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a b s t r a c t

In the present work, we have utilized ferrocene-bridged diiron(III) porphyrin dimer and investigate the
rotary motions mediated by axial ligands exploiting conformational flexibility of the ferrocene linker.
Diiron(III) porphyrin dimer can switch easily between the syn and anti rotamers reversibly based on the
axial coordination and thereby forming complexes with different structure and properties for the
development of synthetic molecular machines. While the five-coordinate diiron(III) complex with
chloride axial ligand and its m-oxo dimer are in syn-conformation, their six-coordinate complexes are
stabilized in anti-conformation. All the complexes are isolated in the solid state and five-coordinate
complexes are also structurally characterized. Spectroscopic investigation through UVevisible spectra,
solid-state M€ossbauer, EPR, and 1H NMR studies confirm the presence of high and low-spin diiron(III)
porphyrins, respectively, for five and six-coordinate complexes.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The nanometer-scale molecular machines are vital for the
functioning of biological systems and are accountable for all
biochemical processes starting from the generation of high-energy
molecule adenosine triphosphate (ATP) to themuscular expansions
and contractions for controlled motion [1]. Taking inspiration from
such biomolecular systems, synthetic chemists have progressively
designed more complex switchable nanoscale artificial molecular
machines. Majority of such developed systems are based on so-
phisticated and synthetically challenging mechanically interlocked
architectures (MIAs) [2]. These MIAs have been well utilized to
engineer a number of molecular machines among which synthetic
rotary motors have been quite well-known [3].

The rotational motion represents one of the most important
mechanical processes engaged in the conversion of energy at
various levels ranging from mammalian cell ATP synthases, rotary
motions of large protein chains, to a variety of macroscopic motors
having fundamental implications for mankind [4]. Therefore, the
primary objective has been controlling such rotational motion
involving organic/inorganic frameworks [3,4]. A well-studied mo-
lecular rotor has been ferrocene, which is an 18 electron sandwich
organometallic complex consisting of a Fe(II) ion between two
freely rotating cyclopentadiene (Cp) rings. The free rotation of the
Cp rings is mediated by the sandwiched Fe(II) ion which acts as an
“atomic ball-bearing”. Subsequently, a controlled anti and syn
conformational switching can bewell achieved in 1,10-disubstituted
ferrocenes [5]. Ferrocene derivatives have been attractive building
units for designing of non-interlocked synthetic molecular ma-
chines owing to their molecular ball-bearing and reversible elec-
trochemical properties [5,6]. In the present work, we have utilized
ferrocene bridged porphyrin dimer and investigate the rotary
motions mediated by axial ligands to form different structure and
properties just by exploiting conformational flexibility of the
ferrocene linker. A reasonable choice of the linker in porphyrin
dimer also allows a precise control over the spatial orientation of
the porphyrin rings which mediates inter-ring interactions and
possible electronic communications [7e9].
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2. Experimental section

2.1. Materials

The synthesis of free base ferrocene-bridged porphyrin dimer,
1,10-Bis{5,10,15-trisphenyl-20-phen-40-ylporphyrin}ferrocene
dicarboxylate abbreviated as H4FcTPP, was done following a known
procedure [10]. Reagents and solvents were purchased from com-
mercial sources andwere purified by standard protocols before use.

2.1.1. Synthesis of 1·Cl2
100mg (0.067mmol) of H4FcTPP, was dissolved in 100mL

tetrahydrofuran. Excess ferrous chloride (84.9mg, 0.670mmol)
was added to the solution and the whole mixture was refluxed for
2.5 h under N2 atmosphere. The reaction mixture was cooled and
transferred to a separating funnel. 150mL dichloromethane was
added and washed with 0.2 N HCl. The organic layer was then
separated and dried over anhydrous sodium sulphate. Resulting
solution was dried completely and purified by column chroma-
tography. The major fraction, eluted with dichloromethane, was
collected and dried under vacuum. The brown solid, thus obtained,
was dissolved in a minimum volume of chloroform and layered
with hexane. After 5e6 days in air at room temperature, a dark
crystalline solid was obtained which was then collected by filtra-
tion, washed well with mother liquor, and then dried under vac-
uum. Yield: 88mg (78%). ESI-MS: m/z 1642.2541 ([1$Cl2�Cl]þ).
UVevis (dichloromethane) [lmax, nm (ε, M�1 cm�1)]: 418
(2.6� 105), 497 (2.5� 102), 553 (6.4� 102), 636 (2.2� 101). 1H NMR
(CDCl3, 295 K): Pyrr-H, 82.7; Phenyl-H, 13.8, 14.2, 14.4, 15.0, 15.2; Fc-
H, 5.5, 4.7 ppm. EPR data: in CH2Cl2 (120 K), g⊥¼ 5.94 and gk ¼ 1.99.

