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ABSTRACT 

The reduction of [Cu(pmas)]+2 by hydroxyethylferrocene [HEF] has 

been studied in the presence of azide, imidazolate and pyridine. Both 

reactants exhibit a first order dependence at 25.0°C, pH 6.0, 

I = O.IM (NaNO^) with second order rate constant of 1.3 x 10 M~ s~ . 

+2/+ 
The apparent Cu(pmas) self-exchange electron transfer rate 

constant calculated on the basis of relative Marcus theory (k,, = 

4.7 x 10 M s ) agrees well with previous findings on ferrocyto-

-4 +2 
chrome £, Fe(CN)g and Ru (NH^)^ py reactions with 

+2 
[Cu(pmas)] . The copper complex reduction has been studied as a 

function of temperature, and the enthalpy and entropy of activation 

are 10.1 Kcal/mol and -6 e.u., respectively. The formation constants 

+2 of the 1:1 and 2:1 complexes of Cu(pmas) with azide were measured 

spectrophotometrically. The values (K^, = 3.3 x 10 M ) and 

5 -1 +2 
( K ^ ^ = 3 . 5 x l O M ) were compared with Cu(tmpa) 

[tris(2-pyridylmethyl)amine] copper(II) binding constants. The latter 

2-1 
only presented one value (K^ = 6.6 x 10 M ), up to 0.15 M N^ 

(25.0°C, pH 6.0, I = 0.2 M), which demonstrates that a thioether sul

fur atom is displaced in the uptake of a second N^ unit by 

Cu(pmas)(N^) . The effect of thioether sulfur displacement by azide 

ion on the redox reaction rate may be understood entirely through the 

tendency of N^ to shift the position of the redox equilibrium towards 

reactant side. Cyclic voltammetry measurements showed that the reduction 

111 



+2 potentials of Cu(pmas) in the presence of 5 and 150 mM N^ are 

307 and 254 mV respectively, as compared with that of free complex, 

398 mV. The rate constant is decreased when azide is present 

(k (25.0°C) = 3 x IÔ M'-'-S"-'- pH 6.0, I = 0.2 M). This demonstrates 

the importance of bond breaking in the activated complex for re

duction of five-coordinate Cu(II) to four-coordinate (Cu(I) because 

the aqueous form has a weakly-held coordinated water molecule, but 

the azide form has a strongly-retained nitrogen-donor ligand. Also 

the dependence of the reaction rate on acetonitrile concentration 

will be described. 

IV 
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CHAPTER I 

INTRODUCTION 

The biological role of copper usually involves association 

with certain specific proteins, referred to as copper proteins. 

These proteins generally behave as typical metalloproteins, whereby 

copper constitutes an integral part of their function. Extensive 

studies have been carried out on many copper proteins but still 

there are several questions concerning the stability of the metallic 

reaction site. This is due to the fact that the copper(II)-

copper(I) electron transfer couple is very unique. Unlike other 

redox couples of the transition series, like iron, cobalt, and 

ruthenium; copper has different coordination numbers and stereo-

[21 
chemistry in the two oxidation states. In polar solvents 

copper(II) complexes exist predominately as five-or six-coordinate 

species (tetragonal), whereas copperd) complexes are expected to 

prefer four (tetrahedral) or more likely lower coordination number. 

Overall both states are highly labile and stereochemically flexible. 

The electron transfer reactions of copper proteins are greatly 

[31 
favored by the low oxidation potential of copperd) •*. Thus, it is 

not surprising that the last step in mitrochondrial respiration, 

where oxygen is converted into water, is catalyzed by a copper 

protein, laccase. 



Electron transfer between copper(II) and copperd) will 

therefore normally be accompanied by major structural and stereo

chemical changes. As a consequence, these changes cause an 

appreciable activation energy barrier for the electron transfer. 

Markedly positive Cu(II)-Cu(I) formal electrode potentials 

(0.2 to +0.8 V vs SHE at pH 7) have also been a recognized 

characteristic of the blue copper proteins. Ligands which 

stereochemically or electronically destabilize Cu(II) and/or 

enhance the stabilization of Cu(I) can shift the; formal 

Cudl)-Cu(I) potential to more positive values. 

Several studies have indicated that a cystein(S)-Cu(II) 

chromophore is responsible for the intense coloration of the blue 

[61 
copper proteins. As a result, the electronic structural nature 

of CudI) interactions with S ligands has acquired considerable 

research interest. 

In this work the redox properties of copper 2-pyridylmethyl-bis 

(2-ethylthioethyl)amine sulfate [Cu(pmas)SO.] will be dis

cussed. This complex exhibits a distorted trigonal bipyramidal 

[81 

geometry which includes a coordinated sulphate group. This ox

idant was chosen because it provides a good model for the blue 

copper proteins, which typically possess two Cu-S bonds at the 

active site. Also this is a tetradentate tripod ligand which 

adopts a pseudotetrahedral arrangement about the copper atom 

in both states (see Figure 1). 



FIGURE 1. Structure of [Cu(pmas)SO^]. 

The sulphate in the apical position is 

substituted for H2O of N^- in solution 
[8] 



Hydroxyethylferrocene (HEF) is the reductant in the kinetic 

study. This compound not only has an adequate potential in order to 

react with the copper complex, but is also a well-characterized 

reversible one-elelectron redox agent. 

The ferrocene derivative has a "sandwich" like structure. 

There are 18 valence electrons to be fitted: five II electrons from 

each cyclopentadienyl ring and eight valence shell electrons from 

the iron atom. By molecular orbital theory there are exactly nine 

bonding or non-bonding orbitals and ten antibonding ones. The 18 

electrons can just fill the bonding and non-bonding molecular 

orbitals to give a closed configuration. It can be seen from 

figure 2 that the electron in the non-bonding a orbital can be 

[91 
transferred to the copper. Another convenient aspect of HEF is 

that it is a non-charged species. This is an important fact be

cause there will be no coulombic contribution to the rate of 

reaction where the electron is transferred. 

