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The five-coordinate saddle-shaped iron(III) porphyrin com-
plex, Fe(OETPP)CI, has been identified as an admixed (S =3/
2, 5/2) spin electronic structure which can be used as a model
for cytochrome ¢’ (OETPP =dianion of 2,3,7,8,12,13,17,18-
octaethyl-5,10,15,20-tetraphenylporphyrin).I It has also been
conjectured that a saddle deformation of the macrocycle
results in a symmetry reduction, that is, a C,, local symmetry,
to raise the d,._,. orbital energy by spatial mixing of the d,._,
and d_. orbitals as shown by early spin-restricted ZINDO
calculations.” Nevertheless, the definite composition, which
is a mixture of the S =3/2 and S = 5/2 spin states, still remains
debatable.** When the axial ligand is changed from the CI
ion to a weaker ligand ClO,~, Fe(OETPP)CIO, recently has
been characterized by a pure intermediate-spin state (S =3/2)
electronic structure.[*! Generally, the properties determined
by Mossbauer spectroscopy, EPR and magnetic susceptibility
measurements in the series of Fe(OETPP)X (X=Cl, Br, I,
ClO,) complexes are similar to planar five-coordinate iron-
(III) porphyrin complexes.”® However, with careful exami-
nation of their paramagnetic NMR shifts, they exhibit
a distinct difference in the »C NMR shifts at the meso-C
position, which is important for analyzing the bonding
interactions between a metal center and a porphyrin macro-
cycle."" For planar porphyrin ligands, such as high-spin
FeTPPCl (or FeOEPCI), the meso-C signal appears at
a downfield position of 500 ppm (or 380 ppm), and 368 ppm
(or 246 ppm) for the admixed (5/2, 3/2) FeTPPCIO, (or
FeOEPCIO,), respectively (see Table 1; TPP =dianion of
5,10,15,20-tetraphenylporphyrin and OEP =dianion of
2,3,7,8,12,13,17,18-octaethylporphyrin).'"-*! These downfield
shifts at the meso-C atoms have been attributed by Cheng
etal. to interactions between the iron(IlI) d. and the
porphyrin a,, orbitals."

However, for saddled porphyrin ligands, considering the
main skeleton of the macrocycle, the five-coordinate saddle-
shaped Fe(OETPP)CI has a local C,, symmetry, which is
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Table 1: *C NMR chemical shifts d.,, and (isotropic shifts, J;,,) of five-
coordinate complexes.

X meso-C atom a-C atom B-C atom T[K]
Fe(TPP)X[7.H,'IZ,14]
cl- 500 (374) 1200 (1010) 1320 (1150) 303
ClO,~ 368 (246) 438 (287) 634 (502) 302
Fe(OEP)X!

c- 380 (282) 1163 (1015) 1224 (1081) 298
ClO,~ 246 (148) 68 (—80) 398 (255) 298
Fe(OETPP)X! 1>
cl- 456 (337) 525, 642 (378, 495) 973 (829) 298
Clo,~  —47(-166) 188 (41) 249 (105) 298

[a] Oiso = Oops—O4ias diamagnetic shifts were taken from the reference
complexes of Zn(TPP), Zn(OEP), and Zn(OETPP).

