Journal of Photochemistry, 23 (1983) 51 - 60 51

PHOTOCHEMISTRY OF COPPER(I1) MACROCYCLIC COMPLEXES:
THE CHARGE TRANSFER PHOTOCHEMISTRY OF 2,12-DIMETHYL-
3,7,11,17-TETRAAZABICYCLO[11,3,1 JHEPTADECA-1(17),2,11,13,15-
PENTAENECOPPER(II)

J. GRANIFO and G. FERRAUDI

Radiation Laboratory, University of Notre Deame, Notre Dame, IN 46556 (U.S.A.)

D. P. RILLEMA

Deparitment of Chemistry, University of North Carolina, Charlotte, NC 28223 (U.S.A.)
{Received December 21, 1982;in revised form February 22, 1983)

Summary

The photochemical properties of Cu(CR)?>* (CR = 2,12-dimethyl-3,7,-
11,17-tetraazabicyclo[11,3,1 Jheptadeca-1(17),2,11,13,15-pentaene) were in-
vestigated by continuous and flash photolysis. UV photolyses induce two
reactions: the hydrolysis of the macrocyclic ligand and redox reactions that
reduce the metal center to copper(I). These photoreactions are regarded as
being caused by the population of ligand-to-metal and metal-to-ligand charge
transfer states. A proposed mechanism is compared with mechanisms for the
photochemical transformations of related macrocyclic complexes.

1. Introduction

The photochemical properties of complexes with simple macrocycles
have recently been investigated [1 - 12]. UV photolysis of the copper(Il)
macrocyclic complexes with coordinated imino groups, such as Cu(Me,-
[13]diene-N,)?* (I) [3] and Cu(Meg[14]diene-N4)2* (II) [2] (Fig. 1), induce
either hydrolysis of the macrocyclic ligand or redox reactions if appropriate
hydrogen donors are used for intercepting reactive intermediates. These reac-
tions have been associated with chemical transformations originating in
metal-to-ligand charge transfer states (charge transfer to ligand (CTTL))
capable of forming reactive intermediates which behave as bases or oxidants
when facing appropriate reactants [2, 3]:
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Fig. 1. Structures of the copper(Il) macroeyclic complexes.

In addition, copper(Il) complexes with saturated tetraaza macrocylic
ligands such as Cu(Meg[14]}ane-N4)?* (III) [4] undergo complex redox trans-
formations in UV irradiations. Ligand-to-metal charge transfer states (charge
transfer to metal (CTTM)) which involve the electronic density of the macro-
cycle (CTTM,) or the axial ligand X (CTTM,) are believed to participate in
the photochemical transformation of these complexes:
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Cu(CR)?* (IV) (CR = 2,12-dimethyl-3,7,11,17-tetraazabicyclo[11,3,1]-
heptadeca-1(17),2,11,13,15-pentaene) has the type of structure that places
electronic transitions with metal-to-ligand and ligand-to-metal charge transfer
character within the UV region. However, it has been noticed before that the
low reactivity of Cu(CR)?* in UV irradiations departs from the photoreac-
tivity exhibited by other macrocyclic complexes [1]. The nature of the
photochemical processes and the reasons for the low photoreactivity of
Cu(CR)?** have been investigated in this work.
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2. Experimental details

2.1. Materials

The copper(II) macrocycles [Cu(CR)J(ClO,4),-H,O (IV), [Cu(CRH)]-
(Cl0y4); (V) and [Cu([15]pyane-N;)](ClO,), (VI) were synthesized according
to procedures described elsewhere [13 - 16]. These compounds were recrys-
tallized several times by adding solid NaClO, or concentrated HCIO, to their
aqueous acidic solutions. The UV-—visible spectra of the purified compounds
agreed well with published data [13 - 16].

Other chemicals were analytical grade and were used without further
purification.