2.1.2. Synthesis of 2
70mg of 1$Cl2 (0.041mmol) was dissolved in 50mL dichloro-

methane. 50mL of 5% NaOH solution was added to it and resulting
solution was stirred for 20min at room temperature. The reaction
mixture was then transferred to a separating funnel; the organic
layer was separated and dried over anhydrous sodium sulphate.
The resulting solution was completely dried under reduced pres-
sure and purified by column chromatography using basic alumina.
Themajor fraction, elutedwith dichloromethane, was collected and
vacuum dried to obtain green solid. The solid thus obtained was
dissolved in a minimum volume of chloroform and layered with
cyclohexane. After 3e4 days in air at room temperature, a dark
crystalline solid was obtained which was then collected by filtra-
tion, well washed with mother liquor, and then dried under vac-
uum. Yield: 60mg (90%). UVevis (dichloromethane) [lmax, nm (ε,
M�1 cm�1)]: 409 (2.4� 105), 514 (2.6� 102), 580 (6.8� 102), 610
(2.3� 101). 1H NMR (CDCl3, 295 K): Pyrr-H, 13.5; Phenyl-H, 7.7, 7.6,
7.5, 7.4, 7.3; Fc-H, 5.4, 4.6 ppm.

Complexes [1$(L)4]Cl2 were prepared using a general procedure;
details are given for [1$(Im)4]Cl2 as a representative case.

2.1.3. Synthesis of [1·(Im)4]Cl2
1$Cl2 (70mg, 0.041mmol) was dissolved in 10mL of dichloro-

methane and 17mg (0.240mmol) of imidazole was added to it. The
mixture was then stirred for 10min. The resulting solution was
filtered to remove any solid residue, evaporated to dryness, washed
well with hexane and was vacuum dried. Yield: 65mg (82%). ESI-
MS: m/z 939.7380 ([1$(Im)4]2þ). UVevis (dichloromethane) [lmax,
nm (ε, M�1 cm�1)]: 416 (2.7� 105), 512 (2.4� 102), 570 (6.1� 102),
612 (2.5� 101). Conductivity (CH2Cl2, 10�4M solution at 295 K):
LM¼ 42U�1 cm2mol�1.1H NMR (CDCl3, 295 K): Pyrr-
H, �18.8, �18.4, �17.8, �17.2; Phenyl-H, 10.0; Imidazole-NHc, 11.1,
Imidazole-Ha, -9.9; Fc-H, 7.5 ppm. EPR data: in CH2Cl2 (120 K),
g1¼2.87, g2¼ 2.28, g3¼1.56.
2.1.4. [1·(4-MeIm)4]Cl2
Yield: 64mg (83%). ESI-MS: m/z 967.7520 ([1$(4-MeIm)4]2þ).

UVevis (dichloromethane) [lmax, nm (ε, M�1 cm�1)]: 419
(2.6� 105), 515 (2.4� 102), 569 (5.6� 102), 610 (2.1� 101). Con-
ductivity (CH2Cl2, 10�4M solution at 295 K):
LM¼ 41U�1 cm2mol�1.1H NMR (CDCl3, 295 K): 1H NMR (CDCl3,
295 K): Pyrr-H, �17.5, �16.9, �16.4(2); Phenyl-H, 12.1; Imidazole-
NHc, 11.8, Imidazole-Ha,�15.0, Imidazole-4Meb, 14.7; Fc-H, 8.0 ppm.
EPR data: in CH2Cl2 (120 K), g1¼2.85, g2¼ 2.26, g3¼1.59.

2.1.5. [1·(1-MeIm)4]Cl2
Yield: 62mg (80%). ESI-MS: m/z 967.7416 ([1$(1-MeIm)4]2þ).

UVevis (dichloromethane) [lmax, nm (ε, M�1 cm�1)]: 417
(2.5� 105), 511 (2.0� 102), 598 (5.9� 102), 651 (1.9� 101). Con-
ductivity (CH2Cl2, 10�4M solution at 295 K):
LM¼ 40U�1 cm2mol�1.1H NMR (CDCl3, 295 K): 1H NMR (CDCl3,
295 K): Pyrr-H, �17.7, �17.5, �17.0(2); Phenyl-H, 13.8; Imidazole-
NMec, 17.0, Imidazole-Ha, �7.6; Fc-H, 7.9 ppm. EPR data: in CH2Cl2
(120 K), g1¼2.88, g2¼ 2.24, g3¼1.55.

2.1.6. [1·(2-MeIm)4]Cl2
Yield: 63mg (81%). ESI-MS: m/z 967.7533 ([1$(2-MeIm)4]2þ).

UVevis (dichloromethane) [lmax, nm (ε, M�1 cm�1)]: 417
(2.4� 105), 530 (2.2� 102), 580 (6.2� 102), 640 (2.6� 101). Con-
ductivity (CH2Cl2, 10�4M solution at 295 K):
LM¼ 40U�1 cm2mol�1.1H NMR (CDCl3, 295 K): 1H NMR (CDCl3,
295 K): Pyrr-H, �14.6, �14.2, �13.5, �13.3; Phenyl-H, 12.9; Imid-
azole-NHc, 14.4; Fc-H, 7.7 ppm.

