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ARTICLE INFO ABSTRACT

Keywords: We have successfully synthesized and characterized a new low-spin iron(1II) bis(4-cyanopyridine) complex with
Iron(I) porphyrin a meso-porphyrin substituted in the para positions of the phenyls by the methoxy group, namely the bis(4-
X-ray Molecular structure cyanopytidine) [(meso-tetrakis(4-metoxyphenylporphyrinato)]iron(Ill) trifluoromethanesulfonate chlorobenzene
m;mﬂ monosolvate complex with the formula [Fe'®(TMPP)(4-CNpy)2)SOaCF3.CeHsCl (I). This species was character-
=y ized through ultraviolet-visible, Founier-transform infrared and Mdssbauer spectroscopy as well as by SQUID
magnetometry, cyclic voltammetry, and X-ray crystallography. These charactenzations indicated that our syn-
thetic heme model is a low-spin (§ = 1/2) coordination compound and especially shows that the structural,
electronic and the magnetic properties of complex (I) are closely dominated by the presence of the methoxy o-

donor group at the para positions of the meso-porphyrin.
1. Introduction It is noteworthy that for more than a half century, iron(Ill) por-

An exceedingly important group of heme proteins is made by hexa-
coordinated heme species with two axial histidines as the fifth and sixth
ligands. Among them are cytochromes which are heme proteins in-
volved in electronic transfer such as cytochrome ¢3 [1], cytochromes b4
[2] and cytochrome b5 [2]. The cytochrome bS and three of the four
hemes of the cytochrome ¢2 have the imidazole rings of the two co-
ordinated histidines in nearly parallel orientation, while in the cyto-
chrome c3, the imidazole planes are nearly perpendicular. Additionally,
there are a number of membrane cytochromes b with bis(histidine) li-
gands including the two cytochromes b known as the ubiquinone-cy-
tochrome ¢ — cytochrome ¢ oxidoreductase and the chloroplast cyto-
chrome b6 [4]. For these iron(III) biological derivatives, there is a
correlation between the axial ligand plane orientation and the reduc-
tion potentials as reported by Niki et al., [5]. The relative orientation of
the two imidazole planes with respect to each other is important to
understand the redox and the spectroscopic properties of these types of
heme proteins.

* Corresponding author.
E-mail eddresses: habib.nasri@ fsm.rnu. tn, hnasril@gmail.com (H. Nasri).

phyrin synthetic complexes have been used as models for heme pro-
teins. This is very suitable because they can be characterized by dif-
ferent techniques such as Mossbauer, EPR, Raman, NMR spectroscopy,
cyclic voltammetry and X-ray molecular structures. These measure-
ments can be done much more easily and with a better resolution data
than for hemoproteins. Indeed, synthetic models made by iron(III) hexa-
coordinated metalloporphyrins with planar bis(N-donor) planar axial
ligands have been intensively investigated. This is the case of bis(imi-
dazole), bis(substituted imidazoles), bis(pyridine) and bis(substituted
pyridines) iron(IIl) porphyrin coordination compounds [6-9].

For these hexa-coordinated iron(IIl) species, the orientations of the
two trans planar axial ligands have been intensively investigated
especially by Safo et al., [10,11]. These structural, EPR and Mdssbauer
studies showed that the relative orientations of the axial ligands have
an important effect on the electronic structures of these species. These
and other studies [11,12] indicated that there are two types of elec-
tronic configurations of the ground state of the low-spin (S = 1/2) iron
(III) for [Fe™(Porph)(L)]* ion complexes where L is a N-donor planar



axial ligand. These are: (dy F(d.. dy)’ known as the axial electronic
configuration or the classic configuration and (dx;, dy;)*(dy)* known as
the nowvel electronic configuration.

The three major factors that affect the electronic ground state of
these fron(1Il) metalloporphyrins are: (1) electron withdrawing groups
at the meso-positions of the porphyrin stabilize the (dq)(ds, dy)
ground state configuration, while donmating groups stabilize the
(d. d,;)*(d,)" ground state configuration; (if) axial ligands with streag
r-accepting character stabilize the (d.. d *(d, P ground state while
thos2 with strong o-donating and n-donating ability stabilize the
(d,)*(d.. d,;) ground state; and (1if) strong deformation, especially the
ruffling distortion, of the porphyrin macrocycle stabilizes the
(ds. dy: Y*(ds)* ground state electronic configuration.

The 4-cyanopyridine (4-CNpy) is known as a strong x-acceptor N-
donor planar axial ligand and in the literature, only the molecular
structures of two fron(I) bis(4-CNpy) porphyrin {on complexes are
known: the bis(4-cyanopyridine)(meso-tetraphenylporphyrinato)iron
(0I) perchlorate with the formula [Fe™(TPPX4-CNpy).IClO, [11] and
the bis(4cyanopyridine)(meso-tertramesitylphenylporphyrinato) iron
(0I) perchlorate with the formula [Fe™(TMP)(4-CNpy)]ClO4 [10].

Cn the other hand, In 1996, Walker et al., [12] reparted the redox
properties and the thermodynamic stabilities of several iroa(III) bis(4-
CNpy) derivatives with different pheayls substituted at the ortho posi-
tions of meso-porphyrins with OCH,, F, CL Br and CH, groups. Never-
theless, a completed investigation of an lron(Ill) bis(4-CNpy) heme
model inclding UV-visible, IR, Missbauer, cyclic voltammetry and
magnetic investigations has not yet been reported In the literature. In an
attempt to obtain further information about the role of 4-cyanopyridine
ligand as well as the nature of the substituted group on the phenyl rings
of the meso-porphyrin ca the structural, electronic and the magnetic
properties of cytochromes, we synthesized and fully characterizad the bis
(4-cyancpyridine) [(meso-tetrakis(4-metoxyphenylporphyrinato))iron(I)
trifluoromethanesulfonate chlorcbenzene monosolvate complex (I). On
the other hand, even though the major investigations involving iron(IIT)
metalloporptiyrins have been undertaken due to the fact that thess spe-
cles are very good models for hemeproteins, thess coordination com-
pounds are also known to be good catalysts for several organic and in-
organic reactions [14-17] and these coordinatica compounds are
actually usad In several domains such as chemical sensors [16-20].

