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The preparation and characterization of the five-coordinate iron(ll) porphyrinate derivative [Fe(TpivPP)(NOs)]~ (TpivPP
= picket-fence porphyrin) is described. Structural and magnetic susceptibility data support a high-spin state (S =
2) assignment for this species. The anionic axial nitrate ligand is O-bound, through a single O atom, with an Fe—0
bond length of 2.069(4) A. The planar nitrate ligand bisects a N,—Fe—N, angle. The average Fe—N, bond length
is 2.070(16) A. The Fe atom is located 0.49 A out of the 24-atom mean porphyrin plane toward the nitrate ligand.
From solid-state Mdsshauer data, the isomer shift of 0.98 mm/s at 77 K is entirely consistent with high-spin iron(Il).
However the quadrupole splitting of 3.59 mm/s at 77 K is unusually high for iron(ll), S = 2 systems but within the
range of other five-coordinate high-spin ferrous complexes with a single anionic axial ligand. Crystal data for [K(222)]-
[Fe(TpivPP)(NO3)]-CsHsCl: a = 17.888 (5) A, b= 21.500 (10) A, ¢ = 22.514 (11) A, 8 = 100.32 (3)°, monoclinic,
space group P2i/n, V = 8519 A3, Z = 4.

Introduction give nitrate and iron(lll) specié<.In fact, the levels of nitrate

The interaction of the nitrogen oxide ligands nitrosyl, found in Jnine. can be used as an indication of NO
nitrite, and nitrate with heme proteins is of great biological Production” Although the binding of NO to oxymyoglobin
importance. Of key interest is the interconversion between Of 0xyhemoglobin can also yield nitrate-coordinated heme
these three species in both the nitrogen cycle and mammaliarflerivatives, no structural information on a protein containing
physiology. Despite the progress in the understanding of & coordinated nitrate ligand has been reported.
these important biological functions, many of the intermedi-
ates and pathways involving nitrogen oxide ligands are not (1) Abbreviations used in this paper include the following: Porph, a
known. Certainly, all of the mechanistic details of the generalized porphyrin dianion; TpivPP, dianionaf,a,o-tetrakis-

g . . . . (o-pivalamidophenyl)porphyrin; TPP, dianion wfesetetraphenylpor-
oxidation and reduction process involving theseXNOECIe_s phyrin; PivsCsP, dianion ofo,a,5,15-[2,2-(octanediamido)diphenyl]-
are not completely understood. For example, NO is an a.a,1r?,2_0-biTS(>c|C))i&/|‘o_lLamid%phenyl)p%r]phyrin; OEP, diﬁnion zfoctlaethyl-

: ; ; : : : porphyrin; Tp- PP, dianion ofmesetetrap-methoxyphenylpor-
esse,ntlal S|gpallpg molecule for a V?‘”?ty of physiological phyrin; TMP, dianion ofmesetetramesitylporphyrin; TTP, dianion
functions, which include neurotransmission, platelet aggrega- of mesetetratolylporphyrin; Kryptofix-222 or 222, 4,7,13,16,21,24-
tion, and vasodilation. The production of NO by nitric oxide hexaoxo-1,10-diazabicyclo[8.8.8]hexacosane; PMS, pentamethylene
synthase leads to the activation of guanylyl cyclase, which
eventually leads to smooth muscle relaxation. The method

sulfide; Py, pyridine; Pip, piperidine; 1-Vinim, 1-vinylimidazole; THF,
of NO depletion in blood involves either NO binding to the ,
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tetrahydrofuran; 1-Melm, 1-methylimidazole; 2-Melm, 2-methylimi-
dazole; 1,2-Mgm, 1,2-dimethylimidazole; |\ porphyrinato nitrogen;
Hb, hemoglobin; Mb, myoglobin.
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Iron(Il) Nitrato Complex [Fe(TpizPP)(NOs)]~

For 3 decades, we have been studying the interesting andsusceptometer at 2 and 10 kG. Field calibration was checked at
quite variable bonding capabilities of a number of nitrogen 0.1 and 1.0 T with a chemical standard of known Curie law
oxide ligands to both iron(ll) and iron(lll) porphyrin behavior® The [K(222)][Fe(TpivPP)(N@)]-CeHsCl sample for
complexes because of their relevance to the structure andfUsceptibility measurements was packed tightly into a preweighed
function of hemoproteins. The use of X-ray crystallography and precalibrated aluminum bucket. A typical sample size was 35

. - mg. The diamagnetic correction for the picket-fence porphyrin was
and electron paramagnetic resonance (EPR) ahebbtnier Iculated in two ways: (i) to the observed diamagnetic correction

