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Abstract 

The reactions of ‘CH,OH and es,,- with hexaazacyclophane complexes of Co(I1) and Cu(II) in methanol and or methanol-water 
mixed solvents were investigated by pulse radiolysis. The primary products from the reduction of the macrocyclic complexes 
were assigned a radical nature by comparing their optical spectra with those of related Co(I) and Cu(1) species. Such 
metal-ligand radical products undergo disproportionations. The product of the disproportionation was assigned as a Co(III)-hydride 
complex. Although a similar hydride could be produced in the disproportionation of the Cu(II)-ligand radical, the optical 
spectrum of the product is in accordance with the hydrogenation of a double bond in the ligand. Interception of the metal-ligand 
radical intermediates with CO2 resulted in the formation of adducts. 
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1. Introduction 

Phthalocyanine and porphyrin radicals coordinated 
to various transition metal ions have been reported in 
the literature [1,2]. Most of these species are short- 
lived reaction intermediates of photochemical or thermal 
reactions that have been detected by ESR and/or time- 
resolved optical spectroscopy. There are, however, a 
number of metal-ligand radical complexes, e.g. deriv- 
atives of Ru(I1) and Rh(II1) phthalocyanines, which 
exhibit sufficient kinetic and/or thermal stability to be 
isolated as products 13-61. There are more sparse 
observations of similar radicals in reactions of complexes 
with macrocyclic ligands less unsaturated than phthal- 
ocyanines and porphyrins. In the reduction of M(Me,- 
3,4,5-pyo-[14]trieneN,)2f (I), M= Cu(II), Ni(II), the 
reduction potential of eaq- allows the rapid reduction 
of the macrocycle, Eq. (l), in the same manner as the 
metallophthalocyanines [7]. 

M”(Me,-1,3,5-pyo-[14]trieneN,)2i +e_,- + 

M”(Me,-1,3,5-pyo-[14]trieneN,) + - 

M’(Me,-1,3,5-pyo-[14]trieneNJ+ 

* Corresponding author. 

(1) 

0020-1693/94/$07.00 Q 1994 Elsevier Science S.A. All rights reserved 

SSDI 0020-1693(94)04081-6 

The addition of OH radicals to the Me,-3,4,5-pyo- 
[14]trieneN, macrocycle produces radicals which func- 
tion as intermediates for the oxidation, i.e. Co(I1) to 
Co(III), and reduction, i.e. Cu(I1) to Cu(I), of the 
metal center [8]. 

The redox reactions of the hexaazacyclophane com- 
plexes have not been previously investigated. In terms 
of the delocalization of rr orbitals through the ligand, 
complexes of the hexaazacyclophane macrocycle, II, 
can be placed somewhere between the phthalocyanines 
and Me,-3,4,5-pyo-[14]trieneN, complexes. Based on 
their structural relationship to these macrocycles [9], 
it could be expected that ligand radicals could also be 
intermediates in their electron transfer processes. The 
chemical reactions initiated when powerful reducing 

M = Cu(ll), Ni(ll), Co(H) 

(1) w 
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species, i.e. esol- and ‘CH,OH, react with Cu(I1) and 
Co(I1) complexes of the hexaazacyclophane have been 
investigated in this work. 

2. Experimental 

concentrations. In order to generate various concen- 
trations of the reaction intermediates, the dose was 
adjusted to a given value between 0.2 and 0.5 Krad/ 
pulse. Curve-fitting procedures have been reported else- 
where [7,8]. 

2.1. Radio&tic procedures 2.2. Materials 

Optical pulse radiolysis measurements were carried 
out with a system similar to that described earlier [lo]. 
The apparatus makes use of a 10 MeV linear accelerator. 
Thiocyanate dosimetry was carried out at each exper- 
imental section. In this procedure, the output signal 
of a secondary emission monitor was calibrated against 
(SCN),- radical concentrations produced in the ra- 
diolysis cell by the electron pulse. A flow system was 
used to ensure that fresh solution was brought to the 
reaction cell between electron pulses. Solutions for the 
irradiation were prepared by adding the solid com- 
pounds to liquids previously deaerated with streams of 
O2 free gasses, i.e. N,O, N, and CO,. The solvents, 
i.e. CH,OH, H,O or their mixtures, were allowed to 
equilibrate with a given gas or gas mixture for 12 h. 
The anaerobic handling of the solutions was required 
in order to avoid radical reactions with 0, and the 
oxidation of Co(hexaazacyclophane). 

