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H,TFcP [TFcP = 5,10,15,20-tetraferrocenyl porphyrin(2—)] was prepared by a direct tetramerization
reaction between pyrrole and ferrocene carbaldehyde in the presence of a BF; catalyst, while the series
of MTFcP (M = Zn, Ni, Co and Cu) were prepared by a metallation reaction between H,TFcP and
respective metal acetates. All compounds were characterized by UV-vis and MCD spectroscopy, APCI
MS and MS/MS methods, high-resolution ESI MS and XPS spectroscopy. Diamagnetic compounds
were additionally characterized using 'H and “C NMR methods, while the presence of low-spin iron(ir)
centers in the neutral compounds was confirmed by Mossbauer spectroscopy and by analysis of the
XPS Fe 2p peaks, revealing equivalent Fe sites. XPS additionally showed the influence on Fe 2p binding
energies exerted by the distinct central metal ions. The conformational flexibility of ferrocene
substituents in H,TFcP and MTFcP, was confirmed using variable-temperature NMR and
computational methods. Density functional theory predicts that o,p,0,f atropisomers with ruffled
porphyrin cores represent minima on the potential energy surfaces of both H,TFcP and MTFcP. The
degree of non-planarity is central-metal dependent and follows the trend: ZnTFcP < H,TFcP ~
CuTFcP < CoTFcP < NiTFcP. In all cases, a set of occupied, predominantly ferrocene-based
molecular orbitals were found between the highest occupied and the lowest unoccupied, predominantly
porphyrin-based molecular orbitals. The vertical excitation energies of H,TFcP were calculated at the
TDDFT level and confirm the presence of numerous predominantly metal-to-ligand charge-transfer
bands coupled via configurational interaction with expected intra-ligand n—n* transitions.

Introduction

Preparation of nanoscale materials with specific properties is of
great fundamental and technological interest.' One of the most
challenging problems in this area of research is the production
of well-defined chemical systems in a predetermined modular
manner. Multinuclear containing compounds exhibiting strong
long-range metal-metal coupling represent an important class of
metallocomplexes.? These molecules are interesting both from the
fundamental (i.e. multiredox processes, magnetic coupling and
unpaired electron density migration) and practical (i.e. opto-
electronic materials for application in high-speed photonic or
redox devices) points of view.>* An additional interest lies in
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the formation of mixed-valence states, an intriguing phenomenon
occurring in polynuclear transition-metal complexes, particu-
larly those with ferrocene substituents.® Polyferrocenyl-substituted
molecules are among the best candidates for multimetal redox
active groups because of their well known metal-metal coupling
properties and thermal stability.® The formation of mixed-valence
complexes in bisferrocenes was discovered a long time ago and the
influence of the different factors on the formation and stability
of mixed-valence states has been intensively investigated.”s The
outstanding thermal and chemical stability as well as the possi-
bility of tuning the macrocyclic redox potentials make porphyrins
and related compounds outstanding candidates as m-conjugated
skeletons, which are able to connect several redox-active ferro-
cenyl substituents.’® However, in spite of the large progress in
understanding the different factors playing a dominant role in
the metal-metal coupling process, such as the type of connection,
the length of connector, and the orientation of ferrocenyl units,”**
useful molecular devices have not yet been prepared. In most cases,
the iron centers should be located at a distance of less than 5.4 A to
achieve effective metal-metal coupling between the ferrocene units
in the same molecule, while examples of long range (~10 A)
metal-metal couplings in polyferrocenyl containing systems are
still rare.”* Meso-ferrocenyl substituted porphyrins have so far
received little attention, although they seem very promising in
terms of their photochemical properties.?’* For instance, during
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our investigation of the efficient and fast electron transfer from
zinc 5,10,15,20-tetraferrocenylporphyrin (ZnTFcP, strong elec-
tron donor) to 2-pyridyl-3,4-fulleropyrrolidine (electron accep-
tor), ZnTFcP showed interesting photoinduced electron-transfer
features.? In 1999, Barrell et al. showed a rare example of the for-
mation of a pure atropisomer of 0,0-5,15-bis(ferrocenyl)-2,8,12,18-
tetrabutyl-3,7,13,17-tetramethylporphyrin, which demonstrated
long range (> 10 A) metal-metal coupling between two ferrocenyl
substituents.”” The same long range metal-metal coupling and
macrocycle metal dependence was later observed for a very
similar compound, o,0-5,15-bis(ferrocenyl)-2,8,12,18-tetrabutyl-
3,7,13,17-tetracthylporphyrin.” Both research teams have log-
ically suggested that the probable reason for the observed
metal-metal interactions is due to a restricted conformational
flexibility of ferrocene groups, because when ferrocenyl groups
are conformationally flexible as in 5,15-diferrocenyl-10,20-di-p-
tolylporphyrin, no metal-metal coupling has been observed."” In
accord with this hypothesis, other meso-tetraferrocenyl porphyrin
systems, with ferrocenyl units connected to the porphyrin core
through aromatic linking groups, were reported to lack the ability
to form mixed-valence complexes.

The first 5,10,15,20-tetraferrocenyl porphyrins, MTFcP, were
described in 1977% but the unacceptably low purity of the reported
compounds raises a question about the reported formation of
mixed-valence derivatives of MTFcP. The synthesis of pure
H,TFcP and its transition-metal complexes has not been published
until recently and allows us to obtain target compounds in
relatively high yields and purity.** Several years later, another
team of researchers proposed an alternative synthetic route for
the preparation of MTFcP compounds and supported Burrell’s
hypothesis about simultaneous oxidation of all four ferrocene
substituents in MTFcP at the same potential.”® The data, however,
were in disagreement with our preliminary results on the chemical
oxidation of MTFcP complexes®? and, considering the unusual
photochemical properties of ZnTFcP in a supramolecular system
with fullerene* and the indication of the formation of mixed-
valence states in H, TFcP and bisferrocenyl-bisphenylporphyrins,*
we decided to carefully investigate the redox properties of H,TFcP
and its transition-metal complexes in order to better understand
the interactions between the ferrocene units and the porphyrin
core. The results of our investigation are divided into two parts.
In the first part, presented here, we discuss the preparation and
detailed characterization of the neutral H,TFcP and MTFcP
(M = Co, Ni, Cu and Zn) complexes, while the formation,
characterization, and stability of chemically or electrochemically
generated mixed-valence states in these complexes will be discussed
in a second, forthcoming part. While mixed-valence complexes of
H,TFcP and MTFcP are the primary targets of our studies, the
current manuscript provides a necessary experimental and theo-
retical background for understanding mixed valence properties of
the ferrocenyl-containing porphyrins described in our forthcoming
paper.