) . ; C
§pectro§coples to study t_hese species ha; been mstrumentgglue of HTPP (—700 x 10°° cgg:) was added the diamagnetic
in defining both the bonding and glectronlc structure at Fe. ¢orrection of the remaining four pivaloyl groups using Pascal’s
We h_aVe successfully_ characterized both f_'Ve' arld SIX- constants; (i) the diamagnetic correction was calculated by
coordinate formally ferric and ferrous porphyrinato nitrosyl individually adding the diamagnetic contribution of each atom using
complexes of the general formulas [Fe(Porph)(NG) Pascal’s constants. The diamagnetic correction for [K(222)][Fe-
[Fe(Porph)(NO)(L)T,® [Fe(Porph)(NO)Lo-11 and (TpivPP)(NQ)]-CsHsCl (adding Pascal’s constants for the remain-
[Fe(Porph)(NO)(L)|:2*4 which were all found to be low- ing atoms) by the first m_ethod is1304.15x 10°® cgse, and it is
spin species. Also characterized are iron(ll) nitrite species ~967.47> 107 cgs: using the second method (second method
of the general formulas [Fe(TpivPP)(NP® and [Fe- values_ u;ed). Mesbauer spectra were recorded_ln horizontal
(TpivPP)(NQ)(L)], 6 which are also low-spin, although the transmission geometry by using a constant-acceleration spectrometer
. - I : . operated in connection with a 256-channel analyzer in the time-
mr-bonding ability of nitrite appears to be quite variable. The | d described oUSINIBSSh :
ix-coordinate iron(lll nitrite species [Fe(TpivPP) (@) scale mode as described previouSijiossbauer samples-5 mg)
Six-coor : 18 P (TP ) of [K(222)][Fe(TpivPP)(NQ)]-CsHsCl were prepared by im-
and [Fe(TpivPP)(NQ)|"* are low-spin, and the five-  nopilization of the crystalline material into melted paraffin wax
coordinate iron(lll) nitrite species [Fe(TpivPP)(N@®

_ _ _ (mp ~78 °C) within a 1-cm-diameter Plexiglas dish.
detected in solution with EPR was found to be low  preparation of [K(222)][Fe(TpivPP)(NO3)]-CeHsCl. All ma-

spin as well. However, the iron(lll) nitrate derivatives, nipulations were carried out under argon using a double-manifold
[Fe(Porph)(N@)],** 22 are all high-spin despite the various vacuum line, Schlenkware, and cannula techniques. Chlorobenzene
modes of binding of the nitrate ligand. and benzene were purified by washing with sulfuric acid and then
The resulting structural and electronic information from distilled over BOs or sodium/benzophenone, respectively. These
the body of work on these nitrosyl, nitrite, and nitrate iron Solvents were stored under argon and kept away from light. Pentane
porphyrin complexes have provided great insight into the Was distilled over Cakand used immediately. All so_lvents were
many biologically relevant processes that involve nitrogen d€gassed by the freezpump-thaw method several times before
oxide ligands. In further exploration of the issues involved use. The potassium nitrate was recrystallized twice from distilled

in bonding and geometric and electronic structure, we re ortwater‘ dried overnight under vacuum, and stored under argon.
Y . 9 .. ! . P Kryptofix-222 (Aldrich) was recrystallized from benzene and stored
the synthesis and characterization of a new iron(ll) nitrate

; - - under argon in the dark. The Kryptofix-222 was recrystallized to
porphyrin species, [Fe(TpivPP)(NJD™. remove water and especially to remove the halide impurities, which

are known to readily coordinate to the iron(Il) porphyrin speti&s.
[Fe(TpivPP)(SQCFs)(H20)]-CsHsCI2° (100 mg, 0.08 mmol) and

General Information. UV —vis spectra were recorded on a 1 mL of zinc amalgam were stirredrfd h under argon in g4sCl
Perkin-Elmer Lambda 4C spectrometer. Magnetic susceptibility (10 mL). This deep-red solution ([iF€pivPP]) was then filtered
measurements were made on a model 905 SHE Corp. SQUID under argon into a second solution that was made by stirring 305
mg of Kryptofix-222 and 164 mg of KN&(1.6 mmol) in GHsCI

Experimental Section

(7) Scheidt, W. R.; Lee, Y. J.; Hatano, K. Am. Chem. S0d.984 106,

3191.
(8) Ellison, M. K.; Schulz, C. E.; Scheidt, W. Riorg. Chem200Q 39, (23) Shaevitz, B. A.; Lang, G.; Reed, C. lorg. Chem1988 27, 4607.
5102. (24) Eaton, S. S., Eaton, G. Rorg. Chem.198Q 19, 1095.

(9) Ellison, M. K.; Scheidt, W. RJ. Am. Chem. Sod.999 121, 5210.
(10) Scheidt, W. R.; Frisse, M. B. Am. Chem. S0d.975 97, 17.
(11) Nasri, H.; Haller, K. J.; Wang, Y.; Huynh, B. H.; Scheidt, W.IRorg.
Chem.1992 31, 3459.
(12) Piciulo, P. L.; Rupprecht, G.; Scheidt, W. RAm. Chem. S0d974

(25) Mashiko, T.; Kastner, M. E.; Spartalian, K.; Scheidt, W. R.; Reed, C.
A. J. Am. Chem. S0d.978 100, 6354.

(26) Schappacher, M.; Weiss, R.; Montiel-Montoya, R.; Trautwein, A.;
Tabard, A.J. Am. Chem. S0d.985 107, 3736.

(27) At the beginning of our investigation, before an adequate recrystal-

96, 5293.

(13) Scheidt, W. R.; Brinegar, A. C.; Ferro, E. B.; Kirner, J.J-.Am.
Chem. Soc1977, 99, 7315.

