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Abstract 

The synthesis, physicochemical properties, and electrochemistry of a new series of metal-metal 
a-bonded metalloporphyrins are reported. The investigated compounds are represented as (P)MRe(CO), 
where P is the dianion of octaethylporphyrin (OEP) or tetraphenylporphyrin (TPP) and M = Al, Ga, In, 
or Tl. These compounds provide the first examples of Al and Ga metalloporphyrins with covalent 
metal-metal bonds as well as give the first series of compounds in which the same metalate anion is 
covalently bonded to four different group 13 metalloporphyrins. Each synthesized complex was char- 
acterized by ‘H NMR, IR, and UV-visible spectroscopy as well as by electrochemistry. Graham Au and 
An parameters, and calculated residual charges on the rhenium atom of (P)MRe(CO), demonstrate that 
the covakncy of the metal-metal bond decreases in the order: TJ z=. In > Ga > Al. The thallium 
derivative is stable upon electrooxidation by either one or two electrons. However, the In, Ga, and Al 
complexes undergo rapid cleavage of the metal-rhenium bond after formation of a [(P)MRe(CO),]+’ 
cation radical. The chemical reactivity and physical properties, as well as the electrochemistry, of each 
(P)MRe(CO), species were analyzed as a function of the central metal ion or porphyrin ring basicity. The 
spectroscopic properties and electrochemistry of these metal-metal u-bonded species are compared with 
data for other metal-metal bonded metallopotphyrins of the type (P)MM’(L) as well as with data for 
related metal-carbon bonded porphyrins of the type (P)M(R). 

Introduction 

Numerous metal-metal bonded metalloporphyrins have been synthesized to 
better understand biological processes, or as starting derivatives in the preparation 
of new materials [l-19]. One family of these organometallic species which has been 
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characterized in the literature includes u-bonded bimetallic metalloporphyrins of the 
type (P)MM’(L) where P is the dianion of a given porphyrin ring, M is In or Tl, and 
M’(L) is a metalate anion such as Mn(CO),, Co(CO),, Cr(CO),Cp, Mo(CO),Cp, or 
W(CO),Cp [l-3,6-9]. 

The stability of a given (P)MM’(L) or (P)M(R) derivative will depend upon the 
covalent character of the metal-metal or metal-carbon bond; the more covalent the 
bond, the more stable will be the complex. The most stable group 13 u-bonded 
porphyrins which have been synthesized to date are those with a Tl central metal 
ion [8] while the least stable are carbon u-bonded complexes of the type (P)Al(R) 
[lo] or (P)Ga(R) [ll], where R is an alkyl or aryl group. All attempts to synthesize 
aluminum or gallium metalloporphyrins with u-bonded Mn(CO),, Co(CO),, or 
M(CO),Cp axial ligands have so far proven to be unsuccessful. 

Previous work on bimetallic indium [l-3,6,7] and thallium [l-3,8] porphyrins has 
demonstrated that the metal-metal bond strength of a given complex parallels the 
nucleophilic character of the metalate anion. Dessy et al. [12] reported that the 
anion nucleophilicity of Re(C0); is greater than that of either Mn(C0); or 
Co(CO);, both of which can form bimetallic complexes with In or Tl metallo- 
porphyrins [l-3,6-9]. This fact therefore led us to attempt the synthesis of 
(P)MRe(CO), complexes. 

In this present paper we report the synthesis, physicochemical properties, and 
electrochemical characterization of seven group 13 metalloporphyrins containing a 
u-bonded Re(CO), ligand. The investigated compounds are represented as 
(P)MRe(CO), where P = OEP or TPP and M = Al, Ga, In or Tl. The present series 
of compounds provides the first examples of gallium and ahuninum porphyrins with 
covalent metal-metal bonds as well as gives the first example where the same 
metalate anion can be u-bonded to four different group 13 metalloporphyrins. Each 
derivative was characterized by IR, UV-visible, and ‘H NMR spectroscopy as well 
as by electrochemistry. The spectroscopic properties and electrochemistry of these 
metal-metal u-bonded species are compared with data for other metal-metal 
bonded metalloporphyrins of the type (P)MM’(L), as well as with data for related 
metal-carbon u-bonded porphyrins of the type (P)M(R). 