2.2. Instrumentation

UVevis spectral measurements were performed on a Perki-
nElmer UV/Vis spectrometer. Electron paramagnetic resonance
(EPR) spectra were obtained on a Bruker EMX EPR spectrometer
and simulated using EasySpin software [11]. 57Fe M€ossbauer
spectra were measured using a Wissel 1200 spectrometer and a
proportional counter. The radioactive source used was 57Co(Rh) in a
constant acceleration mode. Isomer shifts (d) were calculated
relative to a-iron foil at the room temperature. The ESI mass spectra
were recorded with a Waters Micromass QuattroMicro triple
quadrupole mass spectrometer. Proton NMR spectra were recorded
on a JEOL 500MHz instrument over a 100 kHz bandwidth with 64 K
data points and a 5ms 90� pulse. For a typical spectrum, between
2000 and 3000 transients were accumulated with a delay time of
50 ms. The residual proton resonances of the solvent were used as a
secondary reference. Cyclic voltammetric measurements were
done using a BAS Epsilon electrochemical workstation in CH2Cl2
with 0.1M tetra(n-butyl)ammonium hexafluorophosphate
(TBAPF6) as supporting electrolyte with reference electrode Ag/
AgCl and platinum wire as auxiliary electrode. The concentrations
of the compounds were in the order of 10�3M. Under the same
experimental conditions, the ferrocene/ferrocenium redox couple
was obtained at E1/2 ¼ þ0.45 (65) V versus Ag/AgCl.

2.3. X-ray structure solution and refinement

Crystals were coated with light hydrocarbon oil and mounted in
the 100 K dinitrogen stream of Bruker SMART APEX CCD diffrac-
tometer equipped with a low-temperature CRYO Industries appa-
ratus and intensity data were collected using graphite-
monochromated MoKa radiation having l¼ 0.71073 Å. The data
integration and reduction were processed through SAINT software
[12]. The absorption correction was also applied [13]. All the
structures were solved employing the direct method with SHELXS-
97 and were refined on F2 by full-matrix least-squares technique



Table 1
Crystal data and data collection parameters.

1$Cl2 2

Formula C100 H62 Cl2 Fe3 N8 O4 C100 H62 Fe3 N8 O5

T, K 100(2) 100(2)
Formula weight 1678.02 1623.12
Crystal system Triclinic Triclinic
Space group P �1 P �1
a, Å 14.6040(8) 10.0841(6)
b, Å 15.9666(8) 17.9657(10)
c, Å 23.9559(13) 23.1950(13)
a, deg 73.7480(10) 87.192(2)
b, deg 76.6100(10) 89.452(2)
g, deg 64.3950(10) 78.160(2)
V, Å3 4796.4(4) 4107.8(4)
Radiation (l, Å) Mo Ka (0.71073) Mo Ka (0.71073)
Z 2 2
dcalcd, g.cm�3 1.162 1.312
F(000) 1724 1672
Crystal size(mm3) 0.18� 0.14 x 0.10 0.16� 0.12 x 0.10
m, mm�1 0.555 0.583
No. of unique data 17567 15263
No. of parameters refined 1054 1003
GOF on F2 1.033 1.024
R1a [I>2s(I)] 0.1020 0.0968
wR2a (all data) 0.2833 0.2669
Largest diff. peak and hole 0.611 and �0.570 e.Å�3 1.710 and �0.762 e.Å�3

aR1¼
P jFoj � jFcjP jFoj ; bwR2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP�
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Fig. 1. UVevisible spectra (in dichloromethane at 295 K) of 1$Cl2 (red line), [1$(4-
MeIm)4]Cl2 (blue line), and 2 (green line). (For interpretation of the references to co-
lor in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2. Schematic representation of two rotamers of Ferrocene: anti (rotation angle,
a¼ 180�) and syn (a¼ 0�).
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using SHELXL-2018 program package [14]. Non-hydrogen atoms
beside a phenyl group of 2 were refined in an anisotropic manner.
Hydrogens were treated as riding atoms in the refinement using
SHELXL default parameters. Crystal data and data collection pa-
rameters for the complexes are mentioned in Table 1.

2.4. Computational details

Molecular modeling was carried out with a B3LYP hybrid func-
tional using the Gaussian 09, revision B.01, software package [15].
The method employed was Becke's three parameter hybrid ex-
change functional with the nonlocal correlation provided by the
Lee, Yang, and Parr expression, and Vosko, Wilk, and Nuair 1980
correlation functional (III) for local correction [16]. The basis set
was 6e31G** for carbon, nitrogen, oxygen, chlorine and hydrogen
atoms and LANL2DZ for iron atom. The coordinate were taken
directly from the single crystal X-ray data and subsequently un-
constrained geometry optimization of the molecule was done
keeping in the high-spin state for 1$Cl2 and low-spin state for
[1$(1-MeIm)4]Cl2. In all the calculations, the Self-Consistent Reac-
tion Field (SCRF) method was adopted for the inclusion of solvent
correction using chloroform as solvent. No imaginary frequencies
were obtained in the frequency calculations of the optimized ge-
ometries. Energies, containing zero-point corrections at 298.15 K
and 1 atm, were taken from the Gaussian frequency calculation. The
diagrams of the optimized geometries as well as molecular orbitals
were made through Chemcraft software [17].

