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The preparation and characterization of two new five-coordinate, imidazole-ligated, high-spin iron(ll) octaethylpor-
phyrinates is described. [Fe(OEP)(1,2-Me,Im)] and [Fe(OEP)(2-MeHIm)] have been characterized by X-ray structure
determinations and temperature-dependent Mdssbauer spectroscopy in zero and applied magnetic fields. The
distinction between imidazole-ligated and other ligands in high-spin iron(ll) porphyrinates, noted for a series of
tetraarylporphyrinate derivatives (Hu, C.; Roth, A.; Ellison, M. K.; An, J.; Ellis, C. M.; Schiltz, C. E.; Scheidt, W. R.
J. Am. Chem. Soc. 2005, 127, 5675), is seen here as well. The sign of the quadrupole-splitting constant is again
negative, which is unique to the imidazole-ligated derivatives and suggests a distinct electronic structure. The
derivatives again display a remarkable temperature dependence in the quadrupole splitting, which is also seen for
deoxymyoglobin and -hemoglobin. Structural features for the two new derivatives are similar to those seen earlier,
although the core conformations show somewhat more doming character.

Introduction deoxyheme has a structure with a significant displacement

hvri | h h ) . of the iron atom out of the heme plane, whereas the six-
Iron porphyrinate complexes (hemes) are the active sites ., jinate oxyheme has the iron in the plane. The signaling

in many biologically important systems. Knowledge of both - ¢ yhe pinding state between the four hemes of tetrameric
the electronic and geomgtric struct'ure at iron appears to behemoglobin as dioxygen is bound forms the basis of the
the key to understanding the diverse and complicated ;. ,neraiivity and is strongly coupled to the structure of the
functions of these hemoproteins. Indeed, the electronic e cqordinate iron(ll) porphyrin sites. The structures of
ground states of models of these iron(ll) species have beengg, o o) high-spin imidazole-ligated iron(ll) porphyrinates
intensively investigated both experimentally and theoretically have been determined by X-ray crystallograptySeveral
and yet are far from being known with certainty. common features are expected and observed, including an
The best known heme-based systems are thbiling expanded porphinato core, large equatoriat-Rg® bond
proteins myoglobin and hemoglobin, which shuttle between gistances, and a large out-of-plane displacement of the
deoxy and oxy states. The iron of the heme remains in thejron(i1) atom. Perhaps somewhat unexpectedly, there are
2+ formal oxidation state. In the deoxy state, iron(ll) is five- large variations in the nature of the core conformation
coordinate and bound to the protein by the proximal histidine yanging from strongly domed structures to saddled and folded
ligand. The heme becomes six-coordinate upon binding ancores. These lead to substantial variations (8385 A) in
O molecule. The structural changes that accompany this the magnitude of the out-of-plane displacements of iron from
spin-state change are essential to the mechanism of cooperahe 24-atom porphyrin core. However, the iron displacements

tive O, binding by hemoglobin and are the basis of the*T  from the four-nitrogen-atom plane are much more invariant
R transition of hemoglobif:® In brief, the five-coordinate 5t 0 36 A.
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The electronic structure of iron(Il) hemes is quite chal- phyrinates using hindered imidazoles as the axial ligand. We
lenging to study because most spectroscopic probes provideeport their molecular structures and further examine their
little or no information about the state of thé mhetal ion. electron configurations and the structural differences caused
The difficulty in understanding the electronic structure of by the change of the porphyrin (from tetraarylporphyrins to
the five-coordinate imidazole-ligated hemes is reflected in octaethylporphyrins).
both the relatively large amount published on the issue and ] ]
some changing interpretations for both experimental and EXPerimental Section
theoretical studies. A number of recent density functional  General Information. All reactions and manipulations for the
theory (DFT) studies for five-coordinate imidazole-ligated preparation of the iron(ll) porphyrin derivatives were carried out
hemes have appear&d? However, the conclusions reached under argon using a double-manifold vacuum line, Schlenkware,
about the electronic ground state are by no means uniform.and cannula techniques. Toluene and hexanes were distilled over
Three of the four DFT calculations found that a triplet state Sodium benzophenone ketyl. Ethanethiol (Aldrich) was used as
was lower in energy than the experimentally observed quintet received. 2-Methylimidazole and 1,2-dimethylimidazole were pur-
state. In all of these cases, a quintet state is predicted to bechased from Aldrich, recrystalllged from toluene, gnd dried under
lowest in energy when the iron(ll) atom is constrained to be vacuum. The free-base porphyrin octaethylporphyrisQEP} was

. . purchased from Mid-Century. The metalation of the free-base
further out of the porphyrin plane than the value obtained porphyrin to give [Fe(OEP)CI] was done as previously described.

for the triplet state. In other words, DFT calculations suggest [re(OEP)}0 was prepared according to a modified Fleischer
that large values oAFe stabilize higher spin multiplicities.  preparatiort#
A fourth study* does predict a quintet ground state. Mossbauer measurements were performed on a constant ac-
Iron(ll) is a non-Kramers system and, except in fortuitous celeration spectrometer from 4.2 to 300 K with optional small field
circumstances, is EPR silent. Fortunately,ddibauer spec- and in a 9 Tsuperconducting magnet system (Knox College).
troscopy has proven to be an extremely useful spectroscopicSamples for Mesbauer spectroscopy were prepared by immobiliza-
probe for the electronic structure of iron(ll). As part of a tion of ground crystalline material in Apiezon M grease.
more general program of characterization of high-spin iron(ll)  Synthesis of [Fe(OEP)(1,2-Mgm)] and [Fe(OEP)(2-
porphyrinates, our previous studeported detailed Mss- MeHIm)]. [Fe!(OEP)] was prepared by reduction of [Fe(OER)]
bauer s ectra’l in an applied magnetic field for six new (0.04 mmol) with ethanethiol (1 mL) in toluene (15 mL). The
derivati P The Mssb pp dat 9 df Il high-spi toluene solution was stirred until it turned dark red. The solvent
. ervatives. 1he . ssbauer data measu.re ora _Ig _-spln was removed under vacuum. Excess ligand (1,2-dimethylimidazole
iron(1l) §amp|e§ in both z_ero and ap_phed _ma_gnetlc fields, or 2-methylimidazole) (0.4 mmol) in toluene (15 mL) was added
along with previously studied porphyrin derivatives, showed yig cannula transfer to the solid [Fe(ll)(OEP)] and stirred for 1 h.
the same Mssbhauer behavior (negative quadrupole-splitting x-ray quality crystals were obtained in>8 250 mm sealed glass
values that are strongly temperature dependent) as that showrubes by liquid diffusion using hexanes as a nonsolvent.
by deoxymyoglobin and deoxyhemoglobin, which indicates  X-ray Structure Determinations. Single-crystal experiments
they have the same electron configuration. The electronic were carried out on a Bruker Apex system with graphite-
structure implied by the Mesbauer results shows that all of - monochromated Mo K radiation ¢ = 0.71073 A). The crystalline
these deoxymyoglobin models are distinctly different from Samples were placed in inert oil, mounted on a glass pin, and
those of high-spin iron(ll) porphyrinates ligated by all other gapsferred tcl)l thte dCOItdlggsKSt-FﬁamtOf Ehe dlffractomletedr.bCrg_stalt
. . ala were collected al . e structures were solve y direc
axllsl tlfll?sag:;ér we have examingdsubstituted octaethyl- methods using SHELXS-%¥and refined again$t using SHELXL-

