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Summary:Strong oxidants such as chlorine radical anions* and monochlorocobalt(IIl) ions are
generated by flash photolysis. Oxidation of nickel(Il}"and copper (1I) tetraazamacrocyclic com-
plexes are reported. The nickel(II) and copper(Ill) complexes are stable in strongly acidic
aqueous solutions. Axial coordination of chloride stabilizes the copper(Ili) state of copper mac-
rocyclic complexes; while nickel(III} state are stabilized at low chloride ion concentration. Thus,
an outer-sphere electron- transfer mechanism was proposed for the oxidation of copper macro-
cyclic complexes. On the other hand, both rate patterns and spectra of the oxidation products of
nickel(II) macrocyelic complexes indicate that CI' - bridged - inner sphere reaction pathways do
occur. The mechanestic considerations were discussed and the rate law was derived for the two

CaSCs.
Introduction

One of the most fascinating features of mac-
rocyclic ligands is the stabilization of unusual oxida-
tion states of transition metals. Ligand effects on
the thermodynamic stabilization of copper(0) [1},
copper(Ill) and nickel (III} [2-6] and ruthenium
(1V) and iron(IV) [7,8] macrocyclic complexes via
chemical and electrochemical techniques has been
reported. Flash photolysis of copper(Il) macro-
cyclic complexes in solutions,containing CI', Br or
NCS also produced longlived copper(liI}transients
[9,10]. Similar copper(Iil) trapsicnts were produ-
ced by the reaction of copper(Il} complexes with
radicals [9,10] such as Clz- and Brz., Pulse radiolysis
of nickel(II} macrocyclic complexes suggested the
oxidation of nickel complexes by anion radicals [11-
15] such as Brz', Clz” and (SCN)2.

The presence of Br ion in the axial position
of intermediates of the type Ni(lII}(N4)Br™ was
reported. Witburn and Laurence [13] suggested
oxidation of Br™ by nickel (III) in acidic solutions.

This work is designed to study in some details
the oxidation of nickel(IT) and copper(Il) macro-
cyclic complexes by chlorine radical anions and
monochlorocobalt(IIT) ions generated by the flash
photolysis. It is the goal of these studies to elucidate
the reaction pathways initiated by the different
oxidants and to determine the mechanisms by
which these reaction pathways proceeds. -

Experimental

The nickel complex of Tim was prepared as
described in the literature [16] and isolated as
hexafluorophosphate salt.The nickel complexes of
cyclam [17], ATH2 [18-20] as well as the nickel-and
the copper complexes of trans [14] diene [21] were
prepared by literature procedures and were iso-
lated as perchlorate salts. Solutions of Co(ClOs)2
and CoClz were prepared from 99.999% Co pow-
ders (Aldrich).

" The jacket of the photolysis cell (20 cm path-
length) was filled with 0.015 M toluene in hexane to
oblain a cut off at A 265 nm. The kinetics were
measured at the desired wavelength using a band
pass filter to avoid the decomposition of
Ni(Ng)CP*, Cu(Ng)CP* and Co(NHa)sCP* by
the xenon lamp. The oxidants were generated in
situ using flash photolysis techniques. Chlorine
radical anion Clz. was generated by flash photolysis
of CO(NH3)5C12+ in HCl; CoCI>* was generated
by 2ﬂfsh photolysis of Co(NH3)5C12+ in HCI and
Co

A

24 + -
h
Co(NH3)5c1 +5H + 0 __hv _ Co s )

2++

o2t €1, ——e=Cat1" + C1”

*Ligand abbreviations: cyclam =

tetraazacyclotetradeca 1,3,8,10-tetraene; ATH:

[14] 1,4,8,11- tetraazacyclotetradecane; Tim =

Meq[14] 1,4,8,11-

Me2[14] 1,4,8,11-tetraazacyclotetradeca 4,7-

diene;trans[14] diene = Mes[14] 1,4,8,11-tctraazacyclotetradece - 4,11 - diene.
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The transient transmittance changes
generated in the Xenon Corp. flash photolysis ap-
paratus were stored in a Nicolet Explorer(II) digi-
tal oscilloscope. The digital data were then
transmitted for analysis at a computer network
using standard least squares programs.