Experimental 

Chemicals. Synthesis and handling of each bimetallic porphyrin complex and 
metalate anion were carried out under an argon atmosphere. All common solvents 
were thoroughly dried in an appropriate manner [13] and distilled under argon prior 
to use. The starting (P)MCl species, were prepared by metalation of (OEP)H, or 
(TPP)H, according to literature methods [14]. NaRe(CO), was synthesized by 
sodium amalgam reduction of Re2(CO)i0 in tetrahydrofuran under an inert argon 
atmosphere [15]. Spectroscopic grade methylene chloride (CH,Cl,, Fisher) was used 
for electrochemical studies and was distilled from PzO, prior to use. Tetrabutylam- 
monium hexafluorophosphate (TBA(PF,)) was purchased from Alfa. This support- 
ing electrolyte was twice recrystallized from absolute ethyl acetate and dried in a 
vacuum oven at 40 o C prior to use. 

General procedure for preparation of (P)MRe(CO)5 where M = Al, Ga, In, or TI. 
NaRe(CO), in THF (23 cm3, 0.7 mmol) was added dropwise to (P)InCl or (P)T’lCl 
(0.5 mmol) in tetrahydrofuran (150 cm3) at room temperature in the dark and gave 
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Table 1 

Yield (W) and analytical data for (P)MRe(CO), complexes 

Porphyrin, Central Molecular Recrystallization Yield, Anal. data (W) b 

P metal formula solvent ’ (W C H N 

OEP Al C.,,H,N,AlReO~ = 47d _ _ _ 

Ga C,IH,N,GaReO, A/B (2/l) 49 53.5 
(53.02) $8) $3) 

In C.,,H,N,InRe05 A/B (2/l) 19 52.0 4.1 5.5 
(50.56) (4.56) (5.75) 

Tl C,,H,N,nReO, A/B (2/l) 90 

(~41) $8) (%) 

TPP Ga C49H2sN4GaReOS A/B (20) 59 57.6 
(58.34) $0) $5) 

In C49H2sN41nReOS A/B (2/l) 88 53.6 2.6 5.2 
(55.84) (2.68) (5.31) 

l-l C49H2sN4nReOs A/B (2/l) 94 50.5 
(51.47) (:::7) (zo) 

a Abbreviations: A = benzene, B = heptane. b Calculated values in parentheses. ’ Compound could not be 

recrystallized (see text). d Crude compound. 

(P)InRe(CO), or (P)TlRe(CO), as a final product. The same procedure was used for 
preparation of (P)AlRe(CO), and (P)GaRe(CO),, but these syntheses were carried 
out in toluene at - 70 o C. 

The formation of each bimetallic complex was monitored by UV-visible spec- 
troscopy and the reaction stopped after about one hour. The solutions were then 
chromatographed in the dark over a short, silica gel-packed column under an argon 
atmosphere (eluent: toluene; column dimensions: 3 cm X 3 cm; silica gel 20-210 
mesh). After solvent evaporation, the crude product was recrystallized from a 
benzene/heptane mixture. Yields are given in Table 1 and varied from 47 to 94% 
depending upon the specific central metal ion and the porphyrin macrocycle. 

Instrumentation. Elemental analyses were performed by the Service de Micro- 
analyses du C.N.R.S.. ‘H NMR spectra were recorded at 400 MHz on a Bruker 
WM 400 spectrometer of the Cerema (Centra de Resonance MagnCtique de l’Uni- 
versite de Bourgogne). Spectra were measured from 5 mg solutions of the complex 
in C,D, with tetramethylsilane as internal reference. Infrared spectra were obtained 
on a Perkin Elmer 580 B apparatus. Solid samples were prepared as a 1% dispersion 
in CsI pellets. Electronic absorption spectra were recorded on a Perkin Elmer 559 
spectrophotometer or an IBM Model 9430 spectrophotometer. 