hvrin derivati her th l-substituted . 97%17subsequent difference Fourier syntheses led to the location
porphyrin derivatives rather than tetr.aary. ~Su St'tUte_ SPECIES. ot the remaining non-hydrogen atoms. For the structure refinement,
One of our goals was to determine if thesubstituted

all data were used including negative intensities. All non-hydrogen
porphyrins display any significant differences from the atoms were refined anisotropically if not otherwise stated below.
tetraaryl derivatives previously characterized. We have For the methyl hydrogen atoms of an imidazole, a difference
synthesized two new five-coordinate iron(ll) octaethylpor- electron density synthesis is calculated around the circle which
represents the loci of possible hydrogen positions (for a fixetHC

(8) The following abbreviations are used in this paper: Porph, a distance and ¥C—H angle). The maximum electron density (in

eneralized porphyrin dianion; OEP, dianion of octaethylporphyrin; . .
gp_OC,_,gpP,%ia%ign ofnesetetrap-methoxyphenylporphyyri’r)1; Tppg’ the case of a methyl group after local 3-fold averaging) is taken as

dianion of mesetetraphenylporphyrin; TTP, dianion ahesetetra-

tolylporphyrin; TpivPP, dianion ofx,o,a,a-tetrakisp-pivalamido-
phenyl)porphyrin; PixCgP, dianion ofo,a.,5,15-[2,2-(octanediamido)-
diphenyl]-a,a,10—20-bis-pivalamidophenyl)porphyrin; Mb, myo-
globin; Hb, hemoglobin; Im, generalized imidazole; RIm, generalized
hindered imidazole; HIm, imidazole; 1-Melm, 1-methylimidazole;
2-MeHIm, 2-methylimidazole; 1,2-M#m, 1,2-dimethylimidazole; p
porphyrinato nitrogen; Ct, the center of four porphyrinato nitrogen
atoms; EPR, electron paramagnetic resonasee} saddling; ruf,
ruffling; dom doming;waw, waving; pro, propellering.
(9) Rovira, C.; Kunc, K.; Hutter, J.; Ballone, P.; Parrinello, 8.Phys.

Chem. A1997 101, 8914.

(10) Kozlowski, P. M.; Spiro, T. G.; Zgierski, M. Z]. Phys. Chem. B
200Q 104, 10659.

(11) Liao, M.-S.; Scheiner, Sl. Chem. Phys2002 116, 3635.

(12) Ugalde, J. M.; Dunietz, B.; Dreuw, A.; Head-Gordon, M.; Boyd, R.
J.J. Phys. Chem. 2004 108, 4653.
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(13) (a) Adler, A. D.; Longo, F. R.; Kampus, F.; Kim, J. Inorg. Nucl.
Chem. 197Q 32, 2443. (b) Buchler, J. W. InPorphyrins and
Metalloporphyring Smith, K. M., Ed.; Elsevier Scientific Publishing:
Amsterdam, The Netherlands, 1975; Chapter 5.

(14) (a) Fleischer, E. B.; Srivastava, T. 5.Am. Chem. Sod.969 91,
2403. (b) Hoffman, A. B.; Collins, D. M.; Day, V. W.; Fleischer, E.
B.; Srivastava, T. S.; Hoard, J. . Am. Chem. S0d.972 94, 3620.

(15) Sheldrick, G. MActa Crystallogr.199Q A46, 467.

(16) Sheldrick, G. MProgram for the Refinement of Crystal Structyres
Universitd Gottingen: Gadtingen, Germany, 1997.

(17) R1=3|IFol — IFdl/3| Fol and wR2={ S [W(Fo® — F&)/ 5 [} 12
The conventional R factors, R1, are based-omwith F set to zero for
negativeF2. The criterion ofF2 > 2¢(F2) was used only for calculating
R1. R factors based df? (WR2) are statistically about twice as large
as those based df, and the R factors based on ALL data will be
even larger.



Iron(ll) Octaethylporphyrinates

Table 1. Brief Crystallographic Data and Data Collection Parameters
for the Two Structures

[Fe(OEP)(1,2-Mgm)]  [Fe(OEP)(2-MeHIm)]

formula CHsoFeNs0.97GHsCHs  CaoHsoFeNs*CgHsCH3

fw 776.87 762.84

a(A) 20.2439(15) 12.6335(6)

b (A) 19.7769(14) 12.9323(6)

c(A) 10.1528(7) 13.5470(7)

o (deg) 90 82.285(5)

B (deg) 91.651(2) 75.039(2)

y (deg) 90 71.063(2)

V (A3) 4063.1(5) 2019.47(17)

z 4 2

space group P2:/c P1

Dc (g/cn) 1.265 1.255

F(000) 1657 816

u (mm1) 0.413 0.414

crystdimens (hm) 0.% 0.1x 0.05 0.46x 0.11x 0.06

abs correction SADABS

(Mo Ko 0.71073 A ) . ) )
T(K) 100(2) 100(2) Elgure 1. ORTEP dle_lgr_am of [F_e(OEP_)(l,Z-Mm)]. The single orienta-
data collected 32777 33090 tion of the (ordered) imidazole ligand is shown. The hydrogen atoms of
unique data 7181R, = 0.0575) 8143R = 0.0330) thg po_rphyrin Iiga_nd have been omitted for clarity, and 50% probability
unique obsd 5839 6676 ellipsoids are depicted.