Radiolysis with ionizing radiation of CH,OH and 
CH,OH/H,O mixtures has been reported elsewhere in 
the literature [11,12]. These studies have shown that 
pulse radiolysis can be used as a convenient source of 
e sol - and ‘CH,OH radicals according to Scheme 1 
[13,14]. Since these products have large reduction po- 
tentials, i.e. -2.8 V versus NHE for esO,- and -0.92 
V versus NHE for ‘CH,OH in aqueous solution, they 
can be used for the reduction of coordination complexes 
and for the study of electron transfer reactions. The 
yield of esol- in CH,OH (G= 1.1) is about a third of 
the G value in the radiolysis of H,O (Gz2.8) [12]. In 
solutions where esO,- was scavenged with N,O [13], the 
‘CH,OH radical appears to be the predominant product 
(yield >90%) of the reaction between CH,OH and 
OH [13]. A dose of -0.5 Kradlpulse was used for 
most of the spectroscopic measurements. Reaction ki- 
netics were investigated as a function of the reactants 

The hexaazacyclophane complexes of Cu’i, Ni” and 
Co”, M(hexaazacyclophane), were prepared by a mod- 
ification of a literature procedure [15,16]. The purity 
of the compounds was assessed by means of their 
spectra and elemental analysis. Reagent grade anhy- 
drous trifluoromethane sulfonic acid, HTFMS, its po- 
tassium salt, KTFMS, and 0, free gasses, N,O, CO, 
and N,, were used without further purification. 

3. Results and discussion 

3.1. Species in solution 

CH30’ + H+ *CH20H + CHBOH 

I T 

+ ciig-! 
(k=2.61 1O~Y’S~‘) 

**I*YI*IU CH30Hf + es01 + CH30’ + H’ 

I 

+ C~OH 
I+CNpi+t+O (k=*.ex 106M~‘r’\ 

-CH20H+ H2 

i 

The hexaaza complexes of Cu(II), Ni(I1) and Co(I1) 
are sparingly soluble in MeOH and/or H,O. However, 
their solubility in these solvents is greatly enhanced by 
the addition of acids. In order to investigate the effect 
of HTFMS on the complexes, UV-Vis spectra were 
recorded for various values of the quotient between 
the acid, CAH, and complex, CEvIL, concentrations. While 
C ML = 2.25 x 10m5 M in all the solutions, the value of 
C,, was varied between 5.62~ lo-’ and 0.56~ lo-’ 
M and the ionic strength kept at 5.62~ 10e5 M with 
KTFMS. No further spectral changes were observed 
when C,/C,, was above 2.5, Fig. 1. Recorded changes 
of the complexes optical spectra with acid concentration 
denote modifications in the structure of the hexaa- 
zacyclophane ligand. For example, a band at 280 nm 
appears in the Cu”(hexaazacyclophane) spectrum at 
high acid concentrations. Such a spectral feature and 
shoulders at longer wavelengths correlate well with 
absorptions in the literature spectrum of Cu(dmp),‘+ 
in CH,OH. The optical density changes recorded at 
various wavelengths, i.e. 220, 250, 280, 300 and 320 
nm, reveal that most of such changes take place when 
CAHIC Mr_< 1. Less than a 16% change is recorded for 
relationships of the acid to complex concentration, 
1 < CAHICML < 2.5. These results suggest that the prin- 
cipal reaction is a single protonation of the bridging 
aza groups in the macrocycle, Eq. (2). 

