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A new metal-metal bonded porphyrin [(hbtbpp)In-Mn(CO)s], where hbtbpp is the dianion of 2,3,7,8,12,13,17-hep-
tabromo-5,10,15,20-tetrakis(3,5-di-#-butylphenyl)porphyrin, has been synthesized. In our attempt to synthesize the indi-
um complex of octabromo porphyrin using the DMF method, we found that Br atom loss occurred in the process of
metal insertion. When having synthesized the metal-metal bonded porphyrin by using a mixture of (heptabromoporphy-
rinato)indium and (octabromoporphyrinato)indium as the starting material, only heptabromo M-M bonded porphyrin
was obtained. A large ring deformation of octabromo porphyrin disturbed the formation of the M—M bond. This hepta-
bromo M-M porphyrin has shown high stability against electroreduction or photo-irradiation.

There has been increasing interest in the study of perhalo-
genated metalloporphyrin' as a catalyst for mono-oxygenation.
Halogenations of pyrroles S-positions have been shown to
confer on the efficient catalytic epoxidation and hydroxylation
reactions of organic substrates. It has been shown that the sub-
stitution of electron-withdrawing groups at the pyrrole S-posi-
tions causes anodic shifts in the ring oxidation and reduction
potentials of the porphyrin and an S4 distortion of the porphy-
rin to a saddle shape. It was expected that the perhalogenated
porphyrin would indicate attractive possibilities in fields other
than catalysis. We have synthesized some metal-metal bonded
indium porphyrin complexes, [(por)In-ML], where por de-
notes the dianion of the porphyrin ligand, and ML is a metal
carbonyl moiety. We also studied the influence of the steric
environment and of the electronic nature of the porphyrin
ligand against a metal-metal bond.> We considered that the
halogenations at the [-positions brought about a drastic
change in the metal-metal bond properties. In our attempt to
synthesize an indium complex of octabromo porphyrin, we
found that a bromine atom displacement occurred during the
metal-insertion process. Here, we report on the synthesis
and properties of heptabromo porphyrin complex having a
metal-metal bond, [(hbtbpp)In-Mn(CO)s] (Fig. 1), and a Br
loss phenomenon in the indium insertion process of the octa-
bromo porphyrin.

Experimental

Octabromoporphyrin (obtbppH,). Perbromination of the
porphyrin ligand was carried out by a modified literature method.
A 100 cm? portion of a bromine solution (4.67 g, 8.12 mmol in
chloroform) was slowly added to a chloroform solution of
5,10,15,20-tetrakis(3,5-di-z-butylphenyl)porphyrinato - copper(Il),
[(tbpp)Cu], (1.025 g, 0.91 mmol in 300 cm?); the resulting mix-
ture was stirred for 4 h at room temperature. The solution color
gradually changed from red to deep orange. Then, pyridine (3.7
cm? in 100 cm?® chloroform) was added to the porphyrin solution.

After additional stirring for 15 h at room temperature, a water so-
lution of Na;S,05 (80 g in 300 cm®) was added. The organic layer
was separated, and [(obtbpp)Cu] was purified using alumina col-
umn chromatography (Merck Aluminum oxide 90, CHCl3). Yeild:
0.841 g (0.48 mmol, 53%).

After 30 cm® of 70% perchloric acid was added to a chloroform
solution of [(obtbpp)Cu] (0.84 g, 0.48 mmol, in 100 cm?), the
mixture was stirred for 1 h at room temperature. The organic layer
was separated and washed with an aqueous Na,COj solution. The
resulting crude material was purified by alumina column chroma-
tography. Yield: 0.627 g (0.37 mmol, 77%) Anal. Found: C,
52.98; H, 498; N, 3.04%. Calcd for CysHggN4Brg-H,O: C,
53.29; H, 5.18; N, 3.27%. '"HNMR (CDCl3) § 1.56 (72H, s, t-
butyl), 7.82 (4H, s, p-phenyl), 8.08 (8H, s, o-phenyl). UV—vis
(CHCl3) A/nm: 472, 573, 632, 746.

Indium Insertion. An indium complex of octabromoporphy-
rin was prepared by the DMF method. InCl;-4H,0 (0.51 g) and
obtbppH, (0.50 g, 0.30 mmol) were added to boiling dimethyl-
formamide (180 cm?) and refluxed for 2 h. After cooling to room
temperature, 200 cm® of water was added. The red-purple precip-
itate was filtered and purified by alumina column chromatography
(CHCl3). The eluant was shaken with 30% hydrochloric acid, and
the solvent was removed in vacuo. Yield, 0.44 g. UV—vis (CHCl3)
A/nm: 471, 606, 665 nm.

