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The perchloratoiron(lll) complexes of a series of 2,6-disubstituted tetraphenylporphyrin ligands, where the 2,6-
phenyl substituents wereH, —F, —Cl, —Br, or —OMe, as well as two 2,4,6-phenyl-substituted complexes,
where the substituents wereMe and—OMe, have been investigated as a function of temperatuféldyMR
spectroscopy. Curvature in theTldependence was evident in most cases. Forced linear extrapolation of the
temperature dependence observed over the range of the study yielded Curie plots that include negative slopes
with very large positive T intercepts (Ck Br > Me > H) to negative slope with near zero intercept (tri-OMe)

to positive slope with very large negative intercept (F, di-OMe). The NMR results were combined with EPR
spectroscopic data and curve-fitting procedures based on an expanded Curie law to arrive at a consistent overview
of the variety of temperature-dependence behaviors observed. This overview relies upon the premise that, in
addition to the ground state observed by EPR spectroscopy, one (or more) thermally accessible excited state(s)
are populated to varying degrees over the temperature range of the NMR measurements. If only one excited state

is considered, the analysis is consistent with the ground state being a largely intermediate-spin=stefor
the majority of the complexes but a largely high-spin sta®e= %)) for ((2,6-F),TPP)FeOCIQ@ and
((2,6-(OMe})4TPP)FeOCIQ.

Introduction dichloropyridiné14 or 3-chloropyridiné® and in iron(lll) tet-
) . . ] raazaporphyring® Additionally, the spin-admixed state exists

The spin-admixed§ = 3,%>) iron(lll) porphyrinates are iy some five coordinate iron(lll) phthalocyanin€sThis spin
observed when the metal resides in a weak tetragonal field state has been investigated mainly because of its assumed
resulting most often from the coordination of weak-field existence in the biological compounds ferricytochroche-22
counteranions such as CJQ B1;CHy,~, Sbk™, BF4~, PR, horseradish peroxidase (at low temperatutgsind the fully
C(CN);~, or SGCF;~.1"13 However, it has also been observed oxidized form of cytochrome oxidase?3
in (octaethylporphyrinato)iron(lll) perchlorate bis-ligated by 3,5-  unlike the pure high- and low-spin states, which exhibit few
and well-understood differences in spectroscopic and magnetic
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EPR effectivegy values of 4.2-5.83671214 and Mdssbauer
AEg = 2.2-4.1 andd = 0.38-0.43 mm st at 4.2 K3781214

all of which are distinct from the properties of eith®r= 1/,
and S = 5, iron(lll) porphyrinates, and indicate that the spin
state of the iron(lll) is a combination (but not a thermal mixture)
of the S= 3, and S = %, states. NMR studies have shown
large chemical shift changes of the pyrrole protons with
temperature that exhibit anti-Curie behavié#.2>26Additionally,

the pyrrole-H chemical shifts of these species occur further
upfield than those of high-spin iron(lll) porphyrinate complexes
and, except in cases where there is a predominan&e=of/,
character to the admixture, further downfield than low-spin
complexeg:6.712.25¢ ray crystallographic data indicate that the
iron(ll1) is displaced 0.16-0.30 2235190yt of the porphyrinate
plane and that the average-Fg,,, bond lengths are 1.961
2.001 A235.1014These distances are shorter than those of high-
spin iron(lll) complexes (Fe displacement 0.51 A and-Ke

= 2.069 &7 and longer than in low-spin iron(Ill) complexes
(Fe displacement-80.11 A and Fe-N = 1.990 &7). The ranges

of the above-summarized data indicate that the degree of spin
admixture is quite variable from one complex to another.

All of the physical and chemical properties of spin-admixed
iron porphyrinates lie between those of the high- and low-spin
iron(lll) porphyrinates, which initially led to the assumption
that a thermal equilibrium existed between e 3, andS=
5/, spin stated328 However, several researchers have shown
that the admixed spin ground state is not the result of a thermal
equilibrium but rather a quantum mechanical admixture resulting
from spin—orbit coupling between the two spin states which
differ in energy by very little more tharkT at ambient
temperature$351822.29|n studies involving the cytochromes
¢/, Maltempo and co-worke¥s2! have indicated that the energy
gaps between th8 = 3, andS= %, levels are on the order of
the spin-orbit coupling constan®¢200-400 cnTY). This close
proximity of the energy levels is generally thought to result from
the coordination of the weak-field axial ligand(s) that causes
the porphyrinate core to contract, thereby destabilizing ghgzd
orbital to the point where th8 = %/, spin state becomes lowest
in energy. The actual ground state of the spin-admixed state
can be on either side of this crossover, i.e., either lar§ety
3/, or S= ®,, depending upon the energy of thg ¢ orbital
within this weak axial ligand field situatio®, as shown
diagrammatically in Figure 1. As theedy? orbital increases in
energy, the ground state will change from maifly= %, to
mainly S= 3%/,.13 In the studies by Maltempo, the calculations
applied toChromatiumferricytochromec' have indicated its
ground state to b& = 3/,.18.19

The spin-admixed state f@&@hromatiumferricytochromec'
was corroborated by La Mar et &F,who characterized
ferricytochromesc' from four different bacterial sources,
Rhodopseudomonas palustrRhodospirillum molischianum
Rhodospirillum rubrumandChromatiunmvinosumby *H NMR
spectroscopy. In general, the NMR spectra of five-coordinate
high-spin ferrihemes have theireseH resonances in the upfield
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Figure 1. Possible relative energies of tige= %, andS = %, states

in spin-admixed systems and their variation in energy as a function of
increasing energy of the,dy orbital. A precondition of the spin-
admixed states is that their energy separation is small (very little more
thanksT in energy at ambient temperatufes;13182229 or similar to

the spin-orbit coupling constaht2%).

region of =56 to —65 ppm?2°31.320f the ferricytochromec'
sources studied, the. vinosum mesdd peaks at weakly acidic

to neutral pH fall in the upfield region of 0 te:5 ppm while

the other three ferricytochron all appeared to be high spin
by the criterion of having the normal highly upfieldeseH
chemical shifts. The conclusion drawn was that only @e
vinosumcytochromec’ contains spin-admixe®(= 3/5,%/,) iron-
(11). 28 Interestingly, while the magnetic characteristics of the
cytochrome<t’ have been studied in detail, the physiological
function of these proteins is not known at present. Presumably
they are electron-transfer proteins, yet their physiological roles
are unknowr#3:34 Although they are 5-coordinate heme centers
and can readily bind exogenous ligands in either the Fe(ll) or
Fe(lll) states to form low-spin complexes, it is not known
whether they bind such ligandis vivo. Thus, they are known
mainly for their unique magnetic behavior, which has been
studied extensively.