Results and discussion

Synthesis of H,TFcP and MTFcP complexes

The parent H,TFcP complex can be prepared using two major
synthetic routes already reported in the literature by us or by other

research groups.?*?*?728 The first approach utilizes Lindsey’s
procedure for the synthesis of meso-substituted porphyrins,® (i.e.
a room temperature reaction between pyrrole and ferrocenecar-
baldehyde followed by oxidation with chloranil) with a 40%
yield of target H,TFcP (Scheme 1). It can also be obtained
with an overall 53% yield using a two-step method,”® which first
requires the preparation of ferrocenyldipyromethane followed by
its condensation with ferrocenyl carbaldehyde in acidic conditions
(Scheme 1). H,TFcP can be readily converted into the MTFcP
compounds (M = Zn, Ni, Co, and Cu) by reaction with the
respective metal acetates or chlorides in chloroform or DMF. In-
terestingly, unlike other transition metal MTFcP complexes,
ZnTFcP can also be formed in non-polar or chlorinated solvents
even at room temperature, probably because of the better fit
between the size of the metal ion and the coordination cavity
of H,TFcP.

It should be noted that all of our attempts to isolate pure
H,TFcP using a direct condensation of ferrocenecarbaldehyde
with pyrrole in acetic acid leads to the isolation of a brown-colored
compound, which has spectroscopic characteristics similar to the
macrocycle reported in 1977,% and is not the pure target complex.
This result is not surprising because of the relatively low stability of
ferrocene and ferrocene-containing compounds in acidic media.*

NMR spectroscopy

The signals observed for the inner NH protons in TFcPH,
(~ —0.5 ppm) reveal a weaker shielding current created by the
n-system inside the porphyrin cavity in comparison to those
observed in both cis-H,Fc,Ph,P (~ —1.8 ppm)* and H,TPP
(~ —2.2 ppm) macrocycles, which is consistent with the degree
of non-planarity in these systems predicted by DFT calculations,
i.e. H,TFcP > cis-H,Fc,Ph,P > H,TPP. The disappearance of
the NH signals in the "H NMR spectra of ZnTFcP and NiTFcP
clearly confirms the complexation with respective transition-metal
ions. In the '"H NMR spectra of diamagnetic H,TFcP, ZnTFcP
and NiTFcP, three clear peaks corresponding to protons at a-
Cp (substituted Cp ring), B-Cp (substituted Cp ring) and CpH
(unsubstituted Cp ring) positions were observed in the 5.07-
5.41, 4.66-4.81 and 3.94-4.07 ppm regions, respectively, and are
almost independent of solvent polarity (CsD,, CDCl; and THF-d,
were tested). Signals of the cyclopentadienyl ligands connected to
the porphyrin core are slightly deshielded as compared to those
observed for the unsubstituted cyclopentadienyl ligands indicating
a small electron-withdrawing effect of the porphyrin macrocycle.
B-Pyrrolic protons also show a single narrow peak between 9.38
and 9.88 ppm (Table 1 and ESI Fig. 1)f. It is interesting to
observe that both the a-protons of substituted cyclopentadienyl
rings and pyrrolic protons of the free base are shifted upfield in
the Ni complex and downfield in the Zn complex relative to the
metal-free compound. This behavior parallels that observed in cis-
and trans-diferrocenyldi(pentafluorophenyl)porphyrin,’ and can
be attributed to the higher cationic electronegativity of the Ni*
ion as compared to that of Zn>*. In support of the hypothesis that
electronic density is important in determining shifts of resonances,
our systems (with four electron-donating ferrocenyl substituents)
resonate downfield with respect to Swarts’ system (with two Fc
and two electron-withdrawing pentafluorophenyl groups).” *C
NMR spectra of H,TFcP, ZnTFcP and NiTFcP are also similar
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Co(OAc),: DMF, 100°C (28%); CHCls, reflux (79%)
Ni(OAc)y: DMF, 100°C (47%); CHCl,, reflux (29%)
Cu(OAc),: DMF, 100°C (28%)

Zn(OAc)a: CgHg, reflux (83%); CHCls, reflux (57%)

Scheme 1 Preparation of H,TFcP and MTFcP complexes.

Tablel 'H and “C NMR data for H,TFcP, NiTFcP and ZnTFcP
complexes*

o-Pyrr B-Pyrr C,., 0-Cp B-Cp CpH Cp,, NH

H,TFcP
'H — 9.61 — 5.32 4.75 397 — —0.49
BC 1458 130.6 117.1 76.6 68.8 70.1 889 —
NiTFcP
'H — 9.38 — 5.07 4.66 394 — —
BC 1453 1320 1158 75.7 69.0 702 875 —
ZnTFcP
'H 9.84 — 5.37 4.80 4.07 — —

BC 1489 1316 1182 77.1 68.7 703 90.1 —

“'H and "“C data were collected in CDCI; at room temperature. Ab-
breviations: a-Pyrr (a-pyrrolic hydrogen or carbon), B-Pyrr (B-pyrrolic
hydrogen or carbon), C,,., (meso-carbon), o-Cp (a-cyclopentadienyl
hydrogen or carbon), B-Cp (B-cyclopentadienyl hydrogen or carbon), CpH
(unsubstituted cyclopentadienyl hydrogen or carbon) and Cp,,, (o-ipso-
carbon of substituted cyclopentadienyl ligand).

to each other (Table 1). In all cases, pyrrolic a-carbons appear
as a broad and the most downfield signal, while all other signals
appear as sharp peaks. Again, a comparison of the position of
ferrocenyl Cp,,, and a-Cp signals with those originated from the
unsubstituted Cp ring is clearly indicative of the weak electron-
withdrawing nature of the porphyrin core.

As shown recently,"” the rotation of ferrocenyl moieties in the
free base 0,0-5,15-bis(ferrocenyl)-2,8,12,18-tetrabutyl-3,7,13,17-

150
1001 : /‘
£
a
£
'@50-
w
0 9% 180 270 360
0, deg.

