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_ABSTRACT

Chapter 1 serves as a brief general introduction to thg thesis.
The term, "mechanism of a reaction" is defined and the classical kinetic
method of investigating a mechanism is discussed. The two major types
of classification schemes for inorganic substitution reactions are
reviewed. The acid hydrolysis reactions of cobalt(III) ammine com-
plexes are discussed as well as the evidence for a general dissociative
mode of activation. Acid catalyzed hydrolysis and dual reaction paths
in acid hydrolysis of complexes having chelated ligands are also
discussed. The evidence for the SN1CB base hydrolysis mechanism for
mono- and bidendate oxyanion cobalt(III) ammine complexes is summarized.

Chapter 2 is concerned with the base hydrolysis studies on the
+, (en)2CoC0 + ions where en and phen

3=
(NH3)5COCO and (phen)ZCoCO

3 3 3

refer to ethylenediamine and onhenanthroline, respectively. Specific
rate constants, activation parameters and equilibrium constants were
obtained for the first two systems. The (NH3)5C0C03+ base hydrolysis
results fitted on a linear free energy plot with other (NH3)5CoXn+
base hydrolysis results, indicating the largé importance of Co-X bond
cleavage in this family of reactions. ‘Estimates for the specific rate
constant for acid hydrolysis and the acid dissociation constant of the
(NH3)5C0CO H2+ ion were also obtained.

3

The base hydrolysis study of the (en)ZCoCO *+ ion yielded rate

3

constants, equilibrium constants and activation parameters for both

the uncatalyzed and base catalyzed ring-opening/ring-closing reactions.



The base catalyzed path was shown to go largelyv to cis-(en)2C00HCO3

with 100% Co-O bond cleavage. Both the ring-opening and ring-closing
base catalyzed reactions were shown to proceed with complete retention
of optical activity. Rate constants over the [OH-] range, 1.0-3.71 M,
at 26°, were obtained for a second reaction involving base catalyzed

loss of carbonate from the ring-opened cis-(en)ZCoOHCO species as

3

well as for the first, ring-opening/ring-closing equilibration step.

The (phen)ZCoCO + base hydrolysis kinetics gave an increase in

3

rate with time which was shown to be caused by a Co(II) complex,

cis—(phen)2Co(OH2)22+. The product of the Co(II) catalyzed hydrolysis
was shown to be the Co(IXII) complex, cis-(phen)zco(0H2)23+.
Chapter 3 discusses the preparation, characterization, and acid

+-
hydrolysis of the (phen)2Coco * and (bipy)2COC03 complexes. The

3

results of the elemental analysis, infrared spectral characterization,
nmr experiments, and some ion exchange experiments for both complexes
are given. Specific rate constants, activation parameters, and bond
cleavage positions for the relatively slow acid hydrolysis of the

+ . . '
complexes are given and discussed. A

(phen)2CoCO * and (bipy)ZCoCO

3 3

correlation between the rate of acid catalyzed carbonato ring-opening

reactions of N4CoCO3+ complexes with the basicity of the ammine ligand,

N, is discussed.

Chapter 4 gives and discusses the results of oxygen-18 studies

+ X
between water and NaHCO,, (NH3)5CoCO + and (en)2CoCO s respectively.

3 3
The results of the NaHCO, and (NHj)SCoCO

3

3 3+ studies are compared and

show that the rate controlling reactions in both studies involved



the hydration of C02. A pH dependence was observed for the
(en)'ZCoC03+ system, but it was not possible to determine whether
decarboxylation or water exchange on the ring—opened species was

rate detérmining .

vi
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CHAPTER 1

INTRODUCTION

A thesis1 is a formal essay whose function is to convey a logical
argument upholding a specific point of view, particularly, a solution
to a problem.

The types of problems which chemists solve and write about often
simply result in an increase in the general store of knowledge. This
however, eventually leads to improving the quality of life by helping to
solve the specific problems facing mankind, some of which are of our own
making.

The problem for this thesis concerns the mechanism of a specific
type of chemical reaction. Knowledge of the mechanism of a reaction2
involves understanding and knowing akout all the individual collisional
or other elementary processes involving molecules (atoms, radicals, and
ions included) that take place simultaneously or consecutively in
p;oducing the observed overall reaction, as well as a detailed stereo-
chemical picture of each step as it occurs. Presumably, determining
the mechanism will help to control or even prevent a reaction such as
that leading to the formation of the antigen-antibody complex3 in
allergies.

Up until recently,4 it was not possible to directly observe atoms,
let alone to observe directly a chemical reaction as it occﬁfred.

Nor has theoretical chemistry reached the stage of being able to
predict the lowest energy path, and hence the mechanism, of a reaction.

Thus the chemist is left with the classical kinetic method as



a way to determine, or at least learn something about, the mechanism
of a reaction.

The classical kinetic method usually first involves a study of
how the rate of the reaction is varied by changing the experimental
variables such as reagent concentrations and possible catalyst con-
centrations. These data can usually be interpreted by formulating an
equation, the rate law, relating the rate of change of concentration
of a species with time to the concentrations of all the species involved
in the reaction. By itself, this rate law cannot do more than establish
a possible reaction sequence for the overall reaction. Aadditional
evidence of the more intimate details of each step are often obtained
by studies on the identity of the reaction products, the stoichiometry
of the reaction, the geometrical and stereochemical path of the reaction,
the position of bond cleavage when more than one possibility exists,
the effect of temperature, pressure, and volume changes on the reaction
rate, and the identity and features of possible short lived intermediates.
The actual determination of the intimate details of a reaction mechanism
are often arrived at only by doing complete kinetic studies on many
compounds which vary only slightly from each other or by changing other
experimental parameters such as the solvent media or the ionic strength.
However, the kinetic method can never unequivocally establish any
mechanism since a mechanism so arrived at is a theory and must be
changed to accommodate new facts. Chapters 1 and 12 of reference (2)
provide a good review of some procedures and results of the kinetic

method.



The reactions being studied in this thesis are classified
generally as ligand substitution reactions of coordination complexes,
specifically, as substitution for a ligand by a water molecule or
hydroxide ion - & general reaction scheme for these types of reactions

may be written as

A + ¥Y— N Y + X .
NnMXm Y bnMxm—l (1.1)

where Y represents OH, or OH—, M refers to the central atom which is

2
qpbalt(III) in this case, N represents various ammine ligands, and
Xm represents mono~ or bidendate oxyanions.

There are two classifications for the various types of ligand
substitution reactions, both of which are useful in certain instances.
The more commonly used classification, as discussed by Basolo and

Pearson,5 allows four different mechanism types, . SNl' S

Snt1im N21im’
and SN2. SN refers to substitution on an electrophilic center by a
nucleophilic species and 1 and 2 refer to the molecularity6 of the
rate-determining step of the total reaction. A S 1,. reaction goes
by a two step process involving a slow unimolecular dissociation to
an experimentally detectable intermediate of reduced coordination
number followed by a rapid reaction of the intermediate with the
entering ligand, Y. For a SNl reaction, no reduced coordination
number intermediate can be detected although the effect of changing
the leaving group, X, on the rate of reaction (i.e. enexrgy of the
tranéition state7) is much greater than the effect of changing the

entering group, Y. A Sn2 reaction involves a bimolecular rate

lim

.



determining step for which there is definite experimental evidence
for an intermediate of increased coordination number. When no
intermediate is detectable but the effect of the entering group, Y,
on the rate is significant, the reaction is classed as SNZ.

The detection of intermediates of changed coordination number
can be accomplished by actually isolating and characterizing them in
the case of stable long lived species. More usually, the intermediate
is reactive and short lived.

An increase in the rate upon addition of perchlorate ion (the
Winstein salt effect) or a common ratio of products, NnMY/NnMZ, when
a theoretically identical intermediate, NnM' is generated from different
reactants, NnMx',N;MX"..., in the presence of some coordinating ligands,
Z and Y, (competition experiments) are tests which may be used to detect
reactive intermediates of reduced coordination numbexr.

No such tests exist for short lived increased coordination
number intermediates.

The second type of classification for ligand substitution
reactions is due to Langford and Gray8 and is based on a division of
a reaction mechanism into two phases. The stoichiometric mechanism
is the sequence of elementary steps by which an over-all reaction
proceeds. Knowledge of the Zntimate mechanism involves understanding
the magnitudes of the rate constants for the individual steps in
terms of the rearrangement of atoms and bonds (electrons) taking
place. The three types of stoichiometric mechanism are classed as

D, I, or A. D refers to dissociation or loss of a leaving ligand



in the first step resulting in an intermediate of reduced coordination
number, I refers to an interchange or concerted process where the
leaving group is moving from the inner to outer coordination sphere
at the same time that the entering group moves from the outer to the
inner, and A refers to association or gain of a ligand in the first
step producing an intermediate of increased coordination number.
Intimate mechanisms are classified with respect to the'effect that
the entering group has on the energy of the transition state of each
step of the stoichiometric mechanism. If the entering group has an
effect on the rate of reaction, the intimate mechanism is classified
as a (associative) whereas when the rate is affected more by changing
the leaving group than by changing the entering group, a d (dissoci-
ative) intimate mechanism exists. The intimate mechanism is indicated
by putting the type (a or d) as a subscript to the stoichiometric
mechanism (D or I or A).

Because of their relatively easy preparafion and their inert9
(slow reacting) nature, the complexes of Co(III) have been and are
often chosen as model systems on which to develop a knowledge of
ligand substitution mechanisms. Cobalt (III) complexes are 4 and
usually spin paired complexes of an octahedral structure whose
general bonding schemes are well documented.lo'll

The special class of ligand substitution reactions in which

water or hydroxide ion are involved are called hydrolysis reactions.

When an aquo compléx is the product, as in equation (1.2),

X
a m+1l -
Ne_MX + H,0 —2— Ng_pMX__ H 0" + X (1.2)



the reaction is called aeid hydrolysis (sometimes referred to as
aquation). If the experimentally determined rate law has a term in
[H+], the reaction is referred to as an aeid catalyzed hydrolysis.

When the product is a hydroxy complex, as in equation (1.3),

X
- b -
No_ MX" + OH —2— Ng_ MK _ OH" + X (1.3)

the reaction is called base hydrolysis. If the experimentally
determined rate law has a term in [OH-], the reaction is Properly
referred to as a base catalyzed hydrolysis, although the word
catalyzed is often omitted.

The acid hydrolysis reactions of cobalt(III) ammine complexes
have been extensively studied. Most of the rate laws are first-order
in complex concentration. Because of the large excess of water, the
rate law does not reveal anything about the role of the entering
group, Hzo, in the transition state. Some rate laws show a first-
order dependence on [H+]. This is attributed to increased lability
of ; protonated ligand. Some recent examples of this are studies of
the acid hydrolysis of complexes containing acetatelz, nitrite,13'14
and phosphate15 ligands. A [H+] dependence of the rate law is also
often observed in the acid hydrolysis of complexes having chelated
leaving ligands. This has been attributed16 to protonation of the
ring opened species which prevents closure and also, as in the above
monocdendate systems, labilizes the remaining metal-ligand bond.

Thus the existence of a [H+] term in the rate law does not reveal

anything about the intimate mechanism although definite knowledge



of the proton transfer equilibrium helps define the stoichiometric
mechanism.
For the acidopentaammine cobalt(III) complexes, an increase in

. the rate of acid hydrolysis as the basicity of the leaving group
decreases17 satisfies the criteria for d activation. The linear

free energy relationship which is observed for this seriesls’19 is
also indicative of a dissociative (d) mode of activation. However,
even though the intimate mechanism for acid hydrolysis is probably
dissociative, the stoichiometric mechanism is not well defined.
Throughout the series, the mechanism could be varied from dissoci-
ative interchange (Id) to dissociative (D). Excellent discussions

of this type of acid hydrolysis are given in references (5) and (8).

The reactions discussed above all involve cobalt-ligand bond

cleavage. For multi-atom ligands, the possibility of internal ligand
bond cleavage exists. For this type of ligand, there exists the
possibility of at least two different reaction paths. The mechanisms
of the different paths may or may not be different. For example,
the position of bond cleavage in the acid hydrolysis of (NH3)5C0C03+
has been shown20 to be the carbon-oxygen bond. Yet the acid hydrolysis
of (NH3)4C0003+ is known21 to go via Co-O and then C-0 bond cleavage.
Thus hydrolysis of coordinated carbonate follows a distinctly differ-
ent reaction path in the first or ring-opening reaction than it does

in the second or decarboxylation reaction. While the mechanism of

each path could be' the same, the central atom of reference has

changed from a Co to a C as the path has changed from Co-0 to C-O
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bond cleavage. Since there are many mono- and bidendate carbonato-
cobalt(III) complexes, a systematic study of the factors which determine -
the reaction path will help determine the mechanism of both reactions.
The study of the acid hydrolysis reactions of (phen)ZCoCO3+ and
(bipy)2C0C03+, where bipy and phen refer to 2,2'-bipyridyl and o-phen-
anthroline, respectively, which are reported in Chapter 3, extends the
series of N,CoC?D + acid hydrolyses studied to the point where some -

4 3
tentative proposals can be made about the intimate mechanism of the ring-

opening step of the reaction.

The base hydrolysis reactions of cobalt(IIX) ammine complexes
involving monodendate leaving groups have been very extensively
studied. The rate law normally shows a first-order dependence on
both complex and hydroxide ion concentration. Contrary to the acid

hydrolysis mechanism, a stoichiometric méchanism for base hydrolysis

is generally agreed upon.zz'23 The reaction sequence below,

(NH.) Cox™ + OH~ ——r (NH,) ,NH_Cox P"V* | g o (1.4)

3’5 - 374772 2 :

fast

(NH,) NH_cox T F K, (NH,) ,NH_Co™t 4+ x~ (1.5)

3’472 slow 3747772 *

n+ 2+ ’

(NH3)4NH2CO + HZO fas€ (NH3)5COOH (1.6)

involving a unimolecular rate controlling step, has been classified by

Basolo and Pearson as SNlCB where CB refers to the egquilibrium pro-
duction of the amido (NHZ) conjugate base. Evidence for reaction (1.4)
includes the lack of a [OH ] term in the rate laws for base hydrolysis

of Co(IXI) ammines lacking acidic protons,24'25 the increase in rate



of production of trans-(en)zco(N02)2+ from trans-(en)2CoNozcl+ and

' NOZ ion in dimethylsulfoxide (DMSO) when small amounts of hydroxide
ion are added,26 and the isotope fractionation experiments on some

(NH ) Cox base hydrolyses which showed that the oxygen in the product,
(NH ) CoOH2 , was derived from the solvent and not from the hydrox1de
:Lon.27 The existence of a short lived five coordinate intermediate,

’ 28-30
as given by reaction (1.5), has been shown by competition studies” .

and by studies on the stereochemistry31’32 of the products which both
indicated a common intermediate which was independent of the nature of
the leaving group, X. Studies of the geometrical products of the base
hydrolysis of eis- and trans-(en)2CoAxn+ complexes showed that for a
common A, the amount  of cis-(en)ZCoAOHn+ product is constant, regardless
of X, which again indicates a common intermediate having no memory of
its source.33 Thus there appears to be sufficient evidence to classify
these base hydrolysis reactions as having D stoichiometric mechanisms
(and by necessity a d intimate mechanism).

It has been suggested3l’32'34 that the amido group is formed
trans to the leaving group and that interac;ion between a filled
nitrogen p orbital and the empty dxz_y; Co orbital will cause stab-
ilization and hence favour a trigonal bipyramidal structure for the
intermediate. Sargeson has shown35 that the base hydrolysis of
4- (aminoethyl)-1,4,7,10-tetraazadecane CoClz+ goes with complete
retention of optical activity at the assymetric nitrogen atom which

is known to be ¢rans to the chlorine. Since racemization will occur

if a symmetrical bipyramidal intermediate is formed using this trans
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nitrogen, the results of this experiment indicate that no appreciable
Px—dxz_yz T stabilization with the frams nitrogen can occur. However
this may be the result of the strongly chelated nature of the molecule
and thus may not be a general conclusion.

rgordmeyer36 has postulated an amido group forming eis to-the
leaving group for (NH3)5CoX2+ and (en)ZCoan+ base hydrolyses. This
controversy about the specific structure (s) of the intermediate has
not been resolved.

The base hydrolysis reactions of chelated oxyanions have been
investigated for a few cases, namely the sulfato--,37 phosphato-,38
oxalato-,39 and malonato-40 bis (ethylenediamine) cobalt(III) complexes.
Bond breaking experiments on the oxalato41 and phosphato42 base
hydrolysis reactions showed that one C-0 bond and approximately 0.35 of
a P-O0 bond, respectively, were cleaved per complete loss of an
oxyanion from the complex. ‘As in the acid hydrolysis of chelated
oxyanions, different positions of bond cleavage indicate different
reaction paths. The opportunity to investigate the factors determining
the choice of reaction path for the base hydrolysis of carbonate
cobalt(IIXI) ammine complexes led to the base hydrolysis studies on
+, and (phen)ZCoCO + ions which are

+ L)
the (NH3)SCoCO . (en)ZCOCO

3 3

reported in Chapter 2.

3

To interpret and compare some of the data obtained in the acid

and base hydrolysis studies, it was necessary to perform bond breaking

and oxygen exchange experiments using 180H2. Chapter 4 is concerned

with these studies although the results of the bond breaking experiments



11

are given and discussed with the relevant study.
Each of the following chapters is made up of an introduction,
an experimental section, a results section, and a discussion. Since

43,44 of carbonato complexes have appeared

two camprehensive reviews
in the past year, only more recent results which are directly relevant
to the particular study will be discussed in the introductions to the
chapters.

The Appendices consist of a discussion of parameter error

calculations, some derivations of equations, and tables of data.
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CHAPTER 2

THE BASE CATALYZED HYDROLYSIS OF CARBONATOCOBALT (III)

AMMINE COMPLEXES

Introduction

If the intimate mechanism of the base hydrolysis of (NH3)5Coxn+
ions is dissociative, as discussed in Chapter 1, a linear free enexrgy
relationship (LFER) with a slope of 1.0 shduld exist between the
specific rate constant for the base hydrolysis reaction and the
stability constant of (NH3)5CoXn+ for a series of x's.18 The oppor-
tunity to test this relationship for X = C03= led in part to the

kinetic study of the reaction given below

k -
(NH3)5COCO3+ + o~ —2» (NH3)5C00H2+ + co3' . (2.1)

The LFER mentioned above requires the stability constant for the
. + 3+ = .
formation of (NH3)SCoCO3 from (NH3)5C00H2 and CO3 . This was

determined when the equilibrium position of the acid hydrolysis

reaction scheme given below

1/K
(NH3)5C0C03+ + it —&, (NH3)5C0CO3H2+ (2.2)
fast

k .
2+ 1 2+
(NH3)5COCO H — (NH3)5COOH + CO2 | (2.3)

3 slow

1/K p
2+ + a 3
+ H —= (NH3)5C00H2 (2.4)

(NH_) _CoOH
3°5 fast

was forced partially to the left by the use.of a carbonate buffer. The
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reaction scheme above is consistent with the acid hydrolysis

45,46 the bond cleavage position experiments,20 and a14003=

+

studies,
carbonate exchange study47 which had been done on the (NH3)5CoCO3

ion before the start of the experiments reported here. However, the

3 45,46 3

values at 25° of k1 reported were 7x10 (u<o0.1), 1.2x10

(u<0.1),47 and 7.8x10-4 (u<0.1)48 sec_l, respectively, while the

values of Kl reported were 4x10-7M46 and 3.8x10-9M,48 respectively. A

study of the kinetics of the attainment of equilibrium for reactions

2

(2.2), (2.3), and (2.4) allowed calculation of values for k. (2.3x10

1
sec-l) and Kl (5.9x10_9M), at 25° and 1.0 ionic strength (Naclo4),

which were used49 in an attempt to resolve the differences in the
reported values. After reference (49) had been published, Dasgupta

and Harris50 studied the acid hydrolysis of (NH3)5C0CO * by a stop-

3

flow method which resulted in accurate values, at 25° and 0.5 ionic

strength (Naclo4), for k1 and Kl of 1.25 sec-1 and 4::10.7 M, respect-

ively, thus finally resolving the issue.
As mentioned in Chapter 1, a study of the base hydrolysis of
(en)2C0C03+ can provide information about possible dual reaction

paths, as has been indicated by different positions of bond cleavage,

41,42

in the base hydrolysis of chelated oxyanions. The base hydrolysis

+
of the (en)2CoCO3+ ion and of the related (tren)CoCO3 ion has been

studied, at room temperature and low ionic strength (u<0.1l), over a

51,52

limited pH range of 8.7-12. The data were found to be consistent

with - k

+ - 1 .
(en)2C0003 + OH -;——+ ais (en)2CoOHCO

I -1 IX

3 (2.5)
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k
+ 2 . +
(en)2CoCO3 + OH, ';——+ ets (en)ZCOOHCO3H (2.6)
I =2 IIX
+ 53 +
czs-(en)ZCoOHCO3H P— czs-(en)ZCooHco3 + H (2.7)
III Ix
+ K4 + +
cts-(en)2CoOH2CO3H — cts-(en)2C00HCO3H + H . (2.8)
Iv ITY
Pseudo first-order rate constants corresponding to kl[OH] and k_l (at
4

PH 12 and 25°) and k_2 (at pH 8.7 and 25°) were estimated as 1.28x10

4

6.4x10-5, and l.lelO-2 sec-l, respectively. The values of kl/k

1 and 1.0x10—3,

-1

(pH 12) and k,[H,01/k_, (pH 8.7) were 1.59x10% M~

2

respectively. The values of K3 and K4 were estimated to be 1.78x10-9 M

and4.79x10-6 M, respectively. A slow cis.;:? trang isomerization of
species II, III, and IV was detected with eis/trans equilibrium ratios
of 0.48, 17, and >3.5, respeétively. The hydroxycarbonato ring-opened
species (II) was observed to undergo base hydrolysis, at a rate Smaller
than that of reaction (2.5), according to

k

. - 3 . + =
- — -
ecie (en)ZCooHCO3 + OH ceLs (en)ZCo(OH)2 + CO

3 . (2.9)

A value for the equilibrium constant for reaction (2.9) was estimated

to be le10-3. A sodium bicarbonate buffer prevented reaction (2.9)

from occurring thus allowing the half-time estimates for the e¢ig —

trang isomerization at pH 11, which are given below
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. t;5 = 9 days
18~ (en) ,CoOHCO > trans=-(en)  CoOHCO . (2.10)
2 3 Tf, = 19 days 2 3
]

Notice that species III, cis—(en)2CoOHCO3H+, could be written as cis-~
2+

+ . . . . :
(en)2CoOH2CO3 but it is belleved53 that in species IV, (en)2CoOH2C03H‘

’

the water is more acidic than the bicarbonate ligand.
After most of the experiments on the base hydrolysis of
(en)zcoCO3+ which are reported in this thesis had been completed and

reported,54 two additional studies of the same reaction became

40,55

available. Farago40 does not observe the equilibration process

described by Scheidegger, but does provide rate constants, at 24.8°
and varying ionic strength, corresponding to reactions (2.5) and (2.9)

in the hydroxide jion concentration range, 0.55-3.03 M. The values

reported for kl and k3 are 2.18x10“3 M—l sec—l (AH*
and 4.56x10-5 M—l sec'-l (AH*

1

= 21.4 kcal mole
= 23.4 kcal mole—l), respectively. For
" additional runs at [OH-] > 3, Farago observes a levelling off of the
observed rate constant for reaction (2.5) and attributes this to
complete formation of either an amido complex formed in an SNICB
mechanism or an ion pair of the type, (en)2CoCO3+-OH_.

Hargis55 studied the kinetics of the base hydrolysis of
(en)2CoCO3+ in the [OH ] range, 0.1-1.0 M, (u = 1.0 Naclo,) at 25.0,
35.0, and 45.0°. The rate of loss of (en)ZCoco3+ ion was followed
mainly by spectrophotometric means and these observed rate constants were
confirmed by following the loss of optical activity of a basic

solution of d-(en)ZCoCO3+. Since the O.R.D. spectrum of d-(en)2C00HCO3

is not known, the loss of optical activity could be due to production
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of 100% d-(en)ZCooHco3, to production of more d-(en)ZCoOHCO3 than
l-(en)2CoOHCO3, or to production of some d-(enZ)CoOHCO3 and some trans-

(en)2CoOHCO Thus the stereochemical path of reaction (2.5) was not

3.
determined by this experiment.

The equilibration process involved in reaction (2.5) was not

observed55 but a direct production of trans-(en)ZCOOHco3 according to

(en)ZCoCO3 + OH _— trans-(en)ZCoOHCO3 (2.11)

was postulated as well as the other base hydrolysis and isomerization
reactions proposed by Scheidegger. The existence of reaction (2.11)
was based on the lack of agreement of a constant (ri) in an empirical

equation describing the data,

_ -r t -r.t _ -r,t
A= Al + A2e 2+ A3e 3 A4e 4 ’ (2.12)

' to the predicted rate constant for the cis « trans isomerization of

the (en)2Co(OH)2+ ion. However, the molar extinction coefficient of
cis—(en)ZCo(OH)2+ is not greatly different from that of trans—(en)ZCo(OH)2+
at 322 muse so that highly accurate measures of the eis ;:? trans rate
could not be expected. Thus good direct evidence for reaction (2.11)

does not exist. Bearing this fact in mind, the half-times for reaction
(2.10) in the forward and reverse directions are 2.6 and 12.0 days,s5
respectively, which do not agree with those reported by Scheidegger

(9 and 19 days). Hargis' value of the rate constant corresponding

to reaction (2.5), at 25°, of 3.20x10™> M ! sec™! (An¥ = 21.0 kcal

mole-l) is in fair agreement with the value of Farago (2.18x10-3 M 1
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-1 % -1 . . .
sec ©, AH = 21.4 kcal mole ~) but Scheidegger's value determined at

one pH (l.28x10"2 M_l sec—l) is considerably different. The sum of

and k.. (6.205x10 > M 1 sec t

k35' 34

Hargis' rate constants, k k

24" “25'
at 25°) corresponds quite well to Farago's specific rate constant for
reaction (2.9) (4.56x10-'5 M_1 sec_l at 24.8°).

The study of the base hydrolysis of the (en)2CoCO3+ ion
reported here is an attempt to resolve the discrepancies noted above.
The base hydrolysis kinetics over a wide range cf [OH_], 0.002-1.00 M,
were investigated, the geometrical structures of the intermediate,

(en)2C00HCO and the products were determined, the amount of optical

37
activity retention in reaction (2.5) was studied to provide information
on the transition state and to determine if any ?trans species are
produced in reaction (2.5), and the position of bond cleavage in
reaction (2.5) was determined. The experiments of Farago in the fOoH ]
fegion, 1.0-3.7 M, were repeated.

24,25 that the base hydrolysis

While it has been established
reactiéns of (NH3)5Coxn+ ions by the SNlCB mechanism requires an acidic
ammine proton, the same mechanism may or may not hold for the first
ring-opening step in the base hydrolysis reactions of N4Coco3+ species.
The obvious test of the mechanism is to study the base hydrolysis
behavior of an N4Coco3+ complex in which N lacks acidic protons.
Therefore, the complex ion, (phen)2CoC03+, where phen is 1,10~ or

o-phenanthroline, was prepared and the reaction of the complex in

agueous sodium hydroxide was studied.
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Experimental

Base Catalyzed Hydrolysis of Carbonatopentaamminecobalt(III) Ion

Carbonatopentaamminecobalt(III) nitrate was prepared by the

method of Lamb and Mysels46 and stored in a vacuum desiccator over calcium

sulfate. The analysis of the complex for cobalt,57 ammonia,58 carbon,59

hydrogen,59 and nitrogen59 agreed with the formula, [(NH3)5C0CO3]NO3'

1.5 Hzo, reported by Lamb and Mysels. The analysis showed

%Co SNH., $C SH SN
exptl - 20.9 29.1 4.4 6.1 29.2
calcd 20.1 29.1 4.1 6.2 29.1

The purity was also checked by comparing the extinction coefficients
of the maxima in the visible absorption spectrum of the acid hydrolysis
product of the carbonato comélex to the known values60 for (NH3)5Co(OH2)+3.
The results gave a calculated molecular weight of 287.2 # 1.5 (standard
deviation). This deviation from the predicted value of 293.2 and the
slight discrepancy in the other analyses is probably due to partial
dehydration of the compound.

Solutions were prepared from water which had been redistilled
from alkaline potassium permanganate in an all glass apparatus.

