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A bis-Fe(in)-p-oxo-porphyrin dimer, where a rigid ethene linker covalently connects the two porphyrin
units, has been exploited to investigate the effect of intermacrocyclic interactions and spin coupling upon
stepwise oxidations. The complex possesses a bent Fe—O-Fe unit bringing two porphyrin macrocycles
into close vicinity, which results in strong intermacrocyclic interactions between them. Here, the two
high-spin iron(i) centres undergo strong anti-ferromagnetic coupling via the oxo-bridge (Jre_re), result-
ing in a large upfield shift of the protons in the diamagnetic region of its 'H NMR spectrum. le™-oxidation
produces a porphyrin n-cation radical that displays a well-resolved 'H NMR spectrum with large isotropic
shifts of the downfield-shifted methylene protons, indicative of much weaker anti-ferromagnetic coupling
via the oxo bridge. As observed in the X-ray structure of the complex, 1le™-oxidation brings two porphyrin
macrocycles much closer to each other. This results in a remarkably bent Fe—O—Fe unit that causes the
porphyrin cores to become much more distorted due to stronger intermacrocyclic interactions between
them. In addition, the Fe-Ng, and Fe-O distances are also significantly decreased and increased,
respectively, in the le™-oxidized complex as compared with the unoxidized one, causing a significant
decrease in the Jre_re value. The di-cation di-radical complex that results from 2e™-oxidation, on the
other hand, exhibits a weakly paramagnetic nature with significant upfield shifts of the methylene proton
signals as well as smaller isotropic shifts than its le™-oxidized complex. This suggests that the former has
a much stronger anti-ferromagnetic coupling (Jre_re) Via the oxo group compared to the le™-oxidized
complex. Most interestingly, the *H NMR chemical shift of the methylene protons of the le™- and 2e”-
oxidized complexes behave completely differently upon varying the temperature and follow Curie and
anti-Curie behavior, respectively, which has been rationalized by considering the thermal population of
the ground and excited states at the recorded temperatures. Variable temperature magnetic investigation
in the solid state indicated antiferromagnetic coupling between the iron centres through the oxo bridge,
which follows the order (Jge_e): 0x0-bridged dimer (=130.4 cm™) > 2e™-oxidized complex (—116.1 cm™)
> le”-oxidized complex (—37.8 cm™). On the other hand, the spin couplings between unpaired iron spin
with porphyrin n-cation radical (Jg._,) are also antiferromagnetic but with relatively smaller values with an
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not only reproduce the experimental J values very well but also provide an insight that suggests both the
Fe—O-Fe angle and the Fe—O distances determine the overall J value while the bridging ethylene linker
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centres in which the transformation between the oxo and
hydroxo group is either a mandatory or proposed step in the
reaction pathways.'® For example, the bacterial multicompo-
nent monooxygenase, more precisely its soluble methane ana-
logue (sMMO), contains oxo- and hydroxo-bridged diiron
active centres and is responsible for many different biochemi-
cal O, utilization pathways including conversion of methane
to methanol. Apart from these examples, ferritins are iron-
storage proteins containing p-oxo/hydroxo diiron(m) units. The
highly versatile oxo/hydroxo-bridged bimetallic core enables
the control of a variety of properties for intermediates in cata-
lytic cycles.

Cofacial ‘Pacman’-type diheme-centres provide molecular
cleft for the binding and activation of a variety of small mole-
cules (e.g., O,, N,, CO, and H,).”’® The cooperative interaction
between two heme units plays a significant role in exerting
these functions.””** The chemical and electrochemical nature
of the Fe-O-Fe/Fe-O(H)-Fe unit is suitably controlled by
the intermacrocyclic interaction between two heme centres
thereby influencing the structure, property, and reactivity of
the molecule to a large extent. We have earlier reported a
series of p-oxo and p-hydroxo complexes of ethane- and
ethene-bridged diiron(ur) porphyrin dimers and their struc-
tures, properties, and photo-catalytic activities have also been
studied to expand the use of these molecules for catalytic
multi-electron reactivity and small-molecule activation.'*™"?
Structurally, Fe-O-Fe units tend towards linearity because of
n-bonding and steric effects.”® The 1,2-ethene-bridged por-
phyrin dimer can influence the interporphyrin distance and
angles due to its vertical flexibility for possible modulation of
its structure and property.’® In the present work, the bis-Fe
(ur)-p-oxo complex of such a porphyrin dimer has been uti-
lized for modulating spin coupling through the oxo-bridge
along with the structural change of the Fe-O-Fe unit upon
stepwise oxidations.

Results and discussion

Cis-1,2-bis[chloroiron(ur)5-(2,3,7,8,12,13,17,18-octaethylpor-
phyrinyl)lethene, P1'* and cis-1,2-bis[p-oxo  iron(m)5-
(2,3,7,8,12,13,17,18-octaethylporphyrinyl)Jethene, P2 have
been synthesized as reported previously."® A dichloromethane
solution of P1, after shaking with 5% NaOH solution, is
instantly converted to diiron(u)-p-oxo-porphyrin dimer P2,
which is found to be green in colour and has been isolated in
pure form after chromatographic separation in basic alumina
using dichloromethane as the eluent in excellent yield. The
UV-visible spectrum of P1 in dichloromethane shows an
intense Soret band at 375 nm whereas, for P2, the Soret band
is shifted to 394 nm along with two Q-bands at 556 and
600 nm."’

