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A series of his-axially ligated complexes of iron(lll) tetramesitylporphyrin, TMPFe(lll), tetra-(2,6-dibromophenyl)-
porphyrin, (2,6-Br)sTPPFe(lll), tetra-(2,6-dichlorophenyl)porphyrin, (2,6-Cl,),TPPFe(lll), tetra-(2,6-difluorophenyl)-
porphyrin, (2,6-F2)4sTPPFe(lll), and tetra-(2,6-dimethoxyphenyl)porphyrin, (2,6-(OMe),)sTPPFe(lll), where the axial
ligands are 1-methylimidazole, 2-methylimidazole, and a series of nine substituted pyridines ranging in basicity
from 4-(dimethylamino)pyridine (pKa(PyH*) = 9.70) to 3- and 4-cyanopyridine (pK,(PyH") = 1.45 and 1.1,
respectively), have been prepared and characterized by EPR and *H NMR spectroscopy. The EPR spectra, recorded
at 4.2 K, show “large gmax", rhombic, or axial signals, depending on the iron porphyrinate and axial ligand, with the
gmax Value decreasing as the basicity of the pyridine decreases, thus indicating a change in electron configuration
from (d)%(dxzdy2)® to (dy,,d,2)*(dy)* through each series at this low temperature. Over the temperature range of the
NMR investigations (183-313 K), most of the high-basicity pyridine complexes of all five iron(lll) porphyrinates
exhibit simple Curie temperature dependence of their pyrrole-H paramagnetic shifts and 3-pyrrole spin densities,
pc ~ 0.015-0.017, that are indicative of the S = 1/2 (dy)(dx,,d,)* electron configuration, while the temperature
dependences of the pyrrole-H resonances of the lower-basicity pyridine complexes (pKa(PyH*) < 6.00) show significant
deviations from simple Curie behavior which could be fit to an expanded version of the Curie law using a temperature-
dependent fitting program developed in this laboratory that includes consideration of a thermally accessible excited
state. In most cases, the ground state of the lower-basicity pyridine complexes is an S = 1/2 state with a mixed
(dy)?(dxz0y2)*/(dxz0y2)*(dx)* electron configuration, indicating that these two are so close in energy that they cannot
be separated by analysis of the NMR shifts; however, for the TMPFe(lll) complexes with 3- and 4-CNPy, the
ground states were found to be fairly pure (dxd,)*(dx)* electron configurations. In all but one case of the intermediate-
to low-basicity pyridine complexes of the five iron(lll) porphyrinates, the excited state is found to be S = 3/2, with
a (dx,dy2)*(dy)}(d2)* electron configuration, lying some 120—680 cm™~* higher in energy, depending on the particular
porphyrinate and axial ligand. Full analysis of the paramagnetic shifts to allow separation of the contact and
pseudocontact contributions could be achieved only for the [TMPFe(L),]* series of complexes.

Introduction heme protein. 1! For this reason, a detailed investigation

. . . of their NMR and frozen solution EPR spectra is highly
Synthetic ferriheme cgmplexes of various types have be(_andesirable. While EPR spectroscopy is an excellent technique
shown to be very promising models of the heme centers in

the mitochondrial cytochromiaec; complex and other related
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Magnetic Spectroscopy of & 1/2 Iron(lll) Porphyrinates

for characterizing the electronic ground state of ferriheme the delocalization of the unpaired electron through
complexes at 4.2 K, as we have shown in studies of the bond$16-1°

molecular structures and EPR spectra of a number of

porphyrinate complexes of Fe(lll) in the solid stafe5.9.1t Ocon= AYBS(S+ L)uy/12myhksT 4
NMR spectroscopy is extremely useful for investigating the

ambient-temperature solution structures and spin states of dn this equationA s the electrorrnuclear hyperfine coupling
wide range of metalloporphyrirfs812-15 As part of an constant[gLis the averagg value,Sis the total spin of the

ambient-temperature study, it is often possible not only to m_etal (which is 1/2 for the systems of interest_ in this work),
characterize the electronic ground state but also to determing® 1S the Bohr magneton (9.27441072°J G™), hiis Planck’s
the possible existence of a thermally accessible excited stateconstant divided by 2 (1.6784 x 10 J s), kg is the
as we have shown elsewhér@15 This is because of the Boltzmann constant (1.3806& 102 J K™), uo is the
temperature dependence of the paramagnetic contribution tg°€rmittivity of a vacuum, angty is the magnetogyric ratio
the chemical shift of a given proton, also known as the of the NMR.nucIeus. If the deloc.alllzatlonl occurs through
hyperfine or isotropic shift, as shown below. ponds thg sign pf the contact shift is positA?elhis resglts
The chemical shifts of protons in the NMR spectra of N @ positive shift of the resor}anéé‘? If the delocallgatlon
paramagnetic molecules are the sum of two contributions, ©ccurs throughr bonds, the sign of the contact shift for a
the first of which is the diamagnetic shift, the chemical shift Proton attached to a carbon that is part of theystem is
of the protons of interest in the absence of unpaired electronsN€gativé®?2 and the observed shift is negativ€. *°
in the molecule. An accurate approximation of the diamag- ' "€ Other contribution to the paramagnetic shift of eq 3

netic shift can be obtained from a diamagnetic compound is the pseudocontact shift. This results from the through-
that is similar to the paramagnetic one being stu@ieerein space interaction between the unpaired electron at the metal

the Co(lll) analogues of the Fe(lll) complexes of this study. Center and the nucleus being studied and may be ap-

The second contribution to the observed chemical shift is Proximated as the following if the second-order Zeeman
the paramagnetic shift, which is also known as the isotropic contribution to the magnetic susceptibilities is small and the
or hyperfine shif16-19 ground state is well-separated from any excited stétes

6obs = 6dia + 6para (1) 6pc= [ﬂzs(s + 1)/10/727[kBT]{ [292z2 -
Opara= Oiso = Opt @) (G + 9,)I(BcogH — 1)+

3(g,,2 — 9,.2)(sif0cosT)/r’} (5
The paramagnetic shift can be subdivided into two parts, G’ = 9y i ©)

the contact and electremuclear dipolar (pseudocontact) For systems with axial symmetry or 4-fold-symmetric

contribution§1¢~19 macrocyclic complexes with rapidly rotating axial ligands,
the last term of eq 5, the rhombic part, averages to zero,
(Spara: 6con + 6pc (3) |eaving5,1(‘r19 a P g

The contact term represents the paramagnetic shift of ., )
the resonance from the diamagnetic position caused byépc_ [B°S(S+ L)uy 721k TI[20,, —
(@0 + 9, )1(3cos — 1)ir® (6)
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K. M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol. In egs 5 and 69z, gyy, and g are the principag values

5, Chapter 36, pp 81183. o _ of the metal complex, wherg;,; is the g value along the
) i87'\7/|6411ré§'1£'3\19ﬂ2138|7d' T. J; Satterlee, J. Biochim. Biophys. Acta  g|ecuylarz axis, which is aligned with the heme normal,
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17804. porphyrinates the quantity {27 — (gwé + 9y is very
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EPR(g values appear to overestimate the magnitude of the
ambient temperature pseudocontact shifts of the bis-pyridine
complexes of the iron porphyrinates of this study.

As is evident from eqs 46, both the contact and

pseudocontact shifts usually have inverse temperature de-

pendences resulting from the Curie Pafr1%25

o= CIT @)

para™

whereC is the Curie coefficient.

Because the contact term dominates the paramagnetid-ower-Basicity Pyridine Complexes

shifts of all spin states of Fe(lll), a nearly linearTl/
dependence is generally observed even for $She 5/2
Fe(Ill) complexes? which have the largest zero-field split-
ting constants for this metal and oxidation st&telowever,
as we have shown previoushy,*>26-28 g number of model

heme complexes have a thermally-accessible excited state~

that causes at least some curvature of the Curi&pst'>27.28
and can sometimes show extremely curved chemical-shift
dependenc&:1526Expansion of the Curie law to include the
contribution from the Boltzmann population of this thermally-
accessible excited state yields the following expression, if
the 1712 contribution to the high-spin state is negledtetf1°

para™

Opara= (LMIW,Coy + W,Cpp € 4 TIW, + W, e 47T

8)

In this equation,Cy; is the coefficient for the position of
interest for level 1C,; is the coefficient for the position of
interest for level 2W; andW, are the statistical weights for
each level € 2S + 1 for each), andAE is the energy
separation between the two levels. The coeffici€htsand

Cn are approximately equal to the Curie coefficients of each
level, except for the contribution from the pseudocontact
contribution todpaa @and can be determined by fitting the
temperature dependence of the proton chemical shifts,

Watson et al.
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Higher-Basicity Pyridine Complexes

although the ground state differs for various axial ligand
complexes and is usually fully consistent with that observed
by EPR spectroscopy at 4.2 K, the excited state ofterthas
= 3/2 (orS= 5/2 in the cases where the ground state dias
3/2)15:26.27

Earlier, many of the same bis-ligand complexes of
iron(lll) tetramesitylporphyrinate were prepared and char-
acterized by X-ray crystallography, EPR; b&baue?;*3'and

to a limited extent, NMRspectroscopy, although no detailed
analysis of the temperature dependence of the NMR spectra
was made at that time. To further examine the effects of the
axial ligand basicity and the 2,6-phenyl substituents on the
orientation of planar axial ligands and NMR properties of
these supposedly “hindered” porphyrin systems, an investi-
gation of the variable-temperaturéd NMR spectra of
TMPFe(lll) and a series of 2,6-disubstituted tetraphenylpor-
phyrinatoiron(lIl) with axial ligands were undertaken in this
work. The Mmssbauer spectra of several [((2,6-OH-
TPPFe(L)]", [TPPFe(L)]", and [TPCFe(Ly]t complexes
that show differences in quadrupole splittings and hyperfine
coupling constants as a function of axial imidazole and
pyridine ligands have also been reportédill complexes

are low-spin 8, S= 1/2. However, as shown previously
for several [TMPFe(L]* complexed,there are two electron

assuming that the diamagnetic shift of each proton type is configurations possible for low-spin Fe(lll), the -
known. Each of these coefficients can be further decomposed(dmdy )% and (d.d,)*(dy)! configurations, as shown in

into the McConnell constant £and the variablec, where
Qc = —496.8 ppm K for aromatic carboi%2°-22 andpc is
the spin density at the carbon of interest; in geneeals
not larger than about 0.02 for the systems of this study. A
program that carries out this fitting procedure, with least-

Scheme 1. The electron configuration of a given complex
was found to depend on the nature of the porphyrin substitu-
ents and, within a given set of porphyrin substituents, upon
the o-donor andr-donor/acceptor properties of the axial lig-
ands. Ther-donor strengths, within a series of closely related

squares minimization of the errors between the experimentalngandS such as substituted pyridines of varying basicities
and calculated shifts, has been created in our laboratory andgyard the proton, are usually measured by tKe yalues

is available on the Internét.
The bis-ligand (imidazoles and pyridines of widely dif-
fering basicities) complexes of several iron(lll) octaalkyl-

of the conjugate acid of the particular pyridine, here abbrev-
iated as E4(PyH"), or by the gas-phase lone-pair vertical
ionization potentials of the substituted pyridines, which are

tetraphenylporphyrinates have been prepared and character, general linearly related to thekg(PyH") values®

ized by X-ray crystallography?2¢ EPRY1426°28
NMR,1526-28 gand in some cases, Msbauer spectroscopy.
The NMR investigations of these complexes showed that

(25) This is true except in the cases wh&re 1/2 and there is a relatively
large zero-field splitting, in which case the pseudocontact term has a
C'/T? dependence and the contact term h&BRdependencei6-19

(26) Yatsunyk, L. A.; Walker, F. Alnorg. Chem 2004 43, 757-777.