The spectra associated with Clp” and CoCls 4
oxidation of Ni(trans [14)-diene)’ " Ni(ATH2)?*,
and Ni(Tim)** are given in Figure 2 showing Amax
at 310 - 350 nm. This spectra is similar to the
Ni(cyclam)CP*  spectrum. . Accordingly, the
product of the oxidation of Ni(trans [14]dicne)2+,
Ni(ATH2)’* and Ni(Tim)?* in acidic media in
presence of chloride by CI2 and CoCP* is the
monochlorocomplexes  Ni(trans  [14]diene)CI2*,
Ni(ATH2)CP* and Ni(Tim)CP** as showing by
equation 1. These monochlorocomplexes hereafter
will be referred to as Ni(N4)CI2* and their precur-
sor macrocyclic complexes as Ni(N4)2 .

Results and Discussion
a-Nickel Complexes:

For each macrocyclic system investigated, the
kinetics were monitored through the following se-
quential steps:(a) formation of Clz” or CoCI? (b)
disappearance of Cly” or CoCI** by reaction with
the macrocyclic complex to form a transient oxida-
tion product; (c) transformation of this transient
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product into a relatively long - lived intermediate.
Transmittance against time curves for the flash
photolysis of Ni(trans[14]dienc)2+ complex at (a)
0.001 M[CI'] and (b) 0.90 M [CI'] is shown in Figure
1. These kinetic runs indicate, that, at low chloride
concentration the nickel{(III) complex is much more
stable than at high chloride concentration.Oxida-
tion of Ni(cyclam)?* by either Cla™ or CoCP*
produces a transient with Amax at 308 nm. The
shape of the spectrum and the position of Amax are
similar to those previously reported by Haines and
McAuley [22] for the Ni(cyclam)Clz+. Thus, the
product of oxidation of Ni(cyclam)®* by Cl. o

CoCP* is consistent with the formation of
Ni(cyclam)C12+
Cl. or
M2 w2 (1)
2+

CoCl

The oxidation reactions of Ni(Ns)*>* com-
plexes by Cla” and CoCP** are sufficiently rapid for
the mechanisms of the reactions to be established
from observations of the initial Ni** products.
Moreover, the initial 1E'roducts of the reactions be-
tween Cly” or CoCP™ and the NigNa)Cl2+ com-
plexes are shown to be Ni(Ng)CI** complexes.
Therefore reaction (1) must be written as in (2) and

(3).

'
soms

Fig. 1: Transimittance against time curves for flash photolysis of solutions (5 x 10°M Ni(];mns{l4]diene)z+. 01M Co®*
»1x10'** M Co(NH3)s)CI**, and 0.7 M H*) at 375 nm, t = 25°Cand & = 1.0 (CI0°) a: [CI] = 0.001 M, b: [CT] = 0.9 M.
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Qe ui(u4)2"___.. N1(N‘)Clz+ sa? (2

2+

CoCl 2+

Wi ()2 e W) ¢ c0® (3)

The formation of the nickel(III) macrocyclic
monochlorocomplexes as  the prcdonunent
products of the oxidation by Clz” and CoCE™ sug-
gested that the reaction proceeds by an inner -

sphere mechanism. For electron - transfer reactions .

which proceced by an inner - sphere mechanism,

electron transfer is preceded by substitution step in'
which the inner coordination sphere of one of the

react ants is penetrated, and new primary bonds are
formed and old ones disrupted in the path up to
and through the transition state. The maximum rate
of the electron transfer process cannot exceed the
substitution rate at the determining metal center
and may be much slower than this rate. For reac-

tions in which one oxidation state of one of the’

reactants is labile but the other is inert, if the reac-
tion follows an inner - sphere path, it is possible to
demonstrate experimentally that ligand transfer ac-
companies electron transfer and that the
mechanism is indeed inner - sphere [23].