Synthesis of M-M Bonded Porphyrin. A THF solution of
[Mn,(CO);p] (34 mg, 0.087 mmol in 70 mL of THF) was stirred
over 1% Na—Hg (68 g) for 2 h at room temperature. The resulting
grayish-green supernatant was added to a 40 cm® THF solution of
brominated porphyrin (98 mg).? After additional stirring at room
temperature for 24 h, THF was distilled off at reduced pressure.
The thus-obtained crude material was purified by silica-gel (Wako
gel C-200) column chromatography using benzene as an eluent.
Yield, 20 mg. Anal. Found: C, 50.31; H, 4.82; N, 2.92%. Calcd
for C77HgsN4OsBr7InMn-H,0: C, 50.10; H, 4.52; N, 2.89%.
'HNMR (CDCl3) 8 1.54 (72H, s, t-butyl), 7.78, 7.82, 8.20
(12H, m, phenyl), 8.80 (1H, s, pyrrole-B(H)). UV-vis (CHCl3)
A/nm: 414, 485, 575, 620, 630.

Instrumentation and Methods. The conditions for electro-
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[(hbtbpp)In-Mn(CO)s]

obtbppH,

Fig. 1.

hbtbppH,

Structure of 2,3,7,8,12,13,17-heptabromo-5,10,15,20-tetrakis(3,5-di-z-butylphenyl)porphyrinato indium(III) (pentacarbonyl-

manganese) [(hbtbpp)In-Mn(CO)s], 5,10,15,20-tetrakis(3,5-di-z-butylphenyl)porphyrin (tbppH,), 5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrin (5fpH,), 2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetrakis(3,5-di-z-butylphenyl)porphyrin (obtbppH,), and
2,3,7,8,12,13,17-heptabromo-5,10,15,20-tetrakis(3,5-di-z-butylphenyl)porphyrin (hbtbppH,).

chemical measurements were as follows. The working electrode
was a Pt plate, and the counter electrode was a Pt coil. We used
Ag/Ag"t (0.01 M AgNO; in CH3CN) as a reference electrode.
All measurements were carried out at 296 K. Approximately a
10~3 M solution for each sample was prepared in CH,Cl,, which
contained 0.1 M tetrabutylammmonium perchlorate as a support-
ing electrolyte. All of the manipulations were carried out under an
argon atmosphere. NMR spectra were measured with a Bruker
AVANCE200 spectrometer in the Fourier-transform mode. The
IR spectra were recorded on a JASCO Valor-III FT-IR spectrom-
eter. UV-vis spectra were measured using a JASCO V-570 spec-
trometer.

Results and Discussion

Table 1 lists the A 4, values of porphyrins. From a study on
the bromination of tppH, derivatives, Callot pointed out that
each bromine substitution at the pyrrole position contributed
to a shift of 6 nm to the red region with respect to the bands
observed for tppH,.* In obtbppH, porphyrin, the red-shift val-
ue of the Soret band from tbppH, is 46 nm, which almost cor-
responds to the result of octabromo tppHo.

In the "HNMR spectrum of obtbppH,, the signal of pyrrole
B-H disappeared completely. After an indium insertion reac-
tion, a weak pyrrole B-H signal (§ = 8.80, s) was observed
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Table 1. UV-Vis Absorption Maxima of Porphyrins in
C¢Hg Solution

Porphyrins Amay /m
Soret Q band
tbppH, 425 520, 558, 595, 653
obtbppH, 472 573, 632, 746
In(tbpp)C1 432 524, 562, 602
[In(obtbpp)Cl] 471 606, 665
[(tbpp)In-Mn(CO)s] 388, 459 548, 591, 639
[(hbtbpp)In-Mn(CO)s] 414, 485 575, 620, 680
CHCl,4
phenyl
f_%
pyrrole-B(H)
i -
9 8.5 8 75 7
S/ppm

Fig. 2. Aromatic region of the 'H NMR spectrum of the in-
dium complex after 2 h reaction with InCl;. A week pyr-
role B-H signal (§ = 8.80, s) has been observed. Spectrum
is recorded in CDCl3 (200 MHz) at 298 K.

(Fig. 2). When only obtbppH, was refluxed in DMF for 4 h,
a NMR spectral change was not observed. It was confirmed
that the obtained indium complex was a mixture of octabromo-
porphyrin [In(obtbpp)Cl] and heptabromoporphyrin [In-
(hbtbpp)CI] by elemental analysis.> An attempt to separate
the [In(obtbpp)Cl] from the mixture was unsuccessful by a col-
umn-chromatographic technique; we obtained [In(obtbpp)Cl]
by recrystallization from CH,Cl, /hexane.6 We were not able
to isolate the [In(hbtbpp)Cl] with sufficient purity by column
chromatography or recrystallization.

