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MauG is a diheme enzyme that utilizes two covalently bound c-type hemes to catalyse the biosynthesis of

the protein-derived cofactor tryptophan tryptophylquinone. The two hemes are physically separated by

14.5 Å and a hole-hopping mechanism is proposed in which a tryptophan residue located between the

hemes undergoes reversible oxidation and reduction to increase the effective electronic coupling

element and enhance the rate of reversible electron transfer between the hemes in bis-Fe(IV) MauG. The

present work describes the structure and spectroscopic investigation of 2e-oxidations of the synthetic

diheme analogs in which two heme centers are covalently connected through a conjugated ethylene

bridge that leads to the stabilization of two unusual trans conformations (U and P0 forms) with different

and distinct spectroscopic and geometric features. Unlike in MauG, where the two oxidizing equivalents

are distributed within the diheme system giving rise to the bis-Fe(IV) redox state, the synthetic analog

stabilizes two ferric hemes, each coupled with a porphyrin cation radical, a scenario resembling the

binuclear dication diradical complex. Interestingly, charge resonance-transition phenomena are

observed here both in 1e and 2e-oxidised species from the same system, which are also clearly

distinguishable by their relative position and intensity. Detailed UV-vis-NIR, X-ray, Mössbauer, EPR and 1H

NMR spectroscopic investigations as well as variable temperature magnetic studies have unraveled

strong electronic communications between two porphyrin p-cation radicals through the bridging

ethylene group. The extensive p-conjugation also allows antiferromagnetic coupling between iron(III)

centers and porphyrin radical spins of both rings. DFT calculations revealed extended p-conjugation and

H-bonding interaction as the major factors in controlling the stability of the conformers.
Introduction

Metalloporphyrin p-cation radicals are of immense interest due
to their occurrence as intermediates in the catalytic cycle of
many heme containing enzymes, e.g., peroxidases,1 catalases,2

cytochrome P450 1a,3 etc., and their photosynthetic reaction
center.4 In spite of the common active intermediates, the reac-
tivity differs from enzyme to enzyme. The extent of coupling
between metal center and porphyrin p-cation radical may be
linked to the various activities in the heme enzymes, and this
has therefore led to the study of metalloporphyrin p-cation
radicals and mixed valence p-cation radicals (where one elec-
tron is removed per two porphyrin rings).5,6
of Technology Kanpur, Kanpur-208016,
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Numerous diheme enzymes such as MauG7,8 and bacterial
diheme cytochrome c peroxidases (bCcP)9 serve as active cata-
lysts in various important chemical transformations in biology.
For instance, bCcP mediates peroxidase activity, whereby it
transfers the oxidizing equivalents from H2O2 to cytochrome c
or other small redox proteins.9 MauG (Fig. 1) is a terminal
enzyme involved in the biosynthesis of the catalytic tryptophan
tryptophylquinone (TTQ) cofactor of methylamine dehydroge-
nase (MADH). Although the two heme units are physically
separated in both enzymes, they share electrons efficiently
behaving as a single diheme unit rather than as independent
heme centers. A tryptophan residue is, however, positioned in
between two heme centers and has been proposed to act as
a bridge in order to promote the electronic communication
between the heme centers.7–9

High-valent Fe(IV)]O intermediates are frequently invoked
in the catalytic cycles of Fe-dependent oxidizing enzymes.1–3 In
heme-dependent enzymes, the two-electron oxidized interme-
diate (compound I) consists of an Fe(IV) species (S ¼ 1) coupled
to an organic radical (S ¼ 1/2) that is located on the porphyrin
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Relative orientation of hemes and the intervening tryptophan
residue in MauG (PDB ID code 3L4M).7a
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ring/axial ligand or a nearby amino acid residue (compound
ES). In MauG, however, two oxidizing equivalents derived from
H2O2 are distributed within the diheme system as two positive
charges, giving rise to a bis-Fe(IV) redox state (Scheme 1) in
which one heme is present as Fe(IV)]O and the other as Fe(IV)
with axial histidine and tyrosine ligation.8 As the two hemes are
physically separated by 14.5 Å, a hole-hopping mechanism was
proposed wherein the tryptophan residue reversibly oxidized
and reduced in order to boost the effective electronic coupling
element and magnify the rate of electron transfer between the
heme centers in the bis-Fe(IV) MauG.8

The electronic communication between the porphyrin
moieties in the ground and/or excited state can be facilitated by
using covalently connected linkers in conjugation with
porphyrin rings. In this context, a large number of porphyrin
dimers connected via conjugated linkers, viz. alkene, alkyne,
imino, and azo bridges, have been studied due to their unique
optical properties.10 Our recent efforts have been directed
towards exploring the role of intermacrocyclic interactions in
modulating various properties, viz. redox potential, spin state
etc.11 However, interactions between a pair of porphyrin p-
cation radicals connected through a linker remain unexplored.