lower than the C,, symmetry of five-coordinate planar
iron(IIT) porphyrin complexes. Theoretically, Fe(OETPP)Cl
shall have similar bonding interactions as found for a C,,
symmetry. For example, the downfield shifts of 450 ppm for
the meso-C atom, 525, 642 ppm for a-C atoms, and 973 ppm
for B-C atoms of saddled Fe(OETPP)Cl are similar to those of
planar five-coordinate iron(III) porphyrin complexes with
admixed intermediate-spin states. The concept of d.-a,,
interactions seems to apply to the case of Fe(OETPP)CI for
its downfield-shifted meso-C signal as well. Yet, in the case of
Fe(OETPP)CIO,, the meso-C signal was found at an unusual
upfield position at —47 ppm."*'”l The *C NMR signal for the
meso-C atoms shifted upfield about 500 ppm as the axial
ligand was changed from CI™ to ClO, . This shift is much
larger than the average change of 132 ppm in planar five-
coordinate iron(III) porphyrin complexes bearing the same
axial ligands (see Table 1). This characteristic for the saddled
porphyrin ligand implies that the d.—a,, interaction vanishes
or is greatly weakened when the spin state changes to a pure
S =3/2 state. Normally, the disappearance of bonding inter-
actions was found when the coordination number was altered
as, for example, from a five- to a six-coordinate iron(III)
porphyrin complex.'"”) However, although the crystal struc-
ture of Fe(OETPP)CIO, still shows the five-coordinate
saddled shape with a C,, local symmetry which resembles
Fe(OETPP)CI, obviously the d_.—a,, interaction is not suffi-
cient to simultaneously interpret both saddled complexes.!
This difference between Fe(OETPP)Cl and Fe(OETPP)CIO,
has not been observed for five-coordinate planar iron(III)
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porphyrin complexes in similar spin states so far, but
this change has been postulated because of the differ-
ence in the geometric structures.”!

In this study, we employed density functional
theory (DFT) calculations to correlate the Fe—porphy-
rin bonding interactions with calculated spin popula-
tions, including the total spin, the localized & spin, and
the Fermi contact spin densities on the porphyrin
macrocycle to elucidate these unexpected NMR data.
By comparing the bonding characteristics of planar
and saddled porphyrin ligands, DFT calculations have
been carried out for both planar Fe(TPP or OEP)X
and saddled Fe(OETPP)X (X =CI~ and ClO,") com-
plexes with the ADF program. Molecular orbitals
involving singly occupied a-spin d. ., d., and d,
orbitals are shown in Figure 1. The bonding strength
between metal-d and porphyrin orbitals can be
expressed by the effective orbital overlap, (Fe’™Cl|
P~%), in terms of the product of the spatial overlap of
orbitals between iron(III) chloride and porphyrin
fragments, and their corresponding coefficients. To
a first-order approximation, a negative value for the
effective orbital overlap indicates the antibonding
character of the d molecular orbitals (MOs) of iron-
(TIT) porphyrin complexes, which are given under the
molecular orbital in Figure 1.

For high-spin (§=5/2) planar iron(III) porphyrin
complexes, as expected, the antibonding molecular
orbital including the d,._,. orbital and the porphyrin o-type
molecular orbital has nodal planes at the meso-C atoms (see
Figure 1a) and shows the strongest orbital interaction with
(de_2[Py) =—0.104. In Figure 1b, the typical interaction
between the d. orbital and the porphyrin a,, orbital shows
(d:|P,,)=—0.031 for the high-spin state and
(d.[P,,) =—0.041 for its intermediate-spin state, respec-
tively, demonstrating a high preservation of the d.—a,,
interactions after spin state changes. Other d orbital bonding
interactions for § =5/2 and § =3/2 are collected in Tables S1
and S2 in the Supporting Information.

For saddled Fe(OETPP)CI in the high-spin state, besides
the bonding interaction between the metal d,._,. orbital and
the porphyrin 0-MO with (d. .|P,) =—0.052, the new
interaction between the d.. orbital and the porphyrin o-type
molecular orbital with (d_.|P,) =—0.024 has to be considered
(shown in Figure 1e). Although the d_.-a,, interaction still
exists, the symmetry-allowed bonding interactions between
d.: - and a,, orbitals with (d.._,|P,, ) =—0.054 are four times
stronger than the d..—a,, interactions with (d|P,, ) =—0.013
(Figure 1d and e). As for its S =3/2 spin state, the d._p.—a,
and d_.—a,, bonding interactions for the § =5/2 spin state are
similar in strength as shown in Tables S3 and S4. Importantly,
the d—porphyrin(st) interactions with (d,..d,. |P,)=—0.035
and —0.022 are not only stronger than the (d,..d,.|P,) =
—0.002 of the planar porphyrin, but also greater than its
own d.—a,, interaction. The enhanced d,-porphyrin(m)
interaction induced by the saddled deformation may there-
fore increase the m-positive spin densities at the a-C atoms to
sufficiently polarize the meso-C atoms which then show an
upfield shift in the intermediate-spin state.
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<d2,2|Pe>=-0.104 <d,2|ay>=-0.031