3. Results and discussion

Ferrocene-bridged porphyrin dimer (H4FcTPP, 1) was synthe-
sized following a reported procedure [10]. Iron metal insertion was
done by refluxing the free base ligand H4FcTPP in tetrahydrofuran
with excess FeCl2 under inert atmosphere for 2.5 h. The resulting
solution was purified by column chromatography in silica gel using
dichloromethane as eluent to form complex 1$Cl2. Upon treatment
of 5% NaOH solution with dichloromethane solution of 1$Cl2, an
immediate color change from red to green was observed due to the
formation of m-oxo diiron(III) porphyrin dimer, 2 (Fig.1). Addition of
5% HCl solution converts m-oxo diiron(III) porphyrin dimer, 2
immediately into 1$Cl2. X-ray structures of 2 and 1$Cl2 have been
reported here.

Ferrocene-bridged porphyrin dimer can switch easily between
the syn and anti rotamers (Fig. 2) based on the nature of axial co-
ordination. Upon addition of axial ligand L into the dichloro-
methane solution of 1$Cl2, several hexa-coordinated complexes
[1$(L)4]Cl2 are synthesized which are isolated and spectroscopically
characterized (Scheme 1). The axial ligands (L) used in the present
investigations are 2-methylimidazole (2-MeIm), imidazole (Im), 4-
methylimidazole (4-MeIm), and 1-methylimidazole (1-MeIm). A
change is the UVevisible spectra has observed during the axial
coordination by L into 1$Cl2. For example, the Soret band at 416 nm
for 1$Cl2 undergoes a bathochromic shift to 419 nm in [1$(4-
MeIm)4]Cl2 (Fig. 1). Similar UVevis spectral changes are also
observed for other six-coordinated complexes in the series
(Table 2). Dichloromethane solutions of [1$(L)4]Cl2, upon treatment
with 5% NaOH, produce the oxo-bridged dimer 2. The synthetic
outline and the list of the complexes are shown in Scheme 1 along
with their abbreviations. X-ray structures of 1$Cl2 and 2 have been



Scheme 1. The synthetic outline and the list of the complexes are shown along with their abbreviations.

Table 2
UVevisible spectral data (in dichloromethane at 295 K) of the complexes.

Complexes UVevis spectra (nm)

Soret band Other bands

1$Cl2 416 497, 553, 636
2 409 514, 580, 610
[1$(Im)4]Cl2 418 512, 570, 612
[1$(1-MeIm)4]Cl2 417 511, 598, 651
[1$(2-MeIm)4]Cl2 417 530, 580, 640
[1$(4-MeIm)4]Cl2 419 515, 569, 610
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grown successfully and are reported here. However, in spite of
several attempts, single crystals suitable for X-ray structure deter-
mination could not be produced for [1$(L)4]Cl2, however, the
complexes have been characterized by a large number of spectro-
scopic techniques which includes ESI-MS, 1H NMR and EPR studies.
Fig. 3 displays ESI-MS spectra of 1·Cl2 and [1$(1-MeIm)4]Cl2 which
revealed desired signals atm/z 1642.2541 and 967.7416 assigned for
[1·Cl2�Cl]þ and [1$(1-MeIm)4]2þ, respectively (Fig. 3). The isotopic
distribution patterns of the experimental mass are also in good
agreements with the calculated patterns which further confirm the
formation of the complexes. ESI-MS spectra of other complexes
have also been shown in Figs. S1eS3. Themolar conductance values
for the six-coordinate complexes [1$(Im)4]Cl2, [1$(1-MeIm)4]Cl2,
[1$(2-MeIm)4]Cl2 and [1$(4-MeIm)4]Cl2 are found to be 42, 40, 40
and 41U�1 cm2mol�1, respectively, at 295 K which are similar to
the values observed for 1:2 electrolytes in dichloromethane solu-
tion [18].
3.1. Crystallographic characterization

Dark brown crystals of 1$Cl2, and 2 were obtained via slow
diffusion of n-hexane and cyclohexane, respectively, into the
chloroform solutions of the respective complexes at room tem-
perature in air. Both the complexes crystallize in the triclinic crystal
system having P-1 space group. Molecular structures of the
complexes are displayed in Figs. 4e7 along with their packing di-
agrams. The crystal data and data collection parameters are given in
Table 1. Numbering scheme for the atoms is displayed in Chart 1.
Selected distances and angles are listed in Table 3 while the
selected structural and geometrical parameters are listed in Table 4.
As seen from Table 3, the average FeeNpor and Fe-Cl distances are,
respectively, 2.058(6) and 2.236(2) in 1$Cl2, while the iron atom is
displaced by 0.51 Å from the least-square plane of C20N4 porphyr-
inato core (DFe

24). For 2, the FeeNpor and Fe-O distances are
2.080(5) Å and 1.757(4) Å, respectively, while DFe

24 is 0.51 Å in the
complex. FeeNpor and DFe

24 distances for both the complexes are
very characteristic of high-spin (S¼ 5/2) iron(III) porphyrins
[19e23]. The most striking feature of the structure in 2 is almost a
linear Fe-O-Fe unit with an angle of 179.3(3)�. Two intramolecular
porphyrin rings are on the top of each other and oriented in nearly
eclipsed conformation in 2 while the rings are twisted along the
ferrocene bridge in 1$Cl2 (Figs. 4 and 5).

