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Iron porphyrins with the intermediate spin S = 3/2 or admixed with S = 5/2 and 1/2 are models
for a number of heme protein systems,1:2 including cytochromes c'. They have been intensely
investigated experimentally.1-17 In particular, the 5’Fe Méssbauer quadrupole splittings

and 1H and 13C NMR chemical shifts were found to be useful probes for their electronic states.
However, specific relationships between these spectroscopic properties and geometric
parameters have not been reported. There are also no reports of quantum chemical calculations
of these important spectroscopic probes in S = 3/2 iron porphyrins, except for our recent work
on the Mdssbauer properties of one of such complexes.18 In addition, their electronic states
are under debate. While the early work suggested an electronic configuration of
(dxy)?(dxz,dy2)%(d72) (dxo-y2)° for S = 3/2 ferric porphyrins,! the more recent experimental
work? discovered two possibilities, with this early proposed electronic state for saddled iron
porphyrins and a new electronic configuration of (dy;,dy;)3(dxy)}(d;2)(dxz-y2)° for ruffled
ones. However, a recent theoretical study proposed an opposite assignment of these two
electronic states.1?

Here, we present the results of the first quantum chemical calculations of the Mdssbauer and
NMR properties in various S = 3/2 iron porphyrins and their interesting new correlations with
geometric and electronic properties. As shown in Table 1, the S = 3/2 complexes investigated
here cover all possible coordination states of iron porphyrins: four, five, and six, as well as the
commonly seen porphyrin conformations: planar, ruffled, and saddled.3-5:7:9-14,16,17 |
addition to almost pure S = 3/2 complexes (1, 3, 4, 5), the one containing 20% S = 5/2 state
(2) as well as the one related to those having spin crossover with S = 1/2 (6) were studied. A
couple of spin admixed complexes with mostly S = 5/2 features (7, 8) were also calculated for
comparison. Experimental x-ray structures were used in all calculations using the DFT method
that previously gave accurate predictions of Mossbauer quadrupole splittings (AEq) and isomer
shifts (8gc)18:20 and NMR IH and 13C hyperfine shifts?! for metalloproteins and models.22

Clearly, as seen from Table 1, the computational results support experimental findings that the
Méssbauer quadrupole splittings and 1H and 13C NMR hyperfine shifts are sensitive probes
of the spin states (S = 3/2 vs. 5/2 or 1/2), since for each of these complexes, only the calculated
results from using the correct spin state for the x-ray structure are in good agreement with
experimental spectroscopic data. As illustrated in Figure 1A, calculations of the experimental
AEq results®10:12-14.17 have a theory-versus-experiment correlation coefficient R? = 0.99 and
a standard deviation of 0.12 mm/s or 2.9% of the whole experimental range from 0.95 mm/s
to 5.16 mm/s. These results extend previous computational work on iron-containing proteins
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and models!8:20 to a total experimental range of 8.80 mm/s with R2 = 0.98, Figure S1. The
experimental Mdssbauer isomer shifts were also well reproduced, Table 1. However, these
data are insensitive to spin states and they only display a small range (see Figure 1B), which
precludes its use as sensitive probes for these complexes. The 1H NMR chemical shifts of
pyrrole protons have long been recognized as good indicators of spin states in spin admixed
312, 5/2 complexes,312:13,15 qye to different spin density distributions between the
intermediate and high spin states, which will affect the observed NMR hyperfine shift
(3pf*P), a major component of the NMR chemical shift that is proportional to spin densities.
21,22 For porphyrins with substituents on the pyrrole proton positions, such as OEP and OETPP,
the experimental NMR hyperfine shifts of the —CH, group of the ethyl substituents*7+9:10
(8pC%) were also investigated. As shown in Table 1 and Figure 1C, the experimental 1H NMR
hyperfine shifts covering a range of 122.7 ppm were accurately predicted with R? = 0.99. The
predicted 13C NMR hyperfine shifts for porphyrin a-, B-, and meso-carbons (5%, 8pt°P,
3rC™) are also in good agreement with experiment. Overall, the NMR predictions for these S
= 3/2 systems are in the same trend line of previous calculations of proteins and models with
other spin states,2 Figure S2. These results provide a solid basis for using DFT calculations
in investigating S = 3/2 ferric porphyrin systems.

Since these results represent the first successful calculations of experimental Mdssbauer and
NMR properties for a good variety of S = 3/2 iron porphyrins, we next investigated the
relationships between these sensitive experimental probes and the structural features.
Interestingly, the Mdssbauer quadrupole splittings in these porphyrins (1-8) were found for the
first time to have good correlations with the average bond lengths of iron and pyrrole nitrogen
bonds, Reen. Although most complexes studied here have intermediate spins and only two are
high spin species, this correlation can be extended to other high spin iron porphyrins and heme
proteinl® (9-12: Table S2) as well. As depicted in Figure 1D, large quadrupole splittings are
correlated with smaller Fe-N bond lengths with R? = 0.93 and this correlation is independent
of coordination states and porphyrin conformations. It should be noted that the Méssbauer
quadrupole splittings are also correlated well with other useful experimental spectroscopic
properties, such as pyrrole proton NMR shifts and the magnetic susceptibilities.}® Therefore,
the quantitative relationship with Fe-N bond lengths may help structural investigations of the
S = 3/2 and 5/2 heme proteins using a number of experimental techniques.

