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In this paper, the differences in the spectroscopic properties and electronic structures of five- and six-coordinate
iron(ll) porphyrin NO complexes are explored using [Fe(TPP)(NO)] (1; TPP = tetraphenylporphyrin) and [Fe(TPP)-
(MIY(NO)] (2; MI = 1-methylimidazole) type systems. Binding of N-donor ligands in axial position trans to NO to
five-coordinate complexes of type 1 is investigated using UV-vis absorption and *H NMR spectroscopies. This
way, the corresponding binding constants Keq are determined and the *H NMR spectra of 1 and 2 are assigned for
the first time. In addition, *H NMR allows for the determination of the degree of denitrosylation in solutions of 1 with
excess base. The influence of the axial ligand on the properties of the coordinated NO is then investigated. Vibrational
spectra (IR and Raman) of 1 and 2 are presented and assigned using isotope substitution and normal-coordinate
analysis. Obtained force constants are 12.53 (N-0) and 2.98 mdyn/A (Fe—NO) for 1 compared to 11.55 (N-O)
and 2.55 mdyn/A (Fe—NO) for 2. Together with the NMR results, this provides experimental evidence that binding
of the trans ligand weakens the Fe—NO bond. The principal bonding schemes of 1 and 2 are very similar. In both
cases, the Fe—N-0O subunit is strongly bent. Donation from the singly occupied sz* orbital of NO into d2 of iron(ll)
leads to the formation of an Fe—NO ¢ bond. In addition, a medium-strong sz back-bond is present in these complexes.
The most important difference in the electronic structures of 1 and 2 occurs for the Fe—NO ¢ bond, which is
distinctively stronger for 1 in agreement with the experimental force constants. The increased ¢ donation from NO
in 1 also leads to a significant transfer of spin density from NO to iron, as has been shown by magnetic circular
dichroism (MCD) spectroscopy in a preceding Communication (Praneeth, V. K. K.; Neese, F.; Lehnert, N. Inorg.
Chem. 2005, 44, 2570—2572). This is confirmed by the *H NMR results presented here. Hence, further experimental
and computational evidence is provided that complex 1 has noticeable Fe'NO* character relative to 2, which is an
Fe'!NO(radical) complex. Finally, using MCD theory and quantum chemical calculations, the absorption and MCD
C-term spectra of 1 and 2 are assigned for the first time.

Introduction

ylate cyclasé.Among the different hemes investigated, the

I[ron porphyrin NO complexes play a key role in the
mechanisms of many metalloproteishese include nitrite
and nitric oxide reductases (NIRs and NORs, denitrificaton),
NO receptors in neural signalifdNO carriers in bloodsuck-
ing insects (nitrophorins)nitric oxide synthasé and guan-
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of the most-studied systems in biologyMany of these

proteins that have been studied contain iron porphyrin centers

with axial histidine ligation. Corresponding iron(Il) porphyrin
NO complexes occur as intermediates in bacterial NOR.
This enzyme reduces nitric oxide to nitrous oxide at an active
site that contains both an iron porphyrin and a nonheme iron
center in close proximity. The proposed mechanism includes
binding of two molecules of NO (one at each of the two
metal centers) followed by NN coupling of the two NO
units as the central step of catalysis (cf. Schemé 1).
However, evidence to prove this mechanism is still lacking
and, in addition, other investigations have led to different
mechanistic possibilities as wéfllt is, therefore, of central
importance to define the electronic structure of the iron(ll)
porphyrin NO adducts in detail to obtain further insight into
the catalytic mechanism of this enzyme. In the case of soluble
guanylate cyclase, a five-coordinate (5C) ferrous heme with
axial histidine is present in the active site, which, upon
coordination of NO, forms a 5C NO adduct where histidine
is no longer bound to the iron(ll) center. This triggers a

conformational change that activates the enzyme. Because

of this general importance of iron porphyrin NO adducts, a

large amount of research has been conducted toward the
synthesis of corresponding model complexes. These inves-

tigations use synthetic porphyrin ligands such as tetraphe-
nylporphyrin (TPP) or octaethylporphyrin (OEP). Most of

the research is focused on either 5C species [Fe(porphyrin)-

(NO)]"" (n= 0 and 1) or corresponding six-coordinate (6C)
complexes with N-donor ligands such as imidazole, pyridine
(Py), piperidine, etc., in the position trans to NOCorre-
sponding iron(ll) model complexes are still the focus of many

ongoing studies because of their interesting spectroscopic

and photochemical properti€sand their mechanistic
significancel®c11a1%From crystallography, these systems are
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characterized by short F&N(O) distances of about 1.75 A
and bent FeNO units with an Fe-N—O angle of about
140°.14%5 Importantly, electron paramagnetic resonance
(EPR) spectroscopic studies revealed interesting differences
between the 5C and 6C iron(ll) porphyrin NO adduétsC
complexes show a characteristic spectrum with hyperfine
lines from the nitrogen of NO on the smallestalue,g(min),
whereas corresponding 6C complexes show a broader
spectrum, where hyperfine lines are now observed for the
nitrogens of NO and of th#ans-N donor ong(mid). These
differences in the EPR spectra are due to different orienta-
tions of theg tensor in these complex&st’ From vibrational
spectroscopy, the 5C iron(ll) porphyrin NO adduct [Fe(TPP)-
(NO)] (1) has an N-O stretching frequency of about 1700
cm1, whereas the corresponding 6C complex [Fe(TPP)(MI)-
(NO)] (2) with 1-methylimidazole (MI) as the axial ligand
showsy(NO) at about 1630 cmt.1116a18Degpite the large
amount of experimental data available for these systems, their
exact electronic structures are still not clearly defined. This
is due to the fact that NO is a redox-active ligand, which
complicates the exact determination of the electronic structure
and the assignment of (formal) oxidation stafe&.number

of density functional theory (DFT) studies have focused on
these complexes, and different electronic structures have been
obtained from these calculatio®s?° In a recent paper, we
have used magnetic circular dichroism (MCD) spectrostopy
coupled with DFT calculations to elucidate the differences
in the electronic structures of 5C and 6C iron(ll) porphyrin
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Five- and Six-Coordinate Iron(Il) Porphyrin NO Complexes

NO adducts? It was shown that, in the 5C complelx a
strong Fe-NO o bond is present that leads to a large transfer
of spin density from the NO ligand to Feorresponding to
an electronic structure with considerabléNf@" character.

In the 6C complex, on the other hand, the spin density is
pushed back from the iron toward the NO ligand, resulting
in an F¢NO(radical)-type electronic structure. Calculated
g tensors are in agreement with this descripfibm recent
studies, calculated values and“N and 5’Fe hyperfine
tensors (the latter are available from”d&bauer experi-
ments$%) have also been used to explore the structural
flexibility of the NO ligand coordinated to ferrous herié%
These results reveal another important property of iron(ll)
porphyrin NO adducts, i.e., that the orientation of the NO

porphyrin (HTo-F,PP¥> were synthesized and purified as previ-
ously reported.

Syntheses of Precursors[Fe(TPP)CI] and [Fe(TMP)CI] were
prepared according to the method of Adler ettqdFe(To-F,PP)-
CI] was prepared by literature metholds.

Syntheses of Ferrous NO AdductsThe complexes [Fe(TPP*)-
(NO)] and [Fe(TPP*)(MI)(NO)] (TPP*= TPP, TMP, -FPP;
MI = 1-methylimidazole) were synthesized using published
procedure’-?” and isolated as microcrystalline soli##sThe identi-
ties of the compounds were established using elemental analysis,
vibrational spectroscopy, and EPR.

Crystals of [Fe(D-F,PP)(MI)(NO)] suitable for X-ray analysis
were prepared as follows. A sample of [Fe{f,PP)CI] (20 mg)
in a glass tube was placed inside a 150-mL Schlenk tube (equipped
with a rubber septum) under an argon atmosphere. A total of 5 mL

ligand is undefined at higher temperatures in these complexes?f CHCl and 1 mL of Ml were added to [Fe@fF,PP)CI], and the

because of low barriers for a rotation of NO around the
Fe—N(O) bond??

In this study, the spectroscopic properties and the elec-
tronic structures of 5C and 6C iron(Il) porphyrin NO adducts
are further elaborated in detail. Binding studies of N-donor
ligands (L) to 5C complexes [Fe(TPP*)(NO)] (TPRx
tetraphenylporphyrin-type ligand) in solution as a function
of the phenyl ring substitution in TPP and the employed
nitrogen base are presented using-t\s absorption and
IH NMR spectroscopy. This way, binding constalitg are
determined and th#d NMR spectra of these complexes are
assigned for the first time. A crystal structure of the complex
[FE'(To-F,PP)(MI)(NO)] (2-F; To-F,PP = tetrakisp-di-
fluorophenyl)porphyrin) is presented. The differences in the
electronic structures of 5C and 6C iron(ll) porphyrin NO

resulting solution was stirred for a few minutes. NO gas was passed
through the Schlenk tube for 10 min, and the reaction mixture was
further stirred for 30 minn-Hexane (20 mL) was then introduced
into the Schlenk tube outside of the glass tube for vapor diffusion.
The Schlenk tube was sealed, and crystals of [B{PP)(MI)-
(NO)] were formed after 10 days.

Crystal Structure Determination. Intensity data were collected
using a STOE Image Plate Diffraction System with Max K
radiation. The structure was solved with direct methods using
SHELXS-97° and refinement was done agaiRstusingSHELXS-
97.2% All non-hydrogen atoms except O1A were refined with
anisotropic displacement parameters. The hydrogen atoms were
placed in ideal positions and were refined isotropically using the
riding model. The oxygen atom is disordered in two positions and,
therefore, refinement was performed using a split model. The lower
occupied oxygen position (sof O1lA 0.1) was refined only
isotropically (see the Supporting Information). Selected crystal-

complexes are then investigated by vibrational Spectroscopy|qgraphic data are presented in Table 1.

on [Fe(TPP)(NO)] 0 and [Fe(TPP)(MI)(NO)] 2) as ex-
amples. The vibrations of the FeN—O subunits inl and
2 are completely assigned for the first time using isotope
substitution. Force constants are determined using quantum
chemistry-centered normal-coordinate analysis (QCC-NCA).
The obtained force constants together with the NMR
results provide direct experimental evidence for a weakening
of the Fe-NO bond in 6C compared to 5C H¢O
complexes. In addition, the MCD spectralo&nd2, which
have been reported in a preceding Communicatficare
assigned using MCD theory and quantum-chemical calcula-

UV —Vis Spectroscopy.Absorption spectra were recorded in
CH.ClI, or toluene solutions as indicated at room temperature using
a Varian Cary 5 UV-vis—near-infrared (NIR) spectrometer.

