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A series of axially ligated complexes of iron(lll) octamethyltetraphenylporphyrin, (OMTPP)Fe", octaethyltetraphe-
nylporphyrin, (OETPP)Fe', its perfluorinated phenyl analogue, (F,0OETPP)Fe', and tetra-(3,3'-tetramethylene)-
tetraphenylporphyrin, (TCsTPP)Fe'", have been prepared and characterized by 'H NMR spectroscopy: chloride,
perchlorate, bis-4-(dimethylamino)pyridine, bis-1-methylimidazole, and bis-cyanide. Complete spectral assignments
have been made using 1D and 2D techniques. The temperature dependences of the proton resonances of the
complexes show significant deviations from simple Curie behavior and evidence of ligand exchange, ligand rotation,
and porphyrin ring inversion at ambient temperatures. At temperatures below the point where dynamics effects
contribute, the temperature dependences of the proton chemical shifts of the complexes could be fit to an expanded
version of the Curie law using a temperature-dependent fitting program developed in our laboratory that includes
consideration of a thermally accessible excited state. The results show that, 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 often has S = %, (or S = %, in the cases where the ground state has S = 3/,). The EPR spectra
(4.2 K) of bis-4-(dimethylamino)pyridine and bis-1-methylimidazole complexes show “large-gmax" Signals with gax
= 3.20 and 3.12, respectively, and the latter also shows a normal rhombic EPR signal, indicating the presence of
low-spin (LS) (dx)?(dx.d)z)* ground states for both. The bis-cyanide complex also yields a large-gmax EPR spectrum
with g = 3.49 and other features that could suggest that some molecules have the (dd,,)*(dy)! ground state.
The EPR spectra of all five-coordinate chloride complexes have characteristic features of predominantly S = %,
ground-state systems with admixture of 1-10% of S = 3/, character.

Introduction contrast, NMR spectroscopy is extremely useful for inves-
tigating the ambient-temperature solution structures and spin
states of a wide range of metalloporphyrins. As part of an
ambient-temperature study, it is often possible not only to
characterize the electronic ground state, but also to determine
the possible existence of a thermally accessible excited state,
as we have shown elsewhérd. This is because of the

Saddle-shaped iron(lll) porphyrinate complexes have been
shown to be very promising models of the heme centers in
the cytochromdc, complex and other heme proteitEor
this reason, a detailed investigation of their NMR and frozen
solution EPR spectra is highly desirable. EPR spectroscopy
is an excellent technique for characterizing the electronic
ground state of paramagnetic heme complexes at 4.2 K, as (4) Yatsunyk, L. A;; Walker, F. Alnorg. Chem 2004 43, 4341-4352.
we have shown in recent studies of the molecular structures © X;ts;ggg’ L. A. Ph.D. Dissertation, University of Arizona, Tucson,
and EPR spectra of a number of octaalkyltetraphenylpor- (6) Ogura, H.; Yatsunyk, L.; Medforth, C. J.; Smith, K. M.; Barkigia, K.

; i ; M.; Renner, M. W.; Melamed, D.; Walker, F. A. Am. Chem. Soc.
phyrinate complexes of Fe(lll) in the solid staté. In 2001 123 65646578,
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temperature dependence of the paramagnetic contribution tdbe determined by fitting the temperature dependence of the

the chemical shift of a given protodpas also known as
the hyperfine or isotropic shift 4

0 Ogps— O Q)
where dqps is the observed chemical shift of the proton of
interest andiqi, is the diamagnetic shift of the same proton,
measured for the corresponding metal complex that is
diamagnetic [Co(lll) or low-spin Fe(ll) in place of Fe(lll),
for example] dparaConsists of two contributions: the contact
(through-bond) and the pseudocontact (through-space, als
called the electrornuclear dipolar) terni§ 13

0 0

para: obs dia

para™

+ 0pe )

Each of these terms can usually be estimated with fairly high
accuracy, as described in detail elsewHér& Both of these

con

[0)

proton chemical shifts, assuming that the diamagnetic shift
of each proton type is known. A program that carries out
this fitting procedure, with least-squares minimization of the
errors between experimental and calculated shifts, has been
created in our laboratory and is available on the Intefhet.

In the present work, the following Fe(lll) porphyrin
systems have been investigated as a function of temperature
by 'H NMR spectroscopy: octaethyltetraphenylporphyrin
(OETPP); octaethyltetra(perfluoro)phenylporphyrin,ofF
OETPP), in which all H positions of the phenyl rings of
OETPP are replaced by F; octamethyltetraphenylporphyrin
(OMTPP); and tetraf,'-tetramethylene)tetraphenylpor-
phyrin (TGTPP). Depending on the nature of the axial
ligands, the complexes can adopt different ground-state
electron configurations, either predominantly high-spin (five-
coordinate chloride complexes), low-spin with the,d

terms usually have an inverse temperature dependencgd,,d,,)® configuration (six-coordinate iron(lll) porphyrinates

resulting from the Curie lalf—16

Suna= CIT ©)

para™

Because the contact term dominates the paramagnetic shift

of all spin states of Fe(lll), a nearly linearTldependence
is generally observed even f&= %, Fe(lll) complexes?
which have the largest zero-field splitting constants for this
metal and oxidation stafé.

However, as we showed previousiy,a number of model

with basic pyridines and imidazoles, a humber of whose
structures have been reporfgdow-spin complexes with the
(dks0y)*(dyy)! ground state (six-coordinate iron(lll) por-

phyrinates with two CN, 4-CNPy? or t-BuNC' axial

ligands), or intermediate-spin (IS) complexes,= 3,
(OETPP with 4-CNPy, THF, or other weakly coordinating
ligands such as perchlorafeé}!®

The goals of the present work were to assign all resonances
and to analyze the temperature dependence of the chemical

heme complexes have a thermally accessible excited statesNifts of the highly saddled iron(l1l) porphyrinate complexes

that causes at least some curvature of the Curie’gfbt,

to determine unambiguously their electronic ground and

and can sometimes show extremely curved chemical shift excited states. EPR spectroscopy was utilized in most cases

dependencé?when plotted as a function of inverse absolute {0 determine the electronic ground state of the complexes
temperature. Expansion of the Curie law to include the of interest at 4.2 K; a number of the EPR spectra, especially

contribution from the Boltzmann population of this thermally those of crystalline samples, have been published
accessible excited state yields the following expression, if Previously:™4¢ As will be seen, there are some cases in
the 1712 contribution to the high-spin state is negledted which the electronic ground state at 4.2 K differs from that
observed over the temperature range accessible for solution
NMR investigations (186303 K in CD,Cly).

para™

Spara= (LMIW,C; + W,Coe =" TIW, + Woe =T (4)

whereE,; is the energy separation between the ground and Experimental Section

excited s_tateswl andW; are t_he multlphcme.s of the ground Synthesis and Sample Preparation for NMR Spectroscopy.
and excited states, respectively S+ 1 in each case); The syntheses of (OMTPP)FeCl, (OETPP)FeCl, andsTR®)-
andC; andC; are the coefficients determined for each state. FeCl were carried out as described elsewRe(f@OETPP)FeCl
These coefficients are approximately equal to the Curie was a gift from Dr. C. J. Medforth, University of California, Davis,
coefficients of each (eq 3), except for the small contribution CA. Conversion from chloride to perchlorate anion was done
from the pseudocontact contributiondgs. C; andC, can according to previously described procedties.

NMR samples of (OMTPP)FeCl, (OETPP)FeCl,dBETPP)-
FeCl, and (TGTPP)FeCl and their perchlorate counterparts were
prepared by dissolving-25 mg of each compound in 0.3 mL of
CD.Cl; in a 5-mm NMR tube (Wilmad WGH-07). Bis-ligated
complexes were prepared by subsequent addition-@&f &quiv of
the desired ligand. In some cases, higher amounts of the axial ligand
were necessary to ensure full complex formation at ambient
temperatures. The Na[FeOETPP(GINgample was prepared by
dissolving 3-5 mg of (OETPP)FeCl in 0.3 mL of DMHE; in an
NMR tube and adding 2 drops of,D saturated with NaCN.

(10) La Mar, G. N.; Walker, F. A. InThe Porphyrins Dolphin, D., Ed.;
Academic Press: New York, 1979; Vol. IV, pp 6157.

(11) Bertini, I.; Luchinat, C.; Parigi, GSolution NMR of Paramagnetic
Molecules. Applications to Metallobiomolecules and MogElsevi-
er: New York, 2001.

(12) Walker, F. A. InThe Porphyrin Handbogkadish, K. M., Smith, K.

M., Guilard, R., Eds.; Plenum Press: San Diego, CA, 2000; Vol. 5,
Chapter 36, pp 81183.

(13) Walker, F. A.Inorg. Chem 2003 42, 4526-4544.

(14) Kurland, R. J.; McGarvey, B. R. Magn. Resonl97Q 2, 286-301.

(15) Walker, F. A.; La Mar, G. NAnn. N. Y. Acad. Scl973 206, 328—
348.

(16) This is true except in the case wh&e 1/, and there is a relatively
large zero-field splitting, in which case the pseudocontact term has a (18) Shokhirev, N. V.; Walker, F. A. http://www.shokhirev.com/nikolai/
C'/T? dependence and the contact term ha@/R dependencé?-14 programs/prgsciedu.html, 2004.

(17) Basu, P.; Shokhirev, N. V.; Enemark, J. H.; Walker, F.JAAm. (19) Ikeue, T.; Ohgo, Y.; Saitoh, T.; Yamaguchi, T.; Nakamura)mdrg.
Chem. Soc1995 117, 9042-9055. Chem 2001, 40, 3423-3434.
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NMR Spectroscopy. Most of the work presented here was to be expected, the approximate temperatures at which
carried out using a Varian Unity-300 NMR spectrometer operating dynamic processes were visibly active, and in cases of the
at 299.957 MHz'H frequency and equipped with a broad-band | ewis base complexes, whether enough ligand had been
inverse probe and a Varian variable-temperature unit. The temper-aqded to maintain the desired complex throughout the
ature was calibrated using the standard Wilmad methanol sample. :

temperature range. Then, a DQEOSY (or magnitude-
Bruker DRX-500 and -600 NMR spectrometers were used for tmodpe cOSY dgpending on tth relaxa(tion tirges of the

ambient- to high-temperature experiments, because the gradien -
probes cannot be cooled lower tha20 °C. IH 1D spectra were protons of interest) spectrum was recorded at a temperature

referenced to the residual solvent peak ¢CB, 5.32 ppm; CDG, where all peaks were reasonably sharp and well-resolved,
7.24 ppm; GD,Cls, 5.91 ppm; and DM, 8.02 ppm), and 2D and phenyl resonances were assigned on the basis of the
spectra were referenced to a specific signal from a diamagnetic Presence of phenyh—o andm—p cross-peaks. In the cases
species in the 1D spectra. of the various (OETPP)He (F,(OETPP)FH#, and (TGTPP)-
HomonucleartH 2D NMR spectra were acquired at a number Fé' complexes, methylene and methyl protons could be
of temperatures betweer60 and—90 °C depending on the sample, assigned unambiguously from the same COSY spectra by
using standard pulse sequences, with 512 complex points in thedetecting the cross-peaks between geminal diastereotopic
directly detected dimension, and 188ncrements in the indirectly methylene protons, as well as between each of these protons
detected dimension (states mode). ROESY experiments weregnq CH (for OETPP, ROETPP) or CH(g) (for TCsTPP)
performed only in the cases where a relatively narrow spectral groups. For bis-ligated complexes, NOESY and/or ROESY
window cogld be used; fpr complexes with wide spectral windows, experiments were utilized to assign the bound-ligand peaks.
ROESY spin lock experiments could not be performed. The probe . . .
Because of the presence of ligand exchange (dissociation of

coil was tuned to the proton frequency, and the pulse width of the ) AR . SN
90° proton pulse and the relaxation timg, of each proton signal the axial pyridine/imidazole ligands and binding of free

in a 1D H spectrum were determined at each temperature before PYyridine/imidazole to the iron porphyrin) above certain
the 2D experiments were run. The mixing times in the NOESY/ temperatures, chemical-exchange (CE) cross-peaks were
ROESY experiments were set to the averdgef the protons that ~ observed between free- (F) and bound-(L) ligand resonances.
are close to the paramagnetic center, i.e., the fast-relaxing protonsBecause the free-ligand assignments were known, the CE
(usually phenyle, some bound-ligand protons, methylene protons cross-peaks allowed unambiguous assignment of the bound-
in OETPP and TETPP, and methyl protons in OMTPP). The Jigand resonances. Utilizing NOE cross-peaks in NOESY
relaxation delays in 2D experiments were set so that the total recyclegr ROESY experiments, the assignments based on COSY
time was larger than or equal to tffg of the phenylp protons,  4a¢5 could be confirmed. The importance of ¥Dspectra

which were typically the S'OW.eSt'.re'aX'“g protons .Of the complex, should not be underestimated, and their accurate integration
or the average of th&, relaxation times of the free-ligand protons. . .
also contributed to peak assignments.

