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Redox properties of several transition-metal MTFcP complexes (TEcP?~ = 5,10,15,20-
tetraferrocenylporphyrin, M = Co?", Ni**, Cu®", and Zn>") were investigated using
electrochemical (CV and DPV), spectroelectrochemical, and chemical oxidation approaches.
Electrochemical experiments conducted in a low-polarity solvent using a non-coordinating
electrolyte are crucial for the sequential oxidation of ferrocene substituents along with porphyrin-
based single-electron oxidation and reduction processes. The first ferrocene oxidation process in
all MTFcP complexes is separated by at least 140 mV from the next three ferrocene based
oxidations. The second, third, and fourth redox processes in the ferrocene region are more closely
spaced, with the largest separation observed in CuTFcP and CoTFcP complexes. Mixed-valence
compounds were observed and characterized by spectroelectrochemical and chemical oxidation
approaches. In all cases, intervalence charge transfer (IVCT) bands were detected confirming the
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existence of the iron-based mixed-valence [MTFcP]"" (n = 1-3) species and suggesting
long-range metal-metal coupling in the target systems. The resulting data from the
mixed-valence [MTFcP]"" (n = 1-3) complexes matched very closely to the metal-free
poly(ferrocenyl)porphyrins previously reported and were assigned as Robin and Day Class II
mixed-valence compounds. In the case of CoTFcP, the selective oxidation of a central metal was
also demonstrated in the presence of the strong ligand-field anions using oxygen as an oxidant.

Introduction

Synthesis of materials with specific optoelectronic, conductivity,
or mechanistic properties is of great fundamental and techno-
logical interest.! Redox-active organometallic (especially
ferrocene-containing) compounds which exhibit strong metal—
metal coupling represent an important class of metallocomplexes
potentially useful in molecular electronics.” Poly(ferrocenyl)-
containing phthalocyanines,® tetraazaporphyrins,* corroles,’
and especially porphyrins®® have gained a lot of attention
because of their diverse redox chemistry and redox-driven
spectroscopic versatility. In particular, formation and stability
of the corresponding mixed-valence compounds raised particular
interest in these systems. The mixed-valence poly(ferrocenyl)-
containing macrocycles were suggested as candidates for use in
molecular electronics including, among other things, multibit
information storage devices as well as redox-switchable optical
and fluorescent elements active in the NIR area.®**"*8% From
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the theoretical point of view, these compounds offer an
excellent platform to study short- and long-range metal-metal
coupling and electron transfer, as demonstrated in a series of
poly(ferrocenyl)-containing assemblies.®¢"**"11 The poly-
(ferrocenyl)-containing porphyrins with ferrocene substituents
directly connected to the porphyrin core via meso-carbon
atoms have recently been well characterized and were found
to form several mixed-valence species.*"$"° Indeed, in the
case of the metal-free 5,10,15,20-tetraferrocenylporphyrin
(H,TFcP), 5,10,15-triferrocenyl-20-phenylporphyrin (H,Fc;PhP),
5,10-diferrocenyl-15,20-diphenylporphyrin (cis-H,Fc,Ph,P), and
5,15-diferrocenyl-10,20-diphenylporphyrin (trans-H,Fc,Ph,P),
each ferrocene substituent could be oxidized individually
under electrochemical, spectroelectrochemical, or chemical
oxidation conditions with the formation of multiple mixed-
valence species. Such mixed-valence poly(ferrocenyl)-containing
porphyrins were characterized using cyclic and differential
pulse voltammetry, UV-Vis-NIR, MCD, and spectroelectro-
chemistry. In addition, the mixed-valence states of H,TFcP
were characterized using Mossbauer, XPS, and IR methods.
The characteristics of the intervalence charge transfer (IVCT)
bands in the near-infrared region in these mixed-valence
complexes are consistent with the valence localized, Class 11
(Robin and Day)'? mixed-valence behavior. At a distance
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M = Co, Ni, Cu, Zn

Scheme 1  Reaction conditions: (i) Ag*, CCl;CO,H/O,, or electrochemical oxidation; DCM. (ii) NaCN/O,; DMF.

