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ABSTRACT: Synthesis, spectral, and structural studies of the first examples of porphyrins substituted at the meso positions with
sterically hindered η5-CpCo(η4-C4Ph4) cobalt sandwich units are described. The novel dipyrromethane derived cobalt sandwich
compound {η5-[(C4H4N)2CH]C5H4}Co(η

4-C4Ph4) 1, as well as its parent aldehyde, η
5-[C5H4(CHO)]Co(η

4-C4Ph4), were used
in the synthesis of porphyrins having one or two η5-CpCo(η4-C4Ph4) groups at their meso positions. 1,9-Diformyldipyrromethane
derived η5-CpCo(η4-C4Ph4) 2 was synthesized using dipyrromethane 1 under Vilsmeier conditions. A reaction of 2 with
unsubstituted dipyrromethane under basic conditions in the presence of Pd(C6H5CN)2Cl2 yielded an A-type palladium
coordinated porphyrin 3 [where A = η5-CpCo(η4-C4Ph4)]. A similar reaction of 2 with meso aryl and ferrocenyl-substituted
dipyrromethanes yielded trans-AB type palladium coordinated porphyrins 4−6 [where A = η5-CpCo(η4-C4Ph4) and B = 4-tert-
butylphenyl 4, ferrocenyl 5, and pentafluorophenyl 6]. Reactions of 2 with 5-ferrocenyl dipyrromethane under the same reaction
conditions in the presence of Ni(acac)2 and Zn(OAc)2 gave the trimetallic nickel(II) and zinc(II) complexed trans-AB type
porphyrins 7 and 8 having both cobalt and iron sandwich units at the meso positions. Crystal structure of the Pd(II) porphyrin 5
and nickel(II) porphyrin 7 showed nonplanar structures having distinct ruffle type distortion of the porphyrin ring. Demetalation
of the zinc(II) trans-AB type porphyrin 8 in the presence of trifluoroacetic acid gave the metal free base porphyrin 9. Reactions of
the cobalt sandwich aldehyde [(η5-C5H4(CHO)]Co(η

4-C4Ph4) with sterically hindered dipyrromethane derivatives under acid-
catalyzed condensation reactions gave trans-A2B2 type porphyrins [where A = η5-CpCo(η4-C4Ph4) and B = pentafluorophenyl, 10
mesityl 11]. In contrast, reactions of [η5-C5H4(CHO)]Co(η

4-C4Ph4) with sterically unhindered meso-4-tert-butylphenyl
dipyrromethane resulted in both AB3 12 and cis-A2B2 13 type porphyrins [where A = η5-CpCo(η4-C4Ph4) and B = (4-tert-
butylphenyl] as a result of scrambling. The new porphyrin derivatives have been structurally characterized, and their spectral and
electrochemical features were determined.

■ INTRODUCTION

Porphyrins substituted with ferrocene units at the periphery
have attained considerable interest in recent years due to a
range of potential applications.1,2 According to thermodynamic
considerations, ferrocene substitution has the propensity to
reduce singlet excited state of porphyrins making them
potential candidates for developing photochemical devices
which include donor−acceptor molecules which are mimics at
the primary stages of photosynthesis.2 Self-assembled mono-
layers on gold surfaces of ferrocene-derived porphyrins
prepared by Lindsey and co-workers have been predicted to
have application potential in information storage devices.3 The
intervalence charge transfer bands shown by polyferrocenyl,
polyphenyl porphyrins also indicate their utility in electronic

devices.4 Preparation of ferrocene-substituted porphyrins with
or without a spacer group has therefore been an interesting
offshoot of research in synthetic porphyrin chemistry.
Ferrocene units directly attached to a porphyrin molecule at
the meso-positions was first synthesized through an acid-
catalyzed condensation reaction between ferrocene carboxalde-
hyde and pyrrole, which resulted in a number of products with
low yields and poor selectivity.5 However Chandrashekar and
co-workers, by using ferrocenyl dipyrromethane as a precursor,
came up with a synthetic route to meso multiferrocene-
substituted porphyrins with better selectivity and yields.6 Very
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recently Senge et al. also developed a synthetic method based
on Suzuki coupling between borylated porphyrins and
ferrocene halides.7 Ferrocene-substituted porphyrins also have
been synthesized with a variety of spacers between the
ferrocene and porphyrin units.8−11

The 18-electron cobalt sandwich compound η5-CpCo(η4-
C4Ph4) is a highly air stable and sterically hindered molecule.12

Compared to ferrocene, the cyclopentadienyl ring of this
compound has been found to be very poorly reactive under
standard metallocene derivatization procedures.13 However, we
as well as others have been developing alternate methods to
prepare novel derivatives of this highly stable and easy to
handle cobalt sandwich compound.14−17 The basal bulkiness of
η5-CpCo(η4-C4Ph4) has resulted in the development of
excellent chiral organometallic catalysts, while its electron
donor capability has shown potential for realizing organic
luminescent materials and photovoltaic devices.18 In this paper
we report the synthesis and characterization of the first
examples of η5-CpCo(η4-C4Ph4) derived porphyrins by a base-
catalyzed synthesis using the hitherto unknown dipyrro-
methane derivative of η5-CpCo(η4-C4Ph4). We have for
comparison also carried out acid-catalyzed reactions using the
carboxaldehyde η5-[(C5H4(CHO)]Co(η4-C4Ph4) with aryl
dipyrromethane compounds to introduce more than one η5-
CpCo(η4-C4Ph4) unit on the porphyrin periphery. Although a
few examples of non-ferrocenyl sandwich and half sandwich
units have been incorporated on the porphyrin periphery, they
have been mostly prepared by statistical methods which
resulted in poor selectivity of products.19 The new porphyrins
consisting of metal complexed and free base porphyrins with
mono- and disubstitution of η5-CpCo(η4-C4Ph4) at the
periphery have been prepared by rational methods and

characterized by a variety of spectral, electrochemical, and
structural studies.

■ RESULTS AND DISCUSSION
The hitherto unknown cobalt sandwich derived dipyrro-
methane 1 was prepared by the condensation of η5-
[C5H4(CHO)]Co(η

4-C4Ph4) with an excess of pyrrole in the
presence of trifluoroacetic acid. Compared to analogous
ferrocenyl dipyrromethane which was obtained in 78% yield,
compound 1 was obtained in 87% yield.20 The formylation of
this dipyrromethane when carried out under Vilsmeier
conditions (POCl3/DMF) at 0 °C afforded its 1,9-diformyl
derivative 2 in 65% yield (Scheme 1).
The diformylated dipyrromethane 2 was used for the

synthesis of an A-type porphyrin having at its meso positions
just one cobalt sandwich unit. A-type of porphyrins are of
special interest as they can act as precursors for making new
AB, ABC, and ABCD types of multisubstituted porphyrins
which are otherwise difficult to realize.21 They are also materials
of interest due to their utility as reference compounds in
physicochemical investigations such as perturbation studies.21

In spite of their application potential, synthetic routes to meso-
substituted porphyrins with fewer substituents, particularly A-
type of meso-monosubstituted, β-unsubstituted porphyrins were
relatively unknown till 2002 when Senge and co-workers for the
first time came up with a practical synthesis of such
porphyrins.22 The A-type of free base porphyrins with
substituents such as phenyl, tert-butyl, and ethyl-propyl at
one of the meso positions have been reported using a [2 + 2 +
1] condensation of dipyrromethane, pyrrole-2-carboxaldehyde,
and another aldehyde with yields varying from 2 to 12%.21

Although no reports are available in the literature on the
synthesis of metal-sandwich derived A-type meso-monosub-

Scheme 1. Synthesis of the Dipyrromethane {η5-[(C4H4N)2CH]C5H4}Co(η
4-C4Ph4) 1 and Its 1,9-Diformyl Derivative 2

Scheme 2. Synthesis of A-Type Porphyrin Having η5-CpCo(η4-C4Ph4) at the Periphery
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stituted, β-unsubstituted porphyrins, the molecular and
electronic structure of ferrocene meso-substituted, A-type free
base porphyrin has been predicted using density functional
theory (DFT) and time-dependent density functional theory
(TD-DFT) methods.23

