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ABBREVIATIONS

The following abbreviations appear in this thesis,

Tren 2,2',2"-triamino triethylamine
MegTren 2,2',2"-tri(N,N-dimethylamino) triethylamine
6
gly glycine
C.F.S.E. Crystal Field Stabilization Energy
KIP Ion pair association constant
k H.0 The rate constant for releasc of inner sphere coor-
2

dinated water from the ion pair complex.

kex The water exchange rate in the primary hydration

sphere of the metal complex.

en 1,2-diaminocethane

dien 2,2'-djaminodiethylamine

trien N,N'-di(2-aminoethyl)-ethylenediamine
Py 2-pyridyl

bipy 2,2'-dipyridyl

terpy 2,2',2"-terpyridyl

pada pyridine-~2-azo-p-dimethylaniline



(1)

Summary

The kinetics of ligand substitution in the two five coordinate com-
plexes, [Cu(Tren)OH2]2+ and [Cu(MeGTren)0H2]2+ were investigated using both
the stopped flow and temperature jump techniques.

A three temperature study of N3-, NCS~ and OCN  substitution in the
complex, [Cu(MeeTren)OH2]2+ was carried out. The rate constants and activa-
tion parameters for both anation and aquation reactions are reported. It is

suggested that the Eigen mechanism, shown as follows,

+ “1p + ka3 +
Cu(MegTren)OH,?  + X~ T2 Cu(MegTren)OHp? ...X" T= Cu(MegTren)X + OH,
ion pair k32 inner sphere
product
Koz = kp3z/kszp and X° = N3 , NCS , OCN~

is operative, with the rate constants (kp3) being similar for the three
substituting ligands.

A three temperature study of N3_ substitution rates in the complex,
[Cu(Tren)0H2]2+ showed rectilinear plots with a positive slope for the narrow,
(experimentally limited), range of ligand concentrations used. This work
was confined to the temperature jump technique since the observed rates were
too rfast for stopped flow analysis. Activation parameters for the aquation
of [Cu(Tren)N3]+ are reported and it is again postulated that the Eigen
mechanism operates. The NCS~ substitution in [Cu(Tren)OH2]2+ is reported
at only one temperature owing to its very high aquation rate.

The aquation rate of [Cu(MeGTren)X]+, compared to that of [Cu(Tren)X]+,
for the same ligand (Na- or NCS ), was found to be approximately 10% times
slower. The anation rate comparison should exhibit a similar difference in
magnitude. Reasons for these differences are proposed in relation to electro-
static, geometrical flexibility and to a lesser extent labile site environment,
considerations.

Fquilibrium studies were complicated owing to the nature of the Eigen



(4ii)

mechanism, with its intermediate ion pair complex. Equations for this
analysis are presented. The kinetic and spectrophotometric equilibrium cons-
tants are compared at only one temperature (298 K) and good agreement is
obtained.

The rates of anation reactions of C1  and Br~ with [Cu(MegTren)OH, ]2t
were studied and straight line plots of essentially zero slope are obtained
over a large ligand concentration range, at all temperatures investigated.
The reasons for considering that the same Eigen mechanism is operative, are
discussed.

The SO3~/HSO3~ substitution in [Cu(Tren)0H2]2+ and [Cu(MeGTren)OH2]2+
again shows a reduced lability, (v 103 times), for the anation of the
[Cu(MeGTren)OH2]2+ complex, A kinetic investigation of the rate of substi-—

tution at various pH values was undertaken. A plot of ko g over a ligand

b
concentration range, at a particular pH, showed a straight line of positive
slope even at very high ligand concentrations. An explanation of this phe-
nomenon is given.

The substitution of the complex, [Cu(MegTren)OH]T by the ligands N3~,
NCS™ and OCN™ at 298 K is reported. They exhibit the kinetic curve usually
attributed to the Eigen mechanism.

Spectroscopic measurements were made in order to determine the equi-
librium concentrations of the participating species for all the systems.
Where both practicable and necessary, equilibrium constant measurements were
made for detailed analysis of the kinetic data obtained.

Soue implications of the present studies for the method of action of
carbonic anhydrase are discussed. This relates to the hypothesis that the
metal 2,2',2"-Tri(N,N-dimethylamine)triethylamine (MegTren) complex may be

an analogue of this active site metallo enzyme.
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CHAPTER ONE : 74 o)

INTRODUCTION A

The research described in this thesis is mainly concerned with a study
of the substitution reactions of five coordinate copper systems. In addition,
the hypothesis that the metal 2,2',2"-Tri(N,N-dimethylamino)triethylamine
(MegTren) complex is an analogue of the active site metallo-enzyme carbonic

anhydrase, is briefly examined.

I (A) Structural Aspects of Trigonal Bipyramidal Complexes in particular,

[M(Tren)0H, 12+ and [M(MeTren)OH,]2%.

1,5

Five coordinate structures can be divided into two main idealized

symmetrical configurations, square pyramidal (C4v) and trigonal bipyramidsl

(D which are shown below.

3h) b
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These two extreme structures can be interconverted by angular distortions.
The main factors! that determine the configurations in a particular complex
are,
1. The nature of the metal-ligand bonds.
2, Electrostatic and non-bonding repulsion between ligands (D3h is
more stable). -
3. Crystal field stabilization energy.

4. Shape of the ligand molecules and crystal packing forces in the

solid state.



The structure? of [Cr(NHg)G][CuCls] is an example of the regular tri-~
gonal bipyramidal structure. The angle between the axial and equatorial
bonds (B) is assigned as the apical angle. Orbital-SPlitting cliagramsl’S’6
for C4v and D3h fields appear in FIG. (1.1).

On the basis of charge repulsion, Zemann3:6 has shown that the trigonal
bipyramid is the most stable configuration for five ligands MLs at equal
distances from M. Both the trigonal bipyramidal (D3h) and square pyramid (C4v)
configurations occur owing to the closing and opening of various bond angles.

For d! to 49 electronic configurations the crystal field stabilization

enargy (C.F.S.E.) favours the square pyramidal model. This stabilizationl>6

decreases when the angle L M L deviates from 90°. For values
apical basal

of 105°, the C.F.S.E. favours trigonal bipyramidal structures. Effects® of

non uniform distribution of d electrons on bond lengths in five coordinate

complexes is one factor causing distortions of idealized geometries. The

series6

of high spin five coordinate complexes, [MII(MesTren)Br]Br where

M = Mn, Fe, Co, Ni, Cu, Zn are good examples of the stereochemical effects
of d electrons in five coordinate complexes. From X-ray studies, this struc—
ture was shown to consist of trigonal bipyramidal [M(MegTren)Br]™* cations
and Br~ ions arranged in a distorted NaCl type lattice. Plots® of M-N and
M-Br distances versus atomic number in a series of the above complexes show
that the equatorial M-N distances increase for Ni (ds) and Cu (d?) when
dxz—yz and dxy qrbitals lying in the equatorial plane are being filled. The
large increase of the apical M-N distance for Zn (d!%) is accounted for by
filling the dz2 orbital which points towards the nitrogen. See diagrams for
splitting of d orbitals in FIG. (1.1). It can be seen that bond lengths and
so distortions, are greatly influenced by the arrangement or distribution of
d electrons within the orbitals of the complex structure,

The copper complex of 2,2",2"-triaminotriethylamine (Tren) with thio-

cyanate, [Cu(Tren)NCS]SCN, reveals a five coordinate trigonal bipyramidal

structure.? The equatorial angles and bond lengths are unequal thus suggesting
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a slight distortion. Basolo and Pearsoxf7 initially suggested that one thio~
cyanate ion was coordinated to the divalent copper ion through the nitrogen
atom and the other through a sulphur atom in a ciec octahedral complex. Later
work by Jain89 and Lingafelter indicated that the copper ion was surrounded
by four nitrogen atoms from the Tren molecule and one from thiocyanate; in

a slightly distorted trigonal bipyramid with the tertiary (Nj) nitrogen atonm
and the thiocyanate (N5) nitrogen atom at the apices. The three primary
amine nitrogen atoms (No, N3, Ny) are in the equatorial positions. It should

be noted that the second thiocyanate ion is not coordinated to the copper ion.

Fig. (1.2) le\\ Cu-NCS = 1.95 A°
/' N3 Cu-N oy = 2.06 A°
Np —Cu (e = °
I N, N;-Cu-Ng 177
Ng Ny-Cu-N3 = N3-Cu-N;, = 113° to 114°
~c Ny—-Cu-N, = 130°
\\S

For the divalent!® Nickel Tren complexes there are two thiocyanate groups

forming a c¢Zs octahedral structure.

From X-ray work it was found that the hexamethyl derivative of Tren,
MegTren, forms only five coordinate species with the divalent first row
metallls>13 jons. The complex, [Co(MegTren)Br]Br is a trigonal bipyramid
with C3v symmetry. The greater steric hindrance provided by the equatorial
methyl groups does not allow close approach of the sixth ligand that can

o+

1 In the spectra of complexes, [M(MegTren)X]X where M = Cr?",

occur in Tren.
Fe2+, Cu?t which have true C3V symmetry, two bands corresponding to d-d
transitions are observed. These are due to transitions between the three
energy levels (A, + 2E).
The stabilities of various coordination geometries are discussed by
Sacconi.! For five coordinated complexes the order of stability is,
Mn < Fe = Ni < Co < Zn < Cu

For octahedral complexes the order of stability is,



Mn < Fe < Co < Ni < Cu > Zn

Maximum C.F.S.E. of hexa-aquo ions occurs with nickel, but in the five coor-
dinate series it is expected to occur with copper. This could explain why
Tren gives five coordinate species with divalent copper and cobalt ions in
aqueous solution whereas divalent nickel produces an octahedral complex.

The structure of [M(MegTren)X]X complexes can be assigned by comparison
with the spectra of typical high spin configurations. The spectra of the
MegTren metal ion complexes show a definite similarity to those of some high

% cobalt and nickel divalent ion complexes of known five coordinate

spin1
structure. These known structures are both trigonal bipyramidal and square

pyramidal. The spectra11 of complexes, [M(MegTren)X]X, where (M = Co, Ni)

are consistent with spectra of trigonal bipyramidal compounds.12 Spectroscopic11
results indicate five ccordination (trigonal bipyramid) for all divalent
copper, nickel and cobalt MegTren complexes.

The five coordinate structure of the cobalt tren complex in aqueous
solution has been confirmed by its similarity in absorption spectrum with
that of the solid compound, [Co(MegTren)Br]Br, which has been shown to have
a trigonal bipyramidal structure from X-ray studies.!3217 The U/v, vis

spectra15 of complexes [Co(Tren)X]X where X = I”, NCS are very different

from those of cobalt compounds with tetrahedral or octahedral stereochemistry16
but are very similar to the spectrum of the five coordinated complex,
[Co(MegTren)Br]Br. Tha bands in the Tren complexes are shifted to higher
frequencies compared to that for MegTren complexes. This is due to the
greater crystal18 field splitting and therefore electron donation ability

of the NH, group compared to the N(CH3),. Also the frequencies exhibited

by, [Co(Tren)NCS]SCN, infra-red spectra are almost the same as for,
[Cu(Tren)NCS]SCN, whose structure? has been shown to be five coordinate tri-
gonal bipyramidal.

11

To summarize, the steric requirements of the amine tren are on the

borderline of compatibility for five and six coordination. The five coor-



dinated structure is formed depending on the nature of the metal ion or the
presence of other suitable ligands in solution. The Tren complexes of the
divalent ions of cobalt, copper and zinc exhibit five coordination. In
contrast, X—rayls’19 and spectral studies have shown that all divalent nickel
Tren complexes are octahedral. From results of a calorimetric study20 it

was found that five coordination is favoured in the order,15
(Co, Cu, Zn) > (Fe, Ni) > Mn

The stereochemical requirements of Tren allow five coordination for three
elements forming the most stable five coordinated complexes. Increasing the
bulkiness of the ligands as in MegTren (through N-methylation), provides five
coordination for all the first row transition metal ions Mn?t to Zn2%. The
above discussed complexes form part of an increasingly large group of five
coordinate complexes discovered and investigated throughout the last fifteen
years. The general space filled models of [M(MeeTren)OHz]2+ and [M(Tren)OH2]2+

appear in FIG. (1.3).



FlG 1.3 Space filling models of [MMe,trenH,0]** (a) and
[MtrenH,O]2* (D).
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I (B) The Kinetics and Mechanisms of Ligand Substitution in Labile Complexes

(1) Common Mechanisms for Reactions of Solvated Metal Ions

The subject of this research is metal ion substitution reactions in
solution, therefore it is necessary to review? this general field. 1In dis-
cussing the kinetics of ligand substitution it is necessary to classify
possible types of mechanisms. There are a number of common possible mecha-
nisms for the reaction of a solvated ion and solvated ligand to form a complex.
fhese are outlined on the assumption that the solvation shell of the ligand
is several orders of magnitude more labile than that of the metal ion.

The Frank® and Wen model is used to explain the solvation of a metal
ion. This model proposes that the central metal ion is surrounded by three
regions:

Region A close to the metal ion, is one of immobilization and is

referred to as the inner coordination sphere of the metal ion.

Region B, the solvent water is "ice like'" and is more randomly

orientated than normal. This is the outer coordination sphere.

Region C contains the bulk solvent containing water polarized by

the ionic field. In this region "normal" structural orientating

influence of neighbouring water molecules predominates.

The common mechanisms for the reactions of solvated metal ions appear
below,

(1) intermediate of reduced coordination!

kig

[M(OHz)n]Z+ — [M(Oﬂz)n_1]z+ + OH,

21
z+ Zl_ k23 (z_z')+
[M(OHz)n_l] + [L(OHz)m] — [ML(OHZ)m+n—p] + (p-1)H,0
oo (1.1)
(ii) outer sphere association between ion and ligand!
[M(OH,) 1%% + [L(oH,) 1%~ iié. [M(0H,) - L(OH,) ]¢"2")*
2’n 2'm k21 “2/h 2'm
kslekz3
(z-2z')+

[MLCOHp) y ] + pH20 ..(1.2)



(iii) associative displacement process!

k . L(0Hy)
z+ z'- 12 o° 2/m-x (z-z2")+
[M(OHz)n] + [L(OHZ)m] ﬁ;; [(HZO)n_lM'“OHZ ] + x Hzo
lkzs
(z-z')+
[ML(OHZ)m+n—p] + (p-x)H,0 cee(1.3)
Mechanism (ii) may be written as,
z+ z'- El& z+ z'- Eig_ z+ z'-
M” (aq) + L” (aq) o [M™ (OHy) (OH)L™ ] o [M™" (0H LT 7]
21
solvent separated outer sphere
ion pair ion pair

k
=

z-z'
k32 ]

+ OH, e (1.4)

inner sphere
couplex

In the solvent separated ion pair, the first OH, group is in the first co-

+
ordination sphere of Mz,

K is the ion pair association constant K = Eléki&
e ’ ©IP ko1ko1
The extra step shown has been detected by Eigen,” using ultrasonic studies.

Langford3 has summarized work by Eigen* for the reaction leading to

the formation of MgSO, and the mechanism is as follows,

+ = fast + N slow
Mg®" (aq) + 50,2 (aq) T—= [Mg2 (HZO)n8042 ] =— [MgSO,] ....(1.5)

The diffusional step is fundamental to all soluticn processes. The rates

for the fast step are very close to those calculated for diffusion together

of species in solution. The product of the first step (diffusional) is

called the "encounter" complex. The "encounter" complex is considered to be
in equilibrium with the free ions throughout the course of the slower reaction
to form the inner sphere complex of MgSO,.

7

Eigen"s7 suggested that the "encounter" complex proceeds via two first
g g8 p

order stages involving loss of water coordinated to SOH= and then luss of



10.

water coordinated to M2V, The following reaction sequence is due to Eigen“

and Tamm,
k1o k23
2+ 2= —= 2t —H —H 2=7 —> ot -H 2
M“T(aq) + 804° (aq) o1 M€ 0Ty 04 8047 ] Fow M7 0, 8042 1,9
kusT 1k34
M50415q  +-.(1.6)

Eigen's" data for the last slower step appears in Table (1.1) and shows that

cu?t and Zn2+ react faster than Ni2% and CoZ+, with the 804= ligand. Kinetic
6 5

data for the formation of MgSO, and MnSOy appears in Table (1.2) and is

based on the Eigen reaction sequence shown above.



Table (1.1)

Kinetic data for 50,  substitution from ultrasonic sound

absorption measurements

k
34
249~ H 301 =

M*Fo_; x*7] us [Mx] + om,

Reaction ky3 (s71) k3y (s~1)
BeZt + 50,2 1.3 x 103 1 x 102
Mg2t + 50,2 8 x 10° 1 x 10°
Mg2t + 5,052 1.5 x 10° 1 x 10°
Mg?t + cro,2” 1.5 x 108 1 x 10°
ca?t + cro,2- 2 x 108 2 x 107
Mn2t + 50,27 2 x 107 4 x 10°
Fe?t 4+ 50,2 6 x 106 1 x 108
Co?t + 50327 2.5 x 106 2 x 105
NiZt + 50,2 1 x 10° 1.5 x 10*
cu?t 4 504,2” 2 x 108 > 107
zn2t + 50,2” > 108 > 107

]
rM2+ (A )

0.35

0.78

0.99

0.91
0.83
0.82

0.78
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Table (1.2)

Kinetic data for SO, substitution from ultrasonice sound

absorption measurements

MgSOy, MnSO,,
kos® (s71) 7.2 x 107 6.9 x 107
k3z (s7H 3.7 x 107 18.5 x 107
K23 0.51 2.7

k3, - (s=1) 1.4 x 10° 4.8 x 107
kyz (s~h) 8.0 x 10° 13.5 x 10°
K3y 5.8 0.28

Notes to table (1.2)

(a) kp3 1s essentially the same for the two salts. It is
dependent on anion, and is considered to be "anion
dehydration”.

(b) kgy is virtually identical to the solvent exchange rate
especially in the Mn2t case.

This step is considered to be '"cation dehydratica".
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(2) Bastic kinetic terminology

The three main mechanistic pathways stated initially, have been
categorized by Langford and Gray? as follows,

Reaction (i) SNl (lZim), (D) process

Reaction (ii) SNl (Id) or SN2 (Ia)

Reaction (iii) SNZ (Iim), (A) process

9 necessitates an intermediate of reduced

The D (dissociative) mechanism
coordination number, which is capable of surviving several molecular colli-
sions before rapid association of the ligand, to form the complex. The rate
of reaction will be dependent on the rate at which the Zeaving group disso-
ciates and is therefore dependent on the nature of this leaving group. The
rate will be independent of the nature of the entering group (meglecting
effects of the entering group on the environment e.g. solvent effects). The
D process will be independent of the ligand concentration at high ligand
concentrations where a steady state situation arises.

The A (associative) process9 has an intermediate of increased coordi-
nation number and the rate is sensitive to the nature of the entering group.
The rate should show first order dependence on the entering group concen-
tration. In this A process, both leaving and entering groups are participants
in the transition state and therefoure the entering group influences the
activation energy determination.

When the I (interchange) mechanism has the D like transition state
with only weak bonding to both entering and leaving groups, the rate of
reaction will be slightly dependent on the nature of the entering group and
the process is called (Id) dissociative interchange.!® This slight depend-
ence arises from the ligand/water competition ratio in the outer coordination
sphere, for the vacant site on dissociation of the inner sphere coordinated
water. The Id process will be ligand concentration independent at high

ligand concentrations where all the ligand exists in the ion pair complex as

is discussed in detail later. This Id mechanism postulated in outline as
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early as 1958, is sometimes referred to as the "solvent assisted dissociative
mechanism".

The reverse situation to that described above can occur, that is strong
bonding in the transition state entering and leaving groups. This is denoted
by the term Ia or SNZ.

Anation is the replacement of an aquo ligand by an anion. Aquation is
the replacement of an anion with a water molecule. These two types of subs-
titution are of wide interest. Anation is not as well documented as aquation
but it is the former process which will be discussed later. In this general
reQiew, reactions will be discussed primarily to illustrate the methods

employed to differentiate between D and Id mechanisms.



(3) Anation Reactions of Labile Metal Ions
(1) Alternate Mechanistic Pathways, Dissociative (D) or

Dissoctiative Interchange (Ij)

In a review by Sutinll! the following reaction is discussed,

kg

M(H,0)613% + [X]~ ii: [M(H,0) sX]2* 0H, sani 6(1s7)

Two basic mechanistic pathways are indicated below,

(1) , (III)
+X (k)
M(H,0)613" =——— mM@,0)¢3F....x7]
~X" (k)
k+H20T lk—Hzo k+H20T lk—Hzo
+X7 (k)
M(H,0)5]3Y ——— [M(H,0) sX]2t
X (k_))
(11) (V)

(Reaction scheme as in reference 9)

1fll k:x >> k! then k_ and k, the rate constants for formation and

-H,0 £ d

dissociation of [M(H20)5X]2+, are given as follows,

k H20 kx
k. = K __k' + — = voue (Lal)
£ IP -H,0 Kym0 * k [X7]
k k
+Ho0 -x
k, = k! + = vees(1.9)
d +H,0 k+H20 + kx[X ]
k'
where KIP = E$_ and is the outer sphere equilibrium association
-x
constant.
N 1 1 . ] .
Since kx n kx and k-HZO N k—HZO’ if k+H20 >> k_x thenunder these

conditions reaction scheme I + IIT -+ IV predominates with kf = KIP'k'H 0
) —H2

= 1
and kd k+H20'

With regard to the above (Id) mechanism the assumption is made that

the solvent38-40 exchange rate of the soclvated metal ion is equal to the

[

solvent exchange rate in the outer sphere (ion pair) complex. This is denoted
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th i v k! i
by e assumption that k—HZO k—HZO

On the other hand if k'x >> k+H 0 then reaction sequence I -+ II »> IV
- 2

predoninates with the rate constants for formation and dissociation of
[M(H20)5X]2+ now being as follows,

- k—HzO kx and Kk - k+H20 k—x
£ k+H20 + kX[X 1 d k+H20 + kX[X 1

«...(1.10)

These expressions are arrived at by applying the steady state treatment
in the reaction path I - II - IV.

The above discussion illustrates the differing rate expressions (for
both formation and dissociation of [M(H20)5X]2+) relative to the reaction
path followed. The intermediates, of different lifetimes, formed in the
two reaction paths, I » II -+ IV and I » III + IV are five coordinate and an
outer sphere species respectively. The rate constants fcr many complex for-
mation reactions have been shown to be independent of ligand concentration
at high concentrations. This indicates mechanism I + III - IV under these
conditions, but alternmatively, path I - II »> IV is followed with kX[X‘] << 1.
The underlying principles discussed above are the basis on which mechanistic
arguments for specific anation reactions are proposed.

The study of formation of outer sphere (ion pair) complexes by rapid
reaction techniques has shown two well defined steps. The first being the
diffusion controlled step with the rates,

kyp = 109 -1010 po1-lgm3s~!

ko = 108 -1010 g-1
In the second step involving the formation of the outer sphere compiex in
which the central metal ion and the ligand are separated by a single water
molecule, the rates are as follows,

108-109 -1

R

ka3
k3, = 107 -1010 -1
The subscripts refer to Equation (1.6), Figen's“ modified reaction sequence

stated earlier.
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11 of [Ni(,0)g]%" with various ligands have been studied

Reactions
and the second order formation rate constants were found to be in the range
103 to 10" mol~! dm3 s7!. 1t is interesting to note that the second order
rate constant for water exchange in the divalent hexa-aquo nickel complex
is 3 x 103 mol1™! dm3 s7! at 298K. This would support a D or Id mechanism.
Since the water exchange rate and the forward rate for inner sphere complex
formation are similar then a table of water!? exchange rates would be a
measure of the lability of various divalent metal ion species. This order
of water exchange is well documented!3>13(a) and is as follows,

V2t < NiZt < co?t < Fe?' < Mn2t < zn2t < cd?t < ng+ < ¢r2t,cu?t

The slow rates of [V(H20)6]2+ (d3) and [Ni(H20)6]2+ (d8) are predicted on

the basis of crystal field stabilization theory.

(ii1) Jahr Teller influence on solvated metal ion water exchange
lability

The rapid rates of [Cr(H20)6]2+ (d*) and [Cu(H20)6]2+ (d9) water ex-
change are attributed to the Jahnl" Teller distortion of the octahedral
structures.

The divalent copper hexaaquo complex exists in solution as a distorted
octahedron consisting of four equatorial and two axial positions of very
different bond character. The two ligands in the axial configuration are
weakly held and therefore are readily replaceable. Different lifetimes in
this coordination structure would be expected for water molecules in differ-
ent spatial configurations. 1In the copper hexaaquo complex a rapid intra-
molecular transformation of the tetragonal structure makes all the positions

% of inver-

equivalent and accounts for the rapid ligand exchange. The rate
sion (in which two equatorial positions become axial) will determine the rate
of substitution of the much more strongly bound equatorial positions. Work

carried out by Swift and Connick suggests water exchange at the axial posi-

tions. The walter exchange rate for Lhe divalenl copper hexsaquo complex Is
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usually quoted as 8 x 109 571,15 For the hexaaquo complexes of the divalent
ions of Cr2+, Ni2+, Co2* the values are, 7 x 10° s“l, 3 x 10% s7! and

1 x 10° g1 respectively. Basolo!3 and Pearson have suggested that the axial
elongation of the divalent copper hexaaquo complex results in reactions of
this complex resembling those of square planar systems more closely than
those of octahkedral structure.

The very high lability16 of the divalent copper ion species has sig—~
nificantly precluded investigation of this ion and this is the reason that
the well documented reactions comprise C02+, Co3+, Ni2t and Cr3% ions.

Chelationl7518 of the divalent copper ion has been shown to dramatic-
ally reduce the water exchange rate, this is attributed to the removal of
the intramolecular inversion process produced by the Jahn Teller effect.
This reduced solvent exchange rate on chelation is fundamental to the work

described in this thesis.
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(4) A Specific Anation Reaction

Two possible mechanisms for the reaction are shown in the following

reaction scheme,19
() (11)
+X (KIP)
+ — 3+ -
[Co(NH3) 50H,]3F T=——= [Co(NH3)50H,37....X"]
-X
] 1 .
k—HzOl Tk+H20 k-HQ_Ol Tk+H20 ce..(1.11)
3+ k+x +
[Co(NH3) 5] f—;———~+- [Co(NH3) 5X]2
-X
(IV) (I1D)

where KIP is the outer sphere (ion pair) equilibrium association constant

Langford20 and Muir proposed a mechanistic scheme in which the tran-
sition statc is reached dissociatively but ascumes no intermediate along the
reaction pathway of sufficient stability to be selective in its reactions
with the species in the outer coordination sphere. Reaction sequence
I - II - III denotes this. For the latter reaction scheme, Langford and
Stengle19 proposed a dissociative interchange Ij mechanism. The intermediate
species is weakened by partial bond weakening of the inner sphere coordinated
water molecule. This unstable intermediate reacts with any available ligand
in the outer coordination sphere. For a 1l:1 outer-sphere (ion pair) complex,
(S-1) of the outer sphere sites will be occupied by water molecules if S is
the solvation number of the complex. If the anion occupies outer sphere
sites randomly, dissociation of the coordinated water will not necessarily
occur adjacent to the anion. Therefore (§-1)/S dissociative events will lead
to anation. The I4 mechanism predicts anation to be approximately 1/S times
the inner sphere water exchange rate (kex)'

For the Id9,20 mechanism a limiting rate should be reached at high
anion concentration when the metal cations are completely ion paired and every
subsequent dissociation within the ion pair leads to a substituted product.

This 1imiting rate is graphically 1llustrated by Langford?? and Muir. The
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rates of [Co(NH3)5X]2+ formation from [Co(NH3)50H23+....X_] have been reported
relative to the water exchange rate, for X = $0,%,29,2! 1=, NCS™ and H2P04“.22
These values are 0.24, 0.21, 0.16, 0.13 respectively. These values vary by

a factor of two for ligands differing in stability constants by about two
powers of ten. Also the spread of values fits within the differences in

their probability of occupancy of the outer sphere site adjacent to the leaving
water molecule. This probability of occupancy depends on such factors as the
size, shape and charge of the ligand in the outer sphere complex. All the
above ratios suggest that the statistical factor ranges between %% and bg.

