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The synthesis and characterization of the trifluoromethanesulfonato derivatives of bis(dimethyl phenylphosphonite)-
(tetrakisp-methylphenyl)porphyrinato)irdh 1, and bis(diethyl phenylphosphonite)(tetrakistethylphenyl)-
porphyrinato)irof!, 2, are reported: [(PPh(OMg)Fe(T{p-Me)PP)]ICRSC;, 1, and [(PPh(OER).Fe(T (-
Me)PP)|CRSG;, 2, (T(p-Me)PP= tetrakisp-methylphenyl)porphyrinato). The crystal structure of complelxes
and2 have been determined. Both X-ray structures show that the porphyrinate rings are strongly ruffled. The
equatorial FeN bond distances average to 1.971 (6) A foand to 1.969 (7) A for2, which is a quite short
distance for low-spin irofl porphyrinate derivatives. TH&l NMR isotropic shifts at 20C of the pyrrole protons

of the two complexes, varied from2 ppm for2 to +3 ppm for1 rather than the expected20 to —30 ppm,

based on previously studied bis-ligated complexes of low-spin ferric porphyrins. The electron paramagnetic
resonance spectra of [(PPh(OMelFe(T{p-Me)PP)]CESG;, 1, and [(PPh(OER).Fe(T(p-Me)PP)ICRSG;, 2, in

solution are axial, witlgy = 2.36 andg, = 1.87-1.91 at 4 K,Zg? = 14.7. The Mesbauer spectra dfand?2

at 70 K have isomer shifts of 0.35 and 0.37 mm/s and quadrupole splittings of 1.23 and 1.66 mm/s, respectively.
All physical properties are consistent with a low-spin lfawith an unusual ground-state configuration.(},)*

(dyy)*, as recently reported for [(4-GNPy)Fe(TPP)]CIQ Safo, (M. K.; Walker, F. A.; Raitsimring, A. M.; Walters,

W. P.; Dolata, D. P.; Debrunner P. G.; Scheidt, WJRAmM. Chem. S0d.994 116 7760-7770). Crystal data

for [(PPh(OMe)),Fe(T({p-Me)PP)|CRSQs, 1: a = 16.611(3) A,c = 20.722(4) A, trigonal, space grois,, V
=4951(2) B, Z= 3. Crystal data for [[PPh(OE))Fe(T({-Me)PP)|CESO;, 2: a=24.017(2) A = 14.380(9)

A, ¢ = 18.702(4) A, monoclinic, space grol2y, V = 6457(6) B, Z = 4.

Introduction an important tool in the characterization of hemoproteins. In
comparison with the amount of information available for bonds
to phosphines, relatively few parameters are known for bonds
to phosphonite and phosphite ligands in complexes of metals
in positive oxidation state’. In this paper, we present results
on complexation of phosphonite to ferriporphyrins that enable
us to compare phosphines and phosphonites in very closely
related complexes.

Although phosphines and other group VB donors are not
natural substrates in biological systems, their interactions with
hemoglobing, myoglobins? cytochromes P-458,chloroper-
oxidase} cytochromec,® and metalloporphyrifs’ have been
widely studied. This interest in phosphorus derivatives derives
from their strong binding to those metalloproteins which bind
or utilize molecular oxygen and their consequent ability to be
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There is currently a large interest in determining what factors observed an unusual electronic structure for [(PPh(QMz)
affect the electronic structure of low-spin hemoproteins. Walker (TPP)]CIQ, by 'H NMR.1” We have now further extended our
and Simoni% have shown that proton NMR spectroscopy is a studies to the preparation and complete spectral characterization
sensitive tool for probing the unpaired electron density distribu- (NMR, EPR, and Mssbauer) of [(PPh(OMg)Fe(TPP)]CEk-
tion in low-spin irod! porphyrins. It has been accepted that SO; and [(PPh(OE%).Fe(TPP)]CESQ;. The X-ray structures
most of the low-spin iroff have a (g)%(dy, d,)® ground state. of [(PPh(OMe)).Fe(Tp-Me)PP)ICESGO; (T(p-Me)PP = tet-
Some time ago, La Mar and co-work&irst recognized that rakis(-methylphenyl)porphyrinato) and [(PPh(OBFe(T (-
the hyperfine shifts for both the pyridine ligands and the Me)PP)]JCRESG; have also been determined. A comparison with
porphyrin are very sensitive to the basicity of the axial ligands. [(PPh(Me}).Fe(TPP)]CIQ®¢d suggests an electronic contribu-
More recently, we reported that, when two moleculeseof tion to the observed ruffling of the porphyrin ring in the bis-
butylisocyanide are bound to ferric tetraphenylporphyrin, the phosphonite complexes.

IH NMR spectrum is indicative of a low-spin complék.The
hyperfine shifts were separated into their dipolar and contact Experimental Section
contributions. The separated components reflect the very low  General Information. As a precaution against the formation of
magnetic anisotropy of the iron, and the unusual orientation of the 4-oxo dimer [Fe(TPP)D all reactions were carried out in dried
the unpaired spin density when the nitrogen axial ligands are solvents in Schlenk tubes under an Ar atmosphere. Solvents were
exchanged for isocyanide ligands leads to complete reversedistilled from appropriate drying agents and stored under argéh.
localization1112 Subsequently, it was recognized that the NMR spectra were recorded on a Bruker AC 300P spectrometer in
unusual NMR behavior results from the formation of an unusual €DzCl2 or CDCk at 300 MHz. Tetramethylsilane was used as internal
(dxy)l ground staté. It should be underlined that a similar reference. The temperatures are given within 1 K EPR spectra were
situation was very recently reported with low-basicity cyan- €cerded on avarian E 109 spectrometer operating at ca. 9 GHz and
- . - . ? equipped with a gaussmeter and a microwave frequency counter for
opyridine complexation to ferriporphyrid. The change in