(14) Wyllie, G. R. A.; Schulz, C. E.; Scheidt, W. Rorg. Chem.2003
42, 5722.

(15) Nasri, H.; Wang, Y.; Huynh, B. H.; Scheidt, W. B. Am. Chem.
Soc.1991 113 717.

(16) Nasri, H.; Ellison, M. K.; Krebs, C.; Huynh, B. H.; Scheidt, W.R.
Am. Chem. So00Q 122 10795.

(17) Nasri, H.; Wang, Y.; Huynh, B. H.; Walker, F. A.; Scheidt, W. R.
Inorg. Chem.1991, 30, 1483.

(18) Nasri, H.; Goodwin, J. A.; Scheidt, W. Riorg. Chem.199Q 29,
185.

(19) Munro, O. Q.; Scheidt, W. Rnorg. Chem.1998 37, 2308.

(20) Phillippi, M. A.; Baenziger, N.; Goff, H. MInorg. Chem.1981, 20,
3904.

(21) Ellison, M. K.; Shang, M.; Kim, J.; Scheidt, W. Rcta Crystallogr.,
Sect. C1996 C52, 3040.

(22) Wyllie, G. R. A.; Munro, O. Q.; Schulz, C. E.; Scheidt, W. R.,
manuscript in preparation.

lization of Kryptofix-222 and KNQ was performed, an impure iron-
(1) porphyrin species was crystallized. X-ray studies—&t50 °C
showed that crystals of this species belonged to the triclinic system
with a = 12.882(8) A,b = 14.324(13) A,c = 24.191(13) A =
81.03(6Y, p = 80.85(5), y = 87.17(6}, space groufl, andZ = 2.
Preliminary results Ry = 12.2%) indicated an iron picket-fence
porphyrin complex bonded to the O atom of a nitrate ion. However,
this ion was present only approximately 75% of the time. This nitrate
O atom had an FeO distance of 2.13 A (using rigid group refinement
methods); the remaining 25% of the axial ligand to Fe is likely a Cl
ion with Fe-Cl = 2.23 A. This mixture was confirmed by a sbauer
spectrum, which showed the presence of a second high-spin iron(ll)
(impurity) with a quadrupole splitting of 4.29 mm/s, a value very close
to what was found for [FETpivPP)(CI)]" (AEq = 4.36 mm/s at 77
K).?8 Interestingly, both of these species, psre end members
crystallize in the monoclinic system and are effectively isomorphous.

(28) Schappacher, M.; Ricard, L.; Weiss, R.; Montiel-Montoya, R.; Gonser,

U.; Bill, E.; Trautwein, A. X.Inorg. Chim. Actal983 78, L9—-L12.

(29) Nasri, H. Ph.D. Thesis, University Louis Pasteur, Strasbourg, France,

1987.
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(10 mL) for 12 h. The bright-red-green solution was filtered, and
crystals were prepared by slow diffusion of pentane into tgtésC

Cl solution. The resulting crystalline material was washed (under
argon) with portions of thoroughly degassed water to remove excess
KNO3 and Kryptofix-222 and then washed with several portions
of pentane. UV-vis [CeHsCl, Amax NM (loge)]: 417 (4.70) (sh),

438 (4.93), 534 (3.83) (sh), 564 (4.08), 604 (3.64). IR (KBr):
v(NOs™) 1354 cntl.

X-ray Diffraction Studies. A single crystal of [K(222)][Fe- & 8
(TpivPP)(NQ@)]-CeHsCl (0.81 x 0.53 x 0.21 mn?) was subjected o [t e
to examination on an Enraf-Nonius CAD4 diffractometer equipped ““\f Ak "7//.‘1"“‘“% ~
with a locally modified Syntex LT-1 low-temperature attachment lﬂll\;g.' \\sm“
to provide a 118+ 5 K cold stream. All measurements were C )
performed with graphite-monochromated MaxKadiation. The
crystal was glued to the end of a glass fiber with cyanoacrylate
and quickly transferred to the cold stream. Intensity data were
measured at low temperature by the-26 scan method with a
constant scan rate of’3in ). The intensity data were reduced
with the Blessing program suffe with standard Lorentz and
polarization corrections but were not corrected for absorption. A
total of 10 231 reflections havin@/iA < 0.576 andr, > 3.00(F,)
were taken as observed. The structure of [K(222)][Fe(TpivPP)-
(NO3)]:CsHsCl was solved in the monoclinic space gro@2a/n, the chlorobenzene solution. This new compound has been
using coordinates for the iron, porphyrin, and Kryptofix-222 cation characterized by UWvis and Mssbauer spectroscopies,
from the structure of [Na(222)][Fe(TpivPP)}{OCH)]-CeHsCl.3 magnetic susceptibility, and a single-crystal X-ray structure
The remaining axial ligand and solvent atoms were found from a determination.
difference Fourier calculatioft. _ The molecular structure of [Fe(TpivPP)(NP is il-

After isotropic least-squares refinement had been carried out to lustrated in Figure 1. The Fe atom is five-coordinate, bound
convergence, difference Fourier syntheses suggested possibl(?0 the four porphyrin N atoms and to a single O atorr'1 of the
locations for all H atoms. All H atoms were included in subsequent . . . - - .