-CH20H+ N2 +OH- 

Scheme 1. Reactions of primary radicals in the irradiation of methanol 
by ionizing radiation. 

The optical density data are in accordance with an 
equilibrium constant, log K = (4.4 + O.l), for the pro- 
tonation equilibrium. 

M(hexaazacyclophane) + H’ 1 

M(hexaazacyclophaneH) + (2) 

M = Cu”, Co” 
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I Table 1 

350 

X,nm 

Fig. 1. Effect of the acid concentration on the spectrum of hexaa- 

zacyclophane complexes: (a) 2.25 X 10e5 M Co(hexaazacyclophane) 

or (b) 2.25 X 10e5 M Cu(hexaazacyclophane) in HTFMS 5.63 X 10e5 
M (-), 4.5 X 10e5 M (. . .), 1.12 x 10m5 M (---). The insert 

shows the dependence of the optical density changes on CAH/CML 

as they were measured at 340 (A) and 280 (0) nm with 

Co(hexaazacyclophane) and 280 (B) nm with Cu(hexaazacyclophane). 

It must be noted that this value lies between those of 
similar amino groups, e.g. log K= 8.6 for N-phenyl- 
piperazine and log K=4.57 for o-toluidine. The basi- 
city exhibited by Co”(hexaazacyclophane), log 
K= (5.3*0.1), is slightly larger than in the Cu(I1) 
complex. The spectra recorded with Ni”(hexaaza- 
cyclophane) for various relationships of acid to complex 
concentrations, 0.0 G C&C,, G 2.5, suggest more than 
one equilibria. It is possible that a second protonation 
of the ligand, Eq. (3), becomes noticeable at larger 
acid concentrations than in the Co(I1) and Cu(I1) 
compounds. 

Ni(hexaazacyclophaneH)’ + H’ _ 

Ni(hexaazacyclophaneH$+ (3) 

In solutions saturated with COZ, the spectra of the 
macrocyclic complexes in methanol are similar to those 
recorded under N, with concentrations of HTFMS 
making CA&,, & 1.5. The conductance of these meth- 
anol solutions was measured in order to verify that 
spectra under CO, were related to the protonation of 
the complexes, Eq. (1). Data in Table 1 show a large 
conductance of the Cu(hexaazacyclophane) solutions 
saturated with CO, by comparison to those saturated 
with N,. Since such a conductance is uncharacteristic 
of CO,-saturated methanol, Table 1, it must be at- 

Conductance values for solutions of hexaazacyclophane complexes 

Compound 

(concentration) 

Methanol 

Cu(hexaazacyclophane) 

(1.8 X 10m5 M in methanol) 

Ni(hexaazacyclophane) 

(1.8 X lo-’ M in methanol 

Medium 

conditions 

Nz (1 atm.) 

CO2 (1 atm.) 

CO* (0.5 atm.) 

NzO (0.5 atm.) 

NZO (1 atm.) 

CO, (1 atm.) 

CO2 (0.5 atm.) 

N,O (0.5 atm.) 

CO2 (0.5 atm.) 

N,O (0.5 atm.) 

A 

(PS) 

1.15 

1.60 

1.30 

2.3 

9.65 

8.30 

6.30 

tributed to protonation of the complexes. Minor spectral 
differences between solutions acidified with CO, and 
HTFMS probably reflect differences in ion pairing. 

3.2. Reduction of the macrocycles by ‘CH,OH 

Pulse radiolysis of Cu(hexaazacyclophane) and var- 
ious concentrations of HTFMS, CAH< 10e4 M, was 
carried out in methanol equilibrated under N,O [13]. 
Reaction kinetics for the formation of the reduction 
product from Cu(hexaazacyclophane) and the spectrum 
of that product were interpreted in terms of Eq. (4). 