Among model heme complexes, spin admixture has been
verified primarily through Mesbauer and EPR spectroscopies,
in which the time scales are fast enough that the presence of
only one set of peaks is an indication of a single spin state.
The presence of two sets of peaks would be in line with a
thermal admixture with a finite lifetime for each state. In all
cases, the suspected spin-admixed complexes exhibit a single
set of peaks that are indicative of a quantum-mechanically
admixed spin systedr.36.7.10.1214 The shapes of the Msbauer
qguadrupole doublets and sizes of the quadrupole splittings are
characteristic for this spin state as well. Dolphin and co-wotkers
concluded that a spin-admixed state exists for (OEP)Fe@CIO
from zero-field Mssbauer spectra taken from 4.2 to 295 K by
both the presence of a single quadrupole doublet and its shape.
Over the entire temperature range, this complex exhibits very
large quadrupole splittings and narrow lines, which are more
characteristic o6 = 3/, ground state complexes and not to either
high- or low-spin Fe(lll) porphyrinates. EPR spectra are usually
axial, with effectiveg-values in the range of & a term that

(31) Walker, F. A.; Simonis, U. Proton NMR Spectroscopy of Model
Hemes. In Biological Magnetic Resonanceyol. 12: NMR of
Paramagnetic MoleculesBerliner, L. J., Reuben, J., Eds.; Plenum
Press: New York, 1993; pp 13274.
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M., Guilard, R., Eds.; Academic Press: Burlington, MA, 1999; Book
5, Chapter 36, pp 81183 and references therein.

(33) Moore, G. R.; Pettigrew, G. WCytochromes c: Eolutionary,
Structural and Physicochemical Aspec&pringer-Verlag: Berlin,
1990.
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depends on the zero-field splitting or, alternatively, on the energy spectrum is more complex due to the lower symmetry of this

separation between ti&= 5, andS= %/, statesA,*2 leading
to observed effective, values ranging from slightly less than
6 to as small as 43671214

Traditionally, the NMR chemical shifts of the pyrrole protons

Fe—Nporvinylidine-bridged system, with pyrrole-H resonances
at 25.7,—19.7,—23.9, and—40.5 ppm at 298 K in CDGJ®®

leading to an average pyrrole-H shift of the three upfield
resonances of-28.0 ppm. Small shifts are noted when the

have been suggestive of the spin state of the model hemechloride anion is replaced by fluoride, bromide, or iodféé?

complexes involving tetraphenylporphyrifis®2 The chemical
shifts indicate which iron d orbitals and porphyrin molecular
orbital(s) are involved in the transmission of unpaired electron
density to the porphyrin periphery. When the metal center of
(tetraphenylporphyrinato)iron(lll) is bis-coordinated by two

The bridged carbene complex [(TPP)Fe(€EH,Ph)CI] ex-
hibits eight pyrrole-H resonances, with an average shift of the
four upfield resonances 6f34.6 at—30 °C in CD,Cl».*° Hence,

it is to be expected that the pyrrole-H shifts of symmetrical
complexes of puré& = 3/, Fe(lll) porphyrins would be in the

strong-field ligands, such as imidazoles and most pyridines, the —25 to about—35 ppm chemical shift region at 298 K. Thus,

spin state isS = /,. In this case, the ground-state orbital
configuration is (g)?(dkxd2)° or (ks 0h2)*(dky)?, depending upon
the -donor-acceptor characteristics of the axial ligad&#
The dz and gz—y orbitals are empty in both of these cases. For
the former electron configuration, transmission of unpaired
electron spin density to the porphyrinate ring can only occur
from the z-symmetry orbitals (g,dy;) to the 3ef) orbitals of
the macrocycle, resulting in a large upfield shi#t{25 ppm

at 25 °C) of the pyrrole protons from their diamagnetic
resonance position. In contrast, for the,@},)*(dy)* ground
state of low-spin Fe(lll) porphyrinates, the pyrrole-H are shifted
very little from their diamagnetic positions because in this case
the metal g, electron is delocalized to the molecular orbital
framework of the porphyrinate via theér) filled orbital, a
delocalization that can only take place if the porphyrinate ring
is ruffled 3>36and the orbital coefficient at th&pyrrole position

is very small for the a(x) orbital 32

Conversely, when the ferric center of an iron porphyrinate is
mono-coordinated to a relatively strong-field anion, the spin
state isS= %, with a ground-state configuration ofy(dy,d,)*
(d2)Y(de-y») In this case, it is possible for spin delocalization
to occur to the porphyrinate ligand through bathand
orbitals?%32 The resulting chemical shift of the combined
influences is abou#-80 ppm for the pyrrole protons at room
temperature. Thus, by simply observing the chemical shift of
the pyrrole protons of the iron(lll) porphyrinates, one can quite
readily ascertain whether the metal hasS 5, or S= 1/,
spin state.

A pure S = 3/, spin state is expected to have a ground state
of (dy)?(dks0y)?(d2)?, which would predict that the pyrrole
proton resonance would be shifted upfield, as in e %,
state3132 In fact, one would expect that it would be shifted
further upfield because there are twwesymmetry unpaired
electrons in th&= 3/, state versus the omesymmetry unpaired
electron in the (g)%(dx»d,)® S= Y/ state. Several examples of
pureS= %, Fe(lll) porphyrinates have been reported, especially
those involving Fe(lll)-Npo-bridged vinylidine and carbene
complexes’—40 The magnetic moment of the bridged vinylidine
complex [(TPP)Fe(EC(p-ClCsH1)2)Cl] is 3.9us, and its EPR
spectrum 84 K hasg-values of 4.64, 3.55, and 2.64lts NMR

(35) Safo, M. K.; Walker, F. A.; Raitsimring, A. M.; Walters, W. P.; Dolata,
D. P.; Debrunner, P. G.; Scheidt, W. R.Am. Chem. S04994 116,
7760.

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

(37) Latos-Grazynski, L.; Cheng, R.-J.; La Mar, G. N.; Balch, A.JL.
Am. Chem. Sod 981, 103 4270.

(38) Mansuy, D.; Morgenstern-Baderau, |.; Lange, M.; Gansinbrg.
Chem.1982 21, 1427.

(39) Balch, A. L.; Cheng, R.-J.; La Mar, G. N.; Latos-Grazynskiliarg.
Chem.1985 24, 2651.