All 2D NMR data acquired on the Unity 300, with the exception . . .
of COSY and DQFCOSY data, were processed using the Felix .Another important source ofllnformaltlon about the as-
2000 software package (Accelerys) with zero-filling to twice the Signment of proton resonances is the sgattice relaxation
original data size in both dimensions and Gaussian apodizationtimes,Ti. The dipolar relaxation rate is inversely proportional
before each of the two Fourier transformations, followed by baseline to the sixth power of the distance) (between the proton
correction (the baseline points were detected using the FLATT and the paramagnetic center{12 1/r6);?! thus theT; value
proceduré). COSY and DQFCOSY data were processed using decreases dramatically upon even a small decrease of
the VNMR software package, with zero-filling and squared sine- Protons attached to carbons that carry a high spin density
bell apodization before each of the two Fourier transforms, followed [sych asg-pyrrole C's for the high-spin (HS) or low-spin

by baseline correction. Data acquired on the Bruker DRX-500 and (LS) (dxy)z(dxzydyz)s ground state] and ligand protons right

-600 instruments were processed using the Xwinnmr software : Hin 4-M¢PY. 2- )
package. Fitting of the data for the Curie plots was done using the f"‘b°"e the porphyrin core (2,6-H in 4 y, 2-Hand 4-H

two-level temperature-dependent fitting program created in this in 1-Melm) have very shofT, relaxation times (_}10 mS)'_
laboratory?-18 Protons that are _farther from the electron density delocalized

EPR Spectroscopy EPR spectra were recorded on a Bruker onto t.he porphyrin core havg longgr values (56-150 ms),
ESP-300E EPR spectrometer (operating at 9.4 GHz) equipped withand finally, protons of free ligands and solvents haven
an Oxford Instruments ESR 900 continuous-flow helium cryostat. the order of 0.5-1 s, or longer, in the absence of chemical
Microwave frequencies were measured using a Systron-Donneré€xchange. In accord with these findings, the sgspin
frequency counter. Spectra were obtained for samples in frozenrelaxation times,T,, for the protons that are close to the
CD.Cl, and DMF solutions. Typical values for microwave power, paramagnetic center are very short, and because of the
modulation frequency, and modulation amplitude were 0.2 mW, inverse relationship betweeR, and the line width, these
100 kHz and 1.011 G, respectively. proton signals are broad or at least much broader than the
other peaks in the spectra.

A. Five-Coordinate Fe(lll) Complexes. (OMTPP)FeCl

. Assignment of *H NMR Resonances.Proton reso- ~ Was studied in the temperature range fré/85 to —93 °C,
nances for all complexes studied were assigned as follows.and example 1BH spectra at 21 ane80 °C are shown in
First, the 1D'*H spectrum was surveyed over the entire liquid Figure 1. They are consistent with tl, symmetry of the
range of the solvent to determine the range of chemical shifts

Results

(21) Ernst, R. R.; Bodenhausen, G.; Wokaun, Pinciples of Nuclear
Magnetic Resonance in One and Two Dimensi@iarendon Press:
(20) Gintert, P.; Withrich, K. J. Magn. Reson1992 96, 403—407. Oxford, U.K., 1992; Chapter 9.
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Table 1. Chemical Shifts for Selected Resonances in Five-Coordinate Octaalkyltetraphenyl Comple:ags°ar

complex Opy® Om dp do Om— Op Om — Jo
(OMTPP)FeCl 49.93 12.92 7.56 8.56 +5.36 +4.36
(OETPP)FeCl 35.26 12.89 7.00 9.26 +5.89 +3.64
(F20OETPP)FeCl 40.01 +89.05¥ (—82.92¥ (—39.09¥ (—6.13F (—49.46)
(TCsTPP)FeCl 53.85 13.00 7.55 7.96 +5.45 +5.04
(OEP)FeCt 37.2 - - - - -
(TPP)FeCt 81.0 12.15 6.20 6.40 +6.0 +5.8
(OMTPP)FeClQ 59.4 7.56 9.36 11.88 —1.80 —4.32
(OETPP)FeCI@ 44.86 7.23 9.78 12.97 —2.55 —5.74
(TC6TPP)FeCIQf 88.77 7.70 9.16 11.40 —1.46 —-3.7
(TPP)FeCIQ® 13.0 9.2 11.9 7.7 —4.2 +2.7
(ETIO)FeCIQg ~62 Ch, - — - - -

~42,~29 CH

2The chemical shifts fobpy, om and d, are average chemical shiftsdyy, indicates methyl (for OMTPP) or methylene [@dut) for OETPP and
F200ETPP and Ck{o) for TCsTPP] groups directly attached to pyrr@leC’s. ¢ 1%-phenyl shifts measured at 2@. 9 Data from ref 15 at 29C; a somewhat
higher value of 41.4 ppm (38C) is reported in ref 482 Data from ref 6 at 25C. f Data for 23°C. 9 Data from ref 28;T = 26 °C.

by the difference in pseudocontact shifts, because of the “up”

(toward the F& and CI) and “down” (away from the Fé&

and CI") position of the methyl groups.
s The EPR spectrum (X-band, 4.2 K, frozen I}
solution) of (OMTPP)FeCl is indicative of a predominantly
high-spin & = %,) ground state, consistent with the tem-

"
o
"

N perature-dependent NMR shifts just discussed. It is charac-
T=—80°C m terized bygx = 6.65,9, = 5.30 [gs = (gx + gy)/2 = 5.98],
CH, andg, =1.98. Similar values are obtained for the (OMTPP)-

CH,

FeCl complex in frozen THF solutiorg] = 6.6, g, = 5.4
N (go = 6.0), andg, =1.99]. According to Maltempo and

d} L_ Moss?3 pure HS and IS states are characterized:byalues
of 6 and 4, respectively. Therefore, the reduction ofdghe
value due to quantum-mechani&= %/, 3, mixing can be
expressed as a combination of these two limitijngalues
s according to the equatiéh

100 0 80 70 60 50 40 30 20 10 ppm

T =21°C
CH, 9y = 6(as)” + 4(bs)’ )]

m where @s2)? and (z,)? are the coefficients of the HS and
IS states, respectively, indicating the amount of each in the
ground state of the complex. The value a§4)? can be
calculated fromgy by the following expressioi

0 9

9 80 70 60 50 40 30 20 10  ppm
Figure 1. H NMR spectra of (OMTPP)FeCl at 21 ar¢B0 °C, together 2
with the downfield part of the NOESY/EXSY spectrum-a80 °C, with (65/2) = (gD - 4)/2 (6)
5-ms mixing time; * represents impurities.

) . ) . The EPRg values obtained are consistent with-D.25%
complex in solution. The proton chemical shifts are sum- mixing of the IS state into the HS ground state of the
marized in Table S1 (Supporting Information), together with (OMTPP)FeCl complex.
the relaxation timesJ;. The chemical shifts of all protons (OETPP)FeCl has been investigated in detail by Cheng
of (OMTPP)FeCl at-30 °C are included in Table 1, where ot 5124 Schinemann et ak® and our laborator§ Here, we
the various oflve-coord'lnate complexes can be compared. compare the chemical shifts of this complex for two different
Above —26 °C, there_ is one signal representing all eight solvents, CBCl, and GD,Cl,, both of which were used for
methyl groups. It splits into two resonances as the temper-ine kinetic studies described in the accompanying arficle.
ature is lowered because of slow porphyrin ring inversion, CD,Cl, was used in the temperature range fre®0 to+35
for which the rates have been measured and are reported iRc gnq GD,Cl, from ambient temperature #70 °C. No
the accompanying artick.The two methyl signals show  gyependence of kinetic parameters on the nature of the solvent

significantly different chemical shifts of 80.3 and 70.9 PPM, (for these two solvents only) was obsenf@diowever, the
a difference of 9.4 ppm, at70 °C. As the temperature is
lowered, this difference increases and reaches 10.9 ppm a{23) Maltempo, M. M.; Moss, T. HRev. Biophys 1976 9, 181-215.
_ane° ; ; ; ; (24) Cheng, R.-J.; Chen, P.-Y.; Gau, P.-P.; Chen, C.-C.; Peng, S.-M.
90°C. The two different chemical shifts are mainly caused Am. Chem. S0d997 119 5563-2569.
(25) Schuwmemann, V.; Gerdan, M.; Trautwein, A. X.; Haoudi, N.; Mandon,
(22) Yatsunyk, L. A.; Ogura, H.; Walker, F. Anorg. Chem 2005 44, D.; Fischer, J.; Weiss, R.; Tabard, A.; Guilard,A&gew. Chem., Int.
2867-2881. Ed. 1999 38, 3181-3183.
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of chemical-exchange (CE) cross-peaks in the NOESY
T=30°C spectra at all temperatures above’©. They arise from

chemical exchange between the “inner-up” and “outer-down”
and “outer-up” and “inner-down” methylene protons and

.0, characterize ring inversion in (OETPP)FeCl, which is
described in detail in the accompanying artitde.
Methylene protons (F200ETPP)FeCl was characterized in the temperature
} 1 2 3 4 l range from—10 to+100°C in CD,Cl, and GD,Cl,. Peak

assignments anth values for two temperatures are presented
JU\jUb in Table S3 (Supporting Information), and the chemical shift
- at +30 °C for the pyrrole-CH protons is included in Table
1. TheT; relaxation times decrease with decreasing temper-
ature and, in general, are shorter than those for the (OETPP)-
FeCl complex. The 1BH spectrum and the downfield part
of the NOESY spectrum at5 °C are shown in Figure S2
C,D,C, (Supporting Information). It is interesting to note that the
presence of fluoro substituents on all positions of the phenyl
Methylene protons rings influences the electron distribution around the porphyrin
core, which is manifested in a change of the relative positions

2 3 4
| ! | of the methylene protons as compared to those in the
(OETPP)FeCl analogue. Whereas in the NOESY spectra of
U M the latter, CE cross-peaks were observed betwees(I1TH

AAsaasanaee and CH(3) as well as between GE2) and CH(4), in the
Figure 2. H NMR spectra of (OETPP)FeCl in GOl and GD:Clsat ~ NOESY spectra of (iROETPP)FeCl, Ch(1) and CH(4),
+30°C. A wider spread of methylene signals is observed for the complex as well as Ci{(2) and CH(3) are in chemical exchange with

in the latter solvent. each other. These cross-peaks carry information about the

chemical shifts are solvent-dependent, especially in the caseing inversion in (EOETPP)FeCl and the slightly larger
of the methylene resonances. THed NMR spectra of cross-peak volumes C_om_pared _to _the peak volume f(_)r the
(OETPP)FeCl in the two different solvents 480 °C are (OE_T_P_P)FeCI sample |r_1d|cate _5|m|Iar but_somewhat higher
shown in Figure 2. Peak assignments ahdvalues are flexibility of the porphyrin core in the fluorinated analogue
presented in Table S2 (Supporting Information), and the (Kex = 73 vs 16 st at 25°C) 22

chemical shifts of all protons in this complex-a80 °C are (TCeTPP)FeCl. Detailed NMR characterization of the
included in Table 1. Proton chemical shifts in €I, found ~ (TCsTPP)FeCl complex is presented elsewl@érbut the

in this study are essentially identical to those reported temperature-dependent fitting for this complex is included
previously?* For (OETPP)FeCl in ¢D.Cly, a wider spread ~ below.

of the methylene resonances is clearly observed. The rest of (OETPP)FeClO,;, (OMTPP)FeClO,, and (TCsTPP)-

the peaks have only somewhat different chemical shifts asFeClO,. The chemical shifts for these complexes+a0
compared to the same sample in L) (Figure 2). Despite  °C are included in Table 1. Assignments were made on the
the difference in chemical shifts of the methylene protons basis of 1D peak intensities and COSY spectra. The chemical
in the two solvents, the relaxation times are solvent- shifts of proton resonances of all three of these complexes
independent (Table S2). Short relaxation times are observedat four temperatures were included in Table 4 of ref 3.
for the methylene as well as for the phemylprotons. Comparison of phenyl-H shifts to those of (TPP)Fefi@d
Relaxation times for protons at the same position in both the analogous etioporphyrin complex, (ETIO)Feg|@e-
(OETPP)FeCl and (OMTPP)FeCl complexes are very similar ported earlier by Goff and ShimomdPas included in Table
(Tables S2 and S1, respectively). 1.

In (OETPP)FeCl in CBCl,, CHy(1) and CH(4) represent In the EPR spectra (X-band, 4.2 K, @O),), 6.14, 4.0,
one geminal pair, and GK2) and CH(3) the other, as was  and 1.99 signals are observed for (OMTPP)FeCiRd 6.33,
demonstrated by the two-bond cross-peaks in the COSY5.3, and 1.99 signals for (OETPP)FeGlOhese values
spectra. In accord with this fact, we were able to detect two suggest that the complexes are spin-admixed species, with
sets of very weak NOE cross-peaks between the protons froms3 .59 and 90.89% = 5/, character, respectively.
the same geminal pair ir_1 the NOES_Y spectra at 10, 5, and g gix-Coordinate LS Fe(lll) (dyy)X(dxxdy?)? Ground-

0 °C (Figure S1, Sgpportmg Information); these NOEs were giqie Complexes. [FEOMTPP(4-Mg\Py)]Cl. Well-
not observed previousR® NOE cross-peaks are stronger esolved and reasonably sharp #Dspectra of [FeOMTPP-

at lower temperatures and with longer mixing times. The (4-MeNPy),]CI can be obtained below25 °C. The number
pattern of NOE cross-peaks is the same as the COSY pattern.