The statistical relation between leZO and kex indicaves that a
[Co(NH3)5]3+ intermediate species is not formed. The inference that the pro-
bability of entry is determined by the initial population of the encounter
complex shows that the entering group enters before re-arrangement of the

L1

encounter complex. Work by Pearson and Moore confirms this idea. The

labile nature of the intermediate, resulting in k being less than

anation

kwater exchange is reflected in work by Duffy23 and Earley who compared the
rate of entry of C1~ and SCN™ into [Cr(NH3)s0H,]13% to that of water exchange.
From independent determination of jion association constants they estimated
the anation rates in the ion pairs to be about 5% of the water exchange rate.
Murray2L+ and Barraclough found the rate of sulphate anation in the ion pair
ets-[Co en, (OH2)23+.....SOQ=]to be 0.25 times the water exchange of the free
solvated metal cation. It is this statistical factor which distinguishes
the I; and D mechanisms. The D mechanism producing a longer lifetime, more

selective, intermediate would show k equal to k 25

anation water exchange.

The D mechanism (as does the I, mechanism) would show a limiting rate when

d
the concentration of the anion is such that it reacts with the intermediate
as soon as it is formed. This leads to the steady state situation where the
rate of formation of the intermediate is equal to the rate of its removal.

This would result in the rate being independent of anion concentration at

high anion concentrations.



For the reverse aquation reaction Langford calculated the linear free
energy relationship by plotting the rates of aquation versus the negative
logarithm of the equilibrium constants for a series of anions. The slope of
this line is 1.026728 yhich indicates that the environment of the leaving
group in the transition state is the same as in the product. A dissociative
process is envisaged for aquation.

In the various anation reactions of the complex [Co(NH3)50H2]3+ for

a variety of anions, one anomaly29 arises. In the case of N3_ the k ,
anation

21.

(k'H O) value equals the water exchange rate. This is explained by postulating
2

that the azide anién is hydrogen bonded to the inner sphere coordinated water
molecu%e. Thus as soon as the water molecule dissociates in the rate deter-
mining step, the azide ion immediately occupies the vacant site. Therefore
the aligning nature of hydrogen bonding removes the statistical probability

factor.



22,

(5) Anation reactions exhibiting five coordinate intermediates in

the (D) process
Reactions!l»30-33 4f [Co(CN)5H20]2_ with X~ arc described by the
following reaction sequence,
[Co(CN) 5H20]%T F=—= [Co(CN)5]% + OH,

5« oxa (il 11=2))

[Co(CN) 5127 + [X]™ FH== [Co(cW)sX]®~

Borh water and X~ compete for the five coordinate intermediate [Co(CN)S]Z_.
Outer sphere complexes are unlikely due to the like charges of the initial
metal complex and the ligand. Applying the steady state treatment, the rate

equation for formation of [Co(CN)5X]3- is as t"ollows,13’3L+

k—HzO[X 1+ k+H20k—X/kx

kobs = k+H?0 eees(1.13)
X
and the various ratios of k /k_ have been calculated for N3 , SCN , I
+H,0° x

and Br . These ratios3!»32 are 1.9, 2.95, 5.15, 10.0 respectively. These
numbers represent the relative efficiencies with which water competes with
the various ligands for the [Co(CN)g]2~ intermediate.3%5>35 The water exchange
rate of [Co(CN)SHZO]z— has been measured using 0l8 N.M.R. and is quoted as
between 1.0 to 1.3 x 1073 s~l, The value of k_H20 deduced from the anation
studies of [Co(CN)sHZO]z_ is given as 1.6 x 10-3 s~!, There is very gnod
agreement between these two values which is required for a D mechanism. The
aquation of [Co(CN)5X]3" where X = N3~, NCS™, I7, Br , as well as the reac-
tion bf [Co(CN)5N3]3_ with NCS™, show the same D mechanism.

There are a number of factors that support the five coordinate inter-
mediate in the anation reaction of [Co(CN)sH;0]2”. One being the fact that

negatively charged CN~ groups produce a high charge density at the cobalt

atom which leads to weakening of the cobalt to oxygen bond. The rapid exchange



of water on the [Co(CN)sto]z_ complex lends support to this argument.
The weakening of the cobalt to oxygen bond lowers the activation energy
for the SNl (1Zm) reaction. The electron withdrawing facility of the CN™
groups stabilize the five coordinate intermediate by metal3" to ligand w
bonding.

Plots of the pseudo first order rates of anation versus anion concen-
tration indicate definite curvature. This is to be expected based on earlier

discussions for a D process. The rate equation for ko can be manipulated

bs
into a usable form by making reasonable assumptions. The results of this
manipulation are well documented.

The generally accepted mechanisms discussed so far are also found for
the nickel divalent3 cation complex formation reactions. The basic premise
remains, that the loss of water from the inner hydration sphere of the metal
cation is rate determining. In nickel complexes it has been found that

there is a labilizing37 of the remaining water molecules upon successive

substitution in the aquo ion.



REFERENCES

1. D.J. Hewkin and R.H. Prince, Coord. Chem. Revs., 5, 45 (1970).

2. C.H. Langford and V.S. Sastri, in "International Review of Science:
Inorganic Chemistry, Series One Volume 9"., M.L. Tobe, Ed.,
Butterworths, London., (1972), p 203.

3. C.H. Langford, J. Chem. Educ., 46, 557 (1969).

4., M. Eigen and K. Tamm, Z. Elektrochem., 66, 107 (1962).

5. G. Atkinson and S.K. Kor, J Phys. Chem., 69, 128 (1965).

6. G. Atkinson and S. Petruccio, J. Phys. Chem., 70, 3122 (1966).

7. M. Eigen, Discuss Faraday Soc., 24, 25 (1957).

8. H.S. Frank and W.Y. Wen, Discuss Faraday Soc., 24, 133 (1957-9)

9. '"Ligand Substitution Processes", C.H. Langford and H.B. Gray, W.A,
Benjamin, Inc., New York, (1965), p l4.

10. T.W. Swaddle, Coord. Chem. Revs., 14, 217 (1974)

11. N. Sutin, Ann. Rev. Phys. Chem., 17, 119 (1966).

12. T.J. Swift and R.E. Connick, J. Chem. Phys., 37, 307 (1962).

13. '"Mechanisms of Inorganic Reactions", F. Basolo and R.G. Pearson,
Wiley, 2nd Edn, New York., (1967), p 152.

13(a)X. Kustin and J. Swinehart, in "Progress in Inorganic Chemistry",
J.0. Edwards, Ed., Interscience, New York., (1970), p 107.

14. R. Poupko and Z. Luz, J. Chem. Phys., 57, 3311 (1972).

15. R.E. Connick and R.S. Marianelli, Abst. Amer. Chem. Soc. Div. Phys.
Chem. Summer Symposiwm., Buffalo, June, (1965).

16. M. Eigen, Pure and Applied Chemistry., 6, 105 (1963).

17. D.B. Rorabacher and D.W. Margerum, Inorg. Chem., 3, 382 (1964).

18. D.W. Margerum and R.K. Steinhaus, J. Amer. Chem. Soc., 87, 4643 (1965).

19. C.H. Langford and T.R. Stengle, 4nn. Rev. Phys. Chem., 19, 193 (1968).



20.

21.

22.

23.

24,

25,

26,

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

25.

C.H. Langford and W.R. Muir, J. Amer. Chem. Soc., 89, 3141 (1967).

H. Taube and F.A. Posey, J. Amer. Chem. Soc., 75, 1463 (1953).

W. Schmidt and H. Taube, Inorg. Chem., 2, 698 (1963).

N.V. Duffy and J.E. Earley, J. Amer. Chem. Soc., 89, 816 (1967).

R. Murray and C. Barraclough, J. Chem. Soc., 7047 (1965).

A.M. Chmelnick and D. Fiat, J. Chen. Phys., 47, 3986 (1967).

F: Basolo, in "Xth International Conference on Coordination

Chemistry," Plenary Lectures, Plenum Press, New York., (1967), p 37.

C H. Langford, Inorg. Chem., 4, 265 (1965).

N.A. Maes, M.S. Nozari and J.A. McLean, Inorg. Chem., 12, 750 (1973).
T.W. Swaddle and G. Guastella, Inorg. Chem., 8, 1604 (1969).

A. McAuley and J. Hill, Quart Revs., 23, 33 (1969).

A. Haim and W.K. Wilmarth, Inorg. Chem., 1, 573, 583 (1962).

A. Haim, R.J. Grassi and W.K. Wilmarth, Adv. Chem. Ser., 49, 31 (1965).
"Inorganic Reaction Mechanisms", M.L. Tobe, Nelson, London., (1972), p 92.
A. Haim, R.J. Grassi and W.K. Wilmarth, Inorg. Chem., 6, 237, 243 (1967).
A. Haim and H. Taube, Inorg. Chem., 2, 1199 (1963).

J.P. Hunt and R.H. Plane, J. Amer. Chem. Soc., 76, 5960 (1954).

A.C. Desai, H.W. Dodgen and J.P. Hunt, J. Amer. Chem. Soc., 92, 798 (1970).
F. Monacelli, Inorg. Chim. Acta., 2, 263 (1968).

E. Borghi, F. Monacelli and T. Prosperi, Inorg. Nucl. Chem. Lett.,

6, 667 (1970).

E. Borghi and F. Monacelli, Inorg. Chim. Acta., 5, 211 (1971).

R.G. Pearson and J.W. Moore, Inorg. Chem., 3, 1334 (1964).



I (C) Crystal field stabilization effect on transition metal ions (C.F.S.E.)23

Transition metal complexes are stabilized! (C.F.S.E.) by placing non-
bonding electrons in d orbitals spatially distributed away from the ligands.
The five d orbitals are not spatially2 equivalent. In an octahedron, three
of the d orbitals (dxy’ dyz’ dxz) are directed between the ligands and there-
fore certain electrons are of lower energy than those in the two orbitals
(dxz—yz’ dzz), directed towards the ligands. FIG.(l.1l) shows the energy
level diagrams for both trigonal bipyramidal and octahedral systems. The
C.F.S.E.3 is only a small part of the bonding energies in any system. There

will be large contributions towards the activation energy from ligand to

ligand repulsions, metal to ligand attractions etc. The C.F.S.E."% is calculated

for various structures corresponding to the initial configuration and tlie
final complex arrangement. The loss or gain of C.F.S.E. for a reaction in a
particular direction can be estimated in units of D .
Looking at the stabilizatioﬁaenergies, systems can be grouped,

d3,d6,48 these systems have an unfavourable C.F.S.E. shown

by a reduced lability for a particular reaction.
a%,4d1,42,45,410 never lose any C.F.S.E.
d“,d° these systems have a favourable C.F.S.E. reflected

in high water exchange rates (increased lability).
The Jahn Teller effect discussed briefly for the divalent copper hexaaquo

complex is referred to in more detail by Kettle.®
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I (D) Substitution reactions of copper chelates

1

Pearlmutter® and Stuehr reported the copper glycine reactions and the

postulated mechanism is as follows,

k k
_ *p T3y
cu2t + gly f{—_‘i [Calgly) 1* + gly” T= [Cu(gly)o] e (1.14)
32 43
+ Ht + ut

very very

fast fast

nt gly” Ht gly~

As described previously the general method of complex formation is based on
the Eigen postulate with the release of inner sphere coordinated water as the

rate determining step. This is shown schematically in the following mechanism,

Krp _ ko (zt+2z7)
MZ¥(aq) + (aq)LZ™ == [MZ+.0H2.Lz ] $7:=ﬁ: [ML]aq + H,0 el (1.15)
r
ion pair inner sphere
complex

The k for the first and second glycine substitutions (kyp3 and kjy

formation

respectively) is given by the general equation,

Yo
kf = KIP —;¥— k—H20 eeaa(1.16)
where KIP’ the ion pair association constant, was calculated independently

using the Fuoss equation.

The activity coefficients for the reacting species and the transition state

2

were calculated using the Davies“ equation.

The uni-molecular rate constant, (k 0 0) is the rate of removal of inner sphere
T2

coordinated water from the ion pair. The results for the successive glycine

substitutions indicated in equation (1.14) are shown in the following

1

table abstracted from the reference by Pearimutter- and Stuehr,
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Table (1.3)

s
Culgly) _, +8ly <= Cu(gly)

kforward k—HZO kreverse
n mol~!l dm3 s-1 s~! s~1
1 4.0 x 109 2 x 109 34
2 4.9 x 108 5 x 108 50

The value of water exchange (kex) in the primary hydration sphere for

the divalent copper hexaaquo complex is usually quoted as > 3 x 102 s~! from

ol7 3,4

studies. There is good agreement between the k for the first

"Hzo

glycine attack and the kex value. Work on the divalent copper acetate system

gave a value of k =1 x 10% s71,
-H,0

If the positions on the divalent copper ion were strongly bound by
the entering ligand, then the axial - equatorial inversion process would be
impeded. This would be evident in that a slower rate of water exchange for
the second glycine addition would be expected. 1In fact this does occur and

is reflected in the k H.0 value being 5 x 108 s~1,
2

The rate constants for the formation of Aivalent copper complexes with

5

o alanate” were measured. The forward rate constants for o alanate (1.3 x 10°

and 1.5 x 108 mol~! dm3 s'l) for the first and second addition illustrate

"normal' kinetics of divalent copper. Comparison of kforw for the o alanate

ard
reaction with the corresponding glycine data show very good agreement. Also
the k—H20 values can be compared for the systems studied. These values for
mono substitution are > 3 x 109, = 1 x 109, 2 x 102, 1 x 10° s~! for the
copper aquo, acetate, glycinate and o alanate respectively.

Hammes® and Steinfeld reported work on the divalent nickel and cobalt

glycine systems. The results are as follows,



Table (1.4)

- =
Mgly) _; + ely M(gly)

where M = Ni2+, Co2t

n k o O(S_l)
Nitt 1 0.9 x 10"
2 1.2 x 105
3 4,0 x 10°
cott 1 2.6 x 10°
z 4.4 x 106
3 8.6 x 10°

These values agree reasonably well with the respective water exchange rates
(kex). The data shows a difference from the copper glycine system in that
the rate constants increase with successive association of the ligand with
the metal. This is interpreted as loosening of the water molecules in the
primary hydration sphere. This weakening being due to drainage of positive
charge from the metal ion, between it and the negatively charged carboxyl
groups of the glycine ion. Reactions of divalent nickel and cobalt with di-
glycine do not show this increase in rate and the reason postulated by
Rosenberg7 is that bonding takes place through the amino nitrogen and the
oxygen of the peptide carbonyl group.

Roche®:9 and Wilkins reported work on divalent copper substitutions
which obeyed the normal divalent copper reaction scheme. Also Kirschenbaum!?

and Kustin reported work on the reaction,

30.

u?* + en 3 [Cuen]2 Eﬁ- [Cu(en),]2t cera(1.17)

en = ethylenediamine

(3.8 £ 1.6) x 109 s-!

where ki

kg = (1.9 + 0.3) x 109 s-!

I+
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1 x 1071 g1

=
i

k = 1.5 s~!

The values for en substitution agree very well with water exchange rates of
the hexaaquo divalent copper ion complex.
Finally the general reaction scheme for chelation is,!l!

K
1P
M(H20) 62T + X=X == (H,0)5M(H,0) 2, (X - X)

k
1
M(H,0) 2% . (X -X) ﬁ:i (H0) sM(X - X) 2 + H,0
-1

k X
(Hy0) sM(X - X) 2+ === (HZO)HM//| + Hy0

where X-X is a bidentate ligand

Providing ky >> k.; then complex formation has as its rate determining
step the replacement of the inner sphere coordinated water of the metal ion.
The rate of dissociation depends on the rupture of the second metal ion, donor
atom ligand bond. The ratel? constants for the formation of [Ni(py)(H20)5]2+,
[Ni(bipy)(H20)4]2+ and [Ni(terpy)(H20)3]2+ are all about 2 x 103 mol-! dm3 s-!
at 298K which suggests a common rate determining step. The same similarity
of rate for polyamine complexes of nickel occurs. This suggests a similar
rate determining step. For reactions of [Ni(H20)5]2+ with en, dier and trien,
the loss of coordinated water from the inner sphere coordination shell of
the metal cation is rate determining. This observation only occurs when the

two donor atoms are the same.
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I (E) General review of reactions of [M(Tren)OH2]2+ and [M(MeeTren)OH2]2+

and their substituted analogues

The water exchange kinetics of Tren complexes of divalent nickel and
copper are reported as follows,!
[Ni(Tren) (H,0)5]12" 8.2 x 105 and ~ 9 x 10% s~! at 298K

[Cu(Tren)H,012T 2.5 x 105 s~! at298K

The AH+ values are all positive and in the range 33.4 to 41.8 kJ mol~! the
two values for water exchange in the nickel complex result from the two bound
water molecules in a c¢is octahedral arrangement reacting at different rates.
Cayley et al.? provide evidence for reactions of divalent copper com-
plexes occuring at slower rates when the Jahn Teller distortion is removed.
The substitutions of the divalent copper hexaaquo complexes are as described

earlier,3—5

with the rate determining step being substitution into the axial
coordination position, followed by Jahn Teller® inversion. Providing there
are two water molecules in a ¢is configuration in the reacting complex, the
substitution of divalent copper follows the usual pattern. The presence of

Tren?

in the inner coordination sphere of divalent copper reduces the form-—
ation constant by a factor of 3000 compared to reactions with the divalent
copper hexaaquo complex. The reverse aquation reaction for the [Cu(Tren)-
imidazole]2+ complex is also approximately 3000 times slower than the

]2+

corresponding aquation of the complex, [Cu(H,0)gimidazole . Therefore the

stability constants for the formation of final complexes for both [CU(H20)5]2+
and [Cu(Tren)H20]2+ with imidazole, are the same. Table (1.5) has been
abstracied from the reference by Cayley et al.? and shows the formation rate
constants for substitution reactions of CuII complexes at 298K.

The lack of dependence of the formation rate constants on the nature
of the incoming ligand once again substantiates the usual mechanism of subs-
titution at the labile metal ion centre, that is I..

d

In the case of divalent ’~° nickel and cobalt the increased number of
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nitrogen atoms in the inner sphere leads to a faster rate of complex formation
and water exchange. The slower formation constants for divalent copper tren
could be explained by slow solvent exchange at the "equatorial? like" water
without the assistance of the Jahn Teller effect. This water exchange is

now comparable to metal ions of similar radius e.g.ll [Co(H20)6]2+ + NHg;

ke = 1.1 x 10° mol™! dm3 ™1,

Lincoln!? and West examined the solvent exchange rate for [Cu(MeCN)e]2+
and [Cu(Tren) (MeCN) ]2t in acetonitrile. Acetonitrile is at least 3000 times
more labile in [Cu(MeCN)G]z-'L than in [Cu(Tren)(MeCN)]2+. The opposite
effact occurs in the nickel and cobaltl® analogous systems.

In the case of [Cu(MeCN)6]2+ there is a Jahn Teller effect present,
with an asscciated inversion process. The interconversion time being approx-
imately 10711 seconds.!3>1% The long axial copper nitrogen bonds result in
lower AH+ values for exchange than in the cobalt and nickel systems. The
six acetonitrile positions are labilized as in the hexaaquo complex by intra
molecular inversion. The divalent nickel and cobalt hexa acetonitrile com-
plexes do not exhibit Jahn Teller‘effects.

The formation of [Cu(Tren)(MeCN)]2+ removes the Jahn Teller process
for acetonitrile exchange and this loss in lability is not overcome by the
NH, group, electron donation.

The different water exchange rates of [Cu(H20)6]2+ and [Cu(Tren)H20]2+
complexes will be examined in the light of the suppression of the Jahn Teller

effect.



Table (1.5)

Formation rate constants for substitution reactions

of cult complexes (298K)

kf/mol"l'dm3s—1
[Cu(H20)5]2+ imidazole 5.7 x 108
[Cu(Tren) (H,0) ]2t + pyridine 1.6 x 10°
2

[Cu(Tren) (H,0) 12t + 3-methyl 1.8 x 105

pyridine
[Cu(Tren) (H,0) ]2t + 4-methyl 2.4 x 10°

pyridine
[Cu(Tren)(HZO)]2+ + imidazole ~ 2,0 x 10°
[Cu(Tren) (H,0)12¥ + H,y0 2.5 x 105P
[Cu(en) (H20) 412 + pada® = 3,5 x 108 =
Cu(dien) (H20) : + pada 0 x
[Cu(dien) (Hp0)3]2* ¢ 1.0 x 108

First order rate constant, units s~1.

c

rather than statistically adjusted constants

= 150

1.0 x 10%

5.0 x 10%

as reported.

Ref.

10

3D,

Rate constants from ref. 6 have been converted to overall rate constants
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Substitution reactions have been carried out on the replacement of
bound water with ammonial® in [Ni(Tren)(H20)2]2+, as well as other nickel

polyamine complexes, using stopped flow methods.

k1o
[Ni(Tren) (H,0) 512t + NH4 — [Ni(Tren) (H,0)NH3]2% + OH, vev.(1.18)
21
kip = 2.6 x 10° mol~! dm3 s-1
at 279K
kz]_ = 4.9 x 103 S-l

For the trienl®

nickel complex reaction with ammonia, the rate data is as
follows,

kip = 1.2 x 105 mol™! dm3 s-!
at 279K

k1 7.6 x 102 s”1

The kj, values compare favourably with the [Ni(Tren)(H20)2]2+ water exchange
value of 8.2 x 10° s71,

The acetonitrile exchange data in various nickel complexes is tabulated
below,15

1. [Ni(Tren) (CH3CN) ]2t Kiq 165 x 103 s~! at 298K

kjg = > 2000 x 103 s~! at 313%
where k), and k;g are the rate constants for acetonitrile exchange
on the two acetonitrile coordinated sites.

2. [Ni(CH4CN)g]12¥ ky = 2 x 103 57! ar 298K
3. [Ni(MeGTren)(CH3CN)]2+ ki is less than 0.1x103 s~! at 353K
The two acetonitrile exchange values in the first complex indicate
two different environments!® as seen in [Ni(Tren)(H20)2]2+. The single ex-
change value for [Ni(MeGTren)(CH3CN)]2+ is due to the single site in the
sterically crowded five coordinated complex.
Similar studies at 298K on cobalt complexes are reported,15
1.  [Co(Tren)CHzCN]2F ky; > 2000 x 103 s71
2. [Co(CH3CN)g]2T ki = 320 x 103 71

3. [Co(MeGTren)CH3CN]2+ ky; is less than 0.1x103 s~} at 353K
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The ahave data shows sclvent labilisation!? on polydentate ammine
complexation but not in the case of [M(MegTren)CH3CN]2t complexes of cobalt
and nickel,

The acetonitrile exchange reactions of [Co(Tren)CH3CN]2+ and
[Co(MegTren) CH3CN]2Y were compared by West.l”7 It was found that the loosely
coordinate Tren complex exhibited a similar lability (for acetonitrile exchange)
to other solvated divalent cobalt species. The more rigidly five coordinate
MegTren complex underwent solvent exchange at a rate which was too slow to be
measured by N.M.R. techniques (< 0.1 x 103 g~1). The same thing occurred for
the [Ni(MeGTren)CHacN]2+ complex. It is suggested that the bulky MegTren
complex prevents close approach of the solvent to the metal ion and hinders
rapid solvent exchange. The reduced flexibility of the more sterically crowded
complexes may preclude geometrical re-arrangement in the transition state.

The kinetics of water replacement by NH3 and chelating nitrogen ligands

in [Ni(Tren) (H,0),]%" have been reported, 20

kf (mol-! dm3 s~1)

NHj 260 x 103
phen 13 x 103
orn HT 12 x 103 orn = (NH3(CH,) 3CH(NH,)CO0™)
bipy 10 x 103
gly 90 x 10°

The formation rate constants are similar for the range of ligands
shown above. The NH3 ligand is both small and unidentate and this

may account for the higher kf value.

Reactions of trivalent cobalt polyammine complexes in the aquation path

are shown in the following scheme,!?

ky 2+
[Co(Tren)Xy]* + Hy0 == [Co(Tren)3H,0]12% + x~-
k2
ko
[Co(Tren)XH,0]7F + 11,0 += [Co(Tren)(H,0),]3" + X~
k.2

For X~ = Br—, C1~™



These reactions have been outlined by Zipp, Zipp and Madan. 19

The bromide  anation reaction of [Co(Tren)(0H2)2]3+ has been studied,
kan n 10~* mol™! dm3 s~1 at ionic strength equal to 2.0 mol dm=3. The AH+
and AS+ values are 105 kJ mol~! and 0.79 J deg™! mol~! respectively. The
mechanism for the anation is believed to be an outer sphere to inner sphere
interchange process (Id).

The rate of primary acid hydrolysis of the dichloro, dibromo and di-
fluoro Tren species has been compared with the rates of the corresponding
cis-bis(ethylenediamine)cobalt III complexes.

The rate ratio [Co(Tren)X2]+/[Co(en)2X2]+ is found to be 30, 12, 3
for dibromo, dichloro and difluoro respectively. This acceleration?? of the
first aquation for the cobalt IIT Tren species has been attributed to the
combined effects of strain caused by the coordinated Tren molecule and the
geametric arrangement of Tren, which causes steric crowding at the halide
position ¢is to the tertiary nitrogen of Tren.

Miller23,2% and Madan studied the aquation of both [Co(Tren)ClH20]2+
and [Co(Tren)BrH20]2+. The chloro aquo complex is found to react 1.5 times
faster than the corresponding ethylenediamine complex. Similar comparison

is made for the bromo aquo complex. This shows that the second halide ion is

considerably less labile than the first, due to the loss of some of the strain

in the complex.

The aquation of [Co(Tren)ClBr]+ was reported?? to proceed via two
parallel pseudo first order rezctions. One releases chloride, the other
bromide. For aquation of [Co(Tren)ClBr]+,

kK = 3.21 x 1073 s7!

o

kg

3.38 1072 -1 where o and B refer to release of chloride
and bromide respectively from the o and
B8 isomers

These agree reasonably well with values for the aquation22 of

[Co(Tren)Cl,]17 k 2.96 x 10-3 g1

1c1

38.



3.

[Co(Tren)Br,1t kg, 284 x 1072 g7

It can be concluded?2 that, during the primary aquation of the chlorobromo
species, the halide ligand which is trans ta the tertiary nitrogen of the
tren has very little effect on the leaving group, which is ¢is to the tertiary
nitrogen of the tren ligand.

The work outlined in this section is intended as a guide to the
present state of research in Tren and MegTren ligand and water exchange subs-
titution reactions. The little work reported is confined to the slower react-
ing divalent and Frivalent, cobalt and nickel systems. My research interest
was confined the ligand substitution on the two complexes, [Cu(Tren)H,0]2%

and [Cu(MeeTren)H20]2+ and the results are reported in this thesis.
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CHAPTER TWO

EXPERTIMENTAL

I~ Reagents and Materials (Analysis and Preparation)

All reagents used were of analytical grade and volumetric glassware
was A-grade. The ionic strength of all reaction solutions was adjusted to
1.0 by using varying volumes of a previously prepared stock 2.50 mol dm” 3
sodium perchlorate solution. Water, deionised and then glass distilled, was
used in the preparation of the solutions. Concentrated perchloric acid and
sodium hydroxide solutions were prepared for use in pH adjustments of reac—
tion solutions.

A carbonate free sodium hydroxide solution was obtained by allowing
a saturated solution to stand for a few days. The clear supernatant solution
was used in subsequent dilutions. Sodium hydroxide solutions were standard-
ised with reference to solid potassium hydrogen phthalate.