Fig. 1 Rotational barrier profile for ferrocenyl substituents in ZnTFcP
complex calculated at PM3 level using ‘rigid’ (open squares) and ‘relaxed’
(filled circles) geometries.

tetramethylporphyrin and its nickel complex is strictly limited
because of the steric interactions between the ferrocenyl group
and alkyl chains attached to the B-pyrrolic carbon atoms of
the porphyrin core. On the other hand, since the substituents
are absent at B-positions in H,TFcP and MTFcP complexes, it
could be expected that ferrocenyl substituents will undergo free
rotation around the C,,,—Cp,, bond. Indeed, the free rotation
of ferrocene substituents around the C,,,—Cp;, bond at room
temperature in H,TFcP and MTFcP complexes was confirmed
by variable-temperature NMR experiments. Thus, in the case of
ZnTFcP a sharp room temperature signal of B-pyrrolic protons,
located at 9.84 ppm, splits into two broad singlets at 183 K
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with an integrated ratio of 1 : 1 (ESI Fig. 2).f A standard
line broadening analysis of the variable-temperature data®' of
the ZnTFcP complex suggests that the rotational barrier of the
ferrocenyl substituents in this complex is ~27.3 kJ mol™'. As
discussed earlier,! variable-temperature NMR experiments on
H,TFcP in THF reveal two distinct processes (ESI Fig. 2)f
attributed to “freezing” of individual NH tautomers** and the
elimination of rotational freedom of the ferrocene substituents in
H, TFcP with energies of ~43.4 and ~26.1 kJ mol™!, respectively.3*
Finally, in the case of the NiTFcP complex, the signals of B-
pyrrolic protons become broader as the temperature decreases,
but the coalescence temperature cannot be reached in the solvent
temperature window (ESI Fig. 2),1 indicating a lower free enthalpy
of activation barrier in this case as compared to that observed in
ZnTFcP and H,TFcP complexes. The complete analysis of the line
broadening in NiTFcP allows us to estimate the free enthalpy of
activation in this complex to be ~14.7 kJ mol~'.

The variable-temperature data on H,TFcP, ZnTFcP and NiT-
FcP complexes are in good agreement with the rotational barrier
calculations of ferrocenyl groups at the semi-empirical PM3 level.
By using a density functional theory predicted geometry for
the ZnTFcP complex as an example, the calculated minimum
rotational barriers were found to be 27.2 and 14.4 kJ mol™'
for the “restrained” and “relaxed” geometries, respectively (see
Experimental for details) with the energy minima located at nearly
50 and 230° for the C(a-Pyrr)-C,,,,(Porph)-Cp,,,(Fc)-aCp(Fc)
torsion angle (Fig. 1). Moreover, as shown below, the similarities
in the rotational barrier magnitudes for H,TFcP and ZnTFcP

complexes along with the significant decrease of this barrier in
NiTFcP can be explained on the basis of the difference in the
degree of non-planarity of the porphyrin cores in these compounds
predicted at DFT level of theory.

UV-vis and MCD spectroscopy

The electronic and MCD spectra of the H,TFcP and MTFcP
(M = Zn, Ni, Co and Cu) complexes are shown in Fig. 2 with
band positions and intensities presented in Table 2. In the UV-
vis spectrum of the H,TFcP complex, the Soret band is observed
at 434 nm (10 nm red-shifted as compared to that in H,TPP)
with a shoulder at ca 480 nm with the Q-bands located at 661
(Q)) and 726 (Q,) nm. In the MCD spectrum of this compound
two s-shaped Faraday pseudo A4-terms (taking into consideration
effective C, symmetry of the complex) are associated with the
Soret band and shoulder positions with both signals having their
negative component in the low energy region and centered close
to the maxima observed in the UV-vis spectrum. In the Q-band
region, two Faraday B-terms in the MCD spectrum represent Q,
and Q, bands with the observed maxima of MCD signals close to
the absorption maxima in the UV-vis spectrum and the negative
B-term being located in the low-energy area. The UV-vis spectra of
the MTFcP (M = Zn, Cu and Ni) complexes are similar and consist
of'a Soret band at ca 420-435 nm with a shoulder at ca 490 nm, and
a single transition-metal dependable Q-band observed between
660 and 680 nm, with the prominent shoulder located at slightly
higher energy (Fig. 2, Table 2).

434 H, TFcP e H,TFcP[®
%510 2 670 2 [15 %
S 482 620 =
- 05 485 e A\/ \f 0 4
661 386
726 443 523 797 -15
0.0 . - ; ; . . . . —t10
420 482 643
- CoTFcP 406 453 CoTFcP|,
o .
= 0 3
7
5
703
0.0 . . : . h .
1.5] 430 NiTFcP e NiTFcP[0
> 1.0 319 413 970 (15 .,
g ] 329 490 NN 0 =4
¢ 681 s T e 3
b= 591 433 54 A -15
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20; 430 CuTFcP 42 s 7. CuTFcP['?
5 1.5] 311 385 /\ 6 .,
[= 2 f=)
) 0 I
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Fig. 2 Room temperature UV-vis (left column) and MCD (right column) spectra of H,TFcP and MTFcP complexes (10~ mol L") in CHCl;.
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Table 2 UV-vis data for H,TFcP and MTFcP complexes”

Amax/ M (¢/mol~' cm™")

H,TFcP
CoTFcP?
NiTFcP
CuTFcP
ZnTFcP

434 (120500), 485 sh, 661 (17300), 726 (15300)
320 (66500), 420 (134200), 490 sh, 660 (30400), 590 sh, 800 sh

320 sh, 329 (50700), 430 (149800), 485 sh, 591 (19200), 681 (38800), 800 sh
314 (51900), 430 (201700), 500 sh, 600 sh, 669 (29200)

320 (34200), 435 (142800), 485 sh, 620 sh, 681 (31500)

“Data were collected in CHCl; at room temperature with concentrations of ca 5 x 107°; sh = shoulder; ® Recorded in the presence of NEt; in order to

avoid oxidation.

For instance, in the case of ZnTFcP, three strong negative
Faraday A-terms (indicative of the degenerate excited states in
this complex) centered at the absorption maxima of the Soret
band, its shoulder, and the Q-band are observed and a similar
picture was found in the case of both NiTFcP and CuTFcP
complexes (Fig. 2). The overall shape of the MCD spectra of
MTFcP (M = Zn, Cu and Ni) complexes is similar to that observed
in closed-shell transition-metal porphyrins having a doubly occu-
pied predominantly porphyrin-based a,, HOMO and degenerate
porphyrin-based e, LUMO orbitals (D,, effective symmetry).*
As discussed below, however, DFT calculations predict numerous
predominantly ferrocenyl-based orbitals in H,TFcP and MTFcP
complexes lying between the above mentioned porphyrin-based
orbitals. Such an electronic structure can give rise to a large number
of metal-to-ligand charge-transfer bands in the UV-vis and MCD
spectra of H,TFcP and MTFcP complexes, which is discussed
on the basis of TDDFT calculations presented below. The most
striking difference between the MCD spectra of H,TFcP and
MTFcP complexes is the relative intensity of MCD signals in the
Soret to Q-band regions. For instance, in the case of the H,TFcP
complex, the pseudo Faraday 4-term corresponding to the Soret
band is ~1.5 times more intense as compared to the Q-band region
Faraday B-terms, while in the case of MTFcP complexes, the
situation is different (Fig. 2). In the case of CoTFcP, the electronic
spectrum suggests the possibility that both Co** and Co** centers
are present in solution. Indeed, upon addition of a reducing agent
(NEt; or NaBH,), the spectrum became similar to that of MTFcP
(M = Ni, Cu and Zn). Interestingly, extinction coefficients of
the H,TFcP and MTFcP complexes are quite different for the
same concentrations in the different solvents. Our initial studies
are clearly indicative of the aggregation of H,TFcP and MTFcP,
which will be discussed in a separate paper.