In addition to the NOEs, there are two relatively strong sets (27) Yatsunyk, L. A.; Walker, F. AJ. Porphyrins Phthalocyaninez005

in press.
(26) Ogura, H. Ph.D. Dissertation, University of Arizona, Tucson, AZ, 2000. (28) Goff, H. M.; Shimomura, EJ. Am. Chem. S0d.98Q 102 31-37.
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Table 2. Chemical Shifts for Selected Resonances Together with &RRVa
Complexes with the (g)?(dydy)® Ground State at-50 °C

lues for Six-Coordinate OMTPP, OETPP, andsTEP Fe(lll)

EPRg
complex Opyr® Op Om 0o Om— Op Om — 0o value(s)
[FeR0OETPP(4-MeNPy)] * 13.69 ¢87.14% (—97.66¥ (—80.05¥ (—10.52¥ (—17.61¥ -
[FEOETPP(4-MgNPy)] ™ 12.50 5.96 4.89 2.89 -1.07 +2.00 3.28
[FeEOMTPP(4-MeNPy)] ™ 20.13 5.92 5.58 3.19 —0.34 +2.39 3.29
[FeTGTPP(4-MeNPy)] ™ 27.40 6.31 6.53 4.11 +0.22 +2.42 3.12
[FEOMTPP(1-Melmy|* 22.15 5.97 5.18 3.23 —0.75 +1.95 ~3.12, 2.83,
2.32,1.59
[FEOETPP(CNy~ 6.95 5.77 5.03 2.59 —0.74 +2.44 3.49, 2.46,
2.27,~1.8
[FeRcOETPP{-BUNC),]* ¢ NOd (—82.84¥ (—91.67Y (—54.33Y (—7.83p (—37.34Y -

& Opyrr indicates methyl (for OMTPP) or methylene [@dut) for OETPP and I5OETPP and Ch{a) for TCsTPP] groups directly attached to pyrrole

B-C’s. P Phenyl-F chemical shifts were referenced to;CdHs (—63.73 ppm re

of peaks (only one methyl peak, as well as one peak each
for phenylo and 1) is consistent witlD,y symmetry of the
complex in solution. Because of this higher symmetry (all
eight methyl groups are chemically and magnetically equiva-
lent), the kinetics of ring inversion could not be investigated
for this or any of the other six-coordinate complexes of
OMTPPF¢' 22 The 1D 'H spectrum of the [FeEOMTPP(4-
Me;NPy)]CI complex in CQCI, at —60 °C is shown in
Figure S3 (Supporting Information). The methyl peak is
strongly downfield-shifted (20.6 ppm;60 °C), indicating
high spin density on the pyrro}je-C’s, which is consistent
with the (dy)?(dx,dy,)® electronic ground state of LS iron-
(IN. Full peak assignment of the proton resonances in
[FEOMTPP(4-MeNPy)]Cl is summarized in Table S4
(Supporting Information), together with the relaxation times,

lative to C@F). ¢ Data for 23°C. 9 Not observed (very broad).

FCH, CH,
CH,(in)
S
F26-H
L35-H
L CH, F35H CH,(in)
CH,(out)
L35H
N J\ Sy
R :

T R B o e
2 22 20 18

Ti1. Phenyl and ligand protons were assigned on the basis ofrigure 3. H NMR spectra of [FeOETPP(4-MeNPy)]Cl in CD,Cl,

the DQF-COSY spectrum shown in Figure S4 (Supporting
Information). Chemical shifts, at50 °C, of all protons for
this and the other six-coordinate complexes of this study, as
well as the g values observed in frozen solution, are
summarized in Table 2.

In the NOESY experimentT(= —50 °C, tm, = 4 ms;
Figure S5, Supporting Information) the following chemical-

exchange (CE) cross-peaks are observed between free (F._

and ligated (L) 4-MeNPy: L—F 3,5-H, L—F 2,6-H, and
L—F CH; these allow unambiguous assignment of all ligand
resonances. A short mixing time in the NOESY experiment
was necessary to observe the-IE 2,6-H cross-peaks.
Because of the fast relaxation of the L 2,6-H resonances,
the diagonal peak is not observed, but the cross-peaks (L
2,6-H) are clearly seen (Figure S5). At80 °C ligand
exchange becomes too slow to be detected by NMR

spectroscopy (no exchange cross-peaks between bound and

free 4-MeNPy protons). For the analogous [FEOETPP(4-
Me;NPy)]Cl complex, this temperature was60 °C*?
indicating its larger binding constant for the axial ligands.
NOE cross-peaks in NOESY experiments are seen for phenyl
resonancesp(—m and m—o), free 4-MeNPy (F 3,5-H-F
CHs, F 2,6-H-F 3,5-H), and the axial ligand spin system
(L 3,5-H—L CHs). There are some very interesting NOEs
between porphyrin methyl and phenyl-as well as por-
phyrin methyl and phenyd; seen at all temperatures. The
former set of cross-peaks is more intense, whereas the latte

recorded at-10 and—70 °C.

5 A.29 The NOE crossover point (where the NOE cross-peak
sign changes from negative to positive) occurs-&0 °C.
At —70°C, all NOE cross-peaks for the porphyrin resonances
are positive, but the NOE cross-peaks for free 4,INfey
(F 3,5-H—F CH;s, F 2,6-H-F 3,5-H) are still negative. This
attributed to the difference in the rotational correlation
ime (z;) for the small (ligand) and intermediate-sized
(porphyrin) molecules. In general, for small molecules, the
NOE (enhancement) is positive (NOESY cross-peaks are
negative), and for large molecules in any solvent or
intermediate-sized molecules such as the porphyrins of this
study in viscous solvents (or at low temperatures), the NOE
is negative (NOESY cross-peaks are positive).
[FEOETPP(4-MeNPy),JCIl. 1D and 2D NMR data and
ssignments for this complex in GO, have been reported
previously® The chemical shifts of the CHand phenyl
protons of this complex at-50 °C and the EPRy values
are included in Table 2.

[FEF,0OETPP(4-Me;NPy),]Cl. 1D and 2D NMR data for
this complex resemble those for [FeOETPP(4,Ntey),]CI°
and are, in general, similar to the results for bis-(4,Nfey)
complexes of OMTPP and BTPP (discussed above and
below, respectively). Example 1D spectra-&at0 and—70
°C are shown in Figure 3, peak assignments are presented
"Ln Table S5 (Supporting Information) together withvalues

is almost at the noise level. This indicates that the distance
between the porphyrin methyl and phemnyis not more than

(29) Abraham, R. J.; Fisher, J.; Loftus, IRtroduction to NMR Spectros-
copy, Wiley and Sons: Chichester, U.K., 1988.
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at—40 and—70°C, and the Chand phenyl-F shifts at 50 previous studies have indicated that the effectsoho
°C are included in Table 2. NMR experiments were substituents on the phenyl rings are not straightforward, i.e.,
performed in two different solvents, GOl (from +30 to that ortho substituents of whatever type amdectron-
—80 °C) and GD,Cl4 (from +40 to +80 °C). The 2,6-H donating®?23 to our knowledge, no careful study of the
resonance of the ligated 4-MéPy (expected in the upfield  substituent effect of perfluorophenyl groups in metallopor-
region between-2 and —4 ppm) was not observed even phyrin axial ligand complex formation has yet been reported.
with a spectral window extending to12 ppm. Thus, the larger binding constant for 4-pPy to (R
There are two peaks due to the diastereotopic methyleneOETPP)F# than to the other octaalkyltetraphenylporphy-
protons below—10 °C, suggesting relatively slow kinetics  rinatoiron(Ill) compounds of this study might result from a
of ring inversion. Above ambient temperature, the methylene combination of effects, which also must include the relative
peaks become so broad that they disappear from the spectralexibility of the porphyrin and the out-of-plane distortion
and close-to-linear dependence of the chemical shifts in theof the pyrrole rings; no structures of JOETPP)F& have
Curie plot is observed only for the bound-ligand £H: yet been reported to allow the latter factor to be evaluated.
values decrease linearly for all of the protons in the freF The only set of CE cross-peaks [between the,@t)
OETPP(4-MeNPy)|CI complex and increase for the free-  ang CHy(in)] observed in the NOESY spectra is due to ring
ligand protons as the temperature is lowered. Chemical shifts;version. These CE cross-peaks are detected everg@t
of the protons of [FeRKOETPP(4-MeNPy)ICl in two °C, suggesting relatively fast kinetics of ring inversion, which
different solvents, CBCl, and GD,Cl,, follow the same becomes undetectable by NMR methods arou8@ °C 22
temperature dependence, in contrast to the solvation eff_ectIn the analogous OETPP complex, the macrocycle is much
observed for (OETPP)FeQI. This sgggests that the.solvatlonless flexible, and CE cross-peaks between(@tt) and CH-
effect observed for the five-coordinate complex involves (in) are not observed below50 °C. Judging from theéH

interaction of solvent with the porphyrin ring mainly in the NMR results, the [FelFOETPP(4-MgNPy),]Cl complex has

vicinity of the open coordmatlpn S',te' a fairly flexible porphyrin core combined with stable complex
NOESY spectra were acquired in the temperature range¢, - mation with the 4-MgNPy axial ligands.

from —20 to —80 °C with 10—70 ms mixing times. There .
are no chemical-exchange cross-peaks due to ligand exchange Only a few NOE cross-peaks are present in the NO.ESY
at any of these temperatures. This fact, coupled with the Spectra. Those observed are between(Qi) and porphyrin
observation of sharp free pyridine peaks even at room CHs, F 2,6-H and _F 3’5'H’ and LCj—hnd L_3,5-H._The
temperature in the 1BH spectra, suggest slow kinetics of N,OE crossover po_lnt_|s around50 °C, which is consistent
ligand exchange and thus high stability of the bis-(4,Me with the data for similar complexes and solvents.

NPy) complex of (OETPP)F#, at least at any temperature ~ [FETCsTPP(4-MeNPy)ICI. The'H 1D spectra of [FeT&
below —20 °C. In fact, among all of the complexes of this TPP(4-MeNPy)]Cl at —20 and—93°C are shown in Figure
study, the largest equilibrium constants for ligand binding 4. One sharp peak is observed for the porphyrin @}

were observed for this complex. For other bis-(4;M@y) protons that broadens upon temperature decrease but never
complexes, ligand exchange was detected down to muchbecomes resolved into two resonances over the accessible
lower temperatures, namely;80, —60, and—60 °C for temperature range, suggesting a high rate of ring inversion

OMTPP, OETPP and TyTPP, respectively. When 1EH even at low temperatures and a saddled shape of the

spectra were recorded at elevated temperature (frdfto porphyrin core with perpendicular arrangement of axial

+80 °C in C,D,Cly), free-ligand peaks remained relatively ligands over the porphyrin nitrogens. Complete peak assign-
sharp and began to broaden onlytat0 °C, confirming that ments andr, values are presented in Table S6 (Supporting
ligand exchange is very slow for this complex. The larger Information). The relative positions of the proton resonances
binding constant for 4-M&\Py to (ROETPP)F¥ than to in bis-(4-MeNPy) complexes of iron(lll) OMTPP and &€

the other octaalkyltetraphenylporphyrinatoiron(lll) complexes TPP are very similar, with the only difference being the order
might be thought to be due to the electron-withdrawing of phenyl-H: 6, > 6m for OMTPP anddn, > 6, for TCe-
properties of the perfluorophenyl substituents, which might TPP. Longitudinal relaxation times in [FeTTPP(4-Me-
cause higher acidity of the central iron atom and, as a result,NPy)]Cl are fairly long for all peaks except L 2,6-H (Table
strong interaction with basic ligands. However, as was shown S6). TheT; values for the free pyridine ligand protons (F
previously formeta andpara-substituted phenyl complexes 2,6-H and F 3,5-H) and porphyrin Gi#) increase substan-
of (TPP)FeCl, the binding constants for replacement of the tially as the temperature is lowered, but fhevalues of the
coordinated chloride ion by two neutraly-charged Lewis protons of the bound ligand, porphyrin phenyls, and,CH
bases in noncoordinating solvents such as GH@H CH- (o) decrease with decreasing temperature. Thef free

Cl, are increased byelectron-donating substituentso 4-Me,NPy methyl protons increases rapidly upon cooling

stabilize the formal positive charge that is created on from ambient temperature t660 °C because of the slowing
Fe(lll) upon loss of the chloride ligar:3* Furthermore,

(32) Nesset, M. J. M.; Shokhirev, N. V.; Enemark, P. D.; Jacobson, S. E.;

(30) Walker, F. A; Lo, M. W.; Ree, M. TJ. Am. Chem. Sod.976 98, Walker, F. A.Inorg. Chem.1996 35, 5188-5200.
5552-5560. (33) Koerner, R.; Wright, J. L.; Nesset, M. J. M.; Ding, X. D.; Aubrecht,
(31) Balke, V. L.; Walker, F. A.; West, J. T. Am. Chem. S0d985 107, K.; Watson, R.; Barber, R. A,; Tipton, A. R.; Norvell, C. J.; Mink, L.
1226-1233. M.; Simonis, U.; Walker, F. Alnorg. Chem.1998 37, 733-745.
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Figure 5. X-band EPR spectrum at 4.2 K of (a) [FedI®P(4-MeNPy)]-
Clin frozen CBCl; and (b) Na[FeOETPP(CH)in frozen DMF-d;. Typical
largegmax Signals withg = 3.12 and 3.49, respectively, are observed,
indicating LS (dl)%(dx»0y2)° ground states. The signal gt= 4.3 is due to
non-heme F&. Additional signals withg = 2.46, 2.27, and-1.8 are due

to some species with {gdy;)*(dy)* ground states.