2. Experimental section
2.1. Materials and methods
All solvents and reagents were purchasad from commercial supplies

and used without further purifications and all manipulations were
carrled out under aerobke conditions. The meso-tetrakis(4-methox-

yphenyl)porphyrin (H:TMPP) was prepared by usdng the Alder and

Longo methed [21] and the triflato iron(III) porphyrin starting material
[Fe™(TMPP)(S0,CF,)] has been prepared using the literature reportad
method [22).

Fourler-transform IR spactra were recorded on a PerkinElmer
Spectrum Two FT-IR spectrometer. UV/Vis spectra were recorded with
a WINASPECT PLUS (validation for SPECORD PLUS wersion 4.2).
Scanning spectrophotometer mass spectra were recorded with a Bruker
autoflex I smartbeam instrument (ESI, positive mode). Cyclic vol-
tammetry (CV) experiments were performed with a CH-660B po-
tentiostat (CH Instruments). All analytical experiments were conductad
at room temperature under an argon atmosphere in a standard one-
compartment, three-electrode electrochemical c=ll.  Tetra-n-buty-
lammoniumhbexafluorophesphate (TBAPF.) was used as the supporting
electrolyte (0.2 M) in dichloromethane previously distilled over calcium
hydride under argon. An automatic Chmic drop compensatica proce-
dure was systematically implementad before the CV data were recorded
with electrolytic solutions containing the compounds under study at
concentrations of ca. 10”°M. CH Instruments vitreous carbon
(@ = 2mm) working electrodes were polished with 1pm diamond
paste before each recording. The saturated calomel electrode SCE
(TBAPF. 0.2M in CH:Cl;) redox couple was usad as the reference
electrode. The potential of the ferrocens/ferrocenium edox couple was
usad as an intemal reference (0.47 V/SCE experimental conditions). All
potentials are given vs SCE Temperatwe-dependent magnetic sus-
ceptibility measurements on polyarystalline samples of (T) were carrfied
out on a Quantum Design MPMS SQUID susceptometer equippad with a
7T magnet and operating i{n the range of temperature from 1.8 to
400 K. The compactad powderad samples were placed in a diamagnetic
sample holder and the measurements were camried out in a 1000 Oe
applied field using the extraction technique. Magnetization versus
magnetic field measurements of (T) were carried out at 2K in the field
range 0-5T. The amount of material used for the messurements was
11.59mg for (I). Before analysis, the experimental susceptibility was
corrected from the sample holder. Diamagnetic comrections of the
constituent atoms of (I) were estimated from Pascal constants [22] with
the value —295 x 107%

2.2. Syntheses of [Fe™ (TMPP) (4-CNpy) 2 (SOsCF3).CeHSCL (1)

[Fe™(TMPPYS0O,CF,)] (S0mg, 0.05mmol) and 4-cyanopyridine
(50 mg, 0.064 mmol) in 25 mL of chlorobenzene were stived ovemnight at
room temperature. The color of the reaction mixture changad from brown-
red to blood-red and crystals of the bis(4-cyanopyridineg) [(meso-tetrakis(4-
metoxyphenylpoephyrinato)]iron(lll)  triflucrcmethanesulfonate  chlor-
obenzene monasolvate complex [Fe™(TMPP X 4-CNpY)2](SO5CFa).CeHsCl
(D) (4+CNpy = 4-cyanopyriding) were prepared by slow diffuston of n-
hexane into the chlorcberzenpe solution (Scheme 1), Anal. Cale for (I),
CerHasCIF,FeN 058 (1258.52 g/mol): C, 63.94; H, 2.92; N, 8,9006. Found:
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Scheme 1. Synthesis of [Fe™(TMPP)(4-CNpy)2](S05(F3).CaHsCl ().



C, 64.26; H, 4.03; N, 8.79%. UV-visible [CeH2Cl A In nm (loge)): 417
(4.87), 509 (2.65), 572 (2.45) IR (solid, cm~%): » = 2057 w, 2926 W,
2825 W, 2240 w, 1607 m, 1510 m, 12405, 11765, 10225, 8065, 6245,
S53m. MS (MALDI-TOF) myz : 788.10 [Fe(TMPP)] *, 814.12 [Fe(TMPF)
(CN)1*, 890.24 [Fe(TMPPY4-CNpY) + 2H]*.

23. Cryseallography

A dark blue crystal of [Fe™(TMPF)(4-CNpy),)(SO,CF,).C.H.Cl (D)
was usad for the X-ray structwe determination. Data collection was
carried out on a Nonlus Kappa, APEXII diffractometer equipped with a
graphite-monochromated Mo-Ka radiation source (. = 0.710724).
The intensity data for this compound were collected by the namrow-
frame method at low temperature (115K). The unit-cell parameters
were cakulated and refined from the full data set. The reflactions were
scaled and comectad for absorption effects with the SADAES program
[24]. Using Olkex2 [25], the structure was solved with the Superflip [25)
structure solution program using the charge flipping solution method.
The model was refined with the SHELXL [27] refinement package using
least squares minimization. The molecular graphics were drawn using
ORTEP-2 for Windows [28). H-atoms were positioned geometrically
and refined using a riding model with C—H = 0.95,0.98 and 0.99 A and
N-H = 0.92A With Ups(H peot,athytens) = 1.2U(C/N) and U, (H
methy) = 1.5Ueq(C). All non-hydrogen atoms were refined aniso-
tropically. In the final difference Fourler map, the highest peak is 0.47
and the deepest hole is —0.65. Crystallographic data and structure
efinement of Fe™(TMPP)(4-CNpY)21(SO5CF2).CoHsCl (T) are given In
Table 1 and selected bond distances and angles for this Lron(IIT) deri-
vative are listed In Table SI-1 (supplementary (nformation).