Two methods were used in the preparation of Cu[Meg Tren.C104]0104.1
Firstly. the light yellow liquid, MegTren, previously prepared,! was re-distilled
under nitrogen and reduced pressure to obtain colourless pure MegTren.
Aqueous solutions of pure MegTren were prepared and their concentration de-
termined by volumetric titration using a Radiometer PHM 4 pH meter. On
titrating a known volume of MegTren versus a 0.117 mol dm~3 HC1 solution, the
titration curve was obtained as shown in Fig. (2.1). Protonation of the
three N(CH3), groups occurs resulting in a single equivalence point owing to
the closeness of the dissociation constants.

An aqueous divalent copper ion solution was prepared from its perchlorate

salt. A cationic?

exchange column was used to determine the percentage of
copper ion in copper perchlorate.
2(Res $037)HT + cutt = (Res S037)cutt + 2nt ce..(2.1)

The liberated acid was titrated against a standardised sodium hydroxide

solution. The resin employed was Amberlite (Zeo-Karb 225). The pure MegTren



FIG. (2.1)

VOLUMETRIC TITRATION CURVES USED IN THE DETERMINATION OF THE CONCEN-

TRATIONS OF AQUEOUS SOLUTIONS OF THE LIGANDS TREN AND MegTREN.

The titration curves do not superimpose owing to the different

concentrations of these aqueous solutions.
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solution was added in slight excess (1%) to the copper perchlorate solution
to prevent the possibility of olation occurring. Olation being the result
of water removal between hydroxo species of the metal complex which would
result in the following polymerization reaction.

2M-0H ==~ M-0-M + H,0 where M = metal ion . (2.2)
The second method used to prepare [Cu(MegTren)C10,]Cl0, was to prepare the

MegTren ligand freshly, by a modification of the process outlined by

Ciampolini1 and Nardi. The process3 is shown in the following schematic
diagram.
Ton Exchange
methylation step OH™ form
Tren HCl » MegTren HCl —-——————= MegTren/aqua
(commercially Formaldehyde ) , (Amberlite
available) Formic Acid (vhite solid) IRA 400)
Azeotropic
Distillation
with
benzene
Benzene
MegTren (Crude) + MegTren/benzene

distilled off

vacuum
distillation
b.p. 70 to 71°C

i

MegTren (Pure)

The Amberlite IRA-400 resin was obtained in the C1 form and was converted
to the OH form by passing appiroximately three bed volumes of one molar
sodium hydroxide down it. 1In the azeotropic distillation the water is dis-
tilled until only MegTren/benzene remains. The remaining steps are the same
as in the above reference. The resultant pure clear liquid, MegTren, was

! and Nardi,

mixed directly with copper perchlorate as outlined by Ciampolini
to produce [Cu(MegTren)Cl0,]Cl0y, which was then recrystallized.

The tren liquid which is commercially available was analyzed by the

N.M.R. technique. The resulting spectra showed a 5% trien impurity. The
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formulae for Trien and Tren are,

TRIEN NH,CH CHoNHCH » CHoNHCH » CH,NH o
3 different C-H environments

(CH) »-NH,
TREN N—(CH3) ,-NH, 2 different C-H environments
\(CHZ) »~NH,

The commercially available Tren gave 5 peaks in the N.M.R. spectra indicating
the Trien impurity. This is shown in Fig. (2.2). Commercially available
Tren HCl was obtained and its C13l+ N.M.R. spectrum was measured. No Trien
impurity was found to be present. The Tren HCl was passed down an anionic
exchange column (De-Acidite F.F. Resin in the Cl— form). The column was
converted to the OH  form before passing Tren HCL through it, on the basis
of a 50% capacity of the column. The resulting pure Tren was titrated
against HCl and the titration curve obatined appears in Fig. (2.1). An
indicator, bromothymol blue, and the PHM 4 pH meter were used in the volumetric
titration.

The hydrogen ion instability constants for Tren are stated in the

literature as follows,*a

PK PKo PK3
283K 10.45 9.55 8.28
293K 10.15 9.26 7.98
303K 9.91 9.00 7.71
313K 9.63 8.65 7.48

Finally the Tren solution was added to a copper perchlorate solution, with

Tren being 1% in excess, to give [Cu(Tren)Cl10,]Cl0,.



1 FIG 2.2
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II (A) Kinetic Techniques and Principles

(1) Temperature Jump Relaxation Kinetics

Consider a reaction that is in chemical equilibrium. The concentrations
of the reactants and products will remain constant at a particular temperature.

The Temperature5

Jump method involves such a system at equilibrium being
perturbed by a sudden temperature rise. If the equilibrium is temperaturel!l»!2
dependent and the species involved are coloured, the subsequent re-equilibration
at the higher temperature can be followed by means of spectrophotometry. The
re-equilibration is displayed as an exponential oscilloscope trace of varying
complexity. For small deviations from equilibrium a linearization of the rate
equation is possible and the rate of disappearance of a small difference bet-
ween the actual and equilibrium concentration is proportional to the differ-
ence itself. The linear relavation process is characterized by a time constant
"relaxation time" which can be related to a rate constant. A multistep process
is represented by a whole spectrum of relaxation times.

For clarification of the above statements the singlel3 step mechanism

is discussed.

ki2
A+B &= ¢
21
. - o —t/T
uCA ACA e
ACA = CA - CA
ACB - EB N CB where Cn is the equilibrium concentration of species 1.

The kinetic equation is as follows,

dCA ~ dCB ~ dc
dt

dt T dt

- LR 2-3
k12C,Cp - ka1Cg (2.3)

If the equilibrium is perturbed by a small amount then the above equation

can be written as

d(EA + C,) dAC B _ _
e - = - + AC
at Ty klZ(CA + ACA)(CB + ACB) k21(CC C)

ceee(2.4)
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Now AC, = AC, = =AC

A B C
Since ACA, ACB, ACC are all small quantities the assumption is made
that (ACA)Z, (ACB)2 and (ACC)2 can be neglected. It is the deletion of

the squared term which gives rise to linearization of the rate equation.

dAcC

‘o A = = :
e =g = [kia(Cy + Cp) + kpy]AC, reee(2.5)
t=t
CA
dACA 1
AC, - 1)t
A
ACZ t=o
AC
In—2 - -t g ac, = acc e HT
AC® T == A A
A
which is the equation
initially stated
L oo k(E, +T) +k
T = kr2lby, B 21 oo we(246)
where EA + EB are the equilibrium
concentrations of reactants A and B
AC , X 1
A plot of ln-ZE versus time gives a slope = =
o

To summarize a general linearized rate equation can be expressed as

dx
i 1 _ |1 X
T + [T)xi = [ )Xi for small perturbations. esain(2:7)

A generalization of Relaxation Time Expressions for Single Step equilibria

is found in the text "Relaxation Kinetics" by Bernasconi.®

A diagram from
this text appears as Fig. (2.3) and describes the concept of relaxation time

concisely.
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Relaxation Time corresponds to the time needed for ACj to decrease
by a factor of e (e = 2.718).
The subscripts i and f refer to initial and final conditions

respectively.
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The above discussion is centered around the single-step mechanism but
in practice multi-step mechanisms are often encountered. From a practical
point of view the treatment of such results depends on the time separation
of the individual processes which may or may not enable individual infinity
exponential curve base lines to be interpolated. These multi-step processes
with their associated complex computer calculations are documented by Amdur
and Hammes.l® 7Tt is often essential to vary the concentrations of reactants
in such a way as to emphasize a particular process so a particular relaxation
time predominates and can be measured.

In the multi-step systems, solutions of various transformation!®
matrices are required. To summarize, in a multi-step mechanism n independent

concentration variables will give n independent rate equations.



(ii) The Temperature Jump Method

As discussed, the TemperatureS_8 Jump method involves the perturbation

of a solution at equilibrium by means of a sudden temperature rise. This

temperature rise can be accomplished by discharging an electrical current

from a capacitor through the reaction solution between two stainless steel

electrodes. The solution must be conducting to allow the passage of an

electrical current and therefore all solutions were made up in one molar

sodium perchlorate.

49.

Resistances were measured on the various solutions in the cell assembly

resulting in values of approximately 30 ohms.

Therefore the time constant

for the apparatus is of the order of 1.5 microseconds. The time constant

for the temperature rise is given by RC/2 where C = capacitance of condenser

{0.1 microfarad) and R = resistance of solution.

It is possible to compute

the temperature rise of the solution on discharging in the following way,9:1l+

B -t/RC
Vt = Voe ee+.(2.8) where
Energy E dissipated in time dt
v 2
dE = —=— dt ceen(2.9)
R
Temperature rise AT after time t is
t
v 2
o -2t/RC -
AT(t) = R € ..(2.10)
P
o
Volume of Reaction Solution is V
Density of Reaction Solution is p
) 2
\Y
o -2t/RC
= eee.(2.11
AT(t) VpCpR e (2.1

\Y

v

t

voltage at time t

an initial voltage
circuit resistance
capacitance

time at constant pressure

heat capacity of solutrion

at constant pressure



where RC/2 is the time constant for the temperature rise.
This is important for very fast reactions since a chemical relaxation process
must beslower than the heating pulse for this method to be applicable.

TOTAL TEMPERATURE RISE
cv 2

0
VpC
P P

AT(=) = Y e (2.12)

Since the Temperature Jump technique uses a rapid electrical discharge
through a small volume of solution there arises the danger of "cavitation
effects". These occur when the temperature rise occurs so rapidly that
inertial effects pfevent the consequent volume change following the temperature
rise. The result is a shock wave which interferes with the passage of light
through the solution. One method to avoid '"cavitation" is to reduce the
temperature rise. The parameters involved in this were discussed previously.
The experimental work was carried out from initial temperatures of 5.1, 14.8
and 25.0°C with a temperature rise of 10.33°C. This temperature rise resulted
from a Vo = 25 kV. Under these conditions no '"cavitation" problems were
encountered in this one molar medium.

A Brandenburg E.H.T. Generator (Type MR 50/R) was used to charge the
0.1 micro farad condenser. The discharge of electrical energy was carried
out manually by closing a spark gap and a 500 m2? charging resistor is incor-
porated in series with the capacitor. Both the condenser and charging
resistor were shielded from the remaining circuitry by means of aluminium
and iron boxes, to reduce electrical ard magnetic disturbances. The oscillos-
cope was triggered by an unshielded wire antenna inside of the capacitor
discharge box connected to the oscilloscope external trigger. For the
overall schematic of the principle components of the apparatus See Fig. (2.4).
Co-axial cables were used to carry signals. The signals generated from the
photomultiplier passed through a cathode follower and into the high gain
differential pre-amplifier plug in unit of the Tektronix type 549 storage

oscilloscope. These signals were backed off against a constant voltage



FIG. (2.4)

SCHEMATIC DIAGRAM OF THE TEMPERATURE JUMP APPARATUS

A = cathode follower

B = Xe-Hg arc lamp

C = Bausch and Lomb high intensity grating monochromator
D = cell assembly

E = photomultiplier, type E.M.I. 6256/S

F = Tektronix type 549 storage oscilloscope

G = cxternal trigger

H = moveable spark gap

I = 35 kV-0.1 pF capacitor

J = 0-50 kV power supply
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supply in the form of two 1.35 volt mercury batteries in series. This
voltage was checked internally and by using an external mouitoring meter,
The photomultipliers themselves were type E.M.I. 6256/S using either five
or seven dynodes which were powered from a Nuclear Enterprises Ltd. type
N.E. 5307 E.H.T. supply.

The spectrophotometric light source of the apparatus is a Philips
type 7023 (100 watt, 12 volt) quartz iodide lamp mounted in a housing which
has both vertical and horizontal movement for alignment. The light passes
through the entrance and exit slits of a Bausch and Lomb high intensity
grating monochromator (1350 grooves/mm) which is designed as ~ source of
monochromatic light of high intensity throughout UV and visible regions.

A manual shutter was incorporated before the entrance slit of the monochro-
mator. The amount of monochromator stray light was minimised by maintaining
the correct ratio of entrance to exit slit width. A diaphragm was used to
regulate the width of the beam of light entering the solution in the cell
assembly.

The cell assembly itself depicted in Fig. (2.5), has a volume of approx-
imately 1.50 mls and is filled through two narrow capillary inlets. Syringes
with teflon plungers are mounted above the cell assembly and the solution
is forced down one inlet into the cell chamber and out of the other. The
cell chamber is washed by this method and then filled without the presence
of bubbles. Any excess solution remaining in che capillary after the cell
chamber is filled is removed by the vacuum pump. This was done because on
discharge of the capacitor the temperature of this solution is cooler than
that in the cell chamber itself. If this cooler solution was drawn back into
the cell, optical distortions may have resulted. All solutions were intro-
duced into the mounted syringes by way of a millipore filter to ensure no
foreign matter entered the cell compartment. This would result in distortions
of the light beam being manifest as irregular oscilloscope traces. Since

bubbles would have the same effect, all solutions were degassed using the
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"freeze pump thaw" method.

Two quartz conical windows were used to focus the beam of light at
the centre of the cell chamber to minimize optical distortions. The cell
body is made of perspex and the high grade stainless steel electrodes are
rounded off to prevent spark over. The electrodes were periodically buffed
up to maintain a smooth highly polished finish.

When the cell is assembled, thin ring polythene gaskets are placed
on the electrodes which are compressed together by rubber O rings. These
rubber rings are tightened before filling the cell to prevent leakage. The
cell when filled is placed in a cell jacket and is thermostatted by passing
water from a regulated water bath around the top and bottom of this jacket.
The intensity of light passing through the solution is maximised before

thermostatting by manually rotating the cell while in the jacket.
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(iii) Analysis of Data

When a smooth exponential curvewas obtained on the Tektronix 549
storage oscilloscope, it was photographed and then measured using a sliding
vernier scale which gives a digital readout of the distance in millimetres
that the vernier moves. This apparatus was built by Dr. G.S. Laurence in
this department. The vertical scale of the oscilloscope trace relates to
the electrical signal measured in millivolts which is generated by the photo-
multiplier. The horizontal scale is a measure of time. Vertical change in
the oscilloscope trace is propostional to a change in light intensity, for
small perturbations this change in light intensity is proportional to A OD.

For the evaluation of 1 a time infinity base line is drawn on the
trace and the distance |Ad| in millimetres between the relaxation curve and
the infinity line at various times is measured. Since Ad is proportional to
AOD, a plot of log IAdI versus time provides a straight line with the slope
equal to -1/2.303 1 for first order kinetic effects. Approximately six
photographs were taken for each reaction mixture and an average of the reci-
procal relaxation times obtained was used, resulting in a single point on
the kinetic curve obtained. The standard deviation on each individual point
on the kinetic curve of 1/t versus concentration is always in the range of
+ 1% to * 8% with the majority of S.D. values being better than * 5%. The

formula used for S.D. is as follows,

x is the average value

X are individual values

N number of values

(iv) Amplitude Considerations cee.(2.13)

In discussing the magnitude of the amplitude change when equilibrium
is perturbed by a temperature jump, it is necessary to use the Van't Hoff®

equation.
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d In K AH
[ aT ] = RT2 e (2.18)
P
thus, %?‘ = %%2 AT for small changes ....(2.15)

Unless AH is extremely small or equal to zero, a temperature jump of a few
degrees would produce an equilibrium shift which would result in a measurable
concentration change. It is important that the equilibrium constant should
be near unity for the maximum effect. The two parameters important in de-
termining amplitudes are AH and Keq.

For a given reaction (A + B + C), with a particular AH and Keq’ the
magnitude of the amplitude change is dependent on the initial concentrations
of the reactant species. These initial concentrations were varied for
theoretical amplitude calculations. The parameter I', defined in detail by

Hammes and Schimmel and shown below, is proportional to the amplitude.
1

1 1 1
+ —
(ag-c) T (ho-o) "¢

I' = const. ... (2.16)

where ag and by are the
initial reactant concentra-
tions and ¢ is the final
complex concentration.
Since the equilibrium constants for the particular reactions studied, were

determined, the optimum conditions for the temperature jump experiments,

were evaluated using the equation shown above.
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(v) Calibration of the Temperature Rise

It is necessary to know what temperature rise will result from a
particular capacitor voltage setting and therefore each temperature jump cell
must be calibrated. A phenol red-tris buffer solution at PH 7.4 was prepared
and the change in absorbance with temperature was measured spectrophotometric~
ally at 555 nm. A subsequent plot of optical density versus temperature was
obtained.

The capacitor was charged at various voltages for five RC times of
the charging circuit and was then discharged through the dye-buffer solution
at these various capacitor voltage settings. The change in optical density
(AOD) at 555 nm was measured from the oscilloscope traces obtained, using
the following equation, AOD = log |1 + %y} where AV is the vertical amplitude

;
change from the oscilloscope trace and V is the back off voltage. The AOD
values obtained are reiated to the plot of OD versus Temperature obtained
spectrophotometrically. Therefore a final plot of VO2 versus Temperature
Rise (°C) was obtained and used to calibrate the cell. TFor the small volume
cell holding 1.50 mls at a capacitor voltage setting of 25 KV (Vo), the

resultant temperature rise was 10.33°C.



IT (B) Kinetic Techniques and Principles

(i) The Stopped Flow Method

The stopped flow technique®s® is another method utilised in deter-
mining kinetic parameters and the typical time range is 102 to 10~3 geconds.
The methods employed to follow the reaction are usually spectrophotometric
or fluorimetric. This can be compared to the previously described Temperaiure
Jump method which is in the range 1 to 107° seconds. All stopped flow
experiments involve mixing of solutions. Therefore the mixing time will
determine the relaxation times that can be measured.

The stopped flow apparatus employs two basic components, a fast mixing
device and a fast monitoring system. There are many varieties of stopped flow

systemsin exictence, each with their own experimental limitations. The appara-
tus shown in Fig. (2.6) is based on the concept outlined by E. Faeder.l®
This instrument is a modification of the Durrum-Gibson apparatus, in that
the method of driving the solutions into the mixing chamber is by means of
a piston which propells two drive syringes. The piston is connected to a
rod on,yhich is a threaded cylindrical mechanical stop. The mechanical stop
is wound back seven revolutions and then pressure is introduced behind the
piston from a nitrogen gas cylinder at 8 p.s.i. pressure. On application of
this pressure by means of a valve switch on the pressure line, the piston
moves forward introducing a small equal amount of solution from both syringes
into the mixing chamber. The piston is moved forward until the mechanical
stop actuates a micro-switch thus triggering the tektronix 549 storage osci-
lloscope. The syringes can be filled by means of two 3 position luer lock
valves.

The mixing system in this instrument consists of an eight jet® tan—
gential mixer. This is described in Fig. (2.7). The mixing chamber nust
be both efficient and fast. The observation point must be positioned as near
to the mixer as practicable since the time between mixing and observation

should be minimised. A fast flow is required for efficient mixing and the



FIG. (2.6)

SCHEMATIC DIAGRAM OF THE STOPPED FLOW APPARATUS

the thermostatted reservoir syringes
the drive syringes
the thermostatted brass block

the piston rod, on which is wound the cylindrical

mechanical stop

the mixing chamber

the observation tube

the drainage syringe

the diaphragm

the Bausch and Lomb high intensity grating monochromator
the Philips 7023 (100 watt, 12 volt) lamp and housing
the lamp voltage supply

the photomultiplier, type E.M.I. 6256/S

the photomultiplier E.H.T. supply
(Nuclear Enterprises Ltd. type N.E. 5307)

the tektronix type 549 storage oscilloscope
the constant (2.70 volts) back off voltage

the micro switch
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flow must be rapidly stopped to enable meaningful observation as soon as
possible after mixing. The faster the stop the faster the reaction that can
be measured. The mixing chamber is made of Kel F and has two sets of four
tangentially arranged jets.

The mixing chamber leads to the observation chamber described in
Fig. (2.8), by way of a 2 millimetre diameter tube. The diagram shows the
shape of the observation tube. The path length in this instrument is two
centimetres but in some instruments this can be two millimetres. It has
been suggested® that for first order reactions no error is encountered if the
light beam passes along the tube instead of across it. Two conical quartz
windows, one at each end of the two centimetre long observation tube are con-
tained in window holders held tight by screws.

The reaction solution in the observation tube is analyzed photometric-
ally. The light sournes is a quartz iodide lamp, type Philips 7023 (100 watt,
12 volt), mounted on a stable bracket. The entire lamp is enclosed in a
light proof housing and is connected to a constant voltage supply as in the
temperature jump technique. The light passes through a Bausch and Lomb
high intensity grating monochromator by way of entrance and exit slits.
Further along, a diaphragm can be adjusted to alter the width of the light
beam. The photomultiplier is a type E.M.I1.6256/S powered from a Nuclear
Enterprises Ltd. type N.E. 5307 E.H.T. supply. As for the temperature jump
technique, the output of the photomultiplier is fed into the input of the
Tektronix type 549 storage oscilloscope with a type 1A7A time base, by way
of a high gain differential pre-amplifier plug-in unit. The same back off
voltage principle is applied. Triggering is by way of a co-axial cable from
the stop microswitch to the trigger input of the storage oscilloscope. The
decay of the initial complex on the formation of the product is characterised
as an exponential trace on the oscilloscope screen. These traces are analysed

by the method previously described.
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Solutions in the drive syringes are thermostatted by circulating water
through enclosing brass blocks. These blocks have been machined to provide
the necessary channels and input, exit ports for this circulation. The
reservoir syringes were also thermostatted by means of an aluminium block
screw-on assembly connected in series with the water circulating system of
the drive syringes.

The reason that both temperature jump and stopped flow techniques were
employed was the large variation of relaxation times encountered for the
complex substitution reactions studied. The temperature jump relaxation
method does not produce a radical change in the environment but only alters
the equilibrium position by means of temperature perturbation. This contrasts
with the stopped flow method which is initiated by a mixing process. This
complicates the mathematical treatment and puts a limitation on the relaxation
times that can be measured. To simplify the mathematical treatment all ex-
periments in the stopped flow study were carried out under pseudo first order
conditions. The ligand concentration was always at least ten times that of

the metal ion.
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(ii) Experimental Limitations

The stopped flow instrument is limited by the mixing and observation
times discussed earlier. Also the "dead tiﬁe" of the instrument must be
measured. The "dead time" is defined to be the time the liquid takes to
move from the mixing chamber to the middle of the observation chamber. This
time depends on two main physical dimensions. The first being the path length
which is two centimetres in this case and secondly, on the complexity of the
observation tube leading from the mixing chamber. Taking this into account a
"dead time" of approximately 15 milliseconds was expected. The observedl!®
"dead time" was 13‘milliseconds.

It was found after trials that degassing of the solutions was unnecessary.
The other main limitation on kinetic measurement resulted from small amplitude
signals. The smaller signals required maximum E.H.T. voltage for the photo-
multiplier used and were consequently accompanied by substantial increases
in noise level on the exponential trace. This increased noise level paralelled
an increase in the standard deviations of the experimental points on the
reciprocal relaxation time versus concentration plots. To conclude, there
are both physical and electronic limitations in the application of the stopped

flow apparatus as a kinetic tool.
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III Equipment used in Spectrophotometric Analysis and pH Determination

The commercially available Perkin Elmer 402 and Zeiss DMR 10 recording
spectrophotometers were used to obtain the ultraviolet and visible spectra
shown in this thesis. The Zeiss PMQ II spectrophotometer was used to measure
individual absorbances for equilibrium constant calculationms.

Instruments employed to adjust the pH of the reaction solutions were
either the Radiometer PHM 4 pH meter or the digital readout Radiometer pH

meter.
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CHAPTER THREE: RESULTS AND DISCUSSION

Section A: Kinetic analysis of the [Cu(MeGTren)OH2]2+]X_ system

I (1) Alternative mechanisms for the experimentally obtained
kinetic data
(i1) Evaluation of rate equations for the Eigen (Id)
mechanism .

(1ii) The rate constant parameters in the overall Eigen curve

ITI  Theoretical KIP determination
(1) the theoretical Bjerrum equation
(ii) the theoretical Fuoss equation
(iii) modification of the Bjerrum equation to determine KfP
ITII Method of Kinetic data analysis
(1) The Use of programme NONLIN in experimentally obtained,

data analysis

IV  Discussion of the kinetic and activation data obtained for
aquation of [Cu(MesTren)X]+ and anation of [Cu(MeeTren)OH?_]2+
(1) Anation of [Cu(MegTren)OHp]?t, by (N3, NCS™ and OCN™)
(ii) Aquation of [Cu(MegTren)X1¥, (where X~ =N, NCS~ or OCN-)

(iii) A brief discussion of the K5 data obtained

v Static and kinetic equilibrium constant spectrophotometric
data determination
(1) The general method of equilibrium constant evaluation
(ii) The method of evaluating the apparent equilibrium

constant
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(iii)

(Gv)
)

The Kéq (overalll data from kinetic data obtained in
analysis using programme NONLIN

Experimental determination of Kapp (spectrophotometric)
Comparative equilibrium constont data (both static

and Kinetic)
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The associative (A) mechanism is shown as follows,

fast
2+ —klZ +
[Cu(Me6Tren)0H2] + X —= [Cu(Me6Tren)OH2X]
k
21
(1) (11)
initial metal complex 6 coordinate intermediate
k32T¢k23 slow
+ k43 T
[Cu(Me6Tren)x] + OH, —— [Cu(Me6Tren)XOH2]
k34 fast
(Iv) (I11)
inner sphere product 6 coordinate intermediate

The form of the equation for the associative mechanism is similar
to that of the Id mechanism, (see page 66), but the rate constants have
different meanings. These are as follows,

(i) k. ,.: rate constant for the formation of a § coordinate intermediate,
(species (II)), with the entering ligand (X ) in a labile axial position.

(ii) k,,: rate constant for the release of X from the labile axial position
to form the initial metal complex, (species (I)).

(iii) k,_,: limiting rate constant for intra-molecular rearrangement of the 6
coordinate intermediate, (species (II)), to place the aqua ligand in a
labile axial position.

(iv) k,,: limiting rate constant for intra-molecular rearrangement of species
(%%I) to form species (II), where X is in the labile axial position.

(v) k,,: rate constant for the rapid release of the aqua ligand in the labile
akXial position of species (III),.

(vi) k,.: rate constant for the formation of species (III) from the five

codrdinate inner sphere product, species (IV).

In the associative mechanism the, k,,, rate constant would be slightly
dependent on the nature of X because the la%%er is part of the rearrangement
species in (II). 1In contrast, in the Id mechanism this slight dependence of
k on the nature of X is due to competition between aqua and X in the outer
coordination sphere for the inner sphere vacated site.

Reasons for considering an associative mechanism unlikely are
as follows,

(1) The associative mechanism necessitates the formation of a 6 coordinate
intermediate which is highly improbable owing to the already
considerable steric constraints placsg on the labile site in the five
coordinate complex, [Cu(Me Tren)OH2] , (see FIG. 1.3). Geometrical
rearrangement in the associative méchanism would require considerable
flexibility in the transition state which is unlikely because of the
bulky CH3 groups attached to the secondary nitrogens.

(ii) It is noteworthy that anation reactions substantially reflect the
primary waEir exchange valuﬁi for the following seguence of complexes,
[cu(oH,), 1", [Cu(Tren)OH, ] and [Cu(Me,Tren)OH_. ] , (see page 96).
Therefdre, this would als6 indicate that ligand Substitution by an
associative mechanism is improbable.

(iidi) The associative mechanism is more complex than the Id mechanism owing
to the addition of an extra step which is intrinsically undesirable.
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CHAPTER THREE: RESULTS AND DISCUSSION

Section A: Kinetic analysis of the [Cu(MeGTren)OH2]2+/X— system

I (i) Alternative mechanisms for the experimentally obtained kinetic data

A three temperature study of N3, NCS™ and OCN~ substitutions in
the complex, [Cu(MegTren)OH,]2% was carried out using both temperature jump

and stopped flow spectrophotometric kinetic techniques (discussed in Chapter

Two) .
The composite kinetic plots of %; versus [a + B] and kobs versus [X7]
data, are consistent with the Eigen (Id) mechanism;7
| K12 ko3 +4 or
[Cu(MegTren)OH,1%F + X~ = [Cu(MegTren)OHST. . . X™] = [Cu(MegTren)X]™ + OHp
21 32
...(3.1)
(D (I1) (I11)
initial metal ion pair inner sphere
complex outer sphere complex product
where X~ = N3~, NCS™ or OCN~ and KIP = kio/kyq

7

The Eigen (Id) mechanism’ requires a rapid equilibration process to

form the ion pair complex (species II), characterised by the parameter Kip

This precedes the rate determining loss of inner sphere Hp0 to form the

inner sphere product (species III), characterised by the parameter kyj.