e

<d2,2|Ps>= -0.052 <d,2|ap,>=-0.013
<dy2,2|a2>= -0.054 <dz|Ps>= -0.024
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Planar FePCl

< d.\'z,yz| Pn = -0.002
Saddled FePCl

<dy, | Py>=-0.035
<d,,|P,>=-0.022

Figure 1. Selected a-set molecular orbitals based on spin-unrestricted calcula-
tions show the bonding interactions between iron occupied d and the porphyrin
fragmental orbitals for planar FePCl (S=5/2) complexes (a, b, c) and saddled
FePCl (§=5/2) (d, e, f). The effective orbital overlaps in space are also shown
under each molecular orbital.

To clarify how these bonding interactions affect the
chemical shifts, a detail analysis of the spin distribution on
the macrocycle may reveal the relationship between decisive
Fe-porphyrin bonding interactions and directions of
BCNMR shifts for the significant carbon atoms of the
macrocycle, and most importantly this analysis gives the
chance to elucidate all components of the paramagnetic NMR
shifts. The well-known shift terms of paramagnetic NMR
shifts for $=5/2 have been defined by the following
Equations (1-7) for *C NMR shifts,!!41718]

Oobs = Odia + Oiso )
Oiso = Ocon + Odip = Ocon + 63?};0 + (%{pc 2)
o HBIGE D, G)
B —%pﬂ = —1359(22%) x D x o7 4)
oMe — —%%; - —0.1256<££IE cm3) %D x G (5)
G= {—(3 cos;e — 1)} /(10°")em™? (6)
SC /oY = % Miﬁ%” — 10820(em™) x (p°/G) )

where 0, is the observed NMR shift and dg;, is a diamagnetic
reference. The isotropic shift, d,, includes two contributions
known as the contact term, which originates from the spin
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delocalization from metal-d orbitals through bonds into the
nuclei of observed atoms, and two types of pseudo-contact
dipolar terms, which are interactions through space including
the metal-centered dipolar term (62’:§2, that is, the inter-
action between the spin at the metal and any distant atom of
the macrocycle, and the ligand-centered dipolar shift 65;5' ,
that is, the interaction between the observed carbon and its
own 7i-spin densities. The contact shift (J,,,) is formulated by
McConnell considering a normalization by 2S5, where §
denotes the total spin, p, refers to the unpaired spin density
at zero distance from the nucleus, 4, is the vacuum perme-
ability (4mx 1077 J'T?m?), g, is the free-electron g-factor
(2.0023), up is the Bohr magneton (9.2740x 107 JTY), D is
the zero-field splitting, kg is the Boltzmann constant, and T is
the absolute temperature (298 K for this study)."” In the two
pseudo-contact terms, gy is the g-factor of the nucleus (g for
a *C atom is equal to 1.4048), By is the nuclear magneton
(5.0508 x 1072 JT!), 2I1 refers to the z component of the
dipolar interaction for a unit of unpaired spins residing in
a 2p, carbon orbital (214 MHz), G is geometric factor, and p”
denotes the m-spin density at the observed carbon. These
paramagnetic shifts can be simplified to relate only to the
geometric factor, zero-field splitting, m-spin density, and
Fermi contact spin density.