The temperature of solutions for kinetic runs was controlled
with a Colora (Papst) constant temperature bath.

4The ionic strength of the reaction solutions was controlled

by addition of reagent grade sodium nitrate (Mallinckrodt) or addition
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of a boiled solution of sodium perchlorate made by neutralizing
perchloric acid (Baker and Adamson) with sodium bicarbonate
(Shawinigan) .

The sodium hydroxide solutions used were prepared by diluting
a filtered 50% NaOH solution made by dissolving NaOH pellets (Fisher
Scientific Co. Ltd.,) in redistilled water. The solutions were standard-
ized against a standard HCl solution using phenophthalein as an indicator.

For the high temperature-high pH kinetics, solutions containing
sodium hydroxide and sodium nitrate (g = 1.0) of known concentration were
brought to temperature equilibrium. At zero time, a weighed quantity of
the complex was édded to the reaction solution. Aliquots were taken at
various times, filtered through a 0.45u Millipore filter (Millipore
Filter Corp., Bedford, Mass.) to remove any cobalt oxide formed, and
diluted to volume. Optical densities of the diluted filtrate were
determined at 328 mu on a Bausch and Lomb Spectronic 505 spectrophoto-
meter.

For the low temperature-low pH kinetic study, a stock solution
of complex in 0.05 M NaOH was syringed into a five cm spectrophotometer

¢ ell which contained known volumes of water, 0.05 M NaHCO » and 4.02 M

3
NaClo4 to give a final ionic strength of 1.0. The initial absorbance
at 295 mu was recorded within 15 sec after addition of the solution of
complex. Infinite time optical densities were determined after at least
8 half-times. The final carbonate buffer concentration (0.0242M) was
sufficiently high relative to the complex concentration (about 10-4 M)

so that the pH remained constant during the hydrolysis reaction.
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The pH of the buffered reaction medium was measured with a
Beckman Expandomatic pH meter (Beckman Instruments Inc., Fullerton,
California), on the one pH unit scale of expansion. The pH was
measured at room temperature and corrected for sodium ion error.
This correction was negligible below pH 9 and was 0.024 PH unit at
the highest pH used. The pH meter was standardized using buffer
solutions (Fisher Scientific Co. Ltd.,).

The value of the extinction coefficient of (NH3)5C0C03+ at
295 my was determined by extrapolation of optical density-time plots

to zero time. The concentrations of NaHCO [(NH3)5C0CO3]NO «1.5 H, O,

3’ 3 2

4 Were 0.0242 M, 2.996x10 2 M, 0.15 M, and 0.826 M,

respectively. As will be shown later, 0.15 M NaOH gives close to the

NaCH, and NaClo

minimum rate of hydrolysis of the complex. Thus the extrapolation

to zero time was most accurate at this NaOH concentration.

Base Hydrolysis of Carbonatobis(ethylenediamine)cobalt(III) Ion

Preparation of Complexes and Reagents

Carbonatobis (ethylenediamine) cobalt (III) chloride was
prepared as described by Schlessinger.61 The visible spectrum of
cis-(en)2Co(OH2)23+ obtained by acid hydrolysis of [(en)2C0C03]Cl
(molecular weight = 274.5) compared well with the preyiously reported
spectrum.56 The corresponding perchlorate salt was precipitated
directly by mixing a warm saturated solution of [(en)2C0C03]C1 with
a solution of sodium perchlorate. The [(en)2C0C03]c]_o4 was recrystalli-

zed from hot water, washed with methanol and stored in a vacuum
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desiccator over calcium sulfate. The visible spectra of [(en)2CoCO3]ClO4
. +

and its acid hydrolysis product, czs-(en)ZCO(OH)23 compared well with

reported spectra as shown in Table 2.1. The molecular weight of 338.,7

for [(en)2C0C03]C104 was also consistent with the elemental analysis59

which showed

£C $H SN
exptl 17.9 5.2 " 16.8
calcd 17.4 4.7 l6.6

The resolution of racemic [(en)2C0C03]Cl into its optical
isomers was attempted62 by using (+)-antimonyl tartrate to remove the
(-) (+)-diastereoisomer and then by using a 20% sodium iodide solution
to precipitate the d;[(en)ZCoCO3]I. The attempt failed. Other workers63
also have been unable to repeat the resolution by this method.

A sample of resolved 1-[(en)2CoC03]ClO4 which had been pre-~
pared64 using d-Na[(ox)zenCo]oHZO as the resolving agent was obtained.65
The visible absorption spectrum of the resolved complex agreed with
that of the racemic complex so the resolved complex was used without
further purification.

Sodium hydroxide solutions were prepared by dilution of ampoules
of concentrated NaOH (Fisher Certified Reagent, Fisher Scientific Co.
Ltd.,). The sodium perchlorate solutions were prepared either by .
neutralizing sodium carbonate with perchloric acid and boiling or by
dissolving anhydrous sodium perchlorate (G. Frederick Smith Chemical Co.).
The sodium perchlorate solutions were standardized by elution through a

Dowex 50-X12 cation-exchange resin in the hydrogen ion form and the
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resultant acid eluent solution titrated with standard sodium
hydroxide. All reagents were prepared in water redistilled Ffrom

alkaline permanganate in an all-glass apparatus.

Base Hydrolysis Kinetics

Solutions containing sodium hydroxide and sodium perchlorate

(to adjust the ionic strength to 1.0) were added to a thermostated
spectrophotometer cell and allowed to come to temperature equilibrium.
The cell temperature was controlled by a water flow from a Colora
(Papst) temperature bath. A stock solution of [(en)ZCoCO3]CIO4 and
NaClO4 was allowed to come to temperature equilibrium and then added
to tﬁe cell with a syringe surrounded by a water jacket connected to
the constant-temperature bath. The complex concentration was varied
between 5x10-4 and 5x10—3 M, depending on the hydroxide ion concen-
tration, which was always at least ten times the complex concentration.
The change in absorbance with time at 300 mi was followed continuously
.on a Bausch and Lomb Spectronic 505 spectrophotometer. The value of
[OH ] at low concentrations was determined by titration of the reaction
solution to pH 7 using a Beckman Expandomatic pH meter equipped with
an Expandomatic Range Selector and a combination Probe electrode

(Cat. #13-639-90, Fisher Scientific Co. Ltd., Edmonton, Alberta).

The electrolyte used in this standard sized electrodelwas a normal
saturated KCl solution and the pH meter was standardized using

buffer solutions.

The kinetic runs, at 24.5°, in which ionic strength was not
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controlled and sodium hydroxide concentration varied from 1.00 to 3.71 M,
were'followed on a Bausch and Lomb Precision Spectrophotometer using the
same procedure as in the runs with sodium hydroxide concentration less
than 1.00 M. The temperature of the thermostated cell holder was
controlled using a Colora (Papst) constant-temperature bath equipped
with a Thermistemp temperature controller (Model 71, Yellow Springs
Instrument Co., Inc., Yellow Springs, Ohio). The thermister bead
temperature probe ( Tele Thermometer, Model 423, Yellow Springs
Instrument Co., Inc.,) was taped to the top of the cell holder and

the bath temperature varied until the solution in the cell attained a
constant temperature of 24.5°C as measured by a 0-100° mercury thermo-
meter (uncalibrated). During these runs the reaction was followed past
20% completion, during which time the absorbance of the solution had
quickly risen to a maximum and then had decreased slowly to a constant

value.

Geometrical Isomerization

The reaction product was analyzed for possible geometrical
isomerization during the reaction by hydrolyzing aliquots from the
reaction solution with 1M HClq4at 10° under which conditions no
isomerization occurs.64 For each run an aliquot of an aqueous complex
stock solution was directly hydrolyzed to get a spectrum of the
cis-(en)2Co(OH2)23+ ion for comparison. The first set of experiments
were done by keeping the basic reaction solution at 44.0° for ten

minutes and then hydrolyzing, diluting, and running the visible
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spectrum of the resultant diaquo ion. The reaction solutions were
initially 0.477, 0.667 and 0.954 M in NaOH. The final acidic
solutions had an ionic strength of 1.0 (NaClO4). For the second set
of experiments the basic reaction solution was kept at 26.0° and
aliquots of the solution hydrolyzed at various times during the
course of the reaction. For these experiments the initial hydroxide
concentrations were 0.4, 1.0 and 1.0 M, respectively and the ionic
strengths of the final acid hydrolyzed solutions were 0.9, 1.0 and

1.0, respectively.

Optical Isomerization

The reaction product was analyzed for possible optical
isomerization by allowing the base hydrolysis reaction to go to a

stage which is 98% cis-(en)ZCOOHCO The reaction solution was

3
fhen slowly titrated with stirring to pH 7 with 1 M HC104, diluted

to 25 ml with redistilled water, the visible and 0O.R.D. spectra
recoxrded, and these spectra compared with those of 1—[(en)2CoCO3]Clo4
in 1M NaC104. The spectra were recorded on a Jasco Model O.R.D./U.V-5
Optical Rotary Dispersion Recorder (Japan Spectroscopic Co., Ltd.,
Kitshachioji -Kojodanchi,.Hachioji-City, Tokyo, Japan). The initial
reaction solutions were 1.00 M in sodium hydroxide. The initial

reaction solution (10 ml) was approximately 7.2x10-3 M in complex

and all solutions were at room temperature.
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Oxygen-18 Tracer Study

A solution of 18O—enriched sodium hydroxide was prepared by
diluting concentrated sodium hydroxide solution (Fisher Certified
Reagent) with 1.7% 18O—enriched water (Bio-Rad Laboratories). The
molarity of the solution was determined by titration wi;h standard
HCl to a phenolphthalein end point. A stock solution of [(en)2CoCO3]ClO4
and NaClO4, in water of normal isotopic abundance, was prepared. The
reaction was started by mixing about four ml of the stock solution with
21 ml of the 18O—enriched sodium hydroxide solution. At various times,
two ml samples of the solution were withdrawn with a syringe and injected
into a gas bubbler containing 0.5 ml of concentrated perchloric acid.

Tﬁe apparatus, sampling technique and sample analysis are described in
detail in Chapter 4. During the runs the complex was about lx.'l.O-2 M,

[OH-] varied from 0.50 to 1.00 M, U was 1.0 (Naé104), and the tempera-

ture was 26°.

Base Catalyzed Hydrolysis of Carbonatobis (o-phenanthroline) cobalt(III) Ion

Preparation and Characterization of o-Phenanthroline Complexes

The experimental details and results of the preparation and

characterization of [(phen)2C0C03]Cl-3H20, cis-[(phen)2CoC12]C1-3H20,
‘ . 1 . .

cis [(phen) ,Co (OH2)2]C13 2H,0, and [(Phen)3Co] [phenH] [CoC . 415°HCL S5H,0

are given in Chapter 4.
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Base Hydrolysis of Carbonatobis(o-phenanthroline)cobalt(III) Ion

Because of the very complicated nature of the base catalyzed
hydrolysis of (phen)ZCoCO3+, all of the kinetic runs consisted of
complefe scans of the spectrum of the reaction solution as the reaction
bProceeded. The spectra were run on a Cary Model 14 Recording Spectro-
photometer (Applied Physics Corporation, Pasadena, Calif.) at room
temperature. A known volume of sodium hydroxide and redistilled
water was added to a five cm spectrophotometer cell. At zero time,
1.00 ml of a stock solution of [(phen)2C0C03101'3H20 was syringed
through a rubber serum cap into the cell. At appropriate time intervals,
the spectrum of the solution between 400 myu and 650 mu was scanned.
Blanks containing all the reagents except the complex were run to allow
cadlculation of extinction coefficients. The stock solutions were
generally around 2.0x10-2 M in complex and were used after varying
periods of time to determine any ageing effects. The sodium hydroxide
concentration varied between 0.867 and 1.0 M, In some runs, 2.0 M
NaCl was added to give an ionic strength of 1.0. The zero time and
infinite time spectra were used fo determine the final product of the
reaction. In order to test for catalysis by product a weighed amount
of solid cis-[(phen)2Co(OH2)2]C13'2H20 was added to the reaction mixture
Just prior to adding a weighed amount of the carbonato complex. After
shaking, the spectral changes with time were followed by scanning as
above. To test for catalysis by a Co(II) salt, a stock solution
which was 1.496x10-3 M in cis—(phen)2Co(0H2)22+ was prepared by

dissolving known amounts of o -phenanthroline hydrate and cobaltous
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chloride 6-hydrate in a 2:1 ratio in a known volume of redistilled
water. After adding solid [(phen)chCO3]CI-3H20 to the solution in
the cell, 0.1 ml of the stock Co(II) solution was syringed into the

cell and the spectral changes with time were recorded.
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Results

Base Catalyzed Hydrolysis of Carbonatopentaamminecobalt(IIT) Ion

The spectra of the carbonato-, aquo-, and hydroxypentaammine-
cobalt(III) ions are given in Figure 2.1. Because of the formation of
brown cobalt oxide during the base hydrolysis reaction, it was not
possible to scan the entire electronic absorption spectrum of the
reaction solution. However, the infinite time sample of the reaction
mixture was filtered and then rapidly scanned. The resultént spectrum
had the same qualitative features as that of the hydroxypentaammine-
cobalt(III), shown in Figure 2.1, including the same wavelengths for
the absorbance maxima and minima. This spectral evidence plus the
fact that the (NH3)5CoOH2+ ion is known to decompose to cobalt oxide,
leads to the conclusion that the hydroxy species is the product of the
base hydrolysis reaction.

The variation of the rate of hydrolysis of (NH3)5CoCO3+ with

hydroxide ion concentration at 45-55° is consistent with a rate law

developed from reactions (2.1), (2.2), and (2.3).

- amm _ 2+ -
3c - = Ky [(NH3) ;CoCOSH™ '] +k, [(NH;) ;CoCO; ] [OH ] (2.13)
h - +
=(—"—= +x, 0871 ] [(NH;) CoCO;"] (2.14)
Kl [OCH ]

= k1Kw - K1
—="- 4+ k,[OH ] — (T] (2.15)
K, [OH'] K, + [H]
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where [T] represents the total concentration of complex containing

coordinated carbonate, Kl is the acid dissociation constant of
(NH3)5COCO3H2+, and Kw is the ion product of water.

Under the conditions of these high'temperature experiments the
hydroxide ion was always in large excess over complex so that a pseudo
first-order decrease in the absorbance was observed. Figure 2.2 shows
a typical plot of log(At-Am) vs. time where At and A_ are the absorb-
ances of the reaction solution at time t and after complete reaction
respectively.‘

The relationships between the physical property buing measured,
the concentration of the various species, the half-time of the® reaction
and the rate constant observed are well known66 for simple first-order
systems. These relacionships will be used here and throughout other
sections of this thesis without further derivation or justification.

Since the value of K., is likely to be between lxlo-7 M 46 and

1
1x10”2 M*® and the tat1 was always less than 1x10 11 M, K >> .

Thus equation (2.15) becomes

k.K
~-d{T) 1w -
= — + k_[OH ] [T] = k Ty . (2.16)
dt ( K]_ {oH] 2 ) obsd

Figure 2.3 shows the variation of kobsd with {OH ] at 55.0° along with
the best fit line obtained from (2.16) using Kw = 1.325x10-13. 67
A computer program called ENLLSQ68 has been used throughout these

studies to obtain best fit parameters for linear and non-linear

equations. A brief description of the program, its use, and the
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Figure 2.2: Variation of Absorbance with Time for the Reaction of

(NH3)5C0CO3+ Ion in Aqueous Sodium Hydroxide. T = 55.0°
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(NH3)‘5CO3+ in Sodium Hydroxide.
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error calculations it performs can be found in Appendix A. Tables
giving the observed rate constant, the predicted rate constant, the
hydroxide ion concentration, and the value of Kw used for 45.0, 50.0

and 55.0°, respectively, are located in Appendix D. All the values

67

of Kw used were measured in 1.01 M KC1. The values of kl/Kl and

k2 along with their 95% confidence limits are given in Table 2.2.
Values of AH='x= and AS* for kl/Kl and k2 were calculated from the

standard transition state equation69

k X AsT au’t (2.17)

X
log(79 = log(p) + 3356538K ~ 3.303RT

and are also given in Table 2.2.

Extrapolation of the 45.0-55.0° results to 25.0° shows that the
second term in equation (2.16) will be negligible for the pH range,
8.5-9.4. A variation of the molar extinction coefficients of the
geaction solution at zero time (eo) and at complete reaction (e
was observed indicating an equilibrium system. The vériable eo is
the optical density at zero time (obtained by extrapolation) divided
by the total cobalt(III) complex concentration and €, is the optical
density at infinite time also divided by the total complex concentration.

The rate data have been interpreted in terms of the reaction

k
2+ 1 3+
(NH3)SCOC03H —;——+ (NH3)5CoOH
-1

2 + HCO3 . (2.18)

The rate of decomposition of carbonato and bicarbonato complexes is

given by
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- 4d[T] 2+ 3+ -
kl[(NH3)SCOco3H ] - kl[(NH3)5COOH2 ][HCO3 ] (2.19)

where T is as defined previously. Use of the equilibrium and stoichio-
metry conditions results in
+
k,[H'] €,

= T . (2.20)
K1 + [H'] €, ~ €

kobsd
[--]

The derivation of equation (2.20) is given in Appendix C. The value
of kobsd was calculated in the standard way from a plot of log(At-Aw)

vs. time. Rearrangement of (2.20) gives

X €
— - 1 = S (2.21)
L Kl E:o " f kobsd K1

The results of the experiments at low PH and 25.0° are given in Table
2.3 which also gives values of the calculated rate constants using

., equation (2.20) and the best fit values of k, and K, obtained from a

fit of the data to equation (2.21). Figure 2.4 shows the plot of
equation (2.21) and the best fit straight line obtained by the use of
ENLLSQ. The values of the slope and intercept parameters from Figure

2.4 are

kl/xlxlo-s, M-l sec_1 Kl-lxloﬁ, M-l

parameter 3.879 1.631

95% C.L. +.430 i +4.257
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TABLE 2.3
Kinetic and Equilibrium Data for the Hydrolysis

+ (-4
of (NH;) CoCO," at 25.0

. tu*1x10° c_si0™3 107 Ko eq®t0° Ko, . x10°

M Sec-l Sec-l
8.492 3.222 2.318 1.628 2.618 2.780
8.648 2.245 2.440 1.645 1.899 1.955
8.695 2.020 - 2.341 1.581 1.775 1.815
8.763 1.728 2.325 1.575 1.593 1.620
8.855 1.398 2.399 1.588 1.184 1.301
8.960 1.097 2.384 1.515 1.050 0.987
9.013 0.971 2,575 1.573 0.970 0.836
9.148 0.711 2.388 1.440 0.587 0.632
9.237 0.580 2.405 1.415 0.468 0.498
9.294 0.508 2.390 1.387 0.468 0.433
9.338 0.460 2.220 1.355 0.423 0.425
9.390 0.407 2.280 1.328 0.375 0.365

2 p=1.0 (NaCl0,).

> kcalcd calculated from equation . (2.20) and the parameters in Table 2.2 .
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Notice the large 95% confidence limits Placed on the intercept (Kl-l).
These large limits cause a large degree of uncertainty in the values

of k1 and Kl which can be calculated from the best fit parameters.

2

2.375x10 sec-l, has a lower limit of l.30x10_2

Thus the value of kl'
but an upper limit which can only be called large, corresponding to

9

a zero intercept in Figure 2.4. Similarly the value of K 6.130x10 M,

9

1’

has a lower limit of 3.02x10 ° M but an upper limit which again can

only be called large.

It is also possible to calculate the formation constant Kf,

for the bicarbonato complex

[(NH,) _Coco.u2T] fOH 1]
3's 3
Ke = 2% ol (2.22)
[(NH,) (CoOH™"] [HCO, "]
It can be shown (Appendix C) that
e, K
K, = v ( 1 ) (2.23)
: Ky(e) - g + [H1(e, ~ &) (Heo, ]

and €_ are the

1 2

extinction coefficients of the carbonato and bicarbonato complexes,

where Kl and € are as defined previously and €

respectively. The value of Kl was determined as described later and
el was measured as described in the experimental section. However
the value of 82 could not be measured directly because the hydrolysis
is too fast at lqw PH where (NH3)5CoCO3H2+ would be the predominant
species. In principle, knowing el and K1 it should be possible to

calculate €2 from the eo values, since at zero time the only absorbing

species are the carbonato and bicarbonato complexes. However the so
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values in Table 2.3 do not show a smooth trend with PH. This random-
ness is most probably due to the error in extrapolating back to zero
time of mixing. In fact, as can be shown in the subsequent treatment
where a value of 22 is derived, very little variation is expected in
eo, and the observed values are generally within 10% of the expected
values.

The values of Ez and Kf have been obtained by fitting the €,

values to a rearranged form of (2.23)

+ .

Kl el - ew(xl + [H]) 1 Kw €,

T = ry - - ez . (2.24)
(H'] £ [B ][HCO3 ]

The value of [HCO3-] was calculated using equation (4.50) found in

Chapter 4 of this thesis. The values used for sl, Kl' Kw,7° Kcl'72

72 7 14
2

respectively. As was shown above, the value of Kl determined in this

study is subject to a large uncertainty. For this reason the value

o

and K, are 2180, 3.28x10 ' M, 1.7x10 ~, 8.71x10"’ M, and 2.75x10~ % M,

- of Kl used here was calculated from the value of kl/K1 which is known
quite precisely, and the value of k1 determined by Harris which is
also quite precise. The details of this calculation are given in
Chapter 4, p 176. The resulting plot of (2.24) was linear as shown
in Figure 2.5. The best fit parameters obtained by the use of ENLLSQ

are
Ke €,

6 2.91x104

6 +1.68x10%

parameter 5.408x10

95% C.L. +0.241x10
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Table D.4 in Appendix D gives the experimental and calculated values of

[K,€; = €,k + [H'1)1/[(8"] corresponding to values of (K €,/ H'] (1CO, ]

which were used in determining the parameter values and the solid line
in Figure 2.5.
The values of K_ and 82 reported here are not those reported by

£

Francis and Jordan73 due to the use of the more precise value of Kl here.

Base Catalyzed Hydrolysis of Carbonatobis (ethylenediamine)cobalt(IXII) Ion

Base Hydrolysis Kinetics

The visible electroﬂic spectra of the carbonatobis (ethylene-
diamine)cobalt(IIi) ion and its acid hydrolysis product, the eis-
diaquobis (ethylenediamine) cobalt(III) ion are shown in Figure 2.6.
Also shown is the spectrumof the eis-(en) ,Co (OR) 2+ ion.

It was found that a solution of [(en)2CoCO3]C104 in water was
stable and that no spectral change occurred for periods of at least
one week. Figure 2.7 shows the spectral change which occurred when
sodium hydroxide was added to the neutral stock solution of the complex.
Over a time period of 115 minutes, the absorbance increased at 320 mu
and decreased at 360 and 515 mj. By comparing the spectrum of the
reaction solution at 115 minutes to those of the eis- and trans-
(en)ZCo(OH)z+ :i.ons,56 it can be seen that the initial product can be
neither the eis- nor the trans-dihydroxy species. Following spectral
changes during the reaction for a longer time at 300 my resulted in
the curve shown in Figure 2.8 where At and A_ are the absorbance of

the reaction solution at time t and the calculated absorbance of an
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Figure 2.7: Variation of Absorbance with Time of a Solution of
(en)-2C0C03+ and NaOH at 26.0°. [complex] = 3.05x10—3 M,

[OH ] = 0.096 M, 1 cm cell.
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equimolar solution of cis-(en)ZCo(OH)2+, respectively. The initial
rise in absorbance at 300 mﬁ has been attributed to the production of
cis--(en)2CooHco3 via reactions (2.5), (2.6), (2.7), and (2.8). The
slower decrease in absorbance corxresponds to the production of cig-
(en)ZCofOH)2+, reaction (2.9). The slight curvature in the second
portion of the curve in Figure 2.8 corresponds to the cis;?trans
isomerization of (en)2Co(0H)2+ because the trans-dihydroxy isomer
has a slightly higher extinction coefficient at 300 mu than the eis
isomer56 and because the half-times of the second reaction, (2.9),
and the isomerization, are comparable, being 1.49x104 sec ([OH-] =

74 In the experiments

1.00 M) and 10.0x104 sec, respectively at 25°,
at 24.5°, where [OH-] was > 1.0 M, no curvature appeared in the
1og(At—Aw) vs. time plots even after two half-times of the second
reaction indicating that the second reaction is essentially complete
before appreciable isomerization can occur.

Figure 2.8 also shows that the second reaction, (2.9), cannot
- be ignored when determining the observed rate constant for the first
reaction. If Amax is the value of the maximum observed absorbance,
then plots of 1°g(Ahax-At) vs. time become nonlinear after approx-
imately one half-time of the first reaction as seen in Figure 2.9,
pPlot A. Provided the rate constants of Consecutive first-order
reactions are different by at least a factor of 10, it is possible '
to separate the concentfation-time dependence data into components

corresponding to each of the consecutive reactions.75 For the 24.5°

data this separation was done by extrapolating the log(At-Am) vs. time
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Plots to zero time to obtain a value for log(Aéax-Aw). Aéax is

the absorbance which the reaction solution would have shown at the

- completion of the first reaction if the second reaction had not
occurred. As seen in Figure 2.9, plot B, a plot of log(Aﬁax_At) vVS.
time is linear and has a different observed rate constant than the
log(Amax-At) vs. time plot. This "extrapolation" method was used to
analyze the kinetic data at 24.5°. It was found that increasing Amax
to some Aﬁax where Aﬁax was sufficiently large to cause linearity

in a plot of lOg(Aﬁax—At) vs. time was equivalent to obtaining Aﬁax
by extrapolation. Since sufficient data for the extrapolation were
not obtained, this second method of obtaining Aﬂax was used to evaluate
the kinetic data at 26.0, 34.0, and 44.0°. Aas the sodium hydroxide
concentration decreased from 3.71 to 0.817 M, the corrections in

kobsd’ at 24.5°, decreased from -32 to -1l6%, respectively and became

negligible below 0.5 M.

The results of the kinetic study at 24.5° are given in Table 2.4.
The observed rate constants for the second reaction, (2.9), were
obtained from plots of log(At-Am) vs. time similar to Figure 2.8. in'
most good kinetic studies, the ionic strength is kept constant to
bPrevent changes in éctivity of the reactants. Since this was not

done for the 24.5° study, it was necessary to normalize all the ob-

served rate constants by a factor N where

Y of 1.0 M NaOH
Y*¥ of x M NaOH (2.25)

N =
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TABLE 2.4
Variation of k| . with [OH ] for the Complete Hydrolysis

of (en)2CoC0 + in NaOH at 24.5°

3
. -1 N -
Reaction . [oH], M kobsdxlo , sec kobsdxlo , sec
(2.5) . 1.00 3.18 3.18
1.00 3.10 3.10
2.00 5.05 4.91
2.00 5.29 5.13
3.00 7.08 6.21
3.00 6.30 5.52
3.00 6.79 5.95
3.71 9.50 7.57
3.71 10.2 8.14
3.71 9.63 7.69
3.71 10.2 8.14
(2.9) 1.00 0.0462 0.0462
1.00 0.0465 0.0465
2.00 0.0910 0.0883
2.00 0.0924 0.0897
3.00 0.193 0.168
3.00 0.175 0.154
3.00 0.173 0.151
3.71 0.199 0.159

®Nis a correction factor for the change in activity coefficient

of NaOH as [NaOH] goes from 1.00 M to 3.71 M.
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where x M refers to the molarity of the particular NaoH solution and

Y% is the mean activity coefficient of NaOH. The normalization was

done according to

I

N
kobsd - kobsd.N (2.26)

The value of Y+ for sodium hydroxide at concentrations of 1.0, 2.0,
3.0, and 3.71 M are 0.679, 0.698, 0.774, and 0.850, respectively.76
It was observed that the corrected value of the absorbance of

the reaction solution after completion of the first reaction (i.e.
.
Amax) varied both with temperature and with hydroxide ion concentration.
Both of these effects indicate that the first step in the reaction is
an equilibrium process. An equilibrium constant, Kl, is defined by
[(en) oCOOHCO ]

K = 7 — . (2.27)
[(en)2CoCO3 J[OH ]

It can be shown (Appendix C) that Kl and [OH ] are related by

1 bTo
— = Kl(ea - ex) - Kl (2.28)
[OH )] A’ - A
max o

where ex and ea are the extinction coefficients at 300 my of
(en)2COCO3+ and eis—(en)2C00Hc03, respectively, T, is the total
complex concentration, b is the cell length in centimeters, Ao is
the zero-time absorbance of the solution derived from the zero-time
L - 3 L]
extrapolated value of log (A At) vs. time plot, and At and Amax

have been defined Previously. Figure 2.10 shows the linear plot

of equation (2.28) for 26.0°. Only data from solutions where
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90% > [(en)2C0C03+] > 10% were used in order to avoid large relative
experimental errors in bTo/(AAax_Ao)' A first estimate of K1 was used
to eliminate points outside of this range. The best fit of the remaining
data to equation (2.28) was obtained by using a modification of the
computer program LSQ2,77 which gives the linear least-squares fit to

a polynominal. A weighting factor of [OH--]-l was used to compensate
for the large order of magnitude changes in the data. Tabies D.5,
D.6, and D.7 in Appendix D give the experimental values of [OH-]_l,
Tb, and bTo(AAax—Ao) along with the values of [OH_]-l calculated from
equation (2.28) and the best fit parameters for 26.0, 34.0, and 44.0°.
Table 2.5 gives these best fit parameters, their 95% confidence limits
and the values of AH®° and AS° calculated from a plot of log Kl Vs,
1/T. The 95% confidence limits are one-parameter limits assuming
little correlation between the parameters (see Appendix a).