nitrate ligand. The nitrate ligand is bound inside the pocket

cycles of least-squares refinement as fixed idealized contributors : : )

(C—H = 0.95 A, N-H = 0.90 A, and B(H)= B(C,N) x 1.3). formed by the pivalamide groups of the picket-fence por-
Final cycles of full-matrix least squares used anisotropic temperature Phyrin. The monodentate F®© bond length is 2.069(4) A,
factors for all heavy atoms. At convergen&e,= 0.074 andR, = and the average equatorial-/d, bond length is 2.070(16)
0.093, the error of fit was 1.88, and the final data/variable ratio A. These values and other selected bond lengths are given
was 20.1. Final difference Fourier maps were judged to be in Table 1. The individual N-O bond lengths for the nitrate
significantly free of features. Complete crystallographic details, ligand are given in Table 2. The nitrate ligand plane nearly

atomic coordinates, anisotropic thermal parameters, and fixed pisects a N-Fe—N, angle, as can be seen in Figure 2. Also

Figure 1. ORTEP diagram of [Fe(TpivPP)(N§)~ showing the position

of the nitrate ligand in the pocket of the picket-fence porphyrin. Thermal
ellipsoids are drawn at the 50% probability level. H atoms have been omitted
for clarity except for the amide H atom nearest the nitrate ligand.

H-atom coordinates are included in the Supporting Information.
Results

The synthesis of the iron(ll) species [K(222)][Fe(TpivPP)-
(NQOg3)] involves the addition of [PErpivPP] (made by
reduction of the triflate complex [Fe(TpivPP)(8Ck;)(H0)]
with zinc amalgam) to excess potassium nitrate solubilized
by the cryptand Kryptofix-222 under strict anaerobic condi-
tions. Both the cryptand and KNOmust be carefully
recrystallized to remove halide impurities, which bind
strongly to iron(ll) species. Crystalline [K(222)][Fe(TpivPP)-
(NOs)] was then obtained by slow diffusion of pentane into

(30) Blessing, R. HCrystallogr. Re. 1987 1, 3.

(31) Nasri, H.; Fischer, J.; Weiss, R.; Bill, E.; Trautwein,JAAm. Chem.
So0c.1987 109, 2549.

(32) Programs used in this study include the following. (a) Zalkin's
FORDAP for difference Fourier syntheses. (b) Local modified least-
squares refinement: Lapp, R. L.; Jacobson, RABLS, a generalized
crystallographic least-squares prograrNational Technical Informa-
tion Services 1S-4708 UC-4; Springfield, VA. (c) Busing and Levy’'s
ORFFE and ORFLS and Johnson’s ORTEPII. (d) Atomic form factors
were from: Cromer, D. T.; Mann, J. BActa Crystallogr., Sect. A
1968 24, 321. Real and imaginary corrections for anomalous
dispersion in the form factor of Fe, K, and Cl atoms were from:
Cromer, D. T.; Liberman, D. JJ. Chem. Phys197Q 53, 1891.
Scattering factors for H were from: Stewart, R. F.; Davidson, E. R.;
Simpson, W. TJ. Chem. Phys1959 42, 3175.
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shown in this figure are the individual Fgorphyrin N bond
lengths and the closest interaction between a pivolyl group
of the picket-fence porphyrin and the nitrate ligand. There
is a hydrogen bond between a nitrate anion O atom and one
of the picket amido groups. The N(BH(N8):--:O(12)
hydrogen bond distance is 2.33 A.

The Fe is significantly displaced out of the 24-atom
porphyrin plane toward the nitrate ligand by 0.49 A and by
0.42 A from the four N atom plane. The porphyrin core is
modestly ruffled, and there is a small (0.07 A) doming toward
the nitrate ligand. This information is given in Figure 3. This
figure shows the core atom displacements (in units of 0.01
A) from the 24-atom mean porphyrin plane. Also included
in the diagram are the averaged values of the unique bond
lengths (A) and angles (degrees) in the porphyrin core.
Individual bond lengths and angles are given in the Sup-
porting Information.

The negative charge of the [Fe(TpivPP)(N anion is
balanced by a K(222) counterion. An ORTEP drawing of
this counterion is given in Figure 4. The eight-coordinate K
ion is bonded to six O atoms and two N atoms. The average
K—0(222) distance is 2.82(2) A, and the averageN 222)
bond length is 3.05(2) A.



Iron(Il) Nitrato Complex [Fe(TpizPP)(NOs)]~

Table 1. Selected Bond Parameters (A) for Five-Coordinate Iron(ll) Porphyrin Derivatives