Cyclic voltammetry of P2 at 295 K in CH,Cl, reveals four
reversible/quasi-reversible one-electron oxidations at 0.50,
0.84, 1.28 and 1.38 V (Fig. 1A)."> The monomeric analog
[Fe(OEP)],0, however, has been found to have similar oxi-
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Fig.1 (A) Cyclic voltammogram (top) and DPV (bottom) of P2 in
CH,Cl, at 295 K (scan rate 100 mV s%) with 0.1 M tetra(n-butyl)
ammonium perchlorate as supporting electrolyte. The reference elec-
trode is Ag/AgCl. (B) UV-visible spectra of P2 (blue line), P3 (red line),
and P4 (green line) in dichloromethane at 295 K. (C) UV-visible spectra
in CH,Cl, computed from TD-DFT calculations at the CAM-B3LYP/6-
31G*/LANL2DZ level of theory for P2 (blue line), P3 (red line) and P4
(green line).

dations at relatively higher potentials of 0.65, 0.93, 1.30 and
1.54 V. It is indeed interesting to investigate how the elec-
tronic structure and spin coupling behavior of the p-oxo dimer
changes upon stepwise oxidations since electronic communi-
cations may be involved via the oxo-bridge, or via the ethene-
bridge or via both.

The coulometric oxidation of P2 has been performed in di-
chloromethane by applying a constant potential of 0.70 V
(Fig. S1A%), which resulted in a change in colour from green to
brown due to the formation of one electron-oxidized species,
P3. The UV-visible spectrum of P3 is indicative of porphyrin
n-cation radical formation: the intensity of the Soret band at

This journal is © the Partner Organisations 2025
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383 nm gradually decreases upon oxidation along with a blue
shift with respect to that of the neutral p-oxo complex, P2, that
appears at 394 nm. The blue shift of the Soret band reflects
the further closeness of the two porphyrin rings in the oxi-
dized product P3 leading to an increased intermacrocyclic
interaction. However, oxidation of P2 at 1.04 V (Fig. S1B})
formed a red solution due to the formation of 2e-oxidized
species, P4. The Soret band and Q-band appear at 376 nm and
575 nm, respectively, for complex P4. Fig. 1B compares the UV-
visible spectra of P2, P3, and P4. It is also interesting to note
here that the addition of 5% HClO, to the p-oxo porphyrin
dimer, P2, produces an immediate colour change from green
to red due to the formation of the p-hydroxo complex P5
(Scheme 1).'** Such a transformation has also resulted in a
large blue shift of the Soret band from 394 nm to 371 nm in
dichloromethane.'**

Successful isolation of the oxidized complexes in a pure
state has not been achieved by the electrochemical method
owing to the presence of a large excess of supporting electro-
lytes. However, the 1e™- and 2e™- electron-oxidized products,
P3 and P4, are prepared by using one and two equivalents of
iodine-silver perchlorate as oxidizing agents, respectively (see
Experimental section in the ESI} for details), which are stable

5% NaOH

5% HCI

I
Cl

. P2
P1 & (green)
(dark red) F/E

View Article Online
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enough for their successful isolation in the solid state and one
of them (P3) is also structurally characterized. Precipitated
silver iodide is subsequently removed by centrifugation.
Interestingly, neither iodine nor silver ions alone can oxidize
P2 under the conditions used here, as reported earlier.’> The
in situ generated le - and 2e - electron-oxidized products are
identical to those prepared by the electrochemical oxidations
and have also been confirmed by ESI-MS spectrometry. The
spectrum of P3 (in positive-ion mode) has revealed a peak at
m/z 1216.5835, which has been assigned for [P2]" (Fig. S2}),
and the spectrum of P4 (in positive-ion mode) has shown a
peak at m/z 608.2997, which is assigned for [P2]*" (Fig. S31).
The isotopic distribution patterns of the experimental mass
have nicely correlated with calculated patterns, confirming the
formation of the complexes. The oxidized complex P3 exhibits
characteristic stretching frequencies for the ClO,™ group at 624
and 1108 cm™" in the IR spectrum. The IR marker bands'® for
the porphyrin r-cation radical are also observed at 1554 cm™*
and 1629 cm™ ", characteristic of the asymmetric Cy—Copeso and
Cy-Cy stretching modes, respectively, which are indeed absent
in the unoxidized complex (Fig. S41).

To further elucidate the experimentally observed variations
in the UV-vis-NIR spectrum, we conducted time-dependent

5% HCIO,
5% NaOH

(1 eqv)

Scheme 1 Synthetic outline of the Fe(i) complexes and their abbreviations.
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density functional theory (TD-DFT) calculations (see compu-
tational details in the ESIf). The results from our theoretical
calculations align well with the trends observed in the experi-
mental data (Fig. 1C). Specifically, the TD-DFT analysis indi-
cates a blue shift in the transition from P2 to P3, where the
Soret band shifts from 398 nm to 347 nm (Fig. S5 and S6%).
This observed blue shift in the Soret band from species P2 to
P3, followed by P4, was accurately replicated through TD-DFT
calculations. The computed Soret bands at 398 nm, 347 nm,
and 338 nm for species P2, P3, and P4, respectively, grossly
match the experimental values of 394 nm, 383 nm, and
376 nm, respectively (Fig. S5-S7; see also Table S15% for
excited state energies with corresponding oscillator strengths).

Crystallographic characterization of P3

Slow diffusion of n-hexane into a chloroform solution of the
le -oxidized complex P3 at room temperature produced dark
brown crystals from which an appropriate crystal was chosen
for X-ray diffraction experiments. The molecule crystallizes in
the monoclinic crystal system with the C2/c space group
(Table S1a}). A perspective view of the molecule is shown in
Fig. 2 and the selected bond distances and angles are given in
Table S1b.}

The two iron centres in the oxidized complex P3 are in a
five-coordinate square-pyramidal geometry and arranged in a
cofacial manner. The average Fe-O and Fe-Np,, bond lengths
are 1.948(2) and 2.008(5) A, respectively, whereas, for the un-
oxidized complex P2, the same distances are 1.783(3) and
2.085(3) A."* As can be seen, the Fe-O and Fe-N,,, distances
significantly increase and decrease, respectively, upon le™-oxi-
dation. The iron atom is displaced by 0.41 A from the least-
square plane of the C,oN, porphyrinato core in P3, a distance
that is significantly lower than that of 0.61 and 0.65 A observed
for cores I and II, respectively, in P2. The angle between the
two least-square planes of the C,)N, porphyrinato core
(Fig. S81) is decreased to 25.8° in P3 from 27.7° in P2.