Electrochemistry was carried out with the use of a three-electrode system. The 
working electrode was a platinum button which had a diameter of 0.1 cm. The 
counter electrode was a platinum wire. A home-made saturated calomel electrode 
(SCE) was used as reference and was separated from the bulk of the solution by a 
fritted glass bridge. Cyclic voltammograms were obtained with an IBM Model EC 
225 voltammetric analyzer coupled with a Houston Instrument Model 2000 X-Y 
recorder. High-purity nitrogen was used for deaeration and to maintain an Nz 
atmosphere above the solution during the experiment. Electrochemical data were 
collected in the dark in order to rnmimize photocleavage of the metal-metal bond. 
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Results and discussion 

Seven different (P)MRe(CO), complexes were synthesized in the reaction be- 
tween (P)MCI and Re(C0);. The analytical data of the resulting (P)MRe(CO), 
species are summarized in Table 1 and are consistent with the calculated molecular 
formulas. Significant differences in the yield of a given complex were obtained 
depending upon the specific central metal ion and the type of porphyrin macrocycle. 
(P)InRe(CO), and (P)TlRe(CO), were isolated at room temperature in yields 
between 79 and 94% while the aluminum and gallium derivatives could only be 
obtained at low temperature (- 70°C) and were isolated in lower yields which 
ranged between 47 and 59%. The TPP derivatives of Ga, In, and Tl are obtained in 
higher yields than the OEP complexes with the same central metal. For the case of 
the Al derivatives, the OEP complex appeared to be more stable than the TPP 
species. However, some problems were encountered with either purification or 
isolation of both complexes. (OEP)AIRe(CO), could not be recrystallized and only 
the crude product was obtained for spectroscopic and electrochemical characteriza- 
tion. Although all attempts to isolate (TPP)AlRe(CO), were unsuccessful, its forma- 
tion could be monitored by UV-visible spectroscopy. The overall stability of a given 
(P)MRe(CO), complex with the same porphyrin ring and a different central metal 
thus follows the sequence: Al < Ga < In & Tl. The same order of stability is also 
observed for (P)MM’(L) where M = In or Tl and M’(L) = Co(CO),, Mn(CO),, or 
M”(CO),Cp where M” = Cr, MO or W [l-3]. 

Spectral characterization of neutral (P)MRe(CO),. Infrared spectral data for 
(P)MRe(CO), in both the solid state and in solution are listed in Tables 2 and 3. IR 
spectra of (TPP)GaRe(CO), under both conditions are illustrated in Figure 1 which 
covers only the carbonyl stretching vibration region. 

The solid state JR spectrum of (P)MRe(CO), is typical of a metal carbonyl 
complex [16-191. The CO stretches range from 1942 to 2114 cm-’ while the ReCO 
bands and ReC stretches appear close to 590 and 400 cm-‘, respectively (see Table 
2). The symmetry of the axial Re(CO), group can be determined from the number 
of bands in the CO stretching region [18]. Four to six CO vibrations are observed, 
depending upon the nature of the porphyrin macrocycle (see Figure la and Table 2). 
These absorptions are consistent with C, local symmetry around the rhenium atom. 
The stronger electron donation of the OEP ring in (OEP)MRe(CO), induces a small 
shift of the vco bands towards lower wavenumbers when compared to 
(TPP)MRe(CO), and indicates that the electron density on the five CO groups of 
the various complexes is slightly increased for the octaethylporphyrin derivatives. 

The IR data for (P)MRe(CO), may be compared to spectral data for 
(P)InMn(CO), [6,7,9] and (P)TlMn(CO), [8], since all three types of complexes have 
similar symmetry. The S,,o and v&c bands of (P)MRe(CO), appear at lower 
wavenumbers than the corresponding vibrations of the (P)MMn(CO), complexes 
(A(&,,,)) = 60 cm-‘, A(v,,) = 75 cm-‘) [20*]. This variation can be attributed 
to differences in the nature of the specific metalate anion which induces changes in 
the u and r bonding properties. However, the position of the carbonyl absorptions 

* Reference number with asterisk indicates a note in the list of references. 
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can also depend upon local symmetry as was reported for several non-porphyrin 
rhenium compounds [16,21-241. 