The net spin populations, m-spin densities, and Fermi
contact spin populations on each symmetry-distinct atom type
for a series of five-coordinate iron(III) porphyrin complexes
in both high-spin and intermediate-spin states are summar-
ized in Table 2. The separation of the m-spin density from the
total spin densities at all interesting carbon atoms will facilely
assist to analyze the bonding types. For example, the total net
spin populations are almost equal to their corresponding m-
spin densities at the meso-C atoms in both high-spin and
intermediate-spin states for all planar five-coordinate iron-
(III) porphyrin complexes, ensuring that the d_.—a,, bonding
interaction is dominant relative to the spin delocalization at
the meso-C atoms. By contrast, for saddled porphyrin ligands,
Fe(OETPP)Cl and Fe(OETPP)CIO,, the distinct difference is
that the spin populations at the meso-C atom become
negative in the intermediate-spin state. With the empty
d,._,. orbital, the spin transfer through d,._,.—a,, interactions
will not exist any longer, thus, the spin populations at the
meso-C atoms shall reasonably decrease. Meanwhile, the
greater d,—porphyrin(;) orbital interaction is evidenced by
high mt-spin densities residing at a-C and 3-C atoms relative to
high-spin Fe(OETPP)CI. Therefore, the meso-C atom can be
polarized by adjacent a-C atoms. This is consistent with the
observed highly alternant shifts of the ethyl group, that is,
a signal at —66 ppm for the -CH,- group and a downfield-
shifted signal at + 220 ppm for the -CH; group are found in
the CNMR spectrum which reflects hyperconjugation
interactions induced by the B-C m-spin densities."® In
addition, it is most important for the calculated m-spin density
to evaluate the corresponding pseudo-contact shift.

The Fermi contact spin densities (o,5) of DFT spin-
unrestricted calculations are able to qualitatively describe the
direction of paramagnetic shifts to distinguish the determined
ground state from many electronic structures.’*¥ This term
is also successfully related to the isotropic shifts with neat
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Table 2: Net spin populations and (r-spin densities, obtained from p,

orbitals which are reassigned the z axes to perpendicular to their sp® plane
in calculations) and [the Fermi contact spin densities (0,)] in the order of

10~ on each symmetry-distinct atom type of five-coordinate iron(l11)
porphyrin complexes from unrestricted DFT calculations.

Symmetry, Fe meso-C atom a-C atom B-C atom
spin state
FeTPPCI
Ca 5/2 4.0329 26.9(22.0) [3.4] —0.8(—3.4)[5.8] 9.8(4.7)[6.4]
Cy 3/2 2.5809 15.7(18.8) [2.7] —0.1(—1.3)[-2.7] 4.5(1.0)[0.0]
FeTPPCIO,
G, 3)/2 2.6662 9.5(9.2)[1.6] 5.6(6.2)[—2.3] 14.7(13.2)[0.4]
FeOEPCI
Cy4y 5/2 4.0353 19.9(19.6)[2.7] —0.2(—3.4)[5.5] 11.5(5.8)[6.0]
Cu, 3/2 2.5920 13.1(12.1)[2.0] 1.2(1.2)[-2.4] 5.2(5.4)[0.4]
FeOEPCIO,
G, 3)/2 2.6430 5.3(5.8)[0.9] 5.6(6.1)[—2.2] 19.1(17.5)[1.4]
FeOETPPCI
Gy, 5/2 3.9560 24.0(21.6)[2.9] 9.2(3.1) [5.4] 15.7(10.4)[6.5]
G, 3/2 2.6291 —6.2(—3.7)[-0.2] 6.4(2.8) [1.0] 5.9(5.3)[1.4]
FeOETPPCIO,
G, 3/2 2.6467 —9.0(—6.3)[—0.7] 10.8 (8.9)[1.0] 20.4(17.4)[2.4]

linearity in many metalloporphyrin molecules, but it lacks
a connection to the metal-porphyrin bonding interactions and
completely neglects the pseudo-contact contributions because
in the analyses of *C NMR data at a-, -, and meso-C atoms,
the contact shifts were thought to be more considerable than
dipolar contributions.?*%!