(40) Artaud, I.; Gregoire, N.; Leduc, P.; Mansuy, D.Am. Chem. Soc.
199Q 112 6899.

in the spin-admixed = 3/,,%/, state, we would expect to find
the pyrrole proton resonance somewhere betweghand—35

ppm at 25°C, depending upon the degree of admixture of the
two spin states. Indeed, in studies reported to date, the pyrrole
protons have been observed within that redié#?25with the
most upfield shift being that of ((2,4,6-(OM&TPP)FeOCIQ

in CDCl; at —30.6 ppnf and the most downfield being (TPP)-
FeCQCFs in CDCl; at 74.0 ppm'2

Previous studies have indicated that the extent of the
admixture is dependent upon the antért;'%the electron density
distribution on the porphyrin ring modulated by the porphyrin
substituents;” and the steric hindrance of tleetho substituents
in 2,6-phenyl-substituted tetraphenylporphyrinates that weaken
further the coordination of the weakly bound anfofiThe first
and third reasons affect the core size while the second affects
repulsion between the pyrrole nitrogens and the irgnyd
orbital. All three would affect the energy of thezde orbital
and therefore the iron(lll) spin staté.

Recently, we have shown that the temperature dependence
of the'H isotropic shifts of low-spin Fe(lll) porphyrinates and
heme proteins can be explained quantitatively using an extension
of the Curie law that takes into account the existence of a
thermally accessible excited stdteln these low-spin Fe(lll)
systems, the contact term dominates the isotropic shifts, and
the unpaired electron is delocalized into the higher-energy of
the two 3efr) orbitals of the porphyrinate ring via P Fe w
donation. The excited state, which is within several factors of
ksT of the ground state, has the unpaired electron inother
3e(r) orbital, which differs by 99in the orientation of its nodal
plane. This reverses the pattern of largenall molecular orbital
coefficients at each unique position on the porphyrinate ring
and, thus, results in curvature of the Curie plots and, if the
energy separation is large enough, in anti-Curie behavior of
some resonancé$This same theory is applicable to any other
system, including the spin-admixed iron(lll) porphyrinates of
this study, in which there is (are) one or more excited state(s)
within several factors okgT.

There have been several reports of the temperature depen-
dence of the pyrrole-H resonance of (TPP)FeQLCHD of which
showed a large change in isotropic shift with temperature and
markedly curved Curie plots!225The present study extends
this work to evaluate the electronic and steric effects of the 2,6-
or 2,4,6-substituents on the phenyl rings of perchloratoiron(lll)
tetraphenylporphyrinate ((TPP)FeOG|@hart 1) through the
measurement and modeling of the temperature dependence of
the pyrrole-H NMR shifts of these systems. We have fit the
resulting data using the modified Curie law expres&iamd a
theory that assumes only one or two excited states are thermally
accessible at the temperatures of the NMR measurements (183
308 K). Our treatment does not actually require that the ground

(41) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795.
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Chart 1 Instead of the crystals being washed with cold methanol, the crude
product was chromatographed over florisil using methylene chloride
as the mobile phase. The orange colored contaminant is retained on
the florisil while the 2,6-dibromobenzaldehyde moves readily through
the column. The fractions of the eluant were monitored by ultraviolet/
visible spectrophotometry~350 nm). Verification of the final product
and all intermediate products was performed by NMR spectroscopy.
Yields of 55-75% of the 2,6-dibromobenzaldehyde were readily
achieved.
Synthesis of Tetrakis(2,6-dimethoxyphenyl)porphyrin.This por-
phyrin was synthesized by the Rocha-Gonsalves methbidwever,
the porphyrin did not precipitate from the reaction mixture and therefore
required several isolation steps. First, the propionic acid was removed
with repeated water washings. Then, after drying of the nitrobenzene
R2, R6 = F, Cl, Br, H, OMe, R4 =H solution over NaSQ;, column chromatography on silica gel was used
R2, R4, R6 = Me, OMe to remove the nitrobenzene solvent and to isolate the porphyrin from
the rest of the reaction mixture. The nitrobenzene solvent was removed
. . from other reaction products using a 50% hexane/50% methylene
state be aB= ¥>,%/> (or °/,%>) quantum-mechanically admixed  chioride mobile phase. Following elution of the nitrobenzene, the
state, but the results indicate the probable nature of the groundtetrakis(2,6-dimethoxyphenyl)porphyrin was eluted from the column
state. In addition, it was possible to estimate the energy using a 5% ethyl acetate/95% methylene chloride mobile phase and
separation between ground and excited state in most cases. Thevaporated to dryness. No further purification was required.
results clearly show that using only a single temperature to  Iron Insertion. With the exception of tetramesitylporphyrin and
characterize spin-admixed Fe(Ill) porphyrinates can lead to tetraphenylporphyrin, iron was inserted into all of the “hindered”

misleading conclusions as to the ground state of such complexestetraphenylporphyrins by utilizing the method of Adler et‘alron
insertions into tetraphenylporphyrin and tetramesitylporphyrin were

performed according to a method reported earlier from this laborétory.
However, the Adler methd8lis preferred for iron insertion into the
tetramesitylporphyrin due to the excessive reaction time in the lower
boiling solvent of the method of Simonis et“dlProgress of the iron

Experimental Section

Synthesis of the Tetraarylporphyrins. Tetraphenylporphyrin and
its substituted derivatives have been synthesized by utilizing the methods o SF . .
of Adler et al.%2 Lindsey et al4 or a variation on the Adler method  InSertion in both methods was monitored by thin-layer chromatography
by Rocha-Gonsalves et #l.The synthesis of tetraphenylporphyrin and UV_/VlSlbIe spectrophotc_)metry. Purification of the resulting iron
(TPPH) and tetrakis(2,6-difluorophenyl)porphyrin (2,6 PPH) porphyrinates followed published methds. _
followed the Adler methatd without change. Tetrakis(2,4,6-trimethoxy- Conversion of the (Tetraarylporphyrinato)iron(ll) Chioride to
phenyl)porphyrin ((2,4,6-(OMe)TPPH,) was synthesized as reported the (Tetraarylporphyrinato)iron(lll) Perchlorate. Conversion from
previouslys7 Tetramesitylporphyrin (TMP), tetrakis(2,6-dichloro- the chloride anion to the perchlorate anion followed the methods of
phenyl)porphyrin ((2,6-G).TPPH), and tetrakis(2,6-dibromophenyi)- Ogoshl et aP® and Reed et dand is dlgcussed in detail elsewhé?e.
porphyrin ((2,6-B§)sTPPH) were prepared by the Lindsey methdd. Briefly, in order not to have excess snl_ver perchlorate present in the
Some of the tetramesitylporphyrin and tetrakis(2,6-dichlorophenyl)- samples used for electrochemical studies that were also carried out on
porphyrin were also purchased from Midcentury Chemicals, Posen, IL. these complexe¥, the ((2,6-%).TPP)FeCl complexes (of uncertain
Tetrakis(2,6-dimethoxyphenyl)porphyrin was synthesized by the method sqlvent cont_ent) in dry, distilled tetrahydrofL_Jran (THF) were treated
of Rocha-Gonsalve$,as described below. The 2,6-dibromobenzalde- With 0.9 equiv of AGCIQ, and the AgCl was filtered off, followed by

hyde could not be purchased and was synthesized according to the€vaporation of solvent. The NMR spectrum (in CB)Clas then
method described below. checked for evidence of any remaining high-spin ((28+KPP)FeCl