between 9.76-11.47 A (5,10- and 5,15-porphyrin positions,
respectively, determined by X-ray crystallography), the mixed-
valence iron centers display relatively rare long-distance
metal-metal coupling in [H,Fc,Ph,,PI*" compounds.®¢"-
According to the DFT calculations and available single-crystal
X-ray data, introduction of a central metal into the porphyrin
cavity results in a change of the degree of non-planarity of the
porphyrin core,® which could potentially affect the extent of
the metal-metal interactions in these systems. In addition,
central metal based orbitals may influence the electron-
transfer pathway. Finally, a central metal could be used to
link a macrocycle to a surface when the application to
molecular electronics is the final goal.'”? Pursuant to the
objectives mentioned above, we have investigated redox
properties of the series of MTFcP (M = Co, Ni, Cu, or Zn)
complexes (Scheme 1). The MTFcP mixed-valence compounds
were characterized using cyclic and differential pulse
voltammetry, spectroelectrochemistry, as well as UV-vis-NIR
spectroscopy and compared to the well-characterized mixed-
valence metal-free poly(ferrocenyl)-containing porphyrins.

Experimental section
Materials

MTFcP (M = Co, Ni, Cu, and Zn) were isolated according to
the previously reported procedure.®’ Dichloromethane (DCM)
was distilled directly prior to experiments over CaH, and
CCI3CO,H was distilled under reduced pressure. Tetrabutyl-
ammonium tetrakis(perfluorophenyl)borate (TFAB) was prepared
according to the literature,'> by metathesis reaction between
lithium tetrakis(perfluorophenyl)borate and tetrabutyl-
ammonium bromide. All other reagents used were obtained

from a commercial source and used without further
purification.

Physical measurements

UV-Vis-NIR data were obtained on Jacso V-670 or Cary 17
spectrometers. MCD data were recorded using an OLIS DCM
17 CD spectropolarimeter using a permanent 1.4 T DeSa
magnet. The spectra were recorded twice for each sample,
once with a parallel field and again with an antiparallel
field, and their intensities were expressed by molar ellipticity
per T = [Oly/deg dm® mol™! cm™' T~'. Electrochemical
measurements were conducted using a CH electrochemical
analyzer utilizing a three-electrode scheme with platinum or
glassy carbon working electrodes, platinum wires as auxiliary
and pseudo reference electrodes. A 0.05 M solution of dry
degassed DCM and the electrolyte TFAB were used in all
electrochemical experiments. Potentials were corrected using
the internal standard decamethylferrocene (MejoFc) in all
cases. Potentials were then corrected to ferrocene using
appropriate oxidation potentials for Me;oFc/MeoFc™ vs.
Fc/Fc™ in the DCM/TFAB system.'® Spectroelectrochemical
data were collected in a 0.15 M solution of TFAB in DCM at
the appropriate oxidation potentials using a custom made
spectroelectrochemical cell. Spectroelectrochemical oxidation
reversibility experiments were conducted at —0.3 V potentials.

Results and discussion
Electrochemistry of MTFcP complexes

It is well-known that polarity of the solvent and nature
of the electrolyte could affect electron-transfer processes
in poly(metallocenyl)-containing compounds'*'* including
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Fig. 1 Representative MTFcP DPV (upper line) and CV (lower line)
for CuTFcP obtained in the DCM/TFAB system.

0] ox, 9% 3 &

-

< Gl N T
w_ -0.41 Ox

(@] Ox,, 1

- '0-2' NITFcP >

>< T T T T

o -2lcutFer

t 1 T T OX T T
> -7 Ox 1

2.4
O 2zntrep

06 04 02 00 -02 -04
Potential, Fc/Fc™ (V)

Fig. 2 DPV data on the ferrocene oxidation region of the MTFcP
(M = Co, Ni, Cu and Zn) complexes in the DCM/TFAB system.

ferrocene-based oxidation waves in the H,TFcP, H,Fc;PhP,
cis-H,Fc,Ph,P, and trans-HoFe,PhoP complexes.®™° Thus, to
minimize the interactions of the solvent and electrolyte with
the redox active complex, the non-coordinating electrolyte,
TFAB, and a low-polarity solvent DCM were used in this
work.!? In agreement with the previous studies on ferrocene-
containing porphyrins,*° experimentally observed redox
processes of MTFcP complexes (Fig. 1 and 2, Table 1; ESIt,
Fig. S1) can be separated into three distinctive regions: (i) the
four single-electron ferrocene-centered oxidations located
between —0.1 and +0.35 V; (ii) porphyrin core/central metal
single electron oxidation processes experimentally observed at
potentials higher than +0.5 V; (iii) porphyrin core single
electron reduction waves observed at potentials more negative
than —1 V.