The primary goal of this work is to study the kinetics of 

[Cu(pmas)SO.] reduction by HEF, and to interpret the results 

through the Marcus theory. The reaction will be conducted in 

aqueous solution. The competition between thioether sulfur and 

several nitrogen-donor ligands for a coordination position will be 

studied in order to determine if the thioether S atom is tightly 

held by the metallic center. These ligands include azide, 

imidazole, pyridine, fluoride and iodide. Equilibrium studies 

will be carried out spectrophotometrically. Also, electrochemical 

studies and kinetic temperature dependence assays will be presented. 
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FIGURE 2. Molecular Orbital Diagram for Ferrocene. 

The R group is CH^-CH^-OH. The frontier orbitals are 

in the box. It is assumed the hydroxyethyl group 

does not change the main orbital diagram. [9] 



CHAPTER II 

EXPERIMENTAL SECTION 

Materials 

[Cu(pmas)SO. . 3H2O] was synthesized and supplied by Dr. Kenneth 

[81 
Karlin. (See Figure 3). Reagent grade chemicals were used 

throughout, and solutions were prepared from triply distilled water. 

Hydroxyethylferrocene [HEF] (Strem chemicals) was purified by vacuum 

sublimation. Stock solutions were made anaereobic by N_ purging 

throughout the experiments. The buffers used were: MES (2-morpho-

linoethane sulfonic acid) and BES (N,N-bis{2-hydroxyethyl)-2-amino 

ethanesulfonic acid) (Sigma chemicals). These buffers were adjusted 

to pH 6.0 and 7.0, respectively, with NaOH. Constant ionic strength 

was maintained with NaHO, in kinetic, equilibrium and electro

chemical measurements. HEF solutions were standardized 

[121 
colorimetrically prior to kinetic measurements. Imidazole 

(Aldrich chemicals) was neutralized with NaOH to generate the 

imidazolate ion at pH 7.0. 

Electrochemical Measurements 

Cyclic voltammetry was utilized to measure CudI, I) reduction 

potentials of Cu(II) in the presence of anide, Imidazole and pyri

dine at I. = O.IM and pH 6.0 (for the K' ) and 7.0. A three-electrode 

system composed of a carbon paste working electrode (Bio-Analytical 

Systems Inc.), a platinum wire auxiliary, and saturated calomel 
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FIGURE 3. Absorption Spectrum of Cu(pmas) 
+2 

,-1 c = 1.09 x 10 mM, ^=1 cm. 

T = 25.0°C, pH 6.0 in MES buffer (0.02 M), 

I = 0.1 M (NaNO^). 
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reference (SCE) (Sargent-Welch Scientific, Co.) electrodes were 

used. Frequent resurfacing and polishing of the carbon paste work

ing electrode was necessary in order to obtain a reproducible cyclic 

voltammogram. The concentration of Cu(pmas)"^^ was 1.0 mM for all 

runs. HEF (E° = 402 mV vs NHE)^^^^ was used for internal cali

bration, so that potentials could be expressed relative to the 

standard hydrogen electrode (NHE). The internal calibration method 

was used to compensate for small variations in the reference elec

trode potential from day to day. A Bioanalytical Systems CV-lB 

apparatus was used to run the cyclic voltammograms. The output was 

plotted on a Hewlett-Packard model 7004B X-Y recorder. 

Kinetic Measurements 

These measurements were performed at 25.o on a Durrum D-110 

stopped-flow apparatus, with inlet of anaereobic solutions through 

teflon needles. Cu(pmas)SO. solutions were pre-equilibrated 

aereobically, with: NaN^, Nal, NaF, imidazolate or pyridine, before 

mixing with HEF. A minimum of 30 minutes was allowed for tempera

ture equilibrium to occur before kinetic runs were initiated. Rate 

data were transmitted to an Apple II Plus Computer through 

ADALAB/AI 13 interface A/D converter/clock cards controlled by 

programs QUICKER-SAMPLE and QUICKERSAMPIESL, all supplied by 

Interactive Microware, Inc. At least 256 absorbance-time points 

were collected in each kinetic determination and stored on a floppy 

disk. Graphical display of the kinetic data on the Apple II plus 

computer and subsequent quantitative interpretation was accomplished 



through a modification of the VIDICHART program (Interactive 

Microware, Inc.).^ More than 50 absorbance-time points were used 

in each rate constant determination. Pseudo-first order conditions 

were maintained by adding a 10 fold excess or more of HEF 

-4 -1-2 -5 
(5 x 10 M) over Cu(pmas) (5 x 10 M). The disappearance of the 

thioether S-to-Cu(II) LMCT absorption was monitored at 350 nm (for 

[21 • 
the azide case N - Cu(II)LMCT at 400 nm)."- •" Observed first-order 

rate constants (k , ,) were derived from the least-squares slopes 

of ln(A.-A^) vs time plots. Mcst reported rate constants are the 

average of at least three to five trials. 

Formation Constant Measurements 

+2 
Formation constants of Cu(pmas) - N..- adducts were measured 

at 400 nm using Lambda 5 and Spectronic 100 spectrophotometers. 