(27) Yatsunyk, L. A.; Walker, F. Alnorg. Chem 2004 43, 4341-4352.

(28) Yatsunyk, L. A.; Walker, F. AJ. Porphyrins Phthalocyaninez005
9, 214-228.

(29) Shokhirev, N. V.; Walker, F. A. http://www.shokhirev.com/nikolai/
programs/prgsciedu.html.
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As shown previously for several bis-pyridine complexes
of TMPFe(lll), as the basicity of the pyridine decreases from
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Magnetic Spectroscopy of & 1/2 Iron(lll) Porphyrinates

that of 4-MeNPy (pKo(PyH") = 9.70*) to that of 4-CNPy  scribed previously33® The bis-pyridine and bis-imidazole com-
(pPKa(BH') ~ 1.1%), the electronic ground state of the plexes were produced as follows: Roughly 5 mg of the desired
complex appears to shift fairly smoothly from)d(oxzdy)? iron(l1l) porphyrin perchlorate and 0.35 mL of GOl, were added

to (dys dyz)4(dxy)1 as evidenced by trends in the size of the to a 5 mm NMRtube. Several milligrams of the desired axial ligand
largest EPRy value3-5 the Missbauer quadrupole splittidg were added to this solution. Théd NMR spectrum was then
or the NMR pyrroie-H chemical shift At the time of thé recorded. At this point, more ligand was titrated into the NMR tube

i ¢ beli d that th v th " until the 1D NMR spectra showed free ligand resonances6ix
earlier report, we Qleve i a. ere Were_on y 0_56 O °c. Theiron porphyrinate concentrations were 10 to 15 mM. The
= 1/2 electron configurations involved, with a varialA&

dilution of these concentrations by factors of 2 to 4 caused no
between the two. However, the present work has shown changes in the chemical shifts of the protons of the bis-imidazole
conclusively that the energy separation between these twoor -pyridine complexes. All ligands were used as received from
is, in most cases, extremely small, so that a mixed- Aldrich. The 99.9% CBCl, was used as received il g sealed
configurationS = 1/2 ground state is present for many of ampules from Cambridge Isotopes.

the complexes of this study, and instead, the excited state TheH NMR spectra of [TMPFe(LjJCIO,, [(2,6-Br),TPPFe-
hasS = 3/2. Two limiting types of EPR spectra, each of (L)2CIOs [(2,6-CL)sTPPFe(L)|CIO,, [2,6-RTPPFe(L)]CIO,,
which usually consists of only one resolved feature, were @nd [(2,6-(OMe)),TPPFe(L)|CIO,, where L = axial ligands
observed in this study; if the single observed feature had its ngMIZF; 3‘2’:/";3"\] F?-CZlI.PIt//lielllr-nHZ)r/;d32-h:ﬂeepgl,rﬁ-vhcszy;eifrime% o
maximum atg > 3.2, it was called a "larg@max EPR. e{theracg,éneral EIe():/t’ric GN-300 spectromete} operating at 300.100
spectrum because the largegtvalue of the normal rhombic

EPR fthe | in Ee(lll hvri . hich MHz, a Bruker AM-250 spectrometer operating at 250.068 MHz,
spectra of the low-spin Fe(lll) porphyrinates, in whic a General Electric GN-500 spectrometer operating at 500.136 MHz,

all three g values are readily observed, typically are not g 4 varian Unity-300 spectrometer operating at 299.952 MHz. The
significantly greater than 3.0. If this feature occurred at number of data points was always 16 K, and the spectral width
2.6, it was shown to be thg; of an axial EPR spectrum,  ranged from 7.5 to 40 kHz as necessary for the particular complex
and in some cases, the correspondindeature was also  and spectrometer. The acquisition times ranged from 0.266 to 0.682
resolved and observed gt < 2.04 However, it was not s, depending upon the relaxation times of the resonances being
known at the time of that study that the energy separation studied. The number of transients collected ranged from 128 to
of the two electron configurations was so small that 256, aml a 5 Hzline broadening factor to the exponential
intermediate- to low-basicity pyridines behave as though they multlpllcathn of the FID was usually a.pp|led prior to .the Fourier
have a mixed-configuration low-spin state over the temper- transformation. The spectra of the |rorl(lll) porpyrinates were
ature range of the NMR investigations (18313 K), and recorded at temperatures frorB0 to +40 °C in 5 or 10 steps;

ion b h be d . dthe temperature was determined by calibration with the Wilmad
no energy separation between the two can be determine standard methanol variable-temperature sample.

even though the EPR spectra measured at 4.2 K clearly Show 11,6 £pRr spectra of the iron(lil) porphyrinates listed above were
a smooth trend.In the present study, we have carefully ecorded at 4.2 K on a Bruker ESP-300E EPR spectrometer
analyzed the temperature dependence ofthBIMR spec- (operating at 9.4 GHz) equipped with an Oxford Instruments ESR
tra of the [TMPFe(L)]* complexes, where & a series of 900 continuous flow helium cryostat. Microwave frequencies were
nine pyridines of varying basicities, as well as two imida- measured using a Systron-Donner frequency counter. The spectra
zoles, and have extended our investigation of tHeNMR were obtained for samples in frozen €I} and, in some cases,
and EPR spectra to include the corresponding complexestoluene solutions. Typical values for microwave power, modulation
of the following phenyl-substituted iron porphyrinates, frequency, and m_odulation amplitude were 0.2 mW, 100 kHz and
[(2,6-Br,) TPPFe-(L)]*, [(2,6-Ch).TPPFe(L)]*, [(2,6-F) 1.01_1 G, r_espectlvely. Thg values obtained from these spectra
TPPFe(L)]", and [(2,6-(OMe). TPPFe(L)]", in an attempt &€ listed in Table 1. _ - .

to understand the composition of the paramagnetic shifts of The synthesis of the bis-substituted pyridine and imidazole

. L complexes of (2,6-Bj,TPPCo(lll), (2,6-C})4TPPCo(lll), (2,6-k)4
the porphyrin and axial ligand protons and the nature of the TPPCo(lll), and (2,6-(OMe):TPPCo(lll) were carried out as

excited state; of these complexes.. For thg octaalkyltetra-yascribed elsewhefé The 1DH NMR spectra of these diamag-
phenylporphyrinate¥,**?’most of the intermediate- and low-  petic compounds were recorded on a Varian Unity-300 spectrometer
basicity pyridine complexes of the present study h&ve operating at 299.952 MHz. The number of data points was again
3/2 excited states. 16 K, and the spectral width ranged from 3.5 to 4.6 kHz. The
acquisition times ranged from 1.737 to 2.318 s. The number of
transients collected ranged from 128 to 256, and no exponential
TMPH, and (2]6_01)4TPP|-b were purchased from Mid Century multiplication of the FID was applled prior to the Fourier
or prepared as described previou¥ly®the (2,6-%).TPPH free- transformation. The corresponding TMPCo(lll) complexes were
base porphyrins were synthesized as described previtifly. synthesized, and theid NMR spectra were reported elsewhéte.
TMPFeCl, (2,6-Bs),TPPFeCl, (2,6-G),TPPFeCl, (2,6-5,TPPFeCl,
and 2,6-(OMe)), TPPFeCl and their perchlorate complexes were (36) Polam, J. R.; Shokhireva, T. Kh.; Raffii, K.; Simonis, U.; Walker, F.

. : . A. Inorg. Chim. Actal997 263/1-2, 109-117.
synthesized from the corresponding free-base porphyrins as de-(37) Raitsin?ring, A. M.; Borbat, P.; Shokhireva, T. Kh.; Walker, F.JA.

Phys. Chem1996 100, 5235-5244.

(34) Albert, A. InPhysical Methods in Heterocyclic ChemistKatritzky, (38) Raitsimring, A. M.; Walker, F. AJ. Am. Chem. S0998 120, 991—
A. R., Ed.; Academic Press: New York, 1971; Vol. |, pp-108. 1002.

(35) Watson, C. T. The Effect of Axial Ligands and Porphyrin Substituents (39) Schimemann, V.; Raitsimring, A. M.; Benda, R.; Trautwein, A. X,;
on the Electronic Ground State of Low-Spin Fe(lll) Porphyrinates. Shokhireva, T. Kh.; Walker, F. Al. Biol. Inorg. Chem1999 4, 708—
Ph.D. Dissertation, University of Arizona, Tuscon, AZ, 1996. 716.
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Watson et al.
Table 1. EPRg Values of the Iron(lll) Porphyrinates of This Study

porphyrinate
ligand K(BHT) TMP (2,6-BR)sTPP (2,6-C),TPP (2,6-R)4TPP (2,6-(OMe)sTPP
4-Meo NPy 9.70 3.48 3.59 3.49 (2.70)2.60 2.83
2.29 2.30
1.86 (1.64) 1.62

4-NH2Py 9.17 3.40

4-MePy 6.02 2.79 3.19 3.25 3.48 3.43
2.49 1.90

3-EtPy 5.56 2.89

4-HPy 5.22 2.75 2.99 2.90 3.41 2.52
2.56 2.20

3-CIPy 2.84 3.0%¢ 3.0P 2.63 2.60
2.59 257

3-CNPy 1.45 2.6 2.62 2.62 2.60

4-CNPy 1.1 2.58 2.57 2.51 2.57 2.58
1.54

2-MeHIm 7.56 3.17 3.43 3.42 3.52 3.35

1-Melm 7.33 2.89 3.36 2.88 2.84 3.02
2.33 2.30 2.29 2.28
157 1.60 1.63 1.48
(1.49¥ (1.55¥ (1.64% (1.30¥

aRef 3.PRef 4.¢ The two numbers given indicate the rangegofalues encompassed by the very broad sigh@ihe number in parentheses is the
smallestg value, calculated frony g? = 16.0.