M(hexaazacyclophane) + ‘CHzOH 4 

11 

M(hexaazacyclophane)- + CH,O + H+ 

M(hexaazacyclophane)+ + ‘CH,OH 4 

M(hexaazacyclophaneH) + CHzO + H+ 

(M=Cu, Co) (4) 

In solutions of Cu(hexaazacyclophane), C,, = 
2.25 x lop5 M, and HTFMS, CA&,,= 1.1 or 2.2, the 
reaction of the radical with the complex was followed 
by the appearance of new absorption bands and bleach- 
ing of the solution between 240 and 450 nm, Fig. 2. 
Lifetimes, r= 1.050.4 ps when C,/C,,=2.2 and 
r= 1.5 rtO.4 ps when CA&,,= 1.1, were measured for 
the time-resolved spectral changes for the growth and 
decay of the optical density at various monitoring 
wavelengths between 250 and 435 nm. Such lifetimes 
correspond to a reaction rate that is close to the diffusion 
limit, i.e. k= lOlo M-’ s-‘, in agreement with the 
proposed reduction of the macrocycle [2,8]. Since the 
equilibrium in Eq. (3) is more displaced to the left for 
CAHICILIL=2.2 than C,,IC,,=1.2, the small depen- 
dence of the rate constant on C,,IC,, suggests a much 
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250 300 350 400 450 

&bt nm 

Fig. 2. Typical transient difference spectra for reactions between 

‘CH,OH and 1.8~10-~ M Cu(hexaazacyclophane) in CH,OH with 
3.6X 10m5 M of HTFSM. The arrows give the sense of increasing 

sampling intervals. In (a) difference spectra were recorded 1.2, 1.8, 

3.6, 4.2, 4.8, 5.4, 6.0, 6.6 /.LS after the pulse irradiation. Spectra in 

(b) were recorded 72 ps after the pulse irradiation at 6 ~LS intervals. 

smaller rate of reaction of the unprotonated complex. 
Indeed, the measured rate constant, kobs, can be ex- 
pressed as 

k 
obs M&H)- -F M&W 

where a= kMvl(L~/kM~,_H~ is the ratio of the rate constants 
for the reactions of ‘CH20H with Cu(hexaaza- 

cyclophaneH) +, khlcLHj, and with Cu(hexaazacyclo- 
phane), kMcLj. The value of the equilibrium constant, 
K, for protonation of the complex, Eq. (l), was given 
above. If one assumes that Cu(hexaazacyclophane) 
reacts ten times slower than Cu(hexaazacyclophaneH)+, 
the value off varies between 0.5 and 0.8. The change 
off with C,/C,, is, therefore, concurrent with mea- 
sured values of kobs. 

Pulse radiolysis of N,O-saturated methanol solutions 
of Co(hexaazacyclophane) were carried out under sim- 
ilar conditions, C,, sz 1O-4 M and C,, G 5 X 10e5 M, 
reported above for Cu(hexaazacyclophane). The spectra 
of the products from the respective reductions of 
Co(hexaazacyclophane) and Cu(hexaazacyclophane) 
with ‘CH,OH exhibited minor differences which could 
be ascribed to those between the spectra of the parent 
complexes, Fig. 3. The rates of product formation for 
the reaction with Co(hexaazacyclophane), e.g. 
r= 1.0 f 0.4 ps when C,,/C,, = 2.2 and r= 1.2 _t 0.4 ps 
when C,,/C,, = 1.1, were also comparable to those 
measured with Cu(hexaazacyclophane). The common 
spectra and rates of product formation suggest a radical 

250 
J 

300 350 400 450 

bb9 nm 

Fig. 3. Typical transient difference spectra for reactions between 

‘CH,OH and 1.8~10-~ M Co(hcxaazacyclophane) in CHSOH with 
3.6 X 10-s M of HTFSM. The arrows give the sense of increasing 

sampling intervals. In (a) spectra were recorded 0.6 FLS after the 

pulse irradiation at 0.6 ~LS intervals. Spectra in (b) were recorded 

25 /LLS after the pulse irradiation at 6 ns intervals. 

nature for Cu(hexaazacyclophaneH)-, Eq. (4), and the 
homologous species in the reduction of the Co(I1) 
macrocycle. Indeed, reaction intermediates with oxi- 
dized/reduced Co and Cu metal centers or with co- 
ordinated OH,OH must have very different absorption 
spectra. 

