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The electrochemistry, N M R  spectroscopy, and UV-visible spectroscopy of 18 different gallium(II1) porphyrins with ionic CI- or 
a-bonded axial ligands were investigated in nonaqueous media. The ligands a bonded to gallium(II1) octaethylporphyrins or 
tetraphenylporphyrins included simple alkyl groups such as CH, or C2H5 and aryl groups such as C6H5, C2H2C6H5, or C2CsH5. 
All of the compounds could be oxidized or reduced by multiple single-electron-transfer steps in which the initial step yields 
[(P)Ga(R)]+ or [(P)Ga(R)]-, where P represents the porphyrin macrocycle and R is one of the a-bonded ligands. In all cases, 
the singly and doubly reduced compounds were stable. In contrast, the singly oxidized compounds underwent a metal-carbon 
bond cleavage, the rate of which depended upon the electron-donating properties of the axial ligand. The electron-donating 
properties of the a-bonded ligand also influenced the electronic absorption spectra, but not the ‘H N M R  spectra of the neutral 
compounds. The physical properties of complexes containing a bound C2C6H5 ligand more closely resembled those of the 
gallium(II1) porphyrin axially bound by an ionic ligand such as CI-. Finally, comparisons between the electrochemical reactivities 
of the a-bonded complexes and their physicochemical properties are discussed in terms of the general stability of the gallium-arbon 
a bond. 

Introduction 

Metalloporphyrins containing a-bonded alkyl or aryl ligands 
have been proposed in several biological redox reactions, and 
because of this, a large amount of data on synthetic a-bonded 
metalloporphyrin complexes has recently become available.2-26 
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The chemical reactivity of this class of compounds has also a t -  
tracted interest due to their potential use in the activation of small 
molecules. For example, it has been shown tha t  sulfur dioxide2’ 
and carbon dioxide28 can be inserted into the metal-carbon bond 
of indium(II1)-alkyl or -aryl porphyrins and it was demonstrated 
t h a t  t h e  metal-carbon bond is photoactivated by visible light.28 

In addi t ion t o  the above, a-bonded alkyl and aryl porphyrins 
are good precursors in the synthesis of bi- or trimetallic metal- 
metal-bonded m e t a l l o p ~ r p h y r i n s . ~ ~ , ~ ~  Especially relevant to the 
synthesis of novel metal-metal-bonded dimers or trimers, is the 
potential use of the u-bonded alkyl or aryl complexes as s tar t ing 
materials in the synthesis of linear metal-chain derivatives with 
high or unusual conducting properties. The most important result 
tha t  has  emerged from comparisons between synthetic polymeric 
metal-metal-bonded metalloporphyrins and the  so-called “organic 
metals” typified by TTF/TCNQ concerns t h e  n a t u r e  of t h e  
carriers. According t o  initial results on several oxidized linear 
polymeric metalloporphyrins, the charge carriers exhibit both metal 
and ligand proper tie^.^' 

Recently, one of our laboratories published the synthesis and 
characterization of gallium a-bonded alkyl and aryl porphyrins32 
and the bridge-stacked polymeric structure of a complex containing 
fluorinated gallium(II1)  porphyrin^.^^ These two types of com- 
plexes are remarkable precursors for conductors, and i t  is thus  
of importance to have knowledge concerning the electrochemical 
properties of these complexes. Related t o  this  is t h e  interest in 
knowing if a high oxidiation state of the gallium ion can be directly 
generated by electrochemical oxidation. This type of information 
would thus provide insight into t h e  role of t h e  gallium ion in t h e  
conduction process of the linear-chain polymer. In order to  answer 
these questions, we have initiated a detailed electrochemical study 
on t h e  oxidation and reduction of a large series of gallium(II1) 
porphyrins tha t  are u bonded by both alkyl and aryl groups. The 
results of these studies are given in this  paper. We have also 
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Table I. Maximum Absorbance Wavelengths (Amax) and Corresponding Molar Absorptivities (e X lo-') for Neutral (TPP)GaCl and 

axial ligand, R band I B(1,O) band I1 or B(0,O) e(II)/e(I) Q(290) Q(1,O) Q(0,O) 

Kadish et al. 

(TPP)Ga(R) COmpkXeS in C6H6' 

CI 397 (18.0) 418 (524.4) 548 (20.7) 587 (4.5) 621 (1.3) 
C(CH3)3 379 (6.5) 446 (13.3) 2.04 551 (0.3) 579 (0.9) 626 (0.8) 
C4H9 347 (3.9) 441 (23.0) 6.22 531 (0.5) 573 (1.2) 617 (1.0) 

618 (8.3) C2H5 346 (31.7) 441 (211.0) 6.66 535 (3.3) 573 (9.6) 
CH3 337 (35.7) 436 (326.9) 9.16 531 (4.4) 570 (4.9) 612 (7.3) 
C6H5 334 (3.8) 436 (35.5) 9.34 524 (0.5) 567 (1.5) 608 (1.0) 
p-MeC6H4 336 (23.0) 435 (231.1) 1 1.43 528 (2.5) 568 (10.6) 610 (6.9) 
C2H2C6H5 335 (10.0) 434 (128.8) 12.90 537 (0.8) 566 (4.4) 608 (2.6) 
CZC6H5 328 (27.1) 420 (549.0) 20.20 549 (2.1) 590 (7.8) 631 (3.9) 

Wavelengths in nm; molar absorptivities are given in parentheses following the wavelengths. 