- Vibrational Spectroscopy. Resonance Raman spectra were

measured on a Dilor XY Raman spectrograph with a triple
monochromator and a CCD detector. An Ar/Kr mixed-gas laser
with a maximum power 05 W was used for excitation. Spectra
were recorded at excitation wavelengths of 454.5, 488.0, 514.5,
568.2, and 647.1 nm. The spectra were measured on KBr disks
cooled to 10 K with a helium cryostat. The spectral band-pass was
set to 2 cmt. Middle- and far-infrared spectra (MIR and FIR) were
recorded on a Bruker IFS 66v vacuum instrument at room

tions. On the basis of all these spectroscopic results, whichtemperature. For the MIR region, KBr disks were used and the

are correlated to the DFT calculations, the electronic
structural differences between 5C and 6C iron(lIl) porphyrin
NO adducts are now defined in detail.

Experimental and Computational Procedures

Syntheses.Reactions were performed by applying Schlenk

techniques using carefully purified solvents. NO gas was passed )
d (26) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem.

through a potassium hydroxide column and then through a col
trap at—80 °C prior to usage to remove higher nitrogen oxide
impurities.

Syntheses of Ligands.Tetraphenylporphyrin (b\TPP)23 tet-
ramesitylporphyrin (HTMP)2* and tetrakisg-difluorophenyl)-

(22) Zemoijtel, T.; Rini, M.; Heyne, K.; Dandekar, T.; Nibbering, E. T. J.;
Kozlowski, P. M.J. Am. Chem. So@004 126, 1930-1931.

(23) Adler, A. D.; Longo, F. R.; Finarrelli, J. F.; Goldmacher, J.; Assour,
J.; Korsakoff, L.J. Org. Chem1967, 32, 476.

spectra were recorded at a resolution of T &nn the FIR region,
Csl disks were applied and the resolution was set to 2'chrow-

(24) safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W.JRAmM. Chem.
Soc.1991, 113 5497-5510.

(25) Ghiladi, R. A.; Kretzer, R. M.; Guzei, |.; Rheingold, A. L.; Neuhold,
Y. M.; Hatwell, K. R.; Zuberbaler, A. D.; Karlin, K. D.Inorg. Chem.
2001, 40, 5754-5767.

197Q 32, 2443-2445.

(27) Scheidt, W. R.; Frisse, M. E. Am. Chem. Sod.975 97, 17-21.

(28) Under the identical reaction conditions employed for the syntheses of
6C FENO complexes in this study, complex&and 2-F were
prepared by very slow crystallization and obtained as pure materials.
However, the isolation of the pure 6C complex using TMP as the
ligand was unsuccessful and always yielded mixtureg-Me and
[Fe(TMP)(MI)(NO)] as evidenced by IR spectroscopy.

(29) Sheldrick, W. SSHELXS-97 and SHELXL-97: programs for the
solution and refinement of crystal structurddniversity of Gatin-
gen: Gudtingen, Germany, 1997.
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Table 1. Crystallographic Data for CompouridF2

chemical formula & H33FsN7OFe
fw 967.69
space group P2:/c

a, 13.126(1)
b, A 12.885(1)
c, A 25.803(2)
p, deg 96.07(1)
vV, A3 4339.6(5)
T, K 293

A 4

Dcalcd 1.481

u, mmt 0.431
A 0.71073
measured reflns 33628
independent reflns 8143
Rint 0.031
observed reflns 6593
R1[l > 20(1)] 0.0370
WR2 (all data) 0.1009

ARL= Y ||Fo| — IFdI/Y|Fol; WR2 = [S[W(Fo? — FA)Z/ 3 [W(FD)?]] Y2

Praneeth et al.

NCA) because it is designed for the treatment of large molecules
where>99% of the force constants are purely computational.
DFT Calculations. The structures of the models [Fe(P)(NO)]
(1; S= 1) and [Fe(P)(MI)(NO)] &; S= /,) (where P is porphine)
have been fully optimized using BP86/TZVP. For all of these
calculations, a simplified TPP ligand has been used in which the
four phenyl groups in the meso position of the porphyrin ring have
been replaced by hydrogen. The resulting porphyrin model ligand
P (P= porphiné~) is shown in Figure 4 along with the coordinate
system used. Vibrational frequencies have been calculated for all
structures showing no imaginary frequencies. In addition, B3LYP/
LanL2DZ* calculations have been performed on these systems to
obtain accurate total energies and spin densities. The LanL2DZ*
basis set consists of LanL2DZ plus polarization functions (from
TZVP) on all heavy atoms. These methods were used as imple-
mented inGaussian 9§G98)32 Absorption spectra df and2 were
calculated using either time-dependent (TD-) DFT (G98) or the
semiempirical INDO/S-CI method (active space: 160 orbitals) as
implemented irORCA32 EPR and Masbauer parameters have also
been calculated usin@RCAand applying the B3LYP functional

temperature MIR spectra were obtained on a Mattson Genesis typetogether with the following basis sets: Fe, CP(PPP); N, EPR-II; C

| spectrometer equipped with a cryogenic CTI cryostat. Spectra
were recorded at 20 K at a resolution of 1 ¢m

NMR Spectroscopy.’H NMR spectra of the iron(ll) porphyrin
NO complexes were recorded in @Cl, on a Bruker Avance 400
pulse Fourier transform spectrometer operating aHaNMR
frequency of 400.13 MHz. The spectrum of [Fe(TPP)(RifWhere
Pip is piperidined;;) was recorded by dissolution of [Fe(TPP)] in
benzeneds and addition of Pip. For the titration experiments,
commercially available Pip was used because in this case2be
undeuterated solvent present does not show signals in the aromati
region.

MCD Spectroscopy.MCD spectra have been obtained on frozen
glasses of butyronitrile/propionitrile (1:1 ratio) solutions in the-1.8

25 K temperature range. A CD spectropolarimeter (Jasco 810) with

and O, TZVP; H, TZV. Calculated Mssbauer isomer shifts (cf.
Table S3 in the Supporting Information) were obtained after scaling
the Fermi contact contribution to tit&e hyperfine tensor with a
factor of 1.81 as determined empiricaffy.

Results and Analysis

A. Binding of Axial N-Donor Ligands to Five-Coordi-
nate Iron(ll) Porphyrin NO Adducts. The binding of
N-donor ligands to [Fe(TPP*)(NO)] in axial position trans

% NO is studied in solution using UWis absorption and

IH NMR spectroscopy. Importantly, the adduct of [Fe-
(To-F,PP)(NO)] @-F) with MI has by far the largest binding
constanKeq of all systems investigated. To examine whether

S1 and S20 photomultiplier tubes as detectors has been used ifh€ increasedeq structurally influences the FeNO bond,

which the sample compartment was modified to accommodate an
Oxford instruments SM4-10T magnetocryostat. The samples were
frozen in metallic sample compartments between two Infrasil quartz
disks separated by 3 mm neoprene spacers.

Normal-Coordinate Analysis (NCA). NCA calculations were
performed using the QCPE computer program 576 by M. R.

Peterson and D. F. Mcintosh. The calculations are based on a

general valence force field; force constants are refined with a
nonlinear simplex algorithm. The simplex optimization was used
to refine onlyselectedforce constants according to the quantum-
chemical-assisted NCA (QCA-NCA) scheritHere, a force field
from DFT calculations is used as a starting point to generate initial

the crystal structure of the produgt- has been determined.
Vibrational spectra of [Fe(TPP)(NO)ILY and [Fe(TPP)-
(MI)(NO)] (2) are then presented and analyzed using isotope
substitution and NCA.

A.1. Ligand Binding to [Fe(TPP*)(NO)] Complexes in
Solution Monitored by UV —Vis Absorption Spectroscopy.
The coordination of the N-donor ligands 1-methylimidazole
(MI) and pyridine (Py) to the five-coordinate (5C) complexes
1, [Fe(TMP)(NO)] (.-Me), and 1-F is studied in solution
using UV—vis absorption spectroscopy in order to determine
the equilibrium constant&eq of the reaction

force constants, and a subset of these is fit to reproduce the known

experimental frequencies. We have now fully interfaced the
Gaussian output with the NCA software using a modified version
of the program Redord§(QCPE 628). This new version produces
input files that can directly be processed by the NCA programs.
Compared to the QCA-NCA procedu®@this allows for the routine
treatment of very large systems because no simplifications have to
be applied to the molecule or the force field. On the other hand,
compared to the QCB-NCA versiéf the tedious editing of the
input files is no longer necessary. This new version is called
guantum-chemistry-centered normal-coordinate analysis (QCC-

(30) (a) Lehnert, N.; Tuczek, Fnorg. Chem.1999 38, 1659-1670. (b)
Studt, F.; MacKay, B. A.; Fryzuk, M. D.; Tuczek, B. Am. Chem.
S0c.2004 126, 280—-290.

(31) Allouche, A.; Pourcin, JSpectrochim. Acta A993 49, 571.
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A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck,
A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T;
Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Gaussian
98, revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001.

(33) Neese, FORCA version 2.2; Max-Planck Institut fBioanorganische
Chemie: Miheim/Ruhr, Germany, 2004.
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Table 2. Calculated Equilibrium Constant&q [M 1] and Free
Reaction EnergieAG®° [kcal/mol] for the Reaction of [Fe(TPP*)(NO)]
with N-Donor Ligands Following Equation 1

equilib constanKeq  AG® = —RTIn(Keg)

complex M Py Ml Py
[Fe(TPP)(NO)] 1) 26 3 -1.9 -0.7
[Fe(TMP)(NO)] (1-Me) 36 -2.1
[Fe(To-F.PP)(NO)] @-F) 2055 7 —45 -1.2

agreement with the literature value of 0.7 Mbbtained in

an ethylene chloride solutiofi.The lower binding constant

of Py compared to MI can be rationalized with Py being a

weaker base (s = 8.75) than Ml (j)Kg = 6.67). From Table

2, Keqincreases in the orddr < 1-Me < 1-F. Hence, ortho

substitution of the phenyl rings of TPP leads to an increase
Figure 1. Titration of [Fe(To-F.PP)(NO)] (L-F) with 1-methylimidazole in the binding constant. This is also observed for the
(MI) in a toluene solution at room temperature monitored by-tiNé coordination of N-donor ligands to [Fe(TPP*)]-type com-
f‘htfgg:g”bze]%cg?fﬁgp&&t&iﬂ;ﬁfg’ggaﬁgir?]'.“ disappears, while 0y adi1c and can be attributed to steric shielding of the

binding site3® In addition, the electron-withdrawing fluoro

Figure 1 shows a typ|Ca| p|0t of the titration of a 5C iron- substituents in o-FPP lead to a further stabilization of the