XPS results

H,TFcP has two symmetry-distinct and electronically inequivalent
nitrogen atoms, which are denoted as N, and Ny in Table 3
and Fig. 3. They are related to the unprotonated and protonated
porphyrin-ring nitrogens (=N- and —-NH-), respectively, as previ-
ously reported in the literature.’ In a previous publication,*” we
proposed to take the BE separation, ABE, of each N 1 s peak
component from the C 1 s peak of the porphyrin-ring carbon, as a
reference value for accurately assigning N, and Ny in porphyrin-
based systems. Based on a review analysis of the BE data on
various porphyrins, N, and N always present ABE values of 113
and 115 eV, respectively, with a small associated uncertainty. The
N, s components converge into a single N peak representing the

Table 3 Atomic ratios and binding energies (eV) of H,TFcP, and MTFcP
complexes obtained in XPS experiments

Complex H,TFcP CoTFcP NiTFcP CuTFcP ZnTFcP

Atomic ratios

Nz/Na 1.3 — — — —
N/Fe* 1.0 1.4 1.1 1.1 1.0
N/M? — 5.8 42 42 3.6
Fe/M* — 4.2 3.8 3.7 3.6
Binding energies/eV

Na 398.1 — — — —

Ns 400.1 — — — —

Ne — 398.8 398.8 398.9 398.5
ABE N(1s)-C(1s):

Na 113.1 — — — —

Ns 115.1 — — — —

Ne — 113.8 113.8 113.9 113.5
Fe(m) 2p3/2 708.2 707.7 707.9 708.3 708.3
M 2p3/2 — 781.4 855.3 934.2 1021.8

“ Theoretical-1. ® Theoretical-4.

CoTFcP

NiTFcP
I DM A V=

Intensity (arb.u.)

CuTFcP

408 ‘ 404 . 400 I 396 I 392
Binding Energy (eV)

Fig. 3 Experimental and theoretically reconstructed N 1s XPS spectra
for H,TFcP and MTFcP.

four equivalent metal-ligated nitrogens upon complexation by a
metal ion, and the energy separation of N from C 1 s becomes 114
40.3 eV. This approach overcomes the known problem of a correct
N 1 s assignment in the presence of charging effects, which plague
XPS data from non-conductors.® The N 1 s peak components for
the free bases and their corresponding porphyrinates investigated
here strictly follow the energy separations listed above (Table 3)
showing the formation of each porphyrinate as a pure species.
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The investigated porphyrinates also show an additional N
1s peak component much less intense than the dominant one,
falling in the BE range of 401-402 eV, where satellite peaks
are found in porphyrins.®®* These satellites have been generally
attributed to the configuration interaction between primary N 1s
photoelectrons and valence molecular orbitals in analogy to what
is found in other extensively delocalized aromatic systems.

Fe(11) was the largely dominant species in Fe 2p peaks, although
a small intensity in the region of Fe(i) (711-712 eV) was
always found, likely due to some surface oxidation of the sample.
(Fig. 4). In general, BE and FWHM values resulting from
the curve fitting of Fe 2p peak envelopes reproduce literature
findings for ferrocene.*’ The narrow FWHM of the Fe(m) feature,
~1.5 eV, favours an assignment to a well-defined molecular
moiety, supporting the chemical equivalence of the four peripheral
ferrocenyl groups.

3

a Mt

[

3 \

% CuTFcP

c

2

£ T
ZnTFcP
H,TFcP

L 1 1 1 L 1 " 1 L 1 n 1 L 1
728 724 720 716 712 708 704
Binding Energy (eV)

Fig. 4 Experimental and theoretically reconstructed Fe 2p XPS spectra
for H,TFcP and MTFcP complexes. A minor Fe(0) component has been
numerically subtracted from the spectrum of CuTFcP for clarity.

Characteristic signals for M(11) species were detected for MTFcP
complexes (M = Co, Ni, Cu and Zn, Fig. 5).* XPS atomic ratios
of nitrogen atoms to the central metal or iron, and of iron to
the coordinated metal ions reflect the corresponding expected
stoichiometries, within experimental uncertainty.

The different BE values found for Fe 2p hint at an electronic
coupling between the ferrocenes and the porphyrin core, modu-
lated by the central metal ion (Table 3). The negative Fe 2p BE
shift in CoTFcP and NiTFcP suggests an electron enrichment
at the Fe sites in the compounds, while no net effect can be
traced in both Cu and Zn porphyrinates. This is consistent with
the Mossbauer results for the ZnTFcP reported in the next section.
In the case of CoTFcP, the Co 2p ionization region is complicated
by the presence of an Auger peak (see the Experimental section for
details). This hampers a detailed analysis of the peak components

Intensity (arb.u.)

1040 1030 1020
Binding Energy (eV)

Fig. 5 Experimental and theoretically reconstructed XPS spectra of the
2p photoionization region of metal ions in MTFcP complexes. The Fe
L3M4,5M4,5 Auger line largely contributes to the Co 2p photoelectron

region in CoTFcP (full line), as shown by the overlapped spectrum reported
for H,TFcP (triangles).

and alters its quantitation, while revealing Co(11) as the prevailing
species.

Moéssbauer spectroscopy

The Mossbauer spectra were recorded for both the H,TFcP and
ZnTFcP complexes and are shown in Fig. 6 with the spectral
parameters presented in Table 4. The isomer shifts and quadrupole
splittings observed for the H,TFcP and ZnTFcP complexes are
close to those in parent ferrocene (room-temperature isomer shift
of 0.44 mm s™', and quadrupole splitting of 2.37 mm s')* and
clearly indicate the presence of only one type of low-spin, ferrous
centers in both tested starting compounds. In addition, the data
indicate the negligible influence of the porphyrin core on the
electronic structure of the iron centers in both the H,TFcP and

100 -‘..J';‘.""‘-I'..l‘d. b b ;

i
T

P TTLY "|‘\'||II4JU\J F
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Fig. 6 Room-temperature Mossbauer spectra of H,TFcP and ZnTFcP
complexes.
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Table 4 Experimental and DFT-predicted Mossbauer quadrupole split-
tings in H,TFcP and MTFcP complexes

EFG elements/au AE,/mms™'

Vi Vi V, Calced Expt*
H,TFcP
Fe“ 0.661 0.801 —1.462 2.372 2.35
Fe,* 0.663 0.795 —1.458 2.365 2.35
CoTFcP
Fe? 0.739 0.844 —1.583 2.566 —
NiTFcP
Fe? 0.724 0.816 —1.540 2.495 —
CuTFcP
Fe? 0.729 0.851 —1.580 2.562 —
ZnTFcP
Fe? 0.723 0.850 —1.573 2.550 2.38

“Fe, and Fe, represents two non-equivalent iron centers in H, TFcP. * All
four iron centers in MTFcP are equivalent, both H,TFcP and ZnTFcP
have the same (0.45 mm s™') isomer shift at room temperature. ¢ Room
temperature.