It is noteworthy that the alternative dissociative (D) mechanism

would produce similar shaped Hg versus [a + b] and ko versus [X ] composite

bs

kinetic curves, to that for the Eigen (Id) mechanism.’

The dissociative (D) mechanism is shown as follows,

(There is also the

formal possibility of an associative mechanism involving a six

coordinate intermediate, this is discussed on the opposite page.)



k
12 .
[Cu(MegTren)OH, 12+ + X~ == [Cu(MegTren)]”™ + Hy0 + X~
kzl
(1) (1I1)
initial metal four k.32 k23
complex coordinate
intermediate
[Cu(MegTren)X]™ + OHy ... (3.2)
where kio << ko (I11)

and k3o << kog inner sphere

product
The rate of appearance of species (III) is :
d[1IT i
_[Fl = kp3[II][X"] - k3p [TII] ... (3.3)
and under steady state conditions,
dlII] _ g ,[T] - kpy [TI] + k3p [III] - k -] =
Tt = ki2l1] - ko) [T1] 32 [TIT] - kp3[II)[X"] = O ... (3.4)
by substitution,
IT - -
E%Ti = ko3[X ][(klz[l] + k3o [IIT])/ (koq + ko3 [X ])] - k32 [TII]  ...(3.5)

When kp3[XT1 >> ko at high [x71, SEEEL - i, 1]

and when [x"1 = o, ng%l_. = -kg, [TII]

From the dissociative (D) mechanism, ki, (= k—HZO) and k3o are the
dissociation rate constants for the aqua and X~ species respectively. It is
feasible that the reactive four coordinate intermediate [Cu(MeeTren)]2+
would be capable of surviving several molecular collisions as required by
the D mechanism, in view of the strained molecular geometry of the
[Cu(MeGTren)0H2]2+ complex.

The oppositely charged metal ion complex and ligand reactant species
would suggest a high probability of an encounter complex being formed. 1In
view of this and lacking a diagnostic test to differentiate between the Id

and D mechanisms, the kinetic data is discussed in terms of the Eigen (Id)

65.
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mechanism.7

The reactionsof[Co(NH3)50H2]3+ and [Co(CN)s0H,1%” with X~, (which
were previously discussed in equations (1.7) to (1.10) illustrate the alter-

native mechanisms Id and D respectively.

I (ii) Evaluation of Rate Equations for the Eigen (Id) mechanism

The method of evaluation of the rate equations for the Eigen (Id)

mechanism is as follows. Consider eqn. (3.1):

k ka3
12 2
[Cu(HesTren)0H2]2+-FXf ﬁ:zz [Cu(MesTren)0H22+...X*] -E—L [Cu(MeeTren)X]+ + H,0
: : 21 32
initial metal ion pair inner sphere
complex "encounter" complex product
(1) (11) (1I11)
LY 0(3-1)
at equilibrium [11]
—E.L = K
[I]eq'[X ]eq IP
also, [II]eq = KIP’[I]eq'[X ]eq
[III]eq'kaz = [II]eq’kzs

If the first step is always in equilibrium then effectively,

[1I] = KIP[I][X']
[Cu2t] = [II]+ [T]+ [III] = [III]+ (K, [X7] + 1) [T]
total
where [Ccu2t] = Cu(MeeTren)0H§+]
total total
[Cu?t] = [1I1 + [1]_ + [1I1]
* total ed ed ed

Ql%%ll = ko3 [II] - k3o [ITI]
d[111] kpaKpp (XT1CICW?F] 0 - [TIID)

tot
= - k3o [ITII]
dt (KIP X1 + 1)
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[cu?t] - [1II]
where [1] Lotd —
(Kp[XT+ D)
- 2+
~a[111] _ [ ko 3K p (X7 + ke [117] k2skpplX ][Cutot]:al 0
dt N Kp[XTT + 1) 32 K p[XTT+1)
at final equilibrium
- 2+
[k?_s-KIP-[X_] ) ] - k23.KIP.[X ][cutm]:all
= + kgp| [III]_ - - 0
Kp [XT+1 Kip[X7] + 1
kog K. [X7]
-d[IT1] _ -d([III] - [I1I]e) _ 23:1p
at dt - [KIP[X‘] 1 " k32]([IH]'[HI]oo)
_ d([111] - [111] ) Kp3.Kpp.[X71
L ([TII] - [IT1]) [(KIP.[X'] F1 7T k32]dt
. kp 3K o [X7]
LI kObS . k32 + 1—+—'I—<:—[;'[—X*_—]' ...(3.6)

(pseudo 1st
order)

Rate equation for stopped flow analysis.

where [X ] is the initial ligand concentration

[xX ]initial = [X ]free under pseudo lst order conditions

kobs is the overall rate constant for the approach to equilibrium

Similarly, ) o
k23KIP[a+b]
1+ KIP[a-Fb]

k = %‘ . k32 + ...(3.7)

In the rate equation for temperature jump analysis

[5-%5] is the sum of the equilibrium concentrations of the metal

ion and ligand respectively

1 . : g
T 1s the reciprocal relaxation time
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I (iii) The rate constant parameters in the overall Eigen curve

Referring to the derived rate equation ((3.6)), the individual parame-
ters are defined below,
(1) kp3: rate constant for the release of Hy0 from the ion pair encounter
complex (species IT in equation (3.1))
(ii) kgp: rate constant for dissociation out of the inner sphere product,
[Cu(MeGTren)X]+

(iii) KIP: the ion pair association equilibrium constant

The theoretical composite plot of %—versus [a+Db] and ko versus

bs

[X7] data is shown below,

ko3 + k32
A
l—or kobs
T
ky3
4?
k32
[a+b] X7y nitia1
Temperature stopped flow
Jump analysis analysis

The plateau region is obtained when all of the metal is in the ion
pair complex. Therefore the suhsequent rate of dissociation into and ovut of
the jon pair will be independent of ligand [X ]. Referring to equation (3.6),
this means that KIP[X_] >> 1.

From a theoretical treatment of the Eigen (Id) mechanism,7 three
different relaxation times should be observed. This is expected from the
Eigen and Tamm examination of the outer sphere association between ion and

ligand as discussed in chapter one (see equation (1.6)).



Using equation (3.1), two expressions for reciprocal relaxation times

are as follows,

L = k12[6_1+g] + ko ...(3.8)
T

I
1 I k23.KIP[a+b] @)
o = 32 == .. (3.
TIT 1+ KIP[a4-b]

1 . . A ]
where T is the slower measurable reciprocal relaxation time.
IT

The complete Eigen mechanism includes a third reciprocal relaxation
time which is similar to %— and again cannot be observed using the temperature
jump apparatus. "

Experimentally, the k3o and ky3 parameters are calculated from the
stopped flow and temperature jump spectrophotometric data, by NONLIN analysis.
The KIP parameter can be determined from either NONLIN data analysis or

calculated from theoretical equatioms.

IT1 Theoretical KIP determination!*?2

Association constants of ion pairs may be obtained from chemical
relaxation measurements. Theoretically,3 models have been used to obtain
an estimate of these constants. The definition of what constitutes an ion
pair has proven to be difficult. Boih Bjerrum and Fuoss have proposed

equations to evaluste the association constant for ion pair formation.

II (i) The Theoretical Bjerrum equation

Bjerrum3

calculated the association equilibrium constant (KIP) using
the assumption that all ions interacting with coulombic energy u > 2KT, are

associated. The derived equation is as follows,

4m N

e & 600 a3b3Q(b) ...(3.9)

K

where a: is the distance of closest approach

N: is Avogadro's number



Q(b) = j y~*e” dy
2
2
and b = filf:lfﬂ_ = 1.671 x 1073 ——
. ekTa

b represents the ratio between P.E. and K.E. and is large for

small highly charged ions.

The individual terms are defined as follows,
€: 1is the dielectric constant

z are the valencies of the associating ions

42t
eg: 1is the electronic charge

k: is the Boltzmann's constant

T: is the absolute temperature

when b is large then,

11 (ii) The Theoretical Fuoss equation

70.

...(3.10)

Fuoss'’® derived another expression for the association constant in

which the cations of an electrolyte are represented by charged spheres of

radius a and the anions by charged point masses. Only those anions which

are within the sphere of volume V = é-1ra3 of a cation are counted as ion

3

pairs. The above hypothesis applies to the reaction M + X Z MX and contrasts

with the Bjerrum idea that the average effects of ion pair formation may be

calculated on the basis that oppositely charged ions within a certain critical

distance of one another are "associated" into ion pairs.

The Fuoss equation appears below,

4nNa3eb

Kip = 3000

where b: 1is the Bjerrum ratio between P.E. and K.E.

...(3.11)

a: is the minimum approach distance between the charged particles.

N: is Avogadro's number.
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A

1T (iii) Modification of the Bjerrum equation to determine Ko

KIP values can be evaluated using a modification of the Bjerrum

theory as follows,

X _ 4mNal o ~zzpe? Eg
uou(3.12)

—_— 4 —
P SE00 DKT a kT
where e: 1is the charge on the electron
k: is the Boltzmann's constant
D: is the dielectric constant

ES: is the term for ion-dipole interactions and coulombic terms

Basolo and Pearson® have documented KIP values for various zj and zp

charged species.

Experimentally determined assoctation constants for outer

sphere complex ions at 298K in water at zero tonie strength

Ion pair KIP (mol™! dm3)
[co(mus)13F, 17 74
[Co(NHz)g13%, Br™ 46
[CoMH3)e1?H, 17 17
[Co(NHy)1%F, N3~ 20
[Co(NH) g1 t, oOH™ 71
[Co(en)3]3+, Br~ 21
[CO(en)3]3+, ol 9
[Co(en)3]3+, N3~ 11
[Co(en)s]®F, 1™ 52
[Co(N3)sC112T, c1” 10
[Co(NH3)sC11°F, N3~ 13

Abstract of Table (1.11) in ref. 6.

The table shows the KIP dependence on the charges of the associating ions.
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ITI Method of Kinetic Data Analysis
(i) Use of programme NONLIN in experimentally obtained, data analysis

The experimentally obtained temperature jump and stopped flow spectro-
photometric kinetic data was analysed using programme NONLIN. The method
employed is as follows,

Using the rate equation shown below,

k23.KIP[a +b]

- 1 _
k = 7 ° k3o + 1+KIP[5+B] ... (3.7)

a limiting form occurs when KIP[E-kg] << 1 resulting in the following equation,

- 1 _ = aw
k a k32+k23KIP[a+b] ...(3.13)

This limiting form is applicable for an [ag+bg] value up to approx-
imately 2.5 x 1073 mol dm~3, where [ag+bo] is the sum of the initial
concentrations of [Cu(MeeTren)0H2]2+ and X respectively.

The k3o parameter is evaluated using the temperature jump work which
comprises the low ligand concentration region in the overall composite

kinetic curve of kobs versus [X~] and %—versus [a+Db].
The sequence of NONLIN data analysis is as follows,

1. An initial plot of %—versus [ag +bg] was analysed using a rectilinear
least squares programme to obtain the value of the k3o parameter.

2. The k32-value obtained is introduced into programme NONLIN as a fixed
term, together with estimates of k3 and KIP' The NONLIN programme
utilises an iterative process based on the rate equation shown in (3.7).
It progressively varies ko3 and KIP until the mean of the squares of the
residuals between the best fit curve and the kobs’ equally weighted input
data, over the entire ligand concentration range, is minimised.

The programmc NONLIN output data was obtained for the kinetic parameters,

ko3 and KIP together with the fixed value of kjzj.
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3. Using the Eigen mechanism shown in equation (3.1), the overall equili-

brium constant is calculated as follows,

K __.kog
IP

K (overall) = —————
eq ) k3o

The initial programme NONLIN output data is used to calculate Keq(overall)
and the [a+b] data for the temperature jump work was determined. The [a+Db]
is the sum of the equilibrium concentrations of metal ion and ligand
respectively.

Using the initial fixed k3, value and the original estimates of kojs
and KIP’ new tempefature jump %—versus [a+Db] input data together with the
stopped flow data is introduced into programme NONLIN.

The resulting output gives a refinement of the kp3 and KIP values.

4. A new Keq(overall) value is calculated and the new temperature jump
input data is introduced. Again a refinement of the kpg and KIP values
is obtained. The procedure was repeated and the output data from the

third and fourth iterative procedures agreed to within 1%.

The kinetic data presented in Tables (3.1), (3.3) and (3.5) is the
result of the final iterative procedure. The fit between experimentally
obtained and NONLIN evaluated data points is very good. This is shown in the
kinetic curves for the plot of kobs over the entire ligand concentration
range for Ng-, NCS~ or OCN substitution in [Cu(MeeTren)OH2]2+. These plots

are presenied in FIGS. (3.1), (3.3) and (3.6) respcctively.

(i) The points were equally weighted because of the small range of observed
rates at a particular temperature in the overall Eigen curve.

(ii) The parameter k3o was fixed because the low [a+b] values investigated
in the temperature jump analysis, together with the linearity of this
%—versus [a+b] plot enabled the k3, value to be determined accurately
from a rectilinear analysis.

It is acknowledged that an alternative method of NONLIN analysis 1is
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is to introduce estimates of all three unknown parameters k3p, ko3 and KIP
into programme NONLIN utilising the iterative procedure. However, owing
to the necessity of employing two techniques to obtain the experimental data,
a different k3 value compared with that from the rectilinear analysis was
obtained at a particular temperature.

Owing to the large number of data points in the low [a+b] region,
the former rectilinear method of data analysis was decided upon in deter-
mining kj3o.

It is important to appreciate that any small differences between the
k3, values obtained from the two procedures described above will not materially
affect the discussion of the substitution systems studied. This is because
the (anation or aquation) reactions of [Cu(Me6Tren)0H2]2+/X— and

[Cu(Tren)OH2]2+/X" systems show an approximately 10" times difference in the

observed rates,



FiG. (3.1)

The variation of the observed first order rate constant kobs for the
approach éo equil;brium of the [Cu(MeGTren)OH2]2+/N3— system, plotted against
[N3"]. The open and closed symbols are temperature jump and stopped flow
spectrophotometric data points respectively. The inset diagram shows the
low concentration data on an enlarged scale. The smooth curves represent

the best fits of the data to equations (3.6) and (3.7), from analysis using

programme NONLIN.

Temperature Jjump spectrophotometric measurements:

(A = 386 nm and pH = 6.75 * 0.05)

This was investigated at a constant [Cu(MeeTren)0H22+] of 3.92 x 107"
mol dm 3. The ligand (N37) concentration was varied from

4.0 x 107* mol dm™3 to 7.0 x 1073 mol dm™3 at 288 K

and from

1.2 x 107" mol dm™3 to 8.0 x 1073 mol dm~3 at 298 K, 308 K.

Stopped flow spectrophotometric measurements:

(A = 386 om and pH = 6.75 * 0.05)

This was investigated at a constant [Cu(MegTren)0H22+ ] of 6.0 x 10~%
mol dm~3. The ligand concentration range was varied from

7.0 x 1073 mol dm™3 to 3.0 x 107! mol dm~3 at 288 K, 298 K, 308 K.

The spectral variation accompanying the formation of [Cu(MegTren)N3lt appears

in FIG. (3.2).

The individual spectrophotometric data points in the plot of kobs over the

entire azide concentration range, appear in Appendix (3.1).
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FIG. (3.2)

THE SPECTRAL VARTATION ACCOMPANYING THE FORMATION OF [Cu(MeeTren)N3]+.

(pH = 6.80 £ (.05) and the ionic strength = 1.0 mol dm™3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MeGTren)0H22+] [N3™]

mol dm~3 (x 10%) mol dm~3 (x ldﬂ)
A 2.61 3.0
B 2.61 6.0
C 2.61 8.0
D 2.61 10.0
E 2.61 14.0
F 2.61 20.0
G 2.61 24.0

The A = 386 nm for [Cu(MeGTren)N3]+

max
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FIG. (3.3)

The variation of the observed first order rate constant kobs for the
.approach to equilibrium of the [Cu(MegTren)0H2]2+/NCS" system, plotted
against [NCS™]. The open and closed symbols are temperature jump and stopped
flow spectrophotometric data points respectively. The inset diagram shows
the low concentration data on an enlarged scale. The smooth curves represent

the best fits of the data to equations (3.6) and (3.7), from analysis using

programme NONLIN.

Temperature jump spectrophotometric measurements:

(A = 370 nm and pH = 6.75 £ 0.05)

This was examined at a constant [Cu(MegTren)OH22+] of 6.0 x 107% mol
dm~ 3. The ligand (NCS™) concentration range was varied from

4.0 x 107" mol dm™3 to 4.8 x 1073 mol dm~3 at 288 K, 298 K, 308 K.

Stopped flow spectrophotometric measurements:

(A = 370 nm and pH = 6.75 = 0.05)

This was investigated at a constant [Cu(MesTren)OH22+] of 6.0 x 107%
mol dm~3. The ligand concentration was varied from

6.0 x 10" 3 mol dm~3 to 5.0 x 107! mol dm~3 at 288 K, 298 K
and from

6.0 x 1073 mol dm 3 to 6.0 x 10~} mol dm™3 at 308 K.

The spectral variation accompanying the formation of [Cu(MeGTren)NCS]+ appear

in FIGS. (3.4) and (3.5).

The individual spectrophotometric data points in the plot of kobs over the

entire thiocyanate concentration range, appear in Appendix (3.2).
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FIG. (3.4)
THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MeeTren)NCS]+
in the WAVELENGTH REGION 320 to 430 nm.

(pH=6.80 + (.05) and the ionic strength = 1.0 mol dm~3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MeGTren)0H22+] [NCS™]
mol dm~3 (x 103) mol dm~3 (x 103)
A 1.14 0.0
B 1.14 0.4
C 1.14 0.8
D 1.14 1.4
E 1.14 3.0
F 1.14 4.0
G 1.14 1000

The wavelength at which the kinetic data was obtained was 370 nm.
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FIG. (3.5)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MeeTren)NCS]+

(pH = 6.80 £ (.05) and the ionic strength = 1.0 mol dm™3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)OH, 2] [NCS™]
mol dm™3 (x 103) mol dm~3
A 1.61 0.0

B 1.61 1.0



WAVELENGTH nm
7

s 690 ] [ A x 65.0 olo ] ] i 1 75I0 g i 1 1 80'0

FiG 3.5

17 16 15 14 13



FIG. (3.6)

The variation of the observed first order rate constant for the

- approach to equilibrium of the [Cu(MeBTren)OH2]2+/0CN' system, plotted
against [OCN ]. The open and closed symbols represent only stopped flow
data points, at various temperatures. The smooth curves represent the best

fits of the data to equation (3.6), from analysis using programme NONLIN.

Stopped flow spectrophotometric measurements:

(A = 710 nm and pH = 6.70 * 0.05)

This was examined at a constant [Cu(MeGTren)OH22+] of 5.0 x 10™° mol
dm~3. The ligand (OCN ) concentration range was varied from

5.0 x 107% mol dm™3 to 5.0 x 107! mol dm~3 at 288 K, 308 K
and from

5.0 x 10°% mol dm™3 to 6.0 x 107! mol dm™3 at 298 K.

Note: 1In an attempted temperature jump study, very small electrical
signals generated from the photomultiplier produced oscilloscope

traces of insufficient amplitude for evaluation of t.

The spectral variation accompanying the formation of [Cu(MesTren)OCN]+ as
shown in FIG. (3.7) demonstrates the small absorbance change (approx. 0.1)

at 710 nm.

The individual spectrophotometric data points in the plot of kobs over the

entire cyanate concentration range, appear in Appendix (3.3).
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FIG. (3.7)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)OCN]+

(pH = 6.80 = (.05) and the ionic strength = 1.0 mol dm~3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)OH,2 "] [ocNT]

mol dm™3 (x 103) mol dm~3 (x 103)
A 2.04 0.0
B 2,04 8.0

c 2.04 800.0
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TABLE (3.1)

Kinetie data for the anation of [Cu(MeGTren)0H2]2+

N3~ NCS™ OCN~
T(K) ko (s™D) koz (s~1) ko3 (s71)
288 15.2 + (0.5) 16.2 + (0.2) 26.0 * (0.5)
298 34,6 £ (1.3) 30.4 + (0.4) 46.1 + (0.8)
308 71.6 + (1.5) 60.3 = (0.9) 81.8 + (2.0)
TABLE (3.2)

Activation data for ithe anation of [Cu(MeeTren)OH2]2+

AH+ (kJ mol™1) As+ (J K~} mo1™l) ko3 (298 K) (s71)
X~ = N3~ + 54.8 = (1.0) - 31.7 £ (3.5) 34.6 = (1.3)
X~ = NCS™ + 46,2 = (1.9) - 61.4 = (6.7) 30.4 = (0.4)
X~ = OCN~ + 39.8 = (0.8) - 79.3 + (0.3) 46.1 = (0.8)
TABLE (3.3)

Kinetic data for the aquation of [Cu(MesTren)X]+

X~ = N3~ X~ = NCS~™ X~ = OCN~
T(K) k3p (s71) k3z (s71) k3p (s71)
288 0.95 + (0.08) 1.36 + (0.08) 0.39 + (0.07)
298 1.98 + (0.03) 2.03 = (0.11) 1.18 + (0.10)
308 4.21 + (0.10) 3.91 + (0.30) 3.34 + (0.08)
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TABLE (3.4)

Activation data for the aquation of[Cu(MeGTren)X]+

AH+ (kJ mol~l)

As+ (J k1 mo1-1)

k3y (298 K) (s~!)

X~ = N3~ +52.5 t (1.4) -62.8 = (4.7) 1.98 + (0.03)
X~ = NCS~ +36.5 * (6.1) -115.8 £ (20.6) 2.03 + (0.11)
X" = OCN~ +76.9 £ (7.4) +14.5 * (24.,9) 1.18 + (0.10)
TABLE (3.5)
2+ - kg 2+ -
[Cu(MegTren)OH, ] + X ﬁ;ﬁ: [Cu(MegTren)OH, %™, .. .X"]
21
Where KIP = k12/k21
and the ionic strength is unity
X~ = N3~ X~ = NCS~ X~ = OCN~
-1 3 -1 3 -1 3
T(K) KIP (mol=" dm°) KIP (mol™" dm®) KIP (mol™* dm?®)
288 30.3 £ (3.2) 39.8 £ (1.2) 11.4 = (0.6)
298 24.4 + (2.8) 38.3 £ (1.9) 14.2 = (0.7)
308 31.9 + (2.0) 42,7 * (2.6) 9.6 £ (0.6)

The transition state equation was used to

The equation used is as follows,

evaluate the activation data, shown

above.
5T _ant/re ast/r v (3.14)
k = — e e
obs h
1 EEEE = 1u EE - AH+ é§f ..(3.15)
T ‘In RT R -
+
-AH
a plot of ln[—%?EJ versus %— gives, slope = é§~
i _ kb AS+
intercept = In {T;} + R
where kb is Boltzmann's constant
h  is Planck's constant
T is the absolute temperature
A rectilinear least squares programme was used to analyse the data.
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IV Discussion of the kinetic and activation data obtained for aquation of

[Cu(MegTren)X]+ and anation of [Cu(MeGTren)OH2]2+
(1) Anation of [Cu(MegTren)0H2]2+ by (N3~, NCS™ and OCN™)

The Eigen-Wilkins (Id) mechanism’/ has as its rate determining step
the release of an imner sphere aqua ligand from the ion pair. The vacant
site on release of Hy0 is occupied by either Hy0 or X~ from the outer
coordination sphere. If this mechanism is operative, then the AH+ values
for the anation of [Cu(MeGTren)OH2]2+ should be similar for X~ = N3~,
NCS™ or OCN . The AH+ values should also be similar to the AH+ value for
]2+.

primary water exchange in [Cu(MegTren)OH, The last postulate cannot

]2+ has not been

be tested since the water exchange value of [Cu(MegTren)OH,
measured quantitatively,

In Table (3.2), the AH+ values for X = N3~, NCS~ and OCN~ show a
reasonable similarity as required by the Ij mechanism.

The AS=|= values for the anation reactions of (N3~ , NCS™ and OCN”) in
[Cu(MeeTren)OH2]2+, are expected in part to reflect the ability of X~ in the
outer coordination sphere to compete with outer sphere H,0 for the vacated
site. The AS+ values are all negative indicating an increase of order in
going from the ion pair to the transition state.

The activation data in Tables (3.2) and (3.4) refer to the following

part of the overall Eigen mechanism,

k23
[Cu(MesTren)0H22+. .o X] J—k_”* [CuiMegTren)X]T + oH,
ion pair inner sphere
"encounter" complex product

The X or outer coordination sphere water in the ion pair complex
is poised in a configuration that has a high probability of substitution for
the vacated site on dissociation of an inner sphere aqua ligand.

In Table (3.2), the spread of -ve AS+ values indicates differing
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X~ /Ho0 outer sphere competition ratios. The AS+ term for the
[Cu(MeGTren)OH2]2+/N3_ system is approximately half that for the NCS™ and
OCN™ systems, for the temperature range investigated. This may reflect the
higher symmetry of the N3_ ligand allowing it a statistical advantage over
the other substituting ligands.

The AS+ term is difficult to interpret precisely. For example, when
the metal ion to aqua ligand bond breaks in the ion pair, the resulting AS=|=
will be positive or negative depending on the allowed vibrational modes of
the methyl groups on the secondary nitrogens of the divalent copper MegTren
complex.

1

To conclude, AS' considerations are by no means definitive, although
the transfer of X~ or Hy0 from the outer coordination sphere to the inner
sphere of the divalent copper ion must be a major consideration, (see
discussion of the Frank and Wen model on page 8).

The individual kps3 values obtained for the system, [Cu(MeGTren)OH2]2+/X",
(where X~ = Ng_, NCS™ or OCN™) are shown in Table (3.1). There is a reasona-
ble spread of kyj3 values for the various ligands at a particular temperature.

These different anation rate constants are attributed to differing competition

ratios in the outer coordination sphere.

IV (ii) Aquation of [Cu(MegTren)X]+, (where X~ = N3~, NCS~ or OCN~)

Table (3.3) contains the kinetic data (k3o) for aquation of
[Cu(MeGTren)X]+. The similarity of k3s values for N3~ and NCS™ aquation
systems at a particular temperature, suggests that the bond broken is Cu-N
in both cases. Obviously for the [Cu(MesTren)N3]+/H20 system, the Cu-N
bond is broken preceding the formation of the ion pair encounter complex.

The lower k3o values for the system, [Cu(MeGTren)OCN]+/H20 (at a comparable
temperature to that for the other two systems) suggest that the bond ruptured

is Cu~0 because oxygen 1is more electronegative than nitrogen resulting in
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the Cu-0 bond being stronger than the Cu-N bond.

The activation data for aquation of [Cu(MeeTren)X]+ is presented in Table
(3.4). The differing AH+ values for X~ = N37, NCS™ and OCN~ reflect the different
natures of the leaving groups as mentioned above. The AST values were calculated
using equation (3.15). The AS+ for X~ = N,~ is again approximately half of that
for the NCS™ ligand. Statistical competition factors as well as the symmetry of
N3~ may explain this difference.

B g " +
The errors quoted for the activation data in the [Cu(MegTren)OCN] /H,0
aquation system are based on an estimate of the experimental error for the
rate constant, kg,.

IV (iii) A brief discussion of the Krp data obtained

The Kip values are shown in Table (3.5%, on page 76. For X = OCN~ the
values are in the range 9.6 to 11.4 mol~ldm (308K to 288K). These experimentally
obtained values are for a 2+,1- system in a one molar ionic strength (sodium
perchlorate) medium. The literature® Kip data shown on page 71, for similar
2+,1- systems was determined at 298K in water at zero ionic strength. Using this
data a Kyp value of >lmol'1dm3 may be predicted for these 2+,1- systems in a one
molar ionic strength (sodium perchlorate) medium. The agreement between the

predicted and experimentally obtained Kyp data for X~ = OCN™ was reasonable,
considering the Kyp sesitivity to the kp3 and k32 input data of programme NONLIN.