L35H
CHy() \J__) L26H

5w x W B w50 5 a0 a5 e [FeOMTPP(l-MeIm}]C! is_ Do, des_pite th_e u_nsy_mmetrical
Figure 4. H NMR spectra of [FeTETPP(d-MeNPy)ICl in CD;Cly nature of the 1—mgthyl|m|dazole Ilganq, indicating that the
recorded at-20 and—93 °C, together with peak assignments. metal and porphyrin do not sense the ligand asymmetry. As
a result, all eight methyl groups are represented by one
of chemical exchange and then decreases linearly with 1/ resonance in the NMR spectra; [FeEOETPP(1-Mg]@i)has
as the temperature is lowered further because of the increas®,4 symmetry as well. Large positive shifts are observed
in solvent viscosity. for the methyl resonance (22.45 ppm-&0 °C), that move
The NOESY/EXSY spectrunil(= —20 °C, 7, = 60 ms; further downfield as the temperature is lowered (Figure 6).
Figure S6, Supporting Information) shows three pairs of The methyl protons in [FeEOMTPP(4-MeéPy),]|Cl exhibit
significant chemical-exchange cross-peaks, namelyl. F  very similar behavior (Table S4). In addition, the relative
CHs, F—L 3,5-H, and F-L 2,6-H, making the axial ligand  positions of the phenyld;, > ém > o) and bound-ligand
peak assignment straightforward. The NOESY spectrum alsoresonances for the two complexes are very similar as well
shows NOE cross-peaks between it and CH(5) and (Tables S4 and S7). These data, along with the EPR results
between CH) and phenyle protons. The phenyl protons  (both complexes have a larggrax EPR signal at 4.2 K in
were assigned by the cross-peaks in the BQPSY CD,Cl,, with gmax = 3.20 and 3.12 for [FeOMTPP(4-Me
spectrum (Figure S7, Supporting Information) and the NPy)]Cl and [FeOMTPP(1-Melm)]Cl, respectively), are

J-coupling pattern observed in the 1D spectra. consistent with the (g)%(dk» d,)® ground state, for which
According to NOESY and ROESY data that were acquired the spin density is concentrated at the pyrrglearbon
in the temperature range from20 to —90 °C at 10°C positions. In addition, the latter complex also has a quite

intervals and with mixing times of 4680 ms3* axial ligand strong rhombic EPR signal in the frozen solution sample,
exchange becomes undetectable on the chemical shift timewith g values of 2.83, 2.32, and 1.59. This is in agreement
scale below—60 °C. Macrocycle ring inversion is still very  with the fact that molecular structures having both “parallel”
fast even at—90 °C. The NOE crossover point occurs at (19.5 dihedral angle) and perpendicular ¢9@xial ligand
—50 °C, as for all other bis-ligated octaalkyltetraphenyl plane orientations have been obtained for crystals of [FeOMT-
porphyrins, because of the similarity in molecule size and PP(1-Melm)]Cl grown from different solvent systems.

solvent. Other NOE cross-peaks include phemyphenyl- NOESY and ROESY experiments were performed in the

m; L CHz — 3,5-H; F CH — 3,5-H; F 2,6-H— 3,5-H (NOE temperature range from60 to —90 °C with 15-50 ms

cross-peaks were observed only belew0 °C). mixing times depending on the temperature. At lower
In the EPR spectrum of [FekTPP(4-MeNPy)|Cl (Fig- temperatures, shorter mixing times were used, asTthe

ure 5 top), a “largegmax’ signal with g = 3.12 indicates a  yalyes of all porphyrin and bound-ligand protons decrease
low-spin Fe(lll) complex with a (g)*(d«d,)* ground state  gharply with decreasing temperature (Table S7). Only for
and perpendicular arrangement of axial pyridine ligands.  the free-ligand protons do tHB values increase exponen-
[FEOMTPP(1-Melm),]CI. The'H 1D NMR spectra for tially with decreasing temperature, as a result of the decrease
[FEOMTPP(1-Melmy|Cl in CD-Cl, at—60 and—90°C are  in the rate of chemical exchange with the bound ligand.
shown in Figure 6. Complete peak assignments as well aschemical exchange between free and bound 1-Melm is
Ty values at two different temperatures are presented in Tablereflected in the NOESY and ROESY spectra by the presence
S7 (Supporting Information). The apparent symmetry of of following CE cross-peaks: +F CHs, L 5H—F 4,5-H,
— . - : — and L—F 2-H. Unfortunately, no CE cross-peaks due to the
(@9 Mg tmes ghen e o NOESY wiprenicy n FOSSY g inyersion could be observed in NOESY or ROESY
the NOESY spectrum for the same temperature. spectra because of the chemical and magnetic equivalence
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Figure 6. H NMR spectra for [FeOMTPP(1-MelCl in CD,Cl, at —60 and—90 °C, together with peak assignments.

of all eight methyl groups in [FeOMTPP(1-Melgitl. The Ligand exchange in [FeOMTPP(1-Melsit}l is relatively

following NOE cross-peaks were observed in the NOESY fast and can still be detected by the presence of CE cross-
and ROESY experimentso—m, m—p, and o—porphyrin peaks in 2D NOESY and ROESY spectra-&20 °C. On
CHs. At very low temperature<{90 °C), there is a very weak  the other hand, ligand exchange in the analogous bis-(#-Me
NOE between phenyi and porphyrin CH, indicating that NPy) complex is already too slow to be detected by NOESY
these two protons spend some time withi A or less of at —80 °C (in the presence of approximately the same
each other. The NOE crossover point is-&80 °C, which concentration of axial ligand). This difference is largely due
correlates nicely with the temperatures found for other to the larger binding constant and higher basicity of 4-Me
systems in this study. NPy [pKy(PyH") = 9.7] as compared to 1-Melm K-

The L 5-H and 4-H resonances were the most difficult to (1-MelmH") = 7.339].
assign. One is relatively sharp and has a CE cross-peak to Na[FEOETPP(CN)]. *H NMR spectra at-50 and—30
free-ligand F 4,5-H; the second is very broad with sfigrt ~ °C are shown in Figure S8 (Supporting Information), together
(on the order of 1 ms) and shows no cross-peaks in the 2Dwith peak assignments obtained from integratibooupling
spectra. By relaxation properties only, the first peak was patterns, and COSY spectra, an example of which is shown
assigned to L 5-H (farther from the paramagnetic center), in the lower part of Figure S8. Because of the much longer
and the second to L 4-H (close proximity to the paramagnetic T, values,J couplings of phenyl and methylene resonances
center). L 2-H, which is approximately as far from the are resolved at nearly all temperatures used (fro8® to
paramagnetic center as L 4-H, has a similar peak shape and-57 °C). The presence of one methylene peak in the
T, value, but a very different chemical shift because of the spectrum of Na[FeOETPP(CH)that broadens upon tem-
difference inz-orbital coefficients for the two corresponding perature decrease suggests a fast rate of ring inversion in
carbons. A similar situation is observed for other 1-Melm this complex. This is the only example of an (OETPP)Fe
complexe$:1235 In fact, the behavior and characteristics complex studied that displays fast ring inversion (single
(position, shape, and,) of the 1-Melm 2-H proton is very  methylene peak) at all accessible temperatures.
similar to those of L 2,6-H of 4-M&Py coordinated to Nakamura et al? have investigatetH and**C NMR and
OMTPPFd', TC,TPPF¢' (this work), or OETPPFES® EPR properties of the same complex but with a different

(35) Isaac, M. F.; Lin, Q.; Simonis, U.; Suffian, D. J.; Wilson, D. L.;  (36) Albert, A. InPhysical Methods in Heterocyclic ChemistKatritzky,
Walker, F. A.Inorg. Chem.1993 32, 4030-4041. A. R., Ed.; Academic Press: New York, 1971; Vol. |, pp108.
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counterion, BuN[FEOETPP(CNy] in CD,Cly; for compari- saddled octaalkyltetraphenylporphyrin (OATPP) macrocy-
son,'H NMR chemical shifts for Na[FeOETPP(C}l)in cles, which have methyl or methylene substituents at the eight
DMF-d; and BuN[FeOETPP(CN) in CD.Cl; are presented  f-pyrrole positions and phenyl groups at the four meso
in Table S8 (Supporting Information). In general, chemical positions, are not as straightforward to determine as are those
shifts are similar in the two cases; however, the phenyl- of the corresponding simple tetraphenylporphyrins. Unlike
chemical shift decreases with decreasing temperature for Nathe TPPF# complexes? '3 no matter what the electron
[FEOETPP(CNJ (this work) but stays almost at the same configuration of the OATPPHEcomplex is, the3-CHz or
value for BuUN[FEOETPP(CNy.1° -CH, resonances invariably have positive chemical shifts,
Among 2D experiments, only the COSY spectrum was and the descriptors “more positive” or “less positive” are
recorded. It showed cross-peaks for the phenyl spin systemnot hard and fast numbers that can unambiguously differenti-
o—m and m—p, and a set of cross-peaks for €HCH; ate anS= 5/, from anS= 3, or anS= 3/, from anS= 1,
(Figure S8). Neither NOESY nor ROESY experiments were ground-state system, or even differentiate clearly between
performed because assignments could be made usidgl 1D the two possibl& = Y/, ground states. Furthermore, because
and 2D COSY data only. The bound ligands have no protons,of the possible existence of a thermally accessible excited
and therefore, it is impossible to study ligand exchange by state that might be significantly populated at the temperatures
'H NMR spectroscopy. of the NMR investigations, a careful study of the temperature
The EPR spectrum of Na[FeOETPP(GNj DMF-d; at dependence of th#d chemical shifts of these complexes is
4.2 K is shown in Figure 5, lower trace. It contains a large- required to confirm the ground-state electron configuration
gmax Signal withg = 3.49, indicating the (g)2(dx»dy,) ground and to point to possible excited states that might contribute
state of the LS Fe(lll) and near degeneracy of the porphyrin to the observed shifts. In addition, because the rotation of
7 orbitals (d.and d,) due to the axial symmetry of the bound ~ €thyl groups attached to thg-pyrrole positions of the
cyanide ligands. Similar signals witlp = 3.31, 3.48, and  porphyrin ring is known to be hindered at low tempera-
3.70 were observed for BM[FeOETPP(CN)J® and BuN- tures'®>3 at the beginning of this study, we assumed that
[FEOMTPP(CN)*®in CD,Cl, and for K[FeTPP(CNJ* in only the phenyl-H resonances of the OETPP complexes could
DMF-d;, respectively. In our EPR spectrum of Na[FeOETPP- be used to accurately assign the ground- and excited-state
(CN),], there are some additional signals withs 2.46, 2.27,  spin and to determine the energy separation between them
and~1.8, as well as a small free-radical signabat 2.00. using eq 4. However, the temperature dependence of phenyl
Theg ~ 1.8 signal might be the second component ofghe resonances is usually so small that the energy separation
= 3.49 largegmax Signal, whereas thg = 2.46 and 2.27 determined from the fit is not well-defined. Thus, we

signals are typical of the (gd,,)%(dx,)! ground state some- experimented with using the methyl signal(s) of OMTPIPFe
times shown by bis-cyanide complexes of iron por- complexes, whose temperature dependence is much stronger
phyrinates®3-4 Integration of these and the larggzxpeaks ~ than that of the phenyl-H, to see how well the energy
cannot be used for estimation of the amount of each speciesseparations were reproduced with and without inclusion of
in solution of Na[FeOETPP(CM) because of the short the methyl shift(s), and we eventually found that even
relaxation times of larg@max signals, which makes them O_ETPPF@, F00ETPPF#, and _TQTPPFé' complexes also
appear much smaller than the other signals in the spectrumyielded what appear to be reliable results whendh@H,
as well as the fact that we do not know the thirdalue and resonances were included in the fit, as described below.
thus do not know where the spectrum ends. Nevertheless, it An important criterion for determining the nature of the
is clear that the species giving rise to the free-radical signal €xcited state (and in some cases, the ground state as well)
is due to only a very small amount of radicat@.1%). was the sign and magnitude of the Curie factoraand C,
[FEOMTPP(t-BuNC),|CIO 4, [FeOETPP¢-BUNC)CIO, of eq 4 obtained for thg-pyrrole substituent(s), either GH
[FETC6TPP(t-BUNC),|CIO 4, [FEOMTPP(4-CNPy)]|CIO,, as in the case of OI_\/ITPPFIe_Dr o-CH; as in the case of the
[FeOETPP(4-CNPy}|CIO 4, and [FeTCsTPP(4-CNPy)]- other three porphyrins of this study. These Curie factors can
ClO,. The NMR spectra of these complexes have been be converted to approximate spin densities (approximate
reported and assigned, and temperature-dependent fitting of’€cause no attempt has been made to separate the relatively
their chemical shifts has been reported previogélput small pseudocontact contribution from the relatively large
further discussion of the analysis of the temperature depen-contact contribution to the paramagnetic shifts) using the
dence is included at the end of the following section. form of the McConnell equatidhappropriate for the current
ll. Temperature-Dependent Fitting of the Proton studies
Chemical Shifts. The ground-state spin and electron con- —
: . . C=Kpc (7)
figuration of each of the Fe(lll) complexes of the highly