(1> 20()]

refinement or=? SHELXL

final R indices R1=0.0600 R1=0.0467

[ >20(l)] wR2=0.1556 wWR2=0.1294

final R indices R1=0.0750 R1=0.0590

[for all data] wR2=0.1174 wWR2=0.1409

the starting hydrogen position. Then the hydrogen coordinates are
re-idealized and “ride” on the atoms to which they are attached
with fixed thermal parametersi( = 1.5U;;(eq)). Other hydrogen
atoms were placed at idealized positions, and a riding maglet (
1.2U;(eq)) was used for subsequent refinements. The program
SADABS!8 was applied for the absorption correction. Brief crystal
data for both structures are listed in Table 1. Complete crystal- S
lographic details, atomic coordinates, anisotropic thermal param-
eters, and fixed hydrogen atom coordinates are given in the
Supporting Information for both structures.

[Fe(OEP)(1,2-Melm)] -0.97GHsCH3. A red crystal with di-
mensions of 0.2x 0.1 x 0.05 mn? was used for the structure G2
determination. The asymmetric unit contains one porphyrin complex Figure 2. ORTEP diagram of [Fe(OEP)(2-MeHIm)]. The major orientation
and one partially occupied toluene molecule. During the refinement, (75%) of the imidazole ligand is shown. The hydrogen atoms of the
one difference density peak a2.0 el 1.1A away from Fe(1a) porphyrin ligand have been omitted for clarity; the hydrogen atoms of the

. . . . o imidazole ligand are shown, and 50% probability ellipsoids are depicted.

and on the opposite side of the porphyrin plane, was identified. It
was refined as a disordered minor iron (Fe(lb)). Because the Ragylts
occupancy is very smalN3%), the 2-methylimidazole coordinated
to Fe(lb) was not located. To accommodate this model, the An ORTEP diagram of [Fe(OEP)(1,2-M&)] is il-
imidazole and toluene solvent were both refined at the same lustrated in Figure 1. The major iron and 2-methylimidazole
occupancy as the major iron. The anisotropic displacements of both(97% occupancy) are shown. The dihedral angdetween
iron atoms are restrained to be the same. After the final refinement, the imidazole plane and the plane defined by N(4), Fe(1a),
the occupancy of the major iron, the imidazole, and the toluene and N(5) is 10.5. The dihedral angle between the imidazole
solvent was found to be 97%fe(OEP)(2-MeHIm)]-CeHsCHa. ligand and the 24-atom mean porphyrin plane is 8%
A red crystal with dimensions of 0.46 0.11x 0.06 mnfwas  opTEP diagram showing both positions of the iron atom is
used for the structure determination. The 2-methylimidazole was provided in Figure S1.

found to be disordered over two positions, a major and a minor . L .
position. The minor 2-methylimidazole was refined as a rigid group; 'An ORTEP dlggram of [Ee(OEP)(Z-MeHIm)] IS given In
pFigure 2. The imidazole ligand is disordered over two

the thermal displacement parameters of N(5b) and N(6b) were eac - h : ) . : -
constrained to be equal to the anisotropic displacement parameter0sitions with a major and a minor orientation. The diagram
of the corresponding atoms N(5a) and N(6a) of the major imidazole Shows the major orientation (75% occupancy) of the axial
orientation. After the final refinement, the occupancy of the major ligand. An ORTEP diagram showing both orientations of
imidazole orientation was found to be 75%. The asymmetric unit the axial ligand is provided in Figure S2. The labeling scheme
also contains one fully occupied toluene molecule. is consistent with all of the diagrams and tables. The dihedral
18 Sholdrick G P o Emoiical Absoroion G o of angle between the two orientations of the imidazole ligand
) e caor D o Gottingen: Gatingen. Gormany, 1S 6.6 Although the imidazole ligand of this structure is
1996. disordered, the major orientation of the ligand dominates the

R
e (/
D
;‘; N@4) cG@s) fv
Pt )
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Table 2. Selected Bond Distances (A) and Angles (deg) for [FeOEP)(Im)] and Related Species

comple® Fe-Npod  Fe-Lad ANge  Adf Ct--Nd Fe-N-C%" Fe-N-C9i 693 P9k ref
[Fe(OEP)(1,2-Mgm)] 2.080(6) 2.171(3) 0.37 0.45 2.047 132.7(3) 121.4(2) 3.8 10.5  this work
[Fe(OEP)(2-MeHIm)] 2.077(7)) 2.135(3) 0.34 0.46 2.049 131.3(3) 122.4(3) 6.9 19.5 this work
average of the two 2.078(2)  2.153(25) 0.36 0.46 2.048(1)  132.0(10) 121.9(7) 5.4(22)
[Fe(TPP)(1,2-Mgm)] 2.079(8) 2.158(2) 0.36 0.42 2.048 129.3(2) 124.9(2) 11.4 209 4
[Fe(TTP)(2-MeHIm)] 2.076(3) 2.144(1) 0.32 0.39 2.050 132.8(1) 121.4(1) 6.6 358 4
[Fe(Tp-OCHPP)(2-MeHIm)] 2.087(7)  2.155(2) 0.39 0.51 2.049 130.4(2) 123.4(2) 8.6 445 4
[Fe(Tp-OCHPP)(1,2-Melm)] 2.077(6) 2.137(4) 0.35 0.38 2.046 131.9(3) 122.7(3) 6.1 207 4
[Fe(TPP)(2-MeHIm)](2-fold) 2.086(8) 2.161(5) 0.42 0.55 2.044 131.4(4) 122.6(4) 10.3 8.6 19
[Fe(TPP)(2-MeHIm)]1.5GHsCI  2.073(9)  2.127(3) 0.32 0.38 2.049 131.1(2) 122.9(2) 8.3 240 5
average of the six (tetraaryls) 2.080(6) 2.147(13) 0.36(4) 0.44(7) 2.048(2) 131.2(10) 123.0(11) 8.6(20)
average of the eight (all) 2.080(5) 2.147(16) 0.36(3) 0.44(6) 2.048(2) 131.4(12) 122.7(11) 7.8(24)
[Fe(TpivPP)(2-MeHIm)] 2.072(6) 2.095(6) 0.40 0.43 2.033 132.1(8) 126.3(7) 9.6 228 6
[Fe(PiwCgP)(1-Melm)] 2.075(20) 2.13(2) 0.31 0.34 2.051 126.5 120.4 5.0 341 7
[K(222)][Fe(OEP)(2-Meln)] 2.113(4) 2.060(2) 0.56 0.65 2.036 136.6(2) 120.0(2) 3.6 374 20
[K(222)][Fe(TPP)(2-Melnm)] 2.118(13) 1.999(5) 0.56 0.66 2.044 129.6(3) 126.7(3) 9.8 234 20