In our cases, the calculated Fermi contact spin populations
(04p) of a-, -, and meso-C atoms are given in square brackets
in Table 2. In high-spin Fe(TPP)CI or Fe(OEP)ClI, the a- and
B-C atoms show the highest Fermi contact spin densities.
These densities are two times higher than that at the meso-C
atom which has the highest m-spin density. In the correlation

graph of the Fermi contact spin density versus
(dio—experimental 9y") the data of the meso-C atoms were

excluded to show the effects induced by the highest m-spin
densities in the chemical shifts (Figure S1). All data points are
found very close to the regression curve, which implies that
most atoms have negligible pseudo-contact shifts. Consider-
ation of the meso-C atoms in this correlation diagram leads to
data points which deviate from the regression curve and show
a considerable deviation along the x axis. We regard these
deviations as the ligand-centered dipolar contributions, which
were calculated to be about —248 ppm in FeTPPCl and
—209 ppm in FeOEPCI for the meso-C atoms. Accordingly,
the corresponding contact shifts are determined from the
slope to be about 601 and 473 ppm (Table S5). The zero-field
splitting was derived to be about 8 cm™ by including the
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calculated m-spin densities in the equation for the ligand-
centered dipolar shift. This value is close to the values derived
from variable-temperature "H NMR spectra.

This successful division of the isotropic shifts shows that
the ligand-centered dipolar shifts at the meso-C atoms in the
high-spin state determines about 40 % of the contact shifts in
magnitude. The large contact shifts of a- and $-C atoms were
mainly attributed to the effect of the unpaired spin in the
d,._,. orbital which is directly delocalized through the Fe—
porphyrin o-bonding MO distributions and penetrates into
the corresponding nuclei. The less positive contact shifts of
the meso-C atoms have been attributed to spin polarization
from highly positive m-spin densities to the electrons in the
1s orbital. In the calculations of intermediate-spin states, -
and B-C atoms shall presumably shift upfield without an
unpaired existed spin in the d,._,» orbital. The negative Fermi
contact spin population at the a-C atom is ascribed to spin
polarization by a m-spin density localized at the vicinal
pyrrole-N, 8-, and meso-C atoms. The —80 ppm of isotropic
shifts at a-C atoms of Fe(OEP)CIO, can be explained by
more S=3/2 spin state mixed in Fe(OEP)CIO, than in
Fe(TPP)ClO,, which is in accord with temperature-dependent
magnetic susceptibility data.”” In these examples of five-
coordinate iron(IIT) porphyrin complexes, the *C NMR shifts
of the carbon atoms with certain m-spin densities have
significant ligand-centered dipolar contributions.

Likewise, as for saddled systems, the calculated Fermi
contact spin densities of the a-, -, and meso-C atoms in high-
spin Fe(OETPP)CI are all positive and truly reflect the
relative magnitude of the isotropic shifts. As expected, the
meso-C atoms of S=3/2 Fe(OETPP)CI or Fe(OETPP)CIO,
display negative Fermi contact densities and further support
the d,—P(m) interaction which is greater than the d.-a,,
interaction in pure intermediate-spin Fe(OETPP)CIO, (P =
dianion of porphyrin with planar or saddle shape). Because of
the lack of experimental 62’!5‘ data, the isotropic shifts were
directly related to the Fermi contact spin densities. In the
correlation plot, only the data of the a- and 3-C atoms cause
a considerable x-axis deviation relative to the regression
curve, for which data from the a- and B-C atoms were
excluded (see Figure 2).