where pc is the spin density at the carbon attached to the

(37) Jomis D Soitis, S. M. Strouse, C. & Am. Chem. S0d.988 114 B-pyrrole carbon in the ground (1) or excited (2) state, as
(38) Nakamura, M.; Ikeue, T.; Fujii, H.; Yoshimura, I.Am. Chem. Soc sensed by the chemical Shift(s) of the protons also bound to
39) %/89|7, 119, 6584[6391.G i LM i ML Marchon J.C that carbon, and the constdfis taken ast+-591.4 MHz for
olowiec, S.; Latos-Granski, L.; azzantl, . arcnon, J.-C.
Inorg. Chem 1997 36, 57615771, methyl and methylene carbons ant96.8 MHz for the
(40) Wolowiec, S.; Latos-Granski, L.; Toronto, D.; Marchon, J.-Gnorg.
Chem 1998 37, 724-732. (41) McConnell, H. M.J. Chem. Phys1956 24, 764—766.
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phenyl carbon&1°13 For methylene carbons, this is defi- greater than that of the excited state, and thus comments
nitely an approximation, for the value &f depends on the  made about the spin densities of the excited state in the right-
dihedral angle&® between the €H vector and the porbital most column of summary Table 3 should not be taken as
of the 8-pyrrole carbor?:*%-13 Calculated spin densities are  seriously as comments about the spin densities of the ground
overestimated by use & = 591.4 MHz for methylene  state.

carbons, but because it is difficult to estimate accurately the As is shown clearly in this work, the temperature depend-
average angl® of the CH protons over the temperatures ences of the proton chemical shifts of the complexes under
of the NMR studies an exact value or even a range of valuesstudy are usually not linear, as expected by the simple Curie
cannot be given. In any case, for purposes of the fits to eqlaw (eq 3), but are often non-Curie or even anti-Curie. The
4, this is not a serious problem, as it affects the spin densitiesexpanded version of the Curie law (eq’4)powever, applied
determined by this fitting procedure to an extent of only-10  using a program developed in our laboratory for this purpose,

20%. TDFw, B usually allows least-squares fitting of the chemical
Spin densities should be positive for methyl and methylene shifts, with output that includes the best estimate of the
group$® and should be larger fd8 = %/, than forS = %/, energy separatioB,;, as well as the mean-square deviation
states (because of the presence ofi-aymmetry 2 of the data points from the best fitting line, and the spin
unpaired electron, in addition to the two, dinpaired densities at relevant carbon positions on the macrocycle or
electrons):® larger forS= 3/, than for (dy)?(dy,0y2)° S= /> the axial ligands for both the ground and excited state. Part
states (because of the presence of two as compared to onéf the input to the program is the spin states of the ground
d, unpaired electrons, at least for moSt= 3/, iron and the excited state; the spin state of the ground siaje (
porphyrinates}? and considerably larger for the latter than can usually be defined by the nature of the EfRalues,
for S= 1/, states having a (gdd,)*(dy)* electron configu-  and then, if the spin state is not known for the excited state,
ration (because of the absence gfuhpaired electrons}. various possible spin states fBs can be probed to see if

In fact, the spin densities for the .al)*(dy)® electron some can be ruled out. As mentioned above, the sign and
configuration states might even be found to be negative, magnitude of the spin densities obtained from the fitting
because there is practically no predicted contact shift at theprocedure offer important guidance in this process. The best
B-pyrrole positions for these complexes and the sign of the fitting results obtained are summarized in Table 3, and
magnetic anisotropy of the pseudocontact term is oppositecomplete tabulation of all fits attempted is presented in Table
that for the (g)?(dk»d,)® S = ¥, state system%:*® In S9 (Supporting Information), where entries highlighted in
addition, there seems to be some other small, as yetred are not acceptable and entries highlighted in blue are
unexplained contribution to th&pyrrole substituent protons  those that are presented in Table 3.

shift that is opposite in sign to that expected for the contact A. Five-Coordinate Fe(lll) Complexes. (OMTPP)FeCl.
shift; this has been seen especially in the larger-than- A two-level fit’ to eq 4 of the chemical shift data was used

diamagnetic pyrrole-H shifts of [FeTPP(RN{) com- for the averaged methyl plus five phenyl-H resonances above
plexes??#3 but also, in retrospect, for the larger-than- coalescence and the two methyl plus five phenyl-H reso-
diamagnetic pyrrole-CH shift of [FEOEP{-BUNC),]*.44 nances below coalescence of the methyl peaks to analyze

Perhaps it is caused by spin polarization from the large spinthe temperature dependence more fully. From the EPR data
density at the meso carbons of,{d,)%dy)* electron discussed above, we know that this complex has a laigely
configuration systems, but if so, then it is transmitted from = % ground state, admixed with a small amountSot 3/,

the meso C to the pyrrole-C and on to thes-C, with character, and we can thus assume with a high degree of
reversal of sign of the spin density observed or expected atconfidence that the spin state Bf can be taken a%, and

the meso C. Although the reason(s) for this negative spin that of E; can be taken a¥,. The best fit to all variable-
density are not understood at this time, its existence shouldtemperature data is shown in Figure 7, where the fit is
not be considered evidence of an unacceptable fit in casesconsistent with the ground state being largély= °, and

of the (di,dy,)*(dy,)* ground state, as long as its magnitude the excited state being large = %,, with an energy

is much smaller than the spin densities observed for tj3(d  separation between them of 215 chwhen all data points
(dk»dy)® ground state. However, finding negative spin are used. If the lowest-temperature data point above methyl
densities for methyl or methylene carbons for spin states peak coalescence (1000# 3.925) and the highest-temper-
other than theS = %, (dk,d,,)*(dy)* configuration is an  ature data points below coalescence (1006/4.115) are
indication that the ground (or, more usually, excited) state deleted for the methyl groups, because chemical exchange
has been incorrectly chosen. It should also be mentioned thadue to porphyrin ring inversicA clearly affects their

the reliability of the spin densities of the ground state is much chemical shifts, the energy separation obtained from the fit
is 205 cmt. The same energy separation is obtained if only

(42) Simonneaux, G.; Hindre, F.; Le Plouzennec,|Mrg. Chem.1989 the data below coalescence are used, but without the two

(43) ZS?m%Zn?’r;e%zu?( G.; Séhemann, V.; Morice, C.; Carel, L.; Toupet, L.; dat.a points at 1000/= 4.115. If only the phenyl-H data,
Winkler, H.: Trautwein, A. X.: Walker, E. AJ. Am. Chem. So200Q which show a much smaller temperature dependence than
122 4366-4377 _ _ the methyl resonances, are used, the best fit for the energy

(“4) ga#ffrs’ﬁélfﬁi}gvays,ﬂ’. '{', Ejégm?]knaézy,ﬁ,kjgi;MSOCmZ?&iO\’,\f'J'RY\,&?;S.O”’ separation is 204 cm. All of these values are nearly
Chem. Soc1996 118 12109-12118. indistinguishable and certainly within the experimental error
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Table 3. Summary of Two-Level Fitting Results fdH NMR Chemical Shifts of Octaalkyltetraphenylporphyrinatoiron(ll1l) Compléxes

= E, Exnt peaks used,
system (GS) (ES) cm! MSD° 10007 range used [-substituent spin densiti€spmments
(OMTPP)FeCl, CBCl; 5 3/, 199  0.030 all Ph-H, 3 Cgiw/o 2 pts 1: 0.0285, 0.0239, avg 0.0262, a.c. 0.0268;
(lowestT a.c., highesfF b.c.) p reasonable fo§= %,
2: 0.0119, 0.0215, avg 0.0167, a.c. 0.0108;
p reasonable fos = 3/,
(OETPP)FeCl, CECl, 5/, 3/, 133  0.090 4 Ph-H, 4 CH 1: 0.0249, 0.0148, 0.0147, 0.0022, avg 0.0142;
p small forS= 5,
2: 0.0073, 0.0331, 0.0256, 0.0500, avg 0.0290;
p large forS= 3/,
(F200ETPP)FeCl 5/, 5, NA 0.358  4CH, all Ph-F one-level fit
(TCeTPP)FeCl 3/, 55 260 0.072  all Ph-Hg-CH,, 1: 0.0359, 0.0323, avg 0.034d Jarge forS= %/,
2 -CH; 2: 0.0131, 0.0164, avg 0.0148 small forS= 5%,
(OETPP)FeCl@ 3/, 5, 785 0.028 o-CH;+ Ph-H 1: 0.0145, 0.0281, avg 0.02138 OK for S= 3/,
2: 0.0419, 0.0019, avg 0.0219 ~small forS= %,
(OMTPP)FeCIQ 3/, 5, 741  0.110 CHa.c., Ph-H 1: 0.0313g large forS= 3%/,
2: 0.0044 ;p very small forS= 5/,
[FEOMTPP(4NMegPy)]ClI 1, 3/, 445 0.010 CH, allPh-H 1: 0.0054 p reasonable fo8= 1/, d,
2: 0.0120 ;p reasonable fo= %/,
[FEOETPP(4NMgPy)]ClI Y, 3/, 638 0.039  all Ph-Ha-CH; only, 1: 0.0031, 0.0009, avg 0.002@ reasonable
1000m > 4 for S=1,d.
2: 0.0129,-0.0010, avg 0.00604 small forS= %/,
[FER,0OETPP(4NMePy)]Cl 1, 3, 423  0.016 CH,CHs, Ph-F, 1: 0.0035,-0.0009, avg 0.00134 small for
1000T > 3.5 S=1Y,d,
2: 0.0069, 0.0034p small forS= 3, ES
[FETGTPP(4NMePy)]ClI 1, 3, 462 0.012 o-,5-CHy, all Ph-H 1: 0.0079 p reasonable fos= 1/, d,
2: 0.0154 ;p reasonable fos= 3/,
[FEOMTPP(1-Melmy]CI 1, 3/, 741  0.003 CH+ all Ph-H, 1: 0.0070 p reasonable fo8= 1/, d,
1000m > 4.2 2: 0.0235 p reasonable fo§ = 3/,
Na[FeOETPP(CN] 1, 1, 169 0.012 CH+ all Ph-H, 1: 0.0001 p reasonable foB= 1/, dy,
1000 > 3.0 2: 0.0065 p reasonable fo= 1/, d,
[FEOETPP(4-CNPy]CIO4 3/, 5, 273 0.0022 all Ph-H, CH 1: 03./0194, 0.0044, avg 0.011% reasonable for
S=7°
é: 05./0214, 0.0113, avg 0.0164 reasonable for
— 12
[FEOMTPP(4-CNPyCIO4 1, 5, 681 0.033  CH, all Ph-H, 1: —0.0009 ;p reasonable foB8= 1/, dy
1000m > 5.0 2: 0.1899 p large forS= %,
[FeTGsTPP(4-CNPy)CIO4 Y, 55 935 0.005 o-CHy, all Ph-H, 1: 0.0006 p reasonable foB= 1/, dy,
1000m > 4.9 2: 0.1071 p large forS= 5,
[FEOMTPP(t-BUNC|CIO, 1, 3, 707 0.025 CH, all Ph-H, 1: —0.0022 ;p reasonable foB= 1/, dy,
1000 > 4.4 2: 0.0127 p reasonable fos= 3/,
[FEOETPP(t-BUNGJCIO4 1, 3/, 123  0.026 all Ph-H, 2 CH 1: 0.0243, 0.0228, avg 0.0236much too large
1000m > 4.0 for S= 15 dyy
2: ;0.(;5)47, 0.0005, avg0.0021;0 much too small
ors="-/
[FeR©OETPP(t-BuNC)ICIO;, Y, 3, 271 0.176  CH,all Ph-F, 1: 0.0037, 0.0072, avg 0.005% too large for
1000m > 4.0 S=1Y,dy
é:—(%)0034, 0.0093, avg 0.003® much too small for
— 12
[FETGTPP(t-BUNC)]CIO4 Y Y 430 0.027  o,B-CHy, all Ph-H, 1: —0.0025 ;p reasonable foB= 1/, dyy

10007 > 4, w/o
lowestT a-CH, pt

2: 0.0060 ;o reasonable fo§= 1/, d,

a Calculated using the program TDP#.? Energy difference between the ground and excited statdsan square deviation, a rough indication of the
quality of the fit.9 Peaks used in the fit; a.es above coalescence, b=.below coalescence, referring to @kesonances in these two temperature regimes;
10007 range was ofterr4.0 because of the possibility of ligand exchange or other processes that yielded an obviously unusual temperature dependence.
€avg = average of Chlor CHs spin densities.