(I) porphyrin NO adduct with an N-donor ligand. In this ~adducts compared to methyl groups in TMP. However, the
case1-F was used and reacted with MI. The initial spectrum fluoro substitution of TPP has a distinctively different effect
of the 5C species shows a broad peak in the Soret regionOn Keqfor Ml and Py: compared to TPRisage of To-EPP
centered at 403 nm. Upon the addition of the ligand, this l€ads to an increase in the binding constant for MI by a
peak decreases in intensity, whereas a band at 425 nnfactor of 8Q whereas for Py, the increase is only by a factor
appears, which corresponds to the Soret band of the obtainedf 2.3. This is attributed to the fact that MI hasdonor
six-coordinate (6C) compleX-F. Isosbestic points (cf. Figure ~ Properties, whereas Py iswacceptor. Hence, the withdrawal
1) indicate that this reaction corresponds to a clean trans-Of electron density from the porphyrin leads to an increase
formation of 1-F to 2-F without further intermediates. In  in binding for MI because of electronic effects, whereas the
the case of simple ligand binding reactions such as eq 1, thePy adduct only experiences a small stabilization because of

equilibrium constank.,can be determined from the equation steric and/or electrostatic effects. To further evaluate this
result, we isolated complex [Fe¢iFPP)(MI)(NO)] 2-F)

o c(B)° » as a solid. Importantly, a solution of soltdF in toluene or
¢(B)” = crhe— =~ Keq (2) benzene leads to the UWis absorption spectrum shown in
Figure S5 in the Supporting Information, which resembles
which is based on a general expression that was first derivedte spectrum of the corresponding 6C complex obtained from
by Drago and co-workei&:3 UV —vis absorption measure-  Solutions of1-F with excess MI. In contrast, the solution
ments are performed at different concentratic®° of base, ~ SPectra of solid2 and 2-Me resemble the data of the
and the change in absorbana& is measured. A plot of  corresponding 5C complexes indicative of the much smaller
c(B)° vs c(B)YAE then givesKe;t. The advantage of this  binding constants in these cases. Hence, the combination of
method is that the absolute concentrations of the 5C and 6CTO-F2PP and Mi seems to be ideal for the preparation of 6C
complexes do not need to be determined. Several important™® NO complexes in solution. . _
trends can be derived from the resultikg, values listed in A.2. Ligand Binding to [Fe(TPP*)(NO)] Complexes in
Table 2. For ligand TPP (compley, equilibrium constants ~ Solution Monitored by NMR Spectroscopy.As shown in
of 26 M~ for Ml and 3 M- for Py have been determined, S€ction A.1, UV-vis spectroscopy is a useful tool to monitor

which correspond to a weak interaction. Correspondingly, the binding of axial N-donor ligands to 5C complexes
the free binding energieAG® range in the region of only  [Fe(TPP*)(NO)]. However, there is a potential problem:
—1 to —5 kcal/mol. This is in agreement with the experi- because of the large concentrations of base often used for
mental finding that the isolation of 6C complexes [Fe(TPP¥)- thg formation of the 6C complexes, a possible side reaction
(L)(NO)] is difficult.1* The obtainedKeq for Py is in good might occur:

[Fe(TPP*)(NO)]+ 2L < [Fe(TPP*)(L),] + NO (3)

(34) Neese, Flnorg. Chim. Acta2002 337, 181.
(35) (a) Rose, N. J.; Drago, R. S. Am. Chem. Sod959 81, 6138-

8%%4&25%3??%’ ||T. J; IgraFgo,BR. $. Am.JCPeg. Sod97K5 " leading to the diamagnetic low-spin complexes [Fe(TPP*)-

\ . (c) Collman, J. P.; Brauman, J. |.; Doxsee, K. M.; - .

Halbert, T. R.; Hayes, S. E.; Suslick, K. .Am. Chem. S0d97§ (L)2]. This problem has been mostly overlooked in the
100, 2761-2766.

(36) c(B)%: initial concentration of the base (Ml or Pykr: total (37) (a) Choi, I.-K.; Ryan, M. Dlnorg. Chim. Actal988 153 25-30.
concentration of porphyrin complexesr[= c(6C) + c(5C)]. Ae: (b) Liu, Y.; DeSilva, C.; Ryan, M. DInorg. Chim. Actal997, 258
difference in extinction coefficientsAe = €(6C) — €(5C)]. AE: 247—-255.
change in absorbance at a specific wavelength relative to the initial (38) In this respect, it is interesting to note that NO behaves like a normal
absorbanceAE = E — E°). N-donor ligand in these ligand-binding experiments.
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Figure 2. Top panel:'H NMR spectra ofl (top), 1-F (middle), and1-Me (bottom) in CQ:Cl,. Bottom panel:'H NMR spectra of [Fe(TPP)(Pip)(NO)]
(left), [Fe(TPP)(Pipj (middle), and [Fe(®-FPP)(Pip)(NO)] (right). The spectra of the NO complexes were obtained from solutions that cetitzdn

piperidinegs; (Pip). Signals marked with asterisks in these spectra belong

literature for two reasons. First, the electronic absorption
spectra of [Fe(TPP*)(L)(NO)] and [Fe(TPP*){])(cf. ref
39) are usually very similar. Solution EFPRand IR?2
measurements clearly show that [Fe(TPP*)(L)(NO)] is

(39) Safo, M. K.; Scheidt, W. R.; Gupta, G. Rorg. Chem.199Q 29,
626—-633.

(40) (a) Lanon, D.; Kadish, K. M.J. Am. Chem. S0d.983 105, 5610~
5617. (b) Bohle, D. S.; Hung, C.-Hl. Am. Chem. Sod.995 117,
9584-9585.

(41) (a) Rai, B. K.; Durbin, S. M.; Prohofsky, E. W.; Sage, J. T.; Wyllie,
G. R. A,; Scheidt, W. R.; Sturhahn, W.; Alp, E. Biophys. J2002
82, 2951-2963. (b) Sage, J. T.; Paxson, C.; Wyllie, G. R. A.; Sturhahn,
W.; Durbin, S. M.; Champion, P. M.; Alp, E. E.; Scheidt, W. R.
Phys.: Condens. MatteR001, 13, 77077722. (c) Leu, B. M.;
Zgierski, M. Z.; Wyllie, G. R. A.; Scheidt, W. R.; Sturhahn, W.; Alp,
E. E.; Durbin, S. M.; Sage, J. 3. Am. Chem. So@004 126, 4211—
4227.

(42) (a) Yoshimura, TBull. Chem. Soc. Jpril99], 64, 2819-2828. (b)
Vogel, K. M.; Kozlowski, P. M.; Zgierski, M. Z.; Spiro, T. Gl. Am.
Chem. Soc1999 121, 9915-9921.
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to the corresponding [Fe(TPRQ(Rip)ex.

formed upon the addition of base to [Fe(TPP*)(NO)], but
[Fe(TPP*)(L)] is not detected in these experiments because
it is EPR-silent and does not have characteristic IR bands.
Denitrosylation ofl in the presence of Py was first observed
by Lanon and Kadist% In later studies, Bohle and Hung
reported rate constants for the dissociation of NO from
[Fe(TPP*)(NO)] upon the addition of Py using UWis
absorption measuremertf8.From these data, it was con-
cluded that denitrosylation is highly dependent on the nature
of the porphyrin ligand. We found th&t NMR spectroscopy

is a very useful tool to monitor the formation of even small
amounts of [Fe(TPP*)(L) in solution.

Figure 2 (top panel) shows tHél NMR spectra of the
starting compounds, 1-Me, and1-F. The obtained signals
are very broad because of the paramagnetic nature of these
complexes. For compound, four different signals are
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Table 3. ExperimentatH NMR Shifts [ppm] of [Fe(TPP*)(NO)] and
[Fe(TPP*)(Pip)(NO)] Measured against Tetramethylsilane and
Assignments

phenyl

complex pyrrole ortho meta para
[Fe(TPP)(NO)] 1) 5.95 7.79 8.25 7.45
[Fe(To-F,PP)(NO)] (L-F) 6.00 8.17 7.65
[Fe(TMP)(NO)] (-Me) 5.79 8.42/8.22
[Fe(TPP)(Pip)(NO)] 8.13 7.70
[Fe(To-FPP)(Pip)(NO)] 8.23 7.38 7.80
[Fe(TMP)(Pip)(NO)] ? 7.35

aThe signal becomes very broad and, hence, cannot be identified from
the spectra with certainty.

observed at 5.95, 7.45, 7.79, and 8.25 ppm, which belong to
the pyrrole hydrogens of the porphyrin core and the

hydrogens in the ortho, meta, and para positions of the phenyl
rings (cf. Table 3). The two signals at 5.95 and 7.79 ppm

are very broad and, hence, must belong to hydrogens that

are exposed to the paramagnetic center. These signals are

therefore assigned as the pyrrole amghenyl hydrogens.

In compoundl-F, the ortho positions are substituted with Figure 3. Top view (top) and side view (bottom) of the crystal structure
fluorine. Hence, théH NMR spectrum of this compound  of compound-F with labeling. The disordered O atom is omitted for clarity.
should be lacking one of the four signals observedifoh

comparison of the spectra in Figure 2 shows that the peakmuch larger for the fluoro-substituted ligand compared to
around 7.79 ppm irl is missing in the spectrum df-F. TPP. At a concentration of15 vol % Pip, the formation of
Hence, this peak can be attributed to taghenyl hydrogens,  the bis-piperidine complex [Fe(TPP*)(Pipincreases in the
whereas the feature at 5.95 ppm must then belong to theorder TPP (8%)< TMP (~15%) < To-F,PP (31%). Hence,
pyrrole hydrogens. The remaining two signals at 7.45 and the order for the degree of denitrosylation corresponds to
8.25 ppm can be assigned by comparison uitMe (cf. the order of the N-donor binding constamtsscribed above.
Table 3), where both the ortho and para positions of the Whereas NO loss is only marginal for TPP, this effect is

phenyl rings are substituted with methyl groups. In the
titration experiments, piperidingén (Pip) was then sequen-
tially added to the [Fe(TPP*)(NO)] solutions, and the
formation of the 6C complexes [Fe(TPP*)(Pip)(NO)] was
monitored by 'H NMR. Figure S6 in the Supporting
Information shows the corresponding experiment performed
for 1. As one can see, a clean conversion of the 5C complex
to the 6C complex is observed. The final spectrum obtained
for [Fe(TPP)(Pip)(NO)] in this experiment is also shown in
the bottom panel of Figure 2. In this case, th¢ NMR
spectrum only shows two peaks at 7.70 and 8.13 ppm. Thes
can be traced back to the corresponding signals of the 5C
complex 1, as shown in Figure S6 in the Supporting
Information. From these data, the broad signal at 8.13 ppm
corresponds to the peaks at 5.95 and 7.79 pprhand is
therefore assigned to the pyrrole angbhenyl hydrogens.

