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The iron(III) azido complex of 5,10,15,20-tetraisopropylporphyrin was characterized with NMR, EPR, Mossbauer,
and magnetic susceptibility. These physical methods indicate mixing of the high (S = 5/2) and intermediate (S = 3/2)
spin-states of the iron atom. The results were interpreted in terms of the core contraction after nonplanar deformation of
porphyrin ring by the bulky isopropyl substituents. In the IR spectrum of this complex, there are two signals at 2062 and
2048 cm™! due to the antisymmetric vibration of the coordinated azido ligand. The split IR bands demonstrate that the
two spin isomers are present, and that the S = 5/2 and 3/2 transition occurs sufficiently slow on the IR timescale. This is
in remarkable contrast with the homogeneous spin-mixing model proposed for the S = 5/2 and 3/2 system. The present
observations further suggests that the three S = 5/2, 3/2, and 1/2 states in iron(IIl) porphyrin commonly mix through
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thermal spin equilibrium.

Porphyrin is a biological pigment found in hemoprotein as
the prosthetic group. The relation between porphyrin structure
and biological activity of the protein has been the subject of
continuing interest. The flat macrocycle is not necessarily rigid
and tends to deviate from planarity by structural perturbations.
The heme in protein, for example, is nonplanar due to steric
constraints in the crowded protein pocket.! The porphyrin-
placed outside protein pocket could be still deformed if bulky
substituents are peripherally attached. The enforced deforma-
tion by large-sized substituents is typically found in dodeca-
substituted porphyrins and 5,10,15,20-(tert-butyl)porphyrins.?

Distortion in porphyrin macrocycle contracts the coordina-
tion core to affect the electronic state of the iron atom. Ikezaki
and Nakamura have reorted that the common (d,))*(dy, d,;)?
configuration of iron(Il) changes into the less common
(dxy)'(dxz, dyz)4 configuration in a ruffled heme.? They have
further found a novel type of equilibrium between the low-spin
(§ = 1/2) and intermediate-spin (S = 3/2) states for a saddled
heme.*> Another interesting observation in nonplanar iron(IIT)
porphyrin is the coexistence of the intermediate- (S = 3/2) and
high-spin (S = 5/2) states. The mixing of the S = 5/2 and 3/2
states in ordinary iron porphyrin is induced only by bulky and
weak axial-ligands, such as ClO4~ and C(CN)3;~,%® and the
small chloride ligand brings about the high-spin state. How-

ever, the spin-mixing occurs with a chloride ligand when the
heme plane is nonplanar.>'”

The S = 3/2 state of hemoprotein is found in cytochrome ¢’
and horseradish peroxidase.!!"'?> Maltempo and Moss have pro-
posed a theoretical model, in which the S = 5/2 and 3/2 states
couple through spin—orbit interaction to create a new and dis-
crete ground-state in these hemoproteins.'> Quantum mechan-
ical spin-coupling is different from spin crossover in that the
resultant state is homogeneous in the former, whereas it is
heterogeneous in the latter. The Maltempo model has been
frequently postulated for the iron(III) porphyrins in the mixed
S = 5/2 and 3/2 state.®” Ohgo et al. have recently shown for a
saddled iron(IIl) porphyrin that the S = 5/2 and 3/2 states are
in thermal equilibrium below 5 K.'* We have recently demon-
strated another example of the S = 5/2 and 3/2 equilibrium
for iron(Il) azido complex of porphycene, a porphyrin iso-
mer."> In the porphycene, the S =5/2 and 3/2 equilibrium
is observed over a wide temperature range below 300 K. These
results are in remarkable contrast with the Maltempo model."?
However, this may be limited to porphycene'> and a highly
deformed heme at extremely low temperatures.'* One could
argue that quantum mechanical spin-couling!? still holds true
for other porphyrins. Accordingly, the further understanding
of spin admixing process is necessary for iron porphyrins.
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Fig. 1. (Upper) Proton NMR spectrum of [FeNj(tiprp)],

(inset) in CD,Cl, at 298 K. (Lower) Temperature depen-
dence of the NMR shifts. The solid curve for the pyr-
role-H shift (@) is the theoretical fit calculated with the
parameters in the text. The shifts for the CH and CHj
protons are indicated with A and M, respectively.