2.2. Analytical procedures

The total concentration of copper(l), namely copper(l) macrocyclic
complexes and Cu'(aq), was determined by means of the reaction with
Fe3*(aq) [2]. The equivalent concentration of iron(II) formed in the
reduction of iron(IIl) by copper(I) species was determined with 1,10-
phenanthroline. Concentrations of Cu*(aq) were measured using 2,9-dimethy!-
1,10-phenanthroline [17]. The 2,9-dimethyl-1,10-phenanthroline—ascorbic
acid method [17] or ion specific electrodes were used for the quantitative
analysis of Cu?*(aq). Diacetylpyridine was analyzed spectrophotometrically
after liberating the solutions of copper cations by ion exchange chro-
matography.

The transfer of deaerated solutions, namely both the irradiated solu-
tions and solutions of the reactants, was carried out using gas-tight syringes.

2.8. Photochemical procedures

Continuous photolysis at 254 nm was carried out using General Electric
G4T4 low pressure mercury lamps. A Rayonet minireactor fitted with a 300
nm Rayonet discharge lamp was used for the 300 nm photolysis. The light
intensity for 254 or 300 nm photolysis was determined using potassium
tris(oxalato)ferrate(III) [18]. Concentrations of the photolytes were adjusted
in order to absorb 99.99% or more of the incident light. These solutions
were deaerated using argon streams for at least 20 min before the irradiation,
and the homogeneity was maintained by stirring the liquids with magnetic
bars during the irradiation.

Two FP-8-100C flash lamps (Xenon Corporation) were fired in series at
energies between 250 and 40 J pulse ! in flash photolysis. A lifetime of 30
Ms was measured for the light pulse under these conditions; hence the data
points for both the kinetics and the spectra were regarded as significant for
times equal to or longer than 50 us. The raw data, which were stored in a
binary base in a waveform recorder, were processed in a Digital PDP-8L com-
puter for the derivation of rate constants or spectral information.

2.4. Electrochemical procedures
The reduction of the complexes was carried out using a potentiostat
built in our laboratory. A two-electrode electrochemical cell was provided
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with an appropriate optical cell as a detachable side-arm in order to deter-
mine the spectrum of the electrolyzed solutions under anaerobic conditions.

2.5. Pulse radiolysis

The apparatus and procedures used in the irradiation of the complexes
have been described elsewhere [19]. Reductions with e,,” were carried out
in solutions of the complexes which were deaerated using nitrogen streams.
The reaction media had pHs of 4 or above and contained various concentra-
tions of 1,1-dimethylethanol, e.g. concentrations in the range 2.0 M >
[(CH;);COH] > 0.1 M were used to intercept the HO- radical. The reduc-
tions using 2-hydroxyisopropy! radicals were investigated at a pH of about 4
in N,O-saturated solutions containing various concentrations of 2-propanol
(0.1 M < [2-propanol] < 1.0 M),

3. Results

3.1. Thermal stability of the macrocyclic complexes

The 14-member ring complexes Cu(CR)?* and Cu(CRH)?** exhibited
considerable thermal stability in acid media. Indeed no spectral changes
were observed in the spectra of deaerated acidic solutions (1074 M < [HCIO,4]
< 1.0 M) when they were maintained in the dark over extended periods, e.g.
t < 8 h. This behavior is in agreement with previous reports on the slow acid
hydrolysis experienced by 1l4-member ring macrocyclic complexes [3, 20,
21]. The 15-member ring macrocycle Cu([15])pyane-N;)** dissociates to
Cu?*(aq) and a free macrocycle at various rates:

Cu([15]pyane-N5)>* = Cu®'(aq) + [15]pyane-N; (9)

[15]pyane-Ns + nH* — ([15]pyane-N)H,™ (6)

The rate (Fig. 2) and extent of the dissociation depend on the concentration
of the acid. Therefore the photochemical studies of Cu([15]pyane-Ns)?*
were limited to solutions with pH greater than 2 in order to avoid those
photochemical complications which can originate from photolysis and/or
secondary reactions of the dissociation products.