In contrast to the [2 + 2 + 1] condensation method by Senge
et al., we have attempted a two-component template based
rational method24 involving meso-unsubstituted dipyrrome-
thane and compound 2. Condensation reaction of 2 with
dipyrromethane in the presence of Pd(C6H5CN)2Cl2, KOH,
and ethanol as a solvent under reflux conditions gave the red-
colored A-type porphyrin 3 in 18% yield (Scheme 2). This

synthetic approach provides scope for realizing more examples
of metal coordinated A-type of porphyrins with different
organometallic substituents.
Analogous reactions of 2 with aryl- and ferrocenyl-

substituted dipyrromethanes under similar reaction conditions
gave the trans-AB type porphyrins 4, 5, and 6 in 14, 24, and
10% yield, respectively (Scheme 3).
To observe the effect of the size of the metal ion on the

spectral properties of the metal sandwich derived porphyrins,
we used different metal ions such as Ni(II) and Zn(II) as
templates in the synthesis. Condensation reaction of 2 with
ferrocenyl dipyrromethane in the presence of Ni(acac)2, KOH,

Scheme 3. Synthesis of Pd(II) Coordinated trans-AB-Type Porphyrins Having η5-CpCo(η4-C4Ph4) Unit at Their meso Positions

Scheme 4. Synthesis of Ni(II) and Zn(II) Coordinated trans-AB Type Porphyrins

Scheme 5. Synthesis of trans-AB Type Free Base Porphyrin
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and ethanol as a solvent under reflux conditions gave the green-
colored nickel coordinated porphyrin 7. The reaction of 2 with
ferrocenyl dipyrromethane and ethanol containing Zn(OAc)2
in the presence of n-propylamine for 12 h gave the green-
colored zinc coordinated porphyrin 8 in 19% yield (Scheme
4).25

Unlike 7 which was obtained as good crystals, the zinc-
coordinated porphyrin 8 did not yield crystals that could be
used for X-ray structure determination. However, demetalation
of the zinc coordinated porphyrin 8 under acidic conditions at
room temperature gave the free base trans-AB porphyrin 9 as
good crystals and was structurally characterized providing
relative spacial orientation of the two meso-substituted sandwich
units of 8 (Scheme 5). Compounds 5, 7, 8, and 9 are the first
examples of AB-type porphyrins having two different kinds of
metal sandwich units bound to their periphery obtained with
good selectivity and in appreciable yields. An earlier work by
Loim et al. involving 2 + 2 condensation of an equimolar
mixture of cymantrene dipyrromethane and ferrocene carbox-
aldehyde resulted in six different products including positional
isomers of cis-A2B2, trans-A2B2, A3B, and AB3 (where A =
cymantrene, B = Fc) type of porphyrins apart from tetra-
ferrocene and tetra-cymantrene derived porphyrins.19a

Unlike ferrocene whose multisubstitution on cyclic and
spherical substrates is relatively easy, previous attempts to
introduce multisubstitution of the highly sterically hindered η5-
CpCo(η4-C4Ph4) on such substrates were unsuccessful

resulting mostly in monosubstituted products.26 Although we
attempted to introduce more than one η5-CpCo(η4-C4Ph4)
units on the porphyrin periphery using base-catalyzed
condensation of {η5-[(C4H4N)2CH]C5H4}Co(η

4-C4Ph4) 1
with its 1,9-diformyl derivative 2, the reaction resulted in
products with very poor yields which could not be separated
and isolated. On the basis of this observation, we considered
trying out a McDonald type acid-catalyzed 2 + 2 condensation
of η5-[C5H4(CHO)]Co(η

4-C4Ph4) with meso-substituted di-
pyrromethanes to prepare porphyrins with more than one η5-
CpCo(η4-C4Ph4) units at the periphery.
The McDonald-type 2 + 2 condensation of η5-

[C5H4(CHO)]Co(η
4-C4Ph4) with meso-pentafluorobenzene

derived dipyrromethane in the presence of trifluoroacetic acid
gave the trans-A2B2 type porphyrin 10 having two cobalt
sandwich units in 14% yield. Interestingly, porphyrin 10 was
obtained as the sole cyclic product from this reaction, although
such acid-catalyzed 2 + 2 condensation reactions are generally
prone to scrambling, resulting in more than one cyclic product.
Our result is comparable to the acid-catalyzed condensation
reaction of ferrocene carboxaldehyde with 5-(pentafluorophen-
yl) dipyrromethane which gave a 5,15-bisferrocenyl-10,20-
bis(pentafluorophenyl)porphyrin as the single cyclic porphyrin
product.30 Condensation of the aldehyde (η5-C5H4CHO)Co-
(η4-C4Ph4) with another sterically hindered dipyrromethane (5-
mesityl-substituted dipyrromethane) under similar reaction
conditions also gave selectively the trans-A2B2 type of porphyrin

Scheme 6. Synthesis of trans-A2B2 Type Porphyrins Having η5-CpCo(η4-C4Ph4) Units

Scheme 7. Synthesis of AB3 and cis-A2B2 Type Porphyrins with η5-CpCo(η4-C4Ph4) Units
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11 (Scheme 6). This observation is similar to what has been
observed in the acid-catalyzed reaction of p-tolualdehyde with
mesityl dipyrromethane which exclusively gave only the trans
product.27

Interestingly, the reaction of [(η5-C5H4CHO)]Co(η
4-C4Ph4)

with a sterically less hindered dipyrromethane 4-But-C6H4-
[CH(C4H4N)2] under similar reaction conditions gave AB3 12
and cis-A2B2 13 type porphyrins which are products resulting
from scrambling (Scheme 7). The formation of these
compounds 12 and 13 can be explained by invoking acid-
catalyzed fragmentation of a polypyrrane into pyrrolic and
azafulvene components followed by their recombination which
is well documented in the porphyrin literature.27 Formation of
the cis-η5-CpCo(η4-C4Ph4) disubstituted compound 13 in-
dicates that the steric bulkiness of the cobalt sandwich unit does
not hinder the formation of meso-disubstituted porphyrin
derivatives.
NMR Spectral Studies on Compounds 2−13. In the 1H

NMR, the disappearance of a signal at 6.44 ppm corresponding
to 1,9-protons of dipyrromethane of 1 and appearance of a
typical singlet at 10.44 ppm corresponding to an aldehydic
proton indicated that formylation has occurred at these
positions leading to compound 2. In the 1H NMR of
compound 2, all pyrrolic protons shifted downfield after
formylation, due to the increased electron withdrawing nature
of the formyl group. Similar downfield shifts have also been
observed during conversion of p-tolyldipyrromethane to its 1,9-
diformyl derivative.28

The 1H NMR spectra of the A-type porphyrin 3 showed two
separate singlets having peak intensity in the ratio of 2:1 at
10.00 and 10.13 ppm respectively which can be assigned to
protons at the meso positions. Two doublets corresponding to
two protons each and one multiplet corresponding to four
protons were observed in the range of 8.74−9.72 ppm for the
β-pyrrolic hydrogens. A similar 1H NMR peak pattern was
observed in the case of meso-mesityl-substituted A-type of
porphyrins in the range of 9.38−10.26 ppm.29

Because of the presence of two different substituents at 5 and
15 positions, the trans-AB type porphyrins 4−9 showed four
different sets of doublets corresponding to two each for β-
pyrrolic hydrogens and one singlet corresponding to the two
meso hydrogen atoms. The trans-AB type porphyrin 4 also
showed four sets of doublets in the range of 8.79−9.76 and a
singlet at 10.02 ppm. Unsubstituted cyclopentadienyl units of
ferrocene in compounds 5 and 7−9 gave a singlet in the range
of 3.92−4.30 ppm, while substituted cyclopentadienyl units
were observed as two sets of signals in the range of 4.80−5.95
ppm. Nickel coordinated trans-AB porphyrin 7 showed four
different sets of doublets in the range of 8.53−9.65 ppm and a
singlet at 9.29 ppm. Similar to 5, trans-AB porphyrin 6 also
showed four different sets of doublets in the range of 8.79−9.77
and a singlet at 10.06 ppm. Demetalation of the zinc
coordinated porphyrin 8 was easily monitored by the
appearance of two broad peaks at −1.99 and −1.90 ppm
corresponding to the ring −NH protons. After demetalation,
chemical shift of the meso proton was also found to shift
downfield significantly (from 9.61 to 10.06) in 9.