Synthesis of 2,6-Dibromobenzaldehydelhis synthesis follows the (resonance at about80 ppm). If any high-spin ((2,6-LTPP)FeCl

method developed by Tashiro and Nakay#mth a few modifications was found to be present, then an additional treatment was carried out
that will be describedA 3 g portion of 2,6-dibromotoluene (Lancaster, with 09 equ;v6of AgCiq aélcomparegl to :]he calculdated amount of
98%), 2.3 g ofN-bromosuccinimide (Aldrich, 99%), and 0.13 g of 'crmaining ((2,6-X).TPP)FeCl. Invariably, the second treatment was
benzoyl peroxide (Aldrich, 70%) were added to 30 mL of reagent grade sufficient tq convert all of the chloroiron(lll) porphyrinate to the
carbon tetrachloride (Mallinckrodt) and refluxed for 2 h. The precipi- fheercglrorastggorlglIi’)v;c;rmu.sggeir:gz dviv;;ren:r?vt?g uggszsvi?u:qrgfhiid.
tated succinimide was removed by filtration. The solution of 1-(bro- Ty P ) y. n tnoxy
momethyl)-2,6-dibromobenzene was a golden orange color. The carbonSlJbStItUted porphyrinates, repeated drying in vacuo was required in
tetrachloride was evaporated in vacuo. The 1-(bromomethyl)-2,6- Ordé"; tgorslm;;/iﬁgf;z Os;\lfgtae:efm;]eﬁ?aﬁan;)?l?;é when heated
dibromobenzene was then dissolved in 1 mL of reagent grade pyridine or sh(L)Jcked Handle them in mill ?am uar?titieg with care

(Fischer Scientific) and 20 mL of benzene (Fisher Scientific, Optima Nucl M tic R eAgft bq' dried f ) h

grade) and refluxed 1 h. The precipitate was collected by filtration and . uclear Magnetic Résonanceafter being dried for several hours

washed with benzene. The resulting 1-(2,6-dibromobenzyl)pyridinium in vacuo, the *hindered” perchloratoiron(lll) tetraphenylporphyrinates
bromide was dissolved in ethanol along with 1.2 gpshitrosodi- were transferred to an argon-filled glovebag and dissolved in dry CD

methylaniline (Aldrich, 97%) and 2 mL of 10% NaOH. The solution Clz (99%, Cam'brldgze Isotope LalboEr’ato'\r/lle;,N?S sealed 1 mL alr)np_ulej)
was stirred until all the pyridinium salt dissolved, at least 2 h. At this to a concentration of approximately 5 mM. spectra were obtaine

stage, 20 mL of 10% hydrochloric acid was added and the solution either on a Varian Unity 300 spectrometer operating at 299.955 MHz

stirred for at least 30 min. The 2,6-dibromobenzaldehyde was collected ©" ©" @ Bruker AM 250 spectrometer operating at 250.133 MHz. The
but not washed, as it is very soluble, even in cold methanol.

(46) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim,J.Inorg. Nucl. Chem.
197Q 32, 2443.
(42) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, (47) Simonis, U.; Walker, F. A,; Lee, P. L.; Hanquet, B. J.; Meyerhoff, D.

J.; Korsakoff, L.J. Org. Chem1967, 32, 467. J.; Scheidt, W. RJ. Am. Chem. S0d.987, 109, 2659.

(43) Lindsey, J. S.; Schreiman, I. C.; Hsu, H. C.; Kearney, P. C.; (48) Walker, F. A; Balke, V. L.; McDermott, G. AJ. Am. Chem. Soc.
Marguerettaz, A. MJ. Org. Chem1987, 52, 827. 1982 104, 1569.

(44) Rocha-Gonsalves, A. M. d'A.; Vaf@al. M. T. B.; Pereira, M. MJ. (49) Nesset, M. J. M. Ph.D. Dissertation, University of Arizona, 1993.
Heterocycl. Chem1991], 28, 635. (50) Nesset, M. J. M.; Shokhirev, N. V.; Enemark, P. D.; Jacobson, S. E.;

(45) Tashiro, M.; Nakayama, KOPPI| Briefs1984 16, 379. Walker, F. A.Inorg. Chem 1996 35, 5188.
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Figure 2. EPR spectra at 4.2 K of ((2,6-9ITPP)FeOCIQ in the
polycrystalline state (top) and in GDI, (bottom).
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Figure 3. Isotropic shifts of the complexes of this study as a function
of inverse temperature and fits to eq 3 (solid lines) or to a 1-level linear
fit (dashed line): %, ((2,6-Br),TPP)Fe-OCIOs; <, ((2,6-Ch)4TPP)-
FeOCIQ; +, (TPP)FeOCI@ O, (TMP)FeOCIQ; A, ((2,6-R)4TPP)-

Table 1. EPRg-Values of the Fe(lll) Porphyrinates of This Study
FeOCIQ; x, ((2,6-(OMe)),TPP)FeOCIQ @, ((2,4,6-(OMe))sTPP)-

porphyrinate ligand

g-values, CRCI, glass

g-values, solid

FeOCIQ.

(2,6-R)4TPP 5.72 (4.483,2.00 5.97,1.99 . . -
(2,6-(OMe)) TPP 5.53 (5.18), 2.00 5.97, 2.00 Even though there is only a trace amount of the high-spin iron
(2,6-Br),TPP 4.80 (4.46), 1.99 5.77,1.99 present in the samples, the spectra exhibit predominantly high-
(2,6-Ch)4TPP 4.76 (4.39), 2.00 5.94,1.99 spin signals due to the large transition probability of the high-
¥m:'? ‘27772((4412?)' 11-%% 55-%‘8 ﬁ-%% spin complex and the fact that electron spin relaxation may be
(2,4,6-OMe)).TPP  4.68(4.19), 1.98 notmeasd ~ MOre rapid for this spin state.

ag-value at the zero-crossing point.