The oxidant solutions from the kinetics runs were diluted 1:1 with 

MES buffer and thermostated at 25.0°C (I = 0.2M). This analysis 

[141 
was also performed for the Cu(tmpa)(CIO.)- complex at X = 385 nm 

over the range of 1-150 mM N^ . The formation constant of the 1:1 

complex of the latter (Kf) was calculated as the ratio of least-

square intercept to slope in linear plots of (A -A ) vŝ  

[N^~]~ , based on the relationship:^ 

(A - A )"^ = ii C^(Ae))"-^ + il C^(Ae)K.)"^ [N " ] " ^ ^̂ ^ 
e o o o I J 

Where A , A , )t , C and Ac correspond respectively to the equi-
e o o 

librium absorbance, the initial absorbance, the spectrophotometric 

path length, the total copper concentration and the differential 

extinction coefficient associated with adduct formation. 
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+2 For Cu(pmas) two kinds of adduct formation were 

observed, as described by equations 2 and 3: 

+'* — ^f 1 + 
Cu(pmas) ̂  + N^ — — ^ Cu(pmas)(N^) [2] 

Cu(pmas)(N^)'^ + N^" ^f 2 . Cu(pmas) (N^)2 [3] 
^-

This was deduced from two different limiting slopes found in a plot 

of (A^-A^)~ vŝ  [N^~]~ . In order to fit the data to eqs. (2) 

and (3) another treatment was applied. 

^\ - \ ^ ' "S^fl^o^^s"^ " ' ^ 2 ^ f l ^ f 2 ^ o f V l _ _ r 
— [4] 1 + K.. (C + [N."] + K._[N_"]^ + 2K..C [N."]) fl o 3 t2 3 r2 o 3 

where AE^ and ̂ £2 ̂ ^^ ̂ ^^ differential extinction coefficients of 

Cu(pmas){N^) and Cu(pmas)(N^)^ respectively, both expressed 

+2 relative to Cu(pmas) . It was assumed that [N., ] >>c 
J o 

[Cu(pmas)(N^)~ ] and [Cu(pmas)(N^)^]• A non-linear least 

square fit was used to calculate the parameters Kp,, Kp,, AEI 

andAe^/ basing initial parameter estimates on the limiting 

slopes and intercepts of a plot of (Â  - A ) vŝ  [N,~], at the 

low and high concentration extremes. 



CHAPTER III 

RESULTS 

Electrochemical Measurements 

Redox potentials were determined for the copper complex in the 

presence of azide and pyridine (Table 1). Quasi-reversible cyclic 

voltammograms were obtained in most of the cases (Figure 4). The 

redox potentials were calculated as the intercept of a linear least 

square analysis of ln[(id-i)/i] ys E. The peak to peak separation 

was very large and the cathodic wave was broad, making the error 

of the potential increase in this way. The important point is that 

the reduction potential drops more than 100 mV in the presence of 

0.15 M N ~. Considering that E°(HEFVHEF) = 402 mv'"̂ "̂', the con

version of Cu(II) to Cu(I) by HEF is strongly disfavored at high 

azide concentrations. This is why the redox equilibrium position 

is shifted towards the reactant side by N^ . 

Pyridine complexation of Cu(II) is implicated by the decrease 

of the reduction potential at pH 7.00. As compared with azide, 

+2 
this effect is smaller. A cyclic voltammogram for Cu(pmas) at 

pH 7.00 was not reversible, a broad anodic peak was observed. The 

anodic peak was moved 63 mV compared to the pH 6.0 voltammogram 

(see Table 1). 

Because of the electrochemical reactivity of free Imid~within 

the potential region where the Cu(II/I) couple is also active, the 

11 
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Cu(pmas) 

Table 1. Electrochemical Data from Cyclic Voltammograms of 

+2/+ a 

Concentration 

of ligand 

[N3-]^ 

[pyl^ 

M 

0 

5 X lO"^ 

0.15 

0 

0.15 

E 
pc, 

18 

-30 

-69 

-16 

-39 

b E ^ 
pa. 

209 

105 

32 

272 

134 

E ' 
Pt 

191 

135 

101 

288 

173 

2 / 

364 

307 

254 

373 

293 

^All reported potential are in mV v£ NHE. 

Cathodic peak potential. 

Anodic peak potential. 

Peak-to-peak separation, E = E -E . 

^Half-wave potential obstained from the intercept of a graph of 

Ln((id-i)/i) vs E or from (E + E )/2. 
yd. yc 

^0.02 M MES buffer, pH 6.0, 25.0°C, I = 0.1 M. 

^0.02 M BES buffer, pH 7.0, 25.0°C, I = 0.1 M. 
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0.2 
(V vs NHE) 

-0.2 -O.A 

+2 
FIGURE 4. Cyclic Voltammograms of 1.0 mM Cu(pmas) " in 

Aqueous 0.02M MES Buffer. pH 6.0, T= 25.0 C, 

1= 0.1 M(NaNO-^). Sweep rate 50 mV/s. HEF as an internal 

calibrant.(-'-) with N - = 0.15 M. ( ) with pyridine 

= 0.15 M, pH 7.0, 0.02 M BES buffer. See text and Table 1 
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reduction potential of (pmas)Cu(II) - imidazolate complexes could 

not be measured by cyclic voltammetry. 

Formation Constants 

Spectrophotometric titration results are presented in Figure 5 

(Table 2&3). As was mentioned before, the data were fit according to 

eq. 4, which applies to consecutive equilibria (eqs. 2 and 3) 

leading to both Cu(pmas) (N̂ )"*" and Cu(pmas)(N^) . Non-linear least 

square parameters relating to this system are: 

Table 2. Parameters Obtained from the non-linear Least 
Squares Analysis of the Spectrophotometric Titration.^ 

K^^ = (3.3 ± 0,4) X 10^ M""*" 

K = (3,5 ± 0.8) X lO"*" M"""" 

Ae^ (400 nm) = (5,7 ± 0,3) x 10"̂  M""'"cm""̂  

Ae2 (400 nm) = (1.10 ± 0.3) x lo"̂  M~'̂ cm~''" 

From eq. 4, A = 400 nm. See Table 3 and text. 