Further spectral changes were observed with a delay 
longer than 4 /_Ls, i.e. following the formation of the 
Cu(hexaazacyclophane) reduction product described 
above. A partial decay of the 296 nm optical density 
and the growth of a new absorption band with h,,, = 320 
nm were the most conspicuous spectral changes. In- 
spection of the oscillographic traces recorded at mon- 
itoring wavelengths between 260 and 350 nm reveals 
two processes. The faster of the two processes exhibited 
an acid concentration dependent rate, i.e. t,,,=37 ps 
for C,,/C,,=2.2 and tl,,= 170 ps for C,,lC,,= 1.1. 
This process was followed by another with a lifetime, 
t, ,2 > 200 JLS. It is possible to account for these exper- 
imental observations with the reactions in Eqs. (6)-(g). 

Cu”(hexaazacyclophaneH) + H+ & 

Cu”(hexaazacyclophaneH,)+ (6) 

2Cu”(hexaazacyclophaneH,)+ --% 

Cu”(hexaazacyclophaneH,) + Cu”(hexaazacyclophaneH)’ +H’ 

(7) 

Curr(hexaazacyclophaneHa) 2 products (8) 
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The product, Kk, =5 X 10’ SK’, of the equilibrium 
constant, Eq. (6), with the reaction rate constant, Eq. 
(7), was calculated with values of tl12 measured at 
various acid concentrations. Dose and acid concentra- 
tions were adjusted in order to induce a minimum 
displacement of Eq. (6) in the reaction. In Eqs. (7) 
and (8) Cu(hexaazacyclophaneH,) is the product of a 
two-electron reduction, Eqs. (4) and (7). Absorptions 
in the spectrum of this species are placed in the near 
UV, i.e. A,,,= 320 nm, and have extinction coefficients, 
i.e. lo3 x M-l cm-‘, which can be expected for a Cu(II) 
complex. Assignment of the optical transient to a Cu(1) 
complex is incompatible with the absence of a strong 
absorption band in the Vis-NIR region [17-191. There- 
fore, a double bond of the macrocycle must be reduced 
to a single bond or a proton must be converted to a 
hydride ligand in Eq. (8). It must be noted that similar 
hydride complexes functioning as reaction intermediates 
in redox processes undergone by copper(I1) macrocycles 
have been reported in the literature. By contrast to 
the reactions of the radical Cu(hexaazacyclophaneH), 
Eqs. (7) and (S), the spectral transformations observed 
with the homologous Co species are kinetically of first 
order in the Co(II)-radical concentration. Lifetimes 
independent of the acid concentration, r= (34 + 3) pus 
for C.&C,, = 1.1, 1.5 or 2.2 and C,,=2.2~10-~ or 
1.1 X low5 M, were recorded at monitoring wavelengths 
between 290 and 435 nm. The 430 nm absorption band 
of the product from the radical decay could be assigned 
to an LMCT absorption of a Co”‘-hydride species, 
Co”‘(hexaazacyclophane)(H-), Eq. (9). 

Co”(hexaazacyclophaneH) --+ 

absence of water under similar acid concentrations, i.e. 
C,/C,,= 1.1, 1.5 or 2.2. 

Although the rates of decay of the radicals to products 
in H,O/CH,OH mixtures are almost the same as those 
measured in CH,OH, the optical density change fol- 
lowed at various wavelengths indicates that the yield 
of those products decreases with H,O concentration. 
In a 1:l H,O/CH,OH mixture the yields are nearly 
50% of those in the absence of water. Decomposition 
of the radical in parallel to the formation of the products, 
Eqs. (6)-(9), accounts for these observations. Hydrolysis 
of the ligand radical is one possible process that will 
be favored by H,O. 