Table 11. Maximum Absorbance Wavelengths (Amax) and Corresponding Molar Absorptivities (e  X lo-') for Neutral (0EP)GaCI and 

axial ligand, R band I B(1,O) band I1 or B(0,O) c(II) /c(I)  Q(290) Q( 1 PO) Q(0,O) 
(OEP)Ga(R) Complexes in C&" 

C1 377 (15.9) 400 (626.5) 492 (8.9) 530 (33.2) 567 (45.9) 

- 

C(CH313 365 (31.0) 
C4H9 338 (36.7) 
C2H5 358 (62.9) 

C6H5 348 (13.4) 
p-MeC6H, 350 (8.5) 
C2H2C6H5 333 (11.8) 
C2C6HS 334 (25.3) 

CH3 349 (41.7) 

-0.5 

0.3 

. O . l  

436 (28.4) 
431 (81.4) 
432 (148.1) 
426 (185.7) 
423 (64.2) 
424 (43.3) 
403 (131.4) 
402 (399.3) 

0.91 
2.22 
2.35 
4.45 
4.79 
5.09 

11.13 
15.18 

Wavelengths in nm; molar absorptivities are given in parentheses following the wavelengths. 

included in this paper the related electrochemistry of the chlo- 
rogallium(II1) porphyrins. These complexes are the precursors 
in the synthesis of the a-bonded complexes. 
Experimental Section 

Electrochemical Instrumentation. Cyclic voltammetric measurements 
were carried out with either an EG&G Model 173 potentiostat and 
EG&G Model 175 universal programmer, or a BAS 100 electrochemical 
analyzer. Current-voltage curves were recorded on a Houston Instru- 
ment Model 2000 X-Y recorder, a Houston Instrument HIPLOT 
DMP-40 plotter, or an EPSON Model FX 80 printer. A three-electrode 
system was used with a Pt-button working electrode and a Pt-wire 
counter electrode. A saturated calomel electrode (SCE) was used as the 
reference and was separated from the bulk of the solution by a fritted 
glass bridge. Controlled-potential electrolysis was performed in a bulk 
cell where the SCE reference electrode and the Pt-wire counter electrode 
were separated from the test solution by fritted glass bridges containing 
solvent and supporting electrolyte. A BAS 100 electrochemical analyzer 
was used to control the potential. 

Spectroscopic Instrumentation. Spectroelectrochemical experiments 
were performed with an IBM Model EC 225 voltammetric analyzer 
coupled with a Tracor Northern 1710 holographic optical spectrome- 
ter/multichannel analyzer to obtain time-resolved spectral data. The Pt 
thin-layer cell used has been described el~ewhere. '~  UV-visible spectra 
were also taken by using a Perkin-Elmer 559 spectrophotometer. ESR 
spectra were recorded either with a Varian E4 X-band spectrometer or 
an IBM Model ER 100 D spectrometer equipped with a Model ER 
040-X microwave bridge and a Model ER 080 power supply. Infrared 
spectra were taken on a Perkin-Elmer 580 B apparatus. Samples were 
prepared as 1% dispersions in CsI pellets or as Nujol mulls. ' H  N M R  
spectra were recorded on a JEOL FX 100 spectrometer. Spectra were 
measured on 0.5" CDCI, or C6D6 solutions using tetramethylsilane 
as internal reference 

Chemicals. Reagent grade methylene chloride (CH2CI2) and benzo- 
nitrile (PhCN) were distilled over P205 before use. Tetrabutyl- 
ammonium hexafluorophosphate (TBA(PF6)) (Fluka) was recrystallized 
from ethyl acetate. (TPP)GaCI and (0EP)GaCI were synthesized ac- 
cording to literature  procedure^.'^ (TPP)Ga(R) and (OEP)Ga(R), where 
R stands for C4H9, C2H5, CH3, C6H5, and p-MeC6H4, were prepared 
according to a previously reported method32 and characterized by IR and 
UV-visible spectroscopic methods. The new compounds, (TPP)Ga(C- 
(CHd3),  (TPP)Ga(C2H2C6H5), (TPP)Ga(C2C6Hd. (OEP)Ga(C- 
(CH3)'), (OEP)Ga(C2H,C6H5), and (OEP)Ga(C2C6H5) were obtained 
by following the method described in ref 32. The synthesis and handling 
of these complexes were carried out under an atmosphere of argon. All 
common solvents were thoroughly dried in an appropriate manner and 
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Figure 1. Electronic absorption spectrum of (a) (TPP)Ga(C(CH,),) and 
(b) (OEP)Ga(C(CH3)3) in C6H.5. 

were distilled under argon prior to use. All operations were carried out 
in Schlenk tubes under purified argon and with dried oxygen-free sol- 
vents. Their UV-visible data are given in Tables I and 11, and the 
characteristic IR vibrations and N M R  data of the (TPP)Ga(R) and 
(OEP)Ga(R) complexes are given in Tables I11 and IV. 

Results and Discussion 
Spectroscopic Properties of Ionic (P)GaCI and Neutral (P)- 

Ga(R). The electronic absorption spectra of (TPP)GaCI a n d  
(0EP)GaCl are classified as "normal" porphyrin spectra.35 For 
example, (TPP)GaCl has a Soret band at 418 nm and in the same 
region a B(1,O) blue-shifted band at  397 nm. In addition, three 

(34) Lin, X.;  Kadish, K. M. Anal. Chem. 1985, 57, 1498. 
(35) Gouterman, M. In "The Porphyrins"; Dolphin, D., Ed.; Academic Press: 

New York, 1978; Vol. 111, Chapter 1 and references therein. 
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Table 111. 'H NMR and IR Data for the (TPP)Ga(R) and (TPP)Ga(Cl) Complexesb 
methine 
protons phenylic protons protons of R (Ar) 

complexes R (Ad mJic 6 m/ic 6 m/ic 6 vGa+, cm-' 
(TPP)GaCI" 9.07 m/8  (o-H) 8.20 

(TPP)Ga(CH,)" 