The main focus the present work is exploration of the mech-
anism by which the spin states are admixed. We studied
(5,10,15,20-tetraisopropylporphyrinato)iron(III), [Fe(tiprp)]'®!”
(Fig. 1, inset), because the compound has close structural rele-
vance to other nonplanar porphyrins where the S =5/2 and
3/2 mixing has been evoked.”!® We present here detailed char-
acterization of the azido derivative [FeNs(tiprp)]. Although the
results contain contradictory results between the magnetic and
vibrational measurements, elucidation on the timescale of the
physical methods consistently showed that the S =5/2 and
3/2 states in iron(IlI) porphyrins are in thermal equilibrium.

Materials and Methods

Tiprp and [FeNj;(tiprp)]. 5,10,15,20-Tetraisopropylporphy-
rin [Hy(tiprp)] was prepared by using the following procedure.
Pyrrole (4.2mL) and isobutyraldehyde (5.6 mL) were added to
propionic acid (300 mL) containing water (6mL) at 100°C in
beaker covered with a glass plate. The solution was stirred at
100°C over 2h and cooled to room temperature before addition
of chloroform (450mL). The mixture was washed with dilute
aqueous sodium hydroxide (0.1M, 450mL x 2) and water
(450mL x 2) to remove propionic acid. Chloranil (4.5g) was
added to the chloroform solution, and the solution was stirred at
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60°C for 30 min. Methanol (150 mL) was added to the cooled
chloroform and air was bubbled into the solution for 1h. The
organic mixture was evaporated to dryness, and the residue
was washed on a centrifuge with small portions of methanol
(10mL x 10) to eliminate tar. The crude porphyrin was purified
on a silica-gel column with chloroform, and the solvent was
evaporated to dryness. Thin-layer chromatography at this stage
showed two porphyrin-like bands. The residue was then further
purified on a silica-gel column to separate off an unidentified by-
product. Elution with chloroform—acetic acid (10:1, v/v) removed
the by-product. The main product was then eluted as the second
band with chloroform—pyridine (20:1, v/v), washed with water,
and the solvent was evaporated to dryness. The porphyrin was
then crystallized from chloroform-methanol (1:1, v/v). Yield
396 mg (5.4% yield). Anal. Calcd for Cs;HsgNy: C, 80.29; H,
8.00; N, 11.71%. Found: C, 79.86; H, 8.12; N, 11.90%. MS: m/z
478. THNMR (400 MHz, CDCl3, 8): 9.50 (s, 8H, pyrrole-H), 5.36
(sept, 4H, a-CH), 2.36 (d, 24H, B-CH3), —1.73 (br s, 2H, NH).

A dimethylformamide solution (20 mL) containing tiprp (100
mg) and FeCl,.4H,0 (300mg) was heated at 85°C for 30 min
under nitrogen to afford the iron complex. The cooled solution
was bubbled with air to oxidize the iron, mixed with chloroform
(50mL), washed with brine (S0mL x 4, pH 5 with HCI), and
evaporated to dryness. The crude [FeCl(tiprp)] was passed through
a silica-gel column with chloroform-methanol (20:1, v/v). The
purified [FeCl(tiprp)] was dissolved in benzene, vigorously mixed
overnight with 5 M aqueous NaN;!8 to afford [FeNj(tiprp)]. For-
mation of [FeNjs(tiprp)] was confirmed with the 'HNMR spec-
trum, in which the hyperfine-shifted peaks of [FeCl(tiprp)] were
replaced with those of [FeNj3(tiprp)]. [FeNs(tiprp)] was recrystal-
lized from benzene. Anal. Calcd for Cs3;HsgFeN;: C, 66.90; H,
6.32; N, 17.07%. Found: C, 67.20; H, 6.67; N, 17.36%. MS:
m/z 574.