Ambient-temperaturéH NMR chemical shifts of the free-base, the TMP complexes have been reported and discussed
chloroiron(lll), and perchloratoiron(lll) complexes of the five previously®# and it was shown that thgn.x values (as well
porphyrinates under study are listed in Supporting Information a5 the Masbauer quadrupole splittings) decrease as the basic-
Tables S1, S2, and S3, respectively. ity of the axial pyridine ligand decreases. However, some
Results of the EPR spectra are extremely broad (like the one shown

EPR Spectra of the (2,6-X)TPPFe(lll) Bis-pyridine in Flgure_ le), _and in these ca_ses,_we report a rangevaf-
and Bis-imidazole Complexes.In Figure 1 are shows ues, as listed in Table 1. As is evident from thealues of

examples of the general EPR spectral types of rhombic (also:;béisl’og]i;;heesr f%?r&r;ycgfil;iss 2;228"3233’352?:0\;?2;!?
called Type I19), axial (also called Type Iif), and large '

Omax (also called Type?f) porphyrinatoiron(lll) bis-ligand 4-Me;NPy complexes _Of (2’67&—4TPPF6_(”|) and _(2’6'
complexes. As has been shown elsewleteboth rhombic ~ (OMe2)aTPPFe(lll) which have rhombic EPR signals,
and “large gmay’ EPR spectra are observed for low-spin presumably because the ortho substituents in these two cases
ferriheme systems with 9%(d.,d,,)? electron configurations are small enough to allow the ligands to bind in near-parallel
and planar axial ligands in parallel and perpendicular planes, Planes; along the same lines, the 1-Melm complex of (2,6-
respectively, while axial EPR spectra are observed for low- Brz)sTPPFe(lll) is the only one of the 1-Melm complexes
spin ferriheme systems with {gt},,)*(d,)* electron configu- to exhibit a smgle—featurg larggax EPR signal, pre;umably
rations. Most of the complexes of this study (except for those Pecause of the large size of toetho-bromo substituents,
of 1-Melm for all but one of the porphyrinates) have axial Which must encourage the porphyrinate ring to ruffle and

|igands in perpendicu|ar p|anes and thus give “|a%%(” thus cause even the five-membered ring 1-Melm |igandS to
or Type I EPR spectra for the high-basicity pyridine bind in perpendicular planes.
complexes and axial or Type ¥IEPR spectra for the lowest- It has been assumed for some time thaix values of

basicity pyridine complexes; the complexes of intermediate- greater than 3.2 are indicative of thejé(d.,d,,)* electron
basicity pyridines typically gave broad signals (Figure 1le, configurationt for which thisgmaxis aligned along the normal
for example) that were difficult to characterize in terms of to the heme plane, while fagma values of 2.6 or less the
the electron configuration of the metal, and because of theelectron configuration is (gd,)*(dy)* and this gmax is
short relaxation times, it has not been possible to determinegriented in thexy plane and is thus,g, or g, with g, being
unambiguously the electron configuration of these by pulsed the smallestg value*6103741 These assumptions were
EPR spectroscopy as we have done in other cases of quesstrongly supported by low-temperature near-infrared MCD
tionable ground-state complex&s#! Theg values obtained spectra of [TMPFe(1-Melmg)", [TMPFe(4-MeNPy),]*, and
for the complexes are listed in Table 1. Those of some of [TMPFe(4-CNPy)]+,%2 for which the first two complexes
(40) Astashkin, A. V.. Raitsimring, A M.; Walker, F. AL Am. Chem showed fairly intense near-IR bands near 1160 and 1400 nm
Soc 2001, 123 1905-1913. I ' at 4.2 K, while the third had extremely weak bands in the

(41) ?s:(aﬁhw,lkk VF R’Aagsi't;nr:ingv CAh- M-:ggggeldgé %Ré:ZShokhireva, same wavelength region. This difference was explained by
(42) Cheesman, M. .. Walker, F. AL Am. Chem. Sod996 118 8, the fact that the porphyrirn~ Fe(lll) charge-transfer transi-

7373-7380. tions that give rise to the NIR bands are allowed when the

(43) Rafii, K. NMR Studies of a Series of Porphyrinato Cobalt(Il) and o ; ; P
Cobalt(lll) Complexes. M.S. Thesis, San Francisco State University, hole is in the qz’dﬂ orbital set but are forbidden when it is

San Francisco, CA, 1993. in the d,, orbital#2 They are also strongly supported by the
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Figure 1. Examples of frozen solution EPR spectra observed for the low-spin Fe(lll) porphyrinate complexes of this study: (a) rhombig,TRFG-E-
(1-Melm)]ClOy; (b) axial withg, resolved, [TMPFe(4-CNPY)CIOy; (c) axial withg, unobserved, [TMPFe(4-HPYLIO,; (d) largegmax [(2,6-F)4TPPFe-
(2-MeHIm)]CIOy; (e) largegmax with broad range ofj values, [(2,6-C)4sTPPFe(Py]ClO4. Theg values of these and all other complexes are reported in
Table 1.

paramagnetic shifts of the pyrrole protons at low temperaturesvalue is near to or less than 2.6 probably have thedig*-

of both the [TMPFe(L]" 4 and [TPPFe(Ly) ™7 series of (dyy)? electron configuration with an unresolvegvalue of
complexes and by pulsed EPR studies of related com-1 5 or considerably less. Assuming these limits to hold, the
plexes, such as [OEPF3(4'WV)2_]+’37 [OEPFe(HIm)] "% g values listed in Table 1 indicate that the lowest-basicity
and [TPPFe(HIm]™ that confirm that the largesy pyridine (4- and 3-cyanopyridine) complexes of all of the
\{a!ue for t.he. b|s-l|ga|_1d.comp|exgs with high-basicity py- porphyrinates of this study have theJ{d,,)*(dy)* ground
ridines or imidazoles is indeed aligned along normal to the . . - .

plane of the heme and is thug, and by single-crystal state, while the highest-basicity pyridine (4-M&y) cor.n—-

plexes of all have the (g?(dy,dy,)® ground state; the basicity

EPR spectroscopy of [TPPFe(4-CNRY)which confirms ) )
that the EPR spectrum is axial with a maximgrvalue of at which each porphyrinate changes ground state appears to

2.62 or greater and a minimug value of 0.92 or lesg.  Vary somewhat, from,(PyH") values between 2.8 and 6
Unfortunately, because of the short electron spin relaxa- for TMP and (2,6-B),TPP to<5.2 for (2.6-R)sTPP,~5.2

tion times and the very deeN modulation for samples  for (2,6-Cb)sTPP, and between 5.2 and 6 for (2,6-
with large gmax EPR signals, we have thus far been un- (OMe)),TPP, but they can only be determined by the NMR
able to use the pulsed EPR techniques to confirm the studies discussed below if the contact and pseudocontact
orientation of theg tensor either for complexes that have a contributions to the paramagnetic shift can be separated.
Omax Value greater than 3.2 or less than 2.6. However, on the pthough these 4.2 I values, or the magnetic susceptibili-

basis of the evidence quoted above, we are convinced that;g along the three principal ax&snay vary with temper-
iron porphyrinate systems withnax Signals in which they

Inorganic Chemistry, Vol. 44, No. 21, 2005 7473
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ature, these values may be helpful in guiding the interpre- ground and excited states. The spin states of both the ground
tation of the NMR data obtained in this work and discussed (S= 1/2 in all cases of this study) and excited states (possible

below.

IH NMR Spectra of the (2,6-%)4sTPPCo(lll) Bis-
pyridine and Bis-imidazole Complexes.The *H NMR
spectra of the following series of cobalt complexes were
recorded at ambient temperatures: [(2,6(BIPPCo(L}|BF,4
where L is 4-CNPy, 3,4-M#£y, and 4-MeNPy; [(2,6-Cb)4-
TPPCo(L}|BF4 where L is 4-CNPy, 3-CNPy, Py, 4-MePy,
3,4-MePy, 4-MeNPy, 1-Melm, and 2-MeHIm: [(2,6-54
TPPCo(L}|BF4 where L is 4-CNPy, 3-CNPy, Py, 4-MePy,
3,4-MePy, 4-MeNPy, 1-Melm, and 2-MeHIm; and [(2,6-
(OMe)),TPPCo(L)]|BF4 where L is 4-CNPy, 3,4-M#y,
and 4-MeNPy. The chemical shifts are summarized in
Supporting Information Tables S46. The'H NMR spectra
of a series of [TMPCo(L)BF, complexes listed in Sup-
porting Information Table S7 have been reported elsewHere.

S = 1/2, 3/2, or 5/2) are input parameters of this fitting
procedure, and thus, all possible spin states for the excited
state must be considered in each case. Variable-temperature
IH NMR chemical shifts for all complexes are listed in the
tables of Appendix A of the Ph.D. dissertation of C. T.
Watson3® Additional variable-temperature data for three
[TMPFe(L)]*t complexes (L= 4-MeNPy, Py, 4-CNPy)
were also acquired at more closely spaced temperature
intervals and are essentially identical to those obtained
previously®® the best fits were found to be to the same
excited stateS = 3/2, and the fitted values okE for the
two data sets were found to be identical.

From the NMR data as a function of temperature, the
program uses eq 8 to calculate the difference in enekgy (
between the ground and excited states for the chosen

The chemical shifts of the proton resonances in these possibilities of the two. The pseudocontact contribution to
diamagnetic complexes are used as the diamagnetic shiftdhe paramagnetic shift is relatively small for the pyrrole-H

for calculating the paramagnetic shifts of the iron(lll)

andm-H, but quite large for the-H of the pyridine ligands,

complexes (eq 1). As can be seen, the chemical shifts follow 0-Hp,, because of the small distange< 3 A) between the

very similar patterns from complex to complex, and thus in

0-Hpy and the iron center (eqs 5 and 6). Thus, for the

cases where specific complexes were not prepared, thepyrrole-H andm-H shifts, the contact contribution dominates,
chemical shifts can be estimated to high accuracy from the and no correction has been applied for the pseudocontact

chemical shifts of related complexes.
Temperature Dependence of theH Chemical Shifts
of Low-Spin Iron(lll) Porphyrinates. It should be noted

contribution, while for theo-Hpy shifts the pseudocontact
shift dominates, and no fits to eq 8 using the program
TDFw? were found to converge. Because of the dissociation

that both the contact and pseudocontact terms of theof axial ligands at higher temperatures, which introduces a
paramagnetic shift have inverse temperature dependences (ediermodynamic equilibrium between the low-spin bis-ligand
4—7). For the pseudocontact shift, however, the temperaturecomplex ground state, with its chemical shifts, and the high-
dependence may not be linear with inverse temperature if Spin mono-ligand complex, with its very different chemical

the second-order Zeeman term is apprectétoe if there
are excited states of different spin multiplicities withdm

shifts, in most cases reliable fits could only be obtained using
the chemical shifts at 1000/> 4.4 K1 or temperatures

of the ground state. Since the latter is found to be the casebelow —46 °C.

for some of the complexes of this study, some of the devi-
ations from good linearity are probably a result of this factor.
The temperature dependence of tHENMR shifts is best
shown by a Curie plotdparavs 1000T), which is linear with
extrapolated intercepts of zero if the Curie law is obeyed.
However, curvature of the Curie plot is often ob-
served® 1371544746 The temperature-dependent fitting pro-
gram, TDFw?® has been created in this laboratory and is

The program uses the best-fit energy difference between
the ground and excited states to then calculate the Curie
factors and spin densities at the carbon to which the protons
of interest are bound for the ground and excited states. In
cases where the pseudocontact contribution to the para-
magnetic shift is very small or nonexistent, the Curie factors,
C,, are proportional to the spin densitigg, at the sites of
interest and thus to their molecular orbital coefficients, which

used to fit the expanded Curie-law dependence of the have been interpreted for the ground states of the complexes

chemical shift on inverse temperature in the fairly common

of interest to be those for th@e(r) and 3ay(z) frontier

cases of curved dependence that result from the presence oporphyrin orbitals for the (g)*(dk.0y,)* and (d,d,,)*(cky)*

a thermally accessible excited electronic stafé. The

ground states, respectively. However, only the 3-CNPy and

program itself can be downloaded from the Internet and used;4-CNPy complexes of TMPFe(lll) showed clear evidence

a detailed Help section is providédln this work, we used
this program to determine the energy differentE, between

of pure (d,0,)*dx)* ground states over the temperature
range of the NMR measurements, as evidenced by a very

the ground and excited states, the spin state of the latter, small or even negative spin density at flipyrrole carbons,

and the spin densitiep, at the carbons of interest in the

(44) Walker, F. A.; Nasri, H.; Turowska-Tyrk, |.; Mohanrao, K.; Watson,
C. T.; Shokhirev, N. V.; Debrunner, P. G.; Scheidt, W. R.Am.
Chem. Soc1996 118 12109-12118.

(45) Bertini, I.; Luchinat, C.; Parigi, G.; Walker, F. A. Biol. Inorg. Chem.
1999 4, 515-519; 846.