Table 1
Crystal data and structural refinement for  [Fe™(TMPPX4-QNpy),)

(S05;).CH=Q (.

Formula CorHeCIFsFaNgOS
D /g cm™? 1410
wmm ~* 0.408
Formula Walght 1258.53
Color Dark blug
Stape Prism
Stze/mm? 0.50 x Q.40 x 0.15
T(K) 115

Crystal Systam Moaoclinlc
Space Group Pk

ack) 20.4813(13)
v (A 17.506%10)
cA) 24.3614(16)
alm Q0

[ 9] 137.265(2)
y() 00

V(A 5027.%7)

z 4

B () o212

B () 0.041
Raflections measured 67,061
Indspandant raflections 11,617
Obzarved reflactiocs [I > 2n(1)) am7

Ryst 0.0535
Parametars 703

Largast Pask 0.470
Decpast Hola 0,650
GooF 1.077

wR,® (all data) 0.1301

wRz [1 > 2o(m)** 01117

" (all data) 0.0884

By [ = 2om)™ 0.0485

* 1 wRy = Ew(|R® - FA)2)/Ew| Ro™ )42,
¥ iRy = E||F - |R||/Z |Fol.

3. Results and discussion
3.1. UV-isible and IR dasa

The electronic spactra of compound (1) and the starting material
complex [Fe"(TMPP)(SO1CF )] are {llustratad in Fig. 1. The positions
ofthe Soret and the Q bands of the lron(111)-bis(4-CNpy) derivative are
red-shifted vis-a-vis of the {ron(IIN)-triflato starting material Indeed,
the value of the Aqax of the Soret band 15 417 nm which is redshiftad
compared to that of the triflato starting material (405 nm). For the
two related specles [Fe'"(TPPX4-CNpy)]l® (TPP: meso-tetra-
phenylporphyrinato) [11) and [Fe™(TMP)(4-CNpy),]* (TMP = meso-
tetramesitylphenylporphyrinato) [10], the values of the Agax of the
Soret band are 416 nm and 412 nm respectively which are quite close
to thos2 of our bis(4-CNpy)-TMPP derivative.

As it will be shown In the crystallographic saction, the macrocycles
of the three iron(1II)-bis(4-CNpy) species with the TPP, TMP and TMPP
moleties are ruffled, as a consaquence, one can expect that we must
observe an important redshift of the Sceet bands of thesa iroa(III) me-
talloporphyrins [29] which is not the cass where the A, of the Soret
bands of thess three species are — 415nm. In the case of the later re-
ference, the tron(IIn) chloro complex [Fe'"(DPP)Cl] wheare DPP is the
2,3,7,8,12,12,17,18-octaphenyl-5, 10,15, 20-tetraphenylparphyrinato
(or the dodecapbenylporphyrinato) which s a meso-phenylporphyrin
with a phenyl group in the eight B-pymrolic positions. This spacies which
exhibits a very high ruffled and saddled, shows a very redshifted Soret
band at 444nm compared to 418 nm for the [Fe"(TPP)Cl] complex
[20] (Table SI-2). By the other hand, we recently reported that, the oxo-
vanadyl specles [V(TTP)O] with the meso-tetratoloyleporphyrinato
(TTP) presents a Soret band at 426 nm while for the related compound
[V(Cl,TTP)YO] where the CISTTP is the TTP meso-porphyrinato with the
elght B-pyrrolic podtions occupied by chlorine atoms , the Soret band is
451 nm. The later derivative exhibits a very important deformation of
the porphyrin coe [21].

It is clear from what we just mentioned above that, the important
redshift of the Soret band is mainly due to the bulkiness of the B-pymole
groups (a phenyl group or a halide group for examples) which lead to
an important steric interaction between thess groups and the phenyls at
the meso positions of the porphyrin. This deduction was also mentionad
by Jiang et al,, [22].

By the other hand, the optical gap (Eg-op) which corresponds to the
energy difference between the levels of the HOMO and LUMO orbitals

Soret band
405 419
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Pig. 1. UV-visible absorption spectra of the [Fe™(TMPPXSO0;CF;)) starting
material and [Fe™ (TMPP)(4-CNpy)z1(S03CF3).CH=Cl (T). Spectra are recorded
in CH,Q, solution at concentrations —10~%, The inset shows enlarged view in
the Q bands region.



]( “

o2 <y s ]

N en U
<n 'Ia-,.

« ;7‘ on
&
Pig. 2.ORTEP diagnms of the [Fe™(TMPP)(4-CNpy)s]® ion complex.
Hlipsoids are drawn at 40%. The hydrogen atoms are omitted for clarity.

ofthe porphyrin was obtained using the Tauc plot method. The value of
the Eg-op obtalned for (1) is 1.71 eV which is in the normal range of
meso-porphyrin complexes.

The IR spactrum of (T) shows that the :(C=N) stretching frequency
value of the 4-cyanopyridine axial ligand is 2240 cm ~* which is slightly
below that of the free ligand (2242 am -') Indicating that the 4-CNpy
ligand is coordinated to the tron through the pyridyl group and not the
nitrile molety.

Pig. 3. Drawings (a), (b) and (c) showing the important ruffle deformation of
the porphyrin core of the jon complex [Fe™(T! MPP)(4-CNpy)] * (I).

3.2. Serucewral propereles of (Fe™(TMPP)(4-CNpy) 2] (SO5CFs). CsH=Cl (T)

The structure of [Fe™(TMPP)(4-QNpY),)(S0,CF,).CH.Cl (T) has
been determined at 115(2) K Fig 2 is an ORTEP diagram of the
[Fe™(TMPP)(4-CNpy),]1* cation. The asymmetric unit of (I) contains
one [Fe™(TMPP)(4-CNpy)2]* lon complex, one SO,CF;~ counterion
and one chlorobenzepe solvent molecule. The fron(I) cation is che-
lated by four pyrroleN atoms of the porphyrinate anion and co-
ordinated by two pyridyl-N atoms of the two 4-CNpy trans axial ligands
In a distorted octahedral geometry.