The polycrystalline spectra uniformly did not exhibit a
resolved signal for the intermediate spin complex due to the
broadness of the high-spin signal, which overlapped the

spectrometer frequency was locked to the deuterium signal of the jhtermediate spin signal. Both the high-spin and the intermedi-
solvent, and the spectrum was referenced to the residual proton Signalate-spin signals were readily observed in the,CB glasses,

of the solvent. The spectral window varied from 20 to 35 kHz according as is shown in Figure 2. Thgvalues for each of the compounds
to the range of chemical shifts observed for each compound. Either are listed in Table 1 (:ind the effective-galues range from

512 or 1024 transients were collected for each compound. The . . .
temperature of the sample in the probe was calibrated with a copper/4'68 to 5.72 while the effectivg, is always near 2.0. These

constantan thermocouple or a standard methanol sample (Wilmad). Thev@lueés are similar to those reported previously for the spin-
lower temperature spectra were obtained first; the temperature wasadmixed ground-state iron(lll) porphyrinatés1#14 and in-
allowed to equilibrate for at least 10 min after each temperature change.dicate that all of the perchlorato complexes of this study have
The initial equilibration time at 183 K was at least 30 min after the ground states with some degree of spin admixture. The larger
temperature had reached the desired value. The pyrrole-H chemicaleffective g-values of 5.53-5.72 for the 2,6-dimethoxy- and
shifts are reported as isotropic shifts in parts per million, ppm. Isotropic 2 _difluorophenyl derivatives (Table 1) suggest considerably
shifts were calculated using the free base chemical shifts of the greater contribution from th8 = 5/, state, as is consistent with
pyrEr?eli;:): girz:iaegr?;?;eléjetsc)o:Znigz(};i?a'elcgﬁ%ere obtained on the NMR finding (see below) that the ground staléSis- %2
a Bruker ESP-300E X-band spectrometer operating at 9.33867 GHz feof;egt]f,zeguc_?,g}ﬂfxf?}' tﬁg”g?ﬁ;?'ﬁomsl el)(()gvser(.ly:tl)?eesl)c’fa:ge
and a power of 0.20 mW. Spectra were obtained at 4.2 K for both the . . -
polycrystalline state and frozen GO, solution samples. consistent with the NMR finding (see below) that the _ground
state isS = 9/, for these complexes. The lowest effectige
value observed is 4.68, observed for the trimethoxy derivative,
which suggests that this complex has the n®st%/, character.
EPR Spectroscopy.EPR spectra were obtained for each The highg feature in this case is broader than for the other
compound in both the polycrystalline and frozen LCD states; complexes, and there is a suggestion of a rhombic splitting, with
representative spectra are shown in Figure 2. Effective valuesa middle g-value in the 4.19-3.72 range. Previously, this
of go have been measured from the peak of the derivative complex was reported to have an effectiyeof 4.2 probably
spectrum, with the apparegtvalue of the zero-crossing point  because the zero-crossing point was measured.
given in parentheses in Table 1. In each of the spectra, the high- NMR Spectroscopy.The NMR spectra for each compound
spin iron porphyrinate form of the compound was present, as in CD,Cl, were recorded over the temperature range-188
has been observed previously by other researéiéis.This K at 10-20 K intervals. The results are shown graphically as
high-spin impurity is most likely due to either the compound isotropic shifts (observed chemical shift minus diamagnetic shift
on the surface of the crystals reacting with moisture in the air of the free base porphyrin in each case) in Figure 3. As reported
to create the aqua or hydroxy complex or to traces of water in previously for (TPP)FeOCI¢}1225most of the complexes do
the solvent (CBCIy) or the crystals used to make the solution. not exhibit Curie behavior, as would be expected for paramag-

Results and Discussion
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netic complexes with a ground state that is well separated in tetrakis(trimethoxyphenyl)porphyrinate compleaybehave as
energy from all possible excited states. This is not the situation the purest intermediate-spi§ & 3/,) species reported to date,
that is expected for a quantum-mechanically admixed system, but when treated with a 2-level fit (see below), it hasshellest

in which the small energy separation betw&s 3, andS= energy separation between the ground and exciged €/5)

5/, states is a precondition for creation of the spin-admixed states. In contrast, the tetrakis(2,6-dimethoxyphenyl)porphyrinate
electronic staté® 2! It will be shown herein that the thermally  complex behaves completely differently, and similar to the
accessible excited state appears to be eitlgra/, or S= %/, (tetrakis(2,6-difluorophenyl)porphyrinato)iron(lll) perchlorate,
state, depending upon the substituents on the phenyl rings ofboth with positive slopes (Figure 3). If a linear inverse
the tetraphenylporphyrinate ligand. This possibility arises in temperature dependence were assumed using the low-temper-
conditions of weak axial ligand field, in which either order of ature data, the extrapolated shift of ((2,82FPP)FeOCIQ at

spin states can occ8t,as shown in Figure 1. infinite temperature would be about40 ppm, while the

The behavior of the isotropic shift of each of the complexes dimethoxyphenyl derivative would have an extrapolated shift
is unique (Figure 3). The most similar behavior is observed Of about—38 ppm.
between the perchloratoiron(lll) complexes of the tetrakis(2,6- The trend of the chemical shifts from negative slope for most
dibromophenyl)- and tetrakis(2,6-dichlorophenyl)- and between to positive slope for the 2,6-difluoro- and 2,6-dimethoxy-
tetraphenyl- and tetramesitylporphyrinate complexes. Each of substituted derivatives does not follow the electronic properties
these complexes exhibits a negative slope but with non-Curie of the 2,6-phenyl substituents. The Hammett constantsdoa
behavior, in that the T/dependence is not linear, and even if substituted benzoic acidsy) are +0.23 (Br, Cl),+0.06 (F),
it were taken as linear, only on the basis of observed shifts over0.00 (H), —0.17 (Me), and—-0.27 (OMe)>2 One might expect
the temperature range studied, the extrapolated shiffat that theortho Hammett constantss§) would follow the same
is far from zero in all cases except that of the trimethoxy order. As can been seen in Figure 3, the perchloratoiron(lll)
derivative. The apparent intercepts of the forced straight line porphyrinates having bromine, chlorine, methyl, trimethoxy, and
for (TPP)FeOCIQand (TMP)FeOCI@are extremely positive  hydrogen substituents all exhibit similar behavimegative
(+93 and+100 ppm, respectively), while that for the ((2,6- slopes throughout the temperature range measured, while the
(OMe))4) TPPFe-OCIO; is quite negative £38 ppm). Both difluoro- and dimethoxy-substituted complexes behave op-
the ((2,6-Bp)4TPP)FeOCIQ and ((2,6-Cl)4TPP)Fe-OCIO; positely, with positive slopes throughout the temperature range
chemical shifts, on the other hand, are not linear over any part studied. These groupings in no way reflect an obvious Hammett
of the temperature range of the measurements. parasubstituent constant dependence. Thus, to better understand