In the present study, we have made synthetic analogs of the
diheme centers of MauG in which two porphyrin rings have
been covalently connected through a conjugated but rigid
ethylene bridge which would separate the two macrocycles to
the furthest extent. Step-wise oxidations up to two oxidizing
equivalents have been performed using chemical oxidants.
Unlike the bis-Fe(IV) state as obtained in MauG, the two electron
oxidized complex stabilizes two ferric hemes, each coupled with
a porphyrin cation radical, a scenario resembling the binuclear
dication diradical complex. This work describes an alternative
Scheme 1 Conversion of the hemes of MauG from diferric to bis-Fe(IV)

This journal is © The Royal Society of Chemistry 2016
mechanism to store two oxidizing equivalents above the ferric
state in dihemes. Spectroscopic investigations have unraveled
strong electronic communications between two porphyrin p-
cation radicals via the ethylene bridge which eventually alter the
nature of such bridge. The extensive p-conjugation also allows
antiferromagnetic coupling between iron(III) centers and
porphyrin radical spins of both rings. DFT calculations have
been employed which further support our spin-coupling model
as obtained from the magnetic measurements and also provide
insight into the preferential stabilization of various geometrical
conformers under certain conditions.

In earlier work on monomeric metalloporphyrin p-cation
radicals, spin coupling between the metal ion and the oxidized
porphyrin ring in a number of derivatives that differed in metal
ion, axial ligation, and/or porphyrin ligand were investigated.5,6

The inter-ring coupling was found to be closely related only to
the degree of the ring overlap. In the present investigation,
however, the inter-ring coupling between two monomeric Fe(III)
porphyrin p-cation radicals has been demonstrated to occur
only through the bridge although they are widely separated in
space.
Result and discussion

Dichlorodiiron(III) ethylene bridged octaethyl porphyrin dimers
have been synthesized both in cis (cis-1) and trans (trans-1)
isomers using the procedures reported earlier.11j,12 Oxidation of
these complexes has been performed in a step-wise manner
using chemical oxidants and monitored using UV-vis-NIR
spectroscopy. Scheme 2 shows the synthetic outline and list of
diheme dication diradical intermediates reported here along
with the abbreviations used.

Fig. 2 shows the UV-visible spectral changes upon step-wise
oxidations of cis-1 using Fe(ClO4)3 as an oxidant. Gradual
addition of a CH3CN solution of Fe(ClO4)3 as an oxidizing agent
in up to one equivalent to a dichloromethane solution of cis-1
leads to a sharp decrease in the Soret band intensity at 390 nm
along with the appearance of a low energy band at 989 nm,
which is characteristic of the intra-valence charge transfer ob-
tained due to the formation of a mixed-valence p-cation radical
dimer.6,13 The absorbance of the 989 nm band has showed
a linear dependence on the concentration, ruling out the
possibility of intermolecular dimerization as its origin.6 On
further addition of the Fe(ClO4)3 solution in up to two
redox state.8

Chem. Sci., 2016, 7, 1212–1223 | 1213
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Fig. 3 UV-vis-NIR (in CH2Cl2 at 295 K) spectral change of 2.1 � 10�5

(M) solution of cis-1 upon gradual addition of (A) 0 to 2.0 and (B) 2.0 to
4.0 eq. of FeCl3.

Scheme 2 Synthetic outline.
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equivalents, the Soret band at 390 nm decreases gradually again
along with the appearance of two new bands at 326 and 477 nm,
while the intensity of the absorbance at 989 nm decreases with
the appearance of a new broad band near 1150 nm. The 2e-
oxidized complex thus obtained has been isolated in the solid
state as a dication diradical species (trans-2) in good yields and
has been structurally characterized. Further addition of the
oxidant showed no observable change in the absorption spectra.

Similar spectral changes have also been obtained during the
oxidation of cis-1 when FeCl3 was used as an oxidant (Fig. 3).
Upon one-electron oxidation, a sharp decrease in the Soret band
intensity at 390 nm has been observed along with the appear-
ance of a low energy band at 989 nm due to the formation of
a mixed-valence p-cation radical dimer. Upon addition of the
FeCl3 solution in up to four equivalents, the Soret band at 390
Fig. 2 UV-vis-NIR (in CH2Cl2 at 295 K) spectral change of 1.2 � 10�5

(M) solution of cis-1 upon gradual addition of (A) 0 to 1.0 eq. and (B) 1.0
to 2.0 eq. of Fe(ClO4)3.