The conformational variations in the ferrocene-bridged
porphyrin dimer can be well understood from Table 4. The free-
base H4FcTPP has a rotation angle (a) of 17.4� and lateral shift of
5.13 Å while upon diiron m-oxo formation, the two porphyrin rings
are on top of each other and move closer to each other forming
nearly eclipsed conformation with a rotation angle (a) of 14.0� and
lateral shift of 0.27 Å only. A rotation angle (a) of 16.18� and the
lateral shift of 5.33 Å have also been observed for 1$Cl2. It is inter-
esting to note here that, two six-coordinate iron(III)porphyrin cores
in [1$(L)4]Cl2 are in anti-conformation (vide infra). This indeed
demonstrates the ability of ferrocene moiety to rotate around the
central iron to form a large variety of complexes which is triggered
by axial coordination.
3.2. M€ossbauer spectroscopy

M€ossbauer spectroscopy is one of the most important tools for
iron spin state elucidation in iron(III) porphyrin complexes
[19e23]. The spectra of the crystalline samples of 1$Cl2 and 2 were
recorded at 100 K in zero magnetic field and are displayed in Fig. 8.



Fig. 3. Isotopic distribution patterns of ESI-MS spectra of (A) experimental and (B) simulated of 1$Cl2 and (C) experimental and (D) simulated ESI-MS spectra of [1$(1-MeIm)4]Cl2.
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Both the complexes 1$Cl2 and 2 display two doublets marking the
presence of two different iron centers within the molecule. A small
quadrupole splitting d (DEq)¼ 0.38 (0.67) mms�1 for 1$Cl2 and
d (DEq)¼ 0.31 (0.63) mms�1 for 2 is observed which is character-
istic of high-spin (S¼ 5/2) state of iron in the complexes [7,8]. The
other doublet observed with large quadrupole splitting
d (DEq)¼ 0.43 (2.27) mms�1 for 1$Cl2 and d (DEq)¼ 0.44 (2.27)
mms�1 for 2 is very characteristic of low-spin iron(II) of the
ferrocene linker.
3.3. EPR spectroscopy

The EPR spectral measurements have been carried out for 1$Cl2,
[1$(Im)4]Cl2, [1$(1-MeIm)4]Cl2 and [1$(4-MeIm)4]Cl2 complexes at
120 K for both solid as well as in solution phase and the spectra are
shown in Fig. 9. For 1$Cl2 the spectra is axially symmetric with
gt¼ 5.94 and gk ¼ 1.99 in dichloromethane at 120 K. Similar g
values are obtained also in the solid phase. These results provide
unequivocal evidence of high-spin (S¼ 5/2) nature of Fe(III) of
complex 1$Cl2 both in solid and solution. The X-band EPR spectra of
[1$(L)4]Cl2 display rhombic-type spectral features both in solution
as well as solid phases. The g values obtained upon simulations are,
g3¼1.55, g2¼ 2.24 and g1¼2.88 for [1$(1-MeIm)4]Cl2; g3¼1.59,
g2¼ 2.26 and g1¼2.85 for [1$(4-MeIm)4]Cl2 and g3¼1.56,
g2¼ 2.28 and g1¼2.87 for [1$(Im)4]Cl2. The spectral patterns are
very characteristics of six-coordinate low-spin (S¼ 1/2) iron(III)
porphyrins having bis-imidazole ligation [9a,b,25-27].

A qualitative representation of the splitting pattern of d-orbitals
observed for low-spin iron(III) d5 complexes is shown in Fig. 10. As
compared to the splitting within lower and higher energy d orbital
subsets, the crystal field splitting is much larger between the two
highest and three lowest energy d orbitals. In case of iron(III)
porphyrin systems, the tetragonal distortion occurs because of the
lower crystal field of porphyrin macrocycle than that of the axially
coordinated imidazoles. Such tetragonal splitting pattern arises
because of the perpendicular orientation of the axial ligands where
the dxz and dyz orbitals (dp set) are degenerate. Moreover, the
presence of an unpaired electron in dp set results into an unstable
situation of the complex due to Jahn-Teller effect [27]. When the dxz
and dyz orbitals no longer remain degenerate, it introduces a
rhombic distortion which arises when both the planar axial ligands
are relatively parallel in orientation [27]. Therefore, a rhombic
splitting patters is comparatively much stable in terms of energy as
compared to the octahedral or tetragonal splitting. However, when
both the planar axial ligands are almost in perpendicular orienta-
tion, a ‘large gmax’ EPR signal is observed. In this case, (dxy)2(dxz,-
dyz)3 is the electronic ground state in which the dxz and dyz
orbitals are almost degenerate and the splitting between them is
usually less than the value of the spin-orbit coupling constant, l
[27].

