactions

The reactions are first-order in [Cr022+] and [R], ([R] = Ru(NH3)62+,
Co(sep)2+, and V(H20)62+). They exhibit a modest rate acceleration with
increasing acid concentrations and a slight rate decrease due to
increasing ionic strength, Table II-1. There is no effect on the observed
rate constant due to chloride in the concentration range 3 X 10-4 M - 0.05
M for the reaction of Cr022+ with Ru(NH3)62+; therefore, the chloride
dependence for the reaction of Cr022+ with Co(sep)2* or V2+ was not
studied. No spectroscopic evidence for an intermediate was obtained in
any of the reactions.

The absorbances at 290 and 247 nm decrease during the reaction of
Cr022+‘with Ru(NH3)62+ and V2+; vhereas they decrease at 290 nm but
increase at 247 nm during the reaction of CrOZ2+ with Co(sep)2+. The
decreasing absorbance-time traces represent the direct observation of the
consumption of Croz2+ during the reaction since the other species in
solution absorb very little light relative to the Croz2+ at 247 and 290
nm. At 247 nm, Co(sep)3+ is a strongly absorbing species (e ~ 14000 M-1
cm‘l) resulting in an increasing absorbance as the reaction of Cr022+ with
Co(sep)2+ produces Co(sep)3+. The change in absorbance at 247 nm suggests
a 1:1 stoichiometry for the reaction of Cr022+ with Co(sep)2+. The UV
spectrum of the products of the reaction is consistent with the formation
of Co(sep)3+.

Kinetic data was obtained at # = [H30*] = 0.100 M and T = 25.0 °C.

The results are consistent with an outer-sphere reaction mechanism as

outlined in Scheme II-1. Figure II-1 illustrates the three plots of kgpg
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vs. [R]yye suggested by equation 3. A least-squares analysis yielded
second-order rate constants for the three reagents Ru(NH3)62+, Co(sep)2+
and V2+ as (9.5 + 0.2) X 10° M-1s-1 (8.5 + 0.2) x 105 M-1s-1 and (2.28
0.05) X 100 M-1s-1 respectively.

Scheme ITI-1. Simple Outer-Sphere Mechanism

01:022+ + R —> or0," 4 R (1)
—d[Cr022+] 2
p = kllcroz ][R]ave (2)
t
kobs = K1[Rlaye 3

A more complex reaction mechanism is suggested by the acid dependence,
Table II-1, features Cr022+ and Cr02H3+ reacting in parallel reaction
pathways, Scheme II-2. The concentration of Cr022+ and Cr02H3+ is
controlled by the acid dependent equilibrium, equation 4. A least-squares
analysis of the data suggested by equation 9 yields an estimate for ks and

kg for each reaction, Table II-2, and an estimate for K; (K, ~ 0.54 M).
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Scheme II-2. Complete Quter-Sphere Mechanism

K
3¢ 2 8
VN pl— Cr022+ + H (4)
3+ 2+ +
Cr02H + R > Cr02H + R (5)
Cr022+ + R > Crozﬂz* + RY (6)
~d[R] k K+ k. [H']
- |22 [R]_, [Cr], )
dt K + [H']
a
kK + ko[H']
kobs = e 2 3 [R]ave (8)
K + [H']
a
k kK + ke[H']
_ obs — 6 a 5 (9)

app T
[R]ave Ka + [H ]
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Table IXI-1. Summary of the Acid Dependence for the Outer-Sphere Reactions

Reductant kapp (M"ls'l)a

[H30*]P Ru(NH3)g2+ Co(sep)2+ V(Hy0)g2*

0.10 1.9 X 10° 4.3 X 109 2.0 X 10°

0.23 3.0 X 100 - -

0.35 - 6.9 X 10° 2.5 X 102

0.55 - 8.9 X 10° -

1.00 5.7 X 10° - 2.9 X 10°
0.10¢ (9.5 + 0.2) X 10° (8.5 + 0.2) X 10° (2.28 + 0.05) X 10°

%app = Kobs/[RI-
by = 1.00 M.

€y = 0.10 M, T = 25.0 °C; data covered a range of [R] as shown in

Figure II-1.
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Table II-2. Kinetic Parameters for the Outer-Sphere Reactions?

Reductant ks /m-1s-1 kg /M-1g-1 Ky /M
Ru(NH3) g2+ 8.4 X 103 6.9 X 104 0.54
Co(sep)2+ 1.5 X 106 2.2 X 106 0.54b
- _ _c

V(Hg0)g2* 3.6 X 100 1.7 X 10° 0.54P
3.3 X 107 1.6 X 107 0.30

4y = 1,00 M; T = 25.0 °C; all parameters were floated in the
calculation unless otherwise noted.
by fixed parameter in the calculation.

CConvergence was not possible when the K, parameter was floated.
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Inner-sphere electron transfer reactions

Reaction between Cr0y2+ and Fe(OH2)62+ A biexponential reaction is
observed with a rapid consumption of Cr022+ signaled by the absorbance
changes. Once the effect of HCrO4~ is allowed for (see next paragraph),
it became evident that the reaction of interest gives rise to a decrease
in the absorbance at 290 nm (first stage) and a slower increase in the
absorbance at 240 nm (second stage). The consumption of Cr022+ wvas
monitored at 290 nm, and the formation of Fe3+ at 240 nm, Figure II-2.
The experiments were done with Fe2* in pseudo-first-order excess (u =
0.100 M, HCl04 = 0.100 M, T = 25.0 °C) under aerobic or anaerobic
conditions. All of the initial experiments were done anaerobically;
however, since the concentration of dissolved dioxygen did not affect the
reaction (Fe2+ does not react rapidly with dioxygen), control of the
oxygen concentration was not attempted in later experiments.

In the anaerobic experiments the Cr022+ solution was about five
minutes. This time is sufficient a build up of the HCrO,;~ concentration
to €5 X 10-6 M.4 The amount of HCr04~ in solution at a given time
depends on the age of the-Cr022+ solution and initial concentrations of
dioxygen and Cr022+.4 The presence of HCr0;~, formed as a minor but
significant byproduct during the decomposition of Cr022+, can account for
the second of two reaction stages observed at 290 nm and the first of two
reaction stages observed at 240 nm. This assignment is based on a
previous study of the HCr0;~/Fe(II) system,11 confirmed by blank

experiments with genuine HCr04™.
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The reaction between Cr022+ and Fe2* was followed by
recording a family of absorbance-time profiles. The
first fifty data points of the upper figure (290 nm)
vere collected in 0.2 seconds and the second fifty
collected in 2.8 seconds. The first fifty data points
of the lower figure (240 nm) were collected in 1
second and the second fifty collected in 119 seconds.
The family of traces results from stopped-flow
experiments performed on the same solution at various

times over a 2 hr period (t = O hr (A), t = 2 hr (B))
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The first stage at 290 nm and the second stage at 240 nm can be
assigned to the reaction system of interest, Cr022+/Fe(II). The overall
absorbance change observed at 240 nm suggests that one molecule of Cr022+
oxidizes three molecules of Fe2* to Fe3+. The data also suggest that an
intermediate is formed which has a molar absorptivity on the order of 6000
- 7000 M-lem~1 at 240 nm. This estimate is based on absorbance-wavelength
profiles which indicate upon completion of the first stage observed at 290
nm, the absorbance change at 240 nm is zero. Assuming the reaction of
Cr022+ and Fe+ accounts for the first stage at 290 nm and the change in
absorbance is due to the comsumption of Cr022+, a negligible absorbance
change at 240 nm indicates that a product of this reaction absorbs light
to the same extent as the reactant Croz2+ (~6800 M'lcm‘l) masking the
detection of the first stage assigned to the reaction of Cr022+ and Fe2+
at 240 nm.

The formation of an intermediate in the reaction of Cr022+ and FeZ+
can be confirmed by the observation of a transient species which exhibits
an absorption peak at 320 nm, Figure II-3. The CrOp_Fe4+ is proposed to
decompose as in equation 11, owing to the substitutional lability of
Fe(III). Thus, the intermediate observed at 320 nm is assigned to CrOj*.
The molar absorptivity of this species is estimated to be 1300 M-lem-1
assuming it is formed in a 1:1 stoichiometric reaction of Cr0y2+ and Fe2+.
The formation of this species is clearly shown in Figure II-3. The
absorbance at 320 nm decreases with a first-order rate constant equal to
the first-order rate constant for the formation of the species observed at
240 nm. The lifetime of the species observed at 320 nm is greatly

increased in the absence of Fe2* and greatly decreased in the presence of
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excess Fe2+, The fact that the rate constant for the reaction of this
intermediate with Fe?* observed at 320 nm is equal within the experimental
error to the rate constant for the formation of Fe3*+ at 240 nm implies
that the intermediate reacts with Fe2* to form Fe3+.

The reaction at 290 nm was independent of [H30*] in the concentration
range, [H30*] = 0.010 - 0.10 M and first-order in [Fe2+] and [Cr0,2*].

The observed absorbance of HCr0, -free solutions at 290 nm was about 50%
of the calculated value, suggesting that an absorbing species was formed
as a product of the reaction of Cr0y2* and Fe2*. The results are
consistent with an inner-sphere reaction mechanism as outlined in Scheme
II-3. Equation 10 is proposed for the first reaction stage of the
Cr022+/Fe2+ system. It is a simple bimolecular inner-sphere reaction
between Cr0y2+ and FeZ* resulting in the formation of the binuclear
intermediate CrOjFe4*. Figure II-4 illustrates a plot of kops VS
[Fe2+]ave for the reaction of Cr022+ and FeZ+ suggested by equation 13. A
least-squares analysis yields a second-order rate constant, kig = (2.45 =
0.05) X 104 M-1s-1 (u = 0.100 M, HClO, = 0.100 M, T = 25.0 °C).

The reaction observed 'at 240 nm assigned to the Cr022*/Fe2+ system was
independent of [H30*] in the concentration range [H30%] = 0.010 - 0.10 M,
and first-order in [Fe2+]. The results for this reaction stage are
consistent with equations 14 and 15. Figure II-4 illustrates a plot of
kops VS- [Fe2+]ave suggested by equation 18. A least-squares analysis
yields a second-order rate constant for the reaction of the intermediate

and Fe2+, kq, = 60 + 2 M~1s-1 (u = 0.100 M, HCl0, = 0.100 M, T = 25.0 °C).
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The reaction between Cr022+ and Fe2+ was followed by
recording the absorbance-wavelength profiles. The
absorbance at 320 nm decreases with a first-order

rate constant (0.012 s'l) similar to the rate constant
of the increase in absorbance at 240 nm (0.011 s‘l).
This family of spectra represent a total collection
time of 430 seconds ([H30*] = 0.100 M, u = 0.10 M,

T = 25.0 °C, [Cr0y2*], = 3.2 X 10-3 M, and [Fe?*],

= 2.5 X 1074 M)
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ion Mechanism
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Reactions of Cr0y2+ with Co([14]aneN;)(0Hy)92+ and
Co([15]aneN;)(0Hg) o2+ The UV-vis reaction profiles recorded in the
multivavelength stopped-flow experiments indicated multiphasic
kinetics for both reactions. A rapid rise in the absorbance of the
reaction mixture from 240 - 400 nm with a maximum centered around 250
nm is observed as the first stage in each system. The reaction
profile for CrOz2+ with Co([14]aneN4)(0H2)22+ is shown in Figure II-5
and the reaction profiles for the reaction of Cr022+ vith
Co([lS]aneN4)(0H2)22+ are shown in Figure II-6. Additional reaction
stages are observed which have decreasing absorbances from 260 - 400
nm with maxima centered around 320 nm.

The reactions were monitored spectrophotometrically in single
wvavelength stopped-flow experiments at 320 nm. Since Cr022+ does not
absorb light at 320 nm, the kinetic experiments follow a rising
absorbance assigned to the formation of an intermediate (first stage).
The subsequent decomposition of this intermediate to the final
products (second and third stages) are also observed in much slower
time scales.

The first reaction stage, equation 19 (n = 14), is very rapid for
the reaction of Cr022+ with Co([14]aneN4)(0H2)22+. Efforts to lower
the observed rate by lowering the concentration of the excess reagent,
Co([14]aneN4)(OH2)22+ were not feasible due to the experimental
uncertainty associated with the handling of the extremely oxygen
sensitive Co([14]aneN4)(OH2)22+ at the very low (10‘5 M) concen-
tration levels. A single kinetic measurement indicates that the rate
constant for the reaction between Co([14]aneN4)(0H2)22+ and Cr022+ is

k ~7 X 106 M-1s-1 (u = 0.100 M, HCl0, = 0.100 M, T = 25.0 °C).
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The second and third reaction stages equation 22, are observed as
decreasing first-order absorbance-time traces at 320 nm. The second
stage has an observed rate constant of 2.5 s~1 and the third 0.064 s-1
(0 = 0.100 M, HCl1l04 = 0.100 M, T = 25.0 °C). Very little is known
about these stages due to the limited number of experiments performed,
and as such the other reaction in Scheme II-4 must be regarded only as
an internally consistent and reasonable proposal.

An inner-sphere reaction mechanism can be proposed for the first
stage which is consistent with the data, Scheme II-4. This proposed
mechanism is supported by the observation of an intermediate, and by
the known, rapid, axial-ligand substitution properties of
Co([14]aneN4)(0H2)22+ and consistent with the known reaction chemistry

of Co([14]aneN,)(0Hy)y2+.2

Scheme II-4. Cr092+ and Co([n]aneN4)(0H9)92+ Reaction Mechanism

2+

9 * Co([n]aneN4)2+ _— CrOZCo([n]aneN4)4+

Cro

-d[Cnozz*l

- k19[Cr022+][Co([n]aneN4)2+]

2+]
4 ave

k k19[Co([n]aneN

obs

CrOZCo([n]aneN4)4+ —> products

—d[CrOZCo([n]aneN4)4+]

4
" = k22[CrOZCo([n]aneN4) ]

kobs = k22 (n = 14, 15)

(19)

(20)

(21)

(22)

(23)

(24)
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The data for the reaction of Cr0y2+ with Co([15]aneN,)(0Hy)92+ are
consistent with the inner-sphere reaction mechanism outlined in Scheme II-
4. The observation of an intermediate coupled with the known, rapid,
axial-ligand substitution properties of Co([lS]aneN4)(OH2)22+ provides
support for the proposed mechanism.

The first reaction stage, equation 19 (n = 15), is first-order in
[Cr022+] and [Co([lS]aneN4)(OH2)22+]. The reaction is also independent of
[H*] in the range 0.08 - 0.50 M HCl0,. Figure II-4 illustrates a plot of
kops VS [Co([lS]aneN4)(0H2)22+]ave suggested by equation 21. A least-
squares analysis yields a rate constant for the reaction between Cr022+
and Co([15]aneN,)(0Hy)9%*, k = (6.2 + 0.3) X 10° M-1s~1 (u = 0.100 M,
HC1l04 = 0.100 M, T = 25.0 °C).

The second reaction stage is independent of [Cr022+],,
[Co([lS]aneN4)(OH2)22+] and independent of [H30+] in the range 0.08 - 0.50
M HCl1l04. An average value for the first-order rate constants for the
second stage, equation 22, is k = 0.48 + 0.02 s-1 (0 = 0.100 M, HClO4 =
0.100 M, T = 25.0 °C).

Other Reactions of Cr022+ Limited studies have been made of the
reaction between Cr022+ and Co(tmc)2+. No reaction was detected apart
from the known, rapid decomposition of Co(tmc)2+ in the acidic medium
(0.10 M HC104).

The reaction of Cr022+ and Co(meso—Me6[14]aneN4)2+ was also investi-
gated. A UV-vis profile recorded in the multiwavelength stopped-flow
experiments indicated a rapid increase in the absorbance in the wavelength

range 240 - 320 nm, Figure II-7 (upper figure). A second reaction stage
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is observed which has a decreasing absorbance from 290 - 400 nm and a
maximum centered around 340 nm, Figure II-7 (lower figure). The
multivavelength stopped-flow experiments indicate 300 nm as an adequate
wavelength for the observation of the first reaction stage and 340 nm as
an ideal wavelength to observe both the first and second reaction stages.
The observed rate constant for the first reaction stage observed at 300 nm
and 340 nm is independent of the concentration of the excess reagent,
Co(meso-Me6[14]aneN4)(0H2)22+, with average first-order rate constants of
13 s~1 at 300 nm and 21 s-1 at 340 nm (4 = 0.100 M, HCl0, = 0.100 M, T =
25.0 °C). The second reaction stage is also independent of the
concentration of the Co(meso-Me6[14]aneN4)(0H2)22+. The observed average
rate constant is 0.10 sl at 340 nm (1 = 0.100 M, HC104 = 0.100 M, T =
25.0 °C). No variation of the acid concentration was attempted.