Physical Measurements. 'HNMR spectra at 300 MHz were
recorded on a JEOL LA300 with a temperature variation unit, and
chemical shifts were referenced to the residual peak of CD,Cl, at
5.32ppm. The X-band EPR spectra were recorded on a Bruker
E500 spectrometer equipped with an Oxford helium cryostat. IR
spectra were obtained on a Digilab FTS-7000 spectrometer equip-
ped with an Oxford cooling unit.'"” The IR curve-fitting was car-
ried out after Lérenz-Fonfria and Padrés.?’ 7Fe Mossbauer spec-
tra were measured on a Wissel Mdssbauer spectrometer system.
The sample was kept in a gas-flow cryostat and 3’Co(Rh) source
was kept at room temperature. Isomer shifts g, was referenced to
a-iron at room temperature. Solid-state magnetic susceptibilities
were measured over a temperature range of 5-300K at 1T on a
Quantum Design MPMS-7 SQUID magnetometer. The data were
corrected for both the diamagnetism of the basket and molecule
Pascal’s constants.

Results

'HNMR, EPR, and Méssbauer. We monitored the mag-
netic properties of [FeNs(tiprp)] with 'HNMR. Figure 1
shows the NMR spectrum at 298 K where a set of pyrrole-H
(=2, 3,7, 8, 12, 13, 17, 18H), «-CH (=5, 10!, 15!, 20'H),
and B-CH; (=52, 102, 15%, 20°H) signals were observed at
83.4, 24.6, and 8.2 ppm, respectively. The assignment is based
on the NMR results of a related compound [FeCl(tiprp)].'®
The pyrrole-H shift of 83.4 ppm is consistent with a 5-coordi-
nate high-spin iron(IIl) complex.?! However, the pyrrole-H
signal did not follow the Curie law, and the 1/7 dependence
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Fig. 2. EPR spectrum of frozen dichloromethane solution
of [FeNj(tiprp)] with g = 5.44 and 1.99 at S5K.

was nonlinear. Similar NMR results have been reported for
Fe(tiprp)X (X = Br and I),%? for which the Curie plots are also
markedly nonlinear. The similarity likely comes from the close
ligand-field splitting parameters among N3~, Br~, and I~
ions.”> The unusual NMR behavior in Fig. 1 suggests that
[FeNs(tiprp)] is not in a pure high-spin state.

Figure 2 displays the EPR spectrum of [FeNs(tiprp)] record-
ed at 5K. The spectrum shows nearly axial symmetric spec-
trum with g, = 5.44 and g = 1.99 signals. The g, value is
between those of the typical high-spin (g, = 6) and intermedi-
ate-spin (g, = 4) species. Another notable observation is the
significant temperature dependence; the EPR spectrum broad-
ened out above 10K and provided no observable signals at
77 K. This is in contrast with ordinary iron(III) high-spin heme
complexes that exhibit clear high-spin EPR signals at 77 K.2*

We recorded Mossbauer spectra to further examine the
anomalies as inferred from the NMR and EPR. In Fig. 3 are
shown the Mossbauer spectra of powder [FeNj;(tiprp)] at
290 K. The isomer shift was Sg. = 0.31 mms~' and quadru-
pole splitting was AE; = 1.00mms~!. The AE, is intermedi-
ate between 0.8 and 3.2, which are typical value for the S =
5/2 and S = 3/2 states, respectively.?> The Mossbauer param-
eters were temperature dependent, and gradually changed to
8re = 0.39mms~! and AEq = 1.07mms™! at 77K.

Magnetic Susceptibility. Magnetic moment provides
the direct and quantitative evaluation of the metal center.
Figure 4 shows the magnetic susceptibility of microcrystalline
[FeNj3(tiprp)] recorded over a temperature range of 5-300 K.
The effective magnetic moment was 5.43 g at 290K and
gradually decreased to 5.05 iy at SOK. The values are inter-
mediate between 5.92 and 3.87 g of the pure S =5/2 and
3/2 states, respectively.