If reactions (2.5), (2.6), and (2.7) are the processes controlling

the rate of equilibrium attainment, then the rate is given by

~ dl(en) ,Coco,™] _ . _
TS = kl[OH ][(en)2CoCo3 1 - k_l[czs-(en)ZCooHc03]
+ . +
+ k2[H20][(en)2CoCO3 ]l - k_2[czs-(en)2000HCO3H 1 . (2.29)

. + . .
Substitution for [czs-(en)ZCoOHCO3H 1 using the equation for K3

derived from reaction (2.7) results in
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TABLE 2.5

Variation in Kl with Temperature

Temp, °C Kl, M-l 95% Confidence
Limits®

26.0 48.54 + 5.89
34.0 36.66 + 3.05
44.0 26.40 + 4,45

e -1

AH , kcal mole -6.46 +* 3.05

S R |

As®, cal mole ~ deg -13.9 * 9.5

a A}

Calcd as discussed in Appendix A.
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- d[(en)2CoCO3+]

+
at )

= kl[OH ][(en)2CoCO - k_l[czs-(en)2CoOHCO3]

3

+ k--2Kw
] - — [cis-(en)2C00HCO3] . (2.30)

+ k_[H_ O] [(en) _CoCO —~
22 2 K3[OH ]

3

Let To be the initial complex concentration and assume that at any time,

[cis-(en)ZCoOHCO3H+] is small. Then

[eis-(en) ,COOHCO,] = T_ - [(en) 2COCO3+] 3 (2.31)

Substitution in equation (2.30) for [cis-(en)ZCoOHCO3] yields an equation

of the form

k K
- g% = (k:L[OH 1+ k_y + k, [H,0] +;2——‘_”_1 ) A
K., {OH ]
3
: k_2Kw
- (k—l + — Ao (2.32)
K, [OH ]
3
which can be integrated directly.78 The resultant expression for the
observed rate constant is
_ k_,K,
kobsd = kl[OH ] + k—l + k2 [H20] + — . (2.33)
K3[0H ]

The principle of detailed balance79 gives an equation relating

the equilibrium constant, Kl' to the various specific rate constants
K. = El. = EZEEESlEi (2.34)
1 k k K ‘ *

-1 -2'w
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Substitution for k_l and k2[H20] in equation (2.33) results in

_ kKKK k_K
k bsd = kl[OH ] + 5 + 7 + — ° (2.35)
obs 1 3 Ky [oH]

Over the temperature range, 26.0 to 44.0°, and over the hydroxide ion
concentration range, 1.19x10-.3 to 0.899 M, the observed rate constant

determined from a plot of log(AAax-At) vs. time followed the equation

- -1
= ’ " e 1
kObSd k'[OH ]} + k" + k'""[OH] . (2.36)

A éomparison of equations (2.35) and (2.36) shows that the rate law
developed from reactions (2.5), (2.6), and (2.7) is consistent with
the experimental rate law.

Values for the constants, kl and k-ZKw/K3 were obtained by
fitting the experimental kobsd values to equations (2.35) using the
previously calculated value of Kl at each temperature. The program
ENLLSQ was used with a relétive residuals minimization68 option. The
program results showed no parameter correlation between k1 and k_2Kw/K3
and the non-linear and one-parameter confidence limits were equal so that
the one-parameter 95% linear confidence limits were used (see Appendix A).
The values of k_1 and kz[Hzol were calculated from equation (2.34)
using the value of Kl at each temperaéure. The 95% confidence limits
for k_1 and k2[H20] wvere calculated in the normal way80 from the 95%

confidence limits on kl' k_ZKw/K3, and K Figure 2.11 shows a

1
representative plot of kobsd vs. -logIOH-] at 26.0°. The solid line
was calculated from equation (2.33) and the best fit specific rate

constants which are given in Table 2.6 for each temperature. Also
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34 F

22|

1.8 -

14 |-

10|

a6

Figure

28 24 20 16 12 08 04
-log [OH"]

. . . - . +
2.11: vVariation of kobs a with -Log[OH ] for (en) 2CoC03 in

NaOH at 26.0°. u = 1.0 (NaClO4).
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given in Table 2.6 are the 95% confidence limits for the parameters
and the values of the activation parameters, AH* and As*, which were
determined in the standard way from plots of log kr/T vs. 1/T. Tables
D.8, D.9, and D.10 in Appendix D give the observed and calculated
values of kobsd for each hydroxide ion concentration at 26.0, 34.0,

and 44.0°, respectively.

Geometrical Products of the Base Hydrolysis of (en),,CoCO,+

The stereochemistry of the products of the base hydrolysis of
(en)2C0C03+, with respect to geometrical isomers, has been determined
by treating the reaction solution with HClO4 at 10°, thereby converting
all the cobalt(III) complexes in solution to the corresponding diaquobis-
(ethylenediame)cobalt (III) complex. Since no isomerization occurs
during the acid hydrolysis reaction,64 any cig-diaquo isomer can only
be derived from a ¢ig8 species in the original reaction solution and
any trans isomer must be derived from a trans species in the original
reaction solution. From a comparison of the spectra of the cig-
(en)2Co(OH2)23+ and trans-(en)ZCo(OH2)23+ ions,56 it is seen that the
extinction coefficients of the resultant diaquo solution should decrease
at 370, 480, 492, and 520 mﬁ; increase at 410 mu, and remain constant
at the isosbestic points of 380, 444, and 550 mu, if any trans products
are formed at any time during the total base hydrolysis of the

.(en)ZCoCO * ion to the (en)ZCo(bH)2+ ion.

3

Table 2.7 shows the spectral characteristics of acidified base

hydrolysis reaction solutions which were originally 0.477, 0.667, and
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TABLE 2.7

Comparison of Molar Extinction Coefficients of

+

cis—(en)2Co(0H2)23 and the Acidified Product of

the Base Hydrolysis Reaction of (en)zcoCO3+ at 44.0°

Wavelength, Extinction Coefficients
my |;isa P 11° 117°
370 47.9 47.0 45.3 45.3
380 38.4 38.6 38.8 38.3
410 10.9 17.9 17.5 16.3
444 27.5 30.7 ' 29.0 28.9
480 71.0 53.6 53.0 53.3
492 76.3 56.5 56.3 56.6
520 62.9 50.5 50.4 50.5
550 34.5 34.0 33.6 33.6

a eig refers to ciS—(en)2C0(0H2)23+.

b .
I, II, and III refer to reaction solutions initially 0.954, 0.667,
and 0.477 M in NaOH, respectively.

c e R .
Each initial reaction solution was kept at 44.0° for 600 sec.
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0.954 M in NaOH and which had reacted at 44.0° for 600 sec. At 492
my, 35% trans base hydrolysis products are calculated based on eis and
trans diaquo extinction coefficients of 77.3 and 19.2, respectively.
Since, for a reaction time of 600 sec at 44.0° and 0.477, 0.667, and
0.954 M NaOH, reaction (2-9).wi11 have occurred to some extent, three
possible explanations for the trans product exist. There could be a
direct production of trans—(en)ZCoOHCO3 as in reaction (2.12) as
suggested by Hargis,55 there could be a direct production of trang-

(en)zco(OH)z+ from either cis-(en)2CoOHco or trans—(en)ZCoOHCO

3 3’

analagous to reaction (2.9), or the direct isomerization reaction

eis-(en) Co(oH) ,* — trans-(en) co(on) * (2.37)
2 2 = 2 2

could occur. At 44°, at an ionic strength of approximately 0.1,

the half time for reaction (2.37) is 4250 sec and is independent of
ﬂydroxide ion concentration.81 Thus the fact that 35% #rans species
was produced in 600 sec indicates that reaction (2.37) cannot be the
only path for production of the trans species. The cis = trans
isomerization reaction of the ring-opened species, cis—(en)2CoOHCO ‘
is very slow (t% = 9 days) at pH 11,51 Even if the rate were first-
order in [OH ], the rate at ‘the [OH ] studied here would be much too
slow to account for the production of the trans- species. The cis/trans
ratios of the (en)2CoOHCO3H+ and (en)2CooH2CO3H2+ at equilibrium and
room temperature are 17 and 3.5, respectively,51 so that no matter

what the rate of the eis < trans isomerizations involving these

species, the observed production of 35% irans species in the base
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hydrolysis of (en)zcoco3+ at high [OH ] and 44° is not likely Que
to these isomerizations.

At 26.0° the ring opening reaction, (2.5), at 0.40 and 1.00 M
[OH_], is calculated to be 94% complete at 1992 and 884 sec,
respectively. Using the spectral data reported in Tables 2.8 and
2.9 for the acidified reaction solutions at 26.0°, less than 9%
trans product is produced, at 0.40 and 1.0 M NaOH in reaction times
of 1453 and 690 sec, respectively, which correspond to slightly less
than 94% completion for the reaction. Thus the base catalyzed ring-opening
reaction goes mainly to the cis-(en)ZCoOHCO3 product as written in
reaction (2.5).

The final aliquots sampled from the reaction solutions which
were 0.40 M and 1.0 M in NaOH showed 28% (reaction time of 2.6x104 sec)
and 24% (reaction time of 5.4x104 sec) trans product, respectively.
The half-times of reaction (2.9), involving loss of coordinated
carbonate, at 26.0° and 0.40 and 1.0 M NaOH are 3.8x104 and
1.49x104 sec, respectively, while the half-time for reaction (2.37)
is 10x10? sec.’ Thus, it is likely that in 0.40 and 1.0 M NaOH and
at 26.0°, the trans product is being formed by reaction (2.37) as

well as by an analagous reaction to (2.9), i.e.

. + =
czs-(en)ZCooﬂco + OH — trans (en)ZCo(OH)2 + Co3 .(2.38)

3

Reaction (2.38) remains as the only probable explanation of the
production of trans species in the study at 44.0° with a 600 sec

reaction time.
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TABLE 2

Comparison of Molar Extinction Coefficients of

. 3
czs-(en)zco(OHz)2

Hydrolysis Reaction of (en)ZCoC

+

and the Acidified Product of the Base

+
03

at 0.40 M NaOH and 26.0°

62

Wavelength, Extinction Coefficients

my Jisa ° 1° 111P P vbg]
370 59.1 59.0 58.0 59.3 57.6 57.0
380 46.5 46.7 45.7 47.0 45.6 46.6
410 16.3 17.9 18.8 18.5 19.2 23.5
444 33.7 34.7 34.1 34.8 34.7 36.1
480 75.2 73.5 71.2 71.1 68.8 60.7
492 80.7 77.6 75.0 75.2 72.3 63.4
520 63.7 61.5 60.1 61.1 58.3 52.8
550 33.9 33.9 33.9 33.9 33.9 33.9

2 ais refers to cis-(en)ZCo(OHZ)z3

b
I-V refer to the base hydrolysis reaction times 635, 1453,

+

2345, 3940, and 26100 sec, respectively.



TABLE 2.9

_Comparison of Molar Extinction Coefficients of

+

cis-(en)2Co(OH2)23 and the Acidified Product of the Base

Hydrolysis Reaction of (en)2CoCO + at 1.00 M NaOH and 26.0°

.63

3
Wavelength, ) Extinction Coefficients

| |

mt  eis? at 11° 111° o vP viP
370 57.8 59.8 60.2 59.2 58.8 58.5 58.0
380 46.6 48.7 48.2 47.2 47.5 47.3 46.9
410 15.9 16.2 15.3 15.8 16.6 17.3 22.0
444 30.5 31.0 30.2 31.9 31.6 31.7 32.6
480 70.4 70.8 71.4 69.9 68.4 66.6 58.4
492 77.3 76.4 78.4 75.2 73.4 71.6 61.8
520 64.0 61.5 66.3 63.9 62.9 61.4 52.6
550 35.5 35.5 35.5 35.5 35.5 35.5 35.5

a eis refers to cis-(en)ZCo(Oﬂz)é3+.

b I-VI refer to the base hydrolysis reaction times 190, 225, 485,

690, 4190, and 54000 sec, respectively.
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Optical Isomerization

The method used to detect possible loss of optical activity
in the base catalyzed ring-opening reaction consisted of opening the
ring and then closing it by titrating with acid. A calculation82 of

. + . .
the relative amounts of (en)2CoCO3 ’ ezs—(en)ZCoOHco and cis-

37
(e‘n)ZCo(OH)z+ in solution after 1400 sec at 1.0 M NaOH using the
specific rate constants reported previously shows that the complex
will be 98% in the form cis-(en)zcoOHCO3, i.e. ring-opened. The

calculation was done for the system

k k

12 23
ay—= a,—2,5 (2.39)
k21

+ .
where Al' Az, and A3 represent (en)2CoCO3 . czs-(en)2CoOHCO3, and
. + . R . X R
czs-(en)ZCo(OH)2 » respectively. The ring-opening reaction with
water can be neglected at 1.0 M NaOH. The fraction of cis-(en)ZCoonco3

as a function of time is given by

12723 21723

x, e At ke st
12 12
A, = - =% + oy ) (2.40)
2 3 2 3
1
where 12 = 5-(p + q) (2.41)
A, = T op-q (2.42)
3 2
_ 2 2 2
q = (k12 + k21 + k23 + 2k12k21
- 2k. .k + 2k__.k );5 . (2.44)
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-3 -5
The values of k12' k21, and k23 used were 3.17x10 ~, 6.52x10 , and
4.65x1075 sec-l, respectively. The ring-closing technique was checked
experimentally by doing the experiment with racemic [(en)2CoC03]ClO4

and comparing the final visible spectrum to that of known pure samples

of [(en)2C0C03]ClO - The results are shown below

4
]
Amax' mu Amax' mH Amin' m
I 516 (136.0) 363 (123.7) 324 (43.1)
II 518 (130.5) 366 (121.4) 329 (47.9)
IIX 518 (130.5) 364 (120.7) 325 (44.0)

where A refers to the wavelength in mu, the bracketed values are the
molér extinction coefficients and I, II, and III refer to the ring-
opened then ring-closed racemic sample, pure [(en)ZCoCO3]ClO4, and
the 1-[(en)2CoC03]ClO4 sample, respectively. All spectra were at
ionic strength 1.0 (NaClO4).

The O.R.D. spectrum of l-[(en)2CoCO3]c104 was run in both water

and 1.0 M Naclo4. The results are compared to the reported value64'83

below
This Study
!
Literature Value64'83 H20 Hzo 1.0 M Naclo;1
[al_, o - 1250 - 1242 - 1237 - 1158
[a]min' ° - - 1585 - 1575 - 1495

where D refers to the wavelength 589, mU, min refers to the pPeak minima

in the O.R.D. spectrum, and [a] is defined by
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0] = = (2.45)

where 0 is the observed rotation of plane polarized light by the sample
(in degrees), 1 is the cell length in decimeters and b is the concentra-
tion in gm/cc.

An experiment was performed in which all solutions were ice-cold
and the titration with HClo4 was started immediately after mixing in
order to detérmine the amount of method induced racemization. Calculation
of % retention, for the reaction in 1.0 M NaOH, was done by a comparison

values to the previously measured value in 1.0 M NaClO.. The

of [Ot]mi 4

9

results of the retention experiment are given below.

Reaction Time [} . , ° % retention
min
120 sec - 1450 97.0
600 sec - 1455 97.3
1420 sec - 1450 97.0

The sample neutralized at 120 seconds indicates a method induced
racemization of around 3%. Therefore the 600 and 1420 sec samples
show that the ring-opening step (and thus the ring-closing step) goes

with complete retention of optical activity.

Oxygen - 18 Tracer Study

The oxygen - 18 tracer study was carried out by acidifying the
strongly alkaline reaction solution and collecting the carbon dioxide.

Equation (2.46) shows the possible isotope distributions in the Co2
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Product. A similar equation can be written for the reaction, (2.9),

involving loss of coordinated carbonate.

+ 18 - Bou on
(en)ZCo< /C =0 — cis—(en)ZCo\ and/or cis-(en)zco< 18
O O-CO2 : 0-C~ 00
ul l H 18o ut 1 H 18o ut 1 H 180 (2.46)
2 2 2
3+ 18 3+ 3+
OH OH OH
eis-(en) .Co” 2 + COO0 eZs=-(en) co” 2 + COO eis-(en) co” 2 + C0180
277N 27N 27N
18 : OH OH

OH2 2 2
It is known for the analagous tetraammine21 and pentaamminezo species
that acid hydrolysis goes without incorporation of solvent oxygen into
the coz. Therefore 18o enrichment of the CO2 would be consistent only
with carbon-oxygen bond cleavage in the ring-opening step. At 26.0°
and over a hydroxide ion concentration range of 0.50 to 1.00 M, no
enrichment of CO2 was observed. Table 2.10 shows the results of the
three runs. The definition and measurement of R and R_ are described
in detail in Chapter 4. If base catalyzed ring-opening occurs by C-O
bond cleavage, values of R of 0.01677, 0.01812, and 0.02112 are
.predicted for the solutions which were 0.50, 0.957, and 0.993 M in
NaOH, respectively. Therefore the base catalyzed ring-opening must’
occur by Co-O bond cleavage. The difference in R values for the '
reaction mixture and CO2 §f normal isotopic composition was found

to be entirely due to dissolved carbonate in the concentrated sodium

hydroxide solutions used for these experiments.
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TABLE 2.10

Tracer Results on the Base Hydrolysis of (en)2C0C03+ at 26°

Time, min R%*10° Rox10° , [ou™1, M
5.5 5.68 29.7 0.50
27.5 6.50
59.0 5.95
215.5 6.69
. 1043.5 6.62
1127.0 6.31
2495.0 5.62
7.8 7.36 ' 32.4 0.957
36.8 7.67 ’ ’
72.3 8.05
113.8 8.23
161.8 8.47
405.5 19.37
1542.0 8.63
1.7 6.90 38.4 0.993
18.7 6.96
45.7 7.17
170.7 7.11
983.0 7.36
2490.0 7.44
a

R is the intensity ratio of mass 46 to mass 44 Peaks in the mass
spectrum of Coz. R of CO2 of normal isotopic composition was found
to be 0.00384.

b R, is the 180/160 ratio of the NaOH used.
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Since the reaction times of these experiments were sufficient for
reaction (2.9) to occur, the results in Table 2.10 also show that the
reaction involving loss of coordinated carbonate from the ring-opened

species also involves Co-0 bond cleavage.

Base Hydrolysis of Carbonatobis(o—phenanthroline)cobalt(III) Ion

The behavior of the (phen)2C0C03+ ion in a solution of sodium’
hydroxide proved to be quite complicated. Figure 2.12 shows the
results of a kinetic run in which the entire spectrum was scanned at
various periods of time throughout the rgaction. Only absorbance
changes at one wavelength are shown. The 1og(At-Am) vs. time plot, (Aa)
is obviously curved. In fact the reaction appears to speed up with
time. The stock solution of (phen)2CoCO3+ used in this run, (A) was
approximately 30 minutes old. Figure 2.12 also shows the kinetic
ﬁlot,(BL of a run using the same stock solution approximately 46
hours later. As the age of the stock solution increases, the spectral
change occurs faster. The reaction velocity increases as the age of
the stock solution increases. In Table 2.11, the spectra of the initial
and final species in the reaction solution are compared to known spectra
of the (phen) 2CoCO3+ and cis- (phen) 2CO(OH)2+ ions which are given in
Chapter 3, Figure 3.1. Amax and Amin refer to the wavelength of the
peak maxima and minima, respectively. emax and emin refer to the
molar extinction coefficients of the Peak maxima and minima, respectively.
The comparison shows the initial and final species in the reaction

solution to be the (phen)2CoCO3+ and cis-(phen)ZCo(OH)z+ ions,
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Figure 2,12: Variation of Absorbance with Time of Solutions of

SO loo 50
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(phen)ZCqCO3 in Aqueous Sodium Hydroxide.
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respectively. 1In all the runs, isosbestic behavior was observed

for at least 70 percent reaction. The wavelength of the isosbestic
points varied between 552 and 538 my for the high wavelength isosbestic
point and between 478 and 454 mu for the low wavelength isosbestic point.
The predicted isosbestic points, from Chapter 3, Figure 3.1, for a

direct reaction,

(phen) 2Coco3+ + 200 — cis- (phen) ,Co (OH) 2+ + co.~ (2.47)

3

are 546 my and 460 mu. Therefore it appears that the cis-(phen)ZCo(OH)z+
ion is the only product of the hydrolysis of (phen)2C0C03+ in aqueous
NaOH.

The obvious explanation of the increase of reaction rate with
time is catalysis of the reaction. The most probable catalyst is the
product itself. It was thought that the more rapid reaction of
solutions made from old stock solutions could then be explained by
some slight hydrolysis in near neutralAsolutions. The resultant
diaquo complex would be converted to the dihydroxy complex in basic
solutions and thus be available for catalysis. This hypothesis was
tested by adding solid [cis-(phen)ZCo(OHZ)2]C13-2H20 to a solution
made by dissolving solid [(phen)ZCoCO3]Cl-3H20 in a solution of NaOH
and NaCl. Curve F in Figure 2.13 is nearly identical to curve A in
Figure 2.12. As in all the kinetic runs using fresh (< 5 min old)
stock solution, very little spectral change occurred during the
first 40 minutes 6f reaction. The product, cis-(phen)ZCo(OH)z+ is

obviously not the cause of the reaction rate increase.



0.1
0

F;

73

1 1 1

1 1 1

20 40 60

80 100 120

TIME (min)

Figure 2.13: Variation of Absorbance with Time of Solutions of

(phen)ZCoCO3+ in NaOH.

A = 512 mu.

3

[(phen) ,coco, ™1 = 1.400x1073 m,

3
test for product catalysis,

3 M,

3 M,

[(phen)ZCoCO3+] = 1.508x10

'1.496x10"

]

+
[(phen)2C0c03 1

test for_Co(II)'catalysis.

[OH'] = 0.867, T =.25.0°,

. +
-[c'z,u-.(phen)ZCo(OH)2 ]l =

test for chloride ion catalysis.

. 2+
[czs-(phen)2Co(OH2)2 ; =

9.98x10

140

2.0x1074 M,

6

M,
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Another possible catalyst is the chloride ion used to control the
ionic strength. Curve G in Figure 2.13 is calculated from the spectral
change with time in a solution made by dissolving solid [(Phen)ZCoco3]
Ci-3H20 in aqueous sodium hydroxide with no NaCl added. The catalysis
still occurs indicating that the Cl used to control the ionic strength
is not the cause of the increase in reaction rate.

Figure 2.14 shows the complete absorbance vs. time scans used to
calculate curve G in Figure 2.13. The isosbestic points and general
behavior of the variation of absorbance with time are representative
of most of the runs performed including those with other added complex
ions.

Decomposition of reactants and products during the reaction was
indicated by a thin brown film on the spectrophotometer cell and by a
very small amount of brown colloidal material which could be filtered
from the reaction solution with a 0.45 mu Millipore filter. The brown

maerial, which was probably a form of cobalt oxide, did not affect

the visible spectrum of the reaction solution so that the increase in
reaction rate could not be due to any light scattering by the particles
of cobalt oxide.

If the cobalt oxide decomposition product is formed by some type
of redox reaction, the possibility of catalysis by a Co(II) species
exists. Curve H in Figure 2.13 shows the effect on the reaction rate
caused by adding a very small amount of a dilute solution of a Co(II)

ion, [cis-(phen)ZCo(OHz)zlcl resulting in a final cobalt(II)

2'

concentration of 9.98x10_6 M, to the reaction mixture. The amount



75

'O 60°GT = & ‘1190

*SPTXCIPAH UNTPOS snosnby ut +m

WS W _0TX80G'T = [xoTdwoo] ‘W £9g%0 = {_HO]

ououN (usud) zo umz3oads uotydrosqy JO uoTjeTaRp

7w HIONITIAVM
00¢ 0s6

$1°C @anbryg

009

0

¢0

»0

IONVEJOsSaV

§0

80




76

of cobalt(II) complex added was not enough to cause any change in

the zero time spectrum yet it caused immediate initiation of the
hydrolysis reaction. At zero time the values of Amax' emax’ Amin' and
emin were 510 mu, 112.5, 438 mu, and 27.6, respectively while the
infinite time values were 513 my, 76.4, 448 mu and 37.5, respectively.
Comparison of these values to those in Table 2.11 shows that the
initial reactant and final product are not changed by adding the
Co(II) complex ion.

In summation, this study of the hydrolysis of the (phen)chco3+
ion in aqueous sodium hydroxide allows the conclusion that the initial
reactant goes completely to cis-(phen)2Co(OH)2+ with no long-lived,
high concentration intermediates. One can also conclude that the
increase in reaction rate with time is caused by a Co(II) complex,

specifically the cis-(phen)ZCo(OH)2 molecule, and is caused by

) . . . . +
neither the chloride ion nor the reaction product, czs-(phen)ZCo(OH)2 .
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Discussion
=tscussion

+
The study of the base hydrolysis reaction of the (NH3)5C0C03

resulted in a value for the acid hydrolysis rate constant of the

(NH3)SCOC03H2+ ion, k;, of 2.375x10 2 sec™l (25°, u = 1.0, Nac10,,)

' +
and a value for the acid dissociation constant of the (NH3)SCOCO3H2

, of 6.130x107° M (i = 1.0, NaCl0,). Since both of the values

1
of the constants réported here have large 95% confidence limits,

ion, K

they are consistent with the previously reported values for kl of
1.25 sec” ! 30 ana for K, of 4.0x10™7 M 46750 .14 3.841079 48,

As has been mentioned previously, the values50 for kl and Kl of
1.25 sec“1 and 4x10_7 M, respectively, are believed to be the most
accurate. While the value of the intercept of Figure 2.4, Kl_l,

and hence the separated values of k and K,, are not precise, the

1
value of the slope, kl/K ¢+ is precise. .Thus the value for kl/K1 of
3.88 i_0.43x106 M_l sec-l compares well with Harris'so reported

value of 3.13x106 M-l sec-l. Since Harris has shown that Kl has a
small temperature variability in the range 15-25°50, the good agree-~
ment between the activation enthalpy for kl/Kl (AH* = 17.6 kcal mole-l)
deterﬁined in this study and the activation enthalpy for kl (AH* = 17.0

kcal mole-l) determined by Harrisso is expected. The large positive

¥

value of As’ (+ 30.4 eu) for kl/l(l must be largely due +o Kl since for

kl' as AS* of -0.6 eu is found.50 Thus the entropy change largely

governs the value of Kl.

Since the acid hydrolysis of (NH3)SCOCO3+ occurs via carbon-

¥

oxygen bond cleavage20 with a AH of 17.0 kcal mole-l, the activation
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+
3

indicates that reaction (2.1) occurs via cobalt-oxygen bond cleavage.

enthalpy of 30.8 kcal mole_l for the base hydrolysis of (NH3)5C0CO

Therefore the kinetic (k2) and stability (Kf) constants measured here
can be placed on a LFER plot.of the logarithm of the specific rate
constants of the base hydrolysis (via Co-X bond cleavage) vs. the
negative logarithm of the stability constant (Q) of (NH3)5C0Xn+
complexes.