- respective monitoring of the field and of the frequency. Samples were
ground state of low-spin irdhfrom (d)?(0xx0y2)® to (kz0y)*- cooled to 4.2 K in a stream of helium gas in frozen £H, the

(dxy)* electron configuration occurs progressively through the temperature of which was controlled by an Oxford Instruments ESR
series of pyridine complexes of both PP (TPP: tetra- 900 cryostat. Mesbauer spectra were recorded at Toulouse in the solid
kisphenyl porphyrinate) and BgMP (TMP: tetrakismesityl state at 80 and 4 K. Visible spectra were measured on a Uvikon 941
porphyrinate) complexes, the low-basicity pyridines stabilizing spectrometer in CkCl,. Elemental analyses were performed by the
the unusual (Q,dyz)4(dxy)l state. The axial electron paramagnetic Service Central of Analyses (CNRS) at Vernaison, France.
resonance (EPR) spectra, with > g, are also indicative of a Caution: We have not (_)k_)served deton_ation of iron porphyrin
(dysh)%(dyy)! State. With the TPP compound, the X-ray perchlorates under our cendlt_lons, but care is urged.
structure shows that the two axial ligands have relative Reagents. The following iron porphyrin® were prepared by
perpendicular orientations along with an extensivepr8fled literature methOdsz‘l [Fe (TPP)ICIE? [F;Oe(T(mMe)PP)]CIQ, : [F(Z

: e : (T(p-Me)PP)ICIQ, 2 [Fe(TPP)]CRSOs, 2 [Fe(T(MMe)PP)]CRSOs,
porphyrln core wh_lch is related to electr(_)nlc factors rather than [Fe(Tp-Me)PP)ICRSOs2: P(OMe)Ph and P(OEtPh are com-
steric factors. This electronic contribution may be due to the yercially available.
partial delocalization of the (¢! unpaired electron into the 2a Synthesis. [(P(OMelPh)Fe(T(E-Me)PP)JCRESOs, 1. To a solution
() orbital of the porphyrin ring, which is made possible by of 0.21 g (0.24 mmol) of [Fe(F:-Me)PP)JCESQ; in 10 mL of
the twisting of the nitrogen porbitals of the nitrogen out of  dichloromethane was added 10 equiv of P(OM&)by a syringe under
the plane of the porphyrin ring, as suggested recéifiy3tThe stirring at room temperature. Then 40 mL of pentane was added and
Méssbauer spectrum shows also an unusually small positive tothe solution was set aside 2 days for crystallization &C0 Purple

large negativ quadrupole splitting in the ferric tetraphenylpor- ~ crystais of [(P(OMe}Ph)Fe(T(-Me)PP)ICESO; were COO“eCIed by
phyrinato complexes. filtration and washed with hexane. Yield: 0.22 g (80%). Y¥s

. . . . . (CH,CLL): Amadnm 358 € = 19.6 dn? mmol cm™), 437 € = 37.5),
In an attempt to provide additional pertinent information for 552 ¢ = 6.3). 607 ¢ = 5.8).

determining what factors affect the electronic structure of low- [(P(OEtLPhyFe(T-Me)PP)CESOs, 2. To a solution of 0.20 g

spin hemoproteins, phosphonite complexes of ferric porphyrins 53 mmol) of [Fe(T-Me)PP)|CESO; in 16 mL of dichloromethane
were investigated. These complexes are relatively difficult to \yas added 8 equiv of P(OBPh by a syringe under stirring at room
prepare (see Experimental Section) but allow comparisons of temperature. Then 60 mL of pentane was added, and the solution was
variation in chemical shifts with changing the organic substit- set aside 2 days for crystallization at €. Purple crystals of
uents on phosphorus, while the stereochemistry and the spin[(P(OEtLPh)Fe(T{-Me)PP)]CESGC; were collected by filtration and
state remain constant. In addition, useful information can be washed with hexane. Yield: 0.20 g (72%). Anal. Calcd for
obtained from comparison with phosphine ligands that are CedHesNaP2O/FsSFe: C, 65.23; H, 5.20; N, 4.41; P, 4.88. Found: C,

weaker s acceptors than phosphonitési® We previously ~ 99.06; H,5.00; N, 4.52, P, 4.77. UWis (CH,CL): Ama/nm 356 €
= 24 dr mmol- cm-1), 438 ¢ = 50), 556 ¢ = 5.8), 608 ¢ = 5.3).

(9) Walker, A.; Simonis, U. IBiological Magnetic ResonancBerliner,
L. E., Reuben, J., Eds.; Plenum: New York, 1993; Vol. 12, p 132 (14) The presence of oxygen atoms bound to the phosphorus decreases

