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One or two ferrocenes were linked to the p-pyrrole positions of the
free base TPP or its zinc complex through an ethynyl or ethynylene-
phenylene group using a modification of the Sonogashira method.
All the compounds were characterized using UV-vis, FAB-mass and
NMR spectroscopy and cyclic voltammetry.

Ferrocenes and porphyrins are among the most intriguing
molecules due to their electrochemical and catalytic properties.
Several studies were devoted to their reciprocal interactions
through the covalent bonds or supramolecular contacts."

Many dyads or triads containing ferrocenes and porphyrins
were synthesized in order to investigate the energy and/or electron
transfer induced by light.” Furthermore, different n-conjugated
organic bridges were proposed and investigated as connecting
molecular wires between several chromophores.

They include oligo-phenylenevinylene,® oligo-phenylene-
ethynylenes,* oligo-acetylenes,” oligo-thiophenes,® and oligo-
phenylenes.” In all these cases the wire-like behavior - efficient
or inefficient - depends on the combination of several factors
including the degree of conjugation in the bridge, orbital
matching, donor-bridge energy gap, etc.®

During our investigations on the electronic properties of dyads
containing porphyrins and fullerenes, we reported on the properties
of dyads containing such monomers linked by oligo-ethynylene-
phenylene bridges.” The presence of one or more triple bonds
connecting porphyrins and ferrocenes can provide interesting
and unusual properties to the dyads due to their reciprocal
electronic interactions and the rigidity of the structure.'®
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tetraphenylporphyrins bearing one or two ferrocenes
on the B-pyrrole positionst#

Pietro Tagliatesta,* Angelo Lembo and Alessandro Leoni

In this paper we wish to report on the synthesis, characteriza-
tion and electrochemical properties of eight new free base or
zinc complex porphyrins with one or two ferrocenes connected,
respectively, to the 2 or 2,3 pyrrole positions through an ethynyl
or a phenylethynyl group.

Few examples of porphyrins with ferrocenes linked to the beta-
positions are reported in the literature due to synthetic
difficulties and steric hindrance of such bulky groups.'* We
were able to develop a new synthetic process for obtaining the
ethynyl derivatives in one step. The structures of such macro-
cycles are shown in Fig. 1.

Compound 1: M=2H, R=Fc, R=H
Compound 2: M=Zn, R=Fc, R;=H
Compound 3: M=2H, R=R;=Fc
Compound 4: M=Zn, R=R=Fc
Compound 5: M=2H, R=Ph-Fc, R;=H
Compound 6: M=Zn, R=Ph-Fc, R;=H
Compound 7: M=2H, R=R=Ph-Fc
Compound 8: M=Zn, R=R;=Ph-Fc

Fe= Fe

Ph-Fc = Fe

—

Fig. 1 Structures of the ferrocene—porphyrin dyads.
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Scheme 1

Our synthetic approach for obtaining the free base porphyrins
was a modification of the Sonogashira coupling introduced by Li
and co-workers for similar compounds. It consists in the use of
tetrabutylammonium fluoride as a reagent under copper-, amine-,
and solvent-free conditions."> We obtained the monosubstituted
compounds 1 and 5 from 2-bromo-tetraphenylporphyrin'® in
50-65% yield using Pd(PPhj;),Cl, as a catalyst while the disub-
stituted 3 and 7 were obtained from the 2,3-dibrominated
porphyrin'* in lower yield (25-30%). In Scheme 1 the synthetic
pathway for obtaining the monosubstituted derivative 5 is
shown as an example.

These differences in the yield, in our opinion, are due to the
steric hindrance that the mono derivatives experience during
the second catalytic cycle for obtaining the final disubstituted
compounds.

4-Ethynylphenylferrocene 10 used for the synthesis of
compounds 5 and 7 was obtained by using the Vilsmeier-Hack
method"® with the corresponding acetyl derivative 9 which was
obtained by the Suzuki coupling between ferroceneboronic acid
and 4-bromoacetophenone.'® The synthetic steps are shown
in Scheme 2.