(TPP)Ga(CH2CH3)' 

(TPP)Ga((CH2)3CH3)" 

(TPP)Ga(C6H5)" 

CH3 

CH2CH3 

(CH2)3CH3 

C6H5 

p-CH3C6H4 

C(CH313 

CH=CHC6H5 

C=CC6H5 

8.97 

8.98 

8.98 

9.01 

8.99 

9.09 

9.12 

9.01 

m / l 2  (m,p-H) 7.76 
8.18 
7.73 
8.20 
7.74 
8.18 
1.74 

8.17 
7.75 

8.15 
7.71 

8.13 
7.74 
8.09 
7.42 

8.20 
7.77 

s i 3  -6.22 557 

-3.34 542 
-5.66 
-5.64 468 
-3.34 
-1.50 
-0.60 

1.96 454 
5.41 
5.9 
1.90 483 
5.24 
1.29 

~ / 9  (-C(CH3)3) -3.10 468 
m/2 (o-H) 5.51 
m/3 (m,p-H) 6.28 730 
d / l  (-CH=CH-) 1.86 
d / l  (-CH=CH-) 1.72 
m/2 (o-H) 5.9 567 
m/3 (m,p-H) 6.6 

'From ref 32. C6D6, Me4Si reference. eKey: m = number of lines; i = number of protons; s = singlet; d = doublet; t = triplet; q = 
quadruplet; m = multiplet. 

Table IV. 'H  NMR and IR Data for the (OEP)Ga(R) and (0EP)GaCI Complexesb 
methylic ethylic 
protons protons protons of R (Ar) 

complexes R (Ar) m/ic 6 mlic 6 m/ic 6 uGax, cm-' 
(0EP)GaCI' 

(0EP)GaCHP 

(OEP)Ga(CH2CH3)u 

(OEP)Ga((CH2)3CH3)4 

10.32 t/24 1.96 

10.17 

10.17 

10.16 

10.20 

10.19 

10.34 

10.37 

10.39 

q/16 4.15 
t/24 1.93 
q/16 4.14 
t/24 1.92 
q/16 4.15 
t/24 1.92 
q/16 4.15 

t/24 1.92 
q/16 4.14 

t/24 1.92 
q/16 4.13 

t/24 1.92 
q/16 4.04 
t/24 1.94 
q/16 4.14 

t/24 1.94 
q/16 4.16 

-6.76 560 

-3.79 542 
-6.15 
-6.15 470 
-3.74 
-1.79 
-0.80 

1.61 455 
5.17 
5.60 
1.55 482 
1.50 
5.01 

-3.43 470 

5.65 730 
6.48 
1.66 
1.52 
5.76 566 
6.48 

'From ref 32. C6D6, Me4Si reference. CKey: m = number of lines; i = number of protons: s = singlet; d = doublet; t = triplet; q = 
quadruplet; m = multiplet. 

Q bands appear at 548, 587, a n d  621 nm. In contrast ,  t h e  U- 

bonded gallium porphyrins show electronic absorption spectra 
belonging to the hyperclas~.~~ For the series of tetraphenylporphrin 
complexes, the  Sore t  band is split in to  two bands(labe1ed band 
I a n d  band 11), which appear between 320 and  450 nm. For all 
of t h e  compounds t h e  B( 1,0) band is observed close to  420 n m  
and  t h e  three Q bands a r e  located at -540, 570, and  615 nm. 
This  is summarized in Tab le  I. T h e  ( O E P ) G a ( R )  octaethyl- 
porphyrin derivatives exhibit similar spectral  characteristics, as 
shown in Table  11. Bands I a n d  I1 appear in the  range 330-440 
nm, while the  three Q bands (Q(2,0), Q(l,O), and Q(0,O)) a r e  
located close to 505, 550, a n d  580 nm, respectively. This  is 
illustrated in Figure 1, which shows electronic absorption spectra 

of (TPP)Ga(C(CH,)J and (OEP)Ga(C(CH3)3)  in C6H6. As can 
be seen in Tables  I and I1 the rat io  of the  molar absorptivities 
for the  split Soret  peaks varies as a function of the  different R 
groups. Moreover,  for a given axial ligand, the  rat io  is higher 
for the  tetraphenyporphyrin complexes than  for t h e  octaethyl- 
porphyrin derivatives. 

The spectroscopic properties of cr-indium-carbon  porphyrin^^^ 
are similar to  properties of the cr-gallium-carbon complexes. For 
complexes in the indium series, the presence of a blue-shifted band 
I was at t r ibuted to a 5p, - e,(n*) transition while band I1 may 

(36 )  Kadish, K. M.: Boisselier-Cocolios, B.; Cocolios, P.; Guilard, R. Inorg. 
Chem. 1985, 24, 2139. 
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Table V. Half-Wave Potentials or Peak Potentials" (V vs. SCE) of 
(TPP)GaCl and a Series of (TPP)Ga(R) Complexes in CH2C12, 0.1 
M TBA(PF,.) 

b 

reduction oxidation 
axial ligand u * ~  1st 2nd 3rd 1st 2nd 
C(CH,)3 -0.30 0.76" 1.20 1.47 
C J 9  -0.13 0.79" 1.19 1.47 
C2H5 -0.10 0.80" 1.20 1.46 
CH, 0.00 0.86" 1.19 1.46 
C2H2C6H5 0.99" 1.21 1.48 
C6H5 1.05" 1.22 1.48 
C2Cd-L 1.27 1.47 
CI 1.19 1.42 

-1.31 
-1.29 
-1.27 
-1.29 
-1.24 
-1.22 
-1.19 
-1.16 

-1.74 
-1.73 
-1.70 
-1.7 1 
-1.67 
-1.66 
-1.59 
-1.56 

'Epa measured at 100 mV/s. bSubstituent constant for R group. 
See ref 47. 