1214 | Chem. Sci., 2016, 7, 1212–1223
nm increased gradually and underwent a blue shi to 365 nm
along with the appearance of two new bands at 317 and 488 nm
in the UV-visible regions. In the NIR region, the intensity of the
absorbance at 989 nm decreases while a broad band near 1210
nm appears. The two-electron oxidized complex thus obtained
has also been isolated as a dication diradical species (trans-3) in
the solid state and has been structurally characterized. The
absorption spectrum of trans-3 displays a Soret band at 365 nm,
two new bands at 317 and 488 nm, and a broad NIR band near
1210 nm. Trans-1 also produces similar spectral changes upon
oxidation with Fe(ClO4)3/FeCl3 leading to the formation of trans-
2/3, respectively (Fig. S1 and S2†). Gradual addition of an
Fig. 4 UV-vis-NIR spectral change (in CH2Cl2 at 295 K) of 1.4 � 10�5

(M) solution of 4 (green line) upon gradual addition of (A) 0 to 1.0 and
(B) 1.0 to 2.0 eq. of Fe(ClO4)3.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 UV-vis-NIR spectra (in CH2Cl2 at 295 K) of trans-2 (green line),
trans-3 (black line) and 2e-oxidized product of 4 (red line).
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acetonitrile solution of Fe(ClO4)3 to a CH2Cl2 solution of trans-1
at �40 �C (Fig. S3†) also showed similar spectral changes as
observed at room temperature.

Fig. 4 shows the UV-visible spectral change upon gradual
addition of a CH3CN solution of Fe(ClO4)3 into a CH2Cl2 solu-
tion of 1,2-bis[(chloro){5-(2,3,7,8,12,13,17,18-octaethylporphyr-
inato)}iron(III)]ethane, 4 (Chart 1), which is a highly exible
ethane-bridged analog of 1. Upon 1e-oxidation, the intensity of
the Soret band decreases slightly along with a small blue-shi
while a low-intense NIR band at 1100 nm is observed which,
however, upon 2e-oxidation disappears completely.

It is interesting to compare the UV-vis-NIR spectra of 2e-
oxidized complexes reported in Fig. 5. The absorption bands in
the 480–500 nm, 600–900 and 1100–1300 nm regions, which are
observed in both trans-2 and trans-3, are absent completely in
the 2e-oxidized product of 4 and are, therefore, attributed to the
extensive conjugation between two porphyrin p-cation radicals
(vide infra) in the former complexes. The intensity of the Soret
band has also been drastically reduced in trans-2 and trans-3 (as
compared to the 2e-oxidized product of 4) which is suggestive of
reduced aromaticity of the porphyrin rings in the complexes
because of conjugation (vide infra).10c

The broad NIR band that is observed at 1150 and 1210 nm
for trans-2 and trans-3 can be attributed to the charge resonance
(CR) stabilization of the spins and charges in the binuclear
dication diradical complex. The CR stabilization energy (DECR)
originates from exchange interactions between the molecular
orbitals of each monomer and subsequent delocalization of the
spin and charge over a greater number of atoms.6b,8,13 During
the 1e-oxidation process (vide supra), a broad and slightly more
intense NIR band at �1000 nm was obtained which is also
attributed to charge resonance phenomena of the mixed-
valence p-cation radical dimer.6,8 Interestingly, CR-transition
phenomena are observed here in both 1e and 2e-oxidized
complexes from the same system while the NIR bands are also
clearly distinguishable by their relative position and intensity.
Despite the inherent energy penalty caused by the electrostatic
repulsion in the dication complex, the CR stabilization energy
of the dication diradical species is larger than that of the mixed-
valence p-cation radical dimer of the same system, which
results in a blue-shi of the CR band.6b,8,13 In contrast, a red-
shi of CR bands is observed when moving our attention from
1e to 2e-oxidation, and this is due to multiple factors related to
charge delocalization through bridging ligand, intramolecular
coupling between iron–radical and radical–radical spins (vide
infra) etc. Through the bridging ethylene group, both porphyrin
macrocycles exhibit substantial conjugation which eventually
Chart 1 1,2-Bis[(chloro){5-(2,3,7,8,12,13,17,18-octaethylporphyr-
inato)}iron(III)]ethane, 4.