Based on spectroelectrochemical and chemical oxidation
data presented below as well as previously discussed redox
behavior of ferrocene-containing porphyrins, the first four
oxidation processes (labeled as Ox1-Ox4) observed in MTFcP
complexes were assigned to sequential oxidations of ferrocene
substituents. Similar to HyTFcP,%" the oxidation of the first
ferrocene group in MTFcP complexes was always observed at
a negative potential relative to ferrocene (Fig. 2, Table 1). The
separation between the first and second ferrocene-centered
oxidation waves of the MTFcP is quite large and ranges
between 140 and 240 mV, which allows for the generation
and investigation of the mixed-valence compounds of the
general formula [MTFcP]". The second through fourth
ferrocene-centered oxidation waves of the MTFcP are less

Table 1 Summary of the redox potentials for MTFcP complexes in

the DCM/TFAB system”

Ox6 Ox5 Ox4 Ox3 Ox2 Oxl Redl Red2
H,TFcP®" 1.25 0.34 0.24 0.15 —0.07 —1.78 —2.06
CoTFcP 0.29 0.17 0.12 —0.09 —1.59(M) —2.01
NiTFcP 1.22 0.78(M) 0.26 0.18 0.09 —0.05 —1.94
CuTFcP 1.21 0.33 0.20 0.14 —0.10 —1.89
ZnTFcP 1.09 0.25 0.17 0.09 —0.14 —-2.03

“ Ox = oxidation, Red = reduction. Oxidations 14 are assigned to
the ferrocenyl-groups and were determined by deconvolution of the
DPV data with four equivalent Gaussian curves, oxidation processes
S and 6 as well as reduction processes 1 and 2 are assigned to the
porphyrin ring unless denoted (M) in which case the process is
assigned to the central metal located in the porphyrin cavity.
All potentials are referenced to the Fc/Fc™ couple.

separated from each other and thus in all cases studied, DPV
data were fit using Gaussian peaks in order to accurately
determine respective oxidation potentials (ESIt, Fig. S1-S4).
The deconvolution analysis suggests relatively small (50-90 mV)
separation between the second and third ferrocene-centered
oxidation potentials in all studied MTFcP. Finally, separation
between third and fourth ferrocene-centered oxidation waves
could be grouped into two categories. In the case of ZnTFcP
and NiTFcP complexes, it is relatively small (80 mV), while it
is significant for CoTFcP and CuTFcP compounds (120
and 130 mV, respectively). In all cases, the ferrocene-based
oxidation processes are quasi-reversible as evident in the CV
data (Fig. 1). The overall Ox1-Ox4 span for MTFcP
complexes ranges between 310 (M = Ni) and 430 mV
(M = Cu) and roughly follows the degree of non-planarity
calculated for these compounds.®

The electrochemical comproportionation constants (K.)'"
were calculated for the all ferrocene-centered oxidation
processes observed for MTFcP complexes and are presented
in Table 2. As expected from the electrochemical data, the K
for the first oxidation processes (MTFcP]° + [MTFcP]* " s
2[MTFcP] ") favor the singly oxidized species of general
formula [MTFcP] ", and are similar to the other ferrocenyl-
containing porphyrins.*™° Estimated values of K, for the
second oxidation process are significantly smaller (Table 2),
suggesting potential difficulties with generation of [MTFcP]**
species. The relatively large values of K, for [CoTFcP]** and
[CuTFcP]®" complexes (110 and 160, respectively) indicate
that these mixed-valence complexes could be generated under
spectroelectrochemical conditions. Finally, it should be noted
that although estimated values of K. could be used in
characterization of the redox active species generated under
spectroelectrochemical conditions, they should be treated with
a great caution in discussion of the mixed-valence [MTFcP]"*