On the other hand, the peak at 7.79 ppm corresponds to botH

the m- and p-phenyl hydrogens, which coincide in the
spectrum of [Fe(TPP)(Pip)(NO)]. In addition, three sharp
peaks are observed in the spectra, which are marked with
asterisks in Figure 2, bottom left. A comparison with the
spectrum of pure [Fe(TPP)(Pipshown in Figure 2, bottom

e . iy X .
with all atoms located in general positions. The iron atom is

very pronounced for @-F,PP. Therefore, although the fluoro-

substituted ligand @-F,PP is optimal for the binding of
N-donor ligands to obtain 6C FRO complexes, it has the
severe disadvantage that denitrosylation is facilitated in this
system.

A.3. Crystal Structure of [Fe(To-F,PP)(MI)(NO)]
(2-F). To identify possible structural changes of the+e
N—O unit induced by the stronger trans ligand binding, a
crystal structure of compouriF has been determined. This
complex crystallizes in the monoclinic space grde@/c

coordinated by the four porphyrin nitrogen atoms, one
nitrogen atom of the MI ligand, and one nitrogen atom of
nitric oxide within a slightly distorted octahedron, as shown
in Figure 3. The iron atom is located in the porphyrin ring
lane (deviation: 0.067 A). The geometry of the axial
N—Fe—NO unit is comparable to the general structural motif
of 6C iron(Il) porphyrin NO complexes with axial N-donor
ligands as defined by Scheidt and co-workérenportant
bond distances foR-F are presented in Table S1 in the
Supporting Information and are compared to those of the

center, shows that these signals correspond to the formatiortructure of2 in Table 4. The obtained FENO and N-O

of diamagnetic [Fe(TPP)(Pig)and, hence, loss of NO upon
the addition of base to the solution df Similar denitrosy-
lation is also observed in the corresponding experiments with
1-Me and1-F. The obtained spectrum of [FefdF.PP)(Pip)-
(NO)] is shown in Figure 2, bottom right. Importantly, the
amount of diamagnetic bis-piperidine complex formed is

bond lengths of 1.75 and 1.20 A as well as the-Re-O
angle of 138 in 2-F are similar to the structural data af
On the other hand, the F&N(imidazole) bond is slightly
longer in2-F compared t@®. The relative orientation of the
MI and NO ligands in2-F is almost identical with that of
the room-temperature structure &f4 Hence, the crystal
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Table 4. Geometric and Vibrational Properties of [Fe(TPP*)(L)(NO)] Complexes=(MI or Missing; TPP*= Tetraphenylporphyrin-Type Ligand)

geometric parameters [A] vibrational frequencies fémn
moleculé AFe-N AN—-O [OFe-N-O AFe-Ly AFe-Np »(N—-O) v(Fe—NO) o(Fe-N—-0)°

[Fe(TPP)(NO)] () cryst. struct.: ref 27 1697 532 371 (ip)
[Fel (TPP)ESN180)] Lz 112 149 200 1625 515 365 (ip)
[Fe'(TMP)(NO)] (1-Me) 1676

|
[FéB(;gngoz)\]/';%')Cd' 1705 1.179 146 2019 1703 595 427 (ip), 313 (0op)

|
F%g?%%;&?g‘; 1742 1212 143 2.019 1637 507 425 (ip), 308 (oop)
[Fe(TPP)(MI)(NO)] @) cryst. struct.: ref 14 1630 440 530 (ip), 291 (oop)
[Fl(TPP)(MI)ESN0)] 1750 1182 138 2173 2008 1556 431423 (IRIR) 515 (ip), 287 (00p)
[Fe'(TMP)(MI)(NO)] (2-Me) 1624
[Fe(To-F2PP)(MI)(NO)] (2-F) 1752  1.202 138 2.188 2.012 1624

|
[FéBfgéw)z(\Dlg)é])' caled, 1.734 1186 140 2.179 2.022 1662 609 482 (ip), 317 (oop)

|
[FE'(P)MD(NOJ], caled, 1810  1.215 142 2063 2030 1611 505 430 (ip), 298 (0op)

B3LYP/LanL2DZ

aM| = 1-methylimidazole; P= porphine ligand used for calculations; values Adfe—Np are averaged Highly disordered structuré.The 6(Fe—N—
0) in-plane (ip) and out-of-plane (oop) vibrations. Note that the oop mode is strongly mixed wildpFstretches and other F@orphyrin vibrations and,
hence, cannot be identified with one distinct normal mode.

structure does not provide any further evidence for the The IR spectrum of the 6C complex [Fe(TPP)(MI)(NO)]
relatively large stability of2-F in solution compared t@. (2) is shown in Figure S3 in the Supporting Information. In
A.4. Vibrational Properties and Assignments.The IR this case, the NO stretch is found at 1630 crh which
spectrum of [Fe(TPP)(NO)]j is shown in Figure S1 in  shifts to 1556 cm' upon isotope labeling. This is in
the Supporting Information along with the corresponding agreement with earlier IR resuft® An additional isotope-
15N180-labeled data. The intense band at 1697 kiis sensitive band is observed at 440 ¢rthat is found at 431
assigned to the NO StretchV(N—O) in accordance with cmtin the isotope-substituted material. Figure S4 in the
earlier work?62 |t shifts to 1625 cm? upon isotope substitu- ~ Supporting Information shows the resonance Raman spectra
tion. In the FIR region, a second isotope-sensitive band is Of 2 excited at 488 nm. Weak isotope-sensitive peaks are
observed at 371 cm that shifts to 365 cmt in the 15N80- found at 530 and 440 cr that shift to 515 and 423 cm,
labeled material. This feature corresponds to the in-plane (ip) respectively, in thé°N'*0O compound. These two features
Fe—N—0 bending vibration,,(Fe—~N—0). From the reso-  at 530 cm* (from Raman) and at 440 crh(from Raman
nance Raman spectra df shown in Figure S2 in the and IR) belong to the FeNO stretch and the ip FeN—O
Supporting Information (excitation at 488 nm), another bend. However, the detailed assignments of these vibrations
isotope-sensitive band can be identified at 532 that are not clear because of strong mode mixing. This is evident
shifts to 515 cmt upon isotope labeling. This band is from the fact thatboth »(Fe-NO) and di,(Fe-N—O) are
assigned to the FeN stretchv(Fe—NO) of coordinated nitric ~ observed in the Raman spectrazyfwhich is not the case
oxide. This assignment is in agreement with the results from for 1. From DFT, the calculated(N—O) shows very good
nuclear resonance vibrational spectroscopy (NW%IC"] agreement with experiment, whereas Iarger deviations are
showy(Fe—NO) at 538 cm for powder samples df. These ~ observed fobi,(Fe-N—0) andv(Fe—NO) (cf. Table 4). In
assignments are also in agreement with resonance Ramaggreement with experiment, the calculations predict strong
spectra obtained on solutions hfwhich showr(N—0) at mixing between these latter modes, where the feature at
1678 cntt andv(Fe—NO) at 524 cmi*.42 On the other hand,  higher energy (609 cnt) has more FeNO stretching and
the assignment af;,(Fe—N—0) to the IR band at 371 crh the one at lower energy (482 c#) has more FeN—O
is not in agreement with the NRVS stutifwhere this mode ~ bending character in the DFT calculations.
has been assigned to a band at 470%idowever, no strong A.5. Quantum-Chemistry-Centered Normal-Coordi-
evidence is presented for this assignment, which is only basedhate Analysis (QCC-NCA). The vibrational assignments
on the experimental result that the 470 ¢nfeature has an  presented above are further investigated using NCA. Because
in-plane Fe displacement. Table 4 gives a compilation of of the large sizes of the moleculéand?2, the best approach
the vibrational assignments presented here, which are basedor NCA is to generate an initial force field from quantum-
on actual isotope shifts coupled to a NCA. From DFT, the chemical calculations. To obtain a reasonable description of
calculated N-O stretch for model at 1703 cm is in very the Fe-NO subunits in1 and 2, the TPP rings can be
good agreement with experiment. The in-plane b&géFe— simplified to the porphine ligand “P” (cf. Figure 4% The
N—O) and especially the FENO stretch, on the other hand, calculated force fields of modellsand2 are therefore used
are predicted at 427 and 595 chnrespectively, and, hence, for NCA without further simplification following the QCC-
are obtained too high in energy in the DFT calculations (cf. NCA approach (see the Experimental Section). Masses of
Table 4). 77 are used for the meso hydrogen atoms to better represent
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Figure 4. Figures of the fully optimized structures &fand2 obtained
with BP86/TZVP. Structural parameters are given in Table 4.

Table 5. Comparison of Experimental and QCC-NCA Vibrational
Frequencies [cmi] and of QCC-NCA and Calculated (DFT) Force
Constants [mdyn/A]

cally for complex2. Here,v(Fe—NO) anddi,(Fe—N—O) are
closer in energy, which leads to an almost equal mixing of
these vibrations. Hence, the mode at 530 tims 33%v-
(Fe—NO) and 30%o0i,(Fe—N—O) character. The mode at
440 cnT?, on the other hand, has 478 e—NO), 11%0i,-
(Fe—=N—0), and 9%5(N—Fe—N) bending character. Hence,
the distinction between(Fe—NO) and d6;,(Fe—N—O0) is
practically lost. Because of the fact that the 440-émode
has more FeNO stretching character, it is designated as
v(Fe—NO) in Table 4.