1H NMR of the η5-CpCo(η4-C4Ph4) trans-disubstituted
compounds 10 and 11 were easily differentiated from that of
the cis isomer 13. In contrast to the trans-substituted
compounds which showed only two peaks in the pyrrolic
region, the cis isomer showed four different peaks in the
pyrrolic region which can be ascribed to the lower symmetry of

the latter. Two doublets observed at 8.05 and 9.38 ppm for four
protons each correspond to two sets of β-pyrrolic hydrogens
for the trans-A2B2 porphyrin 10. This is similar to the
observation in the case of the trans-A2B2 type ferrocene
analogue [5,15-bisferrocenyl-10,20-bis-(pentafluorophenyl)
porphyrin] where it was observed at 8.66 and 9.97 ppm.30

Similarly, β-pyrrolic hydrogens of the other trans isomer 11
gave doublets at 8.04 and 9.36 ppm.
In contrast to the trans isomer, the cis isomer 13 showed four

different peaks at 8.28, 8.65, 8.84, and 9.19 ppm. A similar peak
pattern was observed in the case of its ferrocene analogue 5,10-
bisferrocenyl-15,20-diphenyl porphyrin4a where it was observed
at 8.65, 8.71, 9.78, 9.90 ppm, respectively.

UV−vis Spectral Studies of Compounds 3-13. UV−vis
spectra of the compounds 3−13 were recorded in dichloro-
methane, and the spectral data of compounds 4−9 and 10−13
are summarized in Figures 1 and 2, respectively. The spectra of

A type porphyrin 3 is given in the Supporting Information. The
effect of substitution of η5-CpCo(η4-C4Ph4) units on the
spectral properties of the porphyrin ring is clearly reflected in
these studies. A-type porphyrin 3 showed the Soret absorption
band at 400 nm. This absorbance is close to the absorption
maxima at 406 nm reported in the case of the A-type zinc(II)
coordinated 5-mesitylporphyrin.29 The trans-AB type porphyr-
ins 4−9 showed absorbance in the range of 411−423 nm which
is close to the Soret absorption shown by the free base trans-AB
type 5-ferrocenyl-15-phenyl porphyrin (424 nm).31 The
palladium(II) trans-AB type porphyrin 5, which has both
ferrocene and the cobalt sandwich unit at its trans positions,
showed absorption maxima at 416 nm. Among the trans-AB
type porphyrin complexes, the nickel(II) porphyrin 7 showed a
broad Soret absorption band at 423 nm (Figure 1). The
broadening of this spectrum may be due to the distortion of the
porphyrin macrocycle as evident from the highly ruffled nature
of the porphyrin core which was confirmed from its molecular
structure. Similar broadening of Soret absorption band was
reported for the distorted Ni(II) tetra(tert-butyl)porphyrin.32

The zinc coordinated porphyrin 8 showed absorption at 422
nm while the same after demetalation (compound 9) showed
absorption at 417 nm.
The trans-A2B2 porphyrin 10 showed absorbance at 423 nm,

which is similar to that of the reported 5,15-bisferrocenyl-10,20-
bis(pentafluorophenyl) porphyrin30 which showed absorbance
maxima at 424 nm (Figure 2). The AB3 type porphyrin 12

Figure 1. Electronic absorption spectra of trans-AB type compounds
4−9 in dichloromethane at 1 × 10−6 M.
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[where B = (4-tert-butylphenyl] having only one cobalt
sandwich unit showed Soret absorbance at 423 nm and a Q-
band at 581 nm, which is similar to the absorption maxima
observed in the case of its ferrocene analogue, 5-ferrocenyl
10,15,20-tri-(4-tert-butylphenyl) porphyrin6a for which these
bands were observed at 423 and 510 nm respectively. However,
further substitution of phenyl by cobalt sandwich unit resulted
in a significant increase in the absorption maxima toward the
higher wavelength region.
For instance, in contrast to the reported 5,10-diferrocenyl 15,

20-di(4-tert-butylphenyl) porphyrin6a which showed absorption
at 426 nm, for both trans-A2B2 porphyrin 11 and cis-A2B2
porphyrin 13, absorption shifted more toward the red region.
Both compounds showed absorption maxima at 443 nm for the
Soret band and Q bands at 610 and 612 nm for 12 and 13
respectively (Figure 2). This red-shift in both Soret and Q
bands is probably due to the increased nonplanarity of the
porphyrin core after replacement of one of the phenyl groups
by η5-CpCo(η4-C4Ph4). This observation was similar to the
reported absorption spectra for ferrocene-substituted porphyr-
ins where also the position of absorption band maxima was
found to depend on the extent of ferrocene substitution on the
porphyrin.6a

Red shifts of Soret and Q-bands in the UV−visible spectrum
of ferrocene-substituted porphyrins were reported relative to
the parent tetraphenyl porphyrin.6a However, effect of the
cobalt sandwich unit on the variation in absorption maxima was
found to be even more pronounced. For example, compound
12, where only one η5-CpCo(η4-C4Ph4) is attached to the
porphyrin ring, showed absorbance maxima (Soret band) at
423 nm, while for the η5-CpCo(η4-C4Ph4) trans-disubstituted
compound 11, the Soret absorption maxima increased from
423 to 443 nm. Similar variation on going from mono- to
diferrocene substitution indicated only a small increment in the
position of the Soret absorption band (423−426 nm).6b

X-ray Crystal Structures of Compounds 1, 2, 3−5, 7, 9,
11, and 13. The crystal structures of compounds 3−5, 7, 9,
11, and 13 are given in Figures 3−9, and those of compounds 1
and 2 are given in the Supporting Information. From the crystal
structure of compound 1, it was observed that the average C−C
bond distance of cyclopentadienyl ring 1.415(1) Å and the
average bond angle 107.99(4)° were in good agreement with
bond lengths and angles for the related compound (η5-
c y c l o p e n t a d i e n y l ) ( η 4 - 1 , 3 - d i f e r r o c e n y l - ( 2 , 4 -
diphenylcyclobutadiene)cobalt.33 The crystal structure of the
1,9-diformyl derivative 2 showed the occurrence of two

molecules of solvent (chloroform) within the asymmetric
unit. The bond lengths and bond angles after formylation of the
cobalt sandwich unit remained nearly the same as that of
compound 1.
Nonplanar distortions of the porphyrin macrocycle depend

on factors such as the number, position, size, and shape of the
peripheral substituents and the size of metal ions present34 at
the center of the porphyrins. In general, the present study
indicates that the bulky substituent η5-CpCo(η4-C4Ph4) at the
meso position plays a significant role in deciding the planarity of
the porphyrin macrocycle. While some examples of aryl and
alkyl based A-type porphyrins are known in the literature,21,22

examples whose crystal structure have been determined are
very few in number.32 A literature search on A-type of
porphyrins indicates only one known example of ferrocene
meso-substituted derivative which is actually an octamethylpor-
phyrin.35 The η5-CpCo(η4-C4Ph4) meso-substituted porphyrin
3 to the best of our knowledge is the first example of a
structurally characterized metal sandwich derived A-type
porphyrin.
Porphyrin unit of 3 shows a saddle type, out-of-plane

distortion with some contribution of wave type distortion. This
deviation from planarity seems to be a result of localized
influence of the cobalt sandwich substituent η5-CpCo(η4-
C4Ph4) present at its meso position (Figure 3). The tilt angle of

the individual pyrrole rings with respect to the mean plane
passing through all the 24 ring atoms are 6.9, 4.9, 3.8, and 4.1°.
The meso carbon atom which is attached to the cobalt sandwich
unit has been found to be 0.11 Å away from the mean plane
defined by all the 24 atoms of porphyrin unit (Figure 10A).
This is in contrast to the reported structure of the Ni(II)

coordinated tert-butyl-substituted A-type porphyrin which
showed a significant ruffle type of distortion.32 The extent of
out-of-plane distortion is less in the case of 3, and the
displacement of each atom from the mean plane defined by the
porphyrin ring has been found to vary in the range of −0.203 to
0.268 Å (Figure 10A). The dihedral angle between the
cyclopentadienyl ring and the mean plane defined by the
porphyrin ring was found to be 33.7(2)°. The macrocycle
shows only a small in-plane distortion, and the core elongation
parameter was found to be 0.080 Å.

Figure 2. Electronic absorption spectra of A2B2 and AB3 type
compounds 10−13 in dichloromethane at 1 × 10−6 M.