The close approach of the two porphyrin rings leads to a
core deformation. The distortion of the porphyrin rings has
increased in P3 compared to that of unoxidized complex P2 as
can be seen in Fig. 3. The average displacement of atoms from
the least-square plane of the C,oN, porphyrinato core (4,,)
values are 0.14 and 0.23 A for P2 and P3, respectively. In con-
trast, both the rings are nearly planar in [Fe(OEP)],0."” The
mean porphyrin plane separation (MPS) between the two rings
is decreased on going from P2 to P3, thereby enhancing the
intermacrocyclic interactions. The meso-carbons that are con-
nected through the bridging atoms are found to be displaced
mostly. The Fe---Fe nonbonding distance has also been
increased from 3.453 A in P2 to 3.694 A in P3. The most
unique feature of the structure of P3 is the remarkably bent
Fe-O-Fe unit with an angle of 143.0(3)° while the two macro-
cycles in the molecule are fully eclipsed geometrically. In con-
trast, the Fe—-O-Fe unit is at 150.9(2)° in P2.

Table 1 compares the structural and geometrical features of
P2 with those of the corresponding unbridged [Fe(OEP)],0, P3,
and the closely related p-hydroxo complex P5. As observed, the
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(A)

Fig. 2 (A) top view and (B) side view of the molecular structure of P3 at
100 K. Hydrogen atoms have been omitted for clarity.
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Fig. 3 Out-of-plane displacements (in units of 0.01 A) of the porphyrin
core atoms from the mean plane of the C;oN4 porphyrin core for P2
(red) and P3 (black). The horizontal axis represents the atom number in
the macrocycle showing the bond connectivity between atoms. Arrows
show the positions of the bridged meso-carbons of the respective
complexes.

Fe-O and Fe-Np, distances significantly increase and
decrease, respectively, in going from P2 to P3. In sharp con-
trast, the average Fe-Np,, distances in P5 are found to be 2.048
(4) and 2.051(4) A for the two porphyrin cores, which are sub-
stantially higher than that in P3. A hydrogen-bonding inter-
action is observed in P5 between the p-OH proton and oxygen

This journal is © the Partner Organisations 2025
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Table 1 Selected structural parameters for [Fe(OEP)],O, P2, P3 and P5
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P2 P5

[Fe(OEP)],0 (monoclinic) Core 1 Core II P3 Core I Core II
Fe-O (A) 1.755(10) 1.785(3), 1.781(3) 1.948(2) 1.937(4) 1.949(4)
Fe-Nyo, (A) 2.080(5) 2.089(3) 2.081(4) 2.008(5) 2.048(4) 2.051(4)
Fe-O-Fe (°) 176.2(2) 150.9(2) 143.0(3) 143.85(2)
AT (A) 0.54 0.61 0.65 0.41 0.47 0.45
Fe---Fe (A) 3.503(4) 3.453(1) 3.694 3.693(1)
Interplanar angle” (°) 2.7 27.7 25.8 23.6
MPS‘ (A) 4.60 4.51 4.00 4.47
A% (A) 0.03 0.14 0.23 0.09
Twist angle’ (°) 16.8 0.6 1.2 5.82
closest contact” (A) 4.47 3.111(8) 3.483 2.871(8)
Ref. 17 13 This work 12¢

“ Displacement of iron from the least-square plane of the C,,N, porphyrinato core. ” Angle between the two least-square planes (24 atoms).
° Distance between the two least-square planes (24 atoms). ¢ Average displacement of atoms from the least-square plane (24 atoms). ¢ Average of
the four N-Fe-Fe'-N’ dihedral angles. Distance between two bridged meso-carbons.

atom of the water molecule (01-O1 W, 2.756(10) A).*** The
iron atom is displaced by 0.41 A from the least-square plane of
the C,oN, porphyrinato core in P3. The value is somewhat
higher in P5 where the displacements of each iron(m) atom are
0.47 and 0.45 A from the mean plane of the C,,N, porphyri-
nato core.'” The mean plane separation (MPS) between the
two porphyrin rings is significantly narrower in P3 and follows
the order: [Fe(OEP)],O > P2 > P5 > P3. Due to the close proxi-
mity of the two porphyrin rings, the cores are most distorted
in P3 as compared to P2, P5, and [Fe(OEP)],0.

The porphyrin rings are highly distorted in the 1e™-oxidized
complex and can be visualized easily by looking at the out-of-
plane displacement plots of the porphyrin core atoms as dis-
played in Fig. 3. Indeed, the distortion increases upon oxi-
dation of just one of the rings enabling stronger inter-por-
phyrinic interactions through space due to the extreme close-
ness of the two porphyrin macrocycles (vide supra). Such dis-
tortions are also known to change various chemical and
electrochemical properties of the molecule.'®

EPR spectroscopy

Fig. S9f shows the EPR spectrum (in dichloromethane at
120 K) of P3. However, P2 is EPR silent because of the strong
antiferromagnetic coupling between the two Fe(u) central
ions, whereas the one-electron-oxidized product P3 shows a
n-cation radical with its EPR spectrum centred at g = 1.99 (AH
=105 G). Moreover, the two-electron-oxidized species, P4, has
also been found to be EPR silent due to the generation of di-
cation di-radical species where there is a strong antiferro-
magnetic exchange interaction between the unpaired spins of
Fe(ur)-Fe(m) metal centres, Fe(ur)-porphyrin n-cation radical
and radical-radical interaction of the porphyrins.