The quality of the least squares fits of absorbance and [N..~] 

to equations 1 or 4 is excellent, as judged by the close 

correspondence between calculated and experimental values of the 

dependent variable (see Table 3). 

In order to determine the effect of the two thioether ligands 

+2 
of Cu(pmas) on the thermodynamics of azide binding to CudI), a 
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FIGURE 5. Plots providing a basis for the estimation of K̂  
+ 2 o 

and Kp_ for the adducts of azide with Cu(pmas) .̂ T-25.0 C, 

pH 6.0(10 mM MES buffer), 1=0.2 M (NaNO^). Co=0.05 mM, 

^ =1 cm, A = 400 nm. See text. Table 2 and eq. 2-3. 
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Table 3. Spectrophotometric Titrations of Cu(pmas) *" by 
Azide Ion. ' 

[N̂  ] mM 

0,30 

0,33 

0.36 

0.40 

0.50 

0.63 

0,71 

1,0 

2.5 

7,5 

10 

20 

40 

60 

80 

100 

150 

^C =0.05 mM 
O 

^Conditions: T = 25.0°C, 
nm. 

C , . _ . _ A c-r^^ +-QV|-

^A,^ 

0,054 

0,061 

0,062 

0,069 

0.071 

0,079 

0.081 

0,088 

0.109 

0,132 

0.140 

0,159 

0.172 

0.190 

0,188 

0,191 

0.209 

pH 6.0, I = 

A A (calc), 

0.057 

0,059 

0.062 

0,066 

0,072 

0,078 

0.082 

0.091 

0.110 

0.132 

0.139 

0.157 

0.175 

0.186 

0.192 

0.196 

0.203 

0.2 M NaNO^, ?• = 1 cm. A = 400 

^Calculated from eq. 4 with non-linear least squares parameters, 
see text. 
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parallel spectrophotometric titration of Cu(tmpa) was carried 

out at 25.0°C, pH 6.0(10 mM MES), I = 0.2M. Thus the thioether S 

atoms of pmas are replaced by pyridyl nitrogens in tmpa, (Figure 6), 

without changing the chelate ring size or trigonal bipyramidal 

[181 coordination geometry of the corresponding copper(II) complex. 

In this case the. maximum of the N., LMCT band occurred 

at 385 nm. The linearity of a (A - A ) vs [N^ ] plot 
^ e o — 3 ^ 

suggested by eq. 1 indicates the formation of a single, 1:1 adduct 
+2 between Cu(tmpa) and azide ion (see Table 4 and Figure 7). The 

results are: 

K^ = (6.6 ± 0.1) 10^ M ^ 

^^385 nm) = ^̂ '̂  ^ ^.1) x 10^ M"^ cm-^ 

Comparing the formation constant of Cu(pmas)(N^) with that of 

Cu(tmpa) (N.."̂ ), the former is 5 times larger than that of the latter. 

Also, the intensity of the azide-to-copper(II) charge transfer 

transition is enhanced surprisingly by 54%. Another important 

aspect is the order of magnitude advantage in the formation 

constant of Cu(tmpa)(N^)"^, relative to those of square planer Cu(II) 

complexes with tridentate nitrogen-donor ligands, i.e., dien and 

tpy. 

In the case of imidazolate it was not possible to obtain a 

formation constant because of the blue solid formed, explained later 
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FIGURE 6. Structure of CuXtmpa)(ClO.)^. 

Only the copper environment is shown, (one CI 
[181 

attached to Cu). Compare to Figure 1. 
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Table, 4. Spectrophotometric Titrations of Cu(tmpa) by 
Azide Ion. 

- c d 
[N ] mM AA AA(calc) 

1,0 0.147 0,146 

2,5 0.224 0.229 

5.0 0.283 0.282 

10 0,321 0.319 

20 0.343 0.342. 

40 0,357 0.354 

60 0,361 0,359 

80 0,361 0.361 

100 0.362 0.362 

150 0,363 0.364 

^Co = 0.10 mM. 

^Conditions: T = 25.0°C, I = 0.2 M NaN03, pH 6.0 (10 mM MES buffer), 
Jl = 1 cm, X = 385 nm. 

^ AA = A - A , see text, 
e o 

^Calculated from eq. 1. with linear least square parameters, 
see text. 
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10 

FIGURE 7. Plot providing a basis for the calculation 

of K^ for the adduct of azide with Cu(tmpa)^'^. 

T= 25.0°C, pH 6.0 (10 mM MES buffer), 1= 0.2M NaNO.,, 

Co= 0.20 mM, £ = 1 cm, A = 385 nm. See text, Table 9, 

and eq. 1. 
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in the kinetic section. Pyridine does not notably change the 

+2 
Cu(pmas) " UV-visible spectrum (330-600 nm) up to a concentration 

of 0.15 M. 

Kinetics 

+2 
The reduction of Cu(pmas) by excess HEF at pH-6.0 

(10 mM MES), I = 0.1 M was monitored at A = 350 nm. Pseudo first 

order rate constants were obtained from the slopes of linear 

In (A - A^) vs time plots covering more than 3 half-lives. Table 5 

indicates the range of k , , used to calculate k from the rate law 

of eq. 5. 

+2 
- d [Cu(pmas) 1 , k[HEF][Cu(pmas)^^] [5] 

dt 

The value of k is (1.3 - 0.1) x lo"̂  M~-̂ s~"̂  at 25.0°C, where k was 

calculated from the slope of a linear k̂ ^̂ ^ vs [HEF] plot. 