Table 2

Sdected structural features of (I) and several iron(l1l) metalloporphyrins.
Complex Fa-Np* (A) Fe-Lax(A) W Py 1074, Sphstate Rat.
Iron(I) high-pin (S = 5/2) porphyrins
(e rrepyc)’ 2070(9) 2.211(1) - - - 52 [36]
(F*TTPYOAC) 2067(4) 1.898(4) - - - 52 (37
(R (TpIvPPYNCO)) 2069(5) 1.970(5) - - - 52 [38)
[P (TPPXH:0)2) 2045 2.095 - - - 5/2 [39]
(so"(oszxtsxp))l 248 2.031/2.442 - - - 52 [40)
(FY (TP X F)2] * 2064 1.966 - - = 52 [41]
[F OEPXDMSO);) *H* 2067 2.083 - - - 52 [42)
Iron(I) dow-spin (S = 1/2)
(RS (TPPX4-CNPY)2) perpnns 1.9527) 1.007(4)/2.008(4) 288.97 37/36 55 12 [
[F*(TMPX4-CNpy)2)' 1.961(6) 2.021(6)/2.001(5) 87.4 43744 41 12 [10]
[FT(TMP X 4-NMaPy)z) * = 1.964(10) 1.98%(4)/1978(4) 78.84 37/42 51 12 [10]
(RS TMPX3-Cipy)) * 1.965(2) 2.01%8) 76.04 20/41 % 12 [10]
[F*(TPPX2-MaHIm);] * ¥ 1970 2.012 » 12 [43)
(aa"manxmrym’ 1.971(2) 2.008(2)/2.006(2) 72.6 37/35 21 12 This work
(R (TPPX Py 1982 2.005/2.001 a5 52 25 12 (]
[F*(TPP)XH1Im)3) * *¢ 1993 1.964 - - - 12 n
(Y TPR X)) " 2,000 1.975 - - Placar core 12 [44)
* : Fe-Np = average equatorial distance between the iron and the nitrogen atoms of the porphyrin ring.
® : Pe-lax = iron-axial ligand distance.
€ : ¢ = dihedral angle between the two plans of the axial ligands.
9 : ¢ = the smallest dihedral angle between the Np-Fe-Np vector and the projection of the pyridyl plane of the 4 Npy ligand in the porphyrin macrocyde.
* ! ACpuo = The average absolute displacement values of the meso carbon with respect to the plan of the 24 atoms of the porphyrin core.
! TPP = meso-tetraphenylporphyrinato.
£ TTP = meso-tetratoloylphenylporphyrinato.
B ; OAc = acetato.
!t TpivPP = aya,a,a-tetrakis(o-pivalamidophenyl)porphyrinato.
1 : OFP = octaethylporphyrinato.
* : DMSO = dimethylsulfoxide.
! : TMP = meso-tetramesitylporhyrinato.
® : 4. NMexPy = 4-(dimethylamino)pyridine.
® 1 3.Qpy = Acyancpyridine.
® 1 2MeHIm = 2-methylimidazole.
P : Him = imidazole.
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Pig. 4. Formal diagrams of the porphyrinato cores of (I). The displacements of
each atom from the 24-atom core plane in units of 0.01 A are also illustrated.
The diagram shows also the ¢ angle values between the axial 4 (Npy ligands
and the daosest N(pyrrole)-Fe-N(pyz) plane and akso the diahedral angle ¢ be-
tween the two axial planar ligands.

Pig. 5. The crystal packing of (I), viewed along the [100] direction. The
S0;CF;~ counterions and the chlorobenzens solvent molecules are omitted for
clarity.

It has been shown that the value of the average equatorial iron-
pyrrole N atoms distance (Fe—Np) and the spin-state of the Lron(IIr)
porphyrin complexes are elated [22]. For tron(III) high-spin (S = 5/2)
metalloporphyrins, the value of the Fe-Np bond length are high and
-2.035A or longer, while low-spin (S = 1/2) tron(0I) porphyrin de-
rvatives exhibit smaller values of Fe-Np distances in the range
[1.998-1950] A (Table 2).

Scheidt and Walker [11] reportad that low-spin iron(llI) metallo-
porhyrins of type [Fe™(Porph)(L);]* (Porph = poephyrinato and Lis a
neutral planar N-d onor axial ligand) exhibit two ground state electronic
configurations of Fe(lll): (d,,)*(d.. d,.)* and (dx. dys)*(dy)". The first
configuration, known as the classic configuration, has been shown for
Fe™(Porph)(L)z]* species with nearly parallel planes for axial ligands
L which are reasonably strong o and x-donors such as the imidazole and
DMAP (4-(N,N-dimethylamino)pyridine) [24]. The strong r-acoeptor L
axial ligands such as pyridine exhibit the novekd.., d;)*(dy) electronic
configuration of the ground state of the tron(II) cation. In the case of
strong n-acld axial ligand, the central metal must x-donate electron
density to the axial ligand, consequently the Lron(IIl) must be a good x-
acceptor from the x-donating porphyrinato molety [11]. As a con-
sequence of the r interaction between the central metal and the ni-
trogen atoms of the porphyrin, the Fe-Np equatorial distance will de-
crease, which is passible when the porphyrin core is strongly ruffled.
This feature was first noted by Hoard more than four decades ago [235].

Percent Effect

Velocity (mmis)

Fig. 6. Massbauer spectra of [Fe™ (TMPP)(4-CNpy)z1S05CF;.CeH=Q (D at 25K,
100K and 200 K in a weak applied magnetic field of 500 G. The solid lines are
Lorentz fits to the data.