'H NMR spectroscopy

The structure and properties of the paramagnetic complexes in
solution can be determined from 'H NMR spectroscopy.>> >
The oxidation of P2 in CDCl; (after passing through basic

This journal is © the Partner Organisations 2025

alumina) at 295 K using iodine-silver perchlorate has been
monitored by "H NMR spectroscopy. Fig. 4 shows the relevant
spectra obtained from the reaction between P2 and an aceto-
nitrile solution of the oxidant viz. iodine-silver perchlorate.
The data are presented so that the methylene and meso-reso-
nances, which are expected to show large hyperfine shifts, are
clearly visible. The methyl resonances in the diamagnetic
region have been omitted to show a clear picture of the others.

The '"H NMR spectrum of P2 (shown in trace A) is relatively
broad having four diastereotopic methylene protons at 4.9(2),
5.6, and 5.9 ppm along with two broad meso-resonances at 6.5
and 6.7 ppm in a 1:2 intensity ratio and the bridging -CH
signal appears at 15.1 ppm. The presence of four methylene
resonances in P2 can be attributed to the fully eclipsed face-to-
face orientation of the two rings generating an additional C,
symmetry as is also observed in the X-ray structure of the
complex.’

However, after the addition of 1.00 molar equivalent in
total of iodine-silver perchlorate, the one-electron-oxidized
product P3 is produced, and the resultant "H NMR spectrum
is shown in trace B. The eight diastereotopic methylene proton
signals spread from 9 to 25 ppm and two meso-resonances
appearing at 12.3 and 11.9 ppm in a 1:2 ratio also demon-
strate the cofacial nature of the oxidized species P3 in
solution.

Small isotropic shifts in trace A are reflections of the weak
paramagnetic nature resulting in strong antiferromagnetic
coupling between two iron centres through the oxo bridge in
P2. However, after 1e -oxidation, both meso- and the methyl-
ene protons are downfield shifted and a well-resolved "H NMR
spectrum (trace B) is obtained, which differs from that of the
parent Fe(m) p-oxo complex (trace A) most significantly in
terms of larger isotropic shifts and the number of ethylene
proton signals. The large isotropic shifts suggest porphyrin
n-cation radical characteristics and also indicate relatively
weaker antiferromagnetic coupling between the two iron
centres as compared to P2."™** Also, the "H NMR spectrum of

Inorg. Chem. Front,, 2025, 12, 2613-2626 | 2617
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Fig. 4 'H NMR spectra (on the left) (in CDCls at 295 K) and, Curie plots (on the right) of some of the proton signals of (A) P2, (B) P3, and (C) P4. The
proton numbering scheme is shown in Fig. S8A.1 The methylene CH, protons are numbered either as 1-8 or 1-4. The figure in each inset shows the
corresponding spin density plots, where only meso-H atoms are shown and the rest of the H atoms are omitted for clarity. The red and blue isosur-

faces show the positive and negative spin density plots.

P3 is distinctly different from that of the corresponding p-
hydroxo complex P5 (Fig. 5). As can be seen, P5 displays eight
sharp methylene proton signals within the narrow range of § =
16.9 ppm to 20.2 ppm, two meso-signals in a 2:1 intensity
ratio at —3.9 and —12.4 ppm, and only one bridging -CH
proton at 48.8 ppm."* The addition of 2.0 molar equivalent of
iodine-silver perchlorate in acetonitrile completely changed
the "H NMR spectral pattern, again due to the formation of
the two-electron-oxidized product P4 and its spectrum is
shown in trace C of Fig. 4. The four diastereotopic methylene
proton signals of P4 appear at 7.4, 8.5, and 9.5 ppm, and the
bridging —-CH signal comes at 21 ppm. Two broad meso-proton
signals appear at 8.3 and 8.7 ppm. The 'H NMR spectral

2618 | /norg. Chem. Front.,, 2025, 12, 2613-2626

pattern is indicative of very strong antiferromagnetic coupling
between two iron centres.

Curie plots for some of the proton signals of P2, P3, and
P4 are shown in Fig. 4 and the linear relationship between
the chemical shift and temperature suggests a single spin
state of the Fe(m) centre over the experimental temperature
range. Most interestingly, the nature of the Curie plots is dis-
tinctly different between P3 and P4 as they behave in opposite
manners upon varying the temperature. For example, most of
the signals (besides the two CH, protons of the ethyl substitu-
ents) of P3 follow the Curie law while all the protons of P4
display anti-Curie behavior. The Curie plot of P2 suggests that
there is no significant change in the chemical shift of the

This journal is © the Partner Organisations 2025
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Fig. 5 'H NMR spectra (in CDCls at 295 K) of (A) P5 and (B) P3. The
proton numbering scheme is shown in Fig. S8.1

protons with respect to the change in temperature (Fig. 4A,
right).