2.114(5) 133.6(4) 121.9(4) 6.5 21.6

[Fe(TpivPP)(2-Meln)]~ 2.11(2) 2.002(15) 0.52 0.65 2.045 NR NR 5.1 147 21
[Fe(TpivPP)CI} 2.108(15) 2.301(2) 0.53 0.59 2.040 22
[Fe(TpivPP)(QCCHg)]~ 2.107(2) 2.034(3)o 0.55 0.64 2.033 23
[Fe(TpivPP)(OGHs)]~ 2.114(2) 1.937(® 0.56 0.62 2.037 23
[Fe(TpivPP)(SGHF4)]~ 2.076(20) 2.370(3) 0.42 NR 2.033 22
[Fe(TPP)(SGHs)]~ 2.096(4) 2.360(®» 0.52 0.62 2.030 24
[Fe(TPP)(1-Melmy]d 1.997(4) 2.014(5) 0'0 0.0 1.997 128.2 128.3 1.1 147 25
[Fe(TPP)(THF)] 2.057(4) 2.351(3) 0.0 0.0 2.057 26

aEstimated standard deviations are given in parenth@séidess noted otherwise, complex is high sgiAveraged valued In angstromse Displacement
of iron from the mean plane of the four pyrrole nitrogen atohBisplacement of iron from the 24-atom mean plane of the porphyrin &arelue in
degreesh 2-Carbon, sometimes methyl-substitutebinidazole 4-carbon. Off-axis tilt (deg) of the Fe-N'™ bond from the normal to the porphyrin plane.
kDihedral angle between the plane defined by the closest-Re-Ni, and the imidazole plane in degreéslajor imidazole orientation™ Not reported.
" Chloride.° Anionic oxygen donorP Thiolate.9 Low Spin." Six-coordinate; required to be zero by symmetrijeutral oxygen donor.

structural features of the molecule. The dihedral angde ( Table 2. The displacements of the iron atoms out of the
between the major imidazole ligand and the plane defined porphyrin plane are 0.37 and 0.34 A, respectively. The radii
by N(1), Fe, and N(5a) is 19°5The dihedral angle between  of the porphyrin cores, given by GiN in Table 2, are nearly
the major imidazole ligand and the 24-atom mean porphyrin identical at 2.047 and 2.049 A.
plane is 80.9. Other selected geometric parameters involving  These crystalline species were studied with variable-
the iron and imidazole ligand are given in Table 2 for both temperature and variable-field Msbauer spectroscopy. The
complexes. guadrupole-splitting values show a strong temperature de-

Figure 3 shows formal diagrams of the porphyrin cores pendence. The quadrupole splitting values for the crystalline
of the two new iron(ll) imidazole-ligated structures that give species [Fe(OEP)(2-MeHIm)] are 1.94 mm/s at 4.2 K and
the displacement of each atom from the mean plane of thel.34 mm/s at 298 K. The isomer shifts at these respective
24-atom porphyrin core in units of 0.01 A. The orientation temperatures are 0.93 and 0.82 mm/s. At 4.2 K, the
of the imidazole ligand with respect to the core atoms is quadrupole splitting for [Fe(OEP)(1,2-Men)] is 2.19 mm/
shown by the line with the circle representing the methyl s, and the isomer shift is 0.92 mm/s. These values at 298 K
group bound at the 2-carbon position. An analogous diagramare 1.59 and 0.80 mm/s, respectively.ddbauer parameters
showing the atomic displacements from the mean plane of at various temperatures between 4.2 and 298 K are given in
the four nitrogen atoms is given in Figure S3. Also included Table S13 of the Supporting Information.
on the diagrams of Figure 3 are the individuat-#é, bond . )
lengths. The average F&, bond lengths are 2.080(6) A  Discussion

p

for [Fe(OEP)(1,2-Mgm)] and 2.077(7) A for [Fe(OEP)(2- As noted in the Introduction, we have previously inves-
MeHIm)]. These average values and other selected bondtigated the molecular structures and electron configuration
distances and angles are given in Table 2. A complete listing of five-coordinate high-spin imidazole-ligated iron(ll) tetra-
of bond distances and angles for both structures is given inarylporphyrinates as deoxyheme model compodfid$iese
the Supporting Information. complexes have several common features including an

The Fe-N(imidazole) bond lengths are 2.171(3) and expanded porphinato core, large equatoriat-Rg bond
2.135(3) A, respectively, which are similar to those in iron(ll) distances, and a significant out-of-plane displacement of the
tetraarylporphyrinates. In both structures the imidazole ligand iron(ll) atom. But they also show much variation in core
Fe—N bond vector is tilted off of the normal to the 24-atom conformation, as well as differences in the orientation of
porphyrin mean plane. The values of the tilt angle, given by imidazole plane with respect to the porphyrin core.sgo
0 in Table 2, are 6.9for [Fe(OEP)(1,2-Mdm)] and 3.8 bauer spectra show a negative sign for the quadrupole
for [Fe(OEP)(2-MeHIm)]. Two other important angles as- splitting and a strong temperature dependence that suggests
sociated with the imidazole ligands (FBI—C) are given in that they all have the same unusual electronic ground state
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Figure 3. Formal diagrams of the porphyrinato cores of (top to bottom)
(a) [Fe(OEP)(1,2-Mgm)], (b) [Fe(OEP)(2-MeHIm)], and (c) [Fe(TPP)(2-
MeHIm)].2° The displacements of each atom from the mean plane of the
24-atom core in units of 0.01 A are illustrated. Positive values of

displacement are toward the imidazole ligand. The diagrams also show the

orientation of the imidazole ligand with respect to the atoms of the porphyrin

Molecular Structures. The overall structural features of
[Fe(OEP)(1,2-Mdm)] and [Fe(OEP)(2-MeHIm)] are those
expected for high-spin iron(ll) porphyrinatés® Selected
structural data for these two complexes are given in Table
2, and full structural information is given in the Supporting
Information. Also given in Table 2 are the values found for
a number of previously characterized high-spin iron(ll)
systems. The average +8, bond distances for [Fe(OEP)-
(1,2-Melm)] (2.080(6) A) and [Fe(OEP)(2-MeHIm)] (2.077(7)
A) are well within the range for the other imidazole-ligated
porphyrinates (2.0732.087 A). The axial FeN,, bond
lengths are 2.171(3) A in [Fe(OEP)(1,2-Mw)] and 2.135(3)

A in [Fe(OEP)(2-MeHIm)], which is in the range for those
of the tetraarylporphyrinates. The +B8|, bond lengths for
the imidazole-ligated structures show a small but significant
variation. The small variation is no doubt a consequence of
the hindering methyl group, the differences in the relative
orientation of the axial ligand, and the differing core
conformations.