Figure 3. Molecular structure of A-type porphyrin 3. Thermal
ellipsoids are drawn at the 30% probability level. All hydrogen atoms
are omitted for clarity. Selected bond lengths (Å) and angles (deg)
with esd’s in parentheses C(1)−C(2) 1.433(8); C(2)−C(3) 1.333(7);
C(3)−C(4) 1.451(7); Pd(1)−N(1) 2.010(4); C(1)−C(2)−C(3)
107.0(5); C(2)−C(3)−C(4) 108.6(5); C(4)−C(5)−C(6) 121.9(5).
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The crystal structure of the trans-AB type compound 4
(Figure 4) similar to 3 shows a saddle type of distortion, and
the effect of substitution of the tert-butylphenyl group at its
meso position, trans to the cobalt sandwich unit, does not seem
to affect the nature of distortion. This type of out-of-plane
distortion is in contrast to the ruffle type of distortion reported
for the structure of the trans-AB type 5-ferrocenyl-15-phenyl
porphyrin.31 The meso carbon atom attached to the cobalt
sandwich unit has been found to be 0.14 Å away from the mean
plane defined by all the 24 atoms of the porphyrin unit (Figure
10B).
In the structure of 4, the dihedral angles between the

cyclopentadienyl ring and the benzene moiety of the meso-tert-
butyl phenyl substituent with respect to the mean plane defined
by the porphyrin ring are 44.8(1)° and 87.1(1)°. The plane
passing through the cyclopentadienyl ring of the cobalt
sandwich compound makes an angle of 42.5(2)° with the
phenyl unit attached trans to it. Similar to the A-type porphyrin
3, the trans-AB type porphyrin 4 also shows only a small in-

plane distortion, and the core size elongation parameter was
found to be 0.080 Å.
To observe the effect of size of central metal ion on the type

and extent of distortion of metal sandwich derived AB type
porphyrin molecules, we have determined crystal structures of
the Pd and Ni coordinated porphyrins, as well as the free base
porphyrin keeping the same bulky substituents in the trans-AB
porphyrin unit (compounds 5, 7, and 9). Interesting variations
in the extent of in-plane and out-of-plane distortions of
porphyrin macrocycles were observed.
Interestingly molecular structures of the trans-AB porphyrins

5, 7, and 9 showed syn orientation with respect to the
porphyrin macrocycle of both of the metal sandwich units in
spite of the sterically bulky nature of the cobalt sandwich
substituent (Figure 5). The reported structure of the analogous
trans-AB type 5,15-diferrocenyl-2,8,12,18-tetraethyl-3,7,13,17-
tetramethylporphyrin36 also showed syn orientation for both
the ferrocene units. The mean plane passing through the
porphyrin macrocycle makes angles of 41.9(1) and 46.3(1)° for
7, 43.5(2) and 39.9(2)° for 5, and 45.0(3) and 45.2(3) for 9

Figure 4.Molecular structure of the AB-type porphyrin 4. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen atoms are omitted
for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.417(9); C(2)−C(3) 1.337(9); C(3)−C(4) 1.433(8);
N(1)−C(1) 1.379(7); Pd(1)−N(1) 2.007(5); C(6)−C(5)−C(4) 123.1(6); C(9)−C(10)−C(11) 126.6(6).

Figure 5. Molecular structure of the trans-AB-type porphyrin 5. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.417(6); C(2)−C(3) 1.327(7); C(3)−C(4)
1.427(6); N(1)−C(1) 1.368(5); Pd(1)−N(1) 2.015(3); C(4)−C(5)−C(6) 121.9(4); C(11)−C(10)−C(9) 125.9(4).
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with the cyclopentadienyl rings of the ferrocene and η5-
CpCo(η4-C4Ph4) units, respectively. For compound 7, the
porphyrin bound cyclopentadienyl rings of ferrocene and η5-
CpCo(η4-C4Ph4) make an angle of 25.4(2)° with each other,
while the corresponding angles in the case of compounds 5 and
9 were found to be 83.0(3)° and 89.9(4)° respectively (Figure
5−7).
The two bulky substituents, ferrocene and η5-CpCo(η4-

C4Ph4), at the meso positions of the trans-AB-porphyrins 5, 7,
and 9 have been found to induce a ruffle type distortion in the
porphyrin skeleton. While replacing the Pd(II) ion of 5 by a
smaller Ni(II) ion (7), an increase in the magnitude of the
ruffle type distortion was observed (Figure 10B). The tilt angles
of the individual pyrrole rings with respect to the mean plane
passing through the porphyrin ring were found to be 9.1(3),
9.3(3), 8.3(3), and 9.6(3)° in the case of 9, 10.5(2), 11.2(2),
10.1(2), and 12.6(2)° in the case of 5, 20.1(1), 19.8(1),
21.5(1), and 20.8(1)° in the case of 7. This clearly shows that
highest out-of-plane tilt of the pyrrole unit with respect to mean
plane defined by the porphyrin ring is observed in the case of 7.

For the free base porphyrin 9, it was found that the bulky
cobalt sandwich unit induces significant strain (Figure 7). The
in-plane distortion was found to be maximum (0.38 Å) in the
case of the free base porphyrin 9 compared to 0.11 Å of 5 and
0.06 Å in the case of 7. The Ni(II) coordinated trans-AB
porphyrin 7 shows the maximum out-of-plane distortion,
possibly due to the smaller size of nickel and shorter Ni−N
bond distances which were found to be in the range of
1.903(4)−1.914(4) Å. The displacement of each atom from the
mean plane defined by the porphyrin ring has been found to
vary in the range of −0.629 to 0.698 Å in the case of 7, −0.400
to 0.331 in 5, and −0.330 to 0.381 Å in the case of 9 (Figure
10, panels D, C, and E, respectively). A similar type of ruffling
has also been reported in the case of Ni(II) coordinated
porphyrin 5,10,15,20-tetrabutyl-2,3,7,8,12,13,17,18-octaethyl-
porphyrinatonickel(II).34

The crystal structure of compound 11 indicated that the
molecule has a center of symmetry, and both the cobalt
sandwich units are in anti orientation with respect to the
porphyrin macrocycle (Figure 8). This is in contrast to the

Figure 6. Molecular structure of the trans-AB-type porphyrin 7. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.429(6); C(2)−C(3) 1.334(6); C(3)−C(4)
1.445(5); C(4)−C(5) 1.400(5); Ni(1)−N(1) 1.909(3); C(4)−C(5)−C(6) 120.0(4); C(11)−C(10)−C(9) 124.3(4).

Figure 7. Molecular structure of the trans-AB-type demetalated porphyrin 9. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen
atoms are omitted for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.528(12); C(2)−C(3) 1.308(13);
C(3)−C(4) 1.452(11); C(7)−C(8)−C(9) 107.6(8); C(3)−C(2)−C(1) 107.6(9); C(2)−C(3)−C(4) 108.7(9).
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theoretical studies reported for the analogous ferrocene
containing porphyrin 5,15-bisferrocenyl-10,20-diphenyl por-
phyrin4b where based on DFT calculations both the ferrocene
units were predicted to be in syn orientation. The macrocycle of
11 shows only a significant in-plane distortion, and the core

elongation parameter was found to be 0.251 Å. The plane

passing through all the 24 atom of porphyrin macrocycle in 11

makes an angle of 42.5(1)° with the cyclopentadienyl rings of

both of the cobalt sandwich substituents. The dihedral angle

Figure 8. Molecular structure of trans-A2B2-type porphyrin 11. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.425(9); C(2)−C(3) 1.328(9); C(3)−C(4)
1.434(9); C(4)−C(5) 1.393(9); N(1)−C(1) 1.381(7); C(6)−C(5)−C(4) 122.7(4); C(11)−C(10)−C(5) 124.3(3); C(1)−C(43)−C(9) 126.9(4).

Figure 9. Molecular structure of cis-A2B2-type porphyrin 13. Thermal ellipsoids are drawn at the 30% probability level. All hydrogen atoms are
omitted for clarity. Selected bond lengths (Å) and angles (deg) with esd’s in parentheses C(1)−C(2) 1.431(9); C(2)−C(3) 1.332(8); C(3)−C(4)
1.451(8); C(4)−C(5) 1.396(7); N(1)−C(1) 1.362(7); C(4)−C(5)−C(6) 124.0(6); C(3)−C(2)−C(1) 108.0(6); C(2)−C(3)−C(4) 106.2(6);
C(4)−C(5)−C(6) 124.2(6).
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between the phenyl rings and the porphyrin macrocycle was
found to be 87.8(1)°.
The structure of compound 13 illustrates that the molecule

has interestingly both the cobalt sandwich units in syn
orientation with respect to the porphyrin macrocycle despite
having two sterically hindered tetraphenylcyclobutadiene units
in close proximity (Figure 9). This observation is also in
contrast to the analogous ferrocene containing porphyrin, 5,10-
biferrocenyl-15,20-diphenyl porphyrin whose structure has
been predicted to have the ferrocene units in anti orientation

based on DFT calculations.4b The displacement of each atom
from the mean plane defined by all the 24 porphyrin ring atoms
has been found to vary in the range of −0.210 to 0.331 Å in the
case of 13 (Figure 10G). The plane passing through the mean
plane of the porphyrin macrocycle in 13 makes an angle of
41.9(2) and 45.8(2)° with the cyclopentadienyl rings of both of
the cobalt sandwich units. The two cyclopentadienyl rings of
the cobalt sandwich units makes an angle of the 58.7(4)° with
respect to each other. In contrast to the structure of the trans-
A2B2 porphyrin 11, which shows significant in-plane distortion,