This is reflected in the random fluctuation of the Kyjp values with temperature
for X = OCN~ which is shown in Table (3.5).

From Table (3.5), for X~ = N3 and NCS™, the Kyp values are somewhat higher
than for X~ = OCN~. I acknowledge that the experimentally obtained Kip data
for both the N3 and the NCS™ anation reactions with [Cu(MegTren)OH2]2+ were
higher by almost an order of magnitude than would be expected for a 2+,l1- system
at one molar ionic strength. The reasons for not considering an associative
mechanism applicable for these two anation systems, in which Kip would be the
formation rate constant for a 6 coordinate intermediate, were presented opposite
page 64. Therefore, differences between the predicted and experimentally
obtained Kip data were attributed to labile site environmental considerations.
The environment of the labile site (aqua) is hydrophobic in [Cu(MeBTren)0H2]2+
because of the alkyl CH3 groups attached to the secondary nitrogens. Ordered
water in an hydrophobic environment may assist in ion pair formation since ion
pairs are formed as a result of electrostatic effects transmitted through
solvent molecules between the central metal ion and the anion.

To summarise, the factors affecting the magnitude of Kip are,

(i) the charges of the associating ions.

(i1) the symmetry, size and charge densities of the associating ions.
y g g

(iii) The environments of both the associating ioms, [Cu(MeeTren)OHz]2+
and X7,
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V Static and Kinetic Equilibrium Constant Spectrophotometric Data

Determination
(i) The general method of equilibrium constant evaluation

The equilibrium constant data obtained refers to the reaction sequence

shown below,

+ k12 k23
[Cu(MegTren)OHs 12" + X~ = [Cu(MegTren)OH, 2T, . X7 = [Cu(MegTren)X]™ + OH,
21 32
ion pair inner sphere
"encounter" complex product
... (3.1)
where Kip = kyo/koq

The method of calculating Kapp (spectrophotometric) is as follows,

3 o =] 2+
absorbance eI[Cu(MeGTren)OH2 ]eq + EIII[Cu(MeGTren)X+]eq ol (1)
2)
[Cu(MegTren)OH ]+ [Cu(MegTren)Xt] = [Cu(MegTren)OHy ] ...(2)
eq eq total
Substitute (2) into (1),
2
absorbance = (([Cu(MeGTren)OH2+] - [Cu(MeeTren)X+] ).e
total eq. I
+
+ [Cu(MegTren)X ]eq'EIII]
absorbance = [[Cu(MeGTren)0H§+] 'EI} + Ae.[Cu(MeGTren)X+]
total €q
...(3.16)
where Ac = € - €

(mol~! dm3 em™1)

and En is the extinction coefficient of species n

The €5 value is measured using pure [Cu(MesTren)0H2]2+ solutions, at the

required wavelengths using a Zeiss PMQ I1 spectrophotometer.

The €T value is calculated by increasing the ligand (X7) concentration

until an absorbance plateau is reached. At this point is assumed that all

of the available [Cu(MesTren)0H§+] has reacted with X~. Therefore,
total
_ Absorbance .
“II1 ~ TCu(MegTren)OHZT] (plateau region) L

total
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From equation (3.16), it is seen that,

absorbance = [Cu(MeeTren)0H§+]. e_ + [Cu(MeeTren)X+] . (e - €)
toral I eq ITT I
o absorbance = e 4 [Cu(MeeTren)X+]eq (& % )
[Cu(MegTren)OH; " ] I = [Cu(MegTren)OH5 "] 11T 1
total total
if [Cu(MegTren)OHs '] = [Cu(egTren)X*]
total q
then absorbance .
[Cu(MeeTren)OH§+] = €117 (as in eqn. (3.17))

total

Owing to the coupled equilibria shown in the Eigen mechanism above,
the ratio of the concentration of the ion pair species and inner sphere
complex is a constant.

Therefore at excess [X"] values, (as in stopped fléw work), the
[Cu(MeGTren)X]+ spectrum cannot be directly determined (unless k3o << ks3).
Also, [Cu(MeGTren)0H§+...X_] cannot be directly determined owing to the
rapidity with which the equilibria for the formation/dissociation of the ion
pair is established.

Static equilibrium measurements were carried out at 298 K, to test
the trestment of the kinetic data. Reasonable agreement between static and
kinetic equilibrium constants would establish intevnal comsistency within

the postulated Eigen mechanism.

(i1) The Method of evaluating the apparent equilibrium constant

A set of equations for the apparent equilibrium constant calculation

relating to equation (3.1), appears below,

Let [cu)?t [Cu(MegTren)OH, 12"

and X = N3, NCS™ or OCN™
o k12 k23 T
[cul™ + X7 == [cu®*...X7] F= [cuxX]
ko 32
ion pair inner sphere

product



For equilibrium conditions,

ko3
[cuX'] = [cu?t...X"] .+— and [cu?F...X"] = K rcu2t1x77
kgo IP
_ K__.kos "
.. fcuxt1fce?™) 1[x"1"! = ——— = K_ (overall) ... (3.18)
k3o eq

However, when an apparent equilibrium constant (Kapp) is determined
spectrophotometrically the absorbance of the solution is given in general
as follows,
[cuxt] ... (3.19)

absorbance = EI[Cu2+] + e _[cu?t. .. X7 + ¢

IT I1I

where € is the extinction coefficient of species n

In the limiting case, at high ligand concentrations, the [Cu2+...X_]
and [CuX]+ species predominate. This corresponds to the plateau region in
the kobs plot.

Referring to equations (3.6) and (3.7) it is seen that for FIGS. (3.1),
(3.3) and (3.6) when [X7] is > 0.2 mol dm'3, > 0.2 mol dm 3 and > 0.3 mol dm™3
respectively, KIP[X_] >> 1 in all cases. Consequently the first term in

equation (3.19) becomes negligible and the absorbance is given as follows,

= 2+ -
absorbance eII[Cu LX)+ EIII[CuX+]

with [Cu2+...X—] and [CuX+] always occuring in a fixed ratio at equilibrium.

k32
Since [cu?t...x"] = [cux'] . 4, for equilibrium conditions
then,
+ k32 5 .
= ——+ e e » L] A
absorbance EII[CuX 1 . K33 EIII[CuX 1 (3.20)
[[ by [ +]} (3.21)
absorbance = € CuX + —— [CuX' ], .o (3.
app ) ko3

Equating equations (3.20) and (3.21) results in,

k3o
E._. — *+ €
IT ka3 Ll > where ¢ is the apparent
k32 app app
4+ 1 extinction coefficient

k3

82.
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>> =
it can be seen that for kjj kgz, Eapp €111

and  ‘absorbamce _ you24 | x7) + [Cuxt]

On the basis of the above, Kapp may be defined as follows since both

species contribute to the absorbance,

. % _ Icuxt] + [cu?t.. . X7]
t app [Cu?T][X7]
. ka3
o i Kapp = Keq(overall) + KIP = KIP " EEE] + KIP
ko3 "
£ = K 1 4 — ..o (3.
Kapp IP kjo ( )

Referring to equation (3.22) it is seen that Kapp(spectrophotometric)

should be independent of ligand (X™) concentration.

This was found experimentally where the plots of versus [X7]

K
app _
indicated slopes of 0.061, 0.058 and 0.030 for X = N3~, NCS and OCN™

respectively. Allowing for experimental error these slopes are essentially

zZero.

At 298 K, the Kapp(spectrophotometric) equilibrium constants for
X~ = N»~, NCS™ and OCN™ were obtained as the mean of the reciprocals of the
individual values in the plot of K]- versus [X ], using the standard

app app
derivation formula shown on page 53.
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V (iii) The Keq(overall) data from the kinetic data obtained in the

analysis using programme NONLIN

Using equation (3.18), the Keq(overall) values from the NONLIN kinetic

data analysis appear below,

TABLE (3.6)

Equilibrium data for the formation of [Cu(MegTren)X]t

X = N3~ X~ = NCS~ X~ = OCN™
T(K) Keq(overall) Keq(overall) Keq(overall)

mol~! dm3 ' mol™! dm3 mol~! dm3
288 485 + (120) 474 = (51) 760 + (234)
298 426 = (75) 574 + (71) 555 + (92)
308 542 + (61) 659 = (109) 235 £ (27)

The above Keq(overall) values refer to the Eigen (Id) mechanism’ as

shown in equation (3.1). The kinetic data used to calculate the equilibrium
constant values in Table (3.6) appear in Tables (3.1), (3.3) and (3.5).

The error bars quoted in Table (3.6) mainly reflect those of the KIP para-
meter which is sensitive to the kg3 and k3, values in the NONLIN analysis.
This sensitivity of Keq(overall) to the parameter KIP is reflected in the

somewhat random temperature dependence of Keq(overall).

V (iv) Experimental determination of Kapp(spectrophotometric)

The spectrophotometric apparent equilibrium constant was determined
at 298 K using the ZEISS PMQ II spectrophotometer. Reaction solutions of
constant metal ion concentration and variable ligand concentration were
prepared and the absorbance measured. The temperature was maintained by
means of a calibrated thermistor probe.

A summary of the main experimental conditions in the spectrophotometric



apparent equilibrium constant determination is as follows,

(1) The Formation of [Cu(MesTren)N3]+ at 298 K:

A = 386 nm

pH = 6.85 = (.05)
[Cu(MeGTren)0H2]2+ €386 nm 45.1 mol~! dm3 cm~!
[Cu(MeGTren)N3]+ €386 mm 3.43 x 103 mo1™! dm3 em~!
[Cu(MeGTren)OH§+] = 3,40 x 107% mol dm~3

total

(ii) The Formation of [Cu(MeGTren)NCS]+ at 298 K:

A = 680 nm

pH = 6.85 = (.05)
[Cu(MeGTren)0H2]2+ €680 nm - 150.5 mol™! dm3 cm™!
[Cu(MeGTren)NCS]+ €680 nm 207.1 mol! dm3 cm™!
[Cu(MeGTren)OH§+] = 1,61 x 1073 mol dm~3

total

(1ii) The formation of [Cu(MegTren)OCN]T at 298 X:

A =710 nm

pH = 6.70 = (.05)
[Cu(MeGTren)OH2]2+ €710 nom = 154.4 mol~! dm3 cm~!
[Cu(MeeTren)OCN]+ €710 nm = 236.5 mol™! dm3 em™!
[Cu(MeGTren)OH§+] = 1.60 x 1073 mol dm™3

total

Note: The spectrophotometric and kinetic work was carried out at the same
wavelength except in the case of the formation of [Cu(MegTren)NCS]+
where these wavelengths were 680 and 370 nm respectively. This was
necessary owing to charge transfer band interference at 370 nm. In
this region the spectra for [Cu(MeGTren)NCS]+ formation exhibited a
shoulder, rather than a definite peak as shown in the spectra for

[Cu(MeGTren)N3]+ formation at 386 nm.
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V (v) Comparative equilibrium constant data (both static and kinetic)

The static and kinetic equilibrium constant data appear in the

following table,

TABLE (3.7)

Comparative equilibrium constant data for the formation

of [Cu(MesTren)X]+ at 298 X~

.
(A =
K (overall) 426
eq
(mol~1 dm3)
K (kinetic) 451
app
(mol~! dm3)

K spectrophotometric 539
app( P p )

(mol~! dm3)

386 nm)

1+

I+

I+

(75)

an

(25)

X~ = NCS™

(A = 370%,680 nm)

574

612

647

(71)

(73)

(53)

-

=

555

569

629

= OCN™

710 nm)

t (92)

+(103)

* (8)

The Kapp(kinetic) andKapp(spectrophotometric) values show a reasonable

agreement and therefore provide an acceptable demonstration of the

of the interpretation of the kinetic and static data.

consistency
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Section B: Kinetic analysis of the [Cu(Tren)OH,]27/X~ system

I A discussion of the kinetic data obtained

A three temperature investigation, (278, 288, 298 K), for the form-
ation of [Cu(Tren)N3]+, together with an experimentally limited one tem-—
perature (288 K) study of the formation of [Cu(Tren)NCS]t is presented.
The appropriate kinetic plots of %-versus [ag + bg] appear in FIG. (3.8).
The kinetic data obtained from a rectilinear analysis of the data points
in FIG. (3.8) together with the activation data, appear in Tables (3.8),
(3.9) and (3.10). .

It is seen from FIG. (3.8) that for both the [Cu(Tren)OH2]2+/N3_ and
[Cu(Tren)OH2]2+/NCS_ substitution systems, the plots of %-versus [ag + bg]
are straight lines of positive slope.

It is again postulated that these systems follow the Eigen (Id)7

mechanism, (eqn. 3.23).

e}

kig k)3
[Cu(Tren)OH2]2+ + X~ e [Cu(Tren)OH§+...X'] ﬁfi' [Cu(Tren)X]+ + OHy
21 32
ion pair inner sphere
"encounter complex product (3.23)
where K., = kip/kps; and X~ = N3~, NCS

The [Cu(Tren)0H2]2+/OCN_ system could not be investigated using the
temperzture jump technique owing to the unmeasureably small signals from
the photomultiplier.

It is suggested that if work were able to be carried out in the
[Cu(Tren)0H,]12t/X” systems, (where X~ = N3~ , NCS™) over a much larger ligand
(X7) concentration range, then curvature of the plot %-yersus [ag + Dbgl
would be obtained as in the [Cu(MeGTren)0H2]2+/X— system,

It was impracticable, owing to the rapidity of the observed rates
(approaching the heating time of the temperature jump apparatus), together
with the reduction in the electrical signal from the photomultiplier at the

higher ligand (X™) concentrations, (see page 54).



FIG. (3.8)

The variation of‘%-with [ag + by] for the [Cu(Tren)OH2]2+/N3_ system
is shown asO,D, and A at 288, 298 and 308 K respectively, and for the

[Cu(Tren)0H2]2+/NCS— system as$§§ at 288 K. Only the tempreature jump tech-

nique was used to obtain kinetic data, for the two systems shown above.

The formation of [Cu(Tren)N3lt: (A = 362 nm and pH 6.80 * .05)
This was' investigated at a constant [Cu(Tren)OH§+] of 1.52 x 1073
total
mol dm~3. The ligand (N3~ ) concentration range is from
8.0 x 10™* mol dm™3 to 2.4 x 1072 mol dm~3 at 278 K, 288 K
and from
4,0 x 107 mol dm™3 to 2.4 x 1072 mol dm~3 at 298 X

The spectral variation accompanying the formation of [Cu(Tren)N3]+ appears

in FIG. (3.9).

The formation of [Cu(Tren)NCS]+: (A = 360 nm and pH 6.80 * ,05)
This was investigated at a constant [Cu(Tren)0H§+] of 5.03 x 10~3
total
mol dm™3. The ligand (NCS™) roncentration range is from

4,0 x 1073 mol dm~3 to 2.6 x 10~2 mol dm~3 at 288 K

[ag + bg] is the sum of the initial metal ion and ligand concentrations

respectively.

The individual data points in the plot of %—versus [Ab + Bo] for the systems

described above, appear in Appendix (3.4).
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FIG. (3.9)

THE SPECTRAL VARTATION ACCOMPANYING THE FORMATION OF [Cu(Tren)N3]+

(pH = 6.75 = (.05) and the ionic strength = 1.0 mol dm™3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MeGTren)0H22+] [N37]

mol dm™3 (x 10%) mol dm™3 (x 103)
A 3.38 0.0
B 3.38 8.0
C 3.38 12.0
D 3.38 16.0
E 3.38 20.0
F 3.38 24.0
G 3.38 28.0
H 3.38 32.0
I 3.38 40.0
J 3.38 400.0
K 3.38 1080

- +
The Amax 362 om for [Cu(Tren)Ng3]
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TABLE (3.8)

Kinetic data for the aquation of [Cu(Tren)N3]*

(Z) (2) (211)
T (K) k3o k3o k3o
(s~1) x 107% (s71) x 107% (s~} x 107
278 4.97 + (0.12) 5.26 + (0.10) 5,37 + (0.11)
288 9.43 + (0.15) 9.80 + (0.19) 9,93 + (0.19)
298 14.4 * (0.1) 14.8 + (0.1) 14.9 + (0.1)
TABLE (3.9)

Kinetic data for the aquation of [Cu(Tren)NCS]+

(Z) (17) (ii7)

T (K) k3o k3o k3o
(s71) x 1074 (s7l) x 107H (s~1) x 107"
288 20.6 + (0.3) 22.1 + (0.2) 22.5 = (0.2)

TABLE (3.10)

Activation data for the aquation of [Cu(Tren)Ng]+

AH+ (kJ mo1~1) As+ (3 K71 mo1~1) k3, (298 K) (s7! x 107%)
+34.5 + (4.2) -30.0 * (14.4) 14.4 + (0.1) (z)
+33.4 + (4.1) -33.7 * (14.3) 14.8 = (0.1) (22)
+33.0 = (4.0) - 34,9 = (14.1) 14.9 = (0.1) (117)

(i) Derived from a plot of %-versus [ag + bg]

(i2) Derived from plot of %-versus [a + D] assuming Keq(overall) = 500
(mol™ ! dm3) 4

(117) Derived from a plot of %—versus [a + b] assuming Keq(overall) = 1000
(mol™! dm?3)



JU.

In the very low [ag + bg] concentration region of the temperature

jump work, the rate equation for the Eigen mechanism, (as in eqn. (3.7)),
is modified to the following,

1

T

= kObS =t k32 + k23 KIP [a + b] l..(3.24)

when KIP [a +b] << 1

The plateau region (ky3 + k3y) of the overall Eigen (Id) curve shown
in FIGS. (3.1), (3.3) and (3.6), is not obtained for the [Cu(Tren)OH2]2+/X_
substituting systems, owing to the experimentally limited range of ligand
concentrations iﬁvestigated. This means that programme NONLIN could not be
utilized for experimentally obtained data analysis. The result is that the
individual values of KIP and ky3 cannot be determined.

The k3p parameter represents the aquation of the [Cu(Tren)X]+ complex,
(where X~ = N3~, NCS”), and is reported in Tables (3.8) and (3.9).

The k3 values were determined from a rectilinear least squares fit
of the plots of kobs versus [ag + bg] where [ag + bg] is the sum of the
initial metal ion and ligand (X~) concentrations respectively.

The kinetic data in Tables (3.8) and (3.9) is obtained from the plot
of %-versus [ag + by] and for %—versus [a + b], where the hypothetical Keq
(overall) values used to calculate la + b] were probably unrealistically
high. The object was to see what possible effect the Keq(overall) value
has on the k3, parameter determination. The kinetic data shows this effect
td be negligible even for the extremely large hypothetical Keq(overall)
values assigned.

it was decided to plot the data in FIG. (3.8) as %—versus [ag + bg]
owing to the fact that the spectrophotometric data indicated an apparent

equilibrium constant of approximately 50 (see Table 3.11).
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IT A Brief discussion of the limited equilibrium constant data available

Owing to the limited kinetic data available, a detailed equilibrium
constant analysis was not possible. The Kapp(spectrophotometric) values
were determined for the formation of [Cu(Tren)N3]+, by the method discussed
previously.

The formation of [Cu(Tren)N;]t at 278 Kk, 288 K, 298 K:

A = 362 nn

pH = 6.80 £ (0.05)
[Cu(Tren)OH2]2+ €362 pm = 33.6 mol™l dm® cm™!
[Cu(Tren)N3]+ €362 nm = 3.67 X 103 mol~! dm3 em™!
[Cu(Tren)OH§+] = 3.38 x 107" mol dm™3

total

The equilibrium constant data is shown below,

TABLE (3.11)
Equilibrium constant data for the formation of

[Cu(Tren)N3]+, (at » = 362 »nm)

T (K) Kapp(spectrophotometric)
278 57.6 £ (11.5)
288 49.2 + (9.8)
298 | 43.2 + (8.6)

The errors were obtained from a standard deviation calculation as

discussed previously.
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CHAPTER THREE; RESULTS AND DISCUSSION
Section C:

1 A comparative discussion of kinetic and activation data for the
two systems, ICu(MeGTren)OH2]2+/X" and [Cu(Tren)OH,12%/X™

(where X~ = N3 , NCS™)

II  Reasons postulated for the reduced lability of the [Cu(MeGTren)0H2]2+/X'
system compared to that of [Cu(Tren)OH2]2+/X—
(i) Electron donating abilities of coordinated amine ligands
(ii) Labile site environmmental effects in [Cu(Tren)0H2]2+
[Cu(MegTren)OH, ]2t

(iii) Steric hindrance considerations
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Section C:

I A comparative discussion of kinetic and activation data for the two

systems, [Cu(MesTren)0H2]2+/X_ and [Cu(Tren)0H2]2+/X-, (where X~ = N3 ,

NCS™)

Ligand substitution iﬁ the systems, [Cu(MeGTren)OH2]2+/X_ and
[Cu(Tren)OH2]2+/X_, (where X~ = N3, NCS™), is consistent with the Eigen-
Wilkins (Id) mechanism, in which the rate determining step for the form-
ation of [Cu(Me6Tren)X]+ or [Cu(Tren)X]+ is denoted by the parameter kég.
The rate constant, ky3, is a measure of the rapidity of the dissociation of
the inner sphere coordinated aqua ligand, from the ion pair to form the
inner sphere product. Theoretically, the ky3 value should be equal to the
primary water exchange rate of the divalent copper ion, (kex), in
[Cu(MeGTren)OH2]2+ or [Cu(Tren)0H2]2+ depending on the system under inves-
tigation, In fact, from the kinetic data obtained, the ko3 value is less
than the kex value, This is due to the competition between X and the
outer coordination sphere water for the vacant site on dissociation of an
inner sphere coordinated H»0 in the ion pair complex. The statistical pro-
bability factor a for substitution of the vacant site was introduced on

pages 19 and 20,

Thus, ka3 e a . ko v (3.25)
experimentally experimentally
obtained obtained
(this study) (NMR studies)®?9

where a is the statistical factor and is < 1

The value of primary water exchange (kex) was determined® for
[Cu(Tren)OH,1%2" at 298 K and found to be 2.5 x 10° (s71).

Using N.M.R. techniques for acetonitrile exchange9 (kCH3CN) in the
complex, [Cu(MeeTren)CH3CN]2+, a value of < 100 at 350 K was indicated.

This value is several orders of magnitude slower than that for acetonitrile



excha_nge9 in the complex [Cu(Tren)Cﬁch]2+.
If a similar expectation is reasonable for the aqua systems then from

the acetonitrile exchange data®

and the experimentally obtained ko3 values,
the kex for [Cu(MesTren)0H2]2+ would be in the range 46.1 to 100 (where 46.1
is the largest kpj value from Table (3.1) at 298 K).

The acetonitrile exchange data are shown in Table (3.14) and on page
36.

The comparative kinetic data for aquation in the two systems

[Cu(MegTren)X]+/H20 and [Cu(Tren)X]+/H20 appear in the following table,

TABLE (3.12)

k3p ks,
[Cu(MegTren)X]T + Hy0 == [Cu(MegTren)OH-T, . X" === [Cu(MegTren)OH 12¥ + X~
ko3 < 12
e (1)
ks kyy

[Cu(Tren)X]t + H,0 = [Cu(Tren)OHS .. . X 7] = [Cu(Tren)OH,]%* + X~

LAY (2)
T (K) Complex k3o (s™H Ratio k32(2)/k32(1)
288 [Cu(MegTren)N3]t 0.95 * (0.08)
N 9.93 x 10"
288 [Cu(Tren)N;3] 9.43 + (0.15) x 10%
298 [Cu(MegTren)N3]™ 1.98 + (0.03)
7.27 x 10"
298 [Cu(Tren)N3]™ 14.4 + (0.1) x 10"
1.36 + (0.08
288 [Cu(MegTren)NCS]t 60108 557 o TOR
L
288 [Cu(Tren)NCS]+ 20.6 z (0.3) x 10

The [Cu(Tren)X]+ kinetic data from Tables (3.8) and (3.9) on page (79)

is from the plot %—versus [ag + bg].
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The comparative kinetic data for anation in the two systems

[Cu(MeeTren)OH2]2+/X— and [Cu(Tren)OH2]2+/X_ appears in the following table,

TABLE (3.13)
= kyp N F .
[Cu(MegTren)OH, ] + X~ [Cu(MegTren)OH;™,..X ] [CuMegTren)X]™ + 0OH
6 2 f{;‘f 6 2 1{1;2*- 6 2
... (3)
ki, kyg N
[Cu(Tren)0H2]2+ + X == [Cu(Tren)OH2+...X_] == [Cu(Tren)X]' + OH,
21 2 k3p
an-(4)
T(K) Complex X~ ko3 (s71) Ratio kzg(q)/kzg(s)
288 [Cu(MegTren)0OH, 12V N3~ 15.2 + (0.5)
>0.5 x 10"
288 [Cu(Tren)OH, 12" N3~ >7.94 x 10%
298 [Cu(MegTren)OH, 121 Ny~ 34,6 * (1.3)
N >0.25 x 104
298 [Cu(Tren)OH, ]2 N3~ >8.76 x 10"
288 [Cu(MegTren)OH,12%  NCS™  16.2 + (0.2)
>0.47 x 10"
288 [Cu(Tren)OH, ]2+ NCS™  >7.63 x 10%

The ko3 values in Table (3.13) for anation of [Cu(Tren)OH2]2+ cannot
be determined exactly although a lower limit of ko3 can be determined, as
follows,

A number of %-values at varying [a + B] were calculated from experiment—
ally obtained data using the temperature jump technique. The rate constant,
k3s, was found from a rectilinear analysis of this data as discussed previously.
The lower limit for the rate constant, ko3, was assigned as the difference
between the k3, value and the %-value at the highest [a + b] investigated (at
a particular temperature). Therefore, although the plateau region (ko3 + kj3,)
is not reached for the [Cu(Tren)OH2]2+/X_ anation system, a lower limit for

ky3 can be evaluated. This enables the two anation systems to be compared,
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as shown in Table (3.13).

(s
/23 (lower 1limit)
k32 ____________ +
[a + b]
i 2+
The ratio kex for [Cu(Tren)OH>] 2.5 x 105 (5_1)
kex for [Cu(MeGTren)OHz]2+ - <100 (s~1)

which is > 0.25 x 10* at 298 K

This assumes that the ratio of acetonitrile exchange in the two systems,
[Cu(Tren)CHgCN]2+ and [Cu(MeGTren)CchN]2+ is comparable tc the ratio of water
exchange in the two systems, [Cu(Tren)OHz]2+ and [Cu(MeGTren)OH2]2+.

The kex ratio obtained is very similar to the kj3 ratios in Table

(3.13), which is to be expected for the Id mechanism.
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The following table summarises work on acetonitrile exchange,

TABLE (3.14)

Rate parameters for the exchange of acetonitrile

on bivalent metal complexes

Complex keX (298 K) AH+ AS+ Ref.
(s~ kJ mol™!  J K"! mo17!
[Cu(MeCN) 12T 1.6 x 107 = = 9
(228 K)
[Cu(Tren) (MeCN) ]2t (1.7 + 0.2) x 10° 45 + 4 26 + 16 9

(5.1 £ 0.7) x 103

(228 K)
[Cu(Trenol) (MeCN), ]2t (2.6 £ 0.5) x 106 26 % 8 -34 = 32 9
(8.0 + 2,0) x 10"
(228 K)
[Cu(MeGTren)(MeCN)]2+ < 100° - - 9
[Co (MeCN) ¢]12F (3.2 + 0.3) x 105 48 % 2 22+ 8 10
[Co(Tren) (MeCN)]2* 22 x 1086 - - 10
[Ni(MeCN) 12t (2.0 + 0.3) x 103 69 % 2 50 + 8 10
%[Ni(Tren) (MeCN),]2t (16.5 + 3.5) x 10% 45 £ 6 6 + 21 10
bini (Tren)Mecy) ,12% 32 x 108 = = 10

a MeCN trans to the tertiary amine group
b MeCN cis ter the tertiary amine group

¢ At 350 K

Table abstracted from reference 9.