Several experiments were conducted to understand the unusual kinetic
results. The concentration of the limiting reagent, Cr022+, was lovered
to 20% of the previous experimental value (2.5 X 10~5 M to 0.5 X 10-3 M).
The change in the absorbance decreased as expected; however, the observed
rate constant of the first reaction stage was still independent of the
concentration of the Co(meso—Me6[14]aneN4)(0H2)22+, with an observed rate
constant agreeing with the previous experiments.

The concentration of both reagents was lowered to a very low but equal
concentration ratio, [Co(meso-MeG[14]aneN4)(0H2)22+] = [Cr022+] =5 X 10-6
M. The observed rate constant for the first stage was 104 s~1 at 250 nm
and the second stage was not detected due to the very small absorbance
change at 340 nm. When the concentration of the Co(meso-

Me6[14]aneN4)(0H2)22+ was raised to 1 X 103 while the concentration of
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Croz2+ was 5 X 10-6 M, the absorbance change doubled and the observed rate
constant for the first stage decreased to 55 s~l. The data suggest that
as the concentration of the excess reagent, Co(meso—Me6[14]aneN4)(OH2)22*,
is increased, the observed rate constant will decrease until it reaches a
limiting value of ~ 13 s~! (u = 0.100 M, HCl0, = 0.100 M, T = 25.0 °C).

At present no reasonable mechanism can be proposed.
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The UV-vis reaction profile for the reaction between
Cr0y2+ and Co([14]aneN,)(0Hy),2*,
[Co([14)aneN,)(OHp)92*], = 1.0 X 104 M, [Cr0y2+] =
2.0 X 1072 M, HC10, = 0.100 M, and u = 0.10 M, the

spectra were collected in 1 second
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[Co([15]aneN;)(0Hp)92*], = 1.5 X 10-4 M, [Cr0,2*], =
2.0 X 107> M, HC10, = 0.100 M, and u = 0.10 M. The
upper figure illustrates 16 spectra collected in 1
second. The lower figure illustrates 16 spectra

collected in 10 seconds
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The UV-vis reaction profile for the reaction between
Cr022+ and Co(meso—Me6[14]aneN4)(0H2)22+,
[Co(meso-Meg[14]aneN,)(OHy)p2+], = 1.8 X 10-4 M,

[Crog2+], = 2.0 X 10 M, HCl0, = 0.100 M, and u = 0.10 M.
The upper figure illustrates 16 spectra collected

in 0.35 seconds. The lower figure illustrates 16

spectra collected in 60 seconds
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DISCUSSION

The simple electron transfer reactions of the dioxygen ligand in
CrOz2+ are considered to proceed by an outer-sphere reaction pathway when
ligand substitution for the reducing agent is slow in comparison to the
observed rates of electron transfer. Reducing agents which feature ligand
substitution rates in excess of the observed electron transfer rates can
react utilizing inner-sphere reaction pathways. If sufficient product
stability exists for these inner-sphere reactions, adduct formation (un -

peroxo intermediates) usually dominates.2C

OQuter-sphere reactions

The general outer-sphere mechanism proposed for the reactions of
Croz2+ with an outer-sphere reducing agent R, includes the protonation of
Cr022+ equations 4 - 6. This acid dissociation equilibrium is included in
mechanistic Scheme II-2 to explain the modest acid and ionic strength
dependence observed for these reactions.

Equation 1 is analogous to the mechanism proposed to explain the
modest acid dependence observed for the reaction of Co([14]aneN4)(0H2)022+
vith the outer-sphere reductant Ru(NH3)62"'.ZC This simple description of
the reaction mechanism does not adequately explain the acid and ionic
strength dependence observed for these reactions. Scheme II-2 includes an
acid dissociation equilibrium, equation 4. The ionic strength and acid
dependence of this equilibrium is such that with increasing ionic strength
or acid concentrations, the equilibrium will shift to the left resulting
in an increasing concentration of Cr02H3+ relative to Cr022+. The net

result is an increase in the observed rate of reaction because the
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reaction pathway utilizing the more reactive Cr02H3+ begins to dominate.
Since these outer-sphere reductions are only modestly dependent on the
acid concentration, the pK, for Cr02H3+ must be less than 1. A
calculation of the K, for Cr02H3+ based on the limited acid dependent data
yields an estimate for the pK, (K, ~ 0.54, therefore, pK, ~ 0.27). The
existence and higher electron transfer reactivity of Cr02H3+ relative to
Croz2+ has been proposed in the related reaction with hydrazine.12

The ionic strength dependence is puzzling and is not explained by
either Scheme II-1 or II-2. The ionic strength dependence predicted for
the reaction of two positively charged -ions by the Bronsted-Debye-Huckel
relation,13’14 equation 25, indicates the rate constant for the reaction
should increase as the ionic strength increases. The magnitude of this
increase, however, cannot be accurately predicted by this relation at the

high ionic strengths used in this study.

log(k) = log(k®) + 22,2pAul/2/(1 4+ ul/2) (25)

There is no evidence for the back electron-transfer reaction, which
would be represented by the reverse reaction of the general equation 1,
since the kinetics show clean pseudo-first-order absorbance-time traces
and no apprecible intercepts are noted. Therefore, the reaction proceeds
cleanly to completion in all cases, with the reduction potential of
Ru(NH3) g3*/Ru(NH3) g2+ (0.06 V)15 defining a lower limit for the
Cr092+/Cr0og1+(H*) reduction potential.

It was not possible to evaluate the data using a Marcus theory
correlation since the self-exchange rate constant for Cr022+ and the

reduction potential for the Cr092+/Cr0y* couple are not known. The
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assignment of an outer-sphere electron transfer mechanism for the
reactions of Cr022+ with Co(sep)?*, V2+ and Ru(NH3)62+ is, however,
supported by a correlation of rate constants for the reactions of various
oxidants with these three outer-sphere reductants. Tables II-3 and II-4
contain a summary of the kinetic data for various outer-sphere reactions
with Co(sep)2+, V2+, and Ru(NH3)62+. These oxidants were selected because
the rate constants with all three reductants have been reported in the
literature. The overall trend observed is that the reactions of oxidants
with Co(sep)2+, v2+, and Ru(NH3)62+ occur at similar rates and are usually
within an order of magnitude of each other. These rates are controlled by
the equilibrium constant of the reaction and the reduction potential of
the species. In most cases, the reaction of the oxidants with Co(sep)2+
occurs with the highest rate constant and the reaction of the oxidants
with V2*, the lovest rate constant. The data for the reactions of Cr022+
or Co([14]aneN4)(0H2)2+ with outer-sphere oxidants, Table II-3, agrees
with this observed trend, supporting the assignment of outer-sphere
reaction mechanisms.

The rate constants for the reactions of CrOz2+ are consistently equal
to or higher than those for reactions of the various oxidants cited in
Tables II-3 and II-4. The data for Co([lé]aneN4)(0H2)022+ is of special
importance since this oxidant is a dioxygen adduct and most closely
resembles Cr022+ in structure and reactivity. The higher rate constants
for the Cr022+ reactions imply that the intrinsic barrier to electron
transfer processes is lower for the Cr022+ with respect to the other

oxidants cited.
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Table II-3. Summary of Kinetic Data for Reductions of Cr022+ and
Co([14]aneN, ) (0Hy)0y2+
Oxidant k /M-1s-1
ef, v
a 2b

Reductant (vs. NHE) (H20)50r022+ Co([14]aneN4)(0H2)022+
Ru(NH3) g2+ 0.062b (9.5 &+ 0.2) X 107 (2.3 + 0.1) X 105"
Co(sep)2+ -0.3016 (8.5 & 0.3) X 105 ~1o6b
V(0Hp)g2* -0.22617 (2.3 + 0.1) X 10° (1.8 £+ 0.3) X 105"
Co([14]aneN,)%+  0.42118 ~7 X 106 (4.9 £ 0.4) X 105
Co([15]aneN;)52+  0.6519 (6.2 + 0.3) X 10° (3.7 + 0.4) X 104b
Fe(0Hp) g2+ 0.7419 (4.5 + 0.2) x 103 (1.1 £+ 0.1) X 103°
Cr(0Hy) g2+ -0.4119 ~8 X 1o84 -

2HC10, = 0.10 M, u = 0.10 M, T = 25.0 °C.
bncio, + NaClo,) = 0.1 M.
CHC104 = 0.1 M and NaClO; = 0.2 M.
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Table II-4. Summary of Kinetic Data for Various Outer-Sphere Reactions

Reductants k /M-1ls-1 (ionic strength)

Oxidants Co(sep)2+ V(H20)62+ Ru(NH3)62+

Co(NH3)g3+ 1.5 x 10-1 (0.2 M)20 3.7 x 10-2 (0.2 M)2! 1.1 X 10-2 (0.2 M)22
Co(NH3)5C1%* 5.8 X 101 (0.2 M)20 .5 x 109 (1.0 M)21 2.6 X 102 (0.2 M)20
Co(en)33* 5.0 X 10-2 (0.2 M)20  ~2 x 10-4 (1.0 M2 ~2 x 103 (0.2 M)20
Co(phen)33* 4.8 x 103 (0.2 M)20 3.8 x 103 (1.0 M)23 9.3 x 103 (0.2 M)20
Co(bpy)33* 1.0 X 104 (0.2 M)24 1.1 x 103 (2.0 M)23 1.1 X 104 (0.1 M)26
Ru(NH3)g3* 3.5 X 104 (0.5 M)24 1.3 x 103 (0.1 M)27 3 x 103 (0.1 M)28
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Inner-sphere reactions

Due to the similarity of the reaction chemistry of Cr022+ and
Co([14]aneN4)(0H2)022+, several conclusions from the cobalt/dioxygen
system should apply to the chromium/dioxygen system. Very rapid reactions
are observed for both Cr0y2+ and Co([14]aneN4)(0H2)022+ wvith the same mild
reducing agents. Detailed product analysis studies for reactions of
Co([lé]aneNI,)(OHZ)Ozz+ with several mild reducing agents has shown these
reactions to form metastable p-peroxo complexes. The formation of the u-
peroxo adducts for these cases has been shown to make a large contribution
to the overall free energy change, making adduct formation (inner-sphere
pathway) the preferred reaction pathway.29 This is also expected to be
true for the inner-sphere reactions of Cr022+ with mild reducing agents.

Cr0y2+ has been suggested to react with FeZ+, Co([14]aneN,)(0Hy)o2+
and Co([lS]aneN4)(0H2)22+ by an inner-sphere mechanism. All three
reactions form observed intermediates which have absorbance maxima at 320
nm. A presumably related species with a 320 nm maximum has been observed
but not characterized in a previous study of the reaction of Cr022+ with
N2H5+.12 It was presumed ‘'to be a feature of subsequent chromium chemistry
in that study and not directly related to the reaction of interest. A
similar peak begins to form when Cr(0H2)63+ and Hy09 are allowed to stand
and, given the complexity of the species found in chromium-peroxide
reactions,30 it would not be surprising that all these species have
related chromophores.

The intermediates formed by the reaction of Cr022+ with Fe2+,
Co([14]aneN4)(0H2)22+ and Co({lS]aneN4)(0H2)22+ are suggested to be

analogous u-peroxo adducts; however, these intermediates decompose by
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various pathways. The Cr0Oy*, formed from the CrOzFe4+ adduét, decomposes
in a [Fe2+] dependent pathway, but the CrOZCo([15]aneN4)(OH2)22* adduct
does not decompose with a [Co([lS]aneN4)(0H2)22+] dependent pathway. This
is evidence in support of the labile ligand substitution of Fe(III) on the
stopped-£flov time scale (3 X 103 s‘l).31 This is suggested in equation
11, vith the formation of a peroxo-chromium species, CrOy*. This
resulting species is not sterically hindered toward normal inner-sphere
peroxide reactions as CrOgM™ species might be, thus further reaction with
additional Fel+ is facilitated. Co(III) metal centers are
substitutionally inert on the stopped-flow reaction time scale, preventing
the formation of CrO9*. Thus, the decomposition reaction of CrOZCoé* is
suggested to be a unimolecular decomposition forming chromium and cobalt
products. Due to the very dilute reagent concentrations, a detailed
product analysis, which would have aided in the elucidation of the
mechanism of the decomposition reactions of the intermediates, was not
possible.

The coordinated superoxo ligand of Cr022+ is a mild oxidizing center
wvhich appears to have only a small barrier to electron transfer processes.
This is suggested since very fast reactions are found with both strongly
reducing outer-sphere and mildly reducing inner-sphere electron transfer

reagents.



105

SUMMARY

The oxidation-reduction reactions of the superoxochromium(III) ion,
Cr022+, have been examined with several well-known one electron outer-
sphere reducing agents, Ru(NH3)62+, Co(sep)2+, and V(0H2)62+. The results
are consistent with outer-sphere type mechanisms. The rate constants for
these reactions are (M‘ls‘l): (9.5 + 0.2) X 105, (8.5 + 0.3) X 105, and
(2.3 & 0.1) X 105 respectively (u = 0.100 M, HCl104 = 0.100 M, T = 25.0
°C). Studies were also carried out with several mild reducing agents with
labile coordination positions, Fe(0H2)62+, Co([14]aneN4)(0H2)22+, and
Co([lS]aneN4)(0H2)22+. The results are consistent with inner-sphere
mechanisms characterized by the formation and subsequent decomposition of
a binuclear intermediate. The rate constants for the former reactions are
M-1s-1): (4.5 + 0.2) X 103 (Pe(0Hy)g2*), ~7 X 106
(Co([14]aneN,)(0Hp)72+), and (6.2 + 0.3) X 105 (Co([15]aneN,)(0Hy)92*), (m
= 0.100 M, HCl04 = 0.100 M, T = 25.0 °C).
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CHAPTER III. CHARACTERIZATION OF THE STRUCTURE, PROPERTIES, AND
REACTIVITY OF A COBALT(II) MACROCYCLIC COMPLEX
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INTRODUCTION

Cobalt-N;, complexes have long been of interest in inorganic and
organometallic chemical research. Indeed, they became a focus of
intensive research immediately after the surprising discovery that a
coenzyme of vitamin By contained a stable cobalt-carbon sigma bond.1
The general research goal was to find suitable synthetic models for the
naturally occurring organometallic vitamin Bjg. In early vitamin By
research, it was determined that the ligands needed to stabilize a cobalt-
carbon bond depended on the nature of the equatorial ligand system. Thus,
the thrust of the early vitamin Bjj research focused on the premise that
in order to understand the steric and/or electronic requirements of the
coordination chemistry of vitamin Bjj, it was necessary to synthesize a
large number of model molecules exhibiting gradual changes in their
physical and chemical properties.

A sufficiently strong, essentially planar tetradentate ligand
coordinated to a cobalt ion was required. Many polydentate ligands
satisfied this requirement. The model complexes most commonly
investigated had essentially planar equatorial ligand systems and either a
pseudo-octahedral or square-pyramidal coordination geometry. The axial
ligands commonly included a Lewis base such as pyridine for the fifth
coordination site and an alkyl or aryl group to complete the sixth
coordination site.

One very successful family of model complexes shown to duplicate many
of the reactions and reactivities of vitamin Bjy is the family of so-

called "cobaloximes", Figure III-1. These complexes have been the subject
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of many investigations in the attempt to understand the complexities of
transition metal macrocyclic chemistry.2 The variation of the macrocyclic
ligand has been shown to alter the reduction potential, the substitution
properties, and the reactivity patterns of these complexes. Thus, by
understanding the features of cobalt macrocyclic complexes in general, ve

can begin to understand vitamin Bjj chemistry.

(H90)9Co(dmgH) o (H90)2Co(dmgBF9 )9
H 9;'
[ H9 |
I /v
J Ho H20
~p—" \Bf'z/

Figure III-1. Two Members of the Cobaloxime Family

As a vital part of these investigations, a number of structural
modifications were examined. Wong and coworkers3 have confirmed the
assertion that the nature and the redox reactivity of the macrocyclic
cobalt complexes can be altered by systematically modifying the equatorial
ligand. One example of such equatorial ligand modification is achieved by
capping the equatorial ligand of the cobaloxime with two BFy* groups.

This ligand modification was first reported by Schrauzer and Windgassen4

and subsequently a few minimally characterized BFy* capped cobalt
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macrocyclic complexes have been reported.5

Schrauzer and coworkers first used the BFy* capped cobalt(III)
organocobaloxime, RCo(dmgBFy)o(py), in their studies of the chemical,
photochemical, and thermal cobalt-carbon bond cleavage of alkylcobaloximes
and alkylcobalmins.6'7 They have also used the BFy* capped cobalt(I)
cobaloxime anion, Co(dmgBF5)7~, in their studies of the nucleophilicity of
alkylcobaloximes.8

A thorough physical and chemical characterization of the BFy* capped
cobalt(II) cobaloxime has not been reported. The complex was merely used
as an additional member in a series of model organocobalt macrocyclic
complexes.