The (tetrakis(2,6-dimethoxyphenyl)- and (tetrakis(2,4,6-tri- the effect of theortho substituents, we have analyzed the
methoxyphenyl)porphyrinato)iron(lll) perchlorate complexes temperature dependence of the pyrrole-H shifts in detail using
readily pick up traces of water from the atmosphere, as the expanded Curie law treatméft.
evidenced by the presence of nearly equal amounts of the high- Quantitative Treatment of the Temperature Dependence
spin and spin-admixed signals at low temperatures for samplesof the Isotropic Shifts. We have recently shown that for systems
dried once in vacuo for several hours. These two signals are inhaving one or more excited states having differences in energy
fast exchange at temperatures abeve0 °C and at higher of the order ofkgT at ambient temperatures, the thermal
temperatures produce similar chemical shifts for the two population of excited states must be taken into accttifihis
porphyrinates that vary very little as a function of temperature, is easily accomplished by averaging the chemical shifts with
due to chemical exchange (data not shown). Careful repeatedtheir Boltzmann weighting factors:
drying of these complexes under vacuum for extended periods
of time removed most of this water and produced spectra that 1 _E/eT)
followed very different temperature dependences for the two 0, = —Zémwﬁ e 1)
complexes (and very different from the singly dried samples). Z
Nevertheless, the observation of very small amounts of high- ) ) ) ) )
spin Fe(lll) signal at temperatures belowd5 °C led to a Whereém.ls the che.ml.cal shift of nucleusin a pure electronic
suspicion of unreliability in the chemical shifts measured above Statel, Z is the statistical sum,

—20 °C for the two complexes, and thus the data above this

temperature were not used in the fitting process. These two Z= ZV\/le_E"(kBT) (2)
((methoxyphenyl)porphinato)iron(lll) perchlorates are also un-

stable in solution, and the NMR samples slowly became cloudy,

with unknown insoluble material being produced. Therefore, andW, is the statistical weight of state (W = 25 + 1 for a
NMR measurements were made on freshly dissolved samplespure spin state.)

within a total time periOd of 56 h at the low temperatures The chemical Shiftﬁn,l for any levell obey the Curie law,
used for the NMR measurementsZ0 to —90 °C). and egs 1 and 2 can be considered to arise as a result of two-

For the (tetrakis(2,6-dimethoxyphenyl)porphyrinato)iron(lll) step averaging: (a) averaging over sublevels within l&vgd)
perchlorate complex, the pyrrole-H resonance appears at largeaveraging over levels. Equation 1 allows observable chemical
positive chemical shifts at all temperatures and shifts to shifts to deviate from linear dependence and even change the
progressively larger chemical shifts as the temperature is sign of the slopes and signs of the energy separations between
lowered, while for the (tetrakis(2,4,6-trimethoxyphenyl)porphy- levels. The simplest case of a multilevel system is the two-
rinato)iron(lll) perchlorate complex, the pyrrole-H resonance level case. This is the most typical, because it is relatively
appears at negative chemical shifts at all temperatures and shiftainlikely that more than two levels are in the energy region on
more negative as the temperature is lowered, with almost perfectthe order of thermal energy. In this case, as shown previdisly,
apparent Curie behavior. Thus, as reported previolighjs egs 1 and 2 reduce to the following expression:

(51) Shokhirev, N. V. To be submitted for publication. (52) Hansch, C; Leo, A,; Taft, R. WChem. Re. 1991, 91, 165.
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o™ Table 2. Curie Factors and Energy Separatioksl* = AE, for
1 WiF 1 T WoF e T . Two-Level Fitting of the Temperature Dependence of the Isotropic
On= T T =E Bk (3) Shifts (Eq 3) of the [(P)FeOCI§ Complexes of This Study for
W, +We 1 Wo/Wy = 12

10%F;, 10°%F,, |AE|, 1030
Fitting of Experimental Data. The data were fit according porphyrinate ligand o, ppn? ppmK ppmK cm™ ppmK

to the two-level dependence, eq 3. The fitting program was (2 6-(OMe})),TPP 46 18.4 —46.0 466 0.2
written for a PC33 which provides for the direct minimization  (2,6-F),TPP ~15 121 —259 264 0.4
of the mean-square deviatiom with respect to the set of  (2,6-Br).TPP 27 —349 1145 175 0.6
parameters, (2,6-Ch) TPP 22 232 1227 262 11
TPP -10 —-14.0 101.8 414 0.5

o (TzM4P6 (OMe)).TPP 5 219 65 4 06

Ay =—S[0"T L 1) = o"AT, 1> () (2456-(OMe))TPP  -37  -98 e e 0.9

exp V=

2 This weighting is for the case of the ground and excited states

. . . having the same spin state, i.e., both being lar@ety3/,. ® Observed

as described in more ‘?'e_ta" eI_seWhéjre. 6 4 chemigcal shift of tﬁe pyrrole-H at 273 K,gin ggﬁl except where
The results for the fitting with\V/Wh = 1, ®/4, and¥s are indicated.c Mean-square deviation, eq 4Recorded in CDGldue to

presented in the Tables-2 and graphically by the solid lines  insolubility of the complex in CBCl,. ¢ One-level fit; no excited state.

in Figure 3 for the correctly chosen weighting (see below). These ) ,

three weighting ratios represet = S (as would be the case ~ Iable 3. Curie Factors and Energy Separatioksl* = AE, for

for two differentS = 3/, configurations) S, = ¥, S = 5, and Two-Level Fitting of the Temperature Dependence of the Isotropic

. . . hifts (E f the [(P)F I | f Thi fi
S = %, S = %, respectively. We begin the analysis of \?VZ/IV\Z (:%/;) of the [(P)FeOCI Complexes of This Study for

the temperature-dependent data by considering the ((2,6-

(OMe))4,TPP)FeOCIQ complex, for which the temperature . . 107%F,,  107%F, |AE_|' 107%,¢
dependence appears to be almost perfectly Curie in nature. The'oorpmmnalte ligand o, ppn? _ppmK ppmK cm ppm K
temperature dependence shows that for a 2-level fit, no matter (2,6-(OMe}).TPP 46 183 —-167 501 0.2
which weighting is considered, ttg value is always negative, (2’6:Br2§£'||'3F?P N1257 _zlé_'g 85_27'1 32?:; %_%
the F2 value is always very small and positive, and the (2,6-Ch),TPP 23 -203 69.6 327 11
(=ksT*) is also very small, as is expected if the complex has TPP -10 —-134 541 468 0.5
the two spin states very close in energy, with e %/, state T™P —-13 -163 68.2 488 0.3
being lowest in energy. However, the valueFefis unreason- (2.4,6-(OMey),TPP  —37  —225 87 60 0.6
ably small, as will become clear below. Forcing a straight-line (2:4.6-(OMe)).TPP =37 —9F e € 0.9

temperature dependence (no excited state) yields the dashed line 2 This weighting is for the case of the ground state being largely

in Figure 3 and a Curie factdf of —9.8 x 103 ppm K, less = 3%, and the excited state being larg&y= .. ® Observed chemical

than half the size of the two-level fitting value ef22.5 x 108 dSVF‘{'ft Ofdﬂ:je' p)(/:rerOIelle a: 273 lKL!\I/_lfaﬂf-St(;I]U&fe delvnat_|on, elq 4.