Referring to Table (3.12), the dissociation of N3~ from [Cu(Tren)N3]+
occurs at 9.93 x 10% (288 K) and 7.27 X 10" (298 K), times more rapidly
than for the corresponding dissociation from the [Cu(MegTren)N3]+ complex.
In the case of NCS™, the dissociation from [Cu(Tren)NCS]t is 15.2 x 10%

times more rapid than from [Cu(MegTren)NCSIt, at 288 K.
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The comparative activation data for aquation in the systems,

[Cu(Tren)X]+/H20 and [Cu(MeGTren)X]+/H20, appear in Table (3.15).

TABLE (3.15)
Activation data for the aquation of [Cu(MegTren)N3]™t veo (1)
Activation data for the aquation of [Cu(Tren)N3]t .. (2)
ant (kJ mél‘l) ast (J K71 mo171)
(1) +52.5 £ (1.4) -62.8 £ (4.7)
(2) +34.5 + (4.2) -30.0 * (14.4)

The data in (2) are obtained from plots of %-versus [ag + bg] measured
at three different temperatures.

From the activation data in Table (3.15), it can be seen that the
much faster dissociation of X~ from [Cu(Tren)X]+ compared to that from
[Cu(MeeTren)X]+, results from both the enthalpy and entropy factors.

Solid state X-ray crystallographic studies have shown that the labile
site (X7) in [Cu(MeGTren)X]+ occupies a small hydrophobic11 pocket whereas
in [Cu(Tren)X]+, the X~ occupies a much more exposed hydrophilicl!? environ-
ment. If solvation effects are important in the determination of transition
state energetics (inner sphere produci I ion pair), then dissociaticn of X~
from [Cu(Tren)X]'T would be more labile than from [Cu(MegTren)X]+. The bulky
methyl groups on the secondary nitrogens in [Cu(MeGTren)X]+ produce consider-
able steric constraint on the labile site (X7) and therefore it is less
accessible to the solvent.

This same idea is used in part tc account for the slower water exchange
rates in the primary hydration sphere of divalent copper in [Cu(MeeTren)OHz]2+
compared with that for [Cu(Tren)OH2]2+. Both the steric constaints imparted
by methyl groups and the ordered Hy0 surrounding the leaving group in a hydro-
phobic environment are probably important in determining the apparent slow

1

water exchange? in [Cu(MesTren)0H2]2+ compared with [Cu(Tren)OH2]2+. The
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reduced lability of [Cu(Tren)OHz]2+ compared with [Cu(0H2)6]2+ was found from
water exchange measurements using the N.M.R,859,1% technique. This results
from the removal of the Jahn Teller!3 effect (as discussed on page 17).

This phenomenon also occurs in the systems, [Cu(CH3CN)6]2+,
[Cu(Tren)CH3CN]2+ and [Cu(MeGTren)CH3CN]2+, with the relevant acetonitrile
exchange data® shown in Table (3.14).

Studies reported in this thesis for anation and aquation in the systems,
[Cu(Tren)OH2]2+/X' and [Cu(MeGTren)OH2]2+/X_, again show this reduction in

lability upon chelation of [Cu(OH2)6]2+. This is shown in the following data,

(1) anation: [Cu(OHy)g ]2t k. = 8x10% s} (ref. 14)
fats 2957 [Cu(Tren)OH2]2+ ko3 ~ 10° g71
[Cu(MegTren)OHy12% kp3 = 34.6 s~!
(2) aquation: [Cu(OH2)6]2+ kex = 8 x 109 s71 (ref. 14)
(at 298K) 6y (Tren)Ng I+ ksp = 1.44 x 105 g1
[Cu(MegTren)N3]" k3, = 1.98 s~!

IT Reasons postulated for the reduced lability of the [Cu(MeGTren)0H2]2+/X"

system compared to that for [Cu(Tren)0H2]2+ i
The possible reasons will be discussed in the following sequence:

(1) electron donating abilities of coordinated amine ligands
(i1) Zlabile site enviromment: hydrophobic and hydrophilic for the labile
site in the systems [Cu(MegTren)0H2]2+/X_
and [Cu(Tren)OH2]2+/X' respectively.
(iii) steric hindrance considerations: (see the 3 dimensional model in

FIG. (1.3)).
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11 (i) Electron donating abilities of coordinated amine ligands

It is necessary to consider the relative donating abilities of the
groups -NH, and -N(CH3), in [Cu(Tren)OH2]2+ and [Cu(MeeTren)OH2]2+, respec~—
tively.

In a bonding configuration; lone pair polarization follows the induc-

tive order for a series of amines as follows,
NH3 < CH3NHp < (CH3)2NH < (CH3)3N

For these secondary nitrogens, from purely inductive considerations increasing
the number of alkyl substituents on nitrogen increases electron donating
ability (and so basicity). Therefore, in the above sequence N(CH3)3 should
be the strongest Lewisl® base.

For a series of alkylamines, the following sequence of basicity in
water is observed, which is in conformity with the Lewis base sequence.

RoNH > RNH, > R3N > NHj3

decreasing
basicity

The above sequence suggests that increasing alkyl substitution on the
nitrogen would produce better ligands than ammonia. However, it has been
found!? that primary aliphatic amines coordinate less readily than ammonia,
secondary amines coordinate less readily than do primary, and tertiary
amines show almost no ability to coordinate to metal ions, (however in
[Cu(MeeTren)0H2]2+ and [Cu(Tren)OHp_]2+ the tertiary nitrogen does coordinate
to divalent copper).

The above inconsistency with the basicity sequence as determined from
purely inductive effects, leads to the necessity of considering steric effects
on increasing alkylation.

The contributions to Ni(II) - ligand interactions from inductive and

steric effects in octahedral complexes have been investigated.16
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The N-monoalkyl-substituted!® amine complexes become slightly $Q¥e
basic with increasing the length of the alkyl chain.!® However, the spectra
of nickel complexes of these same ligands show a systematic decrease in D
values as the alkyl group becomes more complex. The same trend was found
in the Dq values of the N,N'-dialkylethylenediamine complexes.

Although the ethyl group is more electron releasing than the methyl
group, this effect is often offset by its larger steric requirements. 1In the
case of simple amines, trimethylamine is a stronger base toward trimethyl-
borane than ethyldimethylaminel?® or triethylamine.20 The steric effects
outweigh the inductive effects.

Since both N,N'~dimethylethylenediamine and N-methyl-N'-ethylethylene-
diamine are stronger bases than ethyienediamine? the smaller Dq values (in

the Ni(II) complexes) of these two ligands indicate that the magnitude of

the steric effects again outweighs the inductive considerations.l®



TABLE (3.16)

Data Derived from Aqueous Solution Spectra of the Ni(II) Complexes

: -1
ligand (at kmax) cm

v

en 11,230
12,600
18,320
28,990

N-methylen 10,870
12,350
17,860
28,410

N-ethylen 10,730
12,790
17,390
28,010

N-propylen 10,570
12,850
17,320
27,930

Abctracted from Table IV in reference 16.

Table (3.16) shows that the Amax values are shifted to lower frequencies

on increasing the alkylation of en (that is, Ni(II) ccmplexes with en

have larger Dq values than for N-propylen).

Vi
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TABLE (3.17)
Data derived from Solution Spectra Using the

Respective Ligands as Solvents

§ -1 -1 ¢4 -1
Ligand (at_kmax) cm Dq.cm (£ 4 em™ )

v

en 11,360 1136
12,500
18,350
29,070

N-methylen 10,940 1094
12,500
17,950
28,490

N-ethylen 10,760 1076
12,500
17,860
28,260

N-propylen 10,660 1066
12,500
17,790
28,170

N,N-dimethylen 10,000 1000
12,500
16,860
27,170

The above table is abstracted from Table III in ref. 16.

Table (3.17) shows a systematic decrease in Dq values on alkylation

of the en ligand in the Ni(II) complexes. Compare the following

structures,
CHj
NH»-CH,~CHo~-NH, NHp-CHp-CH,-N
, N\
CH3
(en) N,N-dimethylen

-
decreasing D from spectral measurementa



The Dq value is a measure of the interaction between the metal ion
and ligand, with the greatest interaction having the larger Dq values., 1In
Table (3.17) it is shown that en has the largest Dq value in the Ni(II)
complex.

For a metal ion and ligand interaction, Pavkovic and Meekl!® studied

the systematic variance of the Dq values for the ligand,

Rl
R—NHCH, CHZN/

o
in the complex [Ni(ligand)3](C104)5, in the solid, in ligand solution, and
in aqueous solution.
In the aqueous environment, R' and R" = H and R is varied from H, Me,
Et, Pr (Et = ethyl and Pr = propyl). The resulting Ni(II) complexes showed
a reduction in Dq values with increased alkylation of the ligand. This is
in accord with the less alkylated species having a greater electron donation
ability.
The Dq values, which reflect the net result of stgric and inductive
factors, produce the following spectrochemical series:!®
en > N-methylen > N-ethylen > N-propylen
> N,N'-dimethylen > N-methyl-N'-ethylen
> N,N-dimethylen

The two ligands of interest here are:

/CHz—Cﬂz—N'HZ /CHZ—CHz—N(CHg)z

N—CHy-CHo-NH> and N—CHy~CHy-N(CH3)»

CH,-CHy-NH» CHy~CHp-N(CH3)»
(Tren) (MegTren)

Note: The electron donating ability of either -NHy or -N(CH3), will depend
on the spatial distribution of both metal ion and ligand orbitals.

If the ligand 1s capable of donating electrons, the metal ion must
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have a d orbital in position to accept these electrons. Distortions
of the spatial distribution of the d orbitals resulting from changes
in structural configurations (e.g. octahedral and trigonal bipyramidal)
may affect ligand electron donation abilities. It is for this reason
that the previously discussed Ni(II) octahedral complexes are used
only as a guide to the effect of alkylation on electron donation in

[Cu(MeGTren)OH2]2+ and [Cu(Tren)OH2]2+.

Acid dissociation constants of coordinated water molecules in the
general complexes, [M(Tren)OH2]2+ and [M(MeGTren)0H2]2+ were investigated.21
It was suggested that the pKa variation may arise in part from differences
in electron donation to the central metal ion between the -NH, and -N(CH3)p
groups of Tren and MegTren respectively.

The crystal field splitting22 of [Co(Tren)OH2]2+ has been shown to
be greater than for the methylated analogue (all bands of Tren complexes
[Co(Tren)X]X are shifted to higher frequencies with respect to the MegTren
complexes). This is in agreement with the greater crystal field strength
of the NH, group in comparison to that of —N(CH3)2.16

On the basis of the above discussion, the postulated greater electron
donation to the central metal ion in [M(Tren)OH2]2+ may result in higher
pKa values for these complexes than for the [M(MegTren)OH2]2+ series. This
was a trend found experimentally.21

From the above discussion, it is concluded that the -NH, group is
more electron donating than -N(CH3), in the [Cu(Tren)0H2]2+ and
[Cu(MeeTren)OH2]2+ complexes, respectively. The result is a reduction in
positive charge of the central metal ion in [Cu(Tren)OH;_]2+ consequently
weakening the copper(II) to leaving group bond. This bond weakening in part
contributes to the greater lability of the [Cu(Tren)0H2]2+/X_ system in

comparison with the [Cu(MeeTren)OH2]2+/X_ system.
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IT (ii) Labile site environmental effects in [Cu(Tren)OH2]2+ and

[Cu(MegTren)OH, ] T

The labile site environments in [Cu(Tren)OH2]2+ and [Cu(MegTren)OHz]2+
are hydrophilic and hydrophobic respectively. This phenomenon was discussed
previously in the light of solvation effects being important in transition
state energy determinations (AH+ and AS+). From work® outlined in Table
(3.14), it is concluded that the hydrophobic environment factor, although
significant, is not the major factor determining the relative labilities

2+ 2+ ,
of the [Cu(Tren)OH,] and [Cu(MegTren)OH, ] complexes.

The acetonitrile exchange data for the divalent copper Tren and

MegTren systems are as follows,9
[Cu(Tren) (MeCN) ]2+ k. (s7) = (1.7 £ 0.2) x 106 at 298 K
[Cu(MegTren) (MeCN) 127 k. (s71) < 100 at 350 K

The large differences in labilities for the two acetonitrile exchange
systems shown above parallel work on substitution in the systems,

[Cu(Tren)0H2]2+/X' and [Cu(MesTren)0H2]2+/X'.

In the acetonitrile exchange systems the "ice-1like" structure of the
solvent is not present although there is a large difference in labilities for
the two complexes, [Cu(Tren)(MeCN)]2+ and [Cu(MeGTren)(MeCN)]2+. This would
suggest that solvent ordering considerations concerning the labile site are
not the major factors in determining the different observed rates for subs-

titution in the divalent copper Tren and MegTren complexes.

IT (iii) Steric hindrance considerations: (see FIG. (1.3))

The clustered methyl groups in [Cu(MeeTren)OH2]2+ and [Cu(MeeTren)X]+,
would substantially hinder the removal of the respective leaving groups.
The leaving group will have to vacate a confined space for the entering

group whereas in the [Cu(Tren)OH2]2+ complex the labile site is relatively
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open to substitution. The models shown in FIG. (1.3) clearly show the
constraint placed on the labile site in [Cu(MeeTren)OH2]2+. It is postulated
that the bulky methyl groups may also preclude geometrical re-arrangement

in the transition state - reflected by the slower observed substitution

rates in the [Cu(MeGTren)OH2]2+/X' system.
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CHARTER THREE: RESULTS AND DISCUSSION

Section D: Kinetic analysis of the [Cu(MeGTren)OH2]2+/X' system

(where X~ = Br™, Cl1l7)

I Discussion and Interpretation of the kinetic data obtained
IT A comparative discussion of kinetic data, for aquation of the

complexes [Cu(MegTren)X]t where (X~ = N3~, NCS™, OCN~, Br~ and C17)
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Section D: Kinetic analysis of the [Cu(MesTren)OH2]2+/X_ system,

(where X~ = Br~, C17)
I Discussion and Interpretation of the Kinetic Data Obtained

The plots of kobs over the entire ligand (Br~, Cl7) concentration
range for the two systems, [Cu(MeGTren)OH2]2+/Br' and [Cu(MeGTren)OH2]2+/Cl—
appear in FIG. (3.10). The kinetic data was obtained under pseudo first
order conditions. The wavelength for investigation was determined from
photomultiplier electrical signal amplitude measurements at various wave-
lengths using the stopped flow apparatus, together with spectral analyses
on the Zeiss DMR 10 recording spectrophotometer, (see FIGS. (3.11) to (3.14)
inclusive).

The plots of kObS against [X"] shown in FIG. (3.10) are straight lines
of essentially zero slope, at all temperatures investigated. The Eigen-

Wilkins (Id)7 mechanism is again considered operative as shown below,

ko k)3
[Cu(MeqTren)O0H, ]2t + X~ == [Cu(MecTren)OH2T...X"] &= [Cu(MegTren)X]T + OH
6 2 1 6 > o 6 2

ion pair inner
"encounter"” complex sphere product
... (3.26)
where K., = kio/ko; and X = Br~, C1™

It is suggested that the curvature of the plots kC o versus [XT] shown in

b
FIGS. (3.1), (3.3 and (3.6) is not apparent in the C1™, Br~ substitutions

in [Cu(MeGTren)OHz]2+ because,

k3o >> ks3 ...(3.27)

That is, the equilibrium between the ion pair "encounter" complex and the
inner sphere product greatly favours the ion pair. Therefore, the straight
line plots of essentially zero slope are in fact the usual Eigen curves but
that this curvature lies within the standard deviations of the individual
k values (at all temperatures studied). The k3p values obtained from a

obs

rectilinear least squares analysis of the plots ko versus [X7], (X~ = Br™,

bs
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C1™) will be accurate to within the standard deviations of kobs'
The satisfactory amplitudes of the signals obtained from the photo-

multiplier on mixing the reactants in the stopped flow apparatus indicate

a large extinction coefficient difference between the two complexes,
u(MegTren)OH,” ....X"] and [Cu(MegTren)X]
where X~ = Br~, C1™
Note: Temperature jump analysis of the [Cu(MeGTren)0H2]2+/Br— and

[Cu(MegTren)OH ]2+/C1' ligand substitution systems was unsuccessful
6 2

owing to the very small, photomultiplier signals.



FIG. (3.10)

The variation of the observed first order rate constant kobs for the
approach to equilibrium of the [Cu(MesTren)OH2]2+/Br— and [Cu(MegTren)OH, 12/
Cl systems, plotted against [Br~ ] and [C1”] respectively.

The closed symbols represent stopped flow spectrophotometric data
points in the [Cu(MeBTren)OH2]2+/Br" system at 278, 283 and 288 K.

The open symbols represent stopped flow spectrophotometric data
points in the [Cu(MeGTren)0H2]2+/Cl' system at 278, 288 and 298 K.

The lines of best fit were obtained by rectilinear least squares
analysis of the spectrophotometric data points.

The formation of [Cu(MeGTren)C1]+: (A = 725 nm and pH = 6.85 = .05)

2+] of

This system was investigated at a constant [Cu(MegTren)OH)
total
2.0 x 1073 mol dm~3.
The ligand (C1~) concentration range was from 2.4 X 1072 mol dm™3
to 4.96 x 107! mol dm~3 at 278, 288 and 298 K.
The spectral variation accompanying the formation of [Cu(MegTren)C1]t appear
in FIGS. (3.11) and (3.12).
The formation of [Cu(MesTren)Br]+: (A = 725 nm and pH = 6.85 = .05)
This stopped flow system was investigated at a constant
[Cu(MegTren)OH3']  of 2.0 x 1073 mol dm™3,
total
The ligand (Br~) concentration was varied from 2.4 x 102 mol dm~3
to 4.96 x 10! mol dm~3 at 278, 283 K and from 3.2 x 1072 mol dm™3 to
4.96 x 107! mol dm™3 at 288 K.
The spectral variation accompanying the formation of [Cu(MeGTren)Br]+ appear
in FIGS. (3.13) and (3.14).
The individual spectrophotometric data points in the plot of kobs over the
entire Br~, C1~ concentration range, appear in Appendix (3.5). The ionic

strength was maintained at 1.0 mol dm™3 (sodium perchlorate) for the two

ligand substitution systems described above.
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FIG. (3.11)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MeGTren)Cl]+

(pH = 6.85 * (.05) and the ionic strength = 1.0 mol dm~3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)OHy 2] [c17]
mol dm 3 (x 103) mol dm~3 (x 103)
A 1.82 0.0
B 1.82 8.0
C 1.82 20.0
D 1.82 48.0
E 1.82 100
F 1.82 200
G 1.82 . 960

= 2+
The Amax 291 nm for [Cu(MegTren)OH,]
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FIG. (3.12)

THE SPECTRAL VARTATION ACCOMPANYING THE FORMATION OF [Cu(MesTren)Cl]+

(pH = 6.85 + (.05) and the ionic strength = 1.0 mol dm™3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)OH, 2] [c17]
. mol dm~3 (x 103) mol dm™3 (x 103)
A 1.82 0.0
B 1.82 8.0
C 1.82 20.0
D 1.82 48.0
E 1.82 100
F 1.82 200
G 1.82 960

Changes in absorbance as the [C17] is increased is indicated in this

high wavelength spectral region of investigation.



ABSORBANCE

WAVELENGTH nm
650 7(110 7?0 8?0 850 900
[} i (! 1L 1 Ll L L L [ 1 L L 1 ] | 1 1 1 1
| LN B B | LI L | T L L | t L | LI L 1

FIG 3.12

1.01

0.0

i5 14 13 15
1073V  em-!



FIG. (3.13)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MesTren)Br]+

(pH = 6.85 * (.05) and the ionic strength = 1.0 mol dm~3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MeeTren)OH22+] [Br7]
mol dm~3 (x 103) mol dm™3 (x 103)
A 1.45 0.0
B 1.45 8.0
C 1.45 20.0
D 1.45 48.0
E 1.45 100
F 1.45 200
G 1.45 520
H 1.45 960

- = e 2+
The Amax 291 nm for [Cu(McgTren)OH,]
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FIG. (3.14)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MeGTren)Br]+

(pH = 6.85 £ (.05) and the ionic strength = 1.0 mol dm™3 (sodium

perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MesTren)OH22+] [Br~]
mol dm™3 (x 103) mol dm~3 (x 103)
A 1.45 0.0
B 1.45 8.0
c 1.45 20.0
D 1.45 48.0
E 1.45 100
F 1.45 200
G 1.45 520
H 1.45 960

Changes in absorbance as the [Br~] is increased is indicated in this

high wavelength spectral region of investigation.
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To substantiate the assumption that k3, >> Kky3, spectral variation
relating to the formation of [Cu(MeGTren)Cl]+ and [Cu(MeGTren)Br]+ were
obtained. Both systems show absorbance changes on increasing the respective
ligand concentrations, as shown in FIGS. (3.11) to (3.14) inclusive.

The method of Kapp evaluation is as outlined in Section A part (V).
For the [Cu(MesTren)0H2]2+/Br_, C17) ligand substitution systems, Kapp was
determined from absorbance data obtained from the Zeiss DMR 10 spectra
(FIGS. (3.11) to (3.14) inclusive).

A summary of the main experimental conditions in the spectrophotometric

equilibrium constant determination is as follows,

(i) The formation of [Cu(MeSTren)Cl]+ at 288 K (FIG. (3.12))

A =725 nm

pH = 685 £ (.05)

[Cu(MeeTren)Osz2+ €705 nm = 169.1 mo1l™! dm3 em™!
[Cu(MegTren)C1]™ €725 nm = 140.4 mol~! dm3 cm™!
[Cu(MeGTren)OH§+] = 1.82 x 1073 mol dm~3

total

(ii) The formation of [Cu(MegTren)Brlt at 288 K (FIG. (3.14))

A

725 nm

pH = 6.85 £ (.05)

[Cu(MesTren)0H2]2+ €795 nm = 169.1 mol™! dm3 cm~!
[Cu(MeeTren)Br]+ €725 nm = 144.8 mol~! dm3 em™!
[Cu(MeeTren)OH§+] = 1.45 x 1073 mol dm 3

total

Note: 1In the [Cu(MegTren)0H2]2+/Cl_ system, a plot of absorbance versus
[C1~] obtained from the spectrum shown in FIG. (3.12) indicated that the
limiting absorbance had been reached at the highest [C1T”] investigated.
This enabled SIII for [Cu(MeGTren)Cl]+ to be determined accurately (see
eqn. (3.17) on page (80)).

In contrast, a similar plot for the [Cu(MeGTren)0H2]2+/Br" system
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did not show a well defined plateau region although curvature was apparent.
Therefore, the limiting absorbance was obtained by extrapolation. The
EIII value for [Cu(MeeTren)Br]+ was calculated from absorbance data in

FIG. (3.14).

The Kapp (spectrophotometric) data at 288 K appear below,

TABLE (3.18)

X~ = C1™ X~ = Br~
(A = 725 nm) (A = 725 nm)
Kapp(spectrophotometric) 5.9 £ (1.2) 1.9 £ (0.3)

(mol1~! dm3)

The errors quoted above were obtained using the standard deviation formula

on the individual Kapp values at various [C17] or [Br~], (see chapter one).

Kapp values were evaluated at various wavelengths to ensure that

Kapp was independent of wavelength. The resulting data at 288 K appear below,

TABLE (3.19)

A K (spectrophotometric K spectrophotometric
(nm) PP imol_lpdm3) ! aPP( imol'lpdm3) )
X~ = C1° X~ = Br~
800 5.9 £ (0.9) 1.6 + (0.3)
775 5.9 + (0.8) 1.5 £ (0.5)
360 5.1 % (0.9) 1.6 + (0.1)

Referring to equation (3.22) on page 83, the expression for Kapp is,

ko3
= K + —
Kapp IP 1 k3o
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~

. [ k23]
Since k >> s 1 & =
32 23 k32

and Kapp = KIP

The Kapp data shown in Table (3.18) is then a measure of the KIP values
for the two systems [Cu(MeGTren)OH2]2+/Cl_ and [Cu(MeGTren)OH2]2+/Br_. The
KIP values are consistent with other 2+, - systems although they are lower
than for the systems described in Section A.

The ligand substitution systems, [Cu(Me6Tren)OH2]2+/(N3', NCS™ or OCN7)
have much larger Kapp values than for their corresponding chloro and bromo
complexes, (see Table (3.7) on page (86)).

It has been shown previously for the [Cu(MegTren)OH2]2+/(N3—, NCS™ or

OCN™) systems that a lower K__ value results in a shallower slope in the plot

IP

of kobs against [X~]. This phenomenon is consistent with the assumption that
curvature in the plot of kobs against [X”] for the [Cu(MesTren)0H2]2+/Cl_
and [Cu(MeeTren)OH2]2+/Br— systems lies within the standard deviations of

the kobs values.

The low KIP and ky3 values for the bromo and chloro systems suggested
that the outer cocrdination sphere is very important in determining the mag-
nitude of the rate comnstant, koj.

The following kinetic and activation data for the systems

[Cu(MegTren)OH ]2+/Br_ and [Cu(MegTren)OH ]2+/Cl— were obtained using a
6 2 () 2

rectilinear least squares procedure on the plots of kobs versus [X7].

TABLE (3.20)

Kinetic data for the aquation of [Cu(MegTren)X]t

T (K) X~ = Br- X~ = C1”
kgp (s7) k3p (s71)

278 31.2 + (0.6) 12.8 = (0.3)

283 42.6 £ (0.3) -

288 61.1 = (0.4) 27.8 £ (0.2)

298 - 52.1 £ (0.5)



TABLE (3.21)

Activation data for the aquation of [Cu(MegTren)x]T

X~ = Br~ X~ = C1-
ant
(7 mo11) +42.5 + (2.0) +46.1 = (1.9)
mo
AS+
-63.0 = (7.1) -57.3 = (6.5)

(J K71 mo17™1)

obtained using equation (3.15) on page (76)

The kinetic data shown in Table (3.20) indicates the greater lability
of the [Cu(MeGTren)Br]+/H20 system compared to that in [Cu(MeGTren)Cl]+/H20.

From the activation data in Table (3.21) it is seen that the greater
lability of the [Cu(Me6Tren)Br]+/H20 system compared to that of
[Cu(MegTren)C1]t/Hy0 is essentially enthalpic in nature. These AH=|= values
are +42.5 and +46.1 respectively for the bromo and chloro systems.

The chloride ion has a smaller ionic radius, higher electronegativity
and greater surface charge density than does the bromide ion. These differ-
ences should result in the Cu-Cl being a stronger bond than Cu-Br on the
basis of the electrostatic argument. The larger, more positive AH+ values
for dissociation of Cl~ from [Cu(MeGTren)Cl]+ apparently reflects the greater
strength of the Cu-Cl bond.

The almost identical AS+ values suggest similar solvation effects
for both C17 and Br~ on dissociation from the respective inner sphere com-

plexes to the ion pair.
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IT A Comparative Discussion of Kinetic Data, for aquation of the

Complexes [Cu(MeGTren)X]+, where (X~ = N3~, NCS™, OCN™, Br and Cl7)

At a particular temperature, the dissociation rate constant of X~ from

the complex [Cu(MeGTren)X]+ follows the sequence,

(Br~ > C17) >> (NCS™ = N3 ) > OCN~ (at 288 K)

+ ...(3.28)

decreasing lability of X~ for dissociation
from [Cu(MesTren)X]+

The comparative kinetic and activation data appears in the following tables,

TABLE (3.22)

Kinetic data for aquation of [Cu(MegTren)X]™

T(K) X = N3~ X~ = NCS™ X~ = OCN™ X~ = Br~ X~ = Cl-

k3p (s71) ksp (s71) k3o (s71) k3o (s71)  k3p (s71)
278 - - - 31.2+ (0.6) 12.8+ (0.3)
283 - -~ - 42,6+ (0.3) -

288 0.95+ (0.08) 1.36+ (0.08) 0.39% (0.07) 61.1+# (0.4) 27.8%(0.2)
298 1.98+ (0.03) 2.03+ (0.11) 1.18% (0.10) - 52,1+ (0.5)

308 4.21+ (0.10) 3.91% (0.30) 3.34% (0,08) - -

TABLE (3.23)

Activation data for aquation of [Cu (MesTren)X]"'

. ot it
(kJ mol~1) (3 K71 mo171)
N3~ +52.5 £ (1.4) ~62.8 = (4.7)
NCS™ +36.5 = (6.1) -115.8 + (20.6)
Br~ +42,5 + (2.0) -63.0 + (7.1)
c1” +46,1 = (1.9) -57.3 + (6.5)

4+

OCN™ +76.9 = (7.4) +14.5 £ (24.9)



1lé.