The reaction was also studied as a function of temperature 

(Table 6) and the Eyring plot for this reaction is given in Figure 8 

The activation enthalpy and entropy obtained from least-square 

analysis of this plot are: 

AH = 10,1 ± 0.4 Kcal/mol and 

AS = -6 ± 2 e.u. 
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Tabl^ 5. Observed Rate Constants for the Reduction of 
Cu(pmas) ̂  by HEF.^ 

[HEF], mM ôbsd'̂  ̂  ̂  

0.068 1.09 

0,136 1,87 

0,272 3.48 

0,408 5,23 

0,543 6.58 

0.679 8,5b 

1,36 18,30 

^Conditions: T = 25.0°C, pH 6.0, I = 0.1 M NaNO^. 

Typical uncertainty in k , , is +2%. 
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Table 6. Temperature Dependence of the Reduction Rate of 

Cu(pmas)'^^ by HEF.^'^ 

Temperature 

7 .7 

1 4 . 9 

21 .0 

2 6 . 9 

32 .2 

34 .4 

41 .0 

°C 1. ^ - 1 
obsd' ^ 

4 . 9 1 

7.39 

10.6 

15 .0 

20.4 

24 .0 

38,4 

a [HEF] = 1.19 mM. 

^Conditions =pH6.0, I = 0 . 1 M NaNO^. 

c + 
Typical uncertainty in k , , is -2%. 
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4.50. 

4.00. 

3.50-

3.00-

2.70, 

3.15 3.25 3.35 3.45 

10^/T (K-1). 

3.55 

FIGURE 8. Eyring Plot Illustrating the Temperature 
+2 

Dependence of the Reduction of Cu(pmas) . pH 6.0 

in 0.02 M MES buffer, I=0.01M-NaNO^. 
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+2 
Cu(pmas) was reduced in the presence of nitrogen-donor 

ligands: azide ion, imidazolate ion and pyridine. These three 

reagents shifted the redox equilibrium position towards the reactant 

side, and therefore affected both k , , and the absorbance change in 

kinetic experiments. Since adduct formation between azide ion and 

+2 
Cu(pmas) could be readily quantitated through the N^ -to-CudI) 

LMCT absorption at 400 nm, ligand-induced rate and driving force 

perturbations were most conveniently studied in this system. Table 

7 shows the values of the pseudo first order rate constants as a 

function of [N^ ]. It can be seen that k , , increases with the 
3 obsd 

concentrations of azide [0.50 - 100 mM]. The overall 400 nm 

absorbance decrease became smaller with increasing azide 

+2 
concentration. This indicates that the HEF-Cu(pmas) equilibrium 

position is shifted towards the reactant side by N^ . Since the 

+2 
HEF-Cu(pmas) reaction does not proceed to completion in the 

presence of N-.~, k , , (Table 7) should now be regarded as the 

observed relaxation rate constant to redox equilibrium. In other 

words k ^ , will be a function of rate parameters for both forward 
obsd 

and reverse directions. A one-step, reversible process (eq. 6) can 

be inferred from the consistent linearity of In (A^ " AJ X^ 

time plots throughout the entire azide concentration range examined, 

[61 
(pmas) Cu(II) + HEF_^ (pmas) Cu(I) + HEF 
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+2 
Table 7. Effect of Azide Ion on the HEF-Cu(pmas) Redox 

Relaxation Rate. 

^h^ -^ "̂ obsd-'̂ '' l̂ obsd'' ̂ "' <=^1=' 

0.50 7.11 7.65 

1.0 7.27 7.94 

2.5 8.51 8.84 

5.0 11.3 10.4 

7.5 13.7 11.9 

10 13.0 13.5 

20 18.4 19.8 

40 32.8 31.1 

60 38.9 40.4 

80 48.0 47.8 

100 54.0 53.8 

^Conditions: T = 25.0°C, I = 0.2 M NaN03, pH 6.0 [HEF] = 0.584 mM, 

^Pseudo first order relaxation rate constant to redox equilibrium. 
Typical uncertainty in k̂ ^̂ ^̂  is +5%. 

^Calculated from eq. 7-9 with non-linear least squares rate 
parameters, see text. 



Only Cu(pmas)(N^) and Cu(pmas)(N^)^ will be considered as 

reactants in appreciable concentration because of the large 

formation constant (K̂ -.) of the former (eq. 2). Having established 

the existence of both 1:1 and 1:2 Cu(II)-N^ complexation equilibria 

(eqs. 2 & 3), the azide concentration dependence of the HEF, 

HEF /CudI,I) reaction potential (E ) may be expressed as: 

ô 4 -^"'^fz'V' ô , t7] 

where E°, E ° and B°„„+ are the standard reduction potentials of 
1 2 HEF 

Cu(pmas(N-.)^, and hydroxyethylferricenium ion, respectively. 

Converting B° to the corresponding 25.0 C equilibrium constant K^^, 

eq. (8) is obtained. 

K = exp(E° /25,69) 
rx ^ rx [8] 

where the potential is expressed in mV. From this relationship, 

k , , can be predicted from K = leased on eq. 6. This 
obsd ^ ^^ ^_2 

equation describes the predicted influence of the azide-induced 

redox equilibrium perturbation on the observed relaxation rate 

constant: 

\^^ ^\x^ 
^obsd K [9] 

rx 
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For a derivation of this equation, see Appendix A. A 

non-linear least squares fit^^^^ of k^^^^, [N3-] pairs to the above 

equation was performed on the assumption that k^ may be treated as 

a constant. Thus increases in k̂ ^̂ ^̂  were formally attributed to the 

k_^ component of K^^. Although this assumption is arbitrary and 

cannot be strongly justified, it is acceptable in the following 

context. The important point here is to demonstrate that the 

kinetic azide dependence follows from the effect of N.~ on K 
3 rx* 

Quantitatively precise values of k̂  and k_̂  are of lesser importance. 