(46) Simonneaux, G.; S€hemann, V.; Morice, C.; Carel, L.; Toupet, L.;
Winkler, H.; Trautwein, A. X.;Walker, F. AJ. Am. Chem. So200Q
122, 4366-4377.
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even though the 4.2 K EPR data for a number of other
complexes indicate a pure.,,)*(d,,)* ground state. In most
series of complexes, the spin densities at fhpyrrole
carbons simply decrease fairly smoothly as tig(PyH")
decreased, indicating that the energies of thedg*(dyy)*

and (dy)%(dkd,)® electron configurations become very
similar, perhaps switch, but never separate enough to allow
thermal isolation of the (dd,,)*(dy,)* state, even at the lowest



Magnetic Spectroscopy of & 1/2 Iron(lll) Porphyrinates

]

a TMP IMelm

« Br2 IMelm

m CI2 IMelm

¢ F2 IMelm

" (OMe)2 1Melm

220 4

=30 4

-40

Pyrrole-H Paramagnetic Shift (ppm)

=50

0 1 2 3 4 5 6
1000/ T

Figure 2. Plot of paramagnetic shift vs 1000for the pyrrole-H of the
bis-1-methylimidazole complexes of the five iron(lll) porphyrinates. Note
the similar paramagnetic shifts and Curie behavior for all five complexes.

temperature used for the NMR investigatior®9Q °C, 183
K). Thus, we can conclude that for all medium- to low-
basicity pyridines the difference in energy between the two
S= 1/2 ground states is considerably less tharat 183 K
or AE < 40 cnmrl. In all cases, it was found that the
paramagnetic shifts of the bis-imidazole and high-basicity
pyridine complexes were best fit with the simple Curie law
(S = 1/2, (dy)?(dyrdy,)® ground state and no thermally
accessible excited state), while most middle- to low-basicity
pyridines were best fit with a two-level treatment having an
S= 1/2 mixed (d0y,)*(dxy)Y/(dyy)?(0x»0yz)® electron config-
uration ground state and aB = 3/2 (d0,)%(dx)*(d2)*
electron configuration excited state wittE > 115 cnttin
all cases.

NMR Spectra of the Five Fe(lll) Porphyrinates Bound
to 1-Methylimidazole and 2-Methylimidazole and Their
Temperature DependencesThe pyrrole-H shifts for the
bis-1-Melm complexes of the five iron(lll) porphyrinates

previously?”~4° For [(2,6-Br)sTPPFe(2-MeHImy*, four
pyrrole-H resonances are observed frer0 to +20 °C,

and above the latter temperature, the resonances are too broad
because of the chemical exchange to accurately determine
the chemical shifts. For the [(2,6-MTPPFe(2-MeHImy)*
complex, this extreme broadening occurs abev&) °C.
From—30 to+10°C, the pyrrole-H resonances are too broad
to be assigned chemical shift values. Fret20 to+40 °C,
however, one averaged resonance is observed. For [TMPFe-
(2-MeHIm)]*, four pyrrole-H resonances are seen fre®0

to —10 °C, above which the resonances are too broad for
the chemical shifts to be accurately measufeor [(2,6-
F.)4TPPFe(2-MeHIny ™ and [(2,6-(OMe)),TPPFe(2-Me-
Him),]*, the pyrrole resonance remains a singlet throughout
the —90 to+40 °C temperature range, presumably because
of the smaller effective size of the fluorine and methoxy
groups and thus the apparently much more rapid inversion
of the porphyrin ring and ligand rotation kinetics that go
along with this smaller effective siZ&.

Supporting Information Figure S1 shows the paramagnetic
shift versus 10007 for the pyrrole protons of the 2-MeHIm
complexes of the five ferric porphyrinates. In the case where
the pyrrole resonance is split into four peaks, the average
value is used. The paramagnetic shifts for the ortho halo-
genated complexes are very similar, while [(2,6-(ONle)
TPPFe(2-MeHImy) ™ and [TMPFe(2-MeHImy ™ have more
positive paramagnetic shifts throughout th@0 to +40 °C
temperature range. Front10 to +40 °C the pyrrole-H
paramagnetic shift of [(2,6-(OMg@)TPPFe(2-MeHImy*
deviates severely from the near-Curie behavior seen for the
other complexes, as rapid eoff ligand exchange with
increasing population of the high-spin five-coordinate inter-
mediate shifts the resonance toward more positive chemical
shift values. As found for the 1-Melm complexes discussed
above and summarized in Table 2, the temperature-dependent
fitting of the pyrrole-H resonances (of all four lines for the

studied are all very similar, as evidenced by the Curie plots TMP, (2,6-Bs),TPP, and (2,6-G)sTPP complexes and the

shown in Figure 2, which are all linear with intercepts near
0 ppm for all five complexes. At low temperatures, the range
of pyrrole-H paramagnetic shifts is less than 5 ppm, with
those of [(2,6-Bs),TPPFe(1-Melmy) ™ being the most nega-
tive, followed by [(2,6-C)),TPPFe(1-Melmy™, [(2,6-
(OMe))4TPPFe(1-Melmy ™, then [TMPFe(1-Melmj)*, and
finally [(2,6-F)4sTPPFe(1-Melmy*. At +40 °C the range

of paramagnetic shifts is less than 2 ppm, with the order of

the paramagnetic shift values nearly the same.
For all 1-Melm complexes, it was found that no thermally-

single line for the other two) led to the conclusion that there
was no thermally accessible excited state, and thus spin
densities were obtained from one-level (simple Curie) plots.
These yielded somewhat smaller spin densities than were
observed for the 1-Melm complexes (0.0114 (TMP), 0.0145
((2,6-Br),TPP), 0.0144 ((2,6-G)4,TPP), 0.0151 ((2,6-5+
TPP), and 0.0132 ((2,6(OMg)TPP)).

Temperature Dependence of théH NMR Spectra of
TMPFe(lll) Bound to Pyridines of Different Basicities.
In comparison to the similarity in behavior of all five iron-

accessible excited state existed, on the basis of the analysig|||) porphyrinates with 1-Melm (and to a lesser extent

of the Curie plots using the TDFw prograthOne-level fits
(simple Curie behavior) of the pyrrole-H shifts yielded very
similar spin densities for all five complexegc(= 0.0156
(TMP), 0.0167 ((2,6-B)4TPP), 0.0164 ((2,6-G),TPP),
0.0156 ((2,6-R)4TPP), and 0.0159 ((2,6-(OMg)-TPP)), as
summarized in Table 2.
Unlike the 1-Melm complexes of the five iron(lll) por-

phyrinates, the bis-2-MeHIm complexes of three of these
porphyrinates have four pyrrole-H resonances-80 °C

because of the hindered axial ligand rotation, as reported

2-MeHIm), the NMR spectra and temperature dependences
of the 'TH NMR resonances of the bis-pyridine complexes
ranging in basicity from 4-M@NPy (pKy(PyH") = 9.7G¢*%)

to 4-CNPy (K(PyH") ~ 1.1%) of the five iron(lll) porphy-

(47) Walker, F. A.; Simonis, UJ. Am. Chem. Sod991, 113 8652-8657;
1992 114 1929.

(48) Shokhirev, N. V.; Shokhireva, T. Kh.; Polam, J. R.; Watson, C. T.;
Raffii, K.; Simonis, U.; Walker, F. AJ. Phys. Chem. A997, 101,
2778-2886.

(49) Momot, K. I.; Walker, F. A.J. Phys. Chem. A997 101, 2787
2795.
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Table 2. Summary of Results Obtained from the TDFits of the Temperature Dependenced@byrrole-H) or d(pyrrole-H andm-Hpy) for the
[(2,6-X2)4TPPFe(L)] " Complexes of This Study

AE® [-pyrrole carbon spin densities
system GS ES (cm™ msDd resonances used comments on quality or nature of fit
[TMPFe(L)]*
L =1-Melm 1/2 - - - pyrrole-H,0, p-CHs, m-H 1: 0.0156; one-level fit
L = 2-MeHIm 1/2 - — - 1: 0.0114; one-level fit
L = 4-Me;NPy 1/2 - - - 1: 0.0157; one-level; fair fit;
only data 1000V > 4.4 used
L = 3,4-MePy 1/2 — - — 1: 0.0119; one-level; fit not good
L = 3,5-MePy 1/2 - - - 1: 0.0124; one-level; fit good
L = 4-MePy 1/2 3/2 274 0.016 1: 0.0066; OK f8F 1/2 d./d,
2: 0.0165; OK fors= 3/2
L =Py 1/2 3/2 338 0.004 1: 0.0055; OK fé&r= 1/2 d/d,
2: 0.0163; OK forS= 3/2
L = 3-CIPy 1/2 3/2 404 0.011 1: 0.0053; OK f6r= 1/2 di/d,
2: 0.0159; OK forS= 3/2
L = 3-CNPy 1/2 3/2 422 0.008 1: 0.0024; OK f8r= 1/2 dy
2: 0.0181; OK fors= 3/2
L = 4-CNPy 1/2 3/2 439 0.019 1:-0.0008; OK forS= 1/2 d.y
2: 0.0193; OK forS= 3/2
[(2 6-Bry)sTPPFe(L)] "
L =1-Melm 1/2 — - pyrrole-H,m-H 1: 0.0167; one-level fit
L = 2-MeHIm 1/2 - - - 1: 0.0145; one-level fit
L = 4-Me;NPy 1/2 - - — 1: 0.0172; one-level fit
L = 3,4-MePy 1/2 - - - 1: 0.0160; one-level fit
L = 3,5-MePy 1/2 - - - 1: 0.0155; one-level fit
L = 4-MePy 1/2 - — — 1: 0.0162; one-level fit
L = 3-MePy 1/2 - - — 1: 0.0152; one-level fit
L =Py 1/2 3/2 130 0.032 1: 0.0082; OK 6= 1/2 d/dyy
2: 0.0182; OK fors= 3/2
L = 3-CIPy 1/2 3/2 275 0.015 1: 0.0111; OK f6r= 1/2 d/dyy
2: 0.0170; OK forS= 3/2
L = 3-CNPy 1/2 3/2 328 0.014 1: 0.0110; OK f8F= 1/2 d./dxy
2: 0.0172; OK forS= 3/2
L = 4-CNPy 1/2 3/2 274 0.011 1: 0.0077; OK 18F= 1/2 d/d,
2: 0.0185; OK forS= 3/2
[(2,6-Ch)sTPPFe(L)] "
L =1-Melm 1/2 — — — pyrrole-H,m-H 1: 0.0164; one-level fit
L =2-MeHIm 1/2 — — - 1: 0.0144; one-level fit
L = 4-Me;NPy 1/2 - - - 1: 0.0171; one-level fit
L = 3,4-MePy 1/2 - - - 1: 0.0163; one-level fit
L = 3,5-MePy 1/2 - - - 1: 0.0163; one-level fit
L = 4-MePy 1/2 - - - 1: 0.0158; one-level fit
L= 3-MePy 1/2 - - - 1: 0.0153; one-level fit
L =Py 1/2 3/2 178 0.047 1: 0.0102; OK 6= 1/2 d/dyy
2: 0.0173; OK forS= 3/2
L = 3-Clpy 1/2 3/2 449 0.011 1: 0.0132; OK f6r= 1/2 d/dyy
2: 0.0169; OK forS= 3/2
L = 3-CNPy 1/2 3/2 387 0.029 1: 0.0127; OK f8F= 1/2 d/dyy
2: 0.0153; OK forS= 3/2
L = 4-CNPy 1/2 3/2 406 0.011 1: 0.0089; OK f8r= 1/2 d./dxy
2: 0.0189; OK fors= 3/2
[(2 6-F)4TPPFe(L)]*
L =1-Melm 1/2 — — pyrrole-H,m-H 1: 0.0156; one-level fit
L = 2-MeHIm 1/2 — - — 1: 0.0151; one-level fit
L = 4-Me:NPy 1/2 - - - 1: 0.0166; one-level fit
L = 3,4-MePy 1/2 - - - 1: 0.0184; one-level; not a good fit
L = 3,5-MePy 1/2 — - — 1: 0.0191; one-level; not a good fit
L = 4-MePy 1/2 - - - 1: 0.0172; one-level; good fit
L = 3-MePy 1/2 — — — 1: 0.0179; one-level; not a good fit
L =Py 1/2 — — - 1: 0.0161; one-level; good fit
L = 3-CIPy 1/2 — - — 1: 0.0165; one-level; not a good fit
L = 3-CNPy 1/2 1/2 287 0.022 1: 0.0171; OK 8= 1/2 d,
2: 0.0019; OK forS=1/2 dy
L = 4-CNPy 1/2 3/2 368 0.013 1: 0.0112; OK 8F= 1/2 d/d,
2: 0.0155; OK fors= 3/2
[(2,6 -(OMe})sTPPFe(L)]*
L =1-Melm 1/2 — - pyrrole-H,m-H 1: 0.0159; one-level fit
L =2-MeHIm 1/2 - - - 1: 0.0132; one-level fit
L = 4-Me;NPy 1/2 - - — 1: 0.0159; one-level; not the best fit
L = 3,4-MePy 1/2 - - - 1: 0.0164; one-level;

only data below 10007= 4.4 used
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Table 2 (Continued)