It is also interesting to note that among the S = 3/2 ferric porphyrins investigated here with
three porphyrin coordination states (four, five, six) and three common porphyrin conformations
(planar, ruffled, saddled), there are only two general trends of the porphyrin 13C NMR
hyperfine shifts based on both experimental and computational results and the trends were
found to depend on the porphyrin conformation, not the coordination state: 8pC* < 5P <
3™ for planar and ruffled complexes, and the opposite trend of 8% > 5,{CP > ,{C™ for
saddled ones (see Table 1). This indicates an important effect of the porphyrin conformation
on the electronic structures as discussed below. Previous work*:8:19 suggests that the relative
ordering of dyzy; (or d;) vs. dyy can affect the 13C NMR hyperfine shift trends in the ruffled
and saddled S = 3/2 iron porphyrins. Unfortunately, controversial results were obtained in the
past.#8:19 To resolve this problem and understand the above new observations of the 13C NMR
hyperfine shift trends in these intermediate spin ferric complexes with more varieties of
porphyrin structures, we investigated all of the wavefunctions from above successful
calculations. As shown in Figures 2A, 2E, 21, 2M: S3A, and S4A, a common outcome of all
these S = 3/2 complexes is that dyo.y» is of the highest energy, supporting previous work 14
8,19 However, as a result of the current comprehensive investigation, more possibilities of
frontier MO orderings were discovered than before:

1) dyo.y2 > dy > dyy > d;o for complexes 1, 3, and 4, see Figures 2A-D, S3A-D, S4A-D,
respectively
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2) dyo.y > dzp > d > dyy for complex 2, see Figure 2E-H
3) dxo.y2 > dyy > dy > d;, for complex 5, see Figure 2I-L
4) dyo.yp > dyy > dzp > d for complex 6, see Figure 2M-P

Based on these results, it seems that the MO ordering does not depend on the coordination
state. In contrast, the porphyrin conformation was found to play an important role as shown in
Figures 2 and S3-4. This is consistent with the above observations of the 13C NMR results. Of
particular interest is that, though altogether a number of different frontier MO orderings were
discovered here, there are only two orderings concerning the iron d, and dyy orbitals:, d, >
dxy in planar and ruffled complexes and the opposite trend of d,; < dy, in the saddled ones,
Figure 2. This kind of porphyrin conformation dependence is again the same as with the
porphyrin 13C NMR hyperfine shifts, suggesting that the porphyrin conformation affects the
relative ordering of d; and dy orbitals, which are responsible for the observed porphyrin 13¢
NMR results. This is because among the three types of occupied iron d orbitals (d, dyy, d;),
only d, and dyy orbitals have significant contributions to the spin densities in the porphyrin
ring, while the d, orbital mainly influences axial ligands. Another interesting new observation
is that the d,, ordering depends on the Fe-N distance. As shown in Figures 2 and S3-4, among
the planar and ruffled S = 3/2 complexes, d,, is usually of the lowest energy when Reey iS
small, due to the weaker interaction along the z-axis compared to the stronger ones in the x-y
plane from shorter Fe-N contacts. However, when Reey is long (> 1.975 A), d,» is higher than
d, as usual. The same kind of dependence of d,, on Rgen Was also found with the saddled S =
3/2 porphyrins, see Figure 2.

Overall, the results presented above should facilitate future investigations of related iron
porphyrins and heme proteins.
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Figure 1.

A. Computed Mdssbauer quadrupole splittings vs. experimental data. B. Calculated Mdssbauer
isomer shifts vs. experimental results. C. Calculated TH NMR hyperfine shifts vs. experimental
data. D. Relationship between AEq and Rren. Blue and green data points are from this work
and black data points are from previous work, refs 18 and 20.
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Figure 2.

Summary of the structural dependence for porphyrin 33C NMR trends and MO orderings and
the isosurface representations of a-LUMO (A), a-HOMO-2 (B), p-HOMO-3 (C), and a-
HOMO-12 (D) for 1, a-LUMO (E), a-HOMO-1 (F), a-HOMO-2 (G), and a-HOMO-12 (H)
for 2, a-LUMO+1 (1), B-HOMO (J), a-HOMO-2 (K), and a-HOMO-5 (L) for 5, a-LUMO+2
(M), a-HOMO (N), a-HOMO-2 (O), and a-HOMO-3 (P) for 6, with contour values = + 0.02,
0.02, 0.04, 0.04, 0.02, 0.02, 0.02, 0.04, 0.02, 0.02, 0.04, 0.04, 0.02, 0.01, 0.02, and 0.02 au,
respectively.
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