Figure 10. Diagram showing the out-of-plane displacements (in unit of 0.01 Å) of the porphyrin core atoms of (A) 3, (B) 4, (C) 5, (D) 7, (E) 9, (F)
11, (G) 13 from the mean plane of the C20N4 porphyrin core.
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the macrocycle in cis-A2B2 type porphyrin 13 shows only a
small in-plane distortion, and the core elongation parameter
was found to be 0.085 Å.
Electrochemical Studies. The electrochemical behavior of

cobalt sandwich based porphyrins 3−13 was investigated by
cyclic voltammetric analysis using tetra-butylammonium
hexafluorophosphate as the supporting electrolyte in dichloro-
methane. In general, porphyrins show two oxidation and two
reduction waves corresponding to the formation of mono- and
dication as well as mono- and dianion of the porphyrin ring.37

In the porphyrin-cobalt sandwich conjugates, additional redox
couple corresponding to the oxidation of cobalt sandwich unit
can also be expected.
The cobalt sandwich derived porphyrins 3−13 show two

ring-centered one-electron transfer reduction waves, each
corresponding to single electron reduction, observed in the
range of −1.09 to −1.21 V and −1.22 to −1.84 V, respectively.
These values are close to −1.29 and −1.67 V observed in the
case of H2TTPFc ferrocene conjugates of meso-5,10,15,20-
terta(p-tolyl) porphyrin.3

All potentials are referenced to the Ag/AgCl. Potential of the
working glassy electrode was varied in the range of −2.0 to +1.5
V. P = porphyrin-centered process, Cb = cobalt sandwich
centered process, Fc = ferrocene-centered process, Ox =
oxidation, R = reduction. All reductions are porphyrin core
centered.
The A-type porphyrin 3 having a CpCoC4Ph4 unit at one of

its meso positions showed a single electron oxidation of the
cobalt sandwich substituent Co(I/II) at 0.87 V (100 mV scan
rate) which is close to the reported value of 0.92 V for the
cobalt sandwich substituted stilbene derivative, [Co(η4-C4Ph4)-
η5-C5H4CHCHC6H5)].

38 This peak was assigned as quasi
reversible as the peak current ratio irev/ifwd was 0.33. One
irreversible peak at +1.50 V was also observed which is possibly
due to a porphyrin ring centered oxidation. The reported
second oxidation of the cobalt sandwich substituent [Co(II)/
(III)] occurs at more than 1.50 V under similar measurement
conditions, and therefore there is less probability for this peak
to be due to the cobalt center. Compound 3 also showed the
two ring-centered one-electron transfer reduction waves at
−1.20 and −1.80 V for the formation of monoanion and
dianion respectively of the porphyrin ring.
In contrast to compounds 3 and 4 which showed quasi

reversible peaks at 0.87 and 0.82 V for the cobalt sandwich
substituent, corresponding signal for compounds 5−13 showed
an irreversible peak in the range of 0.81−0.93 V. This is

consistent with the reported result for the 9-anthracenyl
stilbene derived cobalt sandwich [Co(η4-C4Ph4)η

5-C5H4CH
CHC14H9)],

38 which showed an irreversible peak at 0.89 V. In
addition to the peak at 0.87 V, trans-AB porphyrin 4 also
showed a second wave at 1.28 V, which is possibly due to the
oxidation of the porphyrin core. In contrast to compound 4,
compound 6 showed two oxidation peaks at a comparatively
higher potential at 0.91 and 1.40 V possibly due to the presence
of the electronegative pentafluorobenzene as one of the meso
substituents.
The trans-AB type porphyrins 5, 7, 8, and 9, all having

ferrocene as one of the meso substituent exhibited a one-
electron reversible oxidation in the range of +0.47 to +0.52 V
due to ferrocene which is close to the 0.41 V observed in the
case of bis-1,1′-(porphyrinyl)ferrocene.39 These peaks were
assigned as reversible as the peak current ratio ipa/ipc was close
to unity (see Supporting Information). Irreversible waves at
0.82, 0.92, 0.83, and 0.92 V were observed for trans-AB type
porphyrins 5, 7, 8, and 9, respectively, which were assigned as
cobalt sandwich centered oxidation process.38 For trans-AB
porphyrins 5, 7, 8, and 9, an irreversible wave was observed in
the range of 1.23−1.27 V due to the porphyrin centered
oxidation. Interestingly compound 5, 7, 9 showed the
ferrocene39 and a cobalt center based oxidation38 close to the
reported value indicates that there is no significant electro
communication between these redox centers, which can also be
evident by its crystal structure which shows that porphyrin
macrocycles are not in-plane to that of the ferrocene and cobalt
sandwich moiety (see Supporting Information).
A similar porphyrin based irreversible oxidation at 1.27 V was

reported for the bis-1,1′-(porphyrinyl) ferrocene.39 The free
base trans-AB porphyrin 9 showed the ferrocene based
oxidation at 0.52 V. In addition to this, it also showed two
other irreversible oxidation waves, one at 0.92 due to the cobalt
sandwich unit and the other at 1.27 V due to the porphyrin ring
oxidation. The two porphyrin ring centered reduction peaks for
9 were observed at −1.09 and −1.84 V.
The trans-A2B2 porphyrin 10 showed three closely separated

peaks at 0.85, 1.14, and +1.29 V. The first two peaks are due to
the oxidation of the cobalt sandwich units. The third
irreversible oxidation which was observed at +1.27 V is possibly
due to the oxidation of the porphyrin core (see Supporting
Information). This is close to the 1.16 V reported in the case of
the analogous trans-A2B2 type 5,15-bisferrocenyl-10,20-bis-
(pentafluorophenyl) porphyrin.3

Compared to 10, the trans-A2B2 poprhyrin 11 showed
separate oxidation peaks at 0.81, 1.10, and 1.38 V. Apart from
these three oxidation peaks, it also showed the expected
reduction waves at −1.12 and −1.45 V of the porphyrin ring.
Similar to the trans-A2B2 porphyrin 11, the cis -A2B2 porphyrin
13 showed three different oxidation peaks at 0.81, 1.15, and
1.29 V. However, in contrast to the cis-A2B2 porphyrin 13
(reduction peaks at −1.21, −1.73 V) the AB3 porphyrin 12
showed two reduction waves at −1.10 and 1.22 V indicating the
relative ease of reduction of this compound (see Supporting
Information).

■ CONCLUSIONS
The synthesis and structural characterization of the first
examples of porphyrins substituted at the meso positions with
sterically hindered η5-CpCo(η4-C4Ph4) cobalt sandwich units
are described. The synthesis of these compounds are made
possible by the facile preparation of the first dipyrromethane

Table 1. Cyclic Voltammetric Data for Cobalt Sandwich-
Containing Porphyrins in a DCM/TBAP System

compound Ox3 (P) Ox2 (Cb) Ox1 (Fc) R1 (P) R2 (P)

3 1.50 0.87 −1.20 −1.80
4 1.26 0.82 −1.02 −1.43
5 1.23 0.82 0.47 −1.10 −1.60
6 1.40 0.90 −1.15 −1.47
7 1.25 0.92 0.52 −1.16 −1.53
8 1.26 0.83 0.44 −1.20 −1.82
9 1.27 0.92 0.52 −1.09 −1.84
10 1.29 0.85 −1.05 −1.63
11 1.10 0.81 −1.12 −1.45
12 1.20 0.93 −1.10 −1.22
13 1.16 0.80 −1.21 −1.73
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derivative of (η5-Cp)Co(η4-C4Ph4) and its 1,9-diformyl
derivative. A set of highly air and moisture stable porphyrins
of the type A, trans-AB, trans-A2B2, cis-A2B2, and A3B where A is
η5-CpCo(η4-C4Ph4) have been prepared with the sandwich unit
occupying the meso positions. For the first time, rational
methods have been adopted to introduce two different
organometallic fragments such as ferrocene and (η5-Cp)Co-
(η4-C4Ph4) on a porphyrin periphery, which resulted in better
selectivity. A rational method involving metal template was also
employed for the first time for the synthesis of novel A- and
trans-AB type of porphyrins. While base-catalyzed reactions of
dipyrromethane with its diformyl derivative did not yield
isolable quantities of (η5-Cp)Co(η4-C4Ph4) meso-disubstituted
porphyrins, an acid-catalyzed reaction of the aldehyde η5-
[C5H4(CHO)]Co(η

4-C4Ph4) with sterically hindered dipyrro-
methanes gave selectively trans-A2B2 type porphyrins. In
contrast, reactions of the aldehyde with a sterically unhindered
dipyrromethane under the same conditions gave cis-A2B2 and
AB3 type porphyrins, the latter resulting from scrambling.
These novel examples of cis and trans (η5-Cp)Co(η4-C4Ph4)
disubstituted porphyrins were also structurally characterized.
The structures of these compounds show interesting differences
in the spatial orientation of the sandwich units when compared
with the theoretically predicated structures of analogous
ferrocene derivatives. The number and position of (η5-
Cp)Co(η4-C4Ph4) units as well as size of metal ions have
been found to affect the extent of planarity of the porphyrin
rings. The number of (η5-Cp)Co(η4-C4Ph4) units at the meso
positions of a porphyrin also seem to have a significant effect on
the bathochromic shift on the Soret band of the prophyrin ring
compared to porphyrins having ferrocene at the meso positions.