Referring to reactions (1.4), (1.5), (1.6), and (2.4)

(NH3)SCoxn+ + o —X (NH3)4NH2Cox(n"l)+
fast

+ HZO (1.4)

(n-1)+ k 2+ (3~n) -
—————f'(NH3)4NH Co + X

2 (1.5)

(NH3)4NH2C0X

2+ 2 2+
(NH3)4NH2CO + H20 > (NH3)5COOH (1.6)

3+

24 4
+ 2

H

(NH3)5COOH g (NH3)5COOH (2.4)

the formation constant for the (NH3)5Coxn+ ion can be defined as

[(vHy) cox™)
e = 3+ (3-n)= (2.48)
[(NH3)5C00H2 1Ix ]

andAwritten as
k'K
a

0 = e
kKK2K§

. (2.49)

Rearranging and taking the logarithm results in



79

,_k'Ka
XX ~ log Q . (2.50) -
2w

log kK = 1log

Since kK is the measured rate constant, k2, a plot of log k2 vs. = log Q
should result in a straight line if the term 1og(k'xa/K2Kw) is independ-

ent of the nature of X.

+

3 complex, Q is defined as

For the (NHB)SCoCO
+
[(NH3)5C0CO3 ]
Q = 37 = . (2.51)
[(NH3)5COOH2 ][CO3 1

The formation constant, Kf, is related to Q by

KekiXa

Q:
Kc2Kw

(2.52)

where Kl' Ka, and Kc2 are the acid dissociation constants of

2+
(NH3)5COCO3H ' (NH3)5COOH

50 84 49
of K., Ka, Kc2'

10 M, 1.7x10

3+, and HCO_ , respectively. Using values
2 3

7 - -
Kw, 0 and Kf of 3.28x10 7 M, 2.51x10 7 M,

2.75%x10 14

, and 5.4lx10-6, respectively, at 25° and
H=1,0 (Nac104), the calculated value of Q is 9.52x104 M-l. A
value for the k2 of 2.95x10.'6 M_l sec_1 at 25° is obtained by extrapola-
tion of a log(kz/T) vs. 1/T plot. Figure 2.15 shows a LFER plot of
+

log k2 vs. = log Q for the base hydrolysis of (NH3)5C0Xn ions. The

. . e o 18 (3-n) -
slope of 1.0 in Figure 2.15 indicates that the role of the X
-group in the transition state of the base hydrolysis of (NH3)5CoXn+

ions is similar to its role in the product, i.e. a solvated ion.

Thus the data reported in Figure 2.15 is consistent with the SNlCB
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-5 -4 -3 ~2 -1 © }
~log Q

Figure 2.15: Plot of Log (specific rate constant) vs. Log (equilibrium

constant) for the Base Hydrolysis of (NH3)5Coxn+ Ions at

25°, . Data taken mainly from Table IV, reference (85).
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mechanism postulated in reactions (1.4), (L.5), and (1.6) for the
base hyd;olysis of (NH3)5CoXn+ ions. Figure 2.15 does not provide

O, in

information about the role of the entering groups, OH or H2

the transition state.

Haim19 has suggested that LFER plots for the acid hydrolysis
of (NH3)5C0Xn+ complexes will give a number of parallel lines of slope
1.0 but with increasing intercept, as the negative charge on the free
ligand, X, increases. This increase in intercept was attributed to

an increase in Qo' an ion-pair formation constant for the

3+ _,(3-n)-
2 X

portion of an equation similar to (2.50). Haim has assumed that the

(NH3)5CoOH ion pair, which is contained in the intercept

rate controlling step in the anation reaction forming (NH3)5C0Xn+

3+ (3-n) -

from (NH3)SCooH and X is preceeded by a reaction forming

2
the ion-pair. For the base hydrolysis reactions, an ion-pair formation
Qould occur prior to the reverse of reaction (1.5). The fact that no
parallel, higher intercept LFER line is observed for divalent X
ligands in Figure 2.15 may be explained by the absence of any ion-

pair formation. However, even if an ion-pair did form preceeding

reaction (1.5), the expected increase in the ion-pair formation constant,

. . 2+ = 2+~ .
Qo' in going from (NH3)4NH2C0 X (2:2) to (NH3)4NH2C0 X (2:1)
is only 7 while the increase, for the acid hydrolysis Qo' in going
3+ = 3 106

£rom (NH;) CoOH,™" X~ (3:2) to (NH,) CoOH *.x7 (3:1) is 20.

2

Thus, the small change in Qo for the base hydrolysis reaction may

2

not cause a detectable change in the intercept of the LFER plot.

The values of the specific rate constants and the equilibrium
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constants, at 26° and ionic strength of 1.0 (NaClO4), for the base
hydrolysis of the (en)2CoC03+ ion are compared to pPreviously reported

and k3

values in Table 2.12. The values of kl, k 1

1v k,[H,01, k_, K

compare quite well considering the very limited pH range and low ionic
strength of the study reported in reference (51). As will be discussed
in Chapter 3, the aciad hydrolysis of (en)2CoC03+ in the pH range 1-5

yields a value for k2[HZO] (called ko in Chapter 3) of 1.2x10—4 sec-1

8 . . .
) 6 with activation parameters

4
-1, % ¥ ;
of 18 * 3 kcal mole (AH') and =15 * 9 eu (AS”). These are in
F

at 25° and 0.5 ionic strength (NaClo

5

fair agreement with the values for kz[H ol, AH*, and As’ of 4.9x10

2
sec™, 21.4 * 5.4 kcal mole™) and -6.6 * 12.3 eu, respectively, which
are reported here. Thus kinetically, the values for the rate paramaters
of reactions (2.5), (2.6), and (2.9) seem to be fairly well sub-
stantiated as does the existence of equilibrium systems for reactions
(2.5) and (2.6) in the PH range, 11-14.

Since the base hydrolysis of (NH3)5C0CO3'+ seems to go via the
same mechanism as that of other (NH3)5CoXn+ complexes, as indicated

by the LFER plot, it would seem reasonable to expect reaction (2.9),
the base hydrolysis of cis—(en)ZCoOHCOB, to go via the same mechanism
as the base hydrolysis of other cis-(en)2CoOHXn+ complexes. When
X =Cl or Br , the product of the base hydrolysis is 97% cis-
(en)2Co(OH)2+. The constant amount of eZs product is taken to be
~indicative of formation of a 5 coordinate intermediate which is
+

independent of its source.33 The production of some trans-(en)ZCo(OH)2

'(approximately 35%) in the base hydrolysis of cis-(en)2CoOHCo3 is in
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direct contrast to the results for X =C1~ and Br . However, a
careful study of the rate of eis — trans isomerizations of the

+ .
H , at different

ring-opened species, (en)2CoOHCO and (en)ZCoOHCO

3 3

temperatures, pH's, and ionic strengths is hecéssary before any
meaningful conclusions can be made about this production of trans
sSpecies.

Figure 2.16 compares the data obtained from the base hydrolysis
of (en)2CoCO3+ at 24.8° and high hydroxide ion concentration with no
ionic strength control to similar data obtained by Farago;40 Contrary
to what is observed by Farago, no distinct leveling of the kobst vs.
[OH ] Plot is observed but a curvature does exist. The complete rate
expression for the SN1CB mechanism is

- alT] _ _kK[OH ]
dt 1l + K[OH]

e [T] (2.53)

which can be derived from reactions (L.4), (1.5), and (1l.6). Normally
the assumption is made that 1>>K[OH ]. Farago has attributed the
leveling off of the kobst vs. [OH ] pPlot to a saturation of the
conjugate base equilibrium, reaction (1.4). Assuming that 1 equals
KI[OH ) at 3.0 M NaOH, one calculates a value of K of 0.33. K is

related to the acid dissociation constant, Ka, of the ammine to amido

reaction by

K = xa/xw . (2.54)

- ~-15
Using Kw7o of 1.7x10 14, a value for Ka of 5.67x10 M is calculated

which is reasonable in view of the fact that the pKa's of cobalt(III)
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Figure 2.16: Plot of kbbst vs. [OH ] at High Hydroxide Ion Concentration
with No Ionic Strength Control at 24,.5°,

The results of
this work (0) are compared to those of Farégo 0 Q).
N

kobsd 1s defined by equations (2.25) and (2.26).
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ammines are estimated to be >l4.87 The curves in Figure 2.16 might

also be explained by ion-pairing between hydroxide ion and (en)2CoC03+

as suggested by Farago since the calculated ion-pair formation constant
would be 0.33, which seems reasonable for a 1l:1 system.88 The curvature
also could be dque to a change in activity coefficient of the complex as
the total ionic strength changes. Without a reliable independent measure
of the ijion-pair formation constant, it is not possible to decide between
these alternatives.

The results of the bond cleavage experiments for the base catal~
yzed hydrolysis of (en)2CocO3+ showed 100% Co-0O bond cleavage for both
the ring-opening, reaction (2.5), and carbonate loss, reaction (2.9),
steps of the base hydrolysis. Both of the ring-opening reactions
analagous to reactions (2.5) and (2.6), for the similar (en)ZCoPO4
gomplex proceed with 35% O-P bond cleavage while the base catalyzed
loss of coordinated P043_, analagous to reaction (2.9), occurs with
100% Co-0 bond cleavage.42 However, the ring-opening base catalyzed
reaction for the (en)2Coczo4+ complex proceeds with 100% O-C bond

cleavage while the loss of coordinated C2042- occurs with 100% Co-0
bond cleavage.41 For the [(NH3)4C0C03]Br complex, the X-ray crystal
structure has shown the 0-Co-O0 and 0-C-0 angles to be 70 and 110°,
respectively,89 as opposed to the normal values of 90 and 120°,
respectively. Since the theoretical 0O-P-O angle in (en)2CoPO4

would be expected to be near 109° (tetrahedral), less total ring

strain could result in a stronger Co-O bond than for the N4Coco3+

complexes. Similarly the 5-membered oxalate ring would be expected
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to be even less strained which could result in an even stronger Co-0O
bond. Thus, the observed increase of Co-O bond cleavage for the base
catalyzed ring-opening reaction, in the series (en)2CoC204+ < (en)2C0P04
< (en)2CoCO3+, could be explained on the basis of increasing ring strain.
An increased susceptibility of the chelated ligand to nucleophilic
attack by the hydroxide ion, in the order, (en)2Coczo4+ > (en)2CoPO4
> (en)2CoCO3+, could also explain the observed shift in reaction path.
A crystal structure on the (en)2CoPO4 complex and more base hydrolysis
and bond breaking studies on different cobalt(III) ammine complexes
with chelated oxyanions are necessary before it will be possible to
predict the reaction‘path of these base catalyzed fing—opening reactions.
Table 2.13 shows a comparison of the available rate data for the
ring-opening and closing reactions of the oxalato-, carbonato-, and
phosphato-bis(ethylenediamine)cobalt(III) complexes. In addition it
has been observed that the base-catalyzed ring-opening reaction of the
(en)2Coso4+ ion is too fast to measure by conventional techniques.37
It is generally observed that the ratio of the rate constants
for hydroxide-catalyzed and uncatalyzed hydrolysis for cobalt(III)
ammine complexes is of the order of 105 to lO8 M-1.90 Since 65% Co-0

bond cleavage occurs for both kl and k2[H20] in the (en)2CoPO4 system,

65% of both k. and kz[HZO] would be due to the "normally" observed

1
path involving Co-X bond cleavage. Thus the ratio kl/k2[H20]
of 7x104 M_l for (en)2CoP04 seems normal but the ratio for

(en)2CoCO3+ is only 65 M-l. Since the base catalyzed ring-

opening step, reaction (2.5), has been shown to involve Co-O bond
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cleavage, this low kl/kz[HZO] ratio suggests a change in mechanism
for the gncatalyzed ring-opening, reaction (2.6). Thus, it seems
possible that the k2[H201 path occurs via C-O bond cleavage.

It is also interesting to compare the rate constants for the
ring closing reaction (k_l) in Table 2.13 for the phosphato and
carbonato complexes. If one assumes a le mechanism for the ring-
opening reaction (kl), the principle of microscopic reversibility
requires a SNl mechanism for the reverse reaction (k—l)' Thus the
rate of the reverse reaction would be controlled by the rate of
hydroxide ion exchange between the solvent and the ring-opened complex.

for cis-(en)ZCoOHPO4 is 59 times faster than for

is consistent with an Id or D mechanism since the

The fact that k 1

eis- (en) ,COOHCO,
loss of the negative OH is expected to be easier from a negative
than from a neutral species. However, the same reasoning would hold
for an Ia mechanism involving simultaneous bond making and breaking
so that the mechanism of the base catalyzed ring-opening and ring-
closing reactions is still in question.

The base catalyzed ring-opening and ring-closing reactions have
been shown to go with complete retention of optical activity. If the
intimate mechanism of the rate controlling step is dissociative,

either of the five coordinate intermediates, I or II, would give 100%

retention of optical activity.
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o \
_ o— c{ C—=0
A Ii
°
I II

The other possible trigonal bipyramidal intermediate not having the
carbonate in the trigonal plane would lead to complete racemization.
If the intimate mechanism of the reaction was associative, a seven

coordinate intermediate, III, generated by e¢is attack of the hydroxide

IIT

ion along an octahedral face or edge, would result in 100% retention
of optical activity. Again, the data does not distinguish between
the two possible mechanisms. However, the possibility of the direct

production of trans-(en)ZCooHCO as suggested by Hargis55 in reaction

3
(2.12) has been definitely eliminated by the 100% retention of optical
activity which is in agreement with the fact that less than 9% trans

species is produced after the ring-opening reaction, (2.5), has
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proceeded to 94% completion.

As has been mentioned in the introduction, the lack of a
[OH ] term in the rate law for the ring-opening reaction of an N4CoCO3+
complex in agqueous sodium hydroxide where the N ligand lacks acidic
pProtons would be good evidence for the SNlCB mechanism being operative
in the reactions of complexes having acidic ammine protons. The results

of the study of the base hydrolysis of the (phen)2CoCO + ion, which has

3
no acidic protons, can only be said to indicate a very, very slow
reaction when no catalyzing Co(II) species is present. The complicated
kinetic behavior prevented any test for a [OH ] term in the rate
law. fThe very slow rate may be simply due to a much stronger Co-0
bond caused by the very low basicity of the nitrogens in the ligand
(discussed in detail in Chapter 3). Thus the reaction which was
observed, while interesting in itself, unfor£unately can shed no
light on the general mechanism of base catalyzed ring-opening
reactions in N4CoCO3+ complexes. However, some other complex having
ammine ligands with no acidic protons, and a similar basicity to NH3,
would sexve the same purpose.

A purely speculative reaction scheme can be postulated for the
behavior of (phen)2CoCO3+ in aqueous sodium hydroxide with an added

Co(II) salt.

(phen)ZCoIIICO s cis-(phen)ZCoII(OH)

—
3 2 slow

(phen)'2CoHco3 + eis-(phen) 2CoIII(OH) 2* (2.55)
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+ 20H° —— cis-(phen) 2COII(OH)2 + co.” (2.56)

IT
(phen)ZCo Cco fast 3

3

Additional cis-(phen)ZCOII(OH)2 could be generated by decomposition of
the product or reactant, thus causing the observed rate increase with
time. This decomposition must occur at near neutral PH's since aged
stock solutions show a similar behavior to fresh stock solutions which
have some added Co(II) salt. Further study is required before anything

more definite can be said about the redox reactions involved here.
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CHAPTER 3

ACID HYDROLYSIS STUDIES ON THE CARBONATOBIS (O-PHENANTHROLINE) -

AND (2,2'-BIPYRIDYL)COBALT(IITI) IONS

Introduction
The acid hydrolyses of N4CoCO3+ ions, where N4 represents
-93 94-9 97 97 9 . 98
(i) 272 (en) %1% (en) L, %7 (), %7 (trem), %8 o~ (trien),

f-(trien) ,98 cis-(NH3)2en,98 trans- (NH3)2en,98 tet b,99 or trans[l4]

diene,99 are consistent with the following general reaction scheme.

k

+ ) +
N,CoCO," + H,0 —=> N,COOHCO,H (3.1)

+ o+ 1 2+
N,CoCO," + H,O' —=> N, COOH,CO;H (3.2)

K
2+ 1 + +
N,COOH,COH”" ——=— N, COOHCO H + H (3.3)

fast

k
2+ 2 2+
N4COOH2CO3H pa— N4COOH20H + CO2 (3.4)

+ K3 +
N4COOHCO3H —> N4CO(OH)2 + C02 (3.5)

K
3+ 2 2+ +
N4CO(OH2)2 ;%gg%j N4COOH20H + H (3.6)

K
2+ 3 + +
N4C00H20H -;;;:* N4Co(OH)2 + H (3.7)

where all the species are assumed to have the ceis configuration.
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The ammine ligand abbreviations are given below,

Pn NHZ-CHz-CH- (—CH3) -NH

2
tn = NH,~CH,-CH,-CH,-NH,
tren = Naz-cnz-crxz-m-(-caz-cnz—qu)2.
trien = NH,~CH,~CH,~NH,, ~CH, ~CH,,-NH ,~CH,,~CH,,~NH,
(cny), T/Cnl\c cH, ew,), c /c“’"\c/“ CH,
c&l ,},x—_cu& c:;}l{ tli-/—chz
]
cH— —c cil,— —CH
DN ek
CH—c ~ /C(CH3)2 cua—-/c - _-¢ (eH,),
CHy 0 . CH,
trans[l4]diene ' tet b

Indicating the NHZ-(Cﬂz)n—NH2 group as a curve, the o~ and B-

configurations of (trien)CoCO + are,

3
B\
o
czo

> \er o
o’///

; + . +

a—(tr:.en)CoCO3 B-(trlen)CoCO3
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while the c¢is and #rans isomers of (NH3)2enCoC03+ are

NH, HH 3
HaN - o
o /\C=°
~ (=)
NW 3
+ +

czs-(NHa)zenCoCO trans-(NH3)2enCoCO

3 3

and (tren)CoCO3+ has the structure

(tren)CoCO3+

In the pH ranges usually studied for the acid hydrolysis,
2<pH<5, the assumptions, kl[H+]<k2, and k2>>k3, lead to the expression

for the pseudo first-order rate constant

+
kobsd = ko + k1[H 1 . (3.8)

The first assumption has been proven for the (tren)CoCO3+ acid hydrolysi598

and the second justified by assuming that the bicarbonato proton in

N4C00HCO3H+ is able to hydrogen bond to the hydroxy oxygen, thereby

strengthening the carbon-oxygen bond which results in slower decarboxy-

100

lation. Table 3.1 shows the values of ko and kl' with their




TABLE 3.1

Rate Parameters for the Acid Catalyzed Hydrolysis of

+
Various N, CoCO Ions at 25°

96

reference (98).

4 3
4 F % * o
. kx10%, AT, Bs_T, kyo AT, 8s,”,
4 sec-l kcal_ eu M-l sec kcal mole-l eu
mole
(NH3)4 1.3 12 =37 1.5 15.3 - 6.8
(en)2 1.2 18 -15 0.6 13.8 - 7.4
(pn) 1.0 18 -15 0.5 14 -13
(tn)2 0.8 16 -21 0.8 12 -19
(tren) 1.7 15 f25 2.0 11.1 -20.0
cts-(en) 0.3 17 -24 0.9 16.0 - 4.0
(NH,)
3°2
trans- (en) 1.1 19 -14 8.9 10.0 -20.0
(NH3)2
o-trien 1.5 20 -7 5.2 15.0 - 5.0
B-trien 0.1 17 -23 0.2 17.0 - 5.0
‘rana[14] - - 8x10~ 24 -
diene
=4
tet b - - - N0 - -
a

This table is a reproduction of a portion of Table VII,
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activation barameters, for the N4C0CO3+ acid hydrolyses studied to
date.”® The 1ow value of k_ for the B-(trien) and eig- (NH,) jen
complexes has been attributed98 to a less strained O-Co-0 bond
angle since none of the ammine chelate rings are coplanar with the
carbonate ring, as opposed to the a-{trien) and trans-(NH3)2en
complexes. The (NH3)4, (en)z, (pn)z, (tn)z, and cis-(NH3)2en
complexes all have similar kl values and activation bparameters. The
lower AHl* for the tren complex, attributed to increased 0-Co-0 bond
angle strain, is cancelled out by the more negative AS*, resulting in
a similar k1 to the preceeding complexes. The lower values of AHl*
for the trans-(NH3)2en and (tren) complexes are also attributed to
increased 0-Co-0O bond angle strain as well as Steric hindrance for the
case of the (tren) complex. The relative slowness of the transil4]
diene and tet b complex acid hydrolyses has been attributed99 to steric
hindrance of the fifth and sixth coordination positions by methyl groups
of the macrocyclic ammine ligand.

During the course of Preparing the (phén)2CoCO3+ for the
base hydrolysis study described in Chapter 2, it was noticed that
the acid hydrolysis of this carbonato complex was also unusually
slow. Since, in the N4CoCC3+ complexes, the ligands phen, tet
b and trans{14)diene are all relatively rigid with respect to conforma-
tional changes of the N-cn-N ring, as opposed to the en, pn, tn, trén,
and trien ligands, this rigidity could be a cause of the slow acid hydrol-

ysis if the N-Cn-N rings are required to go through a conformational change

to reach the transition state. Therefore, a similar bis(2,2'-bipyridy1)
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complex, (bipy)2C0C03+, in which the ammine ligand is not as rigid,
was prepared and the Kinetics of the acid hydrolyses, as well as the
position of bond cleavage, of the (phen)2CoCQ3+ and (bipy)2C0C03+
complexes were studied. The question of whether steric hindrance or
ammine ring rigidity or carbonato ring strain or some other factor is

causing the change in acid hydrolysis rates should be partially

answered, at least, by the studies reported here.
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Experimental

Preparation of o-Phenanthroline Complexes

Carbonatobis (o-phenanthroline) cobalt(ITI) chloride trihydrate
was prepared by the method of Ablov and Palade.101 The general method
of Ablov was modified in order to improve the yield. The modified
method is given below.

Cobaltous chloride 6-hydrate (4.76 gm, Fisher Certified Reagent)
was dissolved in a minimum amount (2.5 ml) of hot distilled water.
O-phenanthroline hydrate (7.92 gm, Aldrich Chemical Co., Inc.) was
dissolved in a minimum amount (47 ml) of hot distilled water. The
two solutions were mixed hot and heated on a steam bath for a few
minutes. The brown liquid was cooled rapidly (ice bath) with stirring
to yield fine brown crystals which slowly (10 min) turned light pink.
Chlorine gas was passed through the pink mixture for 50 minutes with
stirring. Oxidation of the Co(II) to Co(III) was observed within 5
minutes resulting in a purple-green solution. The purple material
precipitated leaving a green-brown solution. The purple precipitate,
cis—[(phen)2CoC12]CI'3H20, was filtered, washed twice with 2 M HC1
and air dried. The yield was 6.25 gm (54%) . The crude product was
recrystallized by attempting to dissolve a portion (5 gm) in 285 ml
of hot water. The undissolved portion (1.7 gm) was filtered off and
50 ml of concentrated HCl added to the filtrate. The solution was
evaporated to one-half of its original volume, allowed to cool to room

temperature, filtered, and the product air dried to yield 4.3 gm of
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small deep-violet crystals. The undissolved portion of the crude
product (1.7 gm) was dissolved in 125 ml of hot water, 15 ml of
concentrated Hcl added, and treated as above to yield 1.6 gm of a

gray powder. Only the violet crystals were used for further Preparations
and characterizations.

4.29 gm of cis-[(phen)2C0C12]Cl°3H20 were dissolved in 36 ml of
hot redistilled water. 4.29 gm of anhydrous sodium carbonate (Analar)
were added in portions to the solution which immediately turned red.
Upon cooling, the red crystals were filtered off, washed with a small
amount of ice-cold water and air dried to yield 4.07 gm of crude
carbonato complex. 3.34 gm of crude product was recrystallized from
25 ml hot water containing one gm of dissolved sodium chloride. Upon
cooling, red crystals formed and these were filtered off, washed with
a small amount of ice-cold water and air dried to yield 2.87 am (85%
Based on dichloro starting material) of pure [(phen)ZCoCO3]C1-3H20.

The original green-brown filtrate plus the 2 M HC1 washings
were placed in an evaporating dish. The addition of 15 ml of con-
centrated HCl changed the solution to bright green. When the solution
was evaporated to one-half volume, green crystals precipitated. These
crystals were filtered, washed with 95% ethanol and ether, and air
dried to yield approximately 5 gm of [(phen)3Co][phen H][CoC14]2'HCl~5H20.

Cis-diaquobis(o-phenanthroline)cobalt(III) chloride dihydrate
was prepared from the dichloro complex by the method of Ablov and
Palade.102 All the complexes were stored in the dark to prevent

possible photochemical decomposition.
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Characterization of o-~Phenanthroline Complexes

A microanalytical analysis for percentage of carbon, hydrogen,
nitrogen, and chlorine was obtained59 for each of the complexes. Table
3.2 gives the experimental and calculated percentages of C, H, N, and
Cl for the four complexes. The calculated values are based on the
molecular weights derived from the formulae given in Table 3.2. The
reproducibility by the micro—analytical laboratory for these complexes
was not good. All of the bercentages varied by as much as one percent
for the same sample. Because of this problem, other methods of
characterization were necessary.

Electronic absorption spectra of the carbonato, diaquo, and
dihydroxy compounds were run in 1.0 M NaCl, 1.0 M HC1, and 1.0 M-

NaOH, respectively, on a Cary 14 spectrophotometer. Because of the
very low solubility of the dichloro complex, an accurate spectrum
'was not obtained.

60 MHz nmr spectra of the carbonato, diaquo, and tris (phen)
complexes were run on either an A-60 or an A-56/60A NMR Spectrometer
(Varian Associates, Analytical Instruments Division, Palo Alto, Calif.).
The solvent and external reference used were D20 and TMS, respectively.
The spectrum of the free ligand, o-phenanthroline, was run in CDCl3
with a TMS external reference. In order to fully interpret the nmr
spectrum of the carbonato complex, spin decoupling experiments were
performed at lOOIMHz on an HA-100 NMR Spectrometer (Varian Associates,
Analytical Instruments Division, Palo Alto, Calif.). The spectra were

run in D20 with 10% t-butanol as an internal reference. Aall spectra
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were run at normal probe temperature (v 40°).

The infrared spectrum of the carbonato complex, in a KBr
. disk, was run on a Perkin-Elmer Model 421 IR Spectrophotometer (Perkin-
Elmer Corporation, Norwalk, Connecticut).

Qualitative ion exchange experiments were carried oﬁt on the
carbonato, diaquo, dichloro, and tris (phen) complexes as well as on
[(en)2C0C03]C1 and [(NH3)5C0CO3]C1-1%H20. A column, eight cm long
with a two cm diameter, was filled with Rexyn 102H cation exchange
resin (Fisher Scientific Co. Ltd.) in the Na+ form. After putting
concentrated solutions (0.1l .gm in 0.5 ml) on the column, either
NaCl or NaHCO3 solutions, of increasing concentration from 0.005 M to

saturated, were passed through the column.

Preparation of 2,2'-Bipyridyl Complexes

The preparations of the cis-[(bipy)ZCoCIZ]Cl'ZHZO and
[(bipy)2CoCO3]C1-3H20 complexes were carried out by Gordon R. Thompson
as a special project for the Advanced Inorganic Chemistry course,
Chemistry 530. The cis-[(bipy)2COC12]C1°2H20 complex was prepared by

the method of V1oekl?3

with a few modifications to improve the yield.
For this reason, the detailed preparation is given below.

One gm of CoC12-6H20 (Fisher Certified Reagent) and 1.6 gm ?f
2,2'-bipyridyl (aAldrich Chemical Co., Inc.) were dissolved in 50 ml
~dry methanol (The McAr;hur Chemical Co., Ltd.) to yield a dark red
solution, presumably of the Co(II) complex, cis-[(bipy)ZCoclzl.

Gaseous chlorine was bubbled through the stirred, ice cold solution
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for 15 minutes. After addition of one gm of LiCl (Allied Chemical),
a blue-gray mud precipitated. The precipitate was filtered off and
recrystallized several times from large volumes of 98% ethanol
(approximately one gm of complex per 100 ml). Dark violet-black
crystals formed on slow evaporation (several days) of the violet
solution. Only very small amounts of the green "trans" isomer
reported by Videk were pPrecipitated, even after long periods of

evaporation. This "frams" isomer has since been shown104 to be

cis-[Co(bipy)2C12]2[CoC14]2.