The relative orientations of planar axial ligand have been a
matter of interest for quite some time in bis-imidzole coordinated
ferriheme systems [25,27]. The perpendicular orientations of the
planar axial ligands are triggered by highly distorted porphyrin
macrocycles [27]. From theoretical calculations, it has been
observed that both the rings in [1$(L)4]Cl2 are somehow distorted
and the axial ligands are relatively oriented in perpendicular
fashion (vide infra). Despite such perpendicular orientation of axial
ligands, a rhombic type EPR spectra is observed for [1$(L)4]Cl2
which suggest a decrease in overall symmetry due to the presence



Fig. 4. (A) Side and (B) top views of molecular structure of 1$Cl2 at 100 K (H-atoms
have been omitted for clarity).

Fig. 5. Diagram illustrating the molecular packing of 1$Cl2 (H-atoms have been
omitted for clarity).

Fig. 6. (A) Side and (B) top views of molecular structure of 2 at 100 K (H-atoms have
been omitted for clarity).

Fig. 7. Diagram illustrating the molecular packing of 2 (H-atoms have been omitted for
clarity).
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of intrinsic asymmetry within the porphyrin dimer [9a,b]. Similar
observation has also been found for meso-hydroxy heme complex
where a rhombic type EPR spectrum is observed even though both
the axial ligands are perpendicular to each other [28].
Chart 1. Atom numbering scheme used for the X-ray structures of 1$Cl2 and 2.
3.4. 1H NMR spectroscopy

1H NMR spectroscopy is a very powerful tool to analyze the
solution structure and properties of the iron porphyrin complexes
[26]. The 1H NMR spectrum of 1$Cl2 is shown in Fig. 11. The b-
pyrrole proton signals are downfield shifted to 80 ppm. The s spin



Table 3
Selected distances (Å) and angles (�) for the FeIII complexes.

1$Cl2 2

Fe1�N1 2.068(6) 2.095(6)
Fe1�N2 2.051(6) 2.088(6)
Fe1�N3 2.045(6) 2.080(5)
Fe1�N4 2.068(6) 2.084(5)
Fe1�O1/Cl1 2.238(2) 1.759(5)
Fe2�N5 2.039(5) 2.080(5)
Fe2�N6 2.052(6) 2.065(6)
Fe2�N7 2.070(6) 2.080(5)
Fe2�N8 2.069(6) 2.079(5)
Fe2-O1-Fe1 179.2(3)
Fe2�O1/Cl2 2.234(2) 1.759(5)
N1�Fe1�N2 87.4(2) 86.7(2)
N1�Fe1�N4 85.8(2) 87.4(2)
N2�Fe1�N4 151.0(2) 153.8(2)
N3�Fe1�N1 155.9(3) 152.8(2)
N3�Fe1�N2 87.3(2) 87.1(2)
N3�Fe1�N4 87.6(2) 86.6(2)
N1�Fe1�O1/Cl1 104.66(19) 101.4(2)
N2�Fe1�O1/Cl1 101.89(18) 105.3(2)
N3�Fe1�O1/Cl1 99.39(18) 105.8(2)
N4�Fe1�O1/Cl1 107.10(18) 100.9(2)
N5�Fe2�N6 88.2(2) 87.9(2)
N5�Fe2�N8 86.1(2) 86.3(2)
N6�Fe2�N8 155.2(2) 152.4(2)
N7�Fe2�N5 152.4(2) 154.8(2)
N7�Fe2�N6 86.4(2) 87.1(2)
N7�Fe2�N8 87.5(2) 86.9(2)
N5�Fe2�O1/Cl2 103.97(19) 104.4(2)
N6�Fe2�O1/Cl2 102.14(19) 101.0(2)
N7�Fe2�O1/Cl2 103.63(18) 100.6(2)
N8�Fe2�O1/Cl2 102.70(17) 106.6(2)

Table 4
Selected structural and geometrical parameters.

Complex Fe‒Nporb Fe‒O/Claxb DFe
24

c D24
d Fe∙∙∙Fee Ct∙∙∙Ctf ag qh Lateral shifti

H4FcTPPa e e e 0.04 e 8.99 17.36 29.54 5.13
1$Cl2 2.058(6) 2.236(2) 0.51 0.10 7.57 6.91 16.18 53.13 5.53
2 2.080(6) 1.757(5) 0.51 0.07 3.51 4.52 14.04 3.62 0.27

a Taken from ref 24.
b Average value in Å.
c Displacement of iron from the mean plane containing C20N4 porphyrinic core in Å.
d Average displacement of atoms from the mean plane containing C20N4 porphyrinic core in Å.
e Fe∙∙∙Fe nonbonding distance between the two porphyrin cores in Å.
f Nonbonding distance in Å.
g Angle between the two ferrocene “arms” in degree.
h Slip angle: average angle (q) between the vector joining two macrocyclic centers and the unit vectors normal to the two macrocyclic C20N4 porphyrinato cores in degree.
i Lateral shift: [sin(q) x (Ct∙∙∙Ct)] in Å.