AE® f-pyrrole carbon spin densities
system GS8 ES (cm™ mMSsDd resonances used comments on quality or nature of fit
[(2,6-(OMep)sTPPFe(L)]*
L = 3,5-MePy 1/2 - - - 1: 0.0161; one-level;
only data below 1000/= 4.4 used
L = 4-MePy 1/2 - - — 1: 0.0156; one-level;
only data below 10007= 4.5, but fit not good
L = 3-MePy 1/2 - - - 1: 0.0180; one-level fit
L =Py 1/2 32 388 0.097 1: 0.0118; OK f&r= 1/2 d./dxy
2: 0.0157; OK fors= 3/2
L = 3-CIPy 1/2 32 119 0.019 1: 0.0079; OK 8= 1/2 dy/d~
2: 0.0127; OK forS= 3/2
L = 3-CNPy 1/2 3/2 409 0.011 1: 0.0043; OK for 1/g/d
2: 0.0224; large fo6= 3/2
L = 4-CNPy 1/2 3/2 682 0.019 1: 0.0085; OK 18k 1/2 diy/d,

2: 0.0210; fit only for 10007 > 4.5

aGS = spin (§ of the ground state? ES = spin (§) of the excited state’ Best fit energy £30%).9 MSD = mean-square deviation of the data points
from the best fit.e Spin densities obtained from fits, using the program TDFw, to eq8;dround state, 2= excited state.

0 decreases. The curvature of the Curie plots becomes more
_ pronounced for the middle-basicity pyridines, and for the
§ 10 4 an” " lowest-basicity pyridine complexes, the pyrrole-H Curie plots
= ,,rl'"":“.,. .o exhibit anti-Curie behavior (Figure 3).
2 — . u 4-CNPy Table 2 summarizes thAE values calculated from the
B -20 4 H;;;,"" . '-:-CNPY fits of the plots of paramagnetic shifts vs the inverse
g \‘& Cryd . :i{-I():;Py temperature for all complexes, including the series of
£ 30 - W ta™ + 3-MePy [TMPFe(L)]*. It was found that plots exhibiting close to
; " “ ‘ = 4-MePy true Curie behavior give a shallow minimum in the two-
Tg x . :iﬂ:i‘;y level fits and are best fit as one-level systems having no
Z -40 1 " « LMGZNPY thermally accessible excited state. However, despite one-
level fits, except for L= 1-Melm and 4-MgNPy, the spin
.50 : densities were smaller than the typigal at ~0.0156. For
0 1 2 3 4 5 6 example, for L= 3,4-MePy and 3,5-MgPy, thepc values

1000/T

Figure 3. Plot of paramagnetic shift vs 1000for the pyrrole-H of the
[TMPFe(L)] " complexes where = XPy, showing the anti-Curie behavior
of the low-basicity pyridine complexes and approximately Curie behavior
for the high-basicity pyridine complexes.

are 0.0119 and 0.0124, respectively. ForL4-MePy, Py,
3-CIPy, and the cyanopyridines, the temperature dependence
was consistent with a two-level fit with the ground state being
S=1/2 and the excited state beifg= 3/2. Throughout the

. i ) series of lower-basicity pyridine complexes, the values of
rinates show somewhat different behaviors. The_temperature'OC of the ground state decrease steadily with decreasing
dependence of the pyrrole-M-Hey, ando-Heyare discussed — jigang pasicity (0.0066, 0.0055, 0.0053, 0.0024, a6cD008,

in detail for the complexes of TMPFe(lll), and then, oqhectively), indicating a ground state that has a decreasing
comparisons in the behavu_)r of the other_ four series of contribution from the (d)%(hs0,)° electron configuration
complexes are presented briefly. Before doing so, however,and an increasing contribution from the(d,)*(ch,)"* electron

we wish to point out that the ortho substituents on the phenyl configuration as the basicity of the ligand decreases; the 3-
rings of all five of the iron porphyrinates of this study are 4 4-CNPy complexes appear to have quite pugedg*-

large enough that phenyl rotation is not expected to occur(dxy)l configurations. The negative value @k for the

in any of the complexes; this was shown conclusively by 4-CNPy complex appears to result from a small contact

Eaton_ and Eaton for a series of (TMP).MX and five- contribution () and a pseudocontact contribution of similar
coordlngte tetra(;(pentaﬂuorrophenyl)porphyrlnatometal com- magnitude but opposite sign-}, as reported earliéf. At
plexte..; "t1 1.975' Thus,t pthhenill rotauotn IS ant ezpected ftct)h the same time, the values @f for the excited state generally
contribute 'rt‘. a”{}.‘]{t"ay f‘;h € emperla ure dependence ot e, rease somewhat (0.0165, 0.0163, 0.0159, 0.0181, 0.0193,
paramagnetic Shifls of these complexes. respectively) but are still close enough ge ~ 0.0156 to

m g _Egir:!sehi?tr\?éoln()sc.)(:r:/:%lrj;ﬁeSn?;]:\lg\liz-th?igiﬁgcgg# I%irg indicate a single gunpaired electron for th8 = 3/2 excited
9 Py P state and thus (dd,,)(dy)*(d2)* electron configurations in

of TMPFe(lll). For the higher-basicity pyridines, where the all cases. From the best fits, it is found that these complexes

ligands are 4-MgNPy, 3,4-MePy, and 3,5-MgPy, it can . . i X

be seen that at low temperatures the pyrrole-H chemical shift 3'Ve oV erged _f|¥te<zLEvaIges th‘_”‘t generaliyicreasewith

is very negative and the resonances move toward thedecreasmg basicity of the ligand: 274 thior the 4-MePy
y neg complex and 439 cnt for the 4-CNPy complex.

diamagnetic region linearly as the inverse temperature ; _ i
The linear relationship between the pyrroledsh, and

the K, of the protonated pyridine ligandsKgPyH")) at

(50) Eaton, S. S.; Eaton, G. B. Am. Chem. S0d.975 97, 3660-3666.
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Figure 5. Plot of paramagnetic shift vs 1000for the o-Hpy of the
[TMPFe(L)]* complexes. Note that the shifts of the low-basicity pyridine
resonances are more positive than those of the higher-basicity pyridine
resonances.

pKa(PyH+)

Figure 4. Plot of the paramagnetic shift of the pyrrole-H resonances of
the [TMPFe(L}]* complexes vs Ka(PyH") of the axial ligands at-90,
—30, and+40 °C. Note the decreasing slope of the best-fit line as the
temperature increases.

0

—80 °C that was reported previouélgxists throughout the
temperature range studied, as shown in Figure 4. Although
the slopes of these plots are negative throughout the
temperature range of the measurements, they become less
negative as the temperature increases.

m-Phenyl Protons n-Hep). The pattern of increasing
paramagnetic shift with decreasing axial pyridine ligand
basicity at a given temperature seen for the pyrrole-H Curie
plots is also seen in thenHp, Curie plots shown in
Supporting Information Figure S2. The plots for each
complex are linear, with only slight curvature at higher
temperatures. The slope of theH Curie plot of Figure S2 20
for [TMPFe(4-MeNPy)]" is negative, while that of [TMPFe- 0 2 4 6 8 10
(3,4-MePy)] " is close to zero, and thereafter the slopes pKa(PyH+)
become more positive as the axial pyridine basicity decreasesrigyre 6. Plot of the paramagnetic shift of tiieHp, at —60°C vs pyridine
further. The TDFw progradi was not used to analyze these basicity for the [TMPFe(Lj* complexes showing the slight change in slope
m-Hpn shifts alone because of the very small temperature ©f the line at iK(PyH") ~ 5-6.
dependence. Rather, threHpn shifts were analyzed together  theo-Hp, paramagnetic shifts have the largest pseudocontact
with the pyrrole-H paramagnetic shifts discussed above. contributions of all of the protons of these complexes, and

Ortho Protons of the Axial Pyridine Ligands (0-Hpy). the pseudocontact shift is sensitive to the structure @and
Figure 5 shows the Curie plots for tleeHp, resonances of  anisotropy (eqs 5 and 6) rather than through-bond spin
the TMPFe(lll) complexes of the nine pyridine ligands. For delocalization (eq 4).
the complexes with unsymmetrical pyridine axial ligands, A plot of theo-Hp, paramagnetic shifts at60 °C vs K-
the value plotted is the average for the two differeip, (PyH"), Figure 6, as well as at all other temperatures, shows
resonances. For the complexes where the axial ligands arean abrupt change in slope of the best-fit line near tKgqd
4-CNPy through 3,4-Mgy, the Curie plots show smooth the conjugate acid of pyridine itself (Py, 53R This change
shifts of theo-Hp, resonance to less negative values as the in slope suggests a change in the electron configuration of
temperature is increased. A slight curvature toward more the metal and thus a change in the relative contributions of
positive paramagnetic shifts can also be seen at the higheithe contact and pseudocontact interactions (eq 3). As the
temperatures. In contrast, thép, resonance of the [TMPFe-  temperature is further raised, tleeHp, resonances move
(4-MesNPy)] ™ complex shifts in a negative direction with  somewhat further positive, but there is very litthé fPyH")
increasing temperature until aboufQ and then begins to  dependence on theHp, paramagnetic shifts for the lowest-
curve in a positive direction with further-increasing temper- basicity pyridine complexes. Figure 5 shows that, in opposi-
ature, likely the result of ligand dissociation. Hence, the tion to what is seen for the pyrrole-H shifts, the more basic
temperature-dependent behavior of théle, resonance is  pyridine o-H resonances deviate from Curie behavior the
entirely different from those of the pyrrole-H amd-Hgp most, while the low-basicity pyridine complexes show fairly
resonances. As will be shown in detail below, this is becauselinear Curie behavior for the-Hp, shifts. Theo-Hp, fits to