and references therein. the basicity and increases theacidity of the ligand. This is the case
(10) (a) La Mar, G. N.; Bold, T. J.; Satterlee, J. Biochim. Biophys. Acta of phosphites and to a less extent of phosphonites. For examples, see:
1977,498 189. (b) La Mar, G. N.; Del Gaudio, J.; Frye, J.BSochim. refs 8, 15-16.
Biophys. Actal977, 498 422. (15) Tolman, C. A.Chem. Re. 1977,77,313.
(11) (a) Simonneaux, G.; Hindrg.; Le Plouzennec, Mnorg. Chem1989 (16) Crabtree, R. H. ImThe Organometallic Chemistry of the Transition
28, 823. (b) Gee, C.; Legrand, N.; Bondon, A.; Simonneaux,|@rg. Metals Wiley-Interscience: New York, 1988; p 71.
Chim. Actal992 195 73. (17) Guillemot, M.; Simonneaux, @. Chem. Soc., Chem. Comm@895
(12) Walker, F. A.; Nasri, H.; Turowska-Tyrk, I.; Mohanrao, K.; Watson, 2093.
C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am. (18) Fleisher, E. B.; Palmer, J. M.; Srivastava, T. S.; Chatterjed, Am.
Chem. Soc1996 118 12109. Chem. Soc1971, 93, 3162.
(13) (a) Safo, M. K.; Gupta, G. P.; Watson, C. T.; Simonis, U.; Walker, F. (19) Abbreviations used: ¥ITPP), tetraphenylporphyrin; T (m-Me)PP],
A.; Scheidt, W. RJ. Am. Chem. S0d 992 114, 7066. (b) Safo, M. tetrakism-methylphenyl)porphyrin; B T(p-Me)PP], tetrakigt-meth-
K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata, D. P.; ylphenyl)porphyrin.
Debrunner, P. G.; Scheidt, W. R. Am. Chem. S0d 994 1, 7760. (20) Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kasner, M. E.; Scheidt, W.
(c) Cheesman, M. R.; Walker, F. A. Am. Chem. Sod.996 118 R.; Spartalian, K.; Lang, Gl. Am. Chem. Sod 979 101, 2948.
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Table 1. Crystallographic Data for [(P(OMgPh)Fe(T{p-Me)PP)]- and not refined. The whole structure was refined by the full-matrix
CRsS0;, 1, and [(P(OEQPhLFe(T(p-Me)PP)ICRSG;, 2 least-square techniques (useFofmagnitudey, v, z, §i; for Fe, P, O,
1-2CH,Cl, 2 N and C atomsy, y, z for triflate anion and, y, z for hydrogen atoms;
— 741 variables and 3987 observations; = 1l/o(Fo)? = [0X(1) +
emplrlcal formula G7H52C|4FEF_:,N407P2$ C59H65Fe|'_3N407P28 (0_04:02)2]—1&) with the resultingR — OOGG,RW — 0062, andSN —
fw 1383.93 1270.711 2.72 (residualAp < 0.33 e A3).
crystal system trigonal monoclinic ) o
space group P3, P2/a Single-Crystal Structure Determination on [(PPh(OEt)).Fe(T(p-
a, 16.611(3) 24.017(2) Me)PP)] CFs:S0Os, 2. The data collection @nax = 54°, scanw/26 =
b, A 14.380(9) 1, tmax= 60 s, rangdh, k, I: h=—28.28 k= 0.17,] = 0.22, intensity
c, A 20.722(4) 18.702(4) controls without appreciable decay (12%) gave 10297 reflections from
a, deg which 4334 reflections satisfied > 30(l). After Lorentz and
B, deg 91.48(1) polarization corrections, the structure was solved with direct methods
Vs d%g which reveal the Fe, P, and some C atoms. The remaining non-
v, A 4951(2) 6457(6) hydrogen atoms of the structure were found after successive scale for
I%’calcd gcm? i 392 41 306 factor refinements and Fourier difference. The triflate anion was found
wemt 5:303 3:739 as disordered in two positions. After isotropiR & 0.125), then
T (K) 293 293 anisotropic refinemenR = 0.096), some hydrogen atoms were found
0.062 0.069 with a Fourier difference; the remaining ones were set in geometrical
final R 0.066 0.072 position and not refined. The whole structure was refined by the full-
matrix least-square techniques (usdé~ahagnitudey, y, z, i; for Fe,
For the preparation of the tetraphenyl anétamethylated deriva- P, O, N, and C atoms, y, z for triflate anion andk, y, z for hydrogen

tives, the same procedure can be used with the correspondingatoms; 769 variables and 4334 observatiams; 1/0(Fo)? = [0(1) +
perchlorate or triflate analogues in dichloromethane solvent and the (0.04:2)?~%?) with the resultingR = 0.072,R, = 0.069, andS, =
suitable ligand. However, fometamethyl derivatives, a partial 4.53 (residualp < 0.63 e A3),

decomposition was observed; the solutions were reduced in volume to

ensure precipitation, due to the high solubilitymétamethyl deriva- Results
tives in dichloromethane.

[(P(OMe)Ph)Fe(TPP)]JCESGCs. Yield: 78%. UV—vis (CHCly): Synthesis. The general synthetic strategy with the phospho-
Ama/nm 358 € = 19.6 dn¥ mmol* cm™?), 437 = 37.5), 554 ¢ = nite derivatives reported herein was to choosese(tetraphe-
6.3), 606 € = 5.2). nylporphyrinato)iroH' ligated by weakly coordinating counte-

[(P(OEtyPhyFe(TPP)]CESO;. Yield: 82%. Anal. Calcd for ; : ; ; ;
CoHeaNaP,OESSFe: C. 64.30; H. 4.78: N. 4.61: P, 5.11. Found: C, rions (perchlorate or triflate) as intermediates, which made