The pseudo-contact shifts for a- and 3-C atoms are about
—100 and —300 ppm, respectively, and their corresponding
contact shifts are around 178 and 416 ppm as estimated from
the slope of the correlation graph. The ratio of the relative
magnitudes between g and 9", namely [(0"/G) x 10820],
display their ligand-centered dipolar shifts are about 19 times
higher than metal-centered dipolar shifts at the $-C and about
three times for the a-C atoms. On the basis of these data, their
corresponding ligand-centered dipolar shifts are presumably
greater than the x-axis deviation mainly because of the
mutually opposite signs of these two dipolar terms. Their
dipolar contributions can be separated to calculate the zero-
field splittings of 87 and 104 cm™! from the data for the -C
and a-C atoms, respectively, based on the pseudo-contact
equation for the S=3/2 spin state (see the text in the
Supporting Information). These two values show a small
difference in the calculated metal-centered dipolar shifts for
all atoms and a gap of 25-68 ppm in the ligand-centered
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Figure 2. Correlation between the calculated Fermi contact spin den-
sities at each symmetry-distinct atom type and the experimental
isotropic shifts of Fe(OETPP)ClO, with a slope of 5.81x107° auppm™,
R?=0.942 (excluding the data of a- and 3-C atoms).

contributions for a-, 3-, and meso-C atoms. The complete data
concerning experimental geometric factors, 'H NMR, calcu-
lated metal-centered dipolar shifts, and contact shifts
obtained from detailed NMR analysis of Fe(OETPP)CIO,
are collected in Table S6. In the case of intermediate-spin
Fe(OETPP)ClO,, the contribution of the ligand-centered
dipolar shifts to those carbon atoms with high n-spin densities
becomes significant for the total chemical shifts. Although the
extent of the calculated ligand-centered dipolar shifts for a-
and (-C atoms can be up to 80-90% of the corresponding
contact shifts, ligand-centered dipolar shifts can also have the
opposite sign which eventually leads to a mutual cancellation
in the paramagnetic shifts. Thus, the small range of chemical
shifts for Fe(OETPP)CIO, with S=3/2 is completely under-
stood.

In summary, the unrestricted DFT-based calculation
presents explicit results in handling spin polarization for
many open-shell metalloporphyrins. In our study, the com-
pelling correlation between theoretical calculations and NMR
spectroscopy of paramagnetic molecules is successfully
inspected by MO bonding interactions and analyses of
different spin populations. It is worth to mention at this
point that the downfield shifts of meso-C atoms for all § =5/2
five-coordinate iron(III) porphyrin complexes may not only
be due the d_.—a,, interaction. Herein, we have shown that the
unpaired spin in the d,._,. orbital, which has been seen as the
conventional o-type orbital, is also able to transfer its spin to
the porphyrin macrocycle through d,._ .-a,, bonding under
saddled deformation. In the cases of Fe(OETPP)Cl and
Fe(OETPP)CIO,, this d,._,.—-a,, bonding interaction plays an
important role in adjusting spin delocalization within the
metal-porphyrin complex as a spin-switch at meso-C atoms,
and interestingly, a series of the synthetic monoimidazole
Fe™(OETPP) complexes with intermediate-spin states have
BBC NMR spectra similar to Fe(OETPP)CIO,,'" which can be
rationalized by the same bonding interactions. However,
although the d,._p.-a,, interaction has been found in six-
coordinate saddled Mn™ or Fe™ porphyrin complexes, their
d,._,» orbitals are all empty and thus it is difficult to evaluate
their influence by NMR spectroscopy.”?*?"! The most impor-
tant conclusion that can be drawn from the above results is to
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disclose the trend in the antibonding strength for saddled five-
coordinate porphyrin complexes: d,_,.—a,,>d,—porphyr-
in(m) > d_.—a,,, which is the key reason for the conversion of
spin populations at meso-C atoms to be negative in the
intermediate-spin state.

Another important conclusion from the preceding dis-
cussions is that the paramagnetic NMR shifts can be success-
fully divided into their component contributions based on the
calculated Fermi contact spin and m-spin densities. As the
major part of our continuing research interest, here we have
demonstrated that the symmetry-controlled bonding inter-
action may play an important role in adjusting spin densities
on the macrocycle of natural hemoproteins.
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