This journal is © The Royal Society of Chemistry 2016
alters the nature of the bridge (ethylene to exo-methylene
connectivity) resulting the stabilization of two unusual trans
conformers (U and P0 type, vide infra). Moreover, the NIR bands
in the absorption spectra of trans-2 and trans-3 are found to be
linearly correlated with the concentration (Fig. 6 and S4†). Such
Beer's law concentration dependence further supports the
intramolecular origin of the CR bands.5,6 The MauG-catalyzed
reaction proceeds through a bis-Fe(IV) intermediate which has
been shown to exhibit CR phenomena. The bis-Fe(IV) state is an
electronic equivalent of two Fe(III)porphyrin p-cation radicals
with each radical spin coupled to the Fe(III) atom. Although
there is large separation between two heme centers, such spin/
charge resonance stabilization is facilitated by the presence of
a Trp93 residue which bridges between heme centers.8
Fig. 6 (A) Gradual change in the absorbance of the NIR band (in
CH2Cl2 at 295 K) of trans-2 with change in concentration and (B) plot
of absorbance of the NIR band as a function of concentration.

Chem. Sci., 2016, 7, 1212–1223 | 1215
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The formation of porphyrin p-cation radicals is oen
signalled by strong IR bands.5,6 Fig. S5† displays selected
portions of the IR spectra of trans-2 and trans-3 along with their
unoxidized analogs, cis-1 and trans-1. The oxidized species,
trans-2 and trans-3, show p-cation radical IR marker bands at
1546, 1598 and 1544, 1595 cm�1, which are absent in the
unoxidized complexes. The �1550 cm�1 band is due to the
asymmetric Ca–Cmeso stretching mode while the �1600 cm�1

band is due to the Cb–Cb stretch. Similar IR marker bands have
also been reported earlier in octaethylporphyrinate and b-alkyl
substituted porphyrinate p-cation radical derivatives.5,6 Thus,
the IR spectral data further conrms trans-2 and trans-3 as
porphyrin p-cation radicals. The molar conductances at 295 K
of trans-2 (41 U�1 cm2 mol�1) and trans-3 (42 U�1 cm2 mol�1) in
dichloromethane are similar to the values observed for 1 : 2
electrolytes in solution.14
Fig. 8 (A) A perspective view (at 100 K) of trans-3 showing 50%
thermal contours (H atoms have been omitted for clarity). (B) Diagram
illustrating the packing of trans-3 in the unit cell (H-atoms have been
omitted for clarity).
Crystallographic characterizations

Dark needle crystals of trans-2 and trans-3 were grown via slow
diffusion of hexane into chloroform and dichloromethane
solutions of the complexes in air at room temperature.
Perspective views of the complexes along with the molecular
packing are depicted in Fig. 7 and 8. Table 1 lists the crystal-
lographic data and data collection parameters of the complexes
reported here. Both molecules crystallize in the monoclinic
crystal system, however, trans-2 does so with a P2/c space group
Fig. 7 (A) A perspective view (at 100 K) of trans-2 showing 50%
thermal contours (H atoms have been omitted for clarity). (B) Diagram
illustrating the packing of trans-2 in the unit cell (H-atoms have been
omitted for clarity).

1216 | Chem. Sci., 2016, 7, 1212–1223
while trans-3 crystallizes with a P21/n space group. Iron centers
are in six-coordinate geometry with water and perchlorate axial
ligands for trans-2 and ve-coordinate geometry with chloride
ion as axial ligand in trans-3. The porphyrin cores of the
complexes showed considerable doming. Table S1† shows the
selected bond distances and angles while Table 2 compares the
structure and geometrical parameters of trans-2 and trans-3
along with their unoxidized complex, trans-1.

The average Fe–Np distances in the two types of complexes
are very different: 2.027(4) and 2.034(4) Å for cores I and II in
trans-2 and 2.045(3) Å in trans-3 which are characteristic of
admixed high-spin and high-spin states of iron.11,15,16 The Fe–Cl
bond distance of 2.2249(11) Å in trans-3 is shorter than the
2.241(2) Å observed in the unoxidized complex, trans-1. The
slight contraction of the Fe–Cl bond distance is consistent with
the increased positive charge in the oxidized complex. The
displacement of iron(III) from the mean plane of the C20N4

porphyrinato core (Fe/Ctp) in trans-3 is 0.50 Å which is slightly
larger than the 0.48 Å observed in trans-1.11h However, the Fe/
Ctp distances in the six-coordinate complex, trans-2, are 0.10
and 0.04 Å for cores I and II, respectively, and iron is displayed
in the direction of the axial H2O ligand. Although the ligand
eld strength of ClO4

� is greater than for H2O according to the
magnetochemical series,17 this is outweighed by the strong H-
bonding interactions between the ligated H2O and ClO4