3.3. Reduction of the macrocycles by es,,- 

Co’“(hexaazacyclophane)(H-) (9) 

It is improbable that the spectral transformations 
can be ascribed to a conversion of the Co”(hexa- 
azacyclophaneH) + radical into a Co(I) complex, 
Co’(hexaazacyclophaneH), Eq. (10). 

The esO,- and ‘CH,OH are the reactive species to 
be concerned in pulse radiolysis of the complexes in 
CH,OH deaerated with NZ. In solutions with concen- 
trations of the complexes about 2.0~ lop5 M, 
M(hexaazacyclophaneH), M = Cu or Co, was produced 
with the same lifetimes as the solutions saturated with 
N,O (above) but with only a 50 to 70% yield. Reactions 
of the ‘CH,OH radicals, Eqs. (3) and (4), that are 
pulse radiolytically generated simultaneously with esol- 
are the sources of such products. Since es,,,- and H+ 
react to give H‘ with a rate constant k = 2.3 x 10” M-’ 
S -I, this reaction rate is slow when C,,IC,,= 1 or 2 
and cannot kinetically compete with the reduction of 
the complexes by eso,- . Therefore the lower yields must 
be interpreted in terms of the formation of products 
with small extinction coefficients in the reaction of esO,- 
with the azacyclophanes. Changes of the optical density 
recorded at various wavelengths, Aobs > 350 nm, with a 
delay shorter than 2 ps suggest that reactions with the 
solvated electron produce Cu’(hexaazacyclophaneH) 
and Co”‘(hexaazacyclophane)(H), respectively, with ap- 
preciable yields, Eqs. (11) and (12). 

Co”(hexaazacyclophaneH) - 
Cu”(hexaazacyclophaneH)+ +esO,- - 

Co’(hexaazacyclophane)- +H+ (10) 
Cu’(hexaazacyclophaneH) (11) 

Indeed, the 430 nm absorption band appears much 
more to the UV than the MLCT transitions in the 
spectra of Co(I) macrocyclic complexes where ligands 
have isolated azomethine groups [17-201. 

Co( hexaazacyclophaneH)+ + esO,- ---+ 

Co”‘(hexaazacyclophane)(H) (12) 

The effect of H,O on the respective ‘CH,OH re- Because these processes, Eqs. (11) and (12), had to 
ductions of the Co(H) and Cu(I1) complexes was in- be investigated over the spectral changes caused by the 
vestigated in N,O-saturated, mixed solvent solutions. reactions of %H,OH, Eq. (4), their rates could not be 
A mixture of H,O and methanol in a 1:l molar re- measured with sufficient accuracy. In a longer time 
lationship was the solvent with the highest concentration scale, spectral changes recorded at 200 ps (C,,/C,, = 1) 
of H,O used in these experiments. The reduction of or at 25 ps (C,,/C,,= 2) suggest conversion of the 
the complexes by ‘CH*OH gave the ligand radical Cu(1) product into the same products as Eq. (4). The 
species, Cu(hexaazacyclophaneH) and Co(hexaaza- disproportionation of the Cu(1) products must result, 
cyclophaneH), described above. The rates of formation therefore, in reduction of the macrocycle and the process 
of these products are close to those measured in the can probably be represented by Eq. (13). 
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2Cu’(hexaazacyclophaneH) x 

Cu(hexaazacyclophaneH2) + Cu”(hexaazacyclophaneH)+ 

(13) 

3.4. Interception of the reduction products with CO, 

Pulse radiolysis experiments were also carried out 
with solutions of the Co and Cu hexaazacyclophane 
complexes in methanol saturated with CO, under 1 
atm., i.e. almost 10-l M in CO,. While conductance 
and UV spectra of the solutions are in accordance with 
a quantitative protonation of the complexes, Fig. 1 and 
Table 1, the concentration of proton, i.e. from excess 
COZ, is too low to trap the esO,-. The spectral changes 
observed over 20 ~LS after the irradiation of the solutions 
are those expected for the deprotonation of the com- 
plexes, Eq. (1) and Figs. 1 and 4. This acid-base effect 