expected £5—10%) for the fitting, and it is gratifying to  one data point each just above and below coalescence was
see that the phenyl-only data yield a fit that is similar to deleted, for which the results are presented in Table 3, both
that obtained from all data (excluding the points affected by ground-state (0.0268, 0.0262) and excited-state (0.0108,
chemical exchange due to porphyrin inversion). Thus, this 0.0167) spin densities above and the average below coales-
data set is an example of one that has good accuracy andence are much more similar, and, not surprisingly, the MSD
for which the spinsS of the ground and excited states are is much smaller (0.030 as compared to 0.116) than that for
known. With regard to the spin densities obtained for the the complete data set.

ground state, the methyl-carbon spin density determined (OETPP)FeCl.Again, the EPR spectra discussed above
above coalescence of the methyl resonances, 0.0279, is veryre consistent with a largel$ = 5, ground state admixed
similar to the average spin density of the two separate methylwith a small amount of = 3/, character (410%)%25 The
carbons below coalescence, 0.0261. However, the same doesxcited state is assumed to Be= %/,. A two-level fit of one

not hold true for the excited state, where the spin density of o-phenyl-H (the other is buried under other resonances for
the methyl carbon above coalescence is 0.0020, whereas thenore than half the temperature range), tmeH, and one
average below coalescence is 0.0170. For the best fit, whergp-H resonances in CfTl, was consistent with a mainly
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in (OETPP)FeCl, but in this case, the measurements were
made on 200 or 300 MHz spectrometé&Jhis means that
the difference in frequencyAv, of the resonances being
averaged is larger for the latter, and thus, for coalescence to
occur at about the same temperature as for (OEP)FeCl, a
lower barrier to rotation must exist for the OETPP than for
the OEP complex. Although at first glance it might seem
strange that the more congested-looking OETPP complex
would have a lower barrier to ethyl rotation, it is true that
the large deviation of thg-carbons from the plane of the
porphyrin actually moves them away from the phenyl groups
and thus removes much of the steric hindrance to ethyl group
rotation that one might have thought would be present. This
o 1 2 3 &4 5 is a particular case of a more general stidiat showed
1000T, K1 that out-of-plane deformability of the macrocycle is important
Figure 7. Plot of the fit of the chemical shifts of (OMTPP)FeCl to the I OWering the activation energy for rotation of peripheral
two-level fitting program, eq 4. The value &; obtained from this fit is substituents on a porphyrin. Overall, a straightforward
215 cnt™. The methyl-C spin densities determined for the ground state are relationship between the position of the substituent being
0.0270 above coalescence of the methyl signals and 0.0288 and 0.0234 .
(average 0.0261) below coalescence; for the excited state, they are O.OOZJOtated (meso Oﬁ) and the symmetry of the deformation
above coalescence and 0.0070 and 0.0270 (average 0.0170) belowmode (ruffling or saddling) required to lower the rotational

coalescence. Ideally, the average spin densities above and below coalescengggrrier was shown: ruffling lowers the barrier for meso-
for the ground state should be the same, as is also true for the excited state; bstit t rotati b . th iti t-of
in this case, although the ground-state spin densities are quite similar, thoseSu Stituent rotation by moving the meso positions out-oi-

for the excited state are not. See text for further discussion. plane, whereas saddling (which moves the pyrfef®sitions
out-of-plane) appears to lower the barrier for rotation of
S= "%/, ground state and a main§y= %, excited state, with  -substituent4®
the latter lying 151 cmt higher in energy. When the four Two-level fitting of the four CH and two CH resonances
a-CH, resonances were added to the fitting procedure, theto eq 4 yielded an energy separation®f = 232 cnt?,
energy separation between ground and excited states droppe@hereas fitting of the four Ciresonances alone yielded an
to 133 cn?, a 12% smaller value. Although it is likely that  energy separation of 173 cf Fitting of the five fluorine
there is some contribution from hindered rotation of the ethyl resonances was consistent only with a one-level fit, i.e.,
groups of (OETPP)FeCl at very low temperatures to the simple Curie behavior (eq 3) and no thermally accessible
calculated energy of the excited state, this might be offset excited state. Thus, we can say that, at best, the separation
by the small temperature dependence of the phenyl protonspetween ground and excited states is small, if there is an
Thus we can assume that the true energy separation isexcited state. Plots of alH and9F shifts, fit to the simple
bracketed by the values 133 and 151 ¢énboth of which Curie law, are shown in Figure S10A and B (Supporting
are suitably small values that are consistent with the spin- Information).

CH,(1)
CH,2)
m(1)
m(2)
o(l)
o(2)

O Ae®@ @ )p» ) m =m

p
CH,(av)

Chemical Shift, ppm

admixed description reported previously for this compieR. (TC6¢TPP)FeCl. As for the above-described chloro-
The plot of the fit of all data is shown in Figure S9 iron(lll) complexes, the EPR spectrum of this complex
(Supporting Information). indicates a mainhy8 = %, ground state with som8 = 3/,

For the same complex in,D,Cl,, for which the NMR admixture?” The proton chemical shifts show a strong
spectra were recorded over the temperature rangefath temperature dependence, that is somewhat nonlinear for all
to +80°C, there was considerable scatter in the temperature-protons. Two-level temperature-dependent fitting of the five
dependence data points and poor convergence was observeghenyl-H's according to eq 4 yielded a value®f = —74
for the fits, and thus no conclusions can be made about thecm™, indicating that the spin states of the ground and excited
effect of solvent on the spin state and excited-state energystates should be reversed. Fitting of the tewCH,, two
separation. p-CH,, and five phenyl-H resonances assuming a ground

(F20OETPP)FeCl. A simple Curie plot (eq 3) for all ~ state withS= %, and an excited state wit= ¥, yielded
resonances in EOETPP)FeCl in CBCl, shows a linear ~ an energy separation of 138 ch but the spin density
dependence of all chemical shifts with inverse temperature; coefficients for then-CH, protons in the excited state were
however, the proton shifts do not extrapolate to the dia- negative and of magnitude similar to those of the ground
magnetic positions at infinite temperatufie { = 0), although ~ state (ground state 0.0390, 0.0345; excited ste@e0315,
the fluorine shifts do. The observed temperature dependence-0.0145), also indicating that the assumed ground spin state
may be due to the hindered rotation of the ethyl groups. Suchis not correct. If the ground state is instead assumed to have
hindered rotation was first used to explain the non-Curie S= 3> and the excited stat8 = °,, the energy separation
behavior of the methylene signals in (OEP)FeCl, for which between the two is found to be 262 chiand the spin density
the methyl and methylene protons coalesce af®5and . _
around 100°C, respectively, on a 100 MHz NMR spec- “*® l'i"egfﬁ;tthcé mﬂgngRJEo'\fﬁgégj'\,’\'A ?AOO'Se?’m{\#]i fvla.?“,\',?;”d'
trometert® These temperatures are similar to those observed  J.-G.; Shelnutt, J. Ainorg. Chem2003 42, 2227-2241.
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coefficients calculated for the-CH, protons in both the  yieldedEy; = 638 cnm! (MSD = 0.039). If only the three
ground and excited states are found to be positive (groundphenyl-H resonances were used for the two-level fitting, the
state 0.0356, 0.0321; excited state 0.0131, 0.0164), with thoseenergy separation was found to be 778 €(MSD = 0.012),
of the ground state being larger than those of the excited whereas if only them- and p-phenyl-H resonances were
state, as had been expected for the initial supposition, utilized for the two-level fit, the energy separation was found
5/, and®/,, respectively. A plot of the data points and the to be 478 cm® (MSD = 0.010). Despite the smaller MSD,
best fit is provided in Figure S11 (Supporting Information). the small temperature dependence of the phenyl-H and the
The order of spin states is not in agreement with the EPR fact that only two peaks were used for the fit means that
data, and the spin densities of ground and excited states ar¢hese data are inherently not as reliable as the more complete
reversed in magnitud®.The only reasonable explanation set, for which the fit is shown in Figure S15 (Supporting
for the NMR measurements’ showing the ground state to Information).
haveS = %/, while the EPR measurements indicate that it  [FeF,(OETPP(4-Me:NPy);]Cl. A simple Curie plot for
hasS = %, is that there is a thermal equilibrium between theo-CH, resonances shows a linear dependence belb®v
the two spin states that makes tBe= %/, state lowest in °C, and the two-level fits using alH data, including ligand-
energy over the temperature range of the NMR experiments,H, below 1000T = 3.5 yielded arE,; value of 354 cm?
but we know of no precedence for such a possibility. (MSD = 0.026), shown in Figure S16 (Supporting Informa-
(OETPP)FeClO, and (OMTPP)FeCIO,. Using the two- tion). Without the ligand protons, over the same temperature
level fitting program, both complexes adopt the intermediate- range,Ey; = 420 cm?* (MSD = 0.020). Inclusion of the
spin ground states = 3,, with anS= %, excited state lying  temperature dependence of the phenyl-F resonances yielded
781 and 742 cmt higher in energy (Figures S12 and S13, Ez; = 423 cnmt! (MSD = 0.016); the'F shifts show an
Supporting Information). The presence of a thermally ac- extremely small temperature dependence, which is smaller
cessible excited state causes non-Curie behavior for mosthan and opposite to that shown by,{BETPP)FeCl and

protons. [FeERcOETPP{-BuUNC)]CIO, (see below, Discussion sec-
B. Six-Coordinate LS Fe(lll) (dx)*(dxz0y)® Ground- tion).
State Complexes. [FeOMTPP(4-Mg\Py),]CI. At temper- [FETCsTPP(4-Me:NPy),]CIl. All resonances except L

atures below—25 °C, a simple Curie plot shows a linear 2,6-H show linear behavior in the simple Curie plot, but only
dependence for all resonances except L 2,6-H, with nondia-the phenyl protonsnieta ortho, and para) extrapolate to
magnetic shift intercepts at 1000~ 0. The axial ligand nearly diamagnetic positions. Large deviations from the
2,6-H protons (L 2,6-H) have very complicated temperature diamagnetic shifts are observed for g€&) and L 2,6-H
dependence, with different slopes in the low- and high- intercepts. The L 2,6-H resonance, assigned by the presence
temperature regimes due to the effect of ring inversion and of chemical-exchange cross-peaks with F 2,6-H in the
ligand rotation and possibly also ligand exchange. The NOESY spectrum, is very broad, which is consistent with
observed temperature dependence of proton resonances ithe 1t% dependence of dipolar relaxation by the paramagnetic
[FEOMTPP(4-MeNPy)]Cl, except for the L 2,6-H, is best  center!? Two-level fitting of all phenyl-H andx- and/3-CH,
fit with eq 4 assuming a ground state havi@g Y/, with a resonances, Figure S17 (Supporting Information), was con-
large spin density at the pyrrole-Gldnd a very small spin  sistent with the ground state beil®= /, and the excited
density at thenesephenyl-H, indicative of the (g)%(dx»dy,)* state beingS = %, and lying 462 cm?! higher in energy
electron configuration, and an excited state havéng °/» (MSD = 0.012). If only the phenyl-H were used, the energy
with a larger spin density at the pyrrole-glnd, again, a  separation between ground and excited states was found to
very small spin density at thenesephenyl-H. Using all be 482 cm! (MSD = 0.006). Including all ligand-H
resonances, the two-level fit showed that the excited stateresonances as well yieldéd; = 364 cm* (MSD = 0.022).
lies 251 cm? above the ground state, but a larger-than- As in other cases described both above and below, the
desired MSD of 0.043 was observed. The best fit, shown in ligand-H temperature dependences seem to be somewhat
Figure S14 (Supporting Information), was found to be for different from those of the porphyrin macrocycle, suggesting
all porphyrin protons, excluding the axial ligand protons, that additional processes (ligand exchange, ligand rotation,
which yielded an energy separation between $he Y, macrocycle inversion) might influence the temperature
ground andS = %/, excited states dE,; = 445 cn1! (MSD dependence of these resonances, and therefore, in general,
= 0.010) and spin density coefficients for the methyl carbons the ligand resonances were not included in the best fits to
of 0.0054 and 0.0120 for the ground and excited states,eq 4.
respectively, that are consistent with the expected spin [FeOMTPP(1-Melm),]Cl. Above —40 °C, ligand ex-
densities of theS = %/, and 3/, spin states involved. change, and most likely fast ring inversion as well, broadens
[FeEOETPP(4-MeNPYy),]Cl. The temperature dependence the proton signals. The resonances belonging to the porphyrin
of the proton chemical shifts reported elsewlidras not CHgs, phenylo, and axial-ligand methyl (L CgJ and 2H (L
previously been fit to the two-level expression. Such fits, 2-H) shift strongly with temperature. All other resonances
using all resonances, for temperatures bet&@ °C (10001 show much smaller temperature dependences. Fitting the CH
> 4.0), were consistent with the ground state hasg /» and phenyl-H resonances at 1006/ 4.2 to the expanded
and the excited sta®= %/, with a separation between them Curie law treatment (eq 4) indicates 8r= Y/, ground state
of 741 cmt! (MSD = 0.046). Excluding the ligand protons  with spin density mainly at the pyrrole-GH0.0070) and
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: program, but with the insights gained by investigating the
25 - " CH : : e
o Lo . series of complexes of this study, we make a few additional
wd | < Lsu o © comments about these systems here. For [FEOETPP(4-
s CNPy)]CIO4, we found that the phenyl-H temperature
TN B dependence obeys the simple Curie law (eq 3), @itk
> L2a Cqe %,.2 However, if the CH resonances are included in a two-

level fit, with anS= %/, ground state, but including an excited

. Nﬁ state havingS = %/, we find that this state lies 273 crh
higher in energy (MSB= 0.022). The spin densities for the