iron(Il) complex Fe-Np Fe-L ANg AP Ct--*N S ref
[Fe(TpivPP)(NQ)]~ 2.070(16) 2.069(4) 0.42 0.49 2.027 2 this work
[Fe(TpivPP)CIf 2.108(15) 2.301(2) 0.53 0.59 2.040 2 28
[Fe(TpivPP)BIT 2.094(3) 2.434(2) 0.49 NR 2.036 2 29
[Fe(TpivPP)IT 2.079(2) 2.712(1) 0.40 NR 2.040 2 29
[Fe(TpivPP)(2-Meln)]~ 2.11(2) 2.002(15) 0.52 0.65 2.045 2 33
[Fe(TpivPP)(SGHF,)]~ 2.076(20) 2.370(3) 0.42 NR 2.033 2 28
[Fe(TPP)(SGHs)]~ 2.096(4) 2.360(2) 0.52 0.62 2.030 2 34
[Fe(TpivPP)(SGHs)]~ 2.074(10) 2.324(2) 0.44 0.52 2.027 2 35
[Fe(TpivPP)(QCCH)]~ 2.107(2) 2.034(3) 0.55 0.64 2.033 2 31
[Fe(TpivPP)(OGHs)]~ 2.114(2) 1.937(4) 0.56 0.62 2.037 2 31
[Fe(TpivPP)(NQ)]~ 1.970(4) 1.849(6) NR 0.18 1.962 0 15,16
[Fe(TpivPP)(2-MeHIm)] 2.072(6) 2.095(6) 0.40 0.43 2.033 2 36
[Fe(TPP)(2-MeHIm)] (2-fold) 2.086(8) 2.161(5) 0.42 0.55 2.044 2 37
[Fe(TPP)(2-MeHIm){1.5GHsClI 2.073(9) 2.127(3) 0.32 0.38 2.049 2 38
[Fe(Piw.CgP)(1-Melm)] 2.075(20) 2.13(2) 0.31 0.34 2.051 2 39
[Fe(OEP)(CS)] 1.982(5) 1.662(3) 0.22 0.23 1.970 0 40
[Fe(TPP)(NO)] 2.001(3) 1.717(7) 0.21 0.21 1.990 0 10
[Fe(TPP)(THF)] 2.057(4) 2.351(3) 090 0.0¢ 2.057 2 41

a Displacement of Fe from the mean plane of the four pyrrole N atéésplacement of Fe from the 24-atom mean plane of the porphyrin edajor
imidazole orientationd Six-coordinate; required to be zero by symmetry.

Table 2. Summary of Bond Parameters for Iron(Il) and Iron(lll) Nitrate Coordinated Porphyrin Derivatives

iron complex Fe-Np? Fe—O(NQy)? N—Q2 AP ¢cd ref
[Fe(TpivPP)(ONG)]~ 2.070(16) 2.069(4) 1.283(6) 0.49 45 this work
1.230(6)
1.232(6)
[Fe(OEP)(ONQ)]f 2.056(1) 2.016 1.206(5) 0.50 31 21
2.644 1.198(4)
1.208(6)
[Fe(OEP)(ONQ)]¢ 2.047(6) 1.966(2) 1.301(3) 0.45 41 22
3.042 1.212(3)
1.199(3)
[Fe(TPP)(QNO)] 2.085(10) 2.125(3) 1.199(4) 0.62 13 22
2.268(4) 1.300(3)
1.217(3)
[Fe(TpivPP)(QNO)] 2.071(14) 2.123(3) 1.271(4) 0.61 10 19
2.226(3) 1.252(4)
1.214(3)

aValues in angstrom#. Displacement of Fe from the 24-atom mean plane of the porphyrin eédtalues in degrees! Dihedral angle between the nitrate
plane and the closest-@~e—N, plane.® Monodentate' Triclinic form. 9 Monoclinic form." Bidentate.

Crystalline [K(222)][Fe(TpivPP)(Ng)] was also studied  species with a Soret band at 438 nm in chlorobenzene. The
by solid-state Mesbauer measurements. The quadrupole position of the Soret band is red-shifted compared to the
splitting and isomer shift were found to be 3.59 and 0.98 iron(lll) nitrate species [Fe(TPP)(N{), which appears at
mm/s, respectively, at 77 K and 3.56 and 0.98 mm/s, . . . .
respectively, at 4.2 K. These valuesikf, anddg.are given ~ (33) Xlagd?r?ér%; gﬁévrx"lﬂge&’ P Pischer, J.; Weiss, R.; Bill, E.; Trautwein,
in Table 3 along with Mesbauer data for related iron(ll)  (34) Caron, C.: Mitschler, A.; Riviere, G.; Schappacher, M.; Weiss].R.

and iron(lll) porphyrin species. The magnetic susceptibility (35) g@ﬁa%?i?ﬁefoﬂﬁc;% Z"lclj:ils.cher J.; Weiss, R.; Montiel-Montoya,
for [K(222)][Fe(TpivPP)(NQ)] was measured between 1.91 R.: Bill, E.; Trautwein, A. X.Inorg. Chem.1989 28, 4639. ’

and 302 K. A plot of the magnetic data is shown in Figure (36) Jameson, G. B.; Molinaro, F. S.; Ibers, J. A.; Collman, J. P.; Brauman,
J. I.; Rose, E.; Suslick, K. SI. Am. Chem. Sod.98Q 102 3224.