The [(bipy)2C0C03]C1-3H20 complex was prepared by dissolving
one gm of cis-[(bipy)ZCoClzlcl-2H20 in 25 ml of warm water. One gm
of anhydrous sodium carbonate (Analar) was added in portions to the
violet solution which immediately turned dark red. Dark red needles
precipitated and were filtered. Upon air drying, the red needles
became an orange-red powder which was recrystallized twice from re-
distilled water.

The perchlorate salt of the (bipy)2C0C03+ ion was prepared by
dissolving [(bipy)2C0C03]Cl-3H20 in redistilled water, adding an
equivalent weight of anhydrous NaClO4 (G. Frederick Smith Chemical
Co.) to the solution, and filtering and air drying the orange-red

pPrecipitate.

Characterization of 2,2'-Bipyridyl Complexes

The results of the elemental analysis59 of the complexes for

percentage of C, H, N, and Cl are shown in Table 3.3.
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The visible absorption spectrum of [(bipy)2CoCO3]C1'3H20 in 1.0 M
sodium chloride was measured in a five cm cell at room temperature on a
Cary 14 Spectrophotometer. A spectrum was also run of a solution of
[(bipy)2CoCO3]ClO4 in 1.0 M HClO4 which had been kept at 58f for 30
minutes, thus yielding the spectrum of the cis-(bipy)2C0(0H2)23+ ion.

_The ir spectrum of [(bipy)2CoCO3lcl‘3H20 in a KBr disk was run on
a Perkin-Elmer Model 421 I.R. Spectrophotometer.

The 100 MHz nmr spectrum of [(bipy)ZCOCO3]Cl'3H20 was run on a
HA-100 nmr spectrometer in DZO with 10% t-butanol as an internal
reference. Spin decoupling experiments were done in order to fully essign

the spectrum.

. +
Acid Hydrolysis Kinetics of (bipy) CoCO. and (phen),,CoCO.,+ Tons

The same experimental method was used to follow the acid
hydrolysis kinetics of the o-phenanthroline and 2,2'-bipyridyl
carbonato cobalt(IIT) complexes.

Known amounts of 1.0 M HC1l, 2.0 M NaCl, and redistilled water
were added to a five cm spectrophotometer cell. After temperature
equilibration has occurred, 1.00 ml of a stock solution of complex in
redistilled water was injected with a syringe through a rubber serum
cap on the neck of the cell. The HC1 concentration was always at least
50 times greater than the complex concentration which was near Jl..3xll.0-3 M.
The change in absorbance with time for the o-phenanthroline and
2,2'-bipyridyl complexes was followed at 505 and 500 mu, respectively,
"on Bausch and Lomb Spectronic 505 and Precision Spectrophotometers.

The temperature of the reaction solution in the cell was controlled by
water flowing through an aluminum cell block.105 The water temperature

was controlled by the same apparatus used for the 24.0°, high [OH ] base
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hydrolysis kinetics of the (en)2CoCO3+ ion. The solution temperature
was mea;ured directly with another thermistor bead temperature probe
which was calibrated with a Hewlett-Packard Quartz Thermometer (2801A)
and probe (2850-D) which had been factory calibrated from O to 100°.

Kinetic runs were also done by scanning the visible absorption
spectra of reaction solutions in the wavelength region, 400-600 myu,
and observing the changes in spectra with time.

All water used was redistilled from a Corning AGlb Water Still
(Corning Glass Works, Laboratory Products Division, Corning, New York).
The 1.0 M HC1l solutions were made by diluting ampoules of concentrated
HCl (P-H Tamm, Bio~Rad Laboratories). The ionic strength of the
reaction solutions was always 1.0 (NaCl).‘ The 2.0 M NaCl was made by

dissolving solid reagent grade NaCl (Fisher Certified Reagent) in

redistilled water.

Oxygen - 18 Tracer Study

The oxygen - 18 enriched water, sample collection, sample
analysis, and procedure for determination of solvent enrichment will
be described in Chapter 4. The bubbler described in Chaptér 4 was
modified by adding a water jacket to allow temperature control by a
water flow from a Colora (Papst) temperature bath. Hydrochloric acid
enriched in 18O was prepared by dilution of 0.419 ml of concentrated
HC1l (11.94 M, Canadian Industries Ltd.) to 5.0 ml with 180H2 gnriched

water.

A known weighed amount of solid complex was added to the dried
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clean bubbler. After temperature equilibration, 1.00 ml of the 1.0 M
HC1 solgtion was syringed into the bubbler and the nitrogen stream
immediately turned on and allowed to bubble through the solution for
a set period of time. The nitrogen stream was then diverted and the
resultant carbon dioxide sample collected and analyzed.

The acid hydrolysis bond breaking of the (phen)2C0C03+,
(bipy)2C0C03+, and (en)ZCoCO3+ (as a standard) ions was tested at

71.0° for reaction times of 5-10 minutes and at 25.0° for a reaction

time of 31 minutes.
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Results

Characterization of o-Phenanthroline Complexes

The visible absorption spectra of the carbonato, diagquo Co (III)
and diaquo Co(II) bis (o-phenanthroline) complexes are shown in Figure
3.1. Also shown in Figure 3.1 is the spectrum of the cis-(phen)ZCo(OH)2+
ion which was obtained by dissolving cis-[(phen)2Co(OH2)2]cl-2H20 in
1.0 M NaOH. Table 3.4 compares the spectral characteristics of the
compounds prepared here to those reported by Ablov.J'Ol'102 The agree-
ment is quite good except for the minimum extinction coefficients of
the diagquo and dihydroxy species. These differences méy be due to the
difference in ionic strength of the two studies. Ablov's spectra were
run in redistilled water (4 v 0) while the spectra reported here were
measured in 1.0 M NaCl. High energy charge transfer bands may be
shifted by changes in ionic strength due to ion-pair formation.106
Since ion-pairing is more likely for the +3 diaquo species than the +1
dihydroxy or carbonato species, ion-pairing causing a charge transfer
band shift could explain the difference in emin value for the diaquo
species but not for the dihydroxy species. The charge transfer band
could also be shifted by a change in temperature.lo6 However, the
most likely explanation for these differences is that the low absorbance
leads to larger errors in the calculated extinction_coefficients and
.that the values actually do agree within experimental error.

The spectral maxima show the same trends with wavelength as

the analagous bis(ethylenediamine)cobalt (III) complexes, i.e.,
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dihydroxy>carbonato>diaquo, (see Chapter 2, Figure 2.6).

Since all of these complexes are of the octahedral type, COA482,

at least two electronic absorption bands are expected, corresponding

to transitions from the lAlg ground state to lTlg and 1T2g excited

states.107 In trans complexes, the low energy band, lAlg——* lTlg,

is expected to be split into lA — lA and lA — 1E bands while
1g 2g 1lg g

in ¢i8 complexes, the band is only expected to show some asymmetry

. s 1 . 1 1
due to some slight splitting of the Tlg terms into Alg' Blg'
1

B2g terms under sz symmetry. Since no splitting is observed in the

spectra, a eis configuration for the complexes is indicated but not

and

proven.

A recent theoretical studylo8 on the electronic structure of
the tris(2,2'~bipyridyl)iron(II) complex shows that the very high
wavelength charge transfer band (525 ml) observed in the visible
spectrum of this complex is due to an electronic transition from the
metal 3dw (dxy’ dxz’ dyz) atomic orbitals to the lowest vacant ligand
T type molecular orbital. A shift of the T-T* transition of the free
ligand to a higher wavelength (from 281 muy to 339 my) is attributed
to the electrostatic effect of coordination.

The relatively high wavelength charge transfer band observed
in these o-phenanthroline (and 2,2-bipyridyl) complexes is likely
due to the latter (T*n*) internal ligand transition because Co(III),
as opposed to Fe(II), is not easily oxidized, as would be required
for the metal 4m* ligand T transition.

The infrareé spectrum of [(phen)2C0C03]C1-3H20 is shown in

Figure 3.2. The bands marked X are consistent with chelated carbonate
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109,110 while the bands marked o are consistent

cobalt(III) complexes
with those found in the tris(o-phenanthroline)cobalt(III) ion.lll Thus
the infrared spectrum confirms the bidendate nature of the carbonate

ligand in the solid complex.

The nmr spectrum of the free ligand, o-phenanthroline, has been

12

interpretedl with reference to the numbering system below.

u(e) w(s)

1,10-phenanthroline

The nmr spectrum was assigned as an A2 singlet (5,6) and an ABX system
(4,3,2 and 7,8,9). Fiqure 3.3 shows the nmr spectrum of o-phenanthro-
line in CDCl3 relative to TMS and the theoretical pattern113 expected
from an ABX system. A comparison of the spectral data from this study
to the data obtained by Rosenberger,112 given in Table 3.5, shows good
agreement between the two spectra. The slight differences may be due
to the different solvent, CC14, used by Rosenberger. Calculation of
the chemical shifts and coupling constants was done using standard
methods.113
‘ Examination of a Framework Molecular Model (Préntice-Hall,

Inc., Englewood Cliffs, New Jersey) of the (phen)3Co(III)3+ ion in-

dicates that each half of each o-phenanthroline ligand is identical.
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Figure 3.3:

1.0

T 20

60 MHz nmr Spectrum of o-Phenanthroline Monohydrate in

CDC13~with TMS as an External Reference and a Schematic

ABX Spectrum.
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" TABLE 3.5

60 MHz Nmr Spectral Dataa'b for o-Phenanthroline

Proton # Tau ij Jij' Hz
2,9 .76 ( .93)

2,3 4.2%a4.2)
3,8 2.37 (2.53)

2,4 1.3 (1.8)
4,7 1.76 (1.91)

3,4 8.5 (7.8)
5,6 . 2.23 (2.36)

a Spectrum run in CDCl3, TMS external reference.
b Bracketed values are in cc14, from reference (112).

c
Average value.
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Each of the 2 and 9 protons lies directly over a pyridine ring of a
differept o-phenanthroline ligand. Thus the ring current (and hence
opposing magnetic field) induced by the applied field would be expected
to shift the 2,9 protons upfield from their free ligand position.
Coordination is expected to shift all the protons downfield because of
a loss of carbon 0 electron density caused by 0 bonding to the cobalt
which results in a smaller opposing magnetic field and thus a lower
resonance field. These two opposing effects should cause the resonance
of the 2,9 protons to move closer to the other protons in the ligand.
Figure 3.4 shows that the nmr spectrum of the tris complex is very
similar to that of the free ligand except for the predicted upfield
shift of the 2,9 protons relative to the others. Also notice that

the 5,6 protons have shifted downfield relative to the 3,8 protons
while the 4,7 protons have shifted upfield. These shifts are not
ieadily explained but the pattern is assumed to be characteristic for
coordination of o~phenanthroline to cobalt. The broad peak at 6.3 T
is attributed to broadening of the HDO in the Dzo by the Co(II) in

the solution. The bparamagnetic Co(II) ion may also cause large shifts
in the total resonance position of the o~phenanthroline protons. For
this reason, the chemical shifts in Figure 3.4 are not meaningful.

The molécular model of (phen)2CoC03+ shows that the halves of
each o-phenanthroline are not identical. One half (say the 2,3,4,5 half)
is similar to those in the tris complex in that the 2 proton lies
directly over the center of a pyridine ring from the other o-phenanthro-

line ligand. The other half (say the 9,8,7,6 half) is similar to the
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free ligand except that it has the 2 proton of the other o-phenanthro-
line ligand lying over one of its pyridine rings. Since the two halves
. are different, the 5 and 6 protons are in slightly different environ-—
ments. Figure 3.5 shows the nmr spectra 6f the (phen)zcoC03+ and
cis-(phen)2C0(0H2)23+ ions. 1In spectrum A, the characteristic AB
pattern for the 5,6 pfotons can be seen centered at 486 Hz. The
diaquo spectrum, B, can be seen to'be.qualiéatively similar to the A
spectrum so that any conclusions about the carbonato spectrum are
assumed to apply also to the diaquo spectrum.

Because two slightly different halves exist for each o-phenanth-
roline ligand, it is expected that two ABX patterns will be seen. From
Figure 3.6, which shows the 100 MHz nmr spectrum, the assignment, and
the results of the spin découpling experiment, two ABX systems are
evident as is the AB pattern due to the 5,6 protons.

Since irradiation at 868 Hz causes the upfield multiplet to
collapse to an AB system, the doublet at 868 Hz must be due to either 2 or
a 4 proton. Assignment of the doublet to a 2 proton requires the
asgignment of the high field half of the multiplet at 765 Hz to a 4
proton because ofithe small (V1.5 Hz) coupling constant which is only
consistent with meta coupling. Analysi5113 of this part of the

spectrum, which is called Xaf in Figure 3.6, results in the chemical

shifts and coupling constants given below.
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Figure 3.5:

1

Nmr spectra of [(phen)2CoCO3]Cl-3H20, (4a), and

czs-[(Phen)ZCo(OH2)2]C13'2H20, (B), at 60 MHz in DZO.
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# T ij i3’ Hz
B 4 ' 2.44 3,4 8.5
a3 2.36 2,4 1.3
X 2 1.32 2,3 4.2

The coupling constants are very similar to those for the free ligand.

The similarity of the X, AB, a, B pattern to the X, Az, A, B pattern

in the tris complex is consistent with the assignment of the ¥ proton

as a 2 proton which lies over a pyridine ring. .
Irradiation at 847 Hz causes collapse of the downfield multiplet

to an AX uncoupled system. Thus the proton at 847 Hz must be the middle

or 8 proton. Assuming the downfield proton to lie closest to the

nitrogen results in the assignment 9,7,8 (X,A,B). Analysis113 of this

portion of the spectrum gives the following chemical shifts and coupling

constants;

# T ij Jij' Hz
B 8 1.58 8,9 5.5
A7 0.90 7,9 1.1
X 9 0.65 7,8 8.2

The coupling constants are again close to the free ligand values.
Because the 9 proton does not lie over a pyridine ring, it is not
subject to shielding by a ring current. Thus the 9 proton's
chemical shift value of 0.65 T as compared to the 2 proton's value

of 1.32 T is consistent with the assignment. The downfield shift
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of the 7 and 8 protons may be due to a specific electron withdrawing
effect of the carbonate which is trans to the portion of the ligand
containing the 7 and 8 protons. However the reasons for this effect
are not obvious. Nor is the relatively greater downfield shift of
the 7 broton easily explained.

While an explanation of some of the chemical shifts is not
Possible, the presence of two Separate ABX systems, the presence of an
AB system, the chemical shifts of the 2 and 9 protons, and the agree-
ment of both sets of coupling constants, all agree with the assignment
of a C2v symmetry to the (phen)ZCoCO3+ and cis-(phen)2C0(0H2)23+ ions.

In the ion exchange experiments, the cis-(phen)2C0(0H2)23+ and
cis—(phen)2CoC12+ ions were not eluted from the column, even with
concenfrated hydrochloric acid. Some type of interaction occurred
which made the complexes impossible to remove. The (phen)3'Co3+ ion
w;s eluted with 1.0 M NaCl or NaHCOB. The (en)2CoCO3+ ion and the
(NH3)5C0CO3+ ions were eluted with 0.2M NaHCO3 and saturated NaHCO3,
respectively. The (phen)ZCoCO3+ ion was eluted with 0.02 M NaCl.
whén a faint yellow material could be eluted from the carbonato
gomplex band with water, that particular preparation was discarded.
For these very slightly impure preparations, a faint brown residue
was often left on the column. The final criteria for purity of the

carbonato complex was a lack of both yellow and brown impurities

upon elution from the ion-exchange resin.
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Characterization of 2,2'-Bipyridyl Complexes

The visible absorption spectrum of [(bipy)2C0C03]C1-3H20 is

given in Figure 3.7. The value of the extinction coefficient at

504 my (116.5) agrees fairly well with the value of 110 reported

by V1&ek.103

The infrared spectrum of [(bipy)2C0C03]Cl'3H O, in a KBr disk,

2
shows the characteristic bands near 760, 1450, and 1600 cm-l which
were observedlll for the Mn(II), Fe(II), Fe(III), Co(II), Co(III),
and Ni(II) tris (2,2'—bipyridyl)pérchlorate complexes. The three
bands in the observed spectrum at 770, 1445, and 1602 cm-1 are

ascriﬁed to out of plane bending of ring hydrogens, and to two C=C

ring vibrations, respectively. The observed bands at 675, 750, 820,

1030, 1245-1275, and 1632 cm-1 have been assigned as the vs, v3, VS'

v2, vs, and vl bands according to the assignment of Nakamoto.109 These
bands are consistent with the bidendate nature of the carbonato ligand
in the solid complex.

The 100 MHz nmr spectrum of [(bipy)ZCoCOBJCl'3H20 in D20 is
shown in Figure 3:8. The spectrum has been interpreted with reference

to the numbering system below.

H(a') H(3) ne) n(q)

W(s)
H(e)

2,2'-bipyridyl
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Assuming the 6 proton lies over the pyridine ring of the other
2,2'-bipyridyl ligand, similar to the analagous o-phenanthroline
complex,.al;ows assignment of the downfield doublet (898 HZz) to.the
6' proton since it does not lie over a pyridine ring and thus is not
expected to be shielded by a ring current as is the 6 proton. The
rest of the spectrum was interpreted with the aid of the spectrum of
free bipyridyl114 and the spin decoupling experiments.

Irradiation at 898 Hz causes a collapse of the right hand side
of the multiplet at 820 Hz to a pair of doublets. Since the large
coupling (J8 Hz) expected for adjacent protons is removed, this right
hand side of the multiplet must be due to the 5' proton. At the same
time a collapse in the fine splitting (JV1.5 Hz) of the right hand
side of the multiplet centered at 863 Hz is seen. Therefore the right
hand side of the 863 Hz multiplet is assigned to the 4' proton. No
effect at all was observed in the 750 Hz multiplet therefore these
Protons must be on the other ring of the bipyridyl ligand.

Irradiation at 871 Hz causes the fine structure (JVv1.5 Hz)
of 'the right hand side of the 820 Hz multiplet to collapse to a triplet.
Therefore the quartet centered at 873 Hz must be due to the 3° proton
since it is the only proton which can be ortho coupled to the 5' proton.

One of the protons in the high field multiplet is assumed to be
the 6 proton because of the large shielding caused by the ring current
effect of the underlying pyridine ring.

The middle four lines of the 862 Hz multiplet must belong to

either the 3,4, or 5 protons because all the other protons have been
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assigned., Irradiation at 862 Hz causes no change in the upfield half
of the 750 Hz multiplet therefore it can be assigned to the 6 proton
and the four lines at 862 Hz assigned to the 3 proton since these two
are the only protons on the same ring which will not couple to each
other. The fine structure (J¢1.5 Hz) on the left half of the 750 Hz
multiplet collapses. Therefore this can be assigned to the 5 proton
since it is the only one expected to show meta coupling to the 3 proton.
The left half of the 820 Hz multiplet is assigned to the 4 proton
by elimination.
No attempt was made to calculate the chemical shifts and coupling
constants for the [(bipy)2CoCO3]Cl-3H20 complex because the spreading
of the spectrum at 100 MHz was not sufficiently large, unlike the

analagous o~-phenanthroline complex.

175 +

Comparing this éssignment to Drago's .for the cis—Ir(bipy)zcl2
ion shows that only the position of the 5 and 6 protons is reversed.
Drago assigns the 6' proton to lie over a pyridine ring as opposed to
the assignment used here. Thus it is necessary to switch the super-
script primes before comparing the two assignments. The higher relative
position of the 6 proton in the Co(III) complex may be reasonable since
Ir is a larger atom that Co so that the 6 proton is expected to be
farther away from the other pyridine ring and thus less shielded by
the opposing magnetic field from the induced ring curfent.

This assignment of the nmr spectrum of [(bipy)2C0C03]C1-3H20

provides additional evidence for the C symmetry of the ion and the

2v

bidendate nature of the carbonate ligand in a D20 solution.
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Acid Hydrolysis Kinetics of (bipy),,CoCO_,+ and (phen)quCO,+ Ions
£ - 4 -

Because of the poor nucleophilicity of perchlorate ion and
because of the apparent instability of the #rans isomers of bis(2,2'~
bipyridyl) cobalt (III) complexes,104 it was assumed that the product
of the gcid hydrolysis of [(bipy)ZCoCO3]ClO4 with HClO4could only be
the eig-diaquo- or cis-carbonatoaquobis—(2,2'-bipyridyl)cobalt(III)
ion. Since it was observed that after 2 minutes at 71.0° in 1.0 M
HCl, a large amount of CO2 could be collected from a reaction solution
(see 18o - tracer study), complete loss of 002 oxr C03= occurs.
Therefore a diaquo product, as opposed to a carbonatoagquo product,
is indicated.

Comparing the spectrum of cis—(bipy)ZCo(OH2)23+, prepared as

116

described above, the spectrum of the same ion given by Palade, and

the spectrum of the final reaction product of the hydrolysis of

(bipy) ,coco ™ in mel
Origin of Spectrum : Amax, mu Amin’ e €500
final hydrolysis product 488 435 56.5
(4 = 1.0, NacCl)

. R 3+ .
czs-(blpy)zco(OHz)2 490 428 57.0
from HC1l0, hydrolysis
(= 1.0, NaClO4)
reference (116) 489 425 45.0

. . +
shows that the acid hydrolysis product is the c'Ls-(bJ.py)ZCo(Ol-lz)z3

ion. 6500 is the molar extinction coefficient at 500 mu. The

. . 3+
extinction coefficients reported by Palade for the czs-(phen)ZCo(OHz)2
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ion were also lower than those for the diaquobis(o—phenanthroline)
cobalt(III) complex prepared here so that the low value of €500 is
probably not significant.

The change in absorbance at 500 mU with time was used to defermine
the observed pseudo first-order rate‘constants by doing the normal
log(At—Am) vs. time plot. At and A°° refer to the solution absorbance
at any time t and at complete reaction, respectively. The dependence

of the observed rate constant on [H+], in the range of [H+], 0.06 to

0.87 M, is given by

_ +
k = ko + kl[H ) (3.9)

obsd

The observed rate constants were fitted to equation (3.9) by the~
program ENLLSQ, yielding best fit values for k° and kl. Figure 3.9
shows the dependence of kobsd on [H+] at 69.3° as well as the ;traight
line calculated from the best fit values of the parameters. Table 3.6
gives the best fit values of k, and k, at 52.0, 60.0, and 69.3, their
95% confidence limits and the activation Parameters and error limits
defermined from a transition state plot of log kr/T vs 1/T. From tﬁe
95% éonfidence limits, it can be seen that the value of ko is not
necessarily >zero. No transition state activation parameters were
calculated for k° since the log kr/T vs. 1/T plot was not linear.
However, since the best fit value of k° is always ppsitive, it is
.felt that the ko term in equation (3.9) is real, althoggh inaccurately
determined. Table D.1ll1l in Appendix D gives the experimental values of

kobsd and the value of kobsd calculated (kcalcd) from equation (3.9)
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TABLE 3.6

Specific Rate Constants and Activation Parameters

+a

for the Acid Hydrolysis of (bipy)2C0C03

132

Temp, °C kox104, sec_l klxloz, M_1 sec-1
52.0 0.327 + 2,03 0.343 * 0.033
60.0 4.08 * 3,40 " 0.931 % 0.067
69.3 6.50 *10.25 2.03 * 0.187

* -1

AMH', kcal mole b 22,3 * 1.7
¥

As’, eun b -1.50 + 4.8

® u=1.0 (Nacl).
b No activation parameters because of non-linearity of log

kr/T vs. 1/T plot and large 95% confidence limits.
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and the best fit parameters for each [H+] at 52.0, 60.0, and 69.3°,

The product of the reaction of (phen)ZCoCO3+ with HCl was
determined to be the cis-(phen)zco(OH2)23+ ion by comparison of the
spectrum of the final reaction solution to the measured spectrum of
cis-(phen)ZCo(OH2)3+ (Figure 3.1). A solution of [ (phen) ,Coco,1C1 31,0
(1.050x107> M) in HCL (0.856 M) and NaCl (0.144 M) was allowed to

react at 50° for 1243 min. The spectrum of the infinite time solution

is compared below to that of the ets-diaquo complex,

Species Amax' mu €max Amin' mu €min
final acid hydrolysis 504 60.2 466 49.1
reaction solution
cis-(phen)2Co(OH2)23+ 500 63.9 458 48.1

The obsexved rate constant was determined in the same wvay as for
the acid hydrolysis of the 2,2'-bipyridyl complex except that the
absorbance chénge with time was followed at 505 my.,

The dependence of the observed rate constant on [H+] for the
acid hydrolysis of (phen)2C0C03+ is also given by equation (3.9).
The values of ko and k1 for this system were determined in the same
way as for the 2,2'-bipyridyl complex acid hydrolysis. However for
this complex, while the 95% confidence limits still gave no reason
for expecting k°>zero, the log kr/T vs. 1/T plot for ko was linear
so that values of AH* and AS* could be determined. The values are
naturally subject to a large uncertainty. The values of the best

fit parameters of k° and kl at 50.0, 60.5 and 71.5°, their 95%
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confidence limits, and the activation parameters and error limits

are given in Table 3.7. Figure 3.10 shows the variation of kobsd with
[H+] at 50.0°. The solid line is calculated from equation (3.9) and
the values of ko and kl at 50.0°. Tables D.12, D.13, and D.14 in
Appendix D give the experimental value‘of kobsd and value of kobsd

calculated (kcalcd) from equation (3.9) and the best fit values of

+
k° and kl for each [H ] at 50.0, 60.5, and 71.1°, respectively.

Oxygen - 18 Tracer Study

In a reaction solution which is 1.0 M in [H+] and at 71°,
the half-time calculated for the acid hydrolysis of (phen)ZCOCO3+ is
51.9 sec. Under the same conditions the half-time for the acid
hydrolysis of (bipy)2C0C03+ is slightly less while that for the
acid hydrolysis of (en)2CoCO3+ is very small.95 Therefore a reaction
(bubbling) time of 10 minutes is easily sufficient for complete hydroly-
sis of all three complexes. In fact most of the 002 was collected
wifhin 2 minutes of initiating the reaction.

R is defined as the 46/44 mass ratio of the mass spectrum of
the collected coz. Rb and R ;efer to the ratios for normal, un-
enriched inlao, carbon dioxide and for the 180 enriched solvent,

respectively. F, the fraction of enrichment is defined by

R - R
o

. (3.10)
R, = R

F =

Table 3.8 gives the results of the tracer experiments at 71°. The

acid hydrolysis of (NH3)4CoC03+ is known21 to go with no incorporation



TABLE- ‘3.7

Specific Rate Constants and Activation Parameters
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. for the Acid Hydrolysis of (phen) 2COC03+a

Temp,.°c kox104, sec-l klxloz, M—l sec-l
50.0 0.309 * 0.605 0.167 * 0,012
60.5 1.68 * 1.31 0.514 * 0.052
71.1 10.4 * 8.88 1.23 * 0,147

AH*, kcal mole-1 | 37.9b 20.4 b'i 1l.9

as¥, eu +27.5° -8.6 5.1

‘a

b

H =1.0 (NaCl).

limits on k .
©

Error calculation not done because of large 95% confidence
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Tracer Experiments on the Bond Breaking in

TABLE 3.8

the Acid Hydrolysis of (bipy)ZCoCO M and

(phen)2CoC03

3

*at 1.0mM mh

137

complex R F T,°C

+ a

(en) ,CocO, 0.01032 0.302 71.0

(en)2C0C03+ 0.00768 0.189

(bipy)2Coco3+ 0.00806 0.208

(phen)2C0C03+ 0.00973 0.291
+ b

(en) ,Coco, 0.00528 0.0690 25.0
+

(en) ,coco, 0.00582 0.0960

(bipy)2C0C03+ 0.00441 0.0258

(phen)2Coco3+ 0.00422 0.0164

a 71.0° runs bubbled for 10 miputes.

b

25.0° runs bubbled for 31 minutes.
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+

of solvent oxygen in the evolved C02. Since the (en)2CoCO3 ion

is assumed to undergo acid hydrolysis by the same mechanism as the
(NH3)4COCO3+ ion, a low value of F for the (en)2CoCO3+ complex is
expected.' Thus there seems to be method induced incorporation of
solvent oxygen at 71°.