1.5 1.0 0.5 0.0 -0.5 -1.0 -1.5 -2.0 

Potential (V vs SCE) 

Figure 2. Cyclic voltammograms of (a) (TPP)GaCI and (b) (0EP)GaCl 
in CH2CI2, 0.1 M TBA(PF6) (scan rate 100 mV/s). 

be interpreted as a R - r* electronic transition of the porphyrin 
ring. Band I of the gallium series may be attributable to 4p, - 
e,(R*) transition, while band I1 is assigned as a R - R* electronic 
transition. Also, similar to the indium series, the molar absorptivity 
ratio of the two bands, c(II)/c(I), can be related to the elec- 
tron-donating ability of the axial ligand. 

For a given porphyrin in one of the two series (either the 
tetraphenyl- or the octaethylporphyrin series), the complexes with 
greater electron-donating R groups have a smaller c(II)/e(I) ratio. 
This is seen in Tables I and 11, where the ratio of the molar 
absorptivities range between 2.04 for (TPP)Ga(C(CH,),) and 
20.20 for (TPP)Ga(C,H6H5) in the tetraphenylporphyrin series. 
The corresponding octaethylporphyrin systems have values of 
c(II)/t(I) that range from 0.91 for (OEP)Ga(C(CH,))) to 15.18 
for (OEP)Ga(C2C6HS). The hypercharacter is normally more 
pronounced for the OEP derivatives than for the TPP complexes. 
In consideration of these results, one would expect the ionic 
character of the metal-carbon bond to be more pronounced for 
the (P)Ga(C2C6H5) complexes since the intensity of band I is very 
low. 

From the electronic absorption spectra, it can be deduced that 
the electron density in the a-bonded gallium complexes may be 
considered as essentially concentrated on the gallium atom and 
not on the macrocyclic ring. NMR spectroscopic d a q  are in good 
agreement with this conclusion. With only a few exceptions, the 
resonance signals of the methine protons for various octaethyl- 
metalloporphyrins vary over a narrow range between 6 = 10.0 and 
10.7. The exact chemical shift depends on the oxidation state of 
the central metal,)' and methine resonances are observed in the 
following well-defined ranges: 6 = 9.75-10.08 for a divalent metal; 
6 = 10.13-10.39 for a trivalent metal; 6 = 10.30-10.58 for a 
tetravalent metal; 6 = 10.55 for the only measured pentavalent 
metal; 6 = 10.75 for the only measured hexavalent metal. For 
(OEP)Ga(R), the gallium metal oxidation state is I11 and the 
observed metal proton shifts of 10.37-10.40 ppm are typical of 
a trivalent metal. The specific chemical shifts for each of the 
(OEP)Ga(R) complexes and (0EP)GaCl are given in Table IV. 
As seen in this table, only small and insignificant variations of 
the chemical shifts occur, and in contrast with the observed results 

the resonanw of the methinic 
protons do not depend on the electron-donating ability of the axial 
ligands. However, as will be shown in the following sections, the 
UV-visible data can be correlated with the electrochemical po- 
tentials for oxidation or reduction of the (P)Ga(R) complexes. 

Electrode Reactions of (0EP)GaCI and (TPP)GaCI. The 
electrochemistry of (0EP)GaCl and (TPP)GaCl, was investigated 
in CH2C12 with 0.1 M TBA(PF,). Two reversible waves are 
observed in reduction and two waves in oxidation. This is illus- 

' for complexes of the indium 

Table VI. Half-Wave Potentials or Peak Potentials" (V vs. SCE) of 
(0EP)GaCI and a Series of (OEP)Ga(R) Complexes in  CH2Cl2, 0.1 
M TBA(PF6) 

reduction oxidation 
axial ligand u * ~  1st 2nd 3rd 1st 2nd 
C(CH,), -0.30 0.68" 1.10 1.44 -1.54 ... 
C4H9 -0.13 0.71" 1.10 1.45 -1.53 ... 
C2HS -0.10 0.72" 1.09 1.43 -1.51 ... 
CH, 0.00 0.76" 1.10 1.45 -1.53 ... 
C2H2C6H5 0.98" 1.10 1.45 -1.47 ... 
C6H5 0.89b 1.34b -1.49 ... 

c1 1.01 1.45 -1.41 -1.85 
C2C6H5 0.93 1.53 -1.43 ... 

" E p  measured at 100 mV/s. bHalf-wave potential values measured 
at -10 O C .  CSubstituent constant for R group. See ref 47. 

trated by the voltammograms of the two compounds, represented 
in Figure 2. Half-wave potentials for oxidation and reduction 
of these complexes are given in Tables V and VI along with E,,* 
values of the u-alkyl and u-alkyl derivatives. 

The absolute potential difference between the first two reduction 
potentials of (TPP)GaCl is 400 mV while for (0EP)GaCl the 
potential difference is 440 mV. These separations between the 
reduction potentials are in good agreement with the 0.42 f 0.05 
V generally observed for ring-centered reductions of different 
metalloporphyrin complexe~ .~~  In contrast, the absolute potential 
separations between the two reversible oxidation waves are 230 
and 440 mV for (TPP)GaCl and (OEP)GaCl, respectively. The 
reported range for successive ring-centered oxidations of metal- 
loporphyrins is 0.29 f 0.05 V.j8 This might suggest that the 
observed oxidations for (0EP)GaCl do not involve abstractions 
from the R ring system. However, there are other reasons for 
deviations to occur (such as changes in ligand binding), and more 
information is needed to ascertain the actual site of the electron 
abstractions. 