3.2. Continuous photolysis

Steady state irradiations (Aeeir = 254 nm) of Cu(CR)?** in deaerated
acidic solutions produced Cu?*(aq) and diacetylpyridine in a 1:1 stoichiom-
etry. Copper(I) products, namely Cu*(aq) or Cu(CRY", were not produced
in significant concentrations when irradiations were limited to short periods,
e.g. t< 15 min with Iy~ 1074 einstein I"! min~!. However, these products
were generated in large concentrations when Cu(CR)?* was irradiated in
solutions where 2-propanol was present in various concentrations (Fig. 3 and
Table 1). The complex dependence of the product concentration on the
irradiation time and the Cu(CR)?* concentration suggests that the secondary
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Fig. 2. Acid hydrolysis of Cu([15]pyane-N;)2*: dependence of the rate constant for the
hydrolytic demetallation on pH. The values of the rate constant were obtained by spec-
trophotometry and from measurements of the Cu?*(aq) concentration.

Fig. 3. Continuous photolysis of Cu(CR)?* in deaerated 0.25 M 2-propanol: dependence
of the concentration of the photolysis products on the irradiation time (curve I, total
copper(I); curve II, Cu?*(aq); curve III, Cu*(aq)). The excitations were performed at 254
nm with Iy = 2.7 X 107 einstein 17! min™.

TABLE 1

Quantum yields for photoreactions of copper(Il) macrocyclic complexes

Aexeit Iy x 104 ¢ X 10% 2 for the foliowing species Medium conditions®
eln
(nm) g—l ::;:El) Cu(liotar Cu*(aq) Cu?*(aq) [HC10,4] [2-propanol]
(M) (M)
Cu(CR)**
254 2.7 17 2.5 4.2 101 2.0
27 2.5 3.6 102 2.0
10 1.9 3.0 1073 2.0
2.0 —c —¢ 1072 2.0
1.5 0.0 0.0
2.5 1074 0.0
2.9 1073 0.0
3.64 1072 0.0
4.2 1071 0.0
5.3 1.0 0.0
300 3.1 2.0 1072 2.0
Cu(CRH)**
254 2.7 0.45 1072
4.0 —c —¢ 1072 6.5
Cu([15]1pyane-Ns)**
254 2.7 1.5 0.76 3.3 4.0%x107? 0.0
6.5 —c 4.0x103 025
8.7 —c 4.0x107? 0.75
10.0 —c 40x107? 20
10.1 —c 40x103 8.5
300 3.8 5. 4.0x107% 2.0

aErrors for quantum yields are 10% or less.
bSolutions deaerated using argon streams.

¢h < 1075,

d A quantum yield ¢ of about 3.5 x 10™ was obtained for 2,6-diacetylpyridine.
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photolysis of Cu(CR)* has a considerable influence on the nature of the
products (Fig. 3). Such a secondary photolysis and the large reactivity of the
copper(I) products toward their reoxidation by oxygen and disproportiona-
tion to copper(0) and copper(II) species made the determination of accurate
quantum yields an extremely difficult task. The severity of these problems
in the determination of the quantum yields was reduced by using extreme
precautions in the deaeration of the solutions (see Section 2) and by limiting
to less than 1% the photochemical conversions of the copper(1I) complexes
to products.

Quantum yields were determined under various medium conditions
(Table 1). The yields of Cu(CR)" and Cu*(aq) increase with 2-propanol con-
centration (Fig. 4) in a manner that can be related to the reactivity of some
of the precursors of the products, e.g2. a copper(I) ligand radical species. The
participation of the reducing radicals, e.g. (CH;),COH, in the 254 nm photol-
ysis of Cu(CR)?** solutions containing 2-propanol was detected by using
Cu?*(aq) ([Cu?*(aq)] < 1073 M) as a scavenger. Such scavenging of the 2-
hydroxyisopropyl radicals produced a twofold increase in the copper(I) yield
with respect to the yield determined in the absence of Cu?*(aq). Moreover,
the product yields, e.g. the yields of Cu(CR)* and Cu®*(aq), exhibited a
pronounced dependence on acid concentration (Table 1).