Table 2 Summary of comproportionation constants (K.) in MTFcP
estimated using DPV electrochemical data

X() + X2+ s Xl+ + X3+ s X2+ + X4+ s
2X1) 2(X2H) 231
CoTFcP 3500 7 110
NiTFcP 230 22 23
CuTFcP 11000 10 160
ZnTFcP 7700 22 23
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compounds due to the well-documented fact that the redox
potentials are highly dependent on the solvent and electro-
lyte.!*'6 On the other hand, spectroscopy (and specifically
properties of the IVCT bands) is a better method to characterize
electron coupling in the mixed-valence compounds.

Similar to the other ferrocene-containing porphyrins,
oxidation of the porphyrin into the porphyrin cation-radical
to form the [MTFcP]®*/°" complexes was observed at 1.22,
1.21 and 1.09 V for Ni, Cu and Zn MTFcP (Fig. 1, Table 1).
An additional oxidation wave was observed for the NiTFcP
complex at 0.78 V and was assigned to the Ni>* /Ni* " process
based on redox potentials previously observed for nickel
porphyrins.'” Porphyrin ring reductions were observed for
MTFcP complexes at ~—2 V, which are similar to other
porphyrin ring reductions (Table 1).#%17 In addition, an
irreversible Co”>"/Co™ redox process was observed for the
CoTFcP complex at —1.59 V.!7

6m,o

Spectroelectrochemistry

Spectroelectrochemistry can identify the spectrum of an in situ
electrochemically generated species by performing bulk
electrolysis at a certain potential corresponding to the
specific redox process observed in cyclic and differential pulse
voltammetry. The set of generated spectra can then be
compared to the spectra of compounds formed by chemical
oxidation to aid in the assignment of oxidation states. IVCT
bands located in the NIR region are indicative of a mixed-
valence ferrocenyl-containing species, and were found in a
series of related mixed-valence polyferrocenyl-containing
porphyrins.®$™° For instance, an IVCT band was observed
for each of the following mixed-valence species: [H,TFcP] ",
[H,TFcP]? ™, [H,TFcP)?*, [HoFc;PhP] ™, [HoFesPhP? ™, and
cis- and trans-[H,Fc,Ph,P]", demonstrating that each
ferrocenyl substituent could be oxidized at a different potential
to form the corresponding mixed-valence state.®™° In all
MTFcP complexes studied, the large separation between the
first and second redox waves (Fig. 1 and 2) allowed for the
clean electrochemical generation of the mixed-valence
[MTFcP]" species similar to the formation of [H,TFcP]*.%"
Specifically, the rise of the IVCT bands at 840, 854, 800, and
876 nm for Co, Ni, Cu, and Zn MTFcP, respectively (Fig. 3A,
4A, SA, and 6A), was observed and corresponded to the
formation of the mixed-valence [MTFcP]" complexes with
one Fe’" and three Fe?" centers. In conjunction with the
formation of the [MTFcP]™ IVCT bands, a substantial loss of
the intensities of the Soret bands at 422, 430, 430, and 434 nm
and the Q-bands at 664, 652, 670, and 678 nm for Co, Ni, Cu,
and Zn complexes, respectively, was also observed. A band
with a wavelength longer than 1600 nm was also present in the
[CuTFcP] ", [NiTFcP] " and [ZnTFcP] ™ spectra (Fig. 4A, 5A,
and 6A) which decayed upon further oxidation. The isolation
of [MTFcP*™ (M = Co, Cu) was not observed because the
second and third ferrocene redox waves of CoTFcP and
CuTFcP are closely spaced. Consistent with electrochemical
observations, isolation of a second mixed-valence species,
[MTFcP]* ", was observed for M = Co and Cu because of
sufficient separation between the third and fourth redox
waves. Conversely, only a mixture of mixed-valence states
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Fig. 3 Transformation of CoTFcP into [CoTFcP]™ (A) and
[CoTEcP]" into [CoTFcPP" (B) under spectroelectrochemical
conditions in the DCM/TFAB system.