It would be important to compare here the 'H NMR
spectra between the p-oxo dimer P2 and its 2e -oxidized
complex P4, which are also shown in Fig. 4. The spectrum of
P2 in CDCIl; displays the four diastereotopic methylene
protons at 4.9(2), 5.6, and 5.9 ppm, two broad meso-
resonances at 6.5 and 6.7 in 1:2 ratios while the bridging
ethylene signal comes at 15.1 ppm. Such small isotropic
shifts as observed in the 'H NMR spectrum of p-oxo complex
P2 reflect the weak paramagnetic characteristic as being a
consequence of strong antiferromagnetic coupling through
the oxo bridge, which has also been reflected in the small
shifts of the signals over the temperature range.'* On the
other hand, complex P4 displays four diastereotopic methyl-
ene proton signals at 7.4, 8.5, and 9.5 ppm while the brid-
ging -CH signal comes at 21 ppm. Two broad meso-proton
signals appear at 8.3 and 8.7 ppm in the oxidized complex.
The "H NMR spectral pattern of P4 also indicates very strong
anti-ferromagnetic coupling between two iron(m) centres.
However, the isotropic shifts that are observed in P4 are
larger than that of P2 and thus indicative of slightly lower
anti-ferromagnetic coupling in P4, which has also been
observed in magnetic investigations in the solid state
(vide infra). The shift in the meso-proton signals in P2, P3,
and P4 from ~6 ppm to ~12 ppm followed by ~8 ppm,
respectively, is also supported by the spin density plots
(Fig. 4, inset). Negative spin densities are noted on meso-
carbon atoms in P3, which results in downfield shifts of the
meso-proton signals while positive spin densities are
observed in P4 resulting in upfield shifts of the meso-proton
signals.

DFT calculations

To further shed light on the observed "H NMR spectra of
P2-P4, we have performed 'H NMR calculations using the
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ORCA suite (see computational details in the ESI}).>®?’
DFT computation of 'H NMR for P2 (Table 2) suggests
that the chemical shift for bridging ethene protons
(CH=CH) is ~9.0 ppm, which is underestimated with respect
to the reported experimental value of ~15.0 ppm. Similarly,
the chemical shifts corresponding to methylene (CH,)
protons are computed as being in the range of 0.1-3.6 ppm,
which is in close agreement with the experimental values of
4.9-5.9 ppm. Also, the average chemical shift for meso-
protons m and m’ was computed as 9.5 ppm and 8.1 ppm,
and this is also consistent with the experimentally reported
values of 6.7 and 6.5 ppm, respectively (see Table S2i).
Similar to P2, in P3 and P4 the computed chemical shift for
CH=CH protons was found to be underestimated; however,
the pattern of the computed chemical shift (downfield on
going from P2 to P3 followed by an upfield shift in P4) was
found to be well reproduced in the computed data. The pro-
gression of chemical shift towards downfield values on
going from P2 to P3 followed by the upfield shift in P4 was
attributed to the following reasons: (i) the ground spin
states for P2 and P4 are singlet (total spin, St = 0) due to
the strong magnetic exchange present between the spin
centres (both are EPR silent) while P3 is EPR active with
St = 1/2 ground state, which results in strong hyperfine
interaction of the 'H proton in the S; = 1/2 system leading
to the downfield shift of the § values; (ii) the Jg. pe inter-
action is significantly weaker in P3 compared to that in P2
and P4 (see Magnetic measurement section). The computed
chemical shifts in P3 and P4 for methylene, m and m’
protons were found to be close to the experimentally
observed values (see Tables S3 and S4f). It is also interest-
ing to note that the chemical shift of the protons in P4 is
downfield shifted compared to that of P2, though both have
singlet ground states. This is due to the fact that the Jge re
in P2 (-=130 cm™") is stronger than that in the P4 complex
(=116 ecm™), vide infra.

We found that for species P3 and P4, the temperature
dependence of proton chemical shift is just the opposite.
While P3 follows the Curie law, P4 follows the anti-Curie law.
To rationalise the above findings, we analysed the isotropic
proton shift (IPS) that results due to the coupling between I
(the nuclear magnetic quantum number) and S (the electron
spin of the unpaired electron).>® The IPS consists of the Fermi
contact shift (CS) and the dipolar shift (DS), and it is given by

Table 2 The B3LYP-computed H NMR chemical shift (in ppm) of
complex P2. The figures in bold font in parentheses show the experi-
mental values

CH=CH H (m) H (m')
P2 (DFT) CH, (DFT) (DFT) (DFT)
9.0 (15.1) 3.6 t0 0.10 (4.9) 11.4 (6.7) 8.7 (6.5)
9.0(15.1)  (4.9) 11.4(6.7) 7.6 (6.5)
(5.6) 6.65 (6.7)
(5 9) 8. 80 (6.7)
Average 9.0 (15.1) 3(4.9) .5(6.7) 8.1(6.5)
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McConnell and Robertson® in the following expression for I =
1/2 and spin S:

(AH/H)IPS = (AH/H)CS + (AH/H)DS (1)
Here,
pS(S+1
@) = Y A @)
(3cos’0—1)

(AH/H)pg = 28¢5 D (forS =5/2) (3)

(3kT)*r3

The D here is the axial zero-field splitting of the ground
state S, while A is the hyperfine coupling constant of the
ground state. The terms r, § come from the polar coordinates
for individual protons. We have computed the hyperfine coup-
ling constant for the bridging CH=CH proton, meso-proton
(m/m"), and the ethylene protons for P3 and P4, respectively,
using ab initio CASSCF calculations on the optimised geo-
metry employing established protocols as previously
reported.’® It is found that for CH=CH and m/m’/methyl-
ene protons, the average A for P3 (Sy = 1/2) are ~—1.68 MHz
and 2.1/2.2/0.4 MHz, respectively (see Table S51), while for
the ground state (St = 0) of P4 it is 0. Similarly, the 1% (Sg =
3/2) and 2™ (St = 5/2) excited states of P3 show A values for
the CH=CH/m/m'/methylene protons of ~-—1.0/0.3/1.6/
1.4 MHz and ~-0.4/0.04/0.5/0.6 MHz, respectively (see
Tables $6 and S71). For P4, the 15 (S; = 1) and 2" (St = 2)
excited states exhibit A values for CH=CH/m/m'/methylene
protons of ~2.5/0.9/-3.8/-1.1 MHz and ~0.2/
0.3/-0.1/-0.1 MHz, respectively (see Tables S8 and S9%).
The axial ZFS parameter D value for each Fe metal centre in
P3 and P4 was computed using ab initio CASSCF/NEVPT2
calculations following the established protocols.®® The
computed D values were found to be ~+3.0 cm™' and
+1.0 cm™', respectively, with estimated E/D of 0.007 and
0.002 (see Table S10%).*> Eqn (2) and (3) suggest that the CS
contribution follows a «x1/T relationship, while the DS con-
tribution has a «1/7” relationship, and the parameters g, f,
k and yy are constants.