■ EXPERIMENTAL SECTION
General Methods. All manipulations of the complexes were

carried out using standard Schlenk techniques under nitrogen
atmosphere. All the solvents were freshly distilled using standard
procedures. The compounds ferrocenecarbaldehyde, 4-tert-butylben-
zaldehyde, pentafluorobenzaldehyde, mesitaldehyde, DDQ, triethyl-
amine, n-propylamine, PdCl2(PhCN)2, Ni(acac)2 and zinc acetate
were procured from Aldrich and were used as such. Pyrrole was
distilled from calcium hydride under nitrogen atmosphere before use.
Sod ium sa l t o f ca rbomethoxycyc lopentad iene , 4 0 t r i s -
(triphenylphosphine)cobalt chloride,41 (η5-formyl cyclopentadienyl)-
(η4-tetraphenylcyclobutadiene)cobalt,15b ferrocenyl dipyrromethane,20

meso-4-tert-butylphenyldipyrromethane,42 meso-mesityldipyrrome-
thane,43 and meso-pentafluorophenyl dipyrromethane30 were prepared
according to literature procedures.
Instrumentation. 1H and 13C{1H} spectra were recorded on a

Bruker Spectrospin DPX-300 NMR spectrometer at 300 and 75.47
MHz, respectively. Elemental analyses were carried out on a Carlo
Erba CHNSO 1108 elemental analyzer. Mass spectra were recorded
on Bruker Micro-TOF QII quadrupole time-of-flight (Q-TOF) mass
spectrometer. Electronic spectra were recorded by using Perkin-Elmer
Bio Lambda 20 UV/vis spectrophotometer. Cyclic voltammetric
measurements were performed on a (Autolab PGSTAT302N)
electrochemical analyzer. A glassy carbon working electrode, a
platinum wire auxiliary electrode and Ag/AgCl reference electrode
were used in a standard three-electrode configuration. The ferrocene/
ferrocenium couple occurs at E1/2 = +0.38 V versus Ag/AgCl under
the same experimental conditions.
X-ray Crystallography. Suitable crystals of compounds 1, 2, 3, 4,

5, 7, 9, 11, and 13 were obtained by slow evaporation of their
saturated solutions in ethyl acetate/hexane, dicloromethane/toluene or
chloroform/toluene solvent mixtures. Single-crystal diffraction studies
were carried out on a Bruker SMART APEX CCD diffractometer with
a Mo Kα (λ = 0.71073 Å) sealed tube. All crystal structures were

solved by direct methods. The program SAINT (version 6.22) was
used for integration of the intensity of reflections and scaling.44a The
program SADABS was used for absorption correction.44b The crystal
structures were solved and refined using the SHELXTL (version 6.12)
package.44c All hydrogen atoms were included in idealized positions,
and a riding model was used. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Table 2 lists the data collection
and structure solving parameters for compounds 1−5, 7, 9, 11, and 13.
The data for all structures were collected at room temperature. The
highly distorted solvent molecules in the crystals of complexes 4, 7,
and 13 were omitted using the SQUEEZE algorithm. The resulting
new data set after this omission was generated, and the structure was
refined to convergence. Selected bond distances and angles for all
compounds are given in the Supporting Information.

Synthesis of η5-[(C4H4N)2CHC5H4]Co(η
4-C4Ph4) 1. A mixture of

pyrrole (3.11 mL, 43.00 mmol) and η5-[C5H4(CHO)]Co(η
4-C4Ph4)

(0.57 g, 1.10 mmol) was degassed by bubbling argon for 10 min.
Trifluoroacetic acid (0.02 mL, 0.11 mmol) was added, and the mixture
was stirred for 2 h at room temperature, diluted with CH2Cl2, and
washed with 0.1 M NaOH, followed by water. The organic layer was
dried over anhydrous sodium sulfate and concentrated under reduced
pressure, and the unreacted pyrrole was removed by vacuum
distillation at room temperature. The resulting dark yellow viscous
semisolid was chromatographed through neutral alumina using 10%
ethyl acetate/hexane as eluent to give a yellow crystalline solid which
was identified as η5-[(C4H4N)2CHC5H4]Co(η

4-C4Ph4) (1). Yield 0.63
g, 87% Mp: 210−212 °C (dec.). Anal. Calcd. for C42H33CoN2: C,
80.76; H, 5.32; N, 4.48. Found: C, 80.78; H, 5.29; N, 4.52. 1H NMR
(δ, 300 MHz, CDCl3): 4.56 (4H, s, Cp), 4.69 (1H, s), 5.68 (2H, s),
6.05 (2H, s), 6.44 (2H, s) 7.23−7.30 (20H, m, Ph). 13C NMR: 77.04
(C4Ph4), 82.58, 82.79, 100.97 (CpC), 106.38, 108.03, 116.36, 126.26
(C4H4N), 128.00, 128.13, 128.83, 132.41(PhC), 136.04(CH−
C4H4N); HRMS: Calcd. for C42H34CoN2: 625.2054, Found: 625.2018.

Synthesis of meso-{η5-[(CHO)(C4H3N)]2CHC5H4}Co(η
4-C4Ph4)

2. The dipyrromethane 1 (0.62 g, 1.00 mmol) was dissolved in 3.0 mL
of dimethyl formamide cooled to 0 °C and stirred for 20 min. In
another flask, Vilsmeier reagent was prepared by adding POCl3 (1.5
mL, 16.00 mmol) dropwise to dimethylformamide (10.00 mL) at 0
°C. To the cold solution of dipyrromethane 1 Vilsmeier reagent (0.80
mL, 2.1 equiv) was added dropwise, and the mixture was stirred at 0
°C for 2 h. The reaction was quenched by adding a saturated aqueous
sodium acetate solution, and the solution was extracted with ethyl
acetate. The organic phase were washed first with brine and then with
water. It was then dried over anhydrous sodium sulfate. Afterward, all
solvents were evaporated off, and the crude product was chromato-
graphed through neutral alumina using an ethyl acetate/hexane 20%
mixture as the eluent. The compound obtained as orange red crystals
after slow evaporation was characterized as meso-{η5-[(CHO)-
(C4H3N)]2CHC5H4} Co(η4-C4Ph4) 2. Yield: 0.29 g, 65%. Mp:
232−234 °C (dec.) Anal. Calcd. for C46H35 Cl6CoN2O2: C, 60.09; H,
3.84; N, 3.05. Found: C, 60.11; H, 3.80; N, 3.12. 1H NMR (δ, 300
MHz, CDCl3): 4.50 (2H, s, Cp), 4.56 (2H, s, Cp), 4.80 (1H, s), 5.76
(2H, d, 3J = 2.0 Hz), 6.80 (2H, d, 3J = 2.1 Hz), 7.18−7.30 (20H, m,
Ph), 9.33 (2H, s, NH), 10.44 (2H, s, CHO). 13C NMR: 75.03
(C4Ph4), 82.86, 83.40, 96.60 (CpC), 110.63, 122.27, 125.28, 126.44
(C4H4N), 128.21, 128.76, 129.02, 132.58 (PhC), 141.32[CH-
(C4H4N)2], 179.01 (−CHO) HRMS: Calcd. for C44H33CoN2O2Na:
703.1772, Found: 703.1766.

