Kinetic stabilization of trivalent nickel complexes with tertiary
tetraaza macrocyclic ligands in aqueous solution
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The nickel(i1) complexes of 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane and meso-1,4,5,7,7,8,11,12,14,14-
decamethyl-1,4,8,11-tetraazacyclotetradecane gave trivalent
nickel complexes upon electrochemical oxidation, the
properties of these new, powerful single-electron oxidizing
trivalent species have been investigated.

The thermodynamic and kinetic stability imparted by tetraaza
macrocyclic ligands to transition-metal ions in uncommon oxi-
dation states has led to extensive studies of their properties in
the past two decades.*™ This unique property was first recog-
nized for nickel complexes and many recent studies have dealt
with their redox chemistry both in aqueous and in organic
solvents.®> The complex with 1,4,8,11-tetraazacyclotetradecane,
cyclam (L) was shown to stabilize best nickel(ir).»%” The redox
properties of nickel complexed with L? are very similar to those
with L'.29 Substituents on the macrocyclic backbone affect the
redox characteristics by restricting axial ligand binding which
usually stabilizes the trivalent oxidation state of nickel
complexes,>**** and by inductive effects.>!%**

N-Methylation of the macrocyclic frame was shown to sta-
bilize the monovalent nickel complexes both kinetically, by slow-
ing down the rate of ligand loss and by inhibiting the reduction
of water,** and thermodynamically, by increasing the cavity
formed by the macrocyclic ligand;*® by decreasing the ligand-
field strength imparted by the nitrogen donor atoms %22 and by
increasing the hydrophobic nature of the ligand thus decreasing
the solvation energy.’®*"?% Indeed [NiL®" and [NiL‘]* are
surprisingly stable in agueous solution.®

It is thus not surprising that various efforts to oxidize
[NIL%?*" and [NiL“)** in aqueous solution failed. These attempts
included (1) cyclic voltammetry (CV) which indicated that these
complexes cannot be oxidized at potentials below that of the
water oxidation on a variety of electrodes. These experiments
are in accord with the reported redox potential of the couple
[NIL®]**2* in MeCN of + 1.25 V vs. ferrocenium—ferrocene.?’ (2)
By oxidation of the corresponding monovalent complexes with
N,O, equation (1). This reaction occurs for [NiL']* wheni=1or

[NILT" + N,O + 2H;0" — [NiL** + N, + 3H,0 (1)

2,% but is not observed for [NiL3]* nor [NiL“]*,*® probably due
to the fact that reaction (2) is considerably faster than reaction

[NILT* + [NiLT?* — 2[NiL?* )
(1).* (3) By oxidation with Br,"~ as in equation (3). Although
[NiL?* + Br,”~ —> [NiL** + 2Br~ ©)

this reaction occurs for [NiL7** when i=1 or 2,% it is not

observed for [NiL®?" nor [NiL“?" (ref. 25), probably due to
steric hindrance towards attack along the z axis caused by the
N-methyl groups.*®

However it was noted, in a ‘wrongly’ planned experiment, that
during a slow scan rate CV experiment of [NiL®]** to potentials
well above the ‘water wave’ the colour of the solution around
the working electrode turns temporarily to slightly red. There-
fore aqueous solutions containing 1 x 10~*mol dm ™3 of [NiL]**,
i=3 or 4 (the complexes, in their trans-111 configuration, were
synthesized according to published methods?®*??) and 0.05 mol
dm~* Na,SO, at pH 3.0 were electrolysed using a platinum net
(S =34 cm?) as a working electrode at +1.5 V vs. the saturated
calomel electrode (SCE). After a period of 15 min for L* and
3 min for L® deep orange-red solutions were obtained in both
cases.

As it seemed plausible that the deep colour is due to the
formation of the corresponding trivalent complexes the ESR
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Fig. 1 ESR spectrum of =5 x 10~° mol dm~2 [NiL“**, 0.05 mol dm*
Na,SO,, pH 3.0, frozen at 117 K
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Fig. 2 Absorbance spectra of 0.001 mol dm~® [NiL*]** at t=0 (1), 1
(2), 8 (3), 15 (4), 21 (5) and 1200 min (6) after electrolysis
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Scheme 1 ox = oxidizing agent

spectra of the two solutions obtained were measured at 117 K,
the results are summarized in Fig. 1 and Table 1.The results
clearly show that the trivalent nickel complexes, [NiL*]** and
[NIL*]**, have been formed under these experimental condi-
tions. Naturally the electrochemical yield of these oxidations is
low as most of the current is due to water oxidation.

The UV/VIS spectra and the kinetics of decomposition of
the trivalent nickel complexes were measured, the results are
summarized in Table 1 and Fig. 2. The kinetics of decom-
position obey a first-order rate law and the rate of reaction is
pH independent in the range pH 2.5-10.5. The observation that
these reactions obey a first-order rate law though the oxidation
of both the ligands or the water are two-electron processes
indicates that the rate-determining step involves some type
of rearrangement, isomerization, of the trivalent complex fol-
lowed by a fast reaction with a second trivalent complex.