5. (37) (a) Collman, J. P.; Kim, N.; Hoard, J. L.; Lang, G.; Radonovich, L.
. . J.; Reed, C. AAbstracts of Papersl67th National Meeting of the
Discussion American Chemical Society, Los Angeles, CA, Apr 1974; American

. . . Chemical Society: Washington, DC, INOR 29. (b) Hoard, J. L.,
Although there are several iron(lll) porphyrin nitrate personal communication to WRS. In particular, Prof. Hoard provided
species of the general formula [Fe(Porph)@{®tructurally a set of atomic coordinates for the molecule.
. 22 . . f . (38) Ellison, M. K.; Schulz, C. E.; Scheidt, W. Rorg. Chem2002 41,
characterized 22 [Fe(TpivPP)(NQ)]~ is the first such iron- 2173,

(I) species characterized. The synthesis of [Fe(TpivPP)NO  (39) Momenteau, M.; Scheidt, W. R.; Eigenbrot, C. W.; Reed, CJA.
involves the addition of excess KNGolubilized with a Am. Chem. Sod988 110, 1207.
) " . : 40) Scheidt, W. R.; Geiger, D. Knorg. Chem.1982 21, 1208.
cryptand to the four-coordinate iron(ll) species [Fe(TpivPP)] (41) Reed, C. A.; Mashiko, T.; Scheidt, W. R.; Spartalian, K.; Lang).G.
i it icket i Am. Chem. Socl98Q 102, 2302.

under e_maerob|c c01_"|d|t|o.ns.. Picket-fence porphyrin was used(42) Bominaar, E. L.; Ding, X.-Q.; Gismelseed, A.; Bill, E.; Winkler, H.;
t(_J provide a protective bmdmg pocket thought to reQuc;e the Trautwein, A. X.; Nasri, H.; Fischer, J.; Weiss, IRorg. Chem1992
risk of O-atom-transfer chemistry known to occur in iron- «3) ?[:,1' 1845- Lang, G.: Reed. C. 4. Chem. Physl983 78, 2561

_ - &2 . . 0so, B.; Lang, G.; Reed, C. A. Chem. Phy. , .
(1) nitrite species>? A solution electronic spectrum con- (44) Kent, T. A Spartalian, K.. Lang, G.; Yonetani, T.. Reed, C. A

firmed the synthesis, and persistence in solution, of a new Collman, J. PBiochim. Biophys. Actd979 580, 245.
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Figure 4. ORTEP diagram of the K(222) cation. Thermal ellipsoids are
drawn at the 50% probability level. H atoms have been omitted for clarity.

Table 3. Solid-State Masbauer Parameters for [Fe(TpivPP)@NO

Figure 2. ORTEP diagram of [Fe(TpivPP)(N{)~ looking onto the and Related Derivatives

porphyrin plane from the pocket side of the picket-fence porphyrin. Selected AEq, mm/s Ore, mm/s T, K ref
bond lengths are given (in A).

High-Spin Iron(Il) Complexes

C(m1) [Fe(TpivPP)(NQ)]~ 3.59 0.98 77 this work
14, 19 10 EFengivppggocrg)%]* 3.64 1.00 77 31
93 = = z Fe(TpivPP)(OGHs)]~ 3.86 1.04 77 31
/ Ny N f% [Fe(TpivPP)(QCCHy)] - 4.19 103 77 31
-12 —/ 7 [Fe(TpivPP)(QCCH)] 4.25 105 4.2 42
2 5 [Fe(TPP)(OGHs)]~ 4.01 1.03 42 23
® [Fe(TpivPP)(CI} 4.36 .00 77 28
\ ,\06?’ / [Fe(TpivPP)(SEHF4)]~ 2.37 0.82 85 28
4 9 [Fe(TPP)(THF)] —2.75 096 77 43
10 & 131245605 [Fe(TPP)(2-MeHIm)] —2.40 0.92 42 38
/ ,\QQ ) \ [Fe(TPP)(2-MeHIm)] (2-fold)  —2.28 0.93 42 44
A N [Fe(TPP)(1,2-Mgm)] -1.93 0.92 42 45
C(m2) 18 125.4(7) 87.7(13) 49 18 C(m4) [Fe(TTP)(2-MeHIm)] -1.95 0.85 4.2 45
S [Fe(TTP)(1,2-Melm)] —2.06 0.86 42 45
\ / \ @9\ deoxymyoglobin -2.22 0.92 4.2 44
13 1:374(10) »{’// 12 deoxyhemoglobin —2.40 0.92 42 44
6 1 Low-Spin Iron(ll) Complexes
\ / [Fe(TMP)(Py}] 1.24 0.45 42 46
[Fe(TPP)(Pyj] 1.15 040 77 47
6 106805 ,\\05@ -2 [Fe(OEP)(Py)] 1.13 0.46 42 48
\ -9 -8 / [Fe(TPP)(1-Vinim)] 1.00 0.43 42 49
N /09\\2\ S~ [Fe(TPP)(Pip)] 1.44 0.51 42 50
-10 —201% =16 [Fe(TpivPP)(1-Melmy] 1.02 0.46 42 50
C(m3) [Fe(TMP)(1-Melm}]2 1.11 0.45 77 51
[Fe(OEP)(1-Melmy]2 0.96 046 77 51
Figure 3. Formal diagram of the porphyrinato core of [Fe(TpivPP)gNQ [Fe(TMP)(PMe)(1-Melm)J? 0.75 0.38 77 51
lllustrated are the displacements of each atom from the mean plane of the [Fe(TMP)(PMe),]2 0.47 0.36 77 51
24-atom core in units of 0.01 A. Positive values of displacement are toward [Fe(OEP)(PMe),]? 0.35 0.36 77 51
the nitrate ligand. The diagram also gives the averaged values of each distinct
bond distance and angle in the porphyrinato core. 2In a dimethylacetamide solution.