Similarly, the displacement of the iron atom from the plane
of the four nitrogen atomsAN,) is 0.37 A for [Fe(OEP)-
(1,2-Melm)] and 0.34 A for [Fe(OEP)(2-MeHIm)], values
that bracket the average for the tetraaryl derivatives (Table
2). The displacements of iron from the 24-atom porphyrin
plane Q) are 0.45 and 0.46 A, respectively. The difference
between the two values (note thatis larger thanAN,) is
a measure of porphyrin core doming. The two complexes
both have a moderate (0.08 and 0.12 A) domed conformation.
Porphyrin core doming is frequently observed for metallo-
porphyrin derivatives with metal ions that are too large to
fit into the central hole of the porphyrin rirf§,but doming
is not as prevalent as might have been expected in the
imidazole-ligated iron(ll) species.

The large iron(ll) ion is accommodated in the central hole
of the porphyrin ring not only by the large iron atom
displacements and long F&l, bond distances but also by a
radial expansion of the core (an increase in the size of the
central holef°® The radius of the central hole is 2.047 or
2.049 A for these two new imidazole-ligated porphyrinates,
values similar to those of the tetraarylporphyrinates.

core. The location of the methyl group at the 2-carbon position is represented  The steric bulk of the 2-methy| group leads to. in all

by the circle.

as deoxyhemoglobin and deoxymyoglobin. In this paper, we

derivatives examined to date, an off-axis tilt of the axiat-Fe
Nim bond and a rotation of the imidazole ligand that leads

explore the possible effects of different substituents of the 1y \iandon, D.. Ott-woelfel, F.; Fischer, J.; Weiss, R.; Bill, E.; Trautwein

porphyrin core §-pyrrole substituents usiesearyls) on the
electron configuration and on any structural differences,
especially core conformations. Accordingly, we have syn-
thesized two new five-coordinate iron(ll) octaethylpor-
phyrinates with sterically hindered 2-methylimidazole and
1,2-dimethylimidazole as ligantfsand characterized them
by X-ray crystallography and Mgsbauer spectroscopy.

(19) (a) Collman, J. P.; Kim, N.; Hoard, J. L.; Lang, G.; Radonovich, L.
J.; Reed, C. AAbstracts of Papersl67th National Meeting of the
American Chemical Society; Los Angeles, CA, April 1974; American
Chemical Society: Washington, D. C., 1974; INOR 29. (b) Hoard, J.
L. Personal communication to WRS. In particular, Prof. Hoard
provided a set of atomic coordinates for the molecule.

(20) Hu, C.; Noll. B. C.; Schulz, C. E.; Scheidt, W. R.Am. Chem. Soc.
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to unequal FeNn—Cin angles. Values for iron(ll) imid- o3 el

azole-ligated species are given in Table 2. These angles have o% | D N i
average values of 13T.4n the methyl side and 122.6n % W e Mekim)
the other side. The off-axis tilt and imidazole rotation are 0

A
N . Fe-Np = 2.080(6) A

correlated to maximize the distance between the 2-methyl = | 7
group and porphyrin core atoms. The ORTEP drawings of 0 .
Figures 1 and 2 clearly show that the axiaH®, bond
vector is tilted from the heme normal. The tilt angles are
3.8 and 6.9. As can be seen in Table 2, the small differences
in ligand tilting does not appear to be correlated with any
other structural feature, showing no apparent relationship to
the varying core conformation or to the orientation of the
axial ligand plane with respect to the-Fd,, directions. There

is an interesting pattern in Figure 3, which compares
[Fe(OEP)(1,2-Mdm)] with [Fe(TPP)(2-MeHIm)] (2-fold).
Both have small dihedral angleg)(which are around 10

The corresponding FeN, distances close to the imidazole
plane are longer than the other pair as shown in Figure 3,
and the corresponding F&N,, distances (2.171(3) and
2.161(5) A) are also longer than those in other porphyrinates
with larger dihedral angles§. The longer Fe-N, and Fe-

N, distances are related to the smaljeprobably because

of the interaction between the imidazole ligand and the
porphyrin core.

Although most structural features including average Fe
N, lengths and displacements of iron from the &hd 24- 40
atom planes are similar (Table 2), there is significant 40 Fe-Np =2.076(5) A
variation in core conformation. Core conformations of the "
nine five-coordinate high-spin iron(ll) porphyrinates are
illustrated in Figure 4. Displayed in linear fashion are the 40 Fe(TTP)(2-MeHlm)
displacements of the iron atom and the 24 atoms of the
porphyrin core from the four pyrrole nitrogen mean plane.
The two OEP structures are at the top; the remaining
structures are grouped by similar overall conformation, and 40 Fe(PiviCe)(1-Melm)
the hybrid porphyrin structure is shown last. The orientation rigyre 4. Dpiagrams illustrating the core conformation and iron displace-
of the imidazole ligand with respect to the porphyrin core is ment for nine known imidazole-ligated high-spin iron(ll) porphyrinates. The
also shown: the vertical line represents the position of the displacement of the iron and the atoms of the porphyrin core from the mean
. . plane defined by the four pyrrole nitrogen atoms is given. The position of
imidazole shown with the pyrrole closest to the 2-methyl the imidazole ligand with respect to directions defined by the-IRg
group. When there is a minor orientation this is illustrated directions is shown.
with a second vertical line; the major orientation is always

shown to the left. With the exception of the [Fe(TPP)(2- iron(ll) porphyrinates. NSD also shows wide variation of
MeHIm)] (2-fold) structure, which has two equivalent the core conformations from saddling to doming to waving.
orientations of the axial ligand, it is expected that the major The doming deformation is the largest component for the
ligand orientation dominates the observed structure. Thetwo OEP complexes as shown in Table 3. Although a number
results summarized in Figure 4 make evident that there is of the tetraaryl derivatives also have a substantial doming
not asingle preferred conformation for imidazole-ligated deformation, it is not as prominent as those of the two OEP
high-spin iron(ll) complexes. There are some similarities in derivatives. The doming displacements in the 1,2-dimethyl-
the tetraaryl complexes as we discussed in a previous $tudy.imidazole-ligated complexes are smaller than those in the
Both of the OEP complexes have an obvious domed corresponding 2-methylimidazole complexes and may be a
conformation, which is similar to that of [Fe(TPP)(2- result of the (small) steric differences between two ligands.
MeHIm)]*® and [Fe(TTP)(2-MeHIm)f. However, the TPP complexes do not fit this pattern. The