The rate constant for oxidation of some
saturated and unsaturated nickel(IT) macrocyelic
complexes by Clz is rcported to span a range 2.0 x
10°-96x10° M5 1(11). Thus, thc rate constants

for the reactlon of Nl(CyC]am) 14 Nx(ATHz)z"'
Ni(Tim 2 and Ni(trans [14)diene)** with Clz” arc
109M™ s Thereforc a large excess ( 103} of Co®

toward NI(N4) * had to be used to observed reac-

tion (3). Some N1(N4)Cl * was still formed by reac-

tion (2). Since reaction (2) occurs within a much
fastcr time scale than (3), the oxidation with
CoC12* was not disturbed by the reaction of Cly..

The mcchamsm by which the inner - sphere
oxidation of N:(N4) complexes by CoCl 2 takes
place can be represented by Scheme-1.

2 - N
N§(N, ) + C1 NilN,), €1
L
- »
1® + ot1”"
2 X
+ ¢
o€ c o |-
l(o - C02+ 1 -
-l
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Scheme-1

OXIDATION OF NICKEL & COPPER COMPLEXES

For all the investigated Ni(N4)2+ complexes
the rate law (4) was observed
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Fig2: Transient absorbancc spectra of (a) N1
(mn;pqdacne)cﬁ* ®) Ni S(A'I'Hz)Cl and (¢) Ni(Tim)C1.2*
0 generated by Ciz (5 x 10°M Co(NHa)sCl , LOHCL, 1 x 10
SM Ni(N)*; (a): 1.5 ms, (b): 35 ms, () : 02 ms after flash). D:
generated by CoC** (5 x 10 M Co(zN'Hs)SQ , 01 M Co**,
07 M H*, 09 M CT, 1 x 10° (Ni(N)**; (a): 0.6 5, (b): 3.3 ms,
(c): 6.45 after flash).

The chloride dependance is mterpreted m
terms of thc oxidation of an ion pair of Ni(Ng)**
Ni(Ng), Ci* (Scheme-1). Table-1 and Fig. 3 shows
the dependance of the second order rate constant k
on [Cl'] for various compounds. The calculated rate

" law for Scheme 1, is linear over the [CI] range

k +k K

1 ¥o [Cl]

rate =

it 2 10c001®) 76)

1P -
1 f KC1 ]
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Table-1: Dependence of the Second Order Rate Constant l((M'1 s'l) on [CI'] and [H *] for nickel

macrocyclic complexes, 4 = 1.0(NaClQg), 25°C.

[CIM  [H*]M  Ni(cydam)®*  Ni(rans/14]diene)®* Ni(TIM)?* Ni(ATH)z)**
107k 10k 10°k 107k
0.1 0.7 6.1+ 0.5 1.0 4 0.1 36+ 0.7 20+ 03
03 0.7 80+ 0.1 14+ 0.0 6.7 + 0.7 2.1+ 01
0.3 0.1 - . - 23 406
0.5 0.7 94+ 06 18 + 0.1 93 + 0.4 29 + 02
0.7 0.7 108 + 0.4 23+ 0.1 125+ 10 27+ 03
09 0.7 131+12 27403 172+ 1.0 46+ 05
09 0.1 - - - 51+05

studied. The values of kg and k’ are summarized in
Table-2.

The oxidation of Ni(ATH2)?* is slightly pH
dependant, Table-1 and Fig. 2. This dependance is
due to the oxidation of the deprotonated ligand
{24]. Since the EH dependance is so small, the rate
constant at [H"] = 0.7 M represent the pH inde-
pendant pathway very well. The inner - sphere
oxidation of the metal center by CoCI2* seems to
be strongly favoured than the outer - sphere oxida-
tion of the deprotonated ligand.

b-Copper Complexes:

The copper complex of trans [14]-diene exist
in two distinct, but interconvertible, isomers namely
[Cu(meso-trans[14]dienc)]**  and [Cu(dl-trans-
[14]dicne)]2+~. Transmittance against time curves
for the flash photolysis of [Cu(meso-trans[14]**
complex is shown in Figure 4 which indicates that at
high [CI'] the copper (IIT) complex is much more
stable than at low [CI']. At [Cl] 0.01 M the oxida-
tion of Cu(N4)2+ cannot be observed. The clear
implication of Figure 4 is that Cu(III) (Ng) is great-
ly stabilized by axial coordination to chloride. Thus,
demonstrating that the Cu(Ng)CI** com plexes are

o
okt sy
- .