Analysis of Isotropic Shifts. The unusual pyrrole-H shift
for [FeNs(tiprp)] in Fig. 1 was quantitatively analyzed on
the basis of a two-state model. The observed isotropic shift §
consists of diamagnetic and isotropic contributions.?! A pyr-
role-H shift of 9.5-ppm, estimated from the free base spectrum,
was employed as the diamagnetic reference. Thus, we obtained
§—95= (Y(SI + (1 — (X)(SH, where 81 = A/T and 811 = B/T
are the isotropic shifts of the states I and II, respectively. Con-
stants A and B define the slope of straight lines in the Curie
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Fig. 3. (Upper) Solid-state Mdssbauer spectra of [FeNs-

(tiprp)]. (Lower) Temperature dependence of quadrupole
splitting AE, and isomer shift Jg.

plots, and « and (1 — &) represent the fractions of the I
and II components. The isotropic shift is subsequently ex-
pressed as § — 9.5 = a(A/T) + (1 — &)(B/T), and the equilib-
rium constant is formulated as K = [I]/[lI] = «¢/(1 — &) =
[A—T(@ —9.5)]/[T(6 —9.5) — B]. We can write the van’t
Hoff equation InK = —AH/RT + AS/R as

A—T(3—9.5)_AH1 AS

"T6-95-B RT R 1

The observed pyrrole-H shifts § in Fig. 1 were analyzed
with the van’t Hoff formalism. Parameters A and B were varied
at 10ppm K intervals in a (A, B) = (50000 to 20000, —5000
to —30000) region to look for an (A, B) set that gives rise to
the best linear correlation. We employed for this analysis
the computer program that was used to analyze the thermo-
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Fig. 4. Temperature dependence of the effective magnetic
moments of microcrystalline [FeN3(tiprp)].

chromism and isotropic shifts in hemoproteins.?62” The best
linear correlation was obtained at (A, B) = (23870, —15800)
with a correlation coefficient 0.99984, corresponding to
AH = —1280calmol~! and AS = —10.3 calmol~' K~!. The
solid curve for the pyrrole-H signal in Fig. 1 represents the
theoretical fit calculated with these parameters. We obtained
an equilibrium constant of K = [I]/[II] = AH/AS = 19.0 at
295K.

IR Spectra. IR spectroscopy, when applied to the iron-
bound ligand, provides a sensitive probe for the reaction center
of metalloproteins.!®2” Figure 5 shows the azide stretching re-
gion in the IR spectra of [FeNs(tiprp)] with three absorption
bands at 2108, 2062, and 2023 cm™~'. The former two bands
are asymmetric, and peak analysis resolved five symmetric
bands at 2112, 2102, 2068, 2062, and 2048 cm~!. We as-
signed, from the IR similarity with [FeN3(porphycene)],!
the two peaks at 2062 and 2048cm™! to the antisymmetric
stretching mode of the coordinating azide, and the other bands
to vibrational bands from the porphyrin. The integrated inten-
sity ratio of the two bands was Ixsg/lhe = 6/94 at 293 K.
The ratio was temperature dependent and changed from 8/92
at 254K to 13/87 at 216 K. Other peak intensities were virtu-
ally temperature independent.

Discussion

Mixing of the S = 3/2 State. The iron(IIl) azido com-
plexes of ordinary porphyrin are known to be pure high-
spin.!>1828 Tn contrast, [FeNs(tiprp)] is not pure high-spin:
the hyperfine-shifted pyrrole-HNMR chemical shift does
not follow the Curie law (Fig. 1), and the EPR (Fig. 2) and
Mossbauer parameters (Fig. 3) are intermediate between those
of typical S =15/2 and S = 3/2 compounds. The magnetic
susceptibility of 5.43 iy at room temperature (Fig. 4) is also
intermediate between the spin-only values for the high- and in-
termediate-spin states These results suggest that [FeNs(tiprp)]
has a mixed S = 5/2 and 3/2 character. Lowering the temper-
ature shifts the S =5/2 and 3/2 equilibrium toward the S =
3/2 state as evidenced by the magnetic susceptibility and
Mossbauer results. States I and II assumed in the above NMR
analysis were thus assigned to be the S = 3/2 and 5/2 isomers,
respectively.