The core conformations have also been analyzed by thedifferent core conformations for different crystalline forms
normal structural decomposition (NSD) method provided by of the TPP complexes suggest that solid-state packing and
Shelnutt et af!*2Table 3 lists the out-of-plane displacements solvates in solid state will also influence the core conforma-
of the minimal basis for the nine five-coordinate high-spin tion. Other weak interactions in the solid state, suchas

_ . . : _interactions and hydrogen bonding, are also possible factors.

(81) Ji‘s’ﬂel';]uf’fr‘fg‘;at J. A Program is available via the Intemet at hitp:// p1ocronic Structure. The electronic structure of these
(32) Jentzen, W.; Ma, J.-G.; Shelnutt, J. Biophys. J.1998 74, 753. two new complexes has also been studied bysshbauer

displacement (0.01A)

Fe(TPP)(1,2-MezIm)

Fe-Np =2.075(20) A
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Table 3. Out-of-Plane Displacements (A) of the Minimal Basis for the X-ray Crystal Structures of Five-Coordinate High-Spin Iron(ll) Porphyrinates

porphyrin Doog®  Ooop® sad ruf dom wa(X) wau/(y) pro AN Ad ref
[Fe(OEP)(2-MeHIm)] 0.437 0012  0.112 0.216 —0.356  0.066 —0.004 —0.018 0.34 046 thiswork
[Fe(OEP)(1,2-Mgm)] 0.282 0.013 -—-0.085 —0.052 —0.225 0.014 0.137 —0.006 0.37 0.45 this work

[Fe(TPP)(2-MeHIm) (2-fold) ~ 0.872  0.018 —0.672 0.336 —0.444 —0.000 —0.000 —0.024 042 055 19
[Fe(Tp-OCHPP)(2-MeHIm)]  0.652  0.024 —0.546 0.057 0.350 —0.039 0.014 -0.004 039 051 4

[Fe(TPP)(2-MeHIm)] 0.310 0.020 -0.119 0.012 0.180 0.200 —0.095 0.012 0.32 0.38 19
[Fe(TTP)(2-MeHIm)] 0.302 0.014 0.155 0.055 0.204 0.147—-0.024 0.006 0.32 039 4
[Fe(TPP)(1,2-Mgm)] 0.362  0.019 0.265 —-0.077 —-0.202 —0.116 —0.005 0.008 0.36 042 4
[Fe(Tp-OCHPP)(1,2-Melm)]  0.116  0.014 -0.070 —0.018 0.082 —0.038 0.007 —0.004 0.35 038 4
[Fe(PiwCgP)(1-Melm)] 0.607 0.036 —-0.026 —0.594 —-0.077 -—0.086 —0.017 —0.040 0.31 034 7

aQObserved total distortior’. The mean deviation as a measure of the goodness 6fisplacement of iron from the mean plane of the four pyrrole
nitrogen atoms? Displacement of iron from the 24-atom mean plane.

Table 4. Moéssbauer Parameters for Five-Coordinate High-Spin Imidazole-Ligated Iron(ll) Porphyrinates and Hb and Mb

complex AEQR O 7 I® T (K) ref
[Fe(OEP)(1,2-Mgim)] —2.19 0.92 0.43 0.38 4.2 this work
[Fe(OEP)(2-MeHIm)] —-1.94 0.93 0.26 0.42 4.2 this work
[Fe(Tp-OCHsPP)(1,2-Melm)] —2.44 0.95 0.65 0.46 4.2 4
[Fe(Tp-OCHsPP)(2-MeHIm)] —2.18 0.94 0.58 0.53 4.2 4
[Fe(TPP)(1,2-Me2Im)] -1.93 0.92 0.2 0.44 4.2 4
[Fe(TPP)(2-MeHIm)] —1.96 0.86 0.55 0.6 4.2 4
[Fe(TTP)(2-MeHIm)] —1.95 0.85 0.1 0.42 4.2 4
[Fe(TTP)(1,2-Me2Im)] —2.06 0.86 0.04 0.43 4.2 4
[Fe(TPP)(2-MeHIm)] —2.40 0.92 0.8 0.50 4.2 5
[Fe(TPP)(2-MeHIm)(2-fold) —2.28 0.93 0.8 0.31 4.2 33
[Fe(TPP)(1,2-Me2Im)] —2.16 0.92 0.7 0.25 4.2 33
[Fe((PivCsP)(1-Melm)] —2.3c 0.88 0.40 4.2 7
Hb —2.40 0.92 0.7 0.30 4.2 33
Mb —2.22 0.92 0.7 0.34 4.2 33
[Fe(OEP)(2-Melm)] +3.71 1.00 0.22 0.29 4.2 20
[Fe(TPP)(2-Meln)] +3.60 1.00 0.02 0.33 4.2 20
[Fe(TpivPP)(SGHs)] ~ +2.18 0.83 0.80 0.30 4.2 35
[Fe(TPP)(OGHs)]~ +4.01 1.03 0 0.25 4.2 36
[Fe(TpivPP)(QCCHg)]~ +4.25 1.05 0 0.30 4.2 37
[Fe(TpivPP)(OCH)]~ +3.67d 1.03 0.40 4.2 23
[Fe(TpivPP)(OGHs)]~ +3.90d 1.06 0.38 4.2 23
[Fe(TpivPP)(2-Melm)t +3.51 0.97 77 21
[Fe(TinPP)(S@F4)][N61C12H240e] ‘i‘2.38j 0.84 0.28 4.2 35
[Fe(TpivPP)(SGHF,)][Na(222)] +2.38 0.83 0.32 4.2 35
[Fe(TpivPP)CIT +4.36' 1.01 0.31 77 22

an millimeters per second? Line width, fwhm. ¢ Sign not determined experimentally, presumed negati/8ign not determined experimentally,
presumed positive.