Bakac and Espenson9 have reported the first extensive study of the
reaction chemistry of RCo(dmgBFp)oH90 complexes. Their work focuses on
the subject of homolytic metal-carbon bond cleavage. They have reported a
complete kinetic and thermodynamic description of reversible alkyl

transfer between Cr2+ and RCo(dmgBFy)9H90, equation 1.

Cr2+ + RCo(dmgBFy)oHp0 - RCr2* + (Hp0)yCo(dmgBFg)y (1)

(R = Me, Et, PhCHy, CHyOCH3)

They have also reported on the unimolecular thermal homolysis of
PhCHyCo(dmgBF9)9H90. Two of their reasons for selecting RCo(dmgBFj)oH,0
are: 1) the unusual acid (H30*) stability of the BF;* capped cobalt(II)
macrocycle; and 2) the lack of observable molecular oxygen binding at 25.0
oC to (H90)9Co(dmgBF9)9 in acidic aqueous solution. In the acidic media
required by the chromium species, pH 1-3, the parent cobalt(II) cobaloxime

decomposes almost instantly to Co(aq)2+.10 This precluded any study of a
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reversible alkyl transfer equilibrium. By using the acid stable BFj*
capped complex, a reversible alkyl transfer was observed and subsequently
described in their study.

As has already been mentioned, the BFy* capped cobaloxime offers the
opportunity to study the reaction chemistry of a vitamin Bjy model complex
in an aqueous acidic solution. Cobalt(II)-N, complexes are attractively
set up to react in an inner-sphere manner. Since the majority of the
cobalt(II) macrocyclic complexes have a pseudo-octahedral low spin d’
electron configuration, they exhibit a Jahn-Teller like distortion leading
to highly labile axial ligands. In solution, many cobalt(II) macrocyclic
complexes are either five coordinate, square pyramidal, or six coordinate,
pseudo-octahedral. These structural and electronic features of cobalt(II)
complexes enhance their ability to accept readily an incoming ligand in
the axial coordination site.

The substitution lability has also proved exceptionally useful in our
study of the redox reaction chemistry of (Hy0),Co(dmgBFp)9, which was
investigated by studying the reaction with iron(III) perchlorate, equation

2.

(Hg0)5Co(dmgBFg)y + Fe3+ = (Hy0)yCo(dmgBFy)y* + Fel+ (2)

The mild oxidant iron(III) perchlorate was chosen as the mechanistic
probe not only because it has been extensively studied and well
characterized, but also because it has a suitable reduction potential of
0.740 V. vs. NHE, (0 = 0,50 M, T = 25.0 ©°C), in aqueous acid media,

equation 3.11
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Fed*(aq.) + e~ = Fel*(aq.) (E° = 0.740 V vs. NHE) (3)

Oxidations by iron(III) are usually highly dependent on the hydrogen
ion concentration.l2 The known acid ionization pre-equilibrium accounts
for the highly reactive species Fe(OH)2+, ideally suited for inner-sphere
electron transfer through the hydroxide ligand. Indeed, all the aspects
of a predictable redox mechanism, including a reversible redox
equilibrium, are present in this system and it becomes an attractive
reaction for "calibrating" the inner-sphere reactivity of
(Hg0)9Co(dmgBF9)9. Since the details of the characterization of this
particularly interesting and versatile complex, (H70)7Co(dmgBFj);, have
not been reported, we decided to explore the nature of the BF;* capped

cobaloxime.
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STATEMENT OF PROBLEM

. Although a considerable amount of research effort has been devoted
to the vitamin Bjj model complexes, only recently has research
uncovered the potential of a previously overlooked family of cobalt
macrocyclic complexes, the BFo* capped cobaloximes.

A recent kinetic and mechanistic study has shed light on the
potential of the (Hp0)7Co(dmgBFjy)9 complex.? Further research dealing
with the structural characterization of (Hp0)9Co(dmgBFy)y by x-ray
crystallographic and magnetic susceptibility methods, should yield
interesting details regarding the similarities and differences among a
series of related cobalt macrocyclic complexes.

Additional research in the areas of the chemical characterization
and reactivity of (H90),Co(dmgBFy)9 should also prove vital in the
understanding of the effect of the BFy* capped equatorial ligand on
the Co(III)/(II) reduction potential and intramolecular electron
transfer reactivity.

In summary, the major -objectives of this research are: 1) to
determine the structure of the BFy* capped cobaloxime,
(H20)2Co(dmgBFg)9; 2) to explore the chemical effects of the capping
of the equatorial ligand (i.e., by measurement of the reduction
potential and chemical reactivity); and 3) to determine the nature of
the reactivity of (H90)75Co(dmgBF9)9 toward inner-sphere oxidants
(i.e., Fe3+).
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EXPERTMENTAL SECTION

Solvents and reagents

Most solvents (acetone, methanol, acetronitrile, dichloromethane,
toluene, and diethyl ether) were used as purchased. All the water
used throughout this investigation was first distilled, then passed
through an Oilex filter and finally purified by passage through
inhouse anion and cation exchange columns. Additional purification
for some experiments was obtained by passage of the purified water
through a Millipore-Q purification system.

The (H70)7Co(dmgBFj)o was prepared by the reported literature
procedure.9 Co(0Ac)y+4H90, (2g), and dmgHy, (1.9g), were suspended in
150 mL of air-free diethyl ether. BFq:Et90 was added, the mixture was
stirred at room temperature for six hours and filtered. The brown
solid, (Hy0)9Co(dmgBF9)y, was purified by several washings with ice-
cold water followed by a recrystallization from methanol. The purity
was checked by analytical and spectroscopic methods. Elemental
analysis calculated for (Hp0);Co(dmgBFy);: Co, 14.0,; C, 22.8; H,
3.80; N, 13.3. Found: Co, 14.0; C, 23.1; H, 3.78; N, 13.1.
Spectrophotometric data: UV-VIS, A(max)/nm (e/M‘lcm‘l), 456 (4.06 X
103), 328 (1.92 X 103), 260 (5.82 X 103), in Hy0.

The hydrated iron(III) perchlorate was donated by Dr. A. Bakac.
It wvas prepared by fuming the chloride with perchloric acid. The
iron(II) perchlorate was prepared in solution by reduction of
Fe(Cl04)3 on a Zn-amalgam and standardized by a potentiometric

titration using Ce(IV). The concentration of unreduced iron(III) in
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the iron(II) solution was determined by the measurement of the
concentration of the iron(III) thiocyanate complex (X% = 460 nm)
formed upon addition of KSCN to the iron(II) solution. This Fe3+
correction was very small, usually less than two percent of the total
Fe3+ concentration in the experiments. The lithium perchlorate used
for ionic strength control was prepared from the carbonate and
recrystallized twice. The purity was checked by UV-VIS spectroscopy.

Other reagents were used as purchased.

X-ray crystallography

The very limited solubility of (Hp0)9Co(dmgBFy)s in water makes it
difficult to grow single crystals of the diaquo complex. Thus single
crystals of (CH30H)7Co(dmgBFj)9 suitable for X-ray diffraction were
grown by the slow evaporation of a solution of (Hy0);Co(dmgBFj)9
dissolved in methanol. These crystals lose solvent of crystallization
readily, fracturing within minutes on contact with air. In order to
prevent this, the crystal (approximate dimensions 0.25 X 0.17 X 0.14
mm), was mounted in a sealed 0.3 mm Lindeman glass capillary tube
containing the mother liquor. The diffraction data were collected
using a Syntex P2y four circle X-ray diffractometer. The crystal
system and orientation matrix was obtained using an automatic indexing
program.13 The resulting triclinic reduced cell and reduced cell
scalars indicated no transformation to a higher symmetry. All data
collected were unique and within a 20 of 50° in the hkl, hKl,hkT, and
hKkT octants. The intensity data were corrected for the Lorentz and

polarization but not for the absorption effects. The space
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group vas determined as PT by a successful refinement. Direct methods
and the automated map analysis approach built around MULTAN14 vere
used to obtain a trial structure. Full-matrix refinement was done by
minimizing the function Zw(|F,| - |Fc|)2, w = op~2, using anisotropic
thermal parameters for all non-hydrogen atoms and fixed isotropic
thermal parameters for the hydrogen atoms. The refinement converged
to a residual index of R = 4.5% and a weighted residual index of R, =
4.6%Z. Additional crystallographic data are presented in Table III-1.
The data collection was conducted by Mr. J. Benson and the structure
refinement was completed with the help of S. Kim and L. Miller at Iowa

State University.

Magnetic susceptibility

The magnetic susceptibility of (H90),Co(dmgBF3)y was determined
by the Gouy method.13 The reference cited very accurately describes
the apparatus and technique employed in the determination. The two
standards chosen were HgCo(NCS), and [Ni(en)3]Sp03. The calculated
magnetic susceptibility was based on [Ni(en)3]S903 as the standard,
since some difficulty with the HgCo(NCS), standard was observed (this
standard was drawn to the magnet). No temperature dependent magnetic
susceptibility measurements were attempted in this determination. The
value of the magnetic susceptibility for (H90)7Co(dmgBF9)y was
determined to be 1.92 + 0.02 B.M. at ambient temperature. Therefore,

(H90)9Co(dmgBF9)9 is a low spin a’ cobalt complex.
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Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance spectra were collected on a
Bruker/IBM ER 200D-SRC spectrometer equipped with a Systron-Donner
frequency counter. Cooling was provided by cold nitrogen gas,
producing a probe temperature of 100 - 110 K. The field was
calibrated using DPPH, phenylpicryl-hydrazide (g = 2.0037), MnO powder
diluted in Mg0 and a built-in NMR gaussmeter.

Samples of Co(dmgBFj), Lewis Base adducts were prepared by
dissolving (CH30H)9Co(dmgBFy)9 in a degassed Lewis base-solvent
mixture (the mixture is a 50/40/10 by volume mixture of toluene,
dichloromethane, and Lewis base). Samples of (B)Co(dmgBF9)5(0)g were
prepared by rapidly injecting an air-free solution of (B)9Co(dmgBFy),
dissolved in the appropriate base into an oxygenated solution of
toluene/dichloromethane at about - 50 °C. Following injection, the
samples were then frozen in an EPR tube by liquid nitrogen. This
solvent system was used because (CH30H)9Co(dmgBF9)9 is readily soluble
in the mixture and upon freezing a good glass could be obtained with
reproducible EPR spectra. *

The EPR spectra are axial in appearance, therefore, the g and A
values were calculated by the method described by Tovrog in his study

of similar cobalt(II) macrocyclic complexes.16

Cyclic voltammetry

The cyclic voltammetry experiments were performed using a
Bioanalytical Systems Inc. BAS-100 Electrochemical Analyzer. The
glass sample compartment (solution volume ca. 10 mL) held the three

electrodes needed for cyclic voltammetry in an air-free environment.
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The working electrodes used were a commercial hanging mercury drop
electrode, a glassy carbon disk electrode (electrode diameter 3.2 mm),
and a platinum disk electrode (electrode diameter 1.6 mm). The
auxiliary electrode was a platinum wire and the reference electrode
was an Ag/AgCl reference electrode with a potential of 0.222 V vs.
NHE. The solvent used in this study was distilled water and the

electrolytes used in this study were LiCl04, HCl04, LiCl, and HCIL.

Ultraviolet-visible spectroscopy

UV-VIS spectra and single wavelength absorbance vs. time data were
acquired using a Cary model 219 recording spectrophotometer.
Temperature control of + 0.1 OC was maintained by circulating water
from a constant-temperature bath through the jacket of a water-filled
cell holder within the spectrophotometer. The fitting of the data to
linear and nonlinear equations was accomplished using an APPLE II+
computer with the appropriate software for the analysis of first and

second order kinetic data.

Kinetics using the stopped-flow technique

Reactions too rapid for the conventional kinetic methods were
followved using a Canterbury model SF-3A stopped-flow spectrometer
interfaced with a Nicolet model 206 digital storage oscilloscope. The
data analysis was done using an APPLE II+ computer with the
appropriate software for first order kinetic data analysis. The
reaction of iron(III) perchlorate with (Hp0)7Co(dmgBFj)o was monitored
at X = 456 nm, (1 = 0.50 M, 25.0 + 0.1 °C).
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RESULTS

X-ray crystal structure

The refinement of the diffraction pattern resulted in the
determination of the crystal and molecular structure of the complex,
which is represented by the ORTEP drawing in Figure III-2. An
objective of this portion of the investigation was to determine the
structure of (H90)7Co(dmgBFj)9 thus confirming the substitution of the
twvo BFp* groups into the equatorial ligand system. This confirms the
chemical composition of the ligand, and establishes that in the
recrystallization procedure methanol replaced the two axial water
molecules in the original complex.

The molecule is highly symmetric and has Cy, point group symmetry.
Slight distortions in the macrocyclic ring were detected in the solid
state structure by the X-ray data lowering the point group symmetry to
C; (pseudo-Cgh). Owing to the inversion center of symmetry, only half
of the geometric parameters are independent. The calculated bond
distances are reported in ‘Table III-2 and the calculated bond angles
in Table III-3. The positional and anisotropic thermal parameters,
Table IIT-4, and the temperature factors, Table III-5, have also been
included in the crystallographic data.

The ORTEP drawing of the structure of (CH30H);Co(dmgBFj)y, Figure
III-2, is labeled to identify specific atoms listed in the

crystallographic tables.
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Figure III-2.

Full ORTEP drawing of the molecular structure of
(CH30H)9Co(dmgBF9)9. The hydrogen atoms are not
included in the ORTEP drawing for clarity. The

thermal ellipsoids are drawn at the 50% probability
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Table III-1. Crystallographic Data for (CH30H)9Co(dmgBFj)y

formula CoCqoHoBoF4N,04

fw 448.84

space group PT

a, A 7.955(6)

b, A 8.180(6)

c, A 7.918(6)

o ° 99.55(2)

B, ° 118.13(2)

Yy ° 66.52(2)

yA 1

v, A3 416.60

dealed? g/cm3 1.51

crystal size, mm 0.25 X 0.17 X 0.14
crystal color red

radiation Mo Ka (X = 0.70926 A)
M, em-1 11.43 (no correction applied)
temperature Room Temperature

20 limits 2° - 50°

goodness of fit (GOF2) 1.34

data collected 1612

unique data ) 1595

data used in refinement 1027 (|Fgl 2 3a(Fy))
RD 0.045

R,C 0.046

AGOF = {IW(|Fy| - |F.|)2/(NO - NV)}1/2, where NO =
number of observations and NV = number of variables.

bR = Z||Fo| - IFel1/2IFol.