was observed for MTFcP (M = Ni and Zn). The transformation
from [MTFcP]* to [MTFcP]* ™ (M = Co, Cu; Fig. 3B and 5B)
was monitored by the loss of the first IVCT band at ~800 nm,
the further decline of the Soret band, the loss of the low energy
band around ~ 1600 nm, and the rise of a new IVCT band at
1150 and 975 nm for Co and Cu complexes, respectively. After
increasing the potential in the cell containing MTFcP (M = Ni
or Zn) to the second broad redox wave, the Soret bands red
shifted and decreased in intensity and new IVCT features at
975 and 928 nm for Ni and Zn (Fig. 4B and 6B, respectively)
grew in the spectra. These changes and the broad nature of the
IVCT band suggested the transformation of the [MTFcP] " to
a mixture of the mixed-valence [MTFcP]*" and [MTFcP]**
species which correlates well to the small separation observed in
the electrochemical experiments. The small separation between
the second, third and fourth redox processes (Fig. 1 and 2,
Tables 1 and 2) did not allow for the isolation of pure
[MTFcP]** and [MTFcP]* ™ (M = Ni and Zn) mixed-valence
species, unlike what was observed for [H,TEcP?*,
[H,TFcP]? ™ and [H,Fc;PhP)? .9 Finally, with the spectro-
electrochemical experiments conducted at the fourth oxidation
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Fig. 4 Transformation of NiTFcP into [NiTFcP]" (A); [NiTFcP] "
into [NiTFcP**** (B); and [NiTFcP**/*" into [NiTEcP]** (C)
under spectroelectrochemical conditions in the DCM/TFAB system.
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Fig. 5 Transformation of CuTFcP into [CuTFcP] " (A); [CuTFcP] ™"
into [CuTFcP]** (B); and [CuTFcP]*" into [CuTFcP]*" (C) under
spectroelectrochemical conditions in the DCM/TFAB system.

potential, the disappearance of the IVCT bands in the NIR
region indicated the loss of the mixed-valency of the
[MTFcP]** complexes (M = Ni, Cu, and Zn; Fig. 4C, 5C,
and 6C). Interestingly, the solubility of the [CoTFcP]*" com-
plex was not high enough for its detection. Finally, as an
example of the reversibility of the redox active [MTFcP]"*
species, electrochemical reduction of a solution of [ZnTFcP]**
resulted in the formation of the initial ZnTFcP complex
(Fig. 6D). Notably, during reduction of [ZnTFcP]*", the
IVCT bands reappear and diminish in the NIR as electrons
are added to the ferrocenyl groups of ZnTFcP, reforming and
losing the mixed-valence states as the Fe> " is reduced to Fe? ™.
The Q-band reappears at 678 nm and the Soret band returns to
434 nm (Fig. 6D).

In all cases, IVCT bands were observed for the mixed-
valence [MTFcP]" in the NIR region similar to the IVCT
bands for the previously reported [H,TFcP] ", [H,FcsPhP] ™",
and cis- and trans-[H,Fc,Ph,P] " .9 The large separation
between the first and second redox waves for the MTFcP
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Fig. 6 Transformation of ZnTFcP into [ZnTFcP]™ (A); [ZnTFcP]*
into [ZnTFcPP?"** (B); [ZnTFcP**/** into [ZnTFcP*" (C); and
reduction of [ZnTFcP]** into ZnTFcP (D) under spectroelectro-
chemical conditions in the DCM/TFAB system.

allowed for the well-defined IVCT bands to be observed for
the singly oxidized [MTFcP]* compounds. Broad IVCT
bands were observed upon further oxidation of the [MTFcP] ™"
and were attributed to a mixture of the [MTFcP*" and
[MTFcP]?* mixed-valence states in the cases when M = Ni
and Zn because of the small separation between the second
and the third oxidation potentials. The mixed-valence
[MTFcP]?* (M = Co and Cu) complexes, and their corres-
ponding IVCT bands were observed because of the relatively
large K, between the [MTFcP]** and [MTFcP]* " species. The
loss of the IVCT bands was observed when the [MTFcP]**
complexes were oxidized to the [MTFcP]*" state with all iron
atoms in the ferric oxidation state for M = Cu, Ni, and Zn. In
conjunction with the chemical oxidation data, the IVCT bands
provide an estimate of the electron coupling and degree of
electron delocalization and are discussed in the next section.