Smith and co-workers reported the synthesis of 2,3-disubstituted
alkyne porphyrin derivatives by the Stille reaction using synthetic tin
organometallic compounds and Pd(PPh;), as a catalyst.”” In our
hands this method failed and we obtained mixtures of compounds
difficult to separate.§

We also tried both methods with the zinc brominated
derivatives but again we did not obtain the desired compounds
because a dehalogenation process occurred on the brominated
porphyrin affording the TPP zinc complex as the final com-
pound. For this reason, the zinc complexes reported in this
paper were synthesized from the free bases using a standard
procedure.’”

Br
@B(OH)’ COCH,
. Pd(CH3COO),/PPh; 3
e
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Scheme 2 Synthetic steps for obtaining compound 10.
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Fig. 2 UV-visible spectra in CH,Cl, of compounds 3 and 7 compared with that
of H,TPP. Compounds 3 and 7 are 4.8 x 107> M while H,TPP is 4.8 x 107° M.

All the UV-visible spectra in dichloromethane are provided
in the ESI.f The monosubstituted free bases 1 and 5 show Soret
band shifts of 10-11 nm while those for the zinc complexes 2
and 6 are between 13 and 17 nm.

The disubstituted free base compounds show shifts of
20-24 nm and the corresponding zinc complexes of 26-30 nm.
In Fig. 2, a comparison of the spectra of compounds 3 and 7 and
that of H,TPP is shown.

These effects seem to be produced by conjugative inter-
actions between the two chromophores and are almost additive. It
should be noted that a similar effect was obtained by the bromina-
tion or chlorination of the beta-positions of the macrocycle and
attributed to the saddle-shaped conformations of the porphyrins
caused by the steric repulsion between the halogens and the
meso-phenyl groups.'® The UV-visible data for all the compounds
are presented in Table 1.

The analysis of "H NMR spectra of the compounds shows
that there is some influence of the porphyrin ring current on the
position and shape of the ferrocene signals while the pyrrole
signals are less influenced by the presence of the organometallic
residue.

From Fig. 3 and 4, which show the spectra of the mono- and
bis-substituted compounds 1 and 3 respectively, it can be seen
that the signals corresponding to ferrocene have a different shape.
The spectrum of the monosubstituted compound shows two
signals overlapping each other while that of the disubstituted
derivative shows the classical three signals. This effect can be

Table 1 UV-visible spectral data for the ethynyl derivatives of TPP in CH,Cl,
Porphyrin ~ Soret Visible abs bands 4, nm (¢ x 10~ %)

1 426(19.81) 526(1.66) 566(0.86) 602(0.89) 660(0.36)
2 432(3.14) 566(1.19)  602(0.67)

3 436(2.86)  530(0.20) 576(0.29) 611(0.18) 665(0.16)
4 445(4.17) 578(0.35) 618(0.27)

5 427(18.85) 526(1.93) 563(0.88) 601(0.62) 658(0.32)
6 436(27.08) 565(2.33) 601(1.16)

7 440(3.04)  532(0.24) 573(0.28) 609(0.20) 672(0.15)
8 449(5.32) 575(0.45) 616(0.33)
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Fig. 4 'H NMR spectrum of compound 3.

attributed to the ring current shielding effect of the porphyrin
which moves two signals of 3 toward the third one.

The electrochemical analysis of all the dyads was performed
in CH,Cl, as the solvent and tetrabutylammonium perchlorate
as the supporting electrolyte, using a saturated calomel elec-
trode (SCE) as the reference electrode, a platinum button as the
working electrode and a platinum wire as the counter electrode.
All the data are presented in Table 2 compared with those for
the corresponding porphyrin and ferrocene monomers.

In the investigated electrochemical window, ie. between
—1.8 V and 1.8 V, two reversible reduction peaks are visible for
all the free bases. All the peaks are slightly shifted towards less
negative potentials (i.e., 70-140 mV) and such differences are not
sufficient to produce electronic interactions between the electro-
active units. Compounds 1, 3, 5 and 7 give rise to a pattern that is
typically found in the electrochemistry of porphyrins.