63.94: H, 5.06; N, 4.68: P, 4.22. UMis (CHCl): Ama/nm 356 € possible product isolat_ion. Actl_JaIIy three majordiffi_cultie_s th_at
= 24 dr mmol cmY), 438 ¢ = 39), 556 ¢ = 5.8), 608 ¢ = 5.3). we have ent_:ountered in preparing phosphonite f(_a_rnc derlvatlves
[(P(OMe)XPh)Fe(TPP)]CIQ. To a solution of 0.19 g (0.24 mmol)  have been (i) autoreduction to the ferrous state, (i) the necessity
of [Fe(TPP)]CIQ in 20 mL of dichloromethane was added 8 equiv of t0 add a large excess of the ligand to assure full complexation,
P(OMe)Ph by a syringe at room temperature. The solution was set and (iii) the partial hydrolysis of the phosphonite to the
aside overnight for crystallization at @C. Fine crystals of [(P(O- phosphinic ester in the presence of traces of acidic water. In
Me),PhyFe(TPP)ICIQ were collected by filtration and washed with  the latter case the product was the perchlorato derivative of bis-
hexane. Yield: 0.21 g (74%). Anal. Calcd fokdscNsP.OCIFe,  (phenylphosphinic methyl ester) (tetraphenylporphyrinatdliron
CHZqz' C, 6_1'38' H, 4.36; N, 4.69; P_’ 519. Found: C, 61.64; H, \hichis a new high-spin six-coordinate ferric porphy#iwhen
4.25; N, 5.26; P, 4.79. UMWvis (CH.Cl): Ama/nm 357 € = 28 dn? h bl trolled. additi d f8 .
mmol- cm 1), 437 ¢ = 59), 553 ¢ = 7), 605 ¢ = 5.3) these problems are controlled, addition under argon of 8 equiv
[(P(OMexPhyFe(TE-Me)PP)ICIO. Yield: 85%. Anal. Caledfor ~ OF dimethyl phenylphosphonite to [Fe(TPP)IGIan dichlo-
CedHsdN4P,OsCIFe: C, 66.02; H, 5.02; N, 4.81; P, 5.32. Found: C, romethane affords the hexacoordinated complex [(P(GMe)
65.85; H, 5.18; N, 4.85; P, 5.09. UWis (CHCl2): Ama/nm 358 ¢ PhyFe(TPP)]CIQ with 74% yield. For the preparation of the
= 26 dn? mmol™ cm™?), 437 € = 60), 554 ¢ = 7.5), 606 € = 5.2). other ferriporphyrin derivatives with this phosphonite, [(P-
X-ray Structure Determinations. Both X-ray studies were carried ~ (OMe)yPh)Fe(T(m-Me)PP)]CIQ, and [(P(OMe)PhyFe(T (-
out on an ENRAF-Nonius CAD4 diffractometer using graphite mono- Me)PP)]CK)h the same procedure can be used. The need for
chromatized Mo K. radiation. The cell parameters were obtained by gp, X-ray crystal structure of at least one derivative led us to
fitting a set of 25 highd reflections. Crystallographic data are collected extend this reaction to the complexation of a second ligand
in Table 1. Crystals of the compounds were obtained as reported in di . . L
iethylphenylphosphonite, and to the use of triflate as anion.

results. Atomic scattering factors were frdnternational Tables for Finall d imil . diti h | X
X-ray Crystallography The calculations were performed on a Hewlett inally, under similar reaction conditions, the complete X-ray

Packard 9000-710 for structure determination and on a digital Mi- Structural analyses of two derivatives, [(PPh(ONig)e(T (-
crovaX 3100 with the MolEN packaggfor refinement and ORTEP ~ Me)PP)]CRESG;, 1, and [(PPh (OEE).Fe(T({p-Me)PP)ICESG;,

calculations. 2, were successful. The triflate anion was used for reason of
Single-Crystal Structure Determinat_ion on [(PPh(OMe)).Fe(T(p- safety, although most of the physical measurements have been
Me)PP)] CFsSO;, 1. The data collection @nax = 50°, scanw/20 = performed on the low-spin ferric porphyrin family with per-

1, tmax= 60 s, rangen, k, I: h=—19.19,k = 0.19,] = 0.24, intensity chlorate anioné.

controls without appreciable decay (0.4%) gave 7335 reflections from . .
which 3987 reflections satisfied > 30(l). After Lorentz and Stuctures of the Bis(phosphonite) Complexes.The mo-

polarization corrections, the structure was solved with direct methods l€cular structures of [(PPh(OMg)Fe(T (p-Me)PP)]CESGs;, 1,
which reveal the Fe, P, and some C atoms. The remaining non- and [(PPh(OER).Fe(T({-Me)PP)ICESG;, 2, are shown in the
hydrogen atoms of the structure, the triflate anion, and the two solvent ORTEP diagram (Figures 1 and 2) along with the numbering
molecules were found after successive scale for factor refinements andscheme for the crystallographically unigue atoms. As can be
Fourier difference. After isotropicR = 0.095), then anisotropic
refinement R = 0.076), some hydrogen atoms were found with a
Fourier difference; the remaining ones were set in geometrical position

(23) Sheldrick, G. M. IrCrystallographic Computing 3: Data Collection,
Structure Determination, Proteins and Databas8keldrick, G. M.,
Kriger, C., Goddard, R., Eds; Clarendon Press: Oxford, 1985.

(22) ENRAF-NONIUS Molecular Determination Packa@elft University, (24) Guillemot, M.; Toupet, L.; Simonneaux, Gorg. Chem.1996 35,
The Netherlands (current version: 1990). 6334.
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Table 2. Selected Bond Lengths and Distances in [(P(OMe)Fe(T{P-Me)PP)]CESO;, 1, and [(P(OEHPh)Fe(T({p-Me)PP)ICRSG;, 2a

Distances, A
bond 1 2 bond 1 2
Fe—N(1) 1.967(6) 1.988(6) FeN(4) 1.982(7) 1.971(7)
Fe—N(2) 1.962(2) 1.966(7) FeP(1) 2.293(3) 2.329(3)
Fe—-N(3) 1.976(6) 1.954(6) FeP(2) 2.313(4) 2.326(3)
Angles, deg
angle 1 2 angle 1 2
N(1)—Fe—N(2) 89.9(3) 89.7(3) P(E)Fe—N(3) 88.1(3) 92.6(2)
N(1)—Fe—N(3) 178.6(4) 179.0(3) P(HFe—N(4) 86.5(3) 90.7(2)
N(1)—Fe—N(4) 90.4(3) 90.0(3) P(2)Fe—N(1) 91.0(3) 87.0(2)
N(2)—Fe—N(3) 90.3(3) 89.9(3) P(2)Fe—N(2) 88.2(3) 91.3(2)
N(2)—Fe—N(4) 179.5(3) 179.3(3) P(2)Fe—N(3) 87.6(3) 92.1(2)
N(3)—Fe—N(4) 89.4(3) 90.4(3) P(2)Fe—N(4) 92.2(3) 89.3(2)
P(1y-Fe—-N(1) 93.3(3) 88.3(2) P(HFe-P(2) 175.49(8) 175.3(1)
P(1)-Fe—-N(2) 93.1(3) 88.7(2)

Figure 1. ORTEP diagram of [(PPh(OMg)Fe(T{p-Me)PP)]CRBSOs,
1. Labels assigned to the crystallographically unique atoms are
displayed. Atoms are contoured at the 50% probability level.