Chemical oxidations

In conjunction with the spectroelectrochemistry, the formation
of the mixed-valence [MTFcP]"* complexes can be observed
in situ by selecting appropriate chemical oxidants and following
the change in the UV-Vis-NIR absorption spectrum. In
agreement with electrochemical and spectroelectrochemical
data, the [MTFcP]" mixed-valence species were able to be
formed by chemical oxidation because of the large K. between
the first and second oxidation states of the ferrocene-
substituted porphyrins.

Thus, the oxidation of CoTFcP by one equivalent of
AgSO;CF; produced an IVCT band at 838 nm (Fig. 7A).
Also observed during the formation of [CoTFcP]" was a
decrease in the Soret band intensity at 420 nm, a loss of the
Q-band at 661 nm, and the rise of a low energy band with a
wavelength longer than 2300 nm. The formation of the mixed-
valence [NiTFcP]* by oxidation with CCl;CO,H and O,'®
was noted by the decrease of the Soret band (431 nm), loss of
the Q-band (654 nm) and the rise of two NIR bands at 851 nm
(IVCT) and a band with a wavelength longer than 1600 nm
(Fig. 8A). The chemical oxidation of CuTFcP with one
equivalent of AgSO;CF; was observed by the shift of the
Soret band from 430 nm to 451 nm, the loss of the Q-band
(669 nm) and the rise of two NIR bands, one around 2000 nm
and the IVCT band at 803 nm signified the formation of
[CuTFcP]™ (Fig. 9A).

Finally, the oxidation of ZnTFcP with one equivalent of
AgSO;CFj; also resulted in the formation of the mixed-valence
[ZnTFcP] " (Fig. 10A) and was observed by the decline of the
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Fig. 7 Transformation of CoTFcP into [CoTFcP]" (A); and
[COTEcP]™ into [CoTFcPP* (B) under chemical oxidation with
AgSO;CF; as an oxidant in DCM.
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Fig. 8 Transformation of NiTFcP into [NiTFcP]™ (A); [NiTFcP]*
into [NiTEcPP* " (B) and [NiTFcP]* ™7 into [NiTFcP]** (C) under
chemical oxidation with CCI3CO,H and O, as oxidants in DCM.
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Fig. 9 Transformation of CuTFcP into [CuTFcP]* (A); and
[CuTEcP]" into [CuTFcPP** (B) under chemical oxidation with
AgSO;CF; as an oxidant in DCM.

Soret band (432 nm), loss of the Q-band (676 nm), the rise of
the IVCT (863 nm), and the appearance of a band around
2300 nm. The formations of all [MTFcP]" complexes were
similar to the earlier reported polyferrocenyl porphyrins®™°
and agreed well with spectroelectrochemical experiments
discussed above.

In agreement with electrochemical and spectroelectrical
data, the mixed-valence [MTFcP]?* (M = Co and Cu) were
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Fig. 10 Transformation of ZnTFcP into [ZnTFcP]" (A); [ZnTFcP] ™"
into [ZnTFcP** " (B); and [ZnTFcPP "™ into [ZnTFcP]** (C) under
chemical oxidation with AgSO3;CF; as an oxidant in DCM.

able to be accessed because the K for these states of MTFcP
(M = Co and Cu) were large enough to isolate the
compounds. Oxidation with excess AgSO;CF; resulted in
the shift of the Soret band to 517 (M = Co) and 484
(M = Cu) nm, the decline of the first IVCT and low energy
bands, and the rise of a broad IVCT band at 1210 (M = Co)
or 1126 (M = Cu) nm (Fig. 7B and 9B) indicating the
formation of [MTFcP]* " .