Time-resolved thin-layer spectra recorded during the first 
one-electron reduction of (TPP)GaCl and (0EP)GaCl are rep- 
resented in Figure 3, and wavelengths of maximum absorbance 
for the electrogenerated species are summarized in Table VII. For 
both complexes, 1 .O electron is added to the starting species to 
give a product generally characteristic of an anion radical. For 
both compounds, the oxidation and reduction waves are reversible 
on the thin-layer spectroelectrochemical time scale. 

(TPP)GaCl exhibits a Soret band at 420 nm in PhCN and three 
Q bands at  510, 552, and 589 nm. Upon the addition of one 
electron, the Soret peak is shifted toward higher wavelengths (450 
nm) and two broad absorptions appear at 713 and 869 nm. A 
similar change in the spectrum is observed after reduction of 
(0EP)GaCl. The neutral complex shows an intense Soret peak 
at 407 nm and two peaks at 535 and 573 nm. After the addition 
of one electron, the Soret peak decreases in intensity and shifts 
to 428 nm. At the same time, the two bands in the visible region 

(37) Scheer, H.; Katz, J. J. In "Porphyrins and Metalloporphyrins", Smith, 
K. M.,  Ed.; Elsevier: Amsterdam, 1975; Chapter 10. 

(38 )  Fuhrhop, J.-H.; Kadish, K. M.; Davis, D. G. J .  Am. Chem. SOC. 1973, 
95, 5140. 
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Figure 3. Time-resolved electronic absorption spectra of (a) (TPP)GaCI and (b) (0EP)GaCI recorded during a one-electron reduction in PhCN, 0.1 
M TBA(PF6). 
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Figure 4. Time-resolved electronic absorption spectra of (a) (TPP)GaCI and (b) (0EP)GaCl recorded during a one-electron oxidation in PhCN, 0.1 
M TBA(PF6). 

Table VII. Maximum Absorbance Wavelengths (Amax) and Corresponding Molar Absorptivities (e) of Neutral, Oxidized, and Reduced 
(TPP)GaCI and (0EP)GaCI in PhCN. 0.1 TBA(PFI) 

compd electrode reacn A,,,, nm (e  x 

(TPP)GaCI none 400 (5.3) 420 (634.8) 510 (4) 552 (22.6) 589 (6.0) 
l e  redn 450 (231) 713 (28) 869 (19) 
l e  oxidn 416 (211) 458 (40) 607 (10) 664 (1 4) 

(0EP)GaCI none 386 (54.0) 407 (370.1) 535 (17.0) 573 (24.1) 
l e  redn 428 (230) 628 (63) 659 (sh) 807 (23) 
l e  oxidn 395 (291) 645 ( 1  8) 

disappear while three broad peaks that are characteristic of an 
anion radical appear a t  628, 659, and 807 nm. These spectral 
changes are totally reversible, and the spectrum of the starting 
species can be regenerated upon application of a controlled po- 
tential more positive than -0.9 V for (TPP)GaCI and more positive 
than -1.2 V for (0EP)GaCl.  

An assignment of the site of the first electron abstraction of 
the chloro complexes (r ring or metal center) is less clear-cut. 
This is illustrated by the electronic absorption spectra of the singly 
oxidized (0EP)GaCl and (TPP)GaCl derivatives, represented in 
Figure 4. Both compounds exhibit a shift of the Soret peak 
maximum toward lower wavelengths as well as a decrease in the 
intensity of the peak upon oxidation. In addition, the peaks in 
the visible region disappear but no broad absorptions are detected 

above 700 nm. At the same time, [(TPP)GaCl]+ shows a new 
absorption at  457 nm and [(OEP)GaCI]+ at  641 nm. 

ESR of Oxidized and Reduced (TPP)GaCI and (0EP)GaCI. 
The complete electrolysis of (TPP)GaCl at -1.3 V in CH2Cl2 with 
0.1 M TBA(PF6) leads to a solution whose ESR spectrum is shown 
in Figure 5. The g factor is close to the free-spin value of 2.0032, 
and the total width of about 50 G is typical of metalloporphyrin 
radical  anion^.^^,^^ This observation is in accordance with the 
results of spectroelectrochemistry that suggest a ring-centered 
reduction. 

(39) Felton, R. H.; Linschitz, H. J .  Am. Chem. SOC. 1966, 88, 1113.  
(40) Fajer, J.; Davis, M. S. In "The Porphyrins"; Dolphin, D., Ed.; Academic 

Press: New York, 1978; Vol. IV, Chapter 4 and references therein. 



4526 Inorganic Chemistry, Vol. 24, No. 26, 1985 Kadish et  al. 

Figure 5. ESR spectrum of singly reduced (TPP)GaCI at 115 K in 
CH2C12, 0.1 M TBA(PF6). 

Figure 6. Room-temperature ESR spectrum of singly oxidized (TPP)- 
GaCl in CH2CI2, 0.1 M TBA(PF6). 