W senemts™

o . o

03
[Cl'].u

Fig.3: Dependence of the second order rate constant k
on [CI] = 10«{NaCLO4), 25°C). Left Scale: O :
Ni(Cyclam)“*; A, A : Ni(ATHz)** at 0.7 and 0.1 M H*. Right
Scale : : Ni(trans[14]diene)™*; X : Ni (TIM)?*.

very stable. Stabilization of copper(III) macrocyclic
complexes by axial coordination of the chloride via
chemical and electrochemical techniques has been
previously reported {2-6]. Furthermore, the
electrochemical behavior of such complexes sug-
gested that only Cu(N4)Cla complexes are easily
oxidized. Thus oxidation of Cu(N4)2+ complexes
by CoCI** proceed by an outer - sphere
mechanism. In such case the primary coordination
spheres of the reactants remain intact during the
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Fig4: Transimitance against time curves for flash photolysis of solutions (2 x 10° M Cu(meso

0.1 M Co®*,1x.10™ M Co(NH3)sCI>* and 0.7 M H*) at 380 nm,
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Fig.5: Plot of kob. & ) as a function of [Cu(meso-

trans[l4]d1ene) *1at25 °%C,m = 1.0 Q0%

and 0.4 M CT; and O, D : [Cu(dl-trans[14]dien]
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Fig.6: Dependance of the second order rate constant k

on [CIl {u =
Im.ns[14]d|cnc)

)] 0~(Na(]04), 25°C) for oxidation of Cu[meso-

at25°Candft =

-trans[14]dient)* ",

1.0 (CLO4) a: {CI] = 0.1 M, b: [C1] = 0.9M.

Tablc-z Rate constants for the chlonde independent (ko, M
s ) and chlondc dependent (k', M?s )oxldanon of NI(N4)2
by CoCl* (4 = 1.0 (NaCl0s), 25°C).

koM s wM?s?
Ni(eyclam)®* (53 £.06).10° (84 + 1.1).107
Ni(trans[14]diene)?* (8.0 £ 1.1).10° (21 £.02).10°
Ni{(ATH2)** (14 £.0.6).107 (3.5 £ 1.1).107
Ni(TIM)?* (1.6 £15).10° (1.7 £ 2.6)10°
ID[
/I’
i
| y
42 ,,/
o
{1 ’: ' N N
Q.0 1-0 0 k) 40 5.0
uee] Wt

Fig.7: Plot of 1/k vs. 1/[CT] for oxidation of Cu{meso-

n:ansll'l]dlcnc)

atg = 1.0 (NaClOq) and 25°C.
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approach to electron transfer, although rearrange-
ments of secondary solvation spheres ard of ligand
- metal bond lenghts and geometries can accur.

The kinetic data for the oxidation of Cu(trans
[14]diene)?>* by CoCI?* at 25°C are depicted in
Table-3. Since the reaction of Cu(Ng)** with
CoCP* is so slow, the decay of CoCI** has to be
taken into account. The decay of CoCI*™" is a com-
plex function of [Co?*], (CI'} and [H™] [25]. This
decay was treated approximately as a first order
reaction ([Cu(N4)2+]mta1 > > [C0C12+]):

2%
LR ko[r.omz"] + k[Cu(N‘)2+[C0C12+] (N

dt

Figure 5 shows a graphic representation for
two selected [CI']. This is an indication that both
[Cu{meso-trans [14]diene)}2 * and Cu(dl-trans [14]-
dicm:)]2+ show the same reactivity. The depen-
dance of the second order rate constant K on the
[Cl] are shown in Table-4 and Fig. 6. Thus, the
second order rate constat may be represented as

K=k, [€17] (8)
ky = (7.7 2 1.2) x 10} w2 g

The intercept equals zero as the straight line
pass through the origin. This is an indicative that
Cu(N4)2+ is not oxidized in significant amount by
CoCIP™. Howevcri Cu(N4)C1* and Cu(N4)Cl; are
oxidized by CoCl**.. This is consistent with our
findings and others that axial coordination of
halides stabilizes the copper(Ill) oxidation state of
macrocyclic complexes [2-6]. The mechanism b!
which oxidation of Cu(N4)2 + complexes by CoCP
takes placed can be represented by Scheme-2

Cu(N4)2+ —'—'-..+(:]‘CU(N4)CI+

-0

t cociZt

%2

<:u(u‘l}c1mc13+

k2

culn, )01t
Scheme-T11 4772
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Table-3: Oxidation of copper macrocyclic complexes by CoC™*
at25°C, f = 1.0 (NaClO4) and [H*] = 0.70 M.