CR, = {IW(|F,| - |Fo|)2/muF,2)1/2,
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Table III-2. Calculated Bond Distances for (CH30H);Co(dmgBFjp)y

Atom Pair Distance (A) Atom Pair Distance (A)
Col - N1 1.882(4) Col - N2 1.873(4)
Col - 03 2.264(4) N1 - 01 1.354(5)
Nl -2C1 1.266(6) N2 - 02 1.361(5)
N2 - 02 ©1.361(5) N2 -C3 1.273(7)
01 - Bl 1.483(7) 02 - Bl 1.493(7)
Bl - Fl1 1.395(7) Bl - F2 1.357(7)
03 - C5 1.407(7) Cl -c2 1.492(8)
Cl -¢C3 1.473(7) C3 -Cé 1.484(8)
03 - H3 0.739(62) Cc2 - H21 0.936(71)
C2 - H22 0.809(72) C2 - H23 0.913(72)
C4 - H4l 0.826(68) C4 - H42 0.758(74)
C4 - H43 0.946(70) C5 - H51 0.966(67)

C5 - H52 0.844(74) C5 - H53 1.029(69)
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Table III-3. Selected Bond Angles in (CH30H)Co(dmgBFjy)9
Atoms Angle (°) Atoms Angle (°)
N1 - Col - 03 91.17(16) N2 - Col - 03 89.36(16)
Col - N1 - 01 123.65(29) Col - N1 - C1  116.20(33)
Col - 03 - C5 12B.04(37) Col - N2 - 02 123.78(30)
N1 - 01 - B1 114.04(36) N2 - 02 - B1  114.37(36)
01 - N1 -Cl 119.76(39) O1 -C1 - C2 93.42(34)
C2 -Cl -C3 122.63(44) N1 - Cl - C2 124.64(46)
N1 -Cl1-C3 112.72(42) 01 - Bl - 02 114.91(43)
01 - Bl -F1 109.37(42) 01 - Bl - F2 106.04(42)
02 - Bl - F1 108.65(42) 02 - Bl - F2  105.33(41)
F1 - Bl - F2 112.56(45) €1 - C3 - C4 123.08(45)
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Table ITII-4. Atomic Positional and Average Isotropic Thermal
Parameters? for (CH30H);Co(dmgBF3)y

Atom x y z U(ave)
Col 0 0 0 20(0)
N1 2627(6) -1253(5) 1917(5) 25(1)
N2 -1347(6) -1415(5) 30(5) 24(1)
01 3134(5) -2815(4) 2735(5) 31(1)
02 -381(5) ~2949(4) 1099(5) 29(1)
03 851(6) -1806(5) -2197(5) 38(2)
cl 4009(7) -659(6) 2288(7) 23(2)
c2 6221(8) -1544(8) 3628(8) 34(2)
C3 3210(7) 1012(6) 1221(7) 25(2)
C4 4451(10) 2109(8) 1605(9) 37(3)
C5 1616(11) -3681(8) -2198(11) 45(3)
Bl 1444(9) -2969(8) 2941(9) 28(2)
Fl 811(5) ~1588(4) 4058(4) 37(1)
F2 2208(5) -4603(4) 3758(4) 39(1)
H21 644(10) -245(9) 437(9) 38
H22 686(11) -212(9) 304(9) 38
H23 667(11) -66(9) 429(9) 38

H3 -941(9) | -141(8) -311(9) 38
H41 477(10) 250(8) 270(10) 38
H42 547(11) 158(9) 159(10) 38
H43 -362(10) -309(9) -73(9) 38
H51 -108(10) -568(9) 178(10) 38
H52 -714(11) -412(9) -196(10) 38
H53 -91(11) -563(9) 334(10) 38

8Atomic coordinates [ X 104], temperature factors

[A X 103]; U(ave) is the average of U11, Ugg, Uss.
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Table III-5. Temperature Factors [A X 103] for (CH30H) 9Co(dmgBFy )9

Atom U11 U22 Us3 U12 U13 U23
co1 15(1)  25(1)  20(1)  -6(0) 6(0) 4(0)
N1 19¢2)  28(2)  22(2)  -4(2) 6(2) 7(2)
N2 24(2)  30(2)  19(2) -11(2) 9(2) 1(2)
03 52(3)  30(2)  35(2)  -6(2)  27(2) 0(2)
01 25(2)  28(2)  36(2)  -3(2)  11(2)  12(2)
02 27(2)  27(2)  32(2)  -7(2)  11(2) 9(2)
c1 22(3)  29(3)  20(3)  -8(2)  12(2)  -3(2)
c2 18(3)  46(3)  28(3)  -6(3) 6(3) 4(3)
c3 20(3)  31(3)  26(3)  -9(2)  15(2)  -7(2)
Ch 33(4)  42(4)  41(4)  -19(3)  15(3)  -5(3)
Bl 25(3)  26(3)  29(3)  -9(3) 9(3) 5(3)
F1 41(2)  37(2)  33(2) -11(2)  20(2)  -2(1)

F2 38(2) 34(2) 40(2) -6(2) 15(2) 17(1)
C5 59(5) 29(4) - 58(4) -15(3) 37(4) -2(3)
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EPR spectroscopy of (B)(B’)Co(dmgBF9)9

The EPR spectra of (B)9Co(dmgBFj)g are in excellent agreement with the
EPR spectra of (B)9Co(dpgBFy)o, a very close analogue to
(B)ZCo(dmgBFz)z.16 The spectra are also very similar to other cobalt(II)
macrocyclic complexes also studied by EPR techniques.s’ur18 The EPR
parameters obtained from the analysis of the spectra are shown in Table
ITI-6. The EPR spectrum of (CH3CN)7Co(dmgBF9)9 is shown in Figure III-3,
the EPR spectrum of (CH30H),Co(dmgBFp)y is shown in Figure III-3 and the
EPR spectrum of ((CH3)9C0)9Co(dmgBF9)y is shown in Figure III-4.

The characterization of the reversible binding of molecular oxygen by
(B)9Co(dmgBF9)9 is also of interest since binding of molecular oxygen by
several cobalt(II) macrocyclic complexes has been investigated.5'17’18
The reversible binding of molecular oxygen by (B);Co(dmgBFp)y was first
observed when an oxygenated aqueous solution of (H90)7Co(dmgBFy)y was
cooled in a dry ice/acetone bath. As the solution cooled, the color of
the solution changed from a golden yellow to a pink/red color. Upon
wvarming, the golden color returned. The cycle was repeated a number of
times implying reversible ‘binding of molecular oxygen. An identical
deoxygenated sample showed no color change during an identical cooling-
freezing-warming cycle. Similar results were obtained in organic solvents
such as methanol, acetonitrile, and acetone. The temperature dependent
color changes in the organic solvents were more intense than in aqueous
solutions. The observed temperature dependent color changes in the
organic solvents were from a golden yellow to red/brown as the samples
vere cooled.

Oxygenation of the air-free samples was attempted by bubbling 05 into

the solution for 5-10 minutes at reduced temperatures (0 to -50 ©C);
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howvever, even though a color change was readily observed, the solutions
were EPR silent. After numerous attempts to observe the Co-07 EPR
spectrum, a rapid oxygenation procedure was devised. An air-free solution
of (B)7Co(dmgBFy)g in the appropriate Lewis base (CH30H, (CH3),CO, or
CH3CN) was rapidly injected into an oxygenated toluene/dichloromethane
solution cooled to about -50 ©°C. The appropriate color change was
immediately observed and a sample rapidly frozen in an EPR tube by liquid
nitrogen. Samples prepared this way gave weak EPR spectra for the Co-0j
adducts. The three bases used in the experiment all gave similar results;
however, the acetone adduct gave the best results and is shown in Figure
III-4. The important parameters for this spectrum are found in Table III-
6. The perpendicular region of the spectrum is clearly apparent; however,

the parallel region is less resolved and the uncertainty greater.

Table III-6. EPR Parameters for (B)(B’)Co(dmgBFj)o2

(8) (8) g, 4,10 g, |a, 1®
CH30H CH30H 2.013 107 2.28 10
CH3CN CHACN 2.015 104 2.28 10

(CH3)9CO  (CH3)oCO  2.008 107 2.29 10
(CH7)9CO  (CH3)9CO  2.08 19 2.01 13

3In toluene/dichloromethane/Lewis base glass at 100 - 110 K.

by 10-4 cm-1,
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Pigure III-.3. EPR spectrum of (CH3CN)2Co(dmgBF2)2 (top figure),

EPR spectrum of (CH30H)ZCo(dmgBF2)2 (bottom figure)
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Figure III-4. EPR spectrum of ((CH3)9C0)9Co(dmgBFy)9 (top figure),
EPR spectrum of ((CH3)7C0)Co(dmgBFp)9(05), (bottom

figure)
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Electrochemical measurements of (H90)9Co(dmgBF9)9

Cyclic voltammetry of (H90)7Co(dmgBFj)y clearly shows the
cobalt(II)/(I) redox couple to be nearly reversible. Plots of the peak
currents vs. the square root of the scan velocity are linear except for
the fastest scan rate, 1003 mV/s and the peak separations are 70-90 mV
also except at the fastest scan rate. These results are indicative of
sluggish electron transfer at the electrode surface. Plots of ipa/ipc vS.
scan rate (v) also indicate the slight electrochemical irreversibility is
due, at least in part, to a decomposition of the cobalt(I) species

according to the EC mechanism: 19

E: Co(II) + e~ = Co(I)~ (4)

C: Co(I) + Hgp0 = 1/2Hy + Co(II) + OH™ (5)

These results are consistent with the observed tendency for
(H90)9Co(dmgBF9)9~ to decompose in acidic or neutral aqueous solutions.

These cyclic voltammetry results depend on the type of electrode used.
The cobalt(III)/(II) redox couple appears to be quasi-reversible at best,
since the peak separation increases with increasing scan rates. The
quasi-reversible character is probably due to sluggish electron transfer
on the electrode surface. The sluggish electron transfer appears to
affect the cobalt(III)/(II) redox couple more than the cobalt(II)/(I)
couple. The HMDE produced the best cyclic voltammograms for the
cobalt(II)/(I) redox couple; however, the HMDE could not be used for the
determination of the cobalt(III)/(II) redox potential due to problems

associated with the oxidation of the mercury drop at fairly positive
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potentials. The platinum disk electrode and the glassy carbon disk
electrode did show acceptable results under certain conditions. The use
of the platinum electrode for the cobalt(II)/(I) redox couple produced
poorly resolved cyclic voltammograms; however, this electrode gave
acceptable results in acidic or chloride media for the cyclic voltammetry
of the cobalt(III)/(II) redox couple. The glassy carbon electrode did not
work well in acidic or chloride media, but gave the best results for the
cobalt(IIT)/(II) redox couple in the solutions of LiClO,.

Chloride was added to the solutions in an attempt to eliminate the
irreversible redox character displayed by the redox couples. The
reversible character did improve slightly, but the E° for the redox for
the redox couple also shifted implying a new species was formed in the
solutions (C1)(H0)Co(dmgBFy)y~ or (Cl);Co(dmgBF,)2-. Since the species
of interest is the bis-aquo complex, the cyclic voltammetry results
focused on the results in the noncomplexing perchlorate media.

Experiments using acetonitrile as the solvent, (CH3CHy)4NPFg as the
electrolyte and the glassy carbon electrode were similar to the
experiments using the glassy carbon electrode in neutral aqueous
solutions. The cobalt(II)/(I) redox couple was nearly reversible, but the
cobalt(III)/(IL) redox couple was quasi-reversible. Figure III-5 shows an
example of the cyclic voltammetry for the cobalt(II)/(I) and
cobalt(III)/(II) redox couples. A summary of the electrochemical data is

shown in Table III-7.



Table III-7.

133

Cyclic Voltammetry Results for (H90)9Co(dmgBF9)9

Electrode Electrolyte Couple

E,(mV) E.(mV) AmV vw(mV/s) EO(mV)

HMDE 0.10 M LiClo, II/I =392 462 70 10 -427
Carbon 0.10 M LiClo, II/I =392 -477 85 10 -434
Carbon 0.10 M LiClo, III/II 835 531 304 10 683
Carbon 1.00 M LiClo, II/I -389 -463 74 10 -426
Carbon 0.10 M LiCl II/1 =395 -472 77 10 -433
Carbon 1.00 M LiCl II/I -365 -442 77 10 -404

Platinum 0.10 M LiCl III/II 673 497 176 10 585
Platinum 1.00 M LiCl III/II 628 444 184 10 536
Platinum 0.10 M HCl0, III/II 766 542 224 10 654
Platinum 0.10 M HC1 III/1I 643 535 108 10 589
"HMDE" = Hanging Mercury Drop Electrode; "Carbon" = Glassy Carbon

Disk Electrode; "Platinum" = Platinum Disk Electrode; "E," =

Anodic Peak Potential; "E." = Cathodic Peak Potential; "amV" =

Peak Separation; "V" = Scan Rate; "E°" = (E, + E.)/2; The solvent

used in these experiments was H90, the temperature was

approximately 25 OcC.

All potentials reported vs. NHE.
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Figure III-5.

EUOLT)

Cyclic voltammogram of (Hp0)7Co(dmgBF2),, (top
figure, redox couples = cobalt(III)/(II),
cobalt(II)/(I), glassy carbon electrode, LiCl0, =
0.10 M, v=10 mv s‘l, potentials vs. Ag/AgCl
reference electrode). Cyclic voltammogram of
(H90)9Co(dmgBF9)9, (bottom figure, redox couples
= cobalt(II)/(1I), glassy carbon electrode,

LiCl0; = 0.10 M, v = 10 mV s’l, potentials vs.

Ag/AgCl reference electrode)
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Reversible oxidation of (H90)9Co(dmgBFy)o

The reversible redox nature of (H0)7Co(dmgBFj)5, designated
cobalt(II), was observed by first oxidizing the Co(II) to
(H20)9Co(dmgBF9)o*, or cobalt(III)*, with a slight excess of Fe3+ in an
air-free spectrophotometric cell, equation 6. The UV-VIS spectrum
revealed a bleaching of the cobalt(II) absorbance at A\ = 456 nm, 8¢ = 3590
M-lem=1 yhere Ae is the difference betveen the molar absorptivity of
cobalt(II), e = 4060 M-lem=1, and cobalt(III)*, € = 470 M-lem-1 at this
wavelength. A slight excess of Cr2+ vas injected into the cell to reduce
the cobalt(III)* complex, equation 7, and the final UV-VIS spectrum was
recorded as seen in Figure III-6. This final spectrum records the
restoration of the cobalt(II) absorbance, indicating that greater than 95%
of the cobalt(II) was reversibly oxidized and then reduced by this

procedure.

Fed+ 4+ Co(II) - Fe2+ 4 Co(III)* (6)

Co(III)* *+ Cr2+ - Co(II) + Cr3+ (7)

Cobalt(II) is fairly unreactive toward acid; however, cobalt(III)* is
more reactive. At 0.0500 - 0.500 M HC104, the rate constant for the
reaction of cobalt(II) with acid is k = 6.9 X 10-4 M"ls‘l, (tyy2 = 335
min., HC104 = 0.0500 M, T = 25.0 0C). The decomposition of cobalt(III)*
in 0.0500 M HCl04 has a half life of about 9 minutes at 25.0 °C. The
decomposition rate was estimated from a series of experiments which: 1)

oxidized cobalt(II) to cobalt(III)* with Fe3+, 2) allowed the cobalt(III)*
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to decompose for varying lengths of time in the acidic solution (HClO4 =
0.500 M), and 3) measured, by spectroscopic means, the degree of
decomposition by determining the amount of cobalt(II) recovered after an
injection of cr2+, Therefore, considering the increased acid sensitivity
of cobalt(III)*, to insure a high reversible redox yield, the oxidation
and reduction must be done as rapidly as possible.

The extent of the oxidation of cobalt(II) by Fe3+, and thus the
position of the equilibrium in the reaction described by equation 6, is
also affected by the Fe3* and Fe?* concentrations. The extent of the
oxidation increases with increasing Fe3+ concentration and decreasing Fe2+
concentration. This is an example of a reversible redox equilibrium
situvation and provides additional evidence for the reversible nature of

this cobalt(III)/(II) couple.

Equilibrium constant determination

The equilibrium constant (Keq) for the reaction described in equation

6 was determined by two methods.
Keq = [Fe?+][Co(III)*]/[Fe3*+][Co(II)] (8)

The first method was based on the spectrophotometric determination of the
equilibrium concentrations of the species in solution. The initial
concentrations of Fe3*, Fe2+, and cobalt(II) and their molar
absorptivities at A = 456 nm were known. From AD (AD is the difference
between the initial and final absorbance values) it is possible to
calculate the concentrations of all the species in the equilibrium

expression, equation 8. In these experiments the initial concentrations
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of Fe3* and Fe2* were in considerable excess over the cobalt species.
Thus the changes in the concentrations of Fe3* and Fe2* from the initial
to the equilibrium state were small. The expression for the equilibrium
constant can be related, as in equation 9, to the concentrations and

absorbance change in these experiments.
(B€/8D)[Co(II)], = [Fel*]gq/ReqlFed*leq + 1 (9)

The equilibrium constant was evaluated at various acid concentrations
in the range 0.1-0.5 M HC10,. No dependence of Kegq on [H*] was observed.
The plot of (Ae/D)[Co(II)], vs. [Fed*]oq/[Fe?*]qq which yields 1/Kgq as
the slope is shown in Figure III-7. The equilibrium constant calculated
using a least-squares analysis of the spectrophotometric data according to
equation 9 is 34.7 &+ 2.9, (A = 456 nm, p = 0.50 M, T = 25.0°C).

A second method for the determination of the equilibrium constant
utilized the kinetic data according to the expression: Keq = kg/kyp. The
method for the determination of these forward and reverse rate constants
is detailed in the next section titled "Rate Constant Determination". The
equilibrium constant determined kinetically is Keq = kg/ky = 575 M-1g-1

718.3 M-1s-1 = 31.4 & 3.4, (HCl04 = 0.40 M, pu = 0.50 M, T = 25.0 °C)

Rate constant determination

The absorbance readings, taken as a function of time from the
experiments used to obtain the values of the overall absorbance change,
4D, also yielded values for the forward and reverse rate constants, kg and
ky. The concentrations of Fe3+ and Fe* were chosen high enough such that

the approach to equilibrium can be represented as opposing pseudo-first-
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Figure III-6.