Fig. 8. M€ossbauer spectra of crystalline samples of (A) 1$Cl2 and (B) 2 at 100 K.
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density transfer mechanism accounts for such large downfield shift
of pyrrole proton signals. The protons of the phenyl groups at meso
positions of the porphyrin macrocycle are also shifted slightly to
the downfield region suggesting partial spin density delocalization
to the phenyl rings. The spectral shifts are similar to that observed
for high-spin (S¼ 5/2) Fe(III)TPP (TPP: 5,10,15,20-
tetraphenylporphyrin) complexes known in the literature [26].
Therefore the iron(III) centers in 1$Cl2 are high-spin state. The 1H
NMR spectrum of 2 has also been recorded and is shown in Fig. 11.
Because of the strong antiferromagnetic coupling through the oxo
bridge between the two high-spin iron(III) centers, the peaks are
not downfield shifted except the b-pyrrole protons which appear at
d¼ 13.5 ppm.

Fig. 12 shows the 1H NMR spectra of [1$(L)4]Cl2 in CDCl3 at 295 K
and the inset shows the numbering scheme followed for the
imidazole protons. The b-pyrrole signals of [1$(Im)4]Cl2 are found
to be upfield shifted to dz�18 ppmwhich is typically observed for
low-spin (S¼ 1/2) Fe(III)TPP-type complexes [26]. The other
complexes viz. [1$(4-MeIm)4]Cl2, [1$(1-MeIm)4]Cl2 and [1$(2-
MeIm)4]Cl2 also display the b-pyrrole proton signals
near �18 ppm. Due to p-spin delocalization from paramagnetic
iron(III) centre to axially coordinated imidazoles, the 1H NMR sig-
nals of imidazoles are shifted to both upfield and downfield re-
gions. To assign the individual proton signals conclusively, several
substituted imidazoles have also been used as axial ligands. The
observed 1H NMR spectral pattern of coordinated imidazoles is also
similar with previously reported six-coordinate low-spin iron(III)
porphyrin dimer [9a,b]. Therefore, the 1H NMR spectra provide
unequivocal evidence of the formation of low-spin six-coordinate
iron(III) complex [1$(L)4]Cl2 in solution.
3.5. Electrochemical studies

Cyclic voltammetry experiments for 1$Cl2, [1$(1-MeIm)4]Cl2 and
[1$(4-MeIm)4]Cl2 were measured under N2 in CH2Cl2 at 295 K with
the supporting electrolyte 0.1M tetra(n-butyl)ammonium



Fig. 9. X-band EPR spectra (in dichloromethane at 120 K) of (A) 1$Cl2, (B) [1$(Im)4]Cl2,
and (C) [1$(4-MeIm)4]Cl2.

Fig. 10. Splitting pattern of d-orbitals for low-spin iron(III) d5 systems.

Fig. 11. 1H NMR spectra (in CDCl3 at 295 K) of (A) 1$Cl2 and (B) 2.

Fig. 12. 1H NMR spectra (in CDCl3 at 295 K) of (A) [1$(Im)4]Cl2, (B) [1$(4-MeIm)4]Cl2,
(C) [1$(2-MeIm)4]Cl2, and (D) [1$(1-MeIm)4]Cl2. Peak marked as ‘*’ belongs to signal
from free ligand.
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hexafluorophosphate (TBAPF6). Electrochemical data shows that
the complexes undergo one three-electron and one two-electron
oxidations for the complexes. Fig. 13 shows the cyclic voltammo-
grams for 1$Cl2 and [1$(4-MeIm)4]Cl2 as a representative case. The
first three-electron oxidation attribute to the ferrocene/ferroce-
nium couple that is merged with two 1e-oxidations of porphyrin
rings (to form p-cation radicals). This is followed by other 2e-oxi-
dations at a higher positive potential value. Fe3þ/Fe2þ couple was
observed at �0.37 V for 1$Cl2. However, the couple shifted towards
more positive for the six-coordinate complex [1$(L)4]Cl2; a value
of �0.23 and �0.28 V have been observed for L¼ 1-MeIm and 4-
MeIm, respectively. Interestingly, FeIII/FeII redox couples are
observed at �0.36 and �0.37 V, respectively, with 4-MeIm and 1-
MeIm axial coordination for ethane-bridged six-coordinate
diheme complexes reported earlier [9a].
3.6. Molecular modeling

DFT calculation has been executed for both five-coordinated
high-spin as well as six-coordinated low-spin diiron(III)
porphyrin dimers, 1$Cl2 and [1$(Im)4]Cl2, respectively. The initial
geometry was built by taking the atom coordinates directly from
the single crystal X-ray structure of 1$Cl2 whichwas then optimized
keeping both iron(III) centers in high-spin statewith an overall spin
multiplicty of 11. For [1$(Im)4]Cl2, the two chloride counter anions
were not included in the calculation giving an overall þ2 charge
and triplet spin multiciplity to the complex. Subsequently the ge-
ometry optimization of [1$(Im)4]2þ was done; Fig. 14 displays the
optimized geometries with selected structural parameters. Both



Fig. 13. Cyclic voltammogram (at 295 K) of (A) 1$Cl2, and (B) [1$(4-MeIm)4]Cl2 in
dichloromethane (scan rate 100mV/s) with 0.1M tetra(n-butyl)ammonium hexa-
fluorophosphate as supporting electrolyte. The reference electrode was Ag/AgCl.