From Fig. S10(C and D), it is clear that on decreasing
the temperature from 300 K (1000/T = 3.3 K™') to 235 K
(1000/T = 4.2 K™'), the population of the ground state, St =
1/2, for P3 increases from 45% to 50% while for excited
states the percentage population decreases. Therefore, > Ai
and Y Ai/T are expected to increase on decreasing ‘the
temperature followed by an increase in the value of (AH/
H)cs. Similarly, the D/T* value will also increase on decreas-
ing the temperature followed by an increase in the value of
(AH/H)ps. Therefore, the overall (AH/H)ps is expected to
increase on decreasing the temperature (1000/T=3.3 K" —
1000/T = 4.2 K ). Hence, due to the increase in the isotro-
pic proton shift, the overall chemical shift of almost all
protons increases by decreasing the temperature (see
Fig. 4B) in the case of P3.
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On the other hand, Fig. S10(E and F)i suggests that the per-
centage of the Boltzmann population of the diamagnetic
ground state (Sy = 0) of P4 increases by decreasing the temp-
erature from 300 K to 235 K and the % population for excited
states becomes nearly zero. Therefore, ongoing from 1000/T =
3.3 K' — 1000/T = 4.2 K™, the Y Ai/T value is expected to
decrease significantly, and D/T> will increase, albeit with the
former dominating the overall contribution. Therefore,
overall, a slight decrease in the (AH/H);ps is noted, and hence
the overall chemical shift decreases for all the protons in the
case of P4 on decreasing the temperature (1000/T = 3.3 K™* —
1000/T = 4.2 K'). Therefore, in P3, as the temperature
decreases, the ground spin state (S = 1/2) population is
expected to increase, resulting in an enhancement of hyper-
fine coupling (note the A values for this state are larger than
those of the first excited state). This leads to a downfield shift
of the 'H. In contrast, in P4, the ground state (S = 0) is dia-
magnetic, while the excited state (S = 1) is paramagnetic. As
the temperature decreases, the population of the diamagnetic
ground state (S = 0) increases, while the population of the
paramagnetic excited state (S = 1), which contributes to
hyperfine coupling, decreases. Consequently, an upfield shift
of the 'H proton is observed in P4 with decreasing tempera-
ture. The detailed examination of the Curie plot for neutral
complex P2 indicates that the temperature-dependent change
in the chemical shift (Fig. 4A, right) is negligible. This is
attributed to the fact that the excited states, which are over
3-40 k] mol™" higher in energy, are completely depopulated
as available thermal energy in the 300 K-235 K temperature
range is 1.9 kJ mol~'-2.5 k] mol™". Consequently, the ground
singlet state remains predominantly populated (Fig. S10A and
Bi). As a result, varying the temperature from 300 K to 235 K
does not significantly alter the Boltzmann population of the
ground state, leading to an insignificant variation in the
chemical shift.

Magnetic measurements

Variable temperature magnetic susceptibility measurements
for crystalline samples P2, P3, and P4 have been carried out
between 5 and 300 K using an applied magnetic field of 0.1
T. Temperature-dependent magnetization plots for the com-
plexes are shown in Fig. 6. The y\T values for P2, P3, and P4 at
room temperature are found to be ~0.9 em® K mol™, 3.0 cm?
K mol™, and 1.3 cm® K mol™", respectively, and these values
differ significantly from the theoretical values of 8.75, 9.125
and 9.5 cm® K mol ™", which are expected based on uncoupled
(two high-spin Fe(m) for P2, two high-spin Fe(u) and one
radical for P3, and two high-spin Fe(um) and two radicals for
P4) systems. This suggests the presence of strong antiferro-
magnetic coupling that persists even at room temperature. As
the temperature decreases, the y\T decreases gradually until
50 K and then decreases sharply, suggesting various compet-
ing exchanges and zero-field splitting (ZFS) that are oper-
ational in these complexes. One magnetic exchange (Jpe-re) in
P2, two magnetic exchanges (Jre-re and Jre—;) in P3, and three
magnetic exchanges in (Jge_pe, Jre_r, and J;._;) in P4 are possible
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Fig. 6 Plots of DC magnetic susceptibility, ymT vs. T, for (A) P2, (B) P3 and (C) P4 (red dotted lines). The solid black lines represent the simulation
from the PHI suite.**

Fig. 7 (A) Several possible magnetic exchanges (J values) present in P4. (B) Schematic diagram showing the orbital overlap between d,.—p,—d,. for
Jre-re- (C) and (D) Representative orbital overlap diagrams for Jg._, (HOMO of porphyrin and Fe dz) and J,_, (HOMO of both the porphyrins), respect-
ively. The isosurface of one porphyrin moiety is shown by red (+) and blue (-) while for the other porphyrin moiety the isosurface is indicated by
green (+) and yellow (-) colours. The isosurface value of 0.05 au was used.