Individual values of displacements of the atoms from the mean
plane of the 24-atom core (In units of 0.01 A) of (I) are shown in Fig. 2.
The average absolute displacement values of the meso carbon with re-
spect to the plane of the 24 atoms of the parphyrin core (AC,,...), which
measure the ruffling deformation of the porphyrin cycle, is also re-
ported In Table 2, where we can notice that the Fe-Np distance de-
creases when the ring ruffling increasss as just mentioned above. In
Table 2 we can see that for the very rufflad porphyrin ring of the TPP-4-
CNPy Irca(IlI) derivative, with the highest ACs... value of 0.55 4, the
Fe-Np distance value [1.952(4) 4] is the smallest among all the low-
spin fron(1IT) metalloporphyrins reportad in thistable. For the other two
iron(1IM)-bis(4-NCpy) species, the Fe-Np/AC,,.,. values are 1.961(6)/
0.41 and 1.971(2),0.21 for the TMP and our TMPP derivative respec-
tively, which confirms what we have just reported. Therefore, even
though our TMPP derivative exhibits a less rufflad porphyrin core and a
higher Fe-Np distance compared to the TPP and TMP derivatives, our
iron(1II) species can still be considered as presenting a highly rufflad
porphyrin core and short Fe-Np distance. Basad on the structural data,
we can conclude that complex (T) belonging to the low-spin Lron(Im)
hexacoordinated metalloporphyrins with the novel electronic config-
uration (dy, dy J*(dg).

For the TPP-bis(4-CNpy) species, the very high ruffling deformation
and the very short Fe-Np distance are mainly due to an electronic effact
where the 4-CNpy axial ligand is known to be a very strong n-acceptor
ligand [11] while in the cass of the TMP-bis(4-CNpy) compound, the
steric effect of the porphyrin is the predominant cause of the high
ruffling deformation of the porphyrin core and the short value of the
Fe-Np distance [10]. In the case of our TMPP-bis(4CNpy) complex (T),
the donor effect of the methoxy groups In the para positions of the
porphyrin phenyls destabilizes the r orbitals of the porphyrin core,



Table 3
List of hyperfine parameters of *"Fe Mésshauer data and corresponding structural p

arameter ¢ for several low-spin Fe(lll) porphyrin complexes.

Complex T(K) & (mm,s) AEq (mm/s) $(n") Raf.
[F (OMTPO)1-MaHIm), )1 77 028 278 105 [46)
[F*(OEP X 4-NMazpy) 10 77 026 214 0 [10]
[F*(TMP X 4-NMa,py), A0, 77 020 174 o0 [10)
[FST(TMPX3-Erpy) ;] A0H 77 0as 125 as [47]
(R (TMPX3-Clpy)2]1 Q04" 77 020 136 a8 [10)
[F*(TMP X 2-MaHIm) )10, % 77 020 148 aa [10]
[F*(TPP X 2-MaHIm);] 1 150 022 177 ) [10]
(R TPP X Py C04 77 016 125 as (8]
(F PP XpyICT 77 023 223 - [48)
(F* (PP X HIm) O™ 77 013 227 - [49]
[ XHIm)]CI™ 77 024 235 - (8]
[(FS*(TPP X Him), )M 77 023 223 0 (8]
[(F (PMXPE) (Him)z) 208 013 227 - (8]
[F (PMXPP) (Him ;) B 208 016 206 - (8]
[(F*(PCIPE) (Him) ) CFY 208 015 201 - (8]
(E*TPPY 2110y 120 0191) Q6&s(1) 8a.07 (885}
[K(18-C-8)][Fe( ' TPP X CN)). 3CHCly M 100 011 177 - [45]
[K(2 2 2))[F"(TMP )X CN),). 3CH 01, 208 0o ass - [47]
(R TP X 4-CNpy)1Q0S 77 020 oo 87.41 [10)
[FS*(TPP X 4-CNpy) 1 CI0y) 120 01%1) QEs(1) 8a.07 1]
[F*(TMPP)X4-CNpY),150,CF, 25 0.08%5) 2.006(5) 72.6 This work
100 0.095(1) 19%1)
200 007(1) 1.95(1)
* : ¢ = Diadral angle between the two axial ligands (Relative orientation).
¥ : OMTFP = octaalkyltetraphenylporphinato.
¢ 1 1.MeHIm = l-methylimidazole.
9 : OEP = cctaethylporphyrinato.
* : 4. NMe2py = 4-(dimethylaminc)pyridine.
! : TMP = meso-tetramesitylporhyrinato.
£ : 2Etpy = J-etylpyridine.
B :3.Qpy = 2chloropyridine.
! : 2MeHIm = 2-methylimidazole.
1 : TPP = meso-tetraphenylporphyrinato.
* : PP = Protoporphyrin IX.
1 ; Him = imidazcle.
= ; PPD = Protoporphyrin 1X dimethyl ester.
® 1 PMXPP = meso-tetrakis(p-anisidyl)porphinato.
© : PCIPP = meso-tetrakis(p-chlorophenyl)porphyrinato.
F 1 18.C.6 = 18crown6 = 1,4,7,10,13,16-hexacxacyclooctadecane.
T

aspecially the aa, porphyrin HOMO orbital which has large density at
the meso-positions. This is possible when the porphyrin core is very
ruffled (Figs. 2 and 4) leading to destabilization of the d., orbital and
makes the Interaction between the half-filled d,, and filled porphyrin
a,, HOMO orbital possible, leading to the nweT electronic configura-
tion (dy. dy )*dyg)* [12].