Figure 2. ORTEP diagram of [(PPh(OEj)Fe(T{-Me)PP)|CRSO;,
2. Labels assigned to the crystallographically unique atoms are
displayed. Atoms are contoured at the 50% probability level.

(T(p-Me)PP)]CESG;, 2, are given in Table 2. The metal
phosphorus bond length [2.303 A] fdrand [2.326 A] for2

are shorter than those observed in the analogou¥ icomplex
containing dimethylphosphine ligand [2.350 @]. This is
consistent with the greater-acceptor ability of phosphonite
ligands compared with that of phosphine ligands and with a
concomitant increase im back-bonding from iron to the axial
ligand.

The equatorial FeN bond distances average to 1.971(6) A
for 1 and to 1.969(7) A fog, which is quite short for low-spin
iron(Ill) porphyrinate derivative®> These short distances are
consistent with the large ruffling of the porphyrinate core, which
is very similar to that recently reported in perchlorato derivatives
of bis(pyridine)(tetraphenylporphyrinato)irbA3¢ and of bis-
(isocyanide)(tetraphenylporphyrinato)ifh# Deviation of each
unigue atom from the mean plane of the core Tfoand 2 is
shown in Figure 3, parts a and b, respectively. The ruffling of
the core is quite apparent in both complexes and similar to the
ruffling observed in [(4-CN-PyFe(TPP)] CIQ.1%¢ In order to
further test the hypothesis that the ruffled core in phosphonite
complexes results from an electronic effect, a comparison with
a previously determined X-ray structure of [(PPh(bighe-
(TPP)]CIQ® is worthwhile. As is also seen in Figure 3, part
¢, the ruffling is very weak in this complex. A related ferrous
compound (P(OMe).Fe(T{p-OMe)PP), which is diamagnetic,
also does not show any rufflirf§.

IH NMR Spectra of the Bis(phosphonite) Complexes.The
IH NMR spectrum of [(P(OEtPh)Fe(T (p-Me)PP)|CRSG;, 2,
is shown in Figure 4 and the isotropic shifts are listed in Table
3. The peaks for the phenyl protons of the porphyrin ring are
assigned unambiguously by methyl substitution and in combina-
tion with proton decoupled experiments. For phosphonite axial
ligands, measurements of the relative intensities and relative
line widths completely determine the assignment. The chemical
shift of the phosphonite ligand is totally independent of excess
ligand. Hence axial ligand dissociation is not expected to
become significant at ambient temperature. The, @tbups
of the axial ligands appear as two signals &t@nd as a single

seen in Figures 1 and 2, the molecular structures of the two .44 signal at-60 °C. It should be noted that tHél NMR

compounds, including all significant conformational aspects, are

quite similar. The phenyl ring of the axial ligand is oriented
so that it minimizes the steric interaction with two adjacent

porphyrinate phenyl rings. The dihedral angles between the
porphyrinate plane and the plane of the four phenyl rings are

88.5(3), 111.7(3), 63.7(3), and 99.2{3pr 1 and 109.2(3),
66.3(2), 85.8(3), and 118.3(3)for 2; these are well removed
from 9C°, but these values are not unusual.

Individual values of bond distances and angles for [(PPh-
(OMe),)2Fe(T-Me)PP)] CRSO;, 1, and for [(PPh(OES),Fe-

spectrum of the free ligand shows also two multiplets for the
CH, groups that is probably due to diastereocisomerism.

The spectrum oR shows unexpected behavior in that the
pyrrole proton signal is found in a downfield position -af
ppm (20°C). It contrasts with the pyrrole proton of that of
[(P(Me)XPh)Fe(TPP)]CIQ (6 = —19.4 ppmjc and provides

(25) Scheidt,W. R.; Reed, C. Lhem. Re. 1981, 81, 543.
(26) Toupet, L.; Legrand, N.; Bondon, A.; SimonneauxA@ta Crystallogr.
1994,C50, 1014.
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Figure 3. Formal diagram of the porphyrinato core in [(PPh-
(OMe),).Fe(T(p-Me)PP)]JCESG;, 1 (part a), [(PPh(OES).Fe(T (-Me)-
PP)]CRESG;, 2 (part b), and [(PPh(Me)Fe(TPP)]CIQ, 3 (part c),
showing deviations of each unique atom from the mean plane of the
core (units: 0.01).

an essential proof for a different electronic structure in these
derivatives. Similar results were obtained with [(P(OpR&)Fe-
(TPP)ICIQ. In this case, the pyrrole proton signal is found in
a more downfield position at- 3 ppm (20°C)17 Evans’
magnetic measuremehtswere made for 0.03 M CECl,
solutions of [(P(OEgPh) Fe(TPP)]CESC; employing MaSi

as the reference (2C). The solution magnetic moment €
1.90ug) is compatible with the low-spin stag= Y,. Analysis

of the curve in the Curie plot was made for the two derivatives
[(P(OMe)Ph)Fe(TPP)]CIQ and [(P(OEfPhLFe(T (-Me)PP)]-

(27) Evans, D. FJ. Chem. Sacl959 2003.
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CRsSG;, 2, complexes. The temperature dependences of the
isotropic shifts of the protons @fin CD.Cl, are shown in Figure

5. The isotropic shifts vary linearly with T/ but the extrapoled
lines do not pass through the origin aT # 0 and the pyrrole
protons show an anti-Curie behavior.