-10 7

Ortho-H Paramagnetic Shift (ppm)
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eg 8 alone did not converge for most of the complexes for of the same 2,6-Fseries, the best fit was to a mix&=
any possible excited state. 1/2 ground statepc = 0.0112) and ais = 3/2 excited state
That the temperature dependences of the ligand resonancegpc = 0.0155) withAE = 368 cnt®. For Py itself and the
in general, behave differently than those of the porphyrin lower-basicity pyridine complexes of the 2,6,B2,6-Ch and
resonances (because of ligand-aff, ligand rotation, and 2,6-(OMe) series, the pyrrole-H shifts are best fit with a
porphyrin inversion kinetics) has been convincingly shown two-level plot, with reducegc for the S= 1/2 ground state
for a series of bis-ligand complexes of several octaalkyl- that decreases as the basicity of the pyridine decreases and
tetraphenylporphyrinatoiron(lIf> Furthermore, in the case  suggests a mixed,ftl,, ground state for each and a larger
of the iron(lll) porphyrinates of this study, the strongly pc for the S= 3/2 excited state (0.0157 to 0.0224) which
changing pseudocontact shift contribution, which is some- suggests, in all cases, one unpairgéldctron and a (gd,,)*
what apparent from thg values in Table 1 and will be  (dy)'(d2)?! electron configuration for all. ThAE values range
discussed in more detail below, begins with relatively large from 119 to 682 cm! among all the low-basicity pyridine
negative values for the most basic pyridines, where the valuecomplexes of the 2,6-Br 2,6-Ch, and 2,6-(OMe) series.
of g? — g-? is positive, passes through zero near thg-p The pyrrole-H shifts for the pyridine complexes Vi€ p
(PyH") of 4-MePy or Py, and becomes increasingly positive (PyH") at three temperatures are shown in Supporting
as the Ky(PyH") decreases further, where the valueggf Information Figure S7 for the 2,6-Bseries, Figure S8 for
— g2 is negative, a behavior that is quite different from that the 2,6-F series, and Figure S9 for the 2,6-(OMsgries of
expected for the contact shift, which appears to simply complexes: the 2,6-¢lplot was so similar to that of the
decrease smoothly with decreasirx{yH"). This pseudo- 2,6-Br, plot that it is not shown.
contact shift sign dependence is magnified in the case of m-Phenyl Protons of the Four [2,6-(%)sTPPFe(L)]*
the o-Hpy because they are very close to the paramagnetic Complexes.Them-Hpp, Curie plots of the [(2,6-B),TPPFe-
metal centerr(< 3 A), and thus the use of ligand resonances (L);]* complexes shown in Supporting Information Figure
to attempt to determinAE will not be considered further.  S10 are similar to those of [TMPFe(]} except that, in this
Temperature Dependence of théH NMR Spectra of case, only the [(2,6-B),TPPFe(4-CNPy]* complex has a

the [(2,6-Bry) TPPFe(L)]ClO4, [(2,6-Ch)sTPPFe(L),]- positive slope. Those of the other complexes are very similar,
ClO4, [(2,6-F)4TPPFe(L)]CIO 4, and [(2,6-(OMe)),TPPFe- and for all series, the Curie plots parallel those of the
(L)2]JCIO 4 Complexes where L= Pyridines of Different respective pyrrole-H plots, as shown in Supporting Informa-

Basicities. Because all of these porphyrinate complexes tion Figures S16S13.
showed similar behavior to those of the TMP complexes and  Ortho Protons of the Pyridine Axial Ligands. Theo-Hpy
to each other, their spectra are discussed together. Curie plots for the [(2,6-B),TPPFe(L)}]* complexes in
B-Pyrrole Protons. All of the complexes behave similarly,  Supporting Information Figure S14, those for the 2,6-Cl
as shown in Supporting Information Figure S3 for [(2,6)Br series in Figure S15, those for the 2,64eries in Figure
TPPFe(L)]CIlO,, Figure S4 for [(2,6-G)aTPPFe(L)]CIO,, S16, and those for the 2,6-(OMegries in Figure S17 show
Figure S5 for [(2,6-5),TPPFe(L)]ClO,, and Figure S6 for ~ smooth shifts toward a less negative paramagnetic shift with
[(2,6-(OMe))sTPPFe(L)]ClO,. For all four sets of com-  increasing temperature for the lower basicity pyridines, as
plexes, the Curie plots are linear for= 4-Me;NPy and a seen for the [TMPFe()* complexes, although there are
number of other higher-basicity pyridines, while the tempera- some differences in the order of the temperature-dependent
ture dependences of the lower-basicity pyridine complexes shifts of the individual ligand complexes and an increasing
show a slight curvature toward more positive paramagnetic overlap of the Curie plots for lower-basicity ligand complexes
shifts at higher temperatures, and this curvature becomesn the order Br= Cl < F < OMe.
more pronounced as the basicity of the pyridine decreases. In the plot of paramagnetic shift v&Kg(PyH") at —60°C
Unlike the [TMPFe(L)]* complexes, the pyrrole-H slopes (Supporting Information Figure S18), it is apparent that the
are all negative except the one for the 3-CNPy complex of change in slope of the best-fit line near th&,(PyH") found
the dimethoxy porphyrinate, Figure S6. As Table 2 shows, in the [TMPFe(L}]" complexes (Figure 6) is present in the
the temperature dependence of the higher-basicity pyridine[(2,6-Br,),TPPFe(L)]" complexes as well but is not as
complexes are best fit with a simple one-level Curie plot, pronounced as observed for the TMP complexes; the change
with the spin densities at th®pyrrole positionspc, ranging in slope is smaller for the @lcomplexes (Supporting
from 0.0180 to 0.0152 in random order for=+ 4-Me;NPy Information Figure S19) and is imperceptible for the F
to 3-MePy for the 2,6-Bx 2,6-C} and 2,6-(OMe) series, complexes (Supporting Information Figure S20). However,
while the fits of all of the [(2,6-5),TPPFe(L)]" complexes, for the [(2,6-(OMe)) TPPFe(L)]* series the plot 0Bpars
except those having & 3- and 4-CNPy, are best fit with a  (0-Hpy) vs pKo(PyH"), Figure 7, shows much less scatter in
linear Curie dependence witbx at the 5-pyrrole carbons  the low-basicity pyridine data than in the data for the [(2,6-
ranging from 0.0191 (3,5-MPy) to 0.0161 (Py). The F,) TPPFe(L)]" complexes (Supporting Information Figure
3-CNPy complex of the 2,65eries was the only case in  S20). Thus the change in slope of the best-fit line l&-p
this entire study of five porphyrinates for which the two- (PyH") ~ 5 is much more evident.
level fit was most consistent: the ground state was found to  Conclusions from Temperature-Dependent Fitting of
be S= 1/2 (dy)%(dk»0),)® and the excited-state w&— 1/2 the Pyrrole-H Paramagnetic Shifts.Because of the rela-
(dyy) (0, d,)* with AE = 287 cn™. For the 4-CNPy complex  tively small temperature range over which ligand exchange
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0 state reverse in energy. Only in this TMP series of complexes
do the two electron configurations of the ground state
separate in energy from each other significantly enough that
we see the spin densities at thepyrrole carbons that are
expected for a pure ¢gd,,)*(dy,)* ground state for the lowest-

-10 4
basicity pyridines.

Discussion

In all of the bis-imidazole and high-basicity pyridine
-20 u . complexes of the five iron(lll) porphyrinates under study,
m = the electronic ground state of the metal center is low-spin
d® S= 1/2 with a (dy)?(dk»0y,)® electron configuration. The
magnetic symmetry about the metal center is approximately
tetragonal for porphyrin complexes that have the axial ligands
lying in perpendicular planes. This is the case for all of the
pKa(PyH+) hindered imidazole (2-MeHIm) and substituted pyridine
Figure 7. Plot of the paramagnetic shift of tlleHp, at —60 °C vs pyridine compleges of TMPFQ(_”I)’ for which a number of structures
basicity for the [(2,6-(OMe)sTPPFe(L)]* complexes, showing a definite  are availablé;*3*and it is also expected for (2,6-B4TPPFe-
change in slope atfy(PyH") ~ 5. (11 and (2,6-ChL)4TPPFe(lll) on the basis of the larggax
EPR signals observed for their bis-2-MeHIm and 4,Miey
did not affect the chemical shifts and the relatively small complexes (Figure 1, Table 1); by analogy, the lower-basicity
number of data points obtained over that temperature range pyridine complexes of these same porphyrinates are also
the accuracy of thAE values is in general only abott30%. expected to have axial ligands in perpendicular planes.
Despite this, several general conclusions can be made. It isHowever, for (2,6-5),TPPFe(lll) and (2,6-(OMe),TPPFe-
found that for the low-basicity pyridine complexes of all (2,6- (1l1), while the bis-2-MeHIm complexes clearly also have
X2)aTPPFe(lll) complexes the ground state is eithes dg)*- axial ligands in perpendicular planes, as evidenced by the
(hy)* or mixed (dzdy2)*(0xy)(0hy)*(kz0y2)* with an energy  largegmax EPR signals, the bis-4-MPy complexes appear
separation too small to allow us to differentiate the two states, to have ligands in parallel planes on the basis of the rhombic
and the thermally accessible excited sta®4s3/2, (d,d,)* EPR signals observed. Nevertheless, for the bis-4-MePy
(dw)X(d2)*, with one single exception. For higher-basicity complexes of each, the EPR signal is of the laggg type
pyridine complexes, the ground state is)&{dx,dy,)* and (Table 1), even though the steric requirements of 4-MePy
the excited state is the sarBe= 3/2 electron configuration.  binding to the iron(lll) porphyrinates are not different from
For the highest-basicity pyridine and 1-Melm, as well as those of 4-MeNPy, and thus we cannot say with certainty
2-MeHIm complexes, the only reasonable fit was to simple whether the ligands are in parallel or perpendicular planes;
Curie dependence, indicating no thermally accessible excitedin fact, these could be cases in which the dihedral angle
state. From the best fits of the Curie plots for the low-basicity between ligand planes is close to the® Zihgle which we
pyridine complexes, it is found that these complexes give have recently shown to be the point at which the EPR spectral
converged fittedAE values that generally increase as the type changes from normal rhombic to largga.®* For
basicity of the pyridine decreases. That th& should imidazole and the higher-basicity pyridine ligands, the
become larger as the basicity of the pyridine decreasesunpaired electron is in agsymmetry ¢ (dy, or d,;) orbital3
suggests that although thebasicity of the pyridine toward  Previous studies of low-spin iron(lll) porphyrinates have
the proton decreases, the energy of thexbital of the metal ~ shown that large negative chemical shifts at the pyrrole
appears to remain fairly constant (Scheme 1), but instead,position arise from spin density in ti3&¢r) molecular orbital
the energy of the dorbitals drops so that thAE between  of the porphyrin ring'® These orbitals have the proper
lowest and highest energy of these orbitals actually increasessymmetry to interact with the,g dy, (d,) metal orbitals, and
in many (but not all) cases. the spin density can be delocalized into 8efr) porphyrin
For the [TMPFe(L)]* complexes, thg values measured  orbitals through porphyrin to iromr donation. The3e(r)
at 4.2 K suggest that the change in the electronic ground orbitals have large coefficients at four of tifepyrrole
state occurs at or somewhat above thg(ByH") of 4-MePy carbons and small coefficients at the other four, with the
(6.02) (Table 1). At the point of the change of ground state, two orbitals having large and small coefficients reversed.
theg anisotropy is zero, the4l d,,, and dy orbitals are equal  Because of rapid axial pyridine ligand rotation and simul-
in energy, and there is an equally mixedy)&{dx,0,)% taneous ruffle-inversion of the porphyrin ridg;*° on a time
(dkady2)*(0ky)* ground state. From the change in slope of the scale of millions of times per second for these metal(lll)
plot of the paramagnetic shift of theHpy vs pKy(PyH") porphyrinates at ambient temperatuteshe spin density
shown in Figure 5, which appears to occur betwekg %
and 6, we can conclude that this is the point at whichghe (51) Yatsunyk, L. A.; Dawson, A.; Carducci, M. D.; Walker, F. A.Am.
anisotropy, and thus the pseudocontact shift, changes Sign(52) ggtleamm.,?]?(I:?S.;ugw(l)tliﬁ(ijrgsg,p‘:'J.bIIL%a.;“g;ffﬁ?%{Simonis, U.; Walker, F.
and at which the two electron configurations of the ground A. Inorg. Chim. Actal997, 263/1-2, 109-117.
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present at all eighg-pyrrole carbons is equal and is the are dominated by the contact interactfofihe range of-90
average of the large and small spin densities of the individual °C dpara Values for the complexes whose Curie plots are
3e(r) orbitals, on the time scale of the NMR experiments. shown in Figure 2 indicates that there are major differences
Thus, the spin density can delocalize to the pyrrole positionsin the spin density at the pyrrole position as a function of
and cause the large negative paramagnetic shifts seen fotigand basicity. The pyrrole-Hopara for the 4-MeNPy
the pyrrole-H resonances of [PorFefl’)complexes having  complex at—88 °C is —42.5 ppm. For the 4-CNPy complex
bis-imidazole or higher-basicity pyridine axial ligarfds. (the least basic pyridine studied), the pyrroleSki. at the
Bis-1-Melm and -2-MeHIm Complexes of All Five same temperature i53.6 ppm. Figure 4, a plot 0fpaa at
Porphyrinates. For all five iron(lll) porphyrinates, the = —90, —30 and+40 °C vs K4(PyH"), shows that there is a
temperature dependencesdf for the bis-1-Melm com-  smooth transition from large negative to small negative
plexes exhibit simple Curie behavior with no thermally paramagnetic shift values as the basicity of the axial ligand
accessible excited state. THepyrrole spin densities range  decreases at each of these temperatures.
from 0.0156 to 0.0167 (Table 2), a very small range of less  por jow-basicity pyridine complexes of TMPFe(lll), such
than+39% difference. Thus, these are the “purest” low-spin 55 TMPFe(4-CNPy)*, it is found, from the EPR spectf8,
clociton configurations wih o contbations rom” ather e & rbial s ofnigher energy than the degenerate
possible electron configurations. In contrast, while none of g:ngg) it(e)twaez(lrc’:ogézgsng:eh:\r/\ga:;eed perf:;idz;r;;g‘tyry to