From the kinetic data shown in Table (3.22) the ratios for dissocia-
tion from [Cu(MeGTren)X]+ for various X~ at 288 and 298 K can be determined.

These ratios are indicated below,

288 K 288 K 298 K
Br /N3~ = 64.4 C1™/N3~ = 29.3 Cl™/N3~ = 26.3
Br~/NCS™ = 45.0 CL™/NCS™ = 20.4 C17/NCS™ = 25.7
Br~/OCN™ = 157 C1~/OCN™ = 71.3 C1=/OCN™ = 44.2

These large observed rate differences are not unique to the
[Cu(MeeTren)OH2]2+/X_ substitution systems.

The following reaction which is considered to proceed through an Id

mechanism is discussed by A. Haim,23

[Co(NH3)sX]2T + H,0 == [Co(NH3)gH,0]3F + X~ (at 298 K)
375 2 375

The result from a plot of log k (min'l) for aquation against - log Keq shows
a linear plot with slope of unity. The sequence of labilities for aquation
is as follows,

(Br~ > C17) >> N3~ > NCS~ ...(3.29)

decreasing lability of X~ for
dissociation from [Cu(MesTren)X]+
The similar sequences observed in ...(3.28) and ...(3.29) is consistent
with the mechanism postulated for the [Cu(MeGTren)X]+ system.

The activation data in Table (3.23) for the aquation system,
[Cu(MesTren)X]+/H20 shows +ve AH+ values for all the ligands (X~) studied.
The spread of AH+ values substantially reflects the different nature of the
leaving groups (that is copper(II) - leaving group bond strength). Similarly
the AS+ values reflect the different ligand (X ) characters. The spread of
these AS* values is in part a measure of different solvation effects of these
(X7) ions on dissociating from [Cu(MeGTren)X]+. Previous discussions of

the activation data cbtained for aquation of [Cu(MeeTren)X]+ in Section A
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are applicable to aquation in the [Cu(MegTren)X]t/H,0 systems, (where X~ = Br~,

Cl7).

The low KIP values for the anation system, [Cu(MegTren)0H2]2+/X—
(where X~ = Br™, C17) and also the low ko3 values shown in Table (3.24)
suggests that the outer coordination sphere of Cu(II) is important in deter-

mining the magnitude of both K__ and ky3. If in fact the primary hydration

IP
sphere of Cu(II) were of sole importance then the ky3 value should be cons-
tant.

A. Haim?3 has discussed the ligand substitution reactions of
[Co(NH3)50H2]3+ in terms of the Id mechanism. For a range of substituting
ligands the k,3 value was found to be effectively constant. In the present
studies, it is suggested that the hydrophobic environment of the labile site
in [Cu(MeGTren)OH2]2+ may explain the difference in ky3 values observed for

ligand substitution of this complex.

The very low ko3 values in the system, [Cu(MeGTren)0H2]2+/X— (where

X~ = Br~, C17) suggests a much lower competition ratio between X~ and H0
in the outer coordination sphere for X~ = Br~, Cl1~ compared with (N3, NCS~
and OCNT).

The alternative possibility is that the Cu(II)-X bond formation in
the anation step is more pronounced. This leads to the possibilitiy of
anation occurring Qia an associative mechanism. However, it is noteworthy
that anation reactions substantially reflect the primary water exchange
values for the following sequence of complexes, [Cu(H20)5]2+, [Cu(Tren)OH2]2+
and [Cu(MeeTren)0H2]2+. Therefore this would indicate that ligand substitu-
tion by an associative mechanism is improbable.

The following Table contains estimates of the rate constant, kj3,
based on the original assumption that the Eigen curve lies within the standard
deviations (SD) of the individual ko

values in the plot of ko versus [X7],

bs bs
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for the system [Cu(MeeTren)OH2]2+/X— (where X~ = Br~, Cl7).
TABLE (3.24)
T(K) X~ = C1° X~ = Br~
kpg (s71) kos (s71)
278 n 1,7 no2,6
283 - ~ 3,2
288 ~n 0.6 no5.2

298 v 6.2 -
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Section E; Kinetic analysis of the [Cu(MegTren)OH] /X~ system

(where X~ = N3™, NCS~ and OCN™)

I Discussion and intrepretation of the kinetic data obtained
IT A comparative discussion of the kinetic data obtained in the
two anation systems, [Cu(MeGTren)OH]+/X— and

[Cu(MeeTren)0H2]2+/X— at 298 K

119.
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Section E: Kinetic analysis of the [Cu(MeGTren)OH]+/X_ system,

(where X~ = N3, NCS™ and OCN )
I Discussion and interpretation of the kinetic data obtained ‘

The ligand substitution, under pseudo lst order conditions, in the
complex [Cu(MeeTren)OH]+, (with Ng—, NCS~ or OCN-), is reported at 298 K.
The appropriate kinetic plots of kobs versus [X~] appear in FIGS. (3.15)

and (3.16).

7

The Eigen-Wilkins (Id) mechanism’ is considered operative and is shown

as follows,

|SP ko3
[Cu(MegTren)OH]T + X~ o [Cu(MegTren)OHY. . .X"] = [Cu(MegTren)X]T + oH™
21 32
ion pair inner sphere
“"encounter" complex product

«..(3.30)

where KIP‘= kyio/koy and X~ = N3~, NCS™ or OCN~

This system was investigated at only one temperature since the effect
of changing the leaving group from H,0 to OH™ on the observed anation rates,
was of primary interest.

For kinetic data analysis, it was assumed that the k3, values for
the [Cu(MeGTren)X]+/H20system,(shown in Table (3.3)) are applicahle to the
[Cu(MegTren)X]¥/0OH™ system since the dissociation of X~ from [Cu(MeGTren)X]+
is common to both systems.

In conjunction with the mechanism shown in equation (3.30) there is

an equilibrium situation as follows,

+ - —

H + OH™ <= Hy0
This very fast proton transfer reaction cannot be measured directly using
the stopped flow apparatus.

The low amplitude electrical signals from the photomultiplier in the

stopped flow study for the [Cu(MeeTren)X]+/0H' system, precluded investigation
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at very low ligand concentrations. However, at comparable low ligand concen-
trations able to be investigated in the two systems, [Cu(MegTren)OH2]2+/X"
and [Cu(MegTren)OH]+/X_, the kobs values are similar. This is consistent
with the assumption that the rate constant, kip, is the same for these two
ligand substitution systems.

From purely spectroscopic considerations there would be a greater
change in ligand field strength in the [Cu(MeGTren)OH2]2+/X— system.

Spectral studies show smaller absorbance changes for the

Cu(MeeTren)OH]+/X_ system, compared to that in the [Cu(MeeTren)OH2]2+/X_

system, at the same ligand concentration, (see FIGS. (3.17) to (3.21)).

Temperature jump analysis of the system, [Cu(MeGTren)OH]+/X' system

was unsuccessful owing to the unmmeasureably small amplitude signals.



FIG. (3.15)

The variation of the observed first order rate constant kobs for the
approach to equilibrium of the [Cu(MegTren)OH]+/N3_ and [Cu(MegTren)OH]t/
OCN™ systems, plotted against [N3™] and [OCN™] respectively at 298 K. The
above systems are shown by and A symbols for X~ = N3~ and OCN™ respec-—
tively. Kinetic data in the plot of kobs versus [X~] was obtained using

the stopped flow spectrophotometric technique.

The formation of [Cu(MesTren)X]+: (where X~ = N3~, OCN )

This was investigated at A = 386 and 360 nm respectively and at
pH = 10.9 + (0.05). The [Cu(MesTren)OH+] was constant at 4.0 x 107%
total

mol dm~3,

The ligand (X7) concentration was varied from

5.0 x 1073 mol dm™3 to 5.0 x 10~! mol dm™3 for X~ = N3~ at 298 K
and from

1.0 x 1072 mol dm™ 3 to 5.0 x 10" ! mol dm™3 for X~

OCN™ at 298 K

The relevant spectra for the above systems appear in FIGS. (3.17), (3.18)
and (3.19).

The individual spectrophotometric data points in the plot of kobs over the

entire ligand concentration range, for the systems above, appear in Appendix

(3.6).
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FIG. (3.16)

The variation of the observed first order rate constant kobs for the
approach to equilibrium of the [Cu(MeﬁTren)OH]+/NCS_ system, plotted against
[NCST], at 298 K. The above system is shown by the c@ symbol. Kinetic data

in the plot of ko g versus [X~] was obtained using the stopped flow spectro-

b

photometric technique.

The formation of [Cu(MeGTren)X]+: (where X~ = NCS™)

This was investigated at A = 370 nm at at pH = 10.9 * (0.05). Tke

[Cu(MeGTren)0H+] was constant at 4.0 x 107% mol dm™3.

total

The ligand (X~) concentration was varied from

5.0 x 10~3 mol dm~3 to 5.0 x 10~! mol dm~3 for X~ = NCS™ at 238 K

The relevant spectra for the above system appear in FIGS. (3.20) and (3.21).

The individual spectrophotometric data points in the plot of kobs over the
entire ligand concentration range for the system above, appear in Appendix

(3.6).
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FIG. (3.17)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)Ng]t IN THE
LIGAND SUBSTITUTION SYSTEMS, [Cu(MegTren)OH,]1%t/N3™ and [Cu(MegTren)OH]*/Ns~.

(the ionic strength = 1.0 mol dm~3 (sodium perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)OH*] [N37] pH
mol dm~3 (x 10%) mol dm~3
A 2.80 0.0 10.90
B 2.80 0.52 10.90
[Cu(MeGTren)0H§+] [N37] pH
mol dm~3 (x 10%) mol dm~3
c 2.80 0.0 6.80
D 2.80 0.52 6.80
[Cu(MegTren)OH'] + [Cu(MegTren)OHo+] (N3] pH
mol dm~3 (x 10”) mol dm~3
E 2.80 0.52 8.50
F 2.80 0.52 10.00

FIG. (3.17) illustrates the smaller absorbance change in the near UV-visible

region between (A and B) and (C and D) at the same wavelength.

Note: The kinetic measurements for the two systems discussed above were

obtained at A = 386 nm where this phenomenon occurs.
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FIG. (3.18)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)N3]™ IN THE
LIGAND SUBSTITUTION SYSTEMS, [Cu(MegTren)OH,]2%/N3™ and [Cu(MegTren)OH]/N3™.

(the ionic strength = 1.0 mol dm~3 (sodium perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)on™] [N3™] pH
mol dm~3 (x 10”) mol dm~3
A 8.0 0.0 10.90
B 8.0 0.52 10.90
[Cu(MeeTren)0H§+] [N37] pH
mol dm~3 (x 10%) mol dm~3
C 8.0 0.0 6.80
D 8.0 0.52 6.80
[Cu(MegTren)OH'] + [Cu(MegTren)oH3t] [N3™] pH
mol dm~3 (x 10%) mol dm~3
E 8.0 0.52 8.50

FIG. (3.18) illustrates the smaller absorbance change in the high wavelength

visible region between (A and B) and (C and D) at the same wavelength,
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FIG. (3.19)

THE SPECTRAL VARTATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)OCN]' IN THE
LIGAND SUBSTITUTION SYSTEMS, [Cu(MegTren)OH,]2¥/0CN™ and [Cu(MegTren)OH]T/0oCN".

(the ionic strength = 1.0 mol dm~3 (sodium perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MeGTren)0H+] [oCNT] pH
mol dm~3 (x 10") mol dm™3
A 8.0 0.0 10.90
B 8.0 0.52 10.90
[Cu(MegTren)OHST] [ocNT) pH
mol dm~3 (x 10%) mol dm~3
C 8.0 0.0 6.82
D 8.0 0.52 6.82
[Cu(MegTren)OH'] + [Cu(MegTren)OH2™ ] [ocN~] pH
mol dm~3 (x 10%) mol dm™3
E 8.0 0.52 10.00

FIG. (3.19) illustrates the smaller absorbance change in the high wavelength
visible region, (650 to 750 nm) between (A and B) and (C and D) at the same

wavelength.

Note: The kinetic measurements for the two systems discussed above were

obtained at A = 710 nm where this phenomenon occurs.
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FIG. (3.20)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)NCS]t IN THE
LIGAND SUBSTITUTION SYSTEMS, [Cu(MegTren)OH,]2¥/NCS™ and [Cu(MegTren)OH]*/NCS™.

(the ionic strength = 1.0 mol dm~3 (sodium perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)oH'] [NCS™) pH
mol dm~3 (x 10%) mol dm~3
A 2.80 0.0 10.90
B 2.80 0.52 10.90
[Cu(MegTren)OHZT] [NCS™] pH
mol dm~3 (x 10%) mol dm~3
C 2.80 0.0 6.80
D 2.80 0.52 6.80
[Cu(MegTren)OHY] + [Cu(MegTren)oH3+] [NCS™] pH
mol dm~3 (x 10%) mol dm~3
E 2.80 0.52 8.50

FIG. (3.20) illustrates the smaller absorbance change in the UV-visible region

between (A and B) and (C and D) at the same wavelength.

Note: The kinetic measurements for the two systems discussed above were

obtained at A = 370 nm where this phenomenon occurs.
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FIG. (3.21)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF [Cu(MegTren)NCS]' IN THE
LIGAND SUBSTITUTION SYSTEMS, [Cu(MegTren)OH,]2t/NCS™ and [Cu(MegTren)on]t/ncs™.

(the ionic strength = 1.0 mol dm=3 (sodium perchlorate))

The initial individual metal ion and ligand concentrations in the

reaction solutions are:

[Cu(MegTren)oHt] [NCS™] pH
mol dm~3 (x 10%) mol dm~3
A 7.5 | 0.0 10.90
B 7.5 0.52 10.90
[Cu(MegTren)OHS] [NCS™] pH
mol dm~3 (x 10%) mol dm~3
C 7.5 0.0 6.80
D 7.5 0.52 6.80
[Cu(MegTren)OHT] + [Cu(MegTren)OH5] [NCS™] pH
mel dm~3 (x 10%) mol dm™3
E 7.5 0.52 8.50

FIG. (3.21) illustrates the smaller absorbance change in the high wavelength

visible region between (A and B) and (C and D) at the same wavelength.
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I A comparative discussion of kinetic data in the two anation systems,

[Cu(MegTren)OH]T/X~ and [Cu(MegTren)OH,]2%/X~ at 298 K.

Comparative kinetic data for anation in the systems [Cu(MegTren)OH2]+/

X~ and [Cu(MegTren)OHIT/X™ are shown in the following tables,

TABLE (3.25)
Kinetic data for the anation of [Cu(MegTren)OH]T ....(1)

Kinetic data for the anation of [Cu(MegTren)OH, 127, ... (2)

X~ = N3~ X~ = Nes~ X~ = OCN-
ko3 (s71) ko3 (s~1) ky3 (s71)
(1) 25.1 = (0.4) 21.5 + (0.9) 23.8 + (0.3)
(2) 34.6 + (1.3) 34.4 = (0.4) 46.1 = (0.8)

TABLE (3.26)

K;p data at 298 K for the system, [Cu(MegTren)OH]*/X~ ....(3)

KIP data at 298 K for the system, [Cu(MegTren)OHy 12F/X™.. .. (4)
X~ = N3~ X~ = NCS™ X~ = OCN~
-1 3 -1 3 -1 3
KIP(mol dm®) KIP(mol dm?) KIP(mol dm?)
(3) 3.9 £ (1.7) 55.7 * (8.9) 21.6 + (1.1)
(4) 24,4 £ (2.8) 38.3 = (1.9) 14.2 + (0.7)

The kinetic data at 298 K was obtained from analysis using programme
NONLIN, using the same k3o value at 298 K for both systems, see eqns. (3.1)

and (3.30) on pages 66 and 120 respectively
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The kinetic data for the anation reaction in the systems,
[Cu(MegTren)OH]+/X_ and [Cu(MesTren)OH2]2+/X— are compared in Table (3.25).
The experimentally obtained ks3 values at 298 K are slower in the
[Cu(MeGTren)OH]+/X‘ system. This was expected since ky3 in both systems
represents the rate determining loss of OH  and Hy0 from their respective
complexes. The OH™ has a higher surface charge density than does H,0 which
on electrostatic arguments should result in a stronger Cu-0OH bond by com-
parison with that for Cu-OHy. As a consequence of this, the primary hydroxide
exchange rate in [Cu(MeGTren)OH]+ should be slower than the primary water
exchange rate in'[Cu(MesTren)OH2]2+, paralleling the situation with the
experimentally obtained ky3 data.

The different bond strengths of Cu-OH and Cu-OHp, would result in
different AH+ values in the transition state energy determination, for the
two anation systems, [Cu(MesTren)OH]+/X_ and [Cu(MegTren)OH2]2+/X". This
was not tested quantitatively as one temperature only was employed for the
[Cu(MesTren)OH]+/X_ system.

The ion pair equilibrium association constant (KIP) data is shown in
Table (3.26), for the two systems referred to above. 1In the case of

X~ = N3, for the [Cu(MeeTren)OH2]2+/X' system, the K p value of 28.9 is

I
quoted. This value was determined Ly averaging the three temperature KIP
data for X~ = N3~ (shown in Table (3.5)) because no trend is discernible
from this data. The KIP values at 298 K for the two systems,
[Cu(MesTren)OH2]2+/X' and [Cu(MeeTren)OH]+/X' are similar being 28.9 and
31.9 mol™! dm3 respectively. However, for the NCS™ and OCN~ ions the KIP
values are not similar for these two systems shown above.

The fact that the [Cu(MeeTren)OH]+/X- system has at best similar KIP
values to that for the [Cu(MegTren)0H2]2+/X_ system is unusual considering
the individual charges of the associating ions. Lower KIP values for the

[Cu(MeGTren)OH]+/X_ system were expected. It is considered that this pheno-

menon suggests the enviromment of the entering group may be important as well

as the charges on reactant species.



CHAPTER THREE: RESULTS AND DISCUSSION

Section F: A preliminary study of the Cu(IL) MegTren sulphito
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Section F: A preliminary study of the Cu(II) MegTren sulphito system

(at 298 K)

A preliminary study of ligand substitution in the sulphito system

(at 298 X), [Cu(MeeTren)0H2]2+/(SO3=/HSO3—) is presented.
Sulphurous acid has two dissociation equilibrium constants as follows,

H,S03 HSO3 + HT Ky = 1.81

=
HSO3~ == S05 + ut Ky, = 6.91

(in an aqueous environment at 291 K)

and this afforded an opportunity to study the effect of protonation on the
kinetics of substitution in the system, [Cu(MegTren)0H2]2+/(SO3=/H803—).
Experimental limitations occurred at both ends of the pH range of investiga-
tion.

The low pH analysis was conducted to a lower limit of 5.83. Below this
PH the electrical signals from the photomultiplier in the temperature jump
apparatus were very small, resulting in substantial un;ertainty in any-%
data evaluated. Together with this, in a highly acidic medium the
[Cu(MesTren)OH2]2+ complex is susceptible to complete dissociation. This
phenomenon has been investigatedzu using the stopped flow spectrophotometric
method, for the dissociation of five coordinate [Cu(MeGTren)0H2]2+ and the
nickel(II) and cobalt(II) analogues in perchloric acid solution. It was
concluded that a single process observed for all three metal complexes is
attributed to the dissociation of the first amine group. The kinetic and

activation data obtained, is shown in Table (3.27),.



TABLE (3.27)

Activation parameters for the dissociation of [M(MeGTren)OH2]2+ in

1.0 mol dm~3 perchloric acid at 2.0 mol dm~3 ionic strength

adjusted with sodium perchlorate

Complex k(293 K) AH+ AS+

sl (kJ mol_l) (J k71 mol'l)
[Cu(MegTren)OH, ]2+ 28.0 + (0.8) +81.1 L (2.5) +59.9 = (8.4)
[Co(MegTren)OH, ]2+ 0.97 + (0.01) +61.9 = (2.9) -33.5 + (9.8)
[Ni(MegTren)OH, ]2t 7.87 £ (0.04) +58.9 = (1.3) -26.4 = (4.6)

data abstracted from ref. 24

The variation of AH+ was suggested to occur in part from variation in the
ring strain in the MegTren ligand with different central metal ions. In-

creases in ring strain decrease AH+.25’26 The variation of AS+ data?"
suggests the involvement of water in the transition state and the geometry
of that state may vary with the metal ion in the general complex
[M(MegTren)OH, 2%,

It was postulatedzu that the rate determining step is the dissociation
of the first of three equivalent amine groups of MegTren in a reaction scheme

shown below,

i N ~To+ — N T2+ [ N -1 34+
- S Y
/NH.._ N o+ | NH
k
Nl | S i N Fast T N
l N ' OH, N ‘ OH2
8 CHy | I N i - N -
(1) (1I1) (I11)
fast
T [%
N NH
o4 fast /‘\\\\“
MegTren + [M(OHy)¢g] — (V) <+ M. ‘\\&Oﬂz
| OH» ]
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A detailed explanation of the above sequence is shown in ref. 24. The above
discussions highlight the necessity of working at pH values which prevent

the dissociation of the [M(MeGTren)0H2]2+ complex.

Experimental limitations also occurred at high pH. The amplitude of
the photomultiplier electrical signal decreases significantly once the pH
at which the kinetic investigation is undertaken exceeds the pKa of
[Cu(MeeTren)OH2]2+. The following table shows the pKa of [Cu(Tren)OH2]2+

and [Cu(MeGTren)0H2]2+ at various temperatures,27

TABLE (3.28)

pKa values for the complexes: (Ionic strength = 1.0 mol dm=3

(sodium perchlorate))

PK_ (288 K) pK_ (298 K) pK_ (308 K)
[Cu(MegTren)OH, 12T 8.71 = (0.02) 8.52 £ (0.01) 8.37 £ (0.01)
[Cu(Tren)OH, 12" 9.29 + (0.02) 9.37 + (0.01) 9.45 + (0.01)

Table abstracted from ref. 27

Experimentally, the amplitude of the electrical signal begins to
diminish for the ligand substitution in the [Cu(MeGTren)OH2]2+/(SO3=/H803_)
system at a pH comparable with the pKa (298 K) of 8.52. This phenomenon of
decreasing amplitudes with increasing pH was found in the kinetic study of
the [Cu(MegTren)OH] /X system, (where X~ = N3 , NCS or OCN ) as discussed
in Section E.

In the kinetic study at various pH values (to be mentioned later),
colour changes were observed which relate to the equilibrium variation with
pH for the following, HSO03~ == S03 + H'

At low pH where the substituting ligand is most probably HSO3_, the reaction
mixture is light yellow in colour, gradually increasing to a dark green in
the pH range (6.4 to 7.0).

In the kinetic study at a single pH (7.00 * (.0l1)) over a range of
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[SO3—], colour changes were observed for the different reaction mixtures.
This is attributed to the change in the equilibrium position in the following

reaction sequence,

[Cu(MegTren)OH, 127 + 503~ == [Cu(MegTren)SO3] + OH,

light blue yellow-green
... (3.31)

The spectral variation (at pH = 6.91) accompanying the formation of both the
Cu(II)Tren and Cu(II)MeGTren sulphito complexes is shown in FIGS. (3.24) and

(3.25) respectively.

I A kinetic study (at 298 K) of the Cu(II)MegTren sulphito system at

pH = 7.00 = (.01)

The stopped flow study of ligand substitution in the system,
[Cu(Me6Tren)0H2]2+/(SOg=/H803_) at 298 K, is shown in FIG. (3.22) as a plot

of k0 versus [S03~]. The pKa for the following equilibrium,

bs
HSO3_ e 803= + H' in an aqueous environment at 291 K is 6.91. However, in
the present studies, from the plot of %—against pH (see FIG. (3.23)) a pKa
value of 6.48 was determined in a 1.0 mol dm~3> ionic strenth (sodium per-
chlorate medium), at 298 K. These two different pKa values are consistent
with the fact that different mediums and temperatures were used in their
determination. 1n the plot of kobs against [S0371 shown in FIG. (3.22) the
pKa value of 6.48 was used to calculate [SO3™] because the conditions of
kinetic investigation were the same as in the pKa determination. The plot
of kobs against [S037] was found to be a straight line of positive slope for
the [SO37] range investigated. Mixing effects (Schleiren phenomenon) and
the "dead time" of the stopped flow apparatus (see chapter two) prevented
quantitative investigation of this substitution system at higher [S037]

than shown in FIG. (3.22). However, a qualitative investigation at these

higher [SO3=] indicated a further significant increase in the observed rate

suggesting a continuation of the straight line of positive slope.



FIG. (3.22)

The variation of the observed first order rate constant kobs for the
approach to equilibrium of the [Cu(MeGTren)OH2]2+/(HSO3", S03~) system,

plotted against [SO37].

Stopped flow spectrophotometric measurements: (A

425 nm and

pH = 7.00 + 0.01)

]

The metal ion concentration, [Cu(MeBTren)OH22+] was constant at
6.0 x 10°Y% mol dm~3.

The ligand concentration was varied from

6.76 x 1073 mol dm™3 to 1.91 x 107! mol dm~> at 298 K

The spectral variation (at pH = 6.91) for the formation of the Cu(II)Tren
and Cu(II)MegTren sulphito complexes appears in FIGS. (3.24) and (3.25)

respectively.

The individual spectrophotometric data points in the kinetic plot of kobs

against [S03”] appear in Appendix (3.7).
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FIG. (3.23)

The variation of the kobs {%} with pH, at 298 K was investigated for
the S03~ /HSO3~ substitution in [Cu(MeGTren)0H2]2+. The metal ion and

[Nap;S03] were constant for the pH investigation.

6.0 x 10°% mol dm™3

2+
[Cu(MegTren)OHs ]initial

[Na,yS03], 1.52 x 1071 mol dm™3

initial

The temperature jump apparatus (as described in chapter two) was used for

the pH investigation at A = 425 nm.

. , B 1
The individual spectrophotometric data points in the plot of ;—versus pH

appear in Appendix (3.8).



40y
17 s

30¢

20t

10+

FIG 3.23

50 6.0

i

7.0

80 9.0

10.0




FIG. (3.24)

THE SPECTRAL VARIATION ACCOMPANYING THE FORMATION OF THE COPPER Tren SULPHITO
COMPLEX IN THE SYSTEM, [Cu(Tren)OH,]2YV/(505=,HS05™)
(the pH = 6.91 * (.03) and the ionic strength = 1.0 mol dm~3

(sodium perchlorate))

The initial individual metal ion and sulphite concentrations in the

reaction solutions are:

[Cu(Tren)OH,2t] [NayS03]
mol dm~3 (x 10%) mol dm~3 (x 103)
A 1.93 0.0
B 1.93 4,99
C 1.93 9.98
D 1.93 15.0
E 1.93 20.0

260 nm for [Cu(Tren)OH2]2+

The XA
-~ "max

The Xm 378 nm for the copper tren sulphito complex

ax
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FIG. (3.25)

THE SPECTRAL VARTATION ACCOMPANYING THE FORMATION OF THE COPPER MegTren
SULPHITO COMPLEX IN THE SYSTEM, [Cu(MegTren)OH,]127/(S03 ,HSO3 )
The pH = 6.91 * (.03) and the ionic strength = 1.0 mol dm—3

(sodium perchlorate))

The initial individual metal ion and sulphite concentrations in the

reaction solutions are:

[Cu(MeeTren)0H22+] [Na,S03]
mol dm™3 (x 10%) mol dm~3 (x 103)
A 1.95 5.02
B 1.95 10.0
C 1.95 30.1
D 1.95 50.1
E 1.95 90.2

The Am 291 nm for [Cu(MeeTren)OHZ]2+

ax

The A
max

425 nm for the copper MegTren sulphito complex
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The suggestion is that ligand substitution may take place as shown in

the following mechanism,

[Cu(MeeTren)OH2]2+ + 803 = [Cu(MegTren)SO3] + OHy

(1) (11

I}

[Cu(MegTren) (S03),1° + OHp

(I11) ...(3.32)

Step I » II would incorporate the ion paif intermediate in an Id
mechanism because of the charges on the associating metal ion complex and
the ligand species.