�

counterions which hold the structure in place.
This journal is © The Royal Society of Chemistry 2016
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Table 1 Crystallographic data and data collection parameters

trans-2 trans-3

Formula C78H96Cl16Fe2N8O18 C76H92Cl14Fe4N8

T (K) 100(2) 100(2)
Formula weight 2112.52 1837.27
Crystal system Monoclinic Monoclinic
Space group P2/c P21/n
a, Å 31.467(5) 15.165(5)
b, Å 9.589(5) 18.236(5)
c, Å 30.770(5) 15.623(5)
a, deg 90 90
b, deg 91.556(5) 103.044(5)
g, deg 90 90
V, Å3 9281(5) 4209(2)
Z 4 2
dcalcd, g cm�3 1.512 1.450
m, mm�1 0.842 1.166
F(000) 4352 1892
Crystal size 0.26 � 0.20 � 0.16 mm3 0.22 � 0.16 � 0.12 mm3

No. of unique data 17277 7814
Completeness to theta ¼ 25.00� 99.9% 99.9%
No. of parameters rened 1166 496
GOF on F2 1.031 1.032
R1

a [I > 2s(I)] 0.0679 0.0489
R1

a (all data) 0.1108 0.0680
wR2

b (all data) 0.1791 0.1332
Largest diff. peak and hole 1.324 and �1.101 e Å�3 0.910 and �0.745 e Å�3

a R1 ¼
PjjFoj � jFcjjP jFoj : b wR2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP½wðFo
2 � Fc

2Þ2�P½wðFo
2Þ2�

s
:

Table 2 Selected structural parameters

trans-1a

trans-2

trans-3Molecule-I Molecule-II

Fe–Np (Å)b 2.055(6) 2.027(4) 2.034(4) 2.045(3)
Fe–O(H2) (Å) — 2.093(3) 2.095(3) —
Fe–O(ClO3) (Å) — 2.187(3) 2.178(3) —
Fe–Cl (Å) 2.241(2) — — 2.2249(11)
DFe
24 (Å)

c 0.48 0.10 0.04 0.50
D24 (Å)

d 0.21 0.20 0.16 0.26
Fe/Fe (Å) 9.84 8.33 8.31 9.32
Q (�)e 65.79 56.59 57.13 55.82
C20–C37 (Å) 1.478(9) 1.374(6) 1.371(6) 1.364(4)
C37–C37A (Å) 1.312(13) 1.435(9) 1.433(9) 1.432(7)

a Taken from ref. 11h. b Average value. c Displacement of iron from the
least-squares plane of the C20N4 porphyrinato core. d Average
displacement of atoms from the least-squares plane of C20N4
porphyrinato core. e Inter-planar angle between the least-squares
plane of the C20N4 porphyrinato core and the C4 plane of the bridging
ethylene group (see Fig. 9A).
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The most striking feature of trans-2 is the unusual bowl
shaped conformation (U-form) of the bisporphyrin unit which is
stabilized by four H-bonding interactions [O/O: 2.761(5),
2.931(5), 2.926(5) and 2.767(5) Å] between the coordinated H2O
molecules and the ClO4

� counterions. The inter-planar angles
(Q) between the plane of the ethylene bridge and that of the
This journal is © The Royal Society of Chemistry 2016
porphyrin rings are 56.59� and 57.13� in trans-2 (Table 2) as
compared to 65.79� obtained for trans-1. Although steric inter-
actions with the b-ethyl substituents in trans-1 tend to prevent
a coplanar arrangement of the porphyrin rings and the ethylene
bridge, the extensive conjugation in the dication diradical
species (trans-2) imposes a better coplanarity. The extended
conjugation between two porphyrin units through the bridging
ethylene moiety is manifested in the alteration of the C20–C37
and C37–C37A bond distances. The C20–C37 bond lengths of
1.374(6) (molecule-I) and 1.371(6) Å (molecule-II) in trans-2 are
close to the C]C distance, while the C37–C37A bond lengths of
1.435(9) (molecule-I) and 1.433(9) Å (molecule-II) become close
to that of a C–C single bond. This results in a situation where
the ethylene bridge (C–CH]CH–C) transforms into an exo-
methylene (C]CH–CH]C) connectivity between two porphyrin
rings (Fig. 9B).