the bis-2-MeHIm complexes of the five iron porphyrinates ,erjap with any porphyrin orbital unless the TMPFe(ll)
appear to have thermally-accessible excited states, their SPirhis_pyridine complexes are, &ffled s In this case, the lobes

densities at the3-pyrrole carbons are in _genera_l smaller. of the dy orbital, which are in the mean plane of the
(0'(.)151_0'0114' Tabli 2) fuggestmg an increasing contri- porphyrin ring, have the correct symmetry for partial overlap
bution from the (dz’d.ﬂ) (do) electrqn conﬂ.gurgtmn inthe  yith the nitrogens of the th&ax(r) porphyrin orbital
order of the decrea_smg value af. Th|s4cont1r|but|qn appears — pocause a component of each of the nitrogeorbitals lies

to_ be a therTaI mlx;ng of the (Qdﬂ). (dxy). confl_gurat|on in thexy plane of the porphyrin ring. This allows porphyrin-
with the (dy)*(dd,)° electron configuration with & very o1 electron donation, and spin density can thus be

small energy dlffere+nceAE. The Curie plots of th_e _four delocalized to th&ay(;r) molecular orbital. This porphyrin
[TMPFe(2-MeHIm}]™ pyrrole-H resonances exhibit no . .
: olecular orbital has small electron density at/fhgyrrole
evidence of the curvature that would suggest a well-separate o . -
: : ! positions and large orbital coefficients at the meso carbons.
but still thermally-accessible excited state. . . )
Th itude of th | fihe | feature | This results in small shifts for pyrrole-H resonances from
€ magnitude of thg value of the farg@ma, feature n their diamagnetic positions for the [TMPFef]?) complexes

the EPR spectra of the bis-2-MeHIm complexes of the five _ . . L o )

porphyrinates (Table 1) decreases in the same order as the 't.h lower-basicity pyridine axial ligands and large negative
value ofpc listed above @ = 3.52, pc = 0.0151 ((2,6-Bu- Shifts pf ther.nH.resonances of [OEPI?t@uNC)Z]Jr or large
TPP), 3.43, 0.0145 ((2 G-BETPP), 3.42 0.0144 ((2’ 6-Qi- negative shift differences of porphyrin phenyl-H adg,

Op) Of (Om — o) Oof [TPPFe-BuNC),]*.18 The orbital overlap
TPP), 3.35, 0.0132 ((2,6-(OM#)TPP), 3.17, 0.0114 (TMP)), P : . .
and previous studies of more bulky phenyl-substituted is made possible by th&, ruffling of the porphyrin core

i 8,44
tetraphenylporphyrinates have suggested that extreme ruf“flingfound in these complexés:

tends to push even bis-imidazole-coordinated iron porphy- e Curie plots of the pyrrole-H resonances of the series
rinates toward the (gld,,)*(dx,)* electron configuratiof35* of pyrldme.complexes of TMPEe(III) (Figure 3) show (;Iearly
It is also possible that the value gfaxis also an indicator that there is a range of behaviors, from Curie to anti-Curie,
of the dihedral angle between the axial ligand planes, as weas the basicity of the pyridine decreases. The inverse
have recently found in X-ray crystallographic and ground temperature dependence seen in eq 4 for the contact and eqs
crystalline EPR studies of other iron(lll) porphyrinaés. 5 and 6 for the pseudocontact components of the paramag-
However, there are C|ear|y electronic as well as steric netic shift suggests that there should be a smooth linear shift
contributions to the observed electron configurations of theseOf the pyrrole-H resonance toward zero paramagnetic shift
bis-2-MeHIm complexes. The (2,6)6TPPFe(lll) complex as the temperature is raised. This can clearly be seen for
is clearly not as ruffled as the (2,6-BTPPFe(lll) complex ~ both the 4-MeNPy and 3,5-MgPy complexes of TMPFe-
on the basis of the fact that, as mentioned above in the EPR(IIl), where the Curie plots for these two ligand complexes,
section, the latter complex with 1-Melm is the only one that shown in Figure 8, are linear and extrapolate to near O ppm
exhibits a largeymax EPR spectrum at 4.2 K, indicating that at 1/T = 0. The lowest-basicity pyridine complex pyrrole-H
the 1-Melm ligands are in perpendicular planes. resonances show anti-Curie behavior, with curved lines and
[TMPFe(L)2]* Complexes Where L = Substituted very negative apparent intercepts for the lowest-temperature
Pyridine. The pyrrole-H paramagnetic shifts for high-basicity part of the plots. This difference from the expected Curie
pyridines (i.e., those having the,(#(d\dy,)® ground state) behavior can be explained by two possible effects: (1) the
presence of a thermally-accessible excited state and (2) the

(53) glra]\kamura, l\gé: Tazljzima, K?;nga, K.; Ishizu, K.; Nakamura)marg. rapid ligand or-off exchange with a five-coordinate inter-
im. Actal994 224, 113-124. . . . T g R
(54) Nakamura, M.; Ikeue, T.; Fujii, H.. Yoshimura, T.; Tajima, IKorg. mediate of mcregsmgly significant concentration as the
Chem 1998 37, 2405-2414. temperature is raised. Each of these processes results in a
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10 Scheidt et af® found that a related six-coordinate complex,

[OEPFe(3-CIPy)*, has an intermediate-spin iron center, and

0N 060 the bis-4-MeNPy and 4-CNPy complexes of OETPPFe(lll),
OMTPPFe(lll) and TETPPFe(llI}® showS = 3/2 excited
states. It is thus not surprising th&t= 3/2 excited states

= 4-Me2NPy are observed for the complexes in the present study.

+ 1-Melm Pyrr-H Th th that l behavi in th

\E « 4Me2NPy m.H e other process that causes nonlinear behavior in the

=20 4
-30 1 « N-Melm m-H Curie plots is ligand dissociation because of the decreasing
T, size of the equilibrium constants for bis-ligand complex
. formation as the temperature is raised, combined with rapid
on—off ligand exchange between the bis- and mono-ligand
0 ', MR 4 5 6 complexes, which averages the chemical shifts for the five-
1000/ and six-coordinate complexes. Th&NMR spectra for many
Figure 8. Curie plot showing the similar temperature dependence of the of these complexes, especially the lower-basicity pyridine
pyrrole-H andm-Hen of [TMPFe(1-Melm)] ™ and [TMPFe(4-MeNPy)] . complexes, show broadening of the pyrroled+is,, and

. . free ligand resonances as the temperature is raised above
different electronic state for the complex as the temperature _55 o~ 5 clear sign of a kinetic process involving an

is raised and thus different paramagnetic shifts for the pyrrole ;i mediate with a different spin state. For strong donors,
protons. such as the more basic pyridine ligands of this study, the
The presence of a thermally accessible electronic excitedfive-coordinate mono-ligand complex is expected to be high-
state has been discussed in the Results section, where fittingpin, S = 5/2, as seen in the five-coordinate TMPFeCl
of the paramagnetic shifts to eq 8 was used to estimate thecomplex. In the chloroiron(lll) high-spin species, the pyr-
energy separation between ground and excited states and thele-H resonance lies &at81 ppm at room temperature (Table
nature of the latter, as well as the spin density coefficients S2), and a mono-pyridine complex would be expected to
for the B-pyrrole carbons for both the ground and excited have a similar pyrrole-H chemical shift. As the temperature
states. It has been shown previously by EPR aridddauer  is raised to the point where chemical exchange of the six-
spectroscopie8!® as well as MCD spectroscop¥# all coordinate low-spin complex with the five-coordinate high-
recorded at 4.2 K, that the ground-state electronic configu- SPin complex becomes apparent by broadening of the free
ration of [TMPFe(4-CNPyJ* has the unpaired electron in and bound ligand resonances, the position of the pyrrole-H
the d,, orbital, while the excited state, found by temperature- resonance of the (ostensibly) low-spin complex shifts in a
dependent fitting of the paramagnetic shifts in this work, POsitive direction more rapidly than expected and the
hasS= 3/2, with 3-pyrrole spin densitiesic, that are similar ~ témperature dependence plot thus curves toward more
to or slightly larger than those of tf= 1/2 (dy)2(0hz0}2)° positive chemical shifts than expected for Curie behavior.

ground-state complexesd = 0.0159-0.0193). As men- For. the lower-basicity pyridines,. howeve.r, the .five-
tioned in the Results section, this similarity suggests that coordinate complex could haye the'|ntermed|ate-§)m
the electron configuration of the = 3/2 excited state is 3/2 state (and of course, a spin-admixed state would also be

ossible). ThisS = 3/2 state is seen in the five-coordinate
d 3(dyy)*(d2)* rather than (d)2(d 2(d2)%, where the b . . i
(chas A *(cho)"(d7) (@0 (02", TMPFeOCIQ complex, with OCIQ™ being a fairly weak-
spin densities at the3-pyrrole carbons should be ap- _ - :