0 ground (0.0194, 0.0044; average 0.0119) and excited (0.0214,

0.0113; average 0.0164) states are consistent with the ground

Chem. Shift, ppm
S
1

>
i S — 'l L and excited states havirg= 3/, and®/, respectively. For
0 ! 2 oo 5 6 the possibility of the ground-state electron configuration
1000/T, K beingS= 2 Fe(ll) antiferromagnetically coupled to &=

Figure 8. Plot of the fit of the chemical shifts of [FeOMTPP(1-Mekh) 1, porphyrin radical, as was suggested might be the case in
Cl to the two-level fitting program, eq 4. The value Bf; obtained from

this fit is 741 cn (MSD = 0.003). The methyl-C spin density determined the original §tudy’", th_e spir\ dens?ti_els Ot_)tained from that. fit
for the S = %, ground state is 0.0070, and that for the excited state are not consistent with this possibility (i.e., they are positive

(S=3%,) is 0.0235. Including all ligand resonances in the fit yielded a value for both ground and excited states
of Ez1 =577 cn! (MSD = 0.023) and spin densities of 0.0068 and 0.0146 9 )
for the ground and excited states, respectively. For [FeEOMTPP(4-CNPy)CIO4, we found that the ground

state hads = ¥/, with a (di,d,)*(dx,)* electron configuration,
as shown by the EPR spectra, and the excited state, which
anS= 3, excited state with more spin density at the pyrrole- was some 650 cri higher in energy (MSD= 0.033), had
CHjz (0.0235) lying 741 cm' to higher energy, Figure 8  S=3,3We now find that there is also an acceptable solution
(MSD = 0.003). Using the phenyl-H resonances only, the that has the excited state lyif®= 5., that lies some 680
energy gap between ground and excited states was calculategm1 higher in energy than the ground state (MS.033).
to be 704 cm' (MSD = 0.003), a value fairly similar to  |n both cases, the spin density of the ground state is
that obtained by including the pyrrole-Giresonance. calculated to be negative-0.0012 and—0.0009, respec-
Na[FeOETPP(CN)]. The temperature dependence of the tively), whereas that for the excited state is large and positive
chemical shifts of Na[FeOETPP(Cilshows that all peaks,  (0.3352 and 0.1899, respectively), larger than expected for
except those for the porphyrin methylenes, have close-to-the S = 3/, and®/, cases, respectively, but most especially
linear inverse temperature dependences; two-level fitting too large for thes= 3/, excited state. However, the magnetic
according to eq 4 of the phenyl-H-only data below 1000/  susceptibility data reported earfierre more consistent with
= 3.0, assuming ar® = %/, ground state and a8 = /, the S = 3/, excited state.
excited state, yieldedt,; = 184 cnt! (MSD = 0.009). For [FeTGTPP(4-CNPy)|CIO,, we also found previously
Including the CH resonances in this plot yieldétl; = 169 that the ground state h&= %/, with a (d.,0,,)*(dy,)* electron
cm™t (MSD = 0.012) and spin density coefficients for the configuration, as shown by the EPR spectra, and the excited
ground and excited statescf = 0.0001,0c; = 0.0065) that  state, which was some 900 cirhigher in energy (MSD=
are consistent with the complex having &@,)*(dky)"* S= 0.005), hadS = ¥,3 We now find that there is also an
!/> ground state and a (£h,,)%(dy)* S = '/ excited state  acceptable solution that has the excited s@ite /5, that
(Figure S18, Supporting Information). However, this does |ies some 940 crt higher in energy (MSD= 0.005), and
not entirely agree with the EPR spectrum, which shows a as in the case above, the spin density of the ground state is
largegmax Signal that is indicative of the {gf(d.,d,)* ground  small, although positive (0.0006), whereas that of the excited
state (Figure 5), although additional featurgs{2.46, 2.27,  state is large and positive (0.1071), consistent withSke
and 18) are also observed that are consistent with the5/2 state. Again, the magnetic Susceptibi”ty data reported
(dyz,0)2)*(0ky)* electron configuration. Thus, itis possible that  earlie? are more consistent with th@ = ¥/, excited state.
this is another case, like that of [TPPFe(O®0+-Bu)]~,* For [FEOMTPPEBUNC),]CIO,, we find no change from
where there mlght be a thermOdynamiC equilibrium between what we reported previousfyi,'e_’ that the ground state has
the two differentS = '/, electron configurations that would 5= 1/, with a (de0,2)*(chy)* electron configuration, as shown
cause the ambient-temperature NMR data to be fit to the by the EPR spectra, and the excited state $as 3/, and
spin density distribution expected for the species that arejes 707 cm? higher in energy. The spin density of the
thermodynamically stable in this temperature range. methyl protons in the ground state is calculated to be negative
C. Six-Coordinate LS Fe(lll) (dydy,)*(dx)* Ground- (—0.0022), whereas that for the excited state is much larger
State Complexes.The bis-(4-CNPy) and bis-{-BuNCY and positive (0.0127). In this case, we know that the ground
complexes of this series of iron(lll) octaalkyltetraphenyl- state has a (ddy)*(dy,)* electron configuration and, hence,
porphyrins have previously been fit to eq 4 using the TDF the negative spin density is expected because of the small
- —— _ - —— ~spin density on thg-carbon and the additional contribution
(46) g,']\giﬁre':,"a %a&%'_];a\?\,’aﬁéf',gﬁﬁsmhkgﬁ:‘m\gbgggf'ﬂlngéﬁ;'w" due possibly to polarization, mentioned above; however, the
6089. magnitude of the negative spin density is larger than might
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have been expected, in comparison to the 4-CNPy complexeDiscussion

just discussed. All five-coordinate chloride complexes (OMTPP)FeCl,
For [FeOETPR(BUNC)]CIO,, we find the same spin  (OETPP)FeCl, (ROETPP)FeCl, and (TEFPP)FeCl exhibit
states and ground-state electron configuration, \Eith= very similar NMR and EPR behaviors. The low effective
130 cn* higher in energy (MSD= 0.048); but rather  symmetry of eachC,,, results in magnetically nonequivalent
strange spin densities on the €Hfor the ground state,  methylene and methyl groups, as well as phemgiRd m
0.0226 and 0.0022 below coalescence and 0.0035 above, angrotons [tWO different peaks are also observeddornd

for the excited state;-0.0043 and+-0.0005 below coales- m-fluorine resonances in thEF NMR spectrum of (k-
cence and 0.0022 above. These spin densities are noDETPP)FeCI}’ All complexes have relatively large positive
consistent with the electron configurations involved. [freF  shifts for the methylene and methyl groups directly attached
OETPP{-BuUNC)]CIO, shows a similar pattern of inconsis-  to the pyrrolgs-carbons (Table 1). This is indicative of large
tent spin densities. No other combination of spin state choicesspin delocalization to the pyrrojg-positions. In the case of
for ground and excited levels produces an acceptable resulta pure HS state, all five d orbitals of Fe(lll) are half-filled,
in terms of spin densities, and we are thus left with no creating the possibility for spin delocalization from both d
explanation for the spin densities determined by the fitting (d.c_,?) and d; (dy,, dy;) and d2*¢ (see below) Fe(lll) orbitals.
process. In any case, as reported previously, the EPRTherefore, the observed shifts for methyl and methylene
spectrum of [FEOETPRBUNCY),] ", measured at 4.2 K, is  groups directly attached to the pyrrofecarbons are the
indicative of a (d,0,,)*(dyx)* ground-state systefnlt is not balance of the contribution of the,dand d, unpaired
clear why no fits for either of these complexes, with any electrons, both of which cause downfield shifts for the
combination of ground and excited spin states, yields an protons one carbon away from the pyrrglgositions. The
acceptable solution. average chemical shifts for the methylene protons in (OET-
For [FeTGTPP¢-BUNC)]CIO,, the best fit was foundto ~ PP)FeCl, (wOETPP)FeCl, and (OEP)Fe€lare similar
be (neglecting the lowest-temperature data point for the Pecause of similar patterns of spin delocalization for all three
a-CH, resonance) with both ground and excited spin states Complexes. Such similarity seems reasonable in the case of
havingS = Y5, but with the two different electron configura- ~ the two former complexes because we can expect similar
tions, withE = 430 cnm® (MSD = 0.027) and spin densities ~ Values of the average angle of the totons with respect
for the ground and excited states ©0.0025 and 0.0060, 0 the p, orbital of theS-carbon for them, but in the case of
respectively. This seems to be reasonable for ground- and(OEP)FeCl, the core geometry (planar) and rate of ethyl
excited-state electron configurations of{d,,)*(ch,)* and group rqtatlon (probably slower for the planar porphyqn_nng)
(0hs0,)3(hy)?, respectively. These are the same ground- and 7€ SO different frqm tho;e of both O.ET_PPs that the similarity
excited-state electron configurations as found in a detailed " Methylene shifts might be coincidental. For chloro-
NMR and Missbauer spectroscopic study of [FeTTP(2,6- Iron(lll) complexes of (OMTPP)FeCl and (OETPP)FeCl,
XylyINC)]*, a complex that, although shown by its crystal two-level flttlng_ of the temperature dependence of t_he
structure to be very nonplanar, is highly ruffled rather than £-PYrrole substituent resonances and the phenyl-H yield
saddled® Hence, it appears that [FeTTPP¢-BUNC)]", ground states having large8/~= %/, and excited states having

predicted to be the least saddled of the octaalkyltetraphe-S = 2 With energy separations of 200 and 130°¢m
nylporphyrinates of this study, has an energy level structure "eSPectively. On the other hand, the gT€P)FeCl complex

similar to that of the meso-only-substituted porphyrinate with has grognd and excneij spin state§ reversed, W'th an energy
similar axial ligands. However, we want to illustrate the separation of+270 cnT", and there is no accessible excited

sensitivity of the fitting procedure in this case to a single state for the (ROETPP)FeCl complex in the temperature
data point. When the lowest-temperature data point for the range studied. e

a-CH, resonance were included, there was no convergence The mesephenyl-H shift differences for (OMTPP)FeCl,
with the S = 1,4/, spin state combination, whereas for the (OETPP)FeCl, and (TETPP)FeCl0om — 0p andom = do,
ground state having= %, and excited state havirg= %>, are relatl\{ely Iarge and positive (75ee Table 1), suggesting
E,; was calculated to be 108 cth(MSD = 0.036). The spin somer Spin density af the meso C's, as expected jpspin

1 1 1 * 1 —_— *
densities calculated for this latter case are stran@e0084 ngkc_igzn%qgn) t?_igheepg:pggggega ;i(;{b)ltglré‘lt:; alslz)ﬁas
for the ground state (too large negative) ah@.0006 for INg). Mowever, n . '

. " . large spin density at the meso positions, these NMR data
the excited state (much too small positive), which encouragesCarmot exclude spin transfer throuah a-aw. bondin
one to closely scrutinize the fit obtained, which then leads . b gh a-Gby 9

- . interaction for these five-coordinate complexes where the
to the recognition that the lowest-temperature data point for metal is out of the plane of the porohvrin nitrodens. as was
the a-CH, resonance is markedly off the line of the best fit P porphy gens,

: T . ointed out recently by Cheng and co-work#rs.
to this S = %5, 3, combination and that the best fit should P
be sought without including this single data point. Hence, The perchlorate complexes, (OMTPP)Fe¢dd (OET-

. . PP)FeCIQ, have intermediate-spin ground states and high-
careful scrutiny of the quality of the temperature-dependence ) @ pin g 9
data is required in all cases. (47) Yatsunyk, L. A.; Walker, F. Alnorg. Chim. Acta2002 337, 266—
. . 274.
Comparison of the results obtained for each of the (48) Cheng, R.-J.; Chen, P.-Y.; Lowell, T.; Liu, T.; Noodlemann, L.; Case,

compounds investigated is included in the Discussion section. D. A. J. Am. Chem. So@003 125, 6774-6783.
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spin excited states, with large separations between groundthe phenyl-H shift differences, witld,, — J, of similar

and excited-state energies {40 and~790 cn?, respec-
tively).