D’Souza et al. have reported that the electrochemical reduc-
tion of [Co(Br,tpp)] caused a stepwise loss of Br.” Such a re-
action has not been reported in other metalloporphyrin systems
so far. To clarify the behavior of Br loss in the process of
indium insertion, the relation between the reaction time and
the distribution of products was examined. The ratio of [In-
(obtbpp)Cl] and [In(hbtbpp)Cl] was estimated from the inte-
gral values of pyrrole B-H and the phenyl-H. Bromine atom
loss was hardly observed when the reaction time was within
1 h, though the total yield was only about 10%. When reacting
for 2 h or more, the overall yield of indium insertion reached
70-80% and [In(hbtbpp)Cl] became the dominant species.
Though the reaction time was lengthened to examine whether
the second Br loss occurred, it was not able to make a confir-
mation because of porphyrin ring decomposition over 24 h.
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The porphyrin ring deformation of [In(obtbpp)CI] is larger
than that of [In(hbtbpp)Cl]; [In(obtbpp)Cl] might be changed
into the more stable [In(hbtbpp)Cl] as the reaction time be-
comes long. We speculate Br loss mechanism is as follows:
The formaldehyde caused by the decomposition of DMF has
reduced the In* to Int and this In™ causes the Br displace-
ment from the porphyrin ring.’

Our entire attempt to synthesize [(obtbpp)In-Mn(CO)s] us-
ing [In(obtbpp)Cl] was unsuccessful; we used a mixture of
[In(hbtbpp)Cl] and [In(obtbpp)Cl] as the starting material,
and obtained a green compound. From an elemental analysis
and the "HNMR spectrum, it was confirmed that the obtained
green compound was [(hbtbpp)In-Mn(CO)s]. A large steric
hindrance of obtbpp disturbed the formation of a metal-metal
bond. The red-shift value of the Soret band between
[(hbtbpp)In-Mn(CO)s] and [(tbpp)In-Mn(CO)s] was 26 nm;
this red shift clearly shows a change in the electronic nature
of the porphyrin unit, though this value is small compared with
the shift in freebase. Carbonyl stretching frequencies in the IR
measurements are considerably sensitive to the electronic
nature of the porphyrin unit. We have already found that high-
er frequency shifts are in inverse proportion to the o-donor
ability of the porphyrin unit based on a study of (por)In-ML
complexes, where por = oep, tpp, tbpp, and 5fp. The carbonyl
stretching frequency of [(hbtbpp)In-Mn(CO)s] (2083, 1989
cm™!, benzene solution) is higher than that of [(tbpp)In—
Mn(CO)s] (2079, 1972 cm™!, benzene solution). This result
corresponds well with the lower o-donor ability of hbtbpp.

Kadish et al. reported that a nonlinear relationship was ob-
served between E, for the first oxidation of [M(Br,tpp)] and
the number of Br groups on the compound.” On the contrary,
the first reduction of [M(Br,tpp)] was linearly related to the
number of Br. Kadish suggested that not only inductive effects
of the Br governed the oxidation potentials, but also by saddle
deformations of the porphyrin ring, and that the ring deforma-
tion should have a minimum effect on the reduction potentials.
To investigate the effects of halogen substitutions on the
pyrrole B-positions, we examined the redox properties of
[(tbpp)In-Mn(CO)s] and [(hbtbpp)In-Mn(CO)s] using cyclic
voltammetry. For a comparison, a CV measurement of
[(5fp)In-Mn(CO)s] was made; 5fp showed no ring deforma-
tion, and only the inductive effect of F worked concerning
the redox properties. Typical cyclic voltammograms are illus-
trated in Figs. 3 and 4. The redox potentials of three M-M
bonded porphyrins are listed in Table 2. The oxidation step
(porphyrin ring oxidation to a 7r-cation radical) is completely
irreversible in each porphyrin. Oxidized In-Mn bonded por-
phyrin undergoes a rapid cleavage of the In-Mn bond to gen-
erate [(P)In]™ and Mn(CO)s radical in solution.!? The order of
the oxidation potential is [(tbpp)In-Mn(CO)s] < [(hbtbpp)In—
Mn(CO)s] < [(5fp)In-Mn(CO)s]. Though the influence of the
inductive effect of halogen atoms is predominant in the oxida-
tion potential, this influence has been somewhat counterbal-
anced in [(hbtbpp)In-Mn(CO)s] due to saddle deformation.
Each M-M bonded porphyrin undergoes two reductions in
the potential range of CH,Cl,. The values of Ej,; show that
the influence of the inductive effect of halogen atoms is almost
the same between in [(hbtbpp)In-Mn(CO)s] and [(5fp)In—
Mn(CO)s]. The first reduction step (porphyrin ring reduction
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Fig. 3. Cyclic voltammograms (oxidative scan) of M-M
bonded porphyrins, (a) [(tbpp)In-Mn(CO)s], (b)
[(hbtbpp)In-Mn(CO)s], and (c) [(5fp)In-Mn(CO)s] in
CH,Cl, at room temperature. For measurement condi-
tions, see Table 2.

to an anion radical) is nearly reversible in each porphyrin, and
the reversibility of [(tbpp)In-Mn(CO)s] is inferior to those of
the other two porphyrins. The peak current of each reduction is
proportional to the square root of the scan rate, indicating a
diffusion-controlled process.