The formations of mixtures of [MTFcP]"" (n = 1-3) were
observed with further oxidation in the cases of Ni, and Zn
because of the closely spaced redox potentials of second, third,
and fourth redox potentials. Upon further oxidation of
[NiTFcP] ", a second broad IVCT band at 1050 nm replaced
the first IVCT band along with a broadening of the Soret band
and a loss of the low-energy band (Fig. 8B), which signified the
formation of a mixture of [NiTFcP]*", and [NiTFcP]** and
was very similar to the transformation observed in the spectro-
electrochemical experiment. After oxidation of [ZnTFcP]" by
two equivalents of AgSO;CF3, the decline, but not loss, of the
863 nm IVCT band (indicating the presence of residual
[ZnTFcP] "), the decline of the Soret band, and the increase
in intensity of the low energy band all preceded the formation
of a mixture of the mixed-valence [ZnTFcP]", [ZnTFcP]**
and [ZnTFcP]** (Fig. 10B). The singly oxidized species is
present even after addition of two equivalents of oxidants
because of the small K. of 23 between the second and third
oxidation states, resulting in the comproportionation of two
[ZnTFcP]?* into one [ZnTFcP]* and one [ZnTFcP]?*. The
formation of the higher oxidized states of [ZnTFcP]"" was
noted by a broad IVCT band around 1300 nm that became
apparent after the loss of the low energy band at ~2300 nm,
and the shift of the Soret band from 453 nm to two bands at
413 nm and 514 nm (Fig. 10C). Finally, in agreement with
previous data, complete oxidation of the Fe?" centers in
NiTFcP by Cl;COOH and O, to [NiTFcP]** was noted by
the loss of the IVCT band and interestingly a blue shift in the
Soret band (Fig. 8C) to correspond to the formation of
[NiTFcP]**.

In all cases, the [MTFcP]" was observed by the formation
of the first IVCT band in the NIR similar to the polyferrocenyl-
containing porphyrins.®*”*° The higher oxidized states were
also seen, however due to the low K. pure species were not
seen spectroscopically, except in the case of [CoTFcP** and
[CuTFcP]?". The IVCT bands were observed at different
energies with different counter ions, suggesting Robin
and Day Class II (valence delocalized) mixed-valence
compounds.'>!'” A more detailed examination of mixed-valence
compounds involves the determination of frequency maximum
(Vmax), the width of the band at half maximum (v;,), and the
molar absorptivity (grycr) from the IVCT band. In the data
presented here, the IVCT bands were fit with Gaussian
functions to estimate these values. With these values, the
electron coupling (H,,, eqn (1)) and electron delocalization
(2, eqn (2)) parameters were used to classify the mixed-valence
compounds.?

Hab 2.05 x 1072[(VmaxgmaxAV1/2)lyllz/rab] (1)
a2 4.24 x 1074[(81]121XAZ/1 /2)/(rab21/max)] (2)
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Table 3 Estimated H,;, and « values for mixed-valence states of ferrocenyl-containing porphyrins generated under chemical- and electrochemical

conditions

Vmax/cmil Vle/Cmil Ever Rabd/A Habd lxz X 1O3d
[CoTFcP] " 11950 750 15400 9.889/11.447 780/670 4.65/3.13
[CoTFcP]** 11850 850 14950 9.889/11.447 810/700 4.19/3.47
[NiTFcP] *? 11820 750 13500 9.996/11.359 710/600 3.63/2.62
[NiTFcP] ¢ 11790 800 11750 9.996/11.359 690/630 3.38/2.81
[CuTFcP] ™ 12520 750 18 190 9.844/11.703 860/730 4.77/3.38
[CuTFcP]"” 12530 750 14770 9.844/11.703 780/660 3.87/2.74
[ZnTFcP] ™+ 11575 550 18 140 9.801/11.941 710/590 3.81/2.56
[ZnTFcP]™* 11450 600 15770 9.801/11.941 690/570 3.65/2.46

@ Counter ion = SO;CF;~. Metal centers in the meso position of the porphyrin ring located. » Counter ion = TFAB™. Metal centers in the meso
position of the porphyrin ring located. ¢ Counter ion = CCl;CO,~. Metal centers in the meso position of the porphyrin ring located. ¢ Syn/anti

conformations according to DFT calculated geometries.