Convergence could not be achieved when F̂ , E"^, and K and k, were 

all treated as adjustable parameters. From Table 1 the value of 

E^ was therefore estimated at +307 mV (N^" = 5 mM). This value was 

measured under conditions where Cu(pmas)(N )'̂  accounts for more 

than 90% of the total Cu(II) reactant. It can be seen from Table 7 

that the fit of the kinetic data (eqs. 7-9) was excellent. The 

values obtained were as shown in Table 8: 

Table 8. Parameters Obtained from the Non-linear Least 
Squares Analysis. ' 

k^ M"-̂ S"-'" ^f2 '̂  ̂  ^2 "̂ ^ 

(3.0 ± 0.2) X 10^ (3.0 ± 0.4)10"'" 238 ± 5 
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The validity of this treatment is supported by the close 

agreement of: a) E^ with the value in Table 1 of E° measured at 

N3 = 150 mM, [84% of Cu(II) is present as Cu(pmas)(N ) ] and the 

value determined kinetically; b) K^ values measured 

spectrophotometrically and kinetically. 

+2 
The reactions of HEF with Cu(pmas) in the presence of 

imidazolate and pyridine were studied at pH 7.0 (10 mM BES), 

I = 0.2M. The data is presented in Table 9. Unfortunately, 

+2 
Cu(pmas) is precipitated nearly quantitatively as a light blue 

solid at [imid ] 0.05 M, pH 7.0. At anion concentrations larger 

than 0.05 M, this blue precipitate dissolves in part to give a 

light yellow solution. Because of this problem, only a very 

limited kinetic study could be performed. The observed relaxation 

rate constant was found to be nearly invariant (Table 6) at 

(2.8 -0.2) X 10 s . Furthermore, the 350 nm absorbance decrease 

was very small upon mixing 0.366 mM HEF with oxidant solutions 

containing [imid~] in the range 0.06-0.15 M. This indicates that 

imidazole shifts the reodx equilibrium even farther to the left than 

does N..". From eq. [9] and [10] it may be seen that the limiting 

value of k , , is k T when K^^ becomes very small, 
obsd -i tx 

= 1!L-= ^̂^̂  
ôbsd ~ K ~ ̂ -1 

rx 
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Table 9. Effect of Imidazolate and Pyridine on the 

HEF-Cu(pmas) Redox Relaxation Rate.^ 

[imid ] M 

0,06 

0,08 

0.10 

0.15 

obsd' ^ 

2.4 X 10^ 

2.9 X 10^ 

2.7 X 10^ 

3.0 X 10^ 

[py], M 

0 

0.01 

0,02 

0.04 

0,06 

0.08 

0,10 . 

0,15 

--

k ^'^ s"^ 
obsd' ^ 

4.49 

4.29 

4.49 

4.52 

4.91 

4.97 

5,47 

6.22 

^Conditions: T = 25.0°C, pH = 7.0 (10 mM BES) I = 0.2 M NaNO^, [HEF 
= 0.366 mM. 

Pseudo first order rate relaxation rate constant to redox 
equilibrium. 

'Typical uncertainty in k , , = +10%. 

Typical uncertainty in k , , = +2%, 
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Pyridine has a much smaller effect on k ^ ^ than does N^ 

obsd J 

(Table 9). A plot of k^^^^ vŝ  [py] is linear with slope of 

-1 -1 -1-9 

13.5 m s (see Figure 9). The reduction of Cu(pmas) was also 

measured in the presence of NaF and Nal at pH 6.0, but these anions 

do not appreciably affect the reaction rate up to a concentration 

of 0.1 M. 
Secondary Reaction 

At azide concentrations greater than 50 mM, a slow but 

measurable 400 nm absorbance increased followed the fast decrease 

due to the primary redox reaction. This complication did not 

interfere with the calculation of k , , for the initial phase. A 

detailed study of this highly reproducible secondary process was 

not performed. Some preliminary experiments showed that the 400 nm 

absorbance increase reflects the reaction of N^ with 

hydroxyethylferricenium ion, HEF , (products not yet determined). 

Linear first order analytical plots of ln(A^ - A ) vs_ time derived 

from studies at [N^"] = 0.08 and 0.10 M gave k^^^^ values of 

2.85 - 0.06 and 3.60 1 0.02 s , respectively. This was measured 

immediately following the data reported in Table 7. Other trials 

were performed mixing HEF, HEF and N^ together, with the former 

in excess as before. The absorbance increase was followed up to 48 

hours, and the reaction did not reach equilibrium. This very 

limited data set suggests a first order N^ dependence, but 
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1 30 60 90 120 

lO"̂  [py] ( M ) 

150 180 200 

FIGURE 9. Plot of k^^^^ vs [py]. The second^order rate 

constant determined from the slope is 13.5 M s . 

T=25.0°C, pH 7.0 (10 mM BES). 1= 0.2 M NaN03. 
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quantitative conclusions regarding the secondary reaction must 

await the outcome of further mechanistic studies. 

Solvent Dependence 

The reduction of Cu(pmas) ^ was carried out in acetonitrile 

(Table 10). The idea was to study the influence of a non-aqueous 

solvent on the redox reaction. Also acetonitrile stabilizes the 

Cud) state over Cu(II).'- ^ This can be explained by the hard-

[211 
soft Lewis ' base theory, where both Cu(I) and CH-.CN are soft 

Lewis acid and base, respectively. Because of the small amount of 

data no clear inference can be drawn. There are several factors 

that influence this situation like.ion-pairing. The most important 

observation is that k , , is insensitive to the acetonitrile 
obsd 

concentration. 
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Table 10. Effect of Acetonitrile on the Observed Rate 
Constant for the Reduction of Cu(pmas) .̂  

[CH3CN] M l̂ obsd'̂ "̂̂  

3.1 8.9 

3.8 12 

4.6 - 13 

6.1 14 

7.6 13 

9.2 12 

12 8.3 

18 6.4 

20 5.1 

^Conditions: T = 25.0°C, [Cu(pmas) '̂] = 0.05 mM [HEF] = 
0.25 mM. 