The appearance of an oxidation peak at —0.43 V was ob-
served in all three porphyrins. This peak is assigned to the ox-
idation of Mn(CO)s~. The irreversible chemical reaction cou-
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Fig. 4. Cyclic voltammograms (reductive scan) of M-M
bonded porphyrins, (a) [(tbpp)In-Mn(CO)s], (b)
[(hbtbpp)In-Mn(CO)s], and (c) [(5fp)In-Mn(CO)s] in
CH,Cl, at room temperature. For measurement condi-
tions, see Table 2. The asterisks (*) indicate the oxidation
peaks of Mn(CO)5~.

pled to the first electroreduction step corresponds to a cleavage
of the In-Mn bond.” The oxidation peak of Mn(CO)s~
is obviously large in [(tbpp)In-Mn(CO)s] compared to
[(hbtbpp)In-Mn(CO)s] (see Figs. 4a and 4b). This result indi-
cates that the M-M bond of [(hbtbpp)In-Mn(CO)s] is more
stable than that of [(tbpp)In-Mn(CO)s] against electroreduc-
tion.
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Table 2. Redox Potentials of the M—M Bonded Porphyrins
at Ambient Temperature (CH,Cl,, 0.1 M TBAP; Pt Work-
ing Electrode; Ag/AgNOs; Reference Electrode; 100
mVs~! Scan Rate)

Porphyrins E,OX )V EpRdlv RV
[(tbpp)In—-Mn(CO)s] +0.949 —1.44 —2.01
[(hbtbpp)In-Mn(CO)s]  +1.06Y —1.00 —1.34
[(5fp)In-Mn(CO)s] +1.200 —0.99 —1.51
a) Redox potential values for irreversible processes.
! ; 1
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Fig. 5. Plots showing the degradation ratio (1 — [C]/[Cp])
of M—M bonded porphyrins with time during photo-irradi-
ation based on the absorption spectra.

In order to examine the influence of bromine substitution on
the metal-metal bond stability, we conducted a kinetic experi-
ment of metal-metal bond degradation by light irradiation.!!
The color of the benzene solution changed from green to pink
upon photo irradiation. After degradation of the M-M bond
occurred, pink-colored (por)In-OH was formed by reacting
with water contained in the solvent. The degradation ratio
(1 — [C]/[Co]), where the initial concentration (Cp) was 2.0 x
10~ mol/L, of metal-metal bond porphyrin was determined
by a UV-vis spectra measurement. Plots of (1 — [C]/[Cy])
versus time are shown in Fig. 5. The degradation rate constant
of [(hbtbpp)In-Mn(CO)s] is about 3.5-times smaller than that
of [(tbpp)In-Mn(CO)s]."? This result and electroreduction re-
sults clearly show that the substitution of bromine at the pyr-
role B-positions brings about a higher stability of the metal—
metal bond. A photoinduced cleavage of the indium-carbon
bond in (por)In—-R resulted in the formation of a zwitterionic
(por)~(In™)*, and the magnitude of the photochemical quan-
tum yield of the M-C bond cleavage was shown to decrease
with increasing electron-withdrawing character of the porphy-
rin macrocycle.!> When thinking that the electrochemical be-
havior and photodissociative behavior of [(por)In-Mn(CO)s]
are similar to those of [(por)In-R], it seems reasonable to as-
sume that the cleavage of M—M bond results from the forma-
tion of the zwitterion (por)~(In")*. Proposed mechanisms are
shown in Fig. 6.

The increased electron donicity of tbpp with respect to that
of hbtbpp stabilizes the zwitterion (por)~(In")*; therefore, the
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(a) photo-irradiation

[(pon)In"'-Mn(CO)s] — [(por) (In'"")*] + Mn(CO)s -

(b) electroreduction

[(por)in"'-Mn(CO)g) <=

[(por)” In'"'-Mn(CO)g]

+€
— [(por)(In"")"] + Mn(CO)5’

Fig. 6. Proposed mechanisms of M—M bond cleavage, (a)
photo-irradiation, (b) electroreduction.

M-M bond cleavage of [(tbpp)In-Mn(CO)s] occurs easily
compared with that of [(hbtbpp)In-Mn(CO)s]. Although it is
not clear whether the saddle deformation of the porphyrin ring
influences the M—M bond stability, it is likely that the electron-
withdrawing property of the porphyrin ring plays a large part
in the stability of the M—M bond.

We are grateful to Professor Shuki Araki (Nagoya Institute
of Technology) for helpful discussions.
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