Three UV-VIS spectral scans, recorded as a function

of time, of the air-free oxidation of (H20)9Co(dmgBF2) 9
(8.0 X 107 M) to (Hy0)oCo(dmgBFy)o* by Fe3+ (1 X 10-% M,
left figure). The right figure displays the UV-VIS
spectral scan recorded immediately following the oxidation
of (Hy0)7Co(dmgBFy)y overlayed with the UV-VIS spectral
scan recorded immediately following the reduction of the

cobalt(III)* by a slight excess of Cr2+ (1.1 X 10-4 M)
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Figure III-7. The plot of (Ae/&D)[Co(II)]y vs. [Fe2+] ye/[Fe3*],ye
for the reaction of (H20)9Co(dmgBF;)9 to determine
the equilibrium constant. The concentrations of Fe3+
and FeZ+* were present in large excess ([Fe3+] =
0.9 - 3.0 X 10-4 M, [Fe2+] = 3.0 - 5.0 X 10-3 M, HC10, =
0.400 M, u = 0.500 M, and T = 25.0 ©°C)
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order reactions. Equations 10, 11, and 12 were used to evaluate the

kinetic data.

d[Co(III)*]/dt = kg[Fe3+]1{Co(II)] - k[FeZ+][Co(III)*) (10)
kops = kelFe3*] + k. [Fe2+] (11)
Kobs/ [Fe2*] = kg[Fe3+1/[Fe2*] + k, (12)

The plot of kopg/[Fe?*]aye vs. [Fe3*l,,e/[Fe?*] e is shown in Figure
III-8. This plot yields kg as the slope and k, as the intercept. The
least-squares values are kg = 575 + 45 M‘ls'l, k. = 18.3 + 1.8 M-1s-1,

The value of the forward rate constant can also be calculated from the
kinetic data using equation 13, which is obtained from equation 12 by

substitution of Keq = kg/ky.

kobs = ke([Fe>Iaye + [Fez+]ave/Keq) (13)

If the value of the equilibrium constant is fixed at the
spectrophotometric value of Keq = 34.7, the refined value of the forward
rate constant is kg = 599 + 10 M-ls~l. The plot of the kinetic data
defined by equation 13, k,pg Vs. ([Fe3+]ave + [Fe2+]ave/Keq), is shown in
Figure III-9. The slope is drawn to correspond to the least-squares fit,
kg = 599 M-1s-1,

The value of the reverse rate constant can likewise be calculated from
the kinetic data by analogous methods. Equation 13 can be recast to yield

the reverse rate constant as the slope of a plot suggested by equation 14.
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kobs = kr([Fez+]ave + Keq[F63+]ave) (14)

If the value of the equilibrium constant is fixed at the
spectrophotometric value of Keq = 34.7, the refined value of the reverse
rate constant is k, = 17.3 + 0.3 M-1s=1, The plot of the kinetic data
according to equation 14, kypg VS ([Fe2+]ave + Keq[Fe3+]ave), is shown in
Figure ITI-10. The slope is drawn to correspond to the least-squares fit,

kp = 17.3 ¥-1s-1,

The effect of chloride on the observed rate

The effect of chloride ion on the observed rate for the reaction of
(H90)9Co(dmgBF9), and Fe3+ vas qualitatively measured by the introduction
of NaCl (aq.) into a reaction mixture of Fe3+ and (H90)9Co(dmgBFy)9. Two
different chloride concentrations were used, 0.11 and 0.23 M (HC104 = 0.30
M). A significant rate enhancement was observed with increasing chloride
concentrations, kgpg = 0.0478 s=1 ([C17] = 0 M), kopg = 0.252 s=1 ([c1-] =
0.11), and kypg = 0.527 ([C17] = 0.23 M), with the observed rate doubling

as the chloride concentration was doubled.

Forward rate constant by the stopped-flow method

Kinetic data were also determined by stopped-flow experiments in which
the concentrations of Fe3*+ were chosen such that the reaction proceeds
essentially to completion. These conditions were such that only the
forvard reaction contributed to the observed rate constant., The observed
rate is decidedly dependent on the acid concentration with the observed

rate increasing with decreasing acid concentrations. To complete the
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Figure III-8. The plot of kobs/[Fez"lave vs. [Fe3+]ave/[Fe2+]ave
for the reaction of (H90)7Co(dmgBF9)9 with pseudo-
first-order concentrations of Fe3* and Fe2+ ([Fe3+] =
0.9 - 3.0 X 10-4 M, [Fe?*] = 3.0 - 5.0 X 10-3 M, HClo, =
0.400 M, u = 0.500 M, and T = 25.0 °C)
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Figure III-9. The plot of kypg Vs ([Fe3+]ave + [Fe2+]ave/Keq)
for the reaction of (Hy0)9Co(dmgBF9)y with pseudo-
first-order concentrations of Fe3* and Fe2* ([Fe3*] =
0.9 - 3.0 X 10-4 M, [Fe?*] = 3.0 - 5.0 X 10-3 M, HClo, =
0.400 M, u = 0.500 M, and T = 25.0 °C)
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The plot of Kopg vs. ([Fe?*]aye + KeqlFed*l,ye) for
the reaction of (H90)7Co(dmgBFj); with pseudo-first-
order concentrations of Fe3* and Fel+ ([Fe3+] = 0.9
- 3.0 X 10-% M, [Fe2*] = 3.0 - 5.0 X 10-3 M, HC10, =

0.400 M, u = 0.500 M, and T = 25.0 °C)
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characterization of the reaction, a series of experiments with varying
perchloric acid concentrations was conducted. The ionic strength was
controlled throughout these experiments at w = 0.50 M with LiCl04. The
perchloric acid concentration range used was 0.003-0.49 M.

Several algebraic functions showing an inverse acid dependence on the
observed rate constant were examined to find the correct functional form.
Guided by precedents in the literature, the two rate law functions most
likely to fit the data are those in equations 15 and 16. The stopped-flow
data was fit to the two forms of the rate laws arising from such

mechanisms by a least-squares computer analysis.

Kobs/[Fe3+] = kgaPP

A + B/[H*] (15)

Kobs/ [Fe3*]

kg@PP

C/(D + [H*]) (16)

This computer fit is illustrated in the plot of the logarithm of the
apparent forward rate constant, Log(kobS/[Fe3+]) vs. the logarithm of the
acid concentration, Log([H*]}), Figure III-11.

The two best fit lines are plotted along with the observed data. This
graphical plot clearly indicates that the form in equation 15 is more
consistent with the data than the form in equation 16. This is especially
seen in the low and high acid regions of the graph. The values of the
parameters obtained by the least-squares fit for the rate equation in
equation 15 are A = 289 + 11 M‘ls‘l, B =120 + 2 M-1lg-1

Additional evaluation can be done by other plots. The form in

equation 15 implies a linear plot of kg®PP vs. 1/[H*] and a nonlinear plot
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of 1/kg@PP vs. [H*]. The situation is just the opposite for the rate law
in equation 16 which rearranges to 1/kg2PP = D/C + [H*]/C, thereby
implying a linear plot of 1/kg2PP vs. [H*] and a nonlinear plot of kg2PP
vs. 1/[H*]. When the stopped-flow experimental data are plotted in these
two fashions, Figures III-12 and III-13, some curvature is apparent in
both plots. Within experimental error, however, the data are fit much
more satisfactorily by the plot of kg3PP vs. 1/[H*], thus supporting
equation 15 as the best algebraic expression for the data in this
graphical analysis.

The rate expression in equation 15 can also be linearized as in
equation 17. The plot of [H*]kg?PP vs. [H*], as in Figure III-14, is

fairly linear over the acid concentration examined.

[H*]kg3PP = A[H*] + B (17)

As a further analysis of the data, the percent deviation from the
computer fits of Figure ITII-10 can be plotted. The plots of the percent
deviation vs. acid concentration are shown in Figure III-15. This plot
helps to illustrate the random scatter of the deviations when the data is
fitted to equation 15 and the systematic deviation associated when the
data is fitted to equation 16. Therefore, based on the evidence presented
in the graphical analyses, the algebraic expression which best fits the

data is equation 15,
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Figure III-11. The plot of Log(kobs/[Fe3+]) vs. Log({H*]) for the
reaction of (H70)9Co(dmgBFy)o with pseudo-first-
order concentrations of Fe3+* ([Fe3+] = 2.0 - 30X
1074 M, u = 0.500 M, T = 25.0 °C); only the forward
reaction was observed in the stopped-flow
experiments. The best fit line for each of the two
rate lav forms (A + B/[H*], solid line) and

(C/D + [H*], broken line) are included



148

2r g
]
1= °
Ol 1 1 ) 1 | 1 '
0 100 200 300 400

1/[H] /M

Figure III-12. The plot of ks@PP vs. 1/[H*] for the reaction of
(H90)9Co(dmgBF9)9 with pseudo-first-order
concentrations of Fe3+ (k3PP = kobS/[Fe3+]ave,

[Fe3+] = 2.0 - 30 X 1074 M, u = 0.500 M, T = 25.0 °C);
only the forward reaction was observed in the

stopped-flov experiments
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Figure III-13. The plot of 1/kg3PP vs. [H*] for the reaction of
(H90)9Co(dmgBFy)9 with pseudo-first-order
concentrations of Fe3* (kg2PP < kobs/[Fe3+]ave,

[Fe3+] = 2.0 - 30 X 104 M, u = 0.500 M, T = 25.0 °C);
only the forward reaction was observed in the

stopped-flow experiments



150

300

0.0 0.2 0.4 0.6

Figure III-14. The plot of [H*]ks3PP vs. [H*] for the reaction of
(H20)7Co(dmgBF,)o with pseudo-first-order

kobs/[Fe3*]aver

0.500 M, T = 25.0 °C);

concentrations of Fe3+* (kg2PP

[Fe3+] = 2.0 - 30 X 104 M, u
only the forward reaction was observed in the

stopped-flow experiments
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Figure III-15.

[H] /™

The plots of percent deviation vs. [H*] for the
reaction of (H90)9Co(dmgBFy)9 with pseudo-first-

order concentrations of Fe3+ (kg2PP = kobs/[Fe3+]ave,
[Fe3+} = 2.0 - 30 X 1004 M, b = 0.500 M, T = 25.0 OC);
only the forward reaction was observed in the stopped-
flow experiments. The top figure is the parallel path

percent deviation and the bottom figure is the consecutive

path percent deviation
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DISCUSSION

Structure

Most cobalt(IIl) complexes which contain nonmacrocyclic tetradentate
ligands with nitrogen and/or oxygen donors are high spin (Mgff = 4.9 - 5.2
B.M.), five- or six-coordinate species.20 The axial coordination sites
are generally occupied by solvent molecules or by anionic ligands. In
order to stabilize cobalt(II) complexes in a low spin environment, various
workers have used unsaturated tetradentate macrocyclic ligands with large
field strengths. Endicott and coworkers?l have reported a list of the
cobalt(II) fourteen-membered tetraaza macrocyclic complexes which contain
cobalt-oxygen bonds in their axial positions, Table III-8. The complex
(CH30H)9Co(dmgBF9)9 can be compared with these complexes and useful
conclusions about the nature of this compound can be drawn.

The equatorial ligands in the complexes studied all have high ligand
fields. The cobalt(II) complexes are therefore low-spin d’ molecules.
This electronic configuration is shown by the effective magnetic moments
at room temperature, Table III-8.

As expected for low-spin d’ complexes, the magnetic moment values are
only slightly higher than the spin-only value for one unpaired electron,
1.73 B.M. The values are also much lower than the spin-only moment for
the high-spin d’ electronic configuration having three unpaired electrons
and a magnetic moment value of 3.46 B.M. This electronic configuration
leads to a Jahn-Teller like distortion, weak cobalt-oxygen axial bonds,
and very labile axial ligands.

The metal ion in (CH30H)7Co(dmgBFy)s and in several other complexes
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Table III-B8. Bond Lengths and Magnetic Susceptibilities of

Some Cobalt(II) Macrocyclic Complexes

Complex Equatorial M-N Axial Heff E°?

amine imine(A) M-0(A) (B.M.) (V.)

[Co(AL)5(Hp0)71] 1.88bs¢  2,27byc 1.92b,d 0,649b
[Co(BL)(0H2) ](C104) 1.9022  2.2922  1.8222,e 0,56421
[Co(CL)(OHp)21(C104)y 1.9823 11,9223 2.28,2.3923 0.60021

[Co(DL)(0Hg)91(C104)p 1.9824% 1.9224  2.4824 1.8624,d 0,56421
[Co(EL)(OHp)](PFg)y  1.9920 11,9220 3,2820 3, 0520,f

[Co(FL)(0Hp)21(C104)9 2.0325,d 0,56721
[Co(GL)9(0Hp)p] 1.9226,d 0,3627
"AL" = the monoanion of (difluoroboryl)2,3-butanedione dioxime =

(dmgBF9)~; "BL" = 2,3,9,10-tetramethyl-1,4,8,11-
tetraazacyclotetradeca-1,3,8,10-tetraene; "CL" = 12,14-dimethyl-
1,4,8,11-tetraazacyclotetradeca-1,11,diene-13-one; "DL" =
5,7,7,12,14,14-hexamethyl-1,4,8,11-tetraazacyclodeca-4,11-diene;
"EL" = 2,4,-dimethyl-1,5,8,12-tetraazacyclo-tetradeca-1,4-diene;
"FL" = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[11.3.1]septadeca-
1¢(17),2,11,13,15-pentaene; "GL" = the monoanion of 2,3-butanedione
dioxime = (dmgH)~.

aCobalt(III)/(II) reduction potential vs. NHE.
bThis work.

C[Co(AL)9(CH30H)9].

dGouy method-solid state.

€Evans Method (1.0 M NaCl).

fFaraday Method.
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listed in Table III-1 lie on crystallographic centers of inversion; thus,
these complexes have crystallographic molecular symmetry (-1) with the
metal(IT) ion centered in the equatorial plane. This molecular symmetry
is common in these types of macrocyclic complexes and confirms the
planarity of the equatorial ligand.

A dramatic dependence of axial bond lengths on the equatorial ligand
for cobalt(II) complexes has been reported.23 The authors observed that
the axial cobalt(II)-OHy bond is very susceptible to distortions induced
by nonbonded repulsive (steric) or electronic interactions with
substituents of the equatorial ligand. The axial bonding interactions
also increase in strength with increased unsaturation in the equatorial
ligand. The data collected in Table III-8 are consistent with these
assertions. The equatorial Co-N (imine) and Co-N (amine) bond lengths are
constant (1.92 + 0.02 A and 1.98 + 0.01 A, respectively) for complexes
with l4-membered macrocyclic ligands. The Co-0 axial bond lengths in
Table III-8, vary within the range of 2.27 to 2.48 A. This variation is a
direct result of the Jahn-Teller like distortion seen for low-spin a’
cobalt(II) complexes. The degree of the axial elongation can be best
determined when the elongated axial bond lengths are compared with a
suitable standard. A number of standards can be chosen. The most
suitable one appears to be a high-spin cobalt(II) complex (no axial
distortion) containing a nonmacrocyclic tetradentate equatorial ligand
system. One such complex is aquo-NN’-ethylenebis-(3-
methoxysalicylideneiminato)-cobalt(II) with the cobalt(II)-oxygen axial
bond distance of 2.12 A.28 This value is close to the reported six-
coordinate cobalt(II)-oxygen bond distance of 2.13 & for Co00,29 2.12 A for

CoClz-6H20,30 and an accepted average cobalt(II)-oxygen
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bond distance of 2.14 + .01 A.31 It is clear from Table III-8 that the
Co-N equatorial and the Co-0 axial bond lengths for (CH30H)7Co(dmgBF9)y
agree very well with other values characteristic of this collection of
cobalt(II) macrocyclic complexes.

Several studies indicate that various macrocyclic cobalt(II) species
are five-coordinate in aqueous solutionzz, but are tetragonally distorted
six-coordinate diaquo species in the solid state.3] Since the isolated
species in this crystallographic investigation is the six-coordinate
bismethanol complex, we cannot confirm by direct structural analysis the
coordination number of the aquo species. However, since water is a better
Lewis base and thus more tightly bound than methanol, it is very probable
that the solid state aquo species is a diaquo, six-coordinate complex.
Additional evidence for the six-coordinate diaquo species in the solid
state comes from the elemental analyses of (H90),Co(dmgBFp)y. The
observed and calculated cobalt, carbon, hydrogen, and nitrogen analyses
consistently show a much better agreement when the molecular weight for
the diaquo species is used in the calculations rather than the molecular
weight of the five-coordinate monoaquo species.9

Several conclusions have been drawn based on structural studies of
several cobalt(II) macrocycles. These conclusions should also apply in
the case of (CH30H)2Co(dmgBFy)y. These conclusions are: (1) Low spin d’
systems are axially labile. (2) Axial lability in these systems is
correlated with an elongation of axial bond lengths found in X-ray
structural studies. (3) Low temperature EPR studies indicate that the
unpaired electron in these systems is in an axial orbital of significant
d,2 character. (4) The range of axial bonding interactions, including an

apparent axial trans-influence, is at least qualitatively described by a
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three-center, five-electron bonding model. (5) The inferred synergistic
trans influence has significant implications for models of inner-sphere

electron transfer reactions.23

EPR spectroscopic analysis

The EPR spectra of toluene/dichloromethane/Lewis base solutions
indicate a nearly axial symmetry about the cobalt(II) ion. This result is
consistent with the known electronic structure of low spin cobalt(II)
complexes which are d/ and have one paired electron in the dz2 orbital.