0.4 (a) 

0.2 t 

0 

0.2 

0.1 

0 

-0.1 

-0.2 

0.3 

0.2 

0.1 

0 

-0.1 

-0.2 

1 1 ’ 1 1 ’ ’ 
250 300 330 400 4% 

x ob’ nm 

Fig. 4. Transient difference spectra recorded for the interception of 

reaction intermediates with C02. The arrows give the sense of 

increasing sampling intervals. In (a) the spectra were recorded (0.6 

ps after the pulse irradiation at 0.6 ps intervals) in the irradiation 

of 1.8 x lo-’ M Cu(hexaazacyclophane) in CH,OH equilibrated under 

0.5 atm. CO, and 0.5 atm. N,. Spectra in (b) were recorded with 

the same time delays of (a) after irradiation of 1.8~10-~ M 

Cu(hexaazacyclophane) in CH,OH equilibrated under a 0.33 atm. 

CO2 and 0.67 atm. N20 gas mixture. Spectral changes recorded in 

(c) for the reaction of the Co(hexaazacyclophane) reduction products 

(see also Fig. 2) with COZ. Spectra were recorded (36 ~LS after the 

pulse irradiation at 6 ps intervals) in the irradiation of 1.8X low5 

M Co(hexaazacyclophane) in CH,OH equilibrated under 0.33 atm. 

CO2 and 0.64 atm. NzO. 

can be of consequence in annihilation of the CO,‘- 
and CH,OH radicals according to Eqs. (14) and (1.5). 

CO, + esol- - CO,‘- (14) 

CO,‘- +‘CH,OH - CH,O- + CO, (15) 

In order to prevent such reactions, solutions of the 
complexes in CH,OH were deaerated with and equil- 
ibrated under a 3:l mixture of N,O and C02, i.e. 
3.5 X lo-’ M CO, and 9.7 X 10e2 M N,O, before their 
pulsed irradiations. A fraction 24% or less of all the 
radiolytically generated esO,- reacts with CO, to give 
CO,-- with such concentrations of N,O and CO,. The 
small concentration of CO,‘- produced in such ex- 
perimental conditions does not interfere with the ob- 
servation of the ‘CH,OH reactions. Indeed, the spectral 
changes observed between 240 and 450 nm in pulse 
radiolyses of 2.0~ 1O-5 M Co or Cu complexes were 
the same recorded in less than 1 j~s with HTFSM- 
acidified and N,O-saturated solutions (above). They 
correspond to the generation of the metal-ligand radical 
species in Eqs. (3) and (4). New species, e.g. A,,,=340 
nm, appear after the growth of the radical products 
with nearly the same lifetime, T= (3.6 _t 0.5) ps for Cu 
and T== (70.0 + 0.4) ps for Co, Fig. 4. Since these species 
are only observed in the presence of CO, and have 
similar spectra with different metal ions, they could be 
adducts between CO, and the hexaazacyclophane rad- 
icals. A number of adducts between CO, and transition 
metal complexes has been reported in the literature 
[21]. Some of the molecular structures assigned to them 
can explain the observed reactions. Experimental ob- 
servations in a longer time scale revealed the decay 
of these reaction intermediates with t,,,>300 ps. The 
participation of these adducts in the activation of CO, 
remains to be demonstrated. 

3.5. Concluding remarks 

In terms of the reactions discussed above, the hexaa- 
zacyclophane complexes appear related to the phthal- 
ocyanines and some porphyrins. For example, the re- 
duction of the ligand followed later by a charge transfer 
from the macrocycle to the metal center has been 
previously observed with phthalocyanines of Co(I1). If 
this correlation between Co(hexaazacyclophane) com- 
plexes and porphyrins can be carried a step further, 
homologues of B,, should be accessible products. The 
generation of reaction intermediates with carbon<obalt 
and carbon-copper bonds was not observed but remains 
an open possibility for reactions between these com- 
plexes and various carbon-centered radicals. 
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