The one-electron oxidation of (TPP)GaCl at  +1.3 V leads to 
a species that exhibits an ESR spectrum at  room temperature. 
This spectrum is shown in Figure 6 and consists of four well-re- 
solved lines reflecting coupling of the unpaired electron with the 
nuclear spin of gallium (A = 10 G). The natural abundances of 
69Ga and 71Ga are 60.2 and 39.8%, respectively, and the nuclear 
spin is 3 / 2  for both isotopes. At room temperature, specific lines 
attributable to each isotope cannot be distinguished since only four 
broad lines appear. The morphology of the spectrum does not 
show significant differences at lower temperatures and corresponds 
to highly isotropic ESR signals. 

Delocalization of spin onto the metal of the porphyrin has been 
detected for oxidized and indium36 
complexes. With the exception of thallium porphyrins, the ESR 
and UV-visible spectra of these derivatives are typified by those 
of oxidized zinc tetraphenylporphyrin, [(TPP)Zn]+.. This latter 
compound exhibits an optical spectrum characteristic of an A,, 
state, and enough spin density is found on the metal to yield 
detectable coupling constants. However, all of the above complexes 
have a small amount of spin density on the metal ion. In contrast, 
the octaethylporphyrin radicals [(OEP)Mg]+., [(OEP)Zn]+., and 
[(OEP)InCI]+. have optical spectra typical of an A,, state and 
display no metal  interaction^.^^ The one-electron oxidation of 
(0EP)GaCl also gives a radical with a singlet ESR signal that 

(41) Wolberg, A.; Manassen, J. J .  Am. Chem. SOC. 1966, 88, 1113. 
(42) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, R. M. J .  Am. 

Chem. SOC. 1970, 92, 345 1. 
(43) Fajer, J.; Borg, D. C.; Forman, A,; Adler, A. D.; Varadi, V. J .  Am. 

Chem. SOC. 1974. 96. 1238. 
(44) Fajer, J.; Borg, D. C.'; Forman, A,; Felton, R. H.; Vehg, C.; Dolphin, 

D. N.Y.  Acad. Sci. 1973, 206, 349. 
(45) Mengersen, C.; Subramanian, J.; Fuhrhop, J. M.; Smith, K. M. 2. 

Naturforsch., B: Anorg. Chem., Org. Chem. 1974, 1827. 
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Figure 7. Cyclic voltammograms of (a) (TPP)Ga(CH3) and (b) 
(OEP)Ga(CH3) in CH2CI2, 0.1 M TBA(PF6). Scan rate 100 mV/s. 

is independent of temperature. The g factor and line width of 
this signal are comparable to those obtained for porphyrin a cations 
in an A,, state. 

The origin of the metal interaction for [(TPP)GaCl]+. is 
identical with that proposed for the cobalt, zinc, and indium series 
and arises from a a-a spin-polarization mechanism. However, 
if a gallium interaction is clearly demonstrated, the observed 
splittings account for a spin density of only about 0.003% at the 
gallium nucleus. This calculation is made considering that the 
optimal hyperfine coupling constants of 69Ga and 71Ga are 2657.7 
and 3377.0 G, respectively.46 Consequently, the coupling constant 
of the unpaired electron with the nuclear spin of the gallium may 
be interpreted as a superhyperfine coupling, with the electron being 
located on the macrocycle ring. 

Reductions of (TPP)Ga(R) and (OEP)Ga(R). Half-wave 
potentials for oxidation and reduction of (TPP)Ga(R) and 
(OEP)Ga(R), where R = CH,, C2H5, C4H9, C(CH3)3, C,H,C& 
C6H5, and C2C6H5, are summarized in Tables v and VI, and cyclic 
voltammograms of (TPP)Ga(CH,) and (OEP)Ga(CH3) are 
represented in Figure 7 .  These voltammograms are quite rep- 
resentative of each compound in the OEP and the TPP series. 

The tetraphenylporphyrin complexes exhibit two reduction 
waves while the octaethylporphyrin derivatives show only one wave 
in the potential range of the solvent. Half-wave potentials for 
the first reduction of (TPP)Ga(R) range from -1.31 to -1.19 V, 
and the value of is directly related to the substituent constant 
associated with the bound R This is shown in Table V. 
The absolute potential difference between El,, of the first and 
the second reduction of (TPP)Ga(R) ranges from 400 to 440 mV. 
This is comparable to the 400-mV value observed for reduction 
of (TPP)GaCl and is characteristic of ring-centered reactions. For 
the (OEP)Ga(R) series, the values of E L I 2  range from -1.54 V 
for (OEP)Ga(C(CH,),) to -1.43 V for (OEP)Ga(C2H6H5). The 
half-wave potentials for this series of compounds also parallel the 
magnitude of the substituent constant of the bound R group. 
However, the overall substituent effect is very small since, in both 
series, the shift is only 110 mV between the most difficult to reduce 
and the most easily reduced compound. This indicates that there 
is only a slight interaction of the substituent group with the 
electroreduction site. 

Thin-layer spectroelectrochemistry was carried out for both 
series of compounds in PhCN with 0.1 M TBA(PF6). Half-wave 
potentials recorded in that medium were quite similar to those 
observed in CH2C12 and varied by less than 5 mV from values 
obtained by normal cyclic voltammetry. The thin-layer voltam- 

(46) Froese, C. J .  Chem. Phys. 1966, 45, 1417. 
(47) Values of u* were taken from: Taft, R. W., Jr. In "Steric Effects in 

Organic Chemistry"; Newman, M. S . ,  Ed.; Wiley: New York, 1956; 
Chapter 13. 
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Table VIII. Maximum Absorbance Wavelengths (Amax) and Corresponding Molar Absorptivities (e) of the Singly Reduced (OEP)Ga(R) and 
(TPP)Ga (R) 

A,,,, nm (e  x 1 0 3  porphyrin R group 
TPP C(CH3)3 392 (35) 461 (75) 648 (21) 704 (22) 841 (20) 