ppm K for F; (Table 3). The linear Curie plot would be the eoecor ed in CDGldue to insolubility of the complex in Cl,.
S . s 3 ne-level fit; no excited state.

expectation if the trimethoxy derivative were a pBe= 3/,

complex, with no thermally accessib&= %/ state and thus  spin delocalization occurs throughorbitals, and positive when

no admixture of that spin state. delocalization occurs through orbitals32 This means that
Looking at the general trends observed for the other com- negative F values indicate a negative contact shift that is
plexes, in all cases thie; values for (TPP)FeOCI (TMP)- characteristic ofr spin delocalizatiof?2 Conversely, positive

FeOCIQ, ((2,6-Br)sTPP)FeOCI@ and ((2,6-CGl)sTPP)FeOCIQ F values indicate a positive contact shift that is characteristic

are negative while th&; values for the same compounds are of spin delocalization through bonds32 Therefore, we conclude

positive, andAE is much larger than for the trimethoxy complex.  that (TPP)FeOCIg) (TMP)FeOCIQ, ((2,6-Br),TPP)FeOCIq,

The signs o1 andF; are reversed for ((2,62JaTPP)FeOCIQ and ((2,6-C4)4,TPP)FeOCIQ@ each have a ground state that is

and ((2,6-(OMe)sTPPFeOCIQ. As described above, the Jargely S= 3,, which has the d_, orbital nearly empty and

constantsFi1 and F, are each simply a combination of the  thus mainly = delocalization of the electron spin over the

dipolar and contact shift contributions to the overall chemical temperature range of the NMR measurements. In these cases,

shift of the pyrrole protons for the ground and excited states, at the first excited state i§ = /5, and the positive, sizable value

each temperature. In all cases, the magnitude of the dipolar shiftof F, in each case is indicative of increasingielocalization

is undoubtedly small. It should exhibit aT#/dependence due  at increasing temperatures. For these cases, then, the values of

to the zero-field splitting expected for&> 1/ state3254 But F; andF; listed in Table 3 are the most meaningful.

because of the expected small magnitude of the zero-field The opposite is true for ((2,6:zTPP)FeOCIQ and ((2,6-

splitting constant@ = 15.6 cn1? for the triflate complex of (OMe),),TPP)FeOCI@, which haver; positive and=, negative

the picket fence porphyrif), the dipolar shift is only a small  and, thus, ground states that are larg@y 5, where the g2

contribution to the isotropic shift of the pyrrole-H (and it would  is singly populated, allowing spin delocalization. In this case

be difficult to determine its size quantitatively). Therefore, the the first excited state haS = 3/,. For these cases, then, the

sign change on going frof to F is attributed to a sign change  values ofF; andF; listed in Table 4 are the most meaningful.

in the contact shift and, more specifically, to a change in sign  The energy separations between the ground state and the first

of the Fermi hyperfine coupling constar, A is negative for  excited state, as listed in Tables 2, are clearly small enough

directly bound protons, such as the pyrrole-H, when the electron that spin-admixture occurs. The smallest energy separation, other

" TDE2LVL for DOS or Wind - - " than that for the two-level interpretation of the data for the

( )Woerldp\rlsl?drgr\TllVeb: http:llwvc\J/\rN.chem(.)e;rizolga.(zevéilgci\llgllvz\alalﬁ/r?iﬂolas t”methoxly derivative, IS.Observed for ((Z’Q)HPP)FeOCIQ .
programs/html. (220 cn1?, Table 4), while the largest separation of the spin-

(54) La Mar, G. N.; Walker, F. AAnn. N.Y. Acad. Scll973 206, 328. admixed systems is for (TMP)FeOGI@488 cn1l, Table 3).
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Table 4. Curie Factors and Energy Separatioksl* = AE, for
Two-Level Fitting of the Temperature Dependence of the Isotropic
Shifts (Eq 3) of the [(P)FeOCIp Complexes of This Study for
W2/W]_ = 4/6a

10°%F,;, 10°%F, |AE|, 103%°
compd o,ppn? ppmK ppmK cm? ppmK
(2,6-(OMe)), TPP 46 184 —112.6 445 0.2
(2,6-R,).TPP ~15 129 -57.0 220 0.3
(2,6-Br),TPP 27 —425 2389 129 0.6
(2,6-ChL),TPP 23 =257 2421 220 1.1
TPP —-10 —-14.4 208.5 381 0.5
TMP -13 —-17.4 2644 401 0.3
(2,4,6-(OMey),TPP  —37 -16.0 124 62 0.6
(2,4,6-(OMey), TPP =37 -9.8 e e 0.9

aThis weighting is for the case of the ground state being lar§ely
= 5/, and the excited state being larg&@y= 3/,. ® Observed chemical
shift of the pyrrole-H at 273 K¢Mean-square deviation, eq 4.
dRecorded in CDGldue to insolubility of the complex in CIZl,.
¢ One-level fit; no excited state.

Of the spin-admixed systems with predominarghy %, ground
states, in all of the complexesE is larger tharkgT at room
temperature yet similar in magnitude to or smaller than the
spin—orbit coupling constant; the same is true for the predomi-
nantly S = %/, ground-state systems.

In contrast, the near-Curie behavior of the trimethoxy
derivative suggests that either ((2,4,6-(O£)PP)FeOCIQ
has almost completely mixefl = 3/, and S = %, states over
the temperature range investigated, with the @ orbital
partially occupied at ambient temperatures but largely
delocalization of the electron spin via tle= 3/, ground state
at low temperatures or else the 1-level fit is the correct one for
this complex. The fact that thie; value of the 2-level fit is so
small for this complex is an indication of the unlikelihood of
this 2-level interpretation, for the-delocalization expected due
to partial population of the.e2 orbital should be represented
by a large value offF, as in the other complexes with
predominanthyS= %/, ground states, Table 2. Thus, on the basis
of the unreasonableness of the value§pfor the trimethoxy

Inorganic Chemistry, Vol. 39, No. 3, 200639

direct overlap of the electron clouds of tleetho substituent
and the porphyrim cloud. Vangberg and Gho¥thave provided
corroborating density functional calculations in support of this
hypothesis. It is possible that TPP itself is an exception (or a
baseline standard) because it does not have sipathle-phenyl
substituents and cannot thus have any overlaprtfo sub-
stituent with the porphyrinr cloud. In the present case of the
spin-admixed complexes, this interaction appears to raise the
energy of the @2 orbital (Figure 1), probably by increasing
the o-donor strength of the porphyrin in parallel with the
increasedr overlap. However, another unknown factor is the
degree of ruffling of the porphyrinate ring in these spin-admixed
iron(lll) porphyrinates in solution and what role such ruffling
may have in determining the electronic properties of the
complex.