K , , is an average of 4-5 runs. Typical uncertainty in 
obsd 
k . J - — 6%. obsd 



CHAPTER IV 

DISCUSSION 

The outstanding feature of the kinetic results of this work is 

indicated by the similarity of the apparent self-exchange electron 

transfer rate constant for Cu(pmas)''"̂ '̂'' and the one for other 

complexes reported by Karlin et al. "• -' The relative Marcus'" ̂ •̂' 

[2 121 
calculation was carried out as before ' ^ (see Appendix B for 

details) and the value obtained in k, = 4.7 x 10 M~ s~ , 25.0°C. 

This value agrees well with those derived previously from reductions 

+2 +2 [21 
by ferrocytochrome £, Co(tpy)2 and [Ru(NH3)^py ]. The 

[221 results support the conclusion of Rorabacher et al. that the 

extent of first coordination sphere rearrangement has less impact 

on intrinsic Cud I/I) redox reactivity than does bond making/ 

breaking to solvent molecules. This fact has been also supported 

[2 23] 
by other authors like Karlin and co-workers. " The consistency 

+2/+ of Cu(pmas) k,, values from diverse cross reactions and simple 

first order HEF dependence reported here indicate, however, that 

+2 

Cu(pmas) reductions do not proceed through a distinct four-
coordinate CudI) intermediate. In other words, bound Ĥ O is not 

[2 23] 
entirely released prior to electron transfer, ' even though a 

distorted tetrahedral N. ligand field has been established for the 

[81 
Cud) product by x-ray crystallography. There are some five-

[24] 
coordinate Cu(I) complexes known,' in this case, the pmas ligand 

will have no steric constraint to be coordinated to copper along 

with a water molecule. 
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In the case of azide the water is replaced, since azide binds 

better (stronger) to the Cu center than water. The similarity of 

K^, formation constants derived from spectrophotometric titrations 

+2 +2 -

of Cu(pmas) and Cu(tmpa) by N3 suggests that the first azide 

ligand does not displace any of the donor atoms offered by the 

tetradentate pmas and tmpa ligands. It just takes the place of 

coordinated water. The ratio of 5 between K^, (pmas) and K^ (tmpa) 

presumably reflects the influence of the soft thioether S donor 

atoms on the binding of the intermediate hard/soft azide Lewis 
+2 

base. The resistance of Cu(tmpa) to form a 1:2 complex with 
-2 

azide ion and the small ratio (1 x 10 ) of Kfi/K£2 ^^ ^ ^ 

+2 -
Cu(pmas) - N^ system indicates that azide ion does replace a 

thioether sulfur in forming Cu(pmas)(N3)2. Also the negative shift 

of 69 mV from E ? to E° (Table 1) is as expected since the thioether 

sulfur will stabilize the Cu(I) oxidation state, which has been 

[2 2''! 
extensively documented. •• ' ' The unexpectedly large extention 

coefficients of the Cu(pmas)(N3) and Cu(pmas)(N3)2 LMCT 

transitions, compared with the analogous bands of Cu(tmpa)(N3) and 

related complexes with N-only donor atom sets, is most likely a 

consequence of intensity-stealing from the S(a) —> Cu(ll) LMCT in 

close proximity at 350 nm. This kind of mechanism has been 

proposed to account for similar enhancements in the d-d band 
r ng 1 

intensities of cupric thioether complexes. 
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One interesting example that can be compared with the 

+2 
Cu(pmas) is the laccase; this metalloprotein has three types of 

[07] [281 

copper.'^ Holwerda, et al. *• •• have studied the reduction of 

type 1 CudI) by HEF. Since the ultimate goal of this work is to 

understand the role of copper in the reactions of metalloproteins, 
+2 

this is a good comparison. The reduction on Cu(pmas) by HEF at 

room temperature is approximately twice as fast as the corresponding 

reacttion of laccase type 1 Cu(II) (See Table 11). 

In spite of similarities in both rate and thermodynamic 

driving force, the two redox reactions exhibit vastly different 

+2 
activation parameters. These Cu(pmas) parameters are not greatly 

different from those reported for the oxidation off spinach 

[291 
plastocyanin by a series of ferricenium ions, however, and 

other outer-sphere redox reactions involving ferricenium/ferrocene 

couples. These comparisons underscore the conclusion that 

laccase redox activation requirements are dominated by contributions 

other than Franck-Condon rearrangement within the Cu(II) 

^. ^. . [12,28] 
coordination sphere. 

The thioether sulfur does not promote the redox reactivity of 

the (pmas)Cu(II,I) couple. The azide binding enhances the changes 

of the relaxation rate constant through the influence of this 

ligand on the position of the redox equilibrium. Although the 

quantitative treatment of the kinetic azide dependence described by 

eqs. 7-9 is approximate, this assumption is valid in order to 

support the statement above. In contrast, anion binding to type 1 
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Table 11. Comparison ofJ^ate Constants, Activation Parameters, 
Redox Potentials for Cu(pmas) " and Native Laccase 

+2 c 
Cu(pmas) Native Laccase 

4,8 X 10"̂  

28.0 

52 

430 

k,M"-'-s"-^ 

AH*" (k c a l / m o l ) 

AS ( e . u . ) 

E° mV 
1 

1.3 X 10^ 

1 0 , 1 

-6 

398 

a +2 . 

Reduction of Cu in type 1 copper 

Present work see text. 

^Taken from Ref. 28. 

^pH 6.0. 