The X-ray structure of trans-3 is similar to that of trans-1 in
terms of relative orientation of the two porphyrin rings;
however, they differ remarkably in several structural and
geometrical parameters. The C20–C37 and C37–C37A bond
distances of 1.364(4) and 1.432(7) Å and the inter-planar angle
(Q) of 55.82� in trans-3 are similar to those of trans-2, which is
indicative of strong intramolecular electronic conjugation
between the two rings through the ethylene bridge. The alter-
ation of the C20–C37 and C37–C37A bond distances leads to
a single bond connecting two exo-methylene groups at C20 of
Chem. Sci., 2016, 7, 1212–1223 | 1217
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Fig. 9 (A) Diagram illustrating the angle Q between the least-squares
plane of C20N4 porphyrinato core (green) and the calculated C4 plane
of the bridging ethylene group (red) of trans-2 as a representative case.
(B) Selected bond distances (in Å) between oxidized and unoxidized
complexes have been compared. H-atoms, axial ligands and coun-
terions have been omitted for clarity.

Scheme 3 Different conformations of trans ethylene-bridged Fe(III)
bisporphyrin framework.

Fig. 10 Mössbauer spectra of (A) trans-2 and (B) trans-3 at 295 K.
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the two porphyrin rings. Scheme 3 describes the three possible
conformations for the trans isomer. In one conformation, both
porphyrins are completely orthogonal to the alkene (normal P-
type), while in other two the macrocycles are almost in plane
with the bridged ethylene moiety and the rings are either
cofacial (U-type) or anti (P0-type) with respect to each other.10f,g

The 2e-oxidized complexes, trans-2 and trans-3, do not stabilize
in the normal P-type conformation but in the unusual U and P0-
conformations, which facilitates extended conjugation between
the two radical cores. This is the rst structural evidence of the
U and P0 forms in b-alkyl substituted bisporphyrins. Although
the P0-form has been previously observed in a few b-
1218 | Chem. Sci., 2016, 7, 1212–1223
unsubstituted bisporphyrins,10c–e no such conformers could be
stabilized in b-alkyl substituted bisporphyrins due to steric
interactions from the extreme closeness of the alkyl groups.
Mössbauer

To gain further insight into the electronic structure, we studied
both trans-2 and trans-3 by Mössbauer spectroscopy. Fig. 10
shows the solid state Mössbauer spectra of the oxidized
complexes at 295 K. The Mössbauer spectra provide compelling
evidence that oxidation has occurred at the porphyrin ring only.
trans-2 shows the presence of two quadrupole-split doublets [d
(DEq): 0.39 (2.0) and 0.33 (1.7) mm s�1], suggesting the presence
of two admixed high-spin Fe(III) centers11,15,16 in the molecule as
also observed in the X-ray structure (vide supra). In contrast,
trans-3 displays two quadrupole-split doublets, one of which has
parameters comparable to the tetrachloroferrate anion18a [d ¼
0.19 mm s�1, DEq ¼ 0.23 mm s�1] while the other represents
a high-spin iron(III) centre [d¼ 0.29 mm s�1, DEq ¼ 1.1 mm s�1].
Magnetic measurements

The magnetic susceptibility of trans-2 and trans-3 has been
measured between 5 to 300 K using two different applied
magnetic elds of 0.1 and 1 T which provide very similar results.

In an attempt to obtain a quantitative description of the
spin–spin interaction that led to the observed magnetic
moment, the magnetic susceptibility data were tted using the
soware PHI.19 Acceptable ts (Fig. 11) have been obtained
using a model which included three pairs of interactions: (a)
This journal is © The Royal Society of Chemistry 2016
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Fig. 11 ΧMT versus T plots for (A) trans-2, and (B) trans-3. The solid
lines are best fits using the values given in the text.
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intramolecular coupling between the iron and p-cation radical
spin (JFe–r), (b) intramolecular coupling between two iron spins
(JFe–Fe), and (c) intramolecular coupling between the two radical
spins of the bisporphyrin (Jr–r). Each iron(III) center was treated
as high spin (S¼ 5/2) with a g value set at 2.0 and the presence of
small residual mononuclear iron(III) impurities was also taken
into consideration. The parameters obtained from the ts are:
JFe–r¼�124.36 cm�1, JFe–Fe¼�0.05 cm�1, Jr–r¼�16.67 cm�1, D
¼ 4.0 cm�1 for trans-2, JFe–r ¼ �149.88 cm�1, JFe–Fe ¼ �0.13
cm�1, Jr–r ¼ �8.41 cm�1, and D ¼ 6.0 cm�1 for trans-3. The
ruffling of the porphyrin ring allows strong antiferromagnetic
coupling between the porphyrin p-cation radical and the iron
center, which is otherwise forbidden with planar macrocycles.5d

The extensive p-conjugation between two porphyrin units of the
bisporphyrin, through the bridging ethylene group, allows
Fig. 12 1H NMR spectra (in CDCl3 at 295 K) of (A) cis-1 and (B) trans-2.
Here, –CH(b)– marks the bridging protons and m, m0, m1–m4 repre-
sents meso proton signals.