The CO stretching constants (k,, k2) and the CO-CO interaction constants (k) 
[25*] were calculated for each (P)MRe(CO), complex by the Cotton-Kraihanzel 
method [26] and are listed in Table 3. There are two bands for each compound 
between 1981 and 2113 cm-‘, with the strongest one appearing at lower wavenum- 
bers (see Figure lb). This is consistent with the metalate ligand possessing a higher 
symmetry in solution than in the solid state, i.e. a C,, local symmetry in solution 
[17-191. Three infrared-active carbonyl stretching modes (2A, + E) and one 
Raman-active mode (B,) are expected for such a symmetry. The calculated force 
constants indicate that the medium intensity band at the highest wavenumbers (Y,) 
can be assigned to the A, mode while the strongest absorption at the lowest 
wavenumbers belongs to the E mode. The second A, mode is probably overlapped 
by the strong absorption E [26,27]. Some of the complexes also show a weak 
intensity absorption between q and v2. This is illustrated in Figure lb for 
(TPP)GaRe(CO),. This band is attributed to the B, mode and implies a lower 
symmetry than C,, [22]. The good agreement between the calculated and experi- 
mental position of this absorption confirms the assignment. 

In order to define the influence of the porphyrin unit, Graham’s parameters were 
calculated by using equations 1 and 2 [28]. (CH,)Re(CO), was chosen as the 
reference derivative (k, = 16.05 mdyn/A and k, = 16.90 mdyn/A) [17,29]. 

Ak, = Au + k,/k,Aa (1) 

Ak,=Aa+A?r (2) 

The results of these calculations are given in Table 3. The values of Au range 
between -0.62 and -1.03 while those of Aa vary between 0.48 and 0.52. There is 
no significant change in the Aa parameters as a function of the porphyrin macro- 

b 

2200 2ooo 1800 2200 2ooo 1800 

v, cm-t v, cm-t 

Fig. 1. Infrared spectra for (TPP)GaRe(CO),: a, as a 1% dispersion in CsI; and b, in benzene. only the 
carbonyl stretching region of the spectrum is shown. 
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cycle or of the group 13 central metal. The Au values are also independent of both 
the porphyrin macrocycle and the central metal ion for complexes with M = Al, Ga, 
or In but not for those with M = Tl. The values of Aa parallel the electronegativities 
of the group 13 central metals and in this regard Tl differs substantially from Al, 
Ga, or In. The Au parameters in Table 3 are similar to Au values for complexes in 
the (P)MMn(CO), series, but the An parameters of (P)MRe(CO), are significantly 
higher [30 *]. This demonstrates that the Q acceptor character of the main group 
metalloporphyrin unit increases when it is u-bonded to a Re(CO), group. 

Calculated residual charges agree with trends deduced from Graham’s parame- 
ters [31]. The thallium-rhenium bond of (P)TlRe(CO), is predominantly covalent as 
is the thallium-manganese bond of (P)TlMn(CO),. The bond polarization is less for 
(P)TlRe(CO), than for (P)MRe(CO), where M = Al, Ga, or In, which all have a 
residual charge of about 0.1 electron. In addition, the UV-visible spectroscopic data 
indicate that the metal-metal covalent bond character in (P)MRe(CO), is larger 
than in (P)MCo(CO), or (P)MM’(CO),Cp where M’ = Cr, MO or W. 

The UV-visible spectra of (OEP)GaRe(CO), and (OEP)TlRe(CO), in benzene 
are illustrated in Figure 2. Similar spectra are obtained for each (P)MRe(CO), 
complex and data for these species are summarized in Table 4. Two bands appear in 

1 .o 

fi 
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Fig. 2. UV-visible spectra of: a, (0EP)GaR~CO)s; and b, (OEP)l’lRe(CO), in benzene. 
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the Soret region of the spectrum. Band I appears between 355 and 393 run while 
Band II (the Soret band) is located between 451 to 472 nm. Band I shifts towards 
the blue with changes in the porphyrin central metal and this shift follows the 
sequence: Tl < In < Ga < Al. A blue shift in the Soret band absorption is also 
observed for the Ga, In and Tl complexes but this band is too weak to be observed 
for (OEP)AlRe(CO),. The Band I absorption is attributed to an np, + e,(lr*) 
transition while Band II is assigned as a IT + 7r* transition of the porphyrin 
macrocycle [32]. 