ZnTFcP complexes and provide further evidence on the purity of
neutral complexes.

Mass spectroscopy

APCI mass spectra of H,TFcP and MTFcP complexes are
presented in the ESI Fig. 3.1 In the case of H,TFcP, NiTFcP and
CuTFcP they almost exclusively consist of protonated molecular
ions. In addition to this peak, in the APCI spectrum of ZnTFcP
complex, an intense peak of [M + THF + HJ* is also present,
which reflects the well-known tendency of zinc porphyrinates to
coordinate a single axial ligand.* The APCI spectrum of the
CoTFcP complex almost exclusively consists of a peak with m/z =
1136, which can be attributed to the [M + O, + H]* ion. Although
such oxygen adducts of cobalt(i1) porphyrins, related macrocycles,
and other transition metal based oxygen-transfer reagents are
well-known,* the high-resolution ESI spectrum of the CoTFcP
complex was collected in order to confirm this tentative assignment
(ESI Fig. 3).1 In the case of the ESI method, the spectrum almost
exclusively consists of [M + H]*, [M + O + H]*, and [M + O, +
H]* ions confirming the high affinity of CoTFcP for oxygen under
APCI and ESI conditions.

As it has been shown recently, collision-induced dissociation
can provide valuable information on the stability of metal-ligand
bonds in inorganic and organometallic compounds,” and thus,
H,TFcP and MTFcP complexes were investigated using the APCI
MS/MS approach. The data presented in the ESI Fig. 3} reveal
similar collision-induced fragmentation patterns for the H,TFcP
and MTFcP (M = Zn, Cu and Ni) complexes. For instance, in the
case of ZnTFcP, the initial molecular ion sequentially eliminates a
cyclopentadienyl ligand(s) and the whole ferrocene substituent(s)
with the formation of a [M-Cp-Fe]*, [M-Fc|*, [M-Fc-Cp]*, [M-
Fc-2Cp]*, [M-2Fc-Cp]*, and [M-2Fc-2Cp]* ions as the major
fragments (ESI Fig. 3).fSimilar dissociation of cyclopentadienyl
and ferrocenyl fragments from the parent ion was also observed
in the case of the H,TFcP, NiTFcP and CuTFcP complexes, while
the porphyrin core remains intact in excellent agreement with
previously discussed fragmentation patterns observed for por-
phyrin compounds.* The fragmentation of the CoTFcP complex

under APCI MS/MS conditions, however, is completely different.
Although the initial oxygen adduct of CoTFcP (O,CoTFcP +
H) eliminates a Cp ligand with the formation of a [M-Cp]*
ion, the two major fragment ions observed at m/z = 923 and
906 originate from the elimination of Fc-C-O and Fc-C-OOH
fragments (ESI Fig. 3).T In both cases, the extra carbon atom
probably originates from the meso-position of the porphyrin core,
which is unexpected taking into consideration the high stability of
the porphyrin core. Such an unusual behavior can be explained
by the presence of a coordinated molecule of oxygen, which
can oxygenate the porphyrin core at either the a-pyrrolic or
meso-carbon positions in accord with that suggested for several
transition-metal phthalocyanines.*

Electronic structure and conformations of H, TFcP and MTFcP
complexes

The molecular geometries and electronic structures of H,TFcP
and MTFcP were calculated at the DFT level. Optimized
molecular structures are presented in Fig. 7, while the most
important bond distances and angles are listed in Table 5. The
calculated parameters reflect the expected C, (H,TFcP) or S,
(MTFcP) effective molecular symmetries in the complexes under
consideration. In all cases, the global minima require formation
of a,B,0,B- atropisomers. As expected, the ferrocene substituents
are not co-planar with the porphyrin core with C(a-Pyrr)-
C(meso)—C(ipso)-C(0-Cp) torsion angles varying between 40.9—
47.9° (Table 5). The optimized porphyrin core for all complexes
under consideration adopts a ruffled conformation, with NiTFcP
and CoTFcP complexes showing significantly larger deviations
from the N, plane as compared to that found in H,TFcP, ZnTFcP
and CuTFcP compounds (Fig. 7). It is possible to suggest that
the larger deviation from planarity in NiTFcP is responsible for
the experimentally observed lower rotational barrier of ferrocenyl
substituents in this complex as compared to the more planar
ZnTFcP and H,TFcP compounds. Indeed, based on simple semi-
empirical calculations (not shown) the ferrocenyl substituent is
too large to freely rotate around the C(meso)-C(ipso) bond if the
porphyrin core is planar. Deviation of the porphyrin core from
planarity allows such a rotation, and the larger the deviation, the
more freely the ferrocenyl substituent can be rotated. Although it
could be helpful to directly compare the degree of non-planarity
predicted at the DFT level with experimentally observed data for
H,TFcP and MTEFCcP, all our attempts to obtain suitable crystals
for X-ray analysis have failed.

The molecular orbital diagrams for the predominantly
transition-metal based orbitals of H,TFcP and MTFcP complexes
are presented in Fig. 8, while selected molecular orbitals and their
compositions are depicted in Fig. 9 and 10 with their relative
energies presented in the ESI Table 1.}

In all the diamagnetic compounds, the HOMO predominantly
consists of cyclopentadienyl ligand m orbitals coupled with the
iron d,, atomic orbital. This orbital is energetically separated
from the series of lower-energy, almost pure ferrocenyl-based
molecular orbitals (Fig. 10 and ESI Table 1).T As expected, iron
d,,, d,2 2, and d.2 atomic orbitals contribute to the formation of
these ferrocene-based MOs.

Again, in the diamagnetic compounds, the LUMO and
LUMO + 1 are degenerate (ZnTFcP and NiTFcP) or almost
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Fig. 7 2D counterplot analyses and linear display deviations from planarity calculated for H,TFcP and MTFcP complexes at DFT level (only the

porphyrin core deviations are shown).

degenerate (H,TFcP) and the predominantly porphyrin-based
n* orbitals are energetically well-separated from the LUMO +
2 and higher energy unoccupied MOs, which have significant
contributions from iron d,. and d,. atomic orbitals (Fig. 10 and
ESI Table 1).T In the case of the paramagnetic complexes (CoTFcP
and CuTFcP), however, both the HOMO (o-set) and LUMO (B-
set) are central-metal based orbitals in excellent agreement with
the experimental data.