The EPR analysis of the oxygen Lewis base adducts of (B)9Co(dmgBFg)o
presents a problem because it is difficult to assign unambiguously the
presence of two axial base ligands for the cobalt complex in solution at
low temperature. Coordination of bases possessing nuclei with nonzero
nuclear moments give rise to hyperfine interactions with these nuclei.
Nitrogen donor 2:1 adducts are easily recognized by the characteristic
five line hyperfine pattern from two equivalent nitrogens. This is not
the case for oxygen Lewis bases. The 160 nucleus does not have a nuclear
spin, thus, EPR hyperfine 'splitting cannot be observed. This problem,
although not addressed in this study, was overcome for the nearly
identical complex (B)ZCo(dprF2)2.16 Tovrog showed the coordination of
oxygen Lewis bases by first observing the five line hyperfine splitting by
the two axially coordinated nitrogen bases in (CH3CN);Co(dpgBFp)y. He
then added a stoichiometric amount of an oxygen donor Lewis base, THF,
which produced three line nitrogen hyperfine splitting indicating the
complex formed in solution was (CH3CN)(THF)Co(dpgBFy)9. Addition of
excess THF resulted in complete loss of the nitrogen hyperfine splitting

indicating (THF)9Co(dpgBFg)9 was formed. Due to the similarity of the
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molecular and electronic structure of (B)7Co(dpgBFy)y and (B)9Co(dmgBF9)9
evidenced by the almost perfect match of the EPR spectra, a six-coordinate
arrangement can be expected for (CH30H)9Co(dmgBFj)9 and
((CH3)9C0)9Co(dmgBF9)9. Evidence for the six-coordinate nature of
(CH3CN)9Co(dmgBF9)9 in solution comes from a more informative EPR
spectrum. The five line nitrogen hyperfine splitting seen for this
complex illustrates a six-coordinate macrocyclic molecule with two CH3CN
molecules bound through the nitrogens in equivalent axial positions.
Tovrog has indicated in the study of (B);Co(dpgBF;)9 and other
cobalt(II) macrocyclic complexes, that a strong Lewis acidity is exhibited
by (B)Co(dpgBFy)9 relative to (B)yCo(dpgH)g, four-coordinate Shiff bases
and porphyrin complexes.16 The strong Lewis acidity is due to the
inductive withdrawal of electron density by the oxime oxygens and BFy*
groups. This inductive effect is clearly seen in the example,
(B)2Co(dpgBFj)9 vs. (B)9Co(dpgH)o and should be equally valid for the case
(B)9Co(dmgBF9)9 vs. (B)9Co(dmgH)7. This enhanced Lewis acidity is also
indicated by the more positive cobalt(III)/(II) reduction potential for
(H90)9Co(dmgBFy)9 vs. (H90)7Co(dmgH)y (0.649 V vs 0.36 V relative to
NHE) .2/

Chemical characterization of cobalt(III)/cobalt(II)

(H90)9Co(dmgBF9) is stable as a solid in air for months and in water
for hours. The stability of cobalt(II) decreases as the acid
concentration increases while the cobalt(III)* is also unstable in acidic
solutions. At 0.01 - 0.50 M HC10, the decomposition of cobalt(III)*
formed from the stoichiometric oxidation of cobalt(II) with Fed+ is

essentially complete within an hour, as determined from the absorbance
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versus time traces at A = 456 nm.

The observation of the equilibrium, equation 6, led to the
determination of the equilibrium constant by static and kinetic means.
The less precise value of the equilibrium constant from the kinetics
(31.4) agrees quite well with that of the static equilibrium constant,
34.7. The cobalt(III)/(II) reduction potential of 0.649 + 0.003 V vs. NHE
vas determined by relating the static equilibrium constant to the

reduction potential of Fe(III)/(II), equation 18.

EO(Fe(III)/(II)) - E(Co(III)/(II) = RT1n(Rgq)/nF (18)

EO(Fe(III)/(II)) = 0.740 V  (ref. 11)

This value is similar to those of other unsaturated cobalt macrocycles
listed in Table III-8. The reduction potential range listed, 0.36 - 0.649
V, places (Hy0)9Co(dmgBF9)9 at the more positive end of this range due to
the electron withdrawing effect of the BFy* substituents. The dramatic
stabilization of the cobalt(II) oxidation state is clearly indicated by
the more positive reduction potential for the BFp* substituted cobaloxime,
0.649 V vs. 0.36 V for the cobaloxime.2’

The BFy* substituents also structurally stabilize the equatorial
ligand system relative to the parent cobaloxime. The BFy* substituents
are located in the bridging positions of the equatorial ligand system,
thus forming an authentic macrocycle. This contrasts with the parent
cobaloxime’s pseudo-macrocyclic ring where the hydrogen atoms are weakly

bound in the bridging positions.
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Kinetics and mechanism

The forward rate constant for the reaction of cobalt(II) with Fe3+,
equation 6, determined by the opposing pseudo-first-order reactions
method, is in good agreement with the forward rate constant determined
independently by the stopped-flow method. At 0.400 M HCl0, the values
are: kg = 575 + 45 M-1s-1 _ opposing pseudo-first-order reactions method
vs. 589 + 16 M-1g-1 _ stopped-£flow method with high [Fe(III)]. The value
for ky (18.3 + 1.8 M-1s~1 at 0.400 M HC10,) has been determined only by
the opposing pseudo-first-order reactions method, but it is believed to be
an equally accurate value. The consistency of these results and of the
chemical formulation is indicated by the agreement of the kinetic and
thermodynamic data.

The mechanism of oxidation of the cobalt(II) was probed by the
reaction of Fe3* with cobalt(II) in acidic aqueous solution in an effort
to understand the potential of cobalt(II) as an inner-sphere reactant.
Since the observed reaction rate increased vith a decrease in acid
concentration, the two common algebraic functions which show this type of
dependence are derived from the parallel and consecutive path mechanisms,
Schemes III-1 and III-2.

Both of these mechanisms follow second-order rate expressions with
respect to the metal ion concentrations and in each case the apparent rate
constant increases as the acid concentration decreases.

The mechanistic interpretation of the two schemes is distinctly
different. The parallel path mechanism is readily interpreted in terms of

the known acid-ionization preequilibrium, equation 19.

+

3+ K 2+
Fe™* 3 Fe(0H)™ + H (19)
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Scheme ITI-1. Parallel Path-Complete Mechanism

Mechanism
—celialsn KFe
Fe3* <—3—> Fe(oH)?* + §*

Fe>*s co(11) s Fe?*s co(riny*
T

Fe(0H)**+ Co(I) 22> [Fe(III)(0H)Co(11)]%*
7

[Fe(ITT)(0H)Co(ID)]** 25  [Fe(II)(OH)Co(1I1)}2*
3

[Fe(T1)(0R)Co(1ID) 1% 225 Fe*s [Co(III)(0M)]

[Co(III)(OH)] + H' <—

K Co
a

Co(III)*

Rate Law - Forward Reaction

Fe
-d{Co(II)] k, k, K. ~/k
_ [ kg 2 3 j =2 ] [Co(II)][Fe*]
dt [H']
Rate Law - Reverse Reaction
~d[Co(III)] k kK%K
— . [ R+ — =32 6 ] [Co(1IT)][Fe?*]
dt [H']
Algebraic Forms
obs obs
k3PP _ £ = [ A+ B ] ; KPP _ L = [ a+ b ]
f [Fes+] [H+] r [Fe2+] [H+]
A=k ; B=k k Kk ,; a=k b=k Kk Kk
I -T2 3 a -2 I T 7-6-37a "6
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Scheme III-2. Consecutive Path-Complete Mechanism

Mechanism

Fe
3+ Ka

Feo' 2o Fe(oH)2* + 1t

3+ +8

Fe>*4 Co(II) 2> [Fe(III)(0H)Co(I1)]**+ B
B

[Fe(IIT)(OH)Co(IT)]1%* *2» [Fe(II)(OH)Co(III)]%*

<

3
[Fe(IT)(0M)Co(1ID) 1%+ 1* 2% Fe®* & co(zzny*
=10
[Co(III)(OH)] + H' <—  co(rIn)*
K Co

a

Rate Law - Forward Reaction

—~d[Co(II)] [ kgko/k_g
kg

] [Co(II)][Fe>*]
dt

+
/k_g+ [H']

Rate Law - Reverse Reaction

-d[Co(III)] [ k_10%_9”%10
k

] [Co(III)][Fe2*]
dt

+
9/k_8+ [H']

Algebraic Forms

kobs C kobs o
k3PP _ f - ] ; k3PP _ X _ [
Eowe) (b s et ld o+ Y]
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The equilibrium constant is small (K; = 1.94 X 10-3 M) compared to the
range of the acid concentrations used (0.003 - 0.50 M HC1l04) such that the
reaction rate is readily attributed to parallel reactions of the two
Fe(III) species, Fe3+ and Fe(OH)2+. Conversely, the consecutive path
mechanism incorporates only one reaction path.

Both of these mechanisms have kinetically equivalent variations. The
essence of these variations has been explored in detail for the similar
reaction of Cr2* with v3+,32,33

It is clear from the kinetic data analysis, detailed in the results
section, that the parallel path rate law offers a more consistent
numerical fit of the data. On this basis, the consecutive path mechanism
can be discarded. Two mechanistic interpretations consistent with the
parallel path rate law can be proposed. These interpretations are
kinetically equivalent and further distinction between them is not
possible with the experimental data obtained. However, a detailed
discussion of these variations is useful in understanding the proposed
parallel path mechanisms.

The first path in these mechanisms is acid independent and designated
step 2 of Scheme III-1. This is the reversible reaction of Fe3+ with
cobalt(II) and represents a minor path, especially at lower acid
concentrations. There is no clear basis in which to determine the
mechanism details of this pathway. It can be described as either an
outer- or an inner-sphere, aquo-bridged, electron transfer reaction.

The second path of the parallel path mechanism is most commonly
interpreted as the reaction of Fe(OH)2+ with cobalt(II). The
concentration of Fe(OH)2+ is controlled by the acid concentration through

the acid ionization equilibrium of Fe3+, step 1 of Scheme III-1. This
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species is ideally prepared to donate the hydroxide ligand as the electron
transfer bridge. The reaction path begins by the dissociation of a proton
to form Fe(OH)2+, followed by the association of the reactants to form the
precursor complex, steps 1 and 3. Upon intramolecular electron transfer
in the rate determining step, step 4, the successor complex dissociates,
accompanied by protonation, in a rapid step to form the products. The
precise timing of the protonation cannot be determined from the
experiments since the successor complex cannot be directly observed.
However, the protonation probably occurs after the dissociation of the
successor complex.

The dissociation of the successor complex and the hydroxide bridge
transfer to the cobalt(III) is supported by the substitution properties of
the two metals in their various oxidation states. Iron(III) and
cobalt(III) are substitutionally inert, while iron(II) and cobalt(II) are
labile. This insures a bridging ligand on the iron(III) and an open
coordination site on the cobalt(II) promoting the association. After the
rate-determining electron transfer step, the substitution properties on
the metal centers reverse. The iron-oxygen bond of the bridge breaks,
leaving the hydroxide on the cobalt which is protonated in a fast step.

The kinetically equivalent variation of the inverse acid dependent
path has the precursor complex formed directly in a reaction between Fe3+
and cobalt(II), equation 20.

Fe3* 4 Co(II) <& [Fe(III)—g—Co(II)]2++ H* (20)

The sequence of events for the identical precursor complex is the same

from this point on assuming electron transfer is again the rate limiting
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step. The timing of the loss of the proton in equation 20 is the only
difference between this interpretation and the original variation
described in the two preceding paragraphs and illustrated in Scheme III-1.
In either case, since these variations are kinetically equivalent, it is

not possible to distinguish between these by further analysis of the data.

Analysis of the rate parameters

The analysis of the rate parameters allows the calculation and/or
estimation of the rate constants for the forward and reverse reactions,
Table ITI-9. The principle of microscopic reversibility relates the
forvard rate parameters A and B to the reverse rate parameters a and b,
equations 21 and 22. Equation 22 yields values for the reverse parameters

(a =8.3 £ 1.0 M1s-1 and b = 3.5 + 0.3 s-1).

]

( A+ B/[H*] ) = ( a + b/[HY] )Keq (21)

"

Keq = 34.7 = A/a = B/b (22)

Vith these reverse parameters the composite reverse rate constant
(HC10, = 0.400 M) is calculated to be k, = 17.1 M-1s-1. This is
consistent with the experimentally determined composite reverse rate
constant (k. = 18.3 + 1.8 M-1s-1y,

The value of K Fe is 1.94 X 10-3 M (u = 0.500 M).34 The value of K,€°
however, is not known but can be estimated. This estimate should reflect
an enhanced acidic nature relative to the parent cobaloxime (K = 7.2 X
10-6 M),35 due to the presence of the two BFy* substituents. The value of

KaCo ~ 104 N appears to be a reasonable estimate to 1 pK, units.
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The bimolecular rate constants ki and k_j come directly from the
parameters A and a (kq = 289 M-1s-1 and k_1 = 8.3 M”ls‘l). Using the
values of KaFe and Kaco, the composite rate constants associated with B
and b can be evaluated (kgks/k_p = 6.2 X 10% M-1s-1, k_,k_3/k, = 3.5 X 10%
M-1s-1). The bimolecular rate constants kg and k_; have upper limits
defined by diffusion control (ky, k_j; < 1010 M‘ls'l). The unimolecular
rate constants, k_j and k4, can be estimated by the known rates of water
exchange on cobalt(II) macrocycles23 and Fel+ (k_g ~ 109 s-1 and k, ~ 107
s“l). Since k3 is the rate determining step in the forward direction and
k_3 the rate determining step in the reverse direction, a lower limit on

these rate constants can be estimated, equations 23, 24 and 25.

K,k g g <20t ts T, 1
23 62 x10fs7h - = < (10 ¥k, (23)
) (107 s )
k 4k 3 b1 1 (<10ThR 3,-1
=3 _ 3.5 x 10t s — =< (1% K, (24)
4 10’ s7h
ky >6.2X10° 875 5 ko> 358 (25)

Upper limits on k3 and k_3 can be estimated since these reactions are
rate determining and slower than competing reactions. The values of kj
and k_3 are thus: k3 < 109 s-1 and k_3 < 107 s-1,

The assumptions used in the analysis are consistent with reported rate
constant and diffusion control limits. The rate parameters and constants,
Table III-9, therefore represent a satisfactory and entirely consistent
description of the parallel path mechanism for the reaction of

(H90)9Co(dmgBF9)9 with iron(III).
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Table III-9. Summary of the Equilibrium and Rate Constants

K,Fe = 1.94 X 10-3 M K00 ~ 1 x 1074 M
kg = 289 M-1ls-1 k_y = 8.3 Mls1
kg < 1010 y-1g-1 kg ~ 109 s-1

6 x 103 s71 < kg <109 51 35 < k.3 < 107 571

1010 y-15-1

A

k, ~ 107 s-1 k_y
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SUMMARY

The structural aspects of (H90)9Co(dmgBF9)9 have been explored
principally through the determination of the crystal structure of
(CH30H)9Co(dmgBF9)9. Several important questions have been addressed in
this study: 1) the geometric configuration of the axial and equatorial
ligand system, 2) the coordination number of.the complex in the solid
state, and 3) the Jahn-Teller like axial distortion of the low spin a’
complex.

The chemical characterization has also been investigated by various
methods. (Hp0)7Co(dmgBF9)y can be oxidized to the more acid-sensitive
cobalt(III)* form by various oxidants and quantitatively reduced by
various reductants. This illustrates the reversible redox character of
(H90)9Co(dmgBF9)9 which was confirmed by the observed chemical equilib-
rium, equation 2, which also yielded the value of the cobalt(III)/(II)
reduction potential. The E© value clearly indicates a stabilization of
the cobalt(II) oxidation state relative to the parent cobaloxime.

A correlation of the relevant structural and chemical features of
cobalt(II) macrocyclic complexes has confirmed the similarity of
(H90)9Co(dmgBF9)9 to other 1l4-membered cobalt(II) macrocyclic complexes.