412 nm in methylene chlorid®.Similar red shifts are seen 417 nm and that for [Fe(TpivPP)Cllat 446 nn¥8 and the
when comparing iron(lll) vs iron(ll) chloride and also acetate Soret band of [Fe(TpivPP)(QCHs)] at 414 nm shifts to
species. For instance, the Soret band for [Fe(TPP)CI] is at448 nm for [Fe(TpivPP)(@CHs)]~ in chlorobenzenét So,
the solution electronic spectrum for [Fe(TpivPP)HO

(45) Hu, C.; Roth, A.; Ellison, M. K.; An, J.; Ellis, C. M.; Schulz, C. E.;

Scheidt, W. R.J. Am. Chem. So@005 127, 5675. alone suggests the formation of a new iron(ll) porphyrin
(46) Safo, M. K.; Nesset, M. J. M.; Walker, F. A.; Debrunner, P. G

Scheidt, W. RJ. Am. Chem. S0d.997, 119, 9438. (50) Collman, J. P.; Hoard, J. L.; Kim, N.; Lang, G.; Reed, C.JAAmM.
(47) Kobayashi, H.; Maeda, Y.; Yanagawa,Bull. Chem. Soc. Jpri97Q Chem. Soc1975 97, 2676.

43, 2342. (51) Polam, J. R.; Wright, J. L.; Christensen, K. A.; Walker, F. A.; Flint,
(48) Dolphin, D.; Sams, J. R.; Tsin, T. B.; Wong, K.L.Am. Chem. Soc. H.; Winkler, H.; Grodzicki, M.; Trautwein, A. XJ. Am. Chem. Soc.

1976 98, 6970. 1996 118 5272.
(49) Safo, M. K.; Scheidt, W. R.; Gupta, G. Rorg. Chem.199Q 29, (52) Finnegan, M. G.; Lappin, A. G.; Scheidt, W. Rorg. Chem.199Q

626. 29, 181.
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Figure 5. Magnetic susceptibility of [K(222)][Fe(TpivPP)(N{) over the
temperature range of 1.9B02 K.

350

species. The question of the spin state, however, remains
The five-coordinate, high-spin, neutral species [Fe(TpivPP)-
(2-MeHIm)] has a Soret band at 436 rifms stated above,
the high-spin iron(Il) halide and oxyanionic (RDspecies
have Soret maxima around 440 nm. Interestingly, however,
the Soret maximum for thew-spiniron(ll) anionic species
[Fe(TpivPP)(NQ)]~ is also in this area at 444 nthl6

In five-coordinate iron(ll) porphyrinates, the nature of the
axial ligand determines the spin state. Strong axial ligands
such as NO and CS result in low-spin complexes. Weak-
field ligands such as the halides and imidazoles yield high-
spin species. Iron(ll) porphyrinates with oxyanionic ligands
are either high- or low-spin. For example, nitrite yields an
N-bound low-spin speci€$,and methoxidé} acetate’2 and
phenolaté® yield high-spin species. So, the question remains,
will nitrate result in a low- or high-spin species?

The molecular structure, specifically the geometry at Fe,
can be a strong indicator of the spin state. For instance, five-
coordinate, high-spin iron(ll) complexes have typical Fe out-
of-plane displacements &f0.5 A and six-coordinate, high-

in a more symmetrical bidentate fashion; that is, the two
Fe—O bond lengths are nearly equivaléhtThe large
denticity range from monodentate to a nearly symmetrical
bidentate fashion in these iron(lll) nitrate species results in
a large range of FeO bond lengths (1.9662.323 A).
Concurrently, the orientation of the nitrate ligand plane with
respect to the porphyrin plane also varies greatly. The
dihedral angle between the nitrate plane and the closgst N
Fe—O angle ranges from 2Go 45 (Table 2).

In the iron(ll) species [Fe(TpivPP)(NJ)~, the nitrate
anion is in the pocket of the picket-fence porphyrin, as is
almost always the case for complexes of the general formula
[Fe(TpivPP)(X)P'~, where X is an anionic ligand. The nitrate
is bound in a monodentate fashion with the&NGOs)
vector close to normal to the porphyrin plane and an Fe
O(NOs) bond length of 2.069(4) A. This bond length is

longer in [Fe(TpivPP)(N@]~ than in the two iron(lIl)

species with monodentate binding of nitrate due to the added
electron. As can be seen from Figure 2, the O atom is directly
over the Fe atom, which corresponds to a long f3(NO;)
distance to the next-closest O atom of the nitrate ligand. The
ligand plane nearly bisects the two shorter’g bonds. In
the iron(lll) derivative [Fe(TpivPP)(N€)], there are also two
long and two short FeN,, bonds, but the nitrate ligand nearly
eclipses the two long bonds, which are across from each
other®® The significance of the varied modes of binding of
the nitrate ligand is not clear but likely results in different
electronic structures at Fe, which may, in turn, affect the
reactivity of the different iron species. Although definitive
structural data are not available, it appears that some iron-
(1N porphyrinate species can adopt either monodentate or
bidentate nitrate coordination modes. This bidentate nitrate
possibility for iron(ll) is being explored.