[COM  [Cu(meso- (N>}, Mkote,s'  kenic(M's)
0.30 0.0 0374 041
0.30 3.09-10° 0.449 046
0.30 6.17.10° 0536 0.50
0.30 154,10 0670 0.64
0.30 3.09.10 0.851 0.87
0.30 1.23.10™ 0.608 0.60
0.40 0.0 0432 0.46
0.40 334.10° 0523 055
0.40 6.68.10° 0.672 0.65
0.40 1.67.10" 101 093
0.40 334,107 137 141
0.40 2.88.107"" 130 .
0.50 0.0 0.454 0.43
0.50 6.17.10° 0.708 0.75
0.50 1.54.10° 123 121
0.50 3.09.10” 2.00 200
0.60 0.0 0487 0.57
0.60 334.10° 0.607 0.74
0.60 6.68.10°° 0,984 091
0.60 1.67.10" 1.70 142
0.60 334,107 2.14 228
0.60 2.88.10°"" 1.62 .
0.70 0.0 0.423 055
0.70 3.00.10° 0.663 0.73
0.70 6.00.10° 1.09 091
0.70 15.107 156 146
0.70 3.00.10™ 230 238
0.80 0.0 0532 0.67
0.80 334.10° 0.918 0.85
0.80 6.68.10° 1.05 1.03
0.80 1.67.10" 1.7 157
0.80 33410 3.39 247
0.80 2.88.107"" 2.09 -
0.90 0.0 0.501 0.63
0.50 150.10°° 0.628 0.74
0.90 3.00.10° 0.693 0.84
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.Table-3: continued.

[CILM  [Cu(meso(Ns)**], Mkobs,s’ KealeyM 18
0.90 6.00.10°* 1.14 1.05
0.90 1.50.10°% 1.53 1.69
0.90 1.50.10™ 217 1.69
0.90 1.50.107" 1.91 1.69
0.90 3.00.10™ 2358 274
0.90 6.36.10°° 1.06 1.08
0.90 795.10% 0316 0.69
090 477.00™ 3.74 398
0.90 1.59.10™% 225 175
0.90 159.10™ 1.83 1.7
0.90 1.59.10°® 171 175

“Keale = ko + K[Cul’*oual; ** Cu(di-(N2)**.

a) 5 x 10°M Co(NH3)sC1**, b 2x10”*M Co(NHa3)sC1**,

¢ 10°°M Co(NH3)sCt2*.

OXIDATION OF NICKEL & COPPER COMPLEXES

The calculated rate law for
Scheme-II is

kK K[CV ]
rate = <% [Cu(N4)2+][CoCTZ+] (9)

1+ KECH ]

A plot of 1/K vs. 1/[CI'] has negative intercept
as not significant Figure 7. Thereforc the assump-
tion is made that K <0.1 M1 , k2, = KKakz.

The outer-sphere electron-transfer mecha-
nism observed for the oxidation of copper(1l) mac-
rocyclic complexes takes place at a siower rate than
does the chloride-bridged-inner-sphere mechanism
observed for the oxidation of the corresponding
nickel(I) macrocyclic complexes. This is a general
feature of the inner - sphere electron transfer reac-
tions.

Table-4: Dependence of the second order rate constant k(M s 1y on [CI'] for copper macrocyclic
complexes, ¢ = 1.0 (NaClOa), 25°C.

[CI M e, M?!  102kM st ko M?st 10tkMss
(=K
03 333 1.5 403 5000 6.67
0.4 2.50 2.8 405 7100 3.52
0.5 2.00 51+ 04 10200 197
0.6 167 51+18 8520 195
0.7 143 6.1+ 02 8700 1.64
0.8 1.25 54+ 11 6730 1.84
0.9 111 7810 1.42

70 + 1.0
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