Selected'H NMR chemical shifts, together with large-
Omax Or normal rhombic EPRg values, for four bis-4-
(dimethylamino)pyridine, one bis-1-methylimidazole, and
one bis-cyanide complexes of iron(lll) OMTPP, OETPR; F
OETPP, and TeIPP are presented in Table 2 and indicate
the (dy)(dy,0y,)® ground state for all complexes with the
unpaired electron in one of the,drbitals. The large
downfield shifts observed for the methyl or methylene

magnitude for H and F nuclei (Table 1), but widh, — d,
(though also of opposite sign to the phenyl-H shift differ-
ence), being more than 10 times larger in magnitucé9(5
ppm average for the two phenyl-F's). Comparing the
phenyl-F shift differences of the {OETPP)FeCl complex

to those of the corresponding bis-4-MiPy and bissBuNC
complexes, those of the chloroiron complex are the largest,
those of the big-BuNC complex are somewhat smaller, and
those of the bis-4-M@&Py complex are the smallest.
Similarly to the chloroiron complex, which has spin delo-

resonances in these complexes correspond to the large upfieldalization to the meso carbons via interaction of the d

shift of the pyrrole protons in various [Fe(TPP){]L)

unpaired electron with thBay () orbital,*® the bist-BuNC

species? suggesting that the major spin densities are at the complex, with the g, unpaired electron that can also interact
B-pyrrole carbon atoms. The differences observed in phenyl with the 3a,() orbital if the complex is able to rufflé,
proton chemical shifts (Table 2) are small and negative for has a large value af, — 6, of —37.34 ppm, whereag, —

Om — Op (except in the case of [FeETPP(4-MeNPy)|Cl)
and small and positive fob, — Jd, in all complexes,
indicating negligible spin density at the porphyrin meso

Op is relatively small ¢7.83 ppm). In contrast, both phenyl-F
shift differences for [FelgfOETPP(4-MeNPy),]* complex,
with its unpaired electron in a,@rbital, which interacts with

positions, in agreement with the nodal properties of the the 3e(zr) porphyrin orbital that has nodes at the meso

3e(r) orbitals of the porphyrin. Similar patterns of phenyl
shifts are observed for TPPifeomplexes with axial ligands
that give rise to the (g)*(dy,d,,)® ground staté? Two-level

positions, are of similar size, intermediate between those of
the dm — Jp anddm — 9, shift differences of the other two
complexes{10.52 and-17.61 ppm, respectively). It is also

fitting of the temperature dependence of the chemical shifts interesting to note that the Curie plots for the phenyl-F's of

for the bis-4-MeNPy and the bis-1-Melm complexes shows
that the ground state h&= %/, with a (d)*(dx-d,,)* electron
configuration and the excited state Has= %/, in all cases.

(F200ETPP)FeCl and [FeFOETPP{-BUuNC),] " have posi-
tive slopes, whereas those of [R6BETPP(4-MeNPy),] "
have negative slopes; the signs of the slopes follow those

The energy separations between ground and excited statesxpected for the sign of the pseudocontact shift contribu-

for the bis-4-MgNPy complexes roughly parallel the rigidity
of the porphyrin ring, as determined by the kinetics of
porphyrin ring inversio? with OETPP> OMTPP, TG-
TPP, ROETPP (640> 450, 460, 420 cmt, respectively),

tion,*” whereas the magnitudes of the slopes decrease in the
order (ROETPP)FeCk [FeROETPP{-BUNC),]* > [FeRyq
OETPP(4-MeNPy)]*. We previously estimated the relative
sizes of the pseudocontact contributions to the isotropic shifts

suggesting that rapid porphyrin deformation changes might for the fluorines of the three compounds of this study and a

lower the barrier to spin state changeSo= %/,. In these
comparisons, we must keep in mind that the error in
measurement d,; is probably on the order of 10% of the

number of other and concluded that all of them that are
known to have large spin densities on the meso carbon to
which the phenyl group is attached exhibit larger-than-

value obtained, at least in most cases. Comparing theexpected-phenyl-F shifts. Although we could not determine

[FEOMTPP(4-MeNPy)] " and [FeOMTPP(1-Meln)* com-
plexes, theS = 3/, excited state lies at much higher energy
in the latter (740 cmb) than in the former (450 cmi),
indicating a “purer’S = Y/, spin state for the bis-1-Melm
complex over the temperature range of the NMR studies.
For the [FeEOETPP(CN)~ complex, where both ground
and excited states are found to hee= Y/,, but different
electron configurations, the small value Bf; determined
from two-level fitting to eq 4, 170 cmt, means that, at

whether these large-phenyl-F shifts were caused by a
ligand-centered pseudocontact (dipolar) shift arising from
large spin density at the meso carbon or a “through-space
contact shift” arising from direct electron-cloud overlap
between the unpaired electron density at the meso carbon
and theo-phenyl-F, in all cases, the sign of the large
o-phenyl-F isotropic shift was the same as the sign of the
spin density at the meso carbththis includes the tris-
(pentafluorophenyl)corrolatoiron(lll) chloride complex, which

ambient temperatures where NMR spectra are measured, &as large negative spin densities at the three meso carbons

significant fraction of the complex ions have the.(d,)*-
(dy)? excited-state electron configuration and thus the
phenyl-H shift differences do not appear markedly different
from those observed for the ,(jf(d,d,)® ground-state
complexes having 4-M&lPy or 1-Melm ligands.

The phenyl-F shifts of (JgOETPP)FeCl, [FEROETPP-
(4-MeNPy)]*, and [FeROETPP{-BUNC)]" have been
reported previously at other temperatutesut are included
in Tables 1 (23C) and 2 (30 and 23C) of this work. The
phenyl-F shift differencesgm — Jp and dm — o, Of (Fao-

OETPP)FeCl are negative in sign as compared to those of
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due to antiferromagnetic coupling betwesn= 3/, Fe(lll)
and a corrolate(2) radical®®

Detailed discussion of the EPR spectral type for most of
the complexes in this study is presented elsewh&iagether
with structural information and polycrystalline EPR spectra.
Briefly, the largegmax type of EPR spectra witg = 3.12—

(49) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,
D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. S0d994 116,
7760-7770.

(50) Zakharieva, O.; S¢memann, V.; Gerdan, M.; Licoccia, S.; Cai, S.;
Walker, F. A.; Trautwein, A. XJ. Am. Chem. So@002 124, 6636-
6648.
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3.49 observed for frozen GBI, solutions of all six them diverge or converge to high enerdgieg\s a result,
complexes (Table 2) and the rhombic signal also observedthe functions are highly curved at smalllland the Curie
for the bis-1-methylimidazole complex are direct evidence factors determined are unreasonably large. This is the case
for the (dy)*(dx,0))® ground state and support the conclusions for the 4-CNPy complexes of OMTPPFeand TGTPPFé&',
obtained from NMR spectra; the second signal observed forand it is not possible to clearly determine what the spin state
the bis-cyano complexg(= 2.46, 2.27, and unknown) is  of the higher-energy state is or whether additional factors
consistent with some molecules having the,(t})*(dy)* affect the temperature dependence of the chemical shifts. The
electron configuration. It should be noted that the EPR latter is why only very low-temperature data were used in
spectra determine the electronic ground state of the low- those fits? because of the possibility that ligand dissociation
spin iron(lll) complexes at 4.2 K. Thus, at higher temper- as a means of reaching ti&= %, state was affecting the
atures, where the NMR spectra are obtained, the electronobserved shifts.
configuration might be different, as for the complexes with
spin crossovéror a thermodynamic equilibriuf,as appears
to be the case for Na[FeOETPP(GNHowever, in general, Combined analysis of th&H NMR and EPR data has
most low-spin iron(lll) complexes preserve their ground state revealed that most highly nonplanar five-coordinate chlor-
over wide temperature ranges, and NMR and EPR data arepiron(lll) porphyrins adopt the high-spirS(= %) state
in good agreement with each other, as in most cases of theadmixed with 6-10% of the IS § = 3/,) state. Spin
present study. An acceptable exception for Na[FeOETPP-delocalization to the pyrrolgs-positions results in large
(CN),] is the presence of an equilibrium between the ®0  downfield shifts of the protons of methyl and methylene
= 1, electron configuration. However, we can find no groups directly attached to the pyrrole rings. The pattern of
acceptable explanation for the list-butylisocyanide com-  phenyl shifts indicates some amount of spin delocalization
plexes of OETPPFeand its perfluorophenyl analogue. to the porphyrin meso positions due to F&(e> porphyrin

With regard to the fits to the expanded version of the Curie 3a(x7) interactions. Thus, except for some admixture of the
law, eq 47 we have found that two-level fitting can be used IS state, the magnetic resonance characteristics of these
in two ways: chloroiron complexes do not differ from those of less highly

1. Strong. The experimental data are accurate, the substituted porphyrinates. The exception to this rule iss{TC
measurement interval is wide, the spin states of ground andTPP)FeCl, which has an EPR spectrum similar to those of
excited levels are known, and convergence is good. In this the other complexes, but for which fitting thd NMR shifts
case, we can formulate a positive hypothesis about theto a two-level expansion of the Curie law yields a ground
electronic structure and consider the numeric values obtainedstate ofS = %, and excited state df = 5, although the
as reliable data. This is the situation for many of the spin densities obtained from the fit are too large for the
complexes of this study. ground state and too small for the excited state. Both

2. Weak. The experimental data are not good enough and perchlorate complexes hag= 3, ground states ang =
convergence is poor (or there is no convergence). In this %2 excited states.
case, we can still use the TDF procedure if the data derived ~Six-coordinate octaalkyltetraphenylporphyrinatoiron(lil)
from the fit do not contradict the existing hypothesis. We complexes with two 4-MgNPy or 1-Melm ligands are low-
can state this if the values from the hypothesis allow fitting spin, with the common (g)*(dx,0yx)® ground state, and
within the experimental erro.This is the situation for (k- exhibit spin delocalization due to Fejd— porphyrin3e(r)
OETPP)FeCl and (OMTPP)FeCJQvhereas reasonable fits  interactions, as seen with the same bis-ligand complexes of
are not found for the (OETPP)FeCl data inDgCl,, for both “parents”, octaethylporphyrinato- and tetraphenylpor-
which no convergence of the fit was obtained, and the phyrinatoiron(lll)}%1213The chemical shift pattern in tHéi
[FEOETPP{BUNC),]CIO; and [FeROETPP{-BuNC),]- NMR spectra and the spin density coefficients obtained from
ClO, complexes (Table 3), which were found to have the two-level temperature-dependent fitting indicate the
unreasonable spin densities for all combinations of spin statedargest spin delocalization in the ground state to the pyrrole
probed. For [FeTEIPP(-BuNC),]ClO,4, we found that the  B-positions and little or no spin delocalization to the
fits obtained were extremely sensitive to the use of one dataporphyrin meso positions; however, whereas the two parent
point that deviated from all fitting lines and that, if this data complex ions, [FEOEP(L)" and [FeTPP(LJ ", have chemi-
point were not included, a fit was obtained that is similar to cal shifts that strictly obey the Curie laW?the bis-4-Me-
that found for the bis-isocyanide complexes of a nonsaddled NPy and -1-Melm complexes of octaalkyltetraphenylpor-
iron porphyrinate, [FeTTP(2,6-XylyING)",*® i.e., that the phyrinatoiron(lll) require two-level fitting of the temperature
ground- and excited-state electron configurations Sre dependence of their proton resonances to eq 4, and the
Y5 (Oks 0y )*(0xy)* @and (d,d,,)3(dy)?, respectively. excited state in each case is found to h&ve ¥..

We should usually be somewhat suspicious of fits with ~EPR spectroscopy shows that Na[FeOETPPLN)
excited-state energies significantly larger than 500%cm DMF-d; has a mixture of the tw® = Y/, ground states,
Often in such cases, the dependence of the MS[Egris whereas NMR spectroscopy shows that, over the temperature

very shallow, and the fits are unstable, which might make range studied, it has tt&= '/, ground state with a (gddy;)*-
(dyy)?* electron configuration and a8 = ¥, (dk,0y,)3(dyy)?
(51) See detailed discussion in the Help section of the program TBFw. electron configuration for the excited state; the results from

Conclusions
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the two spectroscopic methods are best rationalized as beingFeTTP(2,6-XylyINC}] ".*3 For [FeOETPR(BUNC),] " and
due to a thermodynamic equilibrium that somewhat favors [FeRcOETPP{-BuNC)]", no solution was found from the

the (dy)?(dx,0y2)® ground state at 4.2 K and the,fd,)*
(dyy)* ground state at NMR temperatures, with thg, ¢t,)*-
(dyy)? excited-state configuration not very high in energy (170
cm1). The bis-4-CNPy complexes of all iron(Ill) porphyrins
studied except that of OETPPFédave S = Y, (dk,0d))*
(dyy)* ground states and eith&= %/, or %, for the excited
states; the OETPPHecomplex has ai$ = %/, ground state
and either no or aB= %, excited state at quite high energy.
The bist-BuNC adducts of all complexes studied hé&e

15 (dkz0y)*(dyy)! ground states, but the nature of the excited

fits that was consistent with any reasonable excited state.
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state differs considerably among the series: for [FeOMTPP- friendship.

(t-BuNC)] ™, the excited state ha&8= %/, and lies at quite
high energy €710 cm?), whereas for [FeTEIPP-
(t-BUNC)] ™, the excited state lies at lower energy (430 &m
and has the othe® = Y/, electron configuration, (dd,,)-
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(dyy)?, as does the related nonsaddled bis-isocyanide complexc049089Q
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