Changes in the molar absorptivity ratio of a given (P)MM’(L) complex, e(II)/c(I), 
can occur upon modification of the porphyrin P system electron density and will 
vary substantially with the electron-withdrawing character of the central metal [7,8]. 
The electronic absorption spectra of (P)MRe(CO), belong to the hyperclass and the 
c(II)/c(I) ratios follow the trend: Tl > In > Ga > Al. The same order is observed for 
group 13 porphyrins of the type (P)M(CH,) [10,11,33,34] and molar absorptivity 
ratios, e(II)/c(I), for these u-bonded complexes are also listed in Table 4. 

Figure 3 shows a linear correlation between the metal ion electronegativity and 
e(II)/r(I) for compounds in the (P)MRe(CO), and (P)M(CH,) series. As expected, 
the charge transfer from the central metal to the porphyrin macrocycle decreases 
when the metal electronegativity of (P)MRe(CO), or (P)M(CH,) increases. The 
<(11)/r(I) ratios of complexes in the OEP series are smaller than those for TPP 
derivatives containing the same u-bonded axial ligand, and this is consistent with 
the more basic OEP macrocycle. In addition, the slope of e(II)/e(I) vs electronega- 
tivity is much higher for (TPP)MRe(CO), than for the other three series of 
complexes plotted in Figure 3. This correlation parallels the relative stability of each 
investigated (P)MRe(CO), complex. 

A correlation of r(II)/e(I) with metal electronegativity has previously been 
reported by our group for (P)M(R) [10,11,33,34] and the same type of correlations 
for metal-metal bonded complexes indicates that the metalate anions exhibit 
greater electron-donating properties than either the alkyl or the aryl groups. The 
only exceptions noted to date are the C(CH,), ligands, and the c(II)/e(I) ratio for a 
given metal-metal or metal-carbon bonded species decreases according to the 
following sequence of axial ligands: 

C(CH,), > Re(CO), = Mn(CO), > Cr(CO),Cp > Mo(CO)&p > W(CO),Cp 

> Co(CO)‘, > CH, > C,H, > C,F,H = GF, 

Figure 4 illustrates the ‘H NMR spectra of (OEP)AlRe(CO), in C,D,. The data 
for this compound, as well as that for the other (P)MRe(CO), derivatives are listed 
in Table 5. All of the spectra are typical of diamagnetic metalloporphyrins. The 
meso proton chemical shifts of the OEP complexes range between 10.35 and 10.44 
ppm and are diagnostic of complexes containing trivalent central metals [35]. The 
methylenic and methylic protons of the octaethylporphyrin complexes have multi- 
plet and triplet signals in the range of 3.98 to 4.07 ppm and 1.88 to 1.91 ppm, 
respectively (see Figure 4 and Table 5). The methylenic protons of the Al, Ga, and 
In derivatives are anisochronous and their signal results from an ABX, coupling. A 
methylenic proton inequivalence is not observed for the thallium derivatives but 
occurs for the other three (OEP)MRe(CO), derivatives and increases in the order 
In < Ga < Al. A solvent effect cannot be invoked. However, previous work on 
iridium [6,7,9,36] and thallium [8] u-bonded porphyrins has shown that carbonyl 
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Fig. 3. Correlation of c(II)/r(I) ratio vs. the porphyrin central metal electronegativity for (P)MRe(CO), 
and (P)M(CH,). 

metalate ligands such as Mn(CO), and Co(CO), induce a much smaller inequiv- 
alence of the porphyrin plane than does M(CO),Cp. Thus, the local symmetry of the 
axial ligand can be responsible for the methylenic proton inequivalence in 
(P)MRe(CO),. On the other hand, the methylenic proton inequivalence of com- 
pounds in the (OEP)M(CH,) series [10,11,33,34] is almost constant, independent of 
the central metal ion ( 1 &HA) - S(Ha) 1 = 4 Hz). Consequently, the methylenic 
proton anisochrony for complexes in the (OEP)MRe(CO), series must be explained 
by the distance from the equatorial carbonyl plane to the proton sites. This is also 
suggested by structural data of (OEP)InMn(CO), [7], (OEP)TlMn(CO), [S] and 
(OEP)SnFe(CO), [37]. 

mew-H 

a 

A 
P 

b A 
a-CH2 

1 . I I 1 I . I I 
10 a 6 4 2 0 

6@pm) 