Photolyses (Aexcit = 254 nm) of Cu(CR)?* in deaerated solutions with
pH 6 failed to produce Cu?*(aq), Cu*(aq) or Cu(CR)Y". However, spectral
changes which indicate the formation of a new copper(Il) macrocycle were
observed. The sensitivity of this product to acid hydrolysis suggests that it
has an open macrocycle [2, 3].

The 254 nm photochemistry of the Cu(CRH)?>* and Cu([15]pyane-
N;)?** is qualitatively similar to that described above for Cu(CR)?**. Indeed,
UV photolyses of these complexes produced Cu*(aq) and CuL’ (L = CRH or
[15]pyane-Ns) in solutions where 2-propanol is used to scavenge the inter-
mediates (Table 1).

3.3. Time-resolved studies

Flash photolysis of Cu(CR)?* in deaerated solutions (220 nm < A <
320 nm) failed to produce spectral transformations. However, such trans-
formations were detected in flash irradiations of Cu(CR)2?' in deaerated
acidic solutions containing various concentrations of 2-propanol, namely
[HC1O,] < 1072 M and [2-propanol] < 3.0 M. The spectrum of the species
generated in flash photolysis was attributed to Cu(CR)* (Fig. 5) since it com-
pares very well with the spectrum generated when Cu(CR)** is reduced
in electrochemical experiments or in pulse radiolysis by either e,, or
(CH3)2COH The Cu(CR)* produced by both flash photolysis and electrolysis
exhibited considerable stability in solutions with low acid concentrations,
e.g2. [HCIO,] < 1072 M. (This behavior is in good agreement with previous
reports of the stability of Cu(CR)" [14].) Indeed the rate of disappearance
of Cu(CR)* shows a first-order dependence on the concentration of Cu(CR)*
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Fig. 4. Interception of reactive intermediates generated in the UV photolysis of Cu(CR)?*:
dependence of the quantum yield for the total copper(l) {i.e. copper(I) macrocycle and
Cu'(aq)) on the 2-propanol concentration. The irradiations of Cu(CR)?** were performed
in deaerated acidic solutions ([HCIO4] = 1072 M) at 254 nm with I = 107? einstein 17!
min !,

Fig. 5. Copper(I) species generated in UV photolyses of copper(Il}) macrocycles: spectra
of Cu(CRY" (curve a,), Cu{CRH)" (curve b} and Cu({15 ]pyane-Ns)* (curve c) generated
in flash photolyses of the corresponding copper(Il) macrocyles in deaerated 2.0 M 2-
propanol and of Cu(CR)?* (curve a,) generated by electrolysis of the corresponding
copper(II) macrocycle in deaerated methanol. The inset shows the dependence of the
rate constant for the disappearance of Cu(CR)" on the acid concentration.

and a more complex dependence on acid concentration (Fig. 5). This be-
havior can be related to the demetallation of Cu(CR)".

Flash photolysis of Cu([15]pyane-Ns)?* or Cu(CRH)?** in deaerated
acidic solutions containing various concentrations of 2-propanol ([2-
propanol] = 0.1 M) produced one-electron-reduced species, namely Cu([15]-
pyane-N5)* or Cu(CRH)* (Fig. 5). The photochemical formation of the
Cu([15]pyane-Ns)* takes place in two steps; one is too fast for the time
resolution of our apparatus and the other has a half-life ¢,,, of about 3 ms.
The rate of the slow step exhibited a first-order dependence on the con-
centration of Cu([15]pyane-Ns)?* and on the flash-generated concentration
of Cu([15]pyane-Ns)*. Such a step has been associated with the reaction of
the 2-hydroxyisopropyl radical (CH,),COH with excess Cu([15]pyane-Ns)2*.