For complext, N—O and Fe-NO force constants of 12.53
and 2.98 mdyn/A are obtained as shown in Table 5. The
Fe—NO force constant of about 3 mdyn/A corresponds to a
very strong bond in agreement with the very large experi-
mental NO binding constants for iron(ll) porphyrifisin
comparison, both the NO and Fe-NO force constants of
11.55 and 2.55 mdyn/A, respectively, are distinctively
smallerfor 2. Because the FeNO interaction is mediated
by z* orbitals of NO in these complexes, these findings can
only be explained if compled has a stronger FeNO o
bond. Increased donation from a NO antibondint) ©rbital
in the case ofl then leads to a strengthening of both the
Fe—NO and N-O bonds relative t@®, in agreement with
the trend in force constants. The weaker® bond in2
could also be explained with a larger amount of back-
donation from iron(ll) to ther* orbitals of NO. However,
this would lead to an inverse correlation of the-#¢O and
N—O bond strengths, which is not the case experimentally.

force Hence,complexed and?2 differ significantly in the strength
expt QCC-NCA constants of the Fe-NO o interaction The calculated force constants
mode nai N0 naP N0 QCC-NCA calcd from DFT show, in general, good agreement with the NCA
JN-O) 607 16[2F59(TPP)£2'908)] (1)1624 12530 12700 result, as presented in Table 5. The only_ exceptions in this
»(Fe-NO) 532 515 531 517 5975 3619 respectare the FeNO force constants, which are calculated
Op(Fe-N—0) 371 365 371 365 0.336 0415 distinctively too large (vide infra). On the basis of their
[Fe(TPP)(MI)(NO)] @) NRVS data, Rai et al. have also performed an NCA for the
»(N-0) 1630 1556 1629 1557 11550  12.224  Jow-energy modes ol including v(Fe—NO) and di,(Fe—
5ip(v':(§_e_N,\T(%)’ 24318 iéi/( 423) ai% 541371 02'_553;% %‘_62%07 N—0O).#2The obtained force constants of 2.66 mdyn/A for
doof(FE-N—0) 291 287 (332 (328) Fe—NO and 0.30 mdyn for FeN—O compare well with

anai = natural abundance isotop@<Calculated with BP86/TZVP; see
the Experimental Sectiofi.Using a value of(NO) = 1678 cnt! measured
in solution42 force constants of 12.190 mdyn/A for-ND and 2.985 mdyn/A
for Fe—~NO are obtained? Because of the fact that the oop bend shows

the results presented here. The lower value for theNk@
force constant is due to their fit @f,(Fe—N—0O) to a mode

at 470 cm! (vide supra), which differs from our results.
However, because our analysis is supported by the experi-

strong mixing with porphyrin modes, a reasonable NCA fit of this mode . . . .
could not be achieved within the chosen model. Hence, the energies listedMentally determined isotope shifts and the good quality of

are those obtained from NCA without further adjustment of force constants. the NCA fit of these data, we are confident that we have
i@%g;%:ﬂ“;%géggfﬂ: fg‘;o ;5%57'431;%}’/{‘@' NO: »(N-0) arrived at a more consistent assignment of the vibrational
T ' ' data of the FeN—O subunit of1 and that the observed
the phenyl groups of TPP. The results of this treatment aretendencies in the NO and Fe-NO force constants fot
presented in Table 5, which show excellent agreement with and2 are valid.
experiment for bothl and 2. This further supports the B. Electronic Structure of Iron(ll) Porphyrin NO
vibrational assignments presented above. For confplthe Adducts and Assignments of Optical SpectraThe com-
observed mixing between(Fe—NO) anddi,(Fe—N—0) is plete bonding scheme of the six-coordinate (6C) complex
quite small. The mode at 532 cthis a pure FeNO [Fe(TPP)(MI)(NO)] @) obtained from DFT calculations is
stretching vibration with 88%(Fe—NO). The mode at 371  analyzed in detail. This electronic structure is then compared
cm! has 55% in-plane (ip) FeN—O bending character to that of the corresponding five-coordinate (5C) species
[39% contribution ofdj,(Fe—N—0) and 16% from N-Fe— [Fe(TPP)(NO)] Q) in relation to the experimental results
N(O) bends]. The ip bendi,(Fe-N—0) is also mixed with presented above. Calculated EPR antsbauer hyperfine
porphyrin core modes and, hence, shows small contributions(43) Ford, P. C.: Laverman, L. Eoord. Chem. Re 2005 249, 391—
to several other vibrations. This situation changes dramati- 403.
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electron configuration of the metl.Bonding to the por-
phyrin ligand is mostly mediated by the frontier orbitals of
this ligand. The MO diagram of free porphfheused as a
model for TPP in the calculations is shown in Figure S7 in
the Supporting Information. The lowest unoccupied MO
(LUMO) of the porphine ligand corresponds to a pair of
degenerater* orbitals of E; symmetry, labeled §82/831n
Figure 5% These undergo a very weak back-bonding
interaction with the g and d, orbitals of iron (+3% d
orbital admixture). The highest occupiedorbitals are of
Ay, and Ay, symmetry and are practically nonbonding to the
d orbitals. The iror-porphinec bond is mediated by the
in-plane (ip) Bg orbital and the unoccupied,dorbital of
iron. The MO diagram of free nitric oxide is presented in
Figure S8 in the Supporting Information. This molecule is a
radical & = Y/, ground state), with the unpaired electron
being located in the singly occupiett orbitals. Because
complex2 has a total spin 0§ = %,, the spin-unrestricted
scheme has to be applied, which distinguishes between
majority (@) and minority ) spin orbitals. The unpaired
electron of NO occupies the orbitats}, (h = horizontal),
which is located in the FeN—O plane. Because the t
functions of Fé are fully occupiedg donation fromow-stj,
to the metal is only possible into thezdorbital. The
corresponding bonding combinatiom;, dz/dy, (a[123), is
the highest occupied MO (HOMO) &f(cf. the contour plot
in Figure 6). It has about 43%;, and 42% mixed g/d,,
contribution, which corresponds to a strong interaction. Note
that the interaction ofr;, and d, does not contribute to
?Z@l\l;lr:e %} MO Idiggramdqf [Fe(P)(MI)(_NO)g ? Calcg_lated witX BP86/  bonding because both orbitals are occupied. The sezeortd
e e I e & By Otbital Of NO, Iabeledk (v = vertical),is unoccupied and
Supporting Information. Ligand orbitals of NO are labeladl (v = oriented perpendicular to the F&l—0O plane. It forms a
vertical; orthogonal to the FeN—O plane) andx (h = horizontal; medium-strongr back-bond with ¢, of iron. The corre-
reaton, T o erane s e ot ok e v " Sponding antonding combination;_d (41126), con-
and thata has a larger contribution to the resulting MO. sists of 71%r, with 24% d, admixture, as shown in Table
S2 in the Supporting Information and Figure 6. An additional
parameters are also discussed. Finally, the MCD spectra ofgmall contribution to the FeNO bond is only found for the
complexesl and2 are assigned. weakly N—O o-bonding orbitale® (cf. Figure S8 in the
B.1. Bonding Description of Complex 2 and Compari-  supporting Information; 7% £ admixture). In the spin-
son to1.To anglyze the electronic structures of 5C and 6C |jnrestricted scheme, bofr’ and 8- of NO are unoc-
iron(ll) porphyrin NO complexes, the model systems [Fe- ¢pied and undergo additionatback-bonding interactions
(PYINO)] (1) and [Fe(P)(MI)(NO)] @) have been applied,  jth iron (cf. Figure 6). The corresponding bonding com-

as shown in Figure 4. Geometry optimization was then pinations 7, (811210 and d, 7" (8119, have about
. ’ v ’
performed using B3LYP/LanL2DZ and BP86/TZVP. Table g5no4 metal d and about 20%* contribution (cf. Table S2

4 shows that, in the case df both methods lead t0 Very j, the Supporting Information). The antibonding combination,
good agreement with the experimental strupture. However,ﬂz_ , (BL126), consists of 67%r and 27% ¢, which is
for the 6C .complexz, the B3LYP geometry is clearly of a comparable tax spin. In summary, NO acts as a medium-
lower q_uallty, whereas BP86 again shows excellent agree-girongg-donor andr-acceptor ligand ir.
ment with experiment. Hence, the analysis of the electronic  t,q jyieresting question is then, how does this electronic
structures ofl and2 is based_on the fully optimized structures structure change when going from 6C compsto 5C
1 and2 from BP86/TZVP. Figure 5 presents the correspond- o njex 12 The experimentally determined FBO force
ing molecular orbital (MO) diagram for mode&l Charge
distributions are given in Table S2 in the Supporting (44) In the applied coordinate system (cf. Figure 4), theydorbital can
Information. Figure 4 shows the applied coordinate system  formally be identified with one of the 3t orbitals, whereas g

. . . . . undergoes a bond with the porphyrin and can therefore be classified
used in the following discussion. The axis is roughly as an “e” orbital.
oriented along the N(imidazoleJFe—N(O) axis. In complex (45) For the presentation of the electronic structur@ @Figures 5 and 6
2, iron is in the+Il oxidation state and is low-spin (as is and Table S2 in the Supporting Information), the MOs of the

. - porphiné- ligand are labeled as shown in Figure S7 in the Supporting
evident from EPR), which leads to aJjdd,,, de-7° ~ [t]° Information. For example, the HOMO of porphfreis A, 810
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Figure 7. Top: Contour plots of the SOMOs of [Fe(P)(NOY])(and
[Fe(P)(MI)(NO)] ) calculated with B3LYP/LanL.2DZ*. Calculated for the
fully optimized structures obtained with BP86/TZVP. The calculated spin
densities reflect the shape of the SOMO in both cases. Spin densities on Fe
and NO are indicated. Bottom: calculated orientation of the principal axes
of the g tensor relative to the molecular frame using BP86/TZVP.

of +0.5 on Fe and+0.5 on NO are obtained fdt, which
corresponds to an increase in theRO covalency and,
hence, the metalligand bond strength. These spin densities
are also in agreement with MCPand*H NMR results (see
the Discussion section).
B.2. Calculation of Hyperfine Parameters of 1 and 2.
The results presented above are very useful to evaluate the
5 very different EPR spectra of 5C and 6C iron(ll) porphyrin
Figure 6. Contour plots of important MOs d calculated with BP86/ NO adduct¥ (see the Introduction). In a preceding Com-
TZVP. For the labels, see Figure 5 and Table S2 in the Supporting o i
Information. munication, these differences were analyzed based on
] calculatedy tensors for model and2.18 In agreement with
constants, which are 2.98 mdyn/A farand 2.55 mdyn/A  gaylier calculationd? it was found that the orientation of the
for 2, show that there is a significant difference in the-Fe g tensor in the molecular frame is different in these
NO bond strengths in these complexes. As shown in SeCtioncomplexes, as shown in Figure 7. However, the question of
A.5, this relates to differences in the F8O o bond in o this relates to the electronic structure descriptions of
agreement with DFT results published in a preceding these systems as elaborated above is still open. First, the
Communicatiort® which predict a stronger interaction in fact that complex2 shows smaller overaly shifts thanl
1% This change in the FeNO bond strengths should be  reflects the decreased spin density on iron in this comistéx.
reflected by the spin densities. To calculate accurate spin Second, the rotation of thggtensor in2 compared td. might
densities, the B3LYP functional has to be applied becauseyglate to the change of the “magnetic orbital” of iron in these
pure density functionals tend to overestimate the metal complexes. In the case bfthe spin density on iron is located
ligand covalencies. A comparison of the calculateet R© in an orbital of mostly g character, which is oriented along
force constants from BP86 with experiment (cf. Table 5) the z axis. On coordination of the sixth ligand, the orbital
shows that this is also the case here. Because spin polarizapecomes stronger mixed with,cand, hence, is rotated off
tion effects are quite small fdrand2,*’ the calculated spin  he 7 axis (cf. the SOMOs in Figure 7). Presumably, the

densities roughly correspond to the shape of the singly tensor then follows the rotation of the spin density at the
occupied MOs (SOMOs) df and2 shown in Figure 7. The  jron center.