Synthesis of the A-Type Porphyrin 3. A mixture of 1,9-
diformyldipyrromethane 2 (0.68 g, 1.0 mmol), dipyrromethane (0.14
g, 1.00 mmol), KOH (0.28 g, 5.00 mmol), and Pd(C6H5CN)2Cl2
(0.23 g, 0.60 mmol) in EtOH was heated at reflux in the open for 1 h.
Afterward the solvent was removed under a vacuum, and
chromatography of the crude product using ethyl acetate/hexane 5%
mixture afforded the A type porphyrin 3. Yield: 0.16 g, 18%. Mp: 225−
227 °C (dec.). Anal. Calcd. for C53H35CoN4Pd: C, 71.27; H, 3.95; N,
6.27. Found: C, 71.30; H, 3.89; N, 6.34. 1H NMR (δ, 300 MHz,
CDCl3): 5.23 (2H, s, Cp), 5.83 (2H, s, Cp), 6.69−7.11 (20H, m, Ph),
8.75 (2H, d, 3J = 5.1 Hz), 9.23 (4H, m), 9.73 (2H, d, 3J = 4.8 Hz),
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10.00 (2H, s), 10.13 (1H, s). UV/vis (CH2Cl2; λmax, nm 400 (4.39),
531 (3.77), 575 (3.47).
General Procedure for Synthesis of Palladium(II) trans-AB-

Porphyrins 4−6. A mixture of 1,9-diformyldipyrromethane 2 (1
equiv), meso aryl- and ferrocenyl-substituted dipyrromethane (1
equiv), KOH (5 equiv), and Pd(C6H5CN)2Cl2 (0.6 equiv) in EtOH
was heated at reflux under open conditions for 1 h. Afterward the
solvent was removed under a vacuum, and chromatography of the
crude product using ethyl acetate and hexane (3−5%) afforded the
trans-AB type palladium coordinated porphyrin.
Synthesis of Porphyrin 4. The reaction was performed following

the general procedure using 2 (0.14 g, 0.20 mmol), meso-4-tert-
butylphenyldipyrromethane (0.05 g, 0.20 mmol), KOH (0.06 g, 1.00
mmol), and Pd(C6H5CN)2Cl2 (0.05 g, 0.12 mmol). Compound 4 was
obtained as a red colored solid. Yield: 0.03g, 14%. Mp: 242−244 °C
(dec.). Anal. Calcd. for C70H55CoN4Pd: C, 75.23; H, 4.96; N, 5.01.
Found: C, 75.21; H, 4.87; N, 5.16. 1H NMR (δ, 300 MHz, CDCl3):
1.63 (9H, s, CH3), 5.29 (2H, s, Cp), 5.90 (2H, s, Cp), 6.71−7.31
(20H, m, PhH), 7.78 (2H, d, 3J = 8.4 Hz), 8.14 (2H, d, 3J = 8.1 Hz),
8.79 (2H, d, 3J = 4.8 Hz), 8.99 (2H, d, 3J = 4.5 Hz), 9.18 (2H, d, 3J =
4.8 Hz), 9.76 (2H, d, 3J = 4.8 Hz), 10.02 (2H, s). UV/vis (CH2Cl2);
λmax, nm (log ε, M−1 cm−1) 411 (4.45), 526 (4.23), 563 (4.12).
Synthesis of Porphyrin 5. The reaction was performed following

the general procedure using 2 (0.10 g, 0.14 mmol), meso-ferrocenyl
dipyrromethane (0.05 g, 0.14 mmol), KOH (0.04 g, 0.73 mmol), and
Pd(C6H5CN)2Cl2 (0.03 g, 0.09 mmol). Compound 5 was obtained as
a green-colored solid. Yield: 0.038 g, 24%. Mp: 188−190 °C (dec.).
Anal. Calcd. for C70H51CoFeN4Pd: C, 71.90; H, 4.40; N, 4.79. Found:
C, 71.93; H, 4.51; N, 4.73. 1H NMR (δ, 300 MHz, CDCl3): 4.28 (5H,
s, Cp), 4.85 (2H, s, Cp), 5.26 (2H, s, CpFc), 5.50 (2H, s, Cp), 5.85
(2H, d, CpFc), 6.78−7.70 (20H, m, Ph), 8.71 (2H, d, 3J = 4.8 Hz), 9.15
(2H, d, 3J = 4.8 Hz), 9.64 (2H, d, 3J = 4.8 Hz), 9.89 (2H, s), 10.16
(2H, d, 3J = 4.8 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1)
416 (4.58), 538 (4.21), 595 (4.10). MS: Calcd. for C63H43CoN4Pd:
1076.1204, Found: 1076.7698.
Synthesis of Porphyrin 6. The reaction was performed following

the general procedure using 2 (0.14 g, 0.20 mmol), meso-
pentafluorophenyl dipyrromethane (0.06 g, 0.20 mmol) KOH (0.06
g, 1.00 mmol) and Pd(C6H5CN)2Cl2 (0.05 g, 0.12 mmol). Compound
6 was obtained as a red-colored solid. Yield: 0.02g, 10% Mp: 235−238
°C (dec.). Anal. Calcd. for C59H34CoF5N4Pd: C, 66.90; H, 3.24; N,
5.29. Found: C, 66.82; H, 3.32; N, 5.24. 1H NMR (δ, 300 MHz,
CDCl3): 5.31 (2H, s, Cp), 5.91 (2H, s, Cp), 7.29−7.32 (20H, m,
PhH), 8.79 (2H, d, 3J = 4.8 Hz), 8.90 (2H, d, 3J = 4.5 Hz), 9.26 (2H,
d, 3J = 4.8 Hz), 9.77 (2H, d, 3J = 5.1 Hz), 10.06 (2H, s). UV/vis
(CH2Cl2); λmax, nm (log ε, M−1 cm−1) 416 (4.77), 528 (4.07), 570
(3.93). MS: Calcd. for C59H34CoF5 N4Pd: 1058.1070, Found:
1058.1128.
Synthesis of the Nickel Coordinated Porphyrin 7. 1,9-

Diformyl dipyrromethane 2 (0.14 g, 0.20 mmol), 5-ferrocenyldipyrro-
methane (0.05 g, 0.20 mmol), KOH (0.06 g, 1.00 mmol), and
Ni(CH3COCHCOCH3)2 (0.03 g, 0.12 mmol) were placed in a flask
fitted with a condenser exposed to air. Ethanol (2.0 mL) was added
and the mixture was stirred and heated to reflux for 1 h. The solvent
was evaporated, and the residue was chromatographed on neutral
alumina to give a dark green-colored solid, which was recrystallized
using dichloromethane/hexane mixture to afford crystals which was
identified as 7. Yield: 0.04 g, 17%. Mp: 188−190 °C (dec.). Anal.
Calcd. for C64H44Cl3CoFeN4Ni: C, 66.91; H, 3.86; N, 4.88. Found: C,
66.96; H, 3.82; N, 4.85. 1H NMR (δ, 300 MHz, CDCl3): 3.92 (5H, s,
Cp), 4.66 (2H, s, Cp), 5.08 (2H, s, CpFc), 5.13 (2H, s, Cp), 5.47 (2H,
d, CpFc), 6.54−7.47 (20H, m, Ph), 8.53 (2H, d, 3J = 4.8 Hz), 8.90 (2H,
d, 3J = 4.5 Hz), 9.13 (2H, d, 3J = 4.8 Hz), 9.29 (2H, s), 9.65 (2H, d, 3J
= 4.8 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1) 423 (4.20),
551 (3.87), 608 (3.47). MS: Calcd. for C63H43CoN4Pd: 1076.1204,
Found: 1076.7698.
Synthesis of the Zinc-Coordinated Porphyrin 8. 1,9-Diformyl

dipyrromethane 2 (0.14 g, 0.20 mmol) and n-propylamine (0.04 mL,
0.50 mmol) in THF (2 mL) were stirred at room temperature for 1 h.
After removal of the excess n-propylamine and THF under vacuum,

the residue and meso-ferrocenyl dipyrromethane (0.07 g, 0.20 mmol)
were dissolved in ethanol (15 mL). The mixture was then treated with
Zn(OAc)2 (0.37 g, 2 mmol) and refluxed open to air for 12 h. After
removal of the solvent, the residue was chromatographed on neutral
alumina to afford a green-colored solid which was identified as 8.
Yield: 0.04 g, 19%. Mp: 235−237 °C (dec.). Anal. Calcd. for
C63H43CoFeN4Zn C, 73.02; H, 4.18; N, 5.41. Found: C, 73.09; H,
4.11; N, 5.39. 1H NMR (δ, 300 MHz, CDCl3): 4.23 (5H, s, Cp Fc),
4.80 (2H, s, Cp Fc), 5.26 (2H, s, Cp), 5.48 (2H, s, Cp Fc), 5.94 (2H, s,
Cp), 6.71−7.27 (20H, m, PhH), 8.57 (2H, d, 3J = 4.2 Hz), 9.03 (2H,
d, 3J = 4.2 Hz), 9.61 (2H, s), 9.64 (2H, d, 3J = 4.2 Hz), 10.14 (2H, d, 3J
= 4.2 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1) 422 (4.92),
561 (3.71), 624 (3.44). MS: Calcd. for C63H43CoFeN4Zn: 1034.1461,
Found: 1034.1605.