Mdossbauer spectroscopy was used to characterize the
electronic structure of [Fe(TpivPP)(NW)~. The typical
qguadrupole splitting for a six-coordinate, low-spin, ferrous

spin species have expanded porphyrin cores. Consequentlyporphyrin species is-1 mm/s, with decreased values for

the average FeN, bond lengths for high-spin iron(Il)

morez-bonding axial ligands (compare Table 3). These low-

Comp|exes are e|ongated Compared to |ow-spin Comp|exe5_8pin iron(II) species are also characterized with decreased

The Fe-atom displacement for [Fe(TpivPP)(HO is 0.49
A, and Fe-N, is 2.070(16) A, which is at the low end of
the range of FeN, bond lengths for high-spin iron(ll)
porphyrin complexes (2.672.11 A)53

Fe—axial ligand bond lengths are also indicative of the
spin state. Long FeL bond lengths characterize high-spin
complexes. In iron(lll) porphyrin nitrate complexes, bonding
of the axial nitrate ligand is exclusively through O, although
the denticity varies greatly. For example, in the two crystal-
line forms of [Fe(OEP)(N@)], the nitrate is bound in a
monodentate fashiot:??However, in the triclinic form, the
Fe—O bond length is significantly longer than that in the
monoclinic form (compare Table 2). The nitrate ligand in
[Fe(TPP)(GNO)] is bound in a near-symmetrical bidentate
fashion?? In [Fe(TpivPP)(QNO)], the nitrate ligand is bound

isomer shifts §re < 0.5 mm/s). Porphyrin species with
isomer shift values of~0.8—1 mm/s are expected for high-
spin iron(l1)> Indeed, the isomer shift for [Fe(TpivPP)(ND

of 0.98 mm/s at 77 K strongly supports a high-spin-state
assignment for this species. The quadrupole splitting for high-
spin iron(ll) complexes, however, varies greatly. The neutral
five-coordinate imidazole species [Fe(Porph)(RIm)], as well
as deoxyhemoglobin and -myoglobin, have values for the
qguadrupole splitting of~2 mm/s and are negative in sign.
The species [Fe(TpivPP)(gdF,)]~ and [Fe(TpivPP)(THE)

also have the usual, smaller quadrupole splittings®inm/

s. Previous studié%31-5556suggest that species of the general
formula [Fe(Porph)(X)i, where X is a halide ion or an
anionic O-donor ligand, have distinctively large quadrupole
splittings AEqg ~ 3.5-4 mm/s). Indeed, the quadrupole

(53) Scheidt, W. R. Systematics of the Stereochemistry of Porphyrins and
Metalloporphyrins. IfiThe Porphyrin Handbogkadish, K. M., Smith,
K., Guilard, R., Eds.; Academic Press: San Diego, CA, and Burlington,
MA, 2000; Vol. 3, Chapter 16.

(54) Debrunner, P. G. liron Porphyrins Lever, A. B. P., Gray, H. B.,
Eds.; VCH Publishers Inc.: New York, 1983; Part 3, Chapter 2.

(55) Silver, J.; Lukas, Blnorg. Chim. Actal983 80, 107.

(56) Silver, J.; Lukas, B.; Al-Jaff, Gnorg. Chim. Actal984 91, 125.
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splitting for [Fe(TpivPP)(N@)]~ at 3.59 mm/s is consistent show a high-spin-state assignment for this species. The
with their findings. These unusually large quadrupole split- magnetic data confirm this assignment. The unusually large
ting values likely arise from a significant bonding orbital quadrupole splitting value found in the Tggbauer spectrum
contribution to the electric-field gradient from the anionic is similar to those found for other species of the type
axial ligand, and that 4l becomes the lowest d orbital in  [Fe(Porph)(X)I but distinctly different in magnitude and
energy and, hence, doubly occupied. Further exploration of sign than those found for deoxymyoglobin, deoxyhemoglo-
possible classes of high-spin iron(ll) porphyrinates is in bin, and their model compounds. Because there is no
progress’ structural information on Fe coordinated to nitrate in a
The S = 2 spin state has also been confirmed from the protein, even though there are proposed intermediates of such
measurement of the temperature-dependent magnetic susspecies, the structural and magnetic information gathered here
ceptibility. The limiting value Ofues iS 5.3 et at 302 K, will be of use for the characterization of future biologically
slightly larger than that expected for the spin-only moment. significant molecules of this type.
The temperature dependence, displayed in Figure 5, is

consistent with a significant zero-field-splitting parameter ~ Acknowledgment. We thank the National Institutes of
of 10 cnTl. Health for support of this research under Grants GM-38401

Summary. A new five-coordinate iron(ll) anionic por- (W.R.S.) and HL-16860. We thank Prof. C. A. Reed for
phyrin species has been synthesized and characterized. Frorssistance in obtaining the magnetic susceptibility data.
the single-crystal structure determination, the nitrate ligand
is found to be bound in a monodentate fashion. The large
Fe out-of-plane displacement and long+¢, bond lengths
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