The reactivity of (H90)9Co(dmgBF9)9 has been probed by studying the
reaction with Fe3*. Based on the various mathematical treatments and
graphical analyses of the kinetic data, the reaction is proposed to take
place by a parallel path mechanism, as do many other oxidations by Fe3+,
This analysis suggests (H90)7Co(dmgBFj)9 will be a useful acid-compatible
reagent for probing the outer- and inner-sphere reactivity of other

oxidizing reagents.
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APPENDIX. CHARACTERIZATION, KINETICS, AND REACTION MECHANISMS FOR THE

REACTION OF (H90)9Co(dmgBF9)9 WITH VARIOUS OXIDANTS
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INTRODUCTION

The reaction of (H90)9Co(dmgH)9 with various alkyl hydroperoxides,
RC(CH3)900H, in aqueous or semiaqueous solution, has been previously
investigated.1 The general mechanism in Scheme A-1 has been proposed.
The cobalt products of these reactions are the corresponding organocobalt
complexes, RCo(dmgH)90Hy. The net 2:1 stoichiometry
((H90)9Co(dmgH)9:ROOH) and the rate law are shown in equations 4 and 5

respectively.

Scheme A-1. Reaction Mechanism for (H90)9Co(dmgH)o and ROOH

k
RC(CHS)ZCOOH + (H20)2Co(dmgﬂ)2 ——1—> (HZO)Co(dmgH)ZOH + RC(CHS)ZCO' 1)

fast

RC(CH3)200- > (CH,),C0 + ‘R (2)

309

' fast
‘R + (HZO)ZCo(dmgH)2

> RCo(dmgH)20H2 (3)

NET REACTION:

RC(CH3)2C00H + 2(H20)2Co(dmgH)2= (HZO)Co(dmgH)zoﬂ + (CH3)2CO + RCo(dmgH)20H2
(4)
—d[(H20)2Co(dmgH)2]
= 2k1[(H20)2Co(dmgH)2][RC(CH3)ZCOOH] (5)

dt



172

The reaction of (Hp0)9Co(dmgH)y with hydrogen peroxide, a closely
related system, has also been investigated.2 The experimental
observations indicate a more complex mechanism which is not well
understood.

This reaction is reported to occur with a stoichiometry of 1:1
((HZO)ZCo(dmgH)Z:HZOZ) in contrast to the 2:1 ((Hy0)7Co(dmgH)9:RO0H)
stoichiometry reported for alkyl hydroperoxides with (H90)7Co(dmgH);. The
tvo major products of the reaction were (Hg0)9Co(dmgH)o*, which was
reported in a 40% yield and another cobalt species that could not be
identified (no percent yield reported). Since no hydroxyl radical was
identified, the reaction does not proceed via a Fenton-type mechanism
which is a common mechanism for the oxidation of metal complexes by
hydrogen peroxide.

The kinetic data were obtained under pseudo-first-order conditions

using excess peroxide and were in accord with the rate law in equation 6.

-d[(HZO)zco(dmgH)Z]

dt

In the proposed mechanism, the attack of the peroxide on the ligand
occurs simultaneously with the initial adduct formation step, or
immediately following it. Either of the hydrogen atom abstraction

possibilities, shown in Figure A-1, are considered likely.
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H-CH,
HO —OH '
\~ “H HO—OH
\ N \
\ ”,/f’ \
Co or N N
_—— \ o _—
— N

Figure A-1. Proposed attack of H90y on (H20)9Co(dmgH) 9
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STATEMENT OF PROBLEM

The reactions of (H90)9Co(dmgH)y and related cobalt(II) macrocyclic
complexes with peroxides such as hydrogen peroxide and various alkyl
hydroperoxides have been previously investigated. The reactions with
alkyl hydroperoxides appear to be well understood; however, the reactions
with hydrogen peroxide are not understood. To better understand the
mechanism of the reaction of unsaturated cobalt macrocyclic complexes with
hydrogen peroxide and related hydroperoxides in aqueous solution, the
reactions of the recently characterized "daughter" complex of
(H90)9Co(dmgH)9, (H90)9Co(dmgBF9)9, with hydrogen peroxide and various
hydroperoxides have been investigated. The understanding of this reaction
chemistry could lead to the elucidation of the general reactivity of

cobalt(II) macrocyclic complexes with hydrogen peroxide.
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EXPERIMENTAL SECTION

Materials and measurements

The (HZO)ZCo(dmgBF2)2,3 was prepared according to the literature
procedure. Other materials were reagent grade chemicals.

UV-vis spectra and kinetic measurements were recorded on a Cary 219
spectrophotometer and a Cary 14 spectrophotometer interfaced with an OLIS
3820 data system. Analysis of the kinetic data were performed using
standard first-order and biexponential routines on an Apple II+ computer
or the OLIS 3820 data system. Routine lH NMR spectra were collected on a
Nicolet NT-300. The NMR experiments were all done in D90 with HDO as the
reference at 4.63 ppm, pH = natural unless stated. This reference vwas
verified by a small addition of acetone which had a chemical shift of 2.05
ppm, an accepted value.

The stoichiometry of the reaction of (H90)9Co(dmgBFg)g with various
oxidants was obtained by two methods. Method (A) determined the amount of
ROOH consumed in the reaction between (H70)9Co(dmgBF5)7 and excess ROOH.
These solutions were allowed to react airfree, pH ~ 3, for one to two
hours depending on the rate constant and the ROOH concentration. The
reaction in all cases was signaled by a color change, with the gold
colored solutions of (Hp0);Co(dmgBF9)y turning pale yellow when oxidized.
After the reaction was considered complete, the solution was passed
through a Dowex 50W-8X cation-exchange column to separate the positively
charged cobalt species from the ROOH. The ROOH solution was diluted,
acidified with HySO, and degassed. KI was added and the ROOH

concentration was determined volumetrically using thiosulfate.
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Method (B) determined the amount of (Hp0)Co(dmgBFy)y consumed in the
reaction of excess (Hy0),Co(dmgBFy)7 with ROOH. The reaction was
monitored spectrophotometrically (X = 456 nm, (Hy0)pCo(dmgBFy)y € = 4.06 X
103 M'lcm“l, (HZO)Co(dmgBFz)z+ € ~ 650 M‘lcm'l). The absorbance-time
traces are biexponential with a first-order first stage and a nearly zero-
order second stage. By extrapolating the second stage to time zero the
absorbance infinity of the first stage and the change in absorbance were
determined. The stoichiometry was then calculated from the absorbance

change of the first stage.
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RESULTS

Reaction between (H90)9Co(dmgBF9)9 and H9O9

The reaction proceeds in two stages requiring a biexponential kinetic
analysis. The first stage is first-order in [(Hp0)9Co(dmgBF9)7] and
[H909]. It is independent of the acid concentration in the range 0.020 -
0.10 M HCl0y4.

Cyclopentane and dimethyl ether or difficult-to-oxidize alcohols such
as methanol and t-butanol (0.5 M ROH) were used as radical traps. The
reaction rates, reaction profiles, or final spectra were not affected by
the presence of these radical traps; thus, no radicals were detected.

The presence of more easily oxidized alcohols such as ethanol,
cyclohexanol, or 2-propanol (0.5 M ROH) did affect the reaction such that
only the first stage, now exhibiting a stable absorbance infinity was
observed. The reaction stoichiometry remained 1:1
((H90)9Co(dmgBF9)5:H909) and the addition of Cr2* after the attainment of
a stable absorbance infinity restored approximately 50% of the absorbance
at 456 nm. This estimate 'is based on the initial and final spectra of the
reaction mixture. The 50% yield could indicate that one reducible
(Hg0)9Co(dmgBFy)9* ion was produced from two (Hg0)9Co(dmgBF;); molecules,
or it could indicate that 50% of the (H70)9Co(dmgBFj)s* ion decomposed
before reduction occurred.

The stoichiometry of the reaction stages was determined by the two
methods described previously. Using method (A), an average value of
1.07:1.00 ((Hp0)9Co(dmgBF9)9:H909) was determined. One stoichiometric

determination using method (B) supported the 1:1 stoichiometry.
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The cobalt(III) complex (H90)7Co(dmgBF9)y* is much more stable under
neutral conditions than under acidic conditions; therefore, the reaction
of (H90)9Co(dmgBFy)o with Hg0y was also studied in water of unadjusted pH.
The stoichiometry of the reaction between (H70)7Co(dmgBFy)9 and H9Oy was
unchanged. Single wavelength absorbance-time traces (X = 456 nm) showed
reaction profiles which were the same as in acidic solution, a first stage
with a poorly defined absorbance infinity followed by a slow trailing
second stage which consumed all of the excess (Hy0)7Co(dmgBFp)jy.

Figure A-2 illustrates the plot of k,pg vs. [Hp0p] suggested by
equation 10. A least-squares analysis yielded a second-order rate
constant of 12.8 + 0.5 M~1s=1 (u = 0.100 M, HC10, = 0.100 M).

A plausible reaction mechanism is shown in Scheme A-2. It begins with
the formation of a (H90)yCo(dmgBFj)9-H909 adduct. The Co(II) metal center
is then oxidized to Co(III)* which is rapidly followed by the oxidation of
the ligand to account for the second oxidizing equivalent of Hg0y9. This
represents the first reaction stage. The ligand oxidation leads to the
decomposition of the macrocycle, perhaps to radical fragments. An unusual
decomposition of the excess (Hy0)7Co(dmgBFg)9 occurs well after the Hp0y
has been consumed in the first stage. The (Hp0)9Co(dmgBFy)9 remaining
after the first stage decomposes at a rate in excess of the rate of simple
decomposition of (Hy0)9Co(dmgBF9)o in acid. This second stage can be
attributed to the reaction of (H90)9Co(dmgBFp)y with the decomposition
products of the oxidized ligand. These decomposition products could lead

to a radical chain decomposition of the excess (Hy0)9Co(dmgBFj)jy.
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10

kobs / 3_1

10°*[ROOH]a. / M

Figure A-2. Dependence of kobs on [ROOH], HC104 = 0.100 M, u = 0.100 M

ROOH = HOOH (circles), and ROOH = t-BuOOH (squares)
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Scheme A-2. Reaction Mechanism for (Hy0)9Co(dmgBFp)9 and Hy09

(HZO)ZCo(dmgBFz)2 + H202 _— (HZO)Co(dmgBFZ)Z:(HZOZ) (7)

(H,0)Co(dmgBF,),: (H,0,) —> Co(III)(L+)" (8)
-d[(H20)ZCo(dmgBF2)2]

" = kgl (Hy0),Co(dngBF,),][H,0,] (9)

kobs = KglHy0,1] (10)

The reaction between (H90)7Co(dmgBFj)y and hydroxyl radicals generated
by pulse radiolysis has also been investigated.4 The low solubility and
large absorbance of the (H90)7Co(dmgBFj)g limits the accuracy of the
results; however, the rate constant for this reaction is k = (4 + 2) X 109
M-1s-1, A second reaction which is first-order is also observed. A
transient is formed in the first reaction which decomposes with a rate
constant of (3.8 + 0.4) X 103 s-1. The final spectrum is consistent with
a Co(III) species, but the identity of the transient and the final product

is unknown.

NMR product analysis

An NMR product analysis for the reaction between (H90)7Co(dmgBFy)o and
H909 was attempted. The Co(III) complexes produced in the reaction are
diamagnetic; thus, NMR should reveal any structural modification of the
macrocyclic ring that occurred during the reaction.

(H90)9Co(dmgBF9)9* is very unstable under acidic conditions and

somevhat unstable under neutral conditions. The NMR accumulation time
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needed for these dilute samples is approximately 20 minutes. Therefore, a
spectrum of the initial reaction products without interference from
decomposition was difficult to obtain, especially under acidic conditions.

To identify the NMR spectrum of (H90)9Co(dmgBF9)o* from various
decomposition products of the system several oxidants were chosen to
prepare (Hp0)7Co(dmgBFy)o*. Figure A-3 is the spectrum of the products of
the reaction of (Hp0)9Co(dmgBFy)y with a slight excess of Hy05. A
reaction time of 30 minutes was required to collect an NMR spectrum. This
long reaction time in addition to the time required to record the spectrum
may have resulted in the observation of various decomposition products.

It is difficult to make peak assignments for this spectrum; however, the
peaks at 2.22, 1.88, and 1.75 ppm are commonly observed in the
decomposition of (H70)7Co(dmgBF9)o*. The peak at 2.50 ppm and the
multiplet centered around 2.5 ppm might be the initial product observed
wvhen (H90)9Co(dmgBFy)y is oxidized by dilute solutions of Hy05.

Figure A-4 is the spectrum of the products obtained by a rapid
oxidation of (H90)9Co(dmgBFy)o with a moderate excess of Hp0y. Figure A-4
resembles Figure A-10 and clearly shows a characteristic peaks at 2.496
and 2.547 ppm. The normal decomposition peaks at 1.86, 2.21 and 2.62 ppm
are seen; however, the unusual multiplet centered around 2.5 ppm, observed
in Figure A-1l4, is not observed.

Figure A-5 represents the spectrum of the products obtained by the
bulk electrolysis of (Hy0)9Co(dmgBF9)9 in 0.10 M LiCl0O4. The electrolysis
took about 30 minutes before the spectrum was recorded. The major peaks
are the peaks at 2.621 and 2.555 ppm, thought to be due to the
(Hg0)9Co(dmgBF3)9*. The peaks at 1.872 and 2.676 ppm are assigned as

common decomposition products.
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Figure A-3. NMR spectrum of the products of the reaction between
(Hp0)9Co(dmgBF)9 and a slight excess of Hy09,

(Hy0)5Co(dmgBFy)y ~ 5 X 104 M, and Hp05 ~ 6 X 10~* M



183

.50

raL)

1.7%0

2.211

2.819
-
1.0

,]Tllllll‘l’lﬂlﬁllllllllllllllllIllllllllll

3.0 2.8°2.6 2.4 2.2. 2.0 1.8 1.6 1.4 1.2 PPM

Figure A-4. NMR spectrum of the products of the reaction between
(Hp0)9Co(dmgBFy)9 and a moderate excess of Hy0j,
(Hy0)9Co(dmgBFy)y ~ 5 X 104 M, and Hy0p ~ 5 X 1073 M
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Figure A-5. NMR spectrum of the products obtained by bulk electrolysis of

(H90)9Co(dmgBFy)9 in LiCl0, = 0.10
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Figure A-6 represents the same sample as in Figure A-5; however, HClO,
vas added, (0.05 M ~ [H30%]), before the spectrum was recorded. The acid
seems to enhance the intensity of the 1.857 and 2.666 ppm peaks relative
to the peaks at 2.604 and 2.539 ppm. This is consistent with the
observation that (H70)7Co(dmgBF9)o* is much less stable in acidic
solution, and the initial decomposition products appearing as the 1.857
and 2.666 ppm peaks. These decomposition peaks are regularly occurring
peaks in many of these NMR spectra.

Figure A-7 is the spectrum of the products of the reaction between
(H90)9Co(dmgBFp)9 and t-BuOOH. The peaks at 2.605 and 2.538 ppm are
assigned to the inequivalent equatorial methyls of (H0)9Co(dmgBFjp)y*.
The peak at 2.214 ppm is assigned to the equatorial methyls of
CH3Co(dmgBF9)9(H90). The peak at 2.048 ppm is assigned to the acetone
produced in the reaction and the peak at 1.063 ppm is assigned to the
unreacted t-BuOOH. The peak at 0.986 is assigned to the axial methyl of
the CH3Co(dmgBFg)9(H0).

Figure A-8 is the spectrum of the products of the reaction of
(H90)2Co(dmgBF9)9 with NaySo0g. The peaks at 2.65 and 1.88 ppm are
assigned to decomposition products. The peaks at 2.55 and 2.61 ppm is
thought to be the (H90)7Co(dmgBFy)o* and the identity of the peak at 1.08
ppm is unknown. This peak could be due to an impurity or a decomposition
reaction product.

Figure A-9 represents the spectrum of the products of the reaction of
(Hg0)9Co(dmgBFy)9 and Fe(Cl04)3. The spectrum was taken as quickly as
possible and shows the familiar peaks at 2.533 and 2.599 ppm with very

small peaks at 1.88 and 2.65 ppm.
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Figure A-6. NMR spectrum of the products obtained by bulk electrolysis of
(H20)2Co(dmgBFg)9 in LiCl04 = 0.10 M. HCl0, was added before

the spectrum was recorded, HC1l04 ~ 0.05 M
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Figure A-7. NMR spectrum of the products of the reaction between
(H0)7Co(dngBFy)y and t-BuOOH, (Hy0)oCo(dmgBF9)y ~ 5 X 10-%

M, and t-BuOOH ~ 1 X 10-3 M
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Figure A-8. NMR spectrum of the products of the reaction between
(H90)9Co(dmgBF9)9 and NajS90g, (H90)9Co(dmgBFp)o ~ 5 X 104

M, and NaySy0g ~ 1 X 10-3 M
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Figure A-9. NMR spectrum of the products of the reaction between
(H20)2Co(dmgBFy)y and Fe(Cl04)3, (H90)9Co(dmgBFp)g ~ 5 X10-4
M, and Fe(Cl0,)3 ~1 X 10-3 M
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Figure A-10 is the same sample seen in Figure A-9 except that HC10,
was added before the spectrum was recorded, ([H*] ~ 0.05). The acid
and/or increased time resulted in the observation of the 1.86 and 2.65 ppm
peaks. Figures A-9 and A-10 therefore suggest that the oxidation of
(H90)9Co(dmgBFy)9 by the "clean" inner-sphere oxidant, Fe(OH)2+, results
in a Co(III)* complex with only two peaks, 2.533 and 2.599 ppm. This
complex then decomposes to complexes which give rise to the 1.86 and 2.66
ppm peaks.