Synthesis of the Demetalated Porphyrin 9. 8 (0.10 g, 0.10
mmol) was dissolved in 10 mL of dichloromethane and the solution
was stirred for 10 min. Then 0.03 mL of trifluoroacetic acid was added
and the mixture was stirred for 1 h. The reaction mixture was
neutralized by addition of triethylamine amine 0.02 mL, and reaction
mixture was washed with brine and then with water. The organic layer
was dried over anhydrous sodium sulfate, and the solvent was removed
under reduced pressure. The resulting viscous dark green colored solid
was chromatographed through neutral alumina using 5% ethyl acetate/
hexane as eluent to give a green crystalline solid which was identified
as 9 Yield: 0.05 g, 53%. Mp: 235−238 °C (dec.). Anal. Calcd. for
C63H45CoFeN4Zn C, 77.78; H, 4.66; N, 5.76. Found: C, 77.69; H,
4.74; N, 5.70. 1H NMR (δ, 300 MHz, CDCl3): −1.99 (1H, s, br),
−1.92 (1H, s, br), 4.30 (5H, s, Cp), 4.88 (2H, s, Cp Fc), 5.28 (2H, s,
Cp), 5.63 (2H, s, Cp Fc), 5.98 (2H, s, Cp), 6.84−7.36 (20H, m, PhH),
8.84 (2H, d, 3J = 4.5 Hz), 9.28 (2H, d, 3J = 4.8 Hz), 9.54 (2H, d, 3J =
4.2 Hz), 10.00 (2H, s), 10.10 (2H, d, 3J = 4.5 Hz). UV/vis (CH2Cl2);
λmax, nm (log ε, M−1 cm−1) 417 (4.50), 596 (3.66), 672 (3.63).
HRMS: Calcd. for C63H46CoFeN4: 973.2404, Found: 973.2333.

Synthesis of Compound 10. η5-[C5H4(CHO)]Co(η
4-C4Ph4)

(0.10 g, 0.19 mmol) and 5-(pentafluorophenyl) dipyrromethane (0.06
g, 0.18 mmol) were dissolved in (16 mL) at room temperature in the
dark before trifluoroacetic acid (2.00 mg, 0.02 mmol) was added to
initiate the condensation. The mixture was stirred for 12 h at room
temperature, and the reaction was quenched with DDQ (0.06 g, 0.26
mmol). Stirring was continued for 1 h. Then triethylamine (1.60 mg,
0.02 mmol) was added to neutralize the acid. The solvents were
removed under reduced pressure, and the resultant material was
purified by column chromatography over neutral alumina using a 20%
mixture of ethyl acetate/hexane as the eluent, to give a green-colored
solid which was identified as the A2B2 type porphyrin 10. Yield: (0.02
g, 14%) Mp: 227−229 °C (dec.). Anal. Calcd. for C98H58Co2F10N4 C,
73.59; H, 3.66; N, 3.50. Found: C, 73.52; H, 3.71; N, 3.59. 1H NMR
(δ, 300 MHz, CDCl3): −2.18 (2H, s, br), 5.22 (4H, s, Cp), 5.89 (4H,
s, Cp), 6.74−7.64 (40H, m, Ph), 8.05 ((4H, d, 3J = 4.2 Hz), 9.38 (4H,
d, 3J = 4.8 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1) 423
(4.19), 616 (3.43), 681 (2.89). HRMS: Calcd. for C98H59Co2F10N4:
1599.3244, Found: 1599.2924.

Synthesis of Compound 11. η5-[C5H4(CHO)]Co(η
4-C4Ph4)

(0.25 g, 0.50 mmol) and 5-(mesityl)dipyrromethane (0.13g, 0.50
mmol) were dissolved in 35 mL of dichloromethane at room
temperature in dark before trifluoroacetic acid (4.00 mg, 0.04 mmol)
was added to initiate the condensation. The mixture was stirred for 12
h at room temperature, and the reaction was quenched with DDQ
(0.15 g, 0.65 mmol). Stirring was continued for 1 h and triethylamine
(2.4 mg, 0.02 mmol) was added to neutralize the acid. The solvents
were removed under reduced pressure, and the resultant material was
purified by column chromatography over neutral alumina using an
ethyl acetate/hexane 10% mixture as the eluent, to give a green-
colored solid which was identified as the A2B2 type porphyrin 11.
Yield: 0.06 g, 6% Mp: 237−239 °C (dec.). Anal. Calcd. for
C104H80Co2N4 C, 73.07; H, 4.74; N, 3.22. Found: C, 73.11; H, 4.63;
N, 3.25. 1H NMR (δ, 300 MHz, CDCl3): −1.80 (2H, s, br), 1.77
(12H, s, CH3), 2.66 (6H, s, CH3), 5.15 (4H, s, Cp), 5.93 (4H, s, Cp),
6.80−7.45 (46H, m, Ph), 8.04 (4H, d, 3J = 4.5 Hz), 9.36 (4H, d, 3J =
4.5 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1) 443 (4.91),
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610 (4.30), 698 (4.12). HRMS: Calcd. for C104H80Co2N4: 1502.5047,
Found: 1599.2924.
Synthesis of Compounds 12 and 13. η5-[C5H4(CHO)]Co(η

4-
C4Ph4) (0.25 g, 0.50 mmol) and 4-tert-butylphenyldipyrromethane
(0.14 g, 0.50 mmol) were dissolved in (35 mL) at room temperature
in the dark before trifluoroacetic acid (4.00 mg, 0.04 mmol) was added
to initiate the condensation. The mixture was stirred for 12 h at room
temperature, the reaction was quenched with DDQ (0.15 g, 0.65
mmol). Stirring was continued for 1 h, and triethylamine (2.4 mg, 0.02
mmol) was added to neutralize the acid. The solvents were removed
under reduced pressure, and the resultant material was purified by
column chromatography over neutral alumina using an ethyl acetate/
hexane 2% mixture as the eluent, to give a green-colored solid
identified as the AB3 type 12. Yield: 0.01 g, 3%. Mp: 235−238 °C
(dec.). Anal. Calcd. for C83H73CoN4 C, 84.10; H, 6.21; N, 4.73.
Found: C, 84.22; H, 6.14; N, 4.81. 1H NMR (δ, 300 MHz, CDCl3):
−2.47 (2H, s, br), 1.57 (27H, s, CH3), 5.22 (2H, s, Cp), 5.92 (2H, s,
Cp), 6.77−7.45 (20H, m, Ph), 7.75 (6H, m), 8.07 (6H, m), 8.79 (6H,
m), 9.44 (2H, s, 3J = 4.5 Hz). UV/vis (CH2Cl2); λmax, nm (log ε, M−1

cm−1) 423 (4.15), 581 (3.08), 665 (2.93). MS: Calcd. for
C83H74CoN4: 1185.5245, Found: 1185.5143. Further on elution
using ethyl acetate/hexane 5% mixture gave another green solid
which was identified as the cis-A2B2 type porphyrin 13. Yield: (0.015 g,
4%). Mp: 235−238 °C (dec.). Anal. Calcd. for C106H84Co2N4 C,
83.12; H, 5.53; N, 3.66. Found: C, 83.16; H, 5.63; N, 3.62. 1H NMR
(δ, 300 MHz, CDCl3): −2.35 (2H, s, br), 1.49 (18H, s, CH3), 5.14
(4H, s, Cp), 5.75 (4H, s, Cp), 6.5−7.25 (40H, m, Ph), 7.54 (4H, m),
7.98 (4H, m), 8.28 (2H, m), 8.65 (2H, m), 8.84 (2H, m), 9.19 (2H,
m). UV/vis (CH2Cl2); λmax, nm (log ε, M−1 cm−1) 443 (4.75), 612
(4.15), 682 (4.03). MS: Calcd. for C106H85Co2N4: 1531.5438, Found:
1531.4621.
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