Fig. 4. ‘H NMR spectrum of (OEP)AlRe(CO), recorded at 294 K in GD,. The insert shows the a-CH2 
protons; a, with decoupling of the methyl protons; and b, without decoupling. 
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Table 5 

‘H NMR data ’ for (P)MRe(CO)s complexes 

Porphyrin, Central Rr R* Protons of R’ Protons of R2 
P metal, 

M 
multi/ S multi/ S 
i i 

OEP AI H C2Hs r?Wro-H s/4 10.40 

Ga H C,H, meso-H s/4 10.42 

In H C2H5 meso-H s/4 10.44 

Tl H C2H5 meso-H s/4 10.35 

TPP Ga GH, H c-H br/4 8.30 
of-H br/4 8.10 
m,p-H m/12 7.50 

In ‘kHs H o-H br/4 8.36 
o’-H br/4 8.10 
m,p-H m/12 1.52 

n GH, H o-H br/4 8.34 
of-H br/4 8.14 
m,p-I-I m/12 1.52 

8-CH, 
c&H, 
a’-CH, 

8-CH, 
a-CH, 
a’-CH2 

8-CH, 
a-CH, 

8-CH, 
a-CH, 

PY~~-H 

PY~~-H s/8 

PY~~-H s/8 

t/24 

m/8 
m/8 

t/24 

m/8 
m/8 

t/24 
m/16 

t/24 

q/l6 

s/8 

1.88 
4.03 
3.98 

1.89 
4.01 
4.03 

1.90 
4.05 

1.91 
4.06 

9.08 

9.09 

9.09 

’ Spectra were recorded in CsD, at 21°C with SiMe, as internal reference; chemical shifts downfield 
from SiMe, are defined as positive. Abbreviations: Rr = porphyrin methinic group; R2 = porphyrin 
pyrrole group; multi = multiplicity; i = intensity; s = singlet; d = doublet; t = triplet; q = quartet; m = 
multiplet; br = broad peak. 

Finally, it should be noted that, in contrast to (OEP)MRe(CO),, the differences 
between the o-H and o’-H chemical shifts in (TPP)MM’(L) are constant and close 
to 0.2 ppm. This agrees with pentacoordination of the porphyrin metal as well as 
with a slow phenyl group rotation. It is also consistent with a weak porphyrin plane 
asymmetry which is induced by the M’(CO), carbonyl ligand of (TPP)MM’(CO),. 

Electrochemistry of (P)MRe(CO),. The electrochemistry of each (P)MRe(CO), 
derivative was investigated in CH,Cl, containing 0.1 M TBA(PF,). Two electrore- 
ductions are observed for each TPP complex. In contrast, the four OEP derivatives 
are reduced via a single one-electron transfer step over the cathodic potential range 
of the solvent. All of the reductions except for those of (TPP)TlRe(CO), and 
(OEP)TlRe(CO), are reversible. 

Cyclic voltammograms for (TPP)MRe(CO), where M = Ga, In or Tl (the Al 
derivative could not be isolated) are illustrated in Figure 5 while half wave or peak 
potentials for oxidation and reduction of the seven investigated metal-metal bonded 
derivatives are summarized in Table 6. The absolute potential difference between 
the first and second reduction of (TPP)GaRe(CO), is 0.37 V in CH,Cl, while the 

A&,, between the same two reactions of (TPP)InRe(CO), is 0.43 V. Both values 
are in agreement with observed separations when the electrode reactions involve 



238 

(TPP)GaRe(CO)s 
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Fig. 5. Cyclic voltammograms of (TPP)GaRe(CO), (TPP)InRe(CO),, and (TPP)TIRe(CO), in CH2C12, 
0.1 M TBA(PF&. 