Notably, Safo et al., [11] reported that more the greater the rufiling
of the porphyrin core, the closer the dihedral angle ¢ (between the
planes of the two N-donor planar axial ligands) is to 90" Thus, for the
very ruffled [Fe™(TPPX4-CNpY),]* species, the ¢ value is 88.97° while
the values of this angle are §7.41° for the TMP-bis(4-CNpy) derivative
and 72.6° for our TMP-Pbis(4-CNpy) species (T). This is in accord with
the amplitude of the ruffling distortions of thess species

The projection of the two 4-CNpy axial ligand planes are closa to
bisacting adjacent Np-Fe-Np angles where the pyridyl planes make di-
hedral angle (¢) values of 37.016° and 35.121° (Fig. 4) and lay over the
meso positions of the porphyrin. Thess values are normal for hexa-co-
ordinated iron(IIT) metalloporphyrins type [Fe™'(Porph)(L)z]* where L
is a N-donor planar peutral ligand.

The dihedral angle between the mean porphyrin macrocycle of (T)
and the pyridyl planes of the two trans 4-CNpy axial ligands are 86.52
(7)° and 86.49 (9)°. Theses values are clos2 to thosa of the TPP-bis(4-
CNpy) (87.14°/85.08%) but quite higher than those of the TMP-bis(4
CNpy) related species (82.74'/75.79"). The phenyl planes of the TMPP
porphyrinato are nearly perpendicular to the porphyrin core with

: 222 = Cryptand-222 = 4,7,13,16,21, 24-hexaoxa-1,10-diazabicyclo[8.8 8] hexacosane.

dibadral angles of 87.14°, 87.02", 74.90" and 76.98° which are slightly
higher than whose of the two related lon complexas [Fe™(TPP)(4-
CNpY)z1" (58.50°, 66.99", 60.09", 66.96°) and [Fe'"(TMPX4-CNpy)2]™
(82.90°, 85.61", 83.52" and 84.36%) where we notice onoe again that the
TPP-4-CNpy derivative presents lower values than ouwr TMPP-bis(4-
CNpy) and the TMP-bis(4-CNpy) species.

The arystal packing of the title compound is made by a zigzag parallel
layer perpendicular to the [1 0 0] direction (Fig. 5). Between thesa sheets
are located the SO,CF,~ counterions and the chlorobenzene solvent
molkeculss. One SO,CF,~ lon Is weakly bonded to five nelghboring
[Fe™(TMPP)(4-CNpy)]* lon complexes: (i) the oxygen OS5 of the
S0,CF,~ anlon, the carbon €52 of a phenyl group of one TMPP molety
and the carbon C46 of a methoxy group of a sscond TMPP porphyrinato
are linkad together by a non-conventional H boad C-H:--O with a
C53-H52.--05 and C46-H46A.--05 distance values of 3.512 (7) A and
2.223 (6) A respactively, (i) the carbon C47 of a methoxy group of one
TMPP and the carbon C51 of one 4-CNpy axial ligand of a pearby
[Fe™(TMPP)(4-CNpy),]* lon are engaged In a weak non-conventional
hydrogen C-H.--0 boad [distance = C52-H52.-05 = 2.512 (7) A and
distance = C46-H46A-05 = 2.223 (6) A), (Iif) another weak C-H.--O
hydrogen bond links the axygen O7 of the same triflate counterfon to the
carbon CS9 of one 4-CNpy axdal ligand with a C59-HS9.-07 distance of
2.183 (7) &, (iv) the fluorine atom F1 of the counterion and the centroid
Cg2 of the pyrrole ring N2,C6-C9 of on2 TMPP poarphyrin are weakly
linkad via the F..Cg non-bonding contact (Fig. SI-1, Tables S1-2—4) and
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Pig. 8. Cyclic voltammogram of (I). The solvent is the dichloromethane and the
concentration is ca. 107 M in 0.2M TBAPFe, 100mV/s, vitreous carbon
working dectrode (@ = 2 mm).

(v) the fluorine F2 is engagad in a F..-Cg Intermolecular interaction
with the centrold Cg4 of the pyrrole ring N4,C16-C19 (Fig. SI-1, Tables
SI-2-4). The centroid Cg2 is also linked to the chlocine atom of one
chlorcbenzene solvent molecule with a 4..-Cg2 Interactica value of
2715 (2) A.

3.3. Mdsshauer investgation

The Mossbaver spectra of the polyorystalline [Fe™(TMPP)(4-
CNpY),1S0,CF, (I) coardination compound were taken at 200K, 100 K
and 25K and are {llustrated in Fig. 6 while the Miéssbaver data of (I)
and several melated lron(Ill) metalloporphyrins are summarized iIn
Table 4. As was mentionad in the crystallographic section, tron(IIT) low-

spin porphyrinates exhibit two ground states configurations
(@, (d,. dyand (d. d,.)*(d,,)". Which group a compound belongs
to depends on the steric and the domating-withdrawing effects of the
groups at the pbenyl rings of the porphyrin and also on the donating-
withdrawing properties of the axial ligands.

It has been reported that quadrupole splitting (AEgp) values
of - 1.75mm.s~" are expected for low-spin ferric porphyrins with
perpendicular axial ligand cclentations and a pure (de. dy)%(dy)
ground state while values greater than — 2.00mm.s~* are typical for
ferric species with parallel ligand orlentations (Table 2) with the classc
electronic configuration (dy P(ds, di)’. As shown in this table, the
AE,,/8 values (& is the lsomeric shift) for our derivative are 2.006(5)/
0.085(5), 1.99(1)/0.05(1) and 1.95(1)/ 0.07(1) mm.s~* at 25, 100 and
200K respectively which indicates little if any temperature depen-
dence. Given the values of the AE, — 2.00mm.s ~", it s not clear based
on the Méssbauer data, whether the electronic configuration of the
ground state for the iron(lll) of ow medel is (d, ) (d.. d.)F or
(d.. d,;)*(d,), even though the crystallographic data are in favor of
the latter electronic configuration.