In order to characterize the iron bis-phosphonite electronic
structure, the isotropic shifts were calculated foby using
(P(OMe)Ph), Fe(TPP) and relategpara and metamethyl
substituted diamagnetic complexes as refereffteanalysis
of the chemical shift was made according to the method of La
Mar19 In this method, the plotAH/H)iso vs (3 cod 6 — 1)/r3
for all proton mesearyl positions (and methyl substituents)
permits a quantitative separation of the dipolar and contact
contributions to the hyperfine shift (supplementary material).
The results are summarized in Table 3. It is clearly observed
for 2 that there is a relatively large contact contribution to the
mesephenyl-H resonances. It is interesting to note that the
mechanism of spin transfer appears here to be significantly
different from that observed for low-spin ferric bis(phosphine)
complexes of synthetic porphyrifis. In this latter case, the
phenyl proton shifts of [(PMg&.Fe(TPP)]CIQ were found to
be essentially dipolar in origin, with a weak contact contribution
in the para positiof¢ Using theo-H dipolar shift and the
relative geometric factoisthe dipolar contribution to pyrrole-H
can be obtained via the relatioAKl/H) g, = (AH/H)* g [(3
cog 6 — 1 3i/[(3 cog 0 — 1) 8]on. The resulting dipolar
and contact contributions are also included in Table 3.

UV —Vis Spectroscopy. The [(P(OMe)PhyFe(TPP)ICIQ
complex exhibited hyperspectfavith two Soret bands, one at
437 nm € = 5.9 1¢ Mt cm™1) and the second in the near-
ultraviolet region (357 nm¢ = 2.8 1¢ M~1 cm™Y). All the
other phosphonite derivatives show similar behavior. As
previously reported for the ferrous state, the presence of two
phosphorus ligands in the ferric state gave an hyperspeétrum.
Hyper porphyrin spectra for bismercaptide and mercaptide
phosphine hemin complexes have been also repéted.

EPR Spectroscopy. The EPR spectra of [(PPh(OM&}e-
(T(p-Me)PP)]CESG; 1 and [(PPh(OER).Fe(T(-Me)PP)]Ck-

SG; 2 in solution are unusual since they are axial, with=
2.36 andg, = 1.87 forl at 4 K, =g? = 14.67 forl and=g? =
14.82 for2. The spectrum of compleXis shown in Figure 6.
The relative energies of the thregd orbitals can be calculated
from the g values in solution, using a general theory first
elaborated by Griffith?2 and Taylo?®® and recently developed
by Walker? Using this theoryA/A is negative £5.5) indicating
that di, and d, are lower in energy than.gdand thus that the
ground state is largely fdd,)*(dx)*. Table 4 presents the EPR
parameters of the two complexes [(PPh(ONe(T (p-Me)-
PP)ICRSG;, 1, and [(PPh(OERFe(T{P-Me)PP)|CRSO;, 2.

MdOssbauer Spectroscopy.Figure 7 shows the Nesbauer
spectra of polycrystalline [(PPh(OMg)Fe(T{P-Me)PP)]|Ck-

SG; and [(PPh(OEY)Fe(T(p-Me)PP)]CRSG; at 80 K in zero
field. The isomer shift and the quadrupole splitting obtained
for the two derivatives at 80 K are given in Table 4. The
asymmetry observed at 80 K is typical of species having
intermediate relaxation effect®.3® There was also a consistent
decrease in QS with increasing temperature, which is typical

(28) Gouterman, M. InThe Porphyrins Dolphin, D., Ed.; Academic
Press: New York, 1979; Vol. Ill, Part A,-1156.

(29) (a) Griffith, J. S.Proc. R. Soc. London, Ser. 2056 235 23. (b)
Taylor, C. P. SBiochim. Biophys. Actd977 91, 165.

(30) Epstein, L. M.; Straub, D. Kinorg. Chem 1967, 6, 1720.

(31) (a) Sams, J. R.; Tsin, T. B. sbauer Spectroscopy of Iron Porphyrins.
In The Porphyrins Dolphin, D., Ed.; Academic Press: New York,
1978; Vol. IV, pp 425-478. (b) Debrunner, P. G. linon Porphyrins
Lever, A. B. P., Gray, H. B., Eds.; Physical Bioinorganic Chemistry
Series; VCH Publishers: New York, 1989; Part 3, p 137.
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Figure 4. H NMR spectrum of [(PPh(OEfpFe(T({-Me)PP)]|CESQ;, 2, recorded at 283 K in CHGI

Table 3. Observed Shifts and Separation of the Isotropic Shift into 15
Contact and Dipolar Contributions in [(P(OERh)Fe(T(p-Me)PP)]-

CRSO; in CD.Cl; at 293 K '.M/
) L ]
protontype  AH/H2  (AHMH)is®  (AHMH)ai®  (AH/H)con

o-H 4.07 —-3.01 2.32 —5.33 ;,é,
(1.98)  (~0.62) 0.71) €1.33) g .
p-CHs 5.49 2.99 0.69 2.30 £ ‘.‘I—I——H_._H_._
G777 (-1.73) (0.89) €2.62) 2
pyrr-H —2.01 —10.21 4.53 —14.74 a8 pyrrole

aChemical shifts in ppm at 25C. " Isotropic shift with the 1 M & meta
diamagnetic (PPh(OMgyFe(TPP) complex as referenéeBased on a orho
relative geometric factors (3 o8 — 1)/r3. ¢ mCH; shift in parentheses.

e p-H shift in parenthese$Using theo-H dipolar shift and the relative 5 . .
geometric factor. 3 4 5

1/T x1000

Figure 5. Curie plot of the isotropic shifts vs reciprocal temperature
of [(PPh(OEt).Fe(T(-Me)PP)JCESG;, 2, in CHCL.