In previous studies, it was concluded that ((2,4,6-(Q)JEPP)-
FeOCIQ has the most “pureS = 3/, spin-state because it has
the most upfield shift. The linear version (dashed line) of the
temperature dependence shown in Figure 3 confirms this
conclusion, for it shows that the trimethoxy derivative has no
thermally accessible excited state. It further demonstrates the
remarkable difference between the ((2,4,6-(OME)PP)-
FeOCIQ and ((2,6-(OMe))4 TPPFe-OCIO; complexes, where
the latter hass = %/, as the ground state and a fairly large (for
spin-admixed systems) separation between the two, while the
former hasS = 3/, as the ground state and an extremely large
separation between the two. Thus, while the 2,6-dimethoxy
substituents create an iron(lll) center whose ground state is
largely S = 5/,, the 4-methoxy substituent appears to create an
iron(lll) center whose ground state is largé&y= 3,,6 and the
combination of these to produce a trimethoxyphenyl-substituted
derivative creates a pur8 = 3/, iron(lll) center with no
thermally accessible excited state. Clearly, substituent effects
in this system are extremely complex, aodho-phenyl sub-
stituents behavat leastoppositely topara-phenyl substituents.

In any case, on the basis of the complexes of the present study,
the similarity in the observed pyrrole-H chemical shift and
Hammetto, ordering at °C (Tables 2-4) of all complexes of

complex, it must be concluded that it is indeed an essentially this study except the dimethoxy-substituted derivative thus

pureS= 3, system, with no thermally accessible excited state.
The fact that this complex has the smallest effective value of
go of all the complexes studied (Table 1) is consistent with this
conclusion and isnconsistentvith the other possibility, i.ea
very small energy separation between a predominathy3/,
ground state an& = 5/, excited state.

appears to be a coincidence because of the fact that each of the
chemical shifts of the pyrrole protons are the result of some
quantum mechanical combination of tBe= 3/, and S = %/,
states that all happen to produce observed shifts at room
temperature to somewhat below°Q that vary in the order
predicted by the Hammaett, constants. Thus, single-temperature

The fits of the data for the spin-admixed systems, assuming NMR shifts may lead to very misleading conclusions concerning

the largelyS = 9/, state to be the ground state of the 2,4,6-
(OMe);, 2,6-Bp, Cly, Hp, and 2,4,6-(Me) derivatives and the
largely S = %/, state to be the ground state of the 256afd
-(OMe), derivatives, are included as the solid lines in Figure 3.

the electronic ground state of a given complex.

It should be pointed out that the 2-level temperature depend-
ences described by eq 3 and represented by the solid lines of
Figure 3 show their greatest curvature af Yélues outside the

The remarkable difference in the temperature dependences ofange accessible to the NMR measurements, at temperatures
the 2,6-difluoro and -dimethoxy derivatives as compared to the much higher than can be reached with common NMR solvents.
others is made very clear in this plot. Clearly, the Hammett Clearly, the fits shown in Figure 3 and summarized in Tables
constantss, that describe the expected electron-withdrawing 2—4 are extremely dependent on the assumption of a zero
and electron-donating properties of the substituents, if they isotropic shift at infinite temperature, as well as on the reliability
behaved apara substituents, do not apply to these results. In of the highest-temperature experimental data points. However,

fact, as found for singlertho-phenyl-substituted unsymmetrical
low-spin (TPP)F# derivatives® the data presented herein

while the numerical values &f; andF, may be altered by these
two factors, the fits make clear the fact that the ground and

appear to correlate in part with the size of the substituent (exceptexcited states involved in these spin-admixed iron porphyrinates

for the parent, TPP, where % H), and the best explanation
may be that thertho substituents interact to a great extent by

(55) Koerner, R.; Wright, J. L.; Nesset, M. J. M.; Ding, X. D.; Aubrecht,
K.; Watson, R.; Barber, R. A.; Tipton, a. R.; Norvell, C. J.; Mink, L.
M.; Simonis, U.; Walker, F. Alnorg. Chem 1998 37, 733.

have different spin states that give rise to opposite signs of the
Curie factorg= (or, equally, the sign of the hyperfine coupling
constantA). The mean-square deviations(eq 4), of the fits

are fairly small, but experimental errors may be somewhat larger,

(56) Vangberg, T.; Ghosh, Al. Am. Chem. Sod 998 120, 6227.
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and even unpredictable, as suspected in the cases of the di- anthe trends suggest the possibility of direct overlap of electron
trimethoxy derivatives, where traces of water could affect the density from theortho substituent with ther cloud of the
measured chemical shifts above abet0 °C. Such experi- porphyrin ring, although it is not clear why such overlap would
mental factors limit the temperature range over which the increase the energy between ground and excited states (§OMe)
isotropic shifts can be measured and, thus, the reliability of the > CH;—H > CI > Br; F < (OMe),) or switch the nature of
Curie factors determined. Therefore, we have not attempted anythe ground state from pu®@= 3, ((OMe)) to mainly S= 3,
guantitative treatment of the Curie factérsandF,, from which (CHs, H, CI, Br) to mainly S = %, (F, (OMe)). EPR

spin densities might be calculated, for example. measurements at 4.2 K show that all of the complexes studied
are spin-admixed but are consistent with the ground state being
Summary S = 5/, for the fluoro- and dimethoxy-substituted complexes

We have shown tha’[, at NMR temperaturesl the degree of butS= 3/2 for the others. The trimethoxy-substituted Complex
spin-admixture as well as the nature of the ground state is highly is the puress = 3/, state complex of those studied.
dependent upon the 2,6-substituents of the phenyl rings of
tetraphenylporphyrin. The trends in the ground state, the energy, ,
separation between the ground state and the first excited state
and the pyrrole-H chemical shifts do not follow the trends
predicted by the Hammepara substituent constants. Rather, 1C9907866

Acknowledgment. The support of the National Institutes of
ealth, Grant DK-31038, and the Arizona Materials Charac-
terization Program is gratefully acknowledged.