C4H9 355 (41) 453 (110) 651 (15) 705 (17) 840 (16) 
C2H5 354 (31) 452 (101) 650 (9) 710 (21) 835 (30) 
CH3 342 (31) 447 ( 1  30) 648 (25) 691 (24) 832 (35) 
C2H2C6H5 435 (122) 651 (20) 688 (51) 839 (20) 
C6H5 441 (105) 705 (20) 825 (31) 
C2C6H5 432 (149) 647 (23) 841 (20) 

C(CHd3 388 (51) 479 (90) 759 (35) 878 (37) 
C4H9 356 (81) 471 (220) 761 (34) 869 (30) 
C4H9 372 (62) 476 (105) 768 (41) 869 (31)  
C2H5 357 (66) 472 (120) 772 (50) 859 (54) 
CH3 352 (88) 459 (208) 796 (29) 857 (41) 
C2H2C6H5 368 (82) 448 (201) 766 (31) 871 (35) 
C6H5 359 (42) 453 (221) 747 (43) 875 (33) 

OEP 
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Figure 8. Time-resolved electronic absorption spectra of (a) (TPP)Ga- 
(CH,) and (b) (OEP)Ga(CH,) during a one-electron reduction in PhCN, 
0.1 TBA(PF6). 

mograms were reversible, and the spectra of the starting species 
could be regenerated by back-electrolysis a t  potentials more 
positive than -1.0 V. 

Time-resolved electronic absorption spectra of singly reduced 
(TPP)Ga(CH,) and (OEP)Ga(CH,) are represented in Figure 
8 and are quite representative of the respective (TPP)Ga(R) and 
(OEP)Ga(R) series. Wavelengths for maximum absorbances of 
the singly reduced (P)Ga(R) are summarized in Table VIII. As 
seen in Figure 8 and Table VIII, the one-electron reduction of 
each u-bonded gallium derivative leads to the formation of a 
species that exhibits an anion radical-like spectra. The spectrum 
morphologies resemble, but are not identical with, the corre- 
sponding singly reduced (P)GaCl (see Table VII). 

Analysis of the electronic absorption spectra leads to conclusions 
that are in agreement with those from analysis of the ESR spectra 
obtained in the same medium. After a one-electron reduction, 
(TPP)Ga(CH,) exhibits a sharp ESR signal centered at g = 2.00. 
The width of the signal is 60 G, and the symmetry of the peak 
is characteristic of porphyrin anion radicals. It thus appears to 
be conclusive that the one-electron reduction of (P)Ga(R) com- 
plexes leads to a ring-centered reduction with no interaction be- 
tween the added electron and the metal center. 

Oxidations of (TPP)Ga(R) and (OEP)Ga(R). Cyclic voltam- 
mograms of (P)Ga(R), where R = C(CH3),, C4H9. C2H5, CH,, 
and C2H,C6H5; show three oxidation waves, the first of which 
is irreversible as illustrated in Figure 7. When R = C6H5, a partial 
reversibility is observed for the first oxidation of the OEP de- 
rivative. If the temperature is lowered to -10 OC, the ratio of 
anodic and cathodic peak currents becomes closer to a theoretical 

300 400 500 800 700 800 

Wavelength (nm) 

Figure 9. Time-resolved electronic absorption spectra of (TPP)Ga(CH3) 
during a one-electron oxidation in PhCN, 0.1 M TBA(PF6). 

value of 1 .O for this compounds, and currents for the second and 
third oxidation waves decrease in intensity. At the same time, 
a new peak appears a t  1.34 V. These observations are in ac- 
cordance with an EC mechanism (chemical reaction following 
electron transfer) for the first oxidation. This conclusion is 
strengthened by the similarity of the half-wave potentials for the 
second and third oxidations of the remaining complexes in the 
series. For these species, the second and third oxidations are 
attributed to reactions of the (P)Ga(PF6) derivatives, which are 
formed after a cleavage of the Ga-C bond as shown in eq 1 and 
2. 

(P)Ga(R) [(P)Ga(R)]+. (1) 

(2) 
ki 

[(P)Ga(R)]+. - [(P)Ga]+ + R. 

In contrast to the above series of compounds, the (0EP)Ga- 
(C2C6H5) and (TPP)Ga(C2C6H5) voltammograms show only two 
reversible oxidation waves, as illustrated by the values of E, ,2  in 
Tables V and VI. Thus, on the cyclic voltammetry time scale, 
the singly oxidized (P)Ga(R) complexes exhibit a different stability 
as a function of the bound R group. The peak potentials also show 
a progressive shift which follows the magnitude of the substituent 
constant associated to the bound R For the OEP series, 
the values of E, for oxidation range from 0.68 V for (0EP)Ga- 
(C(CH,),) to 0.98 V for (OEP)Ga(C2H2C6H5). In the TPP series, 
the values range from 0.76 V for (TPP)Ga(C(CH,),) to 0.99 V 
for (TPP)Ga(C2H2C6H5). Such a large potential shift (300 mV) 
is indicative of a large range of rate constants for the chemical 
reaction shown by eq 2.4a 

Although some of the oxidized species are stable on the cyclic 
voltammetry time scale, it was not possible to identify the spectra 
of the oxidized species by thin-layer spectroelectrochemistry or 
by a bulk electrolysis followed by spectral characterization. The 
thin-layer voltammograms were irreversible, and no intermediates 
were detected during the oxidation. The final spectra after the 
one-electron oxidation of (P)Ga(R) resembled the spectra of 

(48) Nicholson, R. S.; Shain, I. Anal. Chem. 1964, 36, 707. 
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(P)GaCl; Le., the spectra had a B(1,O) band and a Soret band 
shifted towards lower wavelengths. This is illustrated in Figure 
9 for the case of (TPP)Ga(CH,). Oxidation of all the tetraphenyl 
derivatives led to the same final species with a Soret peak a t  423 
nm and Q bands at  554 and 595 nm. Oxidation of the octaethyl 
derivatives also led to the same final species, which has a Soret 
band at  387 nm and Q bands at 534 and 572 nm. These spectra 
can reasonably be attributed to the corresponding (P)Ga(PF,) 
complexes. 