© para-CH3

for the sensitive low-spin Fe(lll) complexé&s.The quadrupole
splitting of 1 is smaller than the typical values for low-spin
ferric hemes!

i i electronic effect of various PRigands on the nature of the R
Discussion group has been quantified by Tolm&h For alkyl phosphines,

It has long been recognized that varying the substituents onthe three donor groups increase the electron density on the metal
phosphorus ligands can cause marked changes in the behavioand the  acidity of the ligand is weak. Unlike PMe
of coordination complexes. Both steric and electronic effects phosphites, which have alkoxy groups, are very effective in
need to be considered. However, steric effects can be minimizedpromotings acidity!® Phosphonites should present an inter-
when unencumbered porphyrins like tetraphenylporphyrins are mediate behavior between trialkyl phosphines and trialkyl
used. For example, triphenylphosphine complexes of iron(ll) phosphites, though only few data are currently available for the
and ruthenium(ll) porphyrins have been reporte#. Thus, in latter® The Ka's of the conjugate acid of the phosphorus
the case where electronic effects are dominating, batbnating ligands decrease in the order PMe PMePh > P(OMe}Ph

and 7 acidity must be considered. The dependence of the > P(OMe}.3¢ The possible electronic interactions of phospho-
rus ligands with low-spin irdh are thes donation from the

(32) Minck, E. Missbauer Spectra of Hemoproteins.Tne Porphyring phosphorus lone pair to the empty drbital of iron and back-
Dolphin, D, Ed.; Academic Press: New York, 1978; Vol. IV, pp 379 donation from the filled d orbitals of low-spin iroH to the
(33) Maeda, Y.J. Phys.1979,40, 514. empty d; orbitals of the phosphorus ligaitél. Thus P(OMey-

(34) Domatezis, G.; Tarpey, D.; Dolphin, D.; James, BJRChem. Soc.,
Chem. Commuril98Q 939. (35) Frank, A. W.Chem. Re. 1961, 61, 389.




Iron(lll) Porphyrinates

2.36

1.91

- 1

3500 4000

L L

2500 3000

Magnetic Field (Gauss)

Figure 6. EPR spectrum of [(PPh(OE})Fe(T{p-Me)PP)]CRBSO;, 2,
in a CHCl, glass, recorded at 4 K.

Table 4. Mossbauer (Polycrystalline) and EPR Data for [(PPh-
(OMe),),Fe(T(p-Me)PP)]CRSOs, 1, and [(PPh(OEf) Fe(Tp-Me)-
PP)|CRSG;, 2

1 2
Md&ssbauer Data
T (K) 80 80 45
AEq (mm/s) 1.23 1.66 2.01
0 (mm/s) 0.35 0.37 0.40
EPR Data (4 Kj
g 2.365 2.365
g 1.874 1.911
pYe 14.67 14.82
AI2P -5.1 -5.6
%dy, 97.8 99.2

aCalculated assuming Taylor's proper axis system, \gjthr —ox
= gnandg, = —gi.?° P Experimental conditions: Ci€l,, 1 mw
microwave power; 1.25 mT modulation amplitude.

Ph and P(OEfPh are expected to be relatively stromg
acceptors, while PM@h is expected to be mainly@donor
and a moderata acceptor.

The ruffling observed in the structures of the two compounds
1 and 2 confirms this hypothesis. Strong acceptor ligands
are believed to stabilize the.gand d, orbitals to the extent

Inorganic Chemistry, Vol. 36, No. 27, 1995313
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Figure 7. Mdssbauer spectra of (a) [(PPh(OMeére(T(p-Me)PP)]-

CRSG;, 1 (part a), and [(PPh(OE)Fe(T{P-Me)PP)]CESO;, 2 (part
b), both recorded at 80 K in zero field.

-4

ruffling is even more important fot than for2. On the other
side, ligation of two PMgPh ligands, which are more basic, to
the ferric porphyrin yields the compound [(P(MehyFe(TPP)]-
ClO,4 with longer iron-nitrogen bonds 1.990(2) A (for 1, FeN
=1.971 A and for 2 FeN = 1.969 A) and much less ruffling
(Figure 3, part a). Absence of ruffling was also observed in
the ferrous bis(phosphite) complex (P(ONM)elfe(TPP)S

A similar analysis may describe thel NMR properties of
compoundsl and 2. The relatively small contact shift for
pyrrole protonsAdé = —6 ppm forl andAé = —5.4 ppm for
2 (A6 = —23 ppm for [(PMg).Fe(TPP)]CIQ®%) favors the
interpretation that only weak spin density is placed on pyrrole
carbons and accounts for the observed downfield shift. However
the large contact shifts imesophenyl positions which are
evident from the data (Table 3), indicate that a large amount of

that this energy decrease gives a situation where both orbitalsz spin density is placed on the phenyl carbons. This is in

are filled and the g orbital has a single vacancy. As a
consequence the strong porphyrin dyy st bonding in com-
poundsl and?2 leads to a shortening of the ferric ion distance

contrast with previous work on low-spin ferric derivatives as
bis(imidazole) complexé%and ferric bis(phosphine) complexés,
for example. As previously reported bylisaind by Walker

to the pyrrole nitrogen atoms. Such a situation, which was first and Simonig),this pattern of observed isotropic shiftand the

nicely recognized with the low-spin perchlorato derivative of
bis(4-cyanopyridine)(tetraphenylporphyrinato)itg#® is ac-
commodated by a ruffling of the porphyi#38 as evidenced
in Figure 3, parts a and b. As expected from thacidity, the

(36) Rahman, M. M.; Liu, H. Y.; Ericks, K.; Prock, A.; Giering, W. P.
Organometallics1989 8, 1.