Step IT » III would be an associative mechanism with the S03~ ligand
substituting to form a pseudo octahedral structure in comparison with the
trigonal bipyramidal configuration of species II. This postulate although
inferring considerable strain at the already sterically crowded labile site

: . = Cu
is preferred to an intra-molecular rearrangement of SO3~ to form AN

_ O\S/O
in which the observed rate would be independent of [SO37].

I
0
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Plots of absorbance versus log [S03~] for the Cu(II)MegTren and
Cu(II)Tren sulphito substitution systems were obtained from previous inves-
tigations28 in an aqueous environment at pH = 6.91. In each case, the
absorbance increased with increasing [SO3=] until a plateau region was
reached, correponding to conversion of all of the available [Cu(MegTren)OHz]2+
into the sulphito complex. On reaching this plateau region, further increasés
in [S037] resulted in a reduction of the measured absorbance. This phenomenon
occurred for both [Cu(Tren)OH2]2+ and [Cu(MeGTren)OH2]2+ reactions with
HS037/S03™.

This correlates with the reaction sequence shown in equation (3.32)
in which the conversion of species II to species III represents a configura-
tional change (trigonal bipyramidal to octahedral, respectively). The octa-
hedral structure is more symmetrical and has a lower extinction coefficient,
which was shown experimentally in the plots of absorbance versus [S037].

The following k3o data was obtained from the kinetic plots of kobs

versus [SO3~] by a rectilinear analysis.

For the aquation of [Cu(MegTren)SOg3] k3o = 3.67 = (0.17)
(s~1)

For the aquation28 of [Cu(Tren)SO03] k3o = 5.64 + (0.36) x 103
(s~

The ratio of aquation for, k32(Cu(Tren)SO3)/k32(Cu(MeGTren)803), is
0.15 x 10" which parallels similar ratios obtained for N3~ , NCS™ substitution
in [Cu(Tren)0H2]2+ and [Cu(MeGTren)0H2]2+ (see discussion in Section C).

It is suggested that the major contribution to the large differences
in observed rates for the two systems studied, is from the steric constraints
of the methyl groups in the complex [Cu(MegTren)SO3] compared with the more
open site afforded the SO3~ leaving group in [Cu(Tren)SO3].

It should be noted that although the substitution system is complicated
by the presence of two possible substituting species, the considerably

greater aquation rate in the [Cu(Tren)X]T compared to [Cu(MeeTren)X]+ complexes
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found from studies with N3~ and NCS 1is also applicable to the sulphito

systems,

IT A kinetic study (at 298 K) at various PH values for the Cu(II)MegTren

sulphito system

The results of a kinetic study at various pH values is shown in
FIG. (3.23). A sigmoidal shape for the plot of %-versus pH was obtained
in a.medium of 1.0 mol dm™3 ionic strength (sodium perchlorate). The ex-
perimental aspects of this study have been discussed. A detailed mechanistic
interpretation although attempted, proved impracticable owing to the com-

plicated nature of the system under investigation.
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GENERAL CONCLUSIONS

In the most completely characterised systems, [Cu(MeeTren)0H2]2+/X_,
(where X~ = N3~, NCS™ or OCN”) and [Cu(Tren)OHp]1?*/X™, (where X~ = N3~
NCS™), the divalent copper tren complexes were 10" times more labile than
their corresponding divalent copper N-methylated analogue. Both of the above
polyamine complexes show a reduced lability when compared with the complex,
[Cu(OH2)6]2+. This probably arises from removal of the Jahn Teller effect by
chelation as in the divalent copper Tren and MegTren complexes.

Factors that contribute to the greater lability of the divalent copper

tren complexes compared with its N-methylated analogue, are as follows,

1. Steric hindrance effects of the methyl groups attached to the secondary

nitrogens in [Cu(MesTren)OH2]2+, resulting in constaints on the labile
site and the entire complex structure.

2. The local environﬁent of the labile site, whether hydrophobic or hydro-
philic.

3. Electron donating facilities of the secondary nitrogens in the nulti-

dentate polyamine ligand, towards the central metal ion.

The Eigen (Id) mechanism is considered to be operative for the systems
mentioned above.

The substitution systems, [Cu(MegTren)0H2]2+/X_, (where X~ = Br~, C1)
are also considered to be consistent with an Eigen (Id) mechanism, in which
k3o >> kp3. It appears that the outer coordination sphere ies important in
determining the magnitude of the rate constants, k3p and kp3.

The substitution systems, [Cu(MegTren)OH]*/X , (where X~ = N37, NCS™
or OCN”), exhibit the usual Eigen curve for the plot of kobs over the entire
accessible ligand concentration range. The reduced lability (ko3) of the

system, [Cu(MegTren)OH]+/X‘ compared with that for [Cu(MeeTren)0H2]2+/X—, is

attributed to the fact that the Cu-OH bond is stronger than the Cu-OHy bond.



ADDENDUM: Implications of the kinetic studies in the metallo-enzyme

zinc carbonic anhydrase

In the most completely categorised substitution systems presented in
this thesis, the divalent copper Tren complexes were found to be ™ 10"* times
more labile than their N-methylated analogues. Differences in labile site
environment are considered to contribute in part to this increased lability.
Steric constraints on the labile site are of major importance in explaining

these large differences in observed rates.
Comparison of the model system, [Cu(MeeTren)0H2]2+ and carbonic anhydrase.

(a) The wmodel system, [Cu(MesTren)OH2]2+:
(i) the labile site is an aqua ligand bound to the central metal
ion in a hydrophobic environment
(ii) the [Cu(MeGTren)OHz]2+ complex is five coordinate (trigonal

bipyramidal)

(b) Carbonic anhydrase:l’2

(i) the labile site is an aqua ligand bound to a metal ion usually
zinc (but it can be Co(II) or Cu(II)), within a hydrophobic
environment

(ii) the zinc carbonic anhydrase has a distorted four coordinate
tetrahedral structure. The zinc is coordinated to three imidazole
groups and one water molecule in the active site. The divalent
zinc ion necessary for enzyme activity is gsituated at the bottom
6f a cléft, lined with hydrophobic groups in the protein molecule

(iii) =zinc carbonic anhydrase is a catalytic metallo—enzyme2 which
greatly enhances the rate of the following reaction,
Co, + Hy0 == HpCO3
The active site in carbonic anhydrase appears to exhibit great speci-

ficity toward incoming substrates and this is attributed to the geometrical
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configuration of the zinc carbonic anhydrase enzyme.3’L+

Among the elements of the first transition series, divalent cobalt and
zinc ions readily assume distorted geometries in model complexes. They are
most effective in enzymes catalyzing substitution reactions as for instance
in carbonic anhydrase and carboxy peptidase. The divalent nickel and copper®
both have more regular geometries in model complexes and are less active or
inactive when substituted in these proteins. In model systems by contrast,
nickel and especially copper is more active catalytically than either cobalt
or zinc.®

The central metal ion coordination geometries and constraints must be
important factors for both the action of metallo-enzymes and as shown in
these studies, for the substitution system [Cu(MeeTren)OH2]2+/X_.

The inordinately greater lability of the hydrophilic labile site in
[Cu(Tren)0H2]2+ complex compared to that for [Cu(MegTren)OH2]2+, (v 10 times)
may eventually lead to an understanding of the reason why zinc in carbonic
anhydrase is,

(i) in a coordination of restricted geometry imposed by the multi-

dentate ligands of the protein structure
and
(ii) the significance of the active site being in a hydrophobic rather

than hydrophilic environment

It should be noted that the metal complexes studied in this thesis
have only a tenuous resemblance to the metallo-enzyme but general conclusions
from the kinetics of substitution reactions in these metal complexec studied,

may be useful.
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The k obs

Appendices of the kinetic data

Appendix (3.1)

data over the entire azide (N3~ ) concentration range in the

three temperature study of the formation of [Cu(MeeTren)Ng]F is shown.

[a+b] was calculated using programme NONLIN (see Section A).

[a+Db] x 10%
mol dm~3
6.79
9.
13.
16.
20.
23.
31.
38.
46.
58.
67.

O
w

O N W W O NN NN

1020
1320
1620
1920
2460
3000

Temperature Jump Spectrophotomety

2 (s7h)
1.41 = (0.16)
1.68 £ (0.02)
1.94 + (0.07)
2.17 £ (0.06)
2.52 + (0.08)
2.61 = (0.04)
3.04 + (0.17)
3.39 = (0.08)
3.64 + (0.12)
4.06 + (0.06)
4.26 + (0.15)
kobs (S;l)
4.37 + (0.13)
5.04 = (0.13)
5.66 + (0.11)
6.35 + (0.41)
6.89 + (0.24)
7.25 = (0.20)
7.77 + (0.15)
9.34 + (0.16)

10.2 + (0.1)
11.9 * (0.3)
13.3 + (0.2)
14.0 = (0.3)
14.5 + (0.2)
15.1 + (0.3)
15.2 + (0.1)

stopped Flow Spectrophotometric measurements, after,

[a+b] x 10"
mol dm™3
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1)
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= 3.92 x 107"
The ionic strengzth was maintained at 1.0 mol dm™3 (sodium perchlorate)
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Appendix (3.1) Contd...

308 K
= 4
E15 1 e
4.71 5.13 = (0.13)
5.27 5.27 = (0.19)
6.70 5.68 = (0.18)
9.78 5.95 £ (0.19)
13.1 6.83 £ (0.28)
16.5 7.30 £ (0.16)
20.0 8.31 £ (0.21)
23.7 8.86 £ (0,23)
31.1 10.6 = (0.2)
38.7 12.0 + (0.2)
46.4 13.8 + (0.2)
58.0 15.9 * (0.4)
67.8 17.7 £ (0.5)
77.6 19.8 =+ (0.2)
LR oba €7
70 18.4 =+ (0.5)
100 24,0 + (1.4)
140 31.4 + (2.1)
180 32.6 * (1.5)
220 34.6 = (0.5)
260 35.9 + (0.7)
300 38.2 + (0.3)
440 43.3 + (1.4)
600 47.0 + (1.7)
780 50.5 + (2.0)
1020 56.0 +* (1.1)
1620 64.6 + (1.0)
1920 66.9 + (3.3)
2460 70.9 £ (2.2)
3000 72.1 = (2.2)

Temperature Jump Spectrophotometric measurements, before,..

Stopped Flow Spectrophotometric measurements, after,

.. [Cu(MegTren)OH2t]
6 2

initial

= 3.92 x 10™"% mol dm™3

[Cu(MegTren)O

T
initial

= 6.00 x 107% mol dm®
The ionic strength was maintained at 1.0 mol dm"3(sodium perchlorate)



Appendix (3.2)

The kobs data over the entire thiocyanate (NCS™) concentration range
in the three temperature study of the formation of [Cu(MegTren)NCS]+, The
[a+b] was calculated using programme NONLIN (see Section A).

288 K 298 K
W e PR T
8.42 1.64 £ (0.09) 8.19 2.83 £ (0.17)
9.76 1.76 £ (0.16) 9.44 3.16 + (0.18)
12.6 1.76 + (0.08) 12.2 3.47 + (0.13)
15.7 2.04 =+ (0.13) 15.2 3.70 + (0.22)
19.8 2.09 + (0.05) 19.2 4.06 = (0.20)
24.0 2.22 ¥ (0.18) 23.5 4.68 £ (0.43)
45.9 3.58 + (0.09) 45.5 6.71 = (0.58)
[Egi—_imig)lo” k. ™D [Egi-(]imfslo“ ko 57
60 5.15 £ (0.35) 60 9.39 + (0.57)
100 6.56 + (0.40) 100 11.9 * (0.6)
140 7.65 £ (0.53) 140 13.4 * (0.6)
220 8.90 + (0.55) 220 16.0 * (0.9)
300 10.0 % (0.7) 300 18.0 * (1.2)
400 11.1 + (0.8) 400 18.7 * (0.1)
500 11.8 * (0.7) 500 2.1 * (0.8)
760 13.1 * (0.5) 640 23.2 + (0.7)
1000 13.8 + (0.2) 840 24,1 * (1.2)
1480 15.1 * (0.2) 1000 25.8 + (2.1)
2000 16.2 + (0.2) 1480 28.9 = (2.0)
3000 16.6 % (0.8) 2000 29.7 + (0.9)
4000 16.5 + (0.6) 2400 30.6 * (2.0)
5000 16.9 * (0.2) 4000 30.8 + (1.4)
' 5000 30.4 * (1.8)
Temperature Jump spectrophotometric measurements, before...., ICu(MegTren)OH%+]
- 6.00 x 107% mol dn~3  initial
Stopped Flow spectrophotometric measurements, after......... R [Cu(MeGTren)OH%+]

The ionic strength was maintained at 1.0 mol dm~3 (sodium perchlorate).

= 6.00 x 10~* mol dm~3

initial



Appendix (3.2) cont..

[a+b] x 10%
mol dm—3

8.01

9.20
11.9
14.8
18.8
23.1
45.1

[NCS™] x 10%
mol dm—3
60
100
140
220
300
400
500
760
1000
. 2000
4000
5000
6000

Temperature Jump spectrophotometric measurements, before....

308 K

1
T

5.59
5.49
6.45
7.13
8.02
8.39
11.0

LR

k

17.2
23.3
25.9
30.5
36.0
41.8
47.7
53.2
55.2
58.4
60.1
59.8
60.5

obs

(s

+ H+ H+ H+ I+

4+

CRCRC

(s™hH

e L T N E S A F R A S

I+

-1y

(0.24)
(0.20)
(0.52)
(0.39)
(0.36)
(0.27)
(0.4)

CRC R ]

(0.4)
(1.5)
(0.9)
(1.1)
(1.3)
(3.5)
(0.9)
(6.4)
(2.2)
(2.9)
(4.2)
(3.6)
2.7

. [Cu(MeGTren)0H§+]

= 6.00 x 10~" mol dm~3 initial
Stopped Flow spectrophotometric measurements, after......... . [Cu(MesTren)OH%+]
initial

= 6.00 % 107* mol dm >

The ionic strength was maintained at 1.0 mol dm 3 (sodium perchlorate)



Appendix (3.3)

The experimentally obtained spectrophotometric stopped flow data in

the plot of kobs versus [OCN™], over a three temperature range.

288 K 298 K

[0CN"] x 10% kobs [ocN~] x 10" “hne

mol dm~3 (s~ mol dm~3 (s™H
5.00 0.50 + (.04) 5.00 1.56 + (0.15)
20.0 1.03 + (.06) 20.0 2.03 = (0.09)
30.0 1.01 £ (.02) 30.0 2.35 + (0.20)
40.0 1.50 = (.08) 40.0 2.79 + (0.13)
50.0 1.71 = (.04) . 50.0 3.21 + (0.05)
60.0 2.00 £ (0.14) 60.0 3.45 £ (0.24)
100 3.00 + (0.16) 100 5.48 £ (0.29)
200 4,46 £ (0.31) 140 7.47 + (0.35)
300 5.82 + (0.40) 220 11.5 £ (0.2)
400 8.68 = (0.24) 300 14.5 + (0.4)
540 9,59 + (0.24) 400 17.3 + (0.2)
760 13.7 * (1.1) 500 19.2 * (1.0)
1000 15.0 * (0.5) 640 23.3 £ (0.8)
1480 17.4 * (0.5) 840 27.1 * (1.1)
2000 19.2 * (0.5) 1000 30.0 #+ (0.3)
3000 20.3 * (1.1) 1480 34.3 £ (0.5)
4000 22.0 % (0.2) 2000 35.5 + (0.2)
5000 22.0 * (1.2) 3000 36.1 * (1.8)
5000 38.1 * (1.3)
6000 40.4 + (2.0)
41.1 * (2.2)

This system was investigated at a [Cu(MegTren)0H§+] = 5.0 x 107° mol dm™3
initial

The ionic strength was maintained at 1.0 mol dm™3 (sodium perchlorate)



Appendix (3.3) contd...

[ocN~] x 10*
mol dm—3
5.00
10.0
20.0
30.0
40.0
50.0
60.0
100
140
220
300
400
500
640
840
1000
1480
2000
3000
4000
5000

308 K

3.80
3.71
4.30
4,74
5.18
5.61
6.11
8.21
11.9
17.4
19.5
24.3
29.5
35.9
38.4
45.7
54.1
61.1
63.9
67.5
68.1

obs

(s7h)
(0.27)
(0.33)
(0.26)
(0.21)
(0.09)
(0.28)
(0.48)
(0.19)
(0.3)
(0.3)
(0.8)
(0.6)
(0.3)
(1.1)
(0.7)
(2.1)
(4.3)
(3.7)
(0.4)
(3.8)
(4.0)

T S - T S S o S s

I+

This system was investigated at a [Cu(MeGTren)OH§+]

initial

= 5.0 x 1075 mol dm~3

The ionic strength was maintained at 1.0 mol dm—3 (sodium perchlorate)



Appendix (3.4)

The individual temperature jump spectrophotometric data points in the
three temperature and one temperature studies, for the formation of
+ + g 2+
[Cu(Tren)N3]" and [Cu(Tren)NCS]" respectively. The [Cu(Tren)OH2 ]initial is
1.52 x 1073 mol dm~ 3 in the N3~ kinetic analysis.

TEMP: 278 K (the formation of [Cu(Tren)N3]+)

1 xllo-u [ +ba 3 L . 103 = .5 3
= ag+bgl x 10 [a + b] x 10 fa + b] x 10
(s~1) mol dm~3 mol dm~3 mol dm~3
5.51 £ (0.17) 2.32 1.72 1.48
5.82 + (0.21) 2.72 1.87 1.56
6.04 + (0.32) 3.12 2.06 1.69 ’
6.23 + (0.12) 3.52 2,28 1.88
6.77 £ (0.32) 7.52 5.36 5.01
7.75 = (0.41) 9.52 7.17 7.87
8.45 = (0.34) 13.5 11.0 10.7
9.73 = (0.52) 17.5 14.8 14.7
11.2 + (0.5) 21.5 18.8 18.6
12.3 + (1.0) 25.5 22.7 22.6
TEMP: 288 K (the formation of [Cu(Tren)N3]+
a b c
%x 10~ [ag+be] x 103  [a +B] x 103 [a + b] x 10
(s=1) mol dm 3 mol dm~3 mol dm~3
10.1 + (0.3) 2.32 1.72 1.48
10.3 £ (0.3) 2.72 1.87 1.56
10.2 + (0.1) 3.12 2.06 1.69
10.3 + (0.3) 3.52 2,28 1.88
11.4 + (0.3) 5.52 3.68 3.26
12.6 + (0.1) 7.52 5.36 5.01
12.2 + (0.5) 9.52 7.17 6.87
13.9 £ (0.4) 13.5 11.0 10.7
15.2 + (1.1) 17.5 14.8 14.7
16.4 =+ (0.5) 21.5 18.8 18.6
17.4 % (0.4) 25.5 22.7 22.6
~a: [ag+bg] is the sum of the initial concentrations of metal ion and ligand
respectively
b: [5-%5] is the sum of the equilibrium concentrations using K (overall) =
mol~1 dm3 ed

]

c: [a+b] is the sum of the equilibrium concentrations using K (overall)
mol-1 dm3 d

The ionic strength was maintained at 1.0 mol dm~® (sodium perchlorate).



The

TEMP: 298 K (the formation of [Cu(Tren)N3]+)
a b
L« 107 [ag+bo] x 103 [a + B] x 103
B -1 mol dm~3 mol dm~3
(s7%)
15.0 + (0.2) 1.92 1.60
15.1 = (0.7) 2.32 1.72
15.2 + (0.5) 2,72 1.87
15.5 + (0.3) 3.12 2.06
15.7 * (0.3) 3.52 2.28
16.7 £ (0.4) 5.52 3.68
17.3 = (0.4) 7.52 5.36
17.7 £ (0.4) 9.52 7.17
19.2 £ (0.1) 13.5 11.0
20.7 £ (0.5) 17.5 14.8
22.2 = (0.4) 21.5 18.8
23.2 + (0.4) 25.5 22.7

Appendix (3.4) contd.

[a + b] x 103
mol dm~3

-, T R R T

= o=
® & O

.47
.48
.56
.69
.88
.26
.01
.87

7
7
.6
22.6

Temperature jump data at 288 K for the formation of [Cu(Tren)NCS]+, using

a [Cu(Tren)OH%+]

%—x 10~
(s7h)

23.3 + (0.5)
23.6 + (0.6)
24.4 + (0.8)
25.2 = (0.7)
25,2 + (0.8)
25.6 = (0.5)
26.6 = (0.5)
27.6 = (0.6)
28.6 = (0.6)
29.4 + (0.5)

ionic strength was maintained at 1.0 mol dm~3 (sodium perchlorate)

[ag+bg] is the sum of the initial concentration of metal ion and ligand
respectively :

[a + E] is the sum of the equilibrium concentrations, using Ke
500 mol~! dm3

[a + b] is the sum of the equilibrium concentrations, using Ke (overall)
1000 mol™! dm?3 q

[ag+bgl x 103
dm” 3

mol

O
11.
13.
15.
17.
19.
21.
23.
27.
31.

. . . . of 5.03 x 1073 mol dm™3
initial

a

o
W

b

[a + b] x 103

mol dm™

0 ~N N Nt

10.
12.
14,
18.
21.

.42
.01
.06
42
.99

o O W &~

[a + b] x 103
mol dm~3

C

3.47
3.88
.97

6.

8.

I
11.
13.
17.
21.

4

45

(overall
: )



Appendix (3.5)

Spectrophotometric data points of the three temperature stopped flow

study in the two systems, [Cu(MesTren)0H2]2+/Br' and [Cu(MeGTren)OH2]2+/Cl"

278 K 288 K 298 K
[Br~] x 10% K ie [Br~] x 10 koo [Br-] x 10% LR

mol dm~3 (s"l) mol dm—3 ) mol dm~3 (s7)
240 31.4 = (2.8) 320 61.7 + (2.2) 240 42.7 £ (1.
720 31.2 = (1.2) 520 61.4 = (1.4) 720 42.9 + (0.
1520 30.7 = (1.3) 720 60.6 £ (1.0) 1520 42.1 £ (1.
3040 31.1 = (2.4) 960 61.8 £ (1.1) 3040 41,5 + (2.
4000 32.8 + (1.0) 1200 61.6 = (0.9) 4000 42.4 £ (2.
4960 30.6 £+ (0.7) 1520 60.7 £ (0.9) 4960 42.2 + (2.

2000 59.9 + (0.4)

3040 61.3 = (1.9)

4000 60.8 =+ (1.1)

4960 61.9 = (2.7)

278 K 288 K 298 K
[c17] x 10% LS [c1-1 x 10" LS [c17] x 10* LS

mol dm™3 (s~ mol dm 3 (s~ mol dm~3 (s~
240 12.5 £ (1.0) 240 27.8 £ (0.0) 240 52.3 & (2.
720 13.1 = (0.8) 400 27.8 + (0.4) 720 52.9 £+ (1.
1520 12.7 = (0.6) 560 28.2 + (0.4) 1520 51.4 + (1.
3040 11.8 = (0.1) 720 27.3 £ (0.6) 3040 51.1 + (3.
4000 11.9 £ (0.2) 960 27.1 = (0.7) 4000 52,5 + (3.
4960 12,3 = (0.9) 1200 27.5 = (0.4) 4960 52.4 = (4,

1520 26.9 = (0.2)

2000 26.2 + (0.2)

3040 26.1 = (0.7)

4000 25.9 = (1.3)

4960 26.0 £ (1.6)

The ionic strength was maintained at 1.0 mol

dm™3 (sodium perchlorate)

7)
9

1)
7)
9)

1)
8)
2)
3)
8)
0)



Appendix (3.6)

Spectrophotometric data points for the one temperature (298 K)
stopped flow study in the systems, [Cu(MeGTren)OH]+/N3_, [Cu(MegTren)OH]/NCS™
and [Cu(MegTren)OH]t/OCN™ .

N3~ (A = 386 nm) NCS™ (A = 370 nm) OCN~ (A = 360 nm)
- 4 - n - 4
[N3~] x 10 Koo [NCS™] % 10 Ko [0CN™] % 10 Koo
mol dm~3 (s~ 1) mol dm~3 (s mol dm—3 (s~1)
50 6.41% (0.32) 50 7.63+ (0.69) - =
100 8.79+ (0.42) 100 12,1+ (0.1) 100 6.30+ (0.60)
300 14.0% (0.9 300 14.6 % (0.6) 300 10.8 £ (0.9)
600 17.6% (1.0) 600 16,2+ (1,0) 600 14.2 % (0.7)
1000 21.2+ (0.6) 1000 19.4% (0.6) 1000 16.8 £ (0.5)
2000 23.1% (1.5) 2000 21.2% (0.6) 2000 20.7 = (0,5)
3000 24.6+ (0.7) 3000 22,4+ (0.5) 3000 21.9% (0.3)
4000 25.6% (1.6) 4000 23,6+ (1.1) 4000 22.6 + (0.4)
5000 26,1+ (1.1) 5000 24.3% (0.8) 5000 23.2 % (0.8)
+ - -1 -3
The [Cu(MegTren)OH ]initial 4.0 £ 107" mol dm

and the pH = 10.9 + (.05) at an ionic strength of 1.0 mol dm™3 (sodium
perchlorate)



Appendix (3.7)

Spectrophotometric data points for the ligand concentration dependence

of %—(s'l) at pH 7.00 £ 0.01 and A = 425 nm.

[Na,S03] x 10" [s05~] x 10% ko (s~h
mol dm~3 mol dm—3
88.0 67.6 4,69 = (0.28)
128 98.3 4.90 + (0.27)
168 129 4.85 + (0.14)
248 191 5.83 = (0.26)
400 307 6.29 £ (0.23)
560 430 8.05 + (0.34)
800 615 9.89 + (0.18)
1120 860 11.9 £ (0.5)
1520 1167 14.7 = (1.3)
2000 1536 18.9 * (1.0)
24,80 1905 23.5 * (2.0)

In the stopped flow study, the [Cu(MesTren)0H2]2+
6.0 x 107% mol dm™3.

P o was constant at
initial

In Appendix (3.7) the [SO3=] was calculated using a pKa of 6.48 for the
equilibrium HSO3~ T SO3~ + at at 298 X in a medium of 1.0 mol dm~3 ionic
strength (sodium perchlorate). This value was determined from the pH

study shown in FIG. (3.23).



Appendix (3.8)

Spectrophotometric data points for the one temperature (298 K)
temperature jump study of %—versus pH at an ionic strength of 1.0 mol dm™3

(sodium perchlorate)

%-(s-l) pH + (.01) [221 Zm187
36.7 + (2.2) 5.83 15.0
3.4 + (1.0) 6.00 10.0
31,2+ (1.7) 6.30 5.00
27.8 + (0.9) 6.42 3,80
25.0 + (0.3) 6.46 - 3.47
20.9 % (0.1) 6.52 3,02
18.7 + (1.4) 6.66 2.21
15.1 * (0.2) 6.95 1.12
1.8 + (0.2) 7.26 0.55

8.89 + (0.10) . 7.60 0.25

6.38 + (0.19) 8.13 0.074
4.86 + (0.04) 8.73 0.019
4.07 + (0.22) 9.53 0.003

The above data was obtained at A = 425 nm, for the substitution system,

[Cu(MegTren)OH, ]2V A(HS053™,5057)