unpa_ired electr(_)n is mostly localized on the NQ ligand (spin |4 addition to theg tensor, we have also calculated the
density: +0.8) in the 6C complex. In comparison, values 14\ and5’Fe hyperfine &) tensors and Mesbauer parameters

(46) The Fe-NO  back-bonds are similar fdr and2. Small differences

(48) This is in agreement with the differences in spin density distribution

are only observed for th8-MOs, where ther back-bond is slightly for 1 and2 as evidenced by MCD spectroscopy and the diffetent
stronger forl. For example, the antibonding combinatiof d; (8- NMR chemical shifts of the pyrrole hydrogens in these systems (cf.
(1040 has 57%, and 35% ¢, character compared to 67%; and Table 3). In diamagnetic [Fe(TPP)(Pibjcf. Figure 2), these signals
27% d, (B126) for 2. This leads to the transfer of a small additional are observed at 8.97 ppm, which is close to the value®fl ppm
amount of spin density from NO to iron ibrelative to2. for 2. In contrast, these hydrogens show a stronger paramagnetic shift

(47) Praneeth, V. K. K.; Haupt, E.; Lehnert, Bl. Inorg. Biochem2005 to 5.95 ppm inl. Correspondingly, the calculated spin densities on
99, 940-948. the pyrrole hydrogens are-2 times larger inl than they are irR.
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Table 6. Comparison of Experimental and CalculaténN Hyperfine @) Tensors of the Nitrosyl Nitrogen ih and2 and Related Model Complexes
14N hyperfineA[g] [MHZz]

molecule Alg(max)] Alg(mid)] Alg(min)] orientation
[Fe(TPP)(NO)], expifa 37.1 49.7 48.7 ?
[Fe(OEP)(NO)], expftted 40.9 49.7 42.7 g/A: 30°¢
[Fe(P)(NO)] @), calcd 28.3 62.0 49.9 Alg(min)]/Fe—N: 1°d
[Fe(TPP)(Pip)(NOY)], exptf? 60.8 2
[Fe(P)(MI)(NO)] (2), calcd 15.2 84.0 13.2 Alg(min)]/Fe—N: 30° ¢

aThe values of thé\ tensor [MHz] are given relative to thgetensor; i.e., a giver value is paired with thg value whose principal axis is closest to the
principal axis of thisA. The column “orientation” then gives the relative orientation ofAltensor.? Single-crystal EPR dat&.Angle between the principal
axes of theg and A tensorsd The angle between the principal axesggin)/A[g(min)] and g(mid)/A[g(mid)] is about 20; g(max) andA[g(max)] are
collinear and oriented perpendicular to the- -0 plane.® The angle between the principal axesy@iin)/Alg(min)] andg(mid)/A[g(mid)] is about 30;
g(max) andA[g(max)] are collinear and oriented perpendicular to the-Re-O plane.

for models1 and?2 using the B3LYP functional. For the 5C A, [T9] A, [B1{HOMO) to E,[82/83(LUMO) (cf. Figure
complexes, the experiment&N hyperfine tensor is quite  S7 in the Supporting Information) transitions give rise to
isotropic, withA[g(mid)] ~ 50 MHz being somewhat larger two excited states of Esymmetry. These show strong
than the other two values, although the experimental resultsconfiguration interaction (Cl) coupling, leading to the intense
for 1 and [Fe(OEP)(NO)] are somewhat different in this Soret or B band at higher energy # 100 000 Mt cm™?)
respect, as shown in Table 6. From thé'l#® adduct of and the Q band at lower energy, which has low to zero
hemoglobin, it is known that the hyperfine tensor becomes intensity (depending on the actual complex). The corre-
quite anisotropic in the case of a 6C complex (values of 29.6, sponding wave functions for these excited states are therefore
32.9, and 63.6 MHzd subunit) and 26.9, 44.2, and 62.3 defined as
MHz (5 subunit) have been determinéd)n agreement with
this, the A[g(mid)] value of [Fe(TPP)(Pip)(NO)] has been |1p50reD=i
determined from solution EPR to be 61 MM#The general NG
trend with the A tensor being more anisotropic for 6C
compared to 5C F&O complexes is reproduced well by where y1: A [T90 — E4B2/83] and v, AnB810 —
the calculations. The calculated valuesfpg(min)] = 49.9 Ey82/83Jare the individual excited states of Bymmetry.
MHz for 1 andA[g(mid)] = 84.0 MHz for2 can be directly ~ Because of vibronic mixing of the Q state with the Soret
compared to solution EPR data and show very good state, an additional quite intense band designated,ds Q
agreement. The othek values show some deviations (cf. observed at about 1250 ctnto higher energy from G52
Table 6), but the overall agreement between theory andBecause complexdsand2 have a low-spin 8iconfiguration,
experiment is satisfactory. In a recent publicatiéf\ the three torbitals of iron(ll) (vide supra) are fully occupied
hyperfine couplings for a model similar fowere calculated  and, hence, no low-energy porphyrir) o metal (§) charge-
to be 29, 31, and 74 MHz for the minimum-energy transfer transitions are possible in these cases. Therefore,
structure?®® which agrees with our results. Table S3 in the the absorption spectra of complexeand2 are dominated
Supporting Information lists the calculated b&auer isomer by only two features: the intense Soret band at around 400
shifts & and quadrupole splittingdE, for models1 and 2 nm and the Qband at about 540 nfi.Figures 8 and 9 show
in comparison with experiment. The isomer shifts are the absorption and MC-term spectra of complexdsand
reproduced well, indicating that the electron densities are 2, respectively, which allow for the identification of 10
well described by our calculations. The quadrupole splittings electronic transitions below 30 000 ctn Table 7 sum-
and theSFe hyperfine tensor elements show noticeable marizes the band positions obtained from correlated Gaussian
deviations (cf. Table S3 in the Supporting Information). One fits of these data (included in Figures 8 and 9). Because the
source of the observed errors relates to the chosen basis setspectra were measured under different experimental condi-
for these calculations. Previous DFT work of Oldfield and tions, small differences in the band positions were tolerated
co-workers using the “locally dense” basis set appréfach in the fit. To assign the electronic spectra of complexes
on [Fe(OEP)(NO)] and model systems comparabl& amd and?2, TD-DFT calculations on the B3LYP level have been
2 led to quadrupole splittings that are in excellent agreement performed. Using the porphine approximation, the calculated
with experimen€®dTherefore, the calculation of the quad- Soret band positions of 28 500 c#rfor 1 and 26 670 cmt
rupole and®Fe hyperfine tensors seems to require exten- for 2 only show poor agreement with experiment, as shown
sively large basis sets. _
B.3. Assignment of the Optical SpectraThe absorption (51 Setermar, M Shtea Spees e Eecuoni Sy of Py
and MCD spectra of porphyrin complexes are dominated by Press: New York, 1978: Vol. III.
intensexr — z* transitions of the porphyrin dianiot{25! (52) (a) Spiro, T. G.; Strekas, T. ®roc. Natl. Acad. Sci. U.S.AL972
These have been analyzed in detail by Gouterman. The g?ai%%é%%é?)A%%'igjérIV\%Sllgr;fngg;grnﬂn,akf\llg&égrf 3 (©
Egawa, T.; Suzuki, N.; Dokoh, T.; Higuchi, T.; Shimada, H.; Kitagawa,

1
[, + .0 and [WOC= Tzlwl — .0

(49) Utterback, S. G.; Doetschman, D. C.; Szumowski, J.; Rizos, A. K. T.; Ishimura, Y.J. Phys. Chem. 2004 108 568-577. (d) Paulat,
Chem. Phys1983 78, 5874-5880. F.; Praneeth, V. K. K.; Nther, C.; Lehnert, NInorg. Chem2006 in
(50) Chestnut, D. B.; Moore, K. Ol. Comput. Chenl989 10, 648-659. press.
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Table 7. Correlated Fit of the UWVis Absorption and MCDC-Term Spectra ofl and 22

[Fe(TPP)(NO)] ) [Fe(TPP)(MI)(NO)] @)
UV —vis UV-—vis
no. MCDC term position I assignmerit MCD C term position b assignmerst
1 15268 (15200) 266 (0]
2 16451 16298 2126 el 16551 16412 3807 ®
3 17028 (17042) 410 ® 17239 17166 3358 ®
3a 17894 17742 6954 &
4 18252 18401 8098 el 18275 18554 14180 e
5 20311 20241 4893 7 — 7*®), CTD (19935) 19955 6052 Y, 7 — 7O
6 21858 21499 9858 a¥, 7 — 7+ @, Soret 21880 21644 9388 &Y 7 — 7+, Soret
6a 22867 (22331) 15185 SofBt
7 23583 23436 35030 SofBt 23507 23470 146880 Sofrét
8 24530 24840 82184 Sofrét 24166 24495 44087 Sofdt
9 25624 7 — n*®), CT®, Soret 25127 25541 (14719) &P, Soret
10 26869 26969 (17896) er
11 28238 28180 7 — a*13)
12 30894 30971 7 — q*(1.3)

aThe parentheses are used when a band position cannot be exactly determined from the data. For th@rfimtine numbeof Gaussians has been
used. If, for example, a band can be identified from the MCD spectrum but no corresponding band is necessary to fit the absorption spectrum, then the
absorption data are not fit with this feature. Hence, in very few cases, bands appear in the correlated fit of the MCD spectra, but not in the fit of the
absorption spectra (and vice versy.is given in M~1 cmL. ¢ Electronic transitions (cf. Figures 5 and S7 in the Supporting Information):=Qharge
transfer,@ — w* = porphyrint — 7* transition; see text.