spectroscopy. Mesbauer isomer shift9) and quadrupole-  these two new porphyrinates is similar to the variation seen
splitting (AEg) values have been measured from room (over a smaller temperature range) for deoxymyoglobin and
temperature to 4.2 K. The values AEqg observed at 4.2 K -hemoglobin samplé%3*4l and for those of the tetra-
are 1.94 and 2.19 mm/s, for [Fe(OEP)(1,2-Mm&)] and arylporphyrinate derivatives?® As discussed previousty,
[Fe(OEP)(2-MeHIm)], respectively. These are within the the explanation for this temperature variation is that there
range of previously reported high-spin iron(ll) specié€; are close-lying excited states. The excited states could have
the large value of the isomer shift0.9 mm/s) is consistent  the same or differing spin multiplicity relative to the ground
with high-spin iron(11)3* For comparison, the Mgsbauer data  state.
for these two complexes and related species are listed in The application of applied magnetic field Msbauer
Table 4. From these data, as outlined below, it is almost spectroscopy provides more detailed information concerning
certain that all of these five-coordinate imidazole-ligated the electronic ground states. The 8&bauer data in strong
species share many common electronic structure features
There is a substantial temperature variation of the quad-(3°) théliﬁf’éc_'?ﬁgrg’_"bﬁ'gﬂ_‘fééé ';'ghféé;-_’ Weiss, R.; Montiel-Montoya,
rupole-splitting values; complete valuesiohndAEq versus (36) Shaevitz, B. A; Lang, G.; Reed, C. lorg. Chem1988 27, 4607.
T are given in Table S13. A plot of the data for these two (37) Bominaar, E. L.; Ding, X.; Gismelseed, A.; Bill, E.; Winkler, H.;
complexes and related species is given in Figure S6. The g;‘:’“i%’fs'_” A. X.; Nasti, H.; Fisher, J.; Weiss, Riorg. Chem.1992
value of AEq decreases significantly as the temperature is (38) (a) Bancroft, G. M.; Mays, M. J.; Prater, B. E.Chem. Soc. A97Q
increased. The observed temperature dependensEcgfor El’gg-z(%ng'CEg;t*G?&';ﬂz-i?Clz"a&'f-Flmf‘”Hf:‘%?hﬁg‘?mH:;va‘/ceil'”‘gr‘,e?-
A.; Trautwein, A. X.J. Chem. Phys. A997 101, 4202.
(33) Kent, T. A.; Spartalian, K.; Lang, G.; Yonetani, T.; Reed, C. A.; (39) Kent, T. A.; Spartalian, K.; Lang, G.; Yonetani, Biochim. Biophys.

Collman, J. PBiochim. Biophys. Actd979 580, 245. Acta 1977 490, 331.
(34) Debrunner, P. G. liron Porphyrins, Part 3 Lever, A. B. P., Gray, (40) Kent, T. A.; Spartalian, K.; Lang, G. Chem. Physl979 71, 4899.
H. B., Eds.; VCH Publishers Inc.: New York, 1983; Chapter 2. (41) Eicher, H.; Trautwein, AJ. Chem. Physl969 50, 2540.
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(0x)X(di)2(dy) (2 (de—y?)? state is the usual one for high-
spin iron(ll) porphyrinates; the “unusually large” quadrupole
split doublet signal from high-spin iron(ll) should be regarded
as normal.

The negative sign for the quadrupole splitting value usually
indicates that the more negative charge is along the heme
normal, which led to the conclusion that the doubly occupied
d orbital for the imidazole-ligated complexes is aatbital
(i.e., the doubly occupied orbital is perpendicular to the heme
plane). The ¢ and g, orbitals have an EFG with a negative
2 0 2 4 componend/,;along the heme normal. This straightforward
Core s, Fiaure flustat VT]'°°f'_ty (mm:e?mb dote obtained at o d-orbital occupancy is consistent with a simple crystal-field
et ot o ) model. But in these imidazole-igated complexes, the nega-
the one for [Fe(OEP)(L,2-Mém)]. tive quadrupole splitting is also associated with large

asymmetry parameters and makes this simple model unsat-
magnetic fields shown in Figure 5 were fit with the spin jsfying. The doubly occupied d orbital must reflect a low-

Percent Effect

C1
4

Hamiltonian model used by Kent et #l. symmetry ligand field and thus a mixture of thg, i, and
) ) , dy, orbitals, which can give a negative signAd,, and the
H=D[S — 135S+ 1]+ ES - §) + asymmetry parameter can be relatively large (although simply

T+SA™T mixing the orbitals will not affect the magnitude afEq).
In addition to a negativeAEq, the imidazole-ligated
whereD andE are the axial and rhombic zero-field splitting  complexes also have a much smaller magnitud&is than

HgS+HO - Q’r\]ﬁNF"

parameters that describe the fine structure of $he 2 those systems shown in Table 4 with positive quadrupole

multiplet, A* is the magnetic hyperfine tensdd? gives the  gpiittings. Such a change in magnitude requires either (i) a
nuclear quadrupole interaction significantly different configuration of charges on the ligands
eV or (ii) a significant difference in the radial wave functions

HQ = 1_222[3|Z2 10+ 1)+ 902- |y2)] of the d electrons. We can easily discount the first case: a

negatively charged ligand along tleaxis will make a
negative contribution td/,, presumably along the heme
normal for the more symmetric doubly occupiggsi/stems.
gradient. The quadrupole splitting and isomer shift were I one cou!d remove that charge apq maintain the d eIgc'Fron
configuration, an even larger positive quadrupole splitting

constrained to the values determined from the zero-field data. ?
An analysis of the spectra showed the largest ComponentWould be expected. We argue that covalency effects are in

of the electric field gradienty,, to have a negative value fact likely to be larger for the _doubly occ_:upleg F'-‘/Stems' .
and hence the sign of the quadrupole splitting value is also as those douply occgpled orb|tals.are 0r|.er.1ted. ina d|rgct|on
negative. The asymmetry parameters for two new complexesrnUCh more Ilke_ly to involve them n hybridization than is a
are relatively large, 0.43 and 0.26, which are consistent with & 0rbital. Radially expanded,drbitals would then result

other related imidazole-ligated specfé&3*4! The large in smaller contributions of those wave functions to the EFG
asymmetry parameter indicates the low symmetry of the 2nd thus a smaller observed quadrupole splitting. The Fe
electric-field gradient (EFG), which is also reflected in the Naxbondlength differences in the imidazole-ligated (longer)