The § = 3/2 character in [FeNs(tiprp)] likely comes from
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Fig. 5. Temperature-dependent IR absorption of the iron-
bound azido of [FeNj(tiprp)]. The resolved curves and re-
siduals are indicated. Sample concentration is about 1 mM
in chloroform.

deformation of the porphyrin core. From the crystallographic
analysis, the iron complex is not planar due to steric repulsion
from the bulky isopropyl groups, and the coordination core is
somewhat contracted to shorten the iron—pyrrole bonds.!6
Equatorial ligand-field of the iron(IIl) atom is accordingly
strengthened, and the axial iron-ligand is weakened on the
nonplanar deformation. Partial S = 3/2 character in nonplanar
[FeNs(tiprp)] is also probable, because the ligand-field split-
ting parameters of Br—, I, and N3~ are similar to each other?
and because the [FeX(tiprp)] (X = Br and I) complexes exhibit
partial S = 3/2 character.??

Azido Stretching Bands. The important IR result of
[FeNs(tiprp)] is the split bands of the coordinating azido ligand
(Fig. 5). The result is in contrast with a single azido band in
ordinary iron porphyrin.!>!82® For the split IR bands, there
are several possible explanations, such as sample contamina-
tion by free azido, solvent contamination by water, occurrence
of the bis-azido species, rotation of the coordinating azide
about the axial bond, and Fermi resonance. However, these
possibilities are excluded as we have already discussed in
the [FeNj(porphycene)] case.!> We assigned the 2062 and
2048 cm~! peaks to the S = 5/2 and 3/2 isomers, respectively.
The assignment is based on the results that [FeNs-
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(porphycene)] exhibits the two azide bands at 2066 (S = 5/2
state) and 2049 cm~! (S = 3/2 state),'3 and that the peak posi-
tion is insensitive to the molecular shape of the porphyri-
noids.?’ The two IR bands in [FeNs(tiprp)] are consistent with
the two spin isomers on the basis of NMR, EPR, Mossbauer,
and magnetic susceptibility. It should be noted that the
2048 cm™! peak assigned to the S = 3/2 species increased at
lower temperatures: Ioss /o6 = 6/94 (293 K), 8/92 (254 K),
and 13/87 (216K). Since the azido peak intensities in IR
spectrum reflect the population of the spin isomers,!>18:26:29
the intensity ratios directly correlate to the equilibrium con-
stants of [S = 3/2]/[S = 5/2]. The values obtained with IR
are in good agreement with the [S = 3/2]/[S = 5/2] ratios,
5/95 (293 K), 7/93 (254 K), and 9/91 (216 K), calculated from
the thermodynamic parameters obtained from NMR analysis
(Fig. 1). Consistency between the IR and NMR results sup-
ports the validity of the physical analyses.

Homogeneous or Heterogeneous? It has been proposed
that the S = 5/2 and S = 3/2 states couple quantum mechan-
ically through spin—orbit interactions to create a new discrete
ground state. The resultant mixture is assumed to be magneti-
cally homogeneous.'? The primary support for the assumption
comes from Mossbauer and EPR, which exhibited a single set
of signals.” These physical methods conventionally are good
enough to resolve the distinct spin isomers in the iron(III)
and iron(I) complexes.>*3! For the iron(IIl) porphyrins with
mixed S =5/2 and 3/2 character, only one set of signals
has been detected,’ and the result is consistent with the
spin-admixing model by Maltempo.”'? For [FeNj(tiprp)], the
Mossbauer and EPR provide single sets of signals. However,
there were two signals of the iron-bound azido, as seen in
Fig. 5. The two IR bands demonstrate that the distinct S =
5/2 and S = 3/2 isomers undergo sufficiently slow intercon-
version on the IR timescale and that the two states are hetero-
geneously admixed. The contradiction between IR and EPR/
Mossbauer is resolved by realizing the temporal resolution
of applied physical methods. The typical frequencies of
Mossbauer, EPR, and IR are approximately 107, 10'°, and
10"3 571, respectively.3?33 Excellent time resolution of IR over
Mossbauer and EPR could resolve the rapid exchanging pro-
cesses. We could estimate the minimum life time of the two
species to be T = 0.4 ps from the relationship T = 1/27Av)*
where Av = (light velocity) x (IR peak separation) (Fig. 5).
The exchange rate of the spin isomers is thus roughly fixed
in the range of 10!'-10'>s~! from the EPR and IR results.
The S = 5/2 and 3/2 exchange rate in [FeNj;(tiprp)] is much
larger than that measured for the S = 5/2 and 1/2 transition
(4 x 107 s71) in the hydroxide complex of myoglobin.?