Figure A-11 represents the spectrum of the products of the reaction of
(H20)7Co(dmgBF9)9 and FeCl3. Only two peaks are seen at 2.525 and 2.589
ppm. There is some evidence of a third peak at 2.63 ppm, but it appears
to be a broad peak.

Figure A-12 represents the spectrum of the products of the reaction of
(Hg0)9Co(dmgBF9)9 and FeClz in 0.10 M HC10,. The peaks at 2.497 and 2.562
ppm and the decomposition product peaks at 1.819 and 2.624 ppm are clearly
seen. The decomposition product peaks appear immediately in the acidic
media while the immediate formation of the decomposition products is not
seen under neutral conditions, Figure A-11. This is consistent with an
acid-promoted decomposition pathway.

Figure A-13 represents a spectrum of the same sample used in Figure A-
12; however, this spectrum was taken 1 hour after the spectrum in Figure
A-12 was recorded. The peaks are seen at 2.580 and 2.498 ppm, but they
are much less intense than in Figure A-12. The primary decomposition
product at 2.634 ppm has a much less intense peak, but the decomposition
product at 1.822 ppm has greatly increased peak intensity. Two additional
peaks are seen at 1.695 and 2.170 ppm. These peaks have a much greater

intensity in Figure A-14 which is a spectrum of the same sample taken 20
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hours later. The experiment which includes Figures A-12, A-13, and A-14,
suggests that the oxidation of (H90)9Co(dmgBFy)y by FeCls initially forms
(H20)Co(dmgBF9)9(C1)* (peaks 2.498 and 2.580 ppm), which in acid
decomposes either in a consecutive or parallel path to the complex
responsible for the peak at 2.634 ppm and/or then to the complex
responsible for the peak at 1.822 ppm and ultimately to the complex(es)
responsible for the peaks at 1.689 and 2.156 ppm.

Figure A-15 represents the spectrum of the products of the reaction
between ((CH3)9C0)9Co(dmgBFy)9 and Fe(OH)2+ in dg-acetone. The spectrum
shows a singlet at 2.88 ppm assigned to the four equivalent macrocycle
methyl groups of ((CH3)9C0)Co(dmgBFy)9(H90) in dg-acetone.

The data indicate that the NMR peaks due to the (H90)Co(dmgBFy)ot are
located about 2.55 and 2.61 ppm in D90. Due to the symmetry of the
molecule only a singlet can be readily predicted for the four equivalent
macrocycle methyl groups. The peaks are not due to a mixture of
(H90)9Co(dmgBF3) 7% and (H90)Co(dmgBF9)9(O0H) since this set of peaks is
seen under both neutral and acidic conditions. Additionally, a mixture of
these species would probably lead to an NMR time-averaged singlet, not a
set of peaks. The set of peaks is also not due to a mixture of
(H20)2Co(dmgBFy)2* and (H0)Co(dmgBF9)3(Cl) since this set of peaks is
seen in solutions with and without Cl-.

The relative chemical shift of this set of peaks, (2.5 - 2.6 ppm),
suggests that the macrocycle methyls are in a similar electronic
environment within the molecule. Therefore, the four double bonds in the
macrocycle are intact since the loss of a double bond would shift the
adjacent methyl group upfield by more than one ppm. It is possible that

an oxidant such as H909 would modify the macrocycle since it is a
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potential source of ‘OH radicals, resulting in the inequivalency of the
macrocycle methyls, but oxidants such as Fe(OH)2+ (inner-sphere oxidant)
or electrical potential would probably not modify the macrocycle. It also
seems unlikely that the set of peaks is due to a mixture of mono- and di-
BFy substituted cobaloximes since several preparations of
(H90)9Co(dmgBF9)9 give the same results.

It is, therefore, believed that the set of peaks is due to the
(H20)9Co(dmgBFy)* complex and that the two peaks arise from a distortion
in the macrocycle which makes the four macrocycle methyls appear to the
NMR as a pair of two equivalent methyl groups. A slight distortion of the
macrocyclic ring is detected in the solid state X-ray structure lowering
the symmetry to C; from Cjp point group symmetry, but it is difficult to
know whether this distortion is present in aqueous solution at room

temperature. >

Reaction between (H90)9Co(dmgBF9)9 and t-BuOOH

The stoichiometry of the reaction was determined using the two methods
described in the experimental section of this report. The stoichiometry
of the reaction of (Hp0)9Co(dmgBF9)y with t-BuOOH was 2.0:1.0
((H90)9Co(dmgBFy)9: t-BuOOH) by method (A) and method (B) confirmed this
result.

The stoichiometric difference between these two systems is clearly
illustrated in the absorbance-time profile for the two reactions, Figure
A-16. The reaction conditions are the same for the two experiments. The
theoretical absorbance infinity values for 1:1 and 2:1
((Hg0)9Co(dmgBF9)9:RO0H) are labeled on the y-axis. A mechanism

consistent with this 2:1 stoichiometry is shown in Scheme A-3.
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Figure A-10. NMR spectrum of the products of the reaction between

(H90)9Co(dmgBF9)9 and Fe(Cl04)3, (H90)9Co(dmgBFg)g ~ 5 X
104 M, Fe(Cl04)3 ~ 1 X 10-3 M, and HC10; ~ 0.05 M
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Figure A-11. NMR spectrum of the products of the reaction between

(Hp0)9Co(dmgBF9)o and FeClj, (Hp0)9Co(dmgBFp)y ~ 5 X 10-4
M, and FeCly ~ 1 X 10-3 M
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Figure A-12. NMR spectrum of the products of the reaction between
(Hy0)9Co(dmgBF9)y and FeCly, (Hy0)oCo(dmgBFy)y ~ 5 X 1074 M,
FeCly ~ 1 X 10-3 M, and HCl0, = 0.10 M
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Figure A-13. NMR spectrum of the same sample used in Figure A-12;
however, this spectrum was taken 1 hour after the

spectrum in Figure A-12 was recorded
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Figure A-14. NMR spectrum of the same sample used in Figure A-12;
hovever, this spectrum was taken 20 hours after the

spectrum in Figure A-12 was recorded
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NMR spectrum of the products of the reaction between
((CH3)9C0)9Co(dmgBFy)9 and Fe(OH)2+ in dg-acetone,
((CH3)9C0)9Co(dmgBF9)9 ~ 5 X 10~3 M and Fe(OH)2*
~5X 103 M
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Figure A-16. The reaction between (Hy0)9Co(dmgBFy)9 and Hy07 (A) shows a
1:1 reaction stoichiometry ((Hp0)9Co(dmgBF9),:H909),
([(H90)9Co(dmgBFp)9] = 2.24 X 10-4 M, [Hp02] = 8.80 X
10-2 M, 2 cm cell). The reaction between (Hp0)9Co(dmgBFj)9
and t-BuOOH (B) shows a 2:1 reaction stoichiometry
((H90)9Co(dmgBF9)9:Hp09), ([(Hp0)7Co(dmgBFy)9] = 2.24 X
10~4 M, [t-BuOOH] = 8.80 X 107> M, 2 cm cell)
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The kinetics of the reaction of (H90)9Co(dmgBF9)9 with t-BuOOH have
also been measured. Figure A-2 illustrates the plot of Kkyphg vs. [t-BuOOH]
suggested by equation 16. A least-squares analysis yields a second-order
rate constant, kqq = 9.47 + 0.09 ¥-1s-1 (u = 0.100 ¥, HCl0, = 0.100 ¥). A
variation of the acid concentration (0.020 - 0.100 M HC104) showed no acid

dependence.

Scheme A-3. Reaction Mechanism for (H90)9Co(dmgBFo)9 and t-BuQOH

+

H +
(H20)2Co(dmgBF2)2 + t-BuOOH —> (HZO)ZCo(dmgBFz)2 + H20 + t-Bu0 (11)
t-BuQ: ——> °CH3 + (CH3)200 (12)
(HZO)ZCo(dmgBFZ)2 + -CH3 —_ CHBCO(dmgBFZ)Z(HZO) + HZO (13)

Net reaction:

+
2(H20)200(dmgBF2)2 + t-BuOOH + H' —>

(HZOYZCo(dmgBF2)2+ + 2H,0 + CH,Co(dmgBF,),(H,0) (14)

~d[ (H,0) ,Co(dmgBF ) ,]
" = 2k, [(H,0),Co(dngBF, ), ][ t-Bu0OH] (15)
Kyps = 2Kqq[t-BuOOH] (16)
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Evidence which supports the mechanism for the reaction of
(H90)9Co(dmgBF9)9 with t-BuOOH is the spectroscopic detection of
CH3Co(dmgBF9)9(H90) in about 67% of the theoretical yield.

The spectrum of the reacted solution ((Hp0)9Co(dmgBFy)7 with t-BuOOH) was
recorded after passage through the ion-exchange column. The column
retained the charged (H70),9Co(dmgBF;),* and allowed the uncharged
organocobalt to pass through the column. The NMR spectrum of the products

of the reaction confirms this assignment, Figure A-7.
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DISCUSSION

The reaction between (H90)9Co(dmgBFg)9 and hydrogen peroxide is
analogous to the reactions of several closely related cobalt(II)
macrocycles with hydrogen peroxide.2 The reaction between
(H20)2Co([14]aneN4)2+ and hydrogen peroxide (which is proposed to occur by
a Fenton-type mechanism) appears to be an exception to this
generalization.

The mechanism proposed for the reaction between (H70)7Co(dmgBF9)9 and
hydrogen peroxide, Scheme A-2, is the simplest explanation in accord with
the 1:1 ((H90)9Co(dmgBFy)9:H909) reaction stoichiometry. The failure to
detect hydroxyl radicals indicates this free radical is not a freely
released intermediate of this reaction. Since only easily-oxidized
alcohols affect the course of the reaction and direct oxidation of the
alcohols by (H70)9Co(dmgBFg)9* does not occur, a one-electron oxidation of
the macrocyclic ring has been proposed in addition to the one-electron
oxidation of the metal center. This scheme has the very reactive hydroxyl
radical reacting with the ‘macrocyclic ligand instead of a reaction with
another molecule of (H70)9Co(dmgBFy)9 or recombination. This reaction of
the hydroxyl radical would result in a ligand modification at one or more
sites. A ligand modification is clearly observed for the reaction between
B2, and hydrogen peroxide where a detailed product analysis detects
several cobalt macrocyclic species.6 The reaction of hydroxyl radicals
with a macrocyclic ring was also seen for Co(Me6[14]~4,11—diene)2+. The
hydroxyl radical is suggested to react very readily with cobalt(II)
macrocyclic complexes which contain double bonds. The attack site is

suggested to be at the imine nitrogen.7 The hydroxyl radical could either
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abstract a hydrogen from a C-H bond in the macrocyclic ring, Figure A-1 or
it could add to a double bond, equation 18. Both reactions would leave a
ligand modification, initially in the form of a ligand radical as a
carbon-centered radical or as a nitrogen-centered radical. The macrocycle
of (H90)9Co(dmgBF9)9 should be an efficient radical scavenger. The
similarity to DMPO (5,5-dimethyl-l-pyrroline N-oxide), an efficient
radical scavenger, is striking, equation 17. (H90)2Co(dmgBFj)9g
essentially contains four radical scavenger subunits which could trap a
hydroxyl radical before it could escape the vicinity of the initial
reaction site, the cobalt macrocycle.

Radicals are known to react with DMPO by adding to the carbon of the
carbon-nitrogen double bond, leaving a nitrogen centered radical, equation
17. This radical is stabilized by the oxygen bound to the nitrogen,
creating a long-lived radical (these lifetimes are on the order of several
minutes). An analogous equation for (H90);Co(dmgBFp)o with a hydroxyl

radical is shown in equation 18.
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The ligand modification proposed is supported by the NMR product
analysis. The NMR spectrum of the product of the reaction between
(H90)9Co(dmgBFy)9 and Hp0y is consistent with the ligand modification
proposed in equation 18. The NMR spectrum predicted for the product of
reaction 18 would have four major peaks assigned to the four inequivalent
methyl groups of the macrocycle. Additional peaks could result from the
decomposition products or from a mixture of products due to the attack of
the hydroxyl radical at various sites on the macrocycle.

The NMR spectra of "cleanly" oxidized (H90)9Co(dmgBFy); by Fe(OH)2+,
reveals a set of peaks which is attributed to the macrocycle methyl groups
of (H90),Co(dmgBF9)9*. This set of peaks is thought to be due to a
distortion of the macrocyclic ring due to hydrogen bonding between the two
axial water molecules and the fluorine atoms of the BF) bridging subunits.
The evidence for this assignment comes from the experiment where
((CH3)9C0)9Co(dmgBF9)9 was oxidized to ((CH3)7CO)Co(dmgBF5)9(H50)* by
Fe(OH)2+ in dg-acetone. Since acetone is undoubtedly trapped in one of
the two axial positions, the steric bulk of this molecule in this position
and its inability to hydrogen bond with the fluorine atoms leaves the
macrocycle without any appreciable distortion. Thus, the four methyl
groups on the ring are equivalent. This is consistent with the singlet
observed in the NMR spectrum of ((CH3)2C0)Co(dmgBFy)9(H20)* in dg-acetone.

The mechanism of the reactions of (Hp0)7Co(dmgBF;)9 with various alkyl
hydroperoxides, RC(CH3)900H, in aqueous solution (shown in Scheme A-3) is
consistent with the general mechanism proposed in Scheme A-1. The cobalt
products of these reactions are the corresponding organocobalt complexes,

RCo(dmgH)90Hy. The initial radical intermediate is (CH3)3C0:, which can
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undergo a rapid B-scission to form a methyl radical and an acetone
molecule, an observed product. The methyl radical reacts rapidly with
another molecule of (H90)9Co(dmgBFy); to form the observed product
CH3Co(dmgBF9)9(H90).

The reactions of (Hg0)7Co(dmgBF9)9 with hydrogen peroxide or alkyl
hydroperoxides are consistent with the reactions of similar cobalt(II)
macrocycles with these oxidants. The general mechanism for the reaction
of the cobalt(II) macrocycles with alkyl hydroperoxides appears to be
straight forward and well understood; however, the reaction with hydrogen

peroxide is not well understood and includes some speculation.
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SUMMARY

The characterization, kinetics, and mechanisms of the reactions of
(H90)9Co(dmgBF9)9 with various oxidants were studied in aqueous solution.
The reaction of (H70)7Co(dmgBFp)9 with hydrogen peroxide follows a 1:1
reaction stoichiometry ((Hy0)Co(dmgBF9)9:Hp09). This reaction has a
complex mechanism which includes the oxidation of the Co(II) metal center
as a first stage. The reaction of (Hy0)9Co(dmgBFy)s with t-BuOOH follows
a 2:1 reaction stoichiometry ((H0)9Co(dmgBFy)9:t-BuOOH). The mechanism
for these reactions include the formation of (Hy0)Co(dmgBFj)s* and

CH3Co(dmgBF9)9(H70) in a 1:1 product ratio.
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GENERAL SUMMARY

The kinetics and mechanism of the decomposition of Cr022+ have been
investigated. Two decomposition pathways have been proposed, the first
consists of a bond homolysis, CrOz2+ —> Cri+ 4 07, and the second pathway
a bimolecular reaction between two Cr022+ ions to form HCr0,~. The data
do not require a description of Cr022+ as other than a
superoxochromium(III) ion.

The oxidation-reduction reactions of Cr022+ with various outer- and
inner-sphere reductants have been investigated. Cr022+ reacts readily
with Co(sep)2+, Ru(NH3)2+, and V2* in a manner consistent with outer-
sphere mechanisms. The reactions between Cr022+ and Fe2+,
(H20)2C0([14]aneN4)2+, or (HZO)ZCO([IS]aneN4)2+ proceed in a manner
consistent with inner-sphere mechanisms. The chemistry of CrOz2+ has been
shown to be analogous to the chemistry of (HZO)Co([l4]aneN4)022+.

The characterization of (H90)7Co(dmgBF;)9 by various instrumental and
chemical techniques has been presented. The kinetics and mechanism for
the reaction of (H90)7Co(dmgBFy)9 with (H20)5Fe(0H)2+ was also discussed.

The characterization, kinetics, and mechanisms of the reactions of
(H20)9Co(dmgBFy)9 with hydrogen peroxide and t-BuOOH have been studied.
The chemistry is analogous to that seen for related cobalt(II) macrocyclic

complexes.
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