Table 3 displays the parameters obtained from the IVCT
band fits (ESIt, Fig. S5-S8), which are only estimates that add
support to the other data collected. In all cases, the H,, and o
values closely match the values obtained for the previously
reported polyferrocenyl porphyrins,®™° and are in the range of
Class II (Robin and Day) mixed-valence compounds.'%!2°

Oxidation of a central metal in the porphyrin core

Similar to Co(ir) phthalocyanines,?! the central Co(i1) ion in
the CoTFcP complex can be selectively oxidized by oxygen in
the presence of axial ligands with a strong ligand field. Indeed,
when the oxidation of CoTFcP with O, in the presence of CN™
was followed by UV-Vis-NIR spectroscopy (Fig. 11), it does
not resemble the oxidation of the ferrocenyl group presented
earlier (Fig. 7A). Most notably, no IVCT in the NIR region
was observed during oxidation, while the Q and Soret
bands red shifted from 423 to 496 nm and 675 to 727 nm,
respectively, and increased in intensity (Fig. 11). The clean
transformation to the putative [Co™ TFcP(CN),]~ was evident
by the MCD spectrum in Fig. 12. Four Faraday MCD
A-terms dominate the MCD spectrum at 331, 381, 498, and
724 nm corresponding to transitions to doubly degenerate
excited states, two of which form the most intense Soret (498),
and Q (724) bands in the UV-vis spectrum. In addition, a
diamagnetic '"H NMR spectrum was also observed when CN ™~
was added to CoTFcP in the presence of O,. The '"H NMR
signals for porphyrin core and ferrocene substituents in
[Co™TFcP(CN),]~ were observed at 9.383 (8H; B-pyrr),
5.188 (8H; a-Cp), 4.705 (8H; B-Cp) and 3.825 (20H; CpH)
and were similar to the "H NMR chemical shifts observed for
the NiTFcP and ZnTFcP complexes.* These observations
demonstrate the diverse redox chemistry of the MTFcP system
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Fig. 11 Oxidation of CoTFcP by O in the presence of CN™ in DMF.
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Fig. 12 MCD (top) and UV-vis spectra (bottom) of the putative
[Co™TECP(CN),] .

to selectively oxidize the central metal or the ferrocene
substituents.

Conclusions

In the presented paper, the redox properties of four transition-
metal MTFcP complexes (M = Co?", Ni?*, Cu**, and
Zn?") were investigated using electrochemical (CV and
DPV), spectroelectrochemical, and chemical oxidation
approaches. Specifically, we had focused on the sequential
oxidation of four ferrocene substituents connected to the
porphyrin core at meso-carbon positions. It has been found
that the electrochemical experiments conducted in a low-
polarity solvent (DCM) using a non-coordinating electrolyte
(TFAB) are crucial for such sequential oxidation of ferrocene
substituents. The first ferrocene oxidation process in all
MTFcP complexes is separated by at least 140 mV from the
next three ferrocene-based oxidations. The second, third, and
fourth redox processes in the ferrocene region are more closely
spaced, with the largest separation observed in CuTFcP and
CoTFcP complexes. When accessible, the mixed-valence
compounds of general formula [MTFcP]"™ (n = 1-3) were
generated in situ using spectroelectrochemical and chemical
oxidation approaches and characterized by the UV-vis-NIR
method. In all cases, presence of the intervalence charge
transfer (IVCT) bands was detected, confirming the presence
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of the mixed-valence [MTFcP]"" (n = 1-3) species. The
simultaneous presence of Fe’* and Fe® centers suggests
long-range metal-metal coupling in the target systems. The
resulting data from the mixed-valence [MTFcP]"" (n = 1-3)
complexes matched very closely to the previously reported®”
metal-free poly(ferrocenyl)porphyrins of general formula
[H,Fc,,Phs_,,P"* and were assigned as Robin and Day Class
II mixed-valence compounds. In the case of CoTFcP, the
selective oxidation of a central metal was also demonstrated
in the presence of the strong ligand-field anions and oxygen as
an oxidant. The resulting diamagnetic [Co"™ TFcP(CN),]™
complex was characterized using 'H NMR, UV-vis, and
MCD spectroscopy.
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