For the related big4-CNpy) complexes, the AE/8 values are
0.97mm.s~'/0.20mm.s ' and 0.65mm.s-?/ 0.19mm.s-' for the
TMP-bis(4-CNpy) and the TPP-bis(4-CNpy) derivatives respactively
[10,11). Thess two iron(Ill) complexes are considered low-spin and
present the novel electronic configuration, and the walue
of — 0.20mm.s™" of the isomer shift Is consistent with values com-
monly cbsarved for low-spin ferric porphyrins. The quadrupole splitting
value (0.97mm.s™* at 77K) of the [Fe™(TMP)(4-CNpy):] * lon com-
plkex is quite low but the [Fe'"(TPP)(4-CNpy),] * species exhibits an
unusual small AEq value of 0.65mm.s~* as well. Safo et al, [11] ex-
plained such a small value of the quadrupole splitting as due to the fact
that the orbital angular momentum of the metal center d-electrons is
largely quenched, as Is expected for a (d,,)' unpaired electron in a non-
degenerate state. The isomer shift value of our TMPP-bis(4-CNpy) de-
rivative, which Is 0.095(1) mm.s~ ' at 100K, is smaller than those
found for the majority of hexa-coordinated low-spin lron(III) porphyr-
Inates of type [Fe"(Porph)L),]* (Porph = meso-porphyrinato and L is
a peutral N-donoe pautral axial ligand) with values of — 0.20 mm.s™*.
This is the case of the TPP-bis(4-CNpy) and TMP-bls(4-CNpy) Lron(II)
related specias with & values of 0.19(1) mm.s~* and 0.20mm.s " re-
spectively. It is noteworthy that the iron(lll) bis(cyano)-porphyrinates
[Fe"™(TPP)(CN),] ~ and [Fe"(TMP)(CN),]~ [45] exhibit also small
tsomer shift values of 0.006 mm.s~' and 0.10mms~' at 298 K re-
spectively. Such low & values are indicative of strong Iron-axial ligand
covalency.

In the same reference [45], Scheldt et al, basad on Missbauver data,
deduced that the fron(IIl) low-spin bis(cyano) metalloporphyrins ex-
hibits either the (dy)*(dx. dye)* or the (dy, dy: )*(ds)electronic con-
figurations and that these configurations can be interconverted: the
energy levels of the two ground state configurations are very closs and
that the nature of the porphyrin and the axial ligands as well as the
cyanide ligand environment determine the type of the ground state
electronic configuration of the Lran(III).

3.4. Magnetic suscepedbiliey measurements

Temperature dependent magnetic susceptibility measurements for
() were performed on polycrystalline samples in the range 2-200K
using a SQUID magnetometer. In all casas, the magnetic susceptibility
2a values have been corrected for diamagnetism [S50). Flg. 7-(a) Ulus-
trates the effective magnetic moment (jLg) versus the temperature of
our [Fe(TMPP)(4-CNpy),]* lon complex As shown in this figure, there
is a very small variation of the py values with temperature. Indeed, at
200K the value of the effective magnetic moment s 2.23 g while at
2.0 Kthe (u.p) value is 1.62 pg, Both values are appropriate for low-spin
(S = 1/2) lron(1l) compounds with g = 2. By the other hand, at room
temperature, the product of molar susceptibility times temperature



Table 4

Blectrochemical data® for (I) and a selection of related low-spin iron(l1l) metalloporphyrins.

Onddations Roductions

Complex

Ring oxMation
Eus®

Fa(un /Fa(IV)

Fe(IT/Fa(ll) Fa(lTl/Fa(l) Solvent

Eiz

o
o
aﬂ

[F*(TPPX1-Malm);] *# - -
(R TPPX Py *° - -
[F OEPX4-NHzPyR)] * - -
(F OEPX pyZI) * *F
(FS (TFPPXpyz)2))* *¢
(Erarm (py,) e

Iron(I) dés(4-cyanopyridine) meraSoparphyrine
(F(26-F2-TPPX4-CNpy)] * -
(F(2,6-Bra- TPPX. B b -
(F*(TPPX4-CNpy)] ** -
(R TP X 4-CNpYI) ! -
[F™(2,6-0Mez-TPP)(4- CNpy)2] *™°
[F*(TMPPX4-CNpY)2]* (1)

=016
Q.06
=039
=050
032
033

[52]
[52)
[52]
(53]
[54]
[54]

g
2

Q55
045
03
033
022
0.28

[52)
[52]
[52)
[52)
[52]
This work

=117 CHQ1

: the potentials are reported versus SCE.
: By 2 = half-wave potential.
: TPP = meso-tetraphenylporphyrinato.
: 1.Melm = 1-methylimidazole.
: OFP = octaethylpocphyrinato.
: 4-NHzPy = 4-(dimethylamino)pyridine.
! pyz = pyrazine.
: TFPP = meso-tetra(para-flucco-phenyl Jporphyrinato.
: TCIFP = meso-tetralpare-chlorophenyl Jporphyrinato.
1 26-F;-TPP = meso-tetrakis(2,6-difluorcohenyl)porphyrinato.
1 2,6-Br2-TPP = meso-tetrakis(2,6-dibromophenyl)porphyrinato.
: irreversible wave.
: TMP = meso-tetramesitylporhyrinato.
: 26-0MexTPP = meso-tetrakis(26-dimrthoxyohenyl)porphyrinato.

Y% W= = gm N0 N

(XmT) of (T) 1s 0.60 which is higher than that of the spin-only value of
0.275cm® K.mol~? expectad for one unpaired electron (S = 1/2) and
characteristic of a moderate orbital contribution (Pig. SI-2). The ground
state of the octahedral low-spin Fe(IIl) complexes is degenerate (“l',,
and a moderate orbital contribution to the T values is usually ob-
served) [51].

In Fig. 5-(b), the fied dependence of the magnetization, M = f{H),
at 2K Is shown where we can see that the experimental M values are
compatible with the theoretical ones calculated using the Brillouin
function with S = 1/2 ground stateand g = 2

3.5, Cycltc volsammeery

Cyclic voltammogram (CV) of complex (I) was recorded at room
temperature in dichloromethans under an argon atmosphere in the
potential range —2.0 to +20V versus saturated calomel electrode
(SCE) redox electrode with the tetra-n-butylammocaium hexa-
fluorophosphate (TRAPF,) asthe supporting electrolyte (0.2 M). The CV
of our TMPP-bls(4-CNpy) Iron(lII) derivative is {llustrated in Fig 8 and
values of half potential waves of (T) along with other related Lron(IIr)
metalloporphyrins are given in Table 4.