. - field axial ligand. (The'H NMR spectra of the porphina-
proximately double these quantities because of the presenc

. . ) ?oiron(lll) perchlorate complexes used in this study are
of two d, l_mpa|red electrons. Thus, the unpaired ele_ctron N summarized in Supporting Information Table S3.) With the
the d, orbital has the proper symmetry to overlap with one

; ) : low-basicity pyridines also being fairly weak-field ligands,
_Of thg 3¢() mple(?ular orbitals of the pgrphyrln, resultllng it would not be surprising if their five-coordinate TMP-
in spin delocalization to the pyrrole positions of a magnitude Fe(lll) complexes were also intermediate-spin or spin-

similar to that observed for 8= 1/2 (dy)*(dd)* ground-  ggmixed. Because theedy orbital is not populated for the
state complexes. This causes the resonance to shift towards — 3/ (or is only partially populated for spin-admixed)
less positive paramagnetic shifts as the temperature isjron porphyrinates, the five-coordinate mono-pyridine com-
increased. Th|S eXplainS the anti'CUrie behaVior seen in thep|exes have Sim“ar or more negative pyrro'e_H Sh|fts than
4-CNPy and 3-CNPy complexes of TMPFe(lll), as well as  those of theS = 1/2 (d,,)?(dy0,,)® ground-state complexes,
the trend seen as the slopes of the lines move smoothly fromdepending upon the electron configuration of 8ve 3/2 or
negative to positive as the basicity of the ligand decreasesspin-admixeds = 3/2, 5/2 five-coordinate complex, although
through the series 4-MePy to 4-CNPy. By the time the this does depend on the 2,6-phenyl substitu&nds, shown
3-CNPy and 4-CNPy complexes are reached, the ground statén Table S3. Thus, the ligand ewff exchange with an
has switched to a quite pu= 1/2 (d., d,,)*(dx,)* electron intermediate with a different spin state is a major factor which
configuration with the excited state continuing to be ¢  must be considered in interpreting the temperature-depen-
= 3/2 (di,d2)3(d)*(d2)* electron configuration. Anincrease  dence data for the lower-basicity pyridines; at temperatures
in the population of this excited state thus shifts the pyrrole-H (55) Scheidt, W. R.; Geiger, D. D.; Hayes, R. G.: Lang,JGAm. Chem.
resonance in a negative direction as the temperature increases. = Soc.1983 105, 2625-32.

Paramagnetic Shift (ppm)

=50
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above—46 °C (1000 = 4.4), in this study, it is evident  though the gross magnetic behavior of all five sets of
that ligand dissociation plays a role in determining the porphyrinate complexes appears to be fairly similar. The
observed chemical shifts of all porphyrin resonances, while separation method and results are discussed in detail in the
for the higher-basicity pyridines, this does not appear to be Supporting Information. As a summary, we can say that the
the case. The latter ligands bind to TMPFe(lll) with larger plot of paramagnetic shift of the-Hp, resonance vsKa-
equilibrium constant& and evidence of chemical exchange, (PyH") (Figure 6) and the paramagnetic shift of timeHpp

such as line broadening in the NMR spectra, is not observedresonance of the bis-(4-M&Py) complex of TMPFe(lll)

until the temperature is raised #30 to +40 °C. Neverthe- (which was assumed to be totally pseudocontact in na-
less, the temperature-dependent fitting of the Curie plots usedturef1624 play central roles in separating the contact and
data recorded at below45 °C in all cases. pseudocontact shifts.

To investigate the pseudocontact contribution to the  With the assumption that the-Hp, paramagnetic shift is
paramagnetic shift, we examined thd1 resonances of the  totally pseudocontact in nature, the pseudocontact shift of
axial pyridine ligands in detail. The pseudocontact shift theo-Hp, of [TMPFe(4-MeNPy)]" could be calculated from
exhibitsr~* dependence (eq 6), and thus the protons closestthe ratio of the geometric factors for tme-Hp, and o-Hpy

to the iron center have the largest pseudocontact sbifits, protons for the TMPFe(lll) complex (Supporting Information
are only on average 2.98 A from the Fe certéiTo Table S8). From that value 6f, of the 0-Hpy, dcon for these
determine if there is a trend in the shifts of tloeHp, protons could immediately be calculated fr@m. for the
resonances of the different complexes, we constructed plotssame protons (eq 3). Now, with the assumption that

of the o-Hp, paramagnetic shift vsify(PyH") at —60 °C for becomes zero at a ligand basicity close to that of Py or

each of the iron(lll) porphyrinate series (Figures 6, 7, 4-MePy, thedpaa0f theo-Hpy for that complex is identically
S18-S20). From these plots it is evident that in each case equal tod..n Using these two contact shift data points, a
there is a change in the slope of the line at roughly tig p  straight line representing the dependencégfon pyridine
of the conjugate acid of pyridine itself, with steeper slope basicity can be drawn in Figure 6 to produce a new version
for the higher-basicity pyridines and a less steep slope for of it (Supporting Information Figure S21) which allowsy,
the lower-basicity pyridines. anddp of the o-Hpy of each complex to be determined. Then,
The 4.2 K EPR data for the [TMPFe]J complexes with using the geometric factors for the-Hp,, m-Hpp, and
pyridine axial ligands (Table 1), together with NMR, pyrrole-H from Supporting Information Table S8, the values
MCD,* and pulsed EPR data;°show that the sign of the  of d, for the 0-Hpy can be used to calculate those for the
magnetic anisotropy changes throughout the series of ligandsm-Hp, and pyrrole-H of each complex.
Thus, for basic pyridine complexes, such as [TMPFe(4-Me  Thus, the change in the slope of the plovef{o-Hp,) at
NPy)]*, 9. > 0 0y, indicating that the unpaired electronis a pK(PyH") close to that of Py or 4-MePy (Figure &
in the d.,dy, orbital set, while for the weakly basic pyridine indicative of a change in sign of the g anisotro@g 6, and
complexes, such as [TMPFe(4-CNRY) o« Gy > 0O hencea change in the relatie energy ordering of the,g
indicating that the unpaired electron is in thg drbital. A and d, orbitals of the metal The results, presented in
change in sign of the magnetic anisotropy will change the Supporting Information Table S9 for the nine TMPFe(lll)
sign of the pseudocontact shift (eq 6). Taelpyresonances  complexes using 4-MePy as the point at which the
are the most sensitive to changes in the pseudocontact shiftanisotropy changes sign, show that the pyrrole-H contact shift
and because there is a pronounced change in slope of theat —60 °C decreases in magnitude fron27.7 ppm for L=
0-Hp, paramagnetic shift vsia(PyH"), it can be reasoned  4-Me,NPy to —14.6 ppm for L = 4-CNPy, while the
that this change in the sign of the magnetic anisotropy occurspseudocontact shift of the same protons varies frefft6 to
between a [, of 5 and 6 for the TMP complexes. It should +6.4 ppm over the same series.
be noted, however, that the ligand basicity at which the [(2,6-Br,),;TPPFe(L),]JClO, [(2,6-Cl)sTPPFe(L);]ClO4,
thermally accessibles = 3/2 excited state begins to be [(2,6-F,),;TPPFe(L);JCIO4 and [(2,6-(OMe)) TPPFe(L);]-
detected is similar, and thus, the changes in the electronClO, Complexes.For all of these complexes, it can be seen
configuration and thermal excitation appear to occur hand- from the spin densities at thg&-pyrrole carbons (Table 2)
in-hand. This has less influence on our understanding of thethat all low-basicity pyridines have mixefl= 1/2 (d)*
TMPFe(lll) complexes than of the other four iron porphy- (d,,d,,)%(dy,0d,)*(dy)* ground states over the temperature
rinates, as will become evident below. range of the NMR measurememtisisa thermally-accessible
Separation of the Contact and Pseudocontact Shifts for ~ S= 3/2 excited state that contributes signficantly to the NMR
[TMPFe(L) J]CIO4. The ability to separate the contact and paramagnetic shifts, even-a60 °C (213 K). Thus, none of
pseudocontact shifts of a series of related metalloporphyrinatethe low-basicity pyridine complexes of these four iron(lll)
complexes is an obvious sign that the magnetic propertiesporphyrinates has a puredd,)*(dy,)* ground state over the
of the systems of interest are clearly understood. In the temperature of the NMR measurements. The EPR spectra,
present study, the TMP complexes are the only ones thathowever, show that at 4.2 K the complexes frornsI4-HPy
permit this separation with any degree of confidence, evento 4-CNPy all have the (gd,,)*(dx)* ground state.

For all of the [(2,6-%),TPPFe(L)]* complexes, the-H
(56) Nesset, M. J. M. The Effect of Axial Ligands and Porphyrin [ %)e (LA P Py

Substituents on the Dynamic and Electronic Properties of Model Opara VS FKE}(F_)yW) p"?t was exlammed to obtain ?Vldence
Hemes. Ph.D. Dissertation, University of Arizona, Tuscon, AZ 1994. for the basicity at which thg anisotropy changes sign. And
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in all cases, there is a change in slope of tikg(ByH") of the [TMPFe(4-NMgPy)] " complex, which demonstrates
near the parent Py data point (5.22). If the pseudocontactCurie behavior, to the [TMPFe(4-CNRY) complex which
shift is zero at this point and the [(2,6)4TPPFe(4-Mg shows definite anti-Curie behavior resulting from a quite pure
NPy)] " complex of each has the purestf&dyd,,)® ground (dks0y2)*(dyy)* ground state with thermal population of tBe
state, theo-Hp, contact shift for [(2,6-X),TPPFe(4-Me- = 3/2 (d,0,)%(dyy) (d2)* excited state. For [(2,6-BuTPPFe-
NPy)]* at —60 °C can be calculated and a similar deter- (L),]", [(2,6-Ch),TPPFe(L)]", [(2,6-R)4sTPPFe(L)]*, and
mination of the pseudocontact and contact shifts of the lower- [(2,6-(OMe)), TPPFe(L)]", the complexes with higher-
basicity pyridines to that discussed above for the TMPFe(lll) basicity pyridine axial ligands also show Curie behavior,
complexes could be carried out. However, such treatmentswhile the low-basicity complexes show non-Curie behavior.
show increasingly (rather than decreasingly) negative contactNone show the anti-Curie behavior seen for [TMPFe(4-
shifts for the pyrrole-H resonance as the basicity of the CNPy)]" and [TMPFe(3-CNPy]" (Figure 3).

pyridine is decreased, which are inconsistent with the \yhen one attempts to separate the contact from the
expectation that the contact shift should become less negativeyseudocontact shifts using thiga{0-Hpy) Vs pKo(PyH")

as the transition to the {gidy,)*(dx,)* ground-state becomes  pjots, it becomes apparent that the contact shift line calculated
more complete, as found for the [TMPFef]Y) complexes by assuming them-Hey, shift of [TMPFe(4MeNPy)]* is
discussed above. Other assumptions, including using the spinotally pseudocontact in nature and then using the geometric
density determined for the pyrrof¢-carbons of the bis-4-  factors of them-Hpp, and the 4-NePypam = con poINt of
CNPy complexes of each ir_o_n porphyrinate (Table 2) to the 0-Hpy Vs pK(PyH") plot of Figure S21 leads to the best
estimate the degree of transition from the{dxd)° to  estimate of the contact shifts. However, the same procedure

the (dady)*(dy)* ground state throughout the series of goes not work for the other four series of Fe(lll) porphyri-
pyridine complexes for each at best gave a fairly constant 5tes.

contact shift throughout the series. Thus, it is clear that the
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