Table 6 

Half-wave and peak potentials (V vs SCE) for the oxidation and reduction of (P)MRe(CO), and 
(P)M(CH,) in CH,Cl,, 0.1 M TBA(PF,). Unless otherwise noted all listed potentials correspond to 
reversible E,,, values 

Compound 

(TPP)MRe(CO)S 

Metal, M 

Ga 
In 
Tl 

Reduction Oxidation 

1st 2nd 1st 2nd 3rd 

-1.19 -1.56 0.64 ’ 1.17 1.45 
-1.26 -1.69 0.76 a 1.17 1.50 
- 1.32 -1.77 a 0.73 1.26 - 

(OEP)MRe(C0)5 ’ Al -1.48 0.50 OS6 0.65 b 0.89 b 
In -1.52 - 0.73 * 1.10 1.43 
n -1.66 a - 0.67 1.07 - 

u Peak potential obtained at 0.1 V/s. b Peak not well defined. ’ (OEP)GaRe(CO), decomposes in the 
presence of supporting electrolyte to give (OEP)Ga(PF,) and values of E,,, are therefore not given in the 
Table. 
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formation of a porphyrin II anion radical and dianion (A&,, = 0.42 f 0.05 V) [38] 
as shown by equations 3 and 4 where M = Ga or In. 

(TPP)MRe(CO), + e s [ (TPP)MRe(CO),] -. (3) 

[ (TPP)MRe(CO)S] -‘+ e + [ (TPP)MRe(CO)S]Z- (4) 

The electroreduction of (TPP)TlRe(CO), differs slightly from that of 
(TPP)GaRe(CO), and (TPP)InRe(CO),. The latter two species are reduced in two 
reversible one-electron transfer steps while (TPP)TlRe(CO), undergoes an initial 
reversible reduction (El,* = - 1.32 V) which is followed by a second irreversible 
reduction located at E,, = - 1.77 V. The peak to peak potential difference, 1 E,, - 
E,, 1 = 60 f 5 mV, as well as the constant value of i,/u”* for the first reduction of 
(TPP)TlRe(CO), indicate a diffusion controlled one electron transfer process. The 
difference in half wave potentials between the first oxidation and the first reduction 
of this complex is 2.05 f 0.05 V, and this agrees with the 2.25 f 0.15 V separation 
generally observed for porphyrin ring centered oxidations and reductions [2,38]. 

The electrooxidation of (TPP)TlRe(CO), in CH,Cl, also differs from 
(TPP)InRe(CO), and (TPP)GaRe(CO), in that the u-bonded Tl complex undergoes 
two reversible reactions (located at E,,* = 0.73 and 1.26 V). No cleavage of the 
Tl-Re bond occurs after the abstraction of one or two electrons and the electro- 
oxidized species are stable on the cyclic voltammetric time scale. A stability of 
singly and doubly oxidized u-bonded thallium-carbon porphyrins has also been 
observed [34]. 

(TPP)GaRe(CO), and (TPP)InRe(CO) 5 both undergo three oxidations in CH,Cl 2 
containing 0.1 M TBA(PF,). The initial oxidation is not coupled to a return 
reduction peak (see Figure 5) but the shape of the current voltage curve, 1 E,, - Ep,* 
= 65 +_ 5 mV, is consistent with a diffusion controlled one electron transfer. The 
second and the third oxidations of both compounds occur at similar potentials 
which are almost identical to those for the oxidation of (TPP)GaCl [11] or (TPP)InCl 
[39] in CH,Cl,. These data are consistent with the initial reversible oxidation of 
(TPP)MRe(CO), being followed by a rapid cleavage of the metal-metal bond. The 
following two oxidations involve reactions of homogeneously generated [(P)M”‘]+ 
and the overall conversion of (TPP)MRe(CO), to [(P)Mn113+ occurs as shown in 
equations 5 to 8. 

(P)M11’Re(C0)5 s [ (P)M”‘Re(CO),] +‘+ e (5) 

[ (P)M”‘Re(CO),] +-+ [ (P)M”‘] + + Re(CO)S’ (6) 

[(P)M”‘]++ [(P)M”‘]*++e (7) 

[(P)M”‘]*++ [(P)M”‘13++ e (8) 

Similar types of current-voltage curves are obtained for oxidation of 
(OEP)AlRe(CO), and (OEP)InRe(CO),, both of which undergo an oxidation mech- 
anism of the type shown in equations 5-8. However, cyclic voltammograms for 
these two compounds differ from those of (OEP)GaRe(CO), which has redox 
potentials similar to (0EP)GaCl in CH,Cl, [ll]. This result indicates that 
(OEP)GaRe(CO) 5 undergoes a cleavage of the metal-metal bond to give 
(OEP)Ga(PF,) in the presence of supporting electrolyte. 