Two reversible oxidation peaks for all the free bases are
located between 0.48 and 1.10 V. The first peak can be attributed to
the oxidation of the ferrocene part and the second peak to the
oxidation of the porphyrin ring. The disubstituted compounds also
have a third irreversible peak which can probably be attributed
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Table 2 Half-wave potentials (V vs. SCE) of the B-ethynyl derivatives of H,TPP
and their zinc derivatives compared with those of ferrocene and phenylferrocene
ethynyl derivatives in CH,CH, containing 0.1 M TBAP. Scan rate 0.1 V s~

Compound 3rdox 2ndox 1stox 1stred 2nd red
1 1.09 0.57 -1.12 —1.40
2 1.12 0.83 0.55 —1.30 —1.52
3 1.08 0.58 —1.08 —1.28
4 1.00 0.52 —1.02 —1.40
5 1.02 0.48 —1.05 —1.37
6 1.08 0.80 0.52 —1.47

7 1.10 0.52 —1.05 —-1.32
8 0.78 0.48 — —
H,TPP* 1.25 0.95 -1.19 —1.56
ZnTPP* 1.16 0.80 —1.35
Ferrocene” 0.48

Ethynylferrocene® 0.72

10° 0.55

“ From the literature. ” This paper.
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Fig. 5 Cyclic voltammograms of compound 3 in CH,Cl, and 0.1 M TBAP.

to the chemical reaction between the two adjacent triple bonds
or to the absorption phenomenon at the electrode surfaces.

In Fig. 5 the cyclic voltammograms of compound 3 are
shown as an example.

The voltammograms of the zinc complexes show similar
characteristics. Only for compounds 4 and 8 we had some
difficulties in recording a clear voltammogram in the reduction
process, and in fact for 8 we were not able to report any data in
Table 2. This observation can be correlated to the "H NMR data
which show a situation with some peaks not well resolved. In
our opinion this could be due to some aggregation phenomena
in solution.

In conclusion, in this communication we have shown the
possibility of the ferrocene molecule to bind to the beta-
positions of a tetraphenylporphyrin through an ethynyl group.
Ferrocene and its derivatives seem to be good candidates for
building efficient organic DSSC or polymeric photovoltaic cells.
Due to their excellent electron-donating properties they can act,
if bound to specific porphyrins, as photoactive electrodes. The
monosubstituted compounds can be obtained in good yield
using a modification of the Sonogashira coupling procedure,
while the adjacent disubstituted ones are obtained in lower
yield. The UV-vis and electrochemical data indicate that all the
compounds show low electronic interactions between the two
functions. The procedures for obtaining the reported compounds
are very promising and can be extended to other similar molecules
potentially useful in the DSSC cells for photovoltaic application.
Work in this field is presently in progress.
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Experimental

A typical procedure for obtaining the mono- and
diethynyl derivatives

Synthesis of 1. 200 mg of 2-bromo-meso-tetraphenylporphyrin
(0.28 mmol) were dissolved in dry THF under nitrogen. TBAF (3 eq.),
THF solution and 121 mg (0.56 mmol) of ethynylferrocene were
added and the solution was deaerated by argon bubbling for
20 minutes. 20 mg Pd(Ph;),Cl, was added and the bubbling was
continued for 20 minutes, after that the solution was warmed at
60 °C for 12 hours. At the end of the reaction the solvent was
evaporated under vacuum and the residue was chromato-
graphed on a silica gel column and eluted with CHCl;-hexane
30:70, affording the desired compound in 65% yield.

Synthesis of 3. 2,3-Dibromo-5,10,15,20-tetraphenylporphyrin
(108 mg, 0.140 mmol) was dissolved in 50 ml of dry THF under
nitrogen and 0.35 ml of tetrabutylammonium fluoride (TBAF)
and 10% THF solution were added. The solution was deaerated
by argon bubbling for 10 minutes, after that ethynylferrocene
(118 mg, 0.56 mmol) was added with further argon bubbling
for 10 minutes. 40 mg of Pd(PPh;),Cl, were added and after
20 minutes of argon bubbling, the solution was kept at 80 °C for
12 hours under nitrogen. The resulting mixture was evaporated
under vacuum and the residue was chromatographed on a silica
gel column and eluted with CHCl;-hexane 50:50, affording
23 mg (0.022 mmol) of the desired compound in 25% yield.
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§ While writing this paper we realized that a very recent work from
another research group reported two compounds synthesized by us
following different methods and reported here. The yields were almost
comparable. See R. Sharma, P. Gautam, S. M. Mobin and R. Misra,
Dalton Trans., 2013, 42, 5539.
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