(see Fig. 7A). The following exchange Hamiltonians have been parameterization problem (see Fig. S17 and Table S14%), we
used to compute the several values of J: have performed broken symmetry density functional theory™>
(BS-DFT) calculations in the Gaussian 16 suite®® using the
unrestricted B3LYP functional,® def2TZVP basis set*® for Fe
and def2SVP basis set for other atoms (see computational
details in the ESI] for more information), which has a proven
track record of yielding good numerical estimates of J
H = — 2[Jpe_peSre1Sre2 + ]Fe_r<SFelSFe:ad +Speste%ad) values.’”° The DFT-optimized geometries are well corrobo-
rated with the experimental X-ray structures (see Fig. S11-
S13%). The Jge pe interaction describes the magnetic exchange
between both the Fe(um) (S = 5/2) centres, Jp., represents the

As fitting the magnetic susceptibility with different interaction between the Fe(m) (S = 5/2) and the porphyrin
exchanges, particularly in complex P4, can lead to an over- =-cation radical (S = 1/2), while J., shows the interaction

H= —2JFe-FeSFe1SFe2 (for PZ)

m>

=2 []Fe—FeSFelsFez +JFe—rSFelsFe:aJ (fOI‘ P3)

-I-_]r_rSFe:ad SFe?ad (fOI‘ P4)
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Table 3 Experimentally simulated and DFT-computed exchange-coupling constants (J values) in P2, P3 and P4

P2 P3 P4
.]simy (DFT ]simy (DFT ]simv (DFT ]sim7 (DFT ]sim1 (DFT Jsimy (DFT
Exchange  Spin JoFr guided) unguided)  Jppr guided) unguided)  Jppr guided) unguided)
type centres (em™)  (em™ (em™) (em™)  (em™) (em™) (em™)  (em™) (em™)
Jre-Fe Fel-Fe2 -113.4 -130.4 -130.4 -51.9 -37.8 —41.5 —-106.1 -116.1 —-179.2
Jrer Fel-Fel,q — — — —14.0 -16.5 0.9 —-26.5 —-27.2 24.6
Ji-r Felgg-Fe2ng  — — — — — — -3.1 -2.4 -3.4

between both the porphyrin n-cation radicals (S = 1/2) (see
Fig. 7B-D). The BS-DFT calculations of complex P2 estimate
the Jye_pe value of —113.4 cm™" suggesting a strong antiferro-
magnetic exchange between the Fe(m) centres (see Table 3).
The computed Jpe_p. is modified to —106 cm™ and 102 cm™
in the presence of chloroform and dichloromethane solvent,
respectively, which suggests a very minimal effect of solvent on
magnetic exchange. Magneto-structural correlation established
already by Boc¢a and coworkers® suggests that the interaction is
strongly correlated with the Fe-O-Fe angle and Fe-O distance.
Here, the X-ray (DFT computed) Fe-O distance and Fe-O-Fe
angles for P2 are 1.785/1.781 (1.770/1.773) A and 150.9° (155.1°),
respectively (see Table 1 for X-ray and Fig. 8A for DFT-computed
geometrical parameters), and for these structural parameters the
expected exchange interaction is ~—120 cm™*, and the DFT-com-
puted Jgere as well as the observed exchange from the PHI simu-
lation is in close agreement with this estimate, offering confi-
dence in the estimated J value. The strong antiferromagnetic
exchange between the Fe(u) centres is due to the very strong
overlap between the d-orbitals of the Fe(m) centres through brid-
ging -O°"- p,/p,/p; orbitals (see Table S117).

The super-exchange between the Fe(ur) centres is also poss-
ible through the bridging -CH=CH- group. To understand
various bridging group contributions to the net exchange
interactions, we have constructed several model complexes
where either the -O*>- bridging atom (Jo) or the -CH=CH-
group (Jeu—cn) is kept and the other is removed/replaced by
point charges (see computational details for the methodology
employed and models used, Fig. S16f). The values of Jo
(exchange through the oxo bridge) and Jep—cu (exchange

through the ethene bridge) are computed to be —117.0 em ™"

and +43.4 cm™", respectively. The above finding suggests that
the antiferromagnetic exchange is triggered via the -O* - brid-
ging atom, while in its absence, the -CH=CH- group is expected
to promote ferromagnetic coupling. This also suggests that when
both groups are present simultaneously, there is a cooperative
enhancement in antiferromagnetic coupling to the tune of
—39.8 cm™ (see the ESI} for details). The spin density plot of the
BS and HS states of P2 suggests that there is a significant spin
density delocalization from both the Fe(m) centres to the bridging
-0”"- as well as to the porphyrin rings (see Fig. 8A and S15%}).
Similar complexes like ethane-bridged bis-Fe(u)--oxo porphyrin
dimer and diethylpyrrole-bridged bis-Fe(m)-p-oxo porphyrin
dimer also show strong antiferromagnetic coupling between two
Fe™ centres having Ji_pe values of —126.6 cm™ and —137.7 cm ™,
respectively.'?”

For P3, the DFT-computed Jre_re and Jre_, values were found
to be —51.9 ecm ™" and —14.0 cm ™", respectively. A significantly
low value of —51.9 ecm™"' is because, upon 1le -oxidation of P2,
the Fe-O bond length (X-ray) increases from 1.78 A (P2) to
1.94 A (P3). Also, the Fe-O-Fe bond angle decreases from
150.9° (P2) to 143.0° (P3, see Table 1). Hence, the significant
increase in Fe-O bond length and a moderate decrease in Fe—
O-Fe bond angle causes a decrease in the Jpep. value as
reported in the earlier magneto-structural correlations.* This
observation is also supported by the computed overlap integral
between the d-orbitals of both Fe(m) centres (see Tables S11
and S127). The orbital overlap figures also suggest that there is
a very weak d(Fe)-p./p,/p.(0>7)-d.:(Fe) overlap in P3 com-
pared to P2, causing a significant decrease in the Jg._pe value

Fig. 8 Ground state spin-density plot of the DFT-optimized structures of (A) P2 (singlet state), (B) P3 (doublet state), and (C) P4 (singlet state). Here,

the bond lengths and angles shown are DFT-computed.
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(see Fig. S14%). Similar results were witnessed in the earlier
report of the cis-ethene-bridged bis-Fe(ui)-p-hydroxo porphyrin
dimer with ClO,~ as the counter anion (cis-[Fe
(OEP)],OH-ClO,), where Jp.p. = —34.0 cm™ " was noted and
affirmed confidence in our chosen methodology."*