Q is the quadrupole moment of tRé&e nucleus, ang =
(Vix — Vy)/Vz, WhereV; are components of the electric field

solid-state structures of these complexes. versus imidazolate-ligated (shorter) species are consistent
As shown in Table 4, there are a number of five-coordinate With thfs' _ _
high-spin iron(1l) porphyrinate derivatives definitely knotfrs’ In this model, whem\Eq is negative, the largest compo-

to have a positive value for the quadrupole splitting, while nent of the EFG will no longer lie near the heme normal.
the positive value of a number of others must be regardedIndeed, single-crystal Mzsbauer data have shown that, for
as highly probablé-233% These derivatives are listed in deoxymyoglobin,V,, is negative and far from the heme
Table 4 with a “” sign. As shown in the table, all of these normal, within 22 of the heme plané. So, the Mssbauer
complexes have an anionic species as the axial ligand. Forproperties are better described by a hybrid orbital composed
iron porphyrinate complexes, it is reasonable to assume thatof the two axial d orbitals, along with a significant gl
the EFG at the nucleus is dominated by contributions from contribution. Such mixing of ,g with the d, orbitals will

the d electrong® Following the discussion of Debrunnér, occur in any ligand field of sufficiently low symmetry. For
a large positive quadrupole splitting with a small asymmetry example, an axial potential rotated off an octahedral sym-
parameter is consistent only with the doubly occupied metry axis will mix the states. Such a field would be expected
d orbital being in the heme plane (i.e., the orbital must be for 5-coordinate hemes with the axial ligand displaced from
either dy or de_y2. The (dy)?(dk,)*(dy2)*(d2)*(de—y?)* ground the heme normal. A detailed analysis of the $dbauer
state has also been assigned for [Fe(TPP)(OPR)hnd spectra of all high-spin iron(ll) porphyrinates is in progress
Na(222)[Fe(TpivPP)(OAc)Y Indeed, we believe that the and will be published subsequentfy.

4184 Inorganic Chemistry, Vol. 45, No. 10, 2006



Iron(ll) Octaethylporphyrinates

We believe that it is the low-symmetry mixed d-orbital are a number of differing core conformations observed for
configuration with aAEq that is smaller and negative, as all discussed structures, which indicates that there is not a
found for deoxymyoglobin, deoxyhemoglobin, and the singlepreferred conformation for imidazole-ligated high-spin
imidazole-ligated iron(ll) porphyrinates that is the unusual iron(ll) complexes. The different core conformations for
electronic state for high-spin iron(ll) porphyrinates. Thus, different crystalline forms of TPP complexes suggest that
high-spin iron(Il) porphyrinates can be divided into two solid-state packing and solvents in the solid state will also
different electronic configurations. As can be seen from a influence the core conformation. Other weak interactions in
comparison of structural data (Table 2) with the signed the solid state, such as—sx interactions and hydrogen
quadrupole derivatives of Table 4, this division into two bonding, are other possible factors. $8bauer studies reveal
groups is also manifested in the structures. The com- thatthe two OEP derivatives have the same behavior as those
plexes, anionic ligand-coordinated species, with a known of tetraaryl derivatives, negative quadrupole splitting values
(dy)¥(dy)X(dyy)%(dA)Y(de—2)* configuration, have significantly  and relative large asymmetry parameters. Both the structures
larger iron atom displacements and equatoriat Ngbonds* and Massbauer spectroscopy suggest high-spin iron(ll)
It can be explained that, with morg,@&haracter, spirorbit porphyrinates can be divided into two classes of electron
coupling will mix de—2 character more strongly into the configurations with significantly different geometric struc-
doubly occupied orbital for these other iron(Il) species than tures. The anionic ligand-coordinated species have the
for the imidazole derivatives. The electrostatic repulsion of (dyy)?(dk,)*(dy)*(d?)*(de-2)* ground state, while these
the in-plane orbital by the negative charge of the pyrrole imidazole-ligated porphyrinates have a ground state with a
nitrogens is thus expected to increase the magnitude of thehybrid orbital composed of the two axia} drbitals with a
iron atom displacement from the porphyrin plane with a significant dy contribution. These features could be important
concomitant increase in the value of the-f¢, bond for the biological function of heme proteins, such as
distances in comparison to the imidazole-ligated systems.reversible Q binding.

Although the quadrupole splitting is in principle directly
correlated with the detailed structure of the comgfes,
comparison of the\Eq values with the respective structure
does not yet suggest a general correlation. A comparison o
the values for the 1,2-dimethylimidazole complexes with the
2-methylimidazole complexes suggests that the latter have
Sm‘j"”er, absolute values for OEP, TTP, an[i-Cl.fCI—lgPP Supporting Information Available: Figures S1 and S2 showing
derivatives. There may thus be a weak correlation betweenorTEp diagrams of [Fe(OEP)(1,2-Me)] and [Fe(OEP)(2-
conformations and quadrupole-splitting values. MeHIm)], Figure S3 displaying the displacements from the N

Summary. Structural studies of two new high-spiniron(ll)  plane, Figures S4 and S5 showing the simultaneous fits to the
octaethylporphyrinates undertaken in this investigation show variable field Mssbauer data, Figure S6 showing Theéependence
that they have features common to those in tetraary|por- of the AEq values, Tables S13 and S14 glVIng full details on the
phyrinates, such as an expanded porphinato core, largePPserved data and the fits, Tables<Hl12 giving complete
equatorial Fe-N, bond distances, and a significant out-of- crystallogrgphlc o_letalls, atomic coordinates, l_)ond distances and
plane displacement of the iron(ll) atom. Both OEP complexes angles, anisotropic temperature factors, and fixed hydrogen atom

. : - positions for [Fe(OEP)(1,2-Mém)] and [Fe(OEP)(2-MeHIm)]
have core doming as the dominant deformation. But there (PDF), and crystallographic information files (CIF). This material

is available free of charge via the Internet at http://pubs.acs.org.
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