4. Discussion

Our results on the photochemical formation of Cu(CR)* show that this
product is formed in processes which are close to the primary process.
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Moreover, such a formation of the products suggests that the photochem-
istry of Cu(CR)?** must be associated in part with a population of ligand-
to-metal charge transfer (CTTM) states. Such states probably involve
the m electronic density of the pyridine group since amino-to-copper(1I)
charge transfer states must have higher energies than those expected for
w-pyridine-to-copper(Il) CTTM states {1]. This proposition of a photo-
chemistry originated in CTTM states cannot describe by itself the distinctive
dependence of the Cu?*(aq) yield on acid concentration. The dependence
on acid concentration is in good agreement with a photoinduced hydrolysis
of the macrocyclic ligand in the form described for the UV photolysis of
Cu(Meg[14]diene-N,)?* [2], and, as the photoinduced hydrolysis of
Cu(Meg[14]diene-N,)?* was assumed to be caused by the population of
CTTL states, the photochemistry of Cu(CR)** can be regarded as resulting
from the population of similar states. Henceforth, we suggest that the
observed Cu(CR)%** photochemistry must be determined by the population
of two different charge transfer states, namely CTTM and CTTL. Such a
proposition is in agreement with the structure of the macrocyclic ligand
which combines, in a qualitative sense, the necessary structural elements for
undergoing the photochemical transformation of the Meg[14]ane-N, and
Meg[14])diene-N,4 complexes. In this regard, the following mechanism ac-
counts for our experimental observations:
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The carbinolamine product A could be the product observed in the
photolyses at pH 6. However, the thermal instability of the carbinolamines
toward their conversion to imino and ketonamine products suggests that the
detected product is more likely to be a ketonamine derivative. A similar
compound has previously been isolated in the photochemistry of Cu(Meg-
[14]diene-N,)** [2].

The formation of Cu(CR)" is attributed to the scavenging of a short-
lived copper(l) ligand radical B by 2-propanol (eqn. (12)). Some of the
Cu(CR)* may also be produced when Cu(CR)?* is reduced by 2-hydroxyiso-
propyl radicals:

(CH;),COH

CH-COH (CH,),CHOH + (CH,),CO (13)
(CHa)z » Cu(CR)* + (CH;),CO (14)

Cu(CR)?*

The reduction of Cu(CR)2* by (CH3)2COH (eqn. (14)) does not make
large contributions to the production of Cu(CR)* in flash photolysis since
large radical concentrations favor the disproportionation reaction (13). (The
photochemistries of Cu(CRH)?*, Cu([15]pyane-N5)** and Cu(CR)?** are
similar in that the major contribution to the product formation appears to
come from CTTM states. Moreover, the contributions from redox reactions
like reaction (13) are more important in the formation of products from
Cu(CRH)?>* and Cu([15]pyane-N;)?*.) Contributions from reaction (14) to
the product formation are expected to be important in continuous photol-
ysis. Moreover, the increase in the copper(l) yield when Cu?*(aq) is used as a
radical scavenger can be attributed to competition between the reduction of
Cu?*(aq) by (CH,;),COH

(CH,),COH + Cu?*(aq) —> Cu*(aq) + (CH,),CO (15)

and reactions (13) and (14). (The reaction of hydroxyalkyl radicals has been
investigated previously (see ref. 1 and references cited therein and ref. 22).)

It can be concluded now that the photochemistry of Cu(CR)?* induced
in CTTL states has much less importance than in other copper(II) macro-
cycles, e.g. Cu(Me,[13]diene-N,)** and Cu(Meg[14]diene-N,)**. Such a
reduced significance of the photochemistry induced in CTTL states (eqn. (7))
is believed to be caused by a decrease in the reactivity of the excited state
owing to an efficient delocalization of the charge through the # system of
the ligand. The same argument can be extended to the CTTM states in order
to explain the low yields of the other photochemical process (eqn. (8)). It
should also be noticed that the charge delocalization must stabilize the inter-
mediate B and cause a decrease in the value of its oxidation potential. Such
a change could favor reaction (11) in its competition with reaction (12).
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