Further validity of the electronic structure of H,TFcP and
MTFcP was supported by the calculation of the Mdssbauer
quadrupole splittings in these complexes (Table 4). Indeed, the cal-
culated quadrupole splitting and asymmetry parameter in H, TFcP
and ZnTFcP are in excellent agreement with the experimental
data, while those calculated for other MTFcP compounds are

in a range of values that are expected for ferrocenyl-containing
porphyrins.*4?

As it was mentioned in the previous sections, the UV-vis spectra
of the H,TFcP and MTFcP complexes look similar to those
observed in the respective tetraaryl-porphyrins. The calculated
electronic structure of the H,TFcP and MTFcP compounds, on
the other hand, reveals multiple predominantly ferrocenyl-based
orbitals located between occupied and unoccupied predominantly
porphyrin-based m-orbitals (Fig. 10). The presence of these
orbitals can, in principle, give rise to the numerous predomi-
nantly metal-to-ligand charge-transfer transitions (originate from
HOMO-HOMO — n to LUMO) in addition to the expected tra-
ditional porphyrin-based n—n* excitations. Thus, in order to gain
additional insight into the nature of the absorption bands in the
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Table 5 Most important distances and torsion angles for metal-free
and metal containing tetraferrocenyl porphyrins calculated using density
functional theory

Distances/A  H,TFcP  CoTFcP  NiTFcP  CuTFcP  ZnTFcP
Fe,—Fe, 9.763 9.889 9.966 9.844 9.801
Fe,—Fe, 12.043 11.477 11.359 11.703 11.941
Fe,—Fe, 9.828 9.889 9.966 9.844 9.801
Fe,Fe; 9.828 9.889 9.966 9.844 9.801
Fe,—Fe, 11.981 11.477 11.359 11.703 11.941
Fe;—Fe, 9.763 9.889 9.966 9.844 9.801
M-N — 1.953 1.904 1.996 2.039

a-Pyrr—C,,,,—C,,,—0-C Torsion Angles/°*

Fc© 47.9 443 47.9 42.0 40.9
Fe,* —45.7 —45.6 —45.7 —43.6 —43.9
Fey© 47.9 443 479 42.0 40.9
Fc,© —45.7 —45.6 —45.7 —43.6 —43.9

“ Fe,—Fe, represents four iron centers in H,TFcP and MTFcP complexes.
® Abbreviations are given in Table 1. < Fc,—Fc, represents the ferrocenyl
ligands with Fe,—Fe, centers.

UV-vis and MCD spectra of H,TFcP and MTFcP complexes, the
vertical excitation energies of the H, TFcP complex were calculated
using a time-dependent DFT (TDDFT) approach. This method
has proven to provide a good agreement between theoretical
and experimental vertical excitation energies in transition-metal
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Fig. 8 Molecular orbital diagram for the predominantly 3d-based
orbitals localized at the iron ferrocenyl or central transition-metal centers
in H,TFcP and MTFcP complexes.

complexes*® as well as porphyrins and related macrocycles.* The
calculated vertical excitation energies of the H,TFcP complex are
presented in Fig. 11 and reflect a very good agreement between
theory and experiment although the TDDFT energies are system-
atically underestimated (ESI Table 2). T In excellent agreement with
the electronic structure calculations, almost all bands with non-
zero intensities are predominantly metal-to-ligand charge-transfer
(MLCT) in nature. More interestingly, although predominantly
porphyrin-based m-orbitals 254-257 significantly contribute to the
Soret band region excitations, a strong configurational interaction
with higher energy occupied, predominantly ferrocene-centered
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Fig. 9 Selected molecular orbitals of the NiTFcP complex predicted at DFT level using the BPW91 exchange—correlation functional.
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Fig. 11 Vertical excitation energies of the H,TFcP complex predicted
using a TDDFT approach and a BPW91 exchange—correlation functional
plotted over the experimental spectrum in CHCl;.

orbitals 258-269 (HOMO). This suggests that these bands cannot
be purely described as the intra-ligand porphyrin based n—7n*
transitions. Thus, the majority of transitions predicted by the
TDDFT method for H,TFcP have predominantly MLCT origins.
This situation is very different from the classic Gouterman’s four-
orbital model,® which describes both Q- and Soret-band regions
as pure m—n* transitions. Overall, although UV-vis and MCD
spectra of H,TFcP and MTFcP complexes look similar to those
observed in respective tetraaryl-porphyrins, the origin of these
transitions is predominantly MLCT in the former and n—n* in
the latter case, which is a very unusual situation in porphyrin
chemistry.® Since detailed assignment of the transitions observed
in UV-vis and MCD spectra of H,TFcP and MTFcP complexes
requires band deconvolution analysis and TDDFT data, we will
provide a more detailed discussion on this subject in a separate

paper.

Conclusions

H,TFcP [TFcP = 5,10,15,20-tetraferrocenyl porphyrin(2—)] was
prepared by a direct tetramerization reaction between pyrrole
and ferrocene carbaldehyde in the presence of BF; as catalyst,
while a series of MTFcP (M = Zn, Ni, Co and Cu) were
prepared by a metallation reaction between H,TFcP and respec-
tive metal acetates. All compounds were characterized by UV-
vis and MCD spectroscopy, APCI MS and MS/MS methods,
high-resolution ESI MS and XPS spectroscopy. Diamagnetic
compounds were additionally characterized by '"H and *C NMR,
while the presence of low-spin iron(ll) centers in the neutral
compounds was confirmed by Mossbauer spectroscopy and by
the analysis of the XPS Fe 2p peaks, revealing equivalent Fe
sites. XPS additionally showed the influence on Fe 2p bind-
ing energies exerted by the distinct central metal ions. The
conformational flexibility of ferrocene substituents in H,TFcP
and MTFcP, was proven by variable-temperature NMR and by
computational methods. Density functional theory predicts that
o,B,a,B-atropisomers with a ruffled porphyrin core conformation
represents minima on the potential energy surfaces of both
H,TFcP and MTFcP. The degree of non-planarity depends on
the central metal ion and follows the trend: ZnTFcP < H,TFcP ~
CuTFcP < CoTFcP < NiTFcP. In all the cases tested, the set of
occupied, predominantly ferrocene-based molecular orbitals was
found between the highest occupied and the lowest unoccupied,
predominantly porphyrin-based molecular orbitals. The vertical
excitation energies of H,TFcP were calculated at the TDDFT

level and confirm the presence of numerous predominantly
metal-to-ligand charge-transfer bands coupled via a configura-
tional interaction, with expected intra-ligand m—r* transitions.