The observation that the rates of decomposition of [NiL’*"
and [NiL“?®* are considerably lower than those of the corre-
sponding complexes in which secondary nitrogen atoms are the
donor groups, at least in solutions with pH > 7, though the
redox potential of the latter are considerably lower, is not
surprising. The mechanism of decomposition of the trivalent
nickel complexes with ligands with secondary nitrogen atom
donors is believed to be that depicted in Scheme 1.%° Clearly
[NIL®*" and [NiL*]** cannot decompose via this mechanism.

In order to check the potential use of the trivalent complexes
as oxidizing agents they were treated with 1=, Br~, SCN~ and
N;~. Both complexes oxidize, via fast reactions, I~ to yield I;".
This reaction was used for the determination of the molar
absorption coefficients of the trivalent complexes. The ion
[NiL*]** oxidizes both SCN~ and N, but not Br-, while
[NIL®** does not oxidize N;~ nor Br™ and is precipitated when
SCN™ is added to the solution.

As the trivalent nickel complexes are single-electron oxidizing
agents the mechanisms of these oxidations are expected to be
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Fig. 3 (1) 5x107* mol dm™ [NiL**" and (2) 5x107* mol dm™®
[NiL?** with 0.15 mol dm~* NaClO,, pH 3.5, gold working electrode
vs. SCE

Table 1 Physical properties of [NiL]*

L ti/min? A,,/nm (e dm®mol~tcm™)° 9, g.°

L 2.0386¢ 2.2138¢
L® 67 320 (5400°); 402 (2400°%) 2039 2.245
L* 235  220(3840°%); 334 (520%); 422(400%)  2.036  2.234

2 Ati=+5%. ® Ab=%2 nm, Ae=+10%. ¢ Ag==0.001 in this study.
4 From ref. 24. © Apparent molecular absorption coefficient as some
other oxidizing agents (i.e. hydrogen peroxide) might be involved during
the bulk electrolysis at +1.5 V vs. SCE.

those shown in equations (4) and (5), or alternatively as shown
[NilT*,, + X~ == [NiLT*,, + X 4)
X+ X —> X, (5)

in equation (4a) followed by (4b) followed by equation (6a), (6b)
[NILT*, + X~ == [Ni""XLT**, (4a)

[NiI""XL'J", + X" == [NiLT",,+ X;"~  (4b)

2X" —— products (6a)
2X,"~ —— products (6b)

or equation (7).
[NiL‘]3*aq + X, T — [NiLi]z*aq + X, @

Although reactions (6) and (7) shift the equilibria (4) to the
right oxidations of X~ are not expected to be fast for systems
where the redox potential of the couple X,""=2X" or the couple
X=X~ is considerably more anodic than that for [NiLT*",—
[NiLi]z*aq. The redox potentials for the couples Br,” -2Br-,
(NCS)," —2NCS~, N;'-N;~ and 1,"7-21~ are 1.63, 1.31, 1.30
and 1.03 V vs. the normal hydrogen electrode (NHE) respect-
ively.?” Thus the results indicate that the trivalent nickel com-
plexes are indeed powerful oxidizing agents and that [NiL‘]*",
although it is sterically more hindered, is a stronger oxidizing
agent than [NiL]**,,

The complex [NiL®][CIO,], exists in the solid state in its trans
111 isomeric form but in aqueous solution it isomerizes slowly to
its cis isomeric form.? The redox properties of the couple
[NIL®]*** were shown to be very similar to those of the couple
[NIL®)?**.28 Surprisingly enough (Fig. 3) the redox potential for
the couple [NIL5**2* is considerably lower, 450 mV vs. SCE,
and is even somewhat lower than that of the couple [NiL?]**2*,
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This result is very surprising as the ligand field induced by L® is
relatively low.?®

The complex [NiL®** oxidized 1~ and ascorbate. The oxid-
ation of I~ was used to determine the molar absorption co-
efficients of [NIiL*T".q, Amax = 282 (* =500), 414 nm (150 dm?
mol~* cm™?). Surprisingly enough the product of reduction of
[NiL®]**,, by ascorbate is [NiL®**,, in its planar trans Il iso-
meric form. At present we have no detailed explanations for the
surprising properties of [NiL°]**,,, one tentative explanation is
that this complex is stabilized via hydrogen bonding of the aqua
ligands to the 1,8-nitrogens, similar arguments were recently
suggested to explain the effect of the nature of substituents R on
the redox potential of the couples [NiL**2* where L®=1-R-
1,3,5,8,12-pentaazacyclotetradecane.?®

Finally it should be re-emphasized that the complexes
[NiL***,, and [NiL‘P",, are new, relatively stable, single-
electron oxidizing agents, the preparation of which is relatively
simple.
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