Figure 9. Electronic spectra of [Fe(TPP)(MI)(NO)R). Top: UV-vis
spectrum measured in GEI, at room temperature. Bottom: MCD spectra

Figure 8. Electronic spectra of [Fe(TPP)(NOJ)( Top: UV—vis spectrum measured in propionitrile/butyronitrile (1:1) at 5 K. The dashed lines
measured in CkCl, at room temperature. Bottom: MCO-term spectrum represent a correlated fit of the U\Wis abSOrpthn and the MCIQ-term
measured in propionitrile/butyronitrile (1:1) at 2 K. The dashed lines data (cf. Table 7).

represent a correlated fit of these data (cf. Table 7). o . .
significant error to the geometric and electronic structures

in Table 8. In addition, the shift of the Soret band frarto of the porphyrin ring. We then tried to perform TD-DFT

2 is calculated to be 1830 crh which is too large. Using  calculations using the complete TPP ligand by applying the
semiempirical INDO/S-CI calculations dhand?2 leads to crystal structures of and2,*42753put convergency of these
some improvement of the theoretical Soret band positions, calculations could not be achieved. Therefore, the INDO/
but the deviation from experiment is still unsatisfactory. This S-CI method was used again, and this leads to very good
result is not surprising considering that the Soret and Q bandsagreement between the experimental and calculated Soret
actually correspond to porphyrin— z* transitions. Hence, = band positions, but deviations are also observed, as shown
neglect of the phenyl substituents of TPP introduces ain Table 8. Therefore, because of the fact that none of the
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Table 8. Calculated Q and Soret Band Energies Compared to

Experiment
transition energy A(5C—6C)

model/method Q Soret Soret
[Fe(TPP)(NO)]/exp 15268/17028 2453G
[Fe(P)(NO))/TD-DFT 19370 28500
[Fe(P)(NO)J/INDO/S-CI 14960 26420
[Fe(TPP)(NO)J/INDO/S-CI 15470 24740
[Fe(TPP)(MI)(NO))/exp 16551/17239 23507 1023
[Fe(P)(MI)(NO))/TD-DFT 19090 26670 1830
[Fe(P)(MI)(NO)J/INDO/S-CI 14610 25730 690
[Fe(TPP)(MI)(NO)J/INDO/S-CI 14080 24260 480

aFrom MCD; cf. Table 7.

Praneeth et al.

and W5 represent a couple of energetically close excited
states with orthogonal transition dipole moments. Excited-
state spir-orbit coupling (SOC) between these states leads
to the following expression for th€-term intensity as
derived in the Supporting Information:

MCD CZCFe ~Soret(l) R Soret(2
M~ — = (D3 W D) (8)

Soret

The corresponding SOC matrix element is proportional to
c2¢"e wherec represents the coefficient of d orbital admixture
to the porphyrin F orbitals (<5% contribution; see the

Supporting Information). Hence, the SOC matrix element is

excited-state calculations leads to an overall satisfactory quite small because of the very small coefficients, but this
agreement with experiment, the INDO/S-CI calculations on is compensated for by the large transition dipole moments
the entire complexes will serve as a basis for an only of the Soret band. If one alternatively considers the transition

semiquantitative interpretation of the optical spectra ahd

2.

to WS*as|JCand W5 as intermediate stati[]the same
expression for th€-term intensity in eq 8 is obtained, but

Assignment of the Soret RegionBecause of the presence because of the sign change in the denominatotf that
of the phenyl substituents, the effective symmetry of the TPP occurs whenK[and|J[are exchanged, the resulti@gterm

ligand in complexed and?2 is lower thanDg4,.. Hence, the
2-fold degeneracy of the LUMO j82/83is lifted, which
leads to a splitting of the individual excited states and
12 into two components:

Y1z AT EY
Y1 Ay T90—E,®

In the simplest approximation used in the following, the
energetically split LUMO E82/831is considered but,
otherwise, an effectivB 4, symmetry is assumed. CI coupling
of the individual transitions then leads via cross-coupling to
the Soret and Q states:

Vos AnBI—EY

Vo A BI0—E?

1
|wioret= —2|1/J1a+ Popd

Y
1
|Ip§0ret'= 72|1/’2a+ Popd]
1
Po0= i Yo
1
WSO NALE Y10

As shown by Neese and Solomon, the MGDterm
intensityCo for an S= %/, (orbitally nondegenerate) ground

state is defined 3°

1 . e
Co= "¢ > cunl Z {AGDL" x D)Ly +
K=AJ

Uyw

for a transition from the ground staf&lto the excited state
|J0) where|K[is an intermediate state. This expression can
be used to derive an equation for @@eerm intensity of the
Soret band. In this case, the two Soret excited SHtEE™

AL < DY)LYY @)
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signal changes its sign. Hence, this mechanism gives rise to
a so-called pseuda-term in the MCD spectrurfi where

two adjacent bands are observed with opposite sign because
of SOC of the corresponding excited states.

This is exactly what is observed in the MCO-term
spectrum of comple®, where bands 7 and 8 can therefore
be assigned to the two Soret transitions (cf. Table 7), which
are split by approximately 1061500 cm™. This is also in
agreement with the INDO/S-CI calculation on the entire
complex1, which predicts two Soret components, but their
obtained splitting is too smal{100 cnt?). From the INDO/
S-Cl results orll, mainly four different types of electronic
transitions are identified in the energetical region below the
Soret band (cf. Figure S7 in the Supporting Information for
porphyrin MO labels):

m— W A, T2 B, (740 E/B2/83(LUMO)
CT: A THA,BIG-7;_d, dfd,, 7

m— 2*@: lower-lying E () — E,[82/831LUMO)
a— o A TIA, 81— B, 840

Here,m — a*® and CT® (which is a porphyring) — NO-
(7r*)_iron(d,) transition) are located closest to the Soret band
followed by & — 7*®), which leads to the assignments of
bands 6 and 5, as given in Table 7. An additional admixture
of & — 7*®@, which is distributed over the whole visible
spectral range, is probably also present. The larger intensity
of band 6 compared to 5 is due to an additional admixture
of Soret character. To higher energy of the Soret transition,

(53) Because of a disorder in the crystal, the experimental structute of
in ref 27 has a planar TPP ring. This, however, is certainly not the
case in the actual complex and, correspondingly, the INDO/S-CI
calculations on this structure lead to a wrong ground state. Therefore,
the conformation of the TPP ring from the crystal structur efas
applied in the TD-DFT calculation foll. This contributes to the
incorrect calculation of the Soret shift.



Five- and Six-Coordinate Iron(Il) Porphyrin NO Complexes

bands 9 and 10 are observed, which have predominantof the presence of the phenyl substituents, the out-of-plane
charge-transfer character fromyA790and Ay [B8100to the (oop) distortions of the porphyrin core, and the bent NO
unoccupied g and dz orbitals of iron (CT?; in the ligand. The deviations are especially severe for the 5C
coordinate system shown in Figure 4). In the case of complexcomplexl, where the iron center shows a large displacement
2, the Soret band shows a shift to lower enetgwhich is out of the porphyrin plane. In such cases, the porphyrin core
predicted by the INDO/S-CI calculations to lead to enhanced itself usually shows a significant amount of oop distortién.
mixing with CT® and the appearance of three Soret Importantly, a large oop distortion of the porphyrin ring will
components in the spectrum. In fact, the MCD spectrum is have a profound effect on the MCD intensity because it
able to resolve these three individual contributions as bandsinduces oop character to the Soret transitions. This opens
6a, 7, and 8, as shown in Figure 9. Bands 6 and 5 that areup new channels for the MCD intensity because it allows
observed to lower energy of the Soret band are assigned infor SOC in thex andy directions. This connects the drbital
agreement witl. To higher energy of the Soret feature, no with dy; and d,, which gives rise to additional contributions
contribution of CT is predicted because of the fact that to theC term. Importantly, these contributions will be very
both dy, and 42 orbitals are significantly shifted to higher different for1l and2 because of the different nature of their
energy in2 compared td.. Because iron is located closerto SOMOs (cf. Figure 7).

the center of the porphyrin ring i&, dy is shifted to higher

energy because of an increased antibonding interaction withDiscussion

the porphyrin orbital B80! On the other hand, dis
strongly affected by the axial binding of the N-donor ligand

(vide gupra) and shifted to hlgher enefdy. . . complexes [Fe(TPP*)(NO)] and how this influences the
Assignment of the Q Region.The medium-intense  gn0croscopic properties and electronic structures of these
absorption features observed in the Q region of the spectrasystems_ From previous studies, it is known that this
of both 1 and2 actually correspond to the vibronic bands  jnsaraction is weak!437but quantitative information is not
Qv, whereas the Q bands themselves are of quite low intensity,,aijaple for biologically relevant imidazole-type ligands.
(vide supra). This is reproduced by the INDO/S-CI calcula- Therefore, we have determined binding constafys of

t|ons., which 'do npt .predlct any absorption featu.res of 1-methylimidazole (MI) and pyridine (Py) to 5C complexes
considerable intensity in the Q region or belthitheoretical [Fe(TPP*)(NO)] from U\-vis titrations. Corresponding free
analysis of the MCDC-term intensity of the Q transitions binding energies\G® range between-1 and—5 kcal/mol
shows that both.comp'onen%(f and W3 should lead to a (cf. Table 2). From these data, some fundamental relation-
pseudoA-term signal in the MCD spectrum. However, ghins can be established: First, the strength of the interaction
because the tran5|t|on#d|pole moments of the Q band arésirongly depends on the basicity of the applied lig&hd.
quite small, the produdd™® x DZ? is small and, hence,  Hence, Ml is a stronger ligand than Py. Second, the phenyl
the Q transitions should also be weak in MCD. As shown in gypstituents in TPP*-type ligands influence the binding
Figures 8 and 9, this is actually the case for bbtand 2. because of steric and electronic effects. Steric effects are
For complexl, the splitting of the two components of Q is  jntroduced byo-methyl substitution of the phenyl rings of
large (~1800 cm*), which leads to a pattern wheré®™Q@  Tpp and lead to a slight increase of the binding constants.
(band 1) is followed by its vibronic band,Q (band 2; both  This is due to steric shielding of the binding site. Electronic
with positive sign) before the second componefit @and  effects are observed far-fluoro-substituted TPP @FF,-
3; negative sign) appears (see Table 7). In contrast, the Qpp): the corresponding iron(ll) porphyrin NO compléx (
splitting is smaller for2 (~700 cm™) and, hence, the [y exhibits an 80 times enhanced ligand affinity for M
pseudoA signal of Q (bands 2 and 3) is observed before compared to TPP, which is attributed to the fact that MI has
the pseuda signal of Q (bands 3a and 4). z-donor abilities. To further investigate possible reasons for
Limitations of the Model. On the basis of the simpl&4, the enhanced stability of [Fe¢TF.PP)(MI)(NO)] (2-F), we
model derived above, one would also predict quite similar have determined the crystal structure of this compound.
overall C-term intensities for complexelsand2. However, However, the obtained structure and-® stretching fre-
this does not seem to be the case experimentélys was quency are similar to those of [Fe(TPP)(MI)(NOR) {4
already mentioned above, the symmetry of the porphyrin core Hence, although the free binding energy of Ml is twice as
is actually clearly lower thaD4, in these complexes because large in 2-F as it is in 2, the properties of the FEN—O
subunit are not noticeably affected by this change. We have
(54) tThze_otéser\t/ed ?hift of thlett_Sor%t ktJand t?hhigher ener%%omparedd further investigated the binding of N-donor ligands to
uonocl:?:ugi:dogao?brigtlglrssiﬁ Il.lqgr]lisec\gr? %ne trilcoecdC l:)rgt?lg to twpguea}fnects: complexes [Fe(TPP*)(NO)] byH NMR ftitrations. In this
(8) the different ring conformations if and 2, which leads to a  way, the spectra of 5C and 6C iron(Il) porphyrin NO adducts
staplization (va“i’dé’,??;’é”%ﬁrﬁde ee‘n(éfg;ag'f“fﬁ;‘;‘oﬁtgﬂtminc‘r’:r}g are assigned for the first time. These studies provide a direct
nonbonding to iron) and (b) a large shift to lower energy ef due spectroscopic proof that the addition of larger amounts of

to st{onfg_ mi))(ing with g in 1 (induced by the out-of-plane displace-  N-donor ligands to 5C [Fe(TPP*)(NO)] not only leads to
ment of iron).