Also given in Table 3.8 are the results of the tracer experiments
at 25? with a reaction (bubbling) time of 31 minutes. At 25°, the half-
time for the-acid hydrolysis of (phen)ZCoCO3+ at 1.0 M [H+] is 98
minutes. After 31 minutes, 20% of the reaction will have occurred.
Since no solvent oxygen appears in the CO2 evolved from the acid
hydrolysis of either (bipy)2C0C03+ or (phen)2C0C03+, compared to the
Co2 evolved from the acid hydrolysis of (en)2C0C03+, the reaction
must go via Co-O and then either C-O or Co-O bond cleavage. These

two possibilities are illustrated in equations (3.11) and (3.12).

2+ 2+
A\ ' }3032 jaou 5
N4Co /C =0 ET N4Co s N4Co + CO2 (3.11)
o OH No-co_x OH on
2 2 2
18 > laoH 2+
+ + (o) 2
N4Co\})>c =0 —ISLF N4Co\/ 2 -1—8——+ N4C°\18 + COZ (3.12)
(o] OH2 O-COZH 0H2 OH

In order to distinguish between the two possibilities, the rate of
water exchange of the cis-(bipy)z- and cis-(phen)2C0(0H2)23+ ions must
be measured. Then a study to determine the number of solvent oxygens

incorporated in the diaquo product of these N4C0CO3+ acid hydrolyses
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might be possibile, thereby determining the correct reaction path.
However, for purposes of discussion, the acid hydrolysis of these
complexes will be assumed to go via reaction (3.11) which is the

path for the acid hydrolysis of the (NH3)4COCO3+ ion.21
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Discussion

From Tables 3.6 and 3.7, it is apparent that the factor of
ammine chelate ring rigidity cannot be important in‘determining the’
rate of acid hydrolysis of N4C0C03+ complexes since there is only a
small difference in the rates yet the phen ligand is very much more
rigid than the bipy ligand. Nor are the very slow rates for the
acid hydrolysis of the bipy and phen N4CoCO3+ complexes likely caused
by steric hindrance, as has been suggested for the analagous tet b
and trans[l4] diene complexes,99 since in both the bipy and phen
complexes, the carbonato ring is only slightly sterically hindered,
if at all. Although an increase in carbonato ring strain caused by
a coplanar ammine chelated ligand is known to increase the rate of
acid hydrolysis of N4Coco3+ complexes,98 a decrease in rate, caused
by a markedly less strained carbonato ring in the bipy and phen
complexes than in the "normal" NH3 complexes, seems unlikely.

A correlation between the basicity of the N ligand'and the rate
of acid hydrolysis at 25° is possible if those complexes are neglected
which have ammine chelate rings coplanar to the carbonato ring, i.e.,
(tren)-CoCO3+, trans—(NH3)2enCoC03+, and a-(trien)-CoCO3+. Table 3.9
gives the value of an average pKa for each N ligand. This average
pKa was calculated to allow an estimate of the basicity of each

nitrogen when all the other nitrogens are in the -NR2 form. From

Table 3.9 the order of basicity of the N ligands is

tn>NH,>en>pn>trien>trans [14]dienetet b>phen>bipy . (3.13)
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TABLE 3.9

The Basicity of Some Ammine Ligandsa

Ammine Average pKa Reference
tn 9.7b ‘.. 117
NH, 0.3° ' _ 118
en | 8.6b 119
Pn 8.5d 120

trien ] . . 7.3b 121
tet b e
6.3 122

trans [1l4)diene
phen ' 5.0 123

bipy 4.5 124

2 a11 pKa's were measured at 20°C.
b Measured at ionic strength 0.1 (NaNO3).
¢ Jonic strength 0.0 (corrected). )

d Ionic strength 1.0 (KC1l).

€ Ionic strength <0.1 (reactants).
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The order of the rate of acid catalyzed hydrolysis of the N4CoC03+

complexes is
NH3>tn>en>pn>B-trien>trans[l4]diene>tet b>bipy>phen . (3.14)

A decreased basicity of the ammine nitrogen is expected to result in
less ammine ligand Co O electron donation, a higher charge on the Co
and thus a stronger Co-O bond. Since the Co-O bond cleavage in
reaction (3.2) is rate controlling, the stronger Co~-O bond, caused by
a lower basicity ammine, should result in a slower rate of acid
catalyzed ring-opening, as is observed.

A more direct measure of the effect the ammine ligand,haé on the
Co-0 bond strength may be the value of the pKa for the acid dissociation
of cis-N4Co(OH2)23+ complexes. A stronger Co-O bond should result in
a weaker O-H bond and hence a greater acidity. Table 3.10 gives the
pKa values of scme of the cis-N4Co(OH2)23+ complexes. From Table 3.10
and equation (3.14), it appears that the greater the acidity of the
cis-N4Co(OH2)23+ complex, the slower the rate of acid catalyzed
hydrolysis of the N4Coco3+ complex.

The discrepancy between the trends given by equations (3.13)
and (3.14) for the bipy:phen pair becomes resolved when the data in
Table 3.10 is used to predict the relative acid hydrolysis rates. Thus,
the pKa of the cis-N4Co(OH2)23+ complexes seems a better indicator
of Co-O0 bond strength than the ammine basicity, at least for the
bipy:phen pair.

The discrepancy for the NH,:tn pair is probably due to the

3



TABLE 3.10

Acid Dissociation pKa's of Some

. + )
c7,s—N4Co(OH2)23 Complexes at 25°

143

Complex pKa Reference
eis-(en) ,Co(on,) > 6.1% 56
eie-(NH,) ,Colom,) 3+ 6.0% 84
B~ (trien)Co(on,) 3+ 5.3° 125
cis- (bé.pY) ,Co om,) 3* 4.7° 116
eis= (phen) ,Co (M) 23+ 4.5 102

a Tonic strength 1.0 (NaNO3).
b Ionic strength 2xlo--3 (NaClO4).

c Ionic strength 1.0 (KN03).
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chelated nature of the tn complex. Referring to Table 3.1, the
large aqtivation entropy of -19.0 eu for k1 of the tn complex may

explain the slower than expected value of kl for (tn)2CoCO3+ or the

discrepancy may be due to slightly incorrect values for the pKa's

of NH3 or tn.
The general conclusion for these trends that the rate of acid

+ ,
catalyzed hydrolysis of N4COCO3 complexes is sensitive to the strength

of the Co-0O bond allows a tentative classification of the intimate
mechanism of the ring-opening portion of these reactions as d
(dissociative). Further information about the nature of the transition

state for reaction (3.2) is not available from the experiments performed

to date.
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CHAPTER 4

OXYGEN EXCHANGE STUDIES ON SODIUM BICARBONATE AND

CARBONATOCOBALT (TII) AMMINE COMPLEXES

Introduction

An idealized chemical exchange reaction, given by
AY + Y = AY + Y (4.1)

may proceed directly as written in one step. However, for cobalt(III)
ammine complexes, reaction (4.1) generally proceeds through the inter-
mediate solvent complex. For example, in water, the sequence

H20

NnCOY I NnCoOH _Y"* NnCOY (4.2)

2

usually occurs. Few direct displacements of Y by ¥ have been observed

in these systems.23

47,48 on the exchange of carbon between

However, previous work
free carbonate ion and (NH3)5C0CO3+ had shown that, as well as the normal
aquation path, (4.2), a direct carbonate-carbonate exchange occurred.
This latter path was indicated by the dependence of the exchange rate
on the carbonate ion concentration. Recently, Harris50 has reinterpreted

these results as being due to the rate controlling reactions

k

3
CO2 + H20 -—;-"* H2C03

4

(4.3)
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k .
- 5 -
CO2 + OH T HCO3 . (4.4)
6

These reactions equilibrate the CO2 released from decarboxylation of
(NH3)5C0C03+ with the free carbonate added to the éystem. The fit of
the data47 to this mechanism was not good at the lower pH's. Also the
values of the specific rate constants for reactions (4.3) and (4.4) are
not definitely agreed upon.126 For these reasons the exchange of
solvent oxXygen with NaHCO3 and with (NH3)5CoCO3+ wa§ studied by'using

oxygen-18 enriched water to tag the solvent oxygens. Since the NaHCO3

+
3

experimental conditions, they can be directly compared and should

and (NH3)5CoCO exchange studies are performed under exactly the same

indicate the validity of Harris' mechanism since the rate of incorpor-

ation of solvent oxygen into (NH3)5C0C03+ must be governed by the

same reactions as the incorporation of carbon.
Studies of the detailed stoichiometric mechanism for the acid

hydrolysis of N4CoCO3+ ions, as discussed in Chapter 3, indicate_that

the ring-opening reaction, (3.2)

K

+ o +
N,CoCO.™ + H,0 —=> N 4COOHCO_H (3.2)

Oor one or both of two possible decarboxylation reactions, (4.5) and/

or (4.6)

k
2+ 7 2+
N 4C00H2C03H — N 4COOHOH2 + co2 (4.5)
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k

+ 2 +
N4C00HC03H — 4CO (0H)2 + CO

2 (4.6)

could be rate determining with respect to loss of CO2 at near neutral

PH's where the acid and base catalyzed ring-opening reactions are not

important. The neutral ring-opened species, (en)2C00HCO3 has been

shown in Chapter 1 to be relatively unreactive with respect to de-

carboxylation. Thus, if reactions (4.3) and (4.4) are not rate

. . 1
controlling with respect to incorporation of 4C or 18O, then exchange

studies using 14CO3= or 18OH2 may allow independent checks of the

values of the rate constants involved in reaction (3.2) or reactions

(4.5) or (4.6), depending on the rate controlling reaction.

The exchange of 14C between free carbonate and various N4CoCO3+

ions has been extensively studiéd for N4 equal to (NH3)4,127'128

129 48 130 100,131

] 100
(en)zr (pn)z, (tn)z, czs-(NHB)zen

and trans—(NH3)2en.
In all cases the rate law is first-order in [complex], [H+], and free
[C03=]. The data for all of these systems has recently been reinterpret-
44,100 14 =

and the rate controlling reactions for co exchange taken

ed 3

to be reactions (4.5) and (4.6) along with two direct carbonate exchange

reactions involving monodendate dicarbonato species

+ +
N,COOHCO H™ + €O, = N, Co(CO.H), (4.7)
N,COOHCO; + CO, = N,COCO,CO.H . _ (4.8)

The Co3= ion independent portion of the rate is given by
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+
k. K [H']
R 7 o
———————— = ————————— + .
[complex] Kl kZKo (4.9)
where Kl is the acid dissociation constant for the N4CoOHZCO3H2+ ion.

+ R
The values of K.o and K. for the (en)2C0C0 system are estimated to be

1 3
-3 -6 . 51 .
1x10 and 4.8x10 M, respectively. Analysis of the data for the

3 -1 132
c .

(en)2CoCO3+ system yields a value for k2 of 2.46x10 " se The

value of k7 has been estimated as approximately ~2 sec-l at 20°,
Unfortunately, the exchange of 14C between free carbonate and the

+ : . .
(en)2C0C03 ion was not studied over a wide enough pH range to estimate

k7 directly. However, the study of the cis-(NH3)2enCoCO3+-l4CO3=

exchange over a wide pH range has provided an estimate for k7 of 0.45

sec-l which is in fair agreement with the value of ~2 sec_l measured

4
directly52 for the similar (en)ZCoCO complex. Thus there remains

3
little doubt that reactions (4.5) and (4.6) are rate controlling for

+ .
the exchange of carbon between free carbonate and N.CoCO species,

4 3
The exchange of oxygen between water and the (NH3)4COCO3+ ion
has been studied133 and the rate was found to be first-order in

[complex], independent of [H+], and sensitive to the concentration of
borax buffer used. All three oxygens in the complex were found to
exchange at the same rate. The rate constant, k2[H20]n, for the
inecorporation of one solvent oxygen into the complex at 24.8° was

3.00x10-5 sec—l for those runs for which pH was reported and

2|..80x10-5 sec-l for those runs for which the PH was not reported.
The value of k2[H20]n for free carbonate was found to be 4.21x10-4

sec-'1 thus éliminating the possibility of reactions (4.3) and (4.4)

.
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controlling the rate of oxygen exchange. o0Odell's data has recently
been discussed44 by Harris and co-workers, who have pointed out
several possible exchange mechanisms. The narrow pH range of the
study may not have allowed detection of the [H+] dependent term
predicted by equation (4.9) which assumes the decarboxylation reactions
(4.5) and (4.6) are rate controlling.

On the other hand, a pH independent rate involving three equiv-

alent oxygens would be consistent with the following reaction scheme

o 18 .+
12 N4Co< )c =o' + 1218032——» 12 N4Co/ (4.10)
o’ \o-cozn
j3°“+ 18+
12 N,Col T 12 N4Co\/ + 12c0, (4.11)
0~CO_H OH
18 18
12 co2 + 12 032 —~>fast 12H2C oo2 (4.12)
18 18 18
12 HZC 002 ?st‘* 8CT 00 + 4CO.2 + 4 OH2 + BOHZ (4.13)
18+ ” 1/30H+
12 N4CO\/ 4+ 8CT 00 + 4C02 ?St-) 4N4CO\ 18
oH o~-c8oon
I
JoH" /180H+ /OH+
+ 4an,co + 2N, col + 2N, cof (4.14)
18,_ 18 . 0-Cco 180002H
II IIT Iv
41 — 2ncﬁo\ —0++2NC/O\—18+ 4.15
fast a4 °\0/c = 4 °\ /C = 0 (4.15)
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18, o
4 ITT —— 2N Co/// \\C = O+ + 2N Co’/ \\C = 18O+ (4.16)
fast 477N / 47~ /
18 . 18
(o] o (o)
/o\ +
2 I1I 'EZEE* 2N4CO\O/C =0 (4.17)
O\\ +
21V —— 2N,co” Yc=o0 ) (4.18)

fast 47\ /
18o

Analysis of the CO2 acid hydrolysis products would give 0.75 solvent
oxygens per ring-opening/ring-closing event. However, if the reverse

of reaction (4.10) is fast enough to compete with reaction (4.11) for

the N ColSOHCO H+ species, much less than 0.75 solvent oxygens would

4 3
be incorporated per ring-opening/ring-closing event and the observed
exchange rate constant would be less than that directly measured in
an acid hydrolysis study. Thus the lack of agreement between the

observed exchange rate constant of 3.0xlO'-5 sec-l and the value of

1.4x10-4 sec-l measured in a direct acid hydrolysis study93 could be
explainable.

Again assuming the mechanism outlined in reactions (4.10) to
(4.18) , the value of kz[Hzol of 5.40x10-5 sec'.1 measured in the base
hydrolysis of (en)ZCoCO3+ reported in Chapter 2, compares fairly well
with O0'Dell s value of 3.0x10_5 sec-l, considering the difference in
ammine ligands.

Still another explanation is possible involving carbon-oxygen

bond cleavage in reaction (4.10) as was mentioned in Chapter 2. This

would require an ‘exchange of the type
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/OH’rl+ 18 }80Hn+
N,CO + "COH. = N.Co + OH (4.19)
LA 2 AN, 2

where R could be either OH2 or CO3H-, to incorporate solvent oxygen

in the Co-O-C position. When R is OH or OH

rates are 3.0x10_5 and ’\44.6x10-'4 sec-l, respectively.74 The exchange

5 the water exchange

rate for R = CO3H- could be expected to fall between these two values

since hydroxide ion is a strongly labilizing ligand134 and water is

a weak one. Thus the observed rate constant of 3.Ox10.s sec“1 is also

consistent with reaction (4.19) being the rate controlling step.

Although it seems likely that the exchange reactions of 14C

are controlled by the decarboxylation reactions, as suggested by

100

Harris, the above discussion points out several possible alternative

mechanisms for the 18O exchange. The study of the oxygen exchange

between 180 enriched water and (en)ZCoCO +, reported here, should

3

resolve these ambiguities and possibly provide independent measure-

ments of some of the rate constants.
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Experimental

Oxygen Exchange Between Sodium Bicarbonate and Oxygen-18 Enriched Water

Oxygen—-18 enriched H_O of 1.58 atom % 18O was obtained from

2
Bio-Rad Laboratories, Richmond, Calif. After an exchange run, the
water was recovered by distillation on a high vacuum system and
purified by distillation from alkaline potassium permanganate in

an all-glass apparatus. 'In this manner, the original oxygen-18
enriched water could be cycled three times before the isotope was

too dilute to use.

Reagent grade sodium bicarbonate (Shawinigan) was used without
further purification. Reagent grade 70% perchloric acia (Baker and
Adamson) was used. Reagent grade anhydrous sodium perchlorate
(G. Fredrick Smith Chemical Co.) was used to control the ionic strength
of the reaction solutions.

The reaction solution temperature was controlled by keeping the
reaction vessel in a Colora (Papst) constant temperature bath.

All unenriched water was redistilled from a Corning AGlb Water
still.

PH measurements were taken on a Beckman Expandomatic PH Meterxr
equipped with an Expandomatic Range Selector and a combination probe
electrode (Cat. #13-639-91, Fisher Scientific Co., Ltd., Edmonton,
Alberta). A 2.0 M NaCl solution was used as the electréde electrolyte
to prevent unstable pH readings caused by precipitation of KClO4

which occurred when using the normal electrolyte, saturated KCl.
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The pH meter was standardized with Certified Buffer Solution (Fisher

Scientific Co., Ltd.).

For each run, an enriched (in 18OH2) and an unenriched buffer

solution (10 ml4volumetric) were prepared by dissolving 0.17 gm of
2-amino-2~ (hydroxomethyl) -1, 3-propanediol (Eastman Organic Chemicals),
henceforth called THM, in five ml of enriched water or unenriched re-
distilled watexr, titrating to the required pH with 1.0M HC104, and
diluting to volume with water.

The reaction solution was made by weighing 1.08 gm NaClO4 plus
0.015 gm NaHCO3 into a 10 ml volumetric flask and dissolving the salts
in a minimum amount (1 ml) of the unenriched buffer. The solution was
temperature equilibrated in the water bath and at zero time, it was
diluted to volume with the enriched buffer which had been previously
temperature equilibrated.

Because the unprotonated form of THM is non-ionic, the ionic
strength of the reaction solution varied from 1.00 at PH 7 to 0.888
at pH 9. However since at least one of the reactants (COZ) in the
rate controlling reactions is neutral, no primary kinetic salt
effect was expected.

At appropriate times, 0.8 ml samples of the reaction solution
were syringed into a nitrogen bubbler containing 0.5 ml 70% HC104.

The nitrogen stream carried the released carbon dioxide through a
cold trap containing either mossy zinc (Fisher sCientific Co. Ltd.)
or magnesium turnings (The British Drug Houses, Ltd.) which was

cooled by a Dry Ice-acetone bath in order to remove water. The
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nitrogen stream continued through a U-trap cooled by liquid nitrogen
which trapped the C02. After 5-10 minutes, the nitrogen stream was
diverted and the U-trap evacuated to low pressure (5x10_6 torr,
Pirani gauge, Consolidated Vacuum Corporation, Rochester, New York)
with a combined o0il and mercury diffusion pumping system. The CO2
was then transferred to an evacuated sample tube immersed in liquid
nitrogen, after having replaced the U-trap liquid nitrogen bath with
a Dry Ice-acetone bath to prevent any residual water from being
transferred. Figure 4.1 shows a schematic view of the apparatus.

After a sample had been withdrawn, the reaction vessel, which
was capped with a rubber serum cap, was flushed with nitrogen to
remove any O2 or CO2 from the atmosphere above the solution.

During the reaction, a one ml sample of the reaction solution
was withdrawn and its pH measured at room temperature. The solution
was degassed on the high vacuum line aﬂd the solvent distilled into
the special sample tube. Gaseous unenriched CO2 from a storage bulb
was also distilled into‘this tube. The amount of 002 added to the
tube gave a sample size similar to that of the reaction solution
sample. The closed tube was heated at 80° for 10-20 hours and then
the CO2 distilled into a normal sample tube, ready for mass spectro-

scopic analysis. During the CO_ transfer, the special sample tube

2

was surrounded by a Dry Ice-acetone bath to prevent water transfer.

This special sample of CO_ was analyzed and used as the infinite time

2

18 . .
or solvent O enrichment sample. Unenriched CO2 from the storage

bulb was distilled directly into a sample tube, analyzed, and used
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as the zero time or normal unenriched sample.-

160160 and C160180 on a C.E.C,

The samples were analyzed for C
Model 21-614 low-resolution mass spectrometer equipped with a Penning-
type preséure gauge on the inlet system (No. EW230a, Atlas MAT and
Analysentecknik, Bremen, Germany) and a Honeywell Electronik 15 recorder.
The average intensity ratio of the 44-46 mass peaks from three scans
was used to determine the ratio R = Clsolso/clsolso. The maximum
experimental error for values of R was found to be #2%. The value

of R for carbon dioxide of normal isotopic abundance was found to be

0.00401 *0.00005 (standard deviation).

Oxygen Exchange Study Between (NH3)£CoCO,,+ Ion and Oxygen-18

Enriched Water

The carbonatopentaamminecobalt(III) nitrate used was from the
same preparation as that used for the base hydrolysis study. Its
preparation and characterization are described in Chapter 2.

All reagents and chemicals used were as described in the
previous section.

The general procedure used was the same as described in the
Previous section except as noted below.

The THM buffers were prepared as in the Previous section except
that 1.06 gms of anhydrous sodium perchlorate was added to each buffer
before titration and dilution to 10 mls. This was done.to allow easy
dissolution of the complex in the unenriched buffer. The reaction

solution was prepared by weighing 0.04 gms of complex into a 10 ml
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volumetric flask, dissolving the complex in a minimum amount of
unenriched buffer. (1 ml) and diluting the solution to volume with

enriched buffer at zero time.

The sampling procedure and the apparatus was the same as that

described in the previous section.

Oxygen Exchange Study Between (en)ﬁCoCO°+ Ion and Oxygen-18
4 -’

Enriched Water

The preparation, characterization, and storage of the carbonato-
bis (ethylenediamine) cobalt (III) chloride has been previously described
in Chapter 2.

The general procedure and apparatus was the same as that in the
pPrevious sections except as noted below.

The unenriched THM buffer was made up without Naclo4.

A stock solution was made containing 0.16657 gm complex diluted
to 5 ml with unenriched buffer.

'1.00 ml of the stock solution was syringed at zero time, into
a volumetric flask containing 24.00 ml of an enriched buffer and enough
anhydrous Naclo4 to give a final [Naclo4] of 0.87 M.

Samples of the reaction solution were taken by syringing 2.0 ml

into the bubbler containing 0.5 ml of 70% HC104.
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Results

Oxygen Exchange Between Sodium Bicarbonate and Oxygen-18 Enriched Water

The general theory of exchange reactions involving species
having more than one equivalent exchangeable atom is developed in
Appendix B. Figure 4.2 shows both the exchange reactions, denoted
by =, and the chemical equilibria, denoted by‘;:?, which are possible
in the sodium bicarbonate-water System. Examination of Fiqure 4.2
shows that there are 4 different possible exchange systems. These are
treated by the method developed in Appendix B. Let the central
species in H,CO,, HCO3-, co,”, and CO, be called A, A,, A,, and a,,

2 3

respectively. The following definitions apply;

RTi = the rate of reaction between alli Ai species
and all OH2 species
(4.20)
= the number of reactions of Ai with water per
unit time
RT = the total number of reactions of A, (Al or
A, or A, or A ), species with water species
2 3 4
(4.21)
per unit time
= Ry * Rpy + Ry + Ry,
al = the concentration of o, (160 + 18o), in the
-A, form (gm atom 1_1)
1 (4.22)
_ 18 18 16 18 16 *
= 3[A1 03] +3[A1 O2 0] +3[Al (o 02]

3+initial molar concentration of Al
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e
]

1
(gm atom 171) (4.23)

18 18 16 18 16
03] + 2[Al O2 o] + [Al o O2

the concentration of 18O in the A, form

= 3[a 1 .

1

Let ayr a3, ar Xz, X3, and X4 be similarly defined. Note that for
A4 (COZ)' the stoichiometric factor is 2. Let b and y be defined as

in Appendix B substituting OH2 for BX so that

Y = +the concentration of 18O in the water form
= [180H2] .20
b = the concentration of O, (180 + 160), in
the water form (4.25)
= o1 + *on,] .

Since at any time all the species, H,CO,, Hco3', co3=, and Co,, are

present, they are all sampled when the solution is acidified. Thus

the observed concentration-time differential is

d (Xl + X2 + X3 + X4)

dt

= rate of formation of all 18O (4.26)

containing A species-~rate of
destruction of all 180 containing

A species.

Following exactly the methods used in Appendix B results in

X, - X R
fod _ T a+b
l°g(x°° = xo)' 2.303 ( ab ) t (4.27)




lel

where

4
a= ) a (4.28)

and

4
X =‘_Z X . (4.29)
Now it is necessary to replace the gmn atom ;-l concentrations by the

known molar concentrations.

a = 3[H2CO3] + 3[HCO3 1 + 3[CO3 ] + 2[C02] = GT. (4.30)

wvhere T = initial concentration of NaHCO3 and the G factor is defined as

G = (3[5200'3] + 3[HCO3 1 + 3[co, ] + 2[c02])/'r . (4.31)

3

Thus equation (4.27), under the condition of large excess of b, becomes

toa (=" 2. _ Fre . (4.32)
T\x X 2.303GT
[o] .

Now it is necessary to relate the experimentally measured mass

46/44 ratios R, R_, and R.o and time to equation (4.32).

The analysis method (acidification) drives the equilibrium system

shown in Figure 4.2 to the bottom by removing CO2 in the nitrogen stream.

No enrichment of the C02 species occurs upon acidification, relative to

its parent molecules, HZCO3, HCO3-, or CO3=, since these species lose an

oxygen to the solvent when acidified. This amounts to a random picking

of two oxygens and a carbon from the parent species. Thus the "sampling
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reaction" samples each oxygen from the parent. species. Since the %

18O of the solvent is measured by the R value of an equilibrated CO2

sample, R, 100% incorporation of the solvent oxygen into the molecule
is indicated when the R value of sample CO2 reaches R_. This indicates
that both the oxygens in the CO2 are solvent derived even though only

one is an oxygen-18 isotope.
Equation (4.32) requires measurement of the gm atom 1

concentration of oxygen-18 in all A species. The mass spectral peak

height for the C160180 peak (46 a.m.u.) is directly proportional to

the amount of 0160180 in the sample. The 44 peak height is directly

Proportional to the amount of C160160 in the sample. The ratio of

the peak heights, 46/44, gives the ratio of the 180/160 gm atom 1-1
concentrations in the sample, which is defined as R. The required

expression is

X = X X/a - X/a :
% " r T ) (4.33)
o 5 oc/a o a
Define R = (B01/(1%%1 + *%01) = x/a (4.34)
then R' = R = [B01/%%1 = 46,44 (4.35)

when [160]>>[1801. This assumption will be true only when 18O enriched

water of less than 10% 180 is used, which was always the case for these

experiments. Therefore

oo ‘o0 )
% = = = . (4.36)
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Now define

[=+]
(1-F) = TR (4.37)
and N _ 693 _ Ko | 438
obsd t;5 - GT (4.38)
so that (4.32) becomes
x t
log(1-F) = - —-‘2”"%‘33— . (4.39)

Figure 4.3 shows a typical plot of log(1-F) vs. time, which is linear

as predicted by (4.39).
The chemical path for exchange of 18o is postulated as

k
3 \
CO, + OH, —=r H,CO,

4
+
X “ -H (4.40)
k

This scheme implies RT3 = 0, i.e. CO3= does not directly exchange
oxygens with water but only incorporates solvent oxygen via the
acid-base equilibria and the reactions in equation (4.40). Since the
system is at chemical equilibrium, the net rate of production of any

chemical species is zero but the dynamic rate (i.e. the number of

reactions/unit time)is not. Thus

d[COZ] d[0H2] d([OH ] ~ d[H2C03] d[HCO3 ]

1
) at T T Tac T T T ae = at = dt =0.




le4

l.o
0.9

o.8

0.7

.8

(1-F)

log

oy L T IE o T I

oo ’ 1.0 2.0 3.0 4.0 S5.0
TIME x 10"2(sec)

Figure 4.3: Variation of Log(1-F) with Time for the Exchange of’

Oxygen Between NaHCO_ and OH_ at 26°.
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PH = 7.705, [T] = 2.72x10 > M.
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therefore

k3[C02][OH2] k4[H2CO3] (4.42)

and

3 ] . (4.43)

kS[COZ][OH ] kG[HCO

The number of reactions per unit time occurring in a forward sense

equals the number occurring in a reverse sense. Therefore

o}
i}

k4[H2CO3] + k6[HCO3 ]
(4.44)

k3[C02][OH2] + kS[COZ][OH 1 .