The electrochemistry of (OEP)TlRe(CO), is similar to that of (TPP)TlRe(CO), 
in that both oxidations of the OEP complex are reversible. However, the two 
compounds differ somewhat in that the OEP derivative is irreversibly reduced (see 
top cyclic voltammogram in Figure 6b) while the TPP derivative is reversibly 
reduced on the cyclic voltamrnetry timescale (see Figure 5). The single reduction 
peak of both complexes has an 1 Ep - Ep,2 ( = 65 f 5 mV, and this is consistent 
with a diffusion controlled one electron transfer step. The u-bonded (OEP)Tl(R) 
species all undergo reduction at the metal center [34] and this may also be the case 
for the initial reduction of (OEP)TlRe(CO),. 

Finally, it should be noted that the overall electrochemistry of (P)MRe(CO), is 
quite similar to that of previously characterized group 13 metal-metal and metal- 
carbon (I bonded porphyrins of the type (P)MM’(L) or (P)M(R) [l-3,8,10,11]. The 
first oxidation of derivatives with Al, Ga, or In central metals leads to unstable 
singly oxidized products and the electrogenerated radicals undergo a rapid cleavage 
of the metal-metal or metal-carbon bond to give an overall irreversible oxidation. 
In contrast, u-bonded complexes of Tl can be converted to stable electrooxidation 
products after the abstraction of either one or two electrons from the metallo- 
porphyrin 7~ ring system. 

Potentials for electrooxidation of Al, Ga, In, and Tl porphyrins vary with the 
nature of the u-bonded axial ligand and this is best demonstrated by comparing 
potentials for the first oxidation of the Tl derivatives. These electrode reactions are 
all reversible and E1,2 values can thus be correlated with changes in electron 
density at the reaction site. An example of this correlation is given in Figure 6a 
which plots E,,, for the first oxidation of each compound in a given OEP series as a 
function of its +)/r(I) ratio taken from the spectroscopic data [8,34]. As seen in 
the Figure, a linear correlation is observed as El,* varies from +0.65 V for the 
oxidation of (OEP)TlW(CO),Cp or (OEP)TlMo(CO),Cp to E,,, = 0.88 V for the 
oxidation of (OEP)Tl(C,F,). (OEP)TlMn(CO), and (OEP)TlRe(CO), both show 
deviation from the plot, with the largest variation being for the Mn(CO), derivative. 
However, there is no difference in the shape of reversibility or oxidation peaks for 
the seven investigated metalloporphyrins and this is illustrated in Figure 6b by 
cyclic voltammograms for three representative complexes. 

No apparent correlation exists between E,,, for reduction of the various 
(P)MM’(L) or (P)M(R) derivatives and the nature of the axial ligand. This is 
illustrated in Figure 7. The first reduction of (P)InM’(L) or (P)In(R) varies by less 
then 60 mV for a given complex in the OEP series and by less than 90 mV for 
compounds in the TPP series. Fewer data were obtained for the Ga, Tl, and Al 
derivatives but again no correlation is observed between El,z for the first or second 
reduction of the metalloporphyrin and the nature of the axial ligand. For example, 
the difference m E1,2 between the first reduction of (TPP)MRe(CO), and the first 
reduction of (TPP)M(C,H,) where M = In, Ga, Al or Tl is less than 80 mV under 
the same experimental conditions [10,11,33,34]. Thus, the electrochemical data are 
all self consistent and indicate that the reduction of (P)MRe(CO), where M = Al, 
Ga, or In occurs at a porphyrin r ring system whose orbitals do not significantly 
overlap with those of the u-bonded Re(CO), axial ligand. On the other hand, a large 
substituent effect is observed in the oxidations, and this is consistent with the 
electron being abstracted from orbitals which may involve the metal-metal u-bond 
of (P)MRe(CO),. 
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Fig. 6. (a) Correlation between half-wave potentials for the first oxidation of (OEP)TlM’(L) or 
(OEP)Tl(R) and the c(II)/t(I) ratio of the neutral complex. The specific u-bonded ligands are shown in 
the plot; (b) cyclic voltammograms for the oxidation and reduction of representative u-bonded II 
complexes in CH,Cl,, 0.1 M TBA(PF,). 
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