(55) Because standard quantum-chemical methods such as HF, DFT, or
Cl calculations operate within the Bort©ppenheimer approximation, (56) (a) Spiro, T. G.; Strekas, T. @. Am. Chem. Sod 974 96, 338~
vibronic features such as,@annot be calculated with these methods. 345. (b) Hoard, J. LSciencel971, 174, 1295.

In this paper, we have investigated the coordination of
N-donor ligands to five-coordinate (5C) iron(ll) nitrosyl
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the formation of the 6C complex [Fe(TPP*)(L)(NO)] but also ate. These possibilities lead to very different spectroscopic
facilitates the formation of the diamagnetic complexes [Fe- properties and reactivities. Hence, a definition of the
(TPP*)(L).]. Importantly, this indicates that binding of an electronic structures of heme nitrosyls is very important to
N-donor ligandweakensthe Fe-NO bond, which is in elucidate their function in biological signaling and catalysis.
agreement with kinetic studies by Kharitonov efaDur In this paper, the bonding scheme of the 6C com@ax
results also show that the degree of denitrosylation is strongly analyzed in detail. Contributions to the FRO bond arise
dependent on the employed TPP* (porphyrin) ligand: whereasfrom (a) ac-donor interaction between the singly occupied
TPP itself only leads to the formation of small amounts of z* orbital of NO (o-7;) and the empty 4 orbital of iron
the bis(N-donor) complex, compounds with the fluoro- and (b) a medium-strong-back-bond between the.cnd
substituted ligand @-F.PP are very susceptible to NO loss. d,, orbitals of iron and the empty* orbitals of NO (-},
Therefore, the increase in the N-donor binding constant in z%). The occupied orbitals of the back-bond are mostly
1-F goes along with a decrease in the stability of the metal-based and, therefore, the corresponding electrons can
Fe—NO bond. This demonstrates the difficulty of synthesiz- pe assigned to the metal, leading to a low-spin iron(ll)
ing stable 6C iron(Il) porphyrin NO complexes in solution  description. As evidenced from the calculated spin densities,
in the absence of excess NO. the donation from the singly occupied orbital of NO into

The UV-vis and NMR titration experiments show that, d, of iron(ll) is limited. Hence, the electronic structure of
although the binding constants of N-donor ligands to 5C iron- complex2 has to be described as the prototype of at Fe
(I1) porphyrin NO complexes are very small, their coordina- NO(radical) system. Recently, the electronic structure of the
tion has a profound effect on the electronic structure of the 6C low-spin FENO complex [Fe(cyclamac)(NO)J* has
Fe'—=N—O subunit. Using vibrational spectroscopy coupled been studied in detdff. In this compound, the applied
to normal-coordinate analysis (NCA), the differences in the cyclam-ac ligand system provides a planas Nonor set
electronic structures of 5C complex [Fe(TPP)(NQ)J&nd  |ike porphyrin. In the axial position, acetate (ac) is bound
6C complex [Fe(TPP)(MI)(NO)]Q) are further evaluated.  trans to NO. Interestingly, the observed-® stretching
Because of the size of the systems studied, force constantgrequency of 1615 cri, the EPR spectrum showing smalll
were obtained using quantum-chemistry-centered (QCC)- g shifts and hyperfine splittings of the coordinated NO ligand
NCA. In the case ofl, »(N—O) is observed at 1697 crh ong(mid), and the calculated spin-density distribution in this
andv(Fe—-NO) at 532 cm*, which leads to force constants complex closely resemble the properties DfHence, in
of 12.53 and 2.98 mdyn/A for these bonds, respectively. agreement with our analysis @ this complex has also been
Binding of Ml weakens the FeNO ¢ bond, as evidenced described as an FHO(radicaD system.
by the fact thaboththe N—O and Fe-NO bonds become As evidenced by the experimental force constants, the main
weaker in2. In the case of the NO bond, this is directly  difference in the electronic structures of completemd?2
evident from the measured-MNO stretching frequency of  relates to the FeNO o bond, which is distinctively stronger
1630 cn1?, corresponding to a force constant of 11.55 mdyn/ for 1. Because ther back-bond is comparable fdrand2,
A. The Fe-NO frequency of 440 cni is less diagnostic  the increaseds covalency in the case of leads to an
because of extensive mode mixing with the-f"&-O bend  electronic structure with noticeable'R©* character relative
at 530 cm?, but the NCA force constant of 2.55 mdyn/A  to 2.18 This does not mean that compléxcorresponds to
emphasizes this point. On the basis of these experimentakhe FéNO" limit where the unpaired electron has been
findings as well as spin-density distributions evidenced by completely transferred to the metal center but that this system
MCD spectroscopy? DFT calculations can be used to s somewhat in between, with the unpaired electron being
exactly define the electronic structures of these iron(ll) equally distributed over the FENO unit. This electronic
porphyrin NO adducts. structure description is in agreement with (a) spin-density

The principal bonding scheme of ™0 complexes has  distributions elucidated from MCD spectroscdyb) the
been described by Enemark and Feltiféiflhese complexes  |arger overallg shifts obtained from EPR fol, (c) the
were classified agFeNQ,’ and it was predicted that they  stronger paramagnetic shifts of the pyrrole hydrodens
show bent FeNO units with radical character on the nitrosyl the porphyrin core observed for compldx and (d) the
ligand. This description is also applicable to compleges weaker Fe-NO bond in2, as evidenced by the complex’s
and 2 and explains their basic features. However, this tendency to lose NO. Hence, the obtained bonding descrip-
description also leaves room for a large variation of the tions for 1 and2 presented here are in agreement with all
electronic structure mediated by metéiand covalency. In available experimental data. Compared to earlier DFT
this way, the electronic structure could vary all the way from  studies'”2°we have now arrived at a quantitative description
an FE'NO™ extreme (as has been shown for nonheme iron- of NO bonding to ferrous heme centers.
(1) NO adduct$?) on the one side to an F¢O™ extreme on Because the transition frofinto 2 corresponds to a change
the other side, with the f8IO(radical) case being intermedi-  in the Fe-NO o covalency and because covalency is a

- ] ) i - property that can change gradually, intermediate stages

67) i‘;ﬂ;‘“{gg%é{ '6%'1’45_%%%?’ V- - Magde, D.; Koesling Biochem- between complexekand2 should exist. This is indeed the
(58) Enemark, J. H.; Feltham, R. @oord. Chem. Re 1974 13, 339.
(59) Brown, C. A,; Pavlosky, M. A.; Westre, T. E.; Zhang, Y.; Hedman, (60) Serres, R. G.; Grapperhaus, C. A.; Bothe, E.; Bill, E.; Weyfidemu

B.; Hodgson, K. O.; Solomon, E. 0. Am. Chem. Sod995 117, T.; Neese, F.; Wieghardt, KI. Am. Chem. SoQ004 126, 5138-
715-732. 5153.
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case. Studies of Scheidt and co-workétsmve shown that  solution when MI is used as the base. However, it is also
less donating ligands such as 4-methylpiperidine and 4-(di- demonstrated that the systems with enhanced binding
methylamino)pyridine lead t@(N—O) of 1642 and 1653  constants facilitate NO loss, which is a drawback. Consider-
cm L, respectively. In these cases, the weaker interaction withing the molecular mechanism of NorBC, a number of
the iron center is documented by the longer—Rebond different proposals are currently discussed in the literdture.
lengths of 2.29 and 2.28 A for these ligands, respectively, Because of the large affinity of ferrous heme for nitric
compared to 2.18 A for MI. The second important interaction oxide®® we believe that mechanisms where NO binds
between F& and NO corresponds to @ back-bond. The  exclusively to the nonheme iron center are less likely. Hence,
strength of this interaction can also be varied, as shown bythis leaves the mechanism shown in Scheme 1 as the most
Spiro and co-worker&, for 5C complexes where the phenyl probable alternative. Importantly, the enhanced radical
rings of the TPP ligand carry either electron-withdrawing character of NO in 6C ferrous heme complexes as identified
or electron-donating groups. Importantly, in this case, an here is advantageous for the central (radicabNNcoupling
inverse correlation of the NO and Fe-NO bond strengths  step in this mechanism, whereas 5C'IR® should be less
is observed. reactive. This is in agreement with recent findings of Wasser
Detailed analysis of the absorption and MCD data of et al., who synthesized a structural model for NorBC based
complexesl and 2 shows that their electronic spectra are on a 5C heme nitrosyl and which does not show any NO
largely dominated byr — z* transitions of the porphyrin reductase activit§* However, it should also be noted that
ligand. Hence, the differences in the electronic structures of Not much experimental information is available for the
these complexes are only very indirectly reflected by the enzyme regarding the coordination number of the ferrous
observed electronic transitions. The most obvious change isheme b NO adduct. EPR experiments under turnover
a shift of the Soret band by 1000 cnt’ to lower energy in conditions have identified the nonheme iron(ll) NO adduct
2 compared tol. Importantly, the absorption spectra bf  as a high-spin§ = %,) species, but the information on the
and2 alone neither resolve many transitions nor allow for heme center is limiteé?. On the basis of the properties of
an identification and analysis of the components of the Soret ferrous and ferric hems, it was speculated that the heme
and Q bands. This is solely based on the MCEterm nitrosyl intermediate is only 5€ which would be in
spectra, which again demonstrates the enormous potentiafisagreement with our findings. However, no proof of this
of this method. Theoretical analysis shows that both the Sorethypothesis is provided. On the basis of our results, we
and Q bands give rise to a pseutiderm in the MCD spectra ~ Propose that this species is actually 6C. In this context, it
of 1and2 and, hence, they can easily be identified. Because Should also be noted that hemoglobin and myoglobin form
the Soret band has large transition dipole moments, this6C nitrosyl adducts and, therefore, this is definitively a
feature is also intense in the MCD-term spectrum. In  mechanistic possibility for NorBC.
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