Fig. 14. uB3LYP/6-31G**/LANL2DZ optimized geometries of (A) 1$Cl2 and (B)
[1$(Im)4]2þ with bond distances in Å (hydrogen atoms have been omitted for clarity).

Fig. 15. Plot showing the relative energy (DE) upon changing the rotation angle (a)
between the two porphyrin cores for [1$(Im)4]2þ.

Fig. 16. Plot showing the relative energies of the LUMOs for 1$Cl2 (blue line) and
[1$(Im)4]2þ (red line). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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the porphyrin cores are in anti conformationwith an angle between
both ferrocene “arms” viz. rotation angle (a) of 149�.

To obtain more information into the stabilization of such anti
conformation of the two porphyrin rings, one dimensional poten-
tial energy surface (PES) scanwas done on [1$(Im)4]2þ. The rotation
angle in the complex was changed in an interval of 5� or 10� in
either directions keeping one core fixed in its position and rotating
the other one. The relative energies thus calculated of the series of
complexes are then plotted against the rotation angle (a) as dis-
played in Fig. 15. The lowest energy state was found at rotation
angle of 149� (as observed in the optimized geometry) and the
curve marked more and more destabilization in terms of energy
upon changing the rotation angle.

As observed in the electrochemical studies, a positively shifted
Fe3þ/Fe2þ redox potential was observed in case of hexa-coordinate
complexes [1$(L)4]Cl2 (L¼ 1-MeIm and 4-MeIm) as compared to
five-coordinate 1$Cl2. This was attributed to the change in the
iron(III) spin-states on going from high-spin to low-spin. To un-
derstand this, the molecular orbitals were analyzed and it was
found that the LUMO of [1$(Im)4]2þ was lower in energy than 1$Cl2
(Fig. 16) which implies that the reduction becomes easier in the
former complex than latter. Also, LUMOs were found to have sig-
nificant coefficients on the metal centers, suggesting metal-
cantered reductions in the complexes. Therefore, the Fe3þ/Fe2þ

redox couple is much more positively shifted in [1$(L)4]Cl2 (L¼ 1-
MeIm and 4-MeIm) than 1$Cl2 which has also been observed
experimentally (vide supra).
4. Conclusions

We have utilized here ferrocene-bridged diiron(III) porphyrin
dimer and investigate switchable rotary motions mediated by axial
ligands exploiting conformational flexibility of the ferrocene linker.
While two iron(III) porphyrin units in 1$Cl2 and 2 are in syn con-
formations, their six-coordinate complex [1$(L)4]Cl2 (where L: 2-
MeIm, Im, 4-MeIm, and 1-MeIm) is stabilized in anti conforma-
tion. The molecules are isolated in the solid state and the X-ray
structures of 1$Cl2 and 2 are reported here. Two intramolecular
porphyrin rings are on the top of each other and oriented in nearly
eclipsed conformation in 2 while the rings are twisted along the
ferrocene bridge in 1$Cl2. The most striking feature of the structure
in 2 is almost a linear Fe-O-Fe unit with an angle of 179.3(3)�.

The conformational variations in the ferrocene-bridged
porphyrin dimer can be well understood in the complexes. The
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free-base H4FcTPP has a rotation angle (a) of 17.4� and lateral shift
of 5.13 Å while upon diiron m-oxo formation, the two porphyrin
rings are on top of each other and move closer to form nearly
eclipsed conformation with a rotation angle (a) of 14.0� and lateral
shift of 0.27 Å only. A rotation angle (a) of 16.18� and the lateral shift
of 5.33 Å have also been observed for 1$Cl2. It is interesting to note
here that, two six-coordinate iron(III)porphyrin cores in [1$(L)4]Cl2
are in anti-conformation. This indeed demonstrates the ability of
ferrocene moiety to rotate around the central iron to form a large
variety of complexes reversibly which is triggered by axial coordi-
nation. Spectroscopic investigations through UVevisible spectra,
solid-state M€ossbauer, EPR, and 1H NMR studies confirm the
presence of high and low-spin diiron(III) porphyrin centers,
respectively, for five and six-coordinate complexes.
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ESI-MS data (Figs. S1eS3), Cartesian coordinates of the opti-
mized geometries. CCDC 1897280 and 1897281 for 2 and 1$Cl2,
respectively, contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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