In order to directly compare the experimental RT with the

theoretical RT and hence get values for the various kinetic parameters,
it is necessary to write [HCO3-] and [H2CO3] as functions of the known
concentrations T and [H+]. The chemical equilibria which must be

considered are

H, CO, ——* ut + meo.” (4.45)
eo,” —S2 gt 4 co T : (4.46)

HCO, ——= CO. + OH (4.47)
H.co. —2—» co_ + OH. . " (4.48)

The apparent first dissociation constant for carbonic acid, Kcl'

relates (4.45) and (4.48) by
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cl 1+ k7%, ° (4.49)

The complete derivation, given in Appendix C, results in

_ K, T
(HCo,”] = = (4.50)

3
Kcchz
+
[H']

K .k
ot
w

{H,CO.] = . (4.51)
2773

Kcch2
(']

+
[H]+Kc1+

and

[H+] + K +

In the pH region, 7 to 9, and using values of 9.13::10-'7 M, 2.75x10-10 M

4

respectively, none of the

- 70
and 1.7x10 14 M for K ,72 K ,49 and K ,
cl c2 w

terms in the denominator are negligible nor is the denominator constant.

Thus equation (4.44) becomes

K .k
k 1--516 3t
4 ) Kwk5 k6 Kc1
R = + T (4.52)
T K . K + KclKCZ
K + [H+] + cl ¢c2 Kc1 + [H] + —=
cl [H+] [H]
and since
RT = kobsd GT (4.53)

directly comparing (4.52) to (4.53) and solving for kobéd gives
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x {1 - %} h
1| Fa R k. + kK,
Zer¥e2
W

(4.54)

o)
o
@
o
o]

: Kcl + [H+] +

The experimental data was fitted to (4.54) using the program
ENLLSQ. Since G is a function of the rate constants; the equilibrium
constants, [H+], and T, it must be calculatéd from estimated values of
these parameters. G was calculated from (4.31), (4.50), (4.51), and
equations for [CO3=] and [C02], which are given in Appendix C. Values
for the parameters Kw' Kcl’ Kc2, and k4 were estimated for the exper-
imental conditions and held constant while ksiand k6 wefe allowed to
vary to obtain the best, self-consistent fit of (4.54) (including the
G'factor) to the experimental values of kobsd' [H+], and T.

Since only two of the three kinetic parameters, k4, ks, and k6'
can be independently determined from the data, it was necessary to
decide which parameter to constrain to an estimated known value. The
decision to estimate k4 and hold it constant was based on some trial
fits and on the fact that a fairly good estimate of k4 was available.135
The trial fits showed that constraining either k5 or k6 resulted in
very unreasonable values for k4. It was also found that the values
of ks and k6 were fairly insensitive to changes in k4. Thus even ,
if the estimated value of k4 was slightly in error, the resultant
values of k5 and k6 should be quite accurate.

The value of k4 was estimated by using the Value of Berger

135

et al at 25 and 37° and interpolating from a log (kr/T) vs. 1/T plot
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to obtain values at 20, 26, and 30°. The variation of k4 with

ionic strength at 25° was estimated136 from Berger's data to be

logk, = C - 0.187 . (4.55)

where ; ionic strength

C = a constant.
The value of the constant was determined from the value of k4 at 0.11
ionic strength and then the value of k4 at 1.0 iopic strength was
calculated. Any effect on k4 caused by changing the medium from KC1

to Naclo4 was neglected.

The value of Kw was estimated by using

Kw(NaClO4) = C'Kw(NaCI? - (4.56)

The values of K.w(Nac104)70 and Kw(NaCl), at 25°C and ionic strength of
1.0 in their respective mediums, were used to determine the value of
the constant ¢ (0.905) . Then the values of Kw(Nacl) at 20, 26, and
30°C were used with equation (4.56) to determine values of Kw(NaC104).
The values of Kcl used were determined by the same method used
for Kw. The value of the proportionality constant was 0.767. The
value of Kcl(NaClO4) at 25°C and ionic strength 1.0 used is given
in reference (72). Using an empirical equation137 relating Kcl and
temperature allowed calculation of values at 20, 26, and 30°C and
ionic strength 1.0 (NaCl) .
Since the pH of the experiments was always <9, the amount of

CO3_ in solution was always small. Thus the fitted values of k5 and



169

k6 were expected to be insensitive to reasonable changes in Kc2°

Trial fits varying Kc2 from l.llxlo_9 to 6.85x10-11 gave no variation

in the values of k5 or k6' Because of this insensitivity, the same

-10
value49 of K 2.75x10 r was used for all three temperatures.

c2’

Table 4.1 gives the experimental data and the values of kobsd

calculated using (4.54) with the parameter values given in Table 4.2.

. Hco3', and % co3=,

for each kinetic run are also given in Table 4.1.

The values of [H+], T, the G factor, % CO

Oxygen Exchange Between (NH_,L_COCO,,+ Ion and Oxygen-18 Enriched Watexr
-~ D -
The general method used in the previous section is applied
. + . .
again. Let (NH3)5C0n = R. Then Figure 4.4 gives the system of

+
+ 18OH system. In exactly the

equations describing the (NH3)5C0CO3 2

Same manner as for the preceeding NaHCO3 experiment, an equation for

the total rate as a function of the species concentrations and kobsd

can be obtained. Let

Rp = Rpy + Rpp + Ry + Ry + Ry + Ry (4.57)

where the number subscripts refer to H2C03, HCO3-, C03—, C02, ROCO

respectively. The possible exchange of oxygen between ROH

2H'

and ROCOZ,
and OH2 is not considered since the sampling procedure does not analyze

the oxygen next to the Co and it is known138 that the Co-0 oxygen

does not exchange through rotation, with the carbonyl oxygens. Let
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6

X = ) X, (4.58)
i=

and

6

a = ) a, . (4.59)
. 1
i=1

After completing the derivation, the resultant equation,'assuming

b>>a, is

1og(xm-x)=_ R, t ( 1 )
Xq° - xo 2.303 a1 + a2 + a3 + a4 + a5 + a6

(4.60)
R -1 . 18 16 .
Before converting the gm atom 1 concentrations of (T O + 0) into
the known molar concentrations, it is necessary to note that for the

complex species

2[ROC1802] + 2[Roc 80 807 4+ 2[R0C1602] (4.61)

]
I

2[ROC02] -

This also applies for R0C02H, i.e. ag.

Since the complex hydrolyzes by carbon-oxygen bond cleavagezo
under acid conditions, the sampling method only samples 2 of the 3
oxygens in the complex. Substituting for a; in terms of molar

concentrations results in

R ¢t
log (1-F) = ~ — 3

2‘
( 303 1 . )
2[R0C02] + 2[ROC02H] + 3[H2CO3] + 3[HCO3 ]l + 3[CO3 ]l + 2[C02]

(4.62)
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2[ROC021 + 2[ROC02H] + 3[H2C03] + 3[HCO3 1 + 3[CO3 ] + 2[C02]

G = (4.63)
Tl
where T' is the initial complex concentration results in
: R t
- T 1
log(1-F) = 2.303 GT' (4.64)
and thus
. — ?
RT obsd GT (4.65)
where
_ .693 _ R
Kobsa = t,  Gr' ° (4.66)
E
If the rate controlling reéctions for the exchange of oxygen
between R.OCO2 and OH2 are the same as the rate controlling reactions
for the exchange of oxygen between NaHCO3 and OH2, the rate will be
given by (4.52). Comparing (4.52) and (4.65) results in
k{ _ Kake _—
. _ 2 4 ks * kK
obsd T'G K _K (4.67)
K + [H+] - 1 c2
cl +

[H')

where T is the total uncomplexed carbonates concentration at zero time.

Notice that at zero time (w.r.t. exchange) some of the original complex

has hydrolyzed hence there are some uncomplexed carbonates.

gives the derivation of the expressions giving [H2CO3],

. . +
and [C02] as functions of T°', (H'1], Kcl’ Kc2' ks, k6' Kw' K

dissociation constant for (NH3)5C0C03H2+), and.Kff the formation

constant for the reaction

Appendix C
, [co;71,

(the acid
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2+ - 2+ - '
(NH3)5COOH + HCO3 ;:j'(NH3)5CoCO3H + OH . (4.68)

Using these expressions allows calculation of T and the G factor.
The program ENLLSQ was used to fit the data to (4.67) to obtain

best fit values for k5 and k6 at 20, 26, and 30°c. The values of the

‘constant parameters k4, Kcl’ Kc2' and Kw for each temperature were

the same as those used for the NaHCO, study.

3

The value of Kl at 20, 26, and 30°C was determined from values

of kl/Kl (M =1.0, Naclo4) and kl (L = 0.5, NaClO4) at each temperature.

The values of kl/K1 were calculated from the activation parameters,

¥

AH' (17.1 kcal mole-l) and AS* (+28.9 eu), given by Francis and Jordan.49

The value of AS* reported in the paper (+ 30.0 eu) is incorrect due to
an arithmetic error. The values of k1 were calculated from the data

of Dasgupta and Harris50 using the activation parameters, AH* (16.75

¥

kcal mole-l) and AS’ (~1.93 eu). The ionic strength difference between

the two studies was neglected.

The value of Kf used was S.SOxlo-G. This value was used for each

temperature because no data was available on the temperature dependence

of Kf. Trial fits at 26°C showed a mild sensitivity of ks and k6 to

the value of K_.. The fact that the temperature dependence for the

£
37,39

formation constants of similar complexes is small plus the small

temperature range makes the use of a single Kf value reasonable.

*
The program ENLLSQ was also used to calculate a predicted kcalcd'

study. This

using the best fit values of k5 and k6 from the NaHCO3

was done by forcing the convergence process to stop after one iteration.
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Table 4.3 gives the values of kobsd' kcalcd from best fit

*
+
values of ks and k6' kcalcd from NaHCO3 values of ks and k6' [H'], and

[T'] at 20,26, and 30°¢C, respectively. Table 4.4 gives the best fit

values of k5 and k6 along with their 95% éupport Plane confidence

limits. Also given are the values of Kl uséd for.each temperature.

Since they are not given in Table 4.3, it may be useful to have
an example of the self-consistent species concentrations which the
bProgram calculates in the process of fitting the data to equation
(4.67), At 30.0° for a [H+] of 1.480x10 % M and an initial complex

concentration, T', of 1.295x10-2 M, the calculated concentrations of

3 4

ROCO_, ROCO_H, H CO5, HCO T, co.”, and CO_ are 4.61x10 , 2.08x10 7,

2 2 2 3 3 2
-6 -3 -4 -4 .
5.01x10 =, 7.86x10 ~, 1.46x10 » and 1,.260x10 M, respectively.

Thus the complex obviously hydrolyzes giving HCO3— as the major

species, along with appreciable amounts of H2CO3, CO3=, and coz.

Comparing the best~fit values of k5 and k6 from the NaHCO, study

3

. + .
to those of the (NH3)5COC03 study, or the values of kcalcd to kcalcd

in Table 4.3 shows that within the 95% confidence limits of the two

studies, the exchange of oxygen~18 between water and HCO3_ or

(NH3)5CoCO3+ proceeds according to the same rate law.

+ .
Oxygen Exchange Between (en) .CoCO_  Ion and Oxygen-18 Enriched Water
s -’

The exchange equations for this system are

+ +
(en)2CoC160 + 18OH = (en)ZCoC18016O + 16

3 2 OH (4.69)

2 2
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"TABLE ‘4.4
Best Fit Parameters with 95% Confidence Limits
for the Exchange of Oxygen Between (NH3)5C0CO3+

and OH2 at 20, 26, and 30°

180

T,° k5x10-4, M.-l sec-1 k6x104, sec-1 bx107, M

20.0 0.679 0.971 3.47
(0.437-0.921) (0.590-1.244)

26.0 1.254 2.552 3.30
(0.943-1.545) (1.959-3.,145)

30.0 1.372 3.629 3.20
(1.104-1.641) (2.919-4.340)

a Bracketed values are the 95% Confidence Limits as

described in Appendix A.

b Kl is the value of the acid dissociation constant of

(NH3)SCoC03H2+ used in the fit.
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(en)2c°c180160 + + 18

]

OH

+
) , 18, 165+ , 16, (4.70)

(en)ZCoC 5 2

18 16 + 18 18 + 16
o2 o + OH2 (en)ZCoC O3 + OH2 . (4.71)

(en)ZCoC

These equations are treated by the method developed in Appendix B in
the same way as in the two Preceeding studies. The plot of log(1~F)
vs. time yields a value of an observed rate constant, kobsd' which

is related to the specific rate constant for the incorporation of

one solvent oxygen into the complex

n _ .
k2 [HZO] = 3kobsd o (4.72)

The results of the runs at 26.0° and ionic strength of 1.0

(NaClO4) are

ké[Hzo]nxlos, sec-l [H+]x108, M [complex]xloz, M
1.245 0.276 3.56
2.330 . - 5.76 4.62

Assuming the decarboxylation reactions, (4.5) and (4.6) are

rate controlling results in

k01" = Z2 + kK (4.73)

Vhere the constants k7, k2, Ko' and K1 are defined by equations (4.5),
(4.6), (3.2) and (3.3), respectively.

Analysis of the data above using equation (4.73) and the values
for Kb and K, of lxlO.-3 and 4.8::10-6 M, respectively,51 yields values

1
for k7 and k2 of 0.94 sec-1 and 1.19::10.-2 sec-l, respectively.
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The assumption that the ring-opening reactions (3.1) and (3.2)

are rate controlling results in

n +
k2[H2°] = kl[H ] + ko (4.74)

where ki and ko refer to the acid catalyzed ring-opening, (3.1), and

the uncatalyzed ring-opening, (3.2), respectively. Analysis of the

data above using (4.74) yields values for kl and ko of 1.95x102 M_l

sec-l and 1.19x10-'5 sec-l, respectively.
If the ring-opening reaction, (3.2), occurs via C-0 bond cleavage
and a direct water and/or hydroxide exchange step is rate controlling

for the incorporation of solvent oxygen into the complex (R=CO3H in

reaction 4.19),

k
(en) 2C00H002180H+ + l801~12 -8, (en) 2C0180HC02180H+ + OH2 (4.75)
18 2+ 18 k9 18 18 2+
(en)2CoOH2C02 on_ + on2 —_— (en)ZCo onzco2 OH" + onz (4.76)

the observed exchange rate constant is given by

+
22 , Kl 8 o (4.77)

+
where Kl is the acid dissociation constant for the (en)2C00H2C03H2

complex. Using the same values for Kl and K as above results in values
. [}

for k8 and k9 of 1.l9x10—2 sec-l and 0.94 sec_l, respectively.
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Discussion
It has been shown that the exchange of oxygen between water and
(NH3)5C0CO3+ proceeds by the same mechanism as the exchange of oxygen
between water and NaHCO3. Thus the interpretation of Ha;risso that
reactions‘(4.3) and (4.4) control the rate of oxygen or carbon exchange
with the (NH3)5CoCO3+ ion is confirmed and the pPossibility of a direct

7,48 is removed.

carbonate—cérbonate replacement reaction
The values of the specific rate constants for the reaction of
carbon dioxide with hydroxide ion, reaction (4.4), are compared to
other reported values, at 26° in Table (4.5). Since the values for
k5 and k6 reported in this study are dependent on the value of k4
used, a comparison of known k4 values is also given in Table (4.5).
The values for k5 and k6 compare quite well with the recent literature
values, considering the wide variation in the rate constants of
earlier studies.126
The observed variation in exchange rate with pH for the exchange
of 180 between 0H2 and (en)2CoCO3+ has ruled out any mechanisms
involving only the uncatalyzed ring-opening reaction, (3.1) as

the rate controlling step. The possibility of rate control by

both the acid catalyzed and uncatalyzed ring-opening reactions, (3.1)

and (3.2) is eliminated since the calculated value for kl of 1.95x102
Mm1 sec_1 is much higher than the directly observed value for kl of 0.6
M-l sec—l. 98

+ . . .
However, the 18OH2-(en)2CoCO3 exchange data are consistent with

rate control by the decarboxylation reactions, (4.5) and (4.6) since

the calculated values for k7 and k2 of 0.94 and 1.19x10-2 s:ec-l are
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in fair agreement with the reported values of ~2 52 and 2.46x10“3

-1 132
sec .

The factor of five difference in the kz values may simply

be due to the small number of runs done in the oxygen-18 exchange study.
A fast C-0 bond cleavage in reaction (3.2) followed by the rate

controlling reactions (4.75) and (4.76) might be eliminated if the

assumption is made that OH and CO3H- have similar effecﬁs on the

rates of exchange of ligands e¢is to themselves. Thus, the measured

2

values for k_ and k9 of 1.19x10 “ and 0.94 sec-l, respectively, do

8
not agree with the estimated values74 for the similar dihydroxy and
hydroxyaquo species of 3.Ox10-5 and 4.6x10-4 sec-l, respeétively.
However, as discussed in Chapter 2, the relatively low value for the
ratio of the rate constants for the base catalyzed and uncatalyzed
ring-opening reactions of (en)2C0C03+ might indicate a change in
reaction path from Co-0 to C-O bond cleavage. Thus the definite
‘elimination of C-0 bond cleavage for the uncatalyzed ring-opening
reaction of (en)2COCO3+ will require actual measurements of the rate
constants for reactions (4.75) and (4.76) . The rate controlling
reactions for this C-0 bond cleavage path for the 180 exchange do
not ipcorporate carbon into the complex so that the decarboxylation
reactions, (4.7) and (4.8), are still likely rate controllihg for

the 14C exchange reactions,
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in fair agreement with the reported values of ~2 52 and 2.46x10-3

-1 132
sec .

The factor of five difference in the k2 values may simply
be due to the small number of runs done in the oxygen-18 exchange study.
A fast C-O0 bond cleavage in reaction (3.2) followed by the rate
controlling reactions (4.75) and (4.76) might be eliminated if the
assumption is made that OH and CO3H- have similar effecﬁs on the
rates of exchange of ligands efs to themselves. Thus, the measured
values for k8 and k9 of 1.19x10'-2 and 0.94 sec—l, respectively, do
not agree with the estimated values74 for the similar dihydroxy and
hydroxyaquo species of 3.0x10-5 and 4.6x10“4 sec_l, respeetively.
However, as discussed in Chapter 2, the relatively low value for the
ratio of the rate constants for the base catalyzed and uncatalyzed
ring-opening reactions of (en)2CoCO3+ might indicate a change in
reaction path from Co~0O to C-0 bond cleavage. Thus the de?inite
‘elimination of C-O bond cleavage for the uncatalyzed ring-opening
reaction of (en)zcoco3+ will require actual measurements of the rate
constants for reactions (4.75) and (4.76) . The rate controlling
reactions for this C-0 bond cleavage path for the 180 exchange do
not ipcorporate carbon into the complex so that the decarboxylation
reactions, (4.7) and (4.8), are still likely rate controllihg for

the 14C exchange reactions.
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APPENDIX A

The Determination of Parameter Confidence Limits and

Their Use in Testing the Significance

of a Theoretical Model

Throughout this thesis, raw experimental data is fitted to

equations of the general form

where yi is the jth dependent variable which is calculated from
experimental data or is often the raw experimental data point itself,
xij a{e the independent variables, and bj are the parameters relating
Yy and xij in the equation. Often it is helpful to have -limits placed
on the values of the parameters to indicafe the confidence in the
reported values. The éomputer program, ENLLSQ1 is used to fit the
raw experimental data to a theorétical model by a least-squares
method in order to obtain values for the parameters. The document-
ationl'2 supplied with the program enables the user to run the program
gnd to understand thg theory of the method. However, bécause of the
inadequate discussion of parameter error limits in the theoretical
part of the documentation, it was decided to include comments on the
ENLLSQ parameter error calculations in this section.

Throughout this discussion, it is assumed that the experimental
error in a data point is indicated by its deviation from the true or
mean value. A statistical analysis of these deviations leads to a

-
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realistic estimate of the parameter error. The alternate approach
is to actually estimate the experimental error on each point and
then determine the parameter confidence limits (C.L.) which allow
the fitted model to remain within these experimental errors. This
approach was tried but often lead to unrealistic parameter errors
so that the approach was abandoned except for transition state theory
Plots of log (kr/T) vVS. l/T; For these plots, the previously determined
parameter limits on the specific rate constants (kr) were used as
."experimental" errors and the error limits on the activation parameters,
AH* and AS*, were determined from the lines of maximum and minimum
slope which could still pass through these "experimental" exror
limits.

A function, as in equation (A.1), can be treated as linear
in its parameters, bj' if it can be written as a polynomial in xij'
Thus linear functions do not include functions which contain ex-
poﬁentials, logarithms, trigonometric expressions or roots. Many
complicated algebraic equations cannot be represented exactly by a
polynomial and thus are non-linear. However many functions can be
represented by a polynomial closely within a certain range of xij
and thus may be classed as linear in thg region of xij which is of
interest. The program ENLLSQ computes two linear parameter errors
as well as one non-linear parameter error. The following sections
discuss the calculation and use of these parameter errors.

For linear functions of the familiar form

Yy =mx +b (A.2)

e
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the least-squares estimates for one-parameter confidence limits3 are

given by

(A.3)

it
=]
+
u
]

100(1-P)% C.L. of m

and

t
o
I+
"
o

100(1-P)% C.L. of b (A.4)

where; £ = no. of points - no. of parameters
= degrees of freedom
P = probability
t = two tailed (1-P) point of Student's t distribution3
sj = standard error of the jth parameter.

The sj are calculated from the standard error of the fit, se, which is

given by

- - 2 - 3
se = ((Yo Yp) /(n k)) (A.5)

where; Yo observed y

Yp = predicted y
n = no, of points
k = no. of parameters.

Expressions for the calculation of sj from se are given by Marquardtl
and Lark, Craven, and Bosworth.3
The one-parameter confidence limits do not consider the

possibility of all parameters being at their maximum (or minimum)
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values simultaneously. Taking this into consideration allows
calculation of a joint confidence region (sometimes called support-

plane limits) for the parameters3 given by

100(1-P)% C.L. of m= m * (2 (A.6)

FP,k/f .sm)

- = %
100(1-P)% C.L. of b = b % (2F, 1 . -5,) (a.7)

where; Fp,k/f = one tailed (1-P) point of variance
ratio distribution.3

For linear functions, the Parameter Correlation Matrix,
supﬁlied as output by ENLLSQ, determines the proper set of limits
to use. If the off-diagonal matrix elements are < 0.1, the parameters
are taken to be uncorrelated and the one-parameter error limits are
used. If the off-diagonal matrix elements are 2 0.1, the parameters
are correlated and the support plane limits are used. Uncorrelated
parameters simply means that the model used is able to independently
determine the parameters.

‘To determine if the model being used is close to being linear

1.4 the

in the region of interest, it is only necessary to compare
one-parameter and non-linear confidence limits. If these sets of
limits are equal, the model is deemed linear and the proper linear

confidence limits are used. If the two sets of limits are not

equal, it is necessary to use the non-linear limits.
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It is important to note that the program does not automatically
3 .
supply the correct value~ for tP,f and FP,k/f' The user should input
the correct values if any use is to be made of the parameter errors.
It is often useful to have error limits pPlaced on the value of

yi predicted from the model and the parameters used. The standard

error on the predicted value of yi is given3 (for y = mx + b) by

s, =s_ (1/n+ (xi'- %) /5x%) (A.8)

Y;

and the confidence limits by
100(1-P)% C.L. of yi =y. £ ¢t *s (A.9)

or

%

y. = (2 ) (A.10)

100(1-P)% C.L. of ¥ i FP k/f'sy
. .
i

depending on the parameter correiation, where;

x, = value of independent variable
x = average of all experimental xi's
£x? = Z(xi)2 - nx.

Two simple significance tests are used in this thesis. 1In
some cases it was necessary to aistinguish between a zero and non-
zero y intercept for a linear function. A null hfpothesis of
intercept = O was assumed. If the 100(1-P)% C.L. includes the
value assumed in the null hypothesis,.then there is no reason why

the null hypothesis can not be true.5 Therefore, even if the best
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fit intercept was non-zero, the intexcept must be reported as
zero if the 95% C.L. include zero (unless there is other experimental
evidence that the intercept is nan-zero).

The other significance test was used to decide if a particular
model agreed with the data within the experimental error. The error
on the experimental points was estimated by the standard deviations

on repeated points5 given by
-2 }5
s = (Z(x - x)"/(n - 1)) (A.11)

where; x = experimental value

X = average value

n = no. of repeated points.
When s was not determined experimentally it was estimated from
experience with similar systems or as a last resort when the variables
were simple raw observed data points, s was estimated by the normal
methods of experimental error assignment using statistical expressions
and 2/3 of the 100% error.6 To insure the reality of these experi-
mental errors, it was also required that they be smaller than the
errors on the predicted points. For linear functions, error limits
on predicted y, were calculated as shown above. For non-linear
functions the parameter limits were used directly to calculate
error limits on predicted Yg-

The criteria for agreement of the data and the model was

that the error limits of the experimental points must overlap with
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the predicted line. Even with this criteria, chemical knowledge
and separate experiments were often necessary to make the final

decision as to the proper model. .
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APPENDIX B
Most derivations of the basic isotopic exchange equations

found in the literature follow the method and terminology proposed
by McKay.l The derivations refer to a total reaction rate,l a
gross rate of exchange,2 the rate of exchange of all exchanging
atoms whether like or different isotopes,2 the constant rate of
exchange of exchanging atoms,3 or the rate of reaction between
exchanging species in the dynamic equilibrium.4 For the simple

case given by
AX + BX* = AX* + BX (B.1)

this reaction rate, R, obviously refers to the rate of exchange of
one X in an A type species for an X in a B type species. Looking at
(B.1) from a net chemical reaction point of view results in

k
AX + BX -—l+ products (B.2)

kz
where "products" may simply be a short lived intermediate. If only
exchange is observed, then regardless of what “"products" is, the

equilibrium must lie to the left and since the system is at chemical

equilibrium

R = kl[Ax][BX] = kz[products] ) (B.3)

. where R is defined as

R = number of collisions between AX and BX per unit time (B.4)

times some proportionality constant.

= number of reactions between AX and BX per unit time.
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Since the only way X can exchange between AX and BX is through a
collision between the two, the definitions of R are obviously
identical.

However for the more complicated case when A contains more than
one exchangeable species, the meaning of R has not been well defined
by any of the references except perhaps by Wahl and Bonner although
their definition is correct but not clear. Because of this lack of
clarity a more precise definition of R is given, in addition to (B.4)
as

R = rate of exchange of one X between A and B (B.5)
type species (gm atom 1_l sec-l).

This definition will be used to solve the following exchange system

AX3 + 3BX* = AX3* + 3BX (B.6)

where all the X's exchange by the same mechanism, i.e. at the same

rate. Equation (B.6) may be looked at as the sum of 3 simple exchange

reactions,
AX3 + BX* = AX*X2 + BX (B.7)
AX*X2 + BX* = AXZ*X + BX (B.8)
AXZ*X + BX* = AX3* + BX A (B.9)

The following definitions will be used.
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a = concentration of X,(X + X*), in the A form (gm atom l-l)
o= 3[Ax3*] + 3[AX2*x] + 3[AX*X2] + 3[Ax3] (B.10)

= 3-total molar concentration of A species

X = concentration of X* in the A form (gm atom 1 ™) (B.11)

= 3[AX3;] + 2[AX2*X] + [AX*XZ]

b = concentration of X, (X + X*), in the B form (gm atom l—l)
= [BX] + [Bx¥*) (B.12)
= total molar concentration of B species

Y = concentration of X* in the B form (gm atom l-l) (B.13)

i

[BX*]

Assuming that the analysis technique randomly samples the X's, the

observed concentration-time differential is -dy or dx.
. dt dt

If only the A species is sampled

g%-= rate of formation of X* containing A species - (B.14)
the rate of destruction of Xx* containing A species
where;
the rate of formation of (Ax3* + sz*x + Ax*xz) = (B.15)

total number of reactions per unit time * fraction
of those occurring with X* containing B species -

fraction of those occurring with X containing A species

- 0)(2)
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the rate of destruction of (AX3* + sz*x + AX*XZ) = (B.16)
total number of reactions per unit time * fraction
of those occurring with X containing B species *
fraction of those occurring with X#* containing A species
= ¥-b) (x
therefore dx _ r (L) (2x) - g (¥b)(x
at b b b a
= Y _x
= R (b a) . (B.17)
At t = @, isotopic equilibrium is attained. Let
X=x_and y = Yo (B.18)
therefore Xx+y=x+ Yoo (B.19)

yoo xoo
SO=RA\T - T
Yo o
Ry
0
Yco='a_
bx
y=x_+—m—m-x
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Q
rt

ax . <axm+bxw-ax-bx) (B.20)
xm(a+b) - x(atb)
ab

a+b \ (xm-x) .