(37) Collins, D. M.; Scheidt, W. R.; Hoard, J. 1. Am. Chem. S0d 972
94, 6689.

(38) Hoard, J. LAnn. N.Y. Acad. Scll973 206, 18.

anti-Curie behavidt of the pyrrole protons are indicative of a
(dkzdy)*(dxy)? ground state. Different reasons have been sug-
gested to explain this large spin delocalization on theso
position, such as an increasimgdelocalization on theneso
carbon position$2 or a partial delocalization of the unpaired
electron into the (g,dy,) orbitals® However, a possible
contribution of a partial porphyrin cation radical character to

(39) La Mar, G.; Walker, F. AJ. Am. Chem. Sod 973 95, 1782.
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the electronic configurations of these derivatives has been the Most Missbauer studies of low-spin ferric porphyrins give

current opiniort3® although, to our knowledge, the typical

room temperature isomer shifts of about 0.15 mm/s, increasing

visible spectrum of such radical cation has never been observedo about 0.24 mm/s at 77 &. In contrast, complexe$ and 2

with these complexes. In order to explain the anti-Curie

show similar isomer shifts: 0.35 and 0.37 mm/s, respectively,

behavior, the presence of excited states has been recentlywhich are clearly higher values. There are, moreover, a few
proposed in several model heme systems having unsymmetricabther points that should also be noted. First, the specttaabf

substitution patterr®. The same two level approach could also

4 K (not shown) and 70 K show unsymmetrical doublets, the

be applied to our system but the theoretical treatment is beyondleft line being broader than the right 4 K but in the reverse

this current work. An upfield chemical shift is obtained for
the methoxy groups of ligated P(OMPh. As previously
reported for [(PMe).Fe(TPP)ICIQ,%¢ this may be due to
unpaired spin density on the methyl group occurring from the d
orbitals, implying that the contact shift is the dominating effect.
It has been recognized that the EBRsalues of low-spin
ferriporphyrins provide valuable information on the nature of
the orbital of the unpaired electrdi®3442 The EPR spectra
for complexesl and 2 are axial withg values very close to
each other and very close to 2.0. This is quite different from
the classical situation of low-spin ferric porphyrins which have
been studied in depth. Usually the electronic configuration of
the iron in such low-spin derivatives among thgadrbitals is
(dyy)?(dxz 0y, which exists as a rhombically distorted system
with tetragonal and rhombic splitting paramet&rsi442-44 |n

the complexes with low-basicity phosphonites, we suggested,

as previously reported with cyanopyridines and isocyaniéfes,
that the gy orbital is higher in energy than the.f,, pair. This
electronic state leads to the novel/{d,)*(dx,)! state where the

situation at 80 K. Second, the quadrupole splittings, which are
generally in the range QS 2 4+ 0.3 mm/$! for most of the
low-spin ferric derivatives, are smaller farand2 (Table 4).
This may be related to previous work on [(4-CN-EBg(TPP)]-
Cl04.130 In this case the low value (0.65 mm/s, 120 K) was
indicative of a partial quenching of orbital angular momentum
in the ground-state electron configuration of this complex, as
is expected for a high percentage of/d},)*(dy,)'. However,

any attempt to relate these differences to specific structural
features of the phosphonite ligation to ferric porphyrins would
require more extensive studies on other phosphorus derivatives,
including Msssbauer under applied magnetic fields.

Conclusion

The unusual properties of the ifbrietraphenylporphyrinates,
with isocyanidé! as axial ligand together with recent results
with low-basicity pyridine$¢ have led us to study the low-
basicity phosphonite complexation with itbrietraphenylpor-

Ox»dy; pair is degenerate. However, a thorough EPR study with phyrinate derivatives. Unlike phosphin®&$,the = acceptor
a complete series of phosphorus derivatives, going from properties of phosphonites dominate the bonding in low-spin
trialkylphosphines, which are strongly basic, to phosphites and ferric porphyrins leading to the unusuak4d,,)*(dx)* ground

fluorophosphines, which are stromgacceptors, is necessary
to relate the amount of acceptor ability with the localization
of the spin density in thex orbitals of the metal.

(40) A recent work on the binding of 2-methylimidazole nesetetra-
(alkylporphyrinato)iron chloride also shows pyrrole signals at low-
field position and this effect was explained in terms of the nonplanarity
of the porphyrin ring: Nakamura, M.; lkeue, T.; Neha, S.; Funasaki,
N.; Nakamura, NInorg. Chem.1996 35, 3731.

(41) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795.

(42) (a) Palmer, G. IiThe PorphyrinsDolphin, D., Ed.; Academic Press:
New York, 1979; Vol. IV, pp 313-353. (b) Palmer, G. Electron
Paramagnetic Resonance of Hemoproteingrdn Porphyrins Lever,

A. B. P., Gray, H. B., Eds.; Physical Bioinorganic Series; Addison-
Wesley Publishing Company: Reading, MA, 1983; Part 1, pp 43
86.

(43) Muhoberac, B. BArch. Biochem. Biophy4984,233 682.
(44) Bryn, M. P.; Strouse, C. B. Am. Chem. Sod 981, 103 2633.

state. The X-ray crystal structures and theNMR and EPR
spectra of the two complexdsand2 are consistent with this
situation and provide another example of the electronic contri-
bution to the ruffling of a metalloporphyrin.
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