^pH 7.0. 
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copper metalloproteins may result in a more pronounced effect on 

[321 
the redox mechanism, as demonstrated recently by Lappin et al., 

for the oxidation of Fe(II) by rusticyanin. Although the rigorous 

treatment of k, as a constant (eq. 6), independent of azide ion 

uptake in the conversion of Cu(pmas)(N3) to Cu(pmas)(N^)^, is 

questionable; the significant point is that a reasonable fit of the 

data could be obtained, even by assuming that displacement of 

thioether sulfur affects only the rate of the reverse reaction 

between Cu(pmas) and HEF (eq. 6). In order to achieve 

consistency with the effect of azide ion on the Cud I, I) reduction 

potential, k_, must increase in parallel with [N3 ]. It may be 

seen from Table 7 that k , , is almost invariant in the range 

where Cu(pmas) (N-.) is the predominant form. Above 50 mM, 

Cu(pmas)(N3)2 will be the important species and k̂ ^̂ ^ starts to 

change rapidly, when the thioether sulfur is displaced. Also 

comparing both k, with and without azide to the reduction of 

Cu(pmas)"'"̂  by HEF, there is a change. In the former case the k̂  

2 -1 -1 
value is 3 X 10 M s • The rate is slowed down by a factor of 

40, which is caused by the replacement of weakly-held water 

molecule leaving group by a more strongly retained N3 ligand. 

The value obtained for the Cu(II)/Cu(I) couple (364 mV) 

[2] 
differs from the one reported by Karlin et al. (398 mV) by 

34 mV. This is due to the fact that the cyclic voltammograms 

present a very large peak to peak separation and broad cathodic 

waves. 
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The influence of the solvent is not quite clear from this work, 

as it was explained before, at high acetonitrile concentrations the 

Cud) state is favored over the Cu(II) state. Also it will be 

useful to study the kinetics with more solvents like methanol, 

dimethylformamide. Cyclic voltammograms of non-aqueous solvents 

will give the answer toward how the equilibrium position is shifted 

in the new hydrophobic environments. 



CHAPTER V 

CONCLUSIONS 

The present work provides a better understanding of the 

Cu(II) thioether complexes as models for blue copper proteins. 

1) The electron transfer barrier is determined by the coordination 

number around copper since the present case requires the loss of 

coordinated water molecules. The stereochemistry change does not 

affect the structural barrier, even though a pseudo-tetrahedral 

arrangement of the tripod is expected to be maintained in both 

oxidation states. 

2) Azide affects the rate of electron transfer by retarding the 

reaction. At high azide concentrations one of the weakly-held 

sulfur atoms of pmas is replaced for the nitrogen ligand. 

3) Cyclic voltammograms proved how the redox equilibrium position 

is shifted to the oxidized form with increasing azide concentra

tions . 

4) The enhancement of the LMCT by intensity borrowing from the 

S(a) - Cu(Il) transition was illustrated by the parallel 

+2 +2 

spectrophotometric studies of Cu(pmas) and Cu(tmpa) 

More work needs to be done with other non-aqueous solvents 

like methanol and dimethylformamide. Also EPR experiments will 

provide an understanding of the changes in the copper environment. 

Another interesting aspect that arises from this study is why 

the secondary reaction after the reduction of Cu(II). In order to 
41 
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understand these phenomena, more experiments with different 

concentrations of azide, HEF, and HEF"*" need to be performed. 

+2 
The self-exchange rate constant for Cu(pmas) is smaller 

than the case for some metalloproteins like stellacyanin 

1 5 _i _i [31 

(4.7 x 10 and 2 x 10 M S ;respectively. This observation 

is consistent with the conclusion before, the coordination number 

does not change on oxidation or reduction in the proteins. The 

"structural barrier" is relatively small for the copper proteins, 

they possess a considerable kinetic advantage over simple copper 

complexes in water. 
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APPENDIX A 

Derivation of the equation that express the observed relaxation 

rate constant as a function of Equilibrium constant and rate constan 

(Equation 9 page 27). The observed relaxation rate constant can be 

expressed as: 

by eq. [6], assume [N̂ *] has not effect other than to influence 

E ^, (not catalytic). 

The equilibrium constant of the reaction is: 

[b] K =\ 
rx T— 

-1 

By substituting k, from [b] in [a] equation [c] can be written as: 

^1 
[c] k^^, = k, + obsd 1 K rx 

Then by rearranging the [eq. 9] is obtained: 

[d] k^^ = JX. ^ [eq. 9] 
r̂x 

If K is large, then k^^^ equals k̂ , otherwise k̂ ^̂ ^ increases 

with decreasing K^. 

46 



APPENDIX B 

Calculation of self-exchange electron transfer rate constant by 

Marcus theory. 

The equation of Marcus outer-sphere electron transfer 

theorytl0'12] is, 

h2-^hlh2h2h2^^ til' 

where k,^ is the cross-reaction rate constant, k,, and k̂ ^ are the 

+2/+ 
self-exchange electron-transfer rate constant of the Cu(pmas) 

and the redox partner, HEF, respectively. K,^ is the reaction 

equilibrium constant, f is a factor, usually close to unity, 

given by: 

ilcciK^/ ^2] 
12 

4 log (k̂ ^ ̂ -̂/Z") 

where Z is a diffusion-controlled rate of collision between 

uncharged particles is solution, which is often taken as 

In this case the value of K,, will be calculated. f̂ 2 ^^^ 

taken as the unit, and value of K,2 can be calculated from the 

relationship: 
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E is the standard cell potential in volts at 25.0° C; 

substituting all the values in eq. [11]. 

k 2 
k = 12 
^11 -̂^ , ^(38.95/ AE) 

K22 e 

k,, = 4.7 x 10 M' 1 »-l -1 
s 

where the value of k22 was taken as 4.2 x 10 M ŝ ^ to be 

identical with that of hydroxymethylferrocene as reported by 

34 
Pladziewicz et al. 
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K̂ 2 - e^-^5/^^ [13] 
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