This journal is © The Royal Society of Chemistry 2016
antiferromagnetic coupling between the two radical spins of the
two porphyrin units although the cores are well separated and
not cofacial enough to have any through space interactions.

1H NMR

Fig. 12 compares the 1H NMR spectra between cis-1 and trans-2.
For trans-3 the signals are too broad to be detected. The 1H NMR
spectra of cis-1 shows the presence of eight methylene proton
resonances between 34 to 55 ppm, two upeld shied meso
signals at �68.9 and �46.2 ppm in 2 : 1 intensity ratio, and
a highly downeld shied bridging signal at 110 ppm. However,
sixteen methylene and four meso signals were obtained upon
two electron oxidation of cis-1 to form trans-2, which conrms
the presence of two inequivalent iron(III) centers as also evident
from the X-ray structure and Mössbauer spectra of the complex
in the solid state. Themost conspicuous features in the 1H NMR
spectra of trans-2 are the wide range of methylene resonances
(39.5 to 67.1 ppm) and highly downeld shied meso proton
signals (at 26.5, 32.4, 37.9 and 41.8 ppm) which are attributed to
the presence of porphyrin p-cation radicals and also to the
increase in coordination number (from ve to six).20 Mulliken
spin densities have also been calculated and reveal a negative
spin density on the meso and bridging carbon atoms (Fig. S6†),
hence the downeld shis of the corresponding proton signals
which also indicates the presence of the antiferromagnetic
coupling of the iron spin with the S ¼ 1/2 porphyrin radical as
observed in the variable temperature magnetic measur-
ements.20a,b Moreover, bridging protons are found at 78.6 and
88.3 ppm which are extremely broad due to the extensive
delocalization of the radical through the bridging group as also
evident in the alteration of the C20–C37 and C37–C37A bond
lengths (vide supra). The temperature dependence of the proton
signals follows the Curie law (Fig. S7†) which suggests the
presence of a single spin state throughout the temperature
range.

EPR

X-band EPR spectra have been recorded at 77 K for trans-2 and
trans-3 both in solid and solution phases and Fig. 13 displays
the experimental and simulated spectra while Table S2† lists the
simulation parameters. Simulation of the spectra of trans-2
yields gt ¼ 5.470 and gk ¼ 1.945 which is consistent with
admixed high spin iron(III) as also observed from theMössbauer
data and X-ray structure of the complex in the solid state. Trace
B shows the EPR spectra of trans-3 which is composed of two
distinct features: a single isotropic line (g¼ 2.016) characteristic
of an unresolved 6S1 state indicating spin S ¼ 1/2 and a +1/2 4

�1/2 transition, consistent with a [FeCl4]
� anion,18b and

a second minor component with gt ¼ 5.750 and gk ¼ 1.942,
indicative of a high-spin iron(III). Moreover, the EPR signals of
the 2e-oxidised complexes reported here are weak due to rela-
tively weak intramolecular coupling between iron–radical (JFe–r)
and radical–radical (Jr–r) spins (vide supra), although stronger
coupling would result in no observable signals.

MauG is an enzyme unique in several respects. In heme-
dependent enzymes, the two-electron oxidized intermediate
Chem. Sci., 2016, 7, 1212–1223 | 1219
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Fig. 13 X-band EPR spectra of (A) trans-2 and (B) trans-3 in CH2Cl2 (at
77 K). Blue and red lines represent experimental and simulated spectra,
respectively. The black and green lines represent the two components
used in the simulation of the EPR spectra of trans-3.
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(compound I) consists of an Fe(IV) species coupled to an organic
radical that is located on the porphyrin ring/axial ligand or
a nearby amino acid residue (compound ES).1–3 However, the
two oxidizing equivalents derived from H2O2 are distributed
within the diheme system as two positive charges, giving rise to
the bis-Fe(IV) redox state in MauG.8 This is electronically
equivalent to two ferric hemes, each coupled with a porphyrin
cation radical, a scenario resembling the binuclear dication
Fig. 14 Relative spin-state energies of nonet (9), undectet (11) and
tridectet (13) states of trans-2 as calculated using unrestricted B3LYP
and B97D functionals in DFT. All the DE and DE + ZPE values are
relative to nonet (9) state.