Comparison with Porphycene. It is notable that the pop-
ulation of the S = 3/2 isomer for [FeNj;(tiprp)] is only 0.05 at
room temperature whereas it is 0.24 for [FeN3(porphycene)].'?
The larger S = 3/2 character in [FeN3;(porphycene)] is reflect-
ed as a clear shoulder band in the IR spectrum, upfield-shifted
pyrrole-HNMR signal, and EPR value close to g, = 4.0.1> A
larger S = 3/2 population in the porphycene complex arises
from the characteristic structure of the coordination cavity.
Porphycene has a narrower metallo core than tiprp, and
the Fe-N(pyrrole) bond is shorter in [FeCl(porphycene)]
(1.96 10%)36 than that in [FeCl(tiprp)] (2.04 10%).16 A longer Fe—
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pyrrole bond is reasonably expected for the azido complexes
as well. The longer equatorial bonds of [FeNs(tiprp)], as com-
pared with [FeNjz(porphycene)], in turn causes a shorter axial
Fe—azido bond. These structural perturbations stabilize the
dy_,2 orbital and destabilize the iron d. orbital to cause the
smaller intermediate-spin character in [FeNj(tiprp)] than in
[FeNs(porphycene)]. Accordingly, the larger metallo hole
causes the lower midpoint in the spin transition calculated
from AH/AS. [FeNs(tiprp)] (T,> = 124 K) exhibits a lower
transition temperature than [FeNs(porphycene)] (T, =
242K).1

Mechanistic Implications. The above observations indi-
cate that [FeNs(tiprp)] is in an equilibrium between the S =
5/2 and 3/2 states, suggesting that the occurrence of spin-
crossover phenomenon is not special to the two iron(IIl) che-
lates of saddled porphyrin and porphycene.'*!> A mixed § =
5/2 and 3/2 state has also been reported for [FeX(tiprp)]'?
and [FeX(porphycene)] (X = Br or I).>’ In these compounds,
however, it is unclear whether the quantum mechanical spin-
admixing or spin-crossover occurs. The present results suggest
that [FeX(tiprp)]s'® (X = Br and I) are the S = 5/2 and 3/2
equilibrium systems. The heterogeneous mixing of the S =
5/2 and S = 3/2 states is in marked contrast with the homo-
geneous spin-admixing model."3

Iron(II) porphyrin can adopt three spin states, and thus
three different equilibria are possible. The S =5/2 and 1/2
equilibrium in many hemes and hemoproteins has been inten-
sively characterized.'326027:2 Another equilibrium between
the S = 3/2 and 1/2 states has recently been observed in both
heme and heme oxygenase.*>3® On the other hand, the spin
equilibrium between the S =5/2 and S = 3/2 systems has
been so far ruled out.”'>!7 Present IR result for [FeNs(tiprp)]
provides a novel picture that the § = 5/2 and 3/2 states are in
thermal equilibrium just as the S = 5/2, 1/2 and S = 3/2, 1/2
systems.'> From these observations for the mixed-spin § =
5/2,1/2, §=3/2, 1/2, and S =5/2, 3/2 systems, we con-
cluded that the spin mixing in iron(IIl) porphyrin complexes
commonly proceed through thermal spin equilibrium.
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