Solving this simple differential equation yields
1 ¥ Y _ _ &t atb ) . (B.21)
9\ = 2.303 \ "&b
()

Equation (B.21) and the preceeding derivation from (B.14) on is identical

to that used by McKay. The known initial concentration of Ax3, say T,

is usually expressed in terms of mole l-1 of Ax3. Thus it is necessary
to replace a, (gm atom 1-1), by 3T as given by (B.10). Therefore
tog (o= ) . _ =&t 3T+D \. (B.22)
XXy 2,303 3Tb
For cases when b>>3T, k is defined as
obsd
._0.693 R (B.23)

kobsd - t% 37

where t:;5 is the time required for log ((x“;x)/(xm-xo)) to decrease to
one~half of its initial value. Note that kobsd is now the specific
rate constant for the exchange of 3 X's into AX3 but R refers to the
exchange of one X. Chemically we are usually interested in the rate
of reaction for the incorporation of one X into an A species. That is

[}
Ax3 + BX -—B;*-products (B. 24)
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where
R = k'[Bx][Ax3] (B.25)
= k'bT
R = kT since b remains constant, (B.26)

b>>3T.

Now comparing (B.23) and (B.26), an equation relating the observed rate

constant to the required specific rate constant is
k = 3k (B.27)

The general procedure is to always directly compare equations of
the type of (B.23) and (B.26) since the factor 3, called the G factor,

is not always integral in more complicated systems.
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APPENDIX C

Derivations of Expressions and Equations

This appendix contains the derivations of several kinetic
expressions and equations which either do not fit in the thesis
pProper in a natural way or which were so long as to detract from the

natural continuity of the section in which the derivations are used.
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The Rate Law for the Hydrolysis of (NH,,)L_CoCO.,+ in the pH range,
L™ ) -

8.5-9.5, and at 25.0°

Assume that only the bicarbonatopentaamminecobalt(III) ion is
reactive in the pH region, 8.5-9.5. The reactions to be considered are

2+ kl

3+ -
(NH3)SCOCO3H + 0H2 — (NH3)5C00H2 + HC03 {(C.1)

k‘l

1/K
1 2+

(a1,) 5C0003+ + BT —= (NH,) .CoCO,H (C.2)

K

_ 2
(NH) 5c°on2+ + HO (NH,) _CoOH

, M -

5 OH . - (C.3)

Note that K_ = Kz'/K.W where Kz' is the acid dissociation constant of

2
(NH3)5C00H23+. Define the following symbols as;
n+
R = (NH3)5CO

T = initial complex concentration

L
|

= [ROCOzl + [ROCOZH] at any time t

T = [R0002]e + [ROCOzH]e at equilibrium.

Using the expression for Kl from (C.2) yields

mh

+
Kl'l'[H]

[ROCO_H] =

> (C.4)

Since (C.2) and (C.3) are fast proton transfer reactions, the rate

. . 1
expression can be written as

ar _ -
= gt = ¥y [ROCOH] - k_, [ROH,) [HCO,™) . (c.s)
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Substituting from (C.4) and (C.3) into (C.5) gives

. . _
ar KMEIT k_l[ROH][HCO3 |
-5 = — - — (Cc.6)
K, + [H] K, [OH ]

Because of the buffering of the carbonate-bicarbonate system, [HCO _]

3
and [OH_] are constant throughout the reaction. 2t equilibrium
k_, [RoH] _[HCO,"]
k, [ROCOH] = — (c.7)
K, [OH ]
2
which can be rearranged to
k_,[HCO, 1 k. [ROCO_H]
1 i - X 2 e . (c.8)
Kz[OH ] [ROH]e
T° has been defined as
To = [ROC02] + [ROCOZH] + [ROH] + [ROH2] (C.9)
To = T + [ROH] + [ROH2] (C.10)
Substituting (C.10) into the equation for Kz, as defined by (C.3),
yields
K2[0H-] (T - T
[ROH] = — . (C.11)
1+ K_[OH ]
2
Using the value for K2' of 2.52x10-7 M-l, determined2 in 1.0 M NaNO3

at 25° and the value for K of 1.7x10 1%, determinea® in 1.0 M Nacl0,

at 25° to compare K2[OH_] to 1 at the pH 8.492 shows that KZ[OH-]>>1.

Therefore

[ROH) = (T, - T) (c.12)
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[ROH]e = (To - Te) . (C.13)

Now using the expression for (C.4) at equilibrium and (C.13) transforms

(C.8) into

3

- +
K, [OH ] K, + [H'] T, - T,

<4
k_, [HCO, ] ] k [H]T, 1 . (C.14)

Substituting (C.14) into (C.6) and simplifying gives

+
arT k1[H ] T
dat

(o]

(T -717) . (C.15)
K, + [HI\T_ -1 €
1 o e

Integration gives the standard expression for a first order reaction

+
k0] T ] (C.16)

k =
obsd . 4 h T -
1 o e

The total absorbance of the reaction solution is given by
A= elb[Rocozl + ezb[ROCOZH] (C.17)

vhere € refers to the molar absortivity index or extinction coefficient

and b refers to the cell length in centimeters. The absorbance of ROH2
. . 5

can be neglected since it would be less than 1% at 295 my.

Writing (C.17) in terms of T gives

€,bK, T ezb[H+]T
A = ———-—: + ——__*_— (C.18)
K, + [H'] K, + [H']

>
n

constant.T. (C.19)
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Therefore
To Ao
T -T A -A (€.20)
o e o ©
and
Ao AO/TO Eo
A -a, (/T -a/T) € -¢€ (.21)
o o o’ "o o o o
and therefore
k1[H+] €,
k = . (C.22)
obsd +
Kl + [H'] Eo eoo
An Egpatioanelating K._toe., €, [Hcoﬂ—], [H+], K. and K
£ l - l W

Define R, To' and T as in the previous section. Define el and

82 as the extinction coefficients at 295 mu of (NH3)5C0003+ and

Define K_ by

H2+, respectively. e

(NH3)5C0CO3

[ROCO_H] [OH"]

K. =

[ROH] [HCO3-]

At equilibrium

A_= ezlb[Rocozle + €2b[R0C02H]e
€.bK
1771
- = + -€b [ROCO_H]}
+ 2 . 2
(H"] €
A €,K; [Rocozme
€ = = +€
00 + 2
bT [H ] T

(6.23)

(c.24
(C.25)

. (C.26)
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Now writing the equation for the concentration ratio of the

carbonato/bicarbonato species and adding one to each side gives

+
[ROCO,] + [ROCO,H] _ K, + [H] . (C.27)

[ROCO,H] t5h)

Substituting the stoichiometry relationship
[ROCOZH] + [R0002] = To - [ROH] (C.28)
* into (C.27) and rearranging results in

+
[ROH] s K, + [H]
= 2 - 2 . (C.29)

[ROCO,H] [ROCOH] tah)

At equilibrium, (C.26) can be rearranged and substituted into the first

term on the r.h.s. of (C.29) to yield

€. K
[ROH] £1+l + e2) K. + [N
e  _. ('] - 1 . (C.30)

[ROCO,H] _ € tah)

o0

Rearrangement and inversion results in

[ROCOMIe € (c.31)
[ROH]e Kl (el - €) + (ez - €)

)
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Substitution into (C.23) under equilibrium conditions results in

€K, 1
Kf = T - (Co32)
K, (e, —€) + [H I(e, - € [HCO, 1]

after substitution of the water ion-product equation.

+ e .
An Equation for the (en) . CoCO. study giving Kl in Terms of
L4 -l

[OH), € ,€,b, T, A" anda
— % O aAX =)

Let [(en)ZCoOHCO3] and [(en)ZCoCO3+] be represented by a and X,

respectively. Then

a
K, = — (c.33)
x [OH ]
Let the following definitions hold;
ex = extinction coefficient of (en)ZCoC03+ at 300 mu
éa = extinction coefficient of (en)ZCoOHCO3 at 300 mu
b = spectrophotometer cell length in centimeters
T° = initial complex concentration (C.34)

]

a + x.
Assuming only two species are bresent, the absorbance of a reaction

solution after equilibration has been reached can be defined as

J = . .
Amax €aba + exbx (C.35)

Rearranging (C.33) and substituting (C.34) gives
K1[OH ]To
(C.36)

a = —
K,[0H ] + 1
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and substitution of (C.36) into (C.35) yields

. K, [OH )T be K. [OH 1T
A =bve [T - Lo ), 21 = . (C.37)
m K [OH] + 1 K [OH ] + 1

bividing (C.37) by bT° gives

al K, [OH ] €_K, [OH ]
—E =e,=¢ |1- S A [ S (C.38)
bT_ K [oH1 + 1 K [OH] + 1

Writing (C.38) with the common denominator, Kl[OH_] + 1, and collecting

terms results in

€ = Kl[on ](t—:a - ew) + ex {(C.39)

[+ ]

Rearranging (C.39), adding Kl to each side and collecting terms gives

1 a__® lx -k, . (C.40)
[OH ] € - €

<

Now the absorbance of the solution at zero time is defined by

A = € bT . (c.41)
[«] X [o]

Then substitution for ex and € from (C.41) and (C.38) into (C.40) yields

bT_
= K, e [ ———)-x . (C.42)

Al - A
max (]

1
[OH ]
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Equations Relating the Concentration of HCO., HCOO-, co, ,

L4

and CO. to [H+], the Initial NaHCO_ Concentration and the

Constants K K..»r k., k., and K

l' ). I od
hd o & -~ 4 W

Let the initial concentration of NaHCO. be defined as

3

3
T = [H2c03] + [HCO3 1 + [co3 1 + [c02] . (C.43)
The equilibrium constants used are
("] trco, ]
Kcl = (C.44)
[H2C03] + [c02]
4 =
[H ][Co3 )|
K = = (C.45)
c2 [HCO, ]
3
- +
ke [on ][002] [(H ][002]
L = — = (C.46)
ks [HCO3 1 Kw[HCO3 ]
where K& is the ion product for water.
Solving (C.46) for [C02] gives
k_K [HCO. ]
fco,) = ﬂ—;i— . (C.47)
k. . [H}]
s
Then
- = kgk [HCO.™]
T = [H,CO;) + [HCO,™] + [cO, ] + LA (C.48)

4
kg(H']



219

and substituting in (C.44) for [C02], and then using (C.48) gives

[H+][HCO3-]

Kea = =
[H,CO.1 + kK [HCO. ")
+
ks[H ]
[1'] [uco, )
= — — . (C.49)
[ - [HCO3 ] - Cz[HC03 ]
+
(H']
Therefore
K. .T
(HCo,”1 = — €l . (C.50)
() + KCl + KClKCZ
+
[H']
Expanding (C.44) using (C.47) yields
K. k_[HCO, ] [H"]
K. . [HCO] + <26 3 = [Hco, 1 (u'] . (C.51)
Cl 2773 3
K k
w5
Solving for [H2C03] gives
Koy Keg ) [HCO3-]
[H2c03] = 1 - ° (C.52)
K k K
w5 Cl
Substituting from (C.50) into (C.52) for [HCO3-] yields
K .k
1-Crel e
’ Kwks
[H2CO3] = . (C.53)

Ke1¥e2

+
[H']} + K +
()

Cl
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Equations Giving the Concentrations of ROCO_ , Rocozg,

H_CO._, HCO,-, CO,,= and CO, as Functions of [H+], the
£ - - <

-

Initial Complex Concentration and the Constants K

—C1'

Esz ks' kc' Kor Keo and K

1
Let the initial concentration of ROCO2 be defined in terms of

the species concentration at any time as

Tl

[Roc02] + [Rocoznl + [ROH] (C.54)

5 1

[R0C02] + [ROC02H] + [H2C03] + [HCO

+ [Co3 ] + [c02] - (C.55)
In addition to (C.44), (C.45), and (C.46), the following equilibrium

constants are used;

tut [ROCO,]

[ROCO_H]
2
K [ROCO._]
S2% _ 2, (c.57)
xw [ROH][Hco3 ]

Writing (C.55) in terms of [ROCO,] and [Hco3"1 using (C.56), (C.52),

(C.47), and (C.45) results in

1 (roco, ) _ Ko, kglH']
T' = [ROCO.] + + [HCO, ] 1 + +
2 K 3 (61 k.x
1 5w
. +
[H] K.k
+ {1 - -—‘L"-}) . (C.58)
KCl Kwks
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Solving for [HCO3-] gives

s
(= ][ROC02]

T - [Roc02] -

tHeo, ] = — — . (C.59)
K k_[H'] [H] K. .k
BRI N
H] ksKy Koy K.Xs
Since [ROH] = T - [ROCO,] - [ROCO,H] (C.60)

solving (C.57) for ROCO2 using (C.56), (C.60), and (C.59) results in

[H*][Rocozl

K.K_T° T' - [ROCOZ] -

1°f K
[ROCO,) = ~ 1 : (c.61)
[H ][ROC02] +
KQ+ [T'- [ROC02]- {lef + K [H ]}
5
where ‘
+ + '
K k_[H) [H'] K ..k
0 = 1+, .8 1- 28l (c.62)
1] k.K K K k

S'w Cl w5

Rearrangement of (C.61) leads to a quadratic in [ROCOZ], the solution

of which is

- b - (b2 - llac);5

[rocO,1 = >a (C.63)
where X [H+]2 .
as= X; + 2K [H'] + K K. (C.64)
b= - 2K IH1T' - 2K K T - K0 (C.65)
¢ = KKT . (C.66)
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Use of (C.63) allows the following expressions to be used;

(at [ROCO,]

[RocOH] = ——————= ' : (C.67)
K
1
_ T' - [ROCO,] - [ROCO_H]
[Hco, ) = (c.68)
Q

+
ke [H'1 [HCO, ]

[C02] = (C.47)
kSKw
_ K., [HCO_ ]
[co,71 = 23 (C.69)
{H]
[H2C03] = T' = [ROCOzl - [ROCOzH] - [HCO3 ]
= [co; 1 - [co,] . ' (C.70)

Therefore all the concentrations can be calculated from known concentra-

tions and equilibrium constants if k5 and k6 are known. In cases when

ks and k6 are not known,6 they must be estimated and varied until self

consistent values are attained.
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APPENDIX D

Tables of Data

This appendix contains tables of kinetic data for the base
hydrolysis of (NH3)5C0CO t for the base hydrélysis of (en)2CoCO3+,
for the acid hydrolysis of (phen)2C0C03+, and for the acid hydrolysis
of (bipy)2C0C03+. Each table gives the observed rate constant, the
hydroxide or hydrogen ion concentration, the predicted rate constant,

k a’ calculated from the least-squares best fit parameters and the

calc

rate law, and the values of any constants required in these calculations.
Also given in this appendix are the equilibrium data for the

(NH3)SCoCO3+ and (en)2CoCO3+ base hydrolysis systems. Here the

subscript calcd refers to the value of an expression calculated

from the best fit values of the parameters and the particular

equation used.
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TABLE D.1l
Variation in the Rate of Hydrolysis of (NH3)5C0CO3+
with [OH 1. at 45.0°
foH ], M kzbsdx10% sec-1 kialch10€ sec
0.010 1.360 1.489
0.020 0.935 0.757
0.040 0.528 0.403
0.050 | 0.360 0.337
0.099 0.229 Q.231
0.100 0.292 0.230
0.300 0.257 0.295
0.400 0.353 0.365
0.500 0.437 0.440
0.700 0.602 0.595
6.800 0.673 0.675
1.000 v 0.835 0.835
14

(a) 1 = 1.0 (NaNO,), K = 7.140x10 .
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TABLE- D, 2

Variation in the Rate of Hydrolysis of (NH3)5CoCO3+

with [OH ] at 50.0°

[OH ], M : ) k:;tbsdxlo‘};,sec-l kZalch1o4'sec-l
0.020 2.230 2.265
0.040 ' 1.220 1.179
0.060 0.900 0.838
0.100 0.597 ' 0.602

£ 0.100 0.537 0.602
0.200 0.612 0.534
0.500 . 0.900 0.865
0.800 1.260 1.296
0.800 1.260 1.296
0.900 1.475 1.445

14

(a) u = 1.0 (NaNOJ), K= 9.820x10 .
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TABLE D.3
Variation in the Rate of Hydrolysis of (NH3)SCoCO3+
with [OH ] at 55.0°
[oH 1, M . kzbsdx104,sec-l k:alcdx104,sec-l
0.020 3.850 3.970
0.040 2,200 2,093
0.060 1.610 1.514
0.099 1.180 1.141
0.099 1.075 1.141
0.100 1.180 1.138
0.100 1.260 1.138
0.199 1.125 l1.103
0.200 l.160 1.106
0.497 1.920 1.934
0.497 1.960 1.934
0.794 2.920 2.941
0.993 3.660 3.633
0.993 3.580 3.633

(a) ¥ = 1.0 (NaNO,), K = 1.325x10 13,

»
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TABLE D.4
Data for the Determination of K = [(NH3)5COCO3+]
[H°1/0(NH,) CoCO.H2+] at 25.0°
3’5 3
d
K, €,
+ - a,b -5 b
[H] [HC03 1 Y bsa*10 Y o10g%10
0.387 0.546 0.424
0.579 0.765 0.780
0.626 0.957 0.867
0.734 1.133 1.084
0.956 1.373 1.477
1.215 1.973 1.955
1.462 2.035 2.412
1.781 3.134 3.003
2.528 4.312 4.382
2.957 5.106 5.178
3.307 5.869 5.825
3.842 , 6.853 6.813

(a) T=25.0°, u=1.0 (NaC10,), initial [HCO,"] = 0.0242 M

+
K, €&, - ¢, (K, + [H'])

(d) Y =
tmh)



TABLE D.5

Data for the Determination of Kl =

[(en)2CoOHCO3]/

[(en)ZCoCo3+][OH—] at 26.0°

229

bT 3 fouT17, m?

A' -a x 10 Calculated Experimentala T XI04 M
max ‘o o ’
10.85 431.3 432.0 2.08

9.72 381.3 407.0 2.08
4.80 l163.8 147.0 3.28
2.77 73.97 73.40 2.82
2.50 62.03 58.60 2.49
2.33 54.51 48 .90 3.40
l1.91 35.93 36.80 4.68
l1.60 22.22 24.50 2,51
1.39 13.07 14.70 3.41
1.26 7.320 7.340 3.13

(a) u=1.0 (NaCl0,), 5 cm cell, A = 300 mu.



230

TABLE D.6

Data for the Determination of K, = [(en)2CoOHCO3]/

[(en)2C0C03+][OH-] at 34.0°

bT fou"17%, m71

2 10 . a 4
max_Ao Calculated Experimental Tbxlo , M
6.10 180.7 191.0 2.28
5.00 141.5 134.0 2,23
3.00 70.22 71.70 2.09
2.40 48.85 52.30 2.02
2.31 45.64 45.00 2.07
1.99 34.24 35.80 2.00
1.99 34.24 30.50 2.16
1.95 32.82 28,60 2.50
l.44 16.43 18.10 4.79
1.43 14.29 14.20 4.61
1.37 12.15 11.90 6.00
1.27 8.590 7.110 5.50
1.18 5.383 5.820 8.05
1.13 3.602 4.450 6.36

(a) u = 1.0 (NaClO4), 5 cm cell, A = 300 myu.
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TABLE D.7

Data for the Determination of Kl = [(en)2CoOHCO3]/

[(en)2CoCO3+][OH-] at 44.0°

bT fon 17t 1
x 10 . a 4
éax_Ao Calculated Experimental Tbxlo s M
7.15 143.5 129.5 3.94
3.54 57.7 63.0 2,38
2.86 41.6 44.1 2.80
2.71 38.0 45.6 2.22
2.65 36.6 45.6 1.84
2.29 28.0 20.1 2.14
2.27 27.6 34.8 2.11
2.25 27.0 27.6 2.88
2.23 26.6 34.8 2.04
2,02 21.6 23.3 2.31
1.90 18.8 15.8 2.75
l.80 l6.4 13.1 3.78
l.67 13.3 14.3 l.46
1.49 9.01 10.5 2.52
l.48 8.77 8.20 3.41
1.47 8.54 9.65 2.25
1l.46 8.30 7.40 2.19




TABLE D.7 (Cont'd)
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-1 -
bT_ , o1+, m7t
st e ——

' _=A x 10 Calculated Experimental? T x104, M
max "o o

1.35 5.68 3.49 1.86
1.31 4.73 6.74 2.42
1.30 4.50 4.65 2.10
1.26 3.55 4.03 2.29

(a) ¥ = 1.0 (NaClO4), 5 cm cell, A = 300 mu.
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TABLE D.8

Variation in thé Rate of Hydrolysis of (en)2CoCO3+

with [OH ]-at 26.0°

[0H-], M k:bsdxlo3, sec-l k:alcdx103, sec-l
0.00119 1.308 1.054
0.00179 0.729 0.745
0.00232 0.607 0.605
0.00246 0.577 0.577
0.00342 0.525 0.455
0.00681 0.285 0.304
0.0136 0.244 0.243
0.0171 0.229 0.238
0.0204 0.230 0.238
0.0272 0.214 0.246
0.0408 0.252 0.276
0.0408 0.259 0.276
0.0681 0.324 0.351
0.130 0.4920 0.557
0.204 . 0.745 0.771
0.273 1.00 ' 0.997
0.341 1.26 1.20

0.355 . l.26 l1.25
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TABLE D.8 (Cont'd)

[0H-], M kibsdx103, sec-l zalcdxlo , Sec
0.381 1.32 1.32
0.445 1.72 1.53
0.508 1.87 1.73
0.572 2.04 1.93
0.603 2.15 2,03
0.613 2.37 2.23
0.680 2.64 2.37
0.748 2.86 2.80
0.817 3.12 3.24
0.886 3.53 3.32
1

(@A) uy=1.0 (NaC10,), A = 300 mu, K, = 48.5 M.
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TABLE D.9
Variation in thé Rate of Hydrolysis of (en)2C0C03+
with [OH }. at 34.0°

[OH-], M kzbstIo3' sec kZalch1o3' sec
0.00228 4.56 1.99
0.00365 2.11 1.40
0.00496 l.00. 1.15
0.00502 1.52 1.14
0.00523 1.18 1.11
0.00743 0.949 0.926
0.00773 1.17 0.910
0.0140 0.700 0.753
0.0191 0.737 0.728
0.0223 0.706 0.729
0.0227 0:618 0.729
0.0261 0.572 0.736
0.0279 0.753 0.744
0.0284 0.613 0.745
0.0328 0.711 0.766
0.0348 0.686 0.779
0.0350 0.739 0.780
0.0446 0.680 0.840




TABLE D.9 (Cont'd)
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[OH-], M kgbstI03’ sec-1 calcdxlO . sec
0.0483 0.693 0.865
0.0552 0.906 0.917
0.0552 0.958 0.917
0.0702 0.950 1.03
0.0842 1.12 1.15
0.112 l1.60 1.38
0.141 1.61 1.62
0.172 1.98 1.89
0.225 2.43 2.34
0.281 3.01 2.82
0.336 3.68 3.30
0.393 3.71 3.79
0.449 4.20 4.27
0.505 4.68 4.76
0.561 6.08 5.25
0.617 6.03 5.73
0.673 6.74 6.22
0.729 7.70 6.71
0.756 7.20 6.94
0.785 7.87 7.19
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IABLE D.9 (Cont'd)

[OH-], M :bsdxlo3, sec-l kzalcdxlo , sec
0.785 7.45 7.19
0.842 9.12 7.68
0.842 8.45 7.68
0.842 8.65 7.68
0.899 8.45 8.18
0.899 8.80 8.18

(a) U = 1.0 (NaC10,), A = 300 my, K = 36.7 ML,
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Variation in the Rate of Hydrolysis of (en)200003+
with [OH ]. at 44.0°
[OH 1, M kgbsdxlo3, sec k:élchI03' sec
0.00365 6.88 6.03
0.00502 5.33 4.85
0.00773 3.85 3.79
0.0151 3.33 2.96
0.0159 2.70 2.93
0.0219 2.66 2.81
0.0219 2,50 2.81
0.0227 2.68 2.80
0.0287 2,83 2.82
0.0287 2.75 2.82
0.0362 2.59 2.91
0.0429 2.76 3.02
0.0497 3.13 3.16
0.0632 3.18 3.46
0.0698 3.50 3.62
0.0766 3.72 3.77
0.0949 4.58 4.24
0.104 4.88 4.27




TABLE D.10 (Cont'd)
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[oH ], M k‘:bsdxlo , sec k‘:alcdx103 , sec
0.122 5.02 4.95

0.149 5.78 5.65

0.178 7.00 6.45

0.248 9,23 8.32

0.310 10.7 10.0

(a)p = 1.0 (NaCl0,), A = 300 mu, K, = 26.4 M_

1
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TABLE D.1l1l

-+

Variation in the Rate of Hydrolysis of (bipy) 2CoC03

with (H'] at 52.0, 60.0, and 69.3°

(1, M k;Lsdxlo3, sec t kcalcdx1°3' sec™t T,°
0.0667 0.256 0.262 52.0
0.200 0.738 0.720

0.334 1.15 1.18

0.483 1.48 1.69

0.551 1.96 1.92

0.600 2.38 2.09

0.800 2.81 2.78

0.867 2.95 3.o1

0.867 2.95 3.01

0.0968 1.11 1.31 60.0
0.226 2.47 2.51

0.355 3.85 3.71

0.467 4.95 - 4.75

0.600 6.13 5.99

0.867 8.25 8.48

0.0667 2.17 2.01 69.3

0.200 . 5.06 4.71
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TABLE D.1l1 (Cont'q)

[H+], M kzbsdx103, sec_l kcalcdx103, sec-l T,°.
0.400 8.16 8.76 69.3
0.400 9.13 8.76

0.500 9.66 1.08

0.613 13.8 13.1

0.800 16.5 16.9

0.867 18.8 18.3

(@) u = 1.0 (NaCl).



TABLE D.12
Variation in the Rate of Hydrolysis of (phen)ZCoCO

with [H1] at 50.0°

3

+

242

[H+], M i k:bsdxlo3, sec“l kcalcdx103, sec
0.0666 0.133 0.142
0.0666 0.123 0.142
0.127 0.230 0.242
0.200 0.403 0.365
0.200 0.418 0.365
0.200 0.398 0.365
0.269 0.423 0.480
0.287 0.550 0.511
0.400 0.626 0.700
0.400 0.666 0.700
0.483 0.834 0.839
0.500 0.963 . 0.867
0.500 0.825 0.867
0.500 0.905 0.867
0.600 1.00 1.03
0.600 1.00 1.03
0.715 1.10 1.23
0.715 1.25 1.23
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TABLE D.12 (Cont'd)

+ a 3 -1 3 -
Hl, M kobsdxlo s Sec kcalcdxlo s Sec
0.715 l.28 1.23
0.800 1.52 1.37
0.800 1.28 1.37

(a) 4 = 1.0 (NaCl).
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TABLE D.13

Variation in the Rate of Hydrolysis of (phen) 2Coco3+

with [H'] at 60.5°

(1, M : k:bsdx103, sec” kcalcdx103, sec”
0.6666 0.529 0.510
0.133 3 0.842 0.851
0.200 1.07 1.19
0.267 1.66 1.54
0.333 1.98 1.88
0.400 2.31 2.22
0.500 2.56 2.74
0.600 3.12 3.25
0.700 | 3.75 ‘ 3.76
0.800 4.38 4.28
0.840 4.50 4.48

(a) # = 1.0 (NaCl).
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TABLE D.1l4
Variation in the Rate of Hydrolysis of (phen)2CoC03+
with [H'] at 71.1°

[H+], M a x103, sec x103, sec

obsd calcd
0.0666 1.12 1.86
0.100 1.67 2,27
0.200 3.08 3.50
0.300 6.02 4.14
0.400 6.41 5.87.
0.500 8.11 7.20
0.600 9.00 8.43
0.700 9.75 9.66
0.700 9.70 9.66
0.800 11.5 lo0.9
0.800 9.62 10.9
0.800 lo.2 10.9
0.800 lo.8 10.9
0.800 l10.8 10.9

(a) B = 1.0 @®ac1).