1220 | Chem. Sci., 2016, 7, 1212–1223
diradical complex as observed in the 2e-oxidized complexes of
trans-2 and trans-3 reported here. Although the spins and
charges are delocalized throughout the diheme system and are
stabilized via a series of possible charge resonance structures
(responsible for the observed NIR band), the most stable form is
a binuclear dication diradical complex which is found spec-
troscopically as the most stable conformer both in the solid
state and in solution.
Molecular modeling

A series of DFT calculations have been carried out to get more
insights into the electronic structure of the oxidized species.
Trans-2 has been optimized in three possible spin
Fig. 15 Relative energies of the U, P, and P0 form of nonet (9) states of
(A) trans-2 and (B) trans-2 (without counterion) as calculated using
unrestricted B3LYP in DFT. All the DE and DE + ZPE values are relative
to the U form.

This journal is © The Royal Society of Chemistry 2016
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multiplicities: nonet (9) state (considering antiferromagnetic
interactions between the p-cation radical and the iron(III) spin),
undectet (11) state (considering antiferromagnetic coupling
between the two p-cation radical centers) and tridectet (13) state
(considering ferromagnetic interactions between the cation
radical and iron(III) spin). However, the interactions between
the two iron(III) centers of trans-2 in all these states have been
considered to be ferromagnetic in nature. Since we are dealing
with a large computational model, we have chosen to stick with
a pure high-spin state (S¼ 5/2) for the iron(III) centers, although
experimental data suggest a minor contribution from the
intermediate spin (S ¼ 3/2) in trans-2. Fig. S8 and S9† show the
optimized geometries of trans-2 with varying spin states in
unrestricted B3LYP21 and B97D22 (includes dispersion correc-
tion) functional, while Fig. 14 schematically represents their
relative energies. Clearly, the nonet state is energetically more
stable than the undectet state, and the tridectet state is the least
stable. This is also in good agreement with the experimental
results.

In an attempt to nd the probable reason behind such
stabilization of the U form over the others, we have further
optimized the molecule in different conformations, namely the
P0 and P forms, both in the presence and absence of counter-
ions. Fig. S10–S15† represent the optimized geometries while
Fig. 15 shows the relative energies of different conformations
both in the presence and absence of counterions. For trans-2,
the U form is more stable than the P0 and P forms by 16.34 kcal
mol�1 and 30.27 kcal mol�1, respectively. However, in the
absence of counterions, the P0 form becomes the most stable
one, being 5.63 kcal mol�1 lower in energy than the U-form,
while the P-form is similar (with a difference of�0.6 kcal mol�1)
in energy to the U-form. This proves that H-bonding interac-
tions between the axial H2O and the ClO4

� counterion are
responsible for the unusual stabilization of the U conformer
which is otherwise strained. This is also evident in the stabili-
zation of the P0 conformer for trans-3 where there is no H-
bonding interaction with the counterion (FeCl4

�). Both the
Fig. 16 (A) HOMO and (B) LUMO of U form of trans-2 as obtained
from the unrestricted B3LYP optimized geometry using nonet (9) state.

This journal is © The Royal Society of Chemistry 2016
HOMO and the LUMO (Fig. 16 and S16†) of trans-2 were found
to have signicant coefficients on the bridging ethylene group
for the U and P0 forms, suggesting a substantial conjugation
through the bridge, while the P form shows no such conjugation
which is also in accord with the experiment. Although metallo-
OEP radicals are known to have an a1u type HOMO, trans-2 is
best described as a mixture of both a1u and a2u type orbitals
(Fig. 16).23 While the positions of infrared marker bands of
porphyrin p-cation radicals are characteristics of an a1u-type
symmetry, the presence of a2u type is clearly evident in the large
shis of the meso proton signals in the 1H NMR (vide supra).
Thus, computational studies clearly support the experimental
observations.

Summary

We have reported here the structural and spectroscopic
evidence for two interacting Fe(III) porphyrin p-cation radicals
that are covalently connected through an ethylene bridge and
thus are too widely separated to have any through space inter-
action. 2e-oxidation of the diiron(III) porphyrin dimer leads to
the conversion of the cis isomer to trans along with the stabili-
zation of two unusual conformations (U and P0-type) which have
widely different and distinct spectroscopic and geometric
features and are different from the normal trans conformer (P-
type). Through the bridging ethylene group, both porphyrin
macrocycles exhibit notable conjugation resulting in effective
coupling between iron and porphyrin radical spins of both
rings. In fact, oxidation leads to a change in identity of the
bridge which further highlights the key role played by the bridge
in communicating the electronic properties between two rings.
The conformers can be considered as a real supramolecule
rather than two interacting discrete Fe(III) porphyrin p-cation
radicals. DFT calculations further support the spin coupling
model obtained from magnetic studies suggesting the nonet
state of trans-2 as the energetically favorable one. It also
revealed that the extended p-conjugation and H-bonding
interactions are the major factors in controlling the stability of
the unusual conformers in the oxidized complexes.
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