Experimental
Materials

All reactions were performed under a dry nitrogen atmosphere
with flame-dried glassware. Pyrrole, ferrocenecarbaldehyde, ben-
zaldehyde, boron trifluoride etherate, chloranil and triethylamine
were purchased from commercially available sources and used
without further purification.

Physical measurements. NMR spectra were recorded using a
Varian INOVA instrument with 500 MHz frequency for protons
and 125 MHz for carbon. Chemical shifts are reported in parts
per million and are referenced to TMS as the internal standard.
UV-vis data were obtained using a HP 8453 or Cary 17 spec-
trometers. MCD data were recorded using an OLIS DCM 17 CD
spectropolarimeter using a 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 =[0]y/deg dm’® mol™' cm™' T-'. APCI-MS,
APCI-MS/MS and LC-MS experiments were conducted using
a Finnegan LCQ LC-MS system. High-resolution mass spectra
were obtained using a Bruker HRMS instrument. Mdssbauer
spectra were recorded using a NGRS-4M spectrometer in constant
acceleration mode. The source was *’Co in a chromium matrix
with an initial activity of 50 mCi. The isomer shifts are referenced
against the o-Fe at 298 K.

XPS measurements. The solid compounds were ground into
fine grains in an agate mortar, and the powder homogeneously
spread over a conductive adhesive tape or a graphite sheet (in the
case of CuTFcP) and attached to a stainless steel XPS sample
holder.

Photoelectron spectra have been acquired using a modified
Omicron NanoTechnology MXPS system equipped with a dual
X-ray anode source (Omicron DAR 400) and an Omicron EA-
127 hemispherical energy analyzer operated in constant analyzer
energy (CAE) mode, with a pass energy of 20 eV. Al Ka (hv =
1486.6 ¢V) and Mg Ka photons (hv = 1253.6 eV) were used
to excite photoemission, operating at 14-15 kV, 10-20 mA.
Data fitting with commercially available routines was applied
using linear or Shirley backgrounds and linear combinations
of Lorentzian and Gaussian lineshapes in order to determine
full widths at half maximum (FWHM) and binding energies
(BE) of the relevant core lines. Correction for static charging
(~2 eV) was done by referencing the BE to the ring carbon
C 1s peak, taken at 285.0 eV. The accuracy of reported BE is
40.2 eV and the reproducibility of the results is within these
values. XPS atomic ratios for the investigated compounds have
been estimated from experimentally determined area ratios of
core lines, after subtraction of background, removal of X-ray
satellite peaks (deriving from the Ka;, components of the non-
monochromatic photon sources®'), normalization for the atomic
cross-section values and correction for an inverse dependence
of the square root of kinetic energies. The contribution from
shake-up satellites, accompanying main ionization peaks for metal
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cations, were added to the parent peak area. Atomic ratios are
associated with an error of £15%. In the case of CoTFcP, the Co
2p photoelectron signal is overlapped with Fe L;M,sM,s Auger
lines, as shown in Fig. 4-6, where the free base and CoTFcP signals
are compared. The contribution of the Fe L;M, M, Auger line
was separated with data fitting, allowing for the correct calculation
of the atomic ratios in CoTFcP, as reported in Table 3.

Synthesis

5,10,15,20-tetraferrocenylporphyrin..

(a) Direct reaction between pyrrole and ferrocenecarbaldehyde.
This reaction was conducted following an earlier described
synthetic procedure.”' Yield 40%.

(b) Synthesis using S-ferrocenyldipyrromethane as a precursor.
S-ferrocenyldipyrromethane was prepared in 83% yield, adapting
the literature procedure for substituted dipyrromethanes,® fer-
rocenecarbaldehyde 2.92 g (13.6 mmol), pyrrole 38 mL (0.54 mol)
and trifluoroacetic acid (TFA) 0.11 mL (1.36 mmol), under
an inert atmosphere. After classical®® workup and purification
(column chromatography: silica gel, 40-70 °C petroleum ether
with 7% v/v ethyl acetate), 5-ferrocenyldipyrromethane 0.5 g
(1.5 mmol) was reacted one of two ways. In the first reaction
the 5-ferrocenyldipyrromethane was reacted with ferrocenecar-
boxyaldehyde 0.32 g, (1.5 mmol) in dry dichloromethane (150 mL)
with p-toluenesulfonic acid (0.1 molar equivalents, 0.15 mmol)
and the reaction was stirred in dark for 90 min. Then chloranil
0.37 g (1.5 mmol) was added and the reaction was refluxed
for 90 min in air. In the other procedure, a solution of 5-
ferrocenyldipyrromethane 0.52 g (1.5 mmol) in dry CH,Cl,
(150 mL) was stirred for 5 min in the dark. Trifluoroacetic acid
(60 uL) was added and the reaction was stirred for an additional
90 min. Then chloranil 0.39 g (1.5 mmol) was added and the
reaction was refluxed in air for 90 min. Better yields were obtained
from the latter procedure (see Scheme 1). UV-vis (4,,,,/nm, CHCl;,
e x 107%): 434 (12.1), 485 sh, 661 (1.73), 726 (1.53). '"H-NMR
(CDCl;, TMS, 6): 9.61 (s, 8H, B-pyrr), 5.32 (m, 8H, a-Cp), 4.75
(m, 8H, B-Cp), 3.97 (s, 20H, CpH), —0.49 (s, 2H, NH). "“C-
NMR (CDCl;, TMS, 6), 145.8 (o-Pyrr), 130.6 (B-Pyrr), 117.1
(Crewo)> 88.9 (Cpyy), 76.6 (0-Cp), 70.1 (CpH), 68.8 (B-Cp). MS
(APCI, THE, m/z): 1047.13 (100%) [M + H]*. HRMS (ESI,
THEF, m/z): 1047.1193, calcd for C¢H,N,Fe,: 1047.1200, caled
for CeHyNyFe,: C 68.87, H 4.43, N 5.35%. Found: C 68.74, H
4.48, N 4.81%.