For P4, one more interaction was considered, which is the
coupling between two porphyrin n-cation radical spins (J;—). In
this case, the DFT calculations yielded Jpe_re = —106.1 cm™,
Jrer = =26.5 cm™, and J,_, = —3.1 cm ™. From the parameters
obtained, it is evident that the extent of antiferromagnetic
coupling between two Fe(m) centres, ie., Jp. e, decreased in
going from P2 to P3 followed by an increase in P4. This is due
to the fact that the Fe-O bond length increases from P2
(1.78 A) to P3 (1.94 A) followed by a decrease in P4 (1.74 A; see
Fig. S11-S13%). Similarly, the Fe-O-Fe bond angle also
decreases going from P2 (150.9°) to P3 (143.0°) followed by an
increase in P4 (160.6°). The computed J values in P4 are also
supported by the significant overlap integral between the
d-orbitals of Fe metal centres (see Table S13%).

From the molecular structures of these three p-oxo com-
plexes, it is seen that the Fe-O-Fe angle follows the order: di-
ethylpyrrole-bridged bis-Fe(u)-p-oxo porphyrin dimer (151.9°)
> P2 (150.9°) > ethane-bridged bis-Fe(u)-p-oxo porphyrin
dimer (147.9°). The Jge . value is dependent upon this Fe-O-
Fe angle. The greater the value of this angle, the larger the
extent of antiferromagnetic coupling between two Fe(u)
centres. The significant spin delocalization from metal to
ligand was also noted in complexes P3 and P4, giving ground
state spin density, Sy = 1/2 (P3) and St = 0 (P4), respectively
(see Fig. 8B and C).

The computed J values from the DFT calculations were
chosen as an initial estimate in order to perform the yT vs. T
simulations using the program PHL*' The simulated plot
matches well with the experimental yT vs. T plot (see Fig. 6),
while the J values obtained from the simulation are also in
close agreement with the DFT-computed magnetic exchange
values (see Table 3). When we fit the yT vs. T plot without the
guidance from the DFT-computed J values, it also matches
equally well with the experimental plot (Fig. S17%), but the
obtained fits are not often unique and can give unreliable J
values if the number of parameters employed is larger as in
the case of P3/P4. These findings reiterate an established point
that one should attempt to fit the magnetic data with DFT cal-
culations when there are multiple exchange couplings poss-
ible.*> Complexes P2 and P4 were found to be EPR silent due
to the presence of strong magnetic exchange between the para-
magnetic centres, which give an overall S = 0, while the
excited state in P2 (S = 5) and P4 (S = 1) lie more than 40 kJ
mol™" and 8 kJ mol™', respectively, higher in energy (see
Table S167 for spin ladders energies).

Conclusions

In the present work, a bis-Fe(u)-p-oxo-porphyrin dimer P2
where the two porphyrin units are covalently bridged by a rigid
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ethene linker has been utilized to study spin coupling upon
stepwise oxidations. The complex contains a remarkably bent
Fe-O-Fe unit bringing the two porphyrin macrocycles into
close proximity, which results in strong intermacrocyclic inter-
actions between them. As a result, the two cores become
highly distorted and more electron-rich making the system
readily oxidizable with four one-electron oxidations within
the potential window of dichloromethane. After the addition
of 1 molar equivalent in total of the oxidant (iodine-silver
perchlorate), a well-resolved "H NMR spectrum is generated
where the methylene protons are shifted downfield with
respect to that of the parent complex P2. The porphyrin n-cation
radical character of singly oxidized species P3 is indicated by
this large isotropic shift in the "H NMR signals. Upon 2e -oxi-
dation, the nature of the NMR spectra is further changed, where
the upfield shift of the methylene protons is again observed
suggesting strong antiferromagnetic coupling between two Fe
centres in P4. Interestingly, most of the proton signals in P3
and P4 behave differently upon varying the temperature and
follow Curie and anti-Curie behaviour, respectively. Extensive
DFT calculations coupled with ab initio CASSCF calculations on
the ground and the excited states of these species rationalize
the observation of the Curie vs. anti-Curie behaviour observed.
In particular, the Curie plot observed for P3 was found to corre-
late well with the S = 1/2 ground state resulting in large hyper-
fine coupling with *H nuclei. For complexes P2 and P4, the vari-
ation observed was correlated to the strength of the magnetic
coupling.

X-ray structure analysis of the 1e -oxidized complex
revealed a remarkable bent Fe-O-Fe unit with a significant
decrease and increase of the Fe-N,, and Fe-O distances,
respectively, compared with the unoxidized complex. Thus,
le -oxidation brings the two porphyrin macrocycles even
closer to each other, which causes the porphyrin cores to
become more distorted due to stronger intermacrocyclic inter-
action between them. Variable temperature magnetic suscepti-
bility measurement of the polycrystalline samples P2, P3 and
P4 showed that the extent of antiferromagnetic coupling
between the two Fe(ur) centres varies upon oxidation. P2 shows
very strong antiferromagnetic coupling with Jge pe
—130.4 cm™". After 1e -oxidation, this coupling is largely wea-
kened giving the value of —37.8 cm ™", which is also in accord-
ance with the decrease in the Fe-O-Fe angle and increase in
the Fe-O bond length in P3 with respect to P2. The antiferro-
magnetic coupling again becomes stronger in P4 with Jre_pe =
—-116.1 cm™". DFT calculations suggest that both the Fe-O-Fe
bond angle and the Fe-O bond distances play critical roles in
determining the strength of J and all the computed results are
consistent with experimental findings.
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