Comparison of (P)Ga(R) Reactivity with That of Other (P)M- 
(R) Complexes. The reduction of organocobalt complexes leads 
to a cleavage of the cobalt-carbon bond.49 In contrast, the 
addition of electrons to (P)III(R),~ or (P)Ga(R) generates rela- 
tively stable singly and doubly reduced species. A stable anionic 
complex is also generated upon reduction of (P)Fe(C6H5),50-52 
but the reduction of iron porphyrin complexes with u-bonded R 
groups such as C6F5 or C6F4H leads to rapid cleavage of the 
iron-carbon bond.53 These differences in stability may result from 
differences in the site of electron transfer. The addition of an  
electron to the organocobalt complex and to (P)Fe(C,Fs) involves 
reduction a t  the orbitals of the metal ion. This is not the case 
for (P)Ga(R) or (P)In(R), where anion radicals and dianions are 
formed. There is very little interaction of the u-bonded ligand 
with the negatively charged conjugated R ring system, and this 
is reflected in the lack of substituent effects on the reduction 
potentials of (TPP)Ga(R) and (OEP)Ga(R). 

It is also interesting to compare the chemical reactivity of singly 
oxidized [(P)Ga(R)]+ with that of singly oxidized [(P)In(R)]', 
[(P)Fe(R)]+, and [(P)Co(R)]+. All three compounds are highly 

(49) Lexa, D.; Saveant, J. M. Acc. Chem. Res. 1983, 16, 235. 
(SO) Lexa, D.; Saveant, J. M. J .  Am. Chem. SOC. 1982, 104, 3503. 
(51) Lancon, D.; Cocolios, P.; Guilard, R.; Kadish, K. M. J .  Am. Chem. SOC. 

1984, 106, 5724. 
(52) Lancon, D.; Cocolios, P.; Guilard, R.; Kadish, K. M. Organometallics, 

1984, 3, 1164. 
(53) Guilard, R.; Boisselier-Cocolios, B.; Tabard, A.; Cocolios, P.; Simonet, 

B.; Kadish, K. M. Inorg. Chem. 1985, 24, 2509. 
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unstable, and after electrochemical generation from the corre- 
sponding (P)M"' (R) derivative, each compound undergoes a rapid 
cleavage of metal-carbon bond.15~36~5'~52 They differ, however, 
in that both the iron and the cobalt derivatives undergo a metal 
to nitrogen migration resulting in the corresponding N-alkyl- 
porphyrin with an  M(I1) center. This migration does not occur 
during decomposition of [(P)In(R)]+ or [(P)Ga(R)]+, presumably 
due to the lack of an In(I1) or Ga(I1) oxidation state, which would 
be needed for the indium and gallium N-alkylporphyrin. In fact, 
to our knowledge, no indium or gallium N-alkylporphyrins have 
ever been synthesized. 
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The cationic NiIVN6 complex, NiL2+, of the hexadentate dioxime ligand (MeC(=NOH)C(Me)=NCH2CH2NHCH2-), (H2L) 
has been incorporated by ion-exchange forces into poly@-styrenesulfonate) (P-SS) films attached to a basal pyrolytic graphite 
(bpg) electrode surface over the pH range 1-9. Optimal binding is achieved in acidic solution (pH 3-5). The variable-pH cyclic 
voltammetry of the surface-bound complex has revealed that at pH <5 the single 2e-2Ht couple NiiVL2+/Ni"(H2L)*+ (formal 
potential, E0'298, 0.72 * 0.01 V) is operative. At alkaline pH, two le  couples become observable: NiiVL2+/NiIi1Lf (0.42 i 0.01 
V) followed by NiT"L+/Nii1(HL)+ (0.66 i 0.01 V; pH 4 . 5 )  or Ni"'L+/Ni"L (0.17 i 0.01 V; pH 28.5). This pattern of 
electroprotic equilibria is virtually the same as that observed for homogeneous aqueous solutions of NiL2+ at a bare bpg electrode. 
The cyclic voltammetric peak current of the surface-confined species (pH 4.05; 298 K) varies as the square root of scan rate over 
a wide range of surface coverage. The charge transport rate is thus slow, the diffusion coefficient being of the order of cm2/s. 
The equilibrium ratio of the concentration of NiL2+ in the polymer film to that in the loading solution is 30 =k 10 at 298 K and 
pH 4.05. The loss of incorporated NiL2+ from the loaded electrode into the buffer solution follows first-order kinetics with a rate 
constant of (3.5 f 0.5) X lo-, SKI under the same conditions. In alkaline media such loss occurs at a higher rate on redox cycling 
presumably due to a diminution of ion-pair bond energy on reduction. 

Introduction 
The hexadentate amine-imine-oxime ligand1 H2L (1) and the 

conjugate oximato bases HL- and L2- display remarkable affinity 
for nickel and pseudooctahedral NiN6 species (2) 
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spanning the oxidation states +2, +3 and +4. The structures of 
[Ni'"L] (ClO,), and [Nir1(H2L)] are accurately known 
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