Zinc 5,10,15,20-tetra(ferrocenyl)porphyrin. A mixture of
H,TFcP (0.0314 g, 0.03 mmol) and zinc acetate (0.05 g, 0.3 mmol)
in benzene (25 ml) was refluxed for 2 h. After solvent evaporation,
the residue was subjected to chromatography on alumina oxide
using benzene as the eluent. Yield 0.028 g (83%). UV-vis (4. /nm,
CHCl;, & x 107%): 320 (3.42), 435 (14.3), 485 sh, 620 sh, 681 (3.15).
'"H-NMR (CDCl;, TMS, 9): 9.84 (s, 8H, B-pyrr), 5.37 (m, 8H, o-
Cp), 4.80 (m, 8H, B-Cp), 4.07 (s, 20H, CpH). *C-NMR (CDCl;,
TMS, 6), 148.9 (a-Pyrr), 131.6 (B-Pyrr), 118.2 (C,.\), 90.1 (Cp,,0)s
77.1 (a-Cp), 70.3 (CpH), 68.7 (B-Cp). MS (APCI, THF, m/z):
1108 [M + 1]*, caled for CeH,yNyFe,Zn: C 64.93, H 4.00, N 5.05,
Zn 5.89%. Found: C 64.29, H 4.31, N 5.13, Zn 5.42%. A similar
reaction of H,TFcP and Zn(OAc), in CHCI; (reflux) or CH,Cl,
(room temperature) leads to the formation of ZnTFcP with yields
of 57% and 25%, respectively.

Nickel 5,10,15,20-tetra(ferrocenyl)porphyrin. A mixture of
H,TFcP (105 mg, 0.1 mmol) and nickel acetate tetrahydrate
(360 mg, 1.0 mmol) in DMF (25 ml) was heated for 2 h at
100 °C. The reaction was poured into water and the precipitate
was filtered and dried in air. The residue was subjected to
chromatography on silica-gel using toluene as the eluent. Yield
0.052 g (47%). UV-vis (Apn/nm, CHCL;, ¢ x 107%): 320 sh, 329
(5.07), 430 (15.0), 485 sh, 591 (1.92), 681 (3.88), 800 sh. '"H-NMR
(CDCl;, TMS, 6): 9.38 (s, 8H, B-pyrr), 5.07 (m, 8H, 0-Cp), 4.66 (m,
8H, B-Cp), 3.94 (s, 20H, CpH). MS (APCI, THF, m/z): 1103 [M]*.
HRMS (ESI, THF, m/z): 1102.0331, caled for C4H,N,Fe,Ni:
1102.0312, calcd for C4HyN,Fe,Ni: C 65.33, H 4.02, N 5.08%.
Found: C 68.63, H 4.52, N 5.02%. A similar reaction of H,TFcP
and Ni(OAc), in CHCI; (reflux) leads to the formation of NiTFcP
in 29% yield.

Cobalt 5,10,15,20-tetra(ferrocenyl)porphyrin. A mixture of
H,TFcP (105 mg, 0.1 mmol) and cobalt acetate hexahydrate
(453 mg, 1.0 mmol) in DMF (25 ml) was heated for 2 h at
100 °C. The reaction was poured into water and the precipitate
was filtered and dried in air. The residue was subjected to
chromatography on silica-gel using toluene as the eluent. Yield
0.031 g (28%). UV-vis (An,/nm, CHCI;, & x 107): 320 (6.65),
420 (13.4), 490 sh, 660 (3.04), 590 sh, 800 sh. MS (APCI, THF,
m/z): 1136 [M + O, + H]*. HRMS (ESI, THF, m/z): [M]*
1103.0280, [M + O + HJ* 1120.0367, [M + O, + H]* 1135.0145,
caled for CooHyN,Fe,Co: 1103.0290, caled for C4H,sN,Fe,CoO:
1120.0318, caled for C4HusN,Fe,CoO,: 1135.0188, calcd for
CgHuNyFe,Co: C 65.32, H 4.02, N 5.08%. Found: C 68.68, H
4.52, N 5.41%. A similar reaction of H,TFcP and Co(OAc), in
CHCI, (reflux) leads to the formation of CoTFcP in 79% yield.

Copper 5,10,15,20-tetra(ferrocenyl)porphyrin. A mixture of
H,TFcP (105 mg, 0.1 mmol) and copper acetate hexahydrate
(458 mg, 1.0 mmol) in DMF (25 ml) was heated for 2 h at
100 °C. The reaction was poured into water and the precipitate
was filtered and dried in air. The residue was subjected to
chromatography on silica-gel using toluene as the eluent. Yield
0.031 g (28%). UV-vis (A /nm, CHCL;, ¢ x 107%): 314 (5.19), 430
(20.2), 500 sh, 600 sh, 669 (2.92). Caled for CeH,N,Fe,Cu: C
65.04, H 4.00, N 5.06%. Found: C 68.32, H 4.46, N 4.99%.

Computational Aspects

All DFT calculations were conducted using the Gaussian 03
software package running under either Windows or UNIX OS.** A
spin-unrestricted method was used for all paramagnetic complexes
under consideration. The molecular geometries were optimized
using Becke’s three-parameter hybrid exchange functional®* and
Lee-Yang-Parr non-local correlation functional® (B3LYP) level
coupled with Wachter’s full-electron and 6-31G(d) basis sets
for iron and all other atoms, respectively. For all optimized
structures, frequency calculations were carried out to ensure
optimized geometries represented local minima. In the case
of single point calculations, for all compounds, Becke’s pure
exchange functional®® and Perdew and Wang’s*’ correlation func-
tional (BPWO91) were used. Wachter’s full-electron basis set (con-
tracted as 62111111/3311111/3111) with one set of polarization
functions® was used for the iron atom, while for all other atoms
6-311G(d)*® basis set was employed. In all cases the ultra fine
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integral grid with 99 radial shells and 590 angular points per shell
has been used. Finally tight energy (10~ au) SCF convergence
criterion has been used. The Mdssbauer quadrupole splittings
(AEy) and asymmetry parameters () were calculated using the
DFT predicted principle components of the electric field gradient
tensor (V) at the’’Fe nucleus as discussed earlier.*

TDFDT calculations were performed using the Gaussian 03
software with the same exchange—correlation functional and basis
sets as indicated for Mossbauer parameters calculations. The first
60 excitations were taken into consideration in order to ensure
coverage of the Soret band region of the UV-vis spectrum of
H,TFcP.

The rotational barriers of the ferrocenyl moieties were calculated
using HyperChem 7.5 Pro software® at the semi-empirical PM3
level.®! In one series of calculations, one torsion angle, C (a-Pyrr)—
C,.es0(Por)-C,,,,(Fc)-C(a-Cp), was changed in 10° increments,
while the other part of the molecule remained fixed (this approach
is mentioned as ‘rigid’). In the other series of calculations,
one torsion angle, C (o-Pyrr)-C,,,,(Por)-C,,,(Fc)-C(a-Cp), was
changed in 10° increments, while the other part of molecule was
fully optimized (this approach is mentioned as ‘relaxed’). Then the
height of rotation barrier was derived from the variation of total
energy as a function of the rotation angle.
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