Complex (T) exhibits three reversible one electron oxidation waves
and two reversible one electron reduction wave. The first wave (O1,/R1)
with a half wave potential value of 0.18 V is attributed to the Fe(IIm)/Fe
(TV) oxidation while the oxidation wave (02/R2) with an E, , value of
1.44 V corresponding to the porphyrin ring oxidation. The first wave of
the ancdic part (R2,03) of the CV of (I) with a E,,; value of 0.28V s
appropriate for the Fe(IIl) /Fe(IT) reduction. The sacond wave (R4/04)
at Eyz = -1.17V s attributed to the reduction of the porphyrin rings.

It is noteworthy that sewveral cyclic voltammetry investigaticas on
low-spin iron(Il) metalloporphyrins type [Fe™(Porph)L):]* are re-
ported in the lterature [52,12]. Walker et al, [13], correlated the
positive shift of the half wave potential values of the Fe(IIl),/Fe(II)

reduction of several bis(4-CNpy) low-spin {ron(lII) porphyrin com-
plkexes with the electron-donating/electron-withdrawing properties of
the substituents at the phenyl rings of the porphyrin. Indeed, the same
authcees [12] classified the lron(111) bis(4-CNpy) in the order of the most
easlly reduced to the more difficult : 26-F-TPP > 2,6-TPP > 2,6-
TMP > 2,6-OMe;  [2,6-Fx-TPP = meso-tetrakis(2,6-difluorcohenyl)
porphyrinato, 2,6-TPP = meso-tetrapbenylporphyrinato, 2,6-TMP =
meso-tetremedtylporphyrinato and  2,6-OMe; = meso-tetrakis(2,6-di-
methoxyphenylporhyrinato] which is approximately the order of
electron-donatingelectron-withdrawing capabilities of the substituents
at the ortho positions of the phenyls of the porphyrin. Thus, the E, 4 [Fe
(1IT)/Fe(II)] values are 0.55V, 0.21 V, 0.32V and 0.22V for the 2,6-F,-
TPP, 2,6-TFP, 2,6-TMP and 2 6-OMe; iron(III) parphyrin complexes in
aoccordance with the Increasing of the electron-donor character from the
fluorine to the OCH, group. For our TMPP-BL4-CNpy) lron(lI) species
(which has an OMe donor group in the para position of the phenyls of
the meso-porphyrin), the E, ,,[Fe(III)/Fe(IT)] value is 0.28 V indicating a
negative shift compared to thoss of the TMP-bis(4-CNpy) and the TPP-
bis(4-CNpy) derivatives with a half potential values of 032V and
0.21 V respectively and more positive shift than that of the E,,, po-
tential of the 2,6-OMex-bis(4-CNpy) species with a value of 0.22V
(which have two donor OMe groups in the ortho positions). All other
things being equal this is a ccafirmation of the important electron-
donating/electron-withdrawing effect of the substituents at the phenyl
rings of the porphyrin on the E, ,, value of the Fe(III)/Fe(II) reduction of
(Fe™(Porph)(L)z]* lon complexes (Porph = meso-porphyrinate and
L = N-donor planar axial ligand).

4. Conclusion

A pew low-spin lron(1N) bis(4-cyanopyridine), with the meso-tetra-
phenylporphyrin substituted at the phenyls para positions by the o-
donor OMe group [complex (T)] was prepared and characterizad. The



structural data of (I) indicates that the two 4-CNpy axial ligand adopt a
perpendicular orientation. In the case of the lron(ll) bis(4-CNpy)

analogue complexes with the TPP and TMP porphyrinates which pre-
sent also a perpendicular orientation of the axial ligands, they exhibit

very short value of the average equatorial Pe-Np distance and a very

high ruffling deformation of the porphyrin core. For the TPP spacies,
this is explainad by the very strong n-acceptor character of the 4-NCpy
ligand while in the case of the TMP derivative, the steric effact of the
porphyrin s the predominate cause of the high rufiling deformation
porphyrin core and the short value of the Fe-Np distance. For our de-
rivative, the Fe-Np bond length and the rufling deformation are also
high but smaller than thos= of the TPP and the TMP species.

This can be explained by the o-donor character of the ObMe group In
the para pesitions of the meso-tetraarylporphyrin. From the structural
data of (I), we can conclude that cur synthetic species belongs to the
low-spin tron(1II) hexacoordinated metalloporphyrins with the ground
state electronic configuration (dy, dy;J*(dy)". The Mbssbauer data of
the relative of the related bis(CNpy)-tron(IIl) TPP and TMP coordina-
tion compounds, exhibit small values of the AEq value {ndicating that
the ground state configuration of these metalloporphyrins s
(ds, dy: )*(ds)* which is not the case of our bis(NCpy)-iron(III)-TMPP
complex for which the Méssbauver data are not conclusive conceming
the type of the electronic configuration of the ground state.

The SQUID data of complex (T) confirm the low-gpin S = 1,2 of the
{ron(11r) with a small variation of the effactive magnetic moment from
223 g at 2.0 K the (i) value s 1.62 pp, The positive value of the half
wave potential of the Fe(II),/Fe(Il) reduction of 0.28V of our para-OMe
{ron(1Ir) bis(4-CNpy) (I) is very close to that of the related 2,6-OMe,
complex (0.22V) indicative of the important donating/withdrawing
character of the phenyl substituents of the meso-porphyrin of the

Fe™(meso-Porph)(4-NCpy)2]1* lon complexes on the reduction of the
